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Abstract (150 words) 

Solid oxide fuel cells (SOFCs) have received attention in the transport sector for use as auxiliary 

power units or range extenders, due to the high electrical efficiency and fuelling options using 

existing fuel infra structure. The present work proposes an SOFC/battery powered vehicle using 

compressed natural gas (CNG), liquefied natural gas (LNG) or liquefied petroleum gas (LPG) as 

fuels. A model was developed integrating an SOFC into a modified Nissan Leaf Acenta electrical 

vehicle and considering standardized driving cycles. A 30 liter fuel tank and 12 kW SOFC module 

was simulated, including a partial oxidation fuel reformer. The results show a significant increase of 

the driving range when combining the battery vehicle with an SOFC. Ranges of 264 km, 705 km 

and 823 km using respectively CNG, LNG and LPG compared to 170 km performed by the original 

vehicle were calculated. Furthermore, a thorough sensitivity analysis was carried out. 
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1. Introduction

In order to reduce global CO2 emissions, alternatives to internal combustion engines have to be 

deployed in the transportation sector. One of those alternatives are battery electrical vehicles 

(BEVs), which are more efficient and less energy consuming than internal combustion engine (ICE) 

vehicles 1. More importantly, they have the option of using renewable energy sources as primary 

fuels, i.e. the processes for electricity production. However, one of the main technological 

challenges of such vehicles is the energy storage density using current battery technologies, which 

limits their driving ranges as compared to ICE vehicles [2]. Furthermore, long charging times are 

still inconvenient for the users. A solution could be the hybridization using fuel cells. Polymer 

electrolyte fuel cells (PEFC) have been considered for some time in the transport sector with the 

advantage of their low weight and their relatively fast start-up process. However, the challenges of 

high costs due to use of noble metals and the need for production and storage of the hydrogen fuel 

limit their widespread introduction and applications [3]. Both, the battery and PEFC based vehicles 

still have the challenge of insufficient distribution of charging/fuelling stations needed for a full 

coverage, which require high investment (and maintenance) costs. 

Solid oxide fuel cells (SOFC) have gained interest in the transport sector more recently. SOFCs 

combine high electrical efficiency with the option of choosing between various readily available 

high density fuels, which can extend the range of the purely BEVs on one side and can make use of 

the existing fuelling infrastructure on the other [4. So far, SOFCs have been considered as auxiliary 

power units (APU) and range extenders in the transport sector [5, 6, 7, 8]. These concepts can 

significantly increase the performances of the vehicle and take advantage of the current fuel 
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infrastructure (e.g. compressed natural gas), which significantly reduces costs for introducing a 

vehicle fleet and fuel distribution and storage. Additionally, SOFCs have a higher electrical 

efficiency and potentially lower manufacture cost compared to PEFC [9]. 

In order to take advantage of the existing fuel infrastructure for transportation in combination with 

an SOFC vehicle, the availability and distribution of fuelling stations has to be considered, in 

addition to options for producing these fuels based on renewable energy sources. In table 1, the 

density of fuelling/charging stations for selected European countries is listed. Apart from petrol for 

ICE vehicles and chargers for BEVs, compressed natural gas (CNG), liquefied natural gas (LNG), 

and liquefied petroleum gas (LPG) are listed as potential fuels for SOFCs, and hydrogen (H2) for 

PEFCs and SOFCs. Petrol stations have naturally the highest density. In some countries, also a 

large number of public electrical chargers is available. It has to be noted that the density is an 

average value, i.e. the distribution of charging and fuelling stations is expected to be higher in 

densely populated areas such as cities. In contrast to hydrogen filling stations, which are still very 

scarce, CNG and LPG filling stations are more present in many of the listed countries as shown 

Table 1. 

 

Table 1. Number of fuelling/charging stations by type of fuel per 100 km
2
, from refs. [10, 11, 12, 

13] 

 
Area Petrol CNG LNG LPG H2 

Public 

chargers 

 
[km

2
] 

[station/ 

100 km
2
] 

[station/ 

100 km
2
] 

[station/ 

100 km
2
] 

[station/ 

100 km
2
] 

[station/ 

100 km
2
] 

[station/ 

100 km
2
] 

Austria  83871 3.2 0.21 n/a 0.05 0.005 4.388 

Denmark 43094 4.7 0.02 n/a 0.01 0.026 0.283 

France 640679 1.7 0.01 0.001 0.27 0.002 0.001 

Germany 357114 4.1 0.08 0.001 2.02 0.014 2.435 

Italy 301336 6.9 0.33 0.003 1.24 0.001 0.027 

Netherlands 41850 10.0 0.36 0.053 3.27 0.005 3.673 

Spain 505992 2.2 0.01 0.005 0.10 0.001 0.003 

UK 242495 3.5 0.01 0.005 0.60 0.006 0.002 

Switzerland 41284 8.3 0.33 n/a 0.15 0.012 8.916 

 

In addition to the geographical density of stations, also the fuelling/charging time has to be 

considered. Table 2 shows the required times for one fuelling/charging cycle. It becomes clear that 

charging standard plug-in BEVs takes 60 to 80 times longer than fuelling a vehicle with a 

combustion engine with LPG/LNG or diesel/gasoline, respectively. 

