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ABSTRACT

This study tested a 30 kW-generator in a small biogas plant at the Taiwan Sugar Swine Farm in Taichung. After
the desulfurization process, the biogas still contains water vapor. Hence, it is necessary to remove the water
vapor from the intake biogas before it is fueled into the engine. In this study, the water vapor in the intake
biogas was already removed. In addition, the composition of the intake biogas was identified and concentrations
were measured to provide real data. Moreover, a complete ignition system was installed, consisting of a
spark-plug pressure sensor and a rotary encoder, to record the in-cylinder pressure and crank angle of the
piston cylinder.

In this study, the optimum spark timing of the engine was located at 13 degrees before top-dead center
(BTDC13), which supplied the highest power generation. Delaying or advancing the optimum spark timing
leads to poorer power outputs. The spark timing of BTDCI13 has a lower coefficient of variation in indicated
mean effective pressure (CoViep) than delayed and advanced timings, where the engine performs at more
stable indicated mean effective pressures (IMEP) during combustion. In addition, it was found that the lower
CoViuep results in a higher CH4 consumption ratio.
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I. Introduction

Global warming and the energy shortage crisis are currently serious problems for human beings.
Animal manure from farms can produce biogas after anaerobic treatment. The manure and urine of swine
includes methane (CHs), carbon dioxide (CO,) and nitrous dioxide (NOy). These gases turn into biogas after
anaerobic treatment, which is composed of methane (CHs) and carbon dioxide (CO;) with small amounts of
hydrogen (H>), nitrogen (N»), ammonia (NH3), hydrogen sulfide (H»S) and organic compounds. The methane is
burnable for generating power and heat.

There are many benefits to using swine manure for making biogas. First, it can reduce greenhouse gas
(GHG) emissions. Currently, most governments support the reduction of GHG emissions. The main GHGs in
the atmosphere are water vapor, CO,, CH4, NO, ozone and chlorofluorocarbons. The global warming potential
of methane from untreated animal manure is 23 times that of carbon dioxide. If these gases are emitted to the
surroundings, they will have an environmental impact.

Biogas contains water vapor after the desulfurization process, so it is necessary to remove the water
vapor from the intake biogas. In addition, details of the intake biogas composition and their concentrations were
measured. Moreover, an ignition system was installed in the engine to enhance its performance and combustion
stability. After these implementations, the effects of varying the fuel flow rate and the excess air ratio on the
engine’s performance were studied.

Brown [1] reported that biomass comprises of two-thirds of the total renewable energy in the world.
Renewable energy has not yet been fully developed in Taiwan because fossil energy is much cheaper than
renewable energy. However, renewable energy will become more competitive in the energy market because
Legislative Yuan of Taiwan passed the “Renewable Energy Development Bill” in June 2009, as investigated by
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Chen et al. [2]. Moreover, Tsai and Lin [3] surveyed bioenergy from livestock manure management in Taiwan.
Based on the characteristics of the swine dung, the benefits from the total swine population from farms
(approximately 4.3 million heads) of the farm scale of over 1000-head of swine in Taiwan are as follows:
emissions of methane reduced by 21.5 Gg/yr, total electricity generated at 7.2x107 kWh/yr, equivalent to a
savings in electricity charges of USD7.2x10%yr (1 dime per kW-h in Taiwan) and carbon dioxide mitigation of
500 Gg/yr.

Huang [4] used a 73% methane concentration of biogas to compare with 60% CH4 biogas and applied a
heat recovery system to heat the inlet gas under different temperatures and to analyze the preheating influence
on the generation performance. The results showed that power generation with 73% CH,4 biogas is higher than
the ones with 60% CHjs biogas, except in the region around A<0.85. However, the thermal efficiency increases
with increasing methane concentration in the region of A>0.95. In the case investigating the effect of increased
inlet gas temperature, there is an obvious improvement when the temperature is increased from 40°C to 120°C
for a biogas supply rate of 140 L/min with A=1.58.

