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1. INTRODUCTION

Fossil fuels supply nearly 80% of world energy demand [1]. Burning of fossil fuel
always has associated with it emissions in the forms of nitrogen oxides (NOx), sulfur oxides
(SOx), carbon monoxide (CO), unburned hydrocarbons (UHC). These emissions have
environmental impacts that are both local and global. Moreover, in recent years, air quality
has become a severe problem in many countries, and the interest to replace fossil fuels with
renewable and sustainable energy sources has increased for reducing CO, and methane
emissions.

Landfill gas, a potential alternative energy source, is generated from anaerobic
decomposition of municipal solid waste deposited in landfills. The main portion of landfill
gas is mainly comprised of methane and carbon dioxide together with a smaller amount of
oxygen and nitrogen and trace amounts of other gases as shown in Table 1.1. Methane is a
highly potent greenhouse gas with a global warming effect almost 21 times greater than
carbon dioxide when directly released into the atmosphere. Recently, landfill gas has
attracted considerable interest as a source of alternative energy for generating heat, power or
fuel with the benefit of reducing direct methane emission into the atmosphere, for example
there have been about 450 LFGTE projects in the US [2]. However, there are some
disadvantages in the use of landfill gas: composition changes considerably depending on the
landfill condition, season, and the type of waste, corrosiveness, lower heating value, high
maintenance issues and capital costs. Due to these disadvantages, landfill gas is sometimes
not considered as a good sustainable energy resource. Hence, in order to effectively utilize
the landfill gas, these problems must be adequately addressed through appropriate
engineering and technological approaches.

In this research, a small spark ignition engine was operated using pure methane, a

simulated landfill gas, and the addition of hydrogen and carbon monoxide, and these various



fuels were compared in terms of the engine performance and emissions for the purpose of

assessing the efficient utilization and direct application of landfill gas.

1.1. Landfill gas

In the United States, around 340 million tons of municipal solid wastes are produced
annually [3]. Among these wastes, approximately 14% is combusted for waste-to-energy,
22% is recycled, and 55% is sent to landfills [4]. Landfill gas is produced from the
anaerobic decomposition of organic waste materials by bacteria following the reaction [5]:
CH,OpN, + 0.25(4-a-2b+3c)H,0 — 0.125(4-a+2b+3¢)CO; + 0.125(4+a-2b-3¢)CH4 + cNH3

The general composition of landfill gas [5] is shown in Table 1.1.

Table 1.1. General composition of landfill gas

Constituents % by volume
Methane 45-60
Carbon dioxide 40-60
Nitrogen 2-5
Oxygen 01-1.0
Ammonia 0.1-1.0
Hydrogen 0-0.2
Other trace gases (NMOCs) <0.6

The composition of landfill gas is highly dependent on the condition of landfill sites, the
atmospheric moisture in the landfill area and the type of waste used in the landfill [3].
Landfill gas is an important source not only of volatile organic compounds (VOCs) but
also of potent greenhouse gases [6]. The total amount of un-captured VOCs is about 2400
tons yearly [4]. Also, landfill gas is hazardous to vent to the atmosphere because it is highly
explosive. More importantly, landfill gas is the second largest source of anthropogenic

methane: 7.2 billion m> per year [4]. However, with current practices, only 60% of methane



emitted from landfills is captured, the remaining 40% is emitted into the atmosphere [4].
Methane’s global warming capacity is 21~23 times greater than the same volume of carbon
dioxide. Because of these problems, landfill gas is flared in controlled conditions. This
method prevents utilization of landfill gas as an energy source, instead the methane is
converted to carbon dioxide, reducing the danger of explosion and the greenhouse effect.
Rather than burning landfill gases, it is much more attractive to utilize it as a fuel to generate

energy while addressing the environmental concerns at the same time [7].

1.2. Landfill gas utilization: landfill gas to energy

The landfill gas can be used as a fuel in industrial heaters, boilers, space heating, and
engines for producing power and electricity because of the presence of methane. In the U.S.,
as of December 2007, there were 445 operational landfill gas to energy (LFGTE) projects
generating a combined total of around 11 billion kWh of electricity per year [2]. According
to recent research 42 million m® of landfill gas were consumed in the generation of 66 million
kWh of electricity [8]. Therefore, the improved utilization of landfill gas not only produces
energy but also reduces greenhouse gas emissions, and also replaces fossil fuels, which are
being depleted throughout the world.

As mentioned above, landfill gas consists of about 50% combustible gases (e.g.
methane) and the remainder is incombustible gases (e.g. carbon dioxide and nitrogen). The
average gross heating value of landfill gas is 476 Btu/ft’ (17,744 KJ/m’). Approximately
50% of landfill gas is composed of methane that has a gross heating value of 950 ~ 1,150
Btu/ft3 (35,415 — 42,871 kJ/m3). The high fraction of carbon dioxide in landfill gas is the
most important factor in determining the combustion characteristics of landfill gas as a fuel.
Carbon dioxide reduces flame temperature and the burning rate and limits flame stability,

resulting in lower combustion efficiency and higher pollutant emissions.
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There are various ways to improve landfill gas combustion efficiency and reduce
pollutant emissions from landfill gas operation. The representative way is to increase the
energy content of landfill gas by means of removing the CO,, called “High Btu” gas process.
The process uses pressure swing adsorption to remove much of CO, from landfill gas,
producing a mixture with approximately 97% CH,4. The high Btu mixture is able to sold as
natural gas [9].

It is another method to reform a portion of landfill gas used as a fuel to synthesis gas
(syngas), H, and CO [10] .