 

Table 2. Fuelling time and theoretical capacity for selected fuels and BEVs, from refs. [14, 15, 16] 

 

Charge time (minutes) Max capacity (vehicles /day) 



Diesel / gasoline* 6 240 

LPG/LNG 8 180 

CNG 12 120 

H2 -@70MPa 15 96 

Standard plug -In 480 3 

*Including heavy duty vehicles 

 

To investigate the effect of SOFC technology for automotive range extension, the current study 

examines a model integrating an SOFC unit into a commercial Nissan Leaf Acenta BEV using the 

software MATLAB
®
. Performances using standard driving cycles and different powertrain 

configurations were simulated and the obtainable driving ranges calculated. CNG, LPG, and LNG 

were selected as available fuels. Different control strategies for the fuel cell system were 

investigated as part of the overall powertrain management. Furthermore variations of the power 

generation capacities were studied. 

 

2. Methods and concept 

2.1 Vehicle model 

The first part of this study aimed at establishing a model of an electrical vehicle and a fuel cell unit. 

The powertrain of the vehicle was divided into several modules (see Figure 1) and translated into 

MATLAB
®
 scripts to estimate the size of the main components. The main concepts and methods 

for each submodule are introduced in this section. 

 

Figure 1 Powertrain flowsheet with submodules 

The power of the electric motor (Pmot) in case of an acceleration or deceleration is expressed in 

equation (1), from ref. [17]. 

 

      

   

    
               

                          
      (1) 

 



In this equation, Pte is the traction power of the vehicle, depending on parameters such as vehicle 

frontal area, aerodynamic drag coefficient and vehicle speed ([18]), m is the motor efficiency, g is 

the gear efficiency and reg is the share of regenerated power through regenerative breaking. 

 

2.1.1 Battery electrical vehicle (BEV) 

The BEV part of the model covered the vehicle's dynamics, the electrical motor, and the lithium ion 

battery modules. The final objective of the battery modelling is to calculate the maximum driving 

range according to the data input such as the mechanical parameters, driving cycle and – for the 

SOFC/BEV - the SOFC stack specifications. The related battery parameter is the depth of discharge 

(DoD). Other variables such as the battery temperature that plays a significant role for the safety of 

the overall system are neglected at this stage. The first parameter for the DoD calculations is the 

internal resistance of the battery. This information is provided by the datasheet of commercial 

batteries. The second parameter is the open circuit voltage (EOCV). Considering lithium ion batteries 

(LIBs), equation (2) was used to simulate the EOCV as a function of the state of charge (SoC), where 

the parameters a, b, c, d, m, and n depend on the materials of the battery and were taken from Zhang 

et al. [19]. A LiMn2O4 (LMO) based battery is considered for the present work. 

                                      (2) 

Based on these values, the current can be calculated in the case of the battery entirely supporting the 

powertrain, and also when the SOFC module or regenerative power are higher than the load 

required by the vehicle. The power provided by or supplied to the battery (Pbat) is given by equation 

(3), where Pac is the power of the vehicle’s accessories and PFC the electrical power output of the 

fuel cell module. 

                       (3) 

Once Pbat is determined, the value of the current (I) is a solution of the quadratic equations (4), from 

ref.  [20] with Req being the internal resistance of the battery and EOCV the open circuit voltage: 
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Based on these equations, the new depth of discharge of the battery is computed using the equations 

(5), from refs. [17], [21]. 
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2.1.2 SOFC unit 

The fuels (CNG/LNG/LPG) are converted into hydrogen and carbon monoxide in the external 

reformer. The purpose of the SOFC module is to convert the chemical energy contained in the 

carbon monoxide and the hydrogen into electricity. The chemical energy considered for this step is 

the lower heating value (LHV) of the gas mixture. 



The module is composed of a number of individual SOFC stacks. For the present study, a 

commercial 30-cell stack from the manufacturer SOFCMAN based on the anode supported cell 

configuration, with a nominal electrical power of 2 kW and a weight of 9 kg was used [22]. The 

power input to the stack can be derived by increasing this value using the electrical efficiency 

SOFC. The basic concept of the module is presented in Figure 2 and equation (6) (from refs. [17, 

23]), where PFC_in is the chemical power of the CO+H2 mixture entering the module per second, 

PFC_out is the electrical power of the FC module, FC_BoP is the share of electrical energy required by 

the balance of plant (BoP) and FC_loss is the part of fuel not processed by the module through 

partial fuel utilization. 

