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Electrified propulsion systems have the potential to reduce the environmental impact of 
aviation. Hydrogen fuel cells as primary energy supplier are a promising technology to power 
the electrically-driven propulsors. However, the thermal management of fuel cells is 
challenging due to their high amount of excess heat energy at a typically low temperature level. 
This work investigates the cooling potential of metal hydride (MH) reactors to enhance the 
thermal management system (TMS) of low temperature fuel cells. As a secondary function, 
the MH reactor can serve as an emergency hydrogen supply. There are two operation concepts 
of MH reactors considered in this study. In the first operation concept, the MH acts as a heat 
sink by absorbing some share of the heat of the fuel cell. This decreases the amount of heat to 
be removed by the TMS. In the second operation concept, the MH reactor operates as a heat 
pump to enlarge the temperature difference in the heat transfer fluid cycle. This improves the 
performance of the heat exchanger of the TMS to reject heat to the ambient air. For both 
operation modes, a sizing of an MH reactor and a heat exchanger is performed to estimate the 
impact on the TMS. While an exemplary general aviation aircraft serves as calculation 
example, the results are also applicable to commuter and regional aviation aircrafts. The study 
shows, that MH reactors have the potential to reduce the size of the heat exchanger 
significantly. In quasi-continuous heat pump operation, an MH reactor allows a reduction of 
the heat exchanger dimensions of up to 8 %. If the maximum heat rejection during take-off 
determines the heat exchanger size, a reduction of even 39% is reasonable when the MH 
reactor operates as a heat sink.  

I. Nomenclature 
Symbols 
A = heat transfer area of the heat exchanger, m² 
cp = specific heat capacity, J/kgK 
ṁ = mass flow, kg/s 
M = molar mass, kg/mol 
p = pressure, Pa 
PFC,el = electrical power of the fuel cell, kW 
Q̇ = heat flow, kW 
T = temperature, °C 
U =  total heat transfer coefficient of the heat exchanger, W/m²K 
ΔEpot = potential energy difference of the hydrogen pressure, J 
ΔHabs/des = reaction enthalpy of the metal hydride, kJ/molH2 
ΔHH2 = lower heating value of hydrogen, kJ/gH2 

ΔT = temperature difference, K 
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ΔToffset = temperature offset of the exhaust air to the heat transfer fluid flowing into the heat exchanger, K 
Δ𝜗 ,  = local temperature differences at the ends of the heat exchanger, K 
Δ𝜗  = logarithmic mean temperature difference, K 
η = efficiency, % 
 
Recurring indices 
abs = absorption of hydrogen 
CF = cold fluid 
des = desorption of hydrogen 
FC = fuel cell 
H2 = hydrogen 
HF =  hot fluid 
HX = heat exchanger 
in = inlet of the heat exchanger 
MHR = metal hydride reactor 
out = outlet of the heat exchanger 
ref = reference system 

II. Introduction 
Aviation serves the society by bringing people together and delivering goods over long distances with high 

reliability and speed. In the future, the environmental impact of air traffic should be reduced in terms of lower 
greenhouse gas emissions. To achieve the goals of Europe’s “Flightpath 2050” and the aviation industry’s “Waypoint 
2050”, a transformation towards hybrid-electric propulsion and sustainable energy sources presents a promising 
way [1,2]. Hydrogen is a promising energy carrier for future aviation [3,4]. In combination with fuel cells (FC), 
hydrogen also empowers electrified aero engines to enter the aviation market [1,3]. 

Although even state-of-the-art components of electrified propulsion systems offer high efficiencies, an extensive 
amount of heat, in the range of hundreds of kilowatts up to megawatts, is generated due to the high propulsion power 
requirements. The low temperature level of the components of electrified propulsion is further challenging for the 
thermal management system (TMS) [5]. The resulting difference between the FC operating temperature and the 
ambient air on ground is a main challenge, especially for the thermal management of a low temperature polymer 
electrolyte membrane fuel cell (LT-PEMFC) [6–8]. 

In conventional kerosene-fueled turbofan aircrafts, a major share of heat exits the turbine with the exhaust gas [9]. 
To reject further shares of the heat, the following heat sinks are available: ambient air, fan duct air and fuel [5]. In 
contrast, the number of potential heat sinks is reduced for electrified propulsion systems. For example, fully electric 
battery-driven powertrains can only use the ambient air as a heat sink. Fully electric fuel-cell-driven powertrains may 
also use the hydrogen fuel to reject some share of the heat. However, the direct cooling with cryogenic hydrogen may 
demand unreasonable heat exchanger (HX) dimensions or intermediate cooling loops to prevent surface frost [6]. Also 
challenges concerning thermomechanical loads and fatigue arise because of the large temperature differences. 

A general conflict in the design of TMSs in aviation arises from the highly variable conditions of the ambient air 
as a heat sink [5,10]. Both the maximum power requirement and the maximum ambient temperature occur for a 
relatively short time during take-off. When the components of the TMS are designed to these conditions, they will be 
oversized for most of the aircraft’s operation life. By implementing thermal storage systems, the TMS components 
could be designed for a lower heat load and thus be smaller, lighter and more efficient [5]. 

