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Abstract  

The trend towards zero-emission vehicle propulsion results in a fuel cell system working in conjunction with an electric motor 

and battery system. The research carried out in this study concerns the evaluation of fuel cell performance made without any 

interference to the drivetrain. The article aims to fill a gap in research on the efficiency of fuel cells vehicle using a non-
invasive method in real traffic conditions, which is lacking in the literature. The research was conducted using a 128 kW 

FCHEV (Fuel Cell Hybrid Electric Vehicle) under typical traffic conditions. As part of the work, the propulsion efficiency 

was determined for each driving phase. The following fuel cell efficiency values were obtained in the urban, suburban and 
highway phases: 51, 56 and 66% respectively. The values obtained are very close to the direct tests, while completely 

eliminating the need to modify the powertrain in order to determine the fuel cell efficiency. 
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Highlights 

 Analysis of FCHEV fuel cell efficiency without additional 

measurement systems. 

 Cell efficiency determined on the basis of thermodynamic 

values. 

 Fuel cell efficiency evaluated under real driving conditions. 

 Higher fuel cell efficiency on highways than in urban 

conditions. 

 Fuel cell efficiency ranges from 51% to 66% in different 

driving conditions. 

 

1. Introduction 

Hydrogen as an energy carrier fits perfectly into the trend 

towards decarbonisation in many sectors of the economy today, 

including the transportation sector in the EU (European Union) 

and worldwide. It is one of the strategic pillars introduced in the 

hydrogen strategy document introduced by the EU in 2020 and 

the Alternative Fuels Infrastructure Regulation. As a fuel, 

hydrogen has one key advantage – it does not generate CO2 

emissions directly. As such, it can play a key role in meeting the 

EU's climate neutrality target by 2050 [1,2]. However, despite 

proactive EU action, FCHEVs (Fuel Cell Hybrid Electric 

Vehicles) represent a minor share of the total vehicle fleet. The 

insignificant amount of FCHEVs in the total vehicle share is 

linked to the low availability of this type of powertrain. 

According to the European Alternative Fuels Observatory, 

6441 hydrogen-powered vehicles were on the roads in Europe 

in Q2 2025. According to the United Nations document on the 

classification of road vehicles [3] among these, 5393 are N1 and 

M1 category (vehicles with no more than 8 seats and not 

exceeding 3.5 tonnes), 637 M2+M3 passenger vehicles 

(exceeding 3.5 tonnes) and 411 N2+N3 (goods carrying 

vehicles exceeding 3.5 tonnes) can be differentiated. From 2012 

to 2022, the year-on-year increase in the number of vehicles was 

around 40%. In 2023 and 2024, it decreased to around 5% [4].  

In Europe, Germany has the highest number of FCHEVs 

registered with 2063 vehicles. The second largest market in 

Europe is France and the Netherlands third with 1301 and 778 

units respectively. The United Kingdom, Poland, Switzerland 

and Norway each have around 450 FCHEVs registered. In the 

remaining 16 countries, the total number of FCHEVs does not 
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exceed 125. There are still some countries in Europe where not 

a single FCHEV is officially registered [4]. 

In 2017, the total number of FCHEVs worldwide was only 

7186 vehicles [5]. By the end of 2021, this number increased to 

51,437 [6]. On the other hand, in 2024, their number exceeded 

86,700 vehicles and is expected to exceed 100,000 in 2025 [7]. 

Figure 2 shows the share of each continent in total number 

worldwide. 

 

Figure 1. Number of FCHEVs registered in the country by 

vehicle category [4]. 

 

Figure 2. Number of FCHEVs in operation on each continent 

in 2025 [7]. 

The main market with the highest number of registered 

FCHEVs is Asia with a 65% share. North America represents 

26% of the market and Europe just under 9%. The other 

continents have a marginal share.  

In terms of passenger vehicles, South Korea is the largest 

market with a share of around 50% of the total FCHEV market 

worldwide and 80% in Asia. Japan is second in Asia with just 

under 20%, and China closes the market on the continent with  

a share of less than 1%. In North America, 98% of the market is 

accounted for by the USA, with Canada holding the remaining 

2%. The European market was described earlier. The Australian 

market accounts for only 0.4% of the global share of FCHEVs 

[6]. 

