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1 

1.1 

The model itself and the generic component data behind it were developed in close cooperation with WP4, 

counterpart to WP4's more detailed simulation. It is fast enough to sit inside an outer optimisation loop that 

solves thousands of full missions, while remaining consistent with the component behaviour those work 

1.2 

The stack characteristics, the node/module breakdown (2 × 175 kW stacks per 350 kW node) and the loss 

Generic component data and characteristics are supplied by the component work packages named 

component models. The simplified dynamic system model and the optimisation framework around it are built 

valid as comparative engineering evidence for BOP sizing, and are not predictions of any particular commercial 

with the component work packages. Each map is defined at a reference point. Where the optimiser moves a 



power), the map is scaled by documented similarity or normalisation rules. Ratings far from their reference 

1.3 

Section 2 states the requirements, inputs and assumptions the work is built on. Section 3 describes the 

Section 5 reports the 350 kW road platform. Section 6 states the frozen rules by which that architecture is 

2 

2.1 

Six blueprint columns are optimised across three power nodes and three applications. The 350 kW road 

column is the reference architecture from which the higher nodes are scaled (§6). At each marine node the 

350 

700 

700 

1050 



1050 

1050 

states those cycles, their provenance, and the ambient boundary conditions each application is evaluated 

2.2 

On every platform the optimiser's inner loop and the confirmation run use the same cycle, so screening and 

121 kW (35 % VECTO Long Haul → 40 t FCEV 

401 kW (57 % 

932 kW (89 % Derived from the 64,500 s D2.1 

520 kW (50 % 

kW. The vehicle and EMS parameters are recorded with the cycle data. The marine cycles come from the D2.1 



structure is a sustained 1050 kW cruise broken by periodic shallow dips to ~700 kW and two deep 

manoeuvring or port excursions to ~285 kW. Where the road cycle is dominated by part load and the 700 kW 

At 64,500 s that profile is roughly nine times the 700 kW mission, and a single blueprint column costs 4,100 

parent's 1050 kW peak and its ~90 % mean load at roughly 25× lower cost. This one cycle is used 

power tapers from 950 kW to 620 kW as inlet density falls, a 1,200 s cruise at 620 kW, a descent at 180 kW, 

nameplate, with 64 s at or above 99 % of nameplate. That places it between the road cycle at 34.7 % and the 

It is also the only cycle in the set to carry a second trace. Altitude is integrated with the power profile rather 

All four cycles are shown below in the form the optimiser integrates them. Panel (a) of each figure is the time 





a different battery size, SOC window or ramp policy would present the fuel cell with a different load signature 

3 

This section defines the framework that produces every reported number: what the optimiser controls (§3.2), 

how a dynamic mission simulation turns a single candidate design into evidence (§3.3), how the underlying 
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3.2 

         

                        
                         

                       

                                

                               

                                                        

       



MT coolant pump rating, per 

energetic; moves thermal 

energetic; moves thermal 

Both radiator ratings drive loop UA as well as cost, and the two coolant pumps size their loops' flow 



variables (pump_HT_kW, pump_MT_kW, fan_kW, radHT_kW, radMT_kW) scale with node power. The three 



3.3 

the DC/DC conversion stage; and two coolant loops (HT and MT) with radiators, pumps and one aggregate 

               

       
   

      

     

    
     

  

    
    

    

      
      

              

       
     

    
    

             

        



plenum on the anode supply; the filter and compressor plena, supply and return manifolds on the cathode; 

3.4 

share a small set of governing correlations, which keeps behaviour consistent across the plant. Flow 

A scaled manufacturer map gives compressor speed, pressure ratio, mass flow and efficiency. The turbine 

scaled efficiencies. Coolant pump power follows from the required hydraulic duty and a prescribed 



3.5 

active area, 660 A ceiling) with shared BOP, that is, the two 175 kW modules per 350 kW node defined in D2.2. 

reduction, whose aggregate behaviour agrees with the explicit twin to within 0.01 %. The modular 700 kW 

3.6 

standard initialization. Evaluation is threaded and deterministic; the parallel path reproduces the serial 