Syngas addition can also increase efficiency and reduce emissions while combusting
bio-fuels such as bio-oil, ethanol, and bio-gas. It has been shown the addition of 7% H, to
Jatropha oil for combustion in a 3.7 kW SI engine increased brake thermal efficiency from
27.3% to 29.3%, decreased UHC emissions from 130 to 100 ppm, and decreased CO
emissions from 0.26% to 0.17% at maximum power output. Nitric oxide emissions,
however, increased from 735 to 875 ppm [ ]. In another study, a 1.6L SI ethanol engine
showed an increase in thermal efficiency from 17.21% to 21.65% due to H, addition of
6.38% in ethanol. Furthermore, UHC emissions decreased from 1550ppm to 1019 ppm
due to 5.49% H, addition, and CO emissions decreased from approximately 4050 ppm to
2450 ppm with the addition of 4% H,, with more H» causing an increase in CO emissions.
NOx emissions increased slightly from approximately 30 ppm to 32.5 ppm with the addition
of 5% H, due to the increased cylinder temperature [ . UHC emissions from a spark
ignition engine fueled with biogas, composed of primarily CH4 and CO,, were reduced from
1530 ppm to 660 ppm with addition of 10% H,, and the NOx emissions showed little change
[ . The discrepancies in NOx emissions can be attributed to an increase in flame
temperature with H; injection at a given equivalence ratio, resulting in more thermal NOx.

Conversely, H, also enables operation at lean conditions, resulting in lower in-cylinder
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temperatures and therefore a NOx reduction. Overall, these studies show that H, or syngas
addition in amounts as small as 5-10% improve efficiency and reduce CO and UHC
emissions resulting from the combustion of natural gas, diesel, and bio-fuels.

Landfill gas is suitable for the reforming process due to CO, and H,O which are co-

reactants to reform CHy4 to H, and CO. The basic process is shown in Figure 1.1.

Slip Stream LFG
10-50% LFG
TReformer H2r €O ~LFG, Hy, €O+ Burner Heat, CO,,

W ,,,,,,,,,,, g N ' ICEngine | Steam, Energy

Air > Gas Turbine

Figure 1.1. Landfill gas reforming and synthesis gas mixing process [11]

A portion of landfill gas is reformed in a catalytic reforming reactor producing syngas
and then the syngas is mixed with the unreformed landfill gas. The mixture is mixed with
air, and then the final mixture feeds to IC engine or gas turbine.

The addition of syngas, consisting of H, and CO, can make LFG fuel much more
reactive. Hj has extremely high laminar flame speed, high flammability limits and low
ignition energy caused by its low dissociation energy. Also, CO is not only a highly
ignitable gas but also its burning rate is very fast. As a result, the addition of syngas to LFG
fuel improves both the chemical and physical processes in combustion, causing more

complete combustion than pure LFG allowing more reactive fuel mixture.

1.3. Direct utilization of landfill gas
As mentioned above, there are several suitable technologies for using landfill gas
directly. Figure 1.2 shows the landfill gas system where landfill gas is transported from

landfill sites to customers. Depending on various factors, such as the presence of existing
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energy markets, project costs, the size of the landfill, and potential revenue sources, some

recovery and treatment systems may be required for certain landfills.

Landfill Flare (back-up)

{Owner)
Developer
////" LFG Treatment
/f/
£ Pipeline, easements
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Boiler or other [ Customer
Combustion
Process K ——
Fuel - bacl(—up

Fig.1.2. Schematic of landfill gas system [12]

1.3.1. Boiler, space heating, and industrial heating

For these applications, very little gas clean-up is required. Systems already operated
on natural gas can be fueled with landfill gas with minor modification. In industrial cases,
the use of landfill gas as a fuel brings financial advantages due to landfill gas systems’ ability
to be continuously operated for 24 hours a day, 7 days a week. Space heating applications
are seasonal and require high piping costs resulting in consumers needing to live within two

miles of landfill site.

1.3.2. Internal combustion engine

Internal combustion (IC) engine technology has been the most widely used approach
for generating electricity from landfill gas [13]. This is due to scale, cost and efficiency: IC
engines are available in a wide range is sizes so systems can be scaled to match the landfill
site; IC engines are a mature technology with a lower cost compared to other technologies;
finally, IC engines can provide a higher efficiency than many other technologies. There are

also disadvantages to IC engines, primarily high air pollution, especially carbon monoxide
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and oxides of nitrogen. Natural gas combustion in IC engines can reach efficiencies of 30%.
As landfill gas consists of corrosive elements, special attention is needed to appropriately

modify the engine.

1.3.3. Gas turbine

Gas turbines are the second most common type of system used for converting landfill
gas to energy conversion even though the number of installations is far lower than internal
combustion engines. In spite of the much lower pollutant emissions achieved by gas
turbines, compared to internal combustion engines, the number of gas turbine sites have been
decreasing due to issues of scale and performance: energetic losses can be severe in small

size gas turbines and efficiency is low, especially at low loads [14].

1.3.4. Fuel cell

Fuel cells offer high efficiency, quiet operation, and flexibility of scale (size).
However, the cost effectiveness of fuel cells is much lower than other technologies. As
costs are reduced and other fundamental issues are resolved, fuel cell technologies may have
a more significant role in landfill gas energy conversion applications. A common fuel cell
could provide electricity from fully reformed landfill gas, as long as the carbon monoxide is

also reduced. Figure 1.3 shows a schematic of a basic fuel cell technology.
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Fig.1.3. Schematic of fuel cell [2]
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2. LITERATURE REVIEW

In 1977 Wong studied various mixtures of methane and carbon dioxide as fuels in an
internal combustion (IC) single cylinder, four-stroke gasoline engine [15]. The engine was
modified for fueling gaseous fuel. Brake horsepower, brake specific fuel consumption,
concentrations of unburned hydrocarbon, nitric oxide and carbon monoxide were measured
based on fuel quality. At the same engine speed (RPM), as the fuel quality lowered (the
fraction of carbon dioxide increased), brake horsepower decreased while brake specific fuel
consumption increased. When the fuel quality was lowered, unburned hydrocarbon and
carbon monoxide emissions were increased. However, lowering the fuel quality tended to
reduce nitric oxide emission.

