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Abstract: The use of primary energy saving techniques and renewable energy systems has become
mandatory to tackle the effects of global temperature rise. As a result, a transition is taking place
from centralized energy generation to distributed energy generation. Starting from the experience
concerning a 15 kW micro-CHP plant previously designed at DII, this paper addresses the develop-
ment of a 1 kW micro-CHP system fueled by natural gas for single-family users. Specifically, the
paper presents a wide experimental investigation aimed at optimizing performance and emissions of
a small scale two-stroke spark ignition gasoline engine properly modified to be fueled with natural
gas to make the engine more suitable for cogeneration purposes. The described activity was carried
out at the DII of the University of Naples Federico II. Rigorous laboratory tests were conducted with
the engine in order to characterize both gasoline and CNG operation in terms of brake mechanical
power, overall efficiency and exhaust gas emissions in different operating regimes. Furthermore,
several physical quantities associated with the engine operation were measured through several
sensors in order to optimize performance and emissions achieved when the engine is fueled with
CNG. In particular, dynamic pressure variations inside the cylinder were measured and analyzed to
evaluate the effect of the adopted fuel on the optimum ignition-timing angle and cyclic dispersion.

Keywords: micro-CHP system; two-stroke spark ignition engine; natural gas operation; experimental

investigation; performance and emission

1. Introduction

Anthropogenic carbon dioxide emissions are the most critical issue that must be faced
to mitigate the global temperature rise [1]. Specific directives have been enacted to sup-
port the use of renewable energy systems and primary energy saving techniques [2]. The
adopted energy policies promote the transition from centralized electricity generation to
distributed energy generation mostly consisting of small and medium scale polygeneration
plants [3-7]. These may also include users belonging to residential and commercial sec-
tors [8,9]. Many research centers have been interested in the study of CHP plants [10-13].
Some studies addressed the development of calculation algorithms for the optimal configu-
ration and operation of the plants [14-20]. In the 1990s, many experimental investigations
concerning micro-CHP systems were carried out at the University of Naples Federico
I1[21,22]. Starting from that complex experimental activity, the objective of this research
has been the development of a 1 kW micro-CHP system fueled by natural gas for single-
family domestic users. To meet thermal and cooling demand from domestic users, a double
water circuit configuration has been considered because of its ability to supply a small
absorption chiller at the required temperature. The first water circuit (Low Temperature
circuit in Figure 1) is thermally coupled to the engine cooling system, so a constant mass
flow rate of water is used to ensure the proper thermal operation of the engine. The
second circuit (High Temperature circuit in Figure 1) recovers heat from the exhaust gases,
so that the mass flow rate of water can be properly adjusted to comply with a specific
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thermal demand of the user or a small absorption chiller. The novelty of the paper is
the performance and emissions optimization of the small scale two-stroke spark ignition
gasoline engine on which the 1 kW micro-CHP is based. Specifically, to this aim this engine
has been opportunely modified to be fueled with natural gas to make it more suitable for
cogeneration purposes and a preliminary comprehensive experimental investigation has
been carried out.
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Figure 1. Schematic representation of the configuration adopted for the 1kW micro-CHP system.

In fact, two-stroke engines are particularly interesting for their simplified architecture,
high power-to-displacement ratio and small size. However, two-stroke engines are usually
too inefficient and polluting, since up to 30% of total active charge is regularly short-
circuited into the exhaust port. This scavenging losses contain high levels of unburned
gasoline and lubricating oil which is generally added to the fuel. Furthermore, although
both governments and vehicle manufacturers are finding technical solutions applicable to
two stroke gasoline engines [23,24], a large portion of the incompletely burned lubricant
and heavier hydrocarbons are emitted as small oil droplets that increase visible smoke and
particulate emissions. Four-stroke engines allow a significant reduction of hydrocarbon
and particulate emissions, although emissions of nitrogen oxides are increased. In fact,
since there are no scavenging losses in four-stroke engines, a much larger percentage of fuel
is ignited into the combustion chamber, resulting in 10-20% greater thermal efficiency. To
overcome the drawbacks of two-stroke engines, performance and emission improvement
perspectives concerning the adoption of natural gas direct injection have been also esti-
mated in this research work. The use of a low-carbon fuel such as natural gas could provide
a substantial reduction of exhaust gas emissions, especially if combined to appropriate and
innovative engine operating strategies, in the face of a limited impact on production costs.
In this scenario, the adoption of a natural gas direct injection system could provide a clean
technology that might also guarantee a low environmental impact to these types of engines.