3.7 

The system model, the optimisation driver and the evaluation scripts are written in Julia. Every mission is 

⁻⁶, 



These are the versions the reported results were produced with. What each retained result set records, and 

3.8 

4 

4.1 

⁻⁸

meaningless, inflating the front with designs that differed only in solver noise. At 700 kW this collapsed all 

carried 10–

tracking checks (shortfall, maximum deficit, maximum overshoot). A design that fails any of them is 



4.2 

• 

• 

• 

• 

• 

• 

• HT and MT loop temperatures within their assumed limits (the limits, their basis and the margins 

• 

4.3 

5 

5.1 

a single anode train, one DC/DC converter, and one HT and one MT coolant loop rejecting through a shared 



5.2 

5.2.1 

retained Pareto set holds 20 points, and 18 evaluations failed in the solver. A further 214 evaluations reached 

The retained Pareto set is degenerate. All 20 points carry the same air path to within rounding: comp_kW 

20.6 kW. Efficiency is therefore flat across the whole cost range: binning the admissible designs by cost gives 

This is a property of the platform rather than of the search. Cathode backpressure sets cell voltage through 

the Nernst term, and bp_kPa is capped at 130 kPa(g) by the D2.2 stack operating envelope (260 kPa(a) 

anode about 30 kPa above. Compressor pressure ratio, the other lever on efficiency, is capped at 2.6. At 2.9 

Confirmation solved the full 4,503 s reference cycle uncapped at 4 × 10⁶ iterations, a more permissive policy 

than screening, and it reproduced the screening result. The screening archive's best efficiency was 0.5982 at 



and five design variables sit at or next to a bound. This follows from asking for the cheapest admissible design: 

the optimiser buys exactly the duty and nothing more. A design at 99.8 % of its inverter rating will not survive 

more and leave usable radiator margin. The compromise design is used as the reported baseline below 



5.2.2 

The three designs share one machinery configuration. Compressor power, pressure ratio, turbine, blower and 

stoichiometry agree to within a few percent, and all three sit at the cathode backpressure ceiling. They 

Six of the eleven variables sit at or beside a bound. bp_kPa, blow_kW and pump_MT_kW are pinned; 

pump_HT_kW, stoich and comp_kW are within a few percent of their floors. Only bp_kPa is binding in the sense 

are reached because the optimiser is minimising cost and those components have no cheaper setting, not 



5.2.3 

The inventory below is the compromise design, recommended above as the reported baseline. Ratings are the 

purchased values, and the platform carries one unit of every line apart from the two stack modules. The 

cost objective is evaluated over one bill of material; their thermal sizing basis, duties and capacity margins are 



The water separator, air filter, resonator and humidifier are sized to the peak flow they pass, which makes their 

and inverter at 99.3 % utilisation, and the HT radiator at 87.5 %. The two coolant pumps sit at 62.1 % and 

5.2.4 

Parasitic energy, DC/DC output less net bus 



Fresh hydrogen and passive ejector recirculation are credited first in the anode balance, and the blower 

supplies the remaining stoichiometry deficit, so both contribute through most loaded operation. Purge is 

reports purge loss but does not predict nitrogen crossover concentration, because no validated crossover 

5.2.5 

6 

• 

cooler, humidifier, separator, resonator, turbine, ejector and hydrogen heat exchanger. Installed 

• 

• 

• 

• Each system has exactly one functional HT radiator, one functional MT radiator and one aggregate fan 



175 kW stack module that forms the basis of the present architectures. Higher system power is obtained 

of the individual stack. In the present framework, two 175 kW stack modules form one 350 kW power unit; 

power units with their associated DC/DC conversion and air and hydrogen handling, while selected 

into single 6 MW components; several parallel BOP trains can instead serve groups of stack modules and 

7 

7.1 

Both 700 kW blueprints are built from the 350 kW source architecture of §5 under the count rules of §6. They 



    
               

       
   

      

     

    
     

  

    
    

    
      
      

              

       
     

    
    

             

        

    
               

