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Abstract 

This study investigated the potential for catalytically reforming liquid fuels in a simulated 

exhaust gas recirculation (EGR) mixture loop for the purpose of generating reformate that could 

be used to increase stoichiometric combustion engine efficiency. The experiments were 

performed on a simulated exhaust flow reactor using a Rh/Al2O3 reformer catalyst, and the fuels 

evaluated included iso-octane, ethanol, and gasoline. Both steam reforming and partial oxidation 

reforming were examined as routes for the production of reformate. Steam reforming was 

determined to be an ineffective option for reforming in an EGR loop due to the high exhaust 

temperatures (in excess of 700 °C) required to produce adequate concentrations of reformate, 

regardless of fuel. However, partial oxidation reforming is capable of producing hydrogen 

concentrations as high as 10-16%, depending on fuel and operating conditions in the simulated 

EGR gas mixture. Meanwhile, measurements of total fuel enthalpy retention were shown to have 

favorable energetics under a range of conditions, although a tradeoff between fuel enthalpy 

retention and reformate production was observed. Of the three fuels evaluated, iso-octane 

exhibited the best overall performance, followed by ethanol and then gasoline. Overall, it was 

found that partial oxidation reforming of liquid fuels in a simulated EGR mixture over the 

Rh/Al2O3 catalyst demonstrated sufficiently high reformate yields and favorable energetics to 

warrant further evaluation in the EGR system of a stoichiometric combustion engine.  
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1. Introduction 

Improving the efficiency of spark-ignited (SI) engines is desired as a way to help meet the 

challenging fuel economy and CO2 emission regulations that are being phased-in around the 

world.1 Cooled exhaust gas recirculation (EGR) has well-established thermodynamic benefits 

while maintaining a stoichiometric air-to-fuel ratio, allowing the mature three-way catalyst 

technology to be used for emissions control.2 Additionally, EGR suppresses knock in SI engines, 

which enables further efficiency increases through more advanced combustion phasing or higher 

compression ratios.3 However, the amount of EGR dilution that can be applied is limited because 

of cycle-to-cycle instability, the root cause of which is the reduction of flame speed with EGR.4–9 

Due to its high flame speed, the addition of H2 or H2-rich reformate increases the combustion 

rate and can significantly extend the EGR dilution limit, resulting in improvements in engine 

efficiency.10,11 The amount of H2 required to achieve significant improvements depends on the 

specifics of the engine hardware and operating conditions. Alger et al. were able to increase the 

EGR dilution tolerance from 25% to 50% with only 1 vol% H2 in the intake manifold.10 In 

contrast, Fennell et al. were only able to increase the EGR dilution tolerance from 21% to 27% 

using 1.5 vol% H2.
12 It should be noted that these concentrations are at the engine intake 

manifold; achieving these concentrations would require 2 to 3 times as much H2 at the outlet of 

an EGR loop reforming catalyst due to dilution by incoming air in the intake manifold. This 

work focused on achieving H2 concentrations of at least 5% in the reformer effluent. The optimal 

H2 concentration will depend on the specifics of the combustion system and operating conditions 

as well as the energy balance across the reforming catalyst. 
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While the beneficial uses of H2 are well established, efficient generation of H2 from liquid fuel 

via a robust fuel reformation has proven difficult. Hwang et al. incorporated a catalytic fuel 

reformer system on a diesel engine, and while the reformer effluent had a H2 concentration of 

more than 10%, there was an overall decrease in engine efficiency.13  Ashida et al. incorporated 

steam reforming in an EGR-loop with a reforming catalyst on an SI engine, and although they 

initially saw promising results, the catalyst experienced 90% deactivation within 5 hours.14  

Thus, in order to successfully use H2-rich reformate to extend the EGR limit and result in an 

overall engine efficiency benefit, the reforming process must be robust and impose a minimal 

fuel energy penalty. Ideally, the reforming process would achieve thermochemical recuperation 

(TCR), where waste heat in the exhaust is converted to usable chemical energy. 

The concept of applying TCR in internal combustion engines to improve efficiency involves 

using exhaust heat to promote the catalytic reforming of hydrocarbon fuels to produce a mixture 

of hydrogen and carbon monoxide, typically referred to as syngas or reformate.15,16   For TCR to 

occur, the enthalpy of the of the product reformate mixture must be higher than that of the initial 

reactants.17,12 Numerous studies on the application of TCR in gas turbines for power plants have 

been published,18–24 but the idea of using this method in internal combustion engines is more 

recent. Researchers examining the TCR approach have suggested benefits including increased 

work output of up to 13%11,25 and improvements in engine efficiency ranging from 10-17%.26–28 

Additionally, the reforming potential of a wide variety of hydrocarbon fuels has been studied for 

both TCR and fuel cell applications. These include conventional fuels such as gasoline12,29–31 and 

diesel,16,32–34 along with alternative fuels such as ethanol,17,27 methanol,27,28 and natural gas.35  

There are two approaches for reforming hydrocarbon fuels in internal combustion engines: steam 

reforming and partial oxidation reforming. The steam reforming reactions for iso-octane and 
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ethanol are shown in Reactions R1-R4 in Table 1, along with associated enthalpies of reaction on 

a per mole of fuel and per mole of C basis.30,36,37 The ratio between the lower heating value 

(LHV) of the products and the LHV of the reactants is included as well. All four reactions have 

positive enthalpies of reaction and LHVP/LHVR ratios greater than one, illustrating that steam 

reforming is an endothermic process. This endothermic nature allows for a truly recuperative 

process, recycling exhaust energy in chemical form as reformate.15,12 Unfortunately, achieving 

sufficient levels of hydrogen generation requires temperatures in excess of 600 °C,15,19,36,38 which 

can be difficult to achieve and maintain in exhaust gas. Further, the endothermic reactions can 

decrease temperature sufficiently to shut down the reforming activity. Therefore, in order to 

make reforming more feasible for application to internal combustion engines, air can be added to 

provide oxygen for partial oxidation reforming. 

The reactions which occur during partial oxidation reforming are shown in Reactions R5-R6 in 

Table 1.39,40 These reactions are much more active at lower temperatures,27,30 making this a 

suitable approach in a transient environment such as automotive exhaust. Unfortunately, partial 

oxidation reforming alone is exothermic, meaning a portion of fuel energy is lost as heat during 

reforming.41,42  This reforming process is also less efficient at hydrogen production from a fuel 

usage standpoint, producing a much smaller number of moles of hydrogen per mole of fuel 

burned. However, in an environment where both oxygen and water vapor are present, both types 

of reforming can occur simultaneously.35,43  Heat generated by the exothermic partial oxidation 

reactions can drive endothermic steam reforming.44,45 Thus, the net energy balance of the total 

reforming process is highly dependent on the availability of both oxygen and heat in the system. 

Achieving optimal engine efficiency using this strategy requires a balance which achieves 

adequate hydrogen production without losing excessive energy as heat during reforming. 
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The current study assesses hydrocarbon fuel reforming over a Rh/Al2O3 reformer catalyst in 

simulated exhaust gas recirculation (EGR) loop conditions with three different fuels: iso-octane, 

ethanol, and gasoline. Performance durability and sulfur tolerance of the catalyst will be 

discussed in a subsequent publication.  