In 1987 Caterpillar, Inc tested landfill gas operation in its 3516 spark-ignited,
turbocharged, separate circuit, aftercooled, 16 cylinder engine 4211 in. displacement volume
at Waste Management’s CID landfill in Calumet City, IL [16]. In the study, the engine was
modified for optimizing engine performance to meet the EPA standards for stationary gas
engines. Some engine modifications were undertaken including enlarging and increasing
the flow capacity, increasing flow pressure regulation and enlarging the fuel piping between
the pressure regulator and the carburetor, and the addition of metering valves sized to operate
on low-Btu fuel. This engine was not de-rated in spite of the low heating value of the
landfill gas. The durability of the engine was demonstrated through 90 days of continuous
operation.

In 1995 another engine made by Caterpillar, Inc was developed for landfill gas
application [17].  The Caterpillar G3600 spark-ignition engine was developed to
demonstrate engine performance and identify any issues caused by the application. Engine
performance, exhaust emissions, and fueling system were estimated by simulated landfill gas

in the lab and tested through field experiments. The engine durability test was conducted
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for 12,000 hours.

Karim and Wierzba examined the mixtures of methane and carbon dioxides as a fuel in
1992 [18]. A single cylinder CFR engine was used for this study. The mean values of the
brake power, the concentration of carbon dioxide and unburned methane in the exhaust, and
the exhaust gas temperature were measured according to the variation of equivalence ratio.
The brake power increased with the increase in equivalence ratio and decreased with carbon
dioxide fraction in a fuel. The concentration of carbon dioxide in the exhaust increased with
equivalence ratio and the amount of carbon dioxide in a fuel. Unburned methane increased
near lean conditions, but sharply decreased at rich conditions. Higher carbon dioxide
fraction in a fuel leaded higher concentration of unburned methane. The average exhaust
gas temperature had the maximum value at the stoichiometric region, and decreased with the
volumetric percentage of carbon dioxide.

The evaluation of simulated biogas as a fuel for the spark ignition engine was studied
by Huang and Crookes in 1997 [19]. A single-cylinder spark-ignition engine was operated
on a simulated mixture fuel consisting of different fractions of natural gas and carbon dioxide
with a variable compression ratio. The study covered a wide range of relative air-fuel ratios
from lean to rich. The main effect of higher fractions of carbon dioxide was to lower
nitrogen oxides while carbon monoxide and total hydrocarbon emissions were increased. At
constant speed of 2000rpm and relative air-fuel ratio of 0.98 (fuel rich condition) with
changes of CO,; fraction in the fuel mixture from 23.1% to 41.2%, CO emissions increased
from 1.5% to 2.5% and THC emissions also increased from 500ppm to 680ppm, whereas
NOx emissions decreased from 1200ppm to 1000ppm. Brake power also decreased with the
presence of carbon dioxide in the fuel mixture from 6.95kW to 6.75kW.

The study conducted by Shrestha and Narayanan in 2007 discussed effective ways for a

spark ignition engine to produce power using landfill gas [20]. The engine performance and
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combustion characteristics of landfill gas fueled engines were studied by changing spark
timing, compression ratio and composition of the landfill gas at different equivalence ratios
from lean to rich conditions in comparison to methane operation. Engine performance
deteriorated with increasing compression ratio and spark timing. The effects of landfill gas
composition were more pronounced at lean and rich mixtures than at stoichiometric mixtures.
In addition, the authors also tested the effects of hydrogen addition (up to 30%) to landfill gas.
The appropriate amount of added hydrogen improved combustion characteristics and reduced
cyclic variations of landfill gas operations at the lean and rich mixtures. For example, 5%
added H, increased the power of engine from 1.50kW to 1.75kW under 0.6 of equivalence
ratio and 600rpm; also, it increased the thermal efficiency from 0.32 to 0.39 at the same

condition.
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3. EXPERIMENTAL DESIGN

The following experimental work was conducted to evaluate and examine the direct
use of landfill gas and the addition of third gas such as hydrogen, carbon monoxide and
simulated synthesis gas in a small internal combustion engine in terms of the engine
performance and exhaust emissions at different electrical load conditions.

A Honda GC160E-QHA, gasoline (spark ignition) type engine, connected to a small
generator was fueled on simulated landfill gas. The engine was modified to allow gaseous
fueling. An electric load consisting of sixteen bulbs was constructed for the purpose of
providing an easily varied engine load. All gases fed into the engine cylinder such as
methane (CHy), carbon dioxide (CO,), hydrogen (H), carbon monoxide (CO) and air were
measured and controlled by rotameters (Fisher & Porter Co.). The electric power generated
by the engine-generator system was measured by the WattsUp pro powermeter as an
indication of engine load and performance. Exhaust emissions such as carbon monoxide
(CO), unburned hydrocarbon (UHC), and oxides of nitrogen (NOx) as the sum of nitrogen
oxide (NO) and nitrogen dioxide (NO,) were analyzed by an Enerac 700 integrated gas

analyzer.

3.1. Engine specification
In this study, the experiments were performed on a Honda 5 hp, 160cc, single cylinder,
four-stroke, spark-ignition gasoline engine. The engine picture is shown in Figure 3.1 and

the engine specification is given in Table 3.1.
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Fig.3.1. Honda GC 160E-QHA engine

Table 3.1. Specification of the tested engine

Length x Width x Height (;:;73;‘ 31,;"&'35:313?'?“';)
Dry weight 25.4 1bs (11.5kg)
Engine type 4-stroke, overhead cam, single cylinder
Displacement 9.8 cu-in. (160 cm?3)

[Bore x Stroke] [25 % 2.0in. (64 X 50 mm)]
Max. output 4.9 bhp (3.7 kW, 5.0 PS) at 3600 rpm
Max. torque 7.61brft (10.3 N m, 1.05 kg m) at 2500 rpm

Fuel tank capacity 0.53US gal(2.0L)
Fuel consumption 0.51 Ib/hph (313 g/kWh, 230 g/PSh)

Cooling system Forced air

Ignition system Transistorized magneto

PTO shaft rotation Counterclockwise
Spark plug gap 0.028 - 0.031 in.
(0.70-0.80 mm)

Valve clearance (cold) él;l(%;ﬁoii%%ir;r;

3.2. Engine modification
As mentioned above, the engine’s original fueling system is configured for liquid
gasoline. Hence, it had to be altered for using gaseous fuels such as methane and propane.

