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Abstract

In this study, coke oven gas (COG), a by-product of coke manufacture with a high
volumetric percentage of H2 and CHa4, has been identified as auxiliary support
and promising energy source in stationary internal combustion engines. Engine
performance (power and thermal efficiency) and emissions (NOx, CO, CO2 and
unburned hydrocarbons) of COG, pure H2 and pure CH4 have been studied on a
Volkswagen Polo 1.4 L port-fuel injection spark ignition engine. Experiments have
been done at optimal spark advance and wide open throttle, at different speeds
(2000-5000 rpm) and various air-fuel ratios (A) between 1 and 2. The obtained
data revealed that COG combines the advantages of pure Hz and pure CHa,
widening the A range of operation from 1 to 2, with very good performance and
emissions results comparable to pure gases. Furthermore, it should be

highlighted that this approach facilitates the recovery of an industrial waste gas.
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1. Introduction

The dependence on fossil fuels in the main sectors of today’s society has led to
an unsustainable situation of greenhouse gas (GHG) emissions and pollution,
causing a negative impact on natural resources and health of living beings [1]. To
address this problem, among other strategies, different alternative fuels for
internal combustion engines (ICE) are being investigated to decarbonize the
transport sector and stationary engines field. Internal combustion engines are a
very mature and well-established technology worldwide. These devices can be
easily fed with unconventional liquid or gaseous fuels after making small
preliminary modifications to withstand the different combustion conditions [2—7].
Hydrogen and methane fuel gases have received much attention over the last
few decades due to their suitable characteristics as fuel gases in ICE. Many
investigations have been conducted to study the influence of the composition of
H2 and CHs4 mixtures on various types of ICE: spark ignition (SI) [8-15],
compression ignition (Cl) [4,16-19] and homogeneous charge compression
ignition (HCCI) [20-22], as well as of different configurations of fuel injection

systems and experimental conditions.

Hydrogen, which is being promoted worldwide as an energy vector, offers clean
combustion in terms of zero emissions of COz, CO, and hydrocarbons (HCs) [23—
26]. However, its higher tendency to suffer from abnormal combustion
phenomena and producing greater thermal NOx emissions, prevent from working
at air-fuel (M) ratios close to the stoichiometric one, and therefore, limit the power
produced [27-30]. To avoid this limitation, hydrogen can be mixed with a
proportion of methane, providing good knocking resistance, richer air-fuel
mixtures and higher power performance [14,17,22,31-35]. However, the thermal
efficiency, in-cylinder pressure and temperature, laminar flame speed and
flammability limits are reduced as the methane content is increased [17,36,37].
In addition, the emissions of CO2, CO and HCs, as well as the cyclic variations
and combustion duration, are risen [22,38]. Just to show the influence of the
mixture composition on the performance and pollutant emissions, some previous

studies are mentioned below.



In the research conducted by Ma et al., (2007) [34], mixtures of H2 and CH4 with
hydrogen fractions up to 50% were studied in a six cylinder diesel engine modified
to work with a spark plug and a reshaped piston head to reduce the compression
ratio. Experiments were carried out at 1200 rpm, manifold air pressure of 105
kPa, and one set of tests with a fixed spark timing of 30 degrees before top dead
centre (dBTDC) and another set at optimum spark advance for maximum brake
torque (MBT). With a fixed ignition timing, higher Hz contents increased NOx
emissions and there was no notable thermal efficiency improvement with rich air-
fuel mixtures. However, at optimum spark advance, the NOx emissions of rich Hz
mixtures were lower compared to the first case, becoming negligible the influence
of the Hz content on the emissions, whereas higher efficiency was achieved with

richer mixtures. HC emissions were reduced in both spark timing configurations.

In the study of Hora et al.,, (2015) [39], mixtures of hydrogen-enriched
compressed natural gas (HCNG) containing between 0 and 30 vol% H2 were
tested in a port fuel single-cylinder spark ignition engine at 1500 rpm with a fixed
spark ignition timing of 20 dBTDC. As the H2 fraction and the load grew, the brake
thermal efficiency increased and the specific consumption and HC, CO and CO2
emissions were reduced. Furthermore, at low loads, the enrichment of H2
increased the lean limit operation. However, the NO emissions rose with the H2

fraction up to 20%, reaching stable values at different loads.

Experiments with hydrogen-mixtures containing up to 30 vol.% H2 at wide open
throttle (WOT), engine speeds between 1500 and 3000 rpm and A ratios from
0.95 to 1.35 were carried out in a four-cylinder Sl engine by Kahraman et al.,
(2009) [40]. Results in terms of in-cylinder pressure, thermal efficiency and HC,
CO and CO:2 emissions were discussed. Higher H2 content of the fuel increased
the thermal efficiency and reduced HC, CO and COz2 emissions. As the A value
rose, the peak pressure and CO and CO2 emissions decreased. HC values
showed a minimum at A about 1.2, then increasing for higher air-fuel ratios due

to a reduction of the mixture flammability.

On the other hand, Reyes et al., (2016) [41] focused on the analysis of the cycle-
to-cycle variation when feeding mixtures of H2 and CNG with Hz fractions between

0 and 100% to a single-cylinder S| engine running at speeds between 1000 and



2500 rpm and fuel-air ratio of 0.7. A linear growth of the burning velocity was
produced as the H2 fraction increased. Moreover, the combustion variability was

reduced when using mixtures containing above 25% of Ho.