 

  

 

Figure 2. Concept of the SOFC module 

 

       
       

                            
     (6) 

 

Considering eq. (3) and (6), the average electrical power demand of the vehicle is known. To 

achieve this power, the SOFC module is realized by the combination of several stacks (Nbstack) with 

the nominal power of PowerFCmodel. Sufficient power to recharge 50% of the battery’s capacity 

(Capacitybattery) during a specified charging time (Charging-time) is required in addition to the 

vehicle’s average electrical power (Poweraverage) calculated on a driving cycle using the BEV mode 

(see equation (7)). 

        
                                             

            
         

 
   (7) 

The fuel cell stacks need to be warmed up to the operating temperatures of around 750 
o
C before 

producing electricity. For a first order estimation of the thermal mass (QFC_heating), the SOFC stacks 

were considered to be entirely made of Crofer 22 (weight according to the manufacturer), a metal 

typically used for the SOFC interconnects due to its corresponding thermal expansion coefficient 

with the other materials of the cells and its corrosion properties at elevated temperatures [24]. It is 

further assumed that the heating energy can be supplied using an electrical heater. For determining 

the heating power (PFC_heating) for a specific warm up time (TimeFC_heating) equation (8) was used 

assuming an ideal heat transfer case. 

            
           

              
     (8) 

The heating power could also be produced by burning the fuel contained in the tank (number of 

moles of combusted fuel (Molfuel), equation (9)). This concept was for example used for heating of 

SOFC APU [25]. 



        
           

       
      (9) 

 

2.1.3 Reformer unit 

Especially the lower hydrocarbons (e.g. methane) could be reformed directly in the SOFC through 

internal reforming on the state-of-the-art Ni containing anode, affecting the thermal management of 

the unit. Steam reforming of methane is an endothermal reaction, leading to local cooling and to 

large thermal gradients over the stack, which might risk the mechanical integrity of the SOFC stack. 

In addition, steam supply would add to the complexity of the system and would need on board 

storage. In the current model, the fuel was converted into carbon monoxide and hydrogen prior to 

the SOFC through partial oxidation. Partial oxidation is considered in this study because it makes 

use of air, which can be an advantage for mobile applications [26]. The reformer model aims at 

determining the amount of fuel in mol (molfuel_FC) and the heat energy required by the system, 

considering the stoichiometric reactions of the partial oxidation. The amount of fuel needed by the 

reformer is equivalent to the ratio of the PFC_in and the specific calorific energy contained in the 

outlet stream of the reformer. These values are calculated using the LHVs of carbon monoxide and 

hydrogen as presented by equation (10). The required thermal energy corresponds to the sensible 

and latent heats of the concerned fuels and the enthalpy of formation. 

           
      

                   
     (10) 

 

2.1.4 Fuel tank 

The level of fuel inside the tank is monitored using a state of charge (TankSOC) presented as the ratio 

of the current level (Fuel level) and the maximum capacity (MaxFuel level). The amount of fuel varies 

according to the need of the powertrain. To simplify the modelling, the quantity of fuel is first 

considered in moles and can later be converted in volume or pressure units according to the storage 

state of the fuel. A minimum storage level of 10% is introduced to comply with the shutdown 

process of the FC system in practice. 

         
          

             
     (11) 

 

2.2 SOFC control strategies 

For the start-up, the SOFC stacks have to be heated to the nominal operating temperature (750 
o
C). 

A potential operation below this temperature (with a consequently smaller electrical power output 

and a related heat production) is not considered in the present study. For some applications, a faster 

heating is desired and therefore, two control options were designed, which are distinguished by the 

heating procedure. The basic option considers the complete heating of the SOFC module with all 

SOFC stacks before starting the operation and thus the electricity production. In the advanced 

option, the SOFC stacks in the module are started successively, i.e. a first stack is heated initially 

and the operation is started, which produces heat. This heat is utilized for heating the next stack in 

the module and so forth. Both options consider the same external heating power used by the basic 

control strategy, which is stopped once the overall module is heated. Figure 3 illustrates the general 

algorithm used for the advanced SOFC control strategy. This control option contains the five 



operational modes described below. In order to represent the basic strategy, the SOFC module is 

considered as one stack only. 

 Mode 0: SOFC off 

The SOFC module and heating system are not activated. 