Bika et al. [5] varied H, and CO proportions to compare engine knock and combustion characteristics
of a spark ignition engine. They found the knock limits (used to determine the safe operating region) and
described the knocking characteristics of the fuel in an engine with a spark timing of 12 crank angle degrees
before top-dead-center (CAD BTDC). The knock limited equivalence ratio decreases with increasing
compression ratio. The non-knocking area falls to the left side of the equivalence ratio versus compression ratio
curve.

Arunachalam and Olsen [6] used a CFR F-2 engine fueled with different compositions of manufactured
gases to evaluate the knocking characteristics. The critical compression ratio refers to the compression ratio at
which the fuel mixture experiences a light audible knock in the test engine. They found that an increase in the
volume percentage of CO; in the test gas results in an increase in the critical compression ratio. Moreover, there
is a decrease in the critical compression ratio as the percentage volume of H» in the composition is increased.

Porpatham et al. [7] tested the effect of the CO, concentration in biogas on the performance of a constant
speed spark ignition engine. A lime water scrubber was used to absorb CO; in the biogas. They found that when
CO; in the biogas is reduced from 41% to 30%, the engine performance is improved by 20%, unburnt
hydrocarbons are reduced and the lean limit of combustion is extended.

Park et al. [8] operated an 8-L, 6-cylinder spark ignition engine fueled by various the proportions of
methane and nitrogen. The experiment also applied different concentrations of H in biogas at stoichiometric
(A=1) and lean conditions. The engine operation at A=1 with more than 5% H> addition makes the decrease of
thermal efficiency caused by increasing cooling loss.

Badr et al. [9] carried out a parametric study on the lean misfiring and knocking limits of gas-fueled
spark ignition engine. They tested Ricardo E6 engine, using propane and liquefied petroleum gas (LPG) as fuels.
For low engine speeds, when the intake temperature increases, the lean misfire limit decreases. For high speeds,
when the intake air temperature is up to 70°C, the lean misfire limit increases, however, beyond 70°C the lean
misfire decreases.

Biogas generated from the anaerobic treatment of wastewater in a swine farm is a kind of natural
renewable energy source. This study developed the ignition system on a biogas generator to enhance its
performance and combustion stability. The effects of varying the fuel flow rate and the excess air ratio on the
engine’s performance are investigated.

II. Experimental Apparatus
2.1 Experiment layout

The experimental equipment layout is shown in Fig. 1. When the engine is running, air and biogas are
sucked into the engine automatically. The water vapor in the biogas is removed by a GTT RD15 dehumidifier
with a maximum inlet biogas flow rate of 30 L/sec (marked by D) before biogas flows through the flow meter
(F1). The flow meters (marked by F1 and F2) measure the air and the biogas flow rates, respectively, and are
controlled by valves at the engine inlets. The airflow meter at the air inlet was an insertion-type VA-400 flow
sensor with a range that varied with the installed pipe diameter. The measurement range of the flow sensor was
9 — 2700 m>/h, with an accuracy of approximately + 3% of the measured value. The biogas flow meter at the
biogas inlet was a TF-4130-32 thermal-mass flow meter. The measurement range of the flow sensor was 0 — 500
NL/min, with an accuracy of approximately + 2% of the measured value.

The crank angle degree is recorded by a HONTKO HPNG6A rotary encoder (marked by R). The spark
timing controller (marked by ST) can adjust spark timing according to the corresponding crank angle degree.
The in-cylinder pressure can be obtained at each crank angle degree by the spark-plug pressure sensor (marked
by P), which is modified from an NGK BKR5E-11 spark plug with a PCB Piezotronics 112A05 pressure sensor.
The pressure range is up to 350 bar, and the operating temperature ranges from 240 to 310°C. The engine is
powered by combustion to drive the generator and produce electricity. A waste gas analyzer, BACHARACH
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ECA 450, is placed at the engine outlet to measure the composition of waste gases. This analyzer measured the
concentration of oxygen and carbon monoxide and then used that data to deduce the concentration of carbon
dioxide. The measurement range of the gas analyzer was 0 — 25% for O, 0 — 10% for CO, and 0 — 20% for CO»,
each with an accuracy of approximately = 0.2% and a resolution of 0.1%.