2. Materials and methods 

2.1 Catalyst 

The reformer catalyst used in the current study is a pre-commercial formulation with 2 wt% Rh 

supported on Al2O3. Umicore synthesized the catalyst and coated it onto a zirconia-mullite 

substrate with a channel density of 400 cells per square inch. A 2 cm diameter by 2.5 cm long 

monolith core sample was cut from a full size substrate for use in the flow reactor experiments. 

The same core sample was used for all experiments reported here. The catalyst was not 

intentionally aged according to any specific protocol, but it was used for over 50 hours of partial 

oxidation and steam reforming experiments with methane and propane prior to the experiments 

discussed below. 

2.2 Automated flow reactor 

The activity of the Rh/Al2O3 reformer catalyst is measured using an automated flow reactor to 

simulate the conditions of an exhaust gas recirculation (EGR) loop. A diagram of this reactor is 

shown in Figure 1. MKS Instruments mass flow controllers meter the flow rates of gaseous 

species from compressed gas cylinders to achieve the desired gas mixture. Water vapor is 

introduced to the simulated exhaust mixture by a custom-designed vapor delivery system which 

uses an Eldex Laboratories HPLC pump to supply liquid water to a 1 m stainless steel tube with 

a 1.6 mm outer diameter (OD) wrapped in a coil around a 9.5 mm cartridge heater. After exiting 



 7 

the stainless steel coil, the vaporized water is injected through a 100 mm stainless steel capillary 

with a 1.6 mm OD and 0.18 mm inner diameter (ID) into an inert gas stream of N2 at 200 °C. A 

Chemyx syringe pump with a 250 mL stainless steel syringe injects liquid hydrocarbons (iso-

octane, ethanol, and gasoline) through a separate stainless steel capillary with identical 

dimensions into the preheated gas stream. The flow reactor is comprised of stainless steel gas 

lines which have an OD of 6.4 mm and are heated to 200°C to prevent the condensation or 

adsorption of reacting gases.  

A large cylindrical quartz tube with a 25 mm OD and 22 mm ID is used to house the Rh/Al2O3 

catalyst core sample,. Alumina felt (1.5 mm thick) is wrapped tightly around the sample to 

ensure a snug fit and prevent gas bypass. This core sample is placed downstream of smaller 

quartz tubes (23 cm in length with a 3 mm OD and 1 mm ID) as shown in Figure 2. These 

smaller quartz tubes facilitate heat transfer to the simulated exhaust gases and create a more 

uniform inlet gas temperature at the catalyst face. The quartz tube reactor is placed into a 

Lindberg Blue M Mini Mite tubular furnace which provides control over the gas temperature. 

Custom-built stainless steel end caps located at each end of the large quartz tube are connected to 

the stainless steel gas lines of the flow reactor. Several ports are built into the stainless steel end 

caps to allow for thermocouples and pressure transducers. Three 0.5 mm diameter Omega Type 

K thermocouples provide temperature measurements at different locations: 5 mm upstream of the 

catalyst core inlet, at the catalyst core midpoint, and 5 mm downstream from the catalyst core 

outlet. The pressure at the inlet and exit of the quartz tube reactor is monitored using Omegadyne 

silicon diaphragm absolute pressure transducers. The flow reactor is controlled with a custom-

designed LabVIEW interface which is used for data acquisition and allows the operator to 

program automated experimental protocols. An MKS Multigas 2030HS FTIR spectrometer and 
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Pfeiffer Vacuum Prisma-Plus QMG-220 mass spectrometer measures the simulated exhaust gas 

composition at both the inlet and outlet of the catalyst core and delivers this information to the 

LabVIEW interface. The mass spectrometer signals were calibrated by flowing known 

concentrations of the measured species (H2, O2, hydrocarbons) in the full simulated EGR mixture 

through a reactor bypass line at least once per day. All concentrations are reported on a wet basis 

(including water). 

2.3 Experimental protocol 

To simulate operation in the EGR loop of an engine operating with a stoichiometric air/fuel ratio, 

the reforming catalyst is continuously exposed to a flow of 700 sccm CO2, 600 sccm H2O, and 

3700 sccm N2, representing a synthetic exhaust mixture with a composition of 14% CO2, 13% 

H2O, and balance N2. Varying flows of fuel and air are added to this base EGR mixture to 

investigate the performance of the reforming catalyst over a wide range of compositions. 

Reformer feed compositions are frequently described in terms of steam/carbon (S/C) and 

oxygen/carbon (O/C) ratios. For EGR loop applications, where the steam flow is essentially 

fixed at a given engine operating point, changing the S/C ratio corresponds to changing the fuel 

flow. Similarly, variations in O/C ratio are achieved by varying the air added to the base EGR 

mixture. The experiments conducted under the current study included a wide range of both S/C 

and O/C ratios in an effort to capture the behavior of the reforming catalyst across the relatively 

large operating space that could be observed under realistic EGR loop operation. In order to 

study fuel effects on reformer performance, three different fuels were evaluated: iso-octane, 

Decon Laboratoreis, Inc., 200 proof ethanol, and EEE Lube Certification Gasoline from 

Haltermann Solutions. The properties of the fuels investigated are provided in Table 2. 
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Steam reforming is examined by ramping the inlet gas temperature of the reformer catalyst from 

400 to 800°C at 5°C/min and adding hydrocarbon fuel on a C1 basis to achieve the desired S/C 

ratio. Ramps are performed for S/C ratios of 2.0, 1.5, and 1.0, which correspond to C1 flow rates 

of 300 sccm, 400 sccm, and 600 sccm, respectively (details provided in Table 3). Partial 

oxidation experiments are conducted with fixed inlet gas temperatures of 400, 500, and 600 °C at 

S/C ratios of 1.0, 0.667, and 0.5. At each fixed temperature and S/C ratio a range of O/C ratios 

are evaluated by introducing O2 and N2 to simulate the addition of air. Prior to each O/C sweep, 

the catalyst is exposed to a mixture of simulated EGR and air for 15 min to clean any residual 

hydrocarbons or coke from the catalyst surface. Then the fuel flow is initiated and the O/C ratio 

is swept between 1.0 and either 0.1, 0.333, or 0.5, depending on S/C ratio. The flow composition 

at each individual O/C ratio during the sweep is held for fifteen minutes to ensure that steady 

state is achieved. Flow compositions during partial oxidation experiments for each fuel are 

shown in Tables 4-6. The minimum O/C ratio tested at each S/C point is calculated to maintain 

the S/C + O/C ratio at 1.0 or above to avoid coking, except in the case of ethanol where oxygen 

is present in the fuel. Complete oxidation of the fuel (to CO2 and H2O) is minimized by 

maintaining the O/C ratio below 1.0. The full array of experiments described above is performed 

for all three fuels included in the study.     

