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1. Introduction

Due to the increasing importance of hydro-
gen as an energy carrier in the transition to
fully renewable energy systems, alternative
technologies to the expensive storage and
transportation of pure elemental hydrogen
are required. The liquid organic hydrogen
carrier (LOHC) technology represents a
promising method for the chemical storage
of hydrogen and can make use of the exist-
ing energy infrastructure for liquid fuels.
Hydrogen storage in the LOHC system
proceeds via the reversible hydrogenation
and dehydrogenation of organic molecules
in repeatedly applied storage cycles without
emitting CO2.

[1] One prominent LOHC
system is based on the dibenzyltoluene
(H0-DBT)/perhydro-dibenzyltoluene (H18-
DBT) couple: H0-DBT acts as a hydrogen-
lean carrier. In an exothermic catalytic
hydrogenation step, H0-DBT is loaded with

hydrogen and forms the hydrogen-rich carrier H18-DBT. This
compound can release hydrogen in an endothermic catalytic dehy-
drogenation reaction. The released hydrogen can then be used
directly in a fuel cell. The major advantages of the LOHC technol-
ogy are hydrogen storage and transport in a liquid state with very
high volumetric and comparatively high gravimetric energy den-
sities under ambient conditions.

In general, it would be advantageous to combine the dehydro-
genation and the fuel cell reaction in a single process step, i.e., to
use the hydrogen-rich LOHC compound directly as fuel for a fuel
cell. However, direct electrification of H18-DBT in fuel cells, has
not been realized at an attractive performance level so far.[2]

Instead, it has been found that secondary alcohols, such as
2-propanol, are attractive fuels for direct electrification.[3] Most
interestingly, the dehydrogenation of 2-propanol in a proton
exchange membrane (PEM) fuel cell setup stops at acetone
and no CO2 is formed.[4] The resulting acetone can be recharged
with hydrogen via catalytic hydrogenation[5] or transfer hydro-
genation.[6] Sievi et al. demonstrated that transfer hydrogenation
from H18-DBT to 2-propanol can be highly energy efficient
(>50%). The hydrogen-rich H18-DBT releases hydrogen in con-
tact with acetone, producing 2-propanol and the hydrogen-lean
H0-DBT. By feeding the fuel cell with 2-propanol, acetone is
formed, which in turn can be converted back into 2-propanol
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2-Propanol/acetone is a promising liquid organic hydrogen carrier system for fuel
cell reactions. Herein, six different concepts for a 2-propanol/acetone fuel cell
system are evaluated in MATLAB simulation with respect to their thermodynamic
integration and technical feasibility. Four of the concepts use a direct 2-propanol
fuel cell while the other two first release molecular hydrogen from 2-propanol and
subsequently use a hydrogen fuel cell. The presented liquid phase 2-propanol fuel
cell concept is thermodynamically feasible but cannot be realized technically
using commercial Nafion membranes, due to membrane dissolution by the
2-propanol/acetone/water fuel mixture. Gaseous 2-propanol fuel cells imply a high
heating requirement for the evaporation of the fuel. A direct high-temperature fuel
cell using 2-propanol is thermodynamically feasible because there is less water in
the overall system but is not technically feasible because of the esterification of
phosphoric acid. A very interesting option is the conversion of gaseous 2-propanol
to pressurized hydrogen in an electrochemical pumping step followed by a
hydrogen fuel cell, because here the waste heat of a sufficiently hot hydrogen fuel
cell can drive the 2-propanol evaporation.
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through contact with the hydrogen-rich H18-DBT. Besides the
main product acetone, hardly any side products, such as CO
or CO2 could be detected, since the C–C bond is not cleaved
in the electrochemical oxidation of isopropanol to acetone.[4]

Fortunately, the heat level of the endothermic H18-DBT dehydro-
genation corresponds approximately to the heat level of the exo-
thermic acetone hydrogenation. Thus, no additional heat sources
are required for the transfer hydrogenation.

With this approach of transfer hydrogenation as a thermo-
neutral transformation, the combination of a transport-
optimized LOHC with high energy density (H18-DBT/H0-DBT)
and a fuel-cell-optimized LOHC with high-power density
(2-propanol/acetone) is enabled. Encouraged by these results,
Hauenstein et al. developed 2-propanol fuel cells with high-
power densities (up to 254mW cm�2).[7] Furthermore, optimal
configurations of the membrane electrode assembly were
identified.[8] However, no balance of plant (BOP) of a
2-propanol/acetone fuel cell system has been considered so far.

There are three different types of fuel cells available for
2-propanol electrification, which are at different levels concern-
ing their technological development: 1) Low-temperature
polymer electrolyte membrane fuel cells (LT-PEMFC) are
operated in the temperature range between 60 and 90 °C. Due
to the use of perfluorinated sulfonic acid (PFSA) ionomers,
e.g., Nafion, as solid electrolyte, LT-PEMFCs require a high
degree of hydration and show a significantly reduced perfor-
mance above 100 °C.[9] Commercially available Nafion-type
perfluorosulfonic acid (PFSA)-based membranes are commonly
used in fuel cell applications.[10] LT-PEMFCs are currently the
fuel cell types that are at the highest stage of development
and are increasingly used in commercial automotive applica-
tions. 2) High-temperature PEM fuel cells (HT-PEMFC) use
phosphoric acid (PA)-doped membranes based on polybenzimi-
dazole (PBI).[9] These membranes feature a different conduction
mechanism compared to PFSA-type membranes that allow for
effective fuel cell operation in a temperature range between
140 and 180 °C under anhydrous conditions.[11] This means that
the membrane does not need to be humidified for proton con-
duction. In addition, this type of fuel cell provides thermal energy
at a comparatively high-temperature level, which is advantageous
for heat recovery in a BOP. Currently, this fuel cell type is mainly
considered for stationary applications. 3) For the medium
temperature range between LT-PEMFC and HT-PEMFC, i.e.,
the temperature range between 100 and 140 °C, middle-
temperature fuel cells (MT-PEMFC) operating with PFSA-based
composite membranes are discussed.[12–15] These composite
membranes contain, for example, hydrophilic particles, to
facilitate the water management of the membrane at relatively
low humidity. It is fair to say, however, that at the current state
of development the power density of these MT-PEMFC systems
is low due to the decrease in PFSA conductivity at elevated
temperatures.

In this study, the balance of plants for 2-propanol electrifica-
tion is analyzed and different process configurations are
compared. Note, that this comparison considers only the electri-
fication of 2-propanol and does not take into account possible
heat integration options that arise from the combination with
a potential transfer hydrogenation process. 2-propanol itself rep-
resents the hydrogen-rich compound of the 2-propanol/acetone

LOHC couple. It is characterized by a hydrogen storage capacity
of 3.33mass% (864Wh L�1), an excellent technical availability,
and a very attractive ecotoxicological profile.

In total, six different setups are considered: Four different
temperature scenarios deal with the comparison of liquid and
gaseous 2-propanol feeding and use a fuel cell operating with
2-propanol as fuel (one-step scenario). Two additional scenarios
consider the thermal and electrochemical dehydrogenation of
2-propanol and the resulting hydrogen is used in a hydrogen fuel
cell to generate electricity (two-step scenario), see Figure 1.

We evaluate two key characteristics of the different scenarios:
The first characteristic is the thermodynamic integration capabil-
ity of the different systems. On the basis of reasonable heat trans-
fer calculations, it is evaluated whether a reasonable net energy
may be generated in the one- or two-step scenarios. Second, the
technical feasibility is considered based on the state of the art of
the different scenarios. Based on these two characteristics, we are
able to derive the roadmap which is currently most suitable to a
technically relevant configuration of a 2-propanol/acetone fuel
cell system. Likewise, the most important necessary improve-
ments and developments concerningmaterial for future research
can be derived.

In Figure 1, the assessment of both thermal integration and
technical feasibility is categorized in the form of a red/ orange/
green color code. Red indicates the presence of aspects that are
certain to lead to unfeasibility, e.g., chemical behaviors or
material problems at the current status. From a thermodynamic
perspective this means concretely that either the energy balance
of the fuel cell is negative and/or the whole system is not sus-
tainable which would require an external heat source. Yellow
markers show that there are some challenges that could be solved
in the future. There are already technical improvements that are
leading in the right direction but there are still some steps miss-
ing to categorize under feasibility. Thermodynamic feasibility
cannot be categorized yellow. The green color indicates feasibility
based on the simulations carried out in this article, which means
a sustainable system, and the state-of-the-art described in the lit-
erature. All scenarios are discussed in detail in Section 3. Table 1
shows all modeling assumptions for the operation and fuel cell
parameters for each concept.

