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A B S T R A C T

Methanol is a promising fuel for spark ignition engines because of its high octane number, high octane sensi-
tivity, high heat of vaporization and high laminar flame speed. To further boost the efficiency of methanol
engines, the use of waste heat for driving fuel reforming was considered. This study explores the possibility of the
reformed-exhaust gas recirculation (R-EGR) concept for increased efficiency of methanol engines. A simple Otto
cycle calculation and a more detailed gas dynamic engine simulation are used to evaluate that potential. Both
methodologies point to an enhancement in engine efficiency with fuel reforming compared to conventional EGR
but not as much as the increase in lower heating value of the reforming product would suggest. A gas dynamic
engine simulation shows a shortening of the flame development period and the combustion duration in line with
the expected behavior with the hydrogen-rich reformer product gas. However, the heat loss increases with the
presence of hydrogen in the reactants. The improvement of brake thermal efficiency is mainly attributed to the
reduction of pumping work. The R-EGR concept is also evaluated for ethanol and iso-octane. As the reforming
fraction increases, the efficiency of ethanol and iso-octane fueled engines rises faster than for the methanol
engines due to a higher enhancement of exergy in their reforming products. At high reforming fractions, the
efficiency of the ethanol engine becomes higher than with methanol. However, if the impact of optimal com-
pression ratio for different fuels are considered, the methanol engine is able to produce a higher efficiency than
the ethanol engine.

1. Introduction

Increasing brake thermal efficiency (BTE) of spark ignition (SI)
engines currently is a strict requirement for engine manufacturers to
meet the future CO2 emission legislation. Several technologies have
been investigated and applied to increase the engine efficiency such as
cylinder deactivation, variable compression ratio, exhaust gas re-
circulation (EGR), Miller/Atkinson cycle, water injection, etc. [1]. To-
gether with the development of engine technologies, fuel properties
play an important role for the potential engine efficiency [2,3]. Due to
the limitation of fossil fuels and the requirement of a sustainable mo-
bility, fuels synthesized using renewable energy sources (or electro-
fuels, e-fuels) could play a key role [4]. The e-fuel properties can be
optimized to increase engine efficiency and reduce raw emissions [5].
The fuel should have a high research octane number (RON), high oc-
tane sensitivity, high heat of vaporization (HoV), and high laminar
burning velocity (LBV) [6]. Methanol (CH3OH) is the simplest type of
liquid synthetic fuel [7], and therefore has production advantages
compared to more complex fuels. There is no C–C bond in the chemical

formula enabling an almost soot-free combustion. Compared to other
soot-free e-fuel candidates such as dimethyl carbonate (DMC) and
methyl formate (MF) [8], methanol has a higher energy density, higher
HoV and faster LBV [9,10]. The RON of methanol is comparable to
DMC, and lower than MF (RON of 115), however, the octane sensitivity
of methanol is the highest (20 for methanol versus 7 for DMC, and 0.2
for MF). Based on these considerations, methanol seems to be a very
promising synthetic fuel for future SI engines in term of production,
energy density as well as combustion.

The potential of methanol for increased efficiency and reduced ex-
haust emissions has been reported in previous researches [11–13]. A
higher compression ratio (CR) engine can be used to fully utilize the
anti-knock properties of the fuel, and the engine can be further down-
sized compared to gasoline engines [14]. In order to further boost the
fuel economy, a waste heat recovery system can be used. The engine
exhaust heat can be employed to reform methanol at low temperature
using a cheap catalyst [15]. Methanol can dissociate to a H2/CO blend
(methanol thermal decomposition, reaction R1) or react with H2O to
produce a H2/CO2 mixture (methanol steam reforming, reaction R2). As
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both are endothermic reactions, the lower heating value (LHV) of de-
composed methanol (in R1) and methanol steam reforming product (in
R2) increases by 20% and 13% against methanol, respectively.

⎯ →⎯⎯⎯⎯⎯⎯ + = +CH OH CO 2H Δ h 91(kJ/mol)3
catalyst

2 (R1)

+ ⎯ →⎯⎯⎯⎯⎯⎯ + = +CH OH H O CO 3H Δ h 49(kJ/mol)3 2
catalyst

2 2 (R2)

During the 1980s, several tests with dissociated/decomposed methanol
on SI engines were performed and a large relative improvement in
engine efficiency versus gasoline was found [16–18]. However, the
enhancement was small (3–7%) if it was compared to the efficiency that
could be obtained with an engine operated on pure methanol, which
itself is smaller than the change in LHV of dissociated methanol [19].
Work was also done on decomposed methanol at lean conditions, and
showed a significant improvement in efficiency compared to neat me-
thanol [20,21].

Recently, Poran et al. have built the first prototype of a direct-in-
jection SI engine with a high-pressure thermal recuperation [22]. Me-
thanol is converted to syngas at high pressure through steam reforming.
The product is injected directly in the combustion chamber, allowing
the volumetric efficiency of the engine to be maintained. The occur-
rence of back-fire and pre-ignition can also easily be solved then. The
experiments with methanol reformate from the reformer [22] and from
the compressed gas bottles [23–25] both showed a significant im-
provement in efficiency (18–39%) and lower emissions (up to 94% in
NOx, 96% in CO, 97% in HC, and 25% in CO2) compared to gasoline.

These above mentioned studies employed methanol reformate as
the fuel for SI engines, i.e. 100% fuel was reformed. A part of the fuel
also can be reformed to support the combustion of liquid fuels. The fuel
can be reformed through in-cylinder reforming or through catalytic
reforming. In the former case, the cylinder works as a reactor for partial
oxidation to produce syngas [26,27]. The dedicated-exhaust gas re-
circulation (D-EGR) engine concept has been built [28] based on that
principle. One (of four) cylinder operates with a rich mixture, the

exhaust gas of that cylinder returns back to the intake to mix with the
intake air. The EGR ratio is almost fixed at 25%, and the engine can be
operated at a higher CR. Because of the rich combustion in the dedi-
cated cylinder, the combustion produces H2 and CO. The amount of H2

and CO strongly depends on the enrichment in the dedicated cylinder.
Richer combustion generates a higher concentration of H2 and CO,
which supports the combustion in the other cylinders. Shorter com-
bustion duration was observed, leading to a reduction in fuel con-
sumption. The rich limit of methanol combustion is higher than gaso-
line, causing the dedicated cylinder to be able to operate at an
equivalence ratio of 2.67 (versus 1.6 for gasoline) [29], so more hy-
drogen can be produced. The brake thermal efficiency of the D-EGR
engine with methanol improves by 1–3% compared to gasoline.

