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Abstract 
An experimental study of a converter-free multi-stack fuel cell system (MFCS) with 10 PEMFC modules 

in 2s5p (series x parallel) configuration with megawatt power is presented. In full-parallel mode of the 

MFCS, maximum power output of 925.5 kW at 1635 A is obtained with up to 13.5 % performance loss 

due to parallel connection compared to theoretical maximum power. A partly-parallel setup yields 

966.0 kW at 1719 A, reducing the loss to 9.6 %. Electrical interactions and oscillations are observed 
across strings under high loads. The results confirm feasibility while highlighting efficiency losses and 

architectural challenges in high-power converter-free fuel cell systems. 

1. Introduction

Among different possible options to reduce CO₂ emissions in aviation, hydrogen-electric propulsion is considered a 

promising pathway, especially for short- and medium-range applications [3–5,12]. In particular, polymer electrolyte 

membrane fuel cells (PEMFC) offer favorable system efficiencies, power densities and technological maturity [3,11]. 

While fuel cell technology has been successfully demonstrated in airborne platforms of the CS-23 class [2,5–7], multi-

megawatt power levels required for CS-25 class aircraft are challenging in terms of system architecture and integration 

[8,9,13]. To meet the power demands of commercial aviation, current research increasingly focuses on the 

implementation of multi-stack fuel cell systems (MFCS). These systems allow simultaneous operation of multiple 

stacks to reach higher power levels and offer flexibility regarding fault tolerance and scalability [16,17]. However, 

interaction between fuel cell stacks—such as electrical or thermal coupling, water management imbalance, or hydrogen 

distribution instabilities—can critically impact overall system performance and operational robustness [16–18]. 

Demonstrators by companies such as Airbus [10] and Universal Hydrogen [7] show the technical feasibility of MW-
class hydrogen-electric propulsion, but scientific assessments of such systems are still scarce. The first mentioned 

MW-class system is using different DCDCs inside their architecture to stabilize the voltage level or to transform it to 

needed levels for the onboard DC-Bus [18]. While this has obvious advantages for the following users of the power, it 

adds system complexity and additional weight to a theorized aircraft. 

The research facilities BALIS at the German Aerospace Center (DLR) have been developed to systematically 

investigate the performance, operability, and interaction mechanisms of MFCS under aviation-relevant conditions 

[14,15]. In this work, an experimental study of the functional behavior and performance stability of a modular 

converter-free PEMFC system up to the MW power is presented. 

2. Experimental Setup and Methods

2.1 Test facility state and settings 

As demonstrated in previous studies [14,15], the BALIS test system is capable of achieving above 1 MW of power by 

connecting several PEM fuel cell stacks in a 2s6p configuration (series & parallel) forming a so-called multi-stack fuel 

cell system (MFCS). In this work, 10 PEMFC modules (PS-100, PowerCell, 𝑃Gross = 120 kW, 𝑃Net = 100 kW) were

utilized resulting on a 2s5p configuration. The remaining five strings - designated according to their physical positions 
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within the facility - are referred to as D1D2, C1C2, B1B2, A3A4, and A1A2. Each string consists of a master-slave 

system configuration. 

Both polarization curves and parallel operation measurements were conducted in the so-called “Current Following 

mode”, with the facility’s electric loads controlling power for all systems. 

The following facility settings were applied consistently throughout all experiments: 

• Two fuel cells are the smallest operational unit at BALIS, referred to as a "string", and are connected in series. 

• They are operated as Master-Slave pair and can be run in parallel with other strings. 

• High-voltage (500 V) und low-voltage (24 V) auxiliary power is supplied by the facility infrastructure, which 

has to be considered when balancing the chemical process. 

• High temperature (HT) cooling circuits are filled with Glysantin FC G20 and are cooled by the facility 

infrastructure to have an inlet temperature ≤ 47.5 °C. HT pumps and bypass valves are controlled by the 
module’s controller. 

• Data acquisition is done by the facility control system based on PUMA software (AVL) collecting data from 

sensors of the facility infrastructure as well as in the units under tests (UUTs). 

• For communication CAN and Ethernet are being used. 

• Through a predetermined minimum current of 50 A per fuel cell of the manufacturer operating the systems 

near OCV is not possible. 

• The maximum string current is limited to 400 A by the control system, as currently corresponding fuses are 

built in.  

