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Abstract—The reduction of CO2 emissions in the transport 

sector is one of the main objectives of the railway industry. 
Reliable railway operations require a dynamic and reliable 
energy supply and a direct access to renewable energy sources. 
Stationary fuel cell systems allow a decentralised power supply 
to reduce the grid dependency and allow the direct usage of 
green hydrogen, which can be produced in the vicinity of the 
railway line. The good transportability of hydrogen as a long-
term energy storage medium in combination with the low 
maintenance and infrastructure cost of stationary fuel cells 
make hydrogen a viable solution for the electrification of some 
railway lines. Because of the good efficiency and the possibility 
of usage in co-generation systems, solid-oxide fuel cells systems 
would support the targeted environmental goals. By utilising 
and extending the existing infrastructure of catenary electrified 
tracks and operating with a simplified mobile application, a low 
maintenance and efficient stationary energy generation 
technology is proposed in this paper, to allow a cost- and energy-
efficient decarbonisation of the railway industry. 

 
Keywords— Solid-oxide fuel cells, railways, decentralised 

power supply, grid-connected systems, renewable energies, 
stationary fuel cells. 

I. INTRODUCTION 

The need for decarbonisation is affecting all transport 
sectors, including railways that are already one of the cleanest 
transport means [1]. While electric trains are widely used for 
passengers and goods on busy lines, the majority of lines in 
less densely populated areas are not electrified and diesel 
trains are still in use. The transition to electrification of the 
existing diesel fleets will inevitably add significant strain to 
the power grid, especially at peak times. Therefore, true 
decarbonisation can be achieved only with an adequate 
increase of electrical power generated by renewable energy 
sources. However, the variability of power generation of 
these sources requires the development of technological 
solutions, to ensure a matching generation and demand. 
Energy storage is an effective technology to reduce the 
effects of this fluctuation [2]. Due to the distributed nature of 
renewable power sources, it is likely that energy storage will 
also be decentralised. However, a large quantity of energy 
storage would be needed for the existing and future electrical 
loads of the grid, and with large capacities for loads like 
railways. Looking at the existing energy densities of energy 
storage [3], it is clear that hydrogen will play an essential role 
to achieve decarbonisation, due to the high energy density, 
the simplicity of storage and transport. Green hydrogen, i.e. 
obtained from renewable sources, can be generated with large 

electrolysers to increase efficiency. Then, it can be 
distributed to local fuel cells (FCs) to generate power when 
there is a mismatch between the power requirement and the 
power generated by renewable sources. Hydrogen can be 
easily transported by pipelines and trucks and stored in 
almost any location, and the tanks can be designed according 
to the individual load demand. 

To date, hydrogen for railway transport has been only 
proposed for independently powered trains [4], some of them 
already operating in Germany [5], and often in combination 
with batteries [6]. The main benefit is the avoidance of the 
construction of overhead electrical lines and traction 
substations, which often do not have a viable business case 
for lines with low number of passengers and/or goods. 
However, hydrogen trains are less efficient and heavier than 
electric trains supplied by the overhead line [7]. Due to the 
additional weight of a mobile FC or battery system, the 
energy consumption is 5-15% higher than electric trains [8]. 
When a FC is equipped with an additional battery pack, the 
recuperation of braking energy is possible, with a positive 
effect on the overall consumption. For such an operation the 
FC provides the baseload power while the battery provides 
the peak power. The holistic energy consumption evaluation 
of the hybrid configuration results in an energy demand 3-
11% higher than electric trains with the same system 
performance [9]. Even looking only at the electricity 
generation, the efficiency of mobile FCs, largely based on a 
proton-exchange membrane (PEM) technologies, is lower 
than stationary systems, which can be based on solid-oxide 
fuel cells (SOFCs) technologies [10]. 

SOFCs can use either hydrogen, carbon monoxide or 
methane as a fuel, thereby increasing flexibility for the supply 
of primary energy, and have a high tolerance to impurities 
and internal reforming capabilities. Due to the high 
temperature, various fuels can be used based, and efficiency 
of 45-50% is achievable. This can be further increased by a 
combined heat and power (CHP) system, for example heating 
the train stations nearby or other railway facilities. 

Therefore, an electric railway powered by stationary FCs, 
supplied by their own hydrogen tanks located in the vicinity 
of the tracks, can be potentially a solution more economical 
than the connection to high-voltage transmission network 
typical of AC railways, or a mobile FC application. 
Additionally, the inverters of the FCs can be used to reduce 
the imbalance caused by the railway. As an example, Fig. 1 
shows a decentralised power supply of a track segment of the 
traction power network from a FC, where hydrogen is 
generated by local renewable energy sources. 



