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Summary

A system consisting of a last-generation Stirling engine (SE) and a fuel burner

for distributed power generation has been developed and experimentally inves-

tigated. The heat generated by the combustion of two liquid fuels, a standard

Diesel fuel and a rapeseed oil, is used as a heat source for the SE, that converts

part of the thermal energy into mechanical and then electric energy. The hot

head of the SE is kept in direct contact with the flame generated by the burner.

The burner operating parameters, designed for Diesel fuel, were changed to

make it possible to burn vegetable oils, not suitable for internal combustion

engines. The possibility of adopting different configurations of the combustion

chamber was taken into account to increase the system efficiency. The prelimi-

nary configurations adopted allowed to operate this integrated system,

obtaining an electric power up to 4.4 kWel with a net efficiency of 11.6%.
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1 | INTRODUCTION

Distributed power generation in small, decentralized
units could help reduce CO2 emissions, by optimizing the
grid capacity and providing opportunities for using
locally available renewable fuels.1

Recent developments and commercial breakthrough
of the Stirling engine (SE) make it available at a scale that
is lower than 50 kWel with conversion efficiencies of 25%
and more.2 Free-piston SEs represent the latest and most
performing type of such devices, thanks to the absence of
a crankshaft with the related mechanical constraint on
the motion of the pistons. Thus, the engine design is sim-
pler, resulting in increased efficiency3 and easier
scalability.4

Different sources of thermal power may be used for
heating the hot exchanger of a SE, including solar,5,6 nat-
ural gas,7 biomass,8-11 and waste heat.12

A key feature for a cogeneration system, especially for
those not connected to a grid system and located in
remote regions, is the possibility to run on-demand using
a source that can be easily and safely stored for a long
time. In this respect, fossil fuels have been the standard
source adopted in the past, and their conversion to
renewable fuels, mostly derived from locally available
biomass, is not straightforward.

Various systems adopting SEs and running on bio-
masses have been proposed in the past, adopting different
conversion technologies. Direct burning of solid biomass
in a boiler13-16 is the simplest option, and improved per-
formances in terms of combustion efficiency, reduced
pollutant emissions, and fuel flexibility can be obtained
by adopting fluidized bed combustors,11,17 at the cost of
an increased start-up time. Offline production of gaseous
fuels, for example, in anaerobic digesters, allows the use
of fuel cells18,19 or innovative gas-fired burners.19
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Gasification processes are widely adopted in the online
conversion of solid biomass, however leading to more
complex systems, usually suitable for larger size CHP sys-
tems suitable for prolonged run times.20,21

Less explored was the possibility to adopt liquid fuels
derived from biomass, despite the relative abundance of
residual oils coming from the food processing industry,
with their LHV being higher than that of most solid and
of many gaseous fuels derived from biomass, making
transportation and storage relatively easy, and the system
ignition on demand easier and more rapid. A comparison
of the performances achievable in a cogeneration system
based on the coupling of a SE and a burner fed with liq-
uid fuels of fossil or biological source was presented in
Reference 22, where the system successfully operated a
small scale (1 kWel) SE with a Diesel and biodiesel
burner. The feasibility of replacing Diesel with ethanol
was proved by Reference 23. In this work, the coupling of
a burner fed with vegetable oil in place of Diesel fuel with
a medium size SE (up to 7.5 kWel) is proposed.

Rapeseed and sunflower oils may be a valid substitute
for fossil Diesel fuel, having similar chemical and physical
properties. So far, rapeseed oil is the main feedstock for the
preparation of Biodiesel through a trans-esterification
step.24 Biomass pyrolysis can also produce a relevant frac-
tion of liquids, with yield up to 70%wt.25 However, to be
used in industry-standard devices such as IC engines these
bio-oils need to be upgraded, to increase their heating value
and to remove pollutants.26 Used cooking oils were also
considered as feedstock for the preparation of fuels, needing
similar conversion treatments of pyrolysis oils.27 Con-
versely, the option to use vegetable, pyrolysis, or used oils as
they are in a conventional oil burner would simplify the
route for producing energy in small decentralized plants. In
this context and under certain conditions (ie, scale lower
than 50 kWel) SEs are optimal candidates to convert the
heat generated from fuel combustion into power,17 being
more efficient as compared to other devices (eg, Rankine
machines28 or microturbine and Organic Rankine Cycle29).

