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Abstract: - In this paper, an analysis of different generating heat and electricity systems with Stirling engine is
made from the point of view of benefits and limitations, both operational and economic and environmental.
Stirling engine has the ability to work at low temperatures, and can also use all fossil fuels and biomass, to
realize an environmentally friendly energy production. Stirling engines are more appropriate for the micro CHP systems having the best value for overall system efficiency and they are regarded as the most promising
for further development in generating energy systems for local use.
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1 Introduction

The Stirling engine was patented in 1816 by Robert
Stirling [1,2], and the first solar application of
record was by John Ericsson in 1872 [2]. Since its
invention, prototype Stirling engines have been
developed for automotive purposes; they have also
been designed and tested for service in trucks, buses,
and boats [2]. The Stirling engine has been proposed
as a propulsion engine in passenger ships and road
vehicles such as city buses [2,3]. The Stirling engine
has also been developed as an underwater power
unit for submarines, and the feasibility of using the
Stirling engine for high-power systems has been
explored by NASA. However, the Stirling cycle
engine is well suited for stationary power and
domestic use [6].
Stirling engines can be operated on a wide variety of
fuels, including all fossil fuels, biomass, solar,
geothermal, and nuclear energy [9], with external
combustion that facilitates the control of the
combustion process and results in low air emissions,
low noise and more efficient process [10]. The most
outstanding feature of the Stirling engine is its
ability to work at low temperatures, namely below
the temperature of boiling water [11]. More
precisely, even the temperature of the human body is
sufficient to put the engine into motion. Such a kind
of an engine can use low temperature energy sources
that are widespread in nature: the hot water from
solar collectors, geothermal water, hot industrial
wastes.
The Stirling engines are often used in the electricitygenerating condensing boilers [12]. The Stirling
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engines are 15-30% efficient in converting heat
energy to electricity, with many reporting a range of
25 to 30% [13]. Since these engines show high
thermal efficiencies they are most suitable for
applications where thermal requirements are
significant [14], e.g. for CCHP (Combined Cooling,
Heating and Power) or CHP (Combined Heating and
Power) systems (fig. 1).
Development of Stirling engines is proceeding
world-wide in spite of their admittedly higher cost
because of their high efficiency, particularly at part
load, their ability to use any source of heat, their
quiet operation, their long life and their nonpolluting character [11].
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Fig. 1 - A schematic representation of a CCHP/CHP
system with Stirling engine (adapted from [12]).
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In this paper, an analysis of different generating
electricity systems with Stirling engine is made from
the point of view of benefits and limitations, both
operational and economic and environmental.
In reviews of energy conversion, the Stirling engine
is regarded as the most promising for further
development of systems for generating heat and
electricity for local and domestic use.

derived from the second law of thermodynamics:
the higher the temperature of thermal energy input,
the higher the engine efficiency.
As it is expected, the nature and pressure of the
working fluid influence the power performance of
the Stirling engine.
Results obtained at various temperatures of heat
source (700-1000 0C) using air and helium (pressure
range of 1-4.5 bar), for a gamma type Stirling engine
with 276 cc swept volume, are shown in Figure 2
[4]. It is seen that an increase in the heater
temperature results in an increase in power out-put.
Comparison of curves for helium and air at the same
conditions shows that for helium the engine power
output is about twice that of air.
Several firms are mass-producing Stirling engines
that outperform internal combustion engines and
gas-turbine engines, with an efficiency of 40% even
at 600 - 700 0C [4]. In the best designs, the
mass/power ratio is 1.2-3 kg/kW, while the
efficiency is 40-45%. Since Stirling engines show
high thermal efficiencies they are most suitable for
applications where thermal requirements are significant, for example in geographical regions with a
high annual heating demand [15].

