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ABSTRACT 
This study compares the techno-economic 

performance of on-site green hydrogen stations in 
Germany and Italy, with and without cogeneration from 
a standalone metal hydride system, respectively case 1 
and 2.  Results show that the major CAPEX contributors 
are the electrolyzer, compression system, and MH 
material, accounting for 51% and 67% of total 
investment costs for the electrolyzer and the 
compression – MH system, respectively. Levelized cost of 
hydrogen for the first case is 18.3 €/kgH₂ (Germany) and 
15.06 €/kgH₂ (Italy), while Levelized cost of storage for 
the standalone MH station is 0.49 €/kWh (Germany) and 
0.26 €/kWh (Italy). In the cogeneration scenario, the 
levelized cost rises to 21.49 €/kgH₂ (Germany) and 17.6 
€/kgH₂ (Italy), but selling surplus electricity can reduce it 
to 3.1 €/kgH₂. 

 
Keywords: renewable energies, green hydrogen, 
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NONMENCLATURE 

Abbreviations  
CAPEX 
CRF 
LCOH 
LCOS 
OPEX 

       REPLEX 

Capital expenditure 
Capital Recovery Factor 
Levelized cost of hydrogen 
Levelized cost of storage 
Operational expenditures 

       Replacement expenditure 
Symbols  
𝑖 Discount rate 
𝑛 Number of years 
𝑟 Escalation factor 
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1. INTRODUCTION 
Decarbonization and safety issues are central EU 

priorities, with hydrogen positioned as a cross-sectoral 
energy carrier for transport, industry, power, and 
buildings [1–7]. In transport, it can power Fuel Cell 
Electric Vehicles (FCEVs), heavy-duty trucks, and can 
potentially be used in aviation as well [1]; in the industry 
sector, it can substitute fossil fuels in steel, refining, and 
chemicals industries [2–3]; in the energy sector, it 
supports long-term storage and grid balancing [4–5]; in 
the residential sector, it provides heating and CHP 
(combined heat and power) [6–7]. Green hydrogen from 
renewables can be safely stored in Metal Hydrides (MH), 
offering compactness and safety advantages over 
compressed gas. This study focuses on FCEVs and 
Hydrogen Refueling Stations (HRS) with MH storage, 
applying a techno-economic analysis. 

Reported Levelized Cost of Hydrogen (LCOH) varies 
with scale and integration: a German HRS (1,019 kg 
H₂/day) achieved 13.92–18.12 €/kg, reduced via excess 
electricity sales [8]; grid-powered bus HRS reached 10.2–
12 €/kg [9]; and a solar HRS in Spain (160.68 kg/day) 
achieved 7.49 €/kg, falling to 2.27 €/kg with surplus sales 
[10]. MH storage enables 0 – 20 MW, 0 – 100 h operation 
with ~65% smaller footprint than 170-bar gas, at $0.38–
0.45/kWh depending on alloy, and offers low emissions 
(0.12–0.77 kg CO₂eq/kWh) and competitive costs (0.23–
0.71 $/kWh) [11–12]. 

Future German HRS for heavy-duty vehicles are 
projected at 5.66–6.20 €/kg by 2050, with power system 
co-optimization reducing annual costs by ~ €1 billion 
[13]. EU studies show that centralized production with 
distribution can outperform on-site models, but 
electricity prices, policy uncertainty, and demand risk 
remain key challenges [14–15]. Overall, LCOH depends 
mostly on electricity costs, the electrolyzer’s CAPEX and 
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utilization level, and the system design, while LCOS for 
MH is driven by the alloy costs, thermal integration, and 
cycle life. 

This study conducts a comparative techno-economic 
assessment of on-site green HRS in Germany and Italy, 
with and without cogeneration from standalone MH 
systems, estimating CAPEX, OPEX, LCOH, and LCOS, and 
comparing FCEV versus gasoline and electric cars 
consumption costs (€/100 km). 

