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Effect of H, Addition via Solar-Driven Electrolysis on the
Performance and Emissions of a CI Engine
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Abstract A vehicle-integrated photovoltaic system was used to produce a gaseous mixture of H,, O, and steam, via
alkaline electrolysis, for aspiration into an indirect-injection compression-ignition engine for the purpose of reducing soot
opacity and hydrocarbon emissions. Aspiration of 0.516 = 0.007 L/min of the H,-O,-steam mixture produced through
electrolysis of aqueous potassium hydroxide was found to reduce soot opacity, hydrocarbon emissions and particulate matter
during part-load dynamometer tests. Performance improvements under full-load conditions were observed. However,
part-load performance at various engine speeds was found to decrease due to pre-mature auto-ignition of the aspirated gas.
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1. Introduction

Solar energy is abundant, inexhaustible as long as the
Earth exists, and in constant flux daily, while the sun is the
fundamental energy source from which most other forms of
energy are derived including biomass, wind, hydroelectric
and fossil fuels[1-3]. Direct applications of renewable solar
energy towards improving fossil-fuel combustion and
reducing heat-engine emissions will become increasingly
more important as we explore sustainable solutions to our
transportation energy needs. Vehicle integrated photovoltaic
(VIPV) electricity can be used to power loads directly or
charge energy-storage devices for later consumption. Most
applications of VIPV focus on enhanced propulsion,
extended battery range for battery-electric vehicles[4], or
reductions in auxiliary loads for hybrid-electric vehicles[5].
With space available on the rooftop of most every vehicle,
VIPV arrays offer renewable electrical energy decoupled
fromthe primary fuel conversion system.

The primary objective of the current work is the
implementation and evaluation of solar-driven electrolysis
as a means for improving the performance and emissions of
a light-duty vehicle; specifically, an indirect-injection (IDI)
compression-ignition (CI) engine. In comparison with the
direct-injection (DI) engine, the indirect-injection (IDI)
compression-ignition (CI) engine is often preferred for
light-duty applications because of its lower nitrogen-oxide
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(NOx) emissions, wider speed range and quieter operation,
with minimal pumping losses[6]. In addition, the IDI CI
engine more readily accommodates the consumption of
biofuels, such as biodiesel or straight vegetable oil (SVO).
Notwithstanding these attributes, the use of this engine is
also generally hindered by its high hydrocarbon (HC) and
particulate-matter (PM) emissions, due to relatively slow
combustion processes.

The imp lementation of solar electrolysis exemplifies the
direct application of renewable-energy technology in
transportation, using solar energy as the primary energy
source for improving IDI CI combustion of No. 2 diesel
fuel. Earlier investigations of solar-driven electrolysis have
typically involved application of the technology to
large-scale systems[2, 7-9], while investigations of
electrolysers used to improve CI engine combustion have
often employed grid power rather than solar power for
electrolysis, due to high power-input requirements[10, 11].
The present study incorporates aspects of each of these two
approaches. The direct application of solar-driven
electrolysis to a small-scale CI engine demonstrates a new
avenue through which renewable, solar energy can be used
in heat-engine powered vehicles that are decoupled fromthe
electric grid.

The idea is to introduce a mixture of hydrogen, oxygen
and water vapor produced onboard by solar-driven
electrolysis into the cylinders of the IDI CI engine prior to
ignition of the diesel-fuel. The combustion of hydrogen
during the compression stroke, at approximately 849K,
results in the production of heat, radicals and turbulence that
all enhance the combustion of the diesel fuel when it is
ignited shortly afterwards (when the piston is near top dead
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center). Furthermore, the water vapor introduced into the
cylinder as part of the mixture from the electrolyser gas, and
that produced from the combustion of hydrogen, absorbs
combustion heat and reduces the temperature in the cylinder,
potentially resulting in reduced NOx emissions[6, 10-13].

