Project No.: 735969
Project acronym: INN-BALANCE
Project title:
INNovative Cost Improvements for BALANCE of Plant Components
of Automotive PEMFC Systems
Programme: H2020-JTI-FCH-2016-1
Topic: FCH-01-4-2016 – Development of industrialization-ready PEMFC systems and system
components
Start date of project: 01.01.2017
Duration: 58 months

Deliverable 5.6
Public results of thermal management
and anti-freeze module
Authors: Gema Montaner Ríos, Pawel Gazdzicki and Juan Sanchez Monreal
Due date of deliverable: 30.11.2021
Actual submission date: 30.11.2021
Deliverable Name
Deliverable Number
Work Package
Associated Task
Covered Period
Due Date
Completion Date
Submission Date
Deliverable Lead Partner
Deliverable Authors
Version

Public results of thermal management and anti-freeze module
5.6
5
5.1, 5.2. 5.3, 5.4, 5.5
M1-M58
30.11.2021
29.11.2021
30.11.2021
DLR
Gema Montaner Ríos, Pawel Gazdzicki and Juan Sanchez Monreal
1.3

Dissemination Level
PU
PP
RE
CO

Public
Restricted to other programme participants (including the FCH2 JU Services)
Restricted to a group specified by the consortium (including the FCH2 JU Services)
Confidential, only for members of the consortium (including the FCH2 JU Services)

X

This project has received funding from the Fuel Cells and Hydrogen 2 Joint
Undertaking under grant agreement No 735969.
This Joint Undertaking receives support from the European Union’s Horizon 2020 research
and innovation programme and Hydrogen Europe and N.ERGHY

D 5.6 – Public results of thermal management and anti-freeze module
Version 1.3

CHANGE CONTROL
DOCUMENT HISTORY
Version

Date

Change History

Author(s)
Organisation
Gema Montaner Ríos,
Pawel Gazdzicki and DLR
Juan Sanchez Monreal
Gema Montaner Ríos,
DLR
Juan Sanchez Monreal

1.0

24.11.2021

Document drafted

1.1

26.11.2021

Document revised

1.2

29.11.2021

Final version

Gema Montaner Ríos

DLR

1.3

15.03.2022

Confidential
references removed

Gema Montaner Ríos

DLR

DISTRIBUTION LIST
Date
30.11.2021
30.11.2021

INN-BALANCE

Issue
Revision
Submission

Group
Project coordinator
FCH2 JU

2

D 5.6 – Public results of thermal management and anti-freeze module
Version 1.3

Table of content
Table of content ............................................................................................................ 3
Introduction ................................................................................................................... 4
Deviations ...................................................................................................................... 4
1.

Thermal management module .......................................................................... 4

1.1

Enhanced thermal management system ................................................................ 4

1.2

Optimized cold start procedure ............................................................................... 6

1.3
Proof of concept anti-freeze module ....................................................................... 9
1.3.1
Investigation with 1-cell ................................................................................................ 9
1.3.2
Investigation with stack .............................................................................................. 11

2.

Scientific publications and conferences ....................................................... 13

Main conclusion.......................................................................................................... 14
References ................................................................................................................... 15
Annexes ....................................................................................................................... 16

INN-BALANCE

3

D 5.6 – Public results of thermal management and anti-freeze module
Version 1.3

Introduction
The overall objective of INN-BALANCE is to develop a novel and integrated development platform
for developing advanced balance of plant (BoP) components in current fuel cell electric vehicles
(FCEVs), in order to improve their efficiency and reliability, reducing costs and presenting a stable
supply chain to the European car manufacturers and system integrators. In this context, the aims of
the thermal management module are:
- To design, optimize in terms of efficiency and quality of control, and develop a highly efficient
thermal management system for the fuel cell system and BoP components, that provides
necessary cooling performance for the fuel cell and system.
- To develop an optimized cold start procedure that reduces start-up time and degradation, as
well as increases the energy efficiency of the system.
- Proof of a new concept based on the injection of an anti-freeze fluid into the stack to prevent the
ice formation during cold storage. Which is expected to reduce degradation and to enable cold
start at much lower temperatures, down to -40°C.
This deliverable firstly presents the results of the thermal management module. Afterwards the
scientific publications and conferences attended so far are listed. To conclude it will be discussed the
key findings and improvements of the thermal management module achieved in this project.

