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Abstract

The combustion characteristics of hydrogen compared to gasoline offer the potential of an increased engine
efficiency, especially at part load. Here, results are presented of the brake thermal efficiency of a bi-fuel
hydrogen/gasoline engine, at several engine speeds and loads. Results on hydrogen are compared to results on
gasoline. Hydrogen offers the possibility of a more flexible load control strategy. Where possible, results are

compared between the wide open throttle, lean burn strategy and the throttled stoichiometric strategy.
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Nomenclature
Greek Symbols
A air to fuel equivalence ratio
Abbreviations
bmep brake mean effective pressure
BTDC before top dead center
BTE  brake thermal efficiency
CVVT continuously variable valve timing
DI direct injection
EGR  exhaust gas recirculation
ICE internal combustion engine
IT ignition timing
IVO  intake valve opening time
MAF  mass air flow
MBT  minimum spark advance for best torque
PFI port fuel injection
TDC  top dead center
TP throttle position
TWC  three way catalyst
WOT  wide open throttle



1 Introduction

Greenhouse gas emission by the transport sector is a hot topic these days. There is a strong drive towards
legislation limiting the fleet average CO, emissions [1]. The use of hydrogen as an energy carrier is one option
with the potential of lowering CO, emissions investigated by the vehicle manufacturers. However, affordable
fuel cell vehicles seem to be a long way off [2]. An interesting alternative is using hydrogen in internal
combustion engines (ICEs). Next to being less expensive, hydrogen-fueled ICEs offer a number of other benefits
of which the most practical one is the ability to run in bi-fuel or flex-fuel operation. These benefits, and

experimental research on hydrogen-fueled ICEs is reviewed by the authors elsewhere [3].

Hydrogen is a very versatile engine fuel when it comes to load control. The high flame speeds of hydrogen
mixtures and its wide flammability limits permit very lean operation and substantial dilution. The engine
efficiency and the emission of oxides of nitrogen (NOy) are the two main parameters used to decide the load
control strategy. Constant equivalence ratio throttled operation has been used but mainly for demonstration
purposes [4, 5, 6], as it is fairly easy to run a lean burn throttled hydrogen engine (when accepting the severe
power output penalty). Where possible, wide open throttle (WOT) operation is used to take advantage of the
associated increase in engine efficiency [7, 8, 9], regulating load with mixture richness (qualitative control)
instead of volumetric efficiency (quantitative control) and thus avoiding pumping losses. Limitations to WOT
operation are due to misfires, unburned hydrogen and decreased stability at very low load (e.g. idling) and NOx
emissions at medium to full load. Thus, throttling is used at very low loads to increase combustion stability and
decrease unburned hydrogen emissions [6, 10, 11, 12, 13]. Moreover, this increases the efficiency at these (ultra-
lean) conditions: the efficiency gain through decrease of unburned hydrogen emissions (and possibly also by a
shorter, more efficient combustion) offsets the efficiency loss by throttling. The engine efficiency using throttled
or WOT operation is compared in refs. [6, 14], the lean limit at which throttling is introduced is engine

dependent and ranges from A =3 [11] to A =4 [6, 10].

For higher loads, flame temperatures quickly exceed the NOy generation limit. This results in a NOy limit to
WOT operation. One could restrict the mixture richness and use sufficiently lean mixtures to stay below a 10 or
100 ppm NOx limit, but this implies a large decrease in maximum power output. Alternatively, the engine can be
throttled above this limit, using stoichiometric mixtures and thus enabling the use of a conventional three way
catalyst for NOx reduction [10]. The mixture richness is then set slightly rich of stoichiometric so that some
unburned H, is present in the exhaust which is a very effective reducing agent for NOx [15]. However, this
strategy implies a decrease in engine efficiency. Yet another strategy is the use of EGR to control load: using
stoichiometric mixtures but instead of throttling, recycling exhaust gas in a proportion dependent on the power
demand [14, 16, 17]. This gives a better efficiency compared to throttling. EGR is also a means to allow
backfire-free operation at stoichiometric mixtures, enabling a higher power output if NOy emissions are a
boundary condition [16, 18]. Water injection can also be used to decrease NOx emissions from the richer
mixtures [11, 19], and is more effective than EGR [4] but is mostly considered impractical. Work has been
reported using a ‘dual fluid injector’ for DI [18], which injects hydrogen and liquid water directly in the

combustion chamber, for decreased NOx.



