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ARTICLE INFO ABSTRACT

Keywords: The paper presents a comprehensive review of the current status of integrated high temperature proton exchange
Fuel cell membrane fuel cell (HT-PEMFC) and methanol steam reformer (MSR) systems. It highlights the advantages and
PEM

limitations of the technology and outlines key areas for future improvement. A thorough discussion of novel
reformer designs and optimizations aimed at improving the performance of the reformer, as well as different
integrated MSR-HT-PEMFC system configurations are provided. The control strategies of the system operation
and system diagnosis are also addressed, offering a complete picture of the integrated system design. The review
revealed that several processes and components of the system should be improved to facilitate large-scale
implementation of the MSR-HT-PEMFC systems. The lengthy system startup is one area that requires improve-
ments. A structural design that is more compact without sacrificing performance is also required, which could
possibly be achieved by recovering water from the fuel cell to fulfill MSR’s water needs and consequently shrink
the fuel tank. Reformer design should account for both heat transfer optimizations and reduced pressure drop to
enhance the system’s performance. Finally, research must concentrate on membrane materials for HT-PEMFC
that can operate in the 200-300 °C temperature range and catalyst materials for more efficient MSR process

Methanol steam reforming
System integration
System control

System diagnosis

at lower temperature should be investigated to improve the heat integration and overall system efficiency.

1. Introduction

Consumption of fossil fuels releases carbon dioxide, sulfur dioxide
and nitrogen oxides into the atmosphere, causing catastrophic damage
to the environment by global warming, climate change, and acid rain.
According to the International Energy Agency (IEA) [1], CO2 emissions
from energy sources reached to 31.5 Gt globally even under the effect of
Covid-19 lockdowns in 2020 and this value increased to 33.8 Gt in 2022
with the global economic recovery [2]. Also, fossil fuel reserves are
depleting fast. Shahriar et al. [3] proposed a new formula to calculate
the reserve depletion times of fossil fuels, and their results showed that
existing oil and gas reserves will last for approximately 35 and 37 years,
respectively. Coal, with a reserve depletion time of 107 years, will be the
only remaining fossil fuel after 2042. Therefore, it is urgent to facilitate
the fast transitioning from fossil fuels to renewables. It can be seen from
Table 1 that renewable energy share increased significantly from 8.7%
to 11.2% in a decade, while the fossil fuels share in the total energy
consumption remained almost unaltered. Nonetheless, when the fossil
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fuel demand declined due to the impact of Covid-19 lockdowns, the
renewable energy share still increased in 2020 [1,4]. Renewable energy
sources are predicted to account for 63% of the total energy supply in
2050 and contribute to greenhouse emission reduction of 94% [5].
Renewable energy sources such as wind and solar energy can be
converted into green electricity and be delivered to the power grid for
end users. However, despite their great potential, their utilization is
difficult due to their fluctuating and intermittent nature. To store energy
and balance the power grid, the concept of Power-to-X (PtX) was pro-
posed, in which surplus electric power from renewable energy, typically
solar and wind, is converted to hydrogen or other hydrogen-based
products through water electrolysis process, where the renewable en-
ergies can be stored in hydrogen in the form of chemical energy [6].
Hydrogen, as a clean and renewable energy carrier, has been
considered as the most promising substitute to fossil fuels due to the
merits of high specific energy density, zero greenhouse gas emission etc.
Hydrogen can be stored in gas tank for further use or be used directly in
many applications such as transportation or chemical synthesis to pro-
duce hydrogen-based products. Another important application of Hy is
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Nomenclature

Abbreviations

AC alternating current

AFC alkaline fuel cell

ANN artificial neural network

APU auxiliary power units

AST accelerated stress test

CFD computational fluid dynamics
CHP combined heat and power
CPI current pulse injection

DC direct current

ECSA electrochemical surface area

EIS electrochemical impedance spectroscopy
FCEVs  fuel cell electric vehicles

FDI fault detection and isolation

GDL gas diffusion layer

HER heat exchanger MSR reformer

HT-PEMFC high temperature proton exchange membrane fuel cells
IEA international energy agency

KPI key performance index

LT-PEMFC low temperature proton exchange membrane fuel cells
MCFC  molten carbonate fuel cell

MD-WGSR methanol decomposition-water gas shift

MEAs membrane electrode assemblies

MeOH  methanol
MFPS methanol fuel processing system
MSR methanol steam reforming

MSR-HT-PEMFC methanol steam reformed HT-PEMFC system

OoCcVv open circuit voltage

PAFC phosphoric acid fuel cell

PBI phosphoric acid doped polybenzimidazole
PEMFC proton exchange membrane fuel cells
PFSA perfluorosulfonic acid

PI proportional integral

Pt platinum

PtX power-to-X

SOFC solid oxide fuel cell

S/C ratio steam-to-carbon ratio

Parameters

AH,ggx  enthalpy of reaction, kJ mol ™!

Fueon flow rate of feed methanol solution, mol s~!
Meat weight of catalyst, kg

GBurner,air. the volumetric air flow to the burner, L min~?
TBurner, sepoin: teformer setpoint temperature, K
TReformer, Sepoint DUTnNEr setpoint temperature, K

WHSV  weight hourly space velocity, h~?

A stoichiometric ratio

Table 1
Comparison of different energy sources share in the total energy consumption of
2009 and 2019 [4].

Fossil fuels Renewables Non-fossil fuel and non-renewables
2009 80.3% 8.7% 11%
2019 80.2% 11.2% 8.7%

as a fuel for proton exchange membrane fuel cells (PEMFC), which
converts the chemical energy in Hj into electricity. As shown in Table 2,
H, has high energy density of 143 MJ/kg, but the volume of 1 kg of H, is
as high as 12.3 m3 at 25 °C and 1 atm, and the high cost and risk for Hy
storage and transportation make its large-scale applications hindered
[7]. Therefore, alternative fuels such as natural gas and alcohols have
drawn great attention as they can produce Ha-rich gas through fuel
reforming process [8,9], and the generated reformate gas can be fed
directly into a high temperature PEMFC (HT-PEMFC) and become easy
to handle substitute for pure hydrogen.

The commonly seen fuel reforming processes are steam reforming,
autothermal reforming and partial oxidation. Approximate 50% of the
fuel is consumed to providing the heat required for partial oxidation and
auto-thermal processes, which leads to lower efficiency of the reformer-
fuel cell system [10]. For autothermal reforming and partial oxidation
reforming process, the Hy content in the reformate gas is only about
49.12 vol % and 40 vol%, respectively [11]. Therefore, steam methanol
reforming stands out due to its higher H; yield (70 vol% - 80 vol%) and
lower reforming temperature (200 °C — 300 °C) and low CO content (1

Table 2
Comparison between hydrogen and other popular hydrogen carriers.

vol% - 2 vol%) [7,12,13]. Besides, methanol steam reforming also has
the advantages of longer catalyst lifetime and easier fuel flow control
compared with the other two reforming processes [14].

Nowadays, over 95% of worldwide hydrogen is produced from a
mature process of natural gas steam reforming [15]. However, as shown
in Table 2 the operating temperature required for natural gas steam
reforming is quite high and natural gas is a fossil fuel. Compared with
natural gas and other hydrocarbons, methanol has several advantages
[9,16-19]: (1) methanol is in liquid phase at standard atmospheric
pressure and temperature with higher volumetric energy density than
H,, and can use the existing petroleum infrastructure with only few
modifications; (2) methanol has higher H/C molar ratio of 4:1, leading
to higher Hy content in the reformate gas; (3) methanol steam reforming
has lower steam reforming temperature due to the lack of C-C bonds,
which makes the reforming process easier; (4) methanol can be pro-
duced both from renewable sources such as biomass and or
non-renewable energy sources such as natural gas, coal etc. and (5)
methanol reformates are sulfur-free and the CO content is low, which
can be directly fed into an HT-PEMFC. Therefore, hydrogen rich gas
from methanol steam reforming is a promising substitute of H; as fuel for
high temperature PEMFC. A disadvantage of methanol as an energy
carrier is related to health and safety. Methanol is toxic to humans, if
ingested or if vapors are inhaled, and its flames are practically invisible
in sunlight [20-22]. Proper handling and safe storage are needed.

In recent years, there has been some research investigating methanol
reformer integration with HT-PEMFC system (MSR-HT-PEMFC). Tian
et al. [23] developed a dynamic model of reformed methanol fuel cell

Hydrogen Natural gas (CHy4) Methanol (CH30H) Ethanol (C,Hs0H)
Energy density (MJ/kg) 143 55 22,5 27
Volume of 1 kg (L) 11200 1.96 1.26 1.27
H/C molar ratio - 4:1 4:1 31
Steam reforming temperature (°C) - 800-1000 200-300 300-500
Renewability Renewable Non-renewable Renewable Renewable
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Fig. 1. Trend of yearly publications from 2001 to 2022 regarding HT-PEMFC,
MSR and MSR-HT-PEMFC system (the search was made on the Nov 22, 2022
using the Scopus database).

system using Modelica language, where three subsystem models of fuel
processor, HT-PEMFC stack and heat recovery were included and veri-
fied with experimental data for system analysis and control. Thomas
et al. [24] carried out experimental work to investigate the effects of
different break-in procedures, including different break-in times and
fuel compositions during break-in and found that the effect of break-in
on cell performance is negligible but neat hydrogen during break-in
can ensure longer durability for the reformed methanol fuel cell sys-
tem. The effects of catalysts, operating temperature, steam to carbon
ratios and other operation parameters on the system efficiency were also
studied both in experiments and simulations [18,25-28]. Furthermore,
the growing research interest on MSR-HT-PEMFC is confirmed by pub-
lication trend over the last 20 years as shown in Fig. 1.