2. Materials and Methods

Our test vehicle is a 1981 VW Rabbit MK2 DL with a
biofuel-capable 1.6L MFI IDI CI engine and a 5-speed
manual gearbox. The PV charging systemconsists ofa single
180W Sharp PV Panel, a Momingstar Prostar-30 PWM
charge controller, and two second-use 12V Optima Red Top
lead-acid energy storage devices connected in parallel. The
charging system and the energy storage device are connected
in series. Figure 1 shows the layout of the VIPV system.
National Instruments LabVIEW 2009 was used to acquire
voltage and current data. Emano shunts (100A/100mV) were
placed between the PV panel, the charge controller, and the
energy storage devices. Voltage drops were measured across
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the shunts and current was measured across positive and
negative terminals of the recipient device.

Figure 2 shows the structure of the electrolyser. It consists
of 16-gauge 316L stainless-steel plates, 0.75-inch
CPVC/Acrylic endplates and 16-gauge CPVC/Acrylic
gaskets. Upon activation, the alkaline solution flows through
the electrolyser at standard temperature and pressure. Power
is delivered to the electrolyser directly and through a 45A
DC chopper (12V at max), through 10-AWG stranded
copper THHN. The average duty cycle (percentage time in
active status) of the chopper was determined as the average
power per cycle divided by the maximum power per cycle.
An Emano (100A/100mV) shunt was placed between the
energy storage device and the electrolyser, as shown in Fig. 3.
The electrolysis test was conducted using potassium
hydroxide (KOH) at its upper limit for remaining
non-corrosive (2% by weight). Maintaining the electrolytic
solution below corrosive levels increases plate longevity and
permits safer consumer application. Flow rates were
measured using a Gilibrator-2 Primary Air Flow Calibrator.
Mass flow was initiated when a current was induced across
the anodes and cathodes.
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Figure 1. (Solar-PV charging system): (1) 180W Sharp PV Panel; (2) 6
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00W Emergency Disconnect; (3) 30A Overcurent Protection; (4,6) Emano

100A/100mV shunts; (5) Momingstar Prostar-30 PWM charge controller; (7) Second-use, 12V Optima Red Top sealed lead-acid batteries, connected in

parallel

+
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Figure 2. (Electrolyser): With three anodes and two cathodes connected in parallel, there are four bipolar plates in each stack, creating five cells per stack.

Thetotal active electrolyser surface area for 21 plates is 0.434 m’
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Average flow rates are correlated to average current inputs
using a linear regression model obtained using the voltage
efficiency, hydrogen energy density, and a stoichiometric
hydrogen-oxygen ratio, in order to estimate the flow rate and
energy content ofhydrogen fromthe systemfor a given input
current. This model was calibrated in accordance with
energy conservation, given the power input to the system
(i.e., the product of the thermo-neutral voltage per cell, the
number of cells and the input current). Gas chromatograph
measurements were taken from samples of the gas exiting
the electrolyser[14] using a Varian 3800GC with
thermal-conductivity and flame-ionization detection to
determine the composition of the molecules exiting the
electrolyser. Three 100uL samples were taken fifteen
minutes apart after 5-8 minutes of operation prior to sample
acquisition. The samples were acquired through the same
sample vial in order to establish a mean while taking account
for the saturation of the heavier oxygen molecules within the
dry reservoir.

The Fuel mass per injection was determined by averaging
the mass of single injections of diesel fuel from the MFI
pump under full-throttle conditions. The average mass per
injection was calculated and used to calculate the diesel
energy input in the cylinder per injection. This value is then
compared to the hydrogen energy input into the system per
combustion event at various engine speeds based upon the
mass air flow-rate per intake stroke.

Third-party opacity tests (also referred to as
“free-acceleration tests”) were conducted at California
Diesel and Power, an emissions-testing facility in Martinez,
CA approved by the California Air Resources Board
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(CARB). The Wager SAE J1667 Opacity Test used consists
of three quick throttle flicks during which an infrared laser
estimates the average opacity of tailpipe exhaust smoke.
Tests were conducted for the baseline (with no vehicle
modifications) and solar-electrolysis configurations, as
shown in Fig. 4. In the solar-electrolysis configuration a
solar photovoltaic array charges a separate energy storage
device, independent of the vehicle’s battery, which powers
the electrolyser. The electrolyser produces a mixture of Hj,
O, and steam, which is directed into the engine cylinders
along with the diesel fuel.