For the catalytic reforming, the catalyst is heated up by contacting
directly with the hot gas or through a heat exchanger. The direct con-
tact is preferred because it provides a better heat transfer and the
combustion products can be used as an additional reactant. The hot gas
is the EGR mixture (reformed-EGR concept) [30], or is the exhaust of
one cylinder [31,32]. In the first one, the fuel is injected into the EGR
loop, upstream the catalyst and reacted with water vapor and/or CO2 in
the exhaust over the catalyst to produce syngas (see Fig. 1). The re-
forming products and the inert gases then recirculate back to the intake

Nomenclature

Abbreviations

aBDC after bottom dead center
Al2O3 aluminum oxide
aTDC after non-firing top dead center
aTDCf after firing top dead center
bBDC before bottom dead center
BMEP brake mean effective pressure
bTDC before non-firing top dead center
bTDCf before firing top dead center
BTE brake thermal efficiency
CA crank angle
CAD crank angle degree
CH3OH methanol
CH4 methane
CO carbon monoxide
CO2 carbon dioxide
COV coefficient of variance
CR compression ratio
Cu copper
D-EGR dedicated-exhaust gas recirculation
DEM dilution effect multiplier
DISI direct-injection spark-ignition
DMC dimethyl carbonate
EGR exhaust gas recirculation
EtOH ethanol
EVO exhaust valve opening

FMEP friction mean effective pressure
H2 hydrogen
HCOOH formic acid
HoV heat of vaporization
HP high pressure
IMEP indicated mean effective pressure
ITE indicated thermal efficiency
IVC intake valve closure
LBV laminar burning velocity
LHV lower heating value
MBT maximum brake torque
MEP mean effective pressure
MER molar-expansion ratio
MF methyl formate
Mn manganese
N2 nitrogen
O2 oxygen
PMEP pumping mean effective pressure
R-EGR reformed-exhaust gas recirculation
Rh rhodium
RON research octane number
SI spark ignition

Symbols

Δh enthalpy of formation
γ specific heat ratio
λ excess air fuel ratio
′u turbulent intensity

Fig. 1. The reformed-exhaust gas recirculation (R-EGR) concept.
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to mix with the fresh air. This concept has been investigated in both
spark ignition and compression ignition engines. For the SI engines, the
R-EGR concept was studied with bioethanol and gasoline [30,33–36].
Similar work was done by Ashida et al. [37], the EGR tolerance limit
can be extended with the hydrogen contained in the reformate. How-
ever, the catalyst is quickly deactivated due to sulfur adsorption. The
second idea is the use of one of four cylinders to produce a lean com-
bustion product. The additional fuel injects at the end of the expansion
stroke, to provide a fuel rich mixture (with oxygen left from the com-
bustion) and feed it into the catalyst during the exhaust stroke. The fuel
reacts with lean combustion products (O2, H2O and CO2) over a 2% wt
Rh on Al2O3 catalyst [31] which is located inside the exhaust system of
that cylinder. The products then recirculate back to the intake to mix
with the air of the other cylinders. For a given engine load and speed,
the catalytic EGR-loop can stabilize the combustion with a volumetric
equivalent of 45–55% EGR, and the fuel consumption was shown to
decrease by 8% compared to the baseline case [32].

To the authors’ knowledge, no investigation on the reformed-EGR
(or R-EGR) concept with methanol was published before. The current
paper aims to explore the potential of this concept for increased effi-
ciency of methanol engines. The impact of the reforming fraction and
the EGR ratio on the efficiency needs to be studied. The change of heat
transfer, pumping work, friction work, combustion, and so on in this
concept is still unknown. An Otto cycle efficiency and a full engine
simulation using GT-Power are employed to estimate these changes.
Finally, we also present some calculations for ethanol and iso-octane to
evaluate the fuel effect on the potential of the R-EGR concept.

2. Otto cycle efficiency

2.1. Methodology

2.1.1. Theoretical efficiency
The R-EGR concept is complex, thus it requires a significant effort to

predict the system efficiency. In a first step, we used the simplification
of an Otto cycle as an approximation, to get an initial idea of the impact
of fuel reforming on engine efficiency. This efficiency is computed using
the extracted work and the fuel energy, similar to the methodology of
Szybist et al. [3]. Fig. 2 shows the pressure–volume diagram of the Otto
cycle. The surface enclosed by the graph is used to calculate the Otto
mean effective pressure (Otto MEP). The Otto cycle was calculated with
the initial pressure P0 of 1 bar, and the initial temperature T0 of 343 K.
The compression ratio (CR) and the expansion ratio was 9:1. That CR is
lower than the geometric CR of current production SI engines; however,
with a late intake valve closure (IVC) as used in a number of high-
efficiency concepts, the effective compression ratio is comparable to
9:1. In practice, fuel evaporates during the intake and the compression
strokes, with the evaporation rate being strongly dependent on the in-
cylinder condition. For a simplification of this calculation, the influence
of heat of vaporization (HoV) was ignored. The liquid fuel was assumed
to be fully vaporized at a constant temperature before compression. A
difference in the specific heat ratio (γ) causes a change in the post-
compression state (P1 and T1). The γ for the compression and the ex-
pansion processes was calculated at 800 K and 2000 K, respectively.
Variation in the γ during the compression and expansion was neglected.
After an isochoric combustion, the pressure and the temperature rise to
P2 and T2. The reactant is burned stoichiometrically, completed com-
bustion products include carbon dioxide CO2, water vapor H2O, and
nitrogen N2. The dissociation of completed combustion products at high
temperatures to produce CO and H2 [3] was ignored. The combustion
product then expands to a lower pressure and temperature, P3 and T3.
The cycle work can be then calculated.

In the R-EGR cases, a portion of fuel injects into the EGR loop. The
fuel can react with water vapor (steam reforming) or with carbon di-
oxide (dry reforming) or split (thermal decomposition) to produce H2-
rich gas. The required energy for thermal decomposition and especially

for dry reforming are much higher than for steam reforming. Therefore,
the reforming follows reaction R2 which has a minimum-energy barrier
to produce H2 and CO2. The combustion reaction can be written as
below

+ + + + +

+ + + − + +

→ + +

CH OH x(O 3.76N ) Y (aCO bH O cN )

Y (aCO2 bH O cN ) X H O X CO 3X H

aCO bH O cN

res3 2 2 2 2 2

egr 2 2 fuel 2 fuel 2 fuel 2

2 2 2 (R3)

where Yres is the residual mass fraction in the combustion chamber
(internal EGR), Yegr is the EGR mass fraction, and Xfuel is the normalized
amount of reformed fuel to the unconverted fuel. Coefficients a, b, c and
x were calculated as a function of Yres, Yegr and Xfuel to balance the
reaction. The number of moles in reaction R3 was normalized to one
mole of CH3OH. Xfuel mole of methanol was injected to the catalyst, it
consumed Xfuel mole water, produced Xfuel mole CO2 and 3Xfuel mole
H2. The reforming fraction (fraction of the reformed fuel to the total
fuel) can be calculated as below

=
+

Y
X

X1
*100(%)reforming

fuel

fuel (1)

In this study, Yres was set at 0.04 (4% mass), Yegr ranged from 0 to 0.5
(no EGR to EGR 50% by mass, with steps of 10%), and Xfuel varied from
0 to 1 (no reforming to reforming fraction of 50%). The purpose of fuel
reforming is supporting the combustion of liquid fuel, so the fuel
fraction for the reforming is less or equal to the fuel injected directly in
the combustion chamber. The reforming started at EGR ratio ⩾20%,
which is when the water vapor in the EGR loop is sufficient for the
steam reforming.

2.1.2. Analysis of energy losses
In the previous section, the idealized Otto cycle was employed. That

cycle does not take the effect of combustion duration, heat transfer, and
friction into account. In this part, these idealizations were removed one-
by-one to estimate their effect on the efficiency. Some engine para-
meters are needed to calculate these impacts. The specifications of a
production engine, a Volvo T3, was employed. More information about
the engine can be found in the next section. At the standard valve
timing, the effective compression ratio and the effective expansion ratio
was 8.8 and 9.9, respectively (see Table 1). The ideal gas law was
employed to calculate the intake mass. The impact of HoV was ne-
glected again, all calculations were performed at T0 of 343 K.