2 The Stirling Engine

The ideal Stirling cycle combines four processes,
two constant-temperature processes and two constant-volume processes [2]. Because more work is
done by expanding high-pressure, high-tempera-ture
gas than is required to compress low-pressure, lowtemperature gas, the Stirling cycle produces net
work, which can drive an electric alternator.
In the ideal Stirling engine cycle [2], a working gas
is alternately heated and cooled as it is compressed
and expanded. The working fluid is contained in the
motor and the mass of the fluid remains constant
[14]. Gases such as helium and hydrogen, which
permit rapid heat transfer and do not change phase,
are typically used in the high-performance Stirling
engines [2,14]. Also, air is used as working fluid
[11,13]. Hydrogen, thermodynamically a better
choice [2], is more conductive and has a lower
viscosity and therefore lower flow losses than
helium [8]; generally results in more efficient
engines that does helium [2,7]. However, hydrogen
is more hazardous, is more difficult to contain, and
probably causes hydrogen embrittlement [4].
Helium, on the other hand, has fewer material
compatibility problems and is safer to work with [2].
Helium is an environmentally benign gas having an
ODP and GWP of zero [2].
All Stirling engines fall into one of the following
two basic categories [2,4,7,13]:
▪
Kinematic Stirling engines have a crank
arrangement to convert the reciprocal piston motion
to a rotational output, say to drive a generator. The
displacer is actuated through some form of
mechanical linkage.
▪
Free-piston Stirling engines have no
rotating parts. In the majority of cases, output power
is taken from a linear (usually permanent magnet)
alternator attached to the piston, while the displacer
is actuated by the pressure variation in the space
beneath the piston.
In theory, the Stirling engine is the most efficient
device for converting heat into mechanical work [2].
The efficiency of thermal conversion cycle/engine is
limited by the Carnot cycle (ideal engine) efficiency
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Fig. 2 - Variation of brake power with heat source
temperature [4].

3

Stirling Converters

Stirling devices are usually developed for cogeneration and power generation units [5,8].
Kinematic Stirling engines rely on a separate electric
generator or alternator to convert the mechanical
power into gas electricity, while free-piston Stirling
engines integrate the alternator into the engine [12].
The resulting engine/alternator with its ancillary
equipment is often called a converter or a power
conversion unit.
Electric capacities for kinematic Stirling units are
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between 5-500 kW [13], while the capacities for
free-piston units are between 0.01 and 25 kW [13].
The last can immediately produce grid compatible
AC electricity [1,2].
Larger sizes of free-piston Stirling units are feasible
but unlikely to be commercially viable, as alternator
volumes become excessive [4]. A solution long
recognized but not as yet put into practice is the
coupling of the free-piston engine to a pump and
turbine [7]. The Stirling driver is comprised of two
conventional, displacer type, free-piston engines
configured as a dynamically balanced opposed pair.
Each engine drives a simple single-acting blower (or
low pressure ratio gas pump), using the outer end of
Natural gas
burner

Engine-Pump
Single
acting
blower

Free
piston
Stirling
engine

Free
piston
Stirling
engine

High pressure
supply to turbine

Low
pressure
supply
from
turbine

ductwork. The engines and turbines utilize the same
helium working fluid.
This arrangement is shown schematically in Figure 3
(a). Both the engine/blowers and the turbine/
generator are hermetically sealed within pressure
vessels. The net output of the system is 7 kWe. A
schematic of one half of the Stirling driver is shown
in Figure 3 (b). Power control is accom-plished by
variation in the size of the turbine nozzle.
The electrical efficiency of generating electricity
systems with Stirling engine is about 12-20%, with
the target of higher efficiencies than 30% [4]. In
higher value micro-CHP applications, electric
efficiencies of more than 40% and system overall
efficiencies of more than 95% have been achieved
[13]. Table 1 reports the main parameters of microCHP systems with Stirling engines. The high
electrical efficiency of the large Stirling engine leads
to the lowest GHG emissions [6].

Single
acting
blower

Table 1 Characteristics of the various types
of micro-CHP devices [6]
Energy
conversion
device
Internal combustion engine