More detailed information on the functionality of the BALIS facility can be found in refs. [14,15]. 

2.2 Polarization curve recording method  

To investigate the performance of the MFCS under stationary conditions, polarization curves are measured. The 

applied measuring procedure is shown in Figure 1. It is based on the protocol of the European Commission’s Joint 

Research Centre (JRC) [1]. With this procedure fuel cell performance at varying current loads under stationary 

conditions is characterized. The JRC procedure was adapted to suit the operational usability, hydrogen cost 

considerations, and comparability across different strings at our facility. These adjustments include a significantly 

shortened holding times per step by reason of feasibility and hydrogen cost, as well as a changed relative area of current 

operation because the two limits of 50 A and 400 A described earlier are to be respected. To determine suitable holding 

times and stationarity criteria, a preliminary voltage behavior study was conducted, while reducing hydrogen 

consumption and facility occupation hours compared to the protocol in ref. [1]. Since the minimum operational unit at 
BALIS is a string, the combined voltage of two PS-100 systems in one string was used as the reference value for 

comparison. For this purpose, a small parameter variation in current steps and holding times was performed and 

suitable ranges in cell voltage variation were being looked at. Current increments of 25 A were selected within the 

range between minimum and maximum system current to identify regions of highest relevance. A suitable cell voltage 

variation was defined as a value that is consistently and reproducibly attainable for each string, while exhibiting no 

further statistically significant upward or downward trends over time. Two different results are from interest here, how 

long a current step has to be hold to ensure steady voltage and how steady has the voltage value to be at that point to 

count as steady, a stationarity criterion. Based on the results of the pre-study, a holding time of 450 s was defined for 

a current range of 50– 200 A, and 600 s for 300– 400 A. These timeframes are defined based on the longest time 

period found in the pre-study to reach stationary conditions with one string and additional spare time to ensure 
comparability later on. In some cases, the stationary points are fulfilled before the end of the holding time. The 

stationarity criterion is defined as the gradient of the regression line through the last 120 s with a variance of less than 

∆𝑈Stationary = ∓30 mV per single cell. After the discussed holding periods the steady-state was verified by measuring 

the voltage via the electric load at the last 30 s per step. The arithmetic mean of the data points is calculated over this 
timeframe and then being used for polarization curves, parallel operation analysis and the balancing process. The 

originally proposed values of JRC [1] with conditioning times of 24 h, 33 total current steps and stationary criteria per 

cell ∆𝑈Stationary = ∓5 mV could not be achieved, due to the high number of 455 cells per module in our installation. 

The influence in between a string and the cost efficiency to evaluate the state of health of each module were main 
contributors to that decision. 

In addition, fluctuations of HT cooling temperature and mass flow interfered with the stationary conditions of the 

stack voltage. Therefore, an additional stationary criterion was introduced limiting the variance of the outlet 

temperature at the heat exchanger within 1.5 K. A time frame of 1200 s was sufficient to meet this criterion across 

all tested strings. 
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Figure 1 Polarisation curve current steps and holding times on string level at BALIS 

2.3 Parallel operation of MFCS 

In this study, two strings and three strings were connected to one load, respectively. For the parallel operation of the 

fuel cell strings, two different galvanic options are available to couple the UUTs with the electric loads. In the Full 

Parallel configuration, all five strings share one galvanic voltage level, with two of the loads operating together as one 

combined load. In the Partly Parallel mode two galvanic isolated voltage levels are established with two separate 

loads. To enable a meaningful comparison between both configurations, a load distribution factor was implemented in 

the control system and set to 40/60 %. This leads to an equal distribution of the total current request to each string in 

both, Full and Partly Parallel mode. To compare performance and voltage level between parallel testing and single 

string testing, the current levels shown in Figure 1 are multiplied by the number of active strings. The system was 
operated in Current Following mode, meaning the electric load being the master controller of the actual experiment 

and the fuel cells following the control parameter current given by the load. 