The Asian market, compared to the European and USA 

(United States of America) markets, is characterised by different 

regulations, which not only actively promote hydrogen as a fuel, 

but at the same time are not as restrictive. An example of this is 

the wider choice in vehicle manufacturer offerings in the Asian 

market. Countries like Japan have set a target of 800,000 

FCHEVs on the roads by 2030 and China as many as 

10,000,000 by 2035 [8].  

Such a small number of hydrogen vehicles is mainly due to 

their low availability, high cost of purchase and operation and 

an undeveloped hydrogen refuelling station infrastructure. In 

2020, there were 553 HRS (Hydrogen Refuelling Stations) 

worldwide, with more than 200 in Europe – including around 

100 in Germany, 275 in Asia only 75 in North America [9]. In 

2021, this number increases to 729 and in 2022 to 1022 in 31 

different countries [6,10]. At the end of 2024, as Fig. 3 shows, 

the milestone of 1,000 HRS has been reached, and more 

precisely the number of 1160 stations available in 45 countries 

worldwide has been reached [11,12]. 

 

Figure 3. Number of HRS (Hydrogen Refuelling Stations) 

stations by country and continent [11,12]. 

In the coming years, the EU has obliged Member States to 

expand HRS infrastructure through Directive Regulation (EU) 

2023/1804. According to it, along the main TEN-T (Trans-

European Transport Network) corridors, HRS stations have to 

be available every maximum of 200 km or at every major urban 

node. Their characteristics and infrastructure must ensure the 

capacity to refill 1 tonne of hydrogen per day at a pressure of at 

least 700 bar. These targets have to be met by 2030 [2,13].  

There is still a lack of comprehensive analyses of fuel cell 

efficiency under real-world FCHEV operating conditions in the 

literature. Previous studies have focused mainly on laboratory 

or dynamometer tests, which, despite their high repeatability, do 

not reflect the variability of loads, temperatures and operating 

dynamics characteristic of real-world traffic. At the same time, 

standard methods of measuring hydrogen consumption, based 

on flow meters or cylinder weighing, require direct interference 

within the vehicle's fuel system, which excludes their use in 

commercial FCHEVs. The real interest in the proposed 
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methodology comes from the growing need to assess the 

efficiency of FCHEV vehicles in conditions that reflect actual 

operation, rather than just a laboratory or type-approval test 

environment. This results in a significant research gap: the lack 

of, non-invasive methods for accurately assessing fuel cell 

efficiency while driving in real road conditions. This paper 

addresses this issue by proposing an approach based only on 

values and parameters available in the vehicle's factory 

diagnostic system, without any modification to the powertrain. 

2. Literature review 

2.1. Analysis of overall powertrains efficiency 

The energy efficiency of different powertrains in passenger 

vehicles has been one of the main topics of consideration in 

scientific articles in recent years. An increase in the efficiency 

of the propulsion system results in lower consumption of the 

energy carrier, as well as a reduction in exhaust emissions and 

indirect losses. In the literature, indicators such as Tank-to-

Wheel (TtW), Well-to-Wheel (WtW) or Life Cycle Assessment 

(LCA) are often used to assess the level of energy efficiency.  

Due to the nature of this paper, in the following analysis, the 

focus will be only on the efficiency of the power unit. Losses 

associated with the storage, transfer and processing of the 

energy carrier at earlier stages will be omitted. Only the process 

of direct conversion of the fuel supplied to the drive unit or fuel 

cell into mechanical or electrical energy used to power the 

vehicle will be considered. 

Table 1. Evaluation of the overall efficiency (maximal) of 

modern drive systems. 

Powertrain 

type/test type 

ηo [%] – 

laboratory 

ηo [%] – RDC test 

ICE – SI 20–44 [14-17] 8–26 [18-20] 

ICE – CI 25–47 [14,16 21] 16–42 [20,22] 

BEV 50–97 [23-26] 50–96 [20,27] 

FCHEV 66–68 (steady-

state) [28,29] 

– 

Table 1 summarises the overall efficiency ranges of various 

typical powertrains in laboratory tests and in real road traffic 

conditions of passenger vehicles. Vehicles with ICE – SI 

(Spark-Ignition Internal Combustion Engines) have the lowest 

efficiency of all the propulsion types analysed. In laboratory 

tests, they operate with an efficiency ranging from several 

percent to a peak of about 35%. In real-life conditions, this 

efficiency operates in the range of 8–26%, according to [18-20]. 