In general, the hot head of the SE is kept in direct
contact with the flame generated by a burner, in order to
maximize the thermal exchange between the flame and
the working fluid in the engine. This scheme makes it
possible to burn oils with characteristics not suitable for
internal combustion (IC) engines, for instance not having
the viscosity in the range for optimal atomization in Die-
sel engines. It is worth recalling that the turbulent flame
generated by an oil burner upon atomization is very
luminous, thus heat transfer to cooling devices via radia-
tion mechanism is predominant.30

The article reports on the development of a prototype
co-generation system based on a SE and a biofuel burner.
The description of the experimental facility and the first

results are reported and discussed, along with theoretical
speculations for process optimization and further imple-
mentation in practical systems.

2 | EXPERIMENTAL METHODS

An experimental test rig was built by coupling a commer-
cial oil burner with a prototype SE. Figure 1 shows a
schematic of the experimental facility.

The oil burner (mod. Joannes AZ4 manufactured by
FINTERM S.p.A, Italy) is a single stage, atomization flame
device, having a maximum nominal power of 50 kWth. It is
equipped with a replaceable nozzle that makes it possible to
change the thermal power. The atomization pressure (pat)
can be regulated in the range 9 to 12 bar (0.9-1.2MPa). A fuel
tank was installed on an electronic scale for continuously
monitoring the oil flow rate to the burner, as shown in
Figure 1. Since the burner was designed for a standard Diesel
fuel, with the aim of feeding unconventional oils a heated
fuel tank (mod. IKA HBR-4) was used with fine pre-heating
temperature regulation in the range 20�C to 90�C.A standard
automotive Diesel fuel and a rapeseed oil have been adopted
during the experiments. The heating value is 42.6 and
38.7MJ/kg for Diesel and rapeseed oil, respectively.

The exit duct of the burner was mounted at a side of a
cylindrical combustion chamber (250 mm inner diame-
ter, 500 mm length) made in AISI 304 and externally
insulated with a ceramic blanket. An 80 mm ID exit tube
was installed perpendicularly at the opposite side of the
chamber (Figure 1) for exhaust evacuation. The total
electric consumption of the burner, mostly due to the fuel
pumping and air fan, is 0.1 kWel.

A free-piston SE (QnergymodelPCK80) was adopted
in this study, directly converting the reciprocating motion
of the piston into electrical power via the integrated lin-
ear alternator, with nominal electric power of 7.1 kWel.
The heat exchanger of the SE is made of a bank of U-
shaped stainless-steel tubes (Figure 2), able to withstand
operation up to 800�C. The whole SE apparatus was
enclosed in a cylindrical gas-tight vessel containing the
working fluid, helium, at a pressure of 5.2 MPa. A water
cooler was also installed for removing the excess heat
from the engine. A laboratory equipment was used to
provide the water circulation pumping but an ad hoc
water circulation circuit provided with a fan coil, follow-
ing manufacturer instructions, would consume no more
than 0.15 kWel of the produced power.

The exchanger of the SE was installed at the opposite
side of the combustion chamber (see Figure 1) and it is in
direct contact with the hot gas generated by the burner.
The integrated system permitted the adjustment of the
distance between the burner and the heat exchanger of
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the SE. During the tests, the distance between the exit
conduct of the burner and exchanger tubes of the SE was
varied from 300 to 400 mm.

Several parameters were continuously monitored dur-
ing operation and were recorded with a sampling rate of
1 Hz. Three K-type thermocouples recorded the tempera-
ture in three different points of the heat exchanger, as
shown in Figure 2 by labels ‘TopIn’, ‘TopOut’, and ‘Dome’.

A K-type thermocouple and a gas probe connected to
a continuous gas analyzer (mod. ABB URAS 14) were
fitted in the stack for monitoring composition (O2, CO2,
CO, and NO) and temperature of the exhaust gases.