 

 
Figure 2 Difference in galvanic coupling options between Full and Partly Parallel operation; “ES” denotes the 

electric loads. During Partly Parallel operation a load distribution factor of 40 % for ES1connected to two strings 

and 60 % for ES2 connected to three strings to emulate the same current request for all strings 

 

2.4 Degree of efficiency and balancing of strings and MFCS 

The efficiency at the stack level is calculated based on the ratio between the produced electrical power 𝑃 el and the 

potential chemical energy of the hydrogen 𝑃 H2,chem This includes both, the hydrogen actively used in the 

electrochemical reaction and the hydrogen purged from the system, as measurements are taken at the system inlet. In 

this work the higher heating value 𝐻𝐻𝑉H2 = 141.9 MJ/kg for hydrogen was used. This is equivalent for string or 

MFCS level. All equations are taken from [19]. 

 𝜼𝐒𝐭𝐚𝐜𝐤,𝐠𝐫𝐨𝐬𝐬 =
𝑷 𝐞𝐥 

𝑷 𝐇𝟐,𝐜𝐡𝐞𝐦
   (1) 

 

At the facility the low and high voltage Balance-of-Plant (BoP) systems are supplied by the facility infrastructure. To 

increase comparability, this auxiliary energy is added as energy input. 
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 𝜼𝐒𝐲𝐬𝐭𝐞𝐦_𝐧𝐞𝐭 =
𝑷 𝐞𝐥 

𝑷 𝐇𝟐,𝐜𝐡𝐞𝐦+ 𝑷 𝐁𝐎𝐏
   (2) 

 

To evaluate the actual energy flows inside the system, a balance equation is set up. The system boundaries were defined 

as close as possible to the fuel cell system itself for each energy circuit. For the cooling circuits, this means the 

boundaries are located directly at the physical inlet and outlet sensor position of the fuel cell system. In contrast, for 

the electrical circuit, the perspective extends from the auxiliary units (LV and HV) up to the electric load. 

 

The following parameters are used to overall balance the strings and the MFCS: 

• 𝑄HT = Transported heat energy in the high temperature Glysantin cooling circuit which is cooling the stack. 

It is calculated with inlet & outlet temperature into the stack, flow of Glysantin, density and specific heat 

capacity. 

 𝑸̇𝐇𝐓 = 𝒎̇𝐇𝐓𝒄𝐩,𝐇𝐓∆𝑻   (3) 

 

• 𝑄LT = Transported heat energy in the low temperature glycol/water cooling circuit which is cooling the BoP 

components. It is calculated with inlet & outlet temperature into the stack, flow of glycol/water and specific 

heat capacity and uses the same calculation logic as the HT circuit. 

• 𝑃 Purge = The unused and purged hydrogen contains unused chemical energy. The actual consumed 

hydrogen 𝑚̇consumed is measured with a Coriolis mass flow meter sensor, the theoretical H2 mass flow 

𝑚̇H2,theory is calculated with the actual current used based on 

 𝒎̇𝐇𝟐,𝐭𝐡𝐞𝐨𝐫𝐲 =
𝑰

𝟐𝑭
𝑴𝐇𝟐   (4) 

where F is the Faraday constant and 𝑀H2 the molecular weight of hydrogen. The total power loss due to the 

purge process is obtained from 

 𝑷 𝐏𝐮𝐫𝐠𝐞 = (𝒎̇𝐇𝟐,𝐭𝐡𝐞𝐨𝐫𝐲 − 𝒎̇𝐜𝐨𝐧𝐬𝐮𝐦𝐞𝐝)𝑯𝑯𝑽𝐇𝟐  (5) 

where 𝐻𝐻𝑉H2 is the higher heating value of hydrogen. 

• 𝑄̇Cat = Transported heat energy out of the cathode circuit air. It is calculated with inlet temperature of the air 

and outlet temperature of the HT-circuit due to lacking measurement point in the cathode circuit. Flow of air 

and specific heat capacity are being used. The reduction of oxygen concentration in the outlet due to oxygen 

consumption by the chemical reaction in the fuel cell is neglected. The inlet air is assumed to be dry air. 

• 𝑄̇Water,Out = Heat energy transported by product water leaving the system. Due to limited measurement 

capabilities for the gaseous phase and the humidity content in the air, the amount of energy transported by 

water is estimated based on a calculated water mass flow. It is assumed that in the cathode circuit the entire 

amount of water exits in gaseous form, since the system is pressure-charged and the high reaction temperatures 

of 80 °C are present. 

• 𝑄̇Vent = Transported heat energy out of the system via ventilation. Values are given in the technical datasheet 

of the producer. 
 