In the case of vehicles with ICE – CI (Compression-Ignition 

Internal Combustion Engines), the values are slightly higher, 

with tests under laboratory conditions indicating values ranging 

from 25 to as high as 47% [16], and under actual operating 

conditions these values take on several percentage points lower 

values [20,22]. Electric motors in BEV (Battery Electric 

Vehicles) have significantly higher efficiency values. Their 

ranges in laboratory and road tests range from about 50 to 97% 

[20,23-27]. A deficit of research results on FCHEV-type 

powertrains can be found in the literature. According to [29], 

the efficiency of an FCHEV in laboratory tests is 66.8%, and in 

a laboratory test reflecting UDDS (Urban Dynamometer 

Driving Schedule) urban driving, the efficiency of the FCHEV 

powertrain was 67.7% [28].  

2.2. Fuel cell power analysis 

Hydrogen storage methods do not affect its lower heating value 

(120 MJ/kg); however, temperature is a significant factor in 

terms of its density: 0.0987 kg/m³ (at 0°C – gaseous hydrogen); 

70.85 kg/m³ (at –253°C – liquid hydrogen) and 858 kg/m³ (at –

259°C – solid hydrogen) [30]. 

Manufactured fuel cell automotive vehicles use cells with 

power outputs in the range 95–130 kW: 114 kW (Mirai 1st gen.) 

[31], 128 kW (Mirai 2nd gen.) [32], 103 kW (Honda Clarity) 

[33], 95 kW (Hyundai Nexo) [29], 115 kW (Saic MAXUS 

FCV80) [34]. 

The fuel cells used in the first prototype vehicles (in 2002) 

achieved a volumetric power rating of 1.5 kW/dm3 with a mass 

power rating of 0.75 kW/kg [35]. In the Toyota FCHV-adv 

model (in 2008), these ratios were 1.45 kW/dm3 and 0.9 kW/kg, 

respectively. The first generation Toyota Mirai had values of 3.0 

kW/dm3 and 2 kW/kg respectively. The second generation has 

values of 5.4 kW/dm3 [32] and 5.4 kW/kg (4.4 kW/kg including 

end plates) [36].  

The Hyundai Nexo FCHEV has achieved significant 

technological advancements compared with its predecessor, the 

Tucson ix35: improved system efficiency from 55% to 60% [37]. 

The Hyundai Nexo reports a power-to-volume ratio of 3.1 

kW/dm3 [38]. 

Honda used fuel cells in the Clarity for which the volumetric 

and mass power ratios were, respectively: 3.1 kW/dm3 and 2.0 

kW/kg [33,39].  



Eksploatacja i Niezawodnosc – Maintenance and Reliability Vol. 29, No. 2, 2027 

 

The cost of platinum is assumed to be around 40–55% of the 

cost of the fuel stack [40]. The first fuel cell systems (Gemini 

space in 1962) contained very high amounts of platinum (35 

mg/cm2) while generating low current values (37 mA/cm2) [41]. 

Recent decades bring a significant reduction in the use of 

platinum in fuel cells. It has been reported that the use of 

platinum in a fuel cell has decreased from 1.0 mg/cm2 in 2002 

to 0.365 mg (anode loading of 0.05 mg/cm2 and cathode of 

0.315 mg/cm2 [42]) in 2016 (Toyota Mirai I) to a value of 0.125 

mg/cm2 in fuel cell test systems [43-45]. The platinum content 

of the 2nd generation Toyota Mirai is approximately 19.2 

mg/cm2 (27 g of platinum was contained in the 1st generation 

Toyota Mirai cell). 

2.3. Analysis of cell performance evaluation options: 

indirect and direct 

Direct methods are recommended for measuring hydrogen 

consumption. These are covered by ISO 23828 and SAE J2572 

standards [46,47]. The recommended methods are: the weight 

method and the hydrogen flow method. Both of these methods 

were omitted in this study: the first method requires the use of 

an external hydrogen tank system, while the second requires 

interference in the hydrogen supply system, which was not 

allowed. 

Current (indirect) methods of measuring hydrogen 

consumption in vehicles can be divided into five groups 

[28,29,48]: 

a) Current-based: instantaneous measurement, 

b) Tanks pressure and temperature, using IR (Infrared)-read 

values, 

c) Tanks pressure and temperature, using CAN (Controller 

Area Network) values, 

d) The O2 method, 

e) Vehicle dashboard display information (direct reading). 