The temperatures (IN and OUT from the engine, by
means of K-type thermocouples) and the mass flow rate
(Grunfos VFS 5-100 flow sensor) of the cooling water
were also sampled. The engine software interface allowed
to monitor the generated power, the generator Current
and Voltage, along with Amplitude, Frequency, and
Phase of the motion of the piston.

3 | RESULTS

Several tests have been conducted as summarized in
Table 1. First, the fuel burner was tested in an open

configuration with both standard Diesel fuel and rape-
seed oil. To this aim, a standard type 60� nozzle, denoted
as 0.6 GPH, was installed. The atomization pressure was
regulated to obtain stable and clean operation of the
burner. Particularly, Diesel fuel was injected at pat = 10
bar without pre-heating, whilst rapeseed oil required
injection at pat = 12 barand Tpr = 80�C. Figure 3 reports
a photograph of the flame generated by the burner fired
with rapeseed oil, along with a table reporting the com-
position of the exhaust, averaged over 100 seconds. It
appears that the flame covers a total length of around
600 mm and does not expand very much radially.

The exhaust composition was measured by installing
the burner in the combustion chamber without the
SE. The excess air was around 17%, corresponding to 3.1
vol% in oxygen. CO and NO concentrations are typical
values achievable in small oil burners without adopting
any countermeasure, such as catalytic conversion or flue
gas recirculation.31 It is worth remarking that the
national Italian regulations do not prescribe limits for
NO emission in burners below 35 kWth, whereas a maxi-
mum limit of 1000 ppm of CO normalized at null O2 con-
centration is prescribed.32

As mentioned above, rapeseed oil required preheating
to 80�C and a higher (12 bar vs 10 bar) atomization

FIGURE 1 Schematic of the

experimental facility based on oil burner

and Stirling engine [Colour figure can

be viewed at wileyonlinelibrary.com]

FIGURE 2 Axonometric view of

the Stirling engine (mod. Qnergy

PCK80.1) with the hot exchanger

highlighted in dark grey. The locations

of the thermocouples on the exchanger

surface are noted at right [Colour figure

can be viewed at

wileyonlinelibrary.com]
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pressure as compared with fossil Diesel. The liquid fuel
temperature was increased to decrease viscosity, as
required by the design of the atomizer nozzle. However,
this measure most likely affects the vaporization rate as
well, which is expectedly higher for the preheated rape-
seed oil. This effect certainly has an influence on vapori-
zation and combustion.

Moving from preliminary tests, aimed at verifying the
possibility of using renewable rapeseed oil in place of fos-
sil Diesel fuel, to standard tests, aimed at investigating
the possibility of optimization of the configuration with
rapeseed oil as fuel, the combustion chamber enclosure
was sealed and thermally insulated with rock wool
lining.

All tests lasted about 10 minutes in order to get, when
possible, steady conditions.

3.1 | Preliminary tests

The main operation variables and the results of prelimi-
nary tests, carried out in the integrated system with both
Diesel fuel and rapeseed oil, are reported in the first four
columns of Table 1. Differences were observed because of
the indirect influence of the fuel type.

The first two tests (D-1 and D-2) were carried out with
slightly different rig configurations: an increased distance
between burner and SE of 400 mmwas adopted for test D-1,
whereas the distance was reduced to 330 mm for test D-2. A
partly open combustion chamber on the rear side was used.
The large heat losses and the different fluid-dynamic regime,
related to the different geometrical configurations, resulted
in rather poor performances in terms of generated electricity
and efficiency. The system configuration was, hence, modi-
fied before carrying out tests with rapeseed oil (RS-1 and RS-
2), by closing the combustion chamber, reducing the dis-
tance to 300 mm, and improving thermal insulation. Thus,
the performance of the system was substantially improved,
as discussed in the following paragraph.

Figures 4 and 5 report, for tests D-1 and D-2, the mea-
sured time series of the main thermal, mechanical, and
electric variables. More specifically, each subfigure
reports input and output temperatures of the coolant
(on the left), temperatures in three points of the heater,
along with the average value (on the right), respectively.