       
   

      

     

    
     

  

    
    

           

       
     

    
    

   

     
      

          

       
   

      

     

    
     

  

    
    

    

      
      

              

       
     

    
    

             

        



Air trains (filter, compressor, EM/inverter, CAC, humidifier, 

Hydrogen trains (ejector, H₂ heat exchanger, recirculation 

yes, below 320 

The comparison the deliverable is set up to make on this node is therefore narrow and clean: two air trains 

sized for half flow each, against one air train sized for full flow, on identical stacks, electrical architecture and 

7.2 

7.2.1 

admissible (50.5 %), 12 Pareto points and 21 solver failures (0.5 %). A further 378 evaluations (9.2 %) 

comp_kW varies by 2.0 %, turb_kW by 3.9 %, stoich by 4.3 %, and every point holds blow_kW at its 0.5 kW 



The marine platform therefore behaves differently from the road platform of §5, where all 20 Pareto points sat 

ceiling, which encodes the D2.2 stack pressure envelope, so efficiency at that end of the front is limited by the 

The minimum thermal margin is the smaller of the HT margin to 358.15 K and the MT margin to 343.15 K. 

ordering the rule relied on does not survive the finer solve. For this column the compromise design dominates 

design from 0.5992 to 0.5864 and the compromise design from 0.5979 to 0.5865, losses of 1.28 and 1.14 



Blueprint 2 loses a comparable amount, 0.6034 at screening against 0.5917 confirmed, or 1.17 points. Its 

7.2.2 

BP1 BP2 

kPa 

Ratings are per installed unit. pump_MT_kW is the nameplate of one MT branch pump and the loop carries 

82.5 kPa(g) at comp_pr 2.21 and buys the smallest radiator and fan; the other two run about 127 kPa(g) at 



comp_pr near 2.5. Compressor and turbine ratings agree to within 1.4 % across all three, and every role 

carry explicit hydraulic resistance, so pump nameplate buys real parasitic power, and surplus nameplate is 

7.2.3 

Count Util BP1 Util BP2 

500 500 



Count Util BP1 Util BP2 

7.2.4 

BP1 BP2 

789.35 / 789.35 / 789.35 / 789.35 / 



BP1 BP2 

tracking shortfall stays near 1 × 10⁻

cost design, mostly on compression, and recovers considerably more than that at the stack. Hydrogen 

8 

8.1 

most directly comparable column in the set: it is the source architecture at 3× count, so any deviation from 



operating strategy: the two trains discharge into a common rail, so every stack draws from one buffered 

plenum and the model sees a single aggregate air supply. Which unit runs when is not simulated. On this 

    
               

       
   

      

     

    
     

  

    
    

    
      
      

              

       
     

    
    

             

        

    

               

       
   

      

     

    
     

  

    
    

           

       
     

    
    

   

    
               

       
   

      

     

    
     

  

    

    

           

       

     

    

    

   



      
                

       
   

      

     

    
     

  

    
    

    
      
      

              

       
     

    
    

             

        

       
   

      

     

    
     

  

    
    

              

       
     

    
    



no; the rail aggregates and 

8.2 

8.2.1 

rejected on physical constraints and 56 on performance thresholds. A further 163 evaluations (4.0 %) reached 

the 130 kPa(g) bound that encodes the D2.2 stack pressure envelope of 260 kPa(a) cathode inlet. The 

129.1 kPa(g) with a mean of 122.5, so a pressure trade remains available across its range. The same ceiling 

The minimum thermal margin is the smaller of the HT margin to 358.15 K and the MT margin to 343.15 K. All 



about five times more room on the MT loop. This repeats the 350 kW result of §5 and the 700 kW result of §7 

The roles reorder at confirmation fidelity on blueprint 2. Its compromise design confirms at 0.5072 against 

8.2.2 

BP1 
BP1 

BP2 
BP2 

kPa 

Ratings are per installed unit. pump_MT_kW is the nameplate of one MT branch pump and the loop carries 