Besides the design of the TMS, the storage of hydrogen is another challenge. Although hydrogen exhibits a high 
gravimetric energy density, it suffers a low volumetric energy density as a gas at ambient conditions. Compressing 
gaseous hydrogen (CgH2) at high pressures or liquefying hydrogen at cryogenic temperatures are common storage 
methods to reduce the required volume for the fuel storage. Due to its low weight and its relatively good volume 
capacities, liquified hydrogen storage seems to be the most promising storage type for aviation. However, the hydrogen 
losses due to boil-off and the necessary thermal management systems are disadvantageous [3]. Hence, CgH2 storage 
can be reasonable, especially for general aviation aircrafts [11]. Another hydrogen storage method is storing hydrogen 
in a solid state, e.g. in metal hydrides (MH). Those MHs form when the hydrogen reacts with metallic compounds. 
MHs offer the highest possible volumetric storage densities, while their gravimetric hydrogen storage capacity is too 
low to serve as a competitive primary hydrogen storage system in aviation [3,12]. 

In addition to hydrogen storage, MH reactors have demonstrated their suitability for high-power thermal 
applications [12,13]. MHs offer high thermal storage capacities of up to 2 000 kJ/kgMH and therefore are most suitable 
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as an additional heat sink [12–14]. Besides such an utilization as a thermal storage material, MH reactors (MHR) can 
also be used as a heat pump [12–16]. These heat pumps are compact and can be driven by waste heat and by 
compressed hydrogen [12]. When combined with CgH2 storage systems, MH-based heat pumps can convert the 
potential energy of the hydrogen tank pressure to thermal energy for heating as well as cooling [17–19]. So far, this 
potential energy is usually throttled to the FC’s supply pressure and therefore lost [20]. By using this potential energy, 
MH-based thermal devices are environmentally friendly, as they can operate without hazardous refrigerants and 
require only minor additional amounts of electric energy for their control systems [18,21,22]. 

The environmentally friendly operation of MHs and their high thermal energy density seem promising for 
improving the TMS of electrified propulsion systems. This work investigates the potential of MHRs to enhance the 
TMS of LT-PEMFCs, which are supplied by CgH2. First, the characteristics of conventional TMSs of FC-based 
propulsion systems are introduced. In addition, the operation behavior of MHs as well as examples of the thermal 
coupling of MHRs to FCs are described. Subsequently, the sizing method to estimate the potential reduction of the 
HX dimensions is presented. Finally, two different concepts for integrating an MHR into the aircraft’s powertrain are 
developed and sized. In the first concept, one single MHR works as a heat storage device. In the second concept, two 
alternating MHRs operate as a heat pump. The sizing enfolds the components of MHR and HX and is performed 
various ambient temperature levels. As FC powertrains are expected to be less suitable for medium and long haul 
flights, the evaluation in this study is performed for an exemplary general aviation aircraft while being also applicable 
to commuter and regional aircrafts [2]. 

III. State of the Art 
As a basis for evaluating the potential of MHRs to improve the thermal management of FC-powered aviation, this 

chapter describes the challenges for conventional TMS of LT-PEMFCs and presents thermal applications of MHs. 

A. TMS of LT-PEMFCs in Aviation 
A promising fuel cell type to be used as primary electrical power supply system in electrified aircrafts are LT-

PEMFCs, but they require extensive cooling [23]. The power input in form of the enthalpy of the reactant gases into 
the FC is converted into the electrical power PFC,el with an efficiency of about 40 to 60 % [7,24,25]. The major share 
of the residual power input is converted into heat as illustrated in Fig. 1. Not all of this thermal power needs to be 
rejected by the TMS, as some share of the heat also dissipates by natural convection or is used for water 
vaporization [26,27]. 

 

Fig. 1 Energy flows for a PEMFC with an efficiency of 50 % according to Palladino et al. [27]. 

The FC’s TMS typically uses a liquid coolant to pick up the waste heat [23,26,28]. Subsequently, a HX is required 
to reject the heat to ambient air. Previous investigations have shown a significant contribution of the TMS mass to the 
total powertrain mass of electrified aircrafts, as the TMS mass can exceed the mass of the corresponding FC [27,29–
31]. Besides deteriorating the overall specific power, the extensive TMS of electrified propulsion systems also 
increases the drag and reduces the available design space [8]. 

For flight applications, compact HXs, such as plate fin heat exchangers, are suitable due to their minimized 
combination of mass and volume [32]. Still, the high heat load in concatenation with a low temperature difference to 
the ambient conditions as a heat sink impose a challenge on HX design, especially during take-off at hottest day 
conditions [5]. 

Alternative cooling concepts, as shown by Webber et al. [6], propose an additional heat pump with a vapor 
compression cycle to increase the heat rejection temperature difference for the TMS of LT-PEMFCs. Thereby, the 
HX size can be reduced, while increasing the system complexity. The reduced size raises the potential to reduce the 
drag penalty of the TMS. 
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B. Metal Hydrides and their Thermal Application 
The formation of MHs is described by Eq. (1). 

 metal + hydrogen ⇆ metal hydride + heat (1) 

Heat is released during the uptake of hydrogen in the metal when forming the MH due to the exothermic 
characteristic of the absorption process. As the desorption of hydrogen is an endothermic reaction, heat supply is 
required to release the hydrogen [13]. This enables the thermal application of MHs as a heat source, a heat sink or a 
heat pump, which is the subject of several studies [12,13,17,22,33]. 