In the theoretical Otto cycle, the combustion duration (CD) is 0
degree crank angle (CAD). The impact of combustion durations of 10
and 20 CAD were first investigated. For simplicity, the combustion
duration is defined here as the duration to reach the maximum pressure

Fig. 2. The pressure-volume diagram of the Otto cycle.
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from the TDC. It means the pressure reaches its peak at 10 CAD and 20
CAD after TDC. Although the total combustion duration (CA0-100) of
10 CAD or 20 CAD is too short, a peak pressure location between 10
CAD to 20 CAD after firing top dead center (aTDCf) is representative for
conventional SI engines. Fig. 3a presents an example of in-cylinder
pressure profiles for different CD. The peak pressure is the adiabatic
combustion pressure with the pre-combustion pressure and tempera-
ture at crank angle of 10 CAD and 20 CAD aTDCf. At 10 CAD and 20
CAD aTDCf, the unburned gas pressure is lower than at TDC, leading to
a reduction in post-combustion pressure. It was assumed that the
pressure rises linearly as a function of the cylinder volume from the
post-compression pressure at TDC (P1) to the post-combustion pressure
at 10 CAD or 20 CAD aTDCf (P2). Fig. 3b shows the cylinder pressure
versus normalized volume ratio. As can be seen, a linear increase of
cylinder pressure from P1 to P2 was presented. The compression starts
at the volume ratio of 8.8, which represents the CR. Then, the product
expands to a higher volume ratio, 9.9. As can be seen, there is a small
reduction in the cycle work with the CD of 10 CAD, the decline in the
cycle work is higher with a longer CD. The input energy is maintained,
this means there is a reduction in the Otto efficiency as CD increases.

After that, the influence of heat transfer is studied. The heat loss can
be estimated as follows

= −Q Ah T T( )gas wall (2)

where A is the heat transfer area, h is the heat transfer coefficient,Tgas is
the in-cylinder gas temperature, and Twall is the wall temperature. The
heat transfer coefficient from Hohenberg’s model was employed [38].
Therefore, the heat transfer is related as follows

∼ −− −Q AP T V T T( )gas gas wall
0.8 0.4 0.06 (3)

where P is the cylinder pressure, V is volume of the combustion
chamber. The wall temperature was calculated based on the Otto MEP
[39], so the calculated Twall is higher than the real wall temperature.
Based on Eq. (3), the relative change of Q against the baseline case (P0
of 0.6 bar, combustion duration of 0 CAD, no EGR, and no reforming)
can be calculated. In the baseline case, the relative heat transfer was
assumed to be 15% of the total fuel energy [40]. Therefore, the heat loss
in another cases can be estimated.

For simplification, the relative change of Q is based on the relative
change of Qmax . The heat transfer rate reaches its peak at the end of
combustion, i.e. Qmax occurs at 0, 10, and 20 CAD aTDCf. Because the
combustion efficiency equals 100%, the burned gas temperatures at
these crank angles (T2) were used for the calculation. The piston and
cylinder head were assumed to be flat (pan-cake combustion chamber)
to calculate A and V in Eq. (3). With a longer combustion duration, A
and V increase, while P and Tgas decrease. A test matrix was computed
for the conventional EGR case, varying P0 (from 0.6 bar to 1.4 bar, steps
of 0.2 bar), combustion duration (from 0 CAD to 20 CAD, steps of 10
CAD), and EGR ratio (no EGR, EGR ratio of 20, 30 and 40%). For the R-
EGR case, the reforming fraction was fixed at 20%, and the EGR ratio
ranged from 20% to 40% with steps of 10%. Therefore, there are

5×3×4=60 data points for the EGR cases (including the baseline)
and 5×3×3=45 data points for the R-EGR cases. The relative heat
transfer and Otto MEP were calculated for the resulting 105 points, and
the relationship between these parameters was plotted in Fig. 4. As can
be seen, the R-EGR case has higher heat loss due to the increase in the
post-combustion temperature. The absolute heat transfer increases;
however, the relative HT decreases as load increases [41].

The impact of friction was estimated by evaluating the friction mean
effective pressure (FMEP) followed the Chen-Flynn expression [42],
which is described as a function of mean piston speed Up (in m/s) and
peak cylinder pressure Pmax (in bar):

= + + +FMEP P U U0.4 0.005 0.09 0.0009max p p
2

(4)

Engine speed is set at 1500 rpm, giving a mean piston speed of
4.07m/s. The Pmax from the Otto cycle was used; therefore, the calcu-
lated FMEP is higher than in practice. FMEP decreases as the combus-
tion duration increases. The last key loss is the pumping work. In the
Otto cycle, the pumping mean effective pressure (PMEP) equals the
difference in the intake and exhaust pressures. Due to the lack of the
exhaust pressure, the impact of PMEP is ignored, thus the gross BTE will
be used to present the efficiency of the engine.

Table 1
Volvo T3 engine specifications

Engine type Turbocharged DISI engine

Cylinders 4 in-line
Valves 16
Valvetrain Double overhead camshaft
Bore x Stroke 79× 81.4mm
Total displacement 1596 cc
CR 10:1
Intake valve phase 26 CAD aTDC – 50 CAD aBDC
Exhaust valve phase 14 CAD bBDC – 4 CAD bTDC
Injection timing 300 CAD bTDCf

Injection pressure 150 bar

Fig. 3. Impacts of combustion duration on the in-cylinder pressure.
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2.2. Results

2.2.1. Idealized efficiency
Fig. 5 presents the post-combustion pressure versus post-combustion

temperature for different EGR ratios and different reforming fractions.
The upper line shows the relationship between P2 and T2 of conven-
tional EGR. At high EGR levels, a significant decline in P2 and T2 can be
seen. Due to the replacement of the burned gases, amount of air and
fuel decrease because of the maintained initial pressure. The reactants
have less energy than the non-EGR case, leading to a reduction in P2
and T2. Three lines for reforming fractions of 13%, 33% and 50% are
also plotted in this figure. Compared to the conventional EGR, the R-
EGR cases have a lower pressure and a higher temperature. The re-
actant energy rises with the fuel reforming, this explains for a growth in
the combustion temperature. Whereas, a reduction in molar-expansion
ratio (MER) of reformate results in a decline of the post-combustion
pressure. The MER is defined as the ratio of product moles to reactant
moles [3]. In a constant volume combustion chamber, if the heat re-
lease is neglected, the post-combustion pressure equals MER (in bar) if
the initial pressure is 1 bar. Thus the fuel which has MER greater than
unity is able to produce more work. MER of hydrogen is around 0.85,
much lower than methanol, ∼1.06 [3], therefore the combustion of
hydrogen produces a lower work than is indicated by its LHV. As re-
forming fraction increases, pressure decreases and temperature en-
hances.

The lower post-combustion pressure points to the cycle work of the
R-EGR cases potentially being lower than with conventional EGR. This
is confirmed in Fig. 6 which compares conventional EGR with R-EGR in
terms of normalized cycle work plotted against the EGR ratio. In the
case of conventional EGR (reforming fraction of 0%), increased EGR
level reduces the cycle work. This is a result of lower reactant energy at
the same initial pressure. In the R-EGR cases, the decrease of the work is
likely due to the reduction of fuel and air provided by a molar expan-
sion of the reforming product. Note that the heat transfer is not taken
into account, if it is, the cycle work further decreases. To maintain the
work, the intake pressure should be increased in the R-EGR cases. Thus,
the pumping loss would decrease. In a naturally aspirated SI engine, the
intake pressure is limited to 1 bar. Therefore, the engine output with the
R-EGR system will be low. The comparison between the non-diluted
case, the conventional EGR and the R-EGR should be done at low loads.
At those loads, the pumping work of the non-EGR case would be high,
so a bigger improvement in BTE with the R-EGR concept might be seen.