In addition to the H2-CH4 mixtures, an interesting possibility is the use of already
existing industrial surplus hydrogen streams, which can have two origins: i)
production margin when the self-production exceeds the demand of the plant; ii)
waste by-product coming from process industries that is not further used [42].
The first group of industries produce H2 onsite and generate it in excess, and it is
composed mainly of ammonia plants, oil refineries and methanol plants. As for
the second group, Hz is generated as by-product in ammonia purge gas streams,
chlorine, ethylene and acetylene processes, and it is contained also in coke oven
gas (COG) generated in coke manufacture [24,43]. A total potential between 2
and 10 billion Nm3 of available surplus hydrogen in Europe has been statistically
assumed: up to 5 billion Nm?3 from the first group of plants (i) and 2-5 billion Nm3

as waste by-product (ii) [44].

Crude COG can be cleaned to extract valuable components such as tar, light oil
(consisting mainly of BTX: benzene, toluene and xylene), sulphur and ammonia,
and then, it can be used as fuel in metallurgical furnaces or as raw material in the
chemical synthesis of methanol. Another option is the use of raw COG as heat
source for the coking reactor with no further recovery steps [45]. However, COG
is sometimes flared in periods of low energy consumption within the coke plant
[43,46], reducing the global efficiency and wasting the valuable hydrogen energy
content. COG can be used as fuel in stationary internal combustion engines
coupled to the plants where it is produced due to its interesting composition and

its high volumetric flow (280-450 Nm?3/h [45]) generated per ton of coke.

The typical composition of COG consists of around 90 vol% of combustible
gases: 36-62% H2, 16-35% CHa4 and 3-8% CO, and the rest are inert gases: 2-
10% N2, 1-5% CO2 and small traces of other compounds [47,48].

Coke oven gas has been studied in previous works in both dual-fuel diesel
engines [49,50] and spark ignition engines [51-55]. In the former types of
engines, a pilot amount of diesel fuel is used to ignite the mixture by compression.

Optimization of the equivalence ratio (inverse of A) and the injection timing has
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been conducted for different H2 content gases [50], as well as the exhaust gas
recirculation (EGR) ratio when using only COG [49]. Two-stage combustion
results in maximum power output but is a precursor of knocking phenomena.
Higher H2 content in the fuel increases the thermal efficiency at the expense of
generating lower power because the air-fuel ratio is increased to prevent
knocking. In addition, EGR can increase the indicated mean effective pressure

values and thermal efficiency, as well as reduce the NOx emissions.

In the case of Sl engines, a synthetic gas mixture with a composition similar to
that of COG was tested in a 0.825 L port-fuel single cylinder Sl engine with a
compression ratio (CR) of 10 at A = 1 and 1500 rpm and the performance was
compared with two synthesis gases with different compositions [52]. Results
show good combustion stability and anti-knock properties of CH4, CO and COa.
A simpler gas composition of 65% H2 and 35% CH4 was tested in a 0.98 L engine
of the same type with a CR of 9.7 varying A from 1 to 1.5 and the EGR from 0 to
30% [53]. Knock reduction was achieved in a similar way by diluting the fuel
mixture of the studied gas by means of EGR or by leaning the air-fuel mixture
with an excess of air. A synthetic mixture composed of 55% of H2 and 45% natural
gas was used as a methanized coke oven gas and compared with natural gas
and a mixture with 30% Hz2 and 70% of natural gas in a turbocharged 6-cylinder
Sl engine [55]. The experiments were performed at 1200 rpm in two regimes: the
former, with A of 1.3 and varying the spark ignition timing from 0 to 40 dBTDC;
the latter was conducted at a spark timing of 16 dBTDC varying A from 1 to 2.4 at
different loads. The methanized COG mixture presented higher efficiency and
NOXx emissions than the other fuels but producing lower torque and emissions of

CO and HC; in addition, the optimum A increased at higher load.

Recently, two works reporting modelling of Sl engines fuelled with COG have
been published [51,54]. The first work reports a detailed energy and exergy
analysis for COG, CH4 and syngas (80 vol% H2 and 20 vol% CHa4) combustion
[51]. The main conclusions highlighted the reduction of the irreversibility of COG
when the CR or the throttle opening angle is increased and the ignition time is
delayed, which improve the efficiency and reduce the specific fuel consumption
(sfc). The second work is focused on obtaining a reduced and optimised

mechanism for COG combustion; the kinetic model was coupled to computational
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fluid dynamics (CFD) to simulate in-cylinder combustion with a reduction in the
computational time [54]. Experimental in-cylinder pressures and NOx emissions
are validated with the model at two crank angles showing a good concordance in
the results.

The main purpose of this work is to investigate the use of hydrogen-rich waste
streams such as COG in spark ignition engines at the industries where they are
produced with the aim of e.g. generating electricity thus harnessing their energy
content in a sustainable way. In this regard, the relevant operating parameters
are the speed to produce an adequate frequency, which depends on the
generator or the configuration of the system coupled; the efficiency; the power
and the emissions generated. Many generator systems used in the industry
produce electricity with a determined frequency according to the number of
magnetic poles and the speed of the engine coupled; however, there are variable
speed generator systems that allow working at optimal engine speed with higher
efficiency and power and lower pollutant emissions maintaining the electricity
frequency desired. This can be accomplished with power electronics or with

devices, such as the Continuous Variable Transmission (CVT) [56,57].