2. Methodology and Boundary Conditions

To compare different technical concepts, boundary conditions
have to be set. These are based on certain assumptions whose
validity is discussed in the following. The general boundary con-
ditions are described in the following section and summarized in
Table 1. Since we analyze experimental data in a range over
200 K, we assume that fluid properties are constant in this range.

The first boundary condition for all concepts is that the system
runs in a steady-state operation. Furthermore, we assume that
the system delivers a net electrical power of 250W. This condi-
tion is derived from the idea of using a 2-propanol electrification
process to power a small electric vehicle.[16]

For the peripheral devices of the power system, such as
fans, pumps, and controllers, we assume a power requirement
of 200W independently from the selected concept.
Consequently, the overall system must provide at least a power
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Table 1. Modelling assumptions of operation and fuel cell parameters for each concept.

Feed anode Feed cathode
(stoichiometry)

Exhaust cathode
(relative humidity RH)

(fuel)
utilization

System
pressure

Fuel cell
efficiency

Drag
coefficient

Direct-LT-PEMFC,
liquid

2 M aqueous 2-
propanol solution

Air,
No humidification

2.5

100% RH of the air 0.3 Ambient 0.5 4

Direct-LT-PEMFC,
gaseous

87% 2-propanol,
13% water, evaporated

Humidified
air 100% RH

2.5

100% RH of the air 0.55 Ambient 0.5 4

Direct-MT-PEMFC,
gaseous

87% 2-propanol,
13% water, evaporated

100% RH of
air at 99 °C
At target

temperature
120 °C: RH 51%

2.5

All water that exists
on the cathode side is
carried out by gaseous

0.55 Ambient 0.5� 0.75¼ 0.375
with less humidity

at 120 °C
Power density

reduces

4

Direct-HT-PEMFC,
gaseous

Pure 2- propanol,
evaporated

Air, No
humidification

2.5

All water that exists
on the cathode side
is carried out by

gaseous

0.55 Ambient 0.5 –

Dehydrogenation þ
hydrogen HT-PEMFC

Pure 2- propanol,
evaporated

Air, No
humidification

2.5

All water that exists
on the cathode side
is carried out by

gaseous

0.95
Recirculation

ambient 0.6 –

Electrochemical
conversionþ
hydrogen HT-PEMFC

EHC: 2-propanol,
evaporated

FC: H2, 1.5 bar

Air, No
humidification
of fuel cell,

2.5

EHC: humidified H2

FC: all water carried out
EHC: 0.8
FC: 0.95,

recirculation

1.5 bar 0.6 –

Figure 1. Overview of thermodynamic and technical feasibility of all scenarios.
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of 450W. It should be noted that the selected system perfor-
mance is relatively low and the ratio of peripheral demand to total
power is comparatively high. We assume that this ratio will be
much lower in upscaling scenarios, which makes our approach
rather conservative. However, as we will see, the main results of
this study are relatively independent of system performance.

The system efficiency ηsystem is defined by the ratio of the net
electrical power Pnet and the chemical energy of the reacting fuel
mass flow Pchem

ηsystem ¼ Pelectric � Pperiphery

Pchem
¼ Pnet

Pchem
(1)

All systems considered here are open systems with respect to
the 2-propanol feeding and acetone removal. Therefore, it makes
more sense to define the system efficiency as a function of the
mass flow of the reacting fuel and not of the fuel fed to the system
as defined earlier. The 2-propanol stream is conditioned and
introduced into the cell. The utilization of 2-propanol depends
on the scenario but never reaches 100%. This means that there
is still some residual 2-propanol in the exhaust stream of the cell.
Thermodynamically, it would be attractive in any case to
recirculate the heated (and humidified) exhaust gas stream.
The influence of recirculation on the final result was found to
be quite large.

In contrast, recirculation also increases the acetone content in
the feed. Since no data was available on how the acetone content
affects the utilization of the 2-propanol and the power density of
the fuel cell, we decided not to consider recirculation any further
in this study. At the same time, we think that using recirculation
has great potential for the improvement of direct 2-propanol fuel
cell concepts.

The ambient conditions were set to 15 °C, 30% relative air
humidity (RH), and 1013.25mbar air pressure. Air temperature
and humidity have an impact on the overall performance of the
system, as heating and humidifying the supply streams require
energy. However, for a concept overview, these ambient condi-
tions seem to be representative to analyze the advantages and
disadvantages of the different concepts.

To compare the systems, our considerations and boundary
conditions were implemented in a MATLAB/Simulink model.
This model describes the enthalpy and mass flows as well as
the heat transfer and energy conversion in the respective fuel cell
system. The fuel cell system consists of the following subsys-
tems: fuel cell, heat exchangers, humidifiers, and compressor/
expander.

In the following, we will introduce the general thermodynamic
modeling of these subsystems.

2.1. Fuel Cell

To describe the fuel cell subsystem, we apply the first law of
thermodynamics by treating the specific heat and evaporation
enthalpies of each inlet and outlet stream separately from their
chemical potential, see Equation (2). The chemical potential
refers only to the reaction enthalpy of the 2-propanol/acetone
system or of the pure hydrogen when considering a hydrogen
fuel cell, which is described in Equation (3) and (4). The associ-
ated boundary conditions were taken into account.[17]

Q̇ þ Pelectric ¼ ṁanode,in � hanode,in þ ṁcathode,in � hcathode,in

þ ΔḢR � ṁanode,out � hanode,out � ṁcathode,out � hcathode,out
(2)

(3)

2H2 þ O2 ! 2H2O Δhr ¼ �286 kJ
mol ðlÞ

Δhr ¼ �242 kJ
mol ðgÞ

(4)

2.1.1. Energy and Mass Balance

In a fuel cell, the chemical energy flow ΔḢR is converted into
electrical power Pelectric and a heat flow. Part of the heat is trans-
ported out of the system by the outlet gases on the cathode and
anode side and contributes to their specific enthalpy hout. The
residual heat Q̇ is dissipated by the cooling system Q̇cooling system.
In addition, a small part is lost due to non-ideal insulation Q̇

heat loss
.

Consequently, Q̇ can be written as

Q̇ ¼ Q̇cooling system þ Q̇heat loss (5)

The loss due to the nonideal insulation Q̇heat loss was assumed
to be 5% of the heat generated due to the electrochemical
reaction.[18]

Q̇heat loss ¼ 0, 05� ΔḢR � ð1� ηfuel cellÞ (6)

The electric power Pelectric depends on the mass flow of the
fuel ṁr participating in the reaction, the specific enthalpy of
reaction hr, and the fuel cell efficiency ηfuel cell, the latter having
been assumed based on literature values and not further split up
into different contributions.[17]

Pelectric ¼ ΔḢR � ηfuel cell ¼ ṁr � hr � ηfuel cell (7)

It has already been mentioned in the previous section that the
utilization of the fuel is scenario-dependent. Therefore, the
required fuel feed ṁfuel,in for the fuel cell was calculated based
on the utilization Xfuel and the electric power demand.

ṁfuel, in ¼ ṁr

X fuel
¼ Pelectric

X fuel⋅hr⋅ηfuel cell
(8)

For the electrochemical reaction, the unconverted mass flow is
irrelevant, but it must be kept in mind that the excess fuel
ṁex¼ ṁfuel,in� ṁr must also be heated up or evaporated without
recirculation. If this heat cannot be recovered, this has a negative
effect on the efficiency of the system. From a thermodynamic
point of view, high utilization is, therefore, desirable—just as it
is from the point of view of overall system efficiency. This is
the reason why the definition of the recirculation rate as well
as the utilization affects the results of this study. Consequently,
it is of great importance to select realistic values. For fuel utiliza-
tion, this was possible because experimental data is available for
the state of the art of membrane–electrode–assembly materials.