The first method relates to the direct correlation between the 

current flowing through a single cell in the stack and the 

corresponding amount of hydrogen flowing (with a known 

number of cells): 

ṁH2
=

Ist∙Ncell∙MH2

nF
                                    (1) 

where: MH2
 [g/mol] the hydrogen molar mass, n the number 

of mole of electron per mole of H2 consumed, F [C/mol] the 

Faraday constant, Ist [A] the stack current and Ncell the number 

of cells. 

The second method involves the use of an infrared sensor to 

determine pressure and temperature. Unfortunately, the 

measurement is only taken when the vehicle is stationary 

(refueling), which allows for a differential result to be obtained. 

It is possible to calculate the normative fuel consumption in 

accordance with the measurement method specified in SAE 

J2572 [46]. 

The third method involves the use of an equation that takes 

thermodynamic conditions into account: 

P ∙ V = Z ∙ mH2
∙ R ∙ T                                       (2) 

where: T [K] being the equivalent hydrogen temperature in 

tank, mH2
 [kg] the hydrogen mass trapped into the tank, V [m3] 

the volume, P [Pa] the tank pressure, Z [-] the compressibility 

factor. The compressibility factor Z was determined from the 

following equation, which was analytically obtained based on 

the data points in the table included in UN Regulation No. 154 

containing regulations on the homologation of FCHEV vehicles 

[49]: 

Z = 0.28789 ∙ 10−4 + 0.26626 ∙ 10−2 ∙ T + 0.56502 ∗ 10−2 ∙

P − 0.58298 ∙ 10−6 ∙ T2 − 0.15022 ∙ 10−4 ∙ T ∙ P − 0.41998 ∙

10−5 ∙ P2 − 0.90709 ∙ 10−8 ∙ T3 + 0.22222 ∙ 10−7 ∙ T2 ∙ P +

0.234251 ∙ 10−8 ∙ P3 (3) 

The error committed when using equation (2) relates to the 

“accuracy” of the hydrogen pressure and temperature 

measurements. Typical measurement errors are 0.5% FS 

(maximum) for hydrogen pressure and 0.1°C (maximum) for 

temperature. A temperature drop of 0.1°C causes the calculated 

mass to increase by 1.5 g (at a maximum tank pressure of 69 

MPa). A pressure change of 0.1% causes a mass change of 0.85 

g. In the worst-case scenario (cumulative errors), a mass 

determination error in the range of 2–3 g is obtained. 

The equation allows for an R2 fit value of 0.999 in the 

temperature range of 280–292 K and pressure range from 50 to 

70 MPa. These values are the boundaries of these parameters 

during data acquisition in a test under real road conditions.  

The fourth method is based on measuring the oxygen 

concentration, pressure, and temperature in the exhaust system. 

Knowing the oxygen consumption, it is possible to determine 

the hydrogen consumption. This method (like the first method) 

does not take into account blow-by and hydrogen leakage.  

The relative differences between the four methods (without 
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the O2 method) of measuring hydrogen consumption in the 

WLTC (Worldwide Harmonized Light Vehicles Test Cycles) 

test are presented in [48]. The analysis of the studies shows that 

the smallest error (3.2%) is made in the last method (Vehicle 

dashboard display information), while the largest error is made 

when using an IR sensor (28.8%). This is due to the fact that 

this method allows the measurement of hydrogen pressure and 

temperature – as previously stated – only when the vehicle is 

stationary, i.e., at the beginning and end of the test. 

2.4. Assessment of automotive fuel cell efficiency 

The rapidly growing market for fuel cell vehicles means that 

research on fuel cells in vehicle systems is becoming 

increasingly carried out. The research conducted by Duan et al. 

[50] on two different types of FC (Fuel Cell) vehicles involved 

stationary or dynamometer testing. A hydrogen flow meter was 

installed in the system and the method of measuring the pressure 

and temperature of hydrogen in the tank was used. Specific 

measurement methods allowed only the assessment of hydrogen 

consumption per unit of energy (which is difficult to compare 

in the case of road tests). 

The remaining works (Table 2) concerned the precise 

determination of fuel cell efficiency. Unfortunately, these tests 

were always conducted in a laboratory setting, which, as is well 

known, does not accurately reflect typical traffic conditions. 