Synergies in heat exchange can be used when the MHR is coupled to an FC [34]. Several studies investigated the 
use of the FC’s waste heat to maintain the endothermic desorption of the MH and thereby release the necessary 
hydrogen for reliable FC operation [35–48]. By that, the utilization of the hydrogen storage capacity of the MH is 
improved as well. In most arrangements, the liquid cooling loop of the FC is therefore extended into the MHR, which 
is equipped with internal heat transfer elements [38]. Other approaches are either direct coupling of the FC and the 
MH by heat pipes or placing the MHR into the warm exhaust of air-cooled FC’s [38,40,48]. As liquid-cooling is 
generally mandatory for FCs with high power levels and high power densities, this study focusses on such TMS with 
a liquid heat transfer fluid (HTF) cycle [26,28,35,49]. 

By providing the heat to the MH for the endothermic desorption of hydrogen, the MH acts as a heat sink by 
absorbing a share of 20 % up to 45 % the FC’s waste heat, which increases the overall system efficiency [35,38,40,50]. 
Furthermore, the MHR can also be used to preheat FCs at cold start scenarios, when heat is generated during the 
absorption of hydrogen from the main hydrogen storage [34,51,52]. MHs are beneficial for such heat storage 
applications due to their long-lasting storage duration and very high energy densities even superior to phase change 
materials [12–14,53]. 

By integrating a set of two MHRs into the hydrogen infrastructure of an FC, a quasi-continuous heat pump 
operation can be realized [18–21,54]. The working principle of such heat pumps, which are driven by the potential 
energy of the hydrogen ΔEpot, is illustrated in Fig. 2. The MHRs are working in an alternating manner. While one of 
the reactors supplies hydrogen to the FC at a low pressure level by desorption, the other reactor regenerates by 
absorbing hydrogen at a high pressure level from the compressed hydrogen storage. While the regenerating reactor 
releases heat during absorption Q̇abs at a high temperature level, the hydrogen supplying reactor requires heat for 
desorption Q̇des, which can be provided at a lower temperature level. So far, this heat pump operation is investigated 
to provide a cooling effect for air conditioning purposes [18,20,21,33,54]. 

 

Fig. 2 Working principle of a metal hydride heat pump integrated into the hydrogen infrastructure of a fuel 
cell (FC) and a gaseous compressed hydrogen storage (CgH2) according to Kölbig et al. [33]. 

The goal of this study is to determine the potential of MHRs to enhance the TMS of FCs either as a heat sink by 
absorbing a share of the waste heat or by improving the heat rejection of the HX through enlarging the HTF 
temperature difference through heat pump operation. 

IV. Methodical Approach 
For evaluating the potential of MHRs as enhancement of the TMS of an FC-powered propulsion system in aviation, 

the process according to Fig. 3 has been elaborated and will be applied in the following. 
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Fig. 3 Applied process to evaluate the potential of MHRs for improving the TMS of an FC. 

The specific methods applied for each of these process steps are described in the following subsections. For the 
evaluation of the improvement achieved by the integration of an MH system, the masses of the HX and of the MHR 
are considered. The impact of other components like pipes and valves should be investigated during a later design 
phase if the concepts are viable. 

A. Ambient Temperature Requirements in Aviation 
The maximum ambient temperature has a significant influence on the sizing of the HX. An overview of 

temperature requirements in aviation is given in Table 1. The sizing of the HX will be performed within this range 
from 15 °C to 45 °C to investigate the impact of the ambient temperature. 

Table 1 Ambient temperature requirements in aviation. 

Temperature Definition Value Source 

International standard atmosphere (ISA) temperature at sea level 15 °C [10] 

International hot day 40 °C (ISA + 25) [5] 

Maximum temp. for CS-23 aircrafts with reciprocating engine and maximum take-off 
weight (MTOW) > 2 722 kg or CS-23 aircrafts with turbine engine 

38 °C [55] 

Maximum temp. for CS-23 aircrafts with reciprocating engine and MTOW ≤ 2 722 kg 45 °C (ISA + 30) [55] 

Maximum temp. for CS-25 aircrafts 37.8 °C [56] 

B. Concepts for MHR Integration 
In this section, two concepts of implementing the MHR into the FC’s TMS are developed. To evaluate the 

additional thermal management capability of those concepts, a comparison to a reference TMS is carried out. The 
reference TMS consists of a liquid cooled FC system with heat rejection to ambient air. For simplification purposes, 
all of the FC’s heat is rejected by the HX as illustrated in Fig. 4. 

 

Fig. 4 Heat transfer from fuel cell (FC) to heat exchanger (HX) in the reference TMS. 

In concept 1, the heat is handled by the HX in combination with the MHR as illustrated in Fig. 5. The MHR 
operates as a heat sink and picks up some share of the FC’s waste heat for its endothermic desorption of hydrogen. 

