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ABSTRACT 

Hydrogen Internal Combustion Engine (H2ICE) powered 
vehicles have been considered a low emission, low cost, 
practical method to help establish a hydrogen fueling 
infrastructure. However, the naturally aspirated H2ICE 
operating lean has performance issues requiring either 
increased displacement or induction boost to have 
comparable power to the modern gasoline powered IC 
engine. Ford Scientific Research Laboratory has 
continued its H2ICE system investigation, conducting 
dynamometer engine-boosting experiments utilizing a 
2.0 L Zetec engine (with compression ratios of 14.5:1 
and 12.5:1), and a 2.3L Duratec HE-4 engine (with a 
compression ratio of 12.2:1) with boosted manifold air 
pressure up to 200 kPa. Test data of brake torque and 
exhaust emissions are reported at various boost 
pressures. Results of a detailed NOx study, conducted 
at University of California – Riverside, with EGR and 
aftertreatment for a naturally aspirated 2.0L Zetec 
engine are also reported. The trade off between engine 
compression ratio and thermal efficiency, power density, 
and NOx emission control strategy is discussed.  

INTRODUCTION 

Hydrogen is considered the ultimate fuel. It can be 
readily extracted from water or any hydrocarbon fuel and 
with the potential of CO2 sequestration for fossil fuels, or 
in the case of biomass extraction, represents zero net 
CO2 addition to the atmosphere. When produced 
renewably it has the potential to eliminate carbon based 
emissions from the fuel production and use cycle [1].   
  
Ford Motor Company Scientific Research Laboratory 
(FRL) has been conducting the design, development and 
implementation of a H2ICE powered vehicle, the results 
of which have been previously reported [2-5].  In those 
reports, the carbon-based feedgas emissions were 
reduced to near zero and the NOx feedgas emissions 
were reduced by as much as 75%. Engine peak thermal 

efficiencies were reported at 52% and 38% for indicated 
and brake, respectively.  The greatest issue for the 
H2ICE was the pre-ignition limited torque and power, 
which were reduced from the gasoline base by 35% and 
50% respectively.  

The objectives of the continuing H2ICE studies are the 
restoration of torque and power to gasoline levels and 
further reduction of NOx emissions to SULEV (NOx = 
0.02 grams/mile) or lower levels. 

ENGINE UPGRADES 

ENGINE STRENGTH / DURABILITY UPGRADE 

During dynamometer development, the pre-ignition limits 
of the engine had to be established.  Accordingly, the 
pistons, piston pins, and connecting rods on the 
dynamometer engine had to be suitably upgraded to 
handle any pre-ignition events—which can result in peak 
cylinder pressures in excess of 120 bar—encountered 
during development.  This is only considered a 
development requirement, as normal operating peak 
pressures should stay within the production operating 
specifications (70-80 bar). 

Piston: The piston was upgraded from a cast eutectic 
alloy with a 3.5mm second ring land width to a forged 
eutectic alloy with a 5.5 mm second ring land width. 

Piston Pin: A fully floating piston pin of 23.1mm diameter 
replaced the pressed 21.0mm diameter production pin.  

Connecting Rod: A bronze pin bushing for the top hole 
was utilized.  In addition, a parabolic cross section H-
beam rod was designed to prevent buckling under the 
increased firing loads.  To accommodate the increased 
piston ring land thickness and the larger pin diameter, a 
2.38mm shorter connecting rod was used.  The 
production plain shell connecting rod bearing was used. 



Valves and Seats 

As is the case with traditional gaseous fuels (i.e., CNG), 
valve seat recession can be an issue in H2ICE's due to 
the lack of lubricity of the fuel. To minimize valve seat 
recession, the production valve seat inserts were 
upgraded to hardened tool steel with a hardness range 
50-60 Rockwell C.  A Stellite seat facing was added to 
the intake and exhaust valves for increased wear 
resistance.    

Crankshaft Post Strength Calculations 

With the addition of a belt-driven supercharger to the 
production 2.3L engine front-end accessory drive 
(FEAD), see Figure 1, the resultant increased stresses 
on the crankshaft post were analyzed to ensure crank-
post durability.   The crankshaft post analysis assumed a 
simple cantilevered beam with worst-case loading 
conditions.  Maximum loads from the FEAD belt, 
crankshaft damper bolt, and camshaft timing chain were 
considered.