Fig. 7 illustrates the Otto cycle efficiency, plotted as a function of
the reforming fraction. It can be seen that the efficiency improves sig-
nificantly with the rise of EGR ratio (at reforming fraction of 0%). Al-
though the cycle work decreases (Fig. 6), a significant reduction in inlet

energy due to the displacement effect of the burned gases is the main
reason for that efficiency improvement. The influence of the reforming
fraction is presented at EGR ratio ⩾20%. As the reforming fraction in-
creases, Otto cycle efficiency improves slightly compared to the con-
ventional EGR. It can be explained by a small enhancement in exergy of
the methanol steam reforming product compared to methanol [43]. The
LHV has to compensate for the reduction of MER, thus the increase in
efficiency is not as high as the increase in the LHV. At higher EGR ra-
tios, the increase is more obvious.

Fig. 8 demonstrates the relationship between the Otto cycle effi-
ciency and the MER. In the case of conventional EGR (square symbols),
the MER decreases as the dilution level rises. This is due to the MER of
the combustion products being 1, lower than methanol. Different re-
forming fractions (13%, 33% and 50%) are also plotted in this Figure.
In the cases of reformed fractions 33% (triangular symbols) and 50%
(circular symbols), the MER increases thanks to the dilution. H2 has a
MER less than unity (∼0.85), thus a mixture with high H2 concentration
has MER less than 1. Therefore, the MER in the cases of reformed
fraction of 33% and 50% increases as EGR ratio increases.

A smaller change in MER with fuel reforming can be seen at high
EGR ratios. For example, the MER decreases from 1.046 to 0.958 at EGR
ratio of 20% and from 1.027 to 0.974 at EGR ratio of 50%. This explains
for a visible improvement in the Otto cycle efficiency at 50% EGR (see
Fig. 7). There is a strong correlation between the Otto cycle efficiency
and the MER at a certain reforming fraction. The MER approaches unity
with increasing EGR ratio (see the linear trend lines for different re-
forming fractions). At MER of 1 (EGR ratio of 100%), the end of each
trend line shows the theoretical efficiency that can be achieved with a
certain reforming fraction. The absolute difference in the efficiency
between reforming 50% and conventional EGR cases is ∼3%. In prac-
tice, the engine is obviously not able to operate at that EGR ratio,
meaning the improvement in engine efficiency with the R-EGR concept
is limited. The change in the MER explained for a small improvement in
engine efficiency with the dissociated methanol compared to the neat
methanol at λ close to 1 [19]. A bigger difference in the efficiency can
be seen at a highly diluted condition (lean burn or EGR dilution), as in
[20,21].

The Otto cycle efficiency calculation indicated the efficiency to rise
only very slightly very limited with fuel reforming at equal EGR frac-
tions due to the limited change in exergy of the reformate. A bigger
increase could come from enhanced EGR tolerance due to an improved
combustion stability of the reformed products which will be in-
vestigated in the last section. The Otto cycle however only considers the
thermodynamic part, another impacts such as heat transfer, pumping
work, friction work, combustion duration, etc. are not taken into

Fig. 4. The relative heat transfer as a function of the Otto MEP.

Fig. 5. Post-combustion pressure and temperature at different EGR ratios and
different reforming fractions.
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account. A simple estimation of these losses was done and the results
will be presented in the following section.

2.2.2. Impact of energy losses
Fig. 9 shows the efficiency losses as functions of EGR ratio. The

uppermost solid line represents the Otto cycle efficiency, without heat
losses (adiabatic case). The efficiency increases as EGR ratio improves.
Lower efficiency lines are resulted by adding losses such as combustion
duration (20 CAD duration), heat transfer, and friction losses. The
second line shows the Otto efficiency with combustion duration of 20
CAD. The third line presents the gross indicated thermal efficiency
(ITE), i.e. accounting for heat losses, with the same combustion dura-
tion as in the second line. The pumping loss is neglected, so the most
bottom line, which includes frictional losses, represents the gross BTE
curve. The results of R-EGR cases with the reforming fraction of 20%
are also added in this Figure (dashed lines with symbols), with EGR
ratio ranges from 20 to 40%. Fig. 9a illustrates the efficiency with a
constant initial pressure, P0 of 1 bar. After increasing the combustion
duration from 0 CAD to 20 CAD, the absolute efficiency drops by
∼3–5%. If the heat loss is taken into account, the efficiency significantly
decreases to the gross ITE. Before adding the heat loss, the efficiency of
the R-EGR case is a bit higher than the conventional EGR. However,
there is almost no difference in the gross ITE between two cases. The
improvement in the Otto cycle efficiency is transferred to the heat loss.

Fig. 6. Normalized cycle work at different reforming fractions versus EGR ratio.

Fig. 7. Influence of reforming fraction on the Otto cycle efficiency at different
EGR ratios.

Fig. 8. The relationship between molar expansion ratio and the Otto cycle ef-
ficiency.

Fig. 9. Key efficiency losses as a function of EGR ratio. Solid lines: conventional
EGR, dashed lines with symbols: R-EGR with reforming fraction of 20%.
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After adding the friction loss, the efficiency in the R-EGR cases are
slightly lower than the conventional EGR because of the increase in the
relative friction loss. Although the post-combustion pressure declines in
R-EGR case (Fig. 5), the relative friction loss improves because of a
reduction in inlet energy. In both cases, the relative friction energy
increases as EGR ratio increases.

Fig. 9b shows the efficiency losses at a constant gross BMEP of 5 bar.
The initial pressure is now controlled to maintain the gross BMEP of
5 bar for different EGR ratio and combustion duration. The peak pres-
sure (P1) increases and the maximum temperature (T1) decreases as
EGR ratio increases. In the conventional EGR cases (combustion dura-
tion of 20 CAD), the relative heat transfer slightly decreases when the
EGR ratio increases from 20% to 40%. The reduction in relative heat
transfer is more obvious if a longer combustion duration was applied
for a highly EGR diluted case. Due to the increase of peak pressure, the
friction work increases slightly. After adding these losses, the gross ITE
and gross BTE as a function of EGR ratio were presented in Fig. 9b.

Similar to the analysis at same initial pressure (Fig. 9a), the differ-
ence in the gross ITE and the gross BTE is almost trivial. The absolute
difference between the conventional EGR and the R-EGR in the gross
BTE is around 0.1 to 0.2%. Because the gross BMEP is identical, the
exhaust pressure can be assumed as similar between two cases.
Therefore, the absolute difference in PMEP equals the absolute differ-
ence in P0. In the R-EGR case, P0 increases to maintain the gross BMEP.
The relative improvement by reducing PMEP can thus be calculated.
Together with the difference in the gross BMEP, the absolute increase in
the BTE can then be estimated. Fig. 10 shows the absolute efficiency
improvement in the predicted BTE, the gross ITE and the Otto cycle
efficiency as functions of EGR ratio at gross BMEP of 5 bar and 7 bar. At
higher load, the absolute enhancement is higher; however, the relative
improvement is lower. As can be seen, the difference in the gross ITE is
less than the predicted BTE due to the contribution of PMEP. The ab-
solute difference from the Otto cycle efficiency calculation and the
predicted BTE is comparable, maximum absolute difference between
two efficiency is about 0.1%. The comparison in the predicted BTE is
done at the same combustion duration. With a faster LBV of syngas
[44], a shorter combustion duration is expected in the R-EGR cases. The
gain in BTE is closer to the change in the Otto cycle efficiency. It seems
that the Otto cycle efficiency can be used to predict the absolute im-
provement in BTE between two cases.

The calculations described in this part help to predict the trend of
engine efficiency with the R-EGR concept. However, they are not able
to predict the real efficiency. A more complete picture can be obtained
by using a gas-dynamic engine code to evaluate the potential of fuel
reforming for increased efficiency.