 

Fig. 5 Concept 1 - Heat transfer from fuel cell (FC) to the heat exchanger (HX) as well as to the metal hydride 
reactor (MHR) operating as a heat sink. 
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In this heat sink operation, less heat has to be rejected by the HX. At the same time, the HX has to work with a 
narrower temperature difference in the HTF as the MHR contributes in cooling down the HTF, while the overall 
temperature difference, which is limited by the properties of the FC, is therefore not changed. Furthermore, the 
duration of the cooling effect is limited by the hydrogen capacity of the MHR, as the MH only absorbs heat during 
the endothermic desorption of hydrogen. Thus, concept 1 is only expected to be beneficial for short-term use during 
flight mission phases, which require a high-power output, like take-off or climb, and therefore imply a large amount 
of heat to be rejected [57]. 

In concept 2, a set of two alternating MHRs operate as a heat pump. The working principle corresponds to the 
vapor compression cycle heat pump proposed by Webber et al. [6]. Concept 2 is shown in Fig. 6. 

 

Fig. 6 Concept 2 - Heat transfer from fuel cell (FC) to heat exchanger (HX) with an additional set of two 
metal hydride reactors (MHR) operating as a heat pump. 

In this heat pump operation, the first MHR elevates the temperature of the HTF by heat released through the 
exothermic absorption of hydrogen. Thereby, the heat rejection temperature difference to the ambient air is increased 
and the HX size can be reduced, even if the amount of heat, which the HX has to reject, stays nearly constant. 
Subsequently, the second MHR removes the amount of heat, which was added beforehand by the first MHR, through 
the endothermic desorption of hydrogen and thus re-establishes the FC’s input temperature level.  

As an advantage compared to concept 1, the operation duration of the MH heat pump according to concept 2 is 
not limited. After conversion of the complete hydrogen capacity, both MHRs switch their operating modes and the 
flow of the HTF is adapted accordingly, so that the second MHR is increasing the HTF temperature and the first MHR 
re-absorbs the share of the heat. By this alternating operation of the two MHRs, a quasi-continuous operation of the 
MH heat pump is achieved. 

C. Metal Hydride Reactor Sizing Method 
To evaluate the MH-enhanced TMS, the thermal power of the MHR has to be calculated. The heat for absorption 

and desorption Q̇abs/des depends on the hydrogen mass flow ṁH2, the molar mass of hydrogen MH2 and the reaction 
enthalpy of the alloy ΔHabs/des and is calculated by Eq. (2) [18,21,52]. 

 �̇� / =
�̇�

𝑀
∆𝐻 /  (2)

The selection of the alloy depends not only on the reaction enthalpy, but also on various other material 
characteristics like hydrogen storage capacity, thermal conductivity, absorption and desorption kinetics, plateau slope, 
hysteresis effects, equilibrium pressure, operating temperature, cyclic stability, availability and cost [12,37,38]. To 
enable the thermal coupling as well as the hydrogen supply to the FC, the MH has to exhibit an equilibrium pressure 
which is be above the FC’s input hydrogen pressure requirement [33,38]. As the equilibrium pressure depends on the 
temperature, the FC’s operating temperature level should be applied for MH selection, as this temperature is provided 
by the HTF to the MH for desorption. For this study, the alloy LaNi4.85Al0.15

 is selected. This alloy is commercially 
available and able to provide high thermal power even for relatively low operating temperatures [17]. LaNi4.85Al0.15

 is 
suited to be coupled with a LT-PEMFC as the waste heat of the FC of roughly 80 °C generates a desorption pressure 
of above 4 bar to supply hydrogen to the FC [53]. The enthalpies of LaNi4.85Al0.15

 are 31.0 kJ/molH2 for absorption and 
33.8 kJ/molH2 for desorption and the usable hydrogen capacity is roughly 1.1 wt.% [53]. 

The hydrogen mass flow is linked to the FC’s electrical power PFC,el and its efficiency ηFC according to Eq. (3) [21]. 
The term ΔHH2 refers to the lower heating value of hydrogen of 119.93 kJ/gH2 [21,58]. 

 𝑃 , = 𝜂 Δ𝐻 �̇�  (3)
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When the hydrogen mass flows of the FC and the MHR are directly coupled, the theoretical maximum cooling 
power of the MH Q̇des

 can be linked to the FC’s electrical power PFC,el by combining Eq. (2) and Eq. (3), which leads 
to Eq. (4) [21]. 

 
�̇�

𝑃 ,

=
∆𝐻

𝑀 Δ𝐻 𝜂
 (4)

The FC’s cooling load Q̇FC is also a function of the lower heating value of hydrogen ΔHH2 and of the FC’s 
efficiency ηFC [48,59], which allows to determine the theoretical contribution of the MHR to the necessary cooling 
load as shown in Eq. (5). 

 
�̇�

�̇�
=

∆𝐻

𝑀 Δ𝐻 (1 − 𝜂 )
 (5)

It has to be noted that the approach according to Eq. (5) is a simplified assumption because the energy balance of 
the FC stack is more complex as described in chapter III. The FC’s cooling load Q̇FC represents all the residual power 
of the reactant gases that is not converted into the electrical power PFC,el. Thus, Eq. (5) neither considers the excess 
hydrogen nor differentiates between the shares of the waste heat. Furthermore, the thermal insulation of the MHR as 
well as further components like valves and piping is considered to be ideal in this study, so any heat dissipation from 
those components by convection or radiation to the environment is not taken into account. The calculations for 
concept 1 also neglect the heat pickup by the thermal mass of the components. The use of this cooling load Q̇FC to 
determine the contribution of the MHR to the TMS and to size the HX leads to conservative results. 