The studies used additional measuring devices (hydrogen flow 

meters) which are not fitted as original equipment in vehicles. 

Table 2. Analysis of fuel cell performance evaluation conditions. 

Bibliography FC 

efficiency 

Specification Instrumentation 

Lohse-Busch 

et al. [28] 

66% (max) Test NEDC 

(Mirai II) 

Micro Motion™ 

Coriolis hydrogen 

mass flow meters 

(low flow range 

CMF010 M and 

high flow range 

CMF025M 

67.7% Test UDDS 

(Mirai II) 

57.1% Test US06 

(Mirai II) 

Sery et al. 

[29] 

66.8% 

(max) 

Steady-state 

(Nexo) 

Indirect 

measurement 

without hydrogen 

flowmeter 

3. Purpose and scope of research work 

The subject of fuel cell efficiency in means of transport has not 

been fully explored. Due to their dynamic changes, a specific 

assessment of efficiency is required. Static load testing of fuel 

cells allows for a relatively quick estimation of their efficiency 

[51]. Research is also being conducted on estimating efficiency 

under constant driving conditions [52] or simulations of driving 

test conditions [53]). However, these are still not typical 

conditions for a vehicle equipped with a fuel cell powertrain. 

The authors have determined the hydrogen consumption of 

a hydrogen-powered vehicle under typical driving conditions. 

Until now, fuel consumption figures under various driving 

conditions were not known. Furthermore, using this data, the 

efficiency of fuel cells under these conditions has been 

determined. Until now, the focus has been on the maximum 

efficiency of fuel cells, rather than on efficiency values under 

various driving conditions.  

There are only few research results in the literature on this 

subject [28,48] concerning the assessment of fuel cell efficiency 

in FCHEV passenger cars in real or near-real traffic conditions. 

Many articles focus on laboratory tests using indirect and direct 

methods. Therefore, the main objective of the conducted 

research is to evaluate the efficiency of the fuel cell stack of an 

FCHEV passenger car in real traffic conditions without directly 

interfering in the vehicle's drive system. 

The scope of the study was divided into three segments: 

urban, suburban, and highway driving conditions. This allowed 

for the verification of energy efficiency in the context of 

variable driving characteristics and dynamics.  

The tests were characterized by no interference with the 

vehicle's drive system, and no additional flow meters or sensors 

were installed. The analysis was carried out using the third 

indirect method described above, analytically based on physical 

laws. The vehicle's efficiency was determined using readings 

from the available sensors originally located in the vehicle. 

4. Research methodology 

4.1. Research object 

Research on fuel cell performance was conducted by using the 

Toyota Mirai II. The vehicle's technical data, with particular 

emphasis on fuel cells, is presented in Table 3. In addition,  

a comparison with the previous generation was made. 

The diagram of the vehicle's drive system used for testing is 

shown in Fig. 4, which also indicates the measured values for 

determining the efficiency of fuel cells. The main measured 

values are fuel cell parameters and hydrogen consumption 

parameters based on thermodynamic changes in hydrogen 

contained in composite tanks. 
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Table 3. Technical specifications of Toyota Mirai II fuel cells 

[36]. 

Vehicle Unit Toyota Mirai II 

Power kW 128 

Hydrogen storage capacity kg 5.6 

Number of cells – 330 

FC volume dm3 24 

FC mass kg 24 

Cell thickness mm 1.11 

Thickness of separator mm 0.1 

Number of flow channels – 2 

Vol. power densities (excl. 

end plates) 

kW/L 5.4 

Mass power densities (excl. 

end plates) 

kW/kg 5.4 

 

Figure 4. Schematic of the Toyota Mirai II drive system. 

4.2. Measuring equipment 

The study used a dedicated TechStream by Toyota data 

acquisition device to record data from two controllers: the FC 

controller and the EV controller. In total, over 400 measurement 

data points were acquired, resulting in a data recording 

frequency of 0.14 Hz (Δt was approximately 7 s). The low 

sampling rate was due to the large number of parameters being 

recorded. Using a dedicated CAN data logging system,  

a complete data set was acquired. This resulted in a low 

sampling rate, but enabled the recording of a large volume of 

data, the analysis of which contributed to a better understanding 

of the powertrain’s operation. Out of all the measured 

parameters, the most important ones used for further analysis 

were time, vehicle speed, cell voltage, battery voltage, battery 

current, fuel cell current, fuel cell voltage, and SOC. 