3. Full engine cycle simulation

In this section, the effect of the combustion process, heat transfer,
gas exchange, fuel evaporation, and so on were simulated to predict the
brake thermal efficiency. The Volvo T3 engine was selected as a case
study. This engine was mentioned previously. The experimental results
were used to validate the base model. The engine specifications are
listed in Table 1. It is a turbocharged direct-injection spark-ignition
(DISI) engine, equipped with a high-pressure solenoid injector, Bosch
HDVE5. The valve timings can be controlled by rotating the camshafts.
The standard valve timing is presented in Table 1, with the opening/
closing time being defined at a valve lift of 1 mm. The base valve
overlap is −30 CAD. More information about the engine and experi-
mental setup can be found in [14].

3.1. Methodology

A commercial one-dimensional engine code, GT-Power, from
Gamma Technologies was used. The engine model was built step-by-
step. First, the cylinder was constructed with a user-combustion model.

A burn rate from the three-pressure analysis at full load [14] was im-
plemented. The intake and exhaust systems then were added with
correct dimensions, materials and friction coefficients. The gas dynamic
model of the engine was calibrated based on the intake and exhaust
pressure profiles from experiments. Finally, the combustion model was
shifted to a predictive turbulent combustion model, SITurb, in GT-
Power. The default laminar burning velocity correlation of methanol
was used [45] with an adjustment of the dilution effect multiplier
(DEM), see Eq. (5) in Section 3.1.2. Similar to the previous work of
Nguyen et al. [46], the initial flame kernel size was calibrated to match
the ignition delay (CA0-2) to the experiments. An initial flame kernel
size of 2.6 mm was used in all simulations. The model of Morel et al.
[47] was applied to predict the heat transfer to the walls. The wall
temperature was calculated as a function of indicated mean effective
pressure (IMEP) [39]. The fuel spray and its evaporation has a strong
impact on the gas temperature and the mixing, it followed the settings
in the previous work [14]. Fig. 11 compares the intake and cylinder
pressures from simulation and experiment at BMEP of 7 bar, 1500 rpm,
same ignition timing, same throttle position and same valve timing. As
can be seen, the simulation is in good agreement with the experiment.

3.1.1. R-EGR engine simulation
A high pressure (HP) EGR loop was added in the calibrated engine

model. The HP-EGR was selected because it provides a higher EGR gas
temperature. The reformer catalyst was located inside the EGR loop.
The pressure drop over the metal-foam based catalyst was calculated as
a function of mass flow rate as in literature [48]. The catalyst surface
temperature is assumed to be identical to the gas temperature. The gas
temperature drops after the catalyst; therefore, an averaged value of the
gas temperature before and after the catalyst was used to present the
catalyst temperature.

A simple surface reaction mechanism was used to simulate the re-
forming process. The reaction mechanism includes three main reac-
tions: methanol steam reforming, reverse water gas shift and water gas
shift reactions. Similar work was done on GT-Power to simulate a CuO/
ZnO/Al2O3 catalyst [49] using the power-law reaction rates developed
by Purnama et al. [50]. The authors are planing experiments on a Cu-
Mn-O metal-foam based catalyst [51]. Unfortunately, no mechanism
was developed for that catalyst material. A model with similar settings
as in experiment [51] was built in GT-Power, the pre-exponential
multiplier of three reactions was calibrated to fit the experimental data.
Fig. 12a presents the simulated and the measured fuel conversion as a
function of the catalyst temperature. The simulation agrees well with
the experiment. A higher catalyst temperature results in an increase in

Fig. 10. The absolute difference of the Otto cycle efficiency, the gross ITE and
the predicted BTE between the R-EGR and the conventional EGR. Solid lines:
gross BMEP of 5 bar; dashed lines: gross BMEP of 7 bar.
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fuel conversion. In this simulation, the remaining fuel (fuel conver-
sion<100%) will remain in the original chemical formula (CH3OH),
and does not convert to byproducts like CH4 or HCOOH. The reforming
products include H2, CO, CO2, water vapor and unreacted methanol.

Methanol is able to react with water vapor to form CO2 or it can be
dissociated to CO. CO selectivity is used to evaluate the steam re-
forming performance. It is the volume fraction of CO to the sum of CO
and CO2. If the CO selectivity is high, it means methanol is not fully
reformed by the steam. In term of energy, the product with a larger CO
selectivity has higher energy, which would be better for engine per-
formance. However, in terms of catalyst durability, it is not good due to
the absence of water vapor in the reaction, the coking problem can
deactivate the catalyst [52]. Fig. 12b compares the CO selectivity from
simulation and experiment. The simulation is not in perfect agreement
with the experiment. However, both experiment and simulation have a
very small CO selectivity (less than 5%), so the difference in the energy
of the reforming product can be neglected. The laminar burning velo-
city is another important parameter. The impact of CO selectivity on the
LBV of syngas at stoichiometric conditions was studied and presented in
Fig. 13. Because the reforming of methanol and ethanol produces si-
milar products (CO2/H2 molar ratio of 1/3 in CO2/H2 mixture and CO/
H2 molar ratio of 1/2 in CO/H2 mixture), the data in Fig. 13 is also
representative for the LBV of ethanol steam reforming products. The
simulation was done using the one-dimensional chemical kinetics
CHEM1D code [53] with Li’s mechanism [54] and Davis’s mechanism
[55], and then validated with experiment [56]. Both mechanisms are in
the top five best mechanisms for the prediction of syngas LBV [57].
From the simulations, the LBV increases as CO selectivity rises. The
experiment on the other hand shows a different trend. However, the
impact of CO selectivity is trivial, especially for a CO selectivity less
than 20%. This means the updated reaction mechanism can be used
with a very small influence on the reactant energy as well as the la-
minar burning velocity.

After the mechanism was validated and implemented into the full
engine model, a low pressure injector (the fifth injector) was added to
the EGR loop, 300mm upstream of the reformer. In this simulation, that
injector delivers a similar amount of fuel as the other, high pressure,
injectors. The fraction of supplied fuel to the reformer is thus 20%. If

Fig. 11. The comparison of the intake and the in-cylinder pressures between
simulation and experiment at BMEP of 7 bar, 1500 rpm.

Fig. 12. Comparison of (a) fuel conversion and (b) CO selectivity of the me-
thanol steam reforming over Cu-Mn-O metal-foam based catalyst. Simulation:
GT-Power with the updated mechanism, experiment: from [51].

Fig. 13. Influence of CO selectivity on the laminar burning velocity of me-
thanol/ethanol steam reforming products. Diamond symbols: experimental re-
sults [56], solid line: simulation results using Li’s mech. [54], dashed line: si-
mulation results using Davis’s mech. [55].
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the fuel conversion is 80%, the reforming fraction then is
0.8*20%=16%. A higher fuel fraction could improve the efficiency.
However, the fuel conversion decreases, thus the reforming fraction
does not change much. In practice, the fuel conversion is influenced by
the catalyst temperature, water-to-fuel ratio, and space velocity (ratio
of inlet volumetric flow rate to the catalyst volume). Fuel conversion
increases as catalyst temperature and water-to-fuel ratio increase, and
as space velocity decreases. To maintain the water-to-fuel ratio with
higher delivered rate of fuel, the engine needs to operate at higher EGR
ratio. The catalyst volume then also needs to increase in order to
maintain the space velocity. The pressure drop over the catalyst would
increase; therefore, a higher exhaust pressure would be required. If a
back pressure valve is installed in the exhaust pipe, the PMEP increases.
Therefore, the fuel fraction for reforming is maintained at 20% in the
present study.