In accordance with this fact, despite the interesting previous researches
mentioned dedicated to studying coke oven gas (COG), to our knowledge, there
is no a study on a mixture with the real composition of COG waste stream at
different engine speeds and air-fuel ratio ratios to achieve optimal fuel
combustion conditions. Therefore, the main novelty of this work is the use as fuel
of a gas mixture typical a composition of COG waste stream that can be produced
in a coke manufacture plant. The spark ignition engine was operated at wide open
throttle (WOT) and optimum spark advance to obtain MBT, varying the air-fuel
ratio and the engine speed to obtain optimum operating conditions. This study is
aimed to help the interested industries to take advantage of this opportunity
according to the internal combustion engine and generator system available to
achieve efficient electricity generation with low pollutant emissions. To further
understand the behaviour of COG waste stream composition and the benefits this
fuel can provide, a comparison with pure H2 and pure CH4 gaseous fuels is

carried out because they are the key components of COG. The study implied



analysing the performance of the fuels in terms of mean effective pressure,

power, thermal efficiency, specific energy consumption and emissions produced.

2. Experimental setup and procedures
2.1 Test bench

The engine and the test bench used in this work have been adapted to work with
gaseous fuels and have been described in detail in previous papers [3,31,58].
The ICE tested is a naturally aspirated four-cylinder Volkswagen Polo 1.4 L port
fuel Sl engine. A configuration of double overhead camshaft (DOHC) with four
valves and a compression ratio of 10.5:1 is used. With gasoline feeding, the
maximum brake power and MBT are 59 kW and 132 Nm at 5000 rpm and 3800

rom, respectively.

The main modifications made to allow fuel gas feeding consisted of the
integration of a metallic gas accumulator to maintain constant pressure, a cast
manifold and gas injectors. The original electronic control unit was replaced by a
programmable MoteC M 400 to calibrate the sensors and actuators, and a
wideband lambda sensor Bosch LSU 4.9 was chosen for lean mixtures operation
instead of the original lambda sensor. Lambda could be stablished with an error
of £0.7% for values close to stoichiometric conditions (A = 1) and below +3.0%

for lean mixtures (A above 1.7).

An eddy current dynamometer AVL 80 with a BME 300 control unit are used to
control the torque, accelerator position and engine speed. Precisions for torque
and engine speed were +0.2% and +1 rpm, respectively. The test bench includes
a Bosch ETT 008.31 analyser for CO2z (£0.1%), CO (£0.001%), HC (£2 ppm)
measurement and a Horiba MEXA-720NOx for NOx (2 ppm) quantification in
the exhaust gases. Bronkhorst flow meters are used to measure the gas and air
mass flow rates with a precision of £0.5%. The data acquisition system (DAS) is
based on three modules of a National Instruments Ni-CompacDAQ and is
connected to a LabView program in a computer that collects and shows real-time

information of the equipment.

2.2 Fuel Gases



In this work, pure hydrogen (= 99.8%), pure methane (= 99.5%) and a synthetic
gas mixture of coke oven gas with the composition indicated in Table 1 have been

purchased to Nippon Gases Spain.

Table 1. Composition of coke oven gas (COG) in percentage by volume and by weight

used in this study

Composition H2 CHa4 co N2 CO:
vol% 57 30 6 5 2
wt% 116 485 169 14.1 8.9

Physicochemical properties of H2, CH4 and COG are listed in Table 2. As can be
seen, the lower heating value (LHV) per unit mass of Hz is much higher than the
value of CHas; however, LHV of COG is the lowest due to the 16.9 wt% of CO in
the composition (Table 1), a component that barely contributes with a value of
10.1 MJ/kg [59]. On the other hand, LHV per unit volume or per mol decreases
as the Hz2 content increases because of the lower density. Low densities and
volumetric LHVs of gases explain a decrease in power output compared to
gasoline or diesel fuels due to the bigger space filled, resulting in less intake of
fresh air and lower engine volumetric efficiency. This disadvantage can be
compensated employing higher compression ratio, turbocharging and direct

injection (DI) to increase the pressure of the fuel gases [36].

Table 2. Typical physicochemical properties of H,, CHs and COG calculated at 273.15

K and 10° Pa
Gas H: CH, COG
LHV (MJ/kg) 120.00 [59] 50.00 [59] 39.86
LHV (kJ/mol) 241.91 802.12 395.50
LHV (MJ/m3) 9.92 32.91 16.23
Density (kg/m?) at STP 0.08 0.66 0.41
Molecular weight (g/mol) 2.02 [59] 16.04 [59] 9.92
Stoichiometric ratio (4,;) 34.21 17.20 12.72

Flammability range (vol%) 4.0-75.0[60] 5.3-15.0[60] 4.4 -34.0 [48]

Lam'“ar(:"sg)‘es"eed 2.65 - 3.25 [61] 0.38 [61] 0.68 - 0.88 [51,62]




STP means standard temperature (273.15 K) and pressure conditions (10° Pa)
according to IUPAC [63].

