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Lesson VII: fuel cell systems (fuel processing)
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Fuel Cell Power System Scheme
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Fuel Processing Basis (1/2)
Fuel processing: the conversion of a commercially available gas, liquid, or
solid fuel to a fuel gas reformate suitable for the fuel cell anode reaction.
Main phases of fuel processing (see example for a low temperature FC):
Fuel Cleaning – Removal of sulfur, halides, and ammonia to prevent
fuel processor and fuel cell catalyst degradation.
Fuel Conversion – Converting a fuel (primarily hydrocarbons) to a
hydrogen-rich gas reformate.
Reformate Gas Alteration – Converting carbon monoxide (CO) and
water (H2O) in the fuel gas reformate to hydrogen (H2) and carbon
dioxide (CO2) via the water-gas shift reaction; selective oxidation to
reduce CO to a few ppm, or removal of water by condensing to increase
the H2 concentration.

A.A. 2011-2012

Lesson VII

Fuel Processing Basis (2/2)
Fuel cleaning process takes place upstream to avoid catalyst alteration.
The fuel conversion and reformate gas alteration processes can take place
either external (external reforming fuel cell) to the fuel cell or within
(internal reforming fuel cell) the fuel cell anode compartment.
This discussion will address external reforming fuel processors only.
Fuel processors are being developed to allow a wide range of commercial
fuels suitable for stationary, vehicle, and military applications.
Technology from large chemical installations has been successfully
transferred to small, compact fuel cells.
Natural gas fuel reforming for fuel cells is essentially mature.
Economics drive the fuel of choice toward existing infrastructure, such as
gasoline.
Environmental concerns drive the fuel of choice toward pure hydrogen.
Diesel and jet fuel are two of the most difficult conventional fuels to
convert to a hydrogen-rich gas (large amount of S and they require high
conversion temperature).
Fuel processors that convert diesel and jet fuel to a hydrogen-rich gas are
in the early stages of development.
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Fuel Processing Issues
Major issues that influence the development of a fuel processor:
choice of commercially available fuels suitable for specific
applications;
fuel flexibility;
catalyst tolerance;
fuel cell size;
vaporization of heavy hydrocarbons (>350°C-400°C for diesel fuel).
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Fuel Choice and Flexibility (1/3)
Fuel choice aspects:
H2 is preferable for a closed environment such as space vehicle
application. There are sources of H2-rich gases, such as an off-gas at a
chemical plant, that require only fuel cleaning. Fuel flexibility is not
applicable in either case.
The fuel choice for small, stationary power plants is pipeline gas
(natural gas) due to its availability for multiple commercial, lightindustrial, and residential applications.
Light vehicles are a key commercial target due to the large number of
potential units; the fuel choice is open to question. Some proponents
support the use of on-board hydrogen. Candidate liquid fuels for light
vehicles could be available gasoline or methanol (it may have an edge if
it proves too difficult to process gasoline).
The present infrastructure fuel for heavy vehicles is high sulfur diesel
(now ~500 ppm sulfur by weight) but this may change to a nearly
sulfur-free diesel as proposed by the EPA.
On-board vehicle auxiliary power is increasing dramatically to satisfy
consumer convenience demands.
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Fuel Choice and Flexibility (2/3)
Fuel choice aspects:
The military will continue with its fuel infrastructure of high sulfur
diesel (up to 1,000 ppm sulfur by weight) and jet fuel (JP-8, up to 300
ppm by weight). Sulfur specification will remain high because the
military has to consider worldwide fuel sources.
As environmental regulation becomes more stringent for megawattsize power stations and fuel cells are scaled larger in size, there is the
possibility to use the U.S.’s most plentiful, indigenous fuel, coal. The
term, coal, covers a broad spectrum of solid fuels that complicate fuel
processing, particularly cleanup.
Possibility of using other available fuels such as light distillates,
ethanol, anaerobic digester gas, biomass, and refuse-derived fuel.
Methanol is the easiest of the potential liquid fuels to convert to
hydrogen for vehicle use. It generates CO and H2 at 250 °C with
catalyst (but methanol is from natural gas requiring energy and is more
toxic and dangerous than gasoline).
Gasoline has many advantages over methanol, but conversion to H2
requires temperatures in excess of 650 °C with catalyst (S problems).
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Fuel Choice and Flexibility (3/3)
Fuel choice aspects:
“Well-To-Wheel” Efficiency for Various Vehicle Scenarios:
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Sulfur Effects
Present gasolines contain approximately 300 ppm by weight of sulfur.
Fuel oil contains 2,200 to 2,600 ppm of sulfur by weight.
Even natural gas contains sulfur-containing odorants (mercaptans,
disulfides, or commercial odorants) for leak detection.
Metal catalysts in the fuel reformer can be susceptible to sulfur poisoning.
Some researchers have advised limiting the sulfur content of the fuel from
a steam reformer to less than 0.1 ppm, but note that the limit may be higher
in an autothermal reformer.
Sulfur poisons catalytic sites in the fuel cell too:
PEFC <50 ppm sulfur as H2S (poisoning not reversible);
PAFC <50 ppm sulfur as H2S + COS or <20 ppm sulfur as H2S
(poisoning is reversible with high potential);
MCFC <0.5 ppm sulfur as H2S (poisoning is reversible);
SOFC <1 ppm sulfur as H2S, poisoning is reversible for the tubular
SOFC. (high temperature planar SOFCs with all-ceramic components
can tolerate up to 3,000 ppm of sulfur).
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Carbon Monoxide Effects
Carbon monoxide, a fuel in high temperature cells (MCFC and SOFC), is
preferentially absorbed on noble metal catalysts that are used in low
temperature cells (PAFC and PEFC).
A particular level of carbon monoxide yields a stable performance loss.
CO is poison for low temperature fuel cells:
PEFC – Consensus tolerance is <50 ppm.
PAFC – Major US manufacturer set tolerance limit as <1.0%.
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Carbon Deposition Effects
The processing of hydrocarbons always has the potential to form coke (if
fuel processor is not properly designed).
Carbon deposition not only represents a loss of carbon for the reaction, but
more importantly results in deactivation of catalysts in the processor and the
fuel cell due to deposition at the active sites.
Governing reactions:

No carbon formation if 1.8-2.0 < STCR < 3.0

A.A. 2011-2012

Lesson VII

Fuel Processing Techniques
The three most commercially developed and popular methods are:
steam reforming (SR);
partial-oxidation reforming:
non catalytic (POX);
catalytic (CPOX);
autothermal reforming (ATR): coupling of SR with CPOX.
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Steam Reforming
Historically, steam reforming has been the most popular method of
converting light hydrocarbons to hydrogen.
The fuel is heated and vaporized, then injected with superheated steam
into the reaction vessel.
STCR is usually around 2.5.
Heavier fuels can be reformed (high temperature reaction with steam).
Steam reforming is usually carried out using nickel-based catalysts.
Cobalt and noble metals are also active, but more expensive.
The reforming catalyst also promotes the water-gas shift reaction.
Steam reforming is endothermic, thus favored by high temperatures. But it
is a slow reaction and requires a large reactor.
Rapid start and transients cannot be achieved by steam reforming.
Combined reaction, steam reforming and water gas shift, is endothermic.
The heat source may be an adjacent furnace or rejected heat from the cell.
All higher hydrocarbons are converted over a nickel-based catalyst into a
gas mixture containing hydrogen, methane, and carbon oxides.
For each type of fuel, optimum operating parameters such as temperature,
steam/carbon ratio, and catalyst must be established.
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Partial Oxidation
A substoichiometric amount of air or oxygen is used to partially combust
the fuel (O/C ratio around 1).
Partial oxidation is highly exothermic, and raises the reactants to a high
temperature.
The resulting reaction products, still in a reduced state, are then quenched
through the introduction of superheated steam.
The addition of steam promotes the combined water-gas shift and steam
reforming reactions
In most cases the overall reaction is exothermic and self-sustaining.
Non catalytic processes for gasoline reforming require temperatures in
excess of 1,000 °C (special materials).
The use of a catalyst can substantially reduce the operating temperature
(common materials and higher efficiency).
Typical values range from as low as 870 °C for catalytic POX upwards to
1,400 °C for non-catalytic POX.
Advantages of POX in comparison with SR:
POX does not need indirect heat transfer.
POX is capable of higher efficiency than SR.
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Autothermal Reforming
The coupling of SR with POX is termed autothermal reforming (ATR).
Some define ATR as a SR reaction and a POX reaction that take place
over microscopic distances at the same catalytic site.
Others have the less restrictive definition that ATR occurs when there is no
wall between a combined SR reaction and catalytic POX reaction.
Autothermal reforming provides a fuel processor compromise that
operates at a lower O/C and lower temperature than the POX.
It is smaller, quicker starting, and quicker responding than the SR, and
results in high H2 concentration.

