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ABSTRACT 
The global transition to sustainable energy has 

renewed interest in hydrogen as a clean and versatile 
energy carrier. Its versatility lies in its ability to serve 
multiple roles, from electricity generation and industrial 
heating to long-duration energy storage and mobility 
applications. This paper evaluates the techno-economic 
feasibility of a hydrogen-based energy system designed 
to provide backup power for a newly developing 
industrial area. Two system configurations, i.e., 
compressed and liquid hydrogen, are assessed in terms 
of their performance and cost-effectiveness. The model 
captures the dynamic operation of key components, 
including electrolyzers, storage systems, compressors, 
liquefiers, gasifiers, fuel cells, batteries, and heat 
exchangers, using high-resolution, yearlong data on 
solar irradiance, electricity prices, and industrial load 
patterns in Eskilstuna, Sweden. A structured sensitivity 
analysis examines how design decisions affect economic 
outcomes such as net profit and the Levelized Cost of 
Hydrogen (LCOH). Results show that compressed 
hydrogen achieves an LCOH of 81 SEK/kg and a net loss 
of –1.985 MSEK, compared to liquid hydrogen with 90 
SEK/kg and –2.817 MSEK. However, under current 
market conditions and cost structures, neither system 
achieves profitability. The findings provide actionable 
guidance for industrial stakeholders and suggest 
avenues for future cost reduction, value stacking, and 
policy support. 
Keywords: Hydrogen, Electrolysis, Fuel cells, Industrial 
energy systems, Techno-economic analysis, Solar PV 

1. INTRODUCTION 
The transition to low-carbon and resilient energy 

systems is a pressing global priority, particularly as 
industrial sectors aim to reduce emissions, diversify 
their energy mix, and strengthen long-term operational 
security. Among the emerging energy carriers, hydrogen 
has gained attention for its flexibility and cleanliness, 
offering promising solutions to several decarbonization 
challenges. Hydrogen enables large-scale energy 
storage, supports the integration of variable renewable 

energy sources, and facilitates sector coupling through 
the substitution of conventional fuels [1]. 

Industrial zones, in particular, are increasingly 
seeking solutions that can provide both environmental 
benefits and energy independence. In this context, 
hydrogen-based systems offer the potential to serve as 
reliable backup power sources, ensuring continuity 
during grid outages or periods of low renewable 
generation. However, the practical deployment of such 
systems remains constrained by multiple barriers, 
including high capital costs for hydrogen production and 
storage, limited efficiency of core technologies like 
electrolyzers and fuel cells, and the absence of mature 
infrastructure and market mechanisms [2]. 

Moreover, the techno-economic viability of 
hydrogen-based backup systems is highly sensitive to a 
range of design and operational parameters. Factors 
such as storage capacity, component efficiency, system 
sizing, and temporal alignment with industrial load 
patterns significantly influence cost-effectiveness. 
Therefore, detailed analysis is needed to evaluate the 
performance and economic potential of different 
system configurations under realistic industrial 
conditions [3]. 

This paper focuses on assessing the feasibility of 
hydrogen-based backup power systems for a newly 
developing industrial area in Eskilstuna, Sweden. Two 
technical layouts, compressed hydrogen and liquid 
hydrogen, are modeled over a full year using high-
resolution input data for solar irradiance, electricity 
prices, and industrial energy demand. A structured 
sensitivity analysis is performed, testing over fifty 
parameter variations to understand how changes in 
system design and market conditions impact key 
outcomes such as net profit and the Levelized Cost of 
Hydrogen (LCOH). The goal is to identify design 
strategies and economic thresholds that could enable 
viable implementation of hydrogen-based backup 
solutions in industrial settings.  
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Fig. 1 System layout with compressed gas hydrogen. 

2. MATERIALS AND METHODS 
This study evaluates two hydrogen-based backup 

power systems: one utilizing compressed hydrogen and 
the other liquid hydrogen. The system configurations 
are illustrated in Figures 1 and 2, respectively. 
 