The following parts of the engine were removed or modified.

3.2.1. Carburetor, fuel tank, and fuel pump
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In gasoline engines, the carburetor blends air and gasoline, and then feeds the engine
with the mixture. For the purpose of this study, the carburetor, fuel tank, and fuel pump
were detached and removed from the engine. An aluminum plate with a 1/2 inch threaded
hole for pipe fitting was fabricated and fixed to the engine in order to directly feed the
mixture of fuel and air into the engine cylinder.

Between the plate and cylinder wall, a graphite gasket was installed to prevent the

leakage of the fuel and air mixture. Figure 3.2 shows a picture of the modification.

Graphite gasket

Flow of fuel and air mixture

Fig.3.2. Modified cylinder barrel

3.2.2. Air cleaner

This engine’s stock configuration used the atmospheric air for oxidants; therefore, it
had an air cleaner with a fabric dust filter. However, in order to measure and control the air
flow rate, the atmospheric air was not used, instead, laboratory air was used, which is void of
dust and other contaminants. Removing the air filter was necessary to avoid fuel/air leakage
and ensure precise control and monitoring of fuel/air intake. The air cleaner and filter are

shown in Figure 3.3.
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Fabric air filter

Air cleaner cap el

Fig.3.3. Air cleaner detached from the engine

3.2.3. Exhaust

The muffler reduces the noise emitted from the engine. On internal combustion
engines, exhaust emissions blow out through the muffler. If the entire exhaust flow is
routed into the gas analyzer, it can exceed its safe operating limits and damage it. For this
reason only a partial sample of the exhaust flow is drawn off by the analyzer. To facilitate
this sampling, the muffler was detached, and a metal plate with a threaded hole was installed
on the exhaust outlet. The length of added exhaust pipe was approximately 6 inches long to
prevent back pressure. A tee was fitted on the added exhaust pipe so that the analyzer was
only drawing off a sample of the exhaust and not receiving the full exhaust flow. This

modification is shown in Figure 3.4.
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Fig.3.4. (A) Muffler (B) Added exhaust pipe

3.3. Fuel and air supply
3.3.1. Gas flow measurement and control

In the study, four gases were used to create various simulated gaseous fuels: CHa, CO»,
H,, and CO. Air was used for oxidants. CHi, CO,, H, and CO were fed from each gas
cylinder (TechAir, 99.97%, 99.995%, 99.999%, 99.9%, respectively), and laboratory air was
used. The supplied gases were monitored through rotameters made by Fisher & Porter Co.,
to ensure precise control. Pressure gauges were connected with each in order to accurately
calculate mass flow rate of the gases.

A dry gas meter was used to generate calibrations between the actual flow rate and the

flow through rotameters. The calibration equations of each gas are provided below.

Table 3.2. Calibration equations of rotameters

Gas Calibration equation R2

CH, Y = 0.0355%2 + 0.8578X 0.9997
CO, Y = 0.0269%X2 + 0.4441X 0.9969
H, Y = 0.0456X? + 2.5287X 0.9993
CO Y = 0.0077X? + 0.8152X 0.9999
Air Y = 15.436X - 20.392 0.9995
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3.3.2. Fuel mixing

For good engine operation, a homogeneous mixture of fuel and air is required. There
were two mixing points where first the CHy, CO,, H,, and CO were mixed and then this
mixed fuel and air were mixed. The final mixture flowed into the engine cylinder directly.

The mixing system is illustrated in Figure 3.5.

of CO
Floj

Flow of air

Flow of fuel
Flow of final mixture
mixture into

the engine

Fig.3.5. Fuel mixing system

3.4. Electrical load
The engine was directly connected to a PRAMAC EG2800 electric generator. This
generator and its performance specification are shown in Figure 3.6 and Table 3.3,

respectively.
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Fig.3.6. PRAMAC EG2800 generator

Table 3.3. Performance specification of the generator

Voltage

120 VAC (single phase)

Continuous Watts

2400 Watts (20 A at 120 V)

Surge Watts

2800 Watts (23 A at 120 VAC)

Receptacle

NEMA 5-20R
125 - 20A

In this test, the term load is used to mean the measured electric power produced by the
electric generator. A bank of several light bulbs was used to vary the electric load produced

by the generator. To increase the engine loading more bulbs were powered, to decrease the

engine load fewer bulbs were powered.

different light bulbs of 100 — 200 watts each, wired in parallel, with every two bulbs sharing a

switch, to allow easy load variation for flexible testing. A block diagram and a picture of

the load board are illustrated in Figure 3.7.

This “load board” then consisted of sixteen

Light Light Light
switch switch switch

Light
switch

Light Light Light Light
switch switch switch switch

SICICIOIOIOION0

Mounting board
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Fig.3.7. (a) Load board block diagram (b) Load board

To measure the power the engine electric generator produced, a Wattsup pro
powermeter was used. A current transformer was used to step down the current by a factor
of ten so that the meter’s current rating was not exceeded. The specification of the meter is
presented in Table 3.4. Figure 3.8 and 3.9 shows the powermeter and the circuit diagram

between load board and meter, respectively.

Fig.3.8. Wattsup Pro meter

Table 3.4. Technical specification of Wattsup pro powermeter

120 VAC, 60 Hz, 15 amps continuous

Values measured True power, voltage, current

Accuracy + 1.5% + 3 counts
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Fig.3.9. Circuit diagram for the meter

Neutral

3.5. Emission analysis

Emission analysis was conducted with an ENERAC 700, pictured below.

