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A B S T R A C T

Internal combustion engines can be used as chemical reactors exploiting the high temperature and pressure
as well as short residence time for chemical conversion. For instance, methane and CO2 can be efficiently
converted to H2 and CO (syngas). The process can be boosted by additives such as dimethyl ether (DME). In
this paper, the focus is on optimizing the operating conditions for the use of ozone, O3, as an alternative fuel
additive for dry reforming of methane. Furthermore, methane can be converted to C2 hydrocarbons, which
is also studied numerically to find optimized operating conditions, again using O3 as an additive. The engine
is modelled as a single-zone batch reactor under ideal gas assumptions with a variable volume profile. An
elementary-step reaction mechanism consisting of 749 reactions among 132 species and including O3 chemistry
was used for the simulations. CO2 conversion of over 70% is possible using O3 as an additive, whereas the
maximum achievable using DME was around 50%. The optimized yield of C2H4 is higher with O3 as an additive
as compared to DME, at all the inlet gas temperatures, whereas it is lower for CH2O and comparable for C6H6
and CH3OH.
1. Introduction

Internal combustion engines are vastly used in transportation, on
land and in water, for more than a century now. Apart from their
traditional use as a power source, their potential for alternative applica-
tions such as for the production of chemicals, is also being recognized.
The first use of the internal combustion engine as a chemical reactor
was demonstrated through a patent by Hausser in 1910 for producing
nitric oxide and nitric acid [1]. Since then, numerous industries and
laboratory research groups have worked on it such as [2–5]. Internal
combustion engines have a number of advantages over conventional
chemical reactors. They are simple, safe and compact, as well as
appropriate temperature and pressure conditions can be reached at very
short and defined residence times. They also eliminate the necessity
of expensive catalysts, used in conventional reactors, by enhancing
reaction speeds through high temperature and pressure conditions
possible in them. However, the engine reactors suffer from problems
such as the continued need of lubricants, difficulties in controlling the
compression ratios as well as scaling up issues, as recently reviewed by
Ashok et al. [6].

The reciprocating piston engine can generate very high tempera-
tures up to 1500 K and very high pressures up to hundreds of bars,
cyclically, for brief periods in the milliseconds range. The very fast tem-
perature quench allows the reactor to preserve a non-equilibrium state,
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under which the desired product can be extracted with a good yield.
Hence, the engine reactor has been demonstrated for use in the re-
forming of methane, conversions of methanol, production of nitric acid,
nitric oxide and ammonia, the production of sulphur, the production of
acetylene, of nanoparticles and of carbon-based nanomaterials [6].

Previous researchers have shown the production of syngas (a mix-
ture of H2 and CO) in an internal combustion engine such as [7–9].
To initiate the ignition in an internal combustion engine, fuel additives
such as dimethyl ether [10], diethyl ether [11] and n-heptane [12] have
been used. Though they increase reactivity, large amounts of additives
can increase cost and complexity of the process.

Apart from the various carbon-based fuel additives, another candi-
date for initiating ignition is ozone (O3) [13–15]. O3 has the advantage
that it forms radicals easily and is thermally stable. It is required in
much smaller amounts as compared to DME. While the requirement of
DME as a fuel additive is about 5% to 10% of the fuel, O3 is required
in the ppm range, about 10 to 100 ppm [13]. Since proportion of
the fuel is more in the inlet gas, it leads to a higher output power of
the engine. Moreover, it is possible to generate small quantities of O3
in inexpensive ozone generators. For example, in one such apparatus
demonstrated in [16], 4% v/v O3 can be produced by passing zero-
grade O2, 99.8% purity, through the inexpensive apparatus constructed
using common glassware.
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In the work in [17], an internal combustion engine is used as a
chemical reactor using dimethyl ether (DME) as a fuel additive (10% of
the fuel, methane) to produce syngas through dry reforming. Numerical
optimization was used to find out suitable operating points to maximize
the CO2 conversion and a Rapid Compression Machine (RCM) setup
was used to experimentally validate the simulated data.

The outlet gas of the dry reforming simulations described above
also has other commercially valuable hydrocarbons in minute quan-
tities. Optimizing the operating for maximizing the mole fractions of
these hydrocarbons in the outlet gas looks interesting since these are
important raw materials in the chemical industries.

This article investigates CO2 reforming using O3 as an alternate fuel
additive to overcome the disadvantages of using DME as an additive,
such as high cost and complexity as well as reducing the proportion of
fuel in the inlet gas. Furthermore, it optimizes the operating conditions
for the production of commercially important hydrocarbons, using O3
as an additive, because of their importance in the chemical industries.
The optimized results with O3 as an additive are then compared with
those of DME from previous researches.

2. Methodology

The operating parameters in an internal combustion engine can vary
greatly, variation of each of which can give vastly different results in
terms of the composition of the outlet gas. Important parameters are
the composition of the inlet gas, the inlet gas temperature, the wall
temperature, the inlet gas pressure, the engine speed, the compression
ratio and the various geometrical parameters of the engine such as the
bore, stroke and connecting rod length. Since it is practically difficult to
decide on an optimum value for each of these parameters on a hit-and-
trial basis, it is more practical to numerically optimize these parameters
to get the desired results.