Test conditions were varied, over successive runs, in
order to obtain a stable flame. It was observed that a sta-
ble flame, that is, a flame associated with a monotone
sound coming from the combustion chamber, yields sta-
ble regime temperatures and electric power.

TABLE 1 Main parameters and results of experimental tests

Fuel type and conf.a

Preliminary tests Standard tests

D-1 D-2 RS-1 RS-2 RSb-1 RSb-2 RSf-1 RSf-2

Burner – Heater distance, mm 400 330 300 300 300 300 300 300

Stack positiona b b b b b b f f

Fuel flow rate, kg/h 2.11 2.19 3.56 3.52 3.10 2.85 3.3 2.6

Nominal Thermal power, kW 24.9 25.9 38.3 37.8 33.3 30.6 35.5 28.0

Excess air ratio, 1.3 1.3 1.17 1.17 1.49 1.63 1.34 1.74

Exhaust temperature, �C 460 520 652 652 613 589 753 653

Electric power, kW 1.75 2.3 4.3 4.4 4.26 3.79 3.74 2.75

Electric efficiency, % 7.0 8.9 11.2 11.6 12.8 12.4 10.5 9.8

Net electric efficiencyb, % 6.0 7.9 10.6 11.0 12.0 11.6 9.8 8.9

aD is for diesel, RS is for Rapeseed oil; stack position: b at the bottom, f at the front, of the combustion chamber.
bAssuming a conservative estimate of electric consumption by the auxiliary systems of 0.25 kWel.

FIGURE 3 Photograph of the

burner flame with rapeseed oil and

composition of exhausts on actual and

normalized O2 base [Colour figure can

be viewed at wileyonlinelibrary.com]
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Typical temporal profiles of temperature show a first
transient stage during which temperature increases rap-
idly (see Figures 4 and 5). Temperature distribution on
the heater of the engine was not uniform and took some
time to stabilize until, after about 2 minutes, the homoge-
neous heating of all components was achieved. A second
effect is clearly observable in Figures 4 and 5: from test
D-1 to test D-2 the length of the combustion chamber
was decreased, leading to a closer contact of the flame
with the engine heater. In this way, higher values of the
average temperatures on the heater surface (from 400�C,
Figure 4 right, to 485�C, Figure 5 right) were achieved.
The configuration with a reduced length has led to an

increase of the electric power from 1720 to 2360 W, as
observed in Figure 6.With an increase of the electric
power, the transient required to reach a constant output
power becomes longer, correlated to the increased
cooling of the SE head, especially in the region of
the dome.

The second round of tests, reported in Figures 7–9
was conducted with the rapeseed oil. In this case, the
nominal thermal power (the mass flow rate multiplied by
the Lower Heating Value of the fuel) was significantly
higher than in the previous tests, thanks to the increase
of the injection pressure. These two tests were performed
in an almost identical configuration, the only difference

FIGURE 4 Temporal profiles of temperatures (test D-1) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Temporal profiles of temperatures (test D-2) [Colour figure can be viewed at wileyonlinelibrary.com]
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being the addition of an external draught on the exhaust
pipe. A reduced length of 300 mm for the combustion
chamber was adopted for both tests with rapeseed oil.

The temperature profiles on the surface of the heater
show marked instabilities during the first run conducted
starting from cold conditions (see Figure 7, right). The
second test was conducted at short delay from the previ-
ous. The added draught clearly helped stabilize the flow
field in the combustion chamber leading to a uniform
trend of the temperatures. In both cases, the transient,
thanks to the increased power, was slightly reduced with
respect to test with Diesel starting from cold conditions,
and further reduced to 1 minute in the case of re-ignition
after preheating from the previous run.

Despite the instabilities on the temporal profile of
temperature in the first test, the power generated was
very similar in the two tests.

By increasing the nominal thermal power from 25 to
38 kW, the electric power generated increased from 2360
to 4470 W (see Figures 6 and 9), thus leading to a signifi-
cant increment of the efficiency.

