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ABSTRACT  
 
Dual fuel technologies for diesel engines introduce a secondary fuel into the intake to enable replacement 
of diesel fuel with renewable alternatives. They have also been shown to reduce criteria emissions and 
increase engine brake thermal efficiency (BTE). However, our previous work has illustrated that 
conventional dual fuel strategies using port injection of hydrous ethanol only achieve minor benefits in 
NOx and soot emissions and do not have significant impact on BTE. Pretreatment of hydrous ethanol by 
steam reforming before mixing with intake air offers the potential to both increase BTE and decrease soot 
and NOx emissions. Steam reforming is accomplished by upgrading the heating value of the secondary fuel 
through thermochemical recuperation (TCR) and produces inert gases to act as a diluent similar to exhaust 
gas recirculation. This study experimentally investigated a novel thermally integrated steam reforming 
(ISR) reactor using sensible and chemical energy in the exhaust to provide the necessary heat for steam 
reforming (SR) and water gas shift (WGS) reactions using 150 proof hydrous ethanol. Hydrous ethanol is 
an ideal secondary fuel for ISR reactors as both fuel and water required for SR and WGS can be stored 
together. In the study, an off-highway diesel engine was operated at three speed and load settings with 
varying hydrous ethanol flow rates reaching fumigant energy fractions of up to 70%. The engine achieved 
soot reductions of close to 90%, minor NOX reductions; however, CO and THC emissions increased. A first 
law energy balance shows that efficient recuperation of waste exhaust heat can effectively upgrade the 
heating value of the secondary fuel. Overall, the use of thermally integrated ISR can produce up to 40% 
hydrogen to increase BTE in conventional dual fuel engines and could also be used to enable advanced low 
temperature combustion modes. 
Benefit to MN Corn Farmers:  
Our previous work has developed a dual-fuel hydrous ethanol system for diesel engines that achieves higher 
diesel fuel replacement than commercially available systems. However, no previous work to our knowledge 
has proven that an aftermarket dual fuel system on diesel engines can reliably reduce emissions of harmful 
NOX and soot emissions. Without the added benefit of emissions reduction, dual fuel systems will be less 
marketable nationwide as they cannot be certified to meet recently enacted in-use emissions standards for 
off-highway applications. We believe that, if refined and commercialized, our hydrous ethanol reforming 
technology will overcome disadvantages of injection systems and allow fuel pretreatment systems to be 
used as a certified retrofit option. More broadly, if hydrous ethanol can be used as a diesel replacement, 
blend wall restrictions on ethanol fuel sales can be overcome. 
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INTRODUCTION 
 
The University of Minnesota (UMN) has previously demonstrated a dual-fuel hydrous ethanol port-fuel 
injection (PFI) system for use on existing diesel engines that can replace up to 60% diesel fuel use by energy 
with ethanol [1,2]. The primary motivations for developing a viable hydrous ethanol dual fuel system are 
to expand the market for ethanol to diesel-powered applications and to reduce pollutant emissions from 
diesel engines (NOX and soot). One key market driver for dual fuel systems is to use them as an alternative 
to add-on catalytic aftertreatment systems for off-highway engines meeting the California Air Resources 
Board (CARB) Diesel Risk Reduction Plan verification levels for in-use engines. However, based on our 
evaluation of existing aftermarket dual-fuel systems including our own, injecting ethanol into the intake of 
a diesel engine does not reduce nitrogen oxide emissions (NOX) compared to diesel-only operation. This is 
due to chemistry in the engine cylinder that enhances conversion of NO to NO2 from excess unburned 
ethanol in fuel-lean areas. The primary goal of this project was to develop an aftermarket hydrous ethanol 
reforming system that would meet CARB in-use standards for both PM and NOX, an achievement that has 
not been achieved by any dual fuel ethanol systems to date. 
 
OBJECTIVE AND GOAL STATEMENTS 
 
This project developed an aftermarket hydrous ethanol reforming system for diesel engines that nearly met 
CARB in-use standards for both PM and NOx, an achievement that has not been achieved by any 
aftermarket dual fuel ethanol systems to date. To meet this goal, we developed a thermally integrated system 
that uses exhaust heat to reform hydrous ethanol into a mixture of hydrogen and carbon monoxide to reduce 
combustion temperatures and thus reduce NOx formation in the engine. The system was designed, built and 
demonstrated at the UMN TE Murphy Engine Research Laboratory. 
 
The specific objectives of this project were: 1) To design and fabricate a hydrous ethanol reforming system 
that can be coupled to a John Deere 4045 Tier 2 diesel engine without modification to the engine control 
system. 2) To characterize the hydrous ethanol reforming system experimentally over a range of operating 
conditions. 3) To prove that the designed system can enable similar fumigant energy fraction (FEF) levels 
as the previously developed port-injected hydrous ethanol system while achieving lower NOX and unburned 
EtOH emissions. 4) To prove that the designed system can achieve CARB in-use verification classification 
for retrofit emissions control systems. 
 