 

Figure 1:  2.3L FEAD with addition of Supercharger 

Additionally, with the increased stresses on the 
crankshaft post, the fatigue strength was also 
considered.  The equation used to calculate the fatigue 
factor of safety (n) for a rotating shaft subject to bending 
and torsion is [6]: 
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KF is the notch factor  

Se is the endurance limit 

Ma is the alternating stress 

Tm is the torque applied 

 Sut is the ultimate strength.   

The notch factor was included since there is a fillet at the 
base of the post.  Using Equation 1, the fatigue safety 
factor was found to be 2.5, which was considered to be 
more than sufficient. 

OIL CONTROL 

As previously reported, oil control is crucial in H2ICE's 
since the lubricating oil is the only source of carbon-
based emissions and a possible source of preignition [2].  
For the 2.0L Zetec, the previously [2] reported oil control 
measures were utilized. The measures listed below for 
the 2.3L Duratec HE-4 are similar to those utilized for the 
2.0L Zetec in the previous studies, but bare review. 

Honing: The cylinder block was finish honed with a deck 
plate in order to minimize assembled bore distortion, 
(average cylindricity of 6-7µm).  The honing process was 
tightly controlled in order to produce a consistent peak 
honed surface finish of the desired geometry.  

Piston Rings: Ring tension, profile and material were 
optimized in order to promote effective sealing yet resist 
scuffing due to tribological differences between 
hydrogen fuel and gasoline.   

Low leakage valve stem seals: In order to limit the 
amount of oil entering the intake and exhaust port due to 
valve-stem/seal lubrication, Grade 1 seals replaced the 
production Grade 2 oil seals.  A Diamond Like Coating 
(DLC) was applied to the valve stems to prevent any 
scuffing due to the decreased oil flow. 

Positive Crankcase Ventilation (PCV) System: The 
standard PCV system was modified to operate at high 
and low levels of manifold absolute pressure (MAP), see 
Figure 2. A highly effective coalescing style oil/air 
separator was integrated downstream of the PCV valve.  
Oil is separated from the crankcase vapors within the 
coalescing separator and is gravity drained, through an 
integral check valve and drain tube, to the engine oil 
sump when the engine is turned off.  The outlet side of 
the separator is connected to the throat of a venturi 
upstream of the supercharger and to the intake manifold 
downstream of the throttle.  One-way check valves were 
located in the lines connecting the venturi and intake 
manifold to eliminate "cross talk" during all engine 
operation. 

Supercharger 



 

Figure 2:  Intake and PCV Systems 

Under low MAP, the flow is checked from the venturi and 
is drawn directly into the intake manifold.  Under high 
MAP, the flow is checked from the intake manifold and is 
drawn into the supercharger inlet stream by way of the 
vacuum generated by the venturi. 

POWER ENHANCEMENT 

Boost Device Specification 

The earliest boost study, on the 2.0L Zetec utilized 
“artificial boost” to achieve a 200 kPa manifold absolute 
pressure.  Artificial boost was accomplished through the 
use of the dynamometer cell “critical air system”.   The 
critical air system is a series of flow orifices which are 
capable of metering and measuring the air-flow within +/- 
1% and can provide up to 225 kPa absolute pressure. 
The temperature increase, as well as the pumping and 
mechanical losses, associated with a supercharger-
intercooler system must be corrected for in the data 
analysis.  

In the testing of the 2.3L Duratec HE-4, a real 
supercharger was utilized. For simplicity sake, an “off-
the-shelf” centrifugal supercharger was utilized that 
could provide up to 1 bar boost (gauge). Roots type 
superchargers could not achieve the required 1 bar 
boost, screw type superchargers required a more 
complicated bypass circuit and turbo-charging would 
have required a time-consuming engine-turbo 
optimization study, which will be conducted in the future. 