According to Eq. (5), the theoretically possible share Q̇des/Q̇FC, that can be absorbed by the MH, depends on the 
desorption enthalpy of the alloy ΔHdes and increases with higher FC efficiencies ηFC. For the example of LaNi4.85Al0.15, 
this theoretical MH’s share of heat uptake corresponds to 23 % at an FC efficiency of ηFC = 40 % and rises to 35 % at 
ηFC = 60 %. If higher shares are desired, the hydrogen mass flows of MHR and FC have to be uncoupled, for example 
with the help of a buffer hydrogen storage between those two components. Such buffer would also be beneficial to 
smoothen the hydrogen supply to the FC [33,38,60]. As such a buffer would cause additional weight, only the direct 
coupling of the hydrogen mass flows without a buffer is investigated in this study. 

Besides the sizing of the thermal power, also the system mass of the MHR is estimated in this study. When used 
as a heat sink according to concept 1, the mass of the MH depends on the desired operating duration, as the hydrogen 
capacity of the MH is limited. In regard to the  molar mass of hydrogen MH2, the desorption enthalpy of LaNi4.85Al0.15 
can be converted from 33.8 kJ/molH2 to 16.8 MJ/kgH2 [53]. Based on the usable hydrogen capacity of 1.1 wt.%, the 
thermal energy storage density of LaNi4.85Al0.15 is 184.4 kJ/kgMH [53]. This value is used for the estimation of the MH 
mass of concept 1. 

For the heat pump concept 2, thermal losses occur when switching between the two half-cycles of the alternating 
operation [21]. The transferred specific power strongly depends on the half-cycle time and the ratio of passive reactor 
mass to active MH mass and may therefore not correlate with the heat of formation for absorption/desorption [20,33]. 
As this impedes an analytic sizing for concept 2, an empiric approach is used. For the achievable cooling power in 
relation to the theoretical maximum cooling power of the alloy Q̇des, an efficiency of 81 % is assumed in this study, 
which has been reported by Weckerle et al. [54]. As this efficiency is linked to the half-cycle duration of the alternating 
operation, the half-cycle time cannot be arbitrarily reduced to decrease the necessary amount of MH. To estimate the 
required mass of the MH for the heat pump operation, the specific cooling power of 276 W/kgMH, which was achieved 
by Weckerle et al. [21], is scaled by the desorption enthalpy of the applied MH alloys. As they used Hydralloy C2 
material with a desorption enthalpy of 21.9 kJ/molH2, a specific cooling power of 426 W/kgMH is assumed in this study 
for LaNi4.85Al0.15

 with its higher desorption enthalpy of 33.8 kJ/molH2. This specific power is expected to be 
conservative, as the reactor used by Weckerle et al. [21] is not optimized for a low mass, which results in increased 
switching losses [21]. 

For the total mass estimation of an MHR, the passive reactor mass has to be calculated besides the active MH 
mass. In addition to a low mass, also the heat transfer properties of the reactor are crucial to achieve a high mass 
specific power in thermal applications. So far, a mass ratio of passive reactor mass to active MH mass of 0.97 was 
achieved for a lightweight reactor with a high specific thermal power [52]. A simplified ratio of 1 is considered in this 
study as a reasonable approach to estimate passive reactor mass. Thus, the MHR mass is calculated as being twice as 
much as the MH mass. 
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D. Heat Exchanger Sizing Method 
A single-pass counterflow HX is selected in this study for both ease of calculation and its larger heat transfer 

potential compared to other flow arrangements [32]. The HX sizing approach follows the logarithmic mean 
temperature difference sizing of a counterflow HX shown in Eq. (6) with the total heat transfer coefficient U, the heat 
transfer area A and the logarithmic mean temperature difference Δ𝜗  across the HX [61,62]. The product 𝑈𝐴 is later 
used to characterize the heat exchanger size. 

 �̇� = 𝑈𝐴∆𝜗  (6)

The logarithmic mean temperature for a counterflow HX is defined as shown in Eq. (7) with the local temperature 
differences Δ𝜗  and Δ𝜗  at both ends of the HX according to Eq. (8) and Eq. (9) [61–63]. The indices HF and CF 
refer to the associated hot and cold fluids at the in- and outlet of the HX. In this specific application, the hot fluid is 
the heat transfer fluid (HTF) and the cold fluid is the ambient air flowing through the HX. 

 ∆𝜗 =
∆𝜗 − ∆𝜗

ln
∆𝜗
∆𝜗

 (7)

 Δ𝜗 = 𝑇 , − 𝑇 ,  (8)

 Δ𝜗 = 𝑇 , − 𝑇 ,  (9)

To determine the required temperature inputs for the HX sizing of the different concepts, the HX heat flow as well 
as HTF inlet and outlet temperatures are required for the individual concepts. As those values differ between the 
investigated concepts, Table 2 provides a summary of the required equations (Eqs. 10 - 13). The use of the MHR as a 
heat sink according to concept 1 provides two different modelling options depending on whether the fluid enters the 
HX first and the MHR afterwards as shown in Fig. 5 or vice versa. When the HTF enters the MHR first, the temperature 
reduction by the MHR would lead to a lower temperature difference to the ambient air in the HX. This leads to lower 
potential savings in the size of the HX. Therefore, concept 1 is based on the setup, where the HTF flows firstly through 
the HX and secondly through the MHR. 