Figure 10 reports mechanical quantities related to the
motion of the free piston, that is, frequency, amplitude,
and phase. It appears that the engine reacts to the
increase of the power input by mainly changing the
amplitude of the oscillations while keeping the frequency
constant. The irregular time behavior of the temperature
on the heater surface, having two different stages in test

FIGURE 6 Temporal profiles of electric quantities. Left: test D-1; right: test D-2 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 7 Temporal profiles of temperatures (test RS-1) [Colour figure can be viewed at wileyonlinelibrary.com]
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RS-1 and a regular behavior in test RS-2, appears to influ-
ence the phase angle between piston and displacer.

3.2 | Effect of the fuel flow rate

Tests were conducted with rapeseed oil to study the effect
of the fuel flow rate, by comparing the performance
attained with two values of the flow rate for both posi-
tions of the exhaust gas stack, that is, tests RSb-1 vs
RSb-2 and RSf-1 vs RSf-2, as summarized in Table 1 (see
also Figure 1). It is to be noted that the fan providing the
necessary air supply was not regulated, and therefore a

different equivalence ratio was reached in each test, with
the excess air increasing by decreasing the fuel feed rate,
from 1.49 to 1.63 for tests RSb and from 1.34 to 1.74 for
tests RSf. This affected directly the maximum tempera-
ture in the heater zone, as well as the temperature of the
exhaust gases. Higher temperatures mean lower gas den-
sity, and this affects the residence time of the hot gases in
the heater zone, resulting in a favorable increase of the
heat transfer rate achieved at lower air excess ratios. As a
result, the electric power produced in the two conditions
changed from 4.26 to 3.79 kWel in test RSb-1 and RSb-2
respectively, and from 3.74 to 2.75 kWel in tests RSf-1 and
RSf-2, respectively. These decrements compare well with

FIGURE 8 Temporal profiles of temperatures (test RS-2) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Temporal profiles of electric quantities (tests RS-1 and RS-2) [Colour figure can be viewed at wileyonlinelibrary.com]
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the temperature difference that can be estimated between
the theoretical adiabatic flame temperature and the mea-
sured exhaust gases temperature in each of the tests per-
formed, which read 1075 and 962 in tests RSb-1 and
RSb-2, and 1116 and 807 in tests RSf-1 and RSf-2,
respectively.

Inspection of the emission profiles, reported in Fig-
ures 11 and 12, and corresponding average values
reported in Table 2, confirms the higher consumption of
oxygen for tests with higher fuel flow rates, remaining in
overall lean fuel feed conditions. These profiles also show
that emissions of nitrogen oxides are very low (in the
range of 25-55 ppm). CO emissions are almost constant
around 550 ppm for tests RSb, much lower in test RSf-1
(around 60 ppm), and much larger in test RSf-2. In the
latter test, the burner started to experience unstable con-
ditions prone to burn-off, because of the low fuel
flow rate.

3.3 | Effect of the position of the exhaust
stack

Further tests, by fueling rapeseed oil, were conducted to
study the effect of the position of the stack. Its original
position, located in the back of the combustion chamber
(b) practically immediately on top of the engine heater,
was moved close to the front of the combustion chamber
(f), above the burner injector (see Figure 1). For each of
the two configurations, two different fuel feed rates were
adopted, as summarized in Table 1.

It results that better performances were obtained with
configuration b. This was especially evident in the values
of the electric power produced, that decreased from 4.27
to 3.74 kWel at the higher fuel feed rates (around
3.2 kg/h) and from 3.79 to 2.75 kWel at the lower fuel
feed rates (around 2.7 kg/h). The flow field inside the
combustion chamber was strongly affected by the stack

FIGURE 10 Kinematics of the motion of the free piston engine (all preliminary tests) [Colour figure can be viewed at

wileyonlinelibrary.com]
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position. Indeed, the exhaust gases left the combustion
chamber at a much higher temperature if the stack was
in position f (753�C in test RSf-1 vs 613�C in test RSb-1
and 653�C in test RSf-2 vs 589�C in test RSb-2), meaning
that some of the hot gases formed in the first portion of
the flame followed a direct path towards the stack, with-
out crossing the tubes of the heater. This phenomenon
lead to a loss of power transferred to the engine, despite
the higher temperatures measured on the heater of the
SE in configuration RSf-1 (524�C) vs those in configura-
tion RSb-1 (493�C). Furthermore, the large increase in
CO concentration during the test RSb-1 is a proof that
combustion was unsteady, probably due to the accumula-
tion of the fuel droplets on the internal surface of the
combustion chamber, followed by slow and incomplete
combustion of fuel vapors. On the whole, the result
underlines the importance of reaching both thermal and
flow conditions able to promote favorable mechanisms of

heat transfer between the flame and the tubes of the
heater, as well as good combustion behavior.