The general reaction for the complete combustion of 1 mol of COG for a given

value, A, of the air-fuel ratio is as follows (Eq. 1):

79
«CH, + BH, +yCO + 5CO, + €N, + (Za + g + g)a (02 + HNZ)

79
B v

+(A—1)(2a+5+§)02 €Y)

The parameters «, (, ¥, § and ¢ are factors multiplying the stoichiometric
coefficients that correspond to the volumetric percentages of the composition of
COG shown in Table 1. Stoichiometric air-fuel ratio (15;) of the gases are
calculated according to the general reaction giving a null value for the parameters
of the components not found in the fuels in the case of pure gases. With the
molecular weight of air (28.966 g/mol for dry air) and each gas, the mass flows
(g/s) are calculated and Eq. 2 is applied.

Meyir

Ast = 2)

mfuel
The flammability limits are the range of fuel-air mixtures compositions, in
percentage by volume, in which they are able to ignite and propagate in a self-
sustained way. The range of Hz is far wider compared to CH4. The COG upper
flammability limit is almost half of the H2 due to the high volume content of

hydrogen in the mixture.

Laminar flame speed (SL) is a characteristic of the air-fuel chemical reactivity,
combustion enthalpy and physical diffusivity, influencing the rate of heat release
rate in Sl engines. St strongly rises with the increase of H2 percentage in the fuel
composition enhancing the mixture chemical reactivity by increasing the
concentration of H, O and OH radical species. This trend is linear up to 50% of
H2 with a slight increase due to the less-reactive component, CH4. From 50% to
90% of Hz, there is an exponential increase in Si, ascending finally very rapidly

in the range 90-100%. This non-linear behaviour caused by the contribution of



the slowly reacting methane affects strongly to the chemical kinetics and the

flame propagation process [36,64,65].
2.3 Experimental methods

The study of pure Hz, pure CH4 and synthetic COG has been conducted through
experiments at a wide speed range from 2000 to 5000 rpm and WOT for full load
with maximum air inlet flow (Table 3). The spark advance was selected in order
to obtain the MBT in each working condition. The A range was varied between 1
and 2. However, A values for H2 were set at 1.5 and 2 to avoid the risk of
combustion anomalies such as pre-ignition, backfire and knocking with fuel-rich
mixtures [66]. A is limited to 1 and 1.5 for CH4 due to poor combustion at leaner
compositions increasing emissions of unburnt methane. On the other hand, COG
combines the advantages of both pure fuel gases extending the range of
operation from 1 to 2. The good knocking resistance of CH4 allowed the reduction
of air-fuel ratio for COG without abnormal combustion phenomena except at 5000
rpm for A = 1. The wider flammability range of H2 component enabled the burning

of the fuel gas at lean A ratio.

For the experiments with COG (A = 1.5) at 5000 rpm and COG (A = 1) at the whole
range of engine speeds, the fuel gas injection pressure was increased to 4 bar
instead of 3 bar used in the rest of the experiments, because the gas injectors
were not able to inject the required fuel volume at the set speed. Even though,

the engine was able to reach stoichiometric A conditions up to 4000 rpm.

Table 3. Experimental tests conditions

Fuel A Speed (rpm) Spark advance Load
H2 15, 2 2000 - 5000 Optimum WOT
CH4 1,15 2000 - 5000 Optimum WOT
COG 1,15 ,2 2000-5000 Optimum WOT

3. Results and discussion

The performance of the ICE was tested in terms of brake mean effective pressure

(BMEP), power, thermal efficiency (n,) and specific energy consumption (SEC)
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for each gas. On the other hand, emissions of NOx, HC, CO and CO:2 were
collected at the engine exhaust, analysed, and calculated per energy unit (g/kWh)

to normalize the results.

3.1 Engine performance

The performance comparison of the three gases has been carried out at optimum
spark advance and WOT to achieve the MBT, and hence, the highest power
values at each test condition. Fig. 1 shows the ignition advance in dBTDC for
pure Hz, pure CH4 and COG varying the engine speed between 2000 and 5000
rom and A values between 1 and 2. COG with A = 1 only reached 4000 rpm due
to abnormal combustion at higher speeds.

As the Hz concentration in the fuel increases, the ignition (spark) advance angle
decreases because of higher S. and therefore, improved mixture chemical
reactivity and lower combustion duration [60,67]. This effect can be observed
through the lower advance of pure H2 and COG compared to pure CH4. Also,
COG requires a higher spark advance than pure Hz at the same A due to the
presence of inert gases, as well as CO and CH4 (Table 1). In addition, lean air-
fuel mixtures (high A) entail increased ignition advance to burn the high air

percentage in the combustion chamber [3].

In general, at low speeds, the required ignition advance angle becomes lower
because there is a longer period of time available to burn the air-fuel mixture,
meanwhile at higher speeds, the period of time available for the same angle is

lower, requiring a higher spark advance to compensate this fact.
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Fig. 1 — Ignition advance angle (dBTDC) versus engine speed (rpm) of H: (red

squares), CH4 (green triangles) and COG (blue dots) at WOT and different A values

To assess the performance, the BMEP parameter (in kPa) is typically used, which
removes the dependency on engine size by dividing the work obtained per cycle

by the cylinder volume displaced (V,, in m3), and is calculated with Eq. 3 [59].

P*TlR
Vd'N

BMEP = 60 - (3)
Where P (kW) is the power generated, ny is the number of revolutions per cycle

(with a value of 2 for a four-stroke engine) and N (rpm) is the engine speed.