With these parameters the following balance equation is formulated, whereby the left side represents all incoming 

power  𝑃 In and the right side represents all outgoing power  𝑃 Out: 

 𝑷 𝐇𝟐,𝐜𝐡𝐞𝐦 +  𝑷 𝐁𝐎𝐏 = 𝑷𝐞𝐥 + 𝑸̇𝐇𝐓 + 𝑸̇𝐋𝐓 + 𝑷𝐏𝐮𝐫𝐠𝐞 + 𝑸̇𝐂𝐚𝐭 + 𝑸̇𝐖𝐚𝐭𝐞𝐫,𝐎𝐮𝐭 + 𝑸̇𝐕𝐞𝐧𝐭 (6) 

 

2.4 Experimental Procedure 

The fuel cell modules used in this work require a minimum idle current of 45 A, as their internal controllers do not 

tolerate currents below this threshold for more than 30 seconds. To reach this idle state, an automated startup procedure 

is carried out. In this procedure, the internal startup sequence of the string is conducted. Afterwards, current is drawn 

with the electric load at a slope of 4 A 𝑠−1  until the idle level is reached. To maintain a margin of safety, a target idle 

current of 50 A was used throughout this work. During parallel operation, both the current level and the slope rate were 
scaled according to the number of active strings in the MFCS, which was five in this study. Voltage drops due to cable 
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length were not corrected; theoretically, the measured stack voltages should be approximately 0.2– 0.3 % higher than 

recorded. 

All experiments have been conducted once, while reproducibility and degradation studies are beyond the scope of the 

present work and are envisioned in the future. The hydrogen temperature during testing ranged from 𝑇H2 = 9.7 °C to 

20.8 °C. The Coriolis flow sensor used for H₂ metering was zero-point calibrated each morning and/or whenever 

experimental conditions changed. The order in which the measurements were conducted is as follows: 

1. Polarization curve of the strings D1D2, B1B2, A1A2, A3A4 
2. Full Parallel operation 

3. Partly Parallel operation 

4. Polarization curve of the string C1C2 

 

Measurements of the polarization curve of string C1C2 were carried out at the end of the test campaign because of 

cooling problems of this particular string, which had to be solved for the polarization curve measurements. As a result, 

it cannot be excluded that the modules in string C1C2 experienced some degree of performance degradation before 

polarization curve recording. 

3. Results 

3.1 Differences in polarization curves 

In Figure 3 the polarization curves of the five active strings during the upward ramp from idle (50 A) to maximum 

power (400 A) are shown. The shown voltage values represent the total voltage of both modules within each active 

string. At a voltage of 560 V the best-performing string A3A4 reaches the limiting current of 400 A. The red arrow 

indicates the current deviation at this voltage level between the different strings. This performance difference effects 

the overall MFCS performance in parallel operation. Due to the shared voltage across all strings in parallel operation, 

string C1C2 should only be able to deliver approximately 298 A at the minimum possible voltage level. 

 
Figure 3 Summary of the five string polarization curves during their upwards trajectory. Strings are coded to 

different colours: D1D2 (black), C1C2 (red), B1B2 (orange), A3A4 (blue), A1A2 (green); each current step is held 

450 s /600 s, while the average value of the last 30 s is used. 

It has to be mentioned that ongoing issues with the HT cooling circuit flow impeded a consistent fulfilment of the 

defined stationarity criteria. As a result, the stationarity condition defined in this work was met in only approximately 

93.4 % of all current steps during the polarization measurement campaign (D1D2 =  100 %, C1C2 =  100 %, 

B1B2 =  87 %, A3A4 =  100 %, A1A2 =  80 % ). 
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While the current is identical for both the master and slave modules, their voltages can differ. The voltages of all 

modules at 400 A are summarized in Table 1. The relative voltage difference is calculated by subtracting the 

individual module voltages and dividing the result by the total string voltage. 

 

 𝜟𝑼𝐫𝐞𝐥 =
|𝑼𝐌𝐚𝐬𝐭𝐞𝐫− 𝑼𝐒𝐥𝐚𝐯𝐞|

(𝑼𝐌𝐚𝐬𝐭𝐞𝐫+ 𝑼𝐒𝐥𝐚𝐯𝐞)
 (7) 

 

Table 1 Relative differences 𝛥𝑈𝑟𝑒𝑙 in voltage per String at 400 A current step 

 D1D2 C1C2 B1B2 A3A4 A1A2 

Master 258.0 249.8 276.2 283.5 258.0 

Slave 277.1 273.0 268.5 280.7 269.4 

Difference [%] 3.0 4.4 1.4 0.5 2.22 

      
awritten boldly D1, C2, B1, A4 and A1 are the master modules. Normal written are slaves. 