2. METHODOLOGY 

2.1 Problem statement  

This work presents a comparative techno-economic 
analysis of green hydrogen supply for a refueling station 
in Dresden-Klotzsche, Germany, and in Tuscany, Italy. 
Energy is sourced from wind farms and PV systems, with 
grid power as backup [8]. A standalone metal hydride 
(MH) storage system is also evaluated as an alternative 
backup instead of grid power. The study calculates the 
LCOH (€/kgH₂) and LCOS (€/kWh), building on Scenario 1 
from [8] and comparing systems with and without MH 
integration (Fig. 1). 

 
Fig. 1. Co-generation between the MH standalone 

backup power system and the onsite hydrogen station. 
 

2.1.1 Scenario 1 
In this case we use the grid as backup without metal 

hydrides. Electricity tariffs for 2025 at these locations are 
given in Tab. 1. Piana and Monte are two basins which 
serve water to the Lucca, Pistoia, and Massa-Carrara 
provinces in Tuscany, Italy. 
 
Tab. 1. Tariffs at different locations. 

Tariff Germany Piana Monte Abetone 

Fixed based fee 

[€/year] 

297.34/month 

[16] 

93.66 

[17] 

77.73 

[17] 

49.75 

[17] 

Fixed electricity 

charge [€/kW] 
123.22 [18] 30.47 [20] 

Water provision 

costs [€/m3] 
2.37 [16] 

3.57 

[17] 

2.97 

[17] 

1.89 

[17] 

PV Electricity 

provision costs 

[€/kWh] 

0.077 [21] 0.083 [21] 

Wind Electricity 

provision costs 

[€/kWh] 

0.082 [21] 0.085 [21] 

Grid Electricity 

provision costs 

[€/kWh] 

0.18 [19] 0.012 [20] 

Year of 

commissioning 
2025 

 
2.1.2 Scenario 2 

This scenario uses metal hydrides as standalone 
backup instead of the grid, enabling co-generation with 
the onsite hydrogen station. System parameters are in 
Tab. 2. The fuel cell stack is 15 MW, and other constants 
follow [11]. 

 
Tab. 2. System Configuration parameters. 

Parameters Value Unit 

𝑷  15 MW 

𝒕𝒅𝒖𝒓𝒂𝒕𝒊𝒐𝒏  96 hours 

LHV  120 × 103   kJ/kg 

𝜼
𝑭𝑪

  0.5 - 

MH material Mg(NH2)22.1LiH0.1KH  

𝝆
𝒄𝒓𝒚𝒔𝒕𝒂𝒍

  1,090 kg/m3 

𝝐𝒑  0.3 - 

𝒎𝑴𝑯𝒕𝒂𝒏𝒌
  3,300 kg 

𝒓𝒅𝒆𝒈𝒓𝒂𝒅𝒆  0.1 - 

𝚫𝑯  40.4   kJ/mol 

𝑪𝒑𝑴𝑯  2.15 kJ/kgK 

MH mass density 4.07 wt.% 

𝜼
𝒄𝒐𝒎𝒑

  0.70 - 

𝜼
𝒉𝒆𝒂𝒕𝒆𝒓

  0.70 - 

𝑷𝒊𝒏  2 bar 

𝑻𝒊𝒏  353 K 
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O
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h
] 
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𝑷𝒕𝒂𝒏𝒌  80 bar 

𝑻𝒕𝒂𝒏𝒌  511 K 

𝑻𝒂𝒎𝒃  298 K 

2.2 Costs 
 CAPEX sums all capital expenditures of the system 

components. REPLEX covers replacements (e.g., 
electrolyzer after 10 years of operation). 𝑂𝑃𝐸𝑋𝐹𝑖𝑥  and 
𝑂𝑃𝐸𝑋𝑉𝑎𝑟  sum fixed and variable operational costs, 
respectively. 𝐿𝐶𝑂𝐻 (€/kg) is then calculated as [8]: 

 

𝐿𝐶𝑂𝐻 =
𝐶𝐴𝑃𝐸𝑋 + ∑

𝑂𝑃𝐸𝑋𝐹𝑖𝑥 + 𝑂𝑃𝐸𝑋Var + 𝑅𝐸𝑃𝐿𝐸𝑋
(1 + 𝑖)𝑡

𝑛
1

∑
𝑀𝐻2,𝐻𝑅𝑆

(1 + 𝑖)𝑡
𝑛
1

 

 
where 𝑖 [-] and 𝑛 [years] are the discount rate and the 
system lifetime, respectively. Annual hydrogen demand 
of the HRS (𝑀𝐻2,𝐻𝑅𝑆) is equal to 286,565.67 kg [8]. 

