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Abstract
Solid oxide fuel cell – internal combustion engine (SOFC-ICE) hybrid systems are an attractive solution for electricity
generation. The system can achieve up to 70% theoretical electric power conversion efficiency through energy cascading
enabled by utilizing the anode off-gas from the SOFC as the fuel source for the ICE. Experimental investigations were
conducted with a single cylinder Cooperative Fuel Research (CFR) engine by altering fuel-air equivalence ratio (f), and
compression ratio (CR) to study the engine load, combustion characteristics, and emissions levels of dry SOFC anode
off-gas consisting of 33.9% H2, 15.6% CO, and 50.5% CO2. The combustion efficiency of the anode off-gas was directly
evaluated by measuring the engine-out CO emissions. The highest net-indicated fuel conversion efficiency of 31.3%
occurred at f = 0.90 and CR = 13:1. These results demonstrate that the anode off-gas can be successfully oxidized using
a spark ignition combustion mode. The fuel conversion efficiency of the anode tail gas is expected to further increase in
a more modern engine architecture that can achieve increased burn rates in comparison to the CFR engine. NOx emis-
sions from the combustion of anode off-gas were minimal as the cylinder peak temperatures never exceeded 1800 K.
This experimental study ultimately demonstrates the viability of an ICE to operate using an anode off-gas, thus creating a
complementary role for an ICE to be paired with a SOFC in a hybrid power generation plant.
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Introduction

Over the past decades, global energy demand has
increased significantly, leading to accelerated depletion
of energy resources from fossil fuels and an increase in
the production of air pollution and greenhouse gases.
Among various environmentally sustainable solutions
for the production of electrical energy, solid oxide fuel
cells (SOFCs) can generate electricity with a high con-
version efficiency while emitting relatively low emis-
sions of pollutants. This is attributed to the inherent
theoretical conversion efficiency advantage of SOFCs
since electricity is generated directly from oxidizing the
fuel instead of converting it to electricity by means of
combustion.1–4

A promising approach to increase electrical conver-
sion efficiency and reduce emissions is the integration
of SOFCs with downstream energy conversion devices
such as gas turbines (GTs) and internal combustion

engines (ICEs).5–7 In a solid oxide fuel cell – gas turbine
(SOFC-GT) energy system, the combustor is used to
burn the high-exergy anode off-gas from the SOFC to
produce extra shaft work for the hybrid system that is
converted to electrical power. Hybrid SOFC-GT sys-
tems, although offering promising efficiency advan-
tages, are limited to medium and large scale electricity
generation applications because of the complexity, size,
expense, and restrictive functioning characteristics of
GTs. Interestingly, the general power generation capac-
ity for GTs is typically in the megawatt (MW) range,
which is an order of magnitude greater than SOFCs
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generation capacity, typically in the kilowatt (kW)
range.8–13

Light-duty ICEs have a typical power generation
capacity in the 100–200kW range and can be used for
distributed power generation and portable auxiliary
field power unit applications.14 Additionally, an ICE
can hybridize a SOFC power generation plant to fur-
ther improve its overall electrical conversion efficiency
and economic feasibility. Although the power density is
lower for ICEs compared to GTs at high power genera-
tion ranges, it has been shown that ICEs can achieve
higher thermal efficiency, while being more cost-
effective than GTs operating at lower power generation
ranges.15 Consequently, a system combining SOFCs
with ICEs could derive additional benefits over the
aforementioned hybrid SOFC-GT systems, including
but not limited to, easier control of transient operating
conditions, better fuel, and load versatility, as well as
decreased manufacturing costs in low power generation
requirement applications.

Several studies have explored the potential of SOFC-
ICE systems. Lee et al.16 using the exergetic and exer-
goeconomic analysis method, showed that a SOFC-
ICE hybrid system can achieve over 6% higher electri-
cal efficiencies compared to a simple SOFC system.
Based on modeling and exergy analysis of different con-
figurations, Fyffe et al.17 concluded that coupling
SOFC with an ICE was capable of achieving 70% elec-
trical energy conversion efficiency for medium size
hybrid systems. Colón Rodrı́guez et al.18 studied a
SOFC-ICE system using a 100kW engine and reported
a 62% efficiency at a reformer temperature of 800K
with a 90% of fuel utilization in the fuel cell.

Choi et al.19 demonstrated that SOFC anode off-gas
can be used as fuel in an ICE engine operating in homo-
geneous charge compression ignition (HCCI) mode,
with a minimal amount of nitrogen oxide (NOx) and
total hydrocarbon (THC) emissions. Another SOFC-
HCCI hybrid system for power generation was modeled
by Zhu et al.20 who predicted an energy conversion effi-
ciency of 65.7%. Further, Park et al.21 modeled and
compared SOFC-GT and SOFC-HCCI systems and
reported that the latter could achieve an electrical effi-
ciency of up to 60%, which is comparable to a SOFC-
GT hybrid system. However, SOFC-HCCI hybrid sys-
tems have challenges associated with the added control
complexity of HCCI combustion, which includes being
highly sensitive to fuel chemistry, mixture composition,
and thermal environment.22 Robust control strategies
for HCCI combustion are needed to expand the operat-
ing range of the combustion mode and to handle the
high heat release rates and pressure rise rates. The
aforementioned HCCI combustion control challenges
are further exaggerated during transient engine load
operation due to the rapidly changing state conditions
inside the combustion chamber.