 
 
 
 
 
 
 
 
 

 
 

2.1 Data and case studies 

Solar irradiance data for Eskilstuna in 2023 were 
obtained from the Photovoltaic Geographical 
Information System (PVGIS) provided by the European 
Commission [4]. Electricity market prices for Eskilstuna 
in 2023 were sourced from Nord Pool [5]. Regional 
electricity demand data for the SE3 bidding zone, also 
from Nord Pool [5], were scaled to represent the load 
profile of a typical 1 MW industrial facility, enabling 
representative system behavior within the simulation. 

2.2 Mathematical and component modeling 

2.2.1 Electrolyzer 

Hydrogen production 

The electrolyzer component models the process of 
converting electrical energy into hydrogen through 
water electrolysis. It assumes an energy use of 
approximately 60 kWh per kilogram of hydrogen 
produced, aligning with literature values for low-
temperature alkaline or PEM electrolysis based on the 
lower heating value (LHV) [6]. The hydrogen mass 
produced is given by:  

𝑚H2
=  

𝐸usable

𝜖electrolyzer
 . (1) 

Where  Eusabel is the available electrical energy (kWh), 
and  ϵ𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑧𝑒𝑟   is the specific energy use of the 

electrolyzer (kWh/kg). The system also accounts for 
ramp-up time and thermal losses, the latter being 
estimated as 15% of the input energy. These losses are 
critical for downstream heat recovery.  

Thermal losses and heat recovery 

The heat generated during electrolysis can be partially 
recovered using heat exchangers, improving the overall 
system efficiency [6]. The amount of recoverable heat 
𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑎𝑏𝑙𝑒 can be estimated as: 

𝑄recoverable =  𝐸usable(1 − 𝜂electrolyzer).    (2) 

Where  𝜂electrolyzer   is the efficiency of the 

electrolyzer (e.g., 85% for a system with 15% losses). 

2.2.2 Compressor 

To compress hydrogen from an intermediate pressure 
(e.g., 20 bar) to a higher storage pressure (e.g., 350 
bar), the model uses the isothermal compression work 
equation: 

𝑊 = 𝒏𝑅𝑇𝐥𝐧 (
𝑃out

𝑃in
).          (3) 

Where n is the number of moles of hydrogen, R is the 
universal gas constant, T is the temperature (K), and  
Pin, Pout are inlet and outlet pressures, respectively. To 
account for real-world inefficiencies, the actual energy 
use is computed by dividing the ideal work by the 
isentropic efficiency (typically ~85%) [7] 

2.2.3 Fuel Cell 

Electricity production 

The fuel cell component performs the reverse of 
electrolysis by converting stored hydrogen into 
electricity and thermal energy. The electrical output is 
calculated using the hydrogen higher heating value 
(HHV), assumed to be 39.4 kWh per kilogram of 
hydrogen. The efficiency of the fuel cell is defined as: 

𝜂FC =
𝑃electric

𝑚̇H2𝐻𝐻𝑉H2

 .                  (4) 

Where ηFC is the electrical efficiency, assumed to be 
55% for high-performance PEM fuel cells, consistent 
with U.S. DOE technical targets [6]. 

Thermal losses and heat recovery 

Fig. 2 System layout with liquid hydrogen. 
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The waste heat is also recovered downstream and 
calculated as 

𝑄waste = 𝑚̇H2
𝐻𝐻𝑉H2

(1 − 𝜂FC).       (5) 

2.2.4 Liquefier and Gasifier Energy Balances 

The liquefier simulates the conversion of 
compressed gaseous hydrogen into cryogenic liquid 
hydrogen. The specific energy use for this process is 
assumed to be 7.0 kWh/kg,  a standard benchmark for 
modern industrial liquefaction systems [8]. The gasifier 
reverts liquid hydrogen into gaseous form, using 
thermal energy. The hydrogen yield is calculated based 
on a process efficiency and a fixed conversion factor: 

𝑚H2
= 𝜂Carnot𝑄inpu𝑡𝑌H2

                 (6)  

Where 𝑌𝐻2
 is the hydrogen output per unit of 

thermal energy, set to 0.028 kg/kWh in this model [9]. 