Even though, there are several review articles on HT-PEMFCs and
MSRs as separate entities, there is no systematic review in open litera-
ture that covers all aspects of MSR-HT-PEMFC systems. This review is
therefore devoted to providing systematic information on the MSR-HT-
PEMEFC systems to both beginning and experienced researchers who are
contributing to the development of these systems. The originality of the
current work lies in its comprehensive and up-to-date overview of the
integrated MSR-HT-PEMFC systems and their configurations, control
strategies, diagnostic methods, and key areas for their future improve-
ments. The review summarizes the integration of MSR-HT-PEMFC sys-
tem which is organized as follows: Section 2 gives a brief introduction to
the fundamentals of PEMFC, MSR and their integration. Section 3 re-
views typical reformer types and the designs of different system con-
figurations. Section 4 provides the state of the art of optimization and
control strategies and diagnostic methods for MSR-HT-PEMFC system.
Section 5 presents an overview of the applications of integrated MSR-
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HT-PEMFC systems. And the current status and prospects of the tech-
nology are discussed in Section 6. Finally, Section 7 gives the concluding
remarks and the future development trend of this technology.

2. Methanol steam reformer-high Temperature-PEMFC system

A typical MSR-HT-PEMFC system mainly consists of three sub-
systems: methanol steam reforming subsystem, which usually consists of
a steam reformer and a catalytic burner, fuel cell subsystem and heat
recovery system.

2.1. PEM fuel cells

Fuel cell is an electrochemical energy conversion device that can
convert the chemical energy in the reactants directly into electrical
energy. Based on the electrolyte types, fuel cells can be classified into
five technologies, namely, proton exchange membrane fuel cell
(PEMFC), phosphoric acid fuel cell (PAFC), alkaline fuel cell (AFC), solid
oxide fuel cell (SOFC) and molten carbonate fuel cell (MCFC). The main
characteristics, operating conditions and efficiencies of the different fuel
cell technologies are listed in Table 3. Compared with the other fuel cell
types, PEMFC has the advantages of low operating temperature, quick
start-up time, high power density, which make it competitive, especially
in transportation and portable applications.

2.1.1. The working principle of a PEMFC

A single PEMFC is a sandwich structure consisting of bipolar plates,
gas diffusion layers, catalyst layers on both sides and a proton exchange
membrane as electrolyte in the middle as shown in Fig. 2. Hy is fed to the
anode and oxidized to produce protons. The protons then transfer from
the anode through membrane to the cathode and are reacted with ox-
ygen that is fed to the cathode and with the electrons that are trans-
ported through an external circuit to produce water, electricity and heat.
The reactions that take place in PEMFC are:

Anode : 2H, - 4H"™ +4e™ D
Cathode : O, +4H" 4+ 4e~ -2H,0 2)
Overall reaction : 2H, + 0,—2H,0 3

2.1.2. Low temperature PEMFC and high temperature PEMFC

As shown in Table 3, the working temperature of PEMFC is below
100 °C (also called low temperature PEMFC). The membrane materials
used in low temperature PEMFC (LT-PEMFC) are Perfluorosulfonic acid
(PFSA) membranes, which are represented by Nafion® membranes. This

Table 3
Comparison of different fuel cell technologies [29-31].
Fuel cell type PEMFC PAFC AFC SOFC MCFC
Electrolyte Perfluorosulfonic acid (PFSA) Liquid phosphoricacid ~ Aqueous alkaline solution  Solid oxide or ceramic Molten carbonate salt
(KOH)
Charge carrier H* H* OH~ 0% CO§’
Fuel Ho, H, H, Ha,, CH,, biogas H,, CO, CHy, C3Hg
Operating 50-80 150-210 Room temperature - 250 600-1000 600-700
temperature
QO
Electrical 40-70 45-50 Up to 70 45-60 40-60
efficiency (%)
Advantages Low operating temperature, low High tolerance to fuel Fast electrooxidation High CHP efficiency, long- Fuel flexibility, suitable for
noise, quick start-up, fast response,  impurities, suitable for ~ reaction, high efficiency term stability, fuel flexibility, CHP, high efficiency
high power density CHP low emissions, low cost
Disadvantages High catalysts cost, low tolerance Expensive catalysts, Prone to CO; poisoning, Longer start-up times, Slow start up, high cell
to impurities, poor heat and water long start-up time, high cost for fuel mechanical and chemical component degradation, high
management sulfur sensitivity purification compatibility issues performance degradation
Applications Transportation, distributed/ Stationary power Military, space shuttle Stationary power generation, Large, stationary power

stationary and portable power
generation, backup power,

generation, vehicles

CHP system, auxiliary power

plants
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Fig. 2. Schematic of PEMFC.

type of membrane should be maintained at the proper water content and
operating temperature to ensure efficient transfer of protons and to
avoid membrane dehydration or flooding [32,33]. For instance, high
temperature operation (above 80 °C) will lead to the membrane dry up,
while low temperature does not benefit the reaction kinetics [33,34].
These water and heat management issues can limit the operational
flexibility of LT-PEMFC systems. Furthermore, LT- PEMFCs can only use
pure Hy as fuel because the Pt-based catalysts are more sensitive to
impurities that can cause poisoning at low temperatures [35,36].
However, storage and transportation of Hy have always been obstacles
that significantly hinder the large-scale commercial deployment of this
technology [31,32].

Thanks to advancements in membrane and catalyst materials, it was
made possible to operate PEMFCs at higher temperatures of 120 °C —
200 °C using phosphoric acid-doped polybenzimidazole (PBI) mem-
branes. In these membranes, the phosphoric acid acts as the proton
carrier, eliminating the need for membrane hydration and simplifying
water and heat management [37,38]. The main advantage of high
temperature operation, other than higher quality heat, easier heat
rejection and easier water management, is the fact that the CO adsorp-
tion on Pt-based catalyst surface is disfavored at high temperature
condition, leading to enhanced tolerance to CO and other impurities
[39-41]. It has been reported that 10 ppm- 20 ppm CO in feed can cause
significant performance decrease for low temperature PEMFC [42]. On
the other hand, for HT-PEMFC the CO tolerance can reach up to 1000
ppm when operated at 130 °C [43], 10000 ppm when operated at 150 °C
[39] and 30000 ppm when the operating temperature is higher than
160 °C without significant decrease in performance [44]. This high
tolerance of HT-PEMFCs to CO poisoning expands the fuel flexibility of
the system, allowing reformate gases from hydrocarbons and alcohols,
such as methanol to be directly used without any pre-purification.
Extensive research has been conducted on the performance evaluation
of HT-PEMFCs using both experiments and modeling, as summarized in
Table 4. It can be seen that the operating parameters such as tempera-
ture, stoichiometry, current density, etc. have a significant effect on the
performance of HT-PEMFCs. In recent years, research interests in the
system-level performance of HT-PEMFCs using reformates as fuel have
increased, and the reported performances have been remarkable [28,45]
as shown in Table 4.
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2.2. Methanol steam reforming

MSR is an endothermic process, where methanol and water react at
high temperature to produce hydrogen-rich gas mixture, known as
reformate gas. The reaction mechanism of this process is complex since
different reaction pathways could occur in the process as listed in
Table 5. There are four types of MSR process, including: (1) photo-
catalytic MSR, (2) aqueous-phase reforming of methanol, (3) high
temperature MSR, (4) thermal catalytic MSR, which are explained in
Refs. [57,58].

This study focuses on thermal catalytic MSR, where three reactions
are considered, including one main reaction and two side reactions:

Main MSR reaction : CH;OH + H,O — CO, + 3H, AH,o5x =49.37 kJ mol ™!

()]
Side reactions:
Methanol decomposition : CH;OH — CO + 2H, AHposx =90.47 kJ mol™"
5)
water — gas shift reaction : CO + H,0 — CO;, + HyAHao3x =
—41.10 kJ mol™ (6)

The catalysts for MSR mainly include copper-based and group VIII
metal-based catalysts, with the former being the most commonly used in
industrial applications. Recent developments of MSR catalysts can be
found in Refs. [59,60]. Typically, a mixture of methanol and steam
(water) is reacted on a commercial Cu/ZnO/Al;O3 catalyst bed at a
temperature range of 200 °C — 300 °C and steam-to-carbon ratio (S/C)
between 1 and 2, to produce a reformate gas composed of Hy, CO3, CO
and unreacted CHsOH and H»0. The H;, content of the reformate gas can
reach up to 75% at the reforming temperature of 250 °C - 300 °C, with
CO concentration lower than 1 vol%, and can be used as anode feed for
high temperature PEMFCs without purification [61-64]. Therefore,
methanol reforming system is highly suitable for integration with a high
temperature PEMFC system.

2.3. Reformer- fuel cell system

A reference MSR-HT-PEMFC system (H3-350), developed by
Serenergy (now Advent Technologies) in Denmark, is usually used in
many related studies [7,41,64-68]. As shown in Fig. 3, the system is
made up of: a burner providing sufficient heat to keep the reformer at
working temperature; an evaporator, where the phase transition of
water and methanol mixture from liquid to gas occurs; a reformer, where
the MSR reaction occurs and a HT-PEMFC stack, which uses the refor-
mate gas generated from the reformer as fuel to produce electricity. In
such a system, no additional CO removal component is required as
HT-PEMFC has high tolerance to the impurities in the reformate gas,
such as CO and unconverted methanol. Moreover, the unreacted
hydrogen is fed to the burner and the excess heat released by the
HT-PEMFC can be used in the evaporator to achieve effective utilization
of both fuel and heat.