Deviations
Project INN-BALANCE took place during the Covid-19 global pandemic. Offices shut downs, delays
in shipping as well as travel restrictions affected directly to the development of this project. Moreover,
not having access to the laboratory for a long period of time caused delays in the investigations. The
travel restrictions affected critically to the subsystems and the fuel cell vehicle commissioning, as well
as to the on-site testing. Commissioning was done remotely which leaded to a slower procedure. The
impossibility for partners to on-site testing combined to the limited time for it, narrowed the results.
Therefore, the cold start procedure could not be tested with the fuel cell vehicle. Though the
laboratory work is finished and many results have already been published, there is still scientific work
expected to be published throughout 2022.

1. Thermal management module
1.1 Enhanced thermal management system
During this project an enhanced thermal management system, in terms of efficiency and quality
of control, has been developed, integrated into the FCEV and tested with the car at CEVT facilities in
Sweden.
The optimized thermal management system has two separate circuits corresponding to the two
different temperature levels demands of the system. A high temperature (HT) circuit for temperatures
from 80°C to 65°C, which has a minimized separate cooling circuit with an electric heater for freeze
start support, and a normal mode for stack thermal management. The HT circuit also provides cabin
heating and hydrogen supply heating. And a low temperature circuit operating at temperatures from
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-30°C to 60°C, which is active when the fuel cell (FC) system produces power or is on standby. The low
temperature (LT) circuit manages the cooling of cathode air, compressor and DC-DC electronic. The
system is depicted in Figure 1. The controller is implemented in the electronic control unit of the FCEV.
Furthermore, a dynamic model has been developed and integrated in the total system model.

Figure 1: Final lay out of the thermal subsystem. HT and LT circuits manage the cooling system at two different
temperature levels.

By way of example, a test results of the 98-kW fuel cell system are presented in Figure 2. The
thermal management system operates very efficiently, indeed the stack temperature difference
between the coolant inlet and outlet at 150 A (~28 kW) is only 2°C, as Figure 2 shows.
(a)

(b)

Figure 2: (a) Fuel cell system performance and stack temperatures (coolant inlet and outlet). (b) Operative mode
of the fuel cell system during the test.
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1.2 Optimized cold start procedure
Another important task of the thermal system is to support the cold start of the fuel and hence a
cold start procedure consisting of shut-down (SD) and start-up (SU) strategies has been developed.
The aim of this procedure is to reduce ice formation during cold storage and to avoid a typical slow
fuel cell cold start performance (1…5 steps shown in Figure 3), thus lowering ice formation at
temperatures below 0°C and flooding issues after the freezing point.

Figure 3: Effect of the start-up temperature on the cold start performance of a 4-kW proton exchange membrane
fuel cell (PEMFC) system [1].

A cell model that calculates the power and heat generated by the fuel cell, the temperature and
the ice fraction was created in MATLAB - Simulink. This model can simulate the PEMFC cold start from
the start temperature down to -40°C to the freezing point of the fuel cell. It was used to investigate
the influence of the initial water content and the cell voltage on the cold start time to reach 0°C. By
way of example, Figure 4 shows results of the cold start at -20°C of a PEMFC system. These results
suggest that the optimal purge time of the shut-down procedure is an intermediate value, so that
membranes can absorb large amounts of water instead of freezing in the cathode catalyst layer (CCL),
while being hydrated to guarantee proton conductivity during the cold start.

Figure 4: Time to reach 0°C of a PEMFC system starting at -20°C, varying cell voltage and initial water content [2].
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Moreover, many operating parameters of the SD/SU strategies were experimental investigated
and different variable operating parameters strategies studied. Numerous tests (cold storages at
temperatures down to -40°C and cold starts down to -30°C) were carried out at the DLR Fuel Cell
Laboratory in Hamburg with different degradation state of the stacks: new, a little and hard degraded.
The shut-down strategy developed consists in drying the membrane electrode assembly (MEA)
with dry gases for not long. So that remained water in the cells is reduced to a value below that at
which damage occurs, but not too long to avoid membrane degradation. The purge temperature
selected was not too high to reduce membrane degradation as well as parasitic losses, thus enhancing
the energy efficiency of the system [3].
The start-up strategy developed has two steps. Firstly, an assisted start-up with an electrical
heater, that heats up the stack only to a certain temperature below 0°C, to increase the energy efficient
of the system. Then, the fuel cell is operated in potentiostatic mode and with a small cooling loop
(shown in Figure 1), to optimize the stack heating.
As an example, Figure 5 depicts the cold start at -25°C of a PEMFC system with three different
thermal management strategies. As Figure 5 shows, the assisted cold start (in black) was faster than
the unassisted one (in red), as the stack started to operate at 0°C avoiding ice formation and flooding.
The fastest strategy was the strategy developed in this project (in green) with two steps. Since the
electric heater was in operation only until -15°C and the stack produced the heat directly in the
reaction zone, warming up the stack quicker than the heater.
(a)

(b)
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(c)

Figure 5: Cold start performance of a 4-kW PEMFC system at -25°C with different thermal management strategies
(unassisted in red, assisted with an electric heater in black, and developed for INN-BALANCE in green): (a) heater
power and power generated by the stack, (b) heater power and stack temperature and (c) heater power and
current density [1].