 Mode 1: SOFC stacks warm up and start gradually – Low power output of the SOFC stacks 

The heating system starts and the SOFC stacks are heated successively. Once a stack is operational, 

electricity is produced and the generated heat is redirected towards heating the remaining stacks. If 

the DoD of the battery is lower than 50%, the power generated by the stacks (PSOFC_mode_1) is the 

average power demand of the vehicle reduced by a coefficient (Levelmode1), see equation (12). 

                                                                  

                             )     (12) 

In case the operating stacks cannot provide this power, they supply their nominal power as 

described by equation (13). 

                                                    (13) 

The number of activated stacks is calculated by equation (14), where QFC_heating_module is the thermal 

energy being transferred to the module and QFC_stack_required is the thermal energy required by each 

stack. 

                  
                  

                   
     (14) 

 Mode 2: SOFC stacks start gradually – Max power output of the SOFC stacks 

Mode 2 follows the same procedure as described in Mode 1 with the difference that the DoD of the 

battery reached 50%. The operating stacks provide their nominal power to support the powertrain. 

Equation (13) is applied for this mode. 

 Mode 3: SOFC stacks completely heated– Nominal power output of the SOFC module 

The heating system is stopped and the complete SOFC module is activated. If the DoD of the 

battery is higher than the predefined level (i.e. 5%), the power generated by the stacks is the 

nominal power of the module following equation (15). 

                                      (15) 

 Mode 4: SOFC module completely heated – Reduced power output of the SOFC module 

The heating system is stopped and the complete SOFC module is activated. If the DoD of the 

battery is lower than a predefined minimum level (i.e. DoD_mode4=5%), the SOFC module 

switches to a low power regime and follows the equation (12). 



 

Figure 3 SOFC Module advanced control algorithm 

 

2.3 Powertrain control management 

In order to have the maximum efficiency of the system combining the battery pack, the fuel cell 

module and the electric engine, Alfonsin et al. [27] developed a logical flowsheet that contains the 

different interactions between each part of the vehicle’s powertrain. The present study considers the 

same algorithm with the only difference that the fuel cell system works with two regimes instead of 

providing only the nominal power. The procedure uses a specific driving cycle and all the different 

parameters required for the model parts introduced in the previous sections as input. For the 

implementation of this algorithm, the MATLAB
®

 scripts created with the submodules in the 

previous sections are combined and follow the algorithm illustrated in Figure 4. 



 

Figure 4 Powertrain control algorithm (from [27]) 

 

2.4 Simulation parameters 

2.4.1 Driving cycles 

The simulations make use of the “New European Driving Cycle” (NEDC) and the “Worldwide 

Harmonized Light Vehicles Test Procedure” (WLTP), displayed in Figure 5. Both are designed to 

mimic vehicles in urban environments. For verification purposes, the US06 driving cycle was also 

used ([28, 29]). 

 

 

Figure 5 Speed profiles of NEDC (a) and WLTC (b) driving cycles, from ref. [29] 

 

2.4.2 Model parameters 

The WLTP driving cycle and the Nissan Leaf Acenta were used as reference case due to the 

accessibility of their technical specifications. The weight of the battery pack was estimated to 367 

kg after a linear extrapolation from the data provided with the Nissan Leaf Visa [28]. The used 

parameters are listed in Table 3. 

The FC heating time was set to 20 min for the simulations. This value is based on the targets 

defined for startup of SOFC APUs for trucks in the range of 15-30 min [30, 25]. 



 

Table 3. Reference configuration of the vehicle  

Parameter unit Value 

Charging time [hour] 3 

FC heating time [hour] 0.33 

Battery capacity reduction [%] 50 

FC control strategy [-] 

Basic or 

advanced 

Tank volume [l] 10 

Fuel [-] LNG 

 

Different configurations were simulated in order to investigate the performances of the system in a 

wide range of combinations of battery and SOFC for a given car and varying fuels. Table 4 lists the 

varied parameters. 

 

Table 4. Parameter ranges for sensitivity analysis 

Parameter Unit Range Increment 

Battery charging time [hours] 0.5 - 3 0.5 

FC heating time [hours] 0.33 - 1 0.16 

Battery capacity reduction [%] 0 - 60 10 

FC control strategy [-] Basic. Advanced [-] 

Tank volume [l] 10-70 10 

Fuel [-] CNG, LNG, LPG [-] 

 

All combinations of parameters in table 4 were simulated according to the algorithm shown in 

Figure 6. 