 

When stationary FCs are used to supply variable loads like 
railways, the dynamic response to sudden variations of the 
power demand can cause some concerns. To address these 
concerns, a model of SOFC based on its physical response 
was developed in [11] and [12], showing that the system can 
react to load changes in satisfactory way [13]. Also, 
integrated SOFC plant dynamic models [14] have been used 
to simulate the basic SOFC power section to assess 
performance during normal operations. A grid connected 
SOFC has been experimentally tested in [15] with a 100-kW 
unit that can operate either connected to the grid or 
independently with an acceptable dynamic response based on 
different use cases with ramp changes and step changes. 
Since 2022, the companies Plug Power and Vaillant have 
tested centrally controlled and grid connected SOFC plants in 
Germany, Netherlands and Australia to meet the peak energy 
demand of households confirming again good dynamic 
response. Additional use cases and research has taken place 
over the last years which can be found in [16]. 

The aim of this paper is to verify if stationary FCs are 
effective to directly supply electric railways, reducing the 
reliance on the power grid. In a scenario of high penetration 
of renewable energy sources, they would be a valid option for 
the decarbonisation of railways as hydrogen would be 
generated without carbon emissions. The leading question is 
the assessment of the power demand when there is lack of 
synchronisation between the generation and the use from the 
railway and the need of specific control techniques of the FC 
to meet the dynamic power demand from the railway by 
reducing the dependency on the grid. To verify this 
hypothesis, a mathematical model and a numerical simulator 
of a railway line fed by FCs and renewable sources has been 
developed taking into account the instantaneous power 
demand of the trains. The SOFC has been controlled to cope 
with the fast variation of the train power demand as well as 
the fluctuation of renewable power sources. Numerical 
results are provided for a case study of a railway line in the 
UK.  

II. SYSTEM MODELLING 

A. Decentralised power supply 
AC railways are usually split into isolated track segments, 

each fed from a different phase of the main grid via single-
phase traction power substations (TPSs). In the proposed 
configuration, a SOFC system is located in each TPS, with a 
with a 3-phase inverter and transformer, as shown in Fig. 2, 
that directly feeds the bus bar of the traction transformer [9]. 
The SOFC voltage output needs to be boosted by a DC-DC 

converter before the transformation into AC. This DC-DC 
converter is controlled with a typical dual loop, with an inner 
loop to control the SOFC current and an outer voltage loop to 
regulate the dc-link. 

The inverter is controlled to instantaneously respond to the 
power demand variation of the railway, so the grid 
intervention is minimised. Therefore, the power grid is 
monitored and compared with a zero reference to generate the 
current reference signal for the inverter [17], assuming that 
the FC tank is designed to capture the maximum amount of 
hydrogen generated by local renewable sources via 
electrolysers and/or a supply chain based on trucks or 
pipelines. An alternative concept based on stationary 
batteries, which could be swapped at regular interval, would 
also be theoretically possible but is not practicable as their 
size would lead to enormous efforts at each swapping. The 
refilling of the hydrogen tanks is much more practical and 
therefore it has been chosen. The control of the inverter is 
based on the traditional synchronous reference frame [18] 
and the quadrature reference current can be chosen equal to 0 
for the minimisation of the reactive power, or can be obtained 
from an imbalance controller that tries to keep at 0 the 
negative sequence of the grid current [19]. 

B. Train simulator 
The train simulator of the University of Birmingham 

enables the simulation of a realistic track segment with a 
realistic train load and it has been used to calculate the 
instantaneous power demand of the railway that represents 
the power reference for the SOFC.  

C. SOFC Model 
A FC system has been modelled with stacks of SOFCs to 

generate a total of 3 MW power output. The model of each 
SOFC uses the following assumptions: 
• FC gases are ideal; 
• only one value of the pressure is defined in the interior of 

the electrodes; 
• FC temperature is constant. 
With these hypotheses, the ideal output voltage of a single FC 
is given by the Nernst equation [20], [21]: 
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where R is the universal constant of gases, F is the Faraday 
constant, E0 is the ideal FC voltage, and the partial pressure 
of the gases can be calculated by the following equations: 

 
Figure 2: Connection of SOFC to track segments 

 