Intercoolers 1 and 2 

Since the compression of the inlet charge increases its 
temperature, as described by equation 2 [7], intercooling 
was utilized to reduce the inlet charge temperature.  
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Tout = Temperature out of the supercharger   

Tin = Temperature into the supercharger (absolute) 

ηv = Supercharger Adiabatic efficiency 

γ = Ratio of specific heats = 1.4 for air 

Pout/Pin = Pressure ratio 

To illustrate the compression heating effect, assume a 
pressure ratio of 1.9, Tin=298 K (25°C), and ηv= 0.7.  
The resulting output temperature from the supercharger 
is 384 K (111°C); this is an increase of 86°C.   

In an effort to maximize cooling of the compressed 
charge air, a dual intercooler strategy was utilized (see 
Figure 2).  The first intercooler was an air-to-air design 
with a core size of 47.6cm W x 16cm H x 9cm D.  This 
size of intercooler was chosen to minimize the charge air 
pressure drop across the intercooler core.  
Dynamometer testing showed that the maximum 
pressure drop observed across this intercooler was 3 
kPa.  The second intercooler used R-134a refrigerant as 
the cooling medium with a core size of 10.8cm W x 
21.9cm H x 7.6cm D.  This secondary intercooler was 
only cooled under high boost conditions. Testing showed 
that the maximum pressure drop across the secondary 
intercooler core was 3 kPa.  The range of cooling 
effectiveness, observed from the dynamometer testing, 
for the dual intercooler system was 45% - 100%. 

Fuel Injectors 

Injector durability is a major issue with hydrogen fuel due 
to lack of fuel lubricity and was addressed in the 
previous H2ICE studies [2,8]. 

Since this study utilized supercharging to maximize 
engine power, the fuel injector strategy needed to be 
upgraded from the previous naturally aspirated strategy. 
Two injectors per cylinder were utilized for maximum 
duty cycle control at all operating speeds, see Figure 3. 
At low engine speeds, a low flow rate injector provides 
minimal cycle-to-cycle variations. As engine speed 
increases, the second larger injector can be used alone 
or in conjunction with the smaller injector for optimization 
of injection timing and mixture control.  

"Late fuel injection timing" was utilized and is defined as 
fixed "end of injection" timing at 180o (BDC of intake 
stroke) with a duration of 20o to 170o so as to never be 
injected before the exhaust valves are closed. This 
strategy results in the benefits of: 

 

1. Allowing the induction gases to provide 
additional cooling to the exhaust valve during 
valve overlap without introducing hydrogen 
directly into the exhaust. 



2.  Injecting fuel only after the exhaust valve has 
closed to minimize the occurrence of backflash 
(backfire). 

 

Figure 3: Fuel Rail and Injector Configuration 

DYNAMOMETER RESULTS 

PROPERTIES OF HYDROGEN 

Hydrogen has unique physical properties that require 
special attention when developing hydrogen internal 
combustion engines.   

It has a very low ignition energy requirement at 
equivalence ratios (Φ) near or greater than 0.5  (Figure 
4).  However, Φ = 0.5 is an inflection point and ignition 
energy increases sharply at lower equivalence ratios.   

Since the H2ICE tested here operated at equivalence 
ratios of Φ=0.5 and above, it was very susceptible to 
pre-ignition due to this low ignition energy characteristic.  
Furthermore, as the intake charge pressure is boosted, 
the resulting increase in inlet charge temperature 
increases tendency to pre-ignite. 

Even if the bulk temperature remains below the auto-
ignition temperature, 585oC (vs. gasoline 257 oC and 
CNG 482 oC avg), it is still possible to pre-ignite if the 
temperature is exceeded locally (due to hot spots).  
Therefore, the engine was monitored closely for pre-
ignition and backflash.   

As hydrogen has significantly higher laminar flame 
speed (over 2 times faster at Φ=0.5 then the fastest 
rates for gasoline or CNG, Figure 4), than conventional 
fuels, pre-ignition can result in very high peak pressures 
(120-150 bar) resulting in collapsed piston 2nd ring lands 
and/or damaged head gaskets.  Therefore, pre-ignition 
limits determine practical engine operating parameters   

 

Figure 4:  Hydrogen Mixture Ignition Energy and 
Flame Speed [1] 

PRELIMINARY BOOSTING STUDIES 

Before the 2.3L supercharged hydrogen engine was 
available, some preliminary dynamometer development 
work was conducted on a 2.0L Zetec hydrogen engine—
described in earlier papers [2-4]—to assess the 
feasibility and benefit of intake charge boosting on a 
hydrogen engine application.  The dynamometer lab 
critical air system (described earlier in the paper) can 
boost the intake charge to approximately 225 kPa, which 
was used to artificially boost the 2.0L engine.   