Finding means to maximize engine efficiency is very important for H, ICEs considering the H, on-board storage
challenge. Quantifying the efficiency of H, ICEs is useful for assessing the possible vehicle range. Several
papers have reported efficiencies of engines operated on hydrogen. Ford [6,14,20] published figures obtained on
a dedicated hydrogen engine, where (among others) the compression ratio was optimized to take advantage of
the high auto-ignition temperature of hydrogen. Tang et al. [6] mapped the brake specific fuel consumption, both
for a constant equivalence ratio, throttled strategy as a wide open throttle strategy (regulating load with mixture
richness). Brake and indicated thermal efficiencies were shown, as a function of equivalence ratio, for different
compression ratios and engine speeds. The maximum indicated thermal efficiency was 52%, which was for a
A=3.3 and 5000 rpm condition. The maximum brake thermal efficiency peaked at 38%, around A=2 and 2000
rpm. Natkin et al. [14] reported brake thermal efficiencies of a comparable engine, with the addition of a
supercharger to increase the power output. The supercharged engine reached a maximum indicated thermal
efficiency of 50% and a maximum brake thermal efficiency of 37%. The authors also report a relative increase of
15 to 20% in brake thermal efficiency at the lower loads when using the equivalence ratio to control load (WOT,
qualitative control strategy) rather than throttling (quantitative control strategy). Finally, in a joint publication
with Westport Innovations and Pacific Northwest National Laboratory, Ford report an estimated peak brake

thermal efficiency of 45% obtained on a single cylinder DI engine [20].

BMW [10,15,21,22] reported efficiency figures for the different load control strategies. Eichlseder et al. [22]
provide a limited comparison of the efficiency of hydrogen versus gasoline operation. Next to the properties of
hydrogen that are beneficial for the efficiency, see above, it is also noted that higher wall heat losses are to be
expected for hydrogen, which has a negative effect on the efficiency. Berckmiiller et al. [10] showed an
indicated thermal efficiency map for a port fuel injected engine, including the wide open throttle strategy,
throttled stoichiometric and supercharged stoichiometric strategies. Indicated thermal efficiencies reached 40%
at low load and 32% at high load. They also mapped the stoichiometric+tEGR strategy as an alternative to the
throttled stoichiometric approach, which resulted in increased efficiency (roughly 2 percentage points).
Rottengruber et al. [15] plotted a similar map, but using direct injection at the higher loads, which enabled higher

efficiencies compared to the PFI supercharged approach.

Several other papers also report efficiencies, as a function of equivalence ratio and ignition timing [19], as a
function of the injection timing and intake manifold geometry for a PFI engine [23], as a function of the injection

timing and injector location for a DI engine [24], etc.

All of these papers show efficiency figures above those typically reached with gasoline, but no direct
comparisons are included. The BMW Hydrogen 7 semi-production vehicle [21] is a bi-fuel vehicle but
unfortunately no efficiency figures were stated in the paper. For the mono-fuel derivative, fuel consumption

figures are reported by Wallner et al. [25], but those are for the vehicle so include transmission losses etc.

The authors found only one report of efficiency measurements on the same engine, on gasoline as well as on
hydrogen [26], but this was for a carbureted engine. The present paper thus aims to report some efficiency
figures, on a modern engine, which can be directly compared. The easiest way to introduce hydrogen ICEs is by

converting a gasoline engine to bi-fuel operation, by mounting a hydrogen fuel system and gas injectors. Starting



from a gasoline engine implies port fuel injection (PFI) of the hydrogen. Therefore, this paper concentrates on

hydrogen PFI engines, although dedicated hydrogen engines would benefit greatly from direct injection [3,20].

2 Experimental set-up

A Volvo four cylinder sixteen valve gasoline engine with a total swept volume of 1783cc and a compression ratio
of 10.3:1 was converted to bi-fuel operation by mounting an additional fuel rail supplying gaseous fuel (in this
case, hydrogen) to 8 Teleflex GSI gas injectors (2 per cylinder), mounted on the intake manifold. The intake
manifold was modified to avoid any damage if backfire would occur during the hydrogen measurements: a T-
type branch pipe was mounted on the intake manifold with the ‘straight ahead’ branch closed by a foam plug and
the other branch leading to the air filter — mass air flow (MAF) sensor — throttle valve assembly, see Fig. 1. Any
pressure rise in the intake manifold due to the occurrence of backfire results in the foam plug being blown out

instead of damaging other components such as the MAF sensor.