3.1.2. Dilution term correlation
In the R-EGR case, the LBV is expected to be higher than for con-

ventional EGR at the same EGR ratio because of the presence of H2 in
the reactant. Therefore, the dilution term (ratio of diluted LBV to non-
diluted LBV) in the two cases will be different. Since 2015, the dilution
term in GT-Power is given by [45]

= − − −f dilution DEM DEM dilution( ) 1 0.75* *(1 (1 0.75* * ) )GT
7 (5)

where dilution is the mass fraction of residuals in the unburned zone.
In this research, a new dilution term correlation is proposed based

on the reactant molar concentrations. The change in mixture con-
centration with different EGR ratio and reforming fraction can be pre-
sented by the variety of CO2, CO and H2O concentrations. Therfore, a
new parameter is defined, Xdilution=XCO2

+XCO+ 3XH2
O. In which,

XCO2
, XCO and XH2

O is the molar fraction of CO2, CO and H2O in the
reactant, respectively. The dilution term is calculated as in Eq. (6)

= + +f dilution a X a X( ) 1new dilution dilution1
2

2 (6)

where the coefficients, a1 and a2, are a function of unburned gas tem-
perature and pressure to fit the results from CHEM1D simulations [53]
with a mechanism developed by Li et al. [54]:

= − − + − + +

= − + − −

a T P P
a T P P

0.0105( 600) ( 0.00222 0.200943 0.218925)
0.0045( 600) (0.000842 0.07263 2.55193)

u

u

1
2

2
2 (7)

In the current simulation, the DEM value is manually changed to fit
the f dilution( )GT in Eq. (5) to the calculated f dilution( )new in Eq. (6)
with a pressure of 20 bar and unburned temperature of 650 K. The
change of a1 and a2 with the variance of pressure and temperature in the
combustion chamber is ignored. In the future, this dilution term cor-
relation can be employed with the non-diluted methanol LBV correla-
tions [58,59] to predict the LBV in the combustion chamber.

3.2. Results

The simulation with the conventional EGR and the R-EGR concept
were done at the same BMEP and engine speed of 7 bar and 1500 rpm
respectively. The throttle opening had to be increased to maintain the
load with the dilution of EGR and especially with the R-EGR mixtures.
The maximum brake torque (MBT) ignition timing was used for all
cases using an optimization function in GT-Power. All simulations were
performed at lambda one, and valve timing was set as standard (ne-
gative valve overlap of −30 CAD). In the R-EGR cases, 20% of fuel was
supplied to the reformer, so the water-to-methanol molar ratio changed
with varying EGR ratio. The minimum EGR ratio for R-EGR simulation
is 9.3%, the water-to-methanol ratio equals 1 at that point. That ratio
increases with the higher EGR levels, leading to an improvement in the
fuel conversion from 65% to 88% to 100% at EGR ratio of 9.3%, 16%
and 25%, respectively. For the conventional EGR cases, the fifth in-
jector does not deliver any fuel to the system. The reformer catalyst still

located inside the EGR loop without surface reactions and pressure drop
is the same as in the R-EGR simulation. The EGR ratio is determined by
the ratio of mass flow rate of EGR (upstream the EGR injector) to the
total mass flow rate of the exhaust gases.

Fig. 14 shows an example of the fuel energy distribution at an EGR
ratio of 25% in two cases, conventional EGR and R-EGR. The fuel en-
ergy is distributed in 6 parts: combustion loss, heat loss, exhaust loss,
pumping loss, friction loss and brake work. The combustion loss re-
presents the unreleased chemical energy in the exhaust gas at EVO
(exhaust valve opening). The fraction of unburned fuel, H2 and CO is
calculated using the equilibrium method developed by Olikara and
Borman [60]. The combustion loss is very small and the difference is
almost invisible on the Figure. As in the previous prediction, a larger
amount of heat is lost through the cylinder walls in the R-EGR cases. In
this simulation, the heat loss increases from 11.1% to 12.4% with the
fuel reforming. The absolute difference in the gross ITE of the con-
ventional EGR and the R-EGR is very small, 0.1%. It is less than the
difference in the BTE, which increases by ∼0.3%. The absolute differ-
ence in friction loss is neglectable. This means the improvement of BTE
is mainly attributed to the reduction of pumping work. The trend and
the absolute change of engine efficiency is similar to the findings in the
previous analyses.

The relationship between gross ITE and BTE with the change of EGR
ratio in the conventional EGR and the R-EGR cases is presented in

Fig. 14. The fuel energy distribution of the conventional EGR and the R-EGR
cases at EGR ratio of 25%, BMEP of 7 bar, 1500 rpm.

Fig. 15. The influence of EGR ratio on the gross indicated thermal efficiency
and brake thermal efficiency of the conventional EGR and the R-EGR at BMEP
of 7 bar, 1500 rpm.
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Fig. 15. In both cases, gross ITE and BTE increase with higher EGR
levels. Compared to the non-diluted case, the boost in the gross ITE at
higher EGR ratios is due to the reduction of combustion temperature,
enhanced γ , etc. The difference in gross ITE between the two cases is
trivial for the same reason as discussed earlier. The increase of BTE is
further attributed to the reduction of pumping work. The pumping
work decreases as EGR ratio increases, so the absolute difference be-
tween gross ITE and BTE becomes smaller at high EGR ratios. In the
conventional EGR cases, The BTE increases by around 2% points with
27% EGR. The R-EGR concept got a slightly higher efficiency versus the
conventional EGR, the absolute difference is larger at higher EGR ratios.
Similar to results of the Otto cycle efficiency calculation (see Fig. 7), the
efficiency increases little with fuel reforming (versus EGR diluted
combustion) and the improvement is more obvious at a higher EGR
ratios. This can be explained by a small enhancement of the reformate
exergy compared to methanol and the reduction in the MER is less
significant at high EGR ratios. Compared to the baseline (no dilution),
BTE increases ∼5.33% with EGR and ∼6.24% with R-EGR at an EGR
ratio of 25%.

Due to the formation of H2, the LBV increases and it leads to a
change in the flame development period (CA0-10, the duration from
ignition timing to the time when 10% mass is burned) and the com-
bustion duration (CA10-90, mass fraction burn 10%-90% duration).
Fig. 16 shows the CA0-10 (top graph) and CA10-90 (bottom graph) as a
function of EGR ratio for both conventional EGR and R-EGR cases. CA0-
10 and CA10-90 of the R-EGR cases are shorter than the conventional
EGR cases, especially the flame development period. This is due to the
increase in LBV. In SI engines, the combustion is first initiated by a
laminar flame before it is wrinkled by the in-cylinder turbulence to
form a turbulent flame. Therefore, the impact of a difference in LBV on
CA0-10 is considerable. The CA10-90 is strongly influenced by the total
(turbulent+ laminar) flame speed.

To define the combustion stability limit, a CA0-10 limit of 25 CAD
was applied. This corresponds to 3% coefficient of variance of IMEP
(COVimep) [61]. As shown in Fig. 16, the EGR limit for the conventional
EGR is around 25% and around 28.6% for the R-EGR (CA0-10 of 25 CAS
at these EGR ratios). The estimated BTE at EGR ratio of 28.6% in the R-
EGR case is ∼35.6%. The relative increase in BTE is 7.11% against the
baseline, higher than 5.33% improvement with the EGR dilution at the
same combustion stability.