3. Results and Discussion 

3.1 Steam Reforming 

Steam reforming is the ideal route for H2 generation since it is a thermochemically recuperative 

process and produces a higher number of moles of H2 per mole of fuel consumed relative to 

partial oxidation reforming (Table 1). The amount of H2 produced by steam reforming with iso-
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octane, ethanol, and gasoline is shown as a function of inlet gas temperature in Figures 3-5, 

respectively, along with the outlet temperature of the reformer catalyst. Iso-octane can generate 

up to 10% hydrogen over the catalyst, but the inlet gas temperature must be at least 700°C to 

produce concentrations of H2 significant enough to improve the efficiency of the combustion 

process. Interestingly, increasing the fuel flow (thereby decreasing the S/C ratio) has a minimal 

effect on hydrogen generation. Normally, H2 production would increase at higher fuel flows, as 

long as there is sufficient steam and heat to support the reforming process. Since there was more 

than enough steam to generate additional H2 in our iso-octane study, it suggests that the steam 

reforming under these conditions is sensible enthalpy-limited. This is further demonstrated in 

Figure 3(b), which shows the catalyst outlet temperature as a function of inlet temperature. Since 

the steam reforming process is endothermic, conversion of the fuel to H2 pulls heat out of the gas 

stream, decreasing the catalyst temperature. Eventually, the temperature of the gas gets so low 

that the kinetics of the steam reforming reaction become slow, and H2 production shuts down. 

The H2 production and catalyst temperature curves at the different fuel flow rates (H2O/C ratios) 

overlay because the enthalpy available to drive the stem reforming reaction (in the form of 

sensible heat carried by the gas stream, as there is no external heat source) is the same for all 

three fuel flow rates. Once enough sensible enthalpy has been removed from the gas stream to 

drop the catalyst temperature below where it is active for steam reforming, H2 production stops. 

In the case of ethanol fuel, shown in Figure 4, less hydrogen production is observed across the 

entire temperature range, but otherwise the trends are similar. 

Measurements of steam reforming over the Rh/Al2O3 catalyst using gasoline resulted in 

drastically different hydrogen production curves relative to iso-octane and ethanol, which can be 

seen in Figure 5. The amount of hydrogen generated is much lower compared to both iso-octane 
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and ethanol, with a maximum concentration of 3% at 800 °C. Additionally, a decrease in 

hydrogen production was observed as the fuel added to the EGR mixture was increased. These 

phenomena can most likely be attributed to the presence of sulfur in the gasoline used in the 

current study. Sulfur has been shown to inhibit steam reforming Rh-based catalysts, and 

Ferrandon et al. found that sulfur tolerance can be improved by increasing the steam to carbon 

ratio, mirroring the trends observed for steam reforming with gasoline in the current study.30,46  

Due to the sensible enthalpy-limited nature of steam reforming at these operating temperatures, 

as well as the sensitivity to even low levels of sulfur in the fuel, steam reforming does not appear 

to be a viable option for production of hydrogen over the Rh/Al2O3 catalyst in the EGR loop 

configuration.   

3.2 Partial Oxidation Reforming 

While catalytic steam reforming clearly faces challenges to implementation in engine 

applications, there are other methods to producing H2 from hydrocarbon-based fuels. For 

example, catalytic partial oxidation, which involves mixing air with the fuel prior to sending it 

over a reforming catalyst, can produce significant quantities of H2 at much lower temperatures 

than catalytic steam reforming because the heat required to keep the catalyst hot enough to drive 

the reforming process is generated by oxidation of a portion of the fuel feed. Since the EGR gas 

mixture to which the air and fuel is added contains a significant amount of water vapor, it is 

possible for the heat generated from fuel partial oxidation to drive the catalytic steam reforming, 

perhaps approaching a thermally neutral (also known as autothermal) or even net endothermic 

reaction. Obviously, for the complicated gas mixtures that would be encountered in an EGR loop 

reforming application, there is a wide range of chemical processes that could potentially occur 
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over the reforming catalyst. The dominant process(es) will depend strongly on the operating 

conditions, including the catalyst temperature, and the relative amounts of fuel, air, and steam 

fed to the catalyst. To capture as many different operating regimes as possible, the experiment 

matrix covered a wide range of conditions, and was repeated with the three different fuels: iso-

octane, ethanol, and gasoline. 

3.2.1 Iso-octane catalytic partial oxidation reforming 

Iso-octane, a highly branched alkane, is representative of the fully saturated components of 

commercially-available gasoline, and is frequently used as a major component in surrogate 

gasoline mixtures.47 Figure 6 shows the production of H2 and reformate (CO + H2) during 

catalytic reforming of iso-octane as a function of oxygen/carbon ratio (abscissa, controlled by air 

flow) at three catalyst inlet temperatures (data series, controlled by catalyst furnace) and three 

steam/carbon ratios (figure panels, determined by fuel flow). Figure 7 shows results from the 

same experiments, but plots H2 and reformate production as a fraction of fuel enthalpy fed to the 

catalyst. This replotting of the data allows visualization of the reforming energy balance, which 

is further aided by the addition of a third set of lines showing the total recovery of fuel enthalpy 

at the catalyst outlet. It should be noted that the fractional enthalpy plots are based on the 

enthalpy content of the major products at the outlet of the reforming catalyst, including H2, CO, 

CH4, and unconverted iso-octane. The calculated catalyst outlet enthalpies did not include the 

contributions of less abundant reforming products, such as cracked or partially oxidized fuel 

species (such as aldehydes or alkenes). For the case of iso-octane, ignoring these less abundant 

species does not appear to have a significant impact on the overall thermodynamic analysis. 

However, for more reactive or more complicated fuel mixtures, such product species could 

significantly impact the net energy balance (see subsequent discussion on other fuels).  
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From a high-level perspective, catalytic partial oxidation reforming of iso-octane is a very 

effective method for generating H2 for an internal combustion engine. Under optimal operating 

conditions, the effluent from the reforming catalyst contains nearly 15% H2 and upwards of 10% 

CO (Figure 6). These concentrations should be more than sufficient to provide significant 

benefits to engine operation. The effects of the key operating parameters (temperature, oxygen to 

carbon ratio, steam to carbon ratio) on both H2 production and reforming energy balance for iso-

octane are discussed in more detail below. 

3.2.1.1 Iso-octane reforming: effect of catalyst temperature 

Each panel of Figure 6 contains two sets of curves, one for H2 and one for reformate. There are 

three curves in each set, one for each inlet temperature that was included in the reforming 

experiments. These inlet temperatures (nominally 400, 500, and 600 °C) cover the approximate 

range of exhaust temperatures expected in an EGR loop for a stoichiometric gasoline engine 

under normal driving conditions. Looking at Figure 6(a), increasing the catalyst inlet temperature 

increases the amount of reformate produced. This trend is expected, as increasing the catalyst 

temperature will increase the rate of the reforming reactions, thereby increasing the quantity of 

reforming products. The increased catalytic activity at higher temperatures is also apparent in 

Figure 7(a): at 600 °C and high O/C ratios, essentially all of the enthalpy in the catalyst effluent 

is reformate, meaning none of the iso-octane remains unconverted. Figure 7(a) also illustrates the 

beneficial effect of higher temperatures on the reforming energy balance: higher temperatures 

result in higher enthalpy retained in the catalyst effluent. In fact, at some of the 600 °C operating 

points, the amount of enthalpy in the effluent is actually higher than the fuel enthalpy fed to the 

catalyst. The increase in enthalpy indicates that some of the reformate is formed through steam 
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reforming. Figure 3 showed that this catalyst is at least somewhat active for steam reforming of 

iso-octane at 600 °C.  