2.2.5 Economic Model: LCOH and Profitability 

The model computes the Annual CAPEX, the Levelized 
Cost of Hydrogen (LCOH) and net profit using standard 
economic formulations: 

𝐶𝑅𝐹(𝑟, 𝑛) =
r(1+𝑟)𝑛

(1+𝑟)𝑛−1
                      (7) 

𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝐴𝑃𝐸𝑋 = CAPEXtotal CRF(r, n)                          (8) 

LCOH =
Annualized CAPEX+∑ OPEXt−∑ Heat Revenuet

∑ H2
produced                       (9) 

𝑁𝑒𝑡 𝑃𝑟𝑜𝑓𝑖𝑡 = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 − ∑ OPEXt   + 𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝐴𝑃𝐸𝑋(10) 

Where CRF is the Captial Recovery Factor, which evenly 

distributes the upfront investment across the assumed 
service life of the plant while accounting for the time value of 

money, CAPEX is the total capital expenditure from all 
components, OPEX includes grid electricity costs, water 
consumption, and oxygen purchases, and revenue 
derives from hydrogen and heat sales [10]. All monetary 
values are presented in Swedish Krona (SEK). For 
reference the 2023 exchange rate was approximately 
1EUR = 11 SEK and 1 USD = 10.5 SEK.   

2.3 Simulation algorithm 

The simulation operates on a minute-by-minute basis, 
applying the following logic at each time step: 

Battery Charging 
If the battery is not at maximum state-of-charge: 
• Charge using solar surplus 
• If electricity price < 2.0 SEK/kWh, also allow grid 
charging 

Electrolyzer Operation 
If hydrogen storage is below its maximum capacity 
and battery has available energy: 
• Discharge battery to power the electrolyzer 
• Generate hydrogen and waste heat (15% of input 
energy lost as recoverable heat) 

Hydrogen Compression and Storage 
• Compress newly produced hydrogen and inject into 
high-pressure storage 
• If storage tank reaches full capacity: 
    - Deactivate electrolyzer, compressor, and 
associated heat exchanger 

Hydrogen Sales Dispatch (Daily Check) 
If storage tank level ≥ 80% of total capacity: 
• Sell 20% of stored hydrogen in a batch operation 
• Resume system operation 

Fuel Cell Activation 
If electricity price > 2.0 SEK/kWh: 
• Activate fuel cell to convert stored hydrogen into 
electricity 
• Recover heat generated during the process 

Heat Recovery 
• Capture waste heat from both electrolyzer and 
fuel cell 
• Convert a portion to electricity or export as useful 
heat 

Economic Monitoring 
• Log all energy and material flows in real time 
• Calculate cumulative operational cost, revenue, 
net profit, and LCOH 

2.4 Simulation scenarios 

Table 1.Simulation scenario parameters 

 