 



 

Figure 6 Overview over FCEV model analysis 

 

3 Simulation results and discussion 

3.1 Battery electrical vehicle model validation 

The model was validated by considering a BEV (i.e. without an SOFC) where the simulated driving 

ranges can be compared to published data. For this validation only the vehicle dynamics, motor and 

battery scripts were considered. The Nissan Leaf Acenta and Nissan Leaf Visa were selected with a 

battery capacity of 30 kWh and 24 kWh, respectively. The WLTP and US06 driving cycles were 

used for the simulation. The reference parameters and performances were measured by the ADAC 

[2] and the U.S. Department of Energy National Laboratory [31]. For the model validation, the full 

battery capacity was assumed. 

Figure 7 displays the simulation results of the electrical motor power (Figure 7a) and the current 

drained from the battery of the Nissan Leaf Visa (Figure 7b). The model considered the driving 

cycle US06 and an empty weight of 1474 kg. Both the model results and experimental 

measurements in this simulation appear to be in the same range with respectively a maximum cycle 

power of 91 kW against 89 kW and a drained current of 251.9 A against 255.3 A. 

 

FCEV range simulation 

Vehicle parameters update  

SOFC module Sizing 

BEV Range simulation - one 
cycle 

START 



 

Figure 7 Simulation of battery current (a) and power (b) of a Nissan Leaf Visa using the US06 

driving cycle 

 

Figure 8 illustrates the results of a driving range simulation for the Nissan Acenta using the WLTP 

driving cycle. The OCV calculated by the model drops continuously from 400 to 350 V with 

recurrent peaks corresponding to the accelerations (Figure 8a). The DoD was set to 80% as 

maximum. With this limit, the obtained range at the end of the simulation is 156.3 km (Figure 8b) 

against 155 km as published [28]. The deviation of only 0.86% indicates the validity of the 

developed model. By applying the NEDC driving cycle to the same vehicle, a range of 177.8 km 

was obtained compared to 170 km stated by the manufacturer, which is still only a small deviation 

of 4.6%. 

 

 



Figure 8 Simulation of the DoD (a) and range (b) of a Nissan Leaf Acenta using the NEDC driving 

cycle 

 

The simulations were repeated for more BEVs. Even though some of the key parameters were not 

published and had to be estimated, a good agreement between simulated and published driving 

ranges was achieved, with deviations between 1 and 9%, only. With these results, the model was 

considered valid and was extended to include the SOFC module. 

 

3.2 SOFC/BEV simulation 

After validation, the model was applied to a SOFC/BEV by reducing the battery capacity of the 

reference case by 50% and by integrating the SOFC module with the fuels CNG, LNG, or LPG. 

Target parameters were driving ranges and energy consumptions of the hybrid vehicles. Afterwards, 

selected model parameters were varied in order to study impacts of for example battery capacity, 

tank volume or SOFC power density. 

 

3.2.1 Technology comparison 

For the technology comparison of ICE vehicles, BEVs, and SOFC/BEVs, the tank volume was 

changed to 30 l (instead of 10 l, see Table 3) in order to represent better a standard tank size in an 

ICE vehicle. The larger tank volume affects other parameters as well. The SOFC module was 

adjusted to 12 kW for LPG, LNG and CNG, considering the NEDC driving cycle. The new weights 

of the vehicle are 1460 kg, 1459 kg and 1456 kg, respectively. Start & stop patterns were not 

included in the simulation. Figure 9 presents the driving ranges of selected vehicles based on 

published data together with the results of the model in this work. 

 

Figure 9 Driving ranges of ICE vehicles and BEVs (blue columns, refs. [32, 33]), SOFC/BEVs 

simulated by the model in the present work (green columns), range after FC is the remaining battery 

range after using up the SOFC fuel (red columns) 



The longest driving ranges are naturally achieved by the ICE vehicles (Ford Focus, Peugeot 208 in 

Figure 9), followed by the Toyota Mirai, (PEFC-battery hybrid) and the Tesla Model S, which is the 

BEV with the longest driving range among present BEVs (see Figure 9). 

When integrating an SOFC into a BEV, the driving ranges increase substantially, in particular when 

using LNG and LPG fuel. The integration of an SOFC into the Nissan Acenta increases the range 

by factors of 4-5 (even though the battery capacity was reduced by 50%) and even passes the best 

PEFC car and all BEVs. Also, when using CNG fuel, the range increased significantly by about 100 

km, which is longer than most of the BEVs of this ranking, with the exception of the Tesla Model 

S. After the fuel has been used and the SOFC stopped operating, the battery could support the 

vehicle for an additional distance of around 80 km before reaching 80% of DoD (see Figure 9). 