2. Experimental Investigation

The experimental activity was conducted by coupling the engine object of investigation
to a DC electric motor/generator dynamometer which equips the test bench (Figure 2).
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Figure 2. Experimental test bench.

The dynamometer was used to absorb and measure the output power of the engine in
different operating regimes. The experimental apparatus includes several instantaneous
and overall sensors (or transducers), data acquisition instrumentation and actuators to
control the engine, as schematized in Figure 3 and explained in Table 1. Further details
can be found in [25]. Pressure variations inside the crankcase, cylinder and exhaust pipe
were measured by quartz piezoelectric transducers in a speed range from 4000 to 8500 rpm.
Additional quantities like air mass flow rate, engine torque and speed, fuel flow rate,
exhaust gas and wall temperatures were measured and collected in several sections along
the exhaust system. Furthermore, emission species concentration in the exhaust gas such
as carbon monoxide, carbon dioxide and unburned hydrocarbons, were also detected. As
shown in Figure 3, the engine has been subject to specific modifications to allow Natural
Gas operation, with NG injected upstream of the reed valve assembly.

Table 1. Legend concerning the experimental apparatus schematized in Figure 3.

1 DC electric motor/generator 19 PC + DAQ cards
2 DC motor control unit 20 Air mass flow meter
Morini 2-stroke engine 21 Angular position sensor
4-12 Thermocouples 22 NG tank
13 Strain gauge 23 NG pressure reducer
14 Encoder 24 NG mass flow meter/controller

Fast-response piezoresistive

15-16
pressure transducers

25 Pressure gauge

17 Dynamic pressure transducer 26 Gasoline tank

18 Exhaust gas analyzer 27 Electronic scale
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Figure 3. Scheme of the experimental test bench (legend in Table 1).

2.1. Engine Specifications

The engine object of the experimental investigation is the Morini AH50L, which
is a single-cylinder, two-stroke, spark-ignition gasoline engine usually adopted in the
moped sector and equipped with a carburetor. The air-fuel mixture is inducted through an
automatic reed-valve assembly into the crankcase, where it is compressed before passing
through the intake ports located on the cylinder wall. The engine is air-cooled and both its
weight and dimensions are quite contained. Additional technical specifications are listed
in Table 2.

Table 2. Main engine specifications.

Engine Model Ported Two-Stroke SI
Number of cylinders 1
Fuel Gasoline
Scavenging Type Schnurle
Displacement 50 cm?
Intake With Reed-Valve assembly
Compression Ratio 11.7
Bore—Stroke 41.0-37.4 mm
Brake Maximum Power 4.11 kW at 8000 rpm
Brake Maximum Torque 4.7 Nm at 7500 rpm
Maximum Rotational Speed 10,000 rpm
Carburetor Dell’Orto PHVA 12
Intake Port Open/Number/Width 56° BBDC/5/11 mm
Exhaust Port Open/Number/Width 81° BBDC/1/26 mm

Weight 19 kg
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2.2. Fuel Properties

The experimental campaign was performed by fueling the engine with commercial
unleaded gasoline and natural gas, whose chemical composition is shown in Table 3 [25],
alternatively.

Table 3. Natural Gas composition.

Chemical Species Molecular Formula Concentration [Vol%]
Methane CH,4 88.27
Ethane CyHg 4.37
Propane CsHg 1.71
Butane C4Hyp 0.50
Pentane CsHip 0.15
Hexane CeHig 0.01
Oxygen (O)) 0.10
Nitrogen N 4.38
Carbon dioxide CO, 0.51

Methane is the primary chemical species, accounting for approximately 88% of the
volume. Heavier gaseous hydrocarbons such as ethane, propane and butane also occur,
while hydrocarbons heavier than C4Hj( are present in very small concentrations. As
methane is a stable molecule, RON lies between 120 and 130 while the LHV has been
estimated to be 45.471 k] /kg. Chemical and physical properties of the adopted natural gas
are reported in Table 4, as obtained from laboratory tests, while the average properties of
the commercial unleaded gasoline were considered for the adopted gasoline (Table 5).