 

As all strings in the current configuration operate reliably, this indicates that differences within string pairings have 

only minor effects on performance — for example, due to varying cooling demands handled by individual 

controllers. However, this observation opens up new opportunities for future system configurations. If string pairings 

are deliberately designed to reach more similar sum voltage levels, electrical interference between them can be 

reduced. This would likely enhance the system's overall ability to draw higher current more effectively. 

3.2 Stationary Parallel operation of MFCS 

In full-parallel operation, the test field achieved a total power output of 926 kW at 1635 A and 566 V at around 

2750 s runtime which is illustrated in Figure 4. As expected based on the previously measured polarization curves 

and the current state of health of the modules, a high variance in current distribution was observed during full-
parallel operation to maintain a common system voltage. At this point, the strongest string, A3A4, had reached the 

facility-imposed current limit of 400 A. This string alone contributed approximately 24.5 % of the total current 

drawn by the five active strings. In contrast, string C1C2 was only able to pull 𝐼C1C2 = 292.5 A  resulting in a 

significant deviation of 107.5 A. The remaining strings operated within this range, with the following individual 

current values at 𝐼D1D2 = 329.1 A, 𝐼B1B2 = 322.6 A and 𝐼A1A2 = 296.6 A. 

Hence, it can be observed that the overall system voltage at maximum power is determined by the best-performing 

string coinciding with the string voltage obtained in the polarization curve measurement of A3A4 (cf. Figure 3). The 

operation up to 2250 s was carried out automatically based on the predefined control logic described previously. 

 

 

Figure 4 Full Parallel Operation Overview up to 1635 A (black) and 566 V (red) at 926 kW (blue)  
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In Partly Parallel operation, the test field reached a total power output of 966 kW at 1719 A after approximately 

2710 s, as illustrated in Figure 5. At this point, the strongest string, A3A4, again reached the current limit of 400 A. 

However, due to a more balanced current distribution among the strings, a higher total power output could be 

achieved compared to the Full Parallel case. Notably, in Partly Parallel operation, A3A4 was still the string which 

reached the 400 A current limit, while the string that delivered the least current was A1A2, resulting in a current 

difference of 99.2 A. As in partly parallel two separate loads are connected to two different parts of the MFCS, the 

here shown voltage values are an average out of those two separate voltage levels. At maximum power and a current 

of 1719 A, the two responding voltage levels of the electric loads were 𝑈ES1 = 558 V and 𝑈ES2 = 567 V. 

 
Figure 5 Measuring data of Partly Parallel test run; black: current, red: voltage, blue: power. Overview up to 1719 𝐴 

(black) and 561 𝑉 (red) at 966 𝑘𝑊 (blue) 

The theoretical total power output — calculated as the sum of the individual string power levels at 400 A each — is 

compared with the results from both parallel operation modes. Due to current distribution imbalances and the 

requirement to maintain a common voltage across all five strings, with Full Parallel operation a power output of 

13.5 % lower than the theoretical maximum was achieved. In contrast, Partly Parallel operation resulted in a reduced 

loss of 9.6 % compared to the theoretical value. In Figure 6 the power values of the parallel measurements at different 

current levels are compared to the theoretical power. The theoretical value appears slightly lower than the results of 

the measurements. This is primarily due to increased mass transport and concentration losses when calculating 
performance at the maximum current for all modules simultaneously. In the conducted measurements, however, only 

one string at a time operated near the 400 A limit, reducing the impact of these loss mechanisms. 