The engine has continuously variable valve timing (CVVT) on the intake camshaft, allowing up to 40 degrees
crank angle (°ca) advance of the intake valve opening and closing time. A MoTeC M800 engine control unit is
used to control ignition timing, start of injection, injection duration and intake valve timing. Cylinder pressure
measurements were possible using a spark plug pressure sensor, a piezo-electric Kistler type 6117BFG16. A
piezo-resistive Kistler type 4075A20 sensor placed in the intake manifold close to the inlet valves was used for

pegging the cylinder pressure. The crank angle was recorded using a Kistler crank angle encoder type 2613B1.

Initial measurements were at a fixed engine speed of 1500 rpm, due to restrictions in hydrogen storage at that
time. Later on, a larger storage permitted higher engine speeds. The resulting large changes in hydrogen flow
(low load - low speed, to high load - high speed) led to difficulty in keeping the hydrogen injection pressure
constant, with manual corrections being necessary. As this is cumbersome and introduces the possibility of
erroneous measurements, an automatic pressure regulator was installed. The pressure regulator that was chosen
for this was a Fairchild type 4500A, using laboratory pressurized air to regulate the pressure so that it is
independent of the flow rate. Due to the operating principle of this regulator, it is possible that some hydrogen
has to be blown off to avoid a pressure increase downstream (e.g. going from a high load high speed point to
idling). A tube was connected to this blow off opening and led to a tapered roof above the engine test bench,

where a Buveco Bucom ST600EX hydrogen sensor was installed at the highest point.

The exhaust gas components O,, CO, CO,, NO, NOx and H, are measured (O,: Maihak Oxor-P S710,
paramagnetic; CO-CO,-NO-NO,: Maihak Multor 610, non-dispersive infra red; H,: Maihak Thermor 615,
thermal conductivity). A direct reading of the air to fuel equivalence ratio A is given by a Bosch wide band sensor

and digital air/fuel ratio meter with calibrations for hydrogen and gasoline.

3 Results

First, the NOy threshold equivalence ratio was determined for the test engine. Figure 2 shows the NOy emissions
as a function of air to fuel equivalence ratio, for wide open throttle operation. NOx emissions can be seen to rise
very rapidly once the equivalence ratio is lower than 2. For practical purposes, and considering the steepness of

the NOy versus A curve, a threshold of 100 ppm was chosen, consistent with other work [15]. Next, a single



operating point was chosen to illustrate the distinct features of hydrogen compared to gasoline. For this, the

power output on hydrogen at 1500 rpm, WOT and the NOx threshold equivalence ratio for this engine (4 = 2),
was determined (9.1 kW, corresponding to a bmep of 4.1 bar). This would correspond to a low load, steady
cruise in a high gear. Next, the same combination of engine speed and power output was set using throttling and
stoichiometric operation, both on hydrogen and on gasoline. The optimal intake cam advance was used (for
differences between gasoline and hydrogen, see [27]). Table 1 shows the engine settings and resulting brake
thermal efficiency (BTE) for the three points: hydrogen WOT, hydrogen stoichiometric and throttled, gasoline
stoichiometric and throttled. Figures 3 to 5 show the corresponding diagrams of cylinder pressure versus volume,

in logarithmic coordinates.

It is clear that the wide open throttle strategy should be used wherever possible because of the high efficiencies,
as pumping losses are quasi zero, see Fig. 3. Using the stoichiometric + throttling approach still leads to
substantially higher efficiencies for hydrogen compared to gasoline (at this load). The high burning velocity and
corresponding (almost) constant volume combustion (see Fig. 4) explains this partly. The lower volumetric
energy density of the hydrogen-air mixture (resulting from the low density of hydrogen, but partially
compensated by the high heating value of hydrogen) also means that a larger throttle opening (TP) is necessary
for the same power output, decreasing pumping losses, see Fig. 4 versus Fig. 5 and Table 1. Although the
difference in throttle opening is fairly small, the air flow is substantially lower in the case of hydrogen, as

compared to gasoline. Consequently, the pumping work is lower.