In order to further clarify the impact on burning velocities, Fig. 17
presents the laminar and turbulent flame speeds in conventional EGR
and R-EGR cases at the same EGR ratio (25%). The turbulent flame
speed depends strongly on the turbulent intensity ( ′u ) in the combustion
chamber [45]. Because the difference in ′u after IVC is trivial, the tur-
bulent burning velocities are identical (see Fig. 17). Therefore, the
absolute difference in total burning velocity is similar to the difference
in LBV. The relative change in the total burning velocity with the ad-
dition of syngas decreases, which explains for a slight shortening in
CA10-90 (see Fig. 16). To confirm these estimates, an investigation in
an optical SI engine or a three-dimensional simulation using compu-
tational fluid dynamics is needed to predict the turbulent intensity and
the turbulent flame speed in the combustion chamber. Using a turbulent
combustion model which takes fuel properties into account also can be
used to predict the change of total flame speed [46].

Fig. 18 compares the in-cylinder cumulative heat release at EGR
ratio of 25% between two cases. Although the total amount of fuel
decreases, total heat release improves in the R-EGR case. Due to the
increased LHV of the reforming products, the combustion releases more
heat than the conventional one. This leads to an increase in the burned
gas temperature (Tb), see Fig. 19. The combustion starts later in the R-
EGR case (later MBT ignition timing) and the burned zone temperature
is higher. There are two reasons for this: more heat is released during
the combustion and a higher initial temperature (see unburned gas
temperature Tu). The increase in Tu in the R-EGR cases can be explained
by a higher γ during the compression stroke.

Fig. 20 shows the in-cylinder γ in the conventional EGR and the R-
EGR cases versus crank angle at the same EGR ratio of 25%. At the
beginning, γ increases during the intake stroke. Before the start of in-
jection, the R-EGR case has a slightly higher γ than conventional EGR
due to the presence of H2 and the reduction of H2O in the inlet. After
injection, γ decreases significantly because of a high specific heat Cp of
the liquid fuel. Thanks to the cooling effect, γ improves again after the
end of injection. Less fuel is injected directly to the cylinder in the R-
EGR cases (∼80%), this clarifies a higher γ . The unburned gas tem-
perature and pressure after the compression are higher with fuel re-
forming. After the ignition, the γ decreases sharply because of high
combustion temperatures. As shown in Fig. 19, the combustion tem-
perature increases in the R-EGR case, that case has lower γ values
during the expansion and the exhaust strokes. Due to the increase of
combustion temperature, it explains the increase in relative heat
transfer.

Although there are some uncertainties in the full engine simulation
such as the turbulence, combustion, heat transfer, and so on, the full
engine simulation results further confirm the conclusion from the Otto
cycle calculation. The limited increase in exergy of the reformate is the
key reason. Fuel effects will be presented in the following section to find
the most interesting fuel for the R-EGR concept.

4. Fuel effects

Methanol is the most promising e-fuel and it is easy to reform.
However, only a small increase in reformate exergy results in a limited
relative increase in engine efficiency. Fuels which have higher exergy
increase in the reforming products such as ethanol and iso-octane
(gasoline surrogate) seem to have more potential. Chakravarthy et al.
analyzed the fundamental thermodynamics of thermochemical re-
cuperation for a range of fuels. They concluded that the relative im-
provement of the cycle work of methanol reforming is less than ethanol
and iso-octane at the same reforming fraction, ∼95% [62]. The absolute
efficiency of the system and the difficulty of fuel reforming were not
considered in that research. The steam reforming of methanol takes
place in the temperature range ∼500–600 K, significantly lower than
the required temperature for ethanol (∼800–1000 K) and for gasoline
(∼1000–1150 K) [63]. It means that the catalyst requires ∼23–27%,
34–43%, and 42–48% heat from the adiabatic combustion of these fuels

Fig. 16. The comparison of flame development period (CA0-10) and combus-
tion duration (CA10-90) between the conventional EGR and the R-EGR at BMEP
of 7 bar, 1500 rpm.
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for reforming.
In this research, the idealized Otto cycle efficiency is employed

because this gave more or less the same trends and the same absolute
efficiency improvement as the complete engine simulation. This

research focuses on the maximum efficiency of the R-EGR concept that
can be achieved for different fuels at the same combustion stability
limit. Table 2 shows the theoretical reforming reactions of three fuels
with the enthalpy of formation, the LHV increase and the exergy in-
crease of the reforming products. The enthalpy of formation here was
calculated with the fuel and the water in the gas phase, the required
enthalpy for vaporization was neglected.

The exhaust includes H2O and CO2 which can react with the fuel to
produce syngas through steam reforming or dry reforming. As can be
seen in the Table, the enthalpy of formation for dry reforming is much
higher than the steam reforming. Therefore, the effect of CO2 on the
reforming process was neglected, only steam reforming was considered.
There are two possibilities of steam reforming of ethanol and iso-oc-
tane, the product can be a mixture of H2/CO or H2/CO2. These reactions
were named depending on the input fuel (EtOH stands for ethanol) and
the second product (CO or CO2). To produce a mixture of H2 and CO2,
less energy is required. This leads to a reduction in LHV and exergy for
the reactions which have CO2 in the reforming products. The combus-
tion reactions for 4 cases (two for ethanol and two for iso-octane) were
calculated, similar to the methanol calculation (reaction R3) in the
previous part. Less water is required to reform the fuel into CO.
Byproducts like CH4 were not considered in this research. Similar to the
work on methanol, the reforming starts at EGR ratio ⩾20%. Similar to
the previous calculation, the same compression ratio (9:1), initial
pressure (1 bar) and initial temperature (343 K) were used.

Fig. 21a illustrates the Otto cycle efficiency of the R-EGR engine
with different fuels as a function of the reforming fraction at 20% EGR.
The reforming fraction is limited in some cases because of the lack of
water vapor. As seen in the Table 2, to reform one mole of fuel, one
mole of water is needed to reform methanol and reform ethanol to H2/
CO mixture (EtOH-CO). Therefore, the reforming fraction in these cases
can be increased to 50%. The EtOH-CO2, Octane-CO and Octane-CO2
cases require respectively 3mol, 8 mol and 16mol of water to reform
one mole of fuel, so the reforming fraction of these three cases are
limited. Without reforming, the efficiency of methanol is the highest
because methanol has the highest exergy-to-energy ratio [3]. However,
the efficiency increases slowly with higher reforming fractions. Ethanol
and especially iso-octane has a better improvement rate, represented by
the slope of the lines. The case which has a higher exergy increase (see
Table 2) will have a higher relative efficiency improvement. Because of
the water limit at an EGR ratio of 20%, the comparison at 50% EGR was
added. At 50% EGR, there is enough water to reform up to 50% ethanol
and iso-octane, see Fig. 21b.

Although the original efficiency of ethanol and iso-octane is lower
than methanol, the efficiency of EtOH-CO, EtOH-CO2 and Octane-CO

Fig. 17. The instantaneous burning velocities in the conventional EGR and the
R-EGR at EGR ratio of 25%, BMEP of 7 bar, 1500 rpm.

Fig. 18. The cumulative heat release of the conventional EGR and the R-EGR at
EGR ratio of 25%, BMEP of 7 bar, 1500 rpm.

Fig. 19. The burned and unburned gas temperatures of the conventional EGR
and the R-EGR at EGR ratio of 25%, BMEP of 7 bar, 1500 rpm.

Fig. 20. The in-cylinder specific heat ratio of the conventional EGR and the R-
EGR at EGR ratio of 25%, BMEP of 7 bar, 1500 rpm.
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becomes higher than methanol at reforming fractions of 50%. This is
likely due to the significant improvement of exergy. Depending on the
reforming product, ethanol engines could have a higher efficiency than
methanol engines if more than 20–35% of fuel would be fully reformed.