An alternative advanced ICE concept that could
potentially be paired with SOFCs includes jet-ignition
combustion that utilizes one or multiple spark-ignited

pre-chambers to achieve lean burn combustion with a
wider flexibility in required fuel chemistry, mixing com-
position, and thermal environment than HCCI.23,24 As
pre-chamber engines are already used with gaseous
fuels like compressed natural gas (CNG) for stationary
power generation, this combustion mode is worth fur-
ther exploring once ICEs are a proven match for
SOFCs.

While advanced combustion modes and devices are
being developed, the spark ignition (SI) ICE remains
the most widely used device and combustion mode
pairing. SI combustion provides simple and direct con-
trol over the start of ignition, and consequently com-
bustion duration. It can also be readily coupled to a
three-way catalyst, which is extremely efficient in reduc-
ing pollutant emissions under stoichiometric combus-
tion. For the above reasons, the spark-ignition engine
may be more suitable for the SOFC-ICE system than
HCCI and SI pre-chamber engines presently. However,
few computational or experimental studies have been
conducted to quantify and analyze the performance,
energy conversion efficiency, and emissions of a SI ICE
operating on a realistic anode tail-gas composition
from a SOFC. A multi-national renewable energy con-
glomerate developed a SOFC–SI engine system for
burning anode off-gas, but experimental results have
not been publicly reported.25 More recently, Kim
et al.26 explored utilizing anode off-gas from a SOFC
stack in an SI engine and reported a 61.6% system effi-
ciency with significantly reduced levels of emissions of
NOx. Also, Ran et al.27 experimentally studied and
compared the simulated dry anode off-gas and tradi-
tional CNG with SI combustion conditions. It was
found that engine-out emissions of NOx were largely
reduced, and THC was not present for the anode off-
gas, but engine load was reduced in comparison to
CNG fuel.

The work presented here builds upon the findings of
Ran et al.27 to address gaps in the literature, including
the lack of detailed experimental and 0-D chemical
kinetic modeling studies of the effects of SOFC anode
off-gas compositions, specifically moisture content, on
SI engine combustion, performance, and exhaust emis-
sions. Therefore, the objective of this study is to experi-
mentally explore the feasibility of a realistic SOFC
anode off-gas as a potential alternative fuel under SI
combustion conditions over a range of compression
ratios (CRs), as well as to determine the fuel’s composi-
tional effects on engine thermodynamics, combustion
characteristics, and emissions levels.

Hybrid SOFC-ICE plant

Hybrid system overview

In an effort to improve the electricity conversion effi-
ciency of a SOFC generation plant, an ICE was added
downstream of the fuel cell stack and used the anode
off-gas as a fuel source in combination with ambient
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air as the oxidizer. A specific schematic of a representa-
tive SOFC-ICE hybrid power plant that has the theore-
tical potential to achieve 70% of system efficiency is
showed in Figure 1. This representative hybrid system
consists of two main devices that are the pressurized,
high-temperature SOFC, and the ICE. Additionally,
different types of reformers, compressors, expansion
turbines, heat exchangers, and piping are needed to
complete the remainder of the system.

To fuel the SOFC stack, methane (CH4) is passed
through an external, upstream, pre-reformer to form
hydrogen (H2), and carbon monoxide (CO). This pri-
mary fuel is then compressed to higher pressures and
passed through a counter-flow heat exchanger before
being fed into the internal reformer at an elevated pres-
sure to form the syngas that is then fed into the SOFC

anode. Simultaneously, ambient air is compressed and
passed through a counter-flow heat exchanger before
being fed into the SOFC cathode. The syngas is electro-
chemically oxidized by the oxygen (O2) contained in
the compressed air to generate a potential difference
between the anode and the cathode.

The high-temperature deoxygenated air from the
cathode flows through a heat exchanger to preheat the
incoming air before being expanded through a turbine.
This produces shaft work that drives the compressor
for the ambient air. In a similar fashion, the anode off-
gas flows through the hot side of the heat exchanger in
the anode system. After leaving the heat exchanger, the
anode off-gas is expanded through a turbine that in
turn drives the compressor that compresses the fresh
CH4. The anode off-gas, composed of H2, CO, carbon

Figure 1. Detailed schematic for a representative SOFC-ICE hybrid system.
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dioxide (CO2), water (H2O), finally exits the anode sys-
tem. This off-gas can now be fumigated into the intake
manifold, acting as the fuel source for a spark-ignited
engine. The anode off-gas is mixed with fresh air in the
intake manifold of the engine to form a homogeneous
mixture for SI combustion. The shaft work provided
by the reciprocating engine using the off-gas generates
additional power for the hybrid system, thus improving
its electrical energy conversion efficiency.

Anode off-gas composition

A previous study by Ran et al.28 reported that syngas
can be treated as a promising fuel for SI engines for
improved engine efficiency and simultaneously leading
to largely reduced THC and CO emissions compared to
traditional fossil fuels. However, due to the high levels
of diluent gases, the lower heating value of the anode
off-gas is considerably lower compared to syngas, thus
resulting in reduced laminar flame speeds. To improve
the energy density and the ignitability of the mixture,
most of the water vapor content must first be removed
from the anode off-gas. This will result in the greatest
chances to achieve robust combustion in a SI engine.
Thus, it was of interest in these investigations to study
both dry (containing 0% water vapor content) and
simulated wet (containing up to 15% water vapor)
anode off-gas compositions. This allowed for the com-
position effects of anode off-gas to be evaluated in terms
of engine performance, combustion characteristics, and
emission levels under SI combustion operation.