3. The design and integration of MSR-HT-PEMFC system

The working temperature ranges of MSR reformer and HT-PEMFC
are different, which can be a challenge for thermal integration of the
system. Therefore, research has been carried out on the thermal inte-
gration of HT-PEMFC with MSR system to improve the performance and
energy efficiency of the system. The waste heat released from HT-
PEMFC, which is around 50% of the input chemical energy, can be
used to meet heat demand of fuel vaporization and MSR reaction for the
methanol reformer subsystem [70].
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Table 4
Literature review of HT-PEMFC performance evaluation.
Publication Temperature M2 Mir Current Test mode Main Results Ref.
year (°C) density (A
cm’z)
2012 160 2 2 0.3, 0.4, 0.6 3D modeling (CFD) In terms of current density homogenization, anode [46]
and cathode in counter-flow with cooling and anode
in co-flow is the most preferred arrangement.
2014 140-180 H, - 90% methanol 4 Experiment Degradation rate of —55 mV/h was obtained after [18]
conversion 100 h test at 90% methanol conversion.
2015 160 1.35 2-3 A system efficiency of 27-30% was obtained. [47]
2015 150-60 1,2 2.2 0.2 Experiment and The degradation rate for start-stop cycling test was [48]
simulation 17.2 pvV h™! and 15.3 pV h™? for constant load
operation.
2016 160 2,4,6 2 0.2, 0.4, 0.6 Experiment Increasing current density (increasing water flux) lead [49]
to the equivalent crossover current increases.
2016 150-175 1.25-1.4 2-4 0.09-0.18 Model and Higher operating temperature (175 °C) improved cell ~ [50]
experiment performance, model and experiment data fit well.
2017 160 1.8 2.5 0.3 Experiment In Nyquist plots, oxygen reduction reaction [51]
1.8 0O, (same contributed mainly at low and intermediate
flow of frequency region, high frequency region attributed to
air) anode and proton conduction mechanisms.
1.8 H, (30
Nml
min’l)
2017 160-200 1.2 2 0.1-1.2 Experiment/3D The modeling predictions fits the experimental values [52]
model (Fluent) well.
2017 167 1.2 (with reformate 2.5 0.03-0.6 Experiment CO contamination resulted in an increase in [44]
composition content activation losses, methanol pronounced increase in
changes) ohmic losses.
2017 160-200 1.2 2 0.2 MSR-C/HT-PEMFC system obtained remarkable [53]
performance with a degradation rate of 138 pv h™!
after 700 h test at 180 °C
2017 160, 180 1.2 4 0.2, 0.4, 0.6 Experiment Cell performance degradation with reformate as feed [45]
was not affected by operating temperature (—39 pV
h~!at 160 and -37 pV h™! at 180).
2018 160 1.3 2 0.1, 0.3, 0.5 Experiment and CFD The reported model can evaluate the global [54]
modeling operational parameters. The results obtained well
fitted the theoretical expectations.
2019 160 1.2 2 3minat0.5V AST Experiment Pt oxidation and reduction take place during each [55]
and 3 min at with different flow cycle resulting in ECSA loss. Flow field design of
09V channel design cathode side has a strong influence on degradation
behavior associated with potential cycling.
2020 120, 150, 180 Dymola Model Basic system analysis and design model for RMFC. [56]
Table 5 conversion efficiency and the performance of the system are scarce.
able

Different reaction pathways of MSR [58].

Reaction pathways Reactions

Methanol decomposition-water gas shift (MD-
WGSR)

One-step MSR

Reverse water gas shift

Methyl formate intermediate pathway

CH30H—CO + 2H,

CO + H,0—-CO; + Hy
CH30H + H,0—-CO, + 3Hy
COy + H,—»CO+ H,0
2CH30H—HCOOCH3 + 2H;
HCOOCH3 + H,0—CH30H +
HCOOH

HCOOH—CO- + H,

3.1. Reformer design

Methanol steam reformers, where the methanol steam reaction
happens, play a significant role in the MSR-HT-PEMFC system. The
performance evaluation and optimization have been carried out exten-
sively as summarized in Table 6. The operating parameters can affect the
reformer performance significantly. Besides, the reformer and catalysts
design can directly determine the conversion efficiency of methanol and
CO concentration in the reformates, which will affect the system effi-
ciency and lifetime of the fuel cell. The development of catalyst mate-
rials for methanol conversion reaction and studies on the improvement
of the activity and stability of the catalysts have been carried out and
summarized in Refs. [26,57,71-73]. However, reviews on the design
and optimization of the MSR reformers to improve the methanol

The design of the reformers should target high methanol conversion
efficiency, low by-product content (mainly CO content in the reformate
gas), long service life of the components and easy heat integration. Be-
sides, low cost, small weight and volume of the reformer, easy operation
and short start-up time should also be considered as important factors to
evaluate the MSR performance. To improve the efficiency of the inte-
grated system, different MSR reformer designs have been proposed for
use with HT-PEMFCs. Optimization parameters in these MSR designs
mainly include more uniform flow distribution of gases and lower
pressure drop in the reformer, which can contribute to improved
methanol conversion efficiency and lower CO concentration in the
reformate gases.

3.1.1. Packed bed MSR

Packed bed reformers are conventionally used for methanol steam
reforming, where pellets or cylindrical catalyst particles are packed on
the reactor bed. A pump is usually required to provide the driving force
for the reactants and products through the reactor. This kind of re-
formers have the advantages of moderate cost, easy operation and better
catalyst availability and reproducibility, but they also suffer from issues
of heat transfer limitation and large axial and radial temperature gra-
dients along the bed, which could lead to the catalyst sintering, and thus,
large pressure drop along the catalyst bed [85,86].

In order to optimize the heat transfer process and lower the pressure
drop in the catalyst bed in packed bed reformers, both experimental and
modeling work have been widely carried out [12,61,78-80]. Ribeirinha
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Fig. 3. Scheme (left) and concept drawing of the commercial H3-350 MSR-HT-PEMFC system (right) (reproduced from Ref. [69]).

Table 6
Summarization of methanol steam reformer performance evaluation.
Publication Temperature (°C) Space-to-time ratio S/C Test mode Main Results Ref.
year ratio
2012 240-300 in 200-400 ml/h in positive 1.5 Experiment The gas quality of reformate fits HTPEM grade quality [64]
positive steps of steps of 100 ml/h requirements. Increasing temperatures increase the CO content of
20 the reformate gas and decreases the methanol slip.
2015 260 6500 ml/h 1.5 Experiment and Startup time of the reformer in about 45 min was obtained [47]
modeling
2016 325-375 7.5 and 60 mmolyeop/min 1.5 Experiment High methanol conversion can be achieved with high temperature [63]
Seat with very low CO content (<1.5%) in the outlet stream.
2016 220-320 methanol supply flow rate 1.2,1.4  Experiment The reformer heat exchanger engine speed increasing can lead to [74]
was set at 15.8 g/min decreased H, molar flow rate and methanol conversion efficiency.
2017 170-200 100-2100 (mcat/Freon (kg 1.5 Experiment/3D The modeling predictions fits the experimental values well. [75]
mol ' s)) model (Fluent)
2017 150 0.01 ml/h to 0.5 ml/h 1.0-1.6 3D CFD model Both methanol conversion and hydrogen molar flow rate increase  [76]
with increasing S/C ratio and reaches its maximum (optimum)
value at 1.4.
2017 200-240 0.1-1 m/s 1-1.6 Modeling Methanol conversion decreased with inlet reactant velocity and [77]
increased with water methanol molar ratio. CO content increased
with temperature but decreased with inlet velocity and water
methanol molar ratio.
2018 210-290 1.5-3.5 L/min 0.5-2.0 CFD modeling The methanol conversion rate increased with temperature and S/C  [78]
ratio but decreased with the flow rates of the feedstocks.
2019 250-350 0.1g/s 1-1.4 Experiment and Optimum of operating temperature of 200 °C, S/Cratioof 1.4)and ~ [61]
modeling operating capacity of one tubular reactor array were discovered.
2019 25-600 0-7 Modeling (Aspen The optimum MSR temperature of 246 °C, pressure of 1 atm and S/ [79]
Plus) C ratio of 5.6 were proposed
2020 240-260 2-10 (Mcat/Freon (kg mol ! 1 CFD model Optimization of operation parameters and reformer design. [80]
s))
2020 100-400 1-3 Modeling (Aspen The optimum values of the temperature, S/C ratio and pressure to ~ [81]
Plus) produce reformate were identified to be 200-300 °C,1.6-2.0 and
1.0 atm, respectively.
2020 225-325 0.4-6.7 h™* 1.1-1.5 CFD simulation A novel multichannel micro packed bed reactor was proposed. [82]
and experiment Increase of the S/C and T, as well as decrease of the WHSV and
catalyst particle size, both enhance the methanol conversion.
2020 225-325 0.67-5.36 h! 1-1.5 3D modeling The operating temperature plays a more important role than S/C [83]
and WHSV. And the operating conditions of T of 275 °C, S/C of 1.3
and WHSV of 0.67 h™! are recommended for the novel
multichannel reactor fully packed with catalyst.
2020 250 Methanol flow rate of 2.31 1.3 Steady-state test The MFPS can produces a reformate flow of 3.32 L/min for [84]
g/min hydrogen production and total energy efficiency is about 74.2%
with low CO content.
20-240 Methanol flow rate of 1.99, Startup test Startup time was about 15.3 min for the methanol flow rates of
2.62, and 3.12 g/min, air 2.62 and 3.12 g/min, 17.8 min for the methanol flow rates of 1.99.
flow of 20.2 L/min
2021 200-280 0.4-1.2h~! (methanol liquid ~ 1.0-1.8 Experiment Better performance was achieved at operation condition of 260 °C. [12]
hourly space velocity)
2021 170-200 650-2000 (Mcat/Fareon (kg 1.5 Experiment An expansion vessel between the HPLC pump and the evaporator [53]

mol ! 5))

reduced the flow rate oscillations and increased the methanol
conversion from 93% to 96%
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et al. [87] manufactured and analyzed three cellular reformers with
different designs, including multi-channel, radial and tubular in their
study and found that the multi-channel design was the best among the
three for the thermal integration as it provides higher methanol con-
version rate, uniform temperature and flow distribution and lower
pressure drop. Harvey Wang et al. [88] evaluated three different reactor
designs with multiple columned-catalyst bed, which were made of
different structures and materials that operated at the same condition.
The results showed that cylindrical and rectangular reactor shapes
showed higher thermal efficiency, smaller temperature differential and
shorter start up time than the traditional tubular reactor. Besides, the
reformer made of aluminum alloy of Al-6061 with a flameless com-
bustion heating device exhibited effective methanol conversion perfor-
mance. Feng Ji et al. [89] proposed a single channel serpentine packed
bed reformer design with optimized bed diameter of 5 mm incorporated
in an internal methanol reforming fuel cell system. It was found that this
design led to more uniform temperature distribution as well as lower
bed pressure drop, achieving the reported highest power density of 0.45
W em™2- 0.55 W em ™2 with only one-third the catalyst loading used by
A. Mendes [70]. Prashant Nehe et al. [90] developed an annular packed
bed reformer configuration, where a reformer and vaporizer were in-
tegrated together. A rod-type heater was inserted in the center of the
reformer to provide heat for the endothermic MSR. Compared with the
externally heated reformer, this internal heating design increased the
methanol conversion efficiency by 3% — 4% due to the optimized tem-
perature gradient along the radius of the pecked-bed reformer. Perng
et al. [91]established a 3D computational fluid dynamics (CFD) model
where a diffuser was installed before the catalyst bed in the traditional
reformer. They found that the novel design with a diffuser exhibited
improved MSR performance and increased net power output of the fuel
cell, because the diffuser with suitable angle and length can expand the
fuel channel space, which will reduce the fuel velocity and increase the
fuel residence time on the catalyst bed. Besides, this novel design
avoided large pressure drop and lowered the CO content in the
reformates.