The developed optimized cold start procedure, with the SD/SU strategies explained above, is
shown in Figure 6. This procedure was tested in the laboratory with a PEMFC system and is integrated
in the FCEV. The INN-BALANCE optimized cold start procedure leads to a quick and reliable cold start,
meeting the DOE targets for FCEV, as well as increases the energy efficiency of the system and its
durability, since it reduces the ice formation [4]. The temperature limit was chosen as -15°C, since
experimental results showed that at temperatures equal to or greater than -15°C and under
appropriate operating, there was no relevant ice formation.

Figure 6: INN-BALANCE optimized cold start procedure.
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1.3 Proof of concept anti-freeze module
In order to avoid degradation during the cold storage due to residual water ice formation, the fuel
cell system is commonly purged with dried gases during shutdown. However, there are still unsolved
issues, especially at extreme low temperatures (e.g. -40°C), at which the total absence of ice formation
cannot be guaranteed since purging the fuel cell completely would take too long for the automotive
requirements. An alternative method is the injection of an antifreeze fluid into the stack to prevent
the ice formation during the cold storage [5]. Therefore, in INN-BALANCE we have proven an antifreeze module, which is expected to reduce degradation and to enable cold start at much lower
temperatures, down to -40°C. Among different antifreezes, in a study based on the single cell,
methanol and ethylene glycol were found to be most adequate [6]. The anti-freeze module proposed
is a methanol-water solution, which freezing point at volume concentration of 50% is below -40°C.
1.3.1

Investigation with 1-cell

The anti-freeze module concept was firstly investigated with a single cell of 5 x 5cm²
electrochemically active surface area (ECSA).
Before using methanol as anti-freeze, a 40 vol% methanol-water solution (required to mitigate
icing at -30°C) has been tested regarding their compatibility with the MEA material, results of this tests
are illustrated in Figure 7. Comparing MEA performance before and after soaking in methanol for 112 h
(Figure 7(A)) reveals that the methanol solution does not induce any performance losses, hence the
12% ECSA loss at the anode (Figure 7(C)) is considered as negligible. Regarding membrane or ionomer
dissolution, a 40 vol% methanol concentration is not expected to be a problem as long as cell
temperature is below 80°C [7].

Figure 7: (A) Performance curves of a fresh MEA and a MEA after 112 h soaking in anti-freeze at 20°C. (B) Cyclic
voltammetry measurement of anode after 112 h soaking in anti-freeze at 20°C. (C) Comparison of anode ECSA of
pristine MEA, of an MEA after 112 h soaking in anti-freeze and the same MEA after potential cycling up to 1.2 V
to remove contaminants [7].

The effect of the 40 vol% methanol solution on freeze/thaw (F/T) cycling of the PEMFC was
compared with two other conditioning procedures: no conditioning prior cold storage and purging with
dry gases. More than 80 F/T cycles from -10°C to +20°C were carried out with every strategy, whose
results are shown in Figure 8. The test results with the single cell clearly showed that using the antifreeze during F/T cycling strongly reduces performance degradation as compared to F/T cycling
without using the anti-freeze module, as can be seen in Figure 9.
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Figure 8: Performance curves measured after the indicated number of F/T cycles. (A) The cell was shut down
after PEMFC operation at 100% without a conditioning procedure prior to F/T cycling. (B) The cell was purged
with dry N2 prior to F/T cycling. (C) The cell was flooded with 40 vol% MeOH-water-solution prior to F/T cycling
using +20°C as maximum temperature. The insets are enlargements of the OCV regions. (D) Relative performance
losses of the different F/T cycling tests. In addition, the result of the F/T cycling using anti-freeze and a reduced
temperature range (-10°C to +3°C) is shown. The dashed and dotted curves are parabolic fits for current densities
j > 0.4 A/cm2 as indicated in the figure [7].