4 | DISCUSSION

The results illustrated above indicate a real possibility to
adopt a SE to cogenerate heat and electric power in a very
simple way. To estimate the possible use of the two shares
of energy (thermal and electric), a further analysis is
required. The recorded data allow an estimate of the main
contributions to the energy balance of the system. Four
main outcomes of the thermal power delivered by the
combustion of the fed fuel can be identified: the power
converted into electricity, the power that leaves the system
with the flue gas, the thermal power dissipated by the
engine into the cooling water and the power that is dissi-
pated to the environment. Of the last two shares of thermal

FIGURE 11 Temperature in the heater zone and exhaust stack (top pictures) and emissions measured in tests RSb-1 (left column) and

RSb-2 (right column) [Colour figure can be viewed at wileyonlinelibrary.com]
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power, the one dissipated to the environment cannot be
recovered for further use and is therefore to be considered
a net loss of energy. The power dissipated into the cooling
water, depending on the specific installation and on the
temperature reached by the water, may be adopted, for
instance, for ambient heating. It should be noted that an
increase in the temperature can be easily obtained by

reducing the flux of cooling water, but the effect on the
engine efficiency can be significant and need to be consid-
ered. Therefore, this yield may be considered a loss as well
as a low enthalpy recoverable share.

The four fractions of energy were directly measured,
as for the generated electric power, or indirectly mea-
sured or estimated as explained in the following.

FIGURE 12 Temperature in the heater zone and exhaust stack (top pictures) and emissions measured in tests RSf-1 (left column) and

RSf-2 (right column) [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Average measured emissions during tests with rapeseed oil

RSb-1 RSb-2 RSf-1 RSf-2

Average St. dev. Norm. Average St. dev. Norm. Average St. dev. Norm. Average St. dev. Norm.

O2, % vol. 8.0 0.1 0 9.1 0.2 0 6.5 0.1 0 10.2 0.3 0

CO2, % vol 10.8 0.1 17.5 9.9 0.1 17.5 12.2 0.1 17.6 8.9 0.3 17.3

CO, ppm 522 24 845 530 9 935 60 4 87 1320 533 2563

NO, ppm 45 1 72 36 1 64 66 1 96 24 7 46
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The thermal power leaving the systemwith the flue gases
was computed knowing the exhaust gas temperature Texh,
assuming for the specific heat of the exhaust gas, Cp, exh, the
value of 1.2 J/(kg K), and evaluating the total mass of flue
gases, given by the mass flow rate of inlet fuel, _Mfuel directly
measured, and the mass flow rate of air estimated as
_Mair = _Mfuel 1 +AEð ÞAS , being AE the excess air adopted
by the burner and AS the stoichiometric air fuel ratio.
Table 2 reports the relevant data for all the tests
performed.

The thermal power leaving the system was com-
puted as:

Pexh =Cp,exh _Mair + _Mfuel
� �

Texh−Trefð Þ

The thermal power leaving the engine with the
cooling water, Pcool, was simply estimated as the differ-
ence between the heat that enters the engine, Pheat, and
the electric power generated Pel. The first one was esti-
mated starting from the performance charts of the
engine, determined by the engine manufacturer, that

report the electric power produced for a given amount of
heat transferred to the engine, parametrized by a temper-
ature index.33 Then:

Pcool = Pheat−Pel

Finally, being Pcomb = _MfuelLHV the heat
produced by the combustion of the fuel and
Pin =Cp,air _Mair Tamb−Trefð Þ+Cp,fuel _Mfuel Tfuel−Trefð Þ the
powerentering with the inlet mass fluxes of air (at ambi-
ent temperature Tamb) and of fuel (at the preheating tem-
perature Tfuel), the dispersed poweris computed as:

Pdisp = Pin + Pcomb−Pel−Pexh−Pcool

Figure 13 shows the relative distribution among ther-
mal (water, exhaust, and dispersed) power and electric
power for the four preliminary tests reported in Table 1.