Table 2 Heat exchanger sizing parameter comparison for reference topology and concepts. 

Parameter Reference Concept 1 Concept 2  

�̇�𝐇𝐗 = �̇�  �̇� −  �̇�  �̇� − �̇� − �̇�  (10a-c) 

𝚫𝑻𝐌𝐇𝐑 = 0 
�̇�

𝑐 , ∙ �̇�
 

�̇�

𝑐 , ∙ �̇�
 (11a-c) 

𝑻𝐇𝐅,𝐢𝐧 = 𝑇  𝑇  𝑇 − Δ𝑇  (12a-c) 

𝑻𝐇𝐅,𝐨𝐮𝐭 = 𝑇 − Δ𝑇  𝑇 − Δ𝑇 + Δ𝑇  𝑇 , −  
�̇�

𝑐 , ∙ �̇�
 (13a-c) 

Note: �̇� > 0 and �̇� < 0, which leads to Δ𝑇 > 0 for concept 1 and Δ𝑇 < 0 for concept 2 
 
The calculation of the temperature difference ΔTMHR, which describes the increase or decrease of the HTF 

temperature due to the MHR, requires knowledge of the available HTF mass flow ṁHF. The heat transfer equation as 
shown in Eq. (14) establishes a general relationship between the heat flow Q̇, mass flow ṁ, specific heat capacity cp 
and temperature difference ΔT for heat pickup [62]. 

 �̇� = �̇�𝑐 ∆𝑇 (14)
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The HTF mass flow is determined for exemplary FC operating conditions. The operating temperature TFC is set to 
82 °C with a HTF temperature difference for heat pick-up of ΔTHF = 10 K. The latter has been selected to limit the 
fuel cell temperature gradient, which can cause cell material degradation [64]. The specific heat capacity of the HTF 
is assumed with 3500 J/kgK, which is within the range of established LT-PEMFC coolants [65]. 

For the considered design point of sea level static maximum take-off condition, the air inlet temperature to the HX 
TCF,in is varied according to the static ambient temperature requirements from Table 1. The air outlet temperature is 
set via the constant offset ΔToffset = 10 K to the hot fluid inlet temperature of the HX THF,in as shown in Eq. (15). Such 
temperature offset assumption for the temperature difference between both fluids is required to limit the heat transfer 
surface area to prevent unreasonable results. 

 𝑇 , = 𝑇 , − Δ𝑇 = 𝑇 , − 10 K (15)

All assessments for the heat sink operation of concept 1 and the heat pump operation of concept 2, are compared 
to a corresponding reference HX according to Fig. 4. This is initially based on a relative comparison of the achieved 
reduction in HX size UA to the reference system UAref as shown in Eq. (16) and Eq. (17). 

 
Δ𝑈𝐴

𝑈𝐴
=

𝑈𝐴 − 𝑈𝐴 

𝑈𝐴
 (16)

 
Δ𝑈𝐴

𝑈𝐴
=

�̇�  ∆𝜗 ,

�̇� ,  ∆𝜗
− 1 (17)

Within literature, there are several HX sizing calculations available for electric propulsion 
architectures [6,30,31,66]. Evaluating those calculations, the heat flow over the HX is correlated to the predicted HX 
mass. This introduces the specific heat rejection as a describing parameter. Calculated values for the specific heat 
rejection range from 1 kW/kg to 6 kW/kg or even 10 kW/kg. Within the provided calculations, a specific heat rejection 
value of 5 kW/kg is assumed reasonable for the mass estimation of the HX. 

V. Results 
In this section, specific topologies are developed for integrating the MHR into the FC powertrain for both concepts. 

Subsequently, the sizing of the TMS of those topologies as well as of the reference case is carried out. 

A. Powertrain Topology Design of the Two Concepts 
As described in section II, the gravimetric hydrogen storage density of MHs is too low to serve as a primary 

hydrogen storage system for aircrafts. However, the combination of a CgH2 storage tank with an MHR can be 
beneficial, as the MH can convert the potential energy of the compressed hydrogen to thermal energy. A suitable setup 
of an MHR coupled to the CgH2 storage as the FC’s hydrogen supply and to the FC’s TMS is proposed in Fig. 7. 

 

Fig. 7 Simplified topology scheme of an FC powertrain coupled with a single MHR reactor for heat storage 
according to concept 1. 

The valves allow to couple or decouple the MHR with the hydrogen line and the TMS. This topology enables the 
heat sink operation of the MHR according to concept 1. The hot HTF from the FC may enter the MHR first and flow 
through the HX afterwards as realized in various studies [39,42–46]. Nevertheless, to minimize the size of the HX, it 
is reasonable to provide the maximum temperate difference to the ambient air for the HX by guiding the HTF through 
the HX first and afterwards into the MHR as shown in Fig. 8 a). As the absorption of heat by the MH takes place 
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during desorption of hydrogen, the MHR is connected to the FC’s hydrogen inlet. To maximize the cooling power, no 
hydrogen is supplied by the CgH2 tank so that the MHR releases the total hydrogen mass flow to operate the FC. The 
waste heat Q̇FC is transferred to the HTF. Some share of this heat is rejected in the HX (Q̇HX), while the residual amount 
is absorbed by the MHR (Q̇des). 