 
Figure 1: End-to-End energy model 
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where the parameters can be found in Tab. I.  
In the chemical process of SOFCs, the fuel utilisation is equal 
to the ratio between the flow rate of reacting fuel (𝑞𝐻,4) and 
the flow rate of fuel 3𝑞𝐻,3'4: 

 𝑈!5 =
6*!(

6*!
)*, (4) 

where: 

 𝑞𝐻,3' =
,.(7
8+%

. (5) 

TABLE 1. MAIN DATA OF FUEL CELL SYSTEM 
Symbol Parameter Value  Unit 

E0 Ideal voltage 1.18 V 
KO2 Molar constant of oxygen valve 249x10-5 Kmol / (s atm) 
Kr Modelling constant 993x10-7 Kmol / (s atm) 
KH2 Hydrogen valve constant 832x10-6 Kmol / (s atm) 
KH2O Water valve constant 277x10-6 Kmol / (s atm) 
F Faraday’s Constant 96487 C/mol 
τH2O Time response of water flow 78.3 s 
τH2 Time response of hydrogen flow 26.1 s 
τO2 Time response of oxygen flow 2.91 s 
rH-O Hydrogen oxygen flow ratio  1.145  
Ucf Fuel cell utilization 0.85  
τf Time response of fuel processor 5 s 
I Initial current 100 A 
Prated Rated power 2  MW 
T Operating temperature 1273  K 
N0 Number of cells in series per stack 3500  
R Ohmic losses  0.126 Ohm 
T Absolute Temperature 850 K 
te Electrical response time  0.8 s 

 
The SOFC operates efficiently when Ucf is between 0.7 and 
0.9. The output voltage of the FC, Vdc, is given by: 

 𝑉9! = 𝐸!"## − 𝑉Ω − 𝑉;!< − 𝑉!=', (6)  

where VΩ is the ohmic voltage drop, i.e. 

 𝑉Ω = 𝐼	𝑅Ω, (7) 

where RΩ is the ohmic resistance and I is the load current; Vact 
is the activation voltage drop, caused by the activation energy 
before the chemical reaction occur, i.e.: 

 𝑉;!< = 𝛼 + 𝛽𝐼, (8) 

where α is the Tafel constant and β is Tafel slope; Vcon is the 
concentration voltage drop, i.e.: 

 𝑉!=' =
>%&
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𝑙𝑛 7
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where IL is the limiting current density corresponding to a 
surface concentration value of zero [22]. 

By controlling the FC with a specific level of power 
output, the flowrates of hydrogen, oxygen and water can be 
measured from the model. These values are used to design 
the tank size for the specific track segment. The reaction time 
of the FC is the critical limiting factor, as otherwise the 
intervention of the grid is necessary every time the railway 
load varies. 

III. CONTROL OF STATIONARY FUEL CELL SYSTEMS 
FEEDING AN ELECTRIC RAILWAY 

A numerical simulation of a section of electric railway 
supplied by a SOFC system has been developed to prove the 
functionality of the system and assess the benefits for a use 
case of a branch line in the UK. 

The power demand of each train has been obtained from 
the railway simulator with a rolling stock used for suburban 
metro services. The chosen line is a route close to the city of 
Birmingham, as in [8], with the track elevation shown in 
Fig. 3. The power demand is shown in Fig. 4, indicating a 
maximum power requirement of 550 kW and a cruising 
power of 100-150 kW, which can be assumed as the required 
average power. 

Considering an allowance of 10% to take into account 
power losses due to the mechanical transmission and power 
conversion, the power demand will be at 165 kW on average 
and 605 kW at its peak. Considering a distance between the 

feeder stations of 50 km [23], 1 train every 10 min, and 2 
tracks, the average and peak power demands of each feeder 
station are 660 kW and 2,420 kW, respectively. The peak 
value has been chosen as design power of the SOFC, whereas 
the average power has been used to evaluate the size of the 
tank. For simplicity, in this paper the design of the tank does 
not consider CHP auxiliary units and the procedure will be 
refined at a later stage. 

To design a system configuration compatible for various 
use cases, all possible operational models and boundary 
conditions have been prepared [24]. A MATLAB code with 
various lookup tables enables the definition of the baseline 
for the system configuration, which has been validated for the 
track segment based on the results from [8].  

