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Introduction

Growing interest in PEM fuel cells as a potentiapulsion system
for transportation vehicles initiated developmeffittlee advanced
fuel-making technologies for improving environmemrtd meeting
future vehicle emission targets. These technologiik enable

production of ultra-clean transportation fuelseaittive to Gasoline
but utilizing it's infrastructure and being costnopetitive at the
same time. Strategic partnerships are createdudmg the fuel
companies, to target at the development of altemduels and
verification of their performance within the inndve fuel

processing and fuel cell power systems. The curstady was
conducted within the Ultra Clean Transportation IEU@JCTF)

Program initiated by the U.S. Department of En€i@E).

Background

The insights of Autothermal Reforming (ATR) have ebe
investigated in Nuvera Fuel Cells for a range aididate fuels,
including gasoline, methanol, ethanol, diesel aagttha (2). The
previous efforts were concentrated on the paramstridy of the
syngas production efficiencies as a function obmefer operating
conditions. The purpose of the current study wasvaduate fuels of
interest in the full fuel-to-DC power train for theHydrogen
production efficiency through the ATR and followirwater-Gas
Shift and Carbon monoxide cleanup sections of tie rocessor.
Another purpose of the study was to look at thefiler@f micro
components in the processed reformate streams, hwbauld
potentially effect the fuel cell stack performaraned compare the
fuel reformate condensates as a part of systemsi&mss and /or
water recycling technology. Evaluation of powerdarction data by
the fuel cell stack operated on different fuel rafates concluded
the scope of the study.

Fuels

Two fuels were selected for the current fuel-to-p@ver studies.
One fuel was a California Phase |l certified Gasolobtained from
Chevron Phillips. This commercially available fueleets the
current strict emission standards of the state alif@nia. The
second fuel was a Fischer Tropsch naphtha obtdéioedthe Sasol-
Chevron joint venture. This is highly paraffin fuglth essentially
no sulfur, nitrogen or aromatics, as presentedcaiold 1.

Table 1. Fuels specifications

Characteristics Naphtha | California Phase

Il RFG
Hydrogen/Carbon ratio 2.25 1.8
Sulfur, ppm <1 35
Aromatics, Vol. % 0.5 28.1
Olefins, Vol. % 0.5 7.5
Specific gravity 0.6906 0.7377
Lower Heating Value, 19130 18553
Btu/lb

Experimental

Both fuels under study were processed into Hydrogentaining
reformates in Nuvera’'s disintegrated Modular Prased facility
(MPR), shown in Fig. 1.

Figure 1. Modular Pressurized Reactor (MPR). The upstream
section, including ATR and WGS sections.

This pilot plant facility comprises the totality &fuel Cell based
power-producing functionality, including temperatumanagement
modules, fuel reforming spool, high- and low-tengtere Water-
Gas-Shifts (WGS), optional sulfur capture modulejo-stage
preferential-oxidation based CO cleanup, and flextEM fuel cell
test stand

The maximum firing rate for the front-end assemhihgluding
preheat, ATR and WGS sections are 140 kWth (basatieoLower
Heating Value (LHV) of the fuel; for the downstreamsembly,
they are 40 kWH of Hydrogen flow rate. Becausehef differences
in ratings between the upstream and downstreamiossgt
provisions for bypassing the excess of Reformatev fto the
exhaust manifold have been incorporated into teerably.

The desulfurizer, external to the MPR, was insthtb decrease the
initial concentration of Sulfur in Gasoline from-3%0 ppm to less
than 1 ppm, which can be tolerated by the catahadules the fuel
processing train comprises of. Sampling ports fdfus analysis
were located at the desulfurizer exit and at thie &@CO clean-up
section. No sulfur was detected at the latter looawith the
analyzer sensitivity above 200 ppb.