 

Fig. 8 Operation modes of the FC powertrain topology according to concept 1: 
a) MHR assists the cooling of the FC, b) Regeneration of the MHR. 

After conversion of the complete hydrogen capacity of the MH, the material has to be regenerated by absorbing 
hydrogen as illustrated in Fig. 8 b). As this is an exothermic reaction and heat is generated, the regeneration should be 
performed during a low power demand operation of the FC. Moreover, such system can also be used to preheat the 
FC during a cold start scenario as already proposed by Kazula et al. [34] and by Bürger et al. [52]. 

For implementation of the two MHRs operating as a heat pump according to concept 2, the topology illustrated in 
Fig. 9 is proposed. Compared to the topology from Fig. 7, the topology from Fig. 9 adds a second MHR, which is 
embedded into the hydrogen line as well as into the TMS in parallel with the first reactor. 

 

Fig. 9 Simplified scheme of an FC powertrain coupled with two MHRs for alternating heat pump operation 
according to concept 2. 

The operation of both MHRs is alternating. While one MHR is suppling hydrogen to the FC, the other one 
regenerates by absorbing hydrogen from the CgH2 tank. After complete conversion of the hydrogen capacity of the 
MH, the first half-cycle is finished. In the second half-cycle, the operating conditions are swapped between the two 
MHRs. One of the half-cycles of this alternating operation is shown in Fig. 10. While MHR 1 is regenerating by 
absorbing hydrogen from the CgH2 tank, it increases the temperature level of the HTF before it enters the HX. After 
the HTF has passed the HX, MHR 2 is roughly removing the same amount of heat, which was added by MHR 1. To 
achieve this heat uptake, MHR 2 desorbs hydrogen and supplies it to the FC. The HX benefits from the elevated 
temperature level, as it increases the temperature difference to the ambient air. 
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Fig. 10 Half-cycle of the alternating operation of the FC powertrain topology according to concept 2. 

B. Sizing Results 
The potential of the MH to enhance the TMS of an FC powertrain is assessed for an exemplary twin engine general 

aviation aircraft with four seats. An overall engine power of 250 kW is chosen for the calculation, which corresponds 
to the performance of Diamond Aircraft’s DA42 [67]. Table 3 shows the resulting cooling load of the FC as well as 
the corresponding thermal powers of the MHRs and the HX. 

Table 3 Theoretical thermal powers of concept 1 and 2 using LaNi4.85Al0.15
 -filled reactors 

for a 250 kW FC for various FC efficiencies. 

Parameter Value      

FC efficiency ηFC 40.0 % 50.0 % 60.0 % 

FC cooling load Q̇FC 375.0 kW 250.0 kW 166.7 kW 

Concept 1: 
MHR heat sink cooling power Q̇des 
MHR’s share on cooling load Q̇des/Q̇FC 

HX’s heat reject thermal power Q̇HX 

 
87.4 
23.3 

287.6 

 
kW 
% 
kW 

 
69.9 
28.0 

180.1 

 
kW 
% 
kW 

 
58.3 
35.0 

108.4 

 
kW 
% 
kW 

Concept 2: 
MHR’s absorption half-cycle heating power Q̇abs 
MHR’s desorption half-cycle cooling power Q̇des 

 
- 64.9 

70.8 

 
kW 
kW 

 
- 51.9 

56.6 

 
kW 
kW 

 
- 43.3 

47.2 

 
kW 
kW 

 
These thermal powers are used for the computation of the HTF temperatures and the sizing of the HX according 

to chapter IV section D. The results of the relative reduction of the HX size ΔUA/UAref are shown in Fig. 11. It has to 
be noted, that these relative results of the HX size are independent of the overall power level and are therefore also 
valid for larger planes like commuter or regional aircrafts. 

a)       b)  

Fig. 11 Relative reduction of the heat exchanger size ΔUA/UAref for a) Concept 1 and b) Concept 2. 

Concept 1 in Fig. 11 a) offers a higher potential for HX size reduction compared to concept 2 in Fig. 11 b) as the 
HX has to reject less heat of the overall cooling load. As Q̇abs and Q̇des are nearly the same size in concept 2, the 
residual amount of heat, that has to be rejected by the HX, changes only insignificantly compared to the reference 
case. Nevertheless, concept 2 with its benefit of increasing the temperature difference to the ambient air generates also 
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considerable HX size reduction potential, especially for higher ambient temperatures as the HX becomes less effective. 
Both concepts show generally higher potential for more efficient FCs. 

While concept 2 is able to operate quasi-continuously, concept 1 achieves its potential only for limited operating 
duration. Due to the maximum hydrogen capacity of the MH, the mass increases with longer target operating durations 
as illustrated in Fig. 12 a). As the cooling power is limited by the maximum hydrogen consumption of the FC, this 
MHR mass increase of concept 1 leads to a decreasing specific cooling power of the MHR for longer operating 
durations according to in Fig. 12 b). Nevertheless, the specific cooling power of concept 1 is too low even for short 
target operating durations when being compared to the specific power of the HX of 5 kW/kg as described in chapter 
IV. Although concept 2 enables quasi-continuous operation and its mass is not increasing with operating duration, its 
generally low specific power presented in chapter IV section C results in a high total MHR mass of 266 kg for an FC 
efficiency of 50 %, when such a system is sized to operate with the take-off hydrogen mass flow. 

a)    b)  
Fig. 12 Influence of the target operating duration: a) Total mass of the MHRs of concept 1 and concept 2 

for an FC with 250 kW b) Specific cooling power of the MHR of concept 1. 
 