A representative SOFC with a gross efficiency of
65%, with 68% of molar fuel utilization and 51.1%
recycling at the anode was selected to determine the
actual anode off-gas composition needed for the experi-
ments. Subsequently, an anode off-gas composition of
17.1% H2, 7.9% CO, 25.4% CO2, and 49.6% H2O was
used as summarized in Table 1. This composition com-
prises almost 25% volume of syngas (H2 and CO) and
is heavily diluted by water vapor (H2O) and CO2 as a
result of the electrochemical process. Based on the
above, a representative, as summarized in Table 1,
dehydrated anode off-gas consisting of 33.9% H2,
15.6% CO, and 50.5% CO2 was selected as the surro-
gate fuel.

Experimental facility and methodology

Experimental engine facility

All experiments were conducted at the Stony Brook
University Advanced Combustion Laboratory

(SBU-ACL) located in the Advanced Energy Research
and Technology Center. A single-cylinder Cooperative
Fuel Research (CFR) engine with SI combustion mode
was used for the experimental investigation of the sur-
rogate anode off-gas. The overhead, two-valve cylinder
head featured a combustion chamber with a spark plug
mounted on the side. The CFR engine was a variable
geometry engine that was capable of achieving a vari-
able CR. Engine relevant details and geometric dimen-
sions are presented in Table 2. Figure 2 provides a
detailed diagram of the test engine setup.

An Alicat flow controller (MCRW-500SLPM-D/
5M) placed before the intake was used to measure the
intake air flow rate. A liquid fuel injection system
allowed for the injection of liquid fuel into the intake
port or the intake plenum. The mass flow rates of the
injected liquids were metered with an Emerson
Micromotion (CMFS0070) flow meter. The port fuel
injection (PFI) system was converted to inject distilled
water using the intake plenum fuel injector. The ignita-
ble fuel source, the anode off-gas, was managed and
metered with an additional Alicat mass flow controller
(MCR-200SLPM-D/5M) before being delivered to the
intake plenum to homogeneously blend with the
inducted intake air during the intake stroke.

Engine brake torque and speed were measured
through the DyneSystems InterLoc V controlled DC
dynamometer. A piezoelectric pressure sensor (Kistler
7061B) mounted on the engine cylinder head was used
for measuring the engine cylinder pressure. A Kistler
2629DK TDC sensor was used for high accuracy and
dynamic determination of the CFR engine Top Dead
Center (TDC) position. A BEI Precision optical crank
angle encoder with a resolution of 0.2 crank angle
degrees (CAD) was connected to the engine shaft for
synchronization of shaft position. A Performance
Electronics engine control management unit was uti-
lized for the control over the spark timing and fuel
injection timing during combustion.

An in-house data acquisition (DAQ) system built on
a National Instruments (NI) cDAQ chassis was used to
monitor low-speed and high-speed signals during
experimentation. Measurement ranges and accuracy
uncertainties for the recorded sensor signals are further
detailed in Table 3. A LabVIEW VI was used for the
collection of 200 engine cycles, and averaged values
were post-processed with a MATLAB-based heat
release analysis code.

Engine exhaust emissions were sampled using a
heated line and measured with a Horiba MEXA-
7100DEGR analyzer. The Horiba gas analyzer was
calibrated for measurement of each species, listed in
Table 4, at the beginning of each set of experiments
using span gases corresponding with the respective con-
centration and species equal to the upper range of each
measurement. The air-fuel ratio was measured using a
ECM LambdaCAN pressure-compensated module out-
fitted with a NTK UEGO 6mA O2 sensor. Emissions

Table 1. Measured anode off-gas composition for the actual
anode off-gas and surrogate fuel.

Fuel formation H2 CO CO2 H2O

Actual (%) 17.1 7.9 25.4 49.6
Surrogate (%) 33.9 15.6 50.5 0
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measurement ranges and uncertainties are detailed in
Table 4.

Experimental methodology

Experimental investigations of the anode off-gas with
the CFR engine were conducted at a fixed engine speed
of 1200RPM with an intake manifold pressure of
75 kPa, since the engine operates optimally at this oper-
ating condition, to ensure high performance and ther-
mal efficiency. The engine CR was individually fixed at
9:1, 11:1, and 13:1 to investigate its effects on engine
performance, combustion processes, and levels of

Table 3. Instrument measurement ranges and accuracies in the CFR experimental facility.

Instrument Range Accuracya

Pressure transducer 0–250 bar 460.05% FS
Alicat mass flow controller 0–500 SLPM 60.8% RD + 0.2% FS
MCRW-500SLPM-D/5M
Alicat mass flow controller 0–100 SLPM 60.8% RD + 0.2% FS
MCR-100SLPM-D/5M
Micromotion flow meter 0–40.9 kg/h 60.1% liquid
CMFS007 Mass/volume flow rate
Crank encoder 0–30,000 RPM 60.5 bit
Dynamometer 0–4500 RPM N/A
Thermocouples (type K) 2200�C to 1250�C . 2.2�C or 0.75% RD
Lambda sensor 0.7–N 60.2 for l = 1.70

60.04 for l = 0.80

aAbbreviation stand for the percentage of full scale (% FS) and percentage of reading (% RD).

Figure 2. Detailed schematic of the CFR internal combustion engine facility.

Table 2. CFR engine detailed specifications.

Specification Quantity

Engine cylinders 1
Engine valves 2
Stroke 114.3 mm
Bore 82.6 mm
Displaced volume 611.7 cm3

IVO 2350� aTDC
IVC 2146� aTDC
EVO 140� aTDC
EVC 2345� aTDC
CR 6–18
Engine speed 1200 rev/min
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emissions. To achieve the desired anode off-gas compo-
sitions as stated previously, each of the individual con-
stituents was supplied from Airgas company
compressed gas bottles with a tolerance on targeted
mixture composition of 62%.