Parameter Value 

PV area 5000 m² 

Battery capacity 5 000 kWh 

Electrolyzer energy use 52 kWh / kg H₂ 

Electrolyzer CAPEX 10000 SEK/kW 

Fuel‐cell efficiency 0.55  

Fuel‐cell CAPEX 10000 SEK/kW 

Compressor CAPEX 2400 SEK/kW 

H₂ sale price 60 SEK/kg 

Water price 0.03 SEK/kg 

O₂ purchase price 3.0 SEK/kg 

Grid‐charge price threshold 2.0 SEK/kWh 

Gas storage capacity 5 000 kg 

Liquid storage capacity 5 000 kg 
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Throughout this study, flows and outputs were logged 
on a minute-by-minute basis. Reported values such as 
kWh/min refer to the average power over a one-minute 
interval, expressed as kilowatts (kW). 
The final simulation results for both the compressed 
and liquid hydrogen systems are based on their 
respective optimal configurations, identified through a 
comprehensive sensitivity analysis. More than 50 
scenarios were explored using a combination of one-at-
a-time (OAT) parameter variations and global shifts, 
covering key design factors such as PV area, battery 
capacity, electrolyzer efficiency, component CAPEX, and 
operational price thresholds. Only the optimal scenario 
for both systems is presented in the results section, 
with detailed configuration parameters summarized in 
Table 1. 
3. RESULTS 
The summary for both technical and economic 
parameters for both compressed and liquid layout are 
shown in Table 2. The time-series dynamic of important 
parameters are presented in subsection 3.1-3-5. 
Table 2. Summary of techno-economic assessment for the 
studied hydrogen energy systems 

 

3.1 Electrolysis: hydrogen production and electricity 
use  

This subsection evaluates the electrolyzer 
performance in both compressed and liquid hydrogen 
systems under optimal configurations. As shown in 
Figure 3, hydrogen production remains close to the 
nominal maximum of 0.135 kg/min, with brief 
interruptions due to full storage or limited input power. 
Figure 4 illustrates the corresponding electricity input, 
where the compressed layout maintains a steady 
demand of 8.1–8.3 kWh/min, consistent with a 
60 kWh/kg H₂ conversion rate. The liquid layout shows 
slightly higher peak demands due to the added energy 
required for hydrogen liquefaction. 

3.2 Energy supply and storage behaviour 

The backup hydrogen energy system is primarily 
powered by grid electricity, with additional input from a 
2,500 m² photovoltaic (PV) array and support from 
battery storage, which helps stabilize supply and 
maintain continuous operation of components like the 
electrolyzer and compressor. Figures 5–7 present the 
temporal behavior of the electrolyzer, power input, and 
hydrogen storage subsystems for both compressed and 
liquid hydrogen configurations under optimal scenarios. 
As shown in Figure 5, hydrogen production remains 
close to the nominal maximum of 0.135 kg/min, with 
brief interruptions caused by full storage or input power 
limitations. Figure 6 shows that the compressed layout 
maintains steady electricity demand of 8.1–
8.3 kWh/min, while the liquid layout exhibits higher 
peaks due to the added load from liquefaction. Figure 7 
illustrates stable, cyclical hydrogen storage patterns in 
both layouts, confirming effective control logic and 
appropriate sizing of storage capacity to avoid overflow 
or deep depletion throughout the year. 

3.3 Hydrogen Utilization and Fuel Cell Activity 

This subsection analyzes hydrogen use and electricity 
generation in the fuel cell subsystem for both system 
layouts. Due to the system’s backup role, the fuel cell 
operates intermittently, triggered when storage reaches 
its upper threshold. As shown in Figure 8, hydrogen 
consumption in the compressed layout occurs in short 
bursts, mainly in the latter part of the year, while the 
liquid layout shows lower and less frequent 
consumption due to regasification and flow constraints. 
Figure 9 illustrates fuel cell output, with the compressed 
system reaching peaks near 21 kW, compared to the 
liquid layout’s limited output of just over 2.5 kW. These 
differences reflect the compressed system’s higher 
responsiveness and efficiency, highlighting its greater 
suitability for backup power applications. 

Metric 
Compressed 
Layout 

Liquid Layout 

CAPEX (SEK) 29,800,000 36,300,000 

Annualized 
CAPEX(SEK) 

3,859,236 4,701,016 

H₂ Produced (kg) 83,766 83,766 

H₂ Sold (kg) 80,000 80,000 

Grid Electricity 
Used (kWh) 

4,475,697 4,475,697 

Solar Electricity 
Used (kWh) 

1,017,174 1,017,174 

Grid Electricity 
Cost (SEK) 

2,902,286 2,902,286 

O₂ Cost (SEK) 10,929 916 

Water Cost (SEK) 22,617 22,617 

Total Operational 
Cost (SEK) 

2,935,831 2,925,819 

Heat Revenue 
(SEK) 