Table 4. Chemical and physical properties of the adopted natural gas.

Properties Natural Gas
Mean Molecular Weight ~18.12 kg /kmol
Stoichiometric Air-Fuel Ratio ~15.56
Lower Heating Value ~45.471 K] /kg

Table 5. Chemical and physical properties of the adopted gasoline.

Properties Gasoline
Mean Molecular Weight ~110.00 kg/kmol
Stoichiometric Air-Fuel Ratio ~14.60
Lower Heating Value ~43.700 k] /kg

2.3. Testing Conditions

The experimental tests were carried out at full load (WOT) of the engine over the
speed range from 4000 to 8500 rpm [25]. Both gasoline and natural gas operation have
been tested with a speed-step of 500 rpm. Natural gas has been injected within the
intake pipe upstream from the crankcase with a slight over-pressure compared to the
surrounding atmospheric pressure. Moreover, to reduce intake pressure, temperature
and humidity fluctuations, natural gas operation has been performed immediately after
gasoline operation. At each operating condition, acquisitions have been made at the end of
the thermal transient, including that of the catalyst, to achieve stable conditions and detect
more significant data. Gasoline tests have been performed under nearly stoichiometric
operation (average equivalence ratio, A = 0.92). As for natural gas tests, firstly they have
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been carried out at almost the same equivalence ratio provided by the standard carburetor
during gasoline operation (i.e., nearly stoichiometric mixture conditions, A = 0.95). Then,
further experimental tests were performed adopting lean ( A = 1.28) and extremely lean
(A = 1.47) air-fuel mixtures. Figure 4 shows the experimental values adopted for the
air-fuel equivalence ratio as a function of the engine speed. As known, A highly affects the
combustion process by changing the flame front propagation speed and so the heat release
rate. The range of values adopted for the air—fuel equivalence ratios and related average
values are summarized in Table 6.

1.6
1.5 © e 1.47
o)
1.4 © O © f
1.3 __D\_________'Ei\_l:l\_ _/E]_E
o -0 / 0 1.28
1.2 -
Q 0
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Figure 4. Experimental values adopted for the air—fuel equivalence ratio over the investigated engine
speed range.

Table 6. Range of values adopted for the air-fuel equivalence ratio and related average values.

Gasoline Natural Gas Natural Gas Natural Gas
(Equal 7A) (Lean Mixture) (Extremely Lean Mixture)
A =a/ug 0.82-1.05 0.88-1.04 1.14-1.34 1.41-1.55
A 0.92 0.95 1.28 1.47

3. Experimental Results

The experimental results show that natural gas operation causes a significant decrease
in the brake power over the whole engine speed range (Figure 5). This power reduction
further increases as leaner mixtures are used.
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Figure 5. Measured values of the engine brake power.

In particular, if the engine speed of 5500 rpm is considered as reference, as it is
the operating condition for which the air index is closest and nearly coincident between
gasoline and NG equal A operation (Figure 4), and it also corresponds with the maximum
thermal efficiency conditions both for gasoline and lean operation. The power decrease
between gasoline and CNG operation at equal A is about 16% (highlighted with a red line
both in Figure 5 and in the second column of Table 7).

Table 7. Comparison between gasoline and CNG operation at equal A.

Engine Speed Prc o NG A Ki nc 1tn-NG
[rpm] Peasorive 14— GASOLINE AGasoLINE Ki_casoLine 1]th—GASOLINE
4000 0.87 0.97 1.02 0.97 0.91
4500 0.86 0.96 0.98 0.97 0.93
5000 0.87 0.95 0.90 0.97 1.05
084
6000 0.83 0.95 1.00 0.97 0.90
6500 0.76 0.89 1.04 0.97 0.84
7000 0.83 0.95 0.85 0.97 1.05
7500 0.85 0.97 0.95 0.97 0.94
8000 0.85 0.97 0.93 0.97 0.94

8500 0.84 0.97 0.99 0.97 0.91
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As shown in Table 7, this is mainly due to a decrease in air mass flow rate of about
4%, a decrease in K; = H;/ag of about 3% and a decrease in thermal efficiency of about 9%.
As expected, under the same air-fuel equivalence ratio, the injection of a gaseous fuel like
natural gas reduces the incoming air mass flow rate to the cylinder since its specific volume
is higher than that of gasoline vapor. This reduction is mitigated in lean burn conditions,
while a slight increase in air mass flow rate can be obtained under extremely lean burn
operation (Figure 6).