Nevertheless, the most important parameters for determining 

efficiency were the pressure and temperature in the vehicle's 

high-pressure hydrogen tank. Based on this input data, it was 

possible to analytically determine the remaining values shown 

later in this article.  

All parameters related to additional equipment that increases 

the vehicle's hydrogen consumption, such as air conditioning, 

heated seats, and satellite navigation, were omitted because they 

were purposely turned off so as not to affect the results of this 

analysis. During the test, the vehicle operated in the default 

drive system settings mode.  

4.3. Scope of research 

The tests in real traffic conditions were carried out in 

accordance with the requirements of the RDC (Real Driving 

Condition) test, which are also presented in Fig. 5. The tests 

show that the basic parameters have been met (other values, 

such as the contributions of speed and acceleration, were not 

presented, as they were also met and are not particularly 

relevant here). The tests lasted 103 minutes (exactly 7234 

seconds), which means that this requirement was also met (the 

RDC test should last between 90 and 120 minutes). Each phase 

(except for the urban phase) lasted almost exactly as long as 

recommended by the RDC test (without additional deviations). 

Taking these variations into account means that the length of the 

urban phase is also correct. The test is shown in Fig. 5 included 

urban driving in the first part (average speed of 26.5 km/h), 

followed by sub-urban driving (average speed of 66.2 km/h) and 

highway driving (average speed of 112.3 km/h). 

 

Figure 5. The course of the RDC (Real Driving Cycle) 

research test was divided into driving phases (additionally 

required driving phase intervals and actual values), average 

speed in individual test phases, and cumulative test distance. 

5. Fuel cell testing under road conditions 

5.1. Voltage-current characteristics of a fuel cell stack   

The analysis of the fuel cell stack operating conditions is 

presented in Fig. 6. The voltage-current characteristics indicate 

that a large share of the cell's operation occurs at power values 

less than half of the maximum value. This means that the cell 

operates at a voltage U above 225 V (it means that a single cell 
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generates above 0.68 V). It is important to note that the 

minimum voltage is not lower than 0.5 V (exactly Umin = 

183/330 = 0.55 V), which means that losses resulting from mass 

transport are almost non-existent [54,55]. Activation losses are 

quite significant – this is due to the fact that the cell voltage 

without load should be around 330 V. In the analyzed case, there 

is a drop of 0.12 V on a single cell (the maximum voltage of  

a single cell without load is Umax = 0.88 V). 

 

Figure 6. Voltage-current characteristics of a fuel cell with 

typical operating values. 

 

(a) 

 

(b) 

Figure 7. Frequency of power of fuel cell (FC) occurrence in 

individual driving modes in the RDC test (a) together with 

average power values in individual test phases (b). 

5.2. Fuel cell stack power analysis 

The analysis of power frequency in each phase is presented in 

Fig 7a. It shows that in urban conditions, cell power below 5 

kW was most commonly used. Apart from minimum power, the 

most common value is in the range of 10–15 kW. During the 

non-urban phase, the dominant cell power range is also 10–15 

kW, with twice the frequency of occurrence. In this phase, the 

value of approximately 20 kW is also significant, occurring 

quite frequently. In the non-urban phase, a much wider power 

range of 25–50 kW dominates. Figure 7b shows the total fuel 

cell power values by range. Idling has the largest share (over 

30%), and the 0.1–5 kW range covers over 25% of the 

occurrence time. This means that fuel cell power up to 5 kW is 

used for half of the vehicle's driving time. The smallest share of 

low fuel cell power values was recorded in the highway phase 

(below 15%). 

5.3. Thermodynamic analysis of hydrogen storage 

Figure 8 shows the thermodynamic values for hydrogen storage. 

The pressure values at each stage of hydrogen reduction are 

shown in Fig. 8a. It shows that the total pressure change in high-

pressure tanks (stage 1) during the tests was 18.96 MPa. 