For the research in this article, the simulations were carried out
using the DETCHEMENGINE code. DETCHEM is a software package
which can be found in [18]. The DETCHEMENGINE program (referred to
as the ENGINE code in this article), which simulates the time-dependent
concentration profiles of the various species in a four-stroke engine.

A single-zone batch reactor is simulated under ideal gas assump-
tions, with a variable volume profile. The model involves the simul-
taneous solution of a system of differential equations. Two equations
describe the temporal change of moles of each species and the temporal
change of temperature. Another two equations are the time dependent
volume of the reactor and the Ideal Gas Equation. The heat loss
through the walls is accounted for by using the Woschni heat transfer
model [19]. The details of the modelling used in the ENGINE code can
be found in section 2.1 of [17].

The optimizations were done in a code written using MATLAB. This
code gives an initial set of inputs for the optimization variables to
the ENGINE code, which runs it to generate an output. The MATLAB
code further calculates the objective function from the output generated
by the ENGINE code. It uses the ‘patternsearch’ algorithm [20] to
maximize the objective function and generates a further set of inputs
to be given to the ENGINE code in the next iteration, which again
runs it. This cycle continues until the difference between the values of
objective function obtained through consecutive iterations falls below
a pre-defined tolerance limit.

The ‘patternsearch’ algorithm was used because it can accommodate
non-linear constraints, as was required in the optimization problems in
this work. The algorithm works by taking in an initial set of inputs
for the optimization variables, supplied by the user. It calculates the
objective function at all points differing by one unit (the default mesh
size is 1) from the initial point, in the dimension of each variable.
It polls for the point at which it obtains the minimum value of the
objective function. This point is taken as the new initial point and it
then doubles (this default factor can be adjusted) the mesh size and
polls for the point where it obtains the minimum value of the objective
2
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function. This iteration continues until at a given point, the value of
the objective function at the current initial point is lower than all of
the neighbours in the mesh. Taking this as the initial point, it halves
the mesh size (this default factor can also be adjusted) and then polls
in favour of the point in the mesh where the value of the objective
function is lowest. This continues until the value of the objective
function is lowest as compared to its neighbours in the mesh, or the
difference falls below the user-defined (or default) tolerance limit. The
values of the variables at this point is the optimized result given by the
algorithm.

All simulations were carried out using the PolyMech mechanism
version 2.0 developed by S. Porras and co-workers [21], which includes
ozone chemistry as well. The mechanism used in the research has 132
species and 749 chemical reactions. This reaction mechanism assembles
the reactions related to the methane combustion, DME and O3 and was
experimentally validated in a rapid compression machine and shock
tubes. The geometrical parameters used in the simulations are those of
a Volvo TD100 truck engine with a displacement volume of 1.6 litres,
compression ratio of 12, a bore of 120.65 mm, a stroke of 140 mm
and a connecting rod length of 260 mm. The input variables and the
range of parameters were different for the dry reforming and for the
production of hydrocarbons. Those have been included in detail in the
respective sections (in Section 3 for dry reforming and in Section 4 for
the production of hydrocarbons).

3. CO2 reforming in an internal combustion engine

CO2 reforming (or dry reforming) involves the endothermic reaction
between CO2 and CH4 to produce commercially valuable syngas. Dry
eforming hence represents a useful method for reducing CO2 emissions
rom vehicles or industries [22]. This chemical reaction is given by the
ollowing equation:

H4 + CO2 ⟶ 2CO + 2H2

𝛥H𝑟 = 247 kJ mol−1
(1)

The research in [17] describes the numerical optimization of the
perating conditions for maximizing CO2 conversion in an internal
ombustion engine using DME as the fuel additive and serves as a
aseline for comparison against O3. This section here aims at studying
he optimization of the operating conditions using O3 as an additive
nstead and then comparing the results with those obtained using DME
s the fuel additive.

This section compares the CO2 conversion using O3 and DME as fuel
dditives. The optimized mole fractions of inlet gases, using DME as an
dditive, were taken from [17], in which the fuel was taken as 90% CH4
nd 10% DME. The same mole fractions of inlet gases were simulated
nder the operating conditions (inlet temperature, wall temperature,
nlet pressure, engine speed, compression ratio and geometrical param-
ters) in which the optimizations were carried out for maximizing CO2
onversion using O3 as the additive. The results were then compared to
he optimized results obtained using DME. The optimizer takes in CO2
onversion as the objective function to be maximized, which is given
y

CO2
= 1 −

𝑛CO2
(𝑡)

𝑛CO2
(𝑡0)

(2)

Here 𝑛CO2
(𝑡) is the number of moles of CO2 at the end of the cycle and

𝑛CO2
(𝑡0) is the number of moles of CO2 at the beginning of the cycle.

The mole fraction of O3 is kept at less than 4% relative to CH4. This
onstraint was chosen taking into consideration the maximum capacity
f commercially available ozone generators. Argon was added in [17]
ecause the analytics in the experiments required a small amount of the
as to be present, and the lower bound during the optimizations was
ept at 2%. Since this research compares O3 as a fuel additive against
ME, Argon is used here and with the same lower bound.
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Fig. 1. Optimization of CO2 dry reforming using O3 as an additive. The top graph
shows the CO2 conversions using O3 (solid lines) and DME (dashed lines) as additives.
The bottom graph shows the optimized mole fraction of each inlet gas, with O3 (solid
lines) and DME (dashed lines) as additives.