Although optimization of different designs on the reformer channels,
catalysts, component materials, reformer shapes, etc., have been pro-
posed for packed bed reformer and performance and efficiency have
been improved to some extent, these optimizations of the design and
configuration often come with higher cost and manufacturing
complexity. Besides, the volume and weight of the packed bed reformer
should also be considered in the heat-integrated system, especially for
portable applications. Multidisciplinary design optimization of packed
bed reformer to maximize the methanol conversion rate, heat transfer
efficiency, catalyst stability and reaction selectivity are still necessary.

3.1.2. Plate-type MSR

The limitation of heat transfer and large pressure drop in a conven-
tional packed bed reformer promoted the development of plate-type
reformers, in which the catalysts are coated on the walls of the
reforming channels, forming a wall-coated or suspended catalytic layer
configuration. This structure separates the entire channel into two
different domains of catalyst-packed domain and the free-fluid domain
[92]. Compared to the packed bed reformers, the plate-type reformers
have the advantages of more uniform flow, longer residence time of the
reactant fluid within the catalyst layer and higher surface-to-volume
ratio, which contribute to higher hydrogen yield [93].

Perng et al. [94] investigated the performance of a novel plate-type
MSR through CFD, where cylindrical cavities were installed on the
bottom of the reformer channels. They found that the novel MSR design
showed higher reforming performance and higher net PEMFC output
power compared to the traditional plate-type MSRs without the appli-
cation of cavities. They also found that the higher heated wall temper-
ature and deeper and larger diameter cavities can help to improve the
reformer performance with enhanced net PEMFC output power. How-
ever, in this case the increase in methanol conversion rate and higher
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hydrogen content comes with higher CO content in the reformate gas
and the cavities can cause higher pressure drop through the channels,
which will need additional pumping energy to drive the reactants flow.

Bravo et al. [95] reported a catalyst wall coating applied to a tubular
reactor and tested the reformer for 10 days without observing any
peeling off the coating. They also found that the catalytic activity of the
wall-coated catalyst was better than the packed bed catalyst with the
same catalyst. Lee et al. [96] studied the reacting flow transfer phe-
nomenon in the wall-coated and packed bed reformers separately and
found that the wall-coated reformer had smaller power requirement for
fuel delivery and smaller thermal resistance. The methanol conversion
and CO content of these two reformers were the same under the same
operation condition. Karim et al. [86] investigated the MSR kinetics and
the performance of wall-coated and packed bed reformers with the same
commercial catalyst, CuO/Zn0O/Al;03, through both experiments and
modeling. Their results showed that the wall-coated reformer had lower
heat and mass transfer limitations, lower pressure drop and higher
catalyst activity compared to packed bed reformer. Besides, thicker
catalyst wall-coatings contributed to increased volumetric productivity
for the same reactor diameter. Chein et al. [97] also reported that the
catalyst-layer thickness could greatly affect the fluid flow characteris-
tics, the temperature distribution and the heat and mass transfer. In their
study, the wall-coated reformer showed better methanol conversion
efficiency than packed bed reformer due to the obtained higher
reforming temperature in wall-coated reformer, which however also
increases the CO content. Similar results were also found by the Hao
et al. [92], who carried out studies on the wall-coated and packed bed
reformers separately and found that the wall coated reformer had higher
temperature and methanol conversion rate than the packed bed
reformer, acquired at the price of increased CO content. Besides, the
catalyst layer thickness had indirect effect on the CO concentration in
the reformates, optimized wall-coated catalyst thickness ratio of 0.6 was
proposed to balance the methanol conversion rate and CO
concentration.

Based on the above literature review, the plate-type MSR reformer
offer several benefits, such as lower pressure drop, smaller thermal
resistance that results in enhanced thermal management of the reformer.
These improved heat and mass transfer characteristics also lead to lower
transport resistance, fast dynamic operations, higher reforming tem-
perature, and ultimately to higher methanol conversion rate. However,
optimization or novel reformer designs should also be carried out with
respect to the coating procedure and catalyst replacement for further
cost reduction [98].

3.1.3. Membrane MSR

In order to improve the purity of hydrogen in reformate gas and
avoid the poisoning effect of the unconverted methanol or the produced
CO on the anode catalyst of the fuel cell, membrane reformer design is
often used. This design, typically incorporates a thin palladium-based or
graphite plate with high hydrogen selectivity and permeability into a
catalytic reformer for coupling with PEMFC applications [99-102].
Ribeirinha et al. [103] firstly proposed a novel packed bed membrane
reactor integrated with a HT-PEMFC, where a 4 pm thick of Pd-Ag
membrane was incorporated between the membrane electrode assembly
of HT-PEMFC and the reformer catalyst. The performance of the com-
bined reformer and fuel cell system was investigated through a
non-isothermal 3D simulation. The result showed that the performance
of the combined unit was comparable to the performance of HT-PEMFC
that was supplied with pure hydrogen, where the compact system design
allowed efficient heat integration. However, the stability and costs of the
Pd-Ag membrane is worth considering. As mentioned above, HT-PEMFC
has higher CO tolerance of 30000 ppm, and therefore, the development
of membrane reformer is mainly for the integration of MSR reformer
with low temperature PEMFC, which has high purity (99.9999%)
requirement for the feed hydrogen. Nonetheless, future development
should investigate if the utilization of membrane reformer in the
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integrated system can increase the lifetime of the MSR-HT-PEMFC
system.

3.1.4. Micro/mini structured MSR

Considering the compactness of the MSR system, especially when
integrated with the mobile and miniaturized portable fuel cell system
applications, micro/mini structured MSR reactors with micro structured
features and sub-millimeter dimensions have been investigated recently
[104-108]. For micro/mini reformers, the heat transfer efficiency and
the reactants flow distribution are critical for the reformer performance.
The commonly developed micro reformers are packed bed reformers
with small dimensions and microchannel designed reactors. The
small-dimension packed bed reformers have the disadvantages of large
pressure drop and significant temperature gradient both in axial and
radial directions of the bed. To improve the flow distribution and the
heat and mass transportation of micro reformers, both experimental and
modeling work have been carried out extensively.

Zhang et al. [83] developed a novel multichannel micro packed bed
reformer, which has a bifurcation inlet and rectangular outlet manifold.
In this new designed micro reformer, the flow distribution uniformity
was greatly improved and reached beyond 99.3%, high methanol con-
version rate of 94.04% was also achieved with CO content lower than
1.05%. Ataallah Sari et al. [76] established a 3D CFD model to simulate
the performance of a microreactor, which consist of 13 structured par-
allel channels. Their results showed that these narrow channels
contribute to high hydrogen production rate as well as low CO content,
and the reformer with cylindrical microchannels showed better perfor-
mance than that with rectangular microchannels. Zhang et al. [109]
investigated a cross-u type micro MSR reformer, which consists of a
reformer and a combustor, both experimentally and numerically. The
results showed that compared to the conventional tubular and parallel-U
type micro reformer, this novel structure design showed better perfor-
mance on thermal efficiency and methanol conversion rate with
acceptable CO content in the reformate as feed gas for HT-PEMFCs. Kang
et al. [110] analyzed the performance of both types of packed bed
microchannel reactors with different microchannel designs, such as the
cross-section shape and flow distributions, as well as plate-type micro-
channel reformers. They found that the structure and distribution of the
microchannels of the reformer play an important role in the
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performance of the micro MSR. Besides, the reformer size, the assembly
type, the surface shape and the catalyst loading are also important fac-
tors that affect the performance of the micro structured reformers.

Compared with the conventional chemical reactors, the micro/mini
structured reactors have the advantages of higher surface-to-volume
ratio, better heat and mass transfer properties, rapid response time,
ease of control of the operation parameters such as temperature, flow
rate, and residence time, making it suitable to integrate with a fuel cell
[104,111]. However, the cost and time required to design and construct
these small MSR reactors are high.

3.1.5. Other design optimizations

Evaporator integration is necessary in an MSR-HT-PEMFC system as
the methanol and water mixture needs to be heated to steam phase to
perform the methanol steam reforming reaction. Therefore, the evapo-
rator configuration could be an important factor to the MSR-HT-PEMFC
system efficiency. Yu et al. [112] investigated two different evaporator
configurations in the MSR-HT-PEMFC system, with one system with
external evaporator as reference and the other one with internal evap-
orator. The two MSR-HT-PEMFC systems were operated by changing the
heat duty and steam to carbon ratio. Results showed that the waste
energy was reduced for the reformer and the system thermal efficiency
was improved with the internal evaporator configuration.

3.2. External MSR-HT-PEMFC integration

The working temperature of HT-PEMFC is typically 160 °C, while the
operating temperature of MSR process is usually above 250 °C. The
temperature mismatch of fuel cell and reformer lead to the development
of the external integration of MSR-HT-PEMFC system, where the
reformer and fuel cell work as separate subsystems at different working
temperatures in the system.

