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Introduction 
Growing interest in PEM fuel cells as a potential propulsion system 
for transportation vehicles initiated development of the advanced 
fuel-making technologies for improving environment and meeting 
future vehicle emission targets. These technologies will enable 
production of ultra-clean transportation fuels, alternative to Gasoline 
but utilizing it’s infrastructure and being cost competitive at the 
same time. Strategic partnerships are created, including the fuel 
companies, to target at the development of alternative fuels and 
verification of their performance within the innovative fuel 
processing and fuel cell power systems. The current study was 
conducted within the Ultra Clean Transportation Fuels (UCTF) 
Program initiated by the U.S. Department of Energy (DOE).  
 
Background 
The insights of Autothermal Reforming (ATR) have been 
investigated in Nuvera Fuel Cells for a range of candidate fuels, 
including gasoline, methanol, ethanol, diesel and Naphtha (2).  The 
previous efforts were concentrated on the parametric study of the 
syngas production efficiencies as a function of reformer operating 
conditions. The purpose of the current study was to evaluate fuels of 
interest in the full fuel-to-DC power train for their Hydrogen 
production efficiency through the ATR and following Water-Gas 
Shift and Carbon monoxide cleanup sections of the fuel processor. 
Another purpose of the study was to look at the profile of micro 
components in the processed reformate streams, which could 
potentially effect the fuel cell stack performance and compare the 
fuel reformate condensates as a part of system emissions and /or 
water recycling technology. Evaluation of power production data by 
the fuel cell stack operated on different fuel reformates concluded 
the scope of the study.  
  

Fuels 
Two fuels were selected for the current fuel-to-DC power studies. 
One fuel was a California Phase II certified Gasoline obtained from 
Chevron Phillips. This commercially available fuel meets the 
current strict emission standards of the state of California. The 
second fuel was a Fischer Tropsch naphtha obtained from the Sasol-
Chevron joint venture. This is highly paraffin fuel with essentially 
no sulfur, nitrogen or aromatics, as presented in Table 1. 
 
                  Table 1. Fuels specifications 

Characteristics Naphtha California Phase 
II 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, 
Btu/lb 

19130 18553 

 

Experimental 
Both fuels under study were processed into Hydrogen containing 
reformates in Nuvera’s disintegrated Modular Pressurized 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 of Fuel Cell based 
power-producing functionality, including temperature management 
modules, fuel reforming spool, high- and low-temperature Water-
Gas-Shifts (WGS), optional sulfur capture module, two-stage 
preferential-oxidation based CO cleanup, and flexible PEM fuel cell 
test stand 
The maximum firing rate for the front-end assembly, including 
preheat, ATR and WGS sections are 140 kWth (based on the Lower 
Heating Value (LHV) of the fuel; for the downstream assembly, 
they are 40 kWH of Hydrogen flow rate. Because of the differences 
in ratings between the upstream and downstream sections, 
provisions for bypassing the excess of Reformate flow to the 
exhaust manifold have been incorporated into the assembly. 
 The desulfurizer, external to the MPR, was installed to decrease the 
initial concentration of Sulfur in Gasoline from 35- 40 ppm to less 
than 1 ppm, which can be tolerated by the catalyst modules the fuel 
processing train comprises of. Sampling ports for sulfur analysis 
were located at the desulfurizer exit and at the exit of CO clean-up 
section. No sulfur was detected at the latter location with the 
analyzer sensitivity above 200 ppb. 
Each fuel was mixed with the steam, preheated for the fuel to be 
vaporized and sent to the ATR section, containing Nuvera’s 
proprietary catalytic module. The fuel thermal input has been 
maintained at 60 KW based on the lower heating value (LHV) with 
the fixed equivalence ratio of 3.65 and steam-to-carbon ratio of 3.4, 
where Equivalence ratio = (Fuel/Air)/(Fuel/Air)_Stoichiometric. 
The reformate gas has been further processed in the WGS reactors 
followed by the cleanup from carbon monoxide. The operating 
pressure was maintained at 2.5 bar downstream of the cleanup 
section. All operating conditions were monitored for carbon 
formation using a differential pressure gauge across the reforming 
bed and an inline sample filter.  
The sampling port for reformate stream was located at the exit of the 
clean-up section of the fuel processing train. Multiple samples were 
collected at the steady state to ensure repeatability. Collected 
samples were conditioned and sent to a specially configured gas 
chromatograph. 
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PEM Fuel Cell Stack 
The fuel cell stack used in the study consisted of 30 cells and 
produced more than 3 KW of electrical DC power operating on pure 
Hydrogen and air at the cathode and anode pressure of 2.5 bar. The 
stack was maintained at temperature of 70ºC measured at the 
cathode exhaust. Air flow entering the stack was humidified above 
80% at 65ºC. The cathode stoichiometry was maintained at 2, while 
reformate flow to anode was maintained constant and equivalent to 
12 KW of the fuel thermal input. 
 
Results And Discussion 
Both fuels were successfully processed in Nuvera’s MPR facility 
and the reformates were considered  “clean” and contained no 
poisons to the fuel cell stack.  
Equivalence ratio of air to fuel was originally planned to maintain at 
3.65 for both fuels to maximize the hydrogen yield. In case of 
Naphtha processing we were able to maintain the equivalence ratio 
close to the designed value and satisfy the required temperature 
profile in the fuel processor at the same time. During gasoline fuel 
processing the air-to-fuel equivalence ratio had to be lowered to 
maintain the required temperature profile in the reactor and avoid 
skipping non-converted aromatics.    
Maintaining designed temperature profile in multiple reactors, 
required to process sulfur containing gasoline, is a complicated task, 
and additional restrictions were imposed on the controls and 
operating strategy. Stability of the operating regime reflected 
consistency of the reformate composition data, recorded over the 
running time, through the wider deviation of bulk gas concentrations 
from the average values in case of gasoline reforming, shown in 
Table 2. 
Hydrogen yield was slightly less during processing of gasoline in 
comparison with the Naphtha derived reformate and methane slip 
was also slightly higher in case of gasoline processing then in 
Naphtha reforming. Carbon monoxide concentration at the exit of 
clean-up reactor was oscillating below 20 ppm in both runs.  
 