Gas
Analyzer
Flow Meter
Gas Waste Gas Dehumidifier
Spark Timing n
Analyzer Controller i
S Biogas Tank
ST
%

&

Generator Engine

Electricity P I
Spark Plug Rotary Encoder
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Fig. 1 Experimental Equipment Layout
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2.2 The Effect of Spark Timing

The experimental parameters are spark-timing, biogas flow rate and excess air ratio. The biogas flow
rates are 220, 240 and 260 L/min, and excess air ratios range from 0.8 to 1.2. The optimum spark timing is
adjusted in this study. In addition, the advance and delay of the optimum spark timing are investigated. At each
specific spark timing, this study tests different biogas flow rates and each flow rate is accompanied by different
excess air ratios.

I Theoretical Calculations
3.1 Excess Air Ratio
The air-fuel ratio (4F) is defined as the ratio of moles of air to fuel in the combustion process. The
composition of biogas in this study contains air from the atmosphere, which leaks into the storage tank when the
water line of the anaerobic fermentation pool is too low. Hence, the stoichiometric reaction for combustion of
biogas with standard air is given as:

CH,+ xC0O, + }T(Uz + E.TEN::] +:zH,0+ (2—v) [:CF2 + 3.?64"‘!:’2] - (1+

x)CO0, + (z+ 2)H,0+ 7.52N,

(1)

where x, ¥ and Z are the moles of CO,, air and water vapor in the biogas, respectively. Both x and ¥ can

be measured by instruments, and Z can be obtained from the absoulate humidity of biogas.
The stoichiometric air-fuel ratio, AFuwich, is calculated by:

mole of air

AFsroz’ch = i ;
mele of CHy+mole of COy+mole of cir in biogas+tmele of H, O

(2—y)x4.Temols

= 2

(1+x+y=x4.76+z)mole

AF 4 can be expressed as:
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Air flow rate

AF.

act ~

3)

Biogas flow rate

The Excess Air Ratio () is the ratio of actual moles of air used to the stoichiometric moles of air, defined as:
¢ maole of air
A= imelsefair)ge; _ _“mols ﬂffﬂfi}a” _ AR

. . mole of air
[(mole of air : f—— = = . AF_.
F Jstoich ol of Fusl stoich stoich

“)

3.2 Consumption of CH4
The theoretical consumed percentage of CH4 in waste gas of the combustion process is calculated as follows:
The balanced reaction is:

CH,+ xC0O, +y(0, + 3.76N,) + zH,0 + A(2 —y)(0, + 3.76N,) = a0, +
bCH, 4+ (2+z—2b)H,04+ (1+x—b)CO, +3.76(y — Ay + 2A)N, (5)
where the NOx and CO concentrations (on the order of ppm) in waste gas can be neglected. x, ¥ and = are
the moles of CO,, moles of air and moles of water vapor in the biogas, respectively. @ and b are the moles of

0, and CHa, respectively, in waste gas. @ can be calculated from the percent of O, in waste gas as follows:

[l
14x+a76(y—Ay+20 +=

Mole Fraction of 0,(%) = (6)

where 1+ x + 4.76(y — Ay + 24) + z is the total moles in waste gas, and b is obtained from the atom
balance as:

b=1—ﬂ,+%“}' %

The theoretical percent of used CHs is defined as:
Theoretical Percentage of Consumed CH, (%) =

(CHy ) in— (CHy)pue
(CHy)in (8)
3.3 Combustion Stability

The combustion stability, the coefficient of variation in indicated mean effective pressure (CoViygp), is
defined as:

Combustion Stability(CoV,,zp) = Z2EE % 100% )

where IMEP is the indicated mean effective pressure, which is calculated by integrating pressure with respect
to the response volume during the combustion process, and Vg is the effective working volume. IMEPF is the

average of IMEP. ay,pp is the standard deviation of IM EP. Their formulations are as following:

Indicated Mean Ef fect Pressure (IMEP) = vif PdV (10)
a
755 — Lvn
IMEP = -¥_,(IMEP), (11)
|
1 2
OimEP =‘\||I; e=1[(IMEP), — IMEP]* (12)

where n is the number of combustion cycles.
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Iv. Results and Discussion
The biogas used in this research was supplied from an anaerobic tank made of a red plastic bag. The
H,S concentration in the biogas was effectively reduced from 4000 ppm to 50 ppm after the H,S removal system.
The detailed composition of the biogas is as follows: 69% CHa, 13.3% CO,, 12.38% air, 1.99% H,O and 3.33%
residues. The biogas containing air and water vapor is previously dehumidified before it is sucked into the
engine. The intake temperature of the biogas is 27°C with a relative humidity of 53%.