Apart from the driving range, also the total energy consumption is an important factor. The results 

of the simulation in this work are compared to published values in Figure 10. The SOFC/BEVs 

have slightly higher total energy consumptions as purely BEVs. This is due to the concept used in 

the present model. The battery capacity is reduced to 50% compared to the BEV reference and the 

vehicle runs mainly with the SOFC activated, which has to charge the battery and support the 

powertrain simultaneously. This behaviour is more pronounced considering LNG with a resulting 

energy consumption of 23 kWh/100 km compared to the 14 kWh/100 km of the Nissan Leaf 

Accenta BEV. These results are still comparable to the Toyota Mirai that consumes 25 kWh/100 km 

according to the manufacturer [28]. Finally, all SOFC/BEV combinations are significantly below 

ICE vehicles (see Figure 10). 

 

Figure 10 Energy consumptions of ICE vehicles and BEVs (blue columns, refs. [32, 33]) and 

SOFC/BEVs simulated by the model in the present work (green columns) 

 

The comparison between the ICE vehicle, BEV, PEFC/BEV and SOFC/BEV technologies shows 

that the concept of a hybrid of SOFC and battery gives a good compromise in terms of driving 

range and energy consumptions. It thus combines the attractive user convenience, considering 



charging time and fuel availability, in addition to the environmental benefits in the parameter space 

of this study. 

The user benefits from the existing fuel infrastructure, which also saves substantial investment 

costs, from the fast fuelling times related to gaseous/liquid fuels, and from the long driving ranges 

that approach those of the ICE vehicles. On the other hand, the smaller energy consumption of the 

SOFC/BEV concept regarding the applied driving pattern can significantly reduce the CO2 

emissions as compared to ICE vehicles. Together with the prospect of developing technologies to 

produce CNG, LNG, and LPG using renewable sources (such as Power-to-gas or Power-to-liquid, 

[34]), the CO2 footprint and environmental impact from SOFC/BEVs could be reduced even 

further. 

 

3.2.1 Fuel cell module control strategies 

After the general technology comparison, the SOFC/BEV concept was further analysed regarding 

control strategies and parameter variations. Two strategies were considered for the SOFC start-up in 

the simulations. In the first one, all stacks of the SOFC module are heated to operating temperature 

and afterwards started. In the second one, the stacks are heated successively and started as soon as 

one has reached operating temperature. In that way, the heat produced by one operating SOFC stack 

is used for heating the remaining stacks. 

Figure 11 shows the first strategy. When the DoD of the battery has increased above 20%, the 

SOFC systems starts with the mode 1 by burning the fuel to heat up the SOFC module. At operating 

temperature, the module switches to mode 3 and provides its nominal power. At the same time, the 

fuel flow rate is reduced slightly to provide the needed fuel for the electrochemical processes. The 

battery is simultaneously charged and oscillates between 5% and 10% of DoD until the tank level is 

below 10%, which activates mode 0 and stops the SOFC system. From this point the vehicle 

operates only on BEV mode.  

 

 

Figure 11 DoD of the battery and SOFC power (a) and fuel consumption and driving range (b) for 

the basic SOFC control strategy 



 

This basic control strategy was compared to the advanced control strategy. The major difference is 

in the heating phase. The heating starts again after 20% of DoD of the battery. The stacks are 

successively started (steps in Figure 12). The produced power and heat are transferred to the rest of 

the system. After heating of the complete SOFC module the stacks provide their nominal power as 

described in the basic control strategy. 

 

 

Figure 12 DoD of the battery and SOFC power (a) and fuel consumption and driving range (b) for 

the advanced SOFC control strategy 

 

The basic control strategy requires 20 minutes heating time, as it was pre-set for the simulation (see 

Table 3). By using the advanced control strategy, this time can be reduced by 1.5 min, i.e. a slightly 

faster SOFC start-up is achieved. Furthermore, 18% of the usable fuel was used by the basic control 

strategy, while it was 16.7% for the advanced control strategy, assuming a fuel tank containing 10 

litre of LNG and 10% as lower filling limit. These values indicate a small positive impact on the 

SOFC start-up in terms of speed and fuel consumption when applying the successive start of SOFC 

stacks within the frame conditions given in the present study. By improving the advanced control 

strategy even more, the advantage could be further increased and might lead to a reduction of the 

needed battery capacity. 

 

3.2. Battery capacity  

The battery capacity is a critical parameter for BEVs because it directly affects the range, weight, 

and manufacturing costs. In the present study, the battery supplies the energy to the powertrain 

when the SOFC module is not operational. It is therefore interesting to assess the performances of 

the vehicle when successively reducing the size of the battery. 