Figure 9: Performance curves of a single cell after 80 F/T cycles between -10°C and +20°C with and without antifreeze module [7].
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Cold starts with the anti-freeze concept were carried out at -10°C with the single cell. But results
showed fairly poor cold start ability [7]. Therefore, the use of the anti-freeze module for a cold start
was further investigated with a stack. As it has the ability to generate more heat power in relation to
the thermal mass of the test setup, so the stack can be warmed up faster than a 5 x 5 cm2 cell.
1.3.2

Investigation with stack

The anti-freeze module was also tested with a 4-kW PEMFC stack. The stack results showed that
flooding the stack with the methanol solution during the cold storage doesn’t degrade the stack
performance, as the anti-freeze avoids ice formation. By way of example, Figure 10 compares the
performance of a degraded stack (4-kW, 40 cells) before flooding it with a 25 vol % water-methanol
solution and after the cold start. From this figure, it can be seen that there was no performance decay
after the first cold start by using the anti-freeze module These results are consistent with those
produced with a single cell, in which the use of a 40 vol % water-methanol solution fully eliminated the
performance degradation up to 1.4 A/cm2 after 87 F/T cycles at -10°C (Figure 8(C)) [7,8].

Figure 10: Polarization curve (average cell voltage) of a 4-kW PEMFC system before and after the first cold start
by using the anti-freeze module [8].

The cold start ability of the stack was investigated at temperatures down to -20°C, varying the
volume percent of methanol contained in the solution (25% … 40%) and with different state of
degradation stacks: new, degraded and hard degraded.
All cold start tests were successful, the stack performance never decayed during the cold start
because of remaining methanol, which proved the cold start ability of the anti-freeze module. The cold
starts were all relative quick, not necessary much longer than with standard cold storage procedure
(dry gas purging). As an example, Figure 11 compares cold start performance at -10°C of a degraded
stack with and without the anti-freeze module under different operating parameters. In this figure,
two cold starts without the anti-freeze module are depicted, one is operating with a variable cell
voltage (between 0.4 V and 0.5 V) and the slowest one with a cell voltage around 0.55 V. The cold start
with the anti-freeze module lasted about 80 s, which was not much slower than the quickest cold start
without the anti-freeze module. Nevertheless, this stack could achieve with the anti-freeze module a
quicker cold start by using other operating parameters. Since results showed that operating key
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parameters strongly influence the cold start time. For instance, once the stack reached temperatures
above the freezing point with a relevant current density, a higher voltage would have led to faster cold
start, as can be seen in Figure 11 when the cell voltage was changed from 0.1 V to 0.35 V.

Figure 11: Cold start performances of a 4-kW PEMFC system at -10°C with and without the anti-freeze module.

All cold start tests were successful regardless of the stack initial conditions, the percent of
methanol contained in the solution or the start-up temperature. As an example, Figure 12 compares
the cold start performance at -20°C of a new stack (in blue) and a hard-degraded one (in brown) with
a 40 vol% methanol solution. Despite of the hard-degraded stack needed more time to reach 50% of
its rated power than the stack in good conditions, it was also reliable, indeed both cold starts had same
power performance. Which demonstrates the cold start ability and reliability of a PEMFC system by
using the anti-freeze module during the cold storage.

Figure 12: Cold start performances at -20°C with the anti-freeze module of two 4-kW PEMFC systems (in good
conditions and hard degraded).
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Therefore, one can assume that the use of a water-methanol solution as antifreeze during the
cold storage can significantly mitigate the stack’s degradation due to ice formation during cold storage
and enable cold start down to -40°C. Thus, enhancing the lifetime of the FCEVs.

2. Scientific publications and conferences
As mentioned in previous sections, several results from this work package have been already
published in scientific journals. Following, these publications are listed, including the link access to
these referenced articles.
-

F. Knorr et al. “Methanol as antifreeze agent for cold start of automotive polymer electrolyte
membrane fuel cells“. Scientific article published in March 2019 by Applied Energy journal.
https://doi.org/10.1016/j.apenergy.2019.01.036

-

G. Montaner Ríos et al. “Efficient thermal management strategies for cold starts of a proton
exchange membrane fuel cell system”. Scientific article published in 2020 by ECS
Transactions, a journal from The Electrochemical Society.
https://iopscience.iop.org/article/10.1149/09809.0243ecst

-

G. Montaner Ríos et al. “Efficient thermal management strategies for cold starts of a proton
exchange membrane fuel cell system”. Scientific article published in December 2020 by
Applied Energy journal. https://doi.org/10.1016/j.apenergy.2020.115813

Moreover, significant results of the cold start and anti-freeze module investigations were also
presented during the time of INN-BALANCE at several relevant international conferences about fuel
cell and electrochemistry. Next, all scientific conference contributions (oral presentations as well as
posters) are detailed.
-

P. Gazdzicki et al. “Mitigation of PEMFC Degradation upon Freeze-Thaw Cycling using a
Methanol-Water Solution as Antifreeze”. Oral presentation at the 8th International Conference
on Fundamentals & Development of Fuel Cells hosted in Nantes (France) from February 12th
to February 14th 2019.