Difference is due to the natural consumption of hydrogen during 

driving. The reduction in hydrogen pressure (stage 2) is 

constantly maintained, as evidenced by the very small pressure 

change of 97 kPa (only 7.7% of the average value). Large 

pressure differences were recorded at the last reduction stage 

(stage 3) – hydrogen injection into the fuel cell. The largest 

instantaneous differences occur during high fuel cell load, 

which is associated with high hydrogen consumption and the 

simultaneous operation of all three hydrogen injectors. The 

largest share of operating time is related to the use of one 

injector – 94.3%; two injectors operated 3.3% of the time; three 

– only 0.57%. There were also conditions in which no hydrogen 

was supplied to the cell: 1.7% of the vehicle's operating time.  

The analysis of temperature changes in high-pressure tanks 

is shown in Fig. 8b. It shows that each tank has a different 

temperature. Therefore, the average value was determined (Fig. 

8b) and the differences in each tank in relation to the average 

value were shown. The average temperature in the first tank is 

slightly higher than the average and is +0.8°C. The changes in 

the temperature are the greatest in the first tank. The 
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temperature of the second hydrogen tank is very similar to the 

average value and the difference is about –0.03°C. The 

temperature in the third tank is the lowest, averaging –0.7°C less. 

Large drops in temperature in the three tanks (after 

approximately 6000 s) are caused by high hydrogen 

consumption under highway driving conditions. 

 

(a) 

 

(b) 

Figure 8. Characteristics of fuel pressure changes in high-

pressure tanks and at each successive stage of hydrogen 

pressure change (a) – P stands for the maximum change in 

fuel pressure in the tank during testing) and temperature in 

three high-pressure tanks (b); the figure shows the maximum 

deviation t from the average value (black line). 

5.4. Assessment of hydrogen consumption under road 

conditions 

A more detailed analysis of hydrogen consumption is presented 

in Fig. 9. In urban conditions, the power of the cells is low and 

the average hydrogen consumption is also not high, averaging 

0.06 g/s. In non-urban conditions, the cell power is higher, and 

therefore hydrogen consumption is also more than twice as high, 

averaging 0.17 g/s. In highway conditions, the average power 

was again more than twice as high, which translates into an 

average hydrogen consumption of 0.36 g/s. 

 

Figure 9. Hydrogen consumption values in each phase of the 

route. 

Although the battery accounts for only a small proportion of 

the total power balance of a hydrogen vehicle (approximately 

18% [56]), an analysis of its use is presented. In urban 

conditions, power consumption is approximately 20 kW, but 

braking doubles this value to approximately 40 kW (Fig. 10). In 

sub-urban driving conditions, it is approximately 25 kW, and 

braking still achieves a higher value: up to 40 kW of recovered 

power. In highway driving conditions, it is quite similar: the 

battery power is 25 kW, and the power recovery is also 40 kW. 

A comparison of all battery operating conditions shows that 

high power recovery occurs mainly during braking in urban and 

sub-urban phases. The lack of high braking power values in the 

highway phase is mainly due to the lack of braking. 

 

Figure 10. Current-voltage characteristics of the battery 

divided into driving phases. 

In accordance with equation (3), the spatial path of changes 

in the Z factor, taking into account the compressibility of 

hydrogen, was determined. When the pressure changes in the 

range of 50–70 MPa and the temperature in the range of 10–

18°C, the Z factor changes in the range of 1.36 to 1.45 (higher 

values are obtained at higher pressures and lower temperatures). 

Figure 11 shows the spatial interpolation of the Z coefficient 

values based on data contained in the document concerning the 

type homologation of FCHEV vehicles [49]. The graph on the 

left shows all values of the Z parameter within the temperature 

range of 50–350 K and the pressure range of 0–80 MPa. The 
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area in red indicates the temperature and pressure ranges 

encountered during the road test. On the right-hand side the red 

zone has been expanded and the points showing changes in 

parameter Z has been added. The black marks indicate the 

values of the Z factor during the test. The irregularity of the 

changes results from periodic higher hydrogen consumption 

values, which could be seen as a drop in pressure in the tank and 

a certain inertia of temperature changes following consumption. 

 

Figure 11. Spatial characteristics of the Z factor and its 

trajectory during the test. 