 
Figure 4: Simulation of the traction power requirement of a train 

 

 
Figure 3: Elevation of the Birmingham route for a whole day operation 

 
 



 

The simulated traction power demand profile provides the 
input for the SOFC model, where the response time and the 
gas flow rates can be measured as described before. The 
control of the hydrogen flow rate and the operational control 
strategy to minimize the grid load is the target of the holistic 
control strategy. The required hydrogen flow is controlled 
from the power demand with a PID controller that regulates 
the position of the valve in the pipe feeding hydrogen to the 
SOFC. 

In order to assess the SOFC reaction time, 2 events in a 
short interval of 30 sec have been analysed from the 
simulation, as shown in Fig. 5 and Fig. 6.  As shown the 
actual power output marked in blue is following the power 
reference, which has been assessed by the train simulator 
model and delivers the required power output with a delta. 
The MATLAB Simulink model is designed to simulate a 
delta in reference and actual power demand to allow a 
simulation of an overload condition as the stationary FC 
needs to be powered according to the time schedule to reduce 
the energy consumption and grid dependency. For scenarios 
with no trains, the reference will reduce the power generation 
of the SOFC accordingly. To allow the model to react on any 
power reference and actual power requirement, the PID 
controller has been tuned to cover all scenarios, which does 
lead to the delta in the actual simulation result. The partial 
pressure of hydrogen, oxygen, and water has been plotted in 
Fig. 7 and Fig. 8 for the 2 cases, where the overall hydrogen 
consumption can be calculated at a later stage. 

 
The first case shows a train’s acceleration from standstill, 

followed by a period of field-weakening and cruising. The 
second case represents instead a bit more random variations 
of the traction power due to the presence of multiple trains 
and operating in different conditions. The simulations show 
that in both cases the SOFC responds with a good dynamic, 
and so the grid power is very limited. The measured hydrogen 

pressure behaviour confirms that the SOFC power supply is 
adequate for use in railway traction systems, as system has 
pressure always larger than 2.5 bar for the chosen operational 
temperature, which is the minimum required for stabile 
operations [25]. In future studies, an overload of the SOFC 
system will be simulated to show the power limitation 
capabilities of the controller, while a higher contribution from 
the grid will provide the shortfall of power required by the 
trains. 

IV. SOLUTION FOR NOT ELECTRIFIED TRACKS | 
COMPARISON WITH HYDROGEN TRAINS 

This section compares the proposed technology based on 
stationary SOFCs to hydrogen trains with an onboard PEM 
FCs. The target is to assess which solution is the most 
appropriate for lines that are currently not electrified [2]. As 
indicated in Section I, hydrogen and hybrid trains have an 
additional weight compared to electric trains to accommodate 
the FC, the hydrogen tank, and the battery. The FC power 
system weight can be assumed equal to 15-20 kg/kW [26] 
and, using a max train power of 550 kW [27], the additional 
weight of the FC would be 8-11 tonnes. The energy 
consumption has been calculated using the railway simulator 
and, considering the train locomotive weight without the tank 
of 100 tonnes [8].  

Using as a reference the electric train and the railway line 
in section III, it can be estimated that a hydrogen train would 
have an additional weight of 11 tonnes, while a hybrid FC 
battery train would have an extra weight of 41 tonnes to 
maintain the same acceleration profile.  

When calculating the total energy demand, the 
recuperation potential during braking operations as well as 
the weight of the fuel was not considered. Assumptions on 
the auxiliary have been made and added to allow a fair 
comparison from a system weight perspective. 

TABLE II. ENERGY CONSUMPTION OF HYDROGEN AND 
HYBRID TRAINS IN COMPARISON TO ELECTRIC TRAINS 

 
Application Energy demand 

[kWh] 
Tractive effort 

[kN] 
Electric train weight 100 t 937 98 

FC only train weight 111 t 957 109 

Hybrid FC train weight 141 t 1011 138 

 
The results of the simulation, shown in Tab. II, indicate 

that hydrogen trains consume 2-3% more energy than electric 
trains, while hybrid FC trains consume 8-11% more energy. 
This leads also to the fact that both trains need a higher 
tractive effort to compensate for the extra weight which 
would add an additional weight for the larger electric motor, 
which has also not been considered here. Assuming a 

 
Figure 6: Comparison between the traction power demand and SOFC 

power for case 1 

 
Figure 7: Comparison between the traction power demand and SOFC 

power for case 2 

 
Figure 5: Pressure of media for case 1 

 
 



 

hydrogen consumption of a locomotive of 0.82 kg/km [2] and 
the 550 km Birmingham route, this would lead to a hydrogen 
consumption reduction potential of 50 kg per train per day. 
Under the assumption that 20 trains are operating 365 days 
per year, 365 tonnes of hydrogen can be saved per year using 
the proposed electrification system. Within 10 years this 
would result into additional fuel cost of 11-29m€, considering 
a cost of hydrogen of 3-8 €/kg [28]. 