The optimization variables are the individual compositions of the
inlet gas, i.e., the inlet mole fractions of CH4, O2, O3 and Ar. The
other parameters are kept constant for the optimizations, the inlet
temperature at 650 K, the wall temperature at 450 K, the inlet pressure
at 1 atm, the engine speed at 60 s-1 (3600 rpm) and the compression
ratio at 12. The optimization is carried out for different inlet mole
fractions of CO2, from 10% to 50%, varying in the steps of 5% each.
The CO2 conversions for the optimized operating conditions are shown
in Fig. 1. As seen in the figure, the CO2 conversion reduces gradually
from about 70% to about 40% with increasing CO2 inlet mole fractions.

The optimizations have been done for nine different inlet mole
fractions of CO2 (10% to 50% inlet mole fraction of CO2 in the steps of
5% each). Each optimization results in the optimized inlet mole fraction
of four gases (CO2, additive, O2 and Argon). Hence, the optimized
mole fractions of the individual components in the inlet gas are only
graphically shown in the bottom graph of Fig. 1. As can be seen in
the figure, the optimized mole fractions of CH4 and O2 increase with
increasing CO2 inlet mole fraction from about 30% to 50% and 20%
to 30% respectively, for up to the CO2 mole fraction of 15%, and then
gradually decrease to 30% and 20% respectively. The optimized mole
fraction of Ar decreases from about 40% to 2% which is the lower
bound, up to the CO2 mole fraction of 15% and then stays at the
lower bound. The optimized mole fraction of O3 stays at the maximum
allowed 4% of CH4 for all the CO2 mole fractions. This points to the
fact that CO2 conversion is limited by the allowed mole fraction of O3
at all the inlet mole fractions of CO2.

Fig. 1 also shows the CO2 conversions as well as the optimized mole
fractions of the inlet gases DME as the fuel additive. In the case of DME,
the CO2 conversions rise from about 45% to 50% up to the CO2 inlet
mole fraction of 25% and then gradually drop down to about 30%.
However, in the case of O as the fuel additive, the CO conversions
3

3 2
drop gradually from about 70% to 40% with increasing CO2 inlet mole
fractions. As shown in the figure, the CO2 conversions are higher for
all the inlet mole fractions of CO2 using O3 as an additive as compared
to DME. In the figure, the optimized gas compositions can also be seen
while using O3 (solid lines) and DME (dashed lines) as additives. The
inlet mole fraction of CH4 is more while using O3 as an additive than
with DME. In case of O3 as an additive, the mole fraction of CH4
rises from about 35% to 55% around the CO2 inlet mole fraction of
15% and then gradually falls back to about 30%, whereas in case of
DME as an additive, it increases from about 30% to 40% at the CO2
mole fraction of 15% before falling down to about 30%. This means
greater proportion of fuel is permitted under optimized conditions
with O3 as an additive. The inlet mole fraction of O2 is seen to be
lower with O3 as an additive (varying between about 20% and 25%)
than DME (varying between about 25% to 30%), for all the CO2 inlet
mole fractions. Since the proportion of allowed additives were fixed
differently in the constraints while defining the optimization problem,
the mole fraction of O3 is lower than the mole fraction of DME in the
respective optimized mixtures for each of the CO2 inlet mole fractions
investigated here.

3.1. Summary

The mole fractions of inlet gases were optimized to maximize the
CO2 conversion at the constant temperature of 462 K and pressure of
1 bar (the conditions were chosen for comparison with the previous
results using DME), at different CO2 inlet mole fractions from 10% to
50%. It was seen that the highest (more than 70%) CO2 conversion
occurs at 10% inlet mole fraction of CO2 using O3 as an additive. The
optimized results with O3 as an additive were then compared with
those of DME. The observation was that the CO2 conversion using O3
as an additive is higher than DME, for all the inlet mole fractions of
CO2 from 10% to 50%.

4. Production of unsaturated and partially oxidized hydrocarbons

The internal combustion engine can also be used as a chemical
reactor to produce specific hydrocarbons under optimized conditions.
In this section, the operating conditions are optimized for the produc-
tion of unsaturated hydrocarbons and partially oxidized hydrocarbons
using O3 as an additive. The unsaturated hydrocarbons being anal-
ysed here include C2H4 (ethylene) and C6H6 (benzene). The partially
oxidized hydrocarbons being analysed include CH2O (formaldehyde)
and CH3OH (methanol). These hydrocarbons were chosen due to the
fact that not only are they commercially valuable, but also they were
present in minute quantities in the outlet gas while optimizing the
operating conditions for dry reforming. It is therefore conceivable
that these species can be produced in higher amounts, provided the
appropriate conditions are identified. The results are further compared
against those using DME as an additive. Unlike the previous section on
optimizing for maximizing CO2 conversions where pure O2 was used
at the inlet, here air as a mixture of 79% N2 and 21% O2 is used at the
inlet.

