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1 

1.1 

1.2 

The model and its generic component data were developed in cooperation with WP4, WP5, WP6 and WP7. 

• 

• 

• 

• 

• 

• 

The project does not select a specific commercial stack or cooling component. The results will compare 

1.3 

Section 2 describes the thermal architecture and dynamic model. Section 3 gives the component equations, 



2 

2.1 

• 

• 



2.2 

rather than series stack cooling supplies every module with coolant at the same inlet temperature, which gives 

power blueprints add branches on the same headers instead of requiring a new loop layout (§4.2). Separate 

The stack supplies the dominant heat load. The hydrogen heat exchanger can add heat to or remove heat from 
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2.3 

• 

• 

 ach branch has its own pump representation. The branch flows merge before the  T radiator. Converter 

2.4 

The same air mass flow passes through both cores. The HT radiator therefore sees the  T radiator outlet 

2.5 

 ach coolant loop is represented by one well

𝐶th,𝑗
d𝑇𝑗

d𝑡
= ∑𝑄ሶsource,𝑗 +𝑊ሶ pump,𝑗 − 𝑄ሶradiator,𝑗.

where 𝐶th,𝑗 = 𝑚𝑗𝑐𝑝,𝑗

The HT balance contains stack heat and the net heat transferred from the hydrogen heat exchanger and 

the temperature rise through an individual component, pipe transport delay or temperature differences 



temperature, which excludes the coolant temperature rise across the stack. The local stack outlet temperature 

2.6 

• 

• 

• 

• 

These controls do not add solver states.   real pump or fan speed controller could later replace the 

2.7 

 sothermal stack; aggregate heat generation is calculated, but local 

Component pressure 

One functional  T core, one functional HT core and one aggregate fan pack per 
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3.1 

𝐶ℎ = 𝑚ሶ ℎ𝑐𝑝,ℎ, 𝐶𝑐 = 𝑚ሶ 𝑐𝑐𝑝,𝑐 .

𝐶min = minሺ𝐶ℎ, 𝐶𝑐ሻ, 𝐶max = maxሺ𝐶ℎ, 𝐶𝑐ሻ, 𝐶𝑟 =
𝐶min

𝐶max
.

NTU =
min

.

𝑄ሶ = 𝜀𝐶min൫𝑇ℎ,in − 𝑇𝑐,in൯.

where effectiveness 𝜀

𝑈𝐴 = 𝑈𝐴ref ቆ
𝑚ሶ 1

𝑚ሶ 1,ref
ቇ

𝑎

ቆ
𝑚ሶ 2

𝑚ሶ 2,ref
ቇ

𝑏

.

3.2 

𝜀 = 1 − exp ቈ
NTU0.22

𝐶𝑟
ሺexpሺ−𝐶𝑟NTU

0.78ሻ − 1ሻ቉.

 or 𝐶𝑟 𝜀 = 1 − expሺ−NTUሻ



𝛥𝑝 = 𝛥𝑝ref ൬
𝑚ሶ

𝑚ሶ ref
൰
𝑛

.

3.3 

flow effectiveness relation as the radiators.  nstantaneous gas and coolant capacity rates determine its 

The model only cools the cathode air. When the inlet gas is colder than the coolant, heat transfer is set to 

3.4 

𝜀 =
1 − expሾ−NTUሺ1 − 𝐶𝑟ሻሿ

1 − 𝐶𝑟expሾ−NTUሺ1 − 𝐶𝑟ሻሿ
.

 or 𝐶𝑟 𝜀 = NTU/ሺ1 + NTUሻ

heated and removes heat from the coolant. Hydrogen hotter than the coolant adds heat to the loop. This 

3.5 

The isothermal stack model calculates the aggregate heat transferred to the HT coolant from the difference 

𝑄ሶstack = 𝑛cell𝐼ሺ𝑉th − 𝑉cellሻ.

where 𝑛cell 𝐼 𝑉th 𝑉cell

3.6 

𝑊ሶ hyd = 𝛥𝑝
𝑚ሶ

𝜌
, 𝑊ሶ shaft =

𝑊ሶ hyd

𝜂pump
.



constant combined efficiency or an attached scaled efficiency map.  lectrical bus input is the shaft power 

Coolant flow is commanded rather than solved from a pump curve. The pump must overcome the radiator 

pressure drop and the largest pressure drop among parallel branches. Pressure drops from parallel branches 

3.7 

𝛥𝑝fan = maxሺ𝛥𝑝MT + 𝛥𝑝HT + 𝛥𝑝installation − 𝛥𝑝ram, 0ሻ.