 



In Figure 13, the driving ranges when reducing the battery sizes are depicted for the three fuels. The 

SOFC module was kept at the same power level. Clearly, a battery reduction leads to a decrease of 

the driving range and thus also the remaining range after usage of the fuel for the SOFC. This 

reduction is largest when using CNG fuel (ca. 70 km when reducing the battery capacity by 60%, 

see Figure 13) and smaller when using LNG and LPG (ca. 55 km when reducing the battery 

capacity by 60%, see Figure 13). The simulation also shows that the possible driving range 

reduction does not scale 1:1 with the battery capacity reduction. The driving range is less affected 

by the battery reduction due the energy provided by the fuel cell module, which would favour a 

decision for reducing the battery. The driving range could then be increased by adjusting the SOFC 

module size or the volume of the fuel tank (see next section).  

 

Figure 13. Effect of reducing the battery capacity on the driving range of the SOFC/BEV using the 

Nissan Leaf Acenta and a 10 l tank 

 

3.3 Fuel tank volume 

In order to adjust driving ranges, changing the fuel tank volume is corresponding to a change of the 

battery capacity, as the energy is contained in the fuel in case of the SOFC and in the battery 

material in case of the BEV. Increasing the battery capacity leads to a large increase of both weight 

and costs, in contrast to an increase of the fuel tank. 

Increasing the size of the fuel tank increases the driving range linearly (Figure 14a). The impact of 

the tank volume is thus significant. The increase of the tank volume also increases the energy 

consumption of the vehicle to a certain extent (Figure 14b). This increase is less when approaching 

larger tank volumes and is minor as compared to the increase of driving range (Figure 14a). The 

slight increase can be explained by the SOFC control strategies. The SOFC system used has five 

working modes from 0 to 4 during the simulation. The lowest energy consumption of the vehicle is 

in mode 0 when the SOFC system is in standby, while the highest consumption level is related to 

the nominal power of the system in mode 3. Increasing the volume of the fuel tank also increases 

the periods in mode 3, which overall leads to a slightly larger energy consumption pattern. 

 



 

Figure 14 Effect of tank volume on driving range (a) and energy consumption (b) of the SOFC 

integrated into a Nissan Leaf Acenta battery vehicle, reference configuration and WLTP driving 

cycle 

 

3.4 Fuel cell module power density 

The performance of the SOFC module and thus the SOFC/BEV greatly depends on the power 

output of the specific stack. For the present study, a commercially available SOFC stack was 

modelled [22]. As the SOFC technology is under rapid development, more active stacks with 

smaller area specific resistances and higher power output per area/volume/weight can be expected 

to become available. It is thus interesting, how much the performance of a SOFC/BEV would be 

affected by improvements of the core SOFC technology. 

Figure 15 illustrates how the improvement of performance of the SOFC stack used in this study 

expressed by a power density coefficient would affect the number of SOFC stacks required, the 

heating time, and the driving range. The number of stacks required for the SOFC module could be 

reduced from eight to five when increasing the power density of the current reference stack by 50%. 

This is a significant number with large cost reduction potential. At the same time, the amount of 

fuel required for heating the system could be reduced by 6% due to the reduced thermal mass 

(Figure 15a). Furthermore, the heating time for starting the SOFC operation could be reduced by 0.5 

min and the driving range increased by 18 km (8%, Figure 15b). For these results, a 10 liters tank 

(see Table 3) was used. 

When increasing the tank volume to 30 liters, the improvements would become even more distinct. 

The Nissan Leaf weight could be reduced by 54 kg due to the shorter stacks, the total range could 

be increased by 27 km and the fuel consumption for the SOFC heating step could be reduced by 

3.4%. In addition to this effect, the volume of the system would also be positively affected. 

 



 

Figure 15 Effect of the SOFC stack power density as compared to the commercial SOFC stack 

reference on the stack number for the needed SOFC power and burned fuel for heating (a) and on 

the heating time and driving range (b) 

 

3.5 Fuel comparison 

From the introduction, the availability of the fuels of interest in this work was already presented 

(see Table 1). LPG is clearly the best available of the three fuels, almost as well-established as 

petrol with a station density by only a factor of about two smaller, followed by CNG and LNG. 

LNG is certainly expected to increase in importance considering the recent power-to-X concepts 

which are based on using electricity from renewable sources [34].  

Figure 16 depicts the heat flows in the fuel reformer and SOFC system and the driving ranges 

depending on the type of fuel with a 10 liters tank. In terms of range, LPG followed by LNG 

provides the best values with 270 km and 230 km, respectively (Figure 16a). With CNG fuel 106 

km can be achieved. Note that for these simulations different parameters (those from Table 3) were 

used than for the technology comparison in Figure 9. The poorer performance of the CNG is 

primarily due to the low energy content in the tank with 10 liters volume and 200 bars at ambient 

temperature. Moreover, this range is smaller than the original vehicle; this is because the battery 

capacity was reduced by 50% and an SOFC module integrated. More specifically, 54% of the CNG 

contained in the tank is used to warm up the SOFC stacks while the other fuels can support the 

powertrain for a longer period, because less fuel is needed for the initial stack heating. 