The engine was motored, allowed ample time to
achieve steady-state operating conditions, and base-
lined before conducting the experiments. During the
studies, maximum brake torque (MBT) was selected by
sweeping the spark timing. Ultimately, the engine spark
timing was set such that the crank angle where 50% of
heat is released, defined as CA50, was kept around 6�–
12� after top dead center (aTDC) to ensure optimal
engine thermal efficiency. Fuel air-charge mixtures were
varied during experimentation through a targeted
equivalence ratio, f, sweep ranging from stoichiometry,
f=1.0, down to f= 0.60, in 0.05 of targeted decre-
ments. Note that the actual, experimentally determined
equivalence ratios and not the targeted equivalence
ratios were used during the creation of the comparative
figures shown in the results and discussion.

To quantify the effect of water vapor on the combus-
tion characteristics of the dry surrogate anode off-gas,
liquid distilled water was injected into the intake ple-
num of the engine, far enough upstream of the intake
valve, to ensure sufficient time for evaporation and
mixing. Volume fractions of 5%, 10%, and 15% were
injected at selected fuel-air equivalence ratios, that is, at
stoichiometry and the lean equivalence ratio point.

Results and discussion

Engine volumetric efficiency, mass flow rate of air
and fuel

Engine volumetric efficiency can be used to evaluate
the breathing capacity of an engine during the intake
stroke.29 The following formula was used for the calcu-
lation of the volumetric efficiency: hv =

_ma 3 nr
ra 3Vd 3Ne

,
where _ma is the mass flow rate of air, nr is the number
of crankshaft rotations for a complete engine cycle (2
for 4-stroke), ra is the intake air density, Vd is the
engine displacement, and finally Ne is the engine speed.
The intake process for the anode off-gas operated in

the CFR engine is presented in Figure 3, quantifying
(1) the volumetric efficiency, (2) the mass flow rate of
air, and (3) the fuel flow rate associated with the f, for
CR of 9:1, 11:1, and 13:1. As shown in Figure 3, the
volumetric efficiency when using anode off-gas as fuel
is considerably reduced compared to operation with
conventional liquid or gaseous fuels, such as gasoline
and CNG.28 This is mainly due to the significantly
smaller (1.25:1) stoichiometric air-fuel ratio of the
anode off-gas, versus 14.7:1 with gasoline and 17.2:1
for CNG, therefore allowing a larger volume of gaseous
fuel to enter the combustion chamber, which displaces
intake air. Note that the low heating value of the off-
gas anode fuel drives the need for this proportionately
larger volume of gaseous fuel to match the energy con-
tent of conventional fuels.

Additionally, the fuel composition of anode off-gas
has 50.5% of CO2, thus the overall fuel energy density
is significantly lowered when compared to conventional
fossil fuels. Therefore, it is obvious that the fuel flow
rate had to be largely increased to achieve the same
energy content to match the engine load conditions. As
a result, the air displacing effect was exaggerated as
shown in the fuel flow rate plot.

The experimental results presented in Figure 3 show
that the volumetric efficiency and the rate of fuel flow
are both inversely proportional to increasing f at both
CRs evaluated. Increasing the charge mixture f while
maintaining a constant manifold pressure of 75 kPa
requires simultaneously decreasing the mass flow rate
of fuel injected while increasing the mass flow rate of
ambient air flown into the intake system. Since the
anode off-gas is fumigated into the intake plenum in
gaseous form, increasing the fuel-air equivalence ratio
requires increasing the mass of fuel injected, which
results in displacing ambient air from the plenum and
thus lowers the mass flow rate of the air, consequently,
the volumetric efficiency.

The air flow rate and volumetric efficiency increase
observed in Figure 3 from CR 9:1 to 13:1 are attributed
to the decrease in the combustion chamber clearance
volume, thus decreasing the residual gas fraction and in
turn improving the volumetric efficiency. On the other
hand, the fuel flow rate decreased from CR 9:1 to CR

Table 4. Emissions measurement ranges and accuracies at the CFR experimental facility.

Species Range Errora

CO (L) 0–5000 ppm Linearity within 61.0% FS or 62.0% RD
CO (H) 0%–5%
NOx 0–3000 ppm Repeatability within 60.5% FS or 60.5% RD
UHC 0–10,000 ppm
O2 0%–18%
CH4 0–3000 ppm Drift within 61.0% FS or 61.0% RD
CO2 0%–15%

aAbbreviation stand for the percentage of full scale (% FS) and percentage of reading (% RD).
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13:1 is due to more fuel displaced by the air when the
air flow rate is increased.

Net indicated mean effective pressure

The net indicated mean effective pressure (IMEPnet)
measures the ability of an engine to generate work,
independent of engine displacement. This parameter is
determined by integrating the pressure trace over the
entire thermodynamic cycle, allowing the engine perfor-
mance to be directly evaluated without having to mea-
sure the frictional losses.

The experimental results were analyzed to determine
the IMEPnet, shown in Figure 4, with respect to f at
CR of 9:1, 11:1, and 13:1. The IMEPnet is determined
to proportionally increase with f for every engine CR
investigated. This trend is anticipated as the leaner air-
fuel mixtures hold a smaller amount of fuel to reach the
targeted f, thus causing the input energy content per
cycle to decrease. Further enleanment of the charge
mixture yields decreasing flame propagation speeds and
consequently decreases combustion rates, which clari-
fies the resulting relationship between IMEPnet and f.
This trend aligns with the typical combustion

characteristics of conventional fuels, such as gasoline
and CNG, in a SI ICE. Due to experimental error,
there exists a slight variation in the actual f reported
between the three CR data sets, although the same
charge-mixture conditions were targeted. This small

Figure 3. Volumetric efficiency, air, and fuel flow rate for anode off-gas as a function of f.