Fig.3.10. ENERAC integrated emissions system Model 700

The instrument’s probe was inserted into the exhaust flow as described above. A
pump located inside the device would draw a small amount of sample of the stack gas. The

sample was conditioned before entering the analyzer, via an onboard water trap. A number
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of sensors in the ENERAC 700 analyzed the contents of the stack gas, calculated and
displayed the results. Electrochemical (SEM) sensors measured the carbon monoxide, nitric
oxide, nitrogen dioxide and oxygen. These SEM sensors consisted of two components: the
sensor module and the precision control module (PCM). The function of the PCM is to set
the sensitivity of the sensor and also to contain any filter material that removes the effect of
interfering gases. Non-dispersive infrared spectroscopy (NDIR) sensors are also included in
the ENERAC 700. The NDIR bench operates on the principal that different gases absorb
infrared radiation at varying frequencies. The amount of radiation absorbed is measured and
used to calculate the concentration of the gas based on Beer’s Law. The NDIR bench can
measure carbon monoxide, carbon dioxide, and hydrocarbons (as propane). Table 3.5 shows

the specification of the gas analyzer.

Table 3.5. Specification of exhaust gas analyzer

Measured

parameters Range Accuracy

Stack Temp. 0 - 2000°F 2%
0, 0 - 25% 0.2%
co 0 - 2000ppm 20,
€O, 0-20% 3%
CHy 0 - 2000ppm 304
NO 0 - 300ppm 20
NO, 0 - 300ppm 204,

Figure 3.11 presents the whole experimental setup.

27



Emission
analyzer

Power
meter

[OOOOOOOO]
O0000000

Load board

Fig.3.11. Schematic diagram of experimental setup

28



4. EXPERIMENTAL METHODS

The engine performance and emissions from fueling with CH4 blended with CO,
(simulated landfill gas) were evaluated in comparison with pure CHy as fuel. A series of
experiments were carried out using pure CHy, and the simulated landfill gas fuels. All the
fuels were tested under varying electrical load conditions. The engine was started using
CH, and it was operated until it reached the steady state condition. The volumetric flow rate
of CH4 and CO, gases and the power generated from the engine were measured. Based on
the measurements, specific fuel consumption (sfc) and fuel conversion efficiency were
calculated. After the engine reached stable working conditions, emission parameters such as
CO, CO,, O;, HC and NOx measured by the gas analyzer were recorded. Whenever

changing the electrical load, the above stabilization procedure was carried out.

4.1. Detailed procedure

1. The ENERAC 700 was calibrated with 24 hours of each experiment, per the
manufacturer’s guidelines.

2. Before each test the ENERAC 700 was zeroed for 100 seconds.

3. The ENERAC 700 was connected to a computer to record data.

4. The fume hood in which the engine experiment carried out was turned on.

5. Tube connections from gas sources to each rotameter, from each rotameter to pressure
gauges, and to the mixing chamber and engine were closely checked.

6. The air flow was turned on to the engine.

7. The rotameter value for air was monitored and flow was adjusted appropriately.

8. The CH4 flow was turned on.

9. The rotameter value for CH4 was monitored and flow was adjusted appropriately.

10. The engine ignition switch was positioned to the ‘on’ setting.
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11. The engine was started.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

The CO, flow was turned on (if required by the specific test).

The CO flow was turned on (if required by the specific test).

The H, flow was turned on (if required by the specific test).

The rotameter value for CO, was monitored and flow was adjusted appropriately (if
required by the specific test).

The rotameter value for CO was monitored and flow was adjusted appropriately (if
required by the specific test).

The rotameter value for H, was monitored and flow was adjusted appropriately (if
required by the specific test).

Bulbs on the load board were turned on.

15 minutes were allowed to pass so that steady state was reached.

A probe connected to the gas analyzer was put into the center of exhaust pipe.

10 minutes were allowed to pass until data from the gas analyzer stabilized.

Gas analyzer data recording was started on the computer during this 10 minutes.

The probe was removed from the exhaust pipe.

When the electrical load (and thus the fuel and air flow) was changed, the above
procedure was repeated from step 7.

Each experiment was repeated three times to calculate the mean values of the
experiments.

The bulbs on the load board were turned off.

The CHy flow was turned off.

After the engine stopped, CO; and air flow were turned off.

The engine ignition switch was positioned to the ‘off” setting.

The ENERAC 700 was allowed to draw in ambient air until all emission values
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approached O ppm or % (except in the case of air, which was 20.9%).
31. After the test ended, the mass flow meter was turned off.
32. The fume hood was turned off.
33. When all values on the ENERAC 700 reached zero, the device was turned off.
34. It was checked to make sure gas cylinders were completely closed and gas remaining

in pipeline was vented.

4.2. Fueling conditions

The different types of simulated fuels were tested for this study. All the gas flow rates
were minimum values to generate each power: 0.2kW, 0.4kW, 0.6kW, and 0.8kW. In order
to examine the effects of CO,, tests were conducted with various CO, fractions: 15%, 25%,

and 50%.

Table 4.1. Landfill gas tests

100% CH4
foad [EWT |CH4[L/minl|CO2 [L/mun]| SO L /min] | HZ2 [L/muin] | airfL/min]
0.2 X a v} c 100
0.4 7 0 s} o 100
0.6 73 0 o ¢ 100
0.8 7.6 0 o} o 100

§5% CH4 / 15% CO2

foad kW |CHEL/mind |CO2 [ L mint| SO L ming | H2 {L/mind | air [ L/ iy
0.2 G.95 1.2 ) c 100
a.4 725 1.25 ] o 106430
.6 T.45 1.3 ] ] 100
0.8 775 1.35 0 Y 100
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75% CHA / 25% CO2

laad [EWT |CHE[L/minT|CO2 [ mn]| SO L min] | H2 (L man] | air[L/min]
a.z 7A 2.35 ] ] 100
0.4 74 245 0 Y 100
0.6 7.6 2,55 s} ¢ 100
0.8 7.9 2.65 ) G 100

50%: CH4 / 50% CO2

laad [kWT |CHY [L/min]|CO2 [L/min]| SO [L/ming | A2 [L/min] | air[L/ming
0.2 7.7 7.85 0 Y 100
0.4 7.95 7.85 ) G 100
0.6 B.25 B2 i} o 100
a.5 9.55 9.45 v] ] 110

A number of experiments were carried out for various operating conditions with Ha,
CO, and syngas as additives in the engine fueled with landfill gas consisting of 50% CH,4 and
50% CO,. 5%, 10%, and 15% of H,, CO, and syngas were added to the mixture consisting
of 50% methane and 50% carbon dioxide. All the added syngas consisted of H, and CO,

and the fraction of H, to CO was two.