  Table 2. Fuel Processing data of Naphtha vs. Gasoline. 

Reformate bulk 
composition 

Vol. %, 
Dry base, 

Vol. %, 
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 +/- 0.30 
Methane 0.18 +/- 0.01 0.22 +/- 0.08 

 
 
The different of both Hydrogen concentration in the product stream 
and Hydrogen production efficiency were theoretically predicted 
from the system analysis of both fuels due to the difference in their 
hydrogen-to-carbon ratio, presented in Figure 2 and 3. 
Higher difference between experimental and theoretical values 
recorded in Naphtha processing versus Gasoline was attributed to 
operating strategy of the clean-up section purposed to decrease the 
concentration of carbon monoxide below 20 ppm, which could be 
sacrificial to the concentration of Hydrogen in the reformate stream. 
Since the current study was purposed on characterization of the 
entire power train, it was very important to balance all the 
subsystems within certain operating ranges, close to optimal to 
specific section but without sacrificing performance of another 
section of the power train at the same time, including the fuel cell 
stack.  
 
 

 
Figure 2. Hydrogen yield (experimental vs. theoretical) data in 
ATR fuel processing for fuels with different Hydrogen-to-carbon 
ratios. Oxygen concentration in the fuel is accounted if applicable. 
 
 

 
 
Figure 3. Hydrogen production efficiency (experimental vs. 
theoretical) in ATR fuel processing for fuels with different 
Hydrogen-to-carbon ratios. 
 
The FTIR   technique had been used to detect species at low 
concentrations in both fuel reformates. The FTIR had been 
calibrated for aromatic species and ammonia. In both fuel 
reformates no contaminants to the fuel cell stack had been detected 
under operating conditions specified above.  
The process condensates have been sampled and analyzed for 
volatile organic compounds (VOC), metal ions and other 
contaminants.  
The difference in Hydrogen concentration in gasoline and Naphtha 
reformates was insignificant to change the polarization 
characteristics of the fuel cell, shown in Figure 4. 
The same stack was used for power generation on both Naphtha and 
Gasoline derived reformates. The base line Hydrogn polariztion 
curve was recorded  before introducing reformates to the stack and 
between the expriments with different fuels.There was no signs of 
performance degradation caused by feeding the stack anode with 
neither of the reformate streams. The reformate flow entering the 
stack was maintained constant and equivalent to 12 kW of the fuel 
thermal input.  
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Figure 4. Polarization curves recorded on Naphtha and Gasoline 
Phase II ATR reformates vs. Hydrogen, cathode and anode pressure 
2.5 bar, Cathode Stoichiometry 2, Fuel thermal input 12 kW. 
 
Stack derating factor on both fuel reformates is estimated at 4.5% of 
power at 400 mA/cm2 of current density and about 7% at 600 
mA/cm2 versus power production on pure Hydrogen at the 
corresponding current densities. The power production curves are 
shown in Fig.5.  
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 5. Power production of 30 cell stack on Naphtha ATR 
reformate vs. Gasoline Phase II reformate vs. pure Hydrogen, 
cathode and anode pressure is 2.5 bar, Cath. Stoich.=2, Fuel 
Thermal input 12 kW. 
 
Cathode stoichiometry was maintained at 2 at all the points on 
polarization chart, while anode stoichiometry reached 1.5 only at the 
point of maximum power production. Maintaining high Hydrogen 
utilization at the fuel cell anode at the elevated current densities is a 
technical challenge associated with the decreased concentration of 
Hydrogen along it’s consumption and increased dilutants – 

Nitrogen, Carbon Dioxide and water- at the exit of the stack. 
Maintaining water balance to avoid stack flooding represent current 
state-of-the art technology along with the insights of the fuel cell 
stack, adding complexity to the issue of reformat utilization and, 
finally, efficiency. Mapping Hydrogen utilization by the fuel cell 
stack operating on fuel reformate to the current density would result 
in the stack sizing tradeoff issues versus operating efficiency and 
would be the subject of separate study.  
 
Conclusion 
Fischer Tropsch Naphtha and California Phase II RFG were 
successfully processed into fuel cell quality reformate using 
Nuvera’s ATR based modular pressurized facility. 
Both fuels were studied for Hydrogen production efficiency in the 
full fuel-to-DC power train and experimental data were compared to 
the theoretical simulation data. Hydrogen yield and reforming 
efficiency demonstrated in Naphtha processing were higher in 
comparison with gasoline Phase II, which had been predicted by 
system analysis of both fuels. Since gasoline contained sulfur, the 
power train configuration had an increased complexity and 
maintaining stable temperature profile became a challenging task in 
comparison to Naphtha processing. 
The power production in the fuel cell stack was not effected by 
operating on different fuel reformates, since hydrogen partial 
pressure in the reformate streams varied insignificantly. The gross 
efficiency of the power production in Fuel Cell is estimated at 25%, 
considering 3 kW electrical output of the stack and the fuel thermal 
input of 12 kW. 
Both fuel reformates were considered equivalent in terms of 
containing no poisons to the fuel cells, however, longevity of the 
fuel cell operation and effects of potential contaminants at micro 
levels should be the subject of the separate study.  
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