4.1 Power Generation

The power outputs with different excess air ratios are shown in Figs. 2a~c for the different spark
timings. The excess air ratio for a 260 L/min biogas supply rate cannot reach 1.0 because the limit of the
maximum allowable total volume flow rate into the engine is 2000 L/min. There is a drop on the fuel rich side,
except with the biogas supply rate of 240 L/min with a spark timing of BTDC9, whose peak is located at A=0.9.
Note that the biogas supply rate of 260 L/min with a spark timing of BTDC9 provides a better power output
than BTDC17; as the biogas supply rate decreases, the spark timing of BTDC17 indicates greater power output
than BTDC9. There are two factors, the density of the gas mixture and the burning angle that can affect the
relationship between the biogas supply rate and spark timing. The advanced spark timing has a longer overall
burning process time, but the delayed spark timing provides a smaller burning angle due to the exhaust valve
opening. In contrast, the delayed spark timing supplies a higher density of gas mixture, but the density of the gas
mixture with advanced spark timing is smaller due to the longer stroke. Thus, the effect of the gas mixture
density is larger than the effect of the burning angle when the biogas supply rate is 260 L/min. As the biogas
supply rate decreases, the effect of the burning angle is more obvious than the effect of the gas mixture density.
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Fig. 2a Power generation v.s. excess air ratio with 260L/min biogas supply and different spark timings
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Fig. 2b Power generation v.s. excess air ratio with 240L/min biogas supply and different spark timings
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Fig. 2c Power generation v.s. excess air ratio with 220L/min biogas supply and different spark timings

In addition, both the faster and slower spark timings than the optimum spark timing of BDTC13 lead to
a decrease in power output. This is because the gas mixture (intake biogas and intake air) are not pushed into the
proper position in the piston to ignite. The work transfer from the piston to the gas mixture in the cylinder at the
end of the compression stroke is too large if combustion starts too early in the cycle. This results in the
auto-ignition of the unburnt gas mixture due to the heat radiation from the flame front of the spark plug. In
contrast, if the spark timing starts too late, the peak in-cylinder pressure is reduced and the expansion stroke
(where work transfers from the gas mixture to the piston) decreases.

4.2 Waste Gas Analysis

The waste gas temperatures for the different spark timings and biogas supply rates as a function of
excess air ratio are shown in Fig. 3. The figure reveals that the maximum temperature occurs around the
stoichiometric point (A=0.9~1.0) and that it is decreasing toward the fuel-rich and fuel-lean regions for each
spark timing. Furthermore, the exhaust temperature is also affected by different spark timings. Delaying spark
timing, as in BTDC9, from the optimum value increases waste gas temperature. This is because the volume of
the combustion chamber is smaller at the slower spark timing, so it decreases the heat losses to the combustion
chamber wall. In contrast, the waste gas loses abundant heat through the combustion chamber if the spark timing
is advanced. Therefore, the waste gas temperature is lower than the others due to the heat losses.
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Fig. 3 Waste gas temperature v.s. excess air ratio with different biogas supply and different spark timings

Figs. 4a~c show the estimated CH4 consumption ratios as a function of the excess air ratio with
different biogas supplies and different spark timings. It can be observed that the maximum consumption ratio
occurs at approximately the stoichiometric condition (0.9<A<1.1), and then it decreases toward both the fuel-rich
and fuel-lean regions. In addition, the CH4 consumption ratio is higher when the engine operates at optimal
spark timing with a fixed biogas flow supply. In comparison with the advanced spark timing, the delayed spark
timing achieves higher CH4 consumption ratios.
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Fig. 4a Estimated CH4 consumption ratios v.s. excess air ratio with 260L/min biogas supply and different

spark timings
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Fig. 4b Estimated CH4 consumption ratios v.s. excess air ratio with 240L/min biogas supply and different
spark timings
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Fig. 4c Estimated CH4 consumption ratios v.s. excess air ratio with 220L/min biogas supply and different
spark timings