96.27/48.13 and 96.39/48.19 kW of compressor and 50.68/25.34, 42.59/21.29 and 42.73/21.37 kW of 

are about 45 % larger than blueprint 1's while the installed totals stay within 6 %. Its three roles hold cathode 

8.2.3 

Count Util BP1 Util BP2 

500 500 



Count Util BP1 Util BP2 

is not comparable with the pump and radiator columns beside it. Blueprint 1's compromise role buys a 145 

Blueprint 1's recirculation blower sits at exactly 100 % of its rating. The optimiser drives blow_kW down until 

the anode loop saturates the blower, so the search sets this rating at the point where it is exactly consumed 

against each other, blueprint 1's three units costing less than blueprint 2's two, because both sit below the 

8.2.4 

BP1 BP1 BP2 BP2 

Requested 

Delivered DC/DC 



BP1 BP1 BP2 BP2 

Aggregate 

parasitic energy 

Parasitic share of 

DC/DC output 

Purge loss / fresh 

Cycle efficiency 

Min loaded cell 

Max current 

9.2 % of DC/DC output on every design. The spread across six designs is 4.4 kWh, so the parasitic ledger is 

the cheapest designs to 0.690 V on the most efficient, and peak current density falls from 1.789 to 1.728 

Hydrogen utilisation is 99.9 % on all six designs and purge loss stays below 0.1 % of fresh hydrogen. The 

anode loop is not a differentiator at this node. The model reports purge loss but does not predict nitrogen 

The mission mean request is 932 kW, 88.7 % of the node, and the profile spends most of its length near 



9 

9.1 

DC/DC converters, with three modular air trains and three hydrogen trains, one per group, and one shared HT 

Ambient conditions vary along the mission rather than sitting at a fixed corner. On the ground the model uses 

101.3 kPa and 298.15 K; at the 7,620 m cruise the ISA values are 37.6 kPa and 238.7 K. The corrected air 

The turbine is retained. D3.1 Table 7 removes it from the aviation blueprint on space grounds, and that is 

overridden here. At the same commanded backpressure the expansion ratio available at cruise is larger than 

saturation, 390 kJ/kg latent heat and 13.0 kJ/(kg K) mean gas specific heat. That is roughly 4.0 MJ/kg, of which 



9.2 

9.2.1 

screening fidelity. The admissible fraction is the highest of the six columns, and the solver behaved better here 

The pressure limit is the same one that binds at 350 kW and at the efficiency end of the 700 kW and 1050 kW 

marine fronts: the 130 kPa(g) bound encoding the D2.2 stack envelope of 260 kPa(a) cathode inlet. Under the 

    
               

       
   

      

     

    
     

  

    
    

    
      
      

              

       
     

    
    

             

        

    

               

       
   

      

     

    
     

  

    
    

           

       
     

    
    

   

    
               

       
   

      

     

    
     

  

    

    

           

       

     

    

    

   



with the compressor and turbine and is sized to the net demand, em_kW = em_margin × (comp_kW − 

torque at low corrected speed, and with the factor fixed the optimiser had no actuator for the resulting EM 

The minimum thermal margin is the smaller of the HT margin to 358.15 K and the MT margin to 343.15 K. 

and the compromise design misses it by 0.0014, a band of about 0.3 % straddling the constraint. Only the 

a searched variable: torque headroom is bought with motor and inverter cost, so the optimiser purchases as 

instead of adding it. The cold sink buys MT margin the marine columns do not have, and it does not help the 



9.2.2 

Ratings are per installed unit. pump_MT_kW is the nameplate of one MT branch pump and the loop carries 

The three roles are close to one another in the air path and separate mainly in em_margin and cooling 

hardware. Compressor and turbine ratings agree within 3.4 %, cathode pressure within 0.4 %, and every role 



9.2.3 

Ratings are installed totals across the count shown. Three entries need reading with care, and one is specific 



The radiator fan runs at 94.9 % of its rating. On the other five columns the fan utilisation column reports the 

The hydrogen heat exchanger again reports utilisation far above 100 %, for the reason given in §7.2: its rating 