While optimizing for the operating conditions, the objective func-
tion in each optimization is the final mole fraction of the hydrocarbon
at the end of the cycle, which needs to be maximized. The optimization
variables are the engine speed, with the lower and upper limits being
1 s-1 (60 revolutions per minute) and 100 s-1 (6000 revolutions per
minute) respectively, as well as the inlet mole fractions of the inlet
gases, i.e., CH4, O3, N2 and O2. The fixed conditions are the wall
temperature at 450 K and the inlet pressure at 1 bar. The optimization
was done for each on the inlet gas temperatures from 450 K to 750 K,
in the steps of 10 K each.
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4.1. Constraint on the maximum allowed mole fraction of O3

In the optimizations for maximizing the production of hydrocar-
ons, the maximum allowed O3 in the inlet gas depends upon the
apacity of the O3 generator that is being used. Hence, an upper limit
s required on the mole fraction of O3 in the inlet gas, depending on
he capacity of the ozone generator, which is derived in this section.

The approach used here is, first the molar rate of generation of O3
y the given ozone generator is calculated. Then, the molar rate of air
nlet into the engine is calculated. The ratio of the former and the later
ives the maximum allowed mole fraction of O3 in the inlet gas.

Let the ozone generator have the capacity to generate ozone at the
ass rate of 𝑚̇O3

g/s. The molar mass of ozone is 48 g/mol. Hence, the
olar rate of generation of ozone is given by:

̇O3
=

𝑚̇O3

48
mol∕s (3)

Next, the molar rate of air inlet into the engine needs to be cal-
ulated. In this discussion, the molar inlet rate of the engine is not
aken as a pre-defined variable. Rather it is calculated from the other
ariables such as the temperature, the pressure, the engine speed (an
ptimization variable in this case) and geometrical parameters such as
he displacement volume of the engine.

The displacement volume 𝑉𝐷 of a single piston of the TD100 Volvo
ngine that we are taking in the simulations is known to be 1.6 ∗
0−3 m3. If the engine speed is 𝑁 revolutions per second, then in a
our stroke engine, the volume of inlet gas into the engine piston is:

̇ = 𝑁
2
.𝑉𝐷 (4)

he factor 2 in the denominator is due to the fact that the four stroke
ngine takes in the inlet gas only during the intake stroke, which comes
nly every alternate cycle.

The number of moles of inlet gas during each intake stroke needs
o be calculated. Using the Ideal Gas Equation, 𝑃𝑉 = 𝑛𝑅𝑇 (where 𝑃 is
he inlet pressure, 𝑅 is the universal gas constant, which is 8.314462
/K and 𝑇 is the inlet temperature), the number of moles of inlet gas
s

= 𝑃𝑉
𝑅𝑇

(5)

Differentiating both sides with respect to time and assuming that only
𝑉 varies with respect to time, the molar flow rate of inlet gas is

̇ tot =
𝑃 𝑉̇
𝑅𝑇

(6)

he value of 𝑉̇ can be substituted from Eq. (4).
Now, equation (3) gives the molar rate of generation of O3 and

q. (7) gives the molar flow rate of the inlet gas. To get the maximum
ossible mole fraction of ozone in the inlet gas, the molar rate of
enerated ozone at maximum capacity is divided by the molar flow
ate of the inlet gas. Dividing Eq. (3) by Eq. (7) gives

=
𝑛̇O3

𝑛̇tot
(7)

Substituting the values of 𝑛̇O3
and 𝑛̇tot from Eqs. (3) and (7) respec-

tively, the maximum mole fraction of O3 in the inlet gas is given by

𝑛 = 𝑚̇𝑅𝑇
24𝑁𝑉𝐷𝑃

(8)

The engine speed 𝑁 is an optimization variable in the optimization
problem. Since the maximum allowed mole fraction of ozone is depen-
dent non-linearly on the engine speed, a non-linear constraint has to be
defined in this case. The capacity of the ozone generator taken for the
following optimizations is 5 g/hr, which is the typical capacity found
in the laboratory.
4

4.2. Production of C2H4

In this section, the operating conditions are optimized for maximiz-
ing the mole fraction of C2H4 at the end of the cycle, using O3 as an
additive. The optimized operating conditions are discussed followed by
the optimized results. They are further compared with the optimized
results while using DME as the fuel additive.

Fig. 2(a) shows the mole fraction of C2H4 at the end of the cycle,
which is the objective function of the current optimization, against
the inlet gas temperature. As can be seen in the figure, the optimized
mole fraction of C2H4 increases steadily with the increasing inlet gas
temperature, from about 2.7% to 3%, except around 700 K, where it
briefly drops and climbs back again. This jump can be explained as
a result of the optimization code encountering two different maxima
at different inlet gas temperatures, and shifting between them in the
middle. It can be noted that the graph is zoomed in to show the
variations and that the mole fractions of C2H4 are fairly constant
throughout the whole temperature range considered.

Fig. 2(b) shows the fuel conversion given by

𝑋CH4
= 1 −

𝑛CH4
(𝑡)

𝑛CH4
(𝑡0)

(9)

against the inlet gas temperature. This parameter is a measure of how
much of the fuel (CH4 in this case) has been used up during the cycle.
As can be seen in the figure, the fuel conversion also increases steadily
along with increasing inlet gas temperature from about 70% to slightly
over 81%, except around 700 K, where it briefly drops before climbing
back again. This jump can be explained similar to the jump seen in the
previous figure, in the case of the objective function.