4.3 In-cylinder Pressure Analysis

Figure 5 and 6 show the pressure of cylinder as crank angle and volume with different spark timing. It
can find that the spark timing of the maximum pressure is BTDC17. Because the ignition delay is increased, the
pressure of increased rate is higher in the premixed combustion stage to lead to higher pressure. However, the
spark timings of BTDC17 and BTDC9 are unstable and lead to knock, because they are not the optimized spark
timing. When the spark timing is advanced or delayed, the mix gas into the cylinder will not burn completely in
the spark timing. When the unburned gas will be fired to at another time, knock is occurred.
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The combustion stability (CoVimep) is calculated by the measured combustion pressure during 200
consecutive cycles. It is found that the spark timing for maximum power output is 13 degree (BTDC13) before
top-dead-center. Figs. 7a~c show the CoVimep as a function of the excess air ratio with different biogas supply
rates and different spark timings. It can be observed from these figures that CoVimep has a minimum value near
the stoichiometric point, where the engine achieves a more stable IMEP during combustion with a higher work
output, and it increases toward fuel-rich and fuel-lean regions. When the engine is operated in the fuel-rich or
fuel-lean region, the fluctuations of in-cylinder pressure become unsteady during the combustion process. The
CoVimep is also affected by the spark timing. The spark timing of BTDC13 provides a lower CoVmep than the
advanced and delayed spark timing with the biogas supply rates of 220, 240 and 260 L/min. Thus, the
cycle-by-cycle in-cylinder pressure variations of spark timing BTDC13 are smaller than the other two spark
timings. The CoVimep of delayed spark timing shows a lower performance than that of the advanced one
because the self-ignition of the unburnt gas mixture may occur at the advanced spark timing. If combustion
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starts too early in the cycle, it will result in the work transferring from the piston to the gas mixture in the
cylinder at the end of the compression stroke being too large. This causes auto-ignition of the unburnt gas
mixture due to heat radiation from the flame front of the spark plug. The in-cylinder pressure fluctuates severely
because two flames develop in the cylinder at the same time. Moreover, the advanced spark timing makes the
knock of the engine more likely. The knock originates with the extremely rapid release of abundant energy
contained in the end-gas before the propagating flame, leading to a high local pressure. Such pressure generates
shock waves that propagate through the cylinder and may weaken the materials and cause resonance of the
cylinder at its natural frequency.
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Fig. 7a CoVimep v.s. excess air ratio with 260L/min biogas supply and different spark timings
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Fig. 7b CoVimepr v.s. excess air ratio with 240L/min biogas supply and different spark timings
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Fig. 7¢c CoVimep v.s. excess air ratio with 220L/min biogas supply and different spark timings

From Figs. 4a~c and Figs. 7a~c, it can be observed that there are opposite trends between the CoVivep
and the estimated CH4 consumption ratio. The relationship between the CoViver and the estimated CHg
consumption ratio under different spark timings is shown in Fig. 8. The figure reveals that at lower CoVmep, the
in-cylinder pressure fluctuates more, resulting in a higher CH4 consumption ratio.
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Fig. 9 Estimated CH4 consumption ratios v.s. CoVivmer with different spark timings

V. Conclusions

According to the experimental results, the following conclusions can be drawn from this study:
e The optimum spark timing of the present engine is located at BTDC13, where it supplies a larger
power output than other spark timings. At a given biogas supply rate and excess air ratio, the power
generation, and percentage of used CHjy are highest when operating at the spark timing of BTDC13.
e The delayed spark timing of BTDC9 leads to a higher exhaust gas temperature and reduces the NOy
emission at a given biogas supply rate.
e For a given biogas supply rate, the spark timing of BTDCI13 has the lowest CoVimep, and the
BTDC17 has the largest CoVimep. There is an opposite trend between the CoViver and CHs
consumption ratio, which indicates that the lower CoVmep causes the higher CH4 consumption ratio.
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