Figure 4. Engine IMEPnet for anode off-gas as a function of f.

Ran et al. 7



deviation in f was within expected experimental testing
variation; it is an artifact of trying to delicately balance
changing boundary conditions while dealing with a
total run-time-constraint limited by the amount of
anode off-gas mixture in each compressed cylinder.
With that stated, it was deemed more important to
ensure the engine cyclic variability was minimized
(\ 65%) during combustion and data collection than
trying to decrease the experimental targeted conditions
in f. The coefficient of variation in indicated mean
effective pressure (COVIMEP) can be used to define the
cyclic variability in indicated work per cycle. Table 5
shows the average and standard deviation of COVIMEP

at CRs of 9:1, 11:1, and 13:1 within the experimental f

range tested. The averages of the COVIMEP are all well
below the desired 5% threshold, indicating steady-state
combustion operation is achieved.29

The increase in the engine CR from 9:1 to 13:1, how-
ever, did not result in an improvement in the engine
output performance, as expected. This is because the
MBT spark timing needed to be adjusted to maintain
combustion phasing increasing CR. Ultimately, the
three CRs studied yield somewhat similar engine out-
put performance for the anode off-gas. Further, the
IMEPnet results, shown in Figure 4, demonstrate the
feasibility of a hybrid system to generate additional
power by burning anode off-gas, originating from a
SOFC stack, downstream of an ICE.

Cylinder peak bulk temperature and emissions index
of NOx

The engine peak bulk temperature and NOx emissions as
a function of f, at CRs of 9:1, 11:1, and 13:1 are pre-
sented in Figure 5. The peak bulk temperature was
defined as the mass-averaged temperature over the
engine combustion cycle and can be calculated based on
the ideal gas law, once the total trapped mass, cylinder
pressure, cylinder volume, and gas constant R are
known.29 The engine cylinder bulk temperature decreases
proportionally with decreasing charge-mixture f. This
anticipated outcome is a result of leaner charge-mixtures

Figure 5. Peak temperature and emissions index of NOx for anode off-gas as a function of f.

Table 5. Mean and standard deviation of COVIMEP.

CR Mean (%) Standard
deviation (%)

9:1 0.67 60.13
11:1 0.68 60.29
13:1 0.83 60.28
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containing less energy content, which in turn results in
slower flame propagation rates. The decreased propaga-
tion rates are translated to decreased heat release rates,
which ultimately achieve a decreased overall cylinder
temperature as the charge mixture becomes leaner. The
engine cylinder bulk temperature was the lowest at the
highest CR of 13:1, due to MBT spark timing retarda-
tion to avoid violent pressure rise rates. Retarding the
MBT spark timing caused the combustion phasing to be
retarded, thus phasing the combustion later in the expan-
sion stroke, reducing the heat release rate, and ultimately
lowering the cylinder bulk temperature. The decreased
engine cylinder temperature negatively affected the
engine combustion efficiency and CO emissions due to
reduced oxidation rates. However, as shown in Figure 5,
keeping the overall cylinder temperature below the
1800K NOx formation limit29 resulted in negligible NOx

emissions (\ 1.2 g/kg-fuel). Even at such low NOx val-
ues, as f is leaned out from the stoichiometric operating
condition, the NOx emissions are further decreased to
nearly zero as we approach the lean misfire limit of
f=0.60. Specifically, an increase in CR from 9:1 to 11:1
resulted in lower NOx emissions, and increasing the CR
from 11:1 to 13:1, slightly decreased NOx emissions from
stoichiometry until f=0.90, and slightly increased NOx

emissions for charge-mixtures leaner than f=0.90. It is
also worth noting, the range of NOx emissions measured
fall near or below the minimum detection threshold of
the emissions analyzer utilized in these experiments.
Thus, it can be concluded that combustion with anode
off-gas in a SI engine resulted in minimal to undetectable
NOx emissions. This significantly low amount of engine-
out NOx emissions demonstrates that the anode off-gas
is a viable fuel source that offers a cleaner combustion
process, as compared to conventional fossil fuels such as
gasoline and CNG.

Engine combustion efficiency and emissions index of
CO

Given that the combustible reactants in the anode off-
gas are H2 and CO, it is expected that the THC and
soot emissions are negligible since the fuel contains no
hydrocarbon species, and the air-fuel mixture was
formed homogeneously before entering the combustion
chamber. This was also verified in the experimental
studies performed for this work as the THC and soot
emissions measurements were minimal, with specific
emissions levels of zero, and thus are not reported in
greater detail. Further, it is assumed that the H2 pres-
ent in the charge-mixture is entirely consumed during
combustion due to the high reactivity of this species
coupled with an extremely low ignition energy require-
ment of 0.011–0.017mJ for the H2-air mixture; this
requirement is readily met, in contrast to more conven-
tional hydrocarbon fuels. On the other hand, the CO-
air mixture during combustion requires a substantially
higher ignition energy than the H2-air mixture.30,31

Thus, there is a critical need to track and report the
engine-out CO to assess the combustion efficiency
when using anode off-gas during combustion.