When considering the energy and mass balance, a crossover is
neglected since it does not matter if the fuel is leaving the cell at
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the anode or cathode side. This means all the fuel that does not
participate in the reaction leaves the cell through the anode outlet
and no nitrogen or oxygen is present on the anode side.

The mass flow of the cathode inlet ṁcathode,in or rather the
mass flow of air is directly proportional to the mass flow of
the fuel taking part in the reaction and depends on the chemical
equation. Taking a stoichiometric factor into account, the mass
flow rate of the air can be determined. In the literature, a stoi-
chiometric factor of 2.5 is typically used for the feed streams.[15]

This value was also assumed for the simulation in the context of
this study. We will see that a small stoichiometric factor is always
advantageous from a thermodynamic point of view. At the
cathode, the mass flow rate of the air outlet is equal to that of
the air inlet minus the oxygen consumed in the reaction.

The cathode inlet and outlet streams are treated as humid air.
The specific enthalpy of humid air h1þx is the heat content of the
air–water vapor mixture, related to the mass of dry air. The
enthalpy of humid air is defined based on the specific heat capac-
ity of dry air cp,l, the temperature T, the water content X, the
enthalpy of evaporation of the water hv, and the specific heat
capacity of the water vapor cp,w.

[19] If the air is saturated and
liquid water is present, the third part of the formula with the
water content in the saturation state Xs and the specific heat
capacity of liquid water cp,f must be taken into account.[20]

hcathode ¼ h1þx ¼ cp,l � T þ X s � ðhv þ cp,w � TÞ
þ ðX � X sÞ � cp,f � T

(9)

Consequently, the specific enthalpy of the cathode inlet and
outlet streams hcathode,in and hcathode,out can be calculated based
on their temperature and water content according to
Equation (9). The water content X depends on partial pressure
pw and total pressure p (Equation (10)).

X ¼ 0.622� pw
p� pw

(10)

The partial pressure can be calculated from the relative humid-
ity ϕ and the saturation pressure ps(T ).

[21]

pw ¼ psðTÞ � φ (11)

With higher total pressure at constant temperature and con-
stant mixing ratio, the partial pressure and the relative humidity
increase.

For temperatures above 100 °C, the enthalpy of the air leaving
the fuel cell is calculated, considering dry air and water as two
separate mass flows

Ḣair, out ¼ ṁair � cp,l � T þ ṁwater � ðcp,w þ hvÞ � T (12)

The mass flow of water ṁwater is determined by the water bal-
ance, assuming a balance of zero, which means that no water
accumulates in the fuel cell. The water balance is described in
detail in the next section.

The specific enthalpies for the anode streams were calculated
analogously to the cathode side, but using the fluid properties of
the respective carrier medium: 2-propanol, acetone, or hydrogen.

2.1.2. Water Balance

Water plays a significant role in a polymer electrolyte membrane
fuel cell because it increases the conductivity of the protons
through the membrane. In contrast, too much water can flood
the fuel cell and cause a decrease in power. For this reason, it
is necessary to control the water balance in the fuel cell.[22] As
a look at the simulation results reveals, the amount of water
is also important from a thermodynamic point of view.
Compared to 2-propanol, water has 3.7 times the enthalpy of
evaporation (per mass). Therefore, it has a significant influence
on the energy balance of the fuel cell. Figure 2 shows the water
balance in our fuel cell model.

Water is introduced into the cell via the air on the cathode side
and, depending on the operating scenario of the fuel cell,
additionally on the anode side. The water on the cathode side
is equal to the water content of the air. The amount of water
on the anode side depends on the solution or gas mixture fed
into the cell. The water that is produced during the reaction also
accumulates in the cathode. During the transport of the protons
through the membrane, water molecules are dragged from the
anode to the cathode.[10] The electro-osmotic drag coefficient ndrag
indicates, how many water molecules nH2O are moved by one
hydrogen proton Hþ.

ndrag ¼
nH2O

Hþ (13)

In this study, the drag coefficient is assumed to be constant
with a value of 4.[10]

Due to the concentration gradient of water in a fuel cell, water
diffuses back to the anode. Since the fuel was mixed with water,
the concentration gradient is very small, and back diffusion thus
was neglected in this work. The water at the cathode outlet can be
determined under the condition that no water accumulates in the
cell. In low-temperature fuel cells, the amount of water at the
cathode outlet is limited by the saturation of the air. It is assumed
that the air carries as much water as it can absorb, i.e., a relative
humidity of 100%.

2.2. Heat Exchanger

To design a thermodynamically efficient system, thermal
management is the key. Therefore, heat exchangers must be
used to recover waste heat from the fuel cell outlet streams to

Figure 2. Water balance of our fuel cell model.
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heat and evaporate the inlet streams. Two heat sources are
available: the cooling circuit and the exhaust gases.

To evaluate whether heat exchange is possible in different
scenarios, three crucial system constraints were defined. If all
these conditions are met, a technical realization of the heat
exchanger should be possible.

First, there must be a sufficient heat flow Q̇ between the
warmer fluid 2 and the colder fluid 1 to reach the temperature
needed for the outlet of fluid 1 (Figure 3).

This leads to the following condition

Ḣoutlet,fluid1 � Ḣinlet,fluid1 <
ðḢinlet,fluid2 � Ḣoutlet;fluid2Þ � ηheat exchanger

(14)

Since the heat transfer in a heat exchanger is not ideal, an
efficiency of the heat exchanger ηheat exchanger of about 90%
was assumed, based on realistic values for counter-flow heat
exchangers from the literature.[23] This means that the heat
released from fluid 2 must be higher than the heat required
for heating or evaporating fluid 1. The total heat flow Q̇ between
the hot and the cold fluid can be expressed considering the
enthalpy flows Ḣ. These are functions of the mass flow ṁ,
the specific heat capacity of the fluid cp,fluid, and the temperature
difference ΔT, which is defined by the inlet and outlet tempera-
ture of the heat exchanger. Due to phase transition, a latent heat
term for the evaporation enthalpy hv,fluid must be added. Thus,
the following equation applies to the enthalpy flow[23]

Ḣfuel ¼ ṁfluid � ðcp,fluid,liquid � ΔT þ hv,fluidÞ (15)

Furthermore, the inlet temperature of fluid 2 always has to be
higher than the outlet temperature of fluid 1 (Figure 4). This
results in Equation (16).

T inlet, fluid2 > Toutlet, fluid1 (16)

Regarding the design of a heat exchanger, the heat flow trans-
ferred in the heat exchanger (considering incompressible fluids
and isobaric conditions) is defined as

Q̇ ¼ k� A� Tm (17)

k is the heat transition coefficient, A is the heat transition
surface area, and Tm is the mean logarithmic temperature
difference.[24]

For the design of a heat exchanger, this equationmeans that the
smaller the temperature difference, the larger the heat transfer
area must become, while the transferable heat flow remains con-
stant since the heat transfer coefficient can hardly be influenced.

For the heat exchanger to remain within an applicable size, the
mean logarithmic temperature difference should not become too
small. Therefore, a value of 5 K was assumed. This results in the
third condition

Tm ¼ ðTexhaust, in � T fuel, outÞ � ðTexhaust, out �T fuel, inÞ
ln Texhaust, in�T fuel, out

Texhaust, out�T fuel, in

� � > 5K (18)

2.3. Humidifier

In PEM-fuel cells, the air must be humidified before entering the
flow field to enable sufficient proton conductivity of the mem-
brane. There are various possibilities for external as well as inter-
nal humidification.[25] However, according to Peng et al.[26] the
operating principle of a membrane humidifier was considered
the most feasible and energy-efficient strategy in the context
of this study. A membrane humidifier basically works like a heat
exchanger, but in addition to heat, it can also transfer water over
the membrane.

Applying this concept to our system requires no external water
supply, as the humid exhaust air can be reused to heat and
humidify the inlet air. The only condition is that enough water
is provided by the cell to humidify the inlet air.

ṁwater, cathode, out > ṁwater, cathode, in (19)

Since the air leaving the fuel cell is warmer than the air
entering it, more water can be transported out of the fuel cell
than into it. The aforementioned condition is, therefore, fulfilled
in all concepts considered in this study.