Herdem et al. [113] investigated the performance of a methanol
reformate gas-fueled HT-PEMFC system through modeling. The sche-
matic of the MSR-HT-PEMFC system, as shown in Fig. 4, mainly consist
of the MSR reformer, a combustor, an evaporator and a HT-PEMFC
stack. The operating temperatures of the stack and reformer can
significantly affect the system efficiency due to the change in the CO
molar ratio in the reformate gas, where a maximum system efficiency of
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Fig. 4. Schematic of the methanol reformer system (reproduced from Ref. [113]).
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Table 7
Literature review of external integrated MSR-HT-PEMFC system.
Publication Reformer type/catalyst T of MSR T of HT- Power Methanol System efficiency Methods Ref.
year Q) PEMEFC (°C) output (W) conversion rate
2010 Micro fuel processor MSR 250-285 180 30 94% - Experiment [114]
reformer/Base and noble metal
catalysts
2014 Micro-combined MSR 300 150-180 1000 - 18.46-26.41% for different Hy Modeling [115]
reformer/Interior utilization
23.74-33.60% for different
fuel cells operation
temperature
2015 Packed bed MSR reformer 180 150 5000 - 28-30% Modeling and [47]
experiment
2015 Senergy H3-350/CuZn 240-300 160-180 450 - 27%-35% Modeling [113]
2017 Micro structured MSR 200 185 8.5 98.5% 21.7%-35.5% Modeling and [116]
reformer/CuZnGaOx experiment
2017 Packed bed MSR reactor/CuO/ 180 175-185 427 88-100% - Experiment [117]
Zn0O/Al,03 (BASF RP-60)
2021 Microreactor MSR reformer/ 208-225 160 109.3 94% Modeling [118]
Cu/Zn0/Al,05
2020 Cu,0/CazFey05 160-200 120-180 - - 21.6%-26.7% for start-up, Modeling [119]

47.7% for working stages

35% was obtained at the stack operating temperature of 180 °C and the
reformer operating temperature of 240 °C. Sahlin et al. [47] investigated
5 kW HT-PEMFC system with an integrated external methanol reformer,
which consisted of similar components of burner, reformer, evaporator
and fuel cell. Through dynamic modeling and experimental work on the
reformer, the efficiency and the start-up time of the system were esti-
mated to be around of 28% — 30% and 45 min, respectively. Literature
review about externally integrated MSR-HT-PEMFC system, including
reformer type, main operating conditions, methanol conversion rate,
system efficiency and research methods are summarized in Table 7. It
can be seen that the research interests on external system integration
have been increasing since 2010. Some improvement on system effi-
ciency has been achieved and should be further enhanced.

To optimize the thermal efficiency of the MSR-HT-PEMFC system
Schuller et al. [68] designed a novel MSR reformer, which was inte-
grated with a 12-cell HT-PEMFC stack. The reformer used in this system
was a heat exchanger MSR reformer (HER) packed with the commercial
CuO/Zn0/Al,03 catalyst to obtain the MSR reaction. The heat produced
by the stack was routed to the HER through the coolant loop to power

the methanol reforming process as shown in the process diagram in
Fig. 5. Both the stack and reformer in this system were operated at the
same operating temperature of 180 °C with a CO content below 0.5% vol
in the reformate gas. This demonstrated that the heat released from the
stack is sufficient to obtain a methanol conversion in the HER through a
liquid coolant circuit, resulting in a total heat utilization of 86.4% for the
HT-PEMFC stack.

External integration of MSR-HT-PEMFC system has no special
component design and catalyst requirement for both fuel cell and
reformer. The reformer can operate at high working temperature to keep
high methanol conversion rate and reduce unreacted methanol content
in the reformates. However, the external integration cannot make use of
the heat released from the electrochemical reactions occurring in the
system for the MSR reaction, leading to quite low system thermal effi-
ciency and long start-up time as shown in Table 7. Besides, independent
reformer and fuel cell operation need other auxiliary components such
as evaporator, heat exchanger, condenser, etc. to ensure the proper
temperature and fuel control in the system, which lead to uncompact
system design.
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Table 8
Literature review of internal integrated MSR-HT-PEMFC systems.
MEA Reformer Temperature Power (W MeOH Main results Ref.
Q) cm?) conversion
ADVENT TPS® MEA CuMnOx/Cu foam 200 0.12 >90% Unreacted methanol poisons the anode electrode. [27]
Homemade m-PBI CuO/Zn0/Al,03 catalyst 180-200 0.45-0.55 >90% Less than 10% decline after 100 h operation. [89]
membrane Low stability of the IRMFC single cell at high current
density.
TPS®phosphoric acid- Cu-Mn spinel oxide 200 0.1315 >75% No performance degradation for more than 72 h. [121]
doped copolymer supported on metallic
copper foam
TPS® membrane CuZnAlOx methanol 200-210 0.114 >95% Gradual stack performance degradation was observed after [122]
reforming catalyst carbon each start-up step.
paper
Advent® MEA Ultrathin reformer based on 160-220 0.1284 >90% Efficiently operated for more than 72 h at 210 °C. [123]
catalyst (HiFuel R120)
/Indirect contact with fuel
cell
ADVENT TPS-H3PO,- CuMnOy catalyst supported 200 - - 30% decline in MeOH conversion after 350 h operation. [19]
doped copolymer on metallic copper foam
Celtec®P2200 N MEA CuO/Zn0/Al,03 (BASF 180/190/200 - 96% The device demonstrated quite good stability at high [53]
RP60) operating temperature and showed a degradation rate of
100 pv h~! at 180 °C after 700 h operation.
ADVENT cross-linked Al-doped CuMnOy catalyst 200-210 - >95% Stable operation at a conversion level higher than 95%. [124]
TPS®MEA supported on metallic
copper foam
/Indirect contact with
anode
Serenergy A/S Heat exchanger reformer 180 2.59 100 The system was operated up to 0.4 A cm ™2 generating an [117]
filled with CuO/ZnO/Al,03 electrical power output of 427Wel. A total stack waste heat
(BASF RP-60) utilization of 86.4% was achieved.
Advent TPSRMEA BASF (RP-60) 180 - >90% Methanol slip led to MEA degradation [70]
Celtec P2200 N MEA Cu0/Zn0/Al;,03) from 160-200 - >95% A novel integrated MSR-C/HT-PEM stack with ten cells was [125]
BASF (RP-60) proposed and simulated, showing a performance above the
reported in the literature for similar devices
Celtec P2200 N MEA CuO/Zn0O/Al,03 BASF (RP- 160-200 - 89% Pd-Ag membrane was included to avoid methanol [52]
(BASF) 60) poisoning, high performance and efficient heat integration
was achieved.
Reformate Air flow for cathode

3.3. Internal MSR-HT-PEMFC integration

To configure a compact MSR-HT-PEMFC system design by avoiding
too many components for each separate subsystem and to improve the
thermal efficiency of the system, internal MSR-HT-PEMFC system inte-
gration was proposed and studied by many researchers as summarized in
Table 8. Avgouropoulos et al. [120] developed an internal
MSR-HT-PEMFC setup with a two-layer bipolar plate providing meth-
anol reforming reaction compartment on one side and hydrogen
oxidation reaction on the other side. The electrochemical test results
showed that the fuel cell performance decreased compared to pure Hy as
fuel due to anode catalyst and membrane poisoning caused by the
unreacted methanol slip and crossover. Moreover, the methanol con-
version along the flow direction was not uniform, which was low at the
inlet and high at the outlet. A Kapton film was employed in the reformer
compartment to optimize the methanol conversion and improve the cell
performance.

Similar internal MSR-HT-PEMFC system design was also studied by
Ribeirinha et al. [75]. They developed a 3D model to simulate the in-
tegrated reformed methanol HT-PEMFC and proposed a novel integrated
system consisting of 10 cell-stack as shown in Fig. 6, which has a novel
bipolar plate design. This two-sided bipolar plate acted both as flow
plate for fuel cell on one side and flow field for reformer on the other
side. The anode off-gas was fed to the burner as fuel and the device
temperature was controlled by changing the cathode stoichiometry. No
external heating was added to the system, but the operating temperature
of the system increased with the current density, which makes the
temperature control of the system inflexible. It is worth noting that the
operating temperature of the system can only be within the limited
temperature range to balance methanol conversion rate and fuel cell
performance.

As can be seen from Fig. 6, the general design of this internal MSR-
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Fig. 6. Novel designed MSR-HT-PEMFC stack (reproduced from Ref. [75]).

HT-PEMFC system integration is the incorporation of methanol
reformer into the anode of the HT-PEMFCs through a bifunctional plate,
which separates the methanol steam reforming reaction in the reformer
and the hydrogen oxidation reaction in the anode of the fuel cell. This
design can better recover the waste heat of HT-PEMFCs for methanol
reforming reaction, which improves the energy efficiency of the system.
Therefore, the internal integrated design avoids other auxiliary system
components, such as heat exchangers, simplifying the whole system
setup and minimizing the weight and volume of the integrated system.

However, there are also some problems that come with this internal
configuration: (1) the working temperature of the system is limited
because temperatures higher than 200 °C can improve the methanol
conversion rate but lead to severe degradation of HT-PEMFCs, while
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temperatures below 200 °C will lead to low methanol conversion rate
and large amount of catalyst are necessary to obtain acceptable meth-
anol conversion rate at operating temperature lower than 200 °C; (2)
methanol slip and crossover phenomena cannot be avoided due to the
presence of the unreacted methanol, which can also poison the anode
catalyst and the membrane, leading to poor catalyst activity and mem-
brane conductivity in the fuel cell; (3) the catalysts in the reformer can
be released to the membrane of the fuel cell, which will lead to the
phosphoric acid leaching from the membrane.

To alleviate the above-mentioned problems, researchers have made
efforts on advanced catalysts investigation. Avgouropoulos et al. [126]
prepared an Al-doped CuMnOx catalyst with high activity, which
allowed methanol reforming reaction to occur at about 200 °C - 210 °C
with high methanol conversion rate. Ribeirinha et al. [45] introduced an
expansion vessel in the integrated system to reduce the oscillation of the
flow rate, which they reported can significantly increase the methanol
conversion rate. A separation layer with different materials is usually
employed between the reformer catalyst and the anode electrode of the
fuel cell to protect both catalysts of reformer and fuel cell from the
poisoning by unreacted methanol and phosphoric acid leaching [124,
126-128].

3.4. Two-stage temperature MSR-HT-PEMFC integration

To optimize the system efficiency and improve the thermal man-
agement of the integrated system, a two-stage temperature integration
of the steam reformer and PBI membrane fuel cell system was proposed
by Weng et al. [129]. Their system included an internal one-stage
temperature steam reformer that was integrated with the fuel cell and
an extra reformer that was externally integrated with the one-stage
temperature system integration to make the two-stage temperature
MSR-HT-PEMFC integration system, as shown in Fig. 7. The internal
reformer operated at 190 °C to make use of the heat produced by fuel
cell and the external reformer utilized the fuel cell tail gas to heat the
reformer to 240 °C. The performance tests showed that the two-stage
system integration was more stable and more efficient than the
one-stage integrated system, where the methanol conversion rate and
the hydrogen concentration were both improved for the two-stage sys-
tem integration compared to the one-stage integrated configuration.