One of the primary concerns associated with boosting is 
pre-ignition, or the ignition of the in-cylinder charge after 
intake valve closing and before the spark event, because 
of the increased "end of compression stroke" 
temperatures (due to higher pressures).  The results of 
artificial boosting do not account for the increase in 
temperature due to air charge compression or the 
mechanical loss imposed by a supercharger. This testing 
was useful in that it verified early modeling studies that 
projected gasoline-like performance levels could be 
attained.   

Figure 5 shows the results from this testing, running the 
engine with a constant fuel-air equivalence ratio (Φ = 
0.45), wide-open-throttle (WOT), and boosting manifold 
absolute pressure (MAP) in 25 kPa increments.  There 
were no instances of pre-ignition until a condition of 
5000 RPM and 200-kPa boost was reached.  The pre-
ignition dictated a sharp drop in torque, resultant of 
retarding spark timing from MBT.  Figure 5 also shows 
the performance of the gasoline engine was matched by 
the hydrogen engine boosted to approximately 185 kPa.  
However, the calculated losses due to the pumping and 
mechanical losses of a S/C are 33 N-m.  Therefore, the 
boost level required by the actual supercharger on the 
H2ICE to match the gasoline engine was estimated to be 
approximately 200-210 kPa.  The finding that the 
performance of a gasoline engine could be matched with 
a boosted H2ICE was a substantial breakthrough and 
drove further boosted H2ICE development efforts. 

Fuel Injectors 
(4 Per Rail) 

Secondary Fuel Rail 

Primary Fuel Rail 



 

Figure 5:  BMEP of Artificially-Boosted 2.0L H2ICE 

The interaction between compression ratio (CR) and 
enrichment was revisited since the earlier paper [4], 
where it was reported that any torque gained by 
enrichment would be offset by the penalty associated 
with reducing the CR enough to allow such enrichment 
without pre-ignition.  Figure 6 compares the BMEP 
output of the engine with a CR of 12.5:1 and 14.7:1 over 
a range of equivalence ratios.  Contrary to earlier 
conclusions, the output of the 2.0L Zetec 12.5:1 engine 
actually exceeded that of the 14.7:1 engine, particularly 
at higher speeds, when enriched.  Data from the new 
2.3L supercharged hydrogen engine, which has a 
compression ratio of 12.2:1, is also included in Figure 6 
to further verify this trend.  This trend can be attributed to 
the reduction in compression temperature—resulting 
from the lower compression ratio—allowing the engine to 
run at higher equivalence ratios and more advanced 
spark timing without encountering pre-ignition. 

 

Figure 6:  Interaction Between Compression Ratio 
and Equivalence Ratio 

 

BOOSTING BY SUPER CHARGER 

Thermal Efficiency 

After the preliminary boosting study was completed, two 
2.3L Duratec HE-4 supercharged hydrogen engines 
were built and tested.  As described earlier, a centrifugal 
supercharger was selected for these engines.  Since the 
centrifugal supercharger was driven mechanically by the 
front-end accessory drive system, the output air 
pressure of the supercharger was a function of engine 
speed only.  Therefore, the majority of the boosting 
torque benefit was seen at higher engine speeds, near 
the peak power point. 

The indicated and brake thermal efficiencies of the 2.3L 
engine under throttled and WOT conditions, are shown 
in Figure 7.  The indicated and brake thermal efficiencies 
peaked at 50% and 37%, respectively.  The region to the 
left of the X (not including the X) is throttled, Φ = 0.5.  
The region to the right of the X for each speed indicates 
where the engine was unthrottled and enriched.  While 
enriching improved engine output, it reduced the thermal 
efficiency.  It is also important to note that the brake 
thermal efficiency at the lower loads could be improved 
on the order of 15-20% (3-5% absolute, dynamometer 
data-based) by reducing the pumping work with a 
strategy utilizing equivalence ratio to control load rather 
than throttling. 