2.4. Compressor/Expander

Concepts with higher system pressure than ambient require a
compressor and an expander. The temperature and work in these
devices can be calculated according to the polytropic process[20]

T2 ¼
p2
p1

� �κ�1
κ � T1 (20)

w1�2 ¼
κ

κ � 1
� R� T1 �

  
p2
p1

!
κ�1
κ � 1

!
(21)

Figure 3. Heat transfer from fluid 2 to fluid 1 in a counter-flow heat
exchanger.

Figure 4. Temperature profile of a counter-flow heat exchanger.
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The polytropic exponent κ can be assumed to be constant and
is 1.4 for air. p1 and p2 are the pressures and T1 and T2 are the
temperatures before and after compression. w1-2 is the work.

P ¼ w1�2⋅ ṁM
ηcompr

(22)

The electric power requirement depends on the work w1-2, the
mass flow of air ṁ, the molar mass M and the compressor
efficiency ηcompr, which is assumed to be 0.7.[27] An expander
is needed to recover some of the energy when the air is released
into the environment. The expansion can be calculated according
to the compression. The efficiency of the expander is also
assumed to be 0.7.[27]

3. Results and Discussion of Scenarios

In this section, the various process configurations that were
roughly presented in Figure 1 are described in detail. We will
first present the one-step scenarios in which 2-propanol is fed
directly into the fuel cell in either liquid or gaseous form.
After that, the two-step scenarios in which 2-propanol is first
dehydrogenated and then hydrogen is fed into the fuel cell
are discussed. For a quick overview, each configuration is
introduced showing the respective flow and Sankey diagrams.
The flow diagrams contain all components that are relevant
for the MATLAB/Simulink model and show how the process
units are connected. The Sankey diagrams illustrate the energy
flows from one component to another within the respective
systems.

3.1. Direct Fuel Cell

Unless stated otherwise, the fuel cell efficiency was assumed to
be 50%.[28] All direct fuel cell concepts do not contain recircula-
tion of the fuel, as discussed previously. Recirculation could
improve efficiency if a technically reasonable implementation
was possible. Therefore, an open system is considered with
2-propanol input and 2-propanol/acetone mixture output. The
chemical reaction taking part in the direct fuel cell is according
to Equation (3).

3.1.1. Liquid Fuel––LT-PEMFC

The simplest and most straightforward way for a 2-propanol fuel
cell system seems to be the direct feeding of a low-temperature
PEM fuel cell with liquid 2-propanol.

Figure 5 shows the concept. A 2-propanol-water solution is fed
from a tank via heat exchanger 1. In the literature, a 2 M aqueous
solution is recommended as higher 2-propanol concentrations
lead to damage of the MEA with current membrane material.[3]

In heat exchanger 1, the 2-propanol-water solution is heated but
not evaporated. The heat can be recovered from the exhaust gas
stream or the cooling system that transfers the waste heat from
the fuel cell. The heated 2-propanol–water mixture flows into the
fuel cell. The utilization of fuel is assumed to be 30%. Sievi mea-
sured a utilization of 55% in a vapor feed direct fuel cell,[29] thus
the assumed degree of fuel utilization is considered to be realistic
and conservative. 2-Propanol that is not involved in the reaction,
is discharged at the anode, as is the acetone produced. This
discharge stream is cooled in heat exchanger 1 to transfer heat
to the feed of the fuel cell.

Heated air is introduced at the cathode. Due to the liquid oper-
ation and high water content at the anode, it is possible to operate
without humidifying the air at the cathode. At the cathode outlet,
the air exits with fuel cell operating temperature and up to 100%
humidity. The water release via the cathode exhaust gas is maxi-
mized when the humidity in the exhaust gas reaches 100%. This
depends on the temperature and the vapor pressure. The relative
humidity, in turn, is less than 100% if there is not enough water
in the cell. Heat exchanger 2 transfers the heat from the fuel cell
outlet air to the fuel cell inlet air.

First, the model assumptions and operating parameters were
determined according to Table 1. Varying the input parameters
of the model, the influence of various parameters was analyzed
with regard to achieving a positive energy balance of the fuel cell
and a net system power of 250W.

A closer look at the energy balance of the liquid fuel cell shows
that the amount of water has a major influence on the inlet and
outlet enthalpy flows. Since a relatively large amount of water is
supplied to the anode, whose temperature is below the operating
temperature of the cell, and leaves the cell at operating temperature
without participating in the reaction, an enthalpy deficit occurs in
the cell. The fuel cell would have to be heated with almost twice the
net power (at an operating temperature of 65 °C) to reach an
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Figure 5. Flowchart including the main components for a direct fuel cell—LT-PEMFC with liquid 2-propanol/water feed.
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energy-neutral balance of the cell. The water plays a role not only on
the anode side but also on the cathode side. The supplied air is only
heated and not humidified, and the exhaust air is assumed to be
saturated with water, as the air strives to absorb the maximum
amount of water possible. Therefore, the enthalpy flow of the
exhaust air is six times greater than that of the supplied air, which
also means an energy deficit in the fuel cell.

Two main influencing parameters can be identified to solve
these problems: 1) One aspect is lowering the stoichiometry
so that less water is removed with the cathode air and thus a
lower enthalpy flow leaves the cell. Considering the operating
temperature range of the LT-PEMFC (60–90 °C), this means that
it is even more important to lower the stoichiometry at higher
operating temperatures of the fuel cell, as higher temperatures
lead to higher water content in the air outlet stream. From a ther-
modynamic point of view, it is, therefore, better to operate at
lower temperatures. From an electrochemical point of view, how-
ever, it is better to operate at higher temperatures where higher
power densities can be achieved. 2) Another aspect is reducing
water in the anode feed. A 4 M solution would result in an
energy-neutral balance. Consequently, any more concentrated
2-propanol solution would result in an energy positive balance
of the cell.

Taking the balance of the plant into account at this modified
operating point (stoichiometric factor at the cathode: 1.2, anode

feed: 4 M solution), this concept achieves a system efficiency of
28% according to Equation (1). The required heat can be recov-
ered in heat exchanger 1 to heat the fuel and in heat exchanger 2
to heat the air. To heat the 2-propanol solution to a few degrees
below the operating temperature of the cell, heat is transferred
from the exhaust stream mixture of 2-propanol, acetone, and
water. To heat the inlet air, heat is transferred from the exhaust
air to the supply air. A Sankey diagram shows the energy conver-
sion of the entire system and provides a better impression of the
effects of the different energy flows (Figure 6).

One issue that becomes clear is the impact of the utilization of
the fuel. Since the utilization of fuel is only 30%, 70% of the
chemical energy provided by the mass flow of the fuel cannot
be converted into electrical energy, leaving the fuel cell unused.
However, all the fuel must be heated and the entire system must
be designed for these mass flows. With this concept, a net power
of 250W can even be achieved at a low utilization rate of 30%.
Nevertheless, a higher fuel utilization would contribute
significantly to a higher energy density and reduce the mass
flow of the system. The input mass flow rate is about
0.83 g s�1 2-propanol and 3.449 g s�1 of water for electrical power
of 450W.

In summary, this concept shows a thermodynamically
possible way to use 2-propanol in a direct fuel cell, provided
the anode feed is a 4M solution or higher.

Figure 6. Energy flowchart of the whole system for a direct liquid low-temperature fuel cell with the components heat exchanger 1 (HE1) for the anode
feed, heat exchanger 2 (HE2-vaporization) for the cathode feed, and fuel cell.
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From a technical point of view, it is not yet possible to use
these concentrations. Cao and Bergens reported destruction of
the MEA due to excessive membrane swelling, dissolution of
the recast PFSA in the catalyst layer, and electrode delamination
when molar quantities higher than 2 M are used.[30] This means
there is a need for novel ionomer binders that are chemically
stable in the presence of 2-propanol and acetone.[3]

3.1.2. Gaseous Fuel

To avoid the dissolution of the conventional MEA membrane
material by liquid fuel, evaporated 2-propanol can be fed to
the fuel cell. It has been shown in the past that conventional
MEA membrane materials are stable and remain fully functional
in presence of 2-propanol/acetone/water vapor mixtures.[3] Perry
and Young found that at 85 °C the performance of a 2-propanol
fuel cell operating with gaseous fuel increases when the water
content is also increased.[31] This is consistent with Sievi’s
results: He showed that the power is significantly lower without
water in the gaseous anode feed.[29] For the calculation of this
study, the 2-propanol–water mixture was set to 87 wt%
2-propanol as applied in Sievi’s experiments. At this mixing ratio,
2-propanol and water form an azeotrope mixture with a boiling
temperature of 80.4 °C.[32]

To feed gaseous 2-propanol to the fuel cell, heat recovery
within the system is absolutely necessary, as the heat require-
ment of 2-propanol evaporation is quite high. There are basically
two options for heat integration: 1) The use of waste heat from
the fuel cell meaning that the heat is dissipated via a cooling
medium and transferred to the fuel via a heat exchanger.
2) The recovery of heat from the fuel cell exhaust in a heat
exchanger to vaporize the fuel. In both cases, the fuel cell oper-
ating temperature must be higher than the boiling temperature
of the 2-propanol–water mixture (see Section 2.2).