Next, the efficiencies while using gasoline and hydrogen were compared at different torque settings (20, 40 and
80 Nm - equivalent to 1.41, 2.82 and 5.64 bar bmep) and different engine speeds since the influence of the gas
dynamics increases with an increasing engine speed. For hydrogen, high torque outputs were limited by the
appearance of backfire. At each point, MBT-timing and a fixed Intake Valve Opening (IVO) advance of 4°ca
BTDC was used. The influence of the IVO advance on the brake torque is fairly limited (up to 3% torque rise),
this justifies using a fixed IVO advance. Initial hydrogen measurements were carried out at WOT. The highest
BTE is expected for this strategy, as explained above: this is mainly caused by the lower pressure losses in the
intake system as a consequence of the absence of throttle losses. Next, measurements were taken for a throttle
position of 50% to be able to evaluate the influence of the increasing pressure losses. As a consequence of
throttling, the mixture had to be set richer for the same power output. For TP=50% it was not possible to run the

engine at 80 Nm since the mixture became too rich with backfire as a consequence.

Figures 6 and 7 show the brake thermal efficiencies as a function of engine speed, for fixed torque outputs of 20
and 40 Nm respectively. Three BTE curves are shown, one is for gasoline (throttled, stoichiometric) operation
for which the corresponding throttle position is shown in the middle part of the graph. The other two are for
hydrogen with wide open throttle and with a TP=50% respectively, for these two cases the corresponding

equivalence ratios are given in the top part of the graph.

From Figs. 6 and 7 it is clear that at these low loads, the brake thermal efficiency on hydrogen is (much) higher
than on gasoline, the hydrogen BTEs are 40 to 60% higher relative to the gasoline BTEs. This difference is due

to the absence of throttling losses (or much lower throttle losses in the H2 TP=50% case) and the lean mixtures



for hydrogen. The higher burning velocity of hydrogen is also a contributing factor, as this leads to a more
isochoric combustion (see also Figs. 4 and 5). The influence of this factor can be seen directly in Fig. 7 for the
4500 rpm point: the throttle position for gasoline is about 50% there, so the efficiency can be compared to the H,
TP=50% case. The BTE on hydrogen for this condition is about 18% higher relative to gasoline. This difference
is not entirely down to a difference in burning velocity however: as hydrogen displaces more air due to its low
density, throttling losses are lower even though the throttle position is identical, as the lower air flow results in

lower flow losses.

The gasoline BTE can be seen to be relatively insensitive to the engine speed. On the one hand, the increasing air
flow with engine speed causes higher flow losses but on the other hand, as seen from the TP curve, the throttle
opening has to be increased with engine speed to keep the torque output constant, which decreases the throttling

losses. Both effects seem to cancel each other out.

For hydrogen, the BTE decreases with engine speed, although the decrease is less pronounced for the WOT case.
Two effects explain this behavior: first, due to the lean burn operation and large throttle openings, the air flow is
much higher in the hydrogen case than for gasoline. This leads to higher flow losses in the intake manifold. To
keep the torque output fixed, this means more hydrogen needs to be injected at higher engine speeds to
compensate for these higher losses, with a reduced efficiency as a consequence. For the throttled case, the flow
losses include pumping losses so for this case, the BTE is lower and decreases more strongly with engine speed.
The increasing hydrogen flow can be seen in the A curves for the throttled case in Figs. 6 and 7, which show a
decreasing air to fuel equivalence ratio with increasing engine speed. For the WOT case the air to fuel
equivalence ratio is more or less constant: the air flow also increases due to an increasing volumetric efficiency.
The increasing hydrogen flow results in a second effect, of an increasing air displacement (i.e. air flow
decreases) and thus lower flow losses. However, the net air flow increases with engine speed so the intake flow

losses increase with engine speed.

For the lowest engine speeds at the lowest load (Fig. 6) the BTE for the H, TP=50% case can be seen to be
slightly higher than for the WOT case. Here, the increased turbulence due to throttling is beneficial for the

combustion stability of the ultra lean mixtures (see the A curves).

In Figs. 6 and 7, the air to fuel equivalence ratio for the WOT case is always higher than 2, as a result NOy
emissions are very low. All these points can thus be part of a practical load control strategy. For the TP=50%
points, the equivalence ratios do drop under 2, with corresponding high NOy emissions, in an oxygen-rich
exhaust. Thus, these cannot be used in practice. However, as the BTE of this strategy is lower than in the WOT

case this is not an issue.