10,004 9,818 

Total Revenue 
(SEK) 

4,810,004 4,809,818 

Net Profit (SEK) -1,985,064 -2,817,017 

LCOH (SEK/kg) 81 90.93 



[Type here] 

 

3.4 Heat Recovery 

This subsection assesses heat recovery from the 
electrolyzer and fuel cell using thermoelectric 
generators (TEGs). As shown in Figures 8, the 
compressed layout achieves higher recovery, with peaks 
up to 4 kWh/min during fuel cell discharge and a steady 
baseline from electrolyzer operation. The liquid layout 
recovers less heat due to lower fuel cell usage and 
additional conversion losses. While the compressed 
system shows better potential, overall heat recovery 
has limited impact on energy or cost savings in a 
backup-only context. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5 Economic Performance 

This subsection assesses the economic 
performance of the backup hydrogen system for both 
compressed and liquid layouts, focusing on net profit, 
operational costs, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Hydrogen production over time. 

Fig. 4 Electrolysis power usage over time. 

Fig. 5 Total electricity usage for the industrial area. 

Fig. 6 Solar electricity usage over time. 

Fig. 7 Hydrogen tank content over time. 

Fig. 8 Hydrogen consumption by the fuel cell over time. 

Fig. 9 Fuel cell power output over time. 
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and revenue. As shown in Figures 11, both systems 
operate at a financial loss throughout the year, though 
the compressed layout shows a more favorable trend 
with smaller cumulative losses. Despite near-complete 
hydrogen sales, the backup configuration remains 
economically unviable. The compressed layout achieves 
a lower Levelized Cost of Hydrogen (81 SEK/kg) and 
reduced net loss (−1.985 MSEK), compared to the liquid 
layout’s higher LCOH (90.93 SEK/kg) and larger deficit 
(−2.817 MSEK), highlighting the superior cost-
effectiveness of compressed hydrogen under 
intermittent operation. 

 

 

 

 

 

 

 

 

 

 

4. DISCUSSION 
While this study focused on the economic viability 

of hydrogen-based backup systems, the findings also 
highlight their potential role in enhancing energy 
resilience. In the modeled configuration, hydrogen is 
continuously produced for sale, while fuel cells activate 
only when electricity prices exceed a set threshold—
effectively simulating grid stress or disruption. This 
setup demonstrates the system’s ability to provide on-
demand power during critical periods, a key feature of 
resilient energy infrastructure. 

Even though full outage scenarios were not 
simulated, the ability of the fuel cell to respond to high-
price events suggests it could operate similarly during 
actual supply interruptions. This readiness, supported 
by stored hydrogen, enhances energy security. 

However, the economic analysis shows that both 
layouts, compressed and liquid, operate at a loss, with 
the compressed system performing relatively better. 
This highlights a trade-off: the system improves 
resilience but remains economically unfeasible without 
cost reductions or supportive policies. Overall, 
hydrogen shows strong technical promise for backup 
applications, but financial barriers must be addressed to 
realize its full potential. 

5. CONCLUSIONS 
This study evaluated the techno-economic 

performance of hydrogen-based backup power systems 
for industrial applications, comparing compressed and 
liquid hydrogen configurations using high-resolution 
simulations. While both systems demonstrated reliable 
technical performance, particularly in meeting 
intermittent backup demand, compressed hydrogen 
consistently outperformed liquid hydrogen in terms of 
efficiency and cost-effectiveness; by achieving an LCOH 
of 81 SEK/kg with a net loss of –1.985 MSEK, compared 
to liquid hydrogen’s 90 SEK/kg and –2.817 MSEK. 
However, neither layout achieved economic viability 
under current costs, mainly due to high capital 
investment, grid dependence, and low hydrogen 
revenue. Still, the system shows promise for enhancing 
resilience by supplying electricity during grid stress. 
Future work should examine cost reduction, policy 
support, and formal optimization to minimize system 
costs 
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