 

 
Figure 6 Comparison between Full Parallel (black), Partly Parallel (red), and theoretical sum (blue) of string power 

in MFCS operation 
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The measured voltage values shown in Figure 64 and Figure 65 indicate that the previously defined holding times (cf. 

section 2.2 Polarization curve recording method) are not suitable for parallel operation. It is evident that voltage 

oscillations persist at the end of each current step, suggesting that a steady-state condition is not fully reached. The 

cause probably lies in the asynchronous behavior of the BoP components and the individual control logics of the ten 

active fuel cell systems. Each module operates according to its own logic, optimizing internal settings based on local 

conditions. Due to the uneven load distribution during parallel operation, this results in different operating parameters, 

such as temperature levels or fan speeds, across the strings. To illustrate this effect, the HT-cooling circuit of the best-

performing string A3A4 is examined, as it has the strongest impact on the MFCS through its influence on the resulting 

voltage level. 

 

 
Figure 7 HT cooling flow and mean cell voltage of string A3A4 during the time step between 2500 and 3300 s and a 

MFCS current (black) increase from 750 A to 1000 A. Behaviour illustrated with String A3A4. Mean cell voltage of 

A3 (red, full line), mean cell voltage of A4 (red, dotted line), HT-flow of A3 (orange, full line), HT-flow of A4 

(orange, dotted line). 

The mean cell voltage and the HT cooling flow of each module is shown in Figure 7 for string A3A4. At approximately 

2760 s, a distinct drop of the HT flow is observed, which results in an increase in cell voltage. Conversely, an increase 

of the flow e.g. at around 2880 s leads to a noticeable voltage decrease. While this example illustrates the dynamic 

interaction within a single string inside the MFCS, it is important to note that interactions between strings also occur, 

as all units share a common system voltage during parallel operation. This interdependence further amplifies the 

complexity of maintaining stationary conditions across the system. 

 

3.3 Current oscillations during parallel operation of MFCS 

During the Full and Partly Parallel operation of the MFCS, different types of current oscillations were observed. These 

can be categorized into two different behaviors which are either present during transient current increases or during a 

steady current step. a.) shows current oscillations during the ramp-up from 1000 A to 1500 A in full parallel mode. b.) 

shows sustained current oscillations throughout the entire holding period at 1000 A during partly parallel operation. 

Both phenomena are illustrated Figure 8. 
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Figure 8 Oscillations during transient operations: D1D2 (black), C1C2 (red), B1B2 (orange), A3A4 (blue), A1A2 

(green); a.) Ramp-up from 1000 𝐴 to 1500 𝐴 during Full Parallel operation; b.) Current step at 1000 𝐴 with a 

holding time of 450 𝑠 during Partly Parallel operation. 

During Full Parallel operation the oscillations are present across all strings and have similar periods between 14 and 

21 s and similar amplitudes of approximately 32 A. During Partly Parallel operation the oscillations occur within the 

respective string groups that share a common voltage level. Specifically, D1D2 and C1C2 form a two-string group, 

while B1B2, A1A2, and A3A4 constitute a three-string group. The two-string group shows oscillations with similar 

periods at 10 s and similar amplitudes 28 A. The three-string group shows slightly deviating oscillations with periods 

at 16 s and amplitudes in the range of 28 − 36 A. This behavior is also visible in Figure 5 during the 1000 A step. 

These initial observations suggest inter-string dynamic interactions, but further analysis is required to fully understand 

the mechanisms. Preliminary indications from HT cooling behavior and corresponding cell voltages point to a possible 

correlation, but a definitive allocation has not yet been established. 

Notably, when the MFCS was ramped down from 1500 A to 0 A, no current oscillations were observed — neither in 

Full nor Partly Parallel mode. The fact that the ramp-down sequence was performed over a shorter time interval than 

the ramp-up might prevent from oscillatory behavior. 

 

3.4 Analyzing of efficiency differences and balance observation  

It was found that the hydrogen flow sensor used in the facility is not suitable for part-load operation, as the mass flow 

rates are observed to be systematically too low. Specifically, the relative error in mass flow measurements below 2 g/s 

was significant. As a result, efficiency calculations at these low flows are assumed to be unreliable. Therefore, the 

efficiency values at maximum current of 400 A on string level and highest hydrogen flows are evaluated. The obtained 

efficiencies of the strings at I = 400 A and parallel operation at I = 1500 A are given in Table 2 and Table 3, 

respectively.  