Combustion efficiency can be used to evaluate the
completeness of the combustion process when reactants
are transformed into products, and it was calculated

using the following formula: hc =
_mco, i

_mco, e
, where _mco, i is

the mass flow rate of CO into the engine, and _mco, e is

the mass flow rate of CO exit of the engine after com-
bustion. It was expected that the anode off-gas charge
mixture would have a strong inverse correlation to the
amount of engine-out CO, as this will be a direct indi-
cator that the lesser-reactive species was not consumed
during combustion. For traditional fossil fuels used
during combustion, the engine combustion efficiency is
determined using the exhaust emissions of CO2, CO,
and THC. However, the determination of combustion
efficiency when using anode off-gas as fuel is more
accurate by using only the CO content found in the
exhaust gas that has not been transformed into CO2.
The emissions of THC is expected to be minimal in the
combustion of this surrogate fuel. The engine combus-
tion efficiency as a function of f, at CRs of 9:1, 11:1,
and 13:1 is presented in Figure 6. Experimental data
showed that combustion efficiency is inversely propor-
tional to engine-out CO. This is an expected outcome
given that CO is one of the reactants in the anode off-
gas combustion, thus higher oxidation of CO to CO2

yields higher combustion efficiency. An increase in CR
from 9:1 to 13:1 resulted in reduced combustion effi-
ciency. This was an anticipated finding and related to
the knock-limited experimental data at CR of 13:1,
requiring MBT spark timing to be retarded, which in
turn lowered the peak cylinder temperature. This nega-
tively affected the oxidation of CO, and hence the com-
bustion efficiency is lower at CR of 13:1 compared to
CRs of 9:1 and 11:1.

The CO emissions index as a function of f at CRs of
9:1, 11:1, and 13:1 is presented in Figure 6, as well. The
CO emissions are largely reduced when the f is leaned
out from stoichiometric condition to f=0.95. When f

is further decreased, an increase in CO emissions is
observed. Reduction of CO emissions occurs when
there is excess oxygen present during combustion, as f

is decreased below stoichiometric, which helps the for-
mation of CO2 from CO. In parallel, as f is reduced,
the energy content of the mixture is reduced, causing
decreased overall combustion peak temperatures.
Clearly, there exists a trade-off point between increased
oxygen concentration in the cylinder and peak bulk
temperatures remaining at adequately high values for
converting CO to CO2. As a result, CO2 emissions peak
at f=0.95 for SI combustion with anode off-gas.

It should be noted that a CR increase from 9:1 to
13:1 resulted in a significantly increased level of emis-
sions of CO, due to the crevice storage effect for the
particular design of the combustion chamber of the
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CFR engine. At higher CRs, there is higher pressure
before ignition, therefore, larger quantities of the air-
fuel mixture are stored in the crevices. This required the
spark timing to be retarded. This further reduced cylin-
der peak temperatures and resulted in higher CO emis-
sions at the higher CR of 13:1, due to lower combustion
temperature and higher unburned CO emissions from
the crevices into the exhaust. Additionally, the increase
in CO when CR is increased is also likely because of the
flame quenching associated with the reduced squish
heights.

Net-indicated fuel conversion efficiency and fuel
consumption

The experimental results were analyzed to determine
the engine indicated net fuel conversion efficiency and
fuel consumption as a function of f, as shown in
Figure 7, at CRs of 9:1, 11:1, and 13:1. As presented in
Figure 7, anode off-gas with SI combustion achieved a
net indicated fuel conversion efficiency of 31.3% and
fuel consumption of 2490 g/kWh at CR of 13:1. While
these efficiency levels are potentially lower than the
typically expected levels for a modern SI engine, the
goal of this study is to demonstrate the feasibility of
burning a realistic anode tail-gas composition in SI

combustion over a range of geometric CRs. These find-
ings successfully proved the viability of utilizing the
SOFC anode off-gas as a potential fuel in SI engines. It
is important to note that this CFR engine is not
designed to maximize efficiency, with the side-mounted
spark plug, two valves per cylinder, and low levels of
turbulence all contributing to longer burn durations
and lower efficiencies than a modern SI engine. Hence,
this reasoning allows us to conclude that the net indi-
cated fuel conversion efficiency of the anode off-gas
would be even greater than 31.3% if burned in a mod-
ern architecture SI engine that featured shorter burn
duration times.

As presented in Figure 7, as f was decreased from
stoichiometry, the net indicated fuel conversion effi-
ciency started to increase at first, before eventually
decreasing. The trend for fuel consumption is exactly
the opposite since the indicated fuel consumption has a
strong inverse correlation to the fuel conversion effi-
ciency. These trends are indicative of a trade-off that is
maximized within the range of experimental data col-
lected. As the charge-mixture f becomes leaner, and
thus more ambient air is present in the charge-mixture,
the ratio of specific heats (g) of the charge-mixture
increases, which positively benefits net indicated fuel
conversion efficiency and fuel consumption during

Figure 6. Combustion efficiency and emissions index of CO for anode off-gas as a function of f.
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combustion. Further, the reduction in engine bulk tem-
perature, as the charge-mixture f decreases, causes a
decrease in the heat transfer rate; this positively bene-
fits the fuel conversion efficiency and fuel consumption
as well. Ultimately, as f becomes leaner, the combus-
tion becomes less robust as it approaches the lean limit.
As the fuel conversion efficiency is decreased, conse-
quently, the fuel consumption is increased due to the
occurrence of misfiring, incomplete combustion, and
the lengthened burn duration. Thus, the optimum
trade-offs for the net indicated fuel conversion effi-
ciency and fuel consumption of anode off-gas are
achieved at f=0.80, f=0.75, and f=0.90 for CR
of 9:1, 11:1, and 13:1, respectively. Increasing CR to
13:1 helped increase the fuel conversion efficiency and
decrease the fuel consumption. This is attributed to the
higher associated expansion ratio and lower heat trans-
fer rates; those are driven by the decreased overall
cylinder temperature, caused by the knock-limited,
retarded, MBT combustion phasing.