 Calculated parameters include hydrogen capacity, 
mass per tank, number of tanks, total metal hydride 
mass, tank volume, enthalpy components (chemical, gas, 
solid, wall), compressor work and power, cooling load 
and duty, and heater duty and power [11]. Cooling and 
heater units in the MH storage module are necessary in 
order to foster charge and discharge of hydrogen 
to/from the hydride, since the heat management is the 
main challenge of solid-state H2 storage systems [22, 
23]. 

Similarly, the levelized cost of storage is calculated as 
follows: 

𝑑 = 1 (1 + 𝑖)(1:𝑛)⁄  
 

(2) 

𝐶𝑁𝑃𝑉 = 𝐶𝐴𝑃𝐸X + ∑ 𝑂𝑃𝐸𝑋 ⋅ 𝑑

𝑛

1

 
(3) 

𝑀𝐻2𝑁𝑃𝑉
= ∑(𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ⋅ 𝑑)

𝑛

1

 
 
(4) 

𝐿𝐶𝑂𝑆 =
𝐶𝑁𝑃𝑉

MH2 𝑁𝑃𝑉
⋅ LHV

 
(5) 

 
Finally, surplus electricity is sold to the grid, 

generating additional cash inflows [8].  

2.3 Validation 

In this study, the simulation results are validated 
against a previous study [8]. The validation parameters 
are presented in Tab. 3 for Scenario 1, which considers 
an off-site wind farm supplying electricity through the 
grid to an onsite hydrogen fueling station. This station 
comprises a photovoltaic system, hydrogen production 

via an electrolyzer, hydrogen storage in buffer tanks, and 
transportation by swap cars to the HRS. 

For validation, the LCOH is used as the primary 
comparison parameter.  As shown in Fig. 2, the simulated 
component values of the LCOH demonstrate good 
agreement with those reported in the reference study. 

 
Tab. 3. validation parameters [8], using scenario 1. 

Parameters Value Unit 

𝑃𝑊𝑖𝑛𝑑
𝑚𝑎𝑥   3.11 MW 

𝑃𝑃𝑉
𝑚𝑎𝑥 13 MW 

𝑃𝐸𝐿
𝑛𝑜𝑚  4,577 kW 

Hydrogen storage tanks 2,922.79 Kg 

Hydrogen storage bundles 3,006.54 Kg 

𝑛            20 years 

𝑟         1.02 - 
𝑖          0.07 - 
year of commissioning 2023  

 

 

 
Fig. 2. validation between present work (top) and 
literature [8] (bottom). 
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3. RESULTS AND DISCUSSION 

3.1  Capital expenditure breakdown 

Fig. 3 shows capital costs for system components and 
additional expenses (design, site development, 
construction, integration, controls, permits, 
commissioning). Hydrogen production results to be the 
costliest component at 6.9 M€ (~51% of the total), with 
a total system CAPEX of 13.5 M€. Storage follows at 22% 
of the total. 

 

 
Fig. 3. Breakdown of CAPEX costs. 

 

3.2 Levelized cost of hydrogen , LCOH 

Fig. 4 shows components and total LCOH across four 
locations. Germany has higher LCOH (18.3 €/kgH₂) than 
Italian municipalities ( ~ 13.1 €/kgH₂), mainly due to 
higher water and electricity tariffs, with variations in Italy 
driven by water costs. 

 
Fig. 4. LCOH breakdown at different locations in 

Germany and Italy. 
 

3.3 Levelized cost of storage of MH 

Fig. 5 shows LCOS values, higher in Germany 
(0.52 €/kWh) than Italy (0.25 €/kWh) due to lower 
electricity tariffs and variable O&M costs in Italy. 

 
Fig. 5. LCOS as calculated in Germany and Italy. 