16
14

p=y
o

Air Mass Flow Rate, kg/h

Delivery Ratio

o N A O ©®

0.6

UL L L L L L L L
4000 4500 5000 5500 6000 6500 7000 7500 8000 8500

Engine Speed, rpm
Figure 6. Air-mass flow rate and delivery ratio vs. engine speed.

As for the specific thermal content [k] /kg air] (K; = H;/as) of the air-NG mixture,
representing the thermal energy released by the fuel within a stoichiometric mixture when
one kilogram of air is considered and a complete combustion is assumed, this is lower
if compared to a stoichiometric air-gasoline mixture, contributing to a reduction in the
output power estimated to be around 3%. Indeed, the power reduction is mainly due to the
drop in thermal efficiency (Figure 7), which is mainly due to a longer combustion duration,
especially when the highest value of the equivalence ratio is used (Figure 8). However, this
phenomenon can be properly mitigated through the optimization of the spark ignition
timing, through a proper calibration process [26,27], in order to take advantage of the
intrinsic anti-knock characteristics of methane. As will be discussed in paragraph 4,
this property may even allow the use of a higher engine compression ratio and related
knock limited spark advance angles, which may lead to a recovery of the measured power
reduction, also through an improvement of the thermal efficiency. Unfortunately, variations
of the spark advance were not allowed for the tested engine.
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Figure 7. Thermal efficiency.
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Figure 8. Heat release rate and burned gas fraction as a function of crankshaft angular position at
5500 rpm (Ignition Timing = 15.5° BTDC).

If, instead, reference is made to the tested lower engine speed condition of 4000 rpm,
which represents the engine operating condition for which the unburned hydrocarbon
emission species concentration have been detected during the experimental activity (see
Section 3.1), the power reduction between gasoline and CNG operation at equal A is about
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13%. Specifically, air mass flow rate, K; = H;/xs; and thermal efficiency decrease about 3%,
3% and 9%, respectively.

3.1. Exhaust Emissions

Exhaust gases have been gathered upstream from the catalytic converter and sent
to specific measurement devices. Carbon monoxide, carbon dioxide and unburned hy-
drocarbons concentrations were measured through Nondispersive Infrared (NDIR) and
Flame Ionization Detector (FID) sensors while nitrogen oxides were measured using a
Chemiluminescence Analyzer (CLA). In addition, the main chemical species of unburned
hydrocarbons were detected using a mass-spectrograph at the engine speed of 4000 rpm.
CO emissions are not too dependent on the fuel adopted, as they are more closely related
to the equivalence ratio, as clearly shown in Figure 9. Therefore, the use of natural gas lean
mixtures is highly beneficial. As for NOx emissions, the use of natural gas shows relevant
improvements (Figure 10), especially in the case of very lean air-NG mixtures (i.e., the
green line in Figure 10). These advantages are mainly due to a lower peak temperature and,
consequently, to a cooler combustion within the cylinder. The NG operation also results in
lower specific CO, emissions, even though extremely lean operation is negatively affected
by the fall in thermal efficiency, and hence in brake power, occurring at medium and high
engine speed due to not-optimized spark ignition timing (Figure 11). NG operation sig-
nificantly reduces reactive UHC concentrations measured as parts per million (Figure 12),
especially when lean or extremely lean mixtures are used. However, again because of the
decrease in output power occurring when the engine is fueled by NG, specific emissions of
THC, expressed in terms of g/kWh, show a slight difference between gasoline and natural
gas operation, while they even worsen in case of extremely lean operation (Figure 13).

180

160 —

40 Q= Gasolne

e o Natural Gas - equal 7.

“ [[F9= [} [FING-average 1 about 1.28
20 — G—@ ° O‘.(, average 1 about 147 ,G

N
4000 4500 5000 5500 6000 6500 7000 7500 8000 8500

Engine Speed, rpm

Figure 9. Specific CO emissions.
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Figure 10. Specific NOy emissions.
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Figure 11. Specific CO, emissions.
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Figure 12. Unburned Hydrocarbons (ppm).
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Figure 13. Specific HC emissions.