3.2.1.2 Iso-octane reforming: effect of oxygen/carbon ratio 

The abscissa for all of the plots in Figures 6 and 7 is the molar oxygen/carbon (O/C) ratio. Note 

that this ratio includes O atoms in the form of O2 fed to the catalyst as air, not the O atoms 

present in the H2O included to simulate the EGR mixture. Also, as mentioned in the 

experimental section, H2O/C + O/C was never allowed to drop below 1.0 to reduce the potential 

for coking of the catalyst. Thus, at higher fuel feed rates, the lower O/C points were not run 

(Table 3).  

Catalytic partial oxidation reforming conditions are often described in terms of O/C, as this is a 

convenient way to capture the relative amounts of air and fuel fed to the reforming catalyst. An 

O/C ratio of 1.0 would be a stoichiometric mixture for converting all of the fuel to CO and H2 

(see, for example, reaction R5). Since the intent for this particular study is to integrate the 

reforming catalyst with an internal combustion engine, a secondary axis for the fuel/air 

equivalence ratio () is also shown Figures 6 and 7. The equivalence ratio is defined such that  

= 1 is a stoichiometric mixture for complete combustion of the fuel to CO2 and H2O. A mixture 

with  < 1 is fuel-lean (excess air), while a mixture with  > 1 is fuel-rich (excess fuel). For the 

experiments reported here, O/C is controlled by changing the amount of air added to the 

simulated EGR at a fixed fuel flow. Increasing O/C ratio corresponds to increasing air flow. As 

can be seen in Figures 6 and 7, for O/C of 1.0,  is roughly 3, which is a very rich mixture from a 

combustion perspective. As the O/C ratio decreases,  increases exponentially. 
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As expected, O/C ratio has a strong impact on both H2 production (Figure 6) and overall 

reforming energy balance (Figure 7). When no air is fed to the catalyst, the O/C ratio is 0, which 

corresponds to the steam reforming conditions discussed in section 3.1, where minimal reformate 

is generated at low catalyst inlet temperatures. However, once air is added to the feed stream, 

some of the fuel reacts with O2 over the reforming catalyst, generating heat and increasing the 

catalyst temperature. Higher temperatures increase the catalytic activity, producing more 

reformate and increasing fuel conversion. This trend is most apparent at an inlet gas temperature 

of 400 °C in Figures 6(a) and 7(a): as the O/C ratio is increased, the catalyst gets hotter, and both 

fuel conversion and reformate production increase. The effect of increasing O/C on reformate 

production is a bit more complicated for the higher inlet temperature cases. At 600 °C (Figure 

6(a)), reformate production increases from O/C 0.1 up to 0.7, but then it decreases with further 

addition of air. As discussed previously, there is some steam reforming activity at the higher inlet 

catalyst temperatures. Since some of the fuel is reacting with water vapor, less O2 is required to 

convert all of the remaining fuel. Under these conditions, if extra air is added, it begins to over-

oxidize the fuel, or oxidize the reformate, generating CO2 and H2O instead of the desired CO and 

H2 products. This reduces the reformate production at higher inlet temperatures and O/C ratios. 

High O/C ratios also reduce the total enthalpy content of the catalyst effluent (Figure 7(a)) at all 

temperatures. Again, this occurs because a larger fraction of the fuel fed to the catalyst is being 

converted to fully oxidized products (CO2 and H2O) rather than reformate.  

The balance between catalytic steam reforming and catalytic partial oxidation of the fuel can be 

more easily visualized by looking at how the gas temperature changes across the catalyst. As an 

example case, Figure 8 shows the temperature at the inlet, midpoint, and exit of the reformer 

catalyst for all three S/C ratios for the experiments performed at 500°C. The largest difference 
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occurs between the inlet and midpoint of the catalyst, suggesting this is the area of most interest. 

This is in agreement with observations by Carrera et al., who found that, during catalytic partial 

oxidation experiments with iso-octane over a Rh/Al2O3 catalyst, a hot spot tends to form near the 

catalyst inlet before the formation of water and subsequent steam reforming processes lowered 

the catalyst temperature further downstream moving towards the catalyst exit.45 Comparing the 

midpoint and outlet temperatures for all three cases in Figure 8, the temperature decreases by 

roughly the same amount regardless of O/C ratio and reformate yields. A similar drop in 

temperature between the midpoint and outlet is observed in the absence of fuel feed (indicated by 

horizontal dashed lines in Figure 8). Thus, the temperature drop in the back half of the catalyst is 

due to heat loss to the ambient rather than chemical processes inside the catalyst. Therefore, the 

subsequent discussions regarding temperature will focus on the front half of the catalyst, where 

Carrera et al. showed the bulk of the chemical reactions occur. 45   

Figure 9 shows the change in temperature from the inlet to the midpoint of the catalyst (Tcat,mid – 

Tcat,in), for all of the experimental points included in Figures 6 and 7. A positive change in 

temperature indicates the temperature is increasing in the front half of the catalyst, which can 

only be due to an exothermic process occurring inside the catalyst (note that the catalyst was 

placed outside the heated zone of the furnace, so there are no external heat sources that could 

cause this temperature increase). Conversely, a negative change in temperature means that heat is 

being removed from the gas stream through endothermic reactions, heat losses to the ambient, or 

both. For an inlet temperature of 400 °C in Figure 9(a), the catalyst shows a small increase in 

temperature low O/C ratios, and the midpoint temperature steadily increases with increasing O/C 

ratio. The inlet temperature is too low to support steam reforming. As more air is added to the 

feed gas, an increasing fraction of the fuel is oxidized, generating more heat and increasing the 
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catalyst temperature. Some of this heat drives endothermic steam reforming, but some is lost to 

heating the gas temperature high enough for steam reforming activity. Thus, the steady increase 

in catalyst midpoint temperature with increasing O/C is consistent with both higher reformate 

production (Figure 6) and lower fuel enthalpy retention (Figure 7). The temperature difference 

trends are quite different for an inlet temperature of 600 °C. At low O/C ratios, the temperature 

drop across the front half of the catalyst is essentially the same as that measured in the absence of 

fuel (the horizontal dashed lines). Here, the inlet temperature is already high enough for steam 

reforming, so less of the heat generated by oxidation of the fuel is used to increase the 

temperature of the incoming gas stream and more is available to drive the endothermic steam 

reforming reaction. The nearly autothermal reforming process at 600 °C results in higher 

retention of the fuel enthalpy in the catalyst effluent (Figure 7). As more air is added, the 

temperature drop across the front half of the catalyst stays relatively constant  up to an O/C of 

about 0.7, and the fraction of fuel enthalpy retained in the catalyst effluent remains high even as 

reformate production increases significantly. Above an O/C of 0.7, the catalyst midpoint 

temperature increases more rapidly as additional air is added. This more rapid rise in catalyst 

midpoint temperature is consistent with the drop in reformate concentration and fuel enthalpy 

retention in Figures 6 and 7. Since the catalyst is active for steam reforming at this temperature, 

some of the iso-octane reacts with H2O rather than O2. As a result, less O2 is required to convert 

all of the iso-octane to reformate. Based on the trends in midpoint temperature, reformate 

concentration, and enthalpy retention for a catalyst inlet temperature of 600 °C, it appears that 

O/C ratios greater than 0.7 result in complete oxidation of some of the iso-octane to CO2 and 

H2O, resulting in a larger exotherm over the catalyst and reduced reformate production. The 500 
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°C case falls between the 400 °C and 600 °C data sets, spanning the range form thermally neutral 

at low O/C to exothermic at high O/C. 