Figure 8 shows the motoring torque with and without the 
supercharger.  It is clear that there was a substantial 
torque penalty imposed by driving the supercharger.  
Different boosting alternatives will be investigated to 
reduce this penalty and further improve the output of the 
engine. 

 

Figure 7:  Brake and Indicated Thermal Efficiencies 
of 2.3L H2ICE 

 



 

Figure 8:  Motoring Friction of 2.3L H2ICE 

Emissions 

The emissions of H2ICE's are inherently low.  The NOx 
emissions, shown in Figure 9, were extremely low at an 
equivalence ratio of 0.5 and increased precipitously 
thereafter, which was consistent with previously reported 
results [4].  Running at world-wide-mapping point 
(WWMP), 1500 RPM / 2.62 bar BMEP, with the engine 
throttled and Φ=0.5, the NOx emissions were ~ 90 ppm.  
Running WWMP unthrottled Φ=0.23, NOx emissions 
were 3-4 ppm.  Feedgas NOx emissions on a typical 
gasoline engine at WWMP are 1200-1500 ppm.  The 
unburned hydrogen emissions shown in Figure 9 are 
also consistent with previous findings.  Figure 10 shows 
that the carbon-based emissions, which result entirely 
from the combustion of engine oil, were extremely low as 
they were on the naturally aspirated hydrogen engine.  
As mentioned previously, many actions were taken in 
the design of the engine to minimize any oil consumption 
and the resultant carbon-based emissions.   

 

Figure 9:  NOx and Unburned H2 Emissions from 
2.3L H2ICE 

 

Figure 10:  Carbon-Based Emissions from 2.3L 
H2ICE: THC, CO, and CO2 

Figure 11 shows the dependence of exhaust gas 
temperature, in hydrogen engines, on equivalence ratio.  
Exhaust gas temperature is plotted for engine speed 
versus load.  The long flat plateau, to the left of the X, for 
each speed indicates where the engine was running with 
a constant equivalence ratio (Φ = 0.5) and throttled.  The 
sloped region, to the right of the X, for each speed 
indicates an increase in equivalence ratio and 
unthrottled operation.  The data shows the exhaust gas 
temperature in hydrogen engines is a strong function of 
engine speed and is virtually independent of load under 
throttled conditions. In unthrottled conditions, exhaust 
gas temperature is a strong function of engine speed 
and equivalence ratio (load).  

 

Figure 11:  Dependence of Exhaust Temperature on 
Equivalence Ratio 

Pre-ignition Limited Performance 

The control of ignition timing plays an important role in 
modern internal combustion engines, such as delivering 
best fuel economy, reducing emissions, and controlling 
catalyst temperatures.  Hydrogen engines have the 
additional constraint of pre-ignition, so it is paramount 



that the limits of ignition timing are well defined for pre-
ignition-free operation.  In Figure 12, regions of 
acceptable spark timing are shown for the engine 
operating at 3000 RPM and WOT.  The line with the 
solid diamonds, to the far left, represents the spark 
advance limit before pre-ignition. The line with the 
triangles, to the far right, represents the spark retard limit 
before pre-ignition and backfire (Φ > 0.4) or misfire (Φ < 
0.4) is encountered.  The solid middle line with closed 
circles represents MBT spark timing.  At equivalence 
ratios greater than 0.7, pre-ignition was encountered, 
forcing the spark to be retarded.  The lighter line with 
open circles represents the region where spark timing 
had to be retarded to avoid this condition (region 
denoted as Borderline Detonation, or BLD, in Figure 12).  
It is also clear that there is a decreasing acceptable 
spark-timing window at higher equivalence ratios (Φ > 
0.7).  This closing of acceptable ignition timing worsens 
with increased engine speeds.  This characteristic is 
significant as it precludes large spark retard torque 
truncation strategies at higher speeds and equivalence 
ratios. 