Turbine-Generator
pressure vessel

Fuel cell
Stirling engine

Rotary
generator

Turbine

Rankine cycle
engine

Cooler

30-38

45-50

30-40

40

10-35

60-90

10-20

70-85

The Stirling cycle engine can use different types of
renewable sources of energy including biomass,
solar and geothermal energy [1,11].
Biomass needs to undergo several processes so that
it can be widely used as a source of energy [11].
These processes will transform its accumulated
energy (carbon and hydrogen) into solid, liquid and
gaseous fuels or into electricity.
The problems concerning utilisation of biomass
fuels in connection with a Stirling engine are
concentrated on transferring the heat from the
combustion of the fuel into the working gas. The
temperature must be high in order to obtain an
acceptable specific power output and efficiency, and
the heat exchanger must be designed so that
problems with fouling are minimised.
Possible fuels include peat, ground coal, shale,
agricultural wastes, and wood pellets and chips.
Stirling engines fueled by wood pellets are already
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Fig. 3 - System schematic (a) and single engine and
blower (b) [13].
its power piston. The single turbine/generator is
separate from the engines and connected by
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in production. Another option that may have merit is
to consider fuel switching between biogas and
natural gas with a Stirling engine which is a good
concept applicable in the waste water treatment
plants [15]. The biogas can be also obtained from
the dairy facilities [11].


Two Stirling engines, commercial small scale
systems:
Stirling 161 microKWK module (Solo)
Whispergen (Whispertech)

An Idatech fuel cell running on hydrogen gas
with reforming of natural gas
The data from Table 4 indicate that the electric
efficiency is better for micro-CHP systems with
reciprocating engines, and Stirling engines are in the
second place. The thermal efficiency is better for
micro-CHP systems with Stirling engines followed
by reciprocating engines.
For most CHP technologies, the annual savings in
the actual situation turn out to be low, which is
primarily due to the fact that the largest part (85–

5 Stirling Engine as a prime mover
for micro CHP System
A prime mover in a micro-CHP system generates
electricity and the waste heat of the prime mover is
used for heating and to drive the thermally activated
equipment [8].
Cogeneration
technologies
for
residential,
commercial and institutional applications can be

Table 3 Comparison of the main residential micro-CHP technologies to SHP [6].
1 kW unit
PEM Fuel Cell
SOFC Fuel Cell
IC Engine
Stirling

Electric
η, %
29
27
25
14

Thermal
η, %
46
45
56
75

Temperature Range
80 - 100°C hot water
80 - 1000°C hot water-high quality steam
90 - 120°C hot water, low-grade steam
80 - 700°C hot water-med. quality steam

classified according to their prime mover, as follows
▪
Reciprocating engines
▪
Stirling engines
▪
Micro steam and gas turbines
▪
Fuel cell systems
This section presents an analysis of micro-CHP
systems based on the prime movers mentioned
above, used for electricity generation.
A comparison of residential micro CHP
technologies related on prime mover can be made
versus separate heat and power (SHP) [9]. Table 3
shows by which factor micro-CHP efficiencies
exceed those of separate heat and power. The
needed SHP was calculated to match 1 unit of fuel
into each of the four micro-CHP technologies. Thus
the seventh column of Table 3 is the SHP fuel
needed to produce the same amount of electricity
and thermal energy as the CHP unit. The data from
Table 3 indicate that the overall system efficiency
has the best value for Stirling micro-CHP
technology as well as for thermal/electric ratio.
Some micro-CHP systems (<5 kW) are evaluated
for use in residential applications by taking the 
viewpoint of a detached single family house 
(reference case). The calculated energy use profiles 
were then used to dimension the CHP and to assess
the building performances when CHP is used.
The studied CHP technologies are (Table 4):

Two gas engines running on natural gas:
Dachs HKA F 5.5 (Senertec)
Mini-BHKW (Ecopower)
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System
η, %
76
82
81
89

T/E
1.59
1.67
2.24
5.36

SHP/CHP|
fuel
1.59
1.51
1.59
1.48

90%) of the produced energy is sold to the grid at
very low prices.
Table 4 Power and efficiency of micro-CHP
technologies [5].
CHP
Pe
ηe
Pt
ηt (%)
(kW)
(%)
(kW)
Senertec
Ecopower
Solo
Whispertech
Idatech

5.5
4.7
2–9.5
1
4

27
25
24
12
25

12.5
12.5
8–26
4.9–8
9

61
65
72
80
55

In fact, the family can be seen as a small electricity
producer, which is very poorly paid. This makes the
annual savings too low to return the investment cost
in a reasonable amount of time.