The reduction of total enthalpy retained in the catalyst effluent at high O/C ratios has an 

interesting consequence regarding the selection of optimal operating strategies for EGR loop 

reforming: inlet conditions that generate the highest H2 concentrations will not necessarily be the 

most thermodynamically beneficial. The overall reforming energy balance is actually best at 

lower O/C ratios, where less fuel enthalpy is lost to complete oxidation of the fuel. However, 

these conditions generate significantly lower concentrations of H2.  

The key question that still needs to be answered is whether the lower concentrations of H2 

generated under the more energetically favorable reforming conditions will be sufficient to 

extend the EGR dilution limit and enable an overall boost in engine system efficiency. Thus, full 

evaluations of the overall thermodynamic benefit of the EGR loop reforming process will require 

integrating the reforming catalyst with an engine to capture both the enthalpy losses over the 

catalyst as well as the engine efficiency benefits enabled by reformate. 

The interplay between catalyst inlet temperature and O/C ratio will also need to be considered 

when selecting and evaluating operating strategies for the reforming catalyst since the optimal 

amount of air to add to the EGR and fuel mixture will depend on the catalyst temperature. Higher 

air feeds (up to O/C of 1.0) are more beneficial for reformate production at lower temperatures. 

However, at higher inlet temperatures, the optimal O/C ratio for reformate production is 

significantly lower.  

3.2.1.3 Iso-octane reforming: effect of H2O/C ratio 
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Since the experiments described here were designed to mimic operation in the EGR loop of a 

stoichiometric engine, the H2O concentration in the baseline gas mixture was held fixed for all of 

the experiments. The only way to change the H2O/C ratio under such operating constraints is by 

changing fuel feed. Thus, some of the trends discussed below may be counterintuitive to those 

who work on more traditional reforming applications, where H2O/C ratio is typically controlled 

by changing the H2O feed while holding the fuel feed constant. In these experiments, decreasing 

H2O/C corresponds to increasing fuel feed. 

The effects of decreasing H2O/C can be seen by looking at the panels from top to bottom (a to c) 

in Figures 6, 7, and 9. Perhaps the most obvious conclusion to draw from these plots is that 

changing H2O/C has minimal effect on the overall trends discussed above for catalyst inlet 

temperature and O/C. Aside from the smaller data sets at lower H2O/C ratios (to avoid the 

potential for catalyst coking), the overall reforming energetics shown in Figure 7 are very similar 

across all three H2O/C ratios. The primary effect of decreasing H2O/C by adding more fuel to the 

EGR mixture is to generate higher concentrations of reformate, as shown in Figure 6. In fact, the 

most promising reformer performance is obtained at the highest fuel feed rate (lowest H2O/C) 

and highest inlet temperature (600 °C), where an O/C ratio of 0.5 generates roughly 12% H2 

while still retaining all of the fuel enthalpy. These results make catalytic partial oxidation look 

like a promising approach to onboard H2 generation, at least for iso-octane. 

3.2.2 Ethanol catalytic partial oxidation reforming 

Ethanol, a primary alcohol, is blended to a level of 10-15 % by volume in nearly all of the 

gasoline sold in the U.S. Given its prevalence in gasoline, and the potential for it to have very 
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different reforming activity relative to hydrocarbons, ethanol was a logical choice for inclusion 

in this study. 

3.2.2.1 Ethanol reforming: reformate production 

The production of H2 and reformate as a function of O/C ratio, inlet temperature, and H2O/C 

during catalytic partial oxidation reforming of ethanol is shown in Figure 10. Overall, these plots 

look very similar to those for iso-octane in Figure 6. Ethanol produces similar quantities of 

reformate and slightly higher concentrations of H2. Increasing catalyst temperature leads to 

higher reformate production due to higher catalyst activity. As O/C ratio is increased, reformate 

production initially increases, but then drops off at higher O/C ratios as increasing air flow 

begins to convert some of the ethanol to CO2 and H2O. Perhaps the biggest difference between 

iso-octane and ethanol is that the peak in reformate production occurs at a lower O/C ratio for 

ethanol than it did for iso-octane at all inlet temperatures evaluated. This is due to the O content 

of ethanol: as shown in reaction R7, an O/C of 0.5 is stoichiometric for complete conversion of 

ethanol to CO and H2. If the O/C ratios are higher than 0.5 there is a potential to over-oxidize the 

fuel, resulting in a drop in the reformate production. Finally, decreasing H2O/C (by increasing 

fuel flow) results in higher reformate production at all temperatures and O/C ratios, as with iso-

octane. 

3.2.2.2 Ethanol reforming: energy balance 

While reformate production with ethanol predominately mirrors the behavior observed with iso-

octane, the recovery of fuel enthalpy during ethanol reforming is much different compared to 

iso-octane, as shown in Figures 11(a)-11(c). At O/C ratios below 0.4, the fraction of fuel 

enthalpy retained is actually highest at 400°C, followed by 500°C and then 600°C. This is 
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especially noticeable at the highest S/C ratio of 1.0, where fuel enthalpy recovery never reaches 

100% with an inlet gas temperature of 600°C. Additionally, unlike iso-octane where enthalpy 

retained in the catalyst effluent steadily declines as more air is added to the mixture, the enthalpy 

retention during ethanol reforming declines at low O/C ratios, before trending upwards again in 

the O/C range of 0.4-0.8, depending on temperature. This phenomenon can be attributed, at least 

in part, to the partial oxidation of ethanol to acetaldehyde, shown in Reaction R7.  

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 0.5𝑂2 → 𝐶𝐻3𝐶𝐻𝑂 + 𝐻2𝑂 ΔHR
Θ = -178.5 KJ/mol (R7) 

Partial oxidation to acetaldehyde is an exothermic process, resulting in lower enthalpy retention 

in the catalyst effluent. The conversion of ethanol to acetaldehyde is shown in Figures 11(a)-

12(c). Figure 12 shows that a significant fraction of the ethanol fed to the catalyst (upwards of 

30% under some conditions) is converted to acetaldehyde. Comparing Figures 12 and 11, the 

peak in acetaldehyde formation as function of O/C ratio roughly corresponds to the minima in 

enthalpy retention in the at mid-level O/C ratios. It should also be noted that the partial oxidation 

of ethanol can produce additional species aside from acetaldehyde. These species are difficult to 

measure accurately with FTIR, and thus the total energy balance could be affected. At higher 

O/C ratios, the concentration of acetaldehyde diminishes for all three evaluation temperatures, 

but the fraction of fuel enthalpy retained in the catalyst effluent continues to decrease in a 

manner similar to that seen with iso-octane as the excess air flow generates more H2O and CO2. 