Engine combustion phasing and combustion duration

The crank angle position where 50% of the mass frac-
tion is burned (CA50) can be used as a metric that indi-
cates the combustion phasing. Meanwhile, the crank

angle interval between 10% and 90% of the mass frac-
tion burned (CA10-90) is used to describe the overall
combustion duration. In the SI engine, the start and
duration of the combustion process itself are directly
affected by the spark timing; and the amount of charge-
mixture consumed is dependent on the heat release rate,
which in turn is ultimately dominated by flame propa-
gation rates and charge motion.

The experimental results were analyzed to determine
CA50 and CA10-90 as a function of f, as shown in
Figure 8, at CRs of 9:1, 11:1, and 13:1. For CRs of 9:1
and 11:1, the CA50 was maintained at around 6�–10�
aTDC, to ensure optimal engine output performance
and efficiency. For CR of 13:1, the CA50 is phased
later than the other CRs. This is due to engine perfor-
mance being knock-limited at higher CRs, especially at
higher charge-mixture equivalence ratios, and thus
requiring the spark-timing to be retarded to avoid
knock. This changes the start of combustion, which
affects the heat release profile of the charge-mixture,
and consequently, it takes more crank angles to burn
50% of the charge-mixture. Similarly, as shown in the
combustion duration, since the spark timing for CR of
13:1 was retarded, the lower in-cylinder pressure and
heat release caused the CA10-90 to be longer than that
of CRs of 9:1 and 11:1. As the f is decreased toward

Figure 7. Fuel conversion efficiency and fuel consumption for anode off-gas as a function of f.
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leaner conditions, the overall energy density of the air-
fuel mixture is reduced as well, consequently, the air-
fuel mixture is less prone to engine knock. This permits
the leaned-out mixtures at higher CRs to maintain
comparable CA50 as mixtures ignited at lower CRs.
However, the combustion duration (CA10-90) is
increased due to the slower flame speed and reduced
fuel oxidation rates caused by less energy input at lean
conditions.

Compared to previous experimental studies pre-
sented by Choi et al.19 the use of SI instead of HCCI
combustion mode has several advantages. The direct
control of initiating combustion through a spark dis-
charge allows for precise and predictable combustion
phasing control. This allows the engine to be calibrated
more robustly and achieve a wider operating range with
higher efficiencies than what is commonly achieved
through HCCI combustion mode.

Effect of water vapor on peak bulk temperature,
cylinder pressure, and combustion rates

The composition of the surrogate SOFC anode off-gas
as it exits the stack includes 49.6% of water vapor and
is formed during the electrochemical process. The water

vapor reduces the energy content of the anode off-gas
on a molar basis and thus increasing the mass flow rate
of gas that flows through the engine downstream of the
stack. Therefore, the experimental results presented so
far have been collected using a dry anode off-gas from
which the water vapor has been removed. Removing
the water increases the volumetric energy density of the
anode off-gas and increases the concentration of H2

and CO in the mixture, making it more conducive to SI
combustion. However, removing the entire amount of
water vapor from the anode off-gas may not be
easily achievable in a hybrid SOFC-ICE system.
Therefore it is critical to investigate the effects of water
vapor in the mixture, which acts as a diluent in addi-
tion to CO2.

In this study, water was injected into the intake ple-
num to investigate the effects of water content on com-
bustion characteristics. However, due to the physical
limitations on the injector opening duration, only con-
centrations up to 15% by volume of anode off-gas were
injected. SI combustion with the simulated wet anode
off-gas was analyzed at stoichiometry and f=0.75.
The effect of water vapor on cylinder peak temperature
as a function of f at a CR of 11:1 is shown in Figure 9.
Figure 10 shows the gross heat release rate and cylinder

Figure 8. CA-50 and CA10-90 for anode off-gas as a function of f.
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pressure for stoichiometric operation with dry and wet
off-gas with 15% volume water vapor content.

Introducing water vapor into the anode off-gas mix-
ture reduced its energy density and increased its heat
capacity, cp. The result was lower heat release com-
pared to operation with dry off-gas, reduced cylinder
pressure and temperature, reduced work production,
and ultimately reduced fuel conversion efficiency.
Based on this result, in a hybrid SOFC-ICE system, it
is critical to limit the water vapor that enters the engine
with the off-gas so that the volumetric efficiency, load,
and fuel conversion efficiency are maximized. However,
if the engine is required to operate with some water
vapor content in the off-gas due to system constraints,
then its performance can be improved through addi-
tional means, such as intake boosting, increased CR, or
a combustion chamber design that accelerates flame
propagation and increases the heat release rates.

0-D modeling of the effects of water content

The work presented above experimentally investigated
the effects of adding water vapor on the combustion
characteristics of anode off-gas in SI combustion mode.
However, due to the physical limitation on the port fuel
injector, only up to 15% of water vapor was injected
during combustion. Also, water vapor was only injected
at selected equivalence ratios. Based on the proposed
SOFC-ICE hybrid system, the actual composition of
the anode off-gas contains up to almost 50% of water
vapor, which will significantly affect the physicochem-
ical properties of the fuel. Therefore, to fully under-
stand the impacts of adding 50% of water vapor on the
fuel properties and combustion processes, a 0-D con-
stant volume combustion model was developed in
Chemkin-Pro. A homogeneous closed batch reactor
was modeled to study the variations of peak combus-
tion temperature, laminar flame speed, as well as igni-
tion delay times under constant volume conditions. The
chemical mechanism developed by NUI-Galway32 con-
taining 15 species and 48 reactions was used to model
syngas with H2 and CO, as they represent the main
combustible entities in the anode off-gas. The peak
combustion temperature, laminar flame speed, and
ignition delay times were calculated over a wide range
of f and water vapor percentages. The f ranged from
0.6 to stoichiometric, in increments of 0.1, and the
water vapor percentages ranged from 0% to 50%, in
increments of 10%, to represent the actual composition
of the SOFC anode off-gas. The initial temperature and
pressure were fixed at 850K and 14 bar and were taken
from the experimental data representing the thermody-
namic state at the end of the compression stroke of the
CFR engine with a CR of 11. The peak combustion
temperature as a function of f and water vapor per-
centage is shown in Figure 11. The peak combustion
temperature decreases as the water vapor percentage is
increased at selected f. Additionally, decreasing f at