3.5. Trigeneration system

To improve the energy utilization efficiency and energy supply
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renewability, an integrated trigeneration system consisting of a solar
heat collector subsystem, a MSR subsystem, a phosphoric acid fuel cell
(PAFC) power generation subsystem and heat recovery utilization sub-
system as shown in Fig. 8 was proposed by Wang et al. [130]. The heat
collected from the solar collection system was sent to the reformer to
carry out the MSR reaction, the heat transfer oil from the reformer
delivered heat to the superheater to produce steam in the steam
generator. While the waste heat released from fuel cell and the steam
heat from the steam generator were used to drive the absorption heat-
er/chiller for heating or cooling demands depending on the weather.
Besides the heat recovery in the system, cyclic utilization of the water
produced in the MSR reaction was also obtained in this trigeneration
system. The thermodynamic simulation showed a system energy effi-
ciency of 73.7% and 51.7% during summer and winter, respectively.
However, the solar heat collection efficiency is still an issue, of which
the exergy destruction and loss accounted for 41.9% and 34.1% of the
total loss in the system in summer and winter, respectively.

Sarabchi et al. [10] proposed two novel cogeneration systems that
consist of HT-PEMFC, methanol steam reformer and a Kalina cycle. The
difference between these two-cogeneration systems is where the heat
used for methanol steam reforming comes from, where one was from a
catalytic combustor integrated with the MSR reformer, the other was
from a coupled parabolic trough solar collector with a heat storage tank.
The waste heat released from the HT-PEMFC was used to drive the
Kalina cycle to produce domestic hot water. The integration of solar
energy with the MSR-HT-PEMFC system contributed to better environ-
mental and economic performance and reduced the fuel consumption by
34%.

4. Control and diagnosis

The MSR-HT-PEMFC system is a coupled multi-physics system that
consists of electrochemical reactions, mass and heat transfer, fluid flow,
etc. The performance of each process can affect the performance and
efficiency of the whole system. Therefore, proper operating parameters
control, such as the fuel flow rate, operating temperature, load changes,
etc., and system diagnosis are necessary for the MSR-HT-PEMFC system.
The streams of mass, heat and electricity (or electrical signal) and their
connections with the main components for a typical MSR-HT-PEMFC
system with control and diagnosis subsystems are shown in Fig. 9.
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Fig. 7. (a) The one-stage MSR-HT-PEMFC system and (b) two-stage MSR-HT-PEMFC system (reproduced from Ref. [129]).



N. Li et al. Renewable and Sustainable Energy Reviews 182 (2023) 113395
16
Electricity
22 18 &
Chilled Water/ — Air
Hot Water P_AFC vl ™ _l:yd;ogen
an
23 21 Pump :
A
.. S H,/CO/CO;
! Steam : 5 H
s - Colllng Water SEpa rator :
5 generator " E P N
; 14
- Cooler PSA
PTC ; o
E Superheater :
5 8 i
J Heat | 10 _ CO/CO;
H Exchanger 3
E 1 2 +H,0 | 13 2
: 7
' . < 6 5 Fuel
' wm
) RERSRRET ) CH30H + H,0 i
Pump 9 Metering Pump ~ Mixer
Fig. 8. Schematic of the trigeneration system (reproduced from Ref. [130]).
System operati Monitoring & diagnosis
(steady/dynamic) Monitoring & diagnosis (Fuel cell stack)
: : Heat management
Control and diagnosis (BOP and steam reformer) e
subsystem + Life time evaluation
« Fault diagnosis
Flow rate and power Temperature data acquisition from the

Power input

Power output

control actions.

b streams, steam reformer and fuel cell stack.

Fueliwater ;) :> Methanol H : ‘,\ : ﬂ
== steam / 2 B
s Heat ° S e T 3 et
] exchang reformer . .
Compressor > ﬂ Online EIS testing
‘ —
Coolant pump . H §
Start-up heater HT-PEMFC
> stack R, —
DC/DC I’V curve & historical voltage data
converter
mmp Power flow g Fuelwater —=———— Coolant Em—————=) Reformate gas
——)  Signal ————) Arr Exhaust stream
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4.1. Dynamics of the MSR-HT-PEMFC system

Several studies have evaluated the fuel cell performance at steady
state operation. However, during real-world applications, fuel cell sys-
tems may also experience dynamic conditions, such as startup-

12

shutdown, load change, idle to full power, and emergency stops.
There is a lag of the heat transfer from the burner to the reformer, which
affects the methanol conversion in the reformer [131]. Sahlin et al. [47]
developed a dynamic model to study the efficiency, the stability and the
response time of the system for load change from 0 to 5 kW together with
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experimental validation. The results showed that it took the system
about 45 min to startup and the system efficiency was around 28% —
30%. Besides, a 10 s delay was found from the methanol pump to the fuel
cell during the load changes.

If the hydrogen (hydrogen rich reformate gas) supply rate to the fuel
cell is lower than what the load change requires due to slower dynamics
of the reformer and gas flows to the fuel cell compared to load change,
the fuel cell will suffer from the fuel starvation, thereby degrading the
fuel cell by cell reversal mechanism [132,133]. Besides, if the system
experiences sudden stop or lower load, the hydrogen (hydrogen rich
reformate gas) supplied to fuel cell goes directly to the burner, and thus
leading to high burner temperature and burner catalyst deactivation
that may cause stability issues in the system. Therefore, it is essential to
control properly the operating parameters such as the temperature,
pressure, flow rate of the methanol-water mixture stream as well as fuel
cell load, during operation. The investigation on the whole system dy-
namics is necessary and valuable for control design and optimization of
the operating parameters.

4.2. Temperature and load control

The fact that the operating temperatures of the fuel cell and the
reformer in the MSR-HT-PEMFC system are usually different can present
some challenges for the thermal integration of the system. There is
usually a cooling system to keep the desired operating temperature,
typically with liquid (oil) or air as coolant. The liquid cooling system
requires cooling channels and additional components in the system for
circulation, no special compressor and blower are required, and the
temperature distribution is more uniform for liquid cooling system [134,
135]. For air cooled system, the system temperature is controlled by
adjusting the air supply to the system, and while cooling channels for
coolant are not necessary, flow field and manifolds optimization are
needed to keep low pressure drops in the system [135]. The cell tem-
perature uniformity is another challenge for air-cooled systems [136].

As can be expected the behavior of the reformer will be greatly
affected by different operating conditions. Higher operating tempera-
ture can lead to high methanol conversion but increased CO content.
Vice versa, lower reforming temperature will lead to lower methanol
conversion, resulting in lower CO content and higher content of un-
converted methanol in the reformates. Since both CO and methanol in
the reformate can poison the anode of the fuel cell [44,45], a proper
control of the reformer operating temperature is of paramount impor-
tance. Stamps et al. [137] used two low-level proportional integral (PI)
control loops for the temperature control of the reformer and PEMFC
stack. In practice, the reformer temperature was controlled by adjusting
the wall temperature through a valve controlling the fuel flow, while the
fuel cell temperature is controlled by adjusting the flow rate of the
coolant. Andreasen et al. [64] proposed a cascade control strategy in a
study of 350 W HT-PEMFC mobile battery charger of Serenergy H3-350,
where an inner and an outer negative feedback control loops were used
to control the temperature of the burner and reformer, respectively as
shown in Fig. 10. During the reforming process, the reformer tempera-
ture can be well controlled by changing the value of Treformer, Setpoint OF
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the fuel flow of methanol and water mixture, which quickly changed the
burner setpoint temperature of T Bymer, Sewoin- and then the burner
temperature was effectively controlled by adjusting the value of the
volumetric flow rate of air, pyrner,air-

Justesen et al. [138] developed an output current controller based on
a dynamic model. In their study, a dynamic model was built to simulate
the differences between the setpoint current and the output current of
the reformed methanol fuel cell system, caused by the energy con-
sumption of the balance of plant. A PI controller consisting of feedfor-
ward and anti-windup was then designed to control the output current of
the system. Physical system test and verification showed that the
controller functioned as intended for the reformed methanol fuel cell
system.

4.3. MSR-HT-PEMFC system diagnosis and fault tolerant control

Diagnosis in fuel cells is very important in order to minimize
degradation and enhance their reliability and availability. Even though,
in literature diagnosis and characterization are used interchangeably,
here diagnosis is fault detection and identification followed by fault
mitigation. There have been numerous studies on diagnostic techniques
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for LT-PEMFC [139-142], including for online diagnosis. However, the
literature on HT-PEMFC diagnosis is scarce, perhaps due to lower
maturity of the technology compared to LT-PEMFC, even though they
suffer from higher degradation rates due to harsher operating conditions
of higher temperature and reformate impurities. Nonetheless, fault
detection and isolation along with diagnosis and fault tolerant control
strategies are crucial to timely mitigate fuel cell faults and improve their
reliability and availability, and to enhance their durability [143]. For
the above-mentioned reasons, this is especially important for
HT-PEMFC.

The typical steps for the development of a diagnostics tool are
illustrated in Fig. 11. When preparing a diagnostic tool, techniques for
monitoring these faults are determined and test procedures are prepared
to investigate the response of the fuel cell system to different intensities
of the faults. From these, fault patterns and features are identified and a
fault matrix is prepared. The diagnosis approach for fault detection and
isolation (FDI) can be residual-based, data-based or knowledge-based
[143]. Finally, for the diagnostic tool to work properly, targeted faults
need to be defined and their characterization method must be identified.
Furthermore, for the tool to be useful, corrective measures need to be
implemented into the control system to mitigate the fault or if lifetime
estimation is done based on degradation mechanisms a predictive
maintenance can be planned.