3.2.2.3 Ethanol reforming: catalyst temperature 

The change in temperature across the front half of the catalyst during catalytic partial oxidation 

reforming of ethanol is shown in Figure 13. As with iso-octane, the reforming process is net 

exothermic when the catalyst inlet temperature is 400 °C, which is too low for steam reforming. 
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However, at 600 °C inlet temperature, the reforming process results in a drop in the temperature 

across the front half catalyst larger than that observed with no fuel flow at all O/C ratios, likely 

due to endothermic steam reforming. Unlike iso-octane, which showed a continuous increase in 

midpoint temperature with increasing air feed, ethanol reforming results in a much more 

complicated relationship between catalyst midpoint temperature and O/C ratio. At low O/C ratios 

and lower inlet temperatures, the catalyst midpoint temperature increases with increasing air 

feed. This is likely due to the partial oxidation of ethanol to acetaldehyde, which is exothermic 

(see reaction 7). At the mid-level O/C ratios, this trend reverses, and catalyst midpoint 

temperature decreases with increasing O/C. This reversal in the midpoint temperature trend 

occurs at the same O/C ratios where acetaldehyde formation starts to drop off and reformate 

production peaks, consistent with the theory that the exothermic nature of the reforming process 

at low O/C ratios is driven, at least in part, by acetaldehyde formation. At the highest O/C ratios, 

the temperature trend reverses yet again, and higher air feeds result in increasing midpoint 

temperature due to complete oxidation of some of the ethanol to CO2 and H2O, which is 

exothermic. 

Overall, catalytic partial oxidation of ethanol generates levels of reformate comparable to that of 

iso-octane. However, the formation of byproducts such as acetaldehyde makes the 

thermodynamics of the reforming process less favorable, and may cause issues with combustion 

control or materials compatibility when fed to an engine.  

3.2.3 Gasoline catalytic partial oxidation reforming 

The third fuel evaluated for EGR loop reforming feasibility is a certification gasoline. Obviously, 

this fuel is the most relevant for real world vehicle application. The gasoline is a fully formulated 
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refinery product with a composition similar to that found in pump gasoline, with two notable 

exceptions: it does not contain any ethanol, and the sulfur concentration (4 ppm by weight) is 

somewhat low.  

3.2.3.1 Gasoline reforming: reformate production 

Hydrogen and reformate generation for the certification gasoline are shown in Figures 14(a)-

14(c). The production of H2 and total reformate from the gasoline is significantly lower than for 

the other fuels. Where iso-octane and ethanol generated H2 concentrations of 15% or more under 

optimal conditions, the gasoline only produces about 10% H2. At lower fuel feeds, the drop is 

even more significant: the gasoline only produces about half as much H2 as iso-octane. Aside 

from the reduction in total output, the trends in H2 and reformate production with the various 

operating parameters evaluated for this study look very similar to those for iso-octane: increasing 

temperature increases catalyst activity, generating more H2; reformate production increases with 

air feed up to the highest O/C ratios tested, at which point it starts to drop off due to production 

of CO2 and H2O; and decreasing H2O/C (by increasing fuel feed) increases reformate production 

for all temperatures and O/C ratios. 

As with the poor hydrogen production observed during steam reforming of the gasoline, it is 

likely that sulfur is inhibiting the performance of the Rh/Al2O3 catalyst by adsorbing to the 

catalyst surface.29,46 Cracknell et al. suggest that sulfur causes an initial deactivation before 

plateauing, resulting in performance below that which would be expected of sulfur-free fuel.48 

Separate experiments (not reported here) that included exposure to SO2 resulted in reversible 

deactivation of the catalyst, reducing reformate yield and fuel enthalpy retention while SO2 was 

fed to the catalyst. Thus, while the Rh/Al2O3 catalyst is capable of stable hydrogen and syngas 
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production from a sulfur-containing gasoline, its performance remains consistently lower than 

observed with both ethanol and iso-octane, which do not contain any sulfur. 

3.2.3.2 Gasoline reforming: energy balance 

The fraction of fuel enthalpy retained in the catalyst effluent during catalytic partial oxidation 

reforming of gasoline is shown in Figures 15(a)-15(c). Gasoline reforming is thermodynamically 

more expensive than reforming of either iso-octane or ethanol, as demonstrated by the much 

lower retention of total fuel enthalpy from the catalyst effluent. In fact, there are very few 

operating points that come close to retaining all of the fuel enthalpy in the catalyst effluent. 

However, there are three factors which must be considered when examining fuel enthalpy 

retention for gasoline. First, the gasoline contains a significant fraction of aromatics, which tend 

to be more reactive in reforming than the alkane components, as shown in Figures 16(a)-16(c). 

Due to the lower hydrogen content per mole of carbon contained in these species, less potential 

for reforming to hydrogen exists. Partial oxidation reforming of aromatics is more exothermic 

than alkanes, reducing the enthalpy retention in the catalyst effluent.  

Second, speciation is complicated with gasoline due to the numerous components which make up 

the fuel. Measuring all of these components accurately is extremely challenging using the FTIR 

and mass spectrometer, meaning the energy balance may be missing components which could 

increase the overall amount of recapture measured. This is especially problematic at lower O/C 

ratios, where the fuel conversion is low and thus the number of constituents is greatest. 

Therefore, although the energetics of gasoline reforming do not appear promising, they may be 

somewhat better than shown in Figure 15.  
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Finally, as discussed in the prior section, the sulfur content of the gasoline likely poisons active 

sites critical for steam reforming, which reduces endothermic reforming and adversely impacts 

the overall energy balance for catalytic partial oxidation reforming. 

3.2.3.2 Gasoline reforming: catalyst temperature 

The temperature change in the front half of the catalyst during gasoline reforming, shown in 

Figure 17, is quite different from what was observed with the other fuels. The shape of the 

curves is somewhat similar to those seen for iso-octane. However, where iso-octane reforming 

was exothermic at low inlet temperatures and thermally neutral at high inlet temperatures, 

gasoline reforming is exothermic across nearly the entire operating envelope. The more 

exothermic nature of the reforming process is consistent with the reduced H2 production and less 

favorable energy balance, all of which can be explained by lower steam reforming activity due to 

sulfur poisoning of the catalyst.  

4. Conclusions 

The potential for generating hydrogen and reformate using a Rh/Al2O3 catalyst located within an 

engine EGR loop was investigated for iso-octane, ethanol, and gasoline. The studies were 

performed on a simulated exhaust flow reactor over a range of inlet gas temperature and 

simulated exhaust gas conditions. It was determined that steam only reforming, with no oxygen 

included in the simulated exhaust gas feed, is not a viable route for hydrogen generation due to 

the high temperature required to reach syngas concentrations required for engine efficiency 

benefits. Gasoline, in particular, shows extremely poor performance during steam reforming, 

which may be due to the presence of sulfur in the fuel inhibiting catalyst activity.  
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 Partial oxidation reforming with water vapor present in the simulated exhaust feed is much more 

promising, generating concentrations of hydrogen in the range of 10-16% under peak conditions. 