Each fuel was mixed with the steam, preheatedHerftiel to be
vaporized and sent to the ATR section, containingveda's
proprietary catalytic module. The fuel thermal ihphas been
maintained at 60 KW based on the lower heatinge/éliHV) with
the fixed equivalence ratio of 3.65 and steam-rb@a ratio of 3.4,
where Equivalence ratio = (Fuel/Air)/(Fuel/Air)_&tbiometric.

The reformate gas has been further processed WS reactors
followed by the cleanup from carbon monoxide. Theerating
pressure was maintained at 2.5 bar downstream efctbanup
section. All operating conditions were monitoredr foarbon
formation using a differential pressure gauge acitbs reforming
bed and an inline sample filter.

The sampling port for reformate stream was locatetie exit of the
clean-up section of the fuel processing train. Midtsamples were
collected at the steady state to ensure repedayabiliollected
samples were conditioned and sent to a specialfigured gas
chromatograph.



PEM Fuel Cell Stack

The fuel cell stack used in the study consisted3@fcells and
produced more than 3 KW of electrical DC power afiag on pure
Hydrogen and air at the cathode and anode pres$@:& bar. The
stack was maintained at temperature of 70°C medisatethe
cathode exhaust. Air flow entering the stack wasidified above
80% at 65°C. The cathode stoichiometry was maiathat 2, while
reformate flow to anode was maintained constanteapdvalent to
12 KW of the fuel thermal input.

Results And Discussion

Both fuels were successfully processed in Nuvekd?R facility
and the reformates were considered “clean” andagoed no
poisons to the fuel cell stack.

Equivalence ratio of air to fuel was originally pfeed to maintain at
3.65 for both fuels to maximize the hydrogen yield. case of
Naphtha processing we were able to maintain thévalgmce ratio
close to the designed value and satisfy the reduieenperature
profile in the fuel processor at the same time.impgasoline fuel
processing the air-to-fuel equivalence ratio hadbéolowered to
maintain the required temperature profile in thacter and avoid
skipping non-converted aromatics.

Maintaining designed temperature profile in mutipteactors,
required to process sulfur containing gasoline c®@mplicated task,
and additional restrictions were imposed on thetrot; and
operating strategy. Stability of the operating megi reflected
consistency of the reformate composition data, niemb over the
running time, through the wider deviation of bulksgconcentrations
from the average values in case of gasoline refggmshown in
Table 2.

Hydrogen yield was slightly less during processafggasoline in
comparison with the Naphtha derived reformate amthame slip
was also slightly higher in case of gasoline preices then in
Naphtha reforming. Carbon monoxide concentratiothatexit of
clean-up reactor was oscillating below 20 ppm ithirans.

Table 2. Fuel Processing data of Naphtha vs. Gdse.

Reformate bulk Vol. %, Vol. %,
composition Dry base, Dry base,
Hydrogen 43.4 +/- 0.49 40.78 +/- 1.91]
Nitrogen 35.8 +/- 0.68 36.87 +/- 2.32
Carbon dioxide 20 +/- 0.16 20.37 +/- 0.3(
Methane 0.18 +/- 0.01 0.22 +/- 0.08

The different of both Hydrogen concentration in greduct stream
and Hydrogen production efficiency were theoreljcadredicted

from the system analysis of both fuels due to tfferénce in their

hydrogen-to-carbon ratio, presented in Figure 23nd

Higher difference between experimental and thecaktivalues

recorded in Naphtha processing versus Gasolineattébuted to

operating strategy of the clean-up section purpaseiecrease the
concentration of carbon monoxide below 20 ppm, Wwhiould be

sacrificial to the concentration of Hydrogen in teormate stream.
Since the current study was purposed on charaatieniz of the

entire power train, it was very important to bakanall the

subsystems within certain operating ranges, clasegtimal to

specific section but without sacrificing performanof another
section of the power train at the same time, indgdhe fuel cell

stack.