Diagnosis should preferably take place during the system operation
without compromising the availability of the system and without dis-
turbing the system’s steady state operation. Therefore, the measurement
techniques chosen to quantify the parameters needed for fault detection
should be easy to implement online and should not interfere with the
system’s integrity. For this reason, parameters such as temperature,
pressure, voltage and impedance are best suited for diagnosis. Among
electrochemical characterization techniques, electrochemical imped-
ance spectroscopy (EIS), which only superimposes small alternating
current (AC) amplitude to the direct current (DC) load without causing
any degradation, is the most suitable for the detection and identification
of several faults. Because it not only causes the least disturbance to the
normal operation of the fuel cell system, but also allows to distinguish
some of the contribution of the different process in the fuel cell
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according to frequency range and phase angles. Moreover, it can be
implemented for online monitoring on the DC-DC converter of the power
supply as the EU funded project Health-Code demonstrated [145].

The main faults in HT-PEMFC are caused by impurities poisoning of
the anode catalyst and the membrane when reformer is used to provide
hydrogen rich gas to the fuel cell, and by reactants starvation. These can
be caused by a malfunction in the reformer, such us catalyst deactivation
and improper operating conditions of temperature and flow rates. Jep-
pesen et al. [138] used artificial neural network (ANN) based algorithm
to train, label and classify faults based on EIS data on a small stack. They
identified 5 different faults, namely low and high cathode stoichiometric
ratio, high CO and high methanol concentration in the anode feed and
low anode stoichiometric ratio (fuel starvation). Their FDI algorithm
was based on artificial neural network classifier with three extracted
fault features, two of which were degradation independent as they were
based on angles in the Nyquist plots. The steps of their FDI algorithm are
shown in Fig. 12. The same authors developed a current pulse injection
(CPI) method as a quick alternative for EIS for online implementation
[146].

Table 9 summarizes the cause of each of the main faults in reformed
methanol-fed HT-PEMFC, their effects on the fuel cell system along with
their identifying features and mitigation strategies. From the nature of
the faults and their identification features it can be seen that even if the
faults are observed in the fuel cell, most of the causes of the faults
originate in the reformer. Consequently, most of the mitigation actions
are done on the reformer, which calls for a close integration of the fuel
cell diagnosis system and the reformer control system in a tightly inte-
grated overall MSR-HT-PEMFC system.

5. Application

By combining both the methanol economy and hydrogen economy
during this era of green transition, the MSR-HT-PEMFC system shows
great potential for several applications, including transportation, sta-
tionary, and portable applications. Since PBI-based membrane was
firstly suggested as an electrolyte for HT-PEMFC [148], it took around
two decades for the technology to develop from lab scale to
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Fig. 12. Steps of FDI algorithm for an HT-PEMFC stack [147].

Table 9

The main faults in HT-PEMFC systems; their causes and effects; identifying features and mitigations strategies.

Faults Cause Effect Feature to monitor Mitigation strategy
CO poisoning - Lower fuel flowrate - Loss of active area - Increase in reformer temperature - Increase fuel flowrate
- Higher reformer - Increase in High frequency - Decrease reformer operating temperature
temperature resistance (EIS) - Lower fuel cell load
- Air bleeding
CH30H - Higher fuel flowrate - Membrane degradation - Decrease in reformer temperature - Adjust reformer temperature
Poisoning - Lower reformer - Increase in intermediate and ohmic - Adjust fuel flowrate
temperature resistance (EIS)
Anode - Reformer - Cell reversal - Reformer performance and - Fix reformer operating conditions
starvation malfunction - Loss of active area/Catalyst corrosion temperature profile - Increase fuel flow to the reformer to increase
- Flow channel - Catalyst support and gas diffusion - Increase in low frequency anode stoichiometric ratio
blockage layer (GDL) corrosion resistance (EIS)
Cathode - Compressor - Hydrogen crossover - Lower stack voltage - Increase air flowrate
starvation malfunction - Catalyst and membrane degradation - Increase in low frequency - Maintenance

- Flow channel

blockage

by radicals’ attack

resistance (EIS)
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Fig. 13. Development of MSR-HT-PEMFC system: from lab to market [149-153].

commercialization (as shown in Fig. 13). Growing commercial activities
have been reported in recent years with systems of up to hundreds of
kW. The potential applications for this system are still expanding in
different sectors, such as transportation, including heavy duty; station-
ary, including backup for telecom and other critical applications,
auxiliary power unit (APU), and residential combined heat and power
(CHP) supply.

5.1. Transportation applications

The transportation sector contributes to 37% of the CO, emissions
from end-use sectors worldwide [154]. Therefore, there is great demand
to develop emission reduction technologies for automotive applications
such as fuel cell systems. The share of fuel cell electric vehicles (FCEVs)
is currently very small at < 0.01% [155] of the global stock of total
vehicles. However, significant market expansion of FCEVs is expected,
with around 6 million FCEVs on the road by 2030 [155]. LT-PEMFC is
currently the main technology employed in FCEV market, including
passenger vehicles like the Toyota Mirai. HT-PEMFC systems are still in
a preliminary stage of commercialization. The higher operating tem-
perature (e.g., 160 °C) of HT-PEMFC results in a longer start-up time,
which poses challenge for its use in automobiles as the main power
source. However, HT-PEMFC integrated with methanol steam reforming
(MSR-HT-PEMFC) showed growing commercial potentials in automo-
tive applications as range-extenders for hybrid power systems (e.g.,
battery/fuel cell system, as shown in Fig. 14) [153] and auxiliary power
units (APU) [153]. The former application was reported to provide up to
1000 km of range for passenger vehicles [153] by the Danish-based
company Blue World Technologies, while the ranges for typical
all-electric vehicles based on lithium-ion batteries in the market was
reported to be less than 750 km. Furthermore, the range extender so-
lution ensures fast refueling due to the use of liquid methanol as fuel.
Compared to other range extender technologies, the MSR-HT-PEMFC
system provides lower noise and vibration, low harmful emissions,

and low CO; emissions if green methanol is used [156]. The possible
on-road APU applications for MSR-HT-PEMFC were given by Liu et al.
[157] with several scenarios mentioned, e.g., idling of heavy-duty and
refrigeration trucks. Regarding the commercialization aspect, there are
several companies developing MSR-HT-PEMFC systems for trans-
portation applications, including for passenger car and marine vessels by
Blue World Technologies [153], for heavy-duty truck by Advent [150]
and for truck by Palcan [151], as shown in Table 10.

Besides on-road applications, there is also a great potential in the
marine subsector for MSR-HT-PEMFC systems. The recent research
project BlueDolphin [158,159] is developing a scalable MSR-HT-PEMFC
range-extender platform for small vessels, e.g., workboats. In the Marine
fuel cell APU project [160], a 200 kW MSR-HT-PEMFC system with a
scalability of up to 5 MW has been proposed for APU on marine vessels.
Early demonstration projects with fuel cell power ranging from 5 kW to
35 kW were also summarized by Araya et al. [161].

HT-PEMFCStack

HT-PEMFC
S
H,0/Heat

Power
Converter

Fig. 14. Schematic of MSR-HT-PEMFC/Battery hybrid system for vehicles.
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Table 10
Commercial applications of MSR-HT-PEMFC systems in the market [150-153].
Company Country Power Applications
Blue World Technologies Denmark 7-25 kW e Range-extenders for cars and marine vessels
200 kW-5 MW e APU for marine vessels
Advent U.S./Denmark 50 W o Portable battery charger for military use
5-15 kW e Stationary power generation
120-240 kW e Range-extender for heavy-duty truck
Palcan China 300 W o Battery charger
5 kW e Stationary power generation
20 kW o Range-extender for truck
Sigens Germany 800 W-4.8 kW e Stationary and portable power generation

5.2. Stationary and portable applications

In general, fuel cells have been reported to be potential candidates
for various stationary applications, such as providing highly reliable
power for the telecommunication industry as backup sources, or auxil-
iary power or primary power for remote areas without grid connection
or with unstable grid connection [162]. The MSR-HT-PEMFC system as a
fuel cell technology also shows great potential in the above fields, and
the commercial products in the market have been reported to be based
on 5 kW unit and can be further scaled up [163,164]. Similarly, to the
transportation applications, MSR-HT-PEMFC systems for stationary
application also shows advantages, including lower noise and vibration,
and low harmful emissions compared with systems based on diesel
generator. Furthermore, the system can also tolerate extreme weather
conditions, e.g., a solution named H3 Outdoor Cabinet has been devel-
oped in the research project (Supplemental Power Generation [165]),
which can be operated at a temperature range of —20 °C to 50 °C [166].
The recent MFC MultiGen project plans to develop a 5 kW system for
APU applications focusing on stack and system components, lifetime,
water recycling and dynamic reliability [167]. The European project
EMPOWER is aimed at developing, manufacturing and validating a 5 kW
combined heat and power system considering fast dynamic response and
thermal integration aspects [168]. Early research projects were also
found in Ref. [161].

With respect to the portable sector, there are various possible ap-
plications for the MSR-HT-PEMFC system, e.g., charger for electronics,
outdoor APUs and military uses [162]. Several commercial products can
be found in the market with various power levels, e.g., battery chargers
with power of 50 W (Advent), 300 W (Palcan) and 800-4800 W (Sigens)
(also shown in Table 10). A smaller 30 W power generator at research
level was also reported for powering a laptop [14].

6. Future prospects

This section elaborates the technical challenges of the MSR-HT-
PEMFC and HT-PEMFC systems in future energy scenarios. Although
both transportation and stationary applications of the MSR-HT-PEMFC
system have been reported, there are still challenges to be overcome
for developing competitive and successful products based on the MSR-
HT-PEMEFC system, including system lifetime, durability, reliability, ef-
ficiency, and cost reduction, among which the lifetime and durability of
the system are considered of main concern in future development. The
system should demonstrate lifetime of 5000 h (temperature cycle
resistance >30000 h) for automotive applications and 40000 h (tem-
perature cycle resistance >4000 h) for stationary applications [169].
The lifetime of MSR-HT-PEMFC system is mainly determined by the
HT-PEMFC stacks (e.g., lifetime of 10000 h — 20000 h reported in
Ref. [170]), while other components could be used for several years (e.
g., 5—20 years [170]). Long-term stability (in lab) of more than 20000 h
was reported for the membrane electrode assemblies (MEAs) for
HT-PEMFC in Ref. [171] and more than 15000 h (continuous operation)
was announced by MEA production company Danish Power Systems
(now Blue World Technologies) [172]. However, the lifetime of
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HT-PEMFC stacks in integrated systems and in real-world applications
could be much shorter due to the compounding of the degradation of
different system components, especially due to composition and quality
change of feed gases because of changes in reformer operating condi-
tions, frequent dynamic operations, heat management issues, cell
imbalance or failure, etc.