Table 4.2. H,, CO, and syngas addition tests

50% CH4 / 50% CO2 / 5% H2

laad [kWT |CHY [L/min]|CO2 [L/min]| SO [L/ming | A2 [L/min] | air[L/ming
0.2 6.9 6.9 0 0.72 100
0.4 7.2 7.2 ) 0.75 100
.6 76 7.5 ) 0.8 100
a.5 3.8 3.5 v] 0.9 110
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50% CH4 / 50% CO2 / 10% H2

laad [EWT |CHE[L/minT|CO2 [ mn]| SO L min] | H2 (L man] | air[L/min]
a.z &5 6.5 ] 1.45 100
0.4 6.75 6.75 0 1.5 100
0.6 71 7.1 0 1.6 100
0.8 8.3 8.5 ) 1.85 110

50% CH4 / 50% COZ / 15% H2

lnad [kW] |CHA [Lymin]|CO2 [L/min]| CO[L/ming | A2 [L/min] | air[L/min]
0.2 6.35 6.33 0 2.25 100
a.4 6.6 6.6 0 2.35 100
0.5 7 7 v} 245 100
.8 a1l a1 v} 285 110

S0% CH4 f S0% CO2 [/ 5% L0

foad [EWT |CH4[L/minl|CO2 [L/mun]| SO L /min] | HZ2 [L/muin] | airfL/min]
a.z 6.85 6.85 272 1.45 100
0.4 71 7.1 2.75 1.5 100
0.6 7.55 7.55 0.8 1.6 100
0.8 8.7 8.7 .62 1.85 110

50% CH4 / 20% CC2 / 10% CO

foad kW |CHEL/mind |CO2 [ L mint| SO L ming | H2 {L/mind | air [ L/ iy
Q.2 G.45 G.43 1.45 225 100
0.4 675 6.75 1.5 235 100
0.6 7 7 1.5 2.45 100
0.8 8.25 8.25 182 2.85 110

50% CTH4 / S0% C02 [ 15% CO

laad [EWT |CHE[L/minT|CO2 [ mn]| SO L min] | H2 (L man] | air[L/min]
a.z 6.3 6.3 2.20 1.45 100
0.4 6.65 6.55 235 1.5 100
0.6 7 7 245 1.6 100
0.8 8.1 8.1 2.85 1.85 110
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50% CH4 / 50% CO2 / 5% syngas (H2/C0=2)

laad [EWT |CHE[L/minT|CO2 [ mn]| SO L min] | H2 (L man] | air[L/min]
a.z 6.55 6.55 323 0.46 100
0.4 8.7 8.7 0.23 0.47 100
0.6 7 7 2.25 0.49 100
0.8 8.25 8.25 .29 0.58 110

50% CH4 / 50% CO2 / 10% syngas (H2/CO=2)

laad [kWT |CHY [L/min]|CO2 [L/min]| SO [L/ming | A2 [L/min] | air[L/ming
0.2 6.25 6.25 0.45 0.95 100
0.4 6.45 6.45 .48 0.95 100
.6 X 6.5 150 1.01 100
a.5 5 8 J.€0 1.20 110

0% CH4 / 50% 02/ 15% svngas {H2/C0=2]

foad [EWT |CH4[L/minl|CO2 [L/mun]| SO L /min] | HZ2 [L/muin] | airfL/min]
a.z 3 5] 2.71 1.42 100
0.4 6.25 6.25 2.74 1.48 100
0.6 6.6 6.6 178 1.56 100
0.8 7.8 7.5 .62 1.84 110

4.3. Calculations
4.3.1. Engine efficiency (1)
The engine efficiency is defined as the ratio of engine power output to the heat release

rate of the fuel, as follows:

P 3600
If “Tng Quv _ sfc Quy

Quv is the heating value of the fuel [MJ/kg of fuel]. 3600 is a conversion factor. Sfc is

the specific fuel consumption, defined as follow:
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M is the mass flow rate of fuel [g/hr], and P is the engine power output [kW]. Thus, the
unit of sfc is [g/kWh]. A lower sfc value indicates a lower fuel consumption rate under the

same engine power output and higher engine efficiency, implying better fuel economy [21].

4.3.2. Equivalence ratio (®)
The equivalence ratio of the burning fuel is one of the most important parameters

effecting engine performance. It is defined as follows:

o (F/A)mal/ (/)

(F/‘A)stuic B (A,F)arrnal

F F
( / A)actual is the actual fuel to air mass ratio, and ( / A)stuic is the stoichiometric fuel to

air mass ratio [21].

4.3.3. Specific emission measure
In some applications, it is useful that emissions are expressed as specific emission
measure [g/MJ or Ib/mmbtu];

Mass of pollutant i El;
Fuel energy suppiled Ah,

EI; is the emission index for species I [g/kg or g/lb], and Ah, is the heating value of the

supplied fuel [MJ/kg or mmbtu/lb] [21]. EI; is defined as follows:

ElI (x X; ) ( MWI)
= n
’ co + Xco, MWr

Xs are mole fractions of each species, and n is the number of carbon in one mole of fuel.

MW; and MWr are molecular weights of species i and fuel, respectively [22].
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5. EXPERIMENTAL RESULTS
Each experiment was repeated three times to calculate the mean values of the
experimental data. Graphs of exhaust gas temperature, CO, THC, and NOx include error

bars representing standard deviations.