Fig. 2 shows the engine BMEP when using the three fuels under study versus
the engine speed at the different A conditions and WOT. For A values higher than
1, COG provides greater BMEP than pure H2 and pure CHs, thanks to an
adequate trade-off between higher volumetric LHV (16.23 MJ/m?3) than H2 (9.92
MJ/m?3), and higher St than CHas. With A = 2, the difference between COG and H2
is very small, possibly due to the diluent effect of air. However, at A = 1 the
performance of pure CHs prevails over COG because the latter has a high
composition in weight percentage of inert gases, N2 and CO2, decreasing the LHV
and the effective power, and therefore, reducing the n, of the engine. Comparing
H2 and CHa4, at A = 1.5, the former gas supplies higher BMEP taking advantage

of the higher S and the wider flammability range.
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The increase of H2 content in the fuel provides a more stable combustion,
decreasing the variation of the BMEP values throughout the range of speeds [68].
For COG and CHs in every A condition, the maximum BMEP value is reached at

4000 rpm, meanwhile, for pure H2 the greatest BMEP is at 5000 rpm.
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Fig. 2 — BMEP (kPa) versus engine speed (rpm) of H; (red squares), CH4 (green
triangles) and COG (blue dots) at WOT and different A values

If the engine power with the three gases at different engine speeds and varying
A is considered (Fig. 3), the important effect of the A ratio on the power can be
highlighted. As the mixture becomes leaner, the power decreases due to the

excess of air which reduces the combustion temperature and the heat released.

At A =1, CHa4 prevails over COG on the whole range of speeds, increasing the
difference as the engine speed rises. In the case of A = 1.5, COG dominates over
pure H2 and pure CH4 at each engine speed, especially in the high part of the
range. However, Hz performs similar to CH4 at that air-fuel ratio, except in the
case of 5000 rpm, where the power difference increases due to the steeper slope
of CHa4 at that speed. On the other hand, at A = 2, COG power results are very

similar to pure Hz, widening the difference at medium speeds.
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Fig. 3 — Power (kW) versus air-fuel ratio (A) of H, (red squares), CH. (green triangles)

and COG (blue dots) at different engine speed values and WOT
Thermal efficiencies of the three gases under consideration are shown in Fig. 4.

The n, parameter relates the ratio of the power obtained and the energy of the
fuel required. As the power delivered increases with a determined quantity of fuel
energy, the efficiency rises. In addition, for a constant power generation, a lower
volumetric LHV increases n; because the fuel can provide the same amount of

power with a lower energy content.

In this case, comparing the three gases at A = 1.5 and 4000 rpm, efficiency
increases of 7.0% and 10.3% are obtained with COG compared to pure Hz2 and
pure CHa, respectively. Although the volumetric LHV of COG is an intermediate
value between those of CH4 and Hz, the power (and hence, BMEP) achieved is
higher at that A (Fig. 2), predominating in the ratio of the thermal efficiency.
Comparing H2 and CHsat A = 1.5, the former has lower volumetric LHV and higher
power is achieved than with the latter, following the trend explained previously.
Despite the fact that a lower power value is achieved at A = 1 with COG and CHa4
(Fig. 2), the first one has the half value of LHV by volume (Table 2), predominating

in a significant way in the thermal efficiency. In the case of A = 2 with H2 and
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COG, Hz has lower volumetric LHV than COG but also the power obtained is

below, reducing 7;.

Considering each fuel individually, lower air-fuel ratios lead to greater n; because
the power delivered increases significantly while the fuel energy required rises in
a minor proportion. However, there is an exception for COG, providing the
maximum 7, at A = 1.5 and decreasing for richer mixtures (A = 1) due to
incomplete combustion because there is less oxygen available in the combustion
chamber [32,69-71]. With fuel lean mixtures (high A values) the efficiency also

decreases due to less stable combustion [32,67,70].

Regarding the effect of the engine speed, the maximum efficiency is achieved at
4000 rpm for all the gases except in the case of CH4 (A = 1), that is reached at
5000 rpm. This dependence of the thermal efficiency on the engine speed can be
harnessed by the industries interested on using the clean COG waste stream in
ICEs to generate electricity coupling the engine to the generator with systems like
power electronics or CVT systems [56,57]. These devices allow maintaining
constant the current frequency produced and at the same time use the engine at

optimal conditions with higher power output and lower fuel consumption.

In the case of H2, a small variation of the n; curves is observed throughout the
whole range of engine speeds, revealing higher combustion stability due to

complete combustion, in good accordance with the literature [37,68].
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Fig. 4 — Thermal efficiency versus engine speed (rpm) of Hz (red squares), CH4 (green

triangles) and COG (blue dots) at different A values

In Fig. 5 the specific energy consumption (SEC, in MJ/kWh) is plotted at WOT
and different A values varying the engine speed. The SEC represents the amount
of total fuel energy that is needed to produce 1 kW of power during 1 h of
operation in the engine [4]. An inverted relationship can be observed between the

thermal efficiency and SEC curves, following the same trends.