 

Figure 12: Spark Timing Window for 2.3L H2ICE 

Hydrogen engines are subject to pre-ignition caused by 
high intake temperatures, which ultimately limits the 
power output.  Figure 13 shows that the temperature of 
the intake charge increases proportionally to the 
increase in pressure created by the supercharger.  To 
mitigate the impact of this increase in temperature, an 
air-to-air intercooler was added.  Additionally, the 
temperature increased at low loads because the engine 
was throttled, causing the air to recirculate in the 
supercharger.  The increase in temperature caused by 
this recirculation effect is shown in Figure 13.  

 

Figure 13:  Air Temperature of Supercharged, 
intercooled H2ICE 

To further reduce the intake temperature, an air 
conditioner-to-air (A/C-to-Air) intercooler, using R-134a 
as the cooling medium, was added.  Intake manifold 
temperatures after both intercoolers are shown in Figure 
13 for engine speeds of 3000, 4000, and 5000 RPM.  
The effects of the A/C-to-air intercooler on torque and 
brake thermal efficiency are illustrated in Figures 14 and 
15, respectively.  At high engine speeds (above 3000 
RPM), the net torque was improved because the engine 
could tolerate a higher equivalence ratio before 
experiencing pre-ignition and the spark timing was closer 
to MBT.  At engine speeds below 3000 RPM the net 
torque was actually lower with the A/C-to-air intercooler 
than without it.  At low engine speeds, the hydrogen 
engine is not as pre-ignition limited as at high speeds, so 
the equivalence ratio could be increased to near 
stoichiometric without the use of an A/C-to-air 
intercooler.  Therefore, at engine speeds below 3000 
RPM the torque required to drive the A/C compressor 
was not offset by any increase in engine output resulting 
from increasing the equivalence ratio.  The increase in 
net torque at high engine speeds was achieved at the 
expense of brake thermal efficiency, as shown in Figure 
15. 

 



 

Figure 14:  Effect of AC-to-Air Intercooler on Peak 
Torque 

 

Figure 15:  Effect of AC-to-Air Intercooler on Brake 
Thermal Efficiency 

Finally, the torque achieved by the hydrogen engine is 
compared to the gasoline variant in Figure 16.  Running 
the hydrogen engine boosted with an air-to-air 
intercooler at a constant equivalence ratio Φ = 0.5 
reduced the peak torque by approximately 28% 
compared to gasoline.  By adding enrichment, the peak 
torque was increased to within a 7% deficit.  By 
combining the boost, air-to-air intercooling, enrichment 
strategy and the A/C-to-air intercooler, the peak torque 
performance of the hydrogen engine matched that of the 
gasoline engine.  

 

Figure 16:  Torque of H2ICE with Varying Boost 
Configurations Compared to 2.3 Gasoline Engine 

UNIVERSITY OF CALIFORNIA-RIVERSIDE NOX 
TESTING 

As mentioned earlier, the NOx emissions of a hydrogen 
internal combustion engine are inherently low when 
operated at very lean conditions (i.e. using excess air for 
charge dilution).  This lean-burn fuel metering strategy 
also causes a considerable reduction in torque (Figure 
16).  There is another strategy that has the capability of 
lowering NOx emissions, while having a lesser impact on 
torque.  This strategy uses exhaust gas recirculation 
(EGR) in place of the excess air in the lean-burn 
strategy.  To further study this strategy, experiments 
were conducted on a naturally aspirated 2.0-liter, 4-
cylinder hydrogen-powered ZETEC engine (predecessor 
of the boosted 2.3 liter engine reviewed in the earlier 
text) with a production three-way catalytic converter at 
University of California-Riverside.  Figure 17, shows this 
engine on the dynamometer with the EGR line and valve 
(downstream of the engine throttle).  

 

 

Figure 17: H2 2.0L ZETEC Engine with EGR 

A series of experiments were conducted at two engine 
speeds: 1,500 and 3,000 rpm (naturally aspirated).  