Degradation of HT-PEMFCs typically consists of chemical degrada-
tion, mechanical degradation and thermal degradation, which have
been explicitly analyzed in many reviews [34,148,173]. The high
working temperature, low humidity and acidic working environment of
HT-PEMFCs exacerbates the components degradation, such as Pt disso-
lution, migration and agglomeration, carbon support corrosion, etc. It is
considered that the chemical degradation especially the catalyst
degradation of Pt particle size increase on the cathode side and carbon
support corrosion are the main degradation mechanisms during the
long-term steady-state operation [148].

The durability and corresponding degradation rates of HT-PEMFCs
were obtained through literature survey as shown in Fig. 15. As can
be seen, compared with steady-state operation, dynamic operations of
load changes/cycling, thermal cycling and start/stop cycling, which are
common in real-world applications, led to high degradation rate at
similar test duration. This is because dynamic operations can accelerate
not only the chemical degradation of catalyst and membrane, but also
the mechanical and the thermal degradation, thereby significantly
reducing the durability of HT-PEMFCs [32,148]. The degrading effect of
cyclic operation is seen to depend on the dwell time of the cycled
parameter. For instance, in the case of load cycling, the shorter the pe-
riods are at which the current is held constant, the worse is the impact
(interval of 15 s) as shown in Fig. 15. Mogotéguy et al. [174,175] re-
ported that cycling between 0.2 A cm ™2 and 0.4 A cm ™2 with dwell time
of 12 h increases the degradation by a factor of 1.5 and dwell time of 6 h
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Fig. 15. Durability and the corresponding degradation rates of HT-PEMFC
under different operating conditions from the literature (load units in the
figure are A cm3).
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leads to 4 times higher voltage decay. The authors also investigated the
effect of a start/stop strategy and found that for 12 h cycling, the
degradation doubled compared to continuous load, i.e., more than when
cycling between 0.2 A cm ™2 and 0.4 A cm ™2 with a dwell time of 12 h.
This could be due to potential open circuit voltage (OCV) operation
during the start/stop cycling, which can exacerbate the degradation. For
LT-PEMFCs, Borup et al. [176] investigated whether the number of cy-
cles or the time at high potentials is crucial for voltage degradation due
to cycling. They carried out an experiment at 80 °C where two cells were
subject to potential cycling between 0.1 V and 0.96 V with a sweep rate
of 10 mV/s and 50 mV/s, respectively, and found that the loss of the
electrochemical surface area (ECSA) is comparable for both after six
cycles, although the time at potentials over 0.9 V is very different. Since
LT-PEMFC and HT-PEMFC have similar degradation mechanisms, it
could be that the number of cycles may have greater impact on the
degradation than the time at high potentials, even in the case of
HT-PEMFCs.

Furthermore, with the development of HT-PEMFC technology, the
performance of MEA has been improved. It has been reported by A.
Kannan et al. [177,178] that the long-term stability of more than 4020 h
operation (1562 cycles start-stop) only led to a degradation rate of 10.1
pv h~! (the green dots around 4000 h in Fig. 15). In addition to the
advancement in material of the components and system design, it is also
necessary to implement good temperature and load control strategies in
the system which can satisfy the required operation conditions and
improve the system lifetime and durability.

On the reformer side, the deactivation of copper-based catalysts in
the reformer that occurs during the MSR process is another challenge for
the MSR-HT PEMFC system, which can lead to the loss of active site
concentrations, which leads to the decrease in hydrogen yield, and the
reduced selectivity toward hydrogen in the reformate gas [179]. The
main causes of the catalyst deactivation include sintering, coking and
physical damages. Catalyst deactivation could also occur when impu-
rities (e.g., sulfur and chloride) are present in the feed [180-182]. Both
sulfur- and chlorine-containing compounds can originate in feedstock
during the methanol manufacturing process or be introduced during
storage and transport [182].

Moreover, since MSR is a strongly endothermic process that requires
external heat supplied to the reformer and it is difficult to properly
control the temperature in the catalyst bed, catalyst overheating
(>300 °C) may occur during the process (especially for dynamic oper-
ations), for instance, when an enormous amount of heat is supplied at
lower reactant flow rates, resulting in the sintering of copper crystallites
and irreversible loss of activity [183]. Coking deactivates the catalyst by
forming carbonaceous deposits within the pore system and blocks the
catalytic sites. Additionally, physical damages of copper-based catalysts,
such as catalyst break-up due to vibration and temperature cycling, may
also occur. The contribution of this factor to the catalyst deactivation is
usually minimal compared to the above-mentioned more significant
ones [182], but may need more investigations if the MSR process is
under the operating conditions of automotive, marine and portable ap-
plications [179].

The system efficiency is also a key performance index (KPI), which
involves product design and optimization at both system and compo-
nents levels. For the MSR-HT-PEMFC system, the net electric efficiency
was reported to be 41% for the 5 kW unit (by Advent) for stationary
application [184]. If the heat produced in the system is further recov-
ered, for instance, a CHP system for residential use, the overall system
efficiency can reach up to 87% for a 1 kWe micro-CHP system [114].
With respect to the automotive applications, there could be challenges in
some aspects of heat management and control strategy, due to frequent
dynamic operations, such as dynamic load changes in the scenario of
passenger vehicles [185]. However, these issues can be solved if a
FC-battery hybrid system is used, where the battery takes the dynamic
load changes and the fuel cell covers the constant base-load with only
few preset load changes at longer load dwell times. Moreover,
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exergoeconomic analysis and machine-learning could be explored to
further optimize the efficiency of such a system with multiple energy
systems, where thermodynamic, economic and environmental perfor-
mance is evaluated, and machine-learning algorithm is used to automate
the system optimization process [186,187]. An example of an exer-
goeconomic machine-learning method for optimizing energy systems
integration can be found in Ref. [188].

Another KPI is the system cost, which could include the costs of
methanol reformer, fuel cell system (HT-PEMFC), power electronics,
installation, sales markup and other possible costs [189]. The total share
for the MSR-HT-PEMEFC system is relatively small for CHP applications,
e.g., around 25% (1566.8 $/kW) in the scenario of high manufacturing
volume (5 kW, 50000 systems per year), due to the significant cost of
installation for gas and electrical connection to the building (2506.8
$/kW), sales markup (1279.2 $/kW), power electronics (564.0 $/kW),
and other possible parts (427.7 $/kW) [189]. For automotive applica-
tions, there is no additional installation cost compared to CHP applica-
tion, and there should be less share for the sales markup, which can
result in a higher share for the MSR-HT-PEMFC system, e.g., this share
increases to around 36% and 55% for the conditions with and without
sales markup, respectively, 25 kW, 50000 systems per year [189].
Compared with a LT-PEMFC system, the cost for a HT-PEMFC system is
higher due to the lower power density (requiring larger stack) and
higher loading of Pt catalyst per unit active area of fuel cell stacks [170,
189], which necessitates the improvement and development of low-cost
HT-PEMFC stack in future market.

In the future energy scenarios, the higher shares of intermittent
renewable energy sources, such as the target of 32% (2030) by EU [190],
will bring significant challenge in balancing the electrical grid.
Power-to-X technologies provide possible solutions for this issue, where
“X” can represent different pathways and energy carriers for storage and
utilization of the surplus renewable electricity. Power-to-Methanol, also
reported as part of the carbon-neutral methanol economy [161], is one
pathway that shows great potential, where e-methanol is synthesized by
green hydrogen (electrolysis based on renewable electricity) and CO5
from biomass or carbon capture [191]. With respect to the consumption
of e-methanol, the possible applications of the MSR-HT-PEMFC systems
play important role in the value chain of the methanol economy, which
can involve the industries and end users in the energy and transportation
sectors and contribute to the green transition towards a climate-neutral
economy by acting as enabler for PtX technologies.

7. Conclusion

In this paper, an overview of the MSR-HT-PEMFC systems was car-
ried out, including the potential of methanol, which is considered a
promising alternative to hydrogen as fuel for the MSR-HT-PEMFC sys-
tems. Compared to LT-PEMFC, HT-PEMFC is believed to be more suit-
able to integrate with MSR system due to its better water and thermal
management and higher CO tolerance. The different working tempera-
ture of methanol reformer and HT-PEMFC leads to the low thermal and
energy efficiency of the integrated MSR-HT-PEMFC system. The chal-
lenges and optimization of the MSR-HT-PEMFC system were thoroughly
reviewed in this paper. A deep discussion of different kinds of reformer
designs for the performance optimization of the corresponding reformer
types and analysis of advantages and disadvantages of different inte-
gration methods and advances for the MSR-HT-PEMFC system integra-
tion are also provided. Besides, the dynamics of the MSR-HT-PEMFC
system during application were discussed, based on which the control
and diagnosis methods were discussed. Furthermore, the application,
challenges and the advances, which considered the lifetime, efficiency
and cost for the future commercial applications of the MSR-HT-PEMFC
system, were elaborated.

For large scale market deployment, improvements in the following
steps should still be further investigated: (1) the long startup time of the
MSR-HT-PEMFC system should be addressed; (2) A more compact
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structural design without sacrificing performance should be explored. In
this regard, a water recovery in the system, where the water produce by
fuel cell is used to satisfy the water need for MSR, can reduce the fuel
tank size; (3) The design of the reformer should consider both the heat
transfer and the pressure drop to maximize the system performance; (4)
For catalyst of HT-PEMFC, development on higher temperature and
impurity tolerance are necessary. Moreover, proton exchange mem-
branes that can operate in the temperature range between 200 °C and
300 °C could be further carried out, which can allow better heat inte-
gration with the reformer. For reformer, studies on lower temperature
tolerance without sacrificing conversion efficiency should be investi-
gated for decreasing the temperature difference between the fuel cell
and the reformer in the MSR-HT-PEMFC system; (5) More work should
be done to increase durability and decrease the cost of components
materials of the MSR-HT-PEMFC system. (6) Control and diagnostic
methods should be further improved to enhance the durability and
lifetime evaluation of the MSR-HT-PEMFC system.
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