Figure 9. Peak bulk temperature of CR 11:1 as a function of f

and water vapor percentage.

Figure 10. Cylinder pressure and combustion rates for
stoichiometric operation at a CR of 11:1 with two levels of
water vapor content in the anode off-gas, 0%, and 15%.

Figure 11. Peak combustion temperature as a function of f

and water vapor percentage.
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the same levels of water vapor percentage also resulted
in lower peak combustion temperatures. Results from
the modeling study exhibit similar trends as the results
from the experimental data, as shown in Figure 9. Since
the 0-D Chemkin model was developed based on a
closed homogeneous and adiabatic constant volume
combustion reactor, the peak combustion temperatures
shown in Figure 11 are much higher than the tempera-
tures that were calculated based on the experimental
data.

Figure 12 displays the calculated laminar flame
speed with respect to f and water vapor percentage. As
expected, the increase in water vapor percentage is
shown to have a negative effect on laminar flame speed.
The existence of higher water-vapor diluent in the
anode off-gas composition reduces the energy density
of the off-gas due to the reduction of the combustible
components of H2 and CO. Therefore, the laminar
flame speed is largely reduced for Higher water vapor
percentages. Similarly, decreases in f from stoichiome-
try also resulted in slower laminar flame speeds, which
is attributed to the lower energy density of the fuel-air
mixture, as a result of an increase in the airflow rate.
The reduction in laminar flame speed resulted in slower
flame propagating and combustion rates, and conse-
quently, lower peak cylinder pressure and heat release
rate, as shown in Figure 10.

The autoignition delay time, shown in Figure 13, is
defined as the time in which a premixed homogeneous
air-fuel mixture must be maintained at a certain pres-
sure and temperature before the mixture autoignites.
Investigation on the insight of autoignition delay time
helps to gain a better understanding of the effects of
fuel properties on the ignition and combustion charac-
teristics, especially in SI engines. As shown in Figure
13, an initial decrease in ignition delay time is observed
with up to 30% of water vapor addition for the mix-
ture. Addition of water vapor beyond 30% results in
an increase in ignition delay time. The initial decrease

in the ignition delay time with water vapor addition up
to 30% can be attributed to the dissociation of H2O at
elevated temperatures and pressures, thus producing H,
O, and OH radicals; the latter promote chemical reac-
tion rates, consequently decreasing ignition delay.
Beyond this initial decrease in ignition delay, the ther-
mal effects of adding water vapor dominates the chemi-
cal reaction process, and the ignition delay time starts
to increase again due to the significantly lowered flame
temperature.

Conclusions

In this experimental study, a spark-ignited CFR engine
was used to investigate combustion with simulated
anode off-gas from a representative SOFC stack, at
three different compression ratios. The effect of anode
off-gas compositions, water vapor contents, and com-
pression ratios on engine performance, pollutant emis-
sions, and efficiencies was quantified and analyzed.
The following can be summarized as important scien-
tific discoveries and conclusions:

� The experimental results presented in this study
reveal that the conventional SI engine can be used
downstream of a SOFC stack to generate additional
power, thus confirming the feasibility of a SOFC-
ICE hybrid power plant to improve the combined
electrical efficiency.

� A SOFC, simulated dry surrogate, anode off-gas
was successfully used as a fuel in a spark-ignition
engine. Results show stable combustion can be
achieved and yield a net indicated fuel conversion
efficiency of 31.3% at a CR of 13:1, with minimal
NOx emissions, zero hydrocarbon, and soot
emissions.

� While anode off-gas is a diluted fuel mixture that
reduces the volumetric efficiency of a SI engine, its

Figure 12. Laminar flame speed as a function of f and water
vapor percentage.

Figure 13. Ignition delay time as a function of f and water
vapor percentage.
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combustion results in low emissions formation,
equal to or lower than low-temperature combustion
concepts.

� Both experimental data and Chemkin simulation
results revealed that the presence of up to 30%
water vapors in the fuel content actually helps to
shorten the ignition delay period, and consequently
the combustion duration. However, the presence of
water vapors higher than 30% will negatively affect
the combustion duration, efficiencies, as well as
exhaust emissions.

� The use of a conventional SI mode provides a sim-
pler, more robust, and direct control mechanism
over the start of combustion and heat release rate.
Hence, SI allows for a wider operating range than
the chemical reaction control mechanism of the
HCCI mode; this decreases the complexity of con-
trolling a hybrid power generation plant, especially
during transient operating conditions.

� The CFR engine used for the experimental study is
representative of an older SI engine design with
only two valves, a side-mounted spark plug, and a
quiescent combustion chamber. It is expected that
the efficiency of an anode off-gas can be further
improved by selecting a modern engine with
increased turbulent motion, modern valvetrain,
improved combustion chamber design, and a cen-
trally mounted spark plug.
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