Fig. 2(c) shows the C2H4 yield given by

𝑌C2H4
= 2

𝑛C2H4
(𝑡)

𝑛CH4
(𝑡0)

(10)

against the inlet gas temperature. This parameter calculates the ratio of
the maximum C2H4 that is produced under the given conditions, to the
maximum C2H4 that can theoretically be produced from the fuel (CH4
in this case). As can be seen in the figure, the C2H4 yield increases
steadily from around 20% to around 23% along with increasing inlet
gas temperature, except around 700 K, where it briefly drops before
climbing back again. A small drop is also observed between 740 K and
750 K.

4.2.1. Optimization results
While optimizing for the operating conditions in order to obtain the

maximum number of moles of C2H4, it is seen that the optimized mole
fractions of O3 decreases from about 9 ppm to close to 0 ppm with
the increasing inlet gas temperature, as can be seen in Fig. 2(d). This
figure also shows the maximum allowed mole fraction of O3 in the
inlet gas as calculated for each of the inlet gas temperature. A jump
is marked in the maximum allowed mole fraction of O3. It is seen that
the optimized mole fraction of O3 is always less than the maximum
allowed mole fraction in the inlet gas for all the inlet gas temperatures,
which means that the possible production of O3 by the particular ozone
generator assumed in these calculations, is not a limiting condition for
the optimization in this case.

Fig. 2(e) shows the optimized fuel–air equivalence ratios for the
inlet temperatures from 450 K to 750 K. As seen in the figure, the
mixture turns only very slightly rich with temperature, with the equiv-
alence ratio being around 4. The figure also shows the optimized values
with DME as an additive for comparison. It is seen that the optimized
mixture is richer with O3 as an additive than with DME (equivalence
ratio rising from about 3 to 4 with temperature) for the investigated
temperature range.

Fig. 2(f) shows the optimized engine speeds against the inlet gas

temperatures. The optimized engine speed stays close to the upper
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Fig. 2. (a) Optimized C2H4 mole fraction (objective function), (b) Fuel conversion, (c) C2H4 yield, (d) Optimized mole fraction of O3, (e) Optimized fuel–air equivalence ratio,
and (f) Optimized engine speed, for different inlet gas temperatures from 450 K to 750 K.
Fig. 3. (a) Optimized C2H4 mole fraction (objective function), (b) Fuel conversion, and (c) C2H4 yield, for different inlet gas temperatures from 450 K to 750 K, for O3 and DME
as fuel additives.
bound, which is 100 s-1 for almost the full range of inlet gas tem-
perature except dropping down and again rising around 700 K. This
drop in the optimized engine speed can explain the drop observed in
the objective function, in the C2H4 yield, as well as in the maximum
allowed mole fraction of O3 in the inlet gas, as seen in the previous
figures.

It may be noted here that for brevity, the optimized results do not
show the composition of the inlet gases. The individual mole fractions
of the inlet gases, for each of the inlet gas temperatures, can however
be calculated from the optimized mole fraction of O3, the optimized
fuel–air equivalence ratio and the fact that N2 and O2 are present in the
inlet gas in the ratio of 79:21. Assuming the individual mole fractions
of CH4, O2, N2 and O3 to be four unknowns, the resulting values of
each can be calculated from four equations. The first equation states
the optimized mole fraction of O3. The second equation gives the ratio
of the mole fractions of CH4 and O2 as given by the optimized fuel–
air equivalence ratio. The third equation states the ratio of the mole
fractions of N2 and O2 to be 79:21. The final equation is formed from
the fact that all the individual mole fractions add up to unity.

4.2.2. Comparison against DME as an additive
This section compares the optimized results obtained using O3 as

the fuel additive with those using DME. The mole fraction of DME (as
well as other inlet gases) used for comparison was calculated from the
optimized data used in [17]. This calculated mole fraction was then
5

simulated with the temperature, pressure and geometrical parameters
used for the optimizations done using O3 as an additive. The same
approach for comparison against DME as the fuel additive was used
in the sections on the other hydrocarbons as well. Fig. 3(a) shows the
mole fraction of C2H4, which is the objective function, against the inlet
gas temperature, for O3 as well as DME as fuel additives. As can be seen
here, the number of moles of C2H4 is higher (rising from about 2.7%
to 3% with temperature) while using O3 as an additive, as compared
to DME (rising from 1.8% to 2.5% with temperature), for all the inlet
temperatures from 450 K to 750 K.

Fig. 3(b) shows the fuel conversion against the inlet gas temperature
using O3 and DME as additives. The fuel conversion is seen to be
lower with O3 as an additive (rising from about 70% to 81% with
temperature) as compared to DME (falling from about 84% to 81% with
temperature) at the whole range of inlet gas temperature considered
here. Fig. 3(c) shows the C2H4 yield against the inlet gas temperature
for both O3 and DME as additives. The yield of C2H4 is more with O3 as
an additive (rising from about 20% to 23%) against DME (rising from
about 17% to 21%) for the full range of investigated temperatures.