With the partial oxidation as reformer technology and considering stoichiometric reactions, it 

appears that in case of the CNG and LNG an additional heating power of up to 4 kW is required to 

complete the reforming process. These values include the heating and evaporation of the fuel 

streams entering the reformer combined with the thermal energy production during the reaction. 

Using LPG, the heat generated by the reforming reaction is already sufficient to support the 

reactions, which is clearly an advantage of this fuel (Figure 16b). 



 

Figure 16 Driving ranges (a) and system heat balance (b) for different fuel options 

 

 

For the current study, the partial oxidation was selected as pre-treatment of the fuel to avoid the 

additional use of water for the process. Using this option, about 16% of a 10 liters fuel tank is 

required to preheat the SOFC module for a period of 20 minutes for the example of a Nissan Leaf 

type SOFC/BEV. The fuel consumption for the heating step of the SOFC module in combination 

with a realistic driving pattern of light vehicles in urban areas means that most of the available 

volume would be used for the start-up part, leaving less time to recharge the battery. Therefore, the 

SOFC/BEV concept seems to be more suited for long driving range vehicles such as buses, trucks 

or trains. Those transportation options usually drive several hundred kilometers without long period 

stops. They would better fit the technological constraints of SOFCs and avoid several heating steps 

during operation. Another possibility could be to allow the fuel cell system to charge the battery 

even when the vehicle is not in operation. In this case, the state of charge of the battery would be 

the main factor determining the operating conditions of the SOFC module and could be applied for 

light vehicles as well. 

 

4. Conclusions 

An SOFC/BEV concept was designed and implemented into a computer model. The aim was to 

show that the presented concept could overcome current challenges with BEVs and PEFC/BEVs. 

These challenges are short driving ranges, long fuelling times, insufficient charging and fuelling 

infrastructure, and high costs. The concept can still take advantage of high efficiencies inherent in 

batteries and PEFCs and combine those with long driving ranges and fast fuelling utilizing the 

existing fuelling infrastructure. 

An SOFC/BEV model was successfully established and validated using standard driving cycle data 

from BEVs. A comparison of the driving ranges with BEVs, ICE vehicles and a PEFC/BEV 

demonstrated the benefits of an SOFC/BEV concept. The longest driving ranges among the electric 

vehicles were obtained; they were even close to the performances of ICE vehicles, which would 

exhibit a great benefit for the SOFC/BEV car users. Furthermore, the energy consumption was 



comparable to the Toyota Mira with a PEFC/BEV concept. The energy consumption was slightly 

higher than that for pure BEVs. Compared to ICE vehicles, the energy consumption was much 

lower for SOFC/BEVs. Thus, the user comfort, cost reduction (e.g., usability of existing 

infrastructure), and environmental impact (considering CO2 and NOx emissions) are in favor of the 

concept presented in this work. The benefits appear more significant for a constant operation 

concept, for example bus and train transport or continuous SOFC/BEV operation. 

SOFC operating temperatures are in the range of 700-800 
o
C, which is sometimes considered a 

disadvantage for applications in the transport sector. A part of this potential disadvantage can be 

overcome by using the SOFC/BEV battery to heat the SOFC module. Two control strategies were 

proposed and compared. The simulation results showed that by successive heating and starting of 

operation of the SOFC stacks and thus providing heat to the remaining stack, the heating (start-up) 

time of the SOFC module decreased. At the same time saving of fuel is possible. 

To increase the driving range, a combination of battery reduction and fuel tank volume increase was 

studied to take advantage of the resulting lower manufacturing costs (battery materials against fuel 

tank costs), the weight reduction and the increase of useable space in the vehicle’s powertrain. The 

simulation results demonstrate that the driving range is reduced when the battery capacity is 

reduced, as expected because the SOFC was not adjusted, which affects the flexibility of short 

range applications. In addition to the power required for the vehicle during heat up of the SOFC 

stack, the battery also provides the energy for the peak accelerations before being recharged by the 

SOFC module, which has to be considered when optimizing the overall system. The increase of the 

fuel tank volume to from 10 to 30 liters significantly increased the driving range to the values of a 

standard ICE vehicle.  

The study showed that an improvement of the SOFC technology in terms of power output is a 

significant parameter to decrease costs and increase driving ranges. 

Among the considered fuels, LPG and LNG offer competitive performances compared to petrol and 

diesel. CNG provides results, which are still better, i.e. longer driving ranges, than pure BEVs.  
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