It should be noted, indeed, that, if reference is made to THC measurements at 4000 rpm
under CNG operation, UHC are composed by about 82.5% in mass of methane which
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cannot be strictly considered a pollutant gas. In fact, it is not harmful to the health, unlike
more complex hydrocarbons from petrol compounds (Table 8). The high methane concen-
tration in the exhaust gases is mainly due to the well-known problem of the short-circuiting
of unburned air—fuel mixture. Moreover, conventional catalysts fail to oxidize methane.
Conversely, THC measurements in gasoline engine operation at 4000 rpm highlight that
about 84.5% in mass is constituted by highly pollutant heavy hydrocarbons, including
benzene which is carcinogenic. As a result, the conversion to natural gas operation may
lead to an 80% reduction in the emission of NMHC, which are strictly harmful to the health.

Table 8. UHC emission species concentration in the exhaust gas flow at 4000 rpm: (a) Natural Gas;
(b) Gasoline.

Chemical Species ppm C Chemical Species ppm C
Methane (CHy) 29,000 Methane (CHy) 565
Ethane (CoHg) 2590 Ethane (CyHg) 250

Ethylene (C;Hy) 89 Ethylene (CyHy) 1250
Propane (C3Hg) 658 Propane (C3Hg) 20

Propylene (C3Hg) 25 Propylene (C3Hpg) 950

Acetylene (CyHy) 5 Acetylene (CoHj) 295
Butane (C4Hjyg) 196 Butane (C4Hyg) 1065
Benzene (CgHpg) 11 Benzene (CgHpg) 2010

HC molecular weight > C¢Hg 426 HC molecular weight > C¢Hg 34,845
Tot FID meas. 33,000 Tot FID meas. 41,250
(a) (b)

However, methane is a strong greenhouse gas, estimated to have a Global Warming
Potential about 21 times higher than carbon dioxide [28]. Therefore, considering the green-
house potential effect of methane in the exhaust gases, the result is subverted (Figure 14) if
compared to that represented in Figure 11.
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(o) - 3000 / =Y - " ;
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Q ~ “ LN /E. *\+ ~F
= O) 2200 — % =g N
o - ~
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N 1800 —
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Figure 14. Total specific greenhouse gases (g/kWh).
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4. Optimized Configuration Potential of Two Stroke Engines

The determination of the potential achievable by an optimal CNG engine configura-
tion has been performed through a 1D engine simulation software, including predictive
combustion, turbulence and knock models developed at the DII of the University of Naples
Federico II [29-31] and a commercial CFD tool for the full-3D multi-cycle analysis of
the combustion process and knock-occurrence. This last activity was performed by the
University of Modena [32,33].

The 1D flow model uses an advanced finite-volume Total Variation Diminishing nu-
merical scheme to solve the one-dimensional continuity, momentum and energy equations,
which characterize the wave propagation phenomena which affect the volumetric efficiency
of the engine. The flow equations are expressed in the conservative form along each pipe
as follows:

0 ou puw
ou ou?+p ou?(a+2f/Du/|u|)
U= pE > F= ouH S=- puHa —4q/D 1)
pXy oUXy PUXrX
pxf puxg puxpa

where the terms p, u, p, E = ¢, T + u?/2,and H = cpT + u/2 represent density, velocity,
pressure, total internal energy and total enthalpy per unit mass, respectively. The flow
model also includes two equations describing the scalar transport of chemical species, i.e.,
the fuel and residual mass fractions, x, and x r which allow a correct estimation of the
gas composition inside the cylinder. The source term S takes into account the influence
of the ducts’ area variation (¢ = 1/Q - dQ)/dt), the friction (f), and the fluid—wall heat
exchange (g). As for the combustion model, a quasi-dimensional model based on a fractal
schematization of the flame front has been used. Further details and a deep discussion of
the 1D model adopted can be found in [29].