However, there is a tradeoff between maximum hydrogen production and the recovery of the 

original fuel enthalpy, as the air flows required to generate high catalyst temperatures and 

reformate yields also lead to more complete oxidation of the fuel to CO2 and H2O, converting 

some of the fuel energy to heat.. Of the three fuels studied here, iso-octane exhibits the best 

overall performance, while ethanol is comparable but is less favorable from an energy balance 

standpoint due to the partial oxidation of ethanol to acetaldehyde. As with steam reforming, 

gasoline produces the lowest concentrations of hydrogen, and determining the energy balance is 

challenging as a result of the difficulty in identifying and measuring the numerous species 

contained within gasoline accurately. 

Overall, it was found that partial oxidation reforming of liquid fuels in a simulated EGR mixture 

over the Rh/Al2O3 catalyst demonstrated sufficiently high reformate yields and favorable 

energetics to warrant further evaluation in the EGR system of a stoichiometric combustion 

engine.49,50 The net impact of EGR loop reforming on engine efficiency will depend on EGR gas 

temperature and composition as well as fuel properties. Future studies will investigate the 

durability of this process.  
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Table 1. Steam reforming and partial oxidation reforming reactions for iso-octane and ethanol. 

 

Steam Reforming Reactions ΔHR
Θ 

(KJ/mol) 

 

ΔHR
Θ/mol C 

(KJ/mol C) 

LHVP/LHVR   

𝐶8𝐻18 + 8𝐻2𝑂 → 17𝐻2 + 8𝐶𝑂 +945.2 +159.3 1.25 (R1) 

𝐶8𝐻18 + 16𝐻2𝑂 → 25𝐻2 + 8𝐶𝑂2 +1274.5 +118.2 1.19 (R2) 

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 𝐻2𝑂 → 4𝐻2 + 2𝐶𝑂 +254.8 +63.7 1.20 (R3) 

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 3𝐻2𝑂 → 6𝐻2 + 2𝐶𝑂2 

 

+172.5 +43.1 1.14 (R4) 

Partial Oxidation Reforming Reactions ΔHR
Θ 

(KJ/mol) 

ΔHR
Θ/mol C 

(KJ/mol C) 

 

LHVP/LHVR   

𝐶8𝐻18 + 4𝑂2 → 9𝐻2 + 8𝐶𝑂 -660.1 -82.5 0.87 (R5) 

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 0.5𝑂2 → 3𝐻2 + 2𝐶𝑂 +12.94 +3.2 1.01 (R6) 
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Table 2. Properties of EEE Lube Certification Gasoline 

 

 

Fuel Property Iso-Octane Ethanol Gasoline 

Saturates (vol%) 100 0 71.2 

Aromatics (vol%) 0 0 27.8 

Olefins (vol%) 0 0 1.1 

Ethanol (vol%) 0 100 0 

C (wt%) 84.1 52.1 86.5 

H (wt%) 15.9 13.1 13.3 

O (wt%) 0 34.7 <0.01 

S (wt%) 0 0 7 

RON ( - ) 100 109 97.0 

MON ( - ) 100 9051 88.7 
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Table 3. Flow conditions during steam reforming with iso-octane, ethanol, and gasoline. 

 

Iso-octane 

H2O/C GHSV (h-1) N2 CO2 H2O C8H18 

2 38500 73.4% 13.9% 11.9% 0.7% 

1.5 38600 73.3% 13.9% 11.9% 1.0% 

1 38800 72.9% 13.8% 11.8% 1.5% 

      Ethanol 

H2O/C GHSV (h-1) N2 CO2 H2O CH3CH2OH 

2 39100 71.8% 13.7% 11.7% 2.9% 

1.5 39300 71.2% 13.6% 11.7% 3.8% 

1 39700 69.8% 13.5% 11.5% 5.7% 

      Gasoline 

H2O/C GHSV (h-1) N2 CO2 H2O C1 

2 40500 69.8% 13.2% 11.3% 5.7% 

1.5 41300 68.5% 13.0% 11.1% 7.4% 

1 42800 66.1% 12.5% 10.7% 10.7% 
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Table 4. Flow conditions during partial oxidation reforming with iso-octane. 

 

H2O/C O/C GHSV (h-1) N2 CO2 H2O O2 C8H18 

1 1 49700 74.3% 10.8% 9.2% 4.6% 1.2% 

1 0.9 48600 74.1% 11.0% 9.4% 4.2% 1.2% 

1 0.8 47500 74.0% 11.3% 9.6% 3.9% 1.2% 

1 0.7 46400 73.9% 11.5% 9.9% 3.5% 1.2% 

1 0.6 45300 73.8% 11.8% 10.1% 3.0% 1.3% 

1 0.5 44200 73.7% 12.1% 10.4% 2.6% 1.3% 

1 0.4 43100 73.5% 12.4% 10.6% 2.1% 1.3% 

1 0.3 42100 73.4% 12.7% 10.9% 1.6% 1.4% 

1 0.2 41000 73.2% 13.1% 11.2% 1.1% 1.4% 

1 0.1 39900 73.1% 13.4% 11.5% 0.6% 1.4% 

        0.667 1 55500 74.3% 9.6% 8.3% 6.2% 1.5% 

0.667 0.9 53800 74.2% 9.9% 8.5% 5.7% 1.6% 

0.667 0.8 52200 74.0% 10.2% 8.8% 5.3% 1.6% 

0.667 0.7 50500 73.9% 10.6% 9.1% 4.8% 1.7% 

0.667 0.6 48900 73.7% 10.9% 9.4% 4.2% 1.8% 

0.667 0.5 47300 73.5% 11.3% 9.7% 3.6% 1.8% 

0.667 0.4 45600 73.3% 11.7% 10.0% 3.0% 1.9% 

0.667 0.333 44500 73.2% 12.0% 10.3% 2.6% 1.9% 

        0.5 1 61200 74.4% 8.7% 7.5% 7.5% 1.9% 

0.5 0.9 59000 74.2% 9.1% 7.8% 7.0% 1.9% 

0.5 0.8 56800 74.1% 9.4% 8.1% 6.5% 2.0% 

0.5 0.7 54600 73.9% 9.8% 8.4% 5.9% 2.1% 

0.5 0.6 52500 73.6% 10.2% 8.7% 5.2% 2.2% 

0.5 0.5 50300 73.4% 10.6% 9.1% 4.6% 2.3% 
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Table 5. Flow conditions during partial oxidation reforming with ethanol. 