Based on equation (2) and taking into account the 

compressibility factor Z (equation 3), hydrogen consumption 

values were determined for each driving phase (Fig. 12). In 

urban conditions, consumption was 0.26 kg, which corresponds 

to 0.90 kg/100 km during an urban route. In non-urban 

conditions, the cell power output is higher, which increases 

hydrogen consumption. In the non-urban phase, it was 0.36 kg, 

which corresponds to a consumption of 0.96 kg/100 km. The 

highway phase requires high power output, which results in 

high hydrogen consumption: 0.44 kg (the hydrogen 

consumption per kilometer was 1.24 kg/100 km). Taking into 

account three phases of driving allows for the assessment of 

average hydrogen consumption during the route covered: 1.03 

kg/100 km. This value is very close to the value declared by the 

manufacturer and obtained in a different test. This means that 

the RDC test is similar to the homologation conditions.  

As shown above, the energy consumption values were not 

analyzed, as it was necessary to include the battery energy (not 

only consumed but also recovered during regenerative braking) 

in this balance.  

Determining hydrogen consumption and knowing the power 

generated by fuel cells made it possible to evaluate the 

efficiency of fuel cells. Due to non-monotonic hydrogen 

consumption readings in the vehicle's diagnostic system, the 

pressure in the high-pressure tank was averaged and the 

temperature read from these tanks was averaged simultaneously. 

The resulting analysis of the energy used by the fuel cells at one-

minute intervals in each phase was performed, and the average 

values of this energy in each phase were determined. The results 

of this work are presented in Fig. 13.  

 

Figure 12. Hydrogen consumption values during driving 

phases. 

 

(a) 

 

(b) 

Figure 13. Analysis of fuel cell efficiency in a vehicle during  

a driving test: (a) determined at 1-minute intervals in each 

phase; (b) averaged over the entire period of each driving 

phase. 
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It shows that in 1-minute intervals (Fig. 13a), the lowest cell 

efficiency was achieved in the urban phase – 51.13%. In the 

sub-urban phase, the efficiency was higher and reached 56.12%. 

In the highway phase, the cell power is the highest and the 

efficiency also reaches values of up to 67.92%. The average for 

the full phases (Fig. 13b) shows slightly higher efficiency 

values in the urban and sub-urban phases (51.28% and 56.14%, 

respectively). In the highway phase (due to the even speeds), the 

efficiency for the entire phase dropped to 65.59%.  

As can be seen from the above data, the interval and full-

phase efficiency differ by less than 1% in urban and sub-urban 

phases and by approximately 3.5% in the highway phase. 

5. Conclusion 

Fuel cell efficiency stack tests were performed using a second-

generation Toyota Mirai under road test conditions. Diagnostic 

data from the vehicle was used for the tests. Cell efficiency 

analyses were based on changes in hydrogen pressure in high-

pressure tanks while driving. 

The analysis of fuel cell efficiency under road test conditions 

leads to the following conclusions: 

1. Due to the lack of a typical hydrogen flow meter (fitted 

as standard on the vehicle), hydrogen consumption and 

cell efficiency are determined indirectly. Such actions 

affect the estimation of fuel consumption and system 

efficiency. 

2. Hydrogen consumption was analyzed in 1-minute 

intervals and in full test phases. Fuel consumption and 

cell efficiency values were determined in each phase. 

Fuel consumption is relatively proportional to vehicle 

speed conditions in each phase. Given that FC accounts 

for over 80% of the vehicle's propulsion [56], hydrogen 

consumption is a good indicator of vehicle speed. In 

urban conditions, hydrogen consumption is 0.90 kg/100 

km. In non-urban conditions, hydrogen consumption 

increases, but does not exceed 7% (up to 0.96 kg/100 

km). In highway conditions, hydrogen consumption 

increases by almost 30%. This is mainly due to driving 

speed. 

3. Efficiency analysis shows that cell efficiency increases 

with driving speed (vehicle load): in urban conditions it 

is 51.2% (averaged) and 51.1% in minute intervals; in 

sub-urban conditions: 56.1% and 56.1% respectively; 

under highway conditions, efficiency is highest, at 65.6% 

throughout the entire phase and 67.9% in the interval 

analysis. 

Considering the irregular pressure changes in the high-

pressure system (and the inability to clearly determine hydrogen 

consumption), the following actions are recommended: 

1. Analysis of hydrogen consumption and fuel cell 

efficiency stack under specific and constant driving 

conditions. 

2. The analyses should cover different driving speeds in 

order to determine a wide range of cell loads. 

3. Constant driving conditions will stabilize the 

temperature and pressure in the tanks, which will allow 

for a much more accurate determination of hydrogen 

consumption and fuel cell efficiency under actual driving 

conditions. 
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