Apart from the decrease of the dispersed power moving
from D-1/D-2 to RS-1/RS-2, as a consequence of the above
reported plant improvement, it can be noted that the sensible
heat of the exhaust increases in tests RS-1and RS-2, operated

FIGURE 13 Share of thermal and

electric power in the preliminary

experimental tests [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 14 Share of thermal and

electric power in the final experimental

tests [Colour figure can be viewed at

wileyonlinelibrary.com]
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at higher total power. Under these conditions, the higher
exhaust temperature allows obtaining increased SE efficiency
and electric power, but the losses with exhaust also increase.

Similar results as those presented in Figure 13 are
shown in Figure 14 for the standard tests with rapeseed
oil. The effect of a better insulation of the chamber is
clearly recognized in the much lower amount of the frac-
tion of dispersed energy that is common to all standard
tests with respect to preliminary tests. The effect of the
stack position is recognized in the switch of the maxi-
mum fraction of the end share of energy between those
in the water, maximum with the stack above the heater,
and those in the exhaust gases, maximum with the stack
above the burner. It is noticeable that the increase of
energy yield in the exhaust also increases the dispersed
share of energy: not only more energy is lost with the
combustion fumes, but also the absorbed energy is used
with less efficiency. Consequently, a larger electric power
is always produced in the first configuration of the stack.

5 | CONCLUSIONS

An integrated oil-burner and SE system was developed
and assembled based on commercially available devices
that have been operated in conditions different from their
standard specifications. The integrated system was suc-
cessfully fired with vegetable oil (rapeseed) obtaining an
electric power up to 4.4 kWel and maximum net effi-
ciency, Pel/Pcomb, of 12.8%.

Even if these results are far from optimal, they dem-
onstrate the feasibility of using a renewable liquid fuel to
provide heat to a SE via a standard spray burner. Further
research on the optimization of the combustion chamber
design will be planned for improving the global efficiency
of the integrated co-generation system.

Some directions have already been investigated. Dif-
ferent configurations of the combustion chamber were
adopted to reduce the heat dispersed with the exhaust
gases, especially if the increase in yield of electric energy
is desired. Improved insulation of the combustion cham-
ber leads to a significant decrease in the energy dispersed.
Also, the configuration of the flow field inside the com-
bustion chamber was found to be very important to pro-
mote a favorable mechanism of heat transfer with the
heater and to avoid direct loss of energy from that portion
of hot gases directly reaching the stack without inter-
acting with the SE heater. Also important was found the
distance of the burner from the SE heat exchanger: a fur-
ther decrease of this distance is probably beneficial to
increasing the electric power produced.

Other aspects need further development, also includ-
ing detailed numerical modeling. The flame dynamics is

certainly affected by the several parameters investigated,
and a deeper investigation of this aspect would reveal
effects enlightening space for further improvement of heat
transfer to the SE, reduction of pollutant emissions,
improved combustion efficiency, especially if coupled with
an investigation of the available settings of the burner.

ACKNOWLEDGEMENTS
Mr. Ernesto Marinò and Mr. Francesco Cammarota are
gratefully acknowledged for the setup of the experimental
facility and the assistance during the tests.

NOMENCLATURE
AE excess airadopted by the burner
AS stoichiometric air fuel ratio
Cp specific heat at constant pressure
LHV lower heating value
_M mass flow rate
pat atomization pressure
Pcomb heat produced by the combustion of the fuel
Pcool thermal power leaving the engine with the

cooling water
Pdisp dispersed power
Pel. electric power generated
Pexh thermal power leaving the system
Pheat heat that enters the engine
Pin power entering with the inlet mass fluxes of air

(at temperature Tamb) and of fuel (at temperature
Tfuel)

T temperature
Tamb ambient temperature
Tref reference temperature (298.15 K)

SUBSCRIPT
air air
fuel fuel
exh exhaust
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