 

H2O/C O/C GHSV (h-1) N2 CO2 H2O O2 CH3CH2OH 

1 1 51400 71.8% 10.4% 8.9% 4.5% 4.5% 

1 0.9 50300 71.6% 10.6% 9.1% 4.1% 4.6% 

1 0.8 49200 71.4% 10.9% 9.3% 3.7% 4.7% 

1 0.7 48100 71.3% 11.1% 9.5% 3.3% 4.8% 

1 0.6 47000 71.1% 11.4% 9.7% 2.9% 4.9% 

1 0.5 46000 70.9% 11.6% 10.0% 2.5% 5.0% 

1 0.4 44900 70.7% 11.9% 10.2% 2.0% 5.1% 

1 0.3 43800 70.5% 12.2% 10.5% 1.6% 5.2% 

1 0.2 42700 70.3% 12.5% 10.7% 1.1% 5.4% 

1 0.1 41600 70.1% 12.9% 11.0% 0.6% 5.5% 

        0.667 1 58000 71.0% 9.2% 7.9% 5.9% 5.9% 

0.667 0.9 56400 70.8% 9.5% 8.1% 5.5% 6.1% 

0.667 0.8 54800 70.6% 9.8% 8.4% 5.0% 6.3% 

0.667 0.7 53100 70.3% 10.1% 8.6% 4.5% 6.5% 

0.667 0.6 51500 70.0% 10.4% 8.9% 4.0% 6.7% 

0.667 0.5 49800 69.7% 10.7% 9.2% 3.4% 6.9% 

0.667 0.4 48200 69.4% 11.1% 9.5% 2.9% 7.1% 

0.667 0.3 46600 69.1% 11.5% 9.8% 2.2% 7.4% 

0.667 0.2 44900 68.7% 11.9% 10.2% 1.5% 7.7% 

0.667 0.1 43300 68.3% 12.4% 10.6% 0.8% 7.9% 

        0.5 1 64600 70.5% 8.3% 7.1% 7.1% 7.1% 

0.5 0.9 62500 70.2% 8.6% 7.3% 6.6% 7.3% 

0.5 0.8 60300 69.8% 8.9% 7.6% 6.1% 7.6% 

0.5 0.7 58100 69.5% 9.2% 7.9% 5.5% 7.9% 

0.5 0.6 55900 69.1% 9.6% 8.2% 4.9% 8.2% 

0.5 0.5 53700 68.7% 10.0% 8.5% 4.3% 8.5% 

0.5 0.4 51500 68.3% 10.4% 8.9% 3.6% 8.9% 

0.5 0.3 49300 67.8% 10.8% 9.3% 2.8% 9.3% 

0.5 0.2 47200 67.3% 11.3% 9.7% 1.9% 9.7% 

0.5 0.1 45000 66.7% 11.9% 10.2% 1.0% 10.2% 

 

  



 38 

Table 6. Flow conditions during partial oxidation reforming with gasoline. 

 

H2O/C O/C GHSV (h-1) N2 CO2 H2O O2 C1 

1 1 53700 68.7% 10.0% 8.5% 4.3% 8.5% 

1 0.9 52600 68.5% 10.2% 8.7% 3.9% 8.7% 

1 0.8 51500 68.3% 10.4% 8.9% 3.6% 8.9% 

1 0.7 50400 68.0% 10.6% 9.1% 3.2% 9.1% 

1 0.6 49300 67.8% 10.8% 9.3% 2.8% 9.3% 

1 0.5 48200 67.5% 11.1% 9.5% 2.4% 9.5% 

1 0.4 47200 67.3% 11.3% 9.7% 1.9% 9.7% 

1 0.3 46100 67.0% 11.6% 10.0% 1.5% 10.0% 

1 0.2 45000 66.7% 11.9% 10.2% 1.0% 10.2% 

1 0.1 43900 66.4% 12.2% 10.4% 0.5% 10.4% 

        0.667 1 61500 67.1% 8.7% 7.5% 5.6% 11.2% 

0.667 0.9 59800 66.7% 8.9% 7.7% 5.2% 11.5% 

0.667 0.8 58200 66.4% 9.2% 7.9% 4.7% 11.8% 

0.667 0.7 56600 66.0% 9.5% 8.1% 4.3% 12.2% 

0.667 0.6 54900 65.6% 9.7% 8.3% 3.8% 12.5% 

0.667 0.5 53300 65.2% 10.0% 8.6% 3.2% 12.9% 

0.667 0.4 51600 64.8% 10.4% 8.9% 2.7% 13.3% 

0.667 0.333 50500 64.5% 10.6% 9.1% 2.3% 13.6% 

        0.5 1 69200 65.8% 7.7% 6.6% 6.6% 13.2% 

0.5 0.9 67000 65.4% 8.0% 6.8% 6.2% 13.7% 

0.5 0.8 64900 64.9% 8.2% 7.1% 5.7% 14.1% 

0.5 0.7 62700 64.4% 8.5% 7.3% 5.1% 14.6% 

0.5 0.6 60500 63.9% 8.8% 7.6% 4.5% 15.2% 

0.5 0.5 58300 63.3% 9.2% 7.9% 3.9% 15.7% 
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Figure 1. Diagram of automated flow reactor used to simulate EGR exhaust gas for reformer  
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Figure 2. Quartz tube reactor setup on automated flow reactor.  
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Figure 3. Measurements of a) hydrogen concentration and b) catalyst outlet temperature during 

steam reforming ramps with iso-octane at H2O/C ratios of 1.0, 1.5, and 2.0. 
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Figure 4. Measurements of a) hydrogen concentration and b) catalyst outlet temperature during 

steam reforming ramps with ethanol at H2O/C ratios of 1.0, 1.5, and 2.0. 
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Figure 5. Measurements of a) hydrogen concentration and b) catalyst outlet temperature during 

steam reforming ramps with gasoline at H2O/C ratios of 1.0, 1.5, and 2.0. 
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Figure 6. Hydrogen and reformate production during partial oxidation reforming of iso-octane in 

the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 
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Figure 7. Fraction of fuel enthalpy recaptured during partial oxidation reforming of iso-octane in 

the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 
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Figure 8. Temperatures at the catalyst inlet, midpoint, and outlet during partial oxidation 

reforming of iso-octane in the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 

0.5.  



 47 

 

Figure 9. Temperature change from inlet to midpoint of catalyst during partial oxidation 

reforming of iso-octane in the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 

0.5. 
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Figure 10. Hydrogen and reformate production during partial oxidation reforming of ethanol in 

the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 
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Figure 11. Fraction of fuel enthalpy recaptured during partial oxidation reforming of ethanol in 

the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 
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Figure 12. Conversion of ethanol to acetaldehyde during partial oxidation reforming of ethanol 

in the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 
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Figure 13. Temperature change from inlet to midpoint of catalyst during partial oxidation 

reforming of ethanol in the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 
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Figure 14. Hydrogen and reformate production during partial oxidation reforming of gasoline in 

the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 
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Figure 15. Fraction of fuel enthalpy recaptured during partial oxidation reforming of gasoline in 

the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 
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Figure 16. Concentration of alkanes and aromatics during partial oxidation reforming of 

gasoline in the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 

  



 55 

 

Figure 17. Temperature change from inlet to midpoint of catalyst during partial oxidation 

reforming of gasoline in the presence of water vapor at S/C ratios of a) 1.0, b) 0.667, and c) 0.5. 