As a trade-off, a system according to concept 2 can also operate as a heat sink during take-off by desorbing 

hydrogen from one or both of the MHRs. When desorbing only one MHR, the system can switch to heat pump 
operation as soon as this MHR is emptied. When desorbing both MHRs, the duration of the heat sink operation is 
twice as long but one of the MHRs has to be regenerated by absorbing hydrogen before being able to switch to heat 
pump operation. Such an approach can be reasonable if the aircraft is equipped with two different HXs, consisting of 
one temporary HX, only used during take-off, and another permanent HX, used during the whole flight mission. The 
air duct of the temporary HX will be closed during cruise to reduce drag. In such an aircraft as shown in Fig. 13 b), 
the MHRs will be sized to operate as a heat pump during cruise with its lower hydrogen mass flow. Thereby, the size 
of the permanent HX can be reduced in the range of Fig. 11 b) to further decrease drag. During take-off, both MHRs 
will desorb hydrogen in parallel to cope with the higher hydrogen mass flow requirement and to enable the maximum 
possible cooling power as illustrated in Fig. 13 a). Thereby, also the size of the temporary HX can be reduced, so that 
the overall reduction of HX size is in the range of Fig. 11 a). Before the air duct of the temporary HX is closed, its 
heat rejection capacity is used to regenerate one of the MHRs, so the system is able to switch to heat pump operation. 
The total MHR mass of such system sized to a cruise condition hydrogen mass flow with typically 60 % of take-off 
power is 145 kg for an FC with 50 % efficiency [68]. This system would be able to operate as a heat sink for above 
3 minutes. The relative reduction of the total HX size for take-off conditions at an ambient temperature of 38 °C is 
31 % according to Fig. 11 a). For a specific power of the HX of 5 kW/kg as described in chapter IV, this results in 
absolute HX mass reduction from 50 kg for the 250 kW reference HX to 36 kg for the 180.1 kW HX according to 
concept 1 in Table 3. This absolute HX mass reduction of 14 kg cannot compensate the mass of 145 kg of the MHRs, 
which leads to an overall mass increase of 131 kg. 

To partly compensate this weight penalty, the MHR could fulfill further functions besides the TMS enhancement. 
Due to the quasi-continuous, alternating operation, half of the MH’s hydrogen capacity is always occupied during heat 
pump operation. In case of a failure of the primary CgH2 storage, the MHR can serve as a hydrogen emergency supply. 
For the proposed system of 145 kg total MHR mass, the MH could provide hydrogen for nearly 3 minutes under cruise 
flight conditions. However, an additional mass of 131 kg is assumed to be too high for an aircraft like the DA42, 
which exhibits a MTOW of roughly 2 000 kg and a payload of below 600 kg [67]. 

Since the relative results from Fig. 11 are applicable for larger commuter or regional aircrafts, the absolute mass 
values may be influenced by scaling effects. While a scalability of the heat exchanging elements inside the MHR and 
the HX seems reasonable, mass savings at the outer body are expected for larger systems [20]. Nevertheless, a linear 
scaling of the absolute values of the exemplary general aviation aircraft may be used as a first approach to estimate 
the absolute MHR and HX masses for commuter or regional aircrafts. 
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Fig. 13 : Exemplary aircraft with two HXs and MHRs: a) Take-off condition with both HXs in operation 

and both MHRs as heat sink, b) Cruise condition with only one HX in operation and MHRs as heat pump. 

VI. Conclusion 
In this study, two concepts of implementing an MHR to enhance the TMS of an FC powertrain were developed. 

In concept 1, the MHR operates as a heat sink and absorbs some share of the FC’s waste heat. In concept 2, a set of 
two alternating MHRs operate as a heat pump to elevate the temperature of the HTF to increase the heat rejection 
temperature difference to the ambient air. Subsequently, specific topologies were developed for both concepts to 
integrate the MHRs into an FC powertrain. Finally, a sizing of the MHR and the HX was performed for various 
ambient temperature levels. 

If the maximum heat rejection during take-off and climb determines the HX size, the implementation of an MHR 
as a heat sink can lead to a 39 % reduction of the HX dimensions. However, such an application as a heat sink is only 
recommended as a short-time cooling booster, as the specific cooling power of the MHR decreases with increasing 
operating duration. The implementation of an MHR as a heat pump is not limited in operating duration. Such system 
can achieve an 8 % reduction of the HX dimensions. 

However, the reduction of HX mass cannot compensate the additional mass of the MHR. To minimize the impact 
of the additional weight caused by an MH system, the integration of further functions to MHRs, like their potential to 
store hydrogen for emergency cases, should be considered in future studies. In addition, the potential of a reduced fuel 
consumption due to the lower drag of the TMS of the aircraft should be investigated. This way, MHRs could become 
an enabling technology for hydrogen FC-powered propulsion systems in aviation. 
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