𝑊ሶ fan,shaft =
𝑉ሶair𝛥𝑝fan
𝜂fan

, 𝑊ሶ fan,bus =
𝑊ሶ fan,shaft

𝜂motor+inverter
.

map.  ir density is corrected using fan inlet temperature. The electrical loss is added to the  T coolant loop, 

3.8 

𝑄ሶDC/DC = 𝑃in − 𝑃out = 𝑃in൫1 − 𝜂DC/DC൯.

The compressor electric machine and inverter use a scaled efficiency map. Where a turbine is present, turbine 

3.9 

The relations of §2 and §3 are stated with symbols rather than numbers. The values behind them are collected 

here so that a reader can reproduce a heat balance or check a margin without reading the source. Where a 



298. 5 K,  0 ,325 

 ean core air temperature, upstream / 

Coolant 

Coolant 

Coolant 



Coolant 



The two lumped capacitances are derived rather than set: each is the loop volume multiplied by coolant 

density and specific heat at that loop's reference temperature.  adiator reference conductance is not 

above, and the implied core depth follows from the pack geometry (§3.2). Parameters of the stack, air path 

4 

4.1 

identical temperatures, flow rates and ambient condition would require radiator duty in proportion to power. 

4.2 

• 

• 

• 

• 

• 

• 

• 

• 

Source counts divide flow and distribute heat. They do not multiply the number of functional radiators or fan 



4.3 

duties are calculated for each train and then summed at the loop level.  lectrical losses are calculated from 

 eference (U ), pressure drop, thermal mass and flow authority scale with the purchased component rating. 

The dynamic model retains one HT and one  T temperature state at every power node. This symmetry 

reduction is suitable for aggregate sizing when parallel branches operate alike.  xplicit branch states would 



4.4 

Table 3 lists the stack modules, electrical groups, air and hydrogen trains and shared thermal equipment of 

Stack 
 lectrical 

groups / 
 ir and 

  HT radiator,    T radiator,   

700 kW marine, modular   HT radiator,    T radiator,   

700 kW marine,   HT radiator,    T radiator,   

 050 kW marine,   HT radiator,    T radiator,   

 050 kW marine,   HT radiator,    T radiator,   

  HT radiator,    T radiator,   

The aviation blueprint uses the same count structure as the modular  050 kW marine blueprint, but its 

boundary conditions differ.  ltitude changes air density, compressor operation, radiator capacity and fan 
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5.1 

 3.3 and  3.4 use one combined optimisation ( igure 2). The  3.3 optimiser proposes a candidate design, 

HT (U ), core depth, pressure drop, thermal mass 

 T (U ), core depth, pressure drop, thermal mass 

• 

         

                        
                         

                       

                                

                               

                                                        

       



• 

5.2 

 . 

2. 

3. 

4. The simulation records heat duties, coolant temperatures, radiator rejection, pump and fan power, 

5. 

5.3 

• 

• 

• 

• 

• 

• 

• 

• 

The temperature thresholds are engineering screening limits. Passing them shows that a candidate is 



5.4 

• 

• 

• 

• 

• 

• 

• 

6 

and one shared radiator pack serve both stack modules, so the differences between the confirmed designs 





Two of the three roles leave under  .5 % of fan rating unused at the mission peak.   fan sized that closely 

only thermal component on this column that the mission drives to its limit. The coolant pumps are the opposite 

Peak HT heat source falls from 372.6 kW on the flagship baseline to between 34 .3 and 348.5 kW on the 

7 
The 700 kW marine column runs both  3.  blueprints on the same 7,080 s supplied mission at a 57 % mean 

 odular  odular 

Peak HT radiator 

Peak  T radiator 

 aximum HT coolant 

 aximum  T coolant 



 odular  odular 

HT pump rating /  .90 / 

 T pump rating, both 0.63 / 

Thermal share of BOP 

Consolidating the air path does not move the thermal bottleneck.  t the compromise role the two blueprints 

The common rail is the cheaper thermal system, by € 8  at the compromise role, but it does not reject less 

heat.  ts peak HT source is 20.5 kW higher than the modular blueprint’s at that role while its cycle efficiency 