As the volumetric LHV of the fuel increases, the SEC value rises because the fuel
provides higher energy and more energy is consumed per cubic meter of fuel
injected. For that reason, Hz, with a very low volumetric LHV due to its low density,
occupies more volume in the combustion chamber but provides less energy,
reducing the SEC value with respect to CH4 at A = 1.5, which has higher
volumetric LHV. On the other hand, COG at A = 1.5, with an intermediate value
of LHV, should be in the middle of both pure gases, but as this gas can deliver
more power (and therefore, BMEP) than Hz (Fig. 2), the SEC is reduced. If CH4
and COG are compared at A = 1, methane gets closer to COG curve as the power
delivered by the former is greater than the latter, however, the lower volumetric
LHV of COG (the half than CHa4) prevails, reducing its SEC value. In contrast, in
the case of A = 2, although COG has higher volumetric LHV than Hz, COG delivers

more power, predominating in this case.

16



Considering each fuel individually, as the A ratio increases, the SEC value
increases as well because the fuel mixture becomes leaner. Although lower fuel
volume is injected at higher A, the power is reduced significantly, and therefore,
more energy of the fuel is required per unit of mechanical energy delivered.
However, in the case of COG, the minimum SEC values are obtained at A = 1.5
and increase at richer mixtures because there is less oxygen available with A =
1, causing incomplete combustion and more fuel is consumed to give the same

amount of mechanical energy.

Regarding the effect of the engine speed, the minimum SEC value is reached at
4000 rpm for all the gases except in the case of CH4 (A = 1), achieved at 5000
rom. This effect is the opposite of the one commented for ;. Furthermore, as
mentioned before (Fig. 4), the higher combustion stability of H2 in the whole range
of speeds is also proven in the almost constant values of SEC, with a variation

around only 3% between the lowest and highest values.
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Fig. 5 — Specific energy consumption (SEC, in MJ/kWh) versus engine speed (rpm) of

H2 (red squares), CHa4 (green triangles) and COG (blue dots) at different A values

With the analysis of the performance results carried out, the importance of the
air-fuel ratio and the engine speed working at MBT and WOT is highlighted,
obtaining for this engine the greatest BMEP value at A = 1 and 4000 rpm for COG.
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However, higher thermal efficiency and lower SEC are achieved at A = 1.5 and
4000 rpm. Therefore, the industry users interested in using this waste stream in
ICEs, have the option of working at higher power values or with higher efficiency
performance reducing the fuel consumption. In these cases, to operate at a speed
different than the one used with conventional generators, a power electronics
system or a CVT device is necessary to adapt the engine speed chosen to the

desired electricity frequency given as output by the generator.
3.2 Emissions

Once the performance of the combustion of the gaseous fuels has been
described, the specific NOx, HC, CO and CO:2 emissions are discussed in what
follows. Specific emissions were calculated according to Eq. 4 (written for the
case of NOx) [31].

_60-107¢ Vi - Ne - Mo, - Cno,

SNO, = 7 P 4)

Where the specific emissions of NOx (sNOx) are in g/lkWh, 1, is the molar volume
(22.71 L/mol at STP conditions), Vf (NL/min) is the fuel flow rate, N, are the
exhaust moles formed assuming complete combustion of 1 mol of fuel with Eq.

1, Myo, (g/mol) is the molecular weight of the gas (assumed as 30 g/mol
considering the main product is NO), Cy,, (ppm) is the concentration of NOx in

the exhaust and P (kW) is the brake power generated. For HC, CO and CO2
pollutants, the exhaust measurements have been done on dry gases and the
exponent “-6” in Eq. (4) is changed to “-2” because they are measured in “%”

instead of “ppm”.

The sNOx measured in the exhaust are shown in Fig. 6. These emissions depend
mainly on the temperature reached during combustion and the concentration of
the reactants (N2 and Oz2) in the air-fuel mixture, as it is well known with the
extended Zeldovitch model [31]. The experiments carried out in the literature
show that in the case of working at constant spark timing, the sNOx emissions
are increased with higher Hz content in the mixture at same A value
[27,31,34,39,73]. However, if the spark timing is selected in order to obtain the
MBT, the specific NOx emissions are similar or even lower with higher H2
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contents at same A value and speed than leaner mixtures [31,34]. With high H2
contents, the optimum ignition timing is retarded (Fig. 1), reducing the work in the
compression stroke and decreasing the combustion temperature, and hence,
reducing NOx emissions. Hoekstra et al., (1996) [73] and Shudo et al., (2000)
[74] also prove that as the ignition timing is delayed, the NOx emissions are
reduced. Therefore, a trade-off between higher NOx emissions with higher H2
contents and reduced emissions due to the ignition timing delayed is produced in
the experiments carried out in this study. As the ignition timing of pure H2 with A
= 1.5 is significantly delayed for MBT (10° at 2000 and 3000 rpm and 15° at 4000
and 5000 rpm), the NOx emissions have similar values than with CH4, which is
ignited with a very advanced spark timing (45° at 2000 rpm and 60° at higher
speeds). On the other hand, COG presents lower NOx values at all A values
because this gas incorporates both benefits commented: lower Hz content than

pure Hz, and higher ignition timing delay than pure CHa.

As can be observed from each gas independently, fuel-rich mixtures (low A
values) favour NOx generation due to the dominant effect of temperature,
however, at A values close to 1, the Oz concentration is small, limiting the NOx
formation [32]. There is an exception for the case of CH4 at low engine speeds,
probably because the power delivered is not so great and the fuel consumption

is still high, increasing the ratio between emissions and power produced.