Third-party dynamometer testing was conducted at the
BRG Racing Dynamometer testing facility in Pacheco, CA.
These tests were conducted with a Mustang MD-750 Eddy
Current Dynamometer and included both part-load (step)
testing and full-load (sweep) testing for the baseline and
solar-electrolysis  configurations. Power, torque and
emissions were measured during part-load steady-state
operation at several engine speeds with a wide-open throttle
for the baseline and alternator-less cases. Emissions of
carbon monoxide (CO), carbon dioxide (CO;), oxygen (O,)
and hydrocarbons (HC) were measured, and voltages were
recorded for all engine speeds tested. Hysteresis was
observed in both tests with a significant delay observed in the
flow rate response to power input, consistent with that
reported in the literature[12]. Compensation for the delay
was made using a delay factor derived from an energy
balance. The duty cycle of the analog flasher characterizing
the reduction of power from the energy storage device into
the electrolyser during dynamo meter and road tests (the ratio
of average to peak power) was calculated to be 0.451.

S 6 7
LPM

Figure 3. (Electrical component layout): (1) Energy storage; (2) Emano shunt; (3) Electrolyser; (4) Electrolyser inlet (liquid); (5) Electrolyser outlet

(gas); (6) Reservoir outlet; (7) Flowmeter
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Baseline Configuration

Engine === Alternator === Primary Viehicle Battery === Electrical Loads

Solar Electrolysis Configuration
Engine == Alternator === Primary Vehicle Battery == Electrical Loads

1

Electrolyser == DC Chopper = Energy Storage == Sclar PV Aray

Figure 4. (Dynamometer test configurations): Inthe solar-electrolysis configuration a solar photovoltaic array charges a separate energy storage device,

independent ofthe vehicle’s battery, which powersthe electrolyser

For the purpose of assessing the effectiveness of the VIPV
system, we will assume an average daily solar insolation of 4
kWh/m’. Considering the OEM-rated solar-panel efficiency
of 13.6% then gives a possible solar-panel output of 544
Wh/m’-day, on average. The total daily energy available
from a vehicle-mounted PV system depends on the
proportionally on the available area of the rooftop or
appropriate PV panel. The PV panel used in our study has an
area of 1.32 m’ and can thus produce approximately 718
Wh/day (2.585 MlJ/day). Therefore, with an average
efficiency of 84.0% for the charge-controller used in our
study (calculated from measured input and output voltage
and current) the average solar-to-battery energy-conversion
efficiency is then 11.7%, and the total energy available for
delivery to the energy storage device is approximately 601.9
Wh.

3. Results & Discussion

With 2% (by weight) KOH, the electrolyser was able to
produce 0.005 £0.0009 LPM/W at standard pressure and
temperature. A linear regression model was used to correlate
the input current 7/ (in amperes) with the total flow rate in
units of LPM (namely, 0.0523/ — 0.0084), accounting for
99.78% of the variation. The average flow rate of hydrogen
based upon the thermoneutral voltage and the number of
cells was found to be 0.0024 + 0.0007 LPM, while the
average current input was found to be 73 +1 mA/cnt. The
dependence of the electrolyser flow rate on the KOH
concentration and the voltage and current input is used to
determine the amount of hydrogen aspirated into the engine,
based upon the voltage measurements and the operational
electrolyserresistance. The average resistance, 0.698 +0.172
Q, was used to calculate the power input to the electrolyser
during road and dynamometer testing. Stoichiometric
outputs for water electrolysis processes at the equilibrium
voltage of 1.482V/cell are reported in the literature[2, 7-9,
15]. Voltage in excess of this value induces heat into the
solution and the power at which this occurs is equivalent to
systemamperage times the difference between the actualcell
voltage and the equilibrium voltage. Considering the average
solar-to-battery energy-conversion efficiency of 11.7% and
the average voltage efficiency of the electrolyser determined

to be 692% during dynamometer testing, the

solar-to-electrolysis efficiency is found to be 7.88%.