5.1. Engine efficiency (#y)

When CO; fraction in a mixture of CH4 and CO; increased, 7, decreased. It means
more amounts of fuel are needed to generate same power with the increase in CO, fraction
because the presence of CO, in the mixture lowers the combustion enthalpy and the
combustion rate of the mixture in a combustion chamber. At 10% Ho in a fuel, 7, was max
as 4.20, 8.09, 11.22, and 12.48% at 0.2, 0.4, 0.6, and 0.8kW, respectively. At 10% CO in a
mixture, 7y was max as 4.18, 8.00, 11.27, and 12.43% at 0.2, 0.4, 0.6, and 0.8kW,
respectively. Syngas addition also increased the engine efficiency. At 10% syngas in a
fuel, nr was max as 4.24, 8.21, 11.39, and 12.57% at 0.2, 0.4, 0.6, and 0.8kW, respectively.
The maximum efficiencies were 0.73% and 1.1% higher than the addition of H, and CO,
respectively. It means that the use of syngas as an additive can give more efficient engine
operation. As electrical load increased, 7, increased, which means the engine has high
efficiency with the increase in load. The data shows that the fuel consumption rate
increases with more additives, which means that the emission reduction can be achieved by

adding H;, and CO leading to more complete combustion.
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Fig. 5.1. Engine efficiencies with electrical load
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5.2. Equivalence ratio (®)

In this research, @ was based on the CH,4 in mixtures. For example, in case of 50%
CHy / 50% CO, fuel mixture at 0.2 kW load, the flow rate of CH4 and air was 7.7 L/min
(with 7.65 L/min CO; flow rate) and 100 L/min respectively at 19 psi, so the mass flow rate
of CH,4 and air was able to be calculated as 390.74 g/hr and 9197.63 g/hr respectively; thus,
the real air/CH4 mass ratio was 23.539. Also, the stoichiometric air/CH4 mass ratio was
calculated as 17.255. Therefore, @ was 17.255 divided by 23.539: 0.733. The increase of
CO, content increased @. This is because as CO, content is high, more fuel is required to
generate same power output. The addition of H, and CO lowered @, and & was lowest at
10% H, and CO. The addition of syngas drastically lowered ¢, and ¢ of all fractions of
syngas were similar. @ of syngas added fuels were much lower than H, and CO added
fuels; for example, at the condition of 10% addition of third gases and 0.2kW load, ¢
decreased by 4% and 0.38% by using syngas instead of using H, and CO, respectively. @

increased with electrical load due to the need of more fuel to produce more power.
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Fig. 5.2. Equivalence ratio with electrical load

5.3. Adiabatic flame temperature

The temperature at which combustion occurs is a primary consideration to determine
emission production from combustion engines. However, it is impossible to measure
temperature in engine cylinder without extreme modification of engine which can effect on
engine performance. Thus, the adiabatic flame temperature was calculated, based on the
inlet composition, the outlet composition, and the total flow rate adjusted for each
composition to obtain same engine load. Figure 5.3 shows the results of those calculations
as a function of engine load.

As electrical load increased, the adiabatic flame temperature increased. However,
the flame temperature was nearly constant for the gas mixtures with 0 to 25% CO, contents.

The mixture with 50% CO, had a slightly lower flame temperature at 0.4kW load: about

23°C less than other mixtures. This indicates that changes in emissions can be attributed
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to impacts of gas mixture composition and the resulting chemistry of combustion rather than
temperature effects whereas for the mixture containing 50% CO; the flame temperature had

a small effect on emission production.
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Fig. 5.3. Adiabatic flame temperature with electrical load

5.4. Carbon monoxide (CO)

In the operation with CO, addition, CO emissions usually increased at all load
conditions because of the need of more amount of CHy4 to generate same power and lower
engine efficiency with higher CO, fraction. For example, the CO concentrations at 0.4kW
load using 15% CO,, 25% CO,, and 50% CO, were increased by 22.04%, 33.73%, and
48.96%, respectively in comparison to pure CHs. With increasing load, CO emissions
decreased until 0.6kW load, but the CO emissions of 25% CO, and 50% CO, blends
increased at 0.8kW. This may be related to engine efficiency and the CH,4 flowed to the
engine cylinder. As load increased, engine efficiency increased leading better combustion

so that CO emissions decreased. At 0.8kW load of 25% and 50% CO, blends, however,
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much amount of CH4 entered to the engine than 15% CO, mixture and pure CHy, so CO
increased in spite of better combustion. H, addition reduced CO emissions of landfill gas.
This may be because H, produces only H,O as a combustion product and its high ignitability.
The 10% H, mixture emitted the lowest CO at all load conditions. CO emissions
decreased with loads until 0.4 or 0.6kW; however, increased again at 0.8kW load except the
10% H, blend which decreased with increasing loads. CO addition also reduced CO
emissions of landfill gas. The fuel containing 10% CO emitted the lowest CO. While the
CO emission of 10% CO added fuel decreased with loads, 5% and 15% CO contained fuels
had the lowest CO emissions at 0.4kW load. This may be explained by engine efficiency
and CO’s fast combustion rate. At 10% CO, engine efficiency was highest; also, when
much more CO entered to an engine cylinder, the unreacted CO with the CO as a
combustion product could emit from the engine cylinder. Syngas addition remarkably
reduced CO emissions of landfill gas. At 0.2 and 0.4 kW loads, 10% syngas added landfill
gas emitted the lowest CO as 303.4 and 230.1ppm. CO emissions at 0.6 and 0.8kW loads
were lowest: 227.6 and 203.1ppm each when 5% syngas was added. As mentioned above,
because of high laminar flame speed and low ignition energy of H, and fast burning rate of
CO, the addition of syngas to LFG changes chemical and physical processes in combustion,
which results in more reactive fuel mixture. CO emissions slightly decreased with the

increase in electrical load.
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Fig. 5.4. CO emissions with electrical load
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5.5. Total hydrocarbon (THC)

THC emissions had similar tendencies to CO emissions. The THC emissions
increased with CO, percentages in mixtures, and decreased with electrical load. High CO,
fraction in a fuel leads worse combustion in the engine cylinder, and the engine efficiency
increased with electrical load. Also, between 0.6 and 0.8kW load conditions, the THC
emissions of 25% and 50% CO, blends increased despite increase in load. It can be
explained by the same reason with the case of CO emissions: much more amount of CHy
entered to the engine. The 10% H, mixture emitted the lowest THC. At 0.6kW load, 0%,
10% and 15% H, added fuels emitted lower THC than other loads except the fuel 5% H;
added: lowest THC at 0.8kW load. The 10% CO mixture emitted the lowest THC. At
0.8kW load, CO added fuels emitted lower THC than other loads. It means when using
CO added fuels, higher load leads better combustion. THC emissions of the syngas added

landfill gas had similar trends to CO emissions.
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Fig. 5.5. THC emissions with electrical load