LT-PEMFC: For the operation of a low-temperature PEM fuel
cell with gaseous fuel, humidification of the cathode air is
required, which can be realized by recovering water from
the exhaust air using a membrane-based humidifier.[25] The
modeling of the humidifier is described in Section 2.3.

In this scenario, the fuel is heated to boiling temperature
using the exhaust gas heat of the anode. The evaporation
enthalpy should be provided by the waste heat of the fuel cell

(Figure 7). Therefore, the fuel cell temperature was set to the
maximum value of 90 °C.[10] The utilization is set to 55% accord-
ing to Sievi’s experimental studies.[29]

The water balance is assumed to be the same as in the liquid
phase configuration, with the exception of the cathode inlet. The
cathode air is assumed to be 100% humidified in the present case
assuming that sufficient water can be transferred to the
humidifier.

Under these conditions, the simulation shows a positive
energy balance of the fuel cell, but not of the whole fuel cell
system. The waste heat of the fuel cell is about 292W.

Further consideration of this concept shows an exceedingly
high heat requirement for evaporation compared to the electrical
energy generated. For the evaporation of the fuel–water mixture
alone, a heat power of 740W is required for a system with a net
electric output of 250W. This means that the waste heat is not
sufficient for evaporation. Even if it were sufficient, this would
not change much because it is technically difficult to transfer
heat with such a small temperature difference of 9.6 K (90 to
80.4 °C). The option of recovering heat by cooling the exhaust
gases shows the same challenge: Due to the small temperature
difference, only a small part of the fuel–water mixture can be
evaporated. Larger temperature differences would help to
transfer more heat, but this would require to operate the fuel cell
significantly above 90 °C.

In summary, it is thermodynamically impossible to evaporate
the 2-propanol–water mixture with the heat of the exhaust gas or
the waste heat of a fuel cell operating at 90 °C. The Sankey
diagram below illustrates this conclusion (Figure 8).

Thus, evaporating 2-propanol/water using waste heat from a
low-temperature fuel cell is not feasible energetically under the
conditions considered in this paper. From a technical point of
view, the operation of a low-temperature fuel cell with gaseous
2-propanol is possible and well-established, as mentioned in
Section 1.

MT-PEMFC: In this scenario, a middle-temperature fuel cell is
applied instead of a low-temperature one. In this way, a higher
temperature gradient for heat transfer and vaporization of the
fuel is envisaged. In addition, there are other benefits such as
improved kinetics in the electrochemical conversion unit and
facilitated cooling. Again, the heat can be recovered from the fuel
cell exhaust or from fuel cell cooling (Figure 9).
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Figure 7. Flowchart including the main components for a direct fuel cell—LT-PEMFC with gaseous 2-propanol/water feed.
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The fuel cell is fed with a vaporized fuel–water mixture with a
2-propanol content of 87 wt%, and a utilization of 55% is
assumed as with the LT-PEMFC. To operate the fuel cell at ele-
vated temperatures of up to 120 °C, the thermal and mechanical
stability of PFSA must be improved. Various composite
membranes with additives such as TiO2, ZrP, or SiO2 have been
developed to increase the operating temperature. Nafion HP, a
membrane reinforced with perfluorosulfonic acid /PTFE copol-
ymer, is an example of a commercial product. In a recent study,
higher power densities were achieved by direct membrane depo-
sition compared to the use of Nafion HP membranes.[15]

However, the power densities decrease sharply with increasing

temperature due to the reduced wetting of the membrane and
the resulting decrease in protonic conductivity. The maximum
power density of the cell at 120 °C for the direct-deposited com-
posite membrane fuel cell is only about 75% of the power density
at 80 °C. The operating conditions are 95% relative humidity for
the lower temperature and 35% relative humidity for the higher
temperature at atmospheric pressure.

To avoid this drop in power density, the relative humidity at
120 °C must be increased. This is only possible with a higher sys-
tem pressure than ambient, as the saturation pressure at 120 °C
is 1985.36mbar. The advantage of the higher pressure is that the
water in the cell is still present in a liquid state to keep the

Figure 8. Energy flowchart of the whole system for a direct gaseous low-temperature fuel cell with the components heat exchanger 1 (HE1-vaporization)
for the anode feed, humidifier for the cathode feed, and fuel cell.
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Figure 9. Flowchart including the main components for a direct fuel cell—MT-PEMFC with gaseous 2-propanol/water feed.
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membrane humidified. This means that a compressor would be
required to pressurize the cathode gas. To have comparable pres-
sure on both sides of the membrane, the anode must also be
pressurized. The negative effect is that the boiling temperature
of the fuel increases with increasing pressure, which in turn
leads to a lower temperature gradient between the operating tem-
perature of the fuel cell and the boiling temperature. This leads to
the same problem as in the previous scenario with the low-
temperature fuel cell, namely that the temperature gradient is
too small to vaporize the fuel.

This is why the concept is calculated with ambient system
pressure and, in consequence, low relative humidity, which leads
to lower power densities. Assuming that the power density
decreases by 25% at 120 °C as explained earlier, the mass flow
taking part in the reaction must increase to achieve the target
power of 250W. Lower power densities can also be compensated
by higher cell areas, but for comparability with the other con-
cepts, this parameter cannot be changed as it is not modeled.

The modeling of the water balance differs in one aspect: since
the operating temperature is above 100 °C, all the water is
gaseous. It is assumed that all the water that accumulates on
the cathode side is removed with the dry air, so that the water
balance is neutral.

The simulation shows a very high energy deficit of the fuel
cell, which is required in the form of heat. This means that
the fuel cell cools down during operation under the assumed
conditions. Contrary to what might be expected, the fuel cell does
not need to be cooled but heated. The amount of water in the air
has the greatest influence. It is assumed, that the air inlet stream
has a relative humidity (RH) of 100% at 99 °C, which means a
high water load. Since the water accumulates on the cathode side
and the outlet is a gas mixture of water and air, a large part of the
water leaves the cell in the gas phase. Since the enthalpy of evap-
oration of water is 3.7 times higher than that of 2-propanol, the
effects on the energy balance are much more serious than those
of 2-propanol. This is one reason why this concept does not work
from a thermodynamic point of view.

A look at the heat exchanger shows that the heat of the anode
exhaust gas is not sufficient to heat the fuel. Taking the different
boiling temperatures of the fuel–water–acetone mixture into
account, it is technically impossible to evaporate the fuel–water
solution in a heat exchanger without additional heating.

The recovery of waste heat was mentioned as a second possi-
bility. But as stated earlier, the fuel cell has no positive energy
balance. So there is no other heat source to manage the evapora-
tion without external heat input. Even by varying the parameters,
no operating point was found at which the energy balance of the
fuel cell is positive.

In the case of the humidifier, it is possible to operate it without
an additional energy supply, as the air outlet of the fuel cell can
deliver sufficient heat and water to the inlet air.

The following diagram shows the energy balance of the direct
fuel cell system with a middle-temperature fuel cell. The stoichi-
ometry has already been reduced to 1.3, but both the fuel cell and
the heat exchanger must be heated externally with a power that is
11 times higher than the usable electrical power of 250W. In the
energy flow diagram, the large influence of the humidified cath-
ode air can clearly be seen. The enthalpy current of the cathode
air leaving the fuel cell is higher than that of the air entering

because more water is removed than supplied. This big differ-
ence cannot be compensated by the heat of the reaction which
is produced in the cell (Figure 10).

Thus, a 2-propanol fuel cell system cannot be made thermo-
dynamically efficient with a direct middle-temperature fuel cell.