Table 1. GC Sampling From Electrolyser (%)
Test H2 02 AH2 AO2
1 99.06 093
2 98.99 101 -0.07 0.07
3 98.31 1.69 -0.68 0.68
Stoic. 66.67 33.33
Table 2. Chemical Power Input (%)
H2 Diesel H2 / Diesel
Rem W) kW) (%)
1500 13.3 542 2.5E-02
2000 9.62 723 1.3E-02
2500 756 904 8.0E-03
3000 630 1084 6.0E-03
3500 530 1265 40E-03
4000 464 1446 3.0E-03
4500 4.12 1626 3.0E-03
Average 726 1084 9.0E-03

Gas-chromatograph (GC) measurements taken at the exit
of'the electrolyser for each of three test runs are presented in
Table 1, along with stoichiometric mole fractions for
comparison. The mole fraction of H, (0O,) is defined as the
ratio of the number of moles of H, (O,) to the total number of
moles of H, and O,, excluding all other chemical species.
The last two columns of Table 1 show mole-fraction
variations found between consecutive test runs.
Condensation was observed at the electrolyser reservoir
outlet, indicating water vapor production, and there was
observable bubble formation within the solution as well.
However, testing limitations did not permit measurement of
the amount of water vapor exiting the electrolyser. The
disparity between the measured mole fractions and the
stoichiometric values suggest the dissolution of oxygen into
the electrolytic solution. This is supported by the greater
solubility of oxygen in the electrolytic solution than that of
hydrogen, the extent of which is exacerbated at lower
temperatures but mitigated by the exothermicity of the
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electrochemical reaction that can lead to higher temperatures.

In fact, as the electrolyser cell warms with subsequent test
runs, the mole fraction of oxygen in the electrolyser output is
found to increase, as shown in Table 1. Appropriate
temperatures must be achieved in order to approach
stoichiometric output of H; and O, fromthe electrolyser. The
assumption of stoichiometric electrolyser output is used to
estimate the hydrogen content based on current input to the
electrolyser during vehicle testing.

Table 2 shows a comparison of the power input to the
engine independently attributable to the heating values of the
H, and diesel fuel species. The power input associated with
H, is calculated as the product of (a) the amount of H,
introduced into the engine cylinder per cycle from the
electrolyser (based on its current input), (b) the heat released
from the combustion of H, with the aspirated air and (c) the
engine speed. Since the amount of air aspirated into the
engine per cycle increases with engine speed while the
amount of H, introduced remains constant, the power input
associated with H; is found to decrease monotonically with
engine speed, as shown in Table 2. The power input
associated with the diesel fuel, on the other hand, increases
with engine speed, due to the increasing amounts of both
airflow and injected diesel fuel with increasing speed.
Consequently, the effectiveness of H, addition via
solar-driven electrolysis decreases with increasing engine
speed, as shown in Table 2.

Under full-load (sweep) dynamo meter testing, H, addition
resulted in an increase in peak engine power (torque) of
1.562% (2.608%) on average, over the range of engine
speeds indicated in Table 2. Specifically, an additional 970W
of engine power at full-load was gained from H, addition
with an average of 7.26 4 3.26 W, as a result of a
solar-derived power input to the electrolyser of 107.4 4+-2.96
W. The significant gain in engine power beyond the
solar-derived H, power input (a net of approximately 963W)
can be attributed to improved diesel-fuel combustion as a

result of H, addition. However, the effectiveness of H,
addition diminishes with increasing engine speeds. This is
because the flow rate of H, remains constant while the
amount of diesel-fuel injected into the engine increases with
increasing engine speed, resulting in a decrease in the
amount of H, addition relative to the amount of diesel fuel
burned (as shown in Table 2). Also, because hydrogen auto
ignition and diesel injection occur closer in time with
increasing engine speed, the increase in engine power
resulting from H, addition is found to reach a maximum,
found in our study at an engine speed of approximately 2900
RPM.