MATERIALS AND METHODS 
 
Two revisions of the steam reforming reactor were designed and constructed within the project duration. 
The second version was installed on the engine and tested over a range of operating conditions. Figure 1 
provides a cutaway illustration of the final reactor design. The redesigned exhaust manifold uses the thermal 
energy contained in the exhaust as well as chemical energy as unburned hydrocarbons. The exhaust gases 
are routed through the annulus section (orange) where metal monolith coated with oxidation catalyst 
promotes oxidation reactions to generate heat for the endothermic steam reforming reactions. The oxidation 
catalyst also prohibits excess hydrocarbons contained in the engine-out exhaust from being emitted into the 
environment. Hydrous ethanol (150 proof) was evaporated using a custom vaporizer block where two 
cartridge heaters are situated to raise the hydrous ethanol to 120 °C before entering a copper coil located in 
the exhaust stack to reduce the energy required for fuel vaporization. The vaporized fuel is then routed in 
the interior section (blue) where exhaust heat and heat from the annulus catalyst section promote the 
conversion of ethanol and water to hydrogen, methane, and other inert gases. 
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Figure 1: Isometric views of the reforming reactor: a) Exhaust manifold exterior, b) Interior reactor tube, 

c) Metal monolith - exhaust flow (orange), hydrous ethanol flow (blue) 
Figure 2 shows a photo of the final reformer configuration installed on the test engine. In the photo, the 
reactor is shown at the bottom and the ethanol vaporizer is shown as the vertical insulated pipe section 
above the turbocharger. 
 

 
Figure 2: Custom exhaust manifold installed on John Deere 4045HF475 test engine 

 

a) 

b) 

c) 
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RESULTS AND DISCUSSION 
 
The main results of this project are depicted in the following figures. An experimental campaign was 
conducted with the engine setup shown in Figure 2 over a range of fumigant energy fraction (FEF) defined 
as the ratio of hydrous ethanol provided to the reformer over the total ethanol + diesel fuel sent to the engine. 
Three engine speed and load conditions were tested, 1500 rpm – 4 bar Brake Mean Effective Pressure 
(BMEP), 2000 rpm – 4 bar BMEP, and 2000 rpm – 6 bar BMEP. The results showed that the engine 
maintained diesel only-like thermal efficiencies with at most a 2% decrease at the highest FEF cases (up to 
68%). However, operation at high load was able to surpass conventional diesel combustion (CDC) thermal 
efficiencies, with CDC like combustion efficiencies. Reforming efficiencies, defined as the ratio of 
reformer outlet to inlet concentrations on an energy basis exceeded 100% at high FEF conditions, 
successfully upgrading the heating value of the initial hydrous ethanol. Figure 3 shows that soot emissions 
significantly decreased with increasing FEF for all testing cases. Our previous work on PFI of hydrous 
ethanol only showed small decreases in soot, and only at high FEF (~50%) for select testing conditions. In 
addition, some cases in the PFI study showed increased soot concentrations. Here, we see soot reductions 
near 90% from conventional diesel combustion (CDC) values. The solid horizontal line represents the EPA 
Tier 4 Standard for non-road diesel engines, assuming a conversion factor of 0.5 from PM to soot. In 
comparison, this 90% reduction at high FEF corresponds to near CARB Level 3 Classification (³85% 
reduction in PM) for diesel emissions control strategies [3].  
 

 
Figure 3: Engine out soot emissions as a function of FEF for three different operating modes. 

Figure 4 depicts the NO and NOX emissions. Engine exhaust was sampled at two different points, before 
the diesel oxidation catalyst (DOC) and after. From Figure 4, we can see that NO decreased at engine out 
conditions, but the reactions occurring within the DOC facilitated the conversion of NO2 to NO, resulting 
in increased concentrations post DOC. Figure 5 however shows that NOX emissions overall decrease post 
DOC as compared to CDC operation. In our previous PFI study, NOX emissions barely changed with 
increasing FEF, with only slight decreases at high FEF. Overall, the results of this study are promising, 
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showing significant decreases in soot and NOX emissions, which were not attainable with our previous PFI 
work. In addition, no unburned ethanol was present in the exhaust. Our previous work showed that even at 
low replacement ratios, addition of ethanol resulted in significant unburned ethanol emissions. This implies 
that the ISR reactor is achieving near 100% conversion of hydrous ethanol, where the dominant 
hydrocarbon specie in the exhaust was methane.  
 
 
 

 
Figure 4: NO (left) and NOx (right) emissions as a function of FEF 

CONCLUSIONS 
 
This work experimentally investigated a novel thermally integrated steam reforming reactor using hydrous 
ethanol. At high engine load, the ISR system boosted thermal efficiencies past diesel only operation, while 
high FEF operation led to significantly reduced soot emissions, with minor reductions to NOX. In fact, at 
the highest FEF conditions, the addition of the ISR reactor enabled a stock EPA Tier 2 certification diesel 
engine to reach near EPA Tier 4 Emissions Standards. NOX emissions behaved similar to previous PFI 
work, with NO decreasing while NO2 increased, resulting in little change to overall NOX until high FEF. 
This trend is attributed to unburned methane present in the exhaust instead of previously seen unburned 
ethanol. In fact, no ethanol was present in the exhaust, implying near 100% conversion of 150 proof hydrous 
ethanol in the reactor. Overall, the reactor was able to produce near 40% hydrogen once adequate hydrous 
ethanol fuel flow rates were reached, with greater than 100% reforming efficiencies, effectively upgrading 
the heating value of the initial hydrous ethanol.  
 
EDUCATION, OUTREACH, AND PUBLICATIONS 
 
The work described here was presented at the Central States Section of the Combustion Institute 2018 
Spring Technical Meeting [4] and published at the 2018 ASME Internal Combustion Engine Fall Division 
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conference [5]. The later paper is attached as appendix to this report. The project also sponsored one Ph.D. 
student through graduation and represented the final paper of his dissertation. The student is now employed 
at 3M in the area of engine emissions. Two undergraduate researchers were also sponsored as part of this 
grant. They gained valuable research experience working on the project and are now also working in 
industry. 
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