4.3. Production of C6H6

In this section, the operating conditions are optimized for maximiz-
ing the production of C6H6 using O3 as a fuel additive. The objective
function and other parameters are analysed under optimized conditions
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Fig. 4. (a) Optimized C6H6 mole fraction (objective function), (b) Fuel conversion, (c) C6H6 yield, (d) Optimized mole fraction of O3, (e) Optimized fuel–air equivalence ratio,
and (f) Optimized engine speed, for different inlet gas temperatures from 450 K to 750 K.
and are further compared to those obtained using DME as a fuel
additive.

Fig. 4(a) shows the mole fraction of C6H6, which is the objective
function of the current optimization, against the inlet gas temperature.
As can be seen in the figure, the optimized mole fraction of C6H6
increases steadily with the increasing inlet gas temperature, from about
0.9% to 1.3%. It may be noted that despite the exaggerated increase
projected in the figure, the actual variation is indeed small.

Fig. 4(b) shows the fuel conversion given by Eq. (9) against the
inlet gas temperature. As can be seen in the figure, the fuel conversion
increases very slightly, remaining around 56%, along with increasing
inlet gas temperature.

Fig. 4(c) shows the C6H6 yield given by

𝑌C6H6
= 6

𝑛C6H6
(𝑡)

𝑛CH4
(𝑡0)

(11)

against the inlet gas temperature. As can be seen in the figure, the C6H6
yield increases steadily along with increasing inlet gas temperature,
from about 17% to around 21%.

4.3.1. Optimization results
While optimizing the operating conditions in order to obtain the

maximum number of moles of C6H6, it is seen that the optimized
mole fractions of O3 stays almost constant with the increasing inlet
gas temperature, at around 10 ppm, as can be seen in Fig. 4(d). The
maximum allowed mole fraction of O3 in the inlet gas can also be seen
in the figure for each of the inlet gas temperature. It is seen that the
optimized mole fraction of O3 is always less than the maximum allowed
mole fraction in the inlet gas, which means that the objective function
is not bounded by the possible production of O3 by the ozone generator.

Fig. 4(e) shows the optimized fuel–air equivalence ratios for the
inlet temperatures from 450 K to 750 K. As seen in the figure, the
optimized mixture becomes richer steadily with temperature, with the
equivalence ratio increasing from about 5.5 to 7. Comparing using O3
as an additive against using DME (equivalence ratio increasing from
about 4.5 to 7), it is seen that the optimized mixture is richer with O3
as an additive for the investigated temperature range.

Fig. 4(f) shows the optimized engine speeds against the inlet gas
temperatures. The optimized engine speed stays more or less at the
lower bound, which is 5 s-1 for almost the full range of inlet gas
temperatures.
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4.3.2. Comparison against DME as an additive
This section compares the results obtained using O3 as an additive

against those using DME. Fig. 5(a) shows the objective function, the
mole fraction of C6H6, against the inlet gas temperature, for O3 as well
as DME as additives. As can be seen here, the number of moles of C6H6
is slightly higher while using O3 as an additive (rising from about 1%
to 1.3% with temperature), as compared to DME (rising from about 1%
to 1.4%), for all the inlet temperatures from 450 K to 750 K.

Fig. 5(b) shows the fuel conversion against the inlet gas temperature
for O3 and DME as additives. As can be seen, the fuel conversion
is lesser with O3 as an additive (around 56%) as compared to DME
(falling from about 65% to 60% with temperature). Fig. 5(c) shows the
C6H6 yield against the inlet gas temperature for both O3 and DME as
additives. The yield of C6H6 is less with O3 as an additive (rising from
about 17% to 21% with temperature) as compared to DME (rising from
about 21% to 23% with temperature) for the full range of investigated
temperatures.

4.4. Production of CH2O

This section focuses on optimizing the operating conditions for
maximizing the mole fractions of CH2O obtained at the end of the cycle
using O3 as an additive, and then discusses the parameters such as fuel
conversion and yield of CH2O after optimization. It goes on to compare
the results with those obtained from using DME as a fuel additive.

Fig. 6(a) shows the mole fraction of CH2O, which is the objective
function of the current optimization, against the inlet gas temperature.
As can be seen in the figure, the optimized mole fraction of CH2O stays
almost constant for a short range at around 0.6% before decreasing
steadily with the increasing inlet gas temperature up to about 0.2%.
Despite the exaggeration seen in the zoomed in figure, the change value
of the objective function is very less.

Fig. 6(b) shows the fuel conversion given by Eq. (9) against the inlet
gas temperature. As can be seen in the figure, the fuel conversion also
decreases along with increasing inlet gas temperature, from about 4%
to around 1.5%.

Fig. 6(c) shows the CH2O yield given by

𝑌CH2O =
𝑛CH2O(𝑡) (12)

𝑛CH4

(𝑡0)
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Fig. 5. (a) Optimized C6H6 mole fraction (objective function), (b) Fuel conversion, and (c) C6H6 yield, for different inlet gas temperatures from 450 K to 750 K, for O3 and DME
as fuel additives.
Fig. 6. (a) Optimized CH2O mole fraction (objective function), (b) Fuel conversion, (c) CH2O yield, (d) Optimized mole fraction of O3, (e) Optimized fuel–air equivalence ratio,
and (f) Optimized engine speed, for different inlet gas temperatures from 450 K to 750 K.
against the inlet gas temperature. As can be seen in the figure, the CH2O
yield decreases along with increasing inlet gas temperature, from about
1.2% to 0.3%.