Table 3 summarizes the percentage changes in power,
torque and emissions for each of the specified engine speeds
selected for part-load (step) dynamometer testing with H,
addition via solar-driven electrolysis. Under steady
conditions at each ofthe selected engine speeds, H, addition
resulted in a decrease in peak engine power and torque for all
but the lowest engine speed tested (1500 RPM). On average
(over the range of engine speeds indicated in Table 3), peak
engine power (torque) was found to decrease by 3.67%
(3.30%). This decrease is attributable to H, auto-ignition,
which becomes prevalent under steady-state conditions at a
fixed engine speed because cylinder temperatures are
sustained closer to their peak, post-combustion levels in this
case. On the other hand, the auto-ignition of even a small
amount of hydrogen (0.009% of diesel fuel energy, on
average) was found to result in reductions of HC and CO
emissions during part-load (step) dynamometer testing,
while CO, emissions were found to increase, potentially due
to higher quantities of O, available during the combustion
process. Reductions in HC emissions were greatest for
engine speeds characteristic of typical daily driving (2000 -
3000 RPM). An SAEJ1667 opacity test suggested an overall
decrease in PM emissions, reflected in a decrease in opacity
of 31.5% on average relative to baseline (without H,
addition).

Table 3. Performance & Emissions with H, Addition Via Solar-Driven Electrolysis

RPM AP ower ATorque ACO ACO2 AO2 AHC
1500 1.59% 229% 0.00% 495% 4.62% 200%
2000 -1.09% -1.87% 0.00% 0.909% 0.769% -34.8%
2500 -4.04% -4.02% 0.00% 0971% -4.38% -923%
3000 -7.30% -4.15% 0.00% 1.87% -4.38% -952%
3500 -3.18% -3.17% 0.00% 631% -4.48% 33.3%
4000 -6.48% -4.75% -100% -0.909% -441% 75.0%
4500 -5.19% -741% -100% 3.77% -5.80% -70.8%
Ave. -3.67% -3.30% -28.6% 2.55% -2.58% 2.17%
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4. Summary & Conclusions

Onboard solar-driven electrolysis for the production of an
H,-0,-steam mixture to enhance diesel-fuel combustion was
the focus of the current study. Under full-load (sweep)
dynamometer testing, the addition of the H,-O,-steam
mixture to the engine cylinder prior to diesel-fuel ignition
was found to result in an increase in peak engine power
(torque) of 1.562% (2.608%) on average, over a wide range
of engine speeds (1500 - 4500 RPM). An additional 970W of
engine power at full-load was gained fromthe addition of H,
(at the level of 7.26 +3.26W), derived from solar-driven
electrolysis. This net power increase of approximately 963W
beyond the solar-derived H, power input can be attributed to
improved diesel-fuel combustion as a result of H, addition.
However, the effectiveness of H, addition was found to
diminish with increasing engine speeds, reaching a
maximumat an engine speed of approximately 2900 RPM.

Under part-load (step) dynamo meter testing at steady state
the addition of the H,-O,-steam mixture from the
electrolyzer to the engine cylinder prior to diesel-fuel
ignition was found to result in a decrease in peak engine
power and torque for all but the lowest engine speed tested
(1500 RPM). An average decrease in peak engine power
(torque) by 3.67% (3.30%) is attributable to H, auto-ignition,
which becomes prevalent under steady-state conditions at a
constant engine speeds. Hydrogen addition was also found to
result in reductions of HC and CO emissions and an increase
in CO, emissions (likely due to a greater availability of O;)
under part-load (step) steady-state conditions. Reductions in
HC emissions were greatest for engine speeds characteristic
of typical daily driving (2000 - 3000 RPM). A decrease in
opacity of 31.5% on average was found, suggesting an
overall decrease in PM emissions as a result of H, addition
via solar-driven electrolysis).

In conclusion, we have demonstrated the implementation
of solar electrolysis as a direct application of
renewable-energy technology in transportation, using solar
energy as the primary energy source for improving IDI CI
combustion of No. 2 diesel fuel. This implementation
demonstrates a new avenue through which renewable, solar
energy can be used in heat-engine powered vehicles that are
decoupled fromthe electric grid.
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