From a technical point of view, the scenario with a middle-
temperature fuel cell is not readily feasible either. As mentioned
above, the power density drops drastically due to lower humid-
ification of the membrane, making MT-PEMFCs a current area
of research struggling with much lower efficiency than current
LT-PEMFCs (e.g., Refs. [33,34]).

HT-PEMFC: In this section, high-temperature fuel cells are
evaluated. Since they have phosphoric acid (PA)-doped polyben-
zimidazole (PBI)-based membranes and operate between 140
and 180 °C, humidification is no longer required. Figure 11
shows a flow diagram of the system.

The simulation model is similar to the MT-PEMFC model,
except for the heat exchanger on the cathode side, which takes
into account that the air does not need to be humidified. This
leads to a lower amount of water in the cell as the humidity
of the ambient air is assumed to be 30%. Pure 2-propanol is
assumed as the gas feed. The electro-osmotic drag coefficient
is assumed to be zero.[35]

Under the assumed conditions, the fuel cell has a positive
energy balance at both 140 °C (349.2W) and 180 °C (299.3W).
If one compares the heat flow that can be transferred in the heat
exchanger through the anode outlet flow of the fuel cell with the
heat requirement needed to heat up and vaporize the fuel inlet, it
turns out that there is not enough heat for vaporization.
Moreover, the heat flow for heating up to boiling temperature
is only high enough above a cell temperature of 170 °C. The
enthalpy still required must be provided by the waste heat of
the fuel cell. It varies with the operating temperature of the fuel
cell. Higher temperatures mean higher outlet enthalpy currents
and less waste heat as a consequence. In this respect, the lower
point of the temperature range of a high-temperature fuel cell
seems to be the more efficient one. By lowering the stoichiomet-
ric factor on the cathode side, the enthalpy flow at the air outlet
can also be reduced. Finally, an operating point can be found at
which the system operates quite efficiently. It is assumed that the
very small heat deficit during evaporation is covered by the
electrical energy of the fuel cell. This leads to a reduction in
the efficiency of the entire fuel cell system, but it is still possible
to achieve a positive net electrical balance. The energy flow dia-
gram below shows the operating point at a fuel cell temperature
of 140 °C, a stoichiometric factor of 1.3, a fuel cell efficiency of
50%, and a utilization of 55% (Figure 12).

Compared to the middle-temperature fuel cell, the high-
temperature fuel cell has a major advantage: There is almost
no water in the system. This leads to less heat dissipation of
the fuel cell by water and to a positive energy balance of the fuel
cell and ultimately to a positive energy balance of the entire
system. The system efficiency at the given conditions is 0.165.

From a thermodynamic point of view, this concept
seems feasible. From a technical point of view, there are some
problems with the materials when using 2-propanol as fuel.
As mentioned above, polybenzimidazole-based membranes
doped with phosphoric acid are often used in polymer

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2022, 2200343 2200343 (11 of 20) © 2022 The Authors. Energy Technology published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.entechnol.de


electrolyte membranes operated with hydrogen in the
140–180 °C range.[9]

Aili et al. showed an important degradation mechanism when
using methanol in a direct fuel cell with phosphoric-acid-based
electrolytes.[35] The formation of methyl phosphates by direct

esterification of phosphoric acid was found. This leads to a dras-
tic reduction in conductivity. When operating a direct 2-propanol
fuel cell with a phosphoric-acid-doped membrane, the same
problem is to be expected, as the ester formation mechanism
is expected to be similar with 2-propanol. In accordance with

Figure 10. Energy flowchart of the whole system for a direct middle-temperature fuel cell with the components heat exchanger 1 (HE1-vaporization) for
the anode feed, humidifier for the cathode feed, and fuel cell.
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Figure 11. Flowchart including the main components for a direct fuel cell—HT-PEMFC with gaseous 2-propanol feed.
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the literature, we propose the use of thermally cross-linked
polybenzimidazole to improve the performance. Søndergaard
et al. showed improved acid retention of the cross-linked
membrane and thus significantly lower degradation rates.[36]

3.2. Dehydrogenation of 2-Propanol Combined with HT-PEMFC

After analyzing the direct fuel cell scenarios, we will compare
them with the two-step scenario, in which the 2-propanol is dehy-
drogenated in the first step and the released hydrogen is fed to a
fuel cell in the second step. From the analysis of the previous
scenarios of a direct fuel cell system, it can be concluded that
only using the LT-PEMFC with a gaseous phase is technically
feasible. From a thermodynamic point of view, three critical
key aspects have been worked out: 1) There must be waste heat
from the fuel cell. The exhaust gas of the fuel is not enough for
the evaporation of the fuel. 2) The temperature gradient between
the heat source and the target temperature of the evaporated fuel
must be high enough. 3) The less water is in the system, the
better the energy balance is.

Therefore, the focus of the two-step scenarios in this work was
on the combination of hydrogen release from 2-propanol with a
high-temperature hydrogen fuel cell. Equation (23) shows the
dehydrogenation reaction.

C3H8O ! C3H6OþH2 (23)

Acetone and hydrogen are products. Acetone is collected in a
tank and hydrogen is used for electrification in the high-
temperature fuel cell. The chemical reaction in the cell proceeds
according to Equation (4).

A fuel cell efficiency of 60% was assumed for the hydrogen
fuel cell.[28] In addition, the fuel utilization was set to 95%,
and a recirculation of the hydrogen was assumed.

This means that 5% of the hydrogen remains unused due to
crossover or purge losses. In steady-state operation, stoichiome-
try has no influence on the energy balance of the fuel cell, as we
assumed that the hydrogen leaving the anode is returned to the
anode inlet and enters the cell with the same enthalpy as it leaves
it. Only the amount of hydrogen that is converted in the cell is
relevant for the energy balance of the cell.

Figure 12. Energy flowchart of the whole system for a direct high-temperature fuel cell with the components heat exchanger 1 (HE1) and heat exchanger 2
(HE2-vaporization) for the anode feed, heat exchanger 3 (HE3) for the cathode feed, and fuel cell.
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3.2.1. Thermochemical Dehydrogenation plus HT-PEMFC

This scenario contains a dehydrogenation unit in which the
hydrogen is released from the 2-propanol and then fed to a
high-temperature fuel cell. The hydrogen is separated from the
2-propanol/acetone mixture by cooling the mixture until conden-
sation of 2-propanol and acetone occurs. This can be done in a
heat exchanger to heat the 2-propanol feed for dehydrogenation.
The heat of evaporation and dehydrogenation should be provided
by the waste heat of the fuel cell. Figure 13 shows the flowchart.

To model the dehydrogenation system, the inlet and outlet
mass flow and the dehydrogenation enthalpy had to be
determined.

The equilibrium conversion of the dehydrogenation of
2-propanol to acetone was simulated with the chemical process
software Aspen Plus (version V10).[37] The predictive Redlich
Kwong-Soave (PSRK) property method was selected according
to the guidelines of the Aspen Plus manual.[38] PSRK is
recommended for gas processing, refinery, and petrochemical
applications. The simulations were carried out for the tempera-
ture range of 0–300 °C, a total pressure of 1 bar, and a pure
2-propanol feed.

The process flowsheet included the main feed stream contain-
ing pure 2-propanol fed into an “RGibbs”-type reactor, which is
based on the minimization of Gibbs free energy approach to con-
vergence calculations (Figure 14). No reaction equations were
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Figure 13. Flowchart including the main components for a thermochemical dehydrogenation of 2-propanol in combination with a hydrogen high-
temperature fuel cell.
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Figure 14. Main flowsheet of the simulation performed in Aspen Plus software. The feed stream consists of pure 2-propanol at 100 °C and 1 bar flowing
into an RGibbs-type reactor at 1 kmol h�1. The reactor operates at 100 °C and 1 bar. Here all potential reactions involving 2-propanol, H2 and acetone can
take place. (left) Equilibrium conversion and molar fractions of the dehydrogenation of 2-propanol to acetone at 1 bar as simulated using the Aspen Plus
software. (right).
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provided. Instead, only the compounds expected for different
assumptions were defined in the outlet stream of the reactor,
namely 2-propanol, H2, and acetone.