4.4.1. Optimization results
The operating conditions were optimized in order to obtain the

maximum number of moles of CH2O at the end of the cycle. It is seen
that the optimized mole fractions of O3 first increases slightly from
about 7 ppm to 10 ppm and then steadily decreases with the increasing
inlet gas temperature back to about 7 ppm as can be seen in Fig. 6(d).
This figure also shows the maximum allowed mole fraction of O3 in the
inlet gas as calculated for each of the inlet gas temperature as well as
the optimized engine speed. It is seen that the optimized mole fraction
of O3 is always less than the maximum allowed mole fraction in the
inlet gas, which means that it is not bounded by the possible production
of O3 by the ozone generator.

Fig. 6(e) shows the optimized fuel–air equivalence ratio as well as
the optimized engine speeds for the inlet temperatures from 450 K to
750 K. As seen in the figure, the optimized mixture becomes rich with
temperature, with the equivalence ratio rising from about 10 to 25 with
temperature. Comparing using O3 as an additive against using DME
(equivalence ratio rising from about 40 to 430 with temperature), it is
seen that the optimized mixture is much leaner with O3 as an additive
for the temperature range considered here.
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Fig. 6(f) shows the optimized engine speeds against the inlet tem-
peratures. The optimized engine speed stays very close to the upper
bound, which is 100 s-1 for the full range of the inlet gas temperature.

4.4.2. Comparison against DME as an additive
In this section, the objective function and the other parameters

are compared with O3 and well as DME under optimized conditions.
Fig. 7(a) shows the mole fraction of CH2O, which is the objective
function, against the inlet gas temperature, for O3 as well as DME as
additives. As can be seen here, the number of moles of CH2O is much
lower while using O3 as an additive (falling from 0.6% to 0.2% with
temperature), as compared to DME (rising from about 2.9% to 3.5%
with temperature), for all the inlet temperatures from 450 K to 750 K.

Fig. 7(b) shows the fuel conversion against the inlet gas temperature
for both O3 and DME as additives. As can be seen, the fuel conversion
is more with O3 as an additive (falling from about 4% to 2% with
temperature) as compared to DME (rising from about 2% to 7% with
temperature) at lower temperatures up to about 500 K and lesser at
temperatures higher than 500 K. Fig. 7(c) shows the CH2O yield against
the inlet gas temperature for O3 and DME as additives. The yield of
CH2O is much lesser with O3 as an additive (falling from 1.2% to 0.3%)
as compared to DME (about 3.5%) for the full range of temperatures
taken here.
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Fig. 7. (a) Optimized CH2O mole fraction (objective function), (b) Fuel conversion, and (c) CH2O yield, for different inlet gas temperatures from 450 K to 750 K, for O3 and
DME as fuel additives.
Fig. 8. (a) Optimized CH3OH mole fraction (objective function), (b) Fuel conversion, (c) CH3OH yield, (d) Optimized mole fraction of O3, (e) Optimized fuel–air equivalence ratio,
and (f) Optimized engine speed, for different inlet gas temperatures from 450 K to 750 K.
4.5. Production of CH3OH

This section evaluates the optimization of the operating conditions
for maximizing the mole fraction of CH3OH. Then, it looks at param-
eters such as the fuel conversion and CH3OH yield under optimized
conditions. Lastly, it compares the optimized results obtained using O3
and DME as fuel additives.

Fig. 8(a) shows the mole fraction of CH3OH against the inlet gas
temperatures from 450 K to 750 K. As can be seen in the figure, the
optimized mole fraction of CH3OH decreases steadily with the increas-
ing inlet gas temperature, from about 0.25% to 0.1%. It is worthwhile
to note here that the large variation with temperature apparent in the
figure is indeed a very small change over temperature.

Fig. 8(b) shows the fuel conversion given by Eq. (9) against the inlet
gas temperature. As can be seen in the figure, the fuel conversion also
decreases steadily along with increasing inlet gas temperature, from
about 7.5% to 4%.

Fig. 8(c) shows the CH3OH yield given by

𝑌CH3OH =
𝑛CH3OH(𝑡)
𝑛CH4

(𝑡0)
(13)

against the inlet gas temperature. As can be seen in the figure, the
CH3OH yield decreases steadily along with increasing inlet gas tem-
perature from about 0.5% to 0.2%.
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4.5.1. Optimization results
While optimizing for the operating conditions in order to obtain the

maximum number of moles of CH3OH, it is seen that the optimized
mole fractions of O3 remains nearly constant with the increasing inlet
gas temperature as can be seen in Fig. 8(d) at about 10 ppm. This figure
also shows the maximum allowed mole fraction of O3 in the inlet gas
as calculated for each of the inlet gas temperatures from 450 K to 750
K. It is seen that the optimized mole fraction of O3 is always less than
the maximum allowed mole fraction in the inlet gas, which means that
it is not bounded by the capacity of the ozone generator taken for our
optimizations.