5.6. Oxides of nitrogen (NOx)

There are three major NOx formation mechanisms: Zeldovich mechanism, Fenimore
mechanism and NOx from fuel. The fuel mixture contained no nitrogen component, SO
NOx emissions here were not from fuel (also the fuel mixture did not contain any
contaminants such as H5S, so SOx emission were not produced). Zeldovich mechanism is
that high temperature causes nitrogen from the air to dissociate into nitrogen radicals which
react with oxygen to from NO. Some of NO is converted to NO, when further reactions
occur in the combustion chamber and downstream in the exhaust. This mechanism is not
significant below 1800K. Under Fenimore mechanism called prompt NOx fuel radicals
such as CHj react with N, from the air to form CHN molecule and nitrogen radical. This
nitrogen radical reacts with oxygen to form NO. Other possible mechanism is N, reacts

with oxygen radical to form N,O, and it can become to NO and contribute in NO to NO,
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mechanism in the system.

Temperatures above 1800K cause the diatomic nitrogen to dissociate forming nitrogen
radicals. While CO, addition does decrease the nitrogen radical concentration, since the
nitrogen concentration in the system is high, the addition of CO, does not significantly
impact the nitrogen content. The CO may engage in a CO + N route to form CON, which
upon further reaction forms CO; and N, effectively preventing the N, radicals from forming
CHN radicals.

NOx emissions slightly decreased with increase in CO, fraction while increased with
electrical load. NOx formation is directly related to the flame temperature in an engine
cylinder. From 0% to 50% of CO, in fuels, the NOx emissions decreased by 12.4, 8, 10.1,
and 26.9ppm at 0.2, 0.4, 0.6, and 0.8kW, respectively. It means that the presence of CO; in
fuel mixtures lowered the flame temperature. The reason why NOx decreased with loads is
due to the need of more fuel to generate more power leading higher flame temperature in a
combustion chamber. In general, NOx was reduced by adding H, in fuels. This is
attributed to H, addition allowing the lean-burn combustion leading to cool combustion.
NOx was lowest at 10% H,, and increased with the increase in electrical load because with
loads the flame temperature in the engine cylinder increased to take up the additional
loading. NOx was lowest at 10% CO which means CO can allow cool combustion in an
engine cylinder as similar as Hy. CO emissions increased with the increase in electrical
load because with loads the flame temperature in the engine cylinder increased to take up
the additional loading. The addition of syngas significantly decreased NOx emissions.
At each load condition, 5% syngas made NOx emissions lowest. Because of the fact that
higher load requires more fuel, NOx emissions increased with increasing load. Also, the

addition of syngas allowed more stable combustion of the fuel at lower temperature.
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Fig. 5.6. NOx emissions with electrical load
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6. COMPARISON TO REAL FIELD COMBUSTION SYSTEMS

In order to examine the effectiveness of the study, the engine used for the test was
compared to other large and real field engines and/or turbines in terms of emissions. Other
engines (and/or turbines)’ emissions were measured and rated by manufacturers, and carbon
monoxide, total hydrocarbon and oxides of nitrogen were compared [2]. Emissions from
the tested engine in this research were taken at maximum load condition (0.8 kW power
output) when using 50% CH,4 and 50% CO, as a fuel. Caterpillar G3516 LE four-stroke
internal combustion reciprocating engine, Solar Centaur 40 gas turbine, Capstone C200
microturbine were selected for comparison [2]. Figure 6.1 shows emissions from these

three systems and the tested engine in the study.
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Fig. 6.1. Emissions of four different combustion systems

Caterpillar G3516 LE engine emitted the highest CO, THC and NOx. NOx emission was
almost 3 times, 14.5 times and 14 times as high as Solar Centaur 40 turbine, Capstone CR
200 microturbine and Honda GC160E engine, respectively. CO was the highest value in

all technologies’ emissions except Caterpillar G3516 LE engine. Particularly CO
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emissions ranged from 0.38 to 0.65 times the emission of Caterpillar G3516 LE engine.
Caterpillar G3516 LE engine had remarkably high THC emission. The difference between

maximum THC value and minimum one was approximately 1.439 Ib/mmbtu.
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7. CONCLUSIONS

The presence of CO, in fuel mixtures deteriorated the engine performance and
produced more pollutants in emissions than pure CHs. Engine efficiency was decreased by
mixing with CO, at same load conditions. As CO, fraction in a fuel increased, the
equivalence ration increased, which means more fuel was needed to generate same power
output. NOx slightly decreased whereas CO and THC increased with CO, fraction. Also,
according to the increase in electrical engine load, engine efficiency and CO and THC
emissions were lowered, which means higher engine load leads better combustion.

The mixture of simulated landfill gas consisting of 50% CH4 and 50% CO, and H,,
CO and simulated synthesis gas consisting of H, and CO (H,/CO = 2) were also tested for
the IC engine. These three gases (H,, CO, and syngas) were added up to 15% to the fuel
mixtures. These three gases not only lowered all emissions (CO, THC, and NOx) but also
improved engine efficiency. However, when the fractions of H,, CO, and syngas in landfill
gas fuel mixtures exceeded appropriate points, engine efficiency decreased and pollutant
emissions increased; 10% was the most suitable fraction. Of these three gases: H,, CO,
and syngas, syngas most effectively improved engine efficiency, and reduced pollutant
emissions: CO, THC, and NOx.

As a future work, it can be done to measure the portion of CHy in THC emissions by
using more sensitive analyzer such as micro GC. This work will allow finding a

conversion of fuel mixture leading to more detailed analysis for the production of emissions.
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