5.1

The energy demand of the residential
consumer

The residential consumers energy demand is made
of the following:
- the heat demand for heating the household
- the hot water household demand
- the electrical demand for the home utilities
The residences energy demand has hourly, daily,
monthly and seasonal variability.
If we know the hourly variations of heat demand we
can determine the daily, weekly, monthly and
annually energy consumptions.
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hot water consumption is estimated to
50/liters/day/person. Assuming a temperature
difference of 50degrees between how water and cold
water we can determine by reporting to the number
of persons the monthly heat quantity needed by the
household hot water:
(3)
Q hw  N p  m  c  

5.1.1 The thermal energy demand of the
consumer
The coldest the local climate is and the higher
interior temperatures are, the higher the demand for
thermal energy to heat the space. Fueling the heating
space has to compensate for the losses of heat
transmitted through walls and the roof, and also the
losses given by the heated air from the mechanical
or natural ventilation systems. The external
temperature is the most important variable, for
explaining the daily influence and the year-to-year
variations, the general demand for thermal energy.
The specific heat consumptions differ from country
to country (climate), but also depend on the
residential consumers’ comfort level (figure 4).

where:
Qhw – energy required to produce hot water ;
Np – number of persons;
m – water mass;
c – caloric capacity of water;
Δθ – temperature difference.
This hot water household consumption has a daily
variation according to figure 5

Fig. 5 - Hot water demand [15]
5.1.3 The estimate electric consumption demand
The electrical demand of the residential consumer is
dependent on the endowment of electrical devices in
the house. If the consumed imposts power curve is
known we can determine the daily, monthly, yearly
electrical consumption

Fig. 4 - Room temperature
The annual/monthly consumption of heat of a
residential building can be annually determined by
using the degree-day method as following:
(1)
Q h  U  A  degree  days
In which Qh - Thermal energy (heat) added or
eliminated from the building in a certain time unit;
U - Thermal transfer coefficient of the building,
taking into account its components such as:
windows, interior walls finishing, the insulation, the
exterior wall etc.
A – The exterior household area.
Similarly we can determine the annual consumption
of cold demand from the residence,
(2)
C  U  A  cooling degree  days

Fig. 6 - Electricity demand [15]
The standard monthly consumption of a Romanian
residence is (100-300) kWh and can be considered
constant for a residence. The input measurements in
this system are the required energies from the
residential consumer.

5.1.2 The hot water consumption
Preparing the hot water in household purposes is the
second demand of thermal energy as amplitude,
after the demand of heat for heating place. This
demand for thermal energy is more amplified in the
residential sector, comparatively to the industrial
sector. A recent informative document or a hot water
medium consumption report in the European
countries does not exist yet. The last informative
newsletter available and used is the report (Eurostat,
1999) about the energy consumed in EU15
households and some CEE countries. The medium
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6 Conclusions

Stirling engines can be used for primary power
generation and as a bottoming cycle utilizing waste
heat for power generation and can also use all fossil
fuels and biomass, to realize an environmentally
friendly thermal and electrical energy production.
The two types of Stirling engines, kinematic Stirling
and free-piston Stirling, show potential for
generating heating and electricity systems. Electric
capacities for kinematic Stirling units are between 5-
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500 kW, while the capacities for free-piston units
are between 0.01 and 25 kW. The Stirling engines
are 15-30% efficient in converting heat energy to
electricity, with many reporting a range of 25 to
30%. The goal is to increase the performance to the
mid-30% range or even more than 40%.
Autonomous power units with Stirling generators
are irreplaceable in the oil and gas industry, where
power is required for prospecting, drilling, welding,
and other uses. In these conditions, possible fuels
are unpurified natural gas, byproduct gas extracted
together with the oil, and gas condensate.
Stirling engines have been identified also as a
promising technology for the conversion of
concentrated solar energy into usable electrical
power due to their high efficiency.
The major disadvantages of the Stirling engines
include: the high cost, the engine needs a few
minutes to warm up and durability of certain parts is
still an issue.
An evaluation of five micro-CHP systems (<5 kW)
for use in residential applications was made on
power and efficiency basis. The electric efficiency is
better for micro-CHP systems with reciprocating
engines, and Stirling engines are in the second place.
The thermal efficiency is better for micro-CHP
systems with Stirling engines followed by
reciprocating engines. From the view point of
primary energy saving, the mCCHP system
implemented using renewable energy (biomass,
wood pellets) imposed the use of Stirling engine as a
prime mover [15].
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