A.A. 2011-2012

Lesson VII

Generic Fuel Conversion (1/3)
Considering the spectrum of fuel conversion from steam reforming to
partial oxidation should convey a basic understanding of the reforming
processes.
The general (ideal) expression is (x is the molar ratio of oxygen-to-fuel):
This ratio is very important because it determines:
The minimum amount of water to completely convert the carbon in
the fuel to carbon dioxide (2n – 2x – p). Excess water is used in practice
to ensure the conversion (Typically, one or two moles of water for every
mole of oxygen).
The maximum hydrogen yield (2n – 2x – p +m/2)
The maximum concentration (percentage) of hydrogen in the
reformate {[2n – 2x – p +m/2]/[n + (2n – 2x – p +m/2) + 3.76x] all
times 100}
The heat of reaction {∆Hr=n(∆Hf,CO2 )–(2n – 2x – p)∆Hf,H2O-∆Hf,fuel}
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Generic Fuel Conversion (2/3)
Decreasing the oxygen-to-fuel ratio, x, results in increasing demand for
water (water-to-fuel ratio).
When x = 0, the equation reduces to the strongly endothermic steam
reforming reaction.
It becomes thermoneutral at x = x0 (0.44 for methane).
At x= 1 with methane, the pure POX reaction, the feed contains sufficient
oxygen to convert all of the carbon in the fuel to CO2. No water needs to be
added.
The equation is a mix of the steam reforming reaction and the POX
reaction at values of x between 0 and n.
At still higher values, the excess oxygen oxidizes the hydrogen to produce
water.
At stoichiometric combustion, all carbon and hydrogen are converted to
carbon dioxide and water. Here, x = Xc = [n – (p/2) + (m/4)]. The value of x
reduces to 2 with CH4 as the fuel.
The initial reforming step is at elevated temperatures: mixture of CO and
CO2 formed. In the next step, CO is converted via the water-gas shifting:
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Generic Fuel Conversion (3/3)
When the function of a fuel processor is to convert a fuel to hydrogen, the
fuel conversion efficiency is:

Calculated Thermoneutral Oxygen-to-Fuel Molar Ratios (xo) and
Maximum Theoretical Efficiencies (at xo) for Common Fuels

A.A. 2011-2012

Lesson VII

Natural Gas Processing (1/2)
The major constituents of pipeline gas are methane, ethane, propane, CO2,
and, in some cases, N2.
Sulphur-containing odorants (mercaptans, disulfides, or commercial
odorants) are added for leak detection.
Sulphur is removed with a zinc oxide sulfur polisher and it is possible the
use of a hydrodesulfurizer, if required (for THT).
The hydrodesulfurizer will, in the presence of hydrogen, convert the
thiophane into H2S that is easily removed by the zinc oxide polisher.
The CH4 in the natural gas is usually converted to H2 and CO in a SR
reactor.
The basic SR reactions for methane and a generic hydrocarbon are:

In addition to natural gas, steam reformers can be used on light
hydrocarbons such as butane and propane, and on naphtha with a special
catalyst.
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Natural Gas Processing (2/2)
A typical steam reformed natural gas reformate is:

A POX reformer also can be used to convert gaseous fuels, but does not
produce as much hydrogen as the steam reformers (about 75% of SR).
So, partial oxidation reformers are typically used only on liquid fuels.
The overall POX reaction (exothermic) for methane is:
For PAFC or a PEFC, the reformate must be water-gas shifted
Shift conversion is often performed in more stages for high CO levels.
Feed temperatures of shift converters range from 200 to 370 °C.
For CO removal (LTFC): selective catalytic oxidizer (
)
No significant
if the right O2 amount is chosen (it depends
on catalyst).
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Liquid Fuel Processing (1/2)
Liquid fuels such as distillate, naphtha, diesel oils, and heavy fuel oil can
be reformed in partial oxidation reformers.
All commercial POX reactors employ non-catalytic POX of the feed
stream by oxygen in the presence of steam with reaction temperatures of
approximately 1,300 to 1,500 °C.
For example, the overall POX reaction for pentane is:
The overall reaction is exothermic, and largely independent of pressure.
The process is usually performed at 20 - 40 atm to yield smaller equipment.
A typical fuel composition for a fuel oil fed POX reformer is:

CO may need to be converted with a shift or selective catalytic converter.
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Liquid Fuel Processing (2/2)
Alcohols are steam-reformed at lower temperatures (<600 °C).
Methanol, one of the fuels being considered for transportation
applications, can be converted into hydrogen by steam reforming:

The optimum choice of operating conditions is close to a steam to
methanol ratio of 1.5 and a temperature range of 250 °C to 399 °C.
The Cu/Zn/Al and Cu/Zn/Cr based catalysts have been used in industrial
units for many years.
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Coal Processing (1/3)
Gasification systems available today can be reasonably classified:
moving-bed;
fluidized-bed;
entrained-bed.
The moving-bed gasifiers produce a low temperature (425 to 650 °C) gas
containing devolatilization products such as methane and ethane, and
hydrocarbons including naphtha, tars, oils, and phenol.
Entrained-bed gasifiers produce a gas product at high temperature
(>1,260°C) composed almost entirely of H2, CO, CO2.
The fluidized-bed gasifier product gas falls between these two other
reactor types in composition and temperature (925 to 1,040 °C).
Heat required for gasification is supplied by the partial oxidation of coal.
Overall, the gasification reactions are exothermic.
Gasifiers typically produce contaminants (H2S, COS, NH3, HCN,
particulates, tars, oils, and phenols) that must be removed before entering the
fuel cell anode.
There are two families of cleanup that remove the sulfur impurities: hot
and cold gas cleanup systems.
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Coal Processing (2/3)
Cold gas cleanup technology is commercial.
Hot gas cleanup technology is still under development.
A typical cold gas cleanup process includes the following subprocesses:
heat exchange (steam generation and regenerative heat exchange)
Particulate removal (cyclones and particulate scrubbers)
COS hydrolysis reactor
ammonia scrubber
Acid gas (H2S) scrubbers
sulfur recovery
sulfur polishers (zinc oxide beds)
All of these cleanup systems increase process complexity and cost, while
decreasing efficiency and reliability.
In addition, many of these systems have specific temperature requirements
that necessitate the addition of heat exchangers or direct contact coolers.
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Coal Processing (3/3)
Typical compositions for several oxygen-blown coal gasification products
are:
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Sulphur Reduction
There are high temperature and low temperature methods to remove sulfur
from a fuel reformate.
Low temperature cleanup, such as hydrodesulphurizing is less difficult and
lower in cost. Interesting for low temperature fuel cells.
Sulfur species in the fuel are converted to H2S, if necessary, then the H2S
is trapped on zinc oxide.
Thermodynamic and economic analyses show that it is appropriate to use
high temperature cleanup with high temperature fuel cells.
There is a vast difference between removing sulphur from a gaseous fuel
and a liquid fuel. The sulphur in a liquid fuel is usually removed after it
is converted to a gas.
At least one developer has a liquid-phase fuel desulphurizer cartridge that
will be used to remove sulphur prior to fuel vaporization.
Other developers remove the sulphur immediately after vaporization and
prior to reforming.
Hydrogen must be recirculated to the removal device to convert the sulfur
species to H2S so that it can be entrapped on zinc oxide.
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Carbon Monoxide Reduction
Fuel gas reformate contains 0.5-1% by volume of CO even after the shift
reactions.
The further CO cleaning for PEFC can be achieved in two ways: by air
injection into the anode at up to about 4% of the reformate feed rate or by
reducing CO concentration prior to the cell.
For the latter approach, a preferential oxidizer (PROX) is used to reduce
CO concentration prior to the cell.
It has highly dispersed supported Pt or Pt-Ru (ruthenium) catalyst.
As the CO is oxidized, the gas temperature rises, which decreases the
selectivity of CO adsorption on the catalyst.
Preferential gas cleanup by selective oxidation results in 0.1-2% H2 lost.
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Carbon Deposition Avoidance (1/2)
Coke formation is influenced by the composition of the fuel, the catalyst,
and the process conditions.
Carbon deposition not only represents a loss of carbon for the reaction, but
more importantly also results in deactivation of the catalyst due to deposition
at the active sites.
Increasing steam, hydrogen, and carbon dioxide concentrations alleviates
carbon deposition.
No carbon deposits at low temperatures (~600 °C) in mixtures containing
at least two atoms of oxygen and four atoms of hydrogen per atom of
carbon.
Higher hydrocarbon fuels show a greater tendency for carbon formation
than does methane.
One method to alleviate carbon deposition problems is to use special
catalysts either containing alkali or based on an active magnesia support.
Coke formation resulting from higher hydrocarbon fuels can also be
eliminated with an adiabatic pre-reformer.
By adiabatic pre-reforming, all higher hydrocarbons are converted at low
temperature (below ~500 °C).
A.A. 2011-2012

Lesson VII

Carbon Deposition Avoidance (2/2)
Effect of increasing steam on carbon deposition for methane and octane
(on the bottom), respectively:

Free
region

Free
region

Free
region
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Research & Development
Two major areas where fuel processor developers are focusing their
research:
catalyst development;
process/engineering development.
Catalyst Development: Johnson-Matthey, Engelhard Corporation, and dmc
division of OM Group have begun to develop ANL program that is focused
on improving long-term stability (minimize deactivation), an important,
immediate goal, reducing coke formation for higher hydrocarbons, and
improving catalyst sulfur tolerance while addressing cost issues. Work is
proceeding on catalysts based on Ni, Rh, and combinations of Ni and Rh.
Process/engineering development: maintaining a good temperature
distribution in the bed, make the fuel processor lighter and smaller,
simplified fuel processor designs (single stages), improve transient
performance.
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Pre-Reformer Example (for SOFC)
It is carried out before the main reforming reactions in a reactor.
The advantage of carrying out pre-reforming is that high molecular weight
hydrocarbons, which are more reactive than methane, are converted into
hydrogen preferentially.
Pre-reformer for a a Siemens 50-kW SOFC demonstration:
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Internal Reforming Example (for MCFC)
The heat required to sustain the endothermic reforming can be provided by
the electrochemical reaction in the stack.
Indirect internal reforming (IIR): conversion of methane by reformers
positioned in close thermal contact with the stack.
Direct internal reforming (DIR): In direct internal reforming, reforming
reactions are carried out within the anode compartment of the stack.
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