Table 2 Efficiency degrees reached at string level at 𝐼 = 400 𝐴, gross and net 

String 𝜼𝐒𝐭𝐫𝐢𝐧𝐠,𝐠𝐫𝐨𝐬𝐬, % 𝜼𝐒𝐭𝐫𝐢𝐧𝐠,𝐧𝐞𝐭 , % 

D1D2 37.0 35.5 

C1C2 32.8 31.5 

B1B2 37.8 36.3 

A3A4 41.8 39.8 

A1A2 36.6 35.1 

   
bC1C2 was controlled with 50 °C HT Inlet instead to 47,5 °C because 

of instability problems with this specific cooling circuit controller. 
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The parallel operation was compared at an overall current of 1500 A, which was the last current step with a significant 

holding time exceeding 450 seconds. Although the Partly Parallel configuration achieved a higher overall power 

output, its efficiency was slightly lower, because more strings approached their individual power limits. 

 

Table 3 Gross and net efficiencies 𝜂 for at Full and Partly Parallel operation at I = 1500 A. 

 𝜼𝐌𝐅𝐂𝐒,𝐠𝐫𝐨𝐬𝐬 [%] 𝜼𝐌𝐅𝐂𝐒,𝐧𝐞𝐭 [%] 

Full Parallel 41.0 39.3 

Partly Parallel 40.7 39.0 

 

Using the equations provided in Section 2.4 Experimental Procedure, the energy balance during string operation was 

analyzed. Due to significant inaccuracies of the hydrogen Coriolis mass flow sensor at low mass flows, evaluations are 

limited to the high-load point at 400 A. For illustration, values of string B1B2 are presented, because this string 

represents a median position within the polarization curve spectrum. As shown in the following table, currently only 

93.8 % of the outgoing energy flows can be accounted for, therefore the energy balance cannot be fully resolved at this 

point. This discrepancy is assumed to arise from instrumentation errors across the cooling circuits and cathode circuit, 

as well as from assumptions made regarding the quantity and form of outgoing water. Due to these uncertainties, an 

overall energy balance for the entire MFCS is not provided. 

 

Table 4 Balancing equation on string B1B2 at 400 𝐴 

 
Power [kW] Relative share [%] 

𝑃 H2,chem 571.6 95.9 

 𝑃 BOP 24.7 4.1 

 𝑷 𝐈𝐧 596.3 100 

   

𝑃 el 216.3 36.3 

𝑄̇HT 278.1 46.6 

𝑄̇LT 5.2 0.9 

𝑃 Purge 32.4 5.4 

𝑄̇Cat 16.5 2.8 

𝑄̇Water,Out 6.6 1.1 

𝑄̇Vent 4.0 0.7 

 𝑷 𝐎𝐮𝐭 559.1 93.8 

4. Conclusions 

Drawing upon the experimental investigation into the efficiency of a multi-stack fuel cell system for megawatt-scale 

aviation applications, various conclusions and future perspectives can be outlined: 

1. A polarization curve procedure was defined for usability, hydrogen costs and comparability of the different 

strings at the facility. The different string-level polarization curves show string efficiencies between 32 % and 

40 % at 400 A with voltages between 518 and 561 V. The control approach of the HT-cooling circuits of the 

fuel cell module is seen as the cause for the difficulties to reach stationary conditions. Consequently, the 

defined stationary criteria were only reached for 93 % of all current steps. 

2. In Full Parallel mode, the MFCS reaches 925.5 kW at 1635 A, with up to 13.5 % performance loss compared 

to a calculated ideal maximum power due to current imbalance. The Partly Parallel operation yields 

966.0 kW at 1719 A, reducing loss to 9.6 %. Current oscillations and coupling effects are observed at high 

load, which should be investigated in the future. The results confirm feasibility while highlighting efficiency 

losses and architectural challenges in high-power converter-free fuel cell systems. 

3. The applied hydrogen mass flow sensor shows significant errors at low mass flows and it only detects the 

overall mass flow of the entire MFCS. Alternative sensors should be considered to also determine the 

hydrogen mass flow of the particular strings. 
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4. Balancing of string and MFCS operation has to be optimized. Currently only 93.8 % of all energy flows are 

accounted for at string level. Hence, further investigations are necessary to evaluate the validity of the 

assumptions for the calculation of the energy flows and the influence of the measurement uncertainty. 

5. Finally, degradation analysis must be conducted and quantified. Potential regeneration procedures should be 

explored, particularly approaches to harmonize voltage outputs among different strings or modules, as this 

could significantly increase overall MFCS power output. 
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