EGR Line & Valve 



Each experiment started by operating the engine at 
WOT, with the EGR valve closed, and at a lean-burn 
condition.  The engine parameters at this initial condition 
were then measured and recorded.  Following this test, 
the EGR valve was opened fully.  This action had little 
effect on the engine operation since little or no exhaust 
gas actually flowed into the intake manifold when the air 
throttle was at the wide-open position (the exhaust gas 
exited the tail pipe in preference to re-entering the intake 
manifold). The engine throttle was then slowly closed to 
restrict the incoming air.  As the incoming airflow was 
reduced, the EGR gas flow rate started to increase, 
displacing some of the incoming airflow. The MAP 
remained at atmospheric pressure throughout the entire 
procedure even though the air intake was being 
throttled.  The loss in manifold pressure, which normally 
occurs as a result of restricted airflow, was made up by 
the increased pressure from the exhaust gas flow.   
Maintaining MAP at atmospheric pressure resulted in 
decreased pumping losses and improved brake thermal 
efficiency as compared to a conventional throttled 
engine with reduced MAP.  This procedure of slowly 
closing the air throttle valve was continued until the 
oxygen content in the exhaust gas stream was reduced 
to zero (the stoichiometric condition).  Throughout this 
entire process the fuel input remained constant.  The 
only parameter changing was the amount of air 
introduced into the engine, and thus the amount of EGR 
(the EGR flow being directly dependent on the air flow). 

For the 1,500-rpm condition, five experiments were 
conducted at the following fuel flow rates: 0.78 kg/hr, 
0.97 kg/hr, 1.11 kg/hr, 1.27 kg/hr and 1.39 kg/hr.  These 
fuel flow rates correspond to a Φ of 0.35, 0.44, 0.54, 
0.62, and 0.78 respectively (if excess air was used 
instead EGR). 

For the 3,000-rpm condition, five experiments were 
conducted at the following fuel flow rates: 1.63 kg/hr, 
1.97 kg/hr, 2.25 kg/hr, 2.53 kg/hr and 2.72 kg/hr.  These 
fuel flow rates correspond to a Φ of 0.35, 0.45, 0.55, 
0.65, and 0.75 respectively (if excess air was used 
instead EGR).  

The results of these experiments are shown in Figures 
18 and 19 along with data obtained using a lean-burn 
fuel metering strategy.   

 

Figure 18:  Torque, Efficiency, and Emissions Data 
of 2.0L H2ICE Utilizing EGR (1500 RPM) 

 
Figure 19:  Torque, Efficiency, and Emissions Data 

of 2.0L H2ICE Utilizing EGR (3000 RPM) 

The EGR data represents the engine parameters at the 
point in which the post aftertreatment NOx measurement 
were less than 1 ppm and are represented with an 
“EGR” prefix.  The lean-burn data (no aftertreatment) 
has no prefix.  The EGR A/F is not shown since it 
remains at a constant stoichiometric ratio for all the data 
points. 

Figures 18 and 19 show that both the lean-burn and 
EGR torque increase in value as the fuel input is 
increased, with the lean-burn torque always being 
slightly higher. The maximum torque was 94 N-m with 
the lean-burn strategy and 84 N-m with the EGR 
strategy. The EGR NOx data are shown to be at or 
below 1 ppm regardless of fuel input, whereas the lean-
burn NOx is only low for fuel inputs less than 0.9 kg/hr 
for the 1,500 rpm condition and less than 1.8 kg/hr for 
the 3,000 rpm condition (or a Φ of 0.4 in both cases).  
Above Φ = 0.4, the NOx increases rapidly to a maximum 
of 7,000 ppm for the 1,500 rpm condition and 2,900 ppm 
(Φ = 0.75) before the on set of engine knock for the 
3,000 rpm condition (note: the lean-burn NOx has been 
divided by 100 so it would fit on the plot). However, the 



brake thermal efficiency for the lean-burn strategy was 
consistently higher than that achieved with the EGR 
strategy. The lower EGR efficiency may be due to the 
reduction in volumetric efficiency brought on by the 
increase in manifold absolute temperature (MAT) and 
the additional work required by the engine to pump the 
water through the combustion chamber.  