With lean mixtures (high A values), the NOx emissions drop due to the excess air
in the cylinder, reducing the combustion temperature [72]. COG (A = 2) delivers
the lowest NOx emissions due to the important content of no H2 components in
its composition and the dilution effect of air, decreasing the temperature during
the combustion and hence, the thermal NOx formation. The greatest influence of
A in sNOx values is observed for pure Hz; thus, in H2 engines, limiting the
combustion temperature by air dilution would be an interesting strategy to reduce

NOx emissions.

This trade-off between low O2 concentration and reduced combustion
temperature at low and high A values, respectively, explains the higher emissions
of COG combustion at intermediate A values (1.5) than at A = 1, achieving better

combustion.
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The minimum emissions are achieved at 3000 rpm for almost all the gases and
test conditions. At higher speeds, better turbulence favours a greater mixture in
the combustion chamber, and therefore, higher NOx emissions due to better

combustion phenomena [75].
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Fig. 6 — Specific NOx emissions (sNOXx, in g/kWh) versus engine speed (rpm) of CHg,
COG and H; at different A values

Fig. 7 shows the evolution of the specific hydrocarbons emissions (sHC, in
g/kWh) at different A values across the speed range tested. HC emissions are
mainly produced because of incomplete combustion caused by quenching of the
flame near the cylinder walls or due to local air-fuel inhomogeneity, as well as
from unburned fuel trapped in crevices not reached by the flame, emitting
unburned hydrocarbons [76]. At A values above 1 but close to the unit, there is
an extra air condition which assures complete combustion and the mixture is not
too lean, allowing a high exhaust temperature and hence, oxidizing the HC
formed through crevice and flame quenching [34]. As the air-fuel mixture
becomes leaner (high A values), the flammability of the mixture is reduced and
sHC rise. This effect can be clearly observed for CH4 and to a lesser extent for
COG. The former case can be explained because the flammability range of CH4
is lower than for pure Hz and COG, resulting in very poor combustion when the

air excess increases, raising the emissions very steeply. In the case of COG, as
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the flammability range is wider, the mixture can still burn properly with A = 1.5,
although at higher A values, sHC emissions strongly rise as well [77]. The same
trend can be observed in Ma et al., (2007) [34], increasing the emissions in a
steeper way with richer fuel mixtures in the case of pure CH4, and delaying the

effect to leaner mixtures when the hydrogen fraction increases.

In addition, as COG is enriched with Hz, the fuel carbon content is lower, the
quenching distance is smaller and the combustion temperature is higher,
reducing the sHC emissions, as can be observed in the comparison between CH4
and COG [78].

The sHC emissions decrease with the rise of engine speed thanks to the
improved fuel combustion due to a better mixing associated with more intense
turbulence inside the cylinder. However, the emissions of CH4 (A = 1.5) rise again
at 5000 rpm because the power decreases steeply from A =1 to A = 1.5 and the
thermal efficiency also drops rapidly at that engine speed, as can be seen in Fig.
3 and Fig. 4.
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Fig. 7 — Specific hydrocarbons emissions (sHC, in g/kWh) versus engine speed (rpm)
of CH4 and COG at different A values
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Fig. 8 depicts the specific carbon monoxide emissions (sCO, in g/kWh) of the
engine exhaust for selected A values in the experiments performed with CH4 and
COG between 2000 and 5000 rpm and full load. As COG includes a fraction of
CO in its composition, it has a higher tendency to emit carbon monoxide in the
case of incomplete combustion. On the other hand, hydrogen enrichment helps
to reduce the sCO emissions, as it can be observed in the comparison between
CH4 and COG, by increasing the combustion temperature and the concentration
of OH radicals, which promote the oxidation of CO to CO2 [79]. The highest CO
emissions are produced with CHs4 (A = 1) because CO is formed as an
intermediate product of CH4 oxidation when the Oz available in the air-fuel mixture
is low, limiting the complete combustion in the cylinder to form COz2 [76]. With a
leaner mixture in both fuels (A = 1.5), the increase of O2 content is beneficial to
reduce the sCO emissions drastically, promoting a more complete combustion
[80]. The same trend is observed in Agikgoz et al., (2015) [81] and in Ma et al.,
(2007) [34], increasing the CO emissions as the excess air ratio approaches to
stoichiometric conditions. However, at even leaner mixtures in the case of COG
(A = 2), although the carbon content in the air-fuel mixture is lower, the sCO
values rise again because a more unstable combustion, lower combustion
temperature reducing oxidation rates and a higher probability of large-scale flame
quenching, limiting the complete oxidation of the fuel and then increasing sCO
[32,34,76,82]. In addition, the reduction of the generated power at this condition

is more pronounced than the sCO emissions produced [31,78].

In general, as the engine speed increases, the emissions are reduced because
the increased turbulence inside the cylinder favours the combustion, except in
the case of CHs (A = 1), with a minimum at 3000 rpm. This can be explained
because the air-fuel mixture is so rich that at higher engine speeds, the available

time to complete the combustion is lower leading to increased emissions.
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Fig. 8 — Specific carbon monoxide emissions (sCO, in g/lkWh) versus engine speed
(rpm) of CH4 and COG at different A values

Finally, the specific emissions of carbon dioxide (sCOz2, in g/kWh) are graphed in
Fig 9. These emissions arise as products of the complete combustion of a

hydrocarbon fuel.