Fig. 8(e) shows the optimized fuel–air equivalence ratio as well as
the optimized engine speeds for the inlet temperatures from 450 K to
750 K. As seen in the figure, the optimized mixture becomes rich with
increasing inlet gas temperature, with equivalence ratio rising from 8 to
16 with temperature. Comparing using O3 as an additive against using
DME (equivalence ratio varying between 42 and 60), it is seen that
the optimized mixture is much leaner with O3 as an additive for the
temperature range considered here.

Fig. 8(f) shows the optimized engine speeds against the inlet tem-
peratures. The optimized engine speed very close to the upper bound,
which is 100 s-1 for almost the full range of inlet gas temperature.
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Fig. 9. (a) Optimized CH3OH mole fraction (objective function), (b) Fuel conversion, and (c) CH3OH yield, for different inlet gas temperatures from 450 K to 750 K, for O3 and
DME as fuel additives.
4.5.2. Comparison against DME as an additive
This section compares the objective function as well as other param-

eters using O3 as an additive against DME. Fig. 9(a) shows the mole
fraction of CH3OH, which is the objective function, against the inlet
gas temperature, with both O3 as well as DME as additives. As can
be seen here, the number of moles of CH3OH is lower while using O3
as an additive (falling from about 0.25% to 0.1% with temperature),
as compared to DME (falling from about 0.4% to about 0.05% with
temperature), for the lower inlet temperatures up to around 500 K,
whereas it is higher at inlet temperatures above about 500 K.

Fig. 9(b) shows the fuel conversion against the inlet gas temperature
for both O3 and DME as additives. As can be seen, the fuel conversion
is more with O3 as an additive (falling from about 7.5% to 4% with
temperature) as compared to DME (rising from 0.2% to about 6% with
temperature) at lower temperatures up to about 680 K, and lesser at in-
let gas temperatures higher than that. Fig. 9(c) shows the CH3OH yield
against the inlet gas temperature for both O3 and DME as additives. The
yield of CH3OH is more with O3 as an additive (falling from about 0.5%
to 0.2% with temperature) as compared to DME (falling from about
0.45% to 0.05% with temperature) for the full range of investigated
temperatures.

4.6. Summary

In this section, the operating conditions were optimized for max-
imizing the mole fractions obtained at the end of the cycle, for four
hydrocarbons, i.e., C2H4, C6H6, CH2O and CH3OH. The trends in the
objective function, the fuel conversion and the yields of the respective
hydrocarbons were analysed with respect to the inlet gas temperatures,
considered here from 450 K to 750 K, in the steps of 10 K each.

An interesting observation in all the four cases was that the opti-
mized mole fraction of O3 was always lower than the maximum allowed
mole fraction, for the full temperature range considered here, pointing
to the fact that the objective function was not limited by the capacity
of the ozone generator (5 g/h taken in this case).

While comparing the results using O3 as an additive against DME, it
makes sense to compare the objective function, i.e., the mole fraction
of the hydrocarbon at the end of the cycle, as well as the yield, for
different hydrocarbons. It was seen that the yield and the final mole
fraction were higher for C2H4 while using O3 as an additive while
for C6H6, they were comparable. For CH2O, the yield and the final
mole fraction were lower using O3 as the fuel additive, while these
parameters were comparable for CH3OH using both O3 and DME as
fuel additives.

5. Conclusion

In this article, the operating conditions were optimized for the use
of an internal combustion engine as a chemical reactor with O3 as an
additive, for dry reforming as well for the production of commercially
valuable hydrocarbons, C H , C H , CH O and CH OH. The results
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were then compared against the optimized conditions with DME as the
fuel additive.

In the section on dry reforming, the optimization variables were
the mole fractions of CH4, O2, O3 and Ar in the inlet gas, which were
optimized for different CO2 inlet mole fractions from 10% to 50%. It
can be seen that reasonable CO2 conversion takes place to form syngas
with O3 as the fuel additive, around 70% CO2 conversion taking place
at the CO2 inlet mole fraction of 10% and gradually decreasing with
increasing CO2 mole fraction. The maximum CO2 conversion possible
with DME as the fuel additive was 50%. The optimized results show
that CO2 conversion was higher with O3 as an additive compared to
DME, at all the inlet CO2 mole fractions from 10% to 50%.

In the section on the production of hydrocarbons, the optimization
variables were the inlet mole fractions of the inlet gases, i.e., CH4, O2,
N2 and O3, which were optimized for different inlet gas temperatures
from 450 K to 750 K. It was observed that higher yields were obtained
for C2H4 with O3 as an additive than DME for all the inlet gas tem-
peratures. The yields for C6H6 and CH3OH are comparable with both
O3 and DME as fuel additives, whereas for CH2O, the yields are poorer
with O3 as compared to DME.

This article demonstrates the use of O3 as a fuel additive as well as
a comparison with DME. Hence, it may be advantageous to use O3 as
a fuel additive instead of DME for the dry reforming of CO2 as well as
the production of C2H4 under optimized conditions.

Even with O3, the yields are not promising for some of the products
and increasing the allowed mole fraction of O3 does not improve the
situation since the upper bound on the allowed O3 was not the limiting
factor in any of the optimizations. Further work can focus on using
O3 along with DME or other fuel additives. In this research, the inlet
pressure and the compression ratio have been kept constant. Future
work can also focus on optimizing them along with the composition
of the inlet gas.
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