The dehydrogenation enthalpy is calculated by computing the
formation enthalpy differences between reactants and products.
2-propanol reacts to acetone and hydrogen according to
Equation (23).

The formation enthalpy difference is calculated as followed

Δbh ¼ bh0f ,acetone þ bh0f ,hydrogen � bh0f ,2�propanol (24)

The enthalpy of dehydrogenation must be provided in the form
of heat. The only way to do this is to use the waste heat from the
fuel cell. This limits the dehydrogenation temperature to temper-
atures lower than the operating temperature of the fuel cell.
Otherwise, no heat transfer would be possible. Since the conver-
sion increases with increasing temperature, the aim is to select
the highest possible dehydrogenation temperature. The high-
temperature fuel cell can be operated at a maximum of 180 °C.[9]

To maintain a certain temperature gradient for the heat transfer,
175 °C is selected as the dehydrogenation temperature. In addi-
tion to the dehydrogenation enthalpy, there is also a heat demand
for the evaporation of the fuel to reach the temperature level of
the dehydrogenation process. The only heat source in the system
is the high-temperature fuel cell. The waste heat of the fuel cell is
independent of the dehydrogenation temperature because the
hydrogen is cooled before being fed into the cell.

As already explained, the high-temperature fuel cell does not
need to be humidified, as conductivity is ensured by phosphoric
acid.

The flow diagram below shows the energy flow in the entire
system (Figure 15).

It can be seen that the waste heat (305W) is not sufficient for
dehydrogenation. This means that there is still a heat require-
ment for the evaporation of the 2-propanol. Additional heat must
therefore be supplied from outside.

As this concept does not work at the highest possible temper-
ature, it will not work at lower temperatures either, as the

Figure 15. Energy flowchart of the whole system with the components heat exchanger 1 (HE1) and evaporator (HE2-vaporization) for the 2-propanol,
dehydrogenation for releasing the hydrogen, fuel cell, and heat exchanger 3 (HE3) for the cathode feed.
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conversion of 2-propanol to acetone decreases and thus the mass
flow of 2-propanol has to be increased to obtain the same targeted
net power. An increased mass flow of 2-propanol means an even
higher heat demand for the evaporation of the fuel whereas the
waste heat of the fuel cell is always the same and does not depend
on the dehydrogenation temperature.

To avoid the evaporation of the fuel, another conceivable oper-
ating point is simulated with a dehydrogenation temperature of
80 °C. In this case, the major disadvantage is the low conversion
at such low temperatures, which leads to an excessive amount of
2-propanol being required. However, even in this case, there is
not enough waste heat for the dehydrogenation (183.5W heat
demand) and the heating of the 2-propanol to 80 °C (728.3W).

In summary, the scenario of dehydrogenation in combination
with a high-temperature fuel cell is not feasible thermodynami-
cally due to the low conversion of 2-propanol to acetone/
hydrogen. From a technical point of view, it would not be
problematic to create both a fuel cell and a chemical reactor
for dehydrogenation. Due to the bad thermodynamic balance
of the system, however, this is not a useful scenario.

3.2.2. Electrochemical 2-Propanol to Hydrogen Conversion Plus
HT-PEMFC

This scenario involves a high-temperature fuel cell that must
directly be supplied with hydrogen. The hydrogen is released
from the 2-propanol in an electrochemical conversion, based
on the principle of electrochemical hydrogen compression
(EHC). The materials are the same as in the first scenarios of
the article (direct LT-PEMFC and direct MT-PEMFC). The hydro-
gen is released at the anode side of the EHC and reduced to
elemental hydrogen at the cathode side with higher pressure
(see dehydrogenation reaction in Equation (23)). The pressure

depends on the applied voltage. On the cathode side, no reactants
are added except for water, which is required to humidify the
polymer membrane. Since the EHC process is selective for pro-
ton transport, the produced hydrogen has a high purity.[39] After a
water separator, the dry hydrogen is fed to the high-temperature
fuel cell, where the chemical reaction according to Equation (4) is
taking place.

The diagram below shows the concept of the electrochemical
2-propanol to hydrogen conversion in combination with a
hydrogen high-temperature fuel cell (Figure 16).

Since the membrane of the EHC is made of the same material
as the membrane of the current PEM-fuel cell, the 2-propanol
must be evaporated to avoid damage to the MEA. The idea is
to heat the fuel to the boiling point by recovering heat from
the exhaust gas of the EHC and evaporate it by transferring
the waste heat from the HT-FC via a cooling system. The
EHC is operated at 90 °C and fuel utilization of 80% is assumed.
Liquid water at ambient temperature is supplied to the EHC for
humidification. It is assumed that the hydrogen discharged at the
cathode side is 100% humidified and that the discharged water is
supplied at the cathode. The water discharged at the anode side is
neglected. By applying a certain power, the mass flow rate of the
pressurized hydrogen can be adjusted, which is chosen in a way
that the net power of the hydrogen fuel cell is at the target power
of 250W.

The relation between applied current I and mass flow of
released hydrogen ṁ is the following (with F Faradays constant,
n molar quantity, and MH2

molar mass of hydrogen)

I ¼ n⋅ṁ⋅F
MH2

(25)

From a defined compression ratio pout
pin

� �
, the voltage that must

be applied can be calculated via the Nernst equation

2-propanol

exhaust air
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Figure 16. Flowchart including the main components for electrochemical conversion of 2-propanol to hydrogen in combination with a high-temperature
hydrogen fuel cell.
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ENernst ¼
R⋅T
n⋅F

⋅ ln
pout
pin

� �
(26)

Taking the ohmic losses into account, the EHC voltage can be
given according to ref. [40] as follows

EEHC ¼ ENernst þ Eohmic (27)

withEohmic ¼ I � R ¼ I � ASR
Amem

(28)

Area� specific resistanceASR ¼ 0.3Ω cm2 (29)

Membrane areaAmem ¼ I
j
¼ I

0.3 A
cm2

(30)

Current density j ¼ 0.3
A

cm2 (31)

This leads to the following power demand

PEHC ¼ EEHC � I (32)

The hydrogen leaving the EHC is humidified. Therefore, it
must be cooled and, if necessary, passed through a separator
to remove water or other substances present in the hydrogen
due to crossover before entering the fuel cell. The outlet pressure
of the EHC is set to 1.5 bar. On the anode side of the fuel cell, 5%
of the injected hydrogen is expected to recirculate. Since the
hydrogen is under pressure, the cathode air inlet must also be
under pressure. Part of the required power can be taken from
the expander, the remaining power must be obtained from
the power generated by the fuel cell. After compression, the
air inlet is heated in a third heat exchanger by transferring heat
from the cathode air outlet.

The high-temperature fuel cell was modeled as in the previous
scenario. Regarding water management, it is assumed that the
water entering the air is removed with the air at the cathode out-
let. In addition, all product water is discharged at the cathode. It
is assumed that there is no diffusion to the anode side.

The simulation results show that the fuel can be heated and
vaporized by the anode exhaust gas and by recovering the waste
heat from the fuel cell. The exhaust air can be used to heat the air
inlet of the fuel cell. At the target fuel cell net power of 250W
(considering the EHC and compressor as additional loads
besides the previously assumed peripherals), the EHC requires
72.96W. The compressor consumes 19.47W (the expander
power has already been subtracted). This results in system
efficiency of 0.29.

Provided that the energy balance of the system is positive,
other operating points are also possible. Based on the assump-
tions of Table 1, the fuel cell can be operated in the range of 140
to 180 °C. A lower fuel utilization of 55% in the EHC still results
in a positive energy balance at a fuel cell temperature range of
140 to 180 °C. This utilization is then comparable to the direct
2-propanol fuel cell.

The diagram below shows the enthalpy flows, heat flows, and
converted electrical as well as chemical power in the system at
160 °C with a utilization of 80% in the electrochemical conver-
sion unit and a fuel cell stoichiometry of 2.5 (Figure 17).

It is obvious that the chemical power provided by the
2-propanol is quite high compared to the enthalpy flows. As
in the concepts before, there is a heat loss from each component,
but most of the input follows the main flow and can partially be
converted to electric energy. No external heat is needed. All waste
heat can be used quite efficiently.