In order to compare the maximum efficiency that be achieved with
the R-EGR engine concept, ethanol cases were selected to compare with
methanol. Previously, the comparison was done at the same EGR ratio
and the same reforming fraction, i.e. the combustion stability limit was
not considered. To determine the combustion stability limit, a constant

laminar burning velocity is used [43]. The laminar burning velocity of
the methanol-air flames at 25% EGR (dilution limit in Section 3.2) at
post-compressed condition (P1 and T1 from the Otto cycle) is employed
to set the limit of LBV. The LBV is calculated using the code [53] at that
condition using Li’s mechanism [54], and equals 36 cm/s. For the
ethanol cases, the laminar burning velocity was calculated using a
different mechanism which was developed by the same group [64]. The
LBV limit decreases as a higher value of COVimep is used, such as 5% or
10%.

Fig. 22 shows the EGR limit, defined in this way, of the methanol,
EtOH-CO2 and EtOH-CO cases versus the reforming fraction. For the
methanol case, the EGR limit is 25% without reforming, and it increases
up to ∼35.7% at a reforming fraction of 50%. This is due to a faster LBV
of syngas versus methanol [44]. As seen in this Figure, at the reforming
fraction of 20%, the EGR limit for the R-EGR case is around 29%, si-
milar to the result (28.6%) in Fig. 16. Ethanol has a slower LBV com-
pared to methanol [65], thus the dilution limit is lower, around 20%
EGR without reforming. At increased reforming fraction, the EGR limit
enhances significantly and reaches a higher dilution limit than me-
thanol (∼36.7% versus 35.7% for methanol) at the reforming fraction of
50%. The EGR limit in the two ethanol cases overlap each other because
the LBV of the syngas is almost independent on the CO selectivity (see
Fig. 13). Ethanol reforming produces double the amount of syngas
versus methanol (Table 2), so the syngas/fuel molar ratio in ethanol
cases are higher at the same reforming fraction. This leads to a sharper
boost in the dilution limit.

Fig. 23 shows the maximum Otto cycle efficiency of the methanol,
EtOH-CO2 and EtOH-CO cases at the combustion stability limit against
the reforming fraction. Although the two ethanol cases have the same
dilution limit, the maximum efficiency in the EtOH-CO case is higher
due to the increase of LHV with CO selectivity of 100%. Without re-
forming and without EGR, there is a small difference in Otto cycle

Table 2
Fuel reforming reactions, enthalpy of formation, LHV change and exergy change.

Fuel Reaction Δh (kJ/kmol) LHV Exergy Name

Methanol CH3OH+CO2 ↔ 2CO+3H2+H2O +131 +26% +9.3% MeOH-Dry
CH3OH+H2O ↔ CO2+3H2 +49 +13% +1% Methanol

Ethanol C2H5OH+CO2 ↔ 3CO+3H2 +297 +27% +11% EtOH-Dry
C2H5OH+H2O ↔ 2CO+4H2 +256 +23.5% +8.8% EtOH-CO
C2H5OH+3H2O ↔ 2CO2+ 6H2 +173 +16.5% +4.25% EtOH-CO2

Octane C8H18+ 8CO2 ↔ 16CO+9H2 +1588 +31.8% +17.8% Octane-Dry
C8H18+ 8H2O ↔ 8CO+17H2 +1259 +25% +13.2% Octane-CO
C8H18+ 16H2O ↔ 8CO2+ 25H2 +930 +18.3% +8.6% Octane-CO2

Fig. 21. The Otto cycle efficiency of methanol, ethanol and iso-octane engines
as a function of reforming fraction.

Fig. 22. The EGR limit of Methanol, EtOH-CO2 and EtOH-CO versus reforming
fraction (same laminar burning velocity of 36 cm/s).
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efficiency between methanol and ethanol, 43.77% versus 42.86%. The
maximum efficiency increases up to 48.12% for methanol and 46.28%
for ethanol without reforming. The efficiency can be improved to
51.12%, 52.57% and 51.45% for methanol, EtOH-CO2 and EtOH-CO
respectively if 50% of fuel is fully reformed. Higher efficiency can be
observed with ethanol if the catalyst can reform over ∼30% and ∼40%
fuel to H2-CO and H2-CO2 mixture, respectively. The efficiency of an R-
EGR ethanol engine is somewhere between the two dashed lines, it
depends on the CO selectivity.

In this analysis, the difficulty of fuel reforming, especially for
ethanol and iso-octane was not considered. In practice, due to high
reforming temperatures for ethanol and iso-octane, the degree of re-
forming of these fuels will be less than methanol. The required re-
forming fraction of ethanol is between 30% to 40%, which is not easy to
achieve with normal temperatures of the engine exhaust gases, espe-
cially at low loads. Another factor is the compression ratio. Methanol
has a better knock resistance than ethanol [66], together with a higher
HoV, so the compression ratio of a methanol engine can be increased to
a higher value than for an ethanol engine. If the CR was optimized for
methanol and ethanol engines, the efficiency of the methanol engine
should be highest even at high reforming fraction.

5. Conclusions

Theoretical studies have been carried out to evaluate the potential
of the reformed-exhaust gas recirculation (R-EGR) concept for
achieving high fuel economy with methanol SI engines. An Otto cycle
calculation was used first and then a full engine simulation with GT-
Power was employed. The Otto cycle efficiency was also extended with
a simple analysis of energy losses, performed to predict the change in
engine BTE using specifications of a production DISI engine (Volvo T3).
That engine then was simulated using GT-Power. A HP-EGR loop was
constructed in the model with a reformer catalyst inside. A new dilution
term correlation was developed based on the reactant concentrations.
Finally, fuel effects were investigated to select the most promising fuel
for the R-EGR engine concept. Based on the results, the following
conclusions can be drawn.

• Combustion in the R-EGR cases produces higher temperatures and
lower pressures than the conventional EGR if the initial pressure is
identical. Raising EGR levels and reforming fractions cause a decline
in the cycle work.

• For a given EGR ratio, reforming fraction does not have a significant
impact on the efficiency. The improvement is smaller at lower EGR
ratios. This is due to the reduction of MER with the reforming

products in the reactant. The decline in MER at high EGR ratios is
less than at low EGR levels.

• The R-EGR case has higher relative heat loss than the conventional
EGR. There is almost no difference in the gross ITE between the R-
EGR and conventional EGR.

• The main contributor for the increase of BTE is the reduction of
pumping work. The BTE increases by ∼0.3% absolute compared to
the conventional EGR at EGR ratio of 25%.

• The flame development period (CA0-10) and combustion duration
(CA10-90) reduce with the presence of H2 in the EGR mixture.

• A CA0-10 of 25 CAD is used as the combustion limit, it corresponds
with COVimep of 3%. At the EGR limits, BTE relatively increases
5.33% and 7.11% compared to the baseline with the dilution of EGR
and R-EGR mixture, respectively.

• The combustion in the R-EGR case releases more heat than the
conventional EGR. Therefore, the combustion temperature is higher
in the R-EGR cases, leading to a higher heat loss to the walls.

• The specific heat ratio rises in the R-EGR case due to the presence of
H2 in the reactant and less liquid fuel is injected during the intake
stroke.

• Ethanol and iso-octane have a larger relative improvement in the
efficiency at the same reforming fraction versus methanol. High
reforming fractions (30–40%) of ethanol are required to achieve a
similar efficiency as methanol.

• The methanol engine would be able to produce a higher efficiency
than the ethanol engine if the optimal CR was used and the difficulty
of ethanol reforming was considered.
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