A 3D thermo-fluid dynamic simulation of the engine was performed in order to
properly characterize the development of the combustion process under CNG operation at
the fixed running speed of 5000 rpm by assuming a compression ratio (CR) equal to 14 and
a spark advance (SA) of 30.5 CAD BFTDC respectively. These represent the combination
of knock-limited values of those two engine parameters at 5000 rpm identified in [32,33],
where the reason for selecting the specific engine operation at 5000 rpm is also discussed.
Engine performance has been evaluated by means of the calculation of brake power,
overall efficiency, gross IMEP and related gross BSFC (Figure 15). The following results
(Figures 16-21) refer to WOT operation and the same equivalence ratio for both gasoline
and CNG operation.

For a fixed NG to gasoline air-index ratio of one, identified by the black circle in
Figure 16, the brake power and the brake efficiency of the optimized CNG engine increase
by approximately 30% and 93%, respectively, compared to the experimental results previ-
ously obtained for the base gasoline configuration. This optimal result is accompanied by a
BSFC reduction accounting for 50%.

The increased output power leads to a similar specific emission reduction because the
exhaust gas mass flow rate per unit of energy (expressed in g/kWh) is lower.

As a result, carbon monoxide (CO), carbon dioxide (CO;) and reactive hydrocarbons
(HC) emissions are approximately 33% lower under CNG optimized operation than under
standard CNG operation, while the global greenhouse effect due to methane and carbon
dioxide emissions doubled compared to gasoline operation.
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Figure 17. Measured overall efficiency vs. numerical overall efficiency (NG equal A Optimized).
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Figure 21. Total specific greenhouse gases (NG equal A Optimized).

5. Conclusions

The paper presents a wide experimental and numerical investigation aimed at op-
timizing performance and emissions of a small scale two-stroke spark ignition gasoline
engine properly modified to be fueled with natural gas to make the engine more suit-
able for cogeneration or polygeneration purposes. The results show great potential to
improve engine performance and emissions. In particular, it is possible to at least recover
or even improve the CNG engine operation performance if compared to gasoline operation
by increasing both the engine compression ratio (CR) and the spark advance (SA). This
solution may also involve an improvement in specific pollutant emissions that become
lower as power increases. More specifically, results show how, for a fixed NG to gasoline
air-index ratio of one, brake power and brake efficiency of the optimized CNG engine
operation increase by approximately 30% and 93%, respectively, if compared to the ex-
perimental results previously obtained for the base gasoline configuration. Moreover, a
BSFC reduction accounting for 50% can be achieved. The increased output power leads to
a similar specific emission reduction, with carbon monoxide (CO), carbon dioxide (CO,)
and reactive hydrocarbons (HC) emissions that can be approximately 33% lower under
CNG optimized configuration if compared to the base CNG operation. Conversely, global
greenhouse effect due to methane and carbon dioxide emissions is expected to double if
compared to gasoline operation.
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Abbreviations
1D One Dimensional
3D Three Dimensional
BBDC Before Bottom Dead Center
BSFC Brake Specific Fuel Consumption
B(F)TDC Before (Firing) Top Dead Center
CAD Crank Angle Degree
CFD Computational Fluid Dynamics
CLA Chemi-Luminescence Analyzer
CNG Compressed Natural Gas
CR Compression Ratio
DAQ Data Acquisition
DAS Data Acquisition System
DC Direct Current
DI Direct injection
DIS Direct Injection System
DII Department of Industrial Engineering of the University of Naples Federico II
EU European Union
FID Flame Ionization Detector
HC Hydrocarbons
IMEP Indicated Mean Effective Pressure
LHV Lower Heating Value
NDIR Non-Dispersive Infra-Red Detector
NG Natural Gas
NMHC Non Methanic Hydrocarbons
RC Compression Ratio
R&D Research and Development
RICE Reciprocating Internal Combustion Engine
RON Research Octane Number
SA Spark Advance
SAy Reference Spark Advance
SI Spark Ignition
THC Total Hydrocarbons
UHC Unburned Hydrocarbons
vVOC Volatile Organic Compounds
WOT Wide Open Throttle
Glossary
Latin Greek
P, Brake Power st Stoichiometric Air-Fuel Ratio
H; Lower Heating Value A Air-fuel equivalence ratio = a/as
K Specific Thermal Content ~ w Angular Velocity
Ls Laminar Flame Speed T Brake Torque

my Air Mass Flow Rate

my Fuel Mass Flow Rate

N Rotational Speed

Np  Reference engine speed
rpm  Revolutions Per Minute
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