It is evident from Figures 18 and 19 that the maximum Φ 
is limited to approximately 0.4 for low NOx emissions 
with the lean-burn strategy. As mentioned previously, 
running this lean (naturally aspirated) will result in 
reduced torque output from the engine.  While using low 
NOx output as a constraint will significantly reduce the 
torque output of the engine for the naturally aspirated 
lean-burn strategy, this is not the case for the EGR 
strategy.  Since NOx output is low for all the naturally 
aspirated EGR conditions, higher torque can be 
produced.  Therefore, using near-zero NOx emissions as 
a constraint, the naturally aspirated EGR strategy was 
able to produce more torque than the naturally aspirated 
lean-burn strategy. Since the NOx emissions for the 
EGR strategy is less then 1 ppm, the primary constraint 
for this strategy is efficiency.  The naturally aspirated 
lean-burn strategy offers low emissions and high 
efficiencies at the expense of torque.  The naturally 
aspirated EGR strategy offers higher power and low 
emissions at the expense of brake thermal efficiencies. 

A quasi–EGR/lean-burn strategy may be the best 
compromise to meet performance, emissions and 
efficiency requirements.  This combined strategy would 
utilize the lean-burn strategy for idle and low loads (high 
efficiency) and the EGR strategy for high load (near-zero 
NOx emissions). 

While it is believed that the actual NOx emissions from a 
hydrogen engine using EGR is a fraction of a ppm, it 
was not possible to verify this using the current analyzer. 
The minimum range of the NOx analyzer used for this 
experiments was 0 to 100 ppm.  Since a reading of zero 
ppm would be at the lowest detectable limit of this 
instrument, it is not possible say with certainty that a 
reading of zero ppm is in fact zero ppm.  It can be said, 
however, that a reading of zero ppm is less than 1 ppm 
of NOx. 

FUTURE DEVELOPMENT WORK 

The boost level achieved with the supercharger used in 
this study was proportional to engine speed, resulting in 
high peak power.  However, there was relatively little 
benefit at lower engine speeds.  Future work will include 
development with a turbocharger and other types of 
superchargers to try to improve low-end performance. 

Much of the performance benefit was achieved by 
increasing the equivalence ratio.  Doing this caused the 
exhaust temperatures to rise and consequently produce 
more NOx emissions. As was shown by the University of 
California-Riverside EGR studies, NOx reduction of 
99.96% - 99.98% are possible utilizing EGR and 
conventional aftertreatment. The next boosted engine 

development studies will include EGR and aftertreatment 
for increased performance and reduced NOx. 

Finally, a strategy controlling load via equivalence ratio, 
rather than throttling, (similar to diesel) will be more fully 
developed, with the goal of further improving output and 
thermal efficiency at lower engine speeds. 

CONCLUSION 

The goal of this study was to improve the performance of 
an H2ICE over that achieved with the 2.0L Zetec P2000 
project [2-4] and investigate strategies for reducing NOx 
emissions. 

To improve performance, a surrogate boost study was 
performed on a 2.0L Zetec engine.  The results of this 
study proved that the performance of a gasoline engine 
with similar displacement could be matched or exceeded 
with an H2ICE.  Based on these results, a supercharged 
2.3L engine was built and tested on dynamometer.  
Running this engine boosted (supercharged) with an air-
to-air intercooler, equivalence ratio fixed lean (Φ = 0.5) 
resulted in a torque deficit of 28% compared to gasoline.  
Supercharging, enriching the fuel-air mixture, and 
utilizing an air-to-air intercooler reduced the torque 
deficit to 7%.  When an A/C-to-air intercooler was added, 
the performance of the H2ICE matched that of the 
gasoline at 4000 RPM. Resulting carbon based 
emissions remained "near zero" even under boosted 
conditions. 

The experiments conducted using exhaust gas 
recirculation and a three-way catalytic converter clearly 
demonstrate an effective means for lowering NOx 
emissions from a hydrogen fueled engine to less than 1 
ppm. If NOx emissions are not a concern, the naturally 
aspirated lean-burn strategy can produce more torque 
than the naturally aspirated EGR strategy. However, if 
low NOx emissions (< 5 ppm) are a requirement, the 
EGR strategy can produce 23%-29% more torque than 
the lean-burn strategy. Future work will include boosted 
operation with EGR and aftertreatment 
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