Assuming an investment for a FC hybrid electric train of 
4m€ [29] and the infrastructure to ensure the refilling, an 
additional 90-100m€ of investment would be needed for 20 
trains.  

According to [30] the electrification of 50 km of track 
would cost between 50-100m€. Without considering the 
increased efficiency as well as the reduced refilling and 
maintenance cost, the stationary SOFC application compared 
to a mobile PEM application can be seen as a profitable 
investment as shown in the following business case 
assumption. As reported in [31], SOFC power plants have 
been significantly improved in the last years which makes 
them a highly efficient and cost-effective solution. 
Considering a net investment cost of SOFCs between 700– 
1,100 €/kW, would lead to an investment of 1.4 - 2.2m€ per 
SOFC i.e. a total of 2.8- 4.4m€ to install two, 2MW SOFC 
applications. According to these figures, the stationary SOFC 
would be approximately 26m€ cheaper than the hydrogen 
train solution, considering the usage of the existing electrical 
train fleet. The reduced energy consumption supports the 
business case, as the investments are comparable. This 
calculation will be extended in the future by consider more in 
depth the CHP and efficiency parameters.   

Depending on the track configuration and the operating 
train model, the authors of [32] have developed a model to 
calculate the cost for the operations (OPEX) as well as the 
capital expenditure (CAPEX), comparing the Diesel, FC and 
catenary electric drive. Using a total cost of ownership 
method, the mobile FC systems are competitive with the 
catenary electrification. The efficiency of the stationary 
SOFC with the CHP potential as this has not been assessed. 

V. CONCLUSION AND FUTURE WORK 

This paper reports on the development of the system 
configuration and the power control to support the 
decarbonisation of branch lines that are not immediately in 
the scope of electrification programmes. A decentralised, 
demand-oriented and grid independent power supply has 
been proposed for the supply of electric railways using 
stationary SOFCs fed by green hydrogen. The hydrogen can 
be produced in the vicinity of feeder stations with renewable 
power sources or delivered by trucks or pipelines.  

The proposed layout not only enables a reduction in 
CAPEX and OPEX, but also provides a technical solution 
based on the existing electrification network and technology. 
To achieve this goal, it is critical to ensure that the reaction 
time of the FCs can follow the variation of the train demand, 
which can be simulated with MATLAB and based on the 
input requirements coming from a train simulator model. In 
the paper, this has been achieved by regulating the pressure 
and the flow of hydrogen, while keeping the temperature of 
the FC constant. The aim is to propose a self-contained 

system where the generation of hydrogen, the energy storage 
and energy transformation to electrical energy will be 
considered and defined, to propose an ideal system 
configuration that is competitive to the existing and planned 
railway operation configurations. 

By designing the FC system and the tank according to the 
requirements of the track segment and considering the 
expected amount of hydrogen generated by the local 
renewable energy sources, it is possible to design a railway 
electrification system which is mainly grid independent. 

Adopting the solid-oxide technology for the FCs, the 
supply of electricity can be usefully complemented with the 
supply of heating for buildings in the vicinity of the railway. 
Such a co-generation approach increases the efficiency of the 
system and reduces the operating cost of the railway.  

To optimise the operations of the systems, the following 
key influencing factors need to be considered: 
• Track segment average demand per day 
• Variation of demand due to specific events  
• Energy transformation losses (e.g. seasonality effects) 
• Safety buffer to run a limp-mode of trains 
• Weather forecast based on historical information 
• Evaluation of special weather conditions 
• Energy transformation efficiency 
• Design of tank volume to with adequate reserve of 

hydrogen 
These aspects will be addressed in future work by improving 
the model of the system and introducing the power generation 
from renewable sources [31]. Especially on the power 
conversion side, the control of the SOFC considering all 
performance aspects will be the biggest challenge in order to 
reduce the investments and to decrease the dependency on the 
grid which would also reduce the overall OPEX of the 
railway industry and support the decentral energy generation 
approaches. By providing dates and figures, which prove the 
reduction of OPEX and CAPEX for the railway operations, 
this will not only be an attractive solution for all stakeholders 
and will deliver successfully and sustainable on the 
decarbonisation targets. 
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