-

M. Schröder et al. “Thermodynamic Model for System Simulation”. Poster presented at the
16th Symposium on Modeling and Validation of Electrochemical Energy Devices hosted in
Braunschweig (Germany) from March 12th to March 13th 2019.

-

G. Montaner Ríos et al. “Efficient thermal management strategies for cold starts of a proton
exchange membrane fuel cell system”. Oral presentation at the 8th European Fuel Cell
Technology & Applications Piero Lunghi Conference hosted in Naples (Italy) from December
9th to December 11th 2019.

-

G. Montaner Ríos et al. “Automotive Cold Start of a PEMFC System by Using a Methanol
Solution as Antifreeze”. Oral presentation at PRiME 2020, every four-year international joint
meeting of The Electrochemical Society of Japan (ECSJ), The Korean Electrochemical Society
(KECS) and The Electrochemical Society (ECS), from October 4th to October 9th 2020. This
edition due to de Covid-19 global pandemic was hosted online.

-

G. Montaner Ríos et al. “Investigation of gas purging and cold storage impact on PEM fuel cell
system performance for aeronautical applications”.Poster at the 9th European Fuel Cell
Technology & Applications Piero Lunghi Conference from December 15th to December 17th
2021. This edition due to de Covid-19 global pandemic is being hosted online.
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Additionally, further results from the cold storage and cold start standard tests as well as of the
anti-freeze module are expected to be published in a scientific journal next year and presented at the
23rd World Hydrogen Energy Conference on June 2022.

Main conclusion
This deliverable presents the public results of the state-of-the-art thermal management system
developed in this project and the proof of the innovative anti-freeze concept, which optimize the
durability, reliability and energy efficiency system, as well as enables a cold start of FCEVs at extreme
low temperatures.
A thermal management system for PEMFC system has been developed and integrated into a FCEV.
This enhanced thermal management system has two separate circuits to attend the different
temperatures demand and freeze start capability. The controller is implemented in the electronic
control unit of the car. Furthermore, a dynamic model has been developed and integrated in the total
system model.
An optimized cold start procedure for PEMFC system, based on a gas purging shut-down strategy
and a two-steps start-up strategy, has been developed and integrated into a FCEV. Tests results with a
PEMFC system proved that the optimized cold start procedure leads to reliable and quick cold starts
(meeting DOE targets for FCEVs), reduces the ice formation, as well as increases energy efficiency
system and FCEV durability.
An anti-freeze module concept, based on the injection of a water-methanol solution into the stack
during the cold storage, has been developed and successfully proved. The test results with the single
cell proved that the anti-freeze considerably reduces performance degradation due to F/T cycles
compared with other cold storage strategies, since avoids ice formation. Moreover, the cold start tests
down to -20°C with a PEMFC system proved the cold start ability of the anti-freeze module. All cold
starts were successful and quick, not necessary much longer than standard cold storage procedures,
regardless of stack initial conditions, start temperature or volume percent of methanol contained in
the solution. Furthermore, no stack performance losses were found after the cold start tests with the
anti-freeze module. Which indicates that using the new concept proposed in INN-BALANCE, the antifreeze module, besides reducing ice formation from the cold storage and the shutdown procedure
time, may also enables a cold start of fuel cell systems at extreme cold conditions (down to -40°C), thus
allowing the PEMFC system to reach the strict goals for cold start and durability of the automotive
sector.
Lastly, during the period of time of INN-BALANCE three articles about the thermal management
system and the anti-freeze module have already been published in relevant scientific journals and
results presented at five key international conferences on fuel cells and electrochemistry. In addition
to these publications, there are still scientific work expected to be published throughout 2022.
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A1.
Abbreviation
BoP
CCL
DC
ECSA
FC
FCEV
F/T
HT
LT
MEA
PEM
PEMFC
SD
SU
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Abbreviations
Description, Explanation
Balance of plant
Cathode catalyst layer
Direct current
Electrochemically active surface area
Fuel cell
Fuel cell electric vehicle
Freeze/thaw
High temperature
Low temperature
Membrane electrode assembly
Proton exchange membrane
Proton exchange membrane fuel cell
Shut-down
Start-up
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