 

3.4 Levelized Cost of Hydrogen with Cogeneration of 
Backup Power in a Standalone MH Station 

Fig. 6 shows LCOH with MH backup in Germany and 
Italy. LCOH is higher in Germany (21.9 €/kgH₂) than Italy 
(17.5 €/kgH₂) due to electricity costs. Selling surplus MH 
electricity can reduce LCOH to 3.1 €/kgH₂. The error bars 
reflect the variability in MH costs (10–40 €/kgMH). 

 

 
Fig. 6. LCOH-MH cogeneration. 

3.5 Specific  consumption cost [€/100 km] 

This section compares FCEVs (Toyota Mirai, Hyundai 
Nexo) with gasoline cars and electric cars in terms of 
specific consumption cost (€/100 km). Gasoline prices 
and vehicle consumption per 100 km are given in Tab. 4. 

 
Tab. 4. Comparison conditions. 

Variables  Values  Unit  

H2 consumption of 
Toyota Mirai  

0.79 [24] kg/100Km 

H2 consumption of 
Hyundai Nexo 

0.95 [25] kg/100Km 

Gas price in Italy  1.794 [26] €/l 
Gas price in Germany 1.743 [27] €/l 

Average gas specific 
consumption in Italy 

5.29 [28] l/100km 
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Average gas specific 
consumption in 
Germany 

6.12 [28] l/100km 

Specific consumption 
of Tesla Model 3 

15.10 [29] kWh/100km 

Specific consumption 
of Hyundai Ioniq 6 

15.50 [29] kWh/100km 

Specific consumption 
of Toyota bZ4X 

25.70 [29] kWh/100km 

Average electric 
charging fee in Italy 0.65 [30]  

€/kWh 

Average electric 
charging fee in 
Germany 

0.61 [30] €/kWh 

 
Fig. 7 and Fig. 8 compare the specific consumption 

costs (€/100 km) of FCEVs, gasoline vehicles, and electric 
cars. FCEVs are consistently more expensive than 
gasoline cars due to higher hydrogen prices, while their 
costs are broadly comparable to electric cars. Between 
the two FCEVs considered, the Hyundai Nexo incurs 
higher costs than the Toyota Mirai. Overall, costs in 
Germany are higher than in Italy, except for electric 
charging fees, which are lower in Germany. 

 

 
Fig. 7. Specific consumption cost (€/100km) for 

FCEVs, gasoline, and electric vehicles in scenario 1. 
 

 
Fig. 8. Specific consumption cost (€/100km) for 

FCEVs, gasoline, and electric vehicles in scenario 2. 
 

 In comparison with gasoline vehicles, Toyota Mirai is 
1.28× and 1.50× more expensive in scenario 1 and 2, 
respectively, while the Nexo is 1.54× and 1.81× more 
expensive. When compared with electric cars, the Mirai 
is 1.28–0.69× and 1.41–0.81× more expensive in Italy for 
scenario 1 and 2, respectively, while the Nexo is 1.45–
0.85× and 1.70–0.97× more expensive. In Germany, 
these ratios increase, reaching up to 1.30×. 

4. CONCLUSIONS 
This study evaluates the feasibility of onsite green 

hydrogen stations powered by wind and PV at Dresden-
Klotzsche (Germany) and Tuscany (Italy). Two cases were 
analyzed: grid backup and cogeneration using a 
standalone MH station. CAPEX, O&M, LCOH, and LCOS 
were calculated. Electrolyzer and compressor dominate 
CAPEX (51%). LCOH is 18.3 €/kgH₂ (Germany) and 
15.06 €/kgH₂ (Italy). LCOS for MH backup is 0.49 €/kWh 
(Germany) and 0.26 €/kWh (Italy). With MH 
cogeneration, LCOH rises (21.5 €/kgH₂ Germany and 
17.3 €/kgH₂ Italy) but can drop to 3.1 €/kgH₂ via surplus 
electricity sales. Specific consumption costs (€/100 km) 
show the Mirai is 28–50% and the Nexo 54–81% costlier 
than gasoline cars. Versus EVs in Italy, the Mirai ranges 
from +28% to –31% and the Nexo from +45% to –3%; in 
Germany, both reach up to 30% above EVs. 
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