In summary, this concept represents a thermodynamically
efficient way to use 2-propanol in combination with a high-
temperature fuel cell. From a technical point of view, an
HT-PEMFC technology with a sufficiently high level of
technological maturity is available for application. Initial experi-
ments on the direct electrochemical conversion of isopropanol to
acetone and hydrogen in an electrochemical hydrogen compres-
sor show promising results, which make this option appear
feasible and quite attractive. Obviously, the optimization of
the direct electrochemical conversion of isopropanol beyond the
performance data considered here would make the concept even
more appealing.

4. Discussion and Conclusion

A comparison of the concepts studied reveals that there are some
key elements that determine whether the targeted net power can
be achieved or not. The main findings are summarized in
Table 2.

First, the evaporation of 2-propanol means a high heat
demand, which must be covered by the power released in the
cells—either in the form of heat or in the form of electricity.
Obviously, the most efficient way is to recover as much heat
as possible. There are two heat sources available: the cooling
circuit and the hot exhaust gases. Both strategies require a suffi-
ciently significant temperature gradient to transfer the heat to the
2-propanol. Both heat sources are at approximately the same
temperature level as the fuel cell. Heat recovery from one of
the two sources alone can, therefore, only achieve an inlet tem-
perature that is cooler than the operating temperature of the fuel
cell. Otherwise, there would be no temperature gradient in the
heat exchanger. A cooler inlet means that some of the heat
generated by the reaction is already needed to heat the fuel
cell inlet. Therefore, the waste heat is not as high as one might
expect.

In concepts where water has to be evaporated in addition to
2-propanol, this is even more critical because much more heat
energy is needed. Water not only adds mass to the system but
also has a much higher enthalpy of vaporization than 2-propanol,
so the amount of water has a strong influence on the energy
balance.

All of the aforementioned challenges could be counteracted by
recirculating the anode isopropanol/acetone flow. So far, there is
not enough data for a realistic system layout with recirculation.
Especially the influence of acetone content and the power density
is important. Without that knowledge, studies would be biased by
the assumptions.

At the cathode supply, we can see that less humidification
leads to a more positive energy balance. The enthalpy of
the humid air increases over-proportionally with increasing tem-
perature, which results in the exit enthalpies being significantly
higher than the entry enthalpies of the air.
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Stoichiometry has a significant influence on the energy
balance of the fuel cell as well. High air mass flows can transport
more water out of the cell than low ones. If water is lost, it must
be supplied again to keep the membrane humidified. If the water
is not supplied in gaseous form, it cools the fuel cell by evapora-
tion. From a thermodynamic point of view, it is better to have less
water in the cell. In this study, we assumed the necessary humid-
ification of 100% for the inlet air. If the relationship between the
water content of the membrane and the power density were
modeled more accurately, it would probably be possible to find
efficient operating points with less than 100% relative humidity.

Fuel utilization is another important factor. With low utiliza-
tion, a large amount of fuel is pushed through the systemwithout
participating in the reaction but must also be heated and vapor-
ized. Low utilization is not only bad for power density but also a
problem from a thermodynamic point of view. Thus, higher fuel
utilization is a very effective way to push the efficiency of all
concepts that use evaporated fuel. Note, that we have assumed

a fuel utilization of 55% in this study for all 2-propanol direct
fuel cell concepts. Our current laboratory research targets
significantly higher levels of fuel utilization.

As far as the direct 2-propanol fuel cell is concerned, the first
concept with a low-temperature fuel cell and liquid fuel is prom-
ising from a thermodynamic point of view if the water feed and
the stoichiometry are reduced compared to the model assump-
tions made. The main advantages of the first concept are the
elimination of evaporation of the fuel and air humidification.
However, technical feasibility has not been achieved yet.
Operation in the liquid form leads to the destruction of the cur-
rently applied MEAmembrane. Thus, novel ionomer binders are
required that are chemically stable in the presence of 2-propanol
and acetone. Operation of a low-temperature fuel cell in the gas-
eous phase is not feasible thermodynamically with a heat deficit
of 1.5 times the net power of 250W. The high technological
maturity of LT-PEMFCs would be advantageous. Operation of
a middle-temperature fuel cell is not feasible thermodynamically

Figure 17. Energy flowchart of the whole system for the electrochemical 2-propanol to hydrogen conversion with the components heat exchanger 1 (HE1)
and evaporator (HE2-vaporization) for the anode feed, electrochemical hydrogen compressor (EHC), fuel cell, and heat exchanger 3 (HE3) for the cathode
feed.
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either, as the heat deficit in this scenario is many times the heat
deficit of the low-temperature fuel cell, caused by a large amount
of water leaving the fuel cell. From a technical point of view,
MT-PEMFCs are a current area of research struggling with
much lower efficiency than current LT-PEMFCs. In the case
of a high-temperature direct fuel cell with gaseous 2-propanol,
there are problems with the formation of phosphate esters
through direct esterification of phosphoric acid, which is used
for the membranes in high-temperature fuel cells. However, the
heat integration can be made efficient due to a high-temperature
gradient between fuel cell and evaporator as well as the low water
content in the system.

A look at the two-step scenarios reveals one main benefit for
both concepts: the use of a hydrogen HT-PEMFC, which has a
high technology readiness level and needs no humidification.
However, in the first scenario, which involves an evaporator
and the dehydrogenation of 2-propanol in a reactor, the heat
demand is too high, so the concept does not lead to a self-
sufficient system. Dehydrogenation at a temperature close to
the fuel cell temperature leads to a heat deficit for evaporation,
while dehydrogenation in the liquid phase entails too little
conversion of 2-propanol into hydrogen.

In contrast, the electrochemical 2-propanol to hydrogen
conversion leads to an efficient system. The utilization of fuel
is significantly higher in the EHC than in the dehydrogenation
reactor. Moreover, due to the temperature gradient between the
fuel cell and the EHC, sufficient heat can be transferred for
vaporization. A disadvantage could be the more complex system,
as components such as a compressor and expander are required
to achieve a higher system pressure.

Of all the concepts studied, the electrochemical 2-propanol to
hydrogen conversion seems to be the one with the highest
(thermodynamic and technical) feasibility. Apart from that, a
low-temperature direct fuel cell in the liquid phase and a
high-temperature direct fuel cell in the gaseous phase show
thermodynamic feasibility, although both have a lower system
efficiency than the two-step scenario previously mentioned
and there are technical issues that still need to be solved.

This article shows how crucial it is to evaluate future fuel cell
systems not only according to technical feasibility and maximum
power density but also from a thermodynamic point of view.
From concrete scenarios, it was possible to derive generally valid
relationships that are fundamental for the design of a fuel cell
system. As some of our assumptions are conservative and
may be improved by further research (e.g., fuel utilization in fuel
cells, conversion efficiency), the current study represents a
scenario-based system analysis that can also help guide future
research efforts with the intention of improving the electrifica-
tion of liquid organic hydrogen carrier systems.
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Table 2. Summary of the main benefits and problems of all analyzed scenarios.

Main benefits Main problems/disadvantages

Direct fuel cell
(one-step scenario)

Liquid LT-PEMFC No evaporation required
No humidification required

Net power of 250W achieved

Destruction of the MEA in 2- molar solutions
Too much water in the system

Lower stoichiometry for less water output
required

Low utilization

Gaseous LT-PEMFC High technology readiness level Heat requirement for evaporation
Very low-temperature gradient for evaporation

of fuel

MT-PEMFC Higher temperature gradient than LT- PEMFC Heat demand for evaporation
Low relative humidity ! low power density

Outlet flows with a high enthalpy

HT-PEMFC Small amount of water in the system
Sufficient heat for evaporation of the fuel
Net power of 250W can be achieved

Degradation due to esterification expected

Dehydrogenation þ
hydrogen fuel cell
(two-step scenario)

Thermochemical
dehydrogenation

Pure 2-propanol as anode feed
No humidification of HT- PEMFC required

Hydrogen HT- PEMFC: high technology readiness level

Heat requirement for evaporation
of 2-propanol

Low conversion during dehydrogenation at
temperatures below the boiling point

Electrochemical 2-propanol
to hydrogen conversion

High-temperature gradient between fuel cell and EHC
Neat 2-propanol

No humidification of HT- PEMFC
Net power of 250W can be reached

Hydrogen HT- PEMFC: high technology readiness level

More peripheral components due to higher
system pressure
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