The hydrogen heat exchanger separates the two blueprints more than any other thermal component: its peak 

duty is  5.97 kW on the modular blueprint against  0.6  kW on the common rail. Both are small against an 

of rating at the mission peak, while its own compromise role buys a 88.  kW fan and uses 39.3 % of it. The 

optimiser is not converging on a fan size; it is buying whatever the chosen radiator core leaves it to move, which 
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 odular  odular 

Peak HT radiator 

Peak  T radiator 

 aximum HT coolant 

 aximum  T coolant 



 odular  odular 

HT pump rating / 

 T pump rating, both 

Thermal share of BOP 

The two blueprints reach nearly the same thermal answer.  t the compromise role their HT margins differ by 

utilisation and the same  , 05.4 kW peak HT source. The modular blueprint spreads that duty over three air 

the deliverable at  ,48  kW, runs it at 70.5 %, and returns an HT margin of 2.67 K for €4.0 k of thermal 

 T loop. Surplus  T core is charged twice on this architecture: once when it is purchased, and again when its 



9 
The aviation column shares the count structure of the modular  050 kW marine blueprint but not its boundary 

opposite directions, and cryogenic hydrogen adds a commanded heat sink to the  T loop. The two admissible 



This column holds both extremes of the deliverable.  ts HT margins,  .87 and  .92 K, are the smallest 

anywhere in  3.3 and  3.4; its  T margins,  6. 4 and  6.04 K, are the largest. The HT result is the harder 

The  T asymmetry has a specific cause. Peak  T rejection is 24.  kW against a 30.8 kW  T source, so roughly 

6.7 kW of  T heat never reaches the radiator. The cryogenic fuel vaporiser is modelled as a commanded sink 

source through the core, and the aviation  T margin should be read as a consequence of carrying liquid 

10 

blueprint counts while retaining one shared HT radiator, one shared  T radiator and one aggregate fan pack 



imposed lower sizing bound showing through rather than an optimisation result. rad T_kW scales with node 

the search can reach, and several report roles sit within 2 % of it. The  T loop of this architecture carries 

 adiator core and fan work trade against one another, and the trade is real in both directions.   deeper core 

confirmed designs across the deliverable leave under 6 % of fan rating unused at their mission peak, which is 

coolant pumps serve a growing number of stack modules while the air and hydrogen trains multiply with the 

Consolidating the air path changes cost and duty but not the thermal bottleneck.  t 700 kW the two blueprints 

differ by 0.08 K in peak HT temperature at the compromise role, and at  050 kW by 0.02 K, with HT radiator 

not be read as spare capacity: the cryogenic fuel vaporiser is a commanded sink on that loop and removes 

Two limits qualify these results. The confirmation artefacts retain cycle extrema and peak duties rather than 



    C  th , j   d   T  j  d t = ∑     Q .  source , j +     W .  pump , j −     Q .  radiator , j .


    C h =     m . h   c  p , h ,       C  c =     m .  c   c  p , c .


    C min = min  (   C h ,   C  c ) ,       C max = max  (   C h ,   C  c ) ,       C  r =     C min    C max .


  NTU =   U A    C min .


    Q . = 𝜀   C min  (   T  h , in −    )


  U A = U   A ref    (       m . 1      m .  1 , ref )  a    (       m . 2      m .  2 , ref )  b .


  𝜀 = 1 − exp  [    NTU  0 . 22    C  r  ( exp  ( −   C  r  NTU  0 . 78 ) − 1 ) ] .


  𝛥 p = 𝛥   p ref    (     m .      m . ref )  n .


  𝜀 =   1 − exp  [ − NTU  ( 1 −   C  r ) ]  1 −   C  r exp  [ − NTU  ( 1 −   C  r ) ] .


      Q . stack =   n cell I  (   V th −   V cell ) .


      W . hyd = 𝛥 p     m .  𝜌 ,         W . shaft =       W . hyd    𝜂 pump .


  𝛥   p fan = max  ( 𝛥   p MT + 𝛥   p HT + 𝛥   p installation − 𝛥   p ram , 0 ) .


      W .  fan , shaft =       V . air 𝛥   p fan    𝜂 fan ,         W .  fan , bus =       W .  fan , shaft    𝜂  motor + inverter .


      Q .  DC / DC =   P in −   P out =   P in  ( 1 −   𝜂  DC / DC ) .