Theoretical hydrogen yield versus Experimental
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Figure 2. Hydrogen yield (experimental vs. theoretical) data
ATR fuel processing for fuels with different Hydegto-carbon
ratios. Oxygen concentration in the fuel is accedrif applicable.
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Figure 3. Hydrogen production efficiency (experimental vs.
theoretical) in ATR fuel processing for fuels wittlifferent
Hydrogen-to-carbon ratios.

The FTIR  technique had been used to detect spettidow
concentrations in both fuel reformates. The FTIRd hiaeen
calibrated for aromatic species and ammonia. Inh bétel
reformates no contaminants to the fuel cell stesdk been detected
under operating conditions specified above.

The process condensates have been sampled andzeahdlyr
volatile organic compounds (VOC), metal ions andheot
contaminants.

The difference in Hydrogen concentration in gasolimd Naphtha
reformates was insignificant to change the poléiona
characteristics of the fuel cell, shown in Figure 4

The same stack was used for power generation dnNpphtha and
Gasoline derived reformates. The base line Hydrpgtariztion
curve was recorded before introducing reformatethé stack and
between the expriments with different fuels.Thereswo signs of
performance degradation caused by feeding the sinokle with
neither of the reformate streams. The reformates mtering the
stack was maintained constant and equivalent teV¥2f the fuel
thermal input.
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Figure 4. Polarization curves recorded on Naphtha and Gesoli
Phase Il ATR reformates vs. Hydrogen, cathode aodie pressure
2.5 bar, Cathode Stoichiometry 2, Fuel thermal ifukW.

Stack derating factor on both fuel reformates tsreted at 4.5% of
power at 400 mA/cm2 of current density and about &%600

Nitrogen, Carbon Dioxide and water- at the exittbé stack.

Maintaining water balance to avoid stack floodiegresent current
state-of-the art technology along with the insigbtghe fuel cell

stack, adding complexity to the issue of reformtlization and,

finally, efficiency. Mapping Hydrogen utilizationybthe fuel cell

stack operating on fuel reformate to the curremisig would result
in the stack sizing tradeoff issues versus opegagificiency and
would be the subject of separate study.

Conclusion

Fischer Tropsch Naphtha and California Phase Il Rw&e

successfully processed into fuel cell quality refate using
Nuvera’'s ATR based modular pressurized facility.

Both fuels were studied for Hydrogen productioricéghcy in the
full fuel-to-DC power train and experimental datarercompared to
the theoretical simulation data. Hydrogen yield amforming

efficiency demonstrated in Naphtha processing weigher in

comparison with gasoline Phase Il, which had besdipted by
system analysis of both fuels. Since gasoline dcoatsulfur, the
power train configuration had an increased comptexand

maintaining stable temperature profile became destging task in
comparison to Naphtha processing.

The power production in the fuel cell stack was sffected by

mA/cn? versus power production on pure Hydrogen at the operating on different fuel reformates, since hgeém partial

corresponding current densities. The power prodactiurves are
shown in Fig.5.
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Figure 5. Power production of 30 cell stack on Naphtha ATR
reformate vs. Gasoline Phase Il reformate vs. pdyerogen,
cathode and anode pressure is 2.5 bar, Cath. Stdicliruel
Thermal input 12 kW.

Cathode stoichiometry was maintained at 2 at al ploints on
polarization chart, while anode stoichiometry reath.5 only at the
point of maximum power production. Maintaining higtydrogen
utilization at the fuel cell anode at the elevatadrent densities is a
technical challenge associated with the decreasadentration of
Hydrogen along it's consumption and increased diltde —

pressure in the reformate streams varied insignifly. The gross
efficiency of the power production in Fuel Cellgstimated at 25%,
considering 3 kW electrical output of the stack #mel fuel thermal
input of 12 kW.

Both fuel reformates were considered equivalentténms of
containing no poisons to the fuel cells, howevengevity of the
fuel cell operation and effects of potential coniteants at micro
levels should be the subject of the separate study.
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