In contrast to the other pollutants, the influence of A and the engine speed on
sCO2 emissions is very small. Generally, with rich mixtures, the specific COz2
emissions decrease because of a limited oxygen availability. Moreover, with very
lean mixtures the CO2 emissions also decrease because the carbon content is
reduced and the combustion is poor [78]. However, at medium A values (1.5),
CO2 emissions increase because the efficiency is higher, and the oxygen
concentration is adequate to achieve complete combustion. Considering specific
emissions, the same reasoning can be applied, nevertheless, the power
reduction with lean mixtures is more pronounced than the emissions generated,

raising the sCOz2 values, especially at higher engine speeds [27,78].

On the other hand, the H2 fraction on the fuel composition of COG has a clear
effect on sCO2, which decrease as the H/C ratio of the mixtures increases. It

should be noted that COG has typically a little fraction of COz2 in its composition,
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which is an inert gas as concerns combustion, and therefore, it has a direct

contribution to the carbon dioxide emissions.
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Fig. 9 — Specific carbon dioxide emissions (sCO,, in g/kWh) versus engine speed (rpm)
of CHs and COG at different A values

In summary, considering the emissions results of COG, this waste stream can be
operated in this engine at A = 2 to obtain lower values of sNOx and sCO:2 but with
higher amount of sHC and sCO than working at A = 1.5. Regarding the engine
speed, operating at 3000 rpm reduces the emissions of sSNOx and sCO2 but

increases slightly the sHC and sCO values compared to 4000 rpm.

Conclusions

A comparative experimental study of pure Hz, CH4 and COG gaseous fuels in a
Volkswagen Polo 1.4 L port-injection Sl engine has been developed. Experiments
were carried out at full load (WOT) and optimal spark advance to obtain MBT. A
values between 1 and 2 were selected varying the engine speed between 2000
and 5000 rpm. The main conclusions regarding the comparisons of the three

gases are summarized as follows.
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For A values higher than 1, COG provides greater BMEP and power than
pure Hz and pure CHa4, due to the favourable influence of the higher LHV
of COG in comparison to H2 and higher S. value compared to CH4. With
leaner mixtures, the BMEP and power decrease, being this reduction more
pronounced at high speeds.

COG delivers the greatest n, values. At A = 1.5, a n; increase of 7.0% and
10.3% were obtained with COG with respect to H2 and CHs in the
maximum values, respectively. Fuel gases with lower LHV by volume
reduce the SEC. SEC values increase at high A values due to a reduction
in n;, except COG (A = 1) that reaches the maximum n, at A = 1.5.

The delayed spark timing operating at MBT with fuels with high H2
percentage can reduce sNOx due to lower combustion temperature. COG
presents lower values because of lower Hz content and higher spark timing
delay than CHa4. Very low and very high A values reduce the O2
concentration and the temperature, respectively, reducing sNOx.

The flammability of the mixture is reduced with high A values and the sHC
emissions rise. By enriching the fuel with Hz, the fuel carbon content is
lower, the quenching distance is smaller, and the combustion temperature
is higher, reducing sHC emissions.

The highest sCO emissions are produced with CH4 (A = 1) because the Oz
available is low. At lean mixtures (A = 2) the sCO values rise again because
of a more unstable combustion.

sCOz2 emissions rise with intermediate A values due to better combustion
and decrease as the H/C ratio of the mixture increases.

The major strength of COG is the combination of advantages of pure H2
and pure CH4, widening the A range of operation from 1 to 2, with very

good performance and emissions results comparable to pure gases.

These results reveal COG as a very good fuel for ICEs. This gas comes from an

industrial waste stream and can be applied in stationary engines coupled to

generator systems with power electronics or CVT systems to work at optimal

conditions while maintaining the electricity frequency desired. The optimum

conditions for using COG in the engine employed in this work were with A = 1.5

at 4000 rpm achieving high power performance and n;, the lowest SEC, moderate
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NOx and CO:2 emissions, and small values of sHC and sCO. At 3000 rpm or A =
2, lower values of sNOx can be achieved but the combustion performance and
efficiency are reduced. Another way to reduce the emissions is by incorporating
a three-way catalytic converter (TWC) in the exhaust. Thus, the operating
conditions should be optimized for each engine and the purpose of the

application.
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Nomenclature

COG coke oven gas

BMEP brake mean effective pressure

CA crank angle

CFD computational fluid dynamics

Cl compression ignition

Cro, concentration of NOx in the exhaust
CNG compressed natural gas

CR compression ratio

CVvT continuous variable transmission

dBTDC degrees before top dead centre
DME dimethyl ether
DOHC double overhead camshaft

EGR exhaust gas recirculation
GHG greenhouse gas emissions
HCCI homogeneous charge compression ignition
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HCNG hydrogen enriched compressed natural gas

ICE internal combustion engine
LHV lower heating value

MBT maximum brake torque

Mgy mass flow rate of air

Mryel mass flow rate of fuel

Myo, molecular weight of NOx

N engine speed

N, exhaust moles with complete combustion
ng revolutions per cycle

P power

SEC specific energy consumption
sfc specific fuel consumption

Si spark ignition

SL laminar flame speed

sNOx specific NOx emissions

STP standard temperature and pressure (273.15 K and 1 bar)
TDC top dead center

TWC three-way catalytic converter
V4 displaced volume

Ve fuel flow rate

748 molar volume

WOT wide open throttle

A air-fuel ratio

Agt stoichiometric air-fuel ratio
Ne thermal efficiency
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