With a throttle position at 50%, it was not possible to reach 80 Nm with hydrogen. Thus Fig. 8, which shows the
brake thermal efficiencies as a function of engine speed, for a fixed torque output of 80 Nm, does not contain a

TP=50% curve. Instead, for the throttled hydrogen case, the TP was set so that a stoichiometric mixture was



obtained. In that case, NOx emissions can be treated in a TWC (three way catalyst) with high conversion

efficiencies.

First, comparing Figs. 6, 7 and 8, the efficiencies of both gasoline and hydrogen can be seen to increase as the
delivered torque increases. The explanation differs slightly for gasoline and hydrogen. In the three cases, as a
result of the increasing torque, the mechanical efficiency increases strongly. For gasoline, the flow losses across
the throttle valve increase because of the larger flow, although this is slightly compensated by a larger TP. The
increase in mechanical efficiency is clearly the dominating effect. In the case of hydrogen, the flow losses
decrease because of a smaller air flow since more air is displaced by hydrogen as a result of the richer mixture.
This also leads to a decreased influence of engine speed on the hydrogen BTEs: from the figures it can be seen

that as the load increases, the BTE decreases less strongly with engine speed.

Secondly, Fig. 8 shows that hydrogen WOT measurements at 80 Nm (for all engine speeds) have an air to fuel
equivalence ratio between 1 and 2. This is below the ‘threshold’ equivalence ratio, taking a NOy emission of 100
ppm as the threshold. As explained above, for an equivalence ratio between 1 and 2 it is impossible to reduce the
NOyx emissions with sufficient efficiency using a TWC since the exhaust oxygen concentration is too high. As a
consequence, these points are useless for an automotive application. The efficiency penalty caused by the NOy
boundary condition can be seen by comparing the H, WOT BTE curve to the H, A = 1 BTE curve, showing a
relative decrease in BTE of 5 to 10%.

Finally, for the 80 Nm case, the BTE on hydrogen is still higher than on gasoline, but the difference is lower than

for the lower loads (between 10 and 30% relatively, comparing gasoline to the H, A = 1 case).

In Fig. 8 there are no values given for the H, A = 1 case at 4500 rpm. This condition could not be set because of

backfire occurrence.

4 Conclusion

If the efficiency results reported in the references, discussed in the introduction, are combined with the present
experimental results, it is safe to say that the brake thermal efficiency of a hydrogen engine exceeds that of a

gasoline engine over the entire speed and load range. The present results quantify this efficiency increase.

NOyx emissions control incurs an efficiency penalty at the higher loads, although hydrogen keeps its efficiency
advantage over gasoline. At low loads, important in drive cycles as well as for everyday driving, the efficiency
gains of hydrogen compared to gasoline are particularly high (up to 60% relative increase of the BTE). If this is
the case for a gasoline engine that was converted to allow operation on hydrogen, with a resulting compromise

for the BTE on hydrogen, one can expect the differences in BTE to be even higher for a dedicated H,ICE.
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Figure and table captions

Figure captions
Figure 1. Modified intake of four cylinder bi-fuel engine

Figure 2. NOx emissions as a function of air to fuel equivalence ratio, for wide open throttle operation (1500

rpm)
Figure 3. Cylinder pressure versus cylinder volume, fuel = hydrogen, WOT, A=2
Figure 4. Cylinder pressure versus cylinder volume, fuel = hydrogen, throttled (TP=30%), A=1
Figure 5. Cylinder pressure versus cylinder volume, fuel = gasoline, throttled (TP=28.5%), A=1

Figure 6. Brake thermal efficiency and respective throttle position or equivalence ratio as a function of engine

speed, for a fixed brake torque of 20 Nm.

Figure 7. Brake thermal efficiency and respective throttle position or equivalence ratio as a function of engine

speed, for a fixed brake torque of 40 Nm.

Figure 8: Brake thermal efficiency and respective throttle position or equivalence ratio as a function of engine

speed, for a fixed brake torque of 80 Nm.

Table captions

Table 1. Efficiency comparison of hydrogen versus gasoline at 1500 rpm and an effective power output of 9.1
kW
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Table1

Hydrogen = Hydrogen Gasoline
A 2 1 1
TP (%) 100 30 28.5
IT (°ca BTDC) 10 -1 23
IVO adv. (°ca) 0 40 28
BTE (%) 342 28.2 20.8

Table 1. Efficiency comparison of hydrogen versus gasoline at 1500 rpm and an effective power output of 9.1

kW