The recirculation blower again sits at exactly 100 % of a rating the box floor sets rather than the search. Its 

cost is the same D3.2 extrapolation artefact described in §8.2.3 and should not be read as a real price for 

9.2.4 

Cycle efficiency of 54.5 % is the highest reported in this deliverable, and it is a property of the mission before 

it is a property of the architecture. The aviation profile delivers a mean 520 kW, 49.5 % of the node, against 



88.7 % for the 1050 kW marine mission, so the stack spends most of the sortie at a load where cell voltage is 

10 

Ribatti, System architectures and sensor positioning in PEM fuel cell systems, TNO Powertrains, 10 April 

at subsystem interfaces and stack inlets and outlets, where they support control, protection and diagnostics 

Subsystem and 

Anode, each stack 

Outlet temperature and H₂ 

composition, where 

Active hydrogen 

Compressor inlet Pressure; compressor 

Cathode, each stack Pressure and temperature; 
Local cathode boundary conditions, 

pressure/stoichiometry control and water 

Cathode, each stack 

Shared air buffer, 

Coolant, stack/loop 

Coolant loop, where Flow, pressure and 



Subsystem and 

Stack and package Stack voltage and current; Power control, electrical protection, leak detection 

In parallel multistack systems, pressure measurements are replicated at equivalent locations for every stack: 

preferably estimated from pressure measurements and system models to limit sensor count. Direct flow or 

11 

efficiency. Setting the results of §5 to §9 beside them requires care on one point above all. D3.1 Table 6 reports 

deliverable is an average over a complete duty cycle whose mean load is higher. The two quantities answer 

On scale the modelled nodes sit inside the reported field rather than beyond it. D3.1 Table 6 spans 120 kW to 

Where the figures can be placed side by side, the deliverable's are averages taken at a higher load than the 

peaks they would be compared against, so the comparison runs against the modelled systems rather than 

column in D3.1 Table 6, 

spanning 0.014 to 1.4 kW/kg, and no stack, BOP, coolant or enclosure mass model exists here, so no kW/kg 

figure is offered. Gravimetric density is nevertheless pursued indirectly. In the component models a higher 



so it cannot be set against a system CAPEX figure. No degradation or ageing model exists either, so completing 

surface, and blueprint against blueprint at the same power node, evaluated under one mission and one search 

12 

maps are supplier data provided to the project under the same terms. Publishing the scripts without those 

Reproducibility is therefore carried by the written record. The design vector and its search bounds are in 

Section 3.2, the duty cycles in Section 2.2, the optimiser settings and seed policy in Section 3.6, the software 

Section 4. Each retained result set records the design vector, the derived component sizing, the cycle 

13 
This deliverable optimises six blueprint columns across four application nodes on one framework: a coupled 

rather than the power node: the 1050 kW marine mission holds 89 % of nameplate throughout and is the least 

lumped loop temperature directly against these limits. With two lumped coolant nodes and an isothermal 

and for identifying the HT loop as the binding one, while absolute sizing is to be confirmed against the detailed 

WP4 model and the limit basis in D3.4. The optimiser also cuts the MT radiator sharply from each seed, 



A second constraint recurs. Cathode backpressure is bounded at 130 kPa(g) by the D2.2 stack envelope, and 

on most columns that bound rather than the search sets the efficiency end of the front. The 350 kW front sits 

front and the whole aviation front. A front pinned there is limited by the stack’s rated pressure: a bounded 

Consolidating air trains changes cost and parasitic draw but not the thermal bottleneck. At 700 kW the 

common rail undercuts the modular blueprint by €456 at the compromise role and is 0.52 points more 

The aviation column is the exception, and its binding constraint is electrical rather than thermal. Its front 

five columns falls about 14 % short of what the altitude environment needs, a result about the blueprint rather 

Five limits qualify the above. Screening overstates cycle efficiency by roughly 1.2 points against confirmation, 

2,560 s cycle derived from the supplied 64,500 s mission rather than on that mission itself. Loop time 

constants of a few seconds rule out thermal drift over the longer mission (§2.2), but the surrogate reproduces 


