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This article describes the design and performance of free­
piston Stirling engine-alternators particularly suited for use
as natural gas fired micro-cogen and cooling devices. Stirling
based cogen systems offer significant potential advantages
over internal combustion engines in efficiency, life, noise and
emissions.

The ability of Stirling machines to maintain higher effi­
ciencies at lower power levels than internal combustion en­
gines significantly expands the potential market for micro­
cogen. System cost reduction and electric prices higher than
the U.S. national average will have a far greater effect on com­
mercial success than any further increase in Stirling engine
efficiency. There exist niche markets where Stirling based
cogen systems are competitive.

Machines of this design are being considered for produc­
tion in the near future as gas-fired units for combined heat
and power in sufficiently large quantities to assure competi­
tive prices for the final unit.

HI STORY OF STIRLING MACHINES

Th e crank-driven Stirling engine has a long history of develop­
men t , fir st as an air charged , a t mosphe ric pressure pumping engi ne
in the 1800 's, and la ter, after World War II , as a highl y refin ed candi-
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date for automotive applications. In th is role it was projected to be
efficient, qui et and low in emiss ions .

However, exceptio nally challengi ng design problem s we re en­
counter ed , including power modul ation, containment of high pressure
light gas, isolation of lubricants, and cost and complexity of h eater
head designs abl e to accept the required hi gh operating te mperature
and high heat fluxes. As a result of th ese and othe r barriers, espe­
ciall y the competi t ion from cheap and ever-improving IC engines, the
crank Stirling has never reached commercial produ ction .

The free-piston machine has evolved as a solutio n to the prob­
lem s presented by the crank Stirling. Free-piston machines with an
attached lin ear alternator can be hermetically sealed so as to contain
the working gas (helium or hydrogen ) for extended periods and they
require no lubricant other than the working gas . Th eir power can be
var ied rapidly and efficientl y by displacer amplitude an d phase
changes relative to the piston. Their hi gh mechanical efficiency al­
lows the m to achieve competi t ive power and thermal efficiency at
modest heater head temper atures cons iste nt with relatively in expen ­
sive material s and geometries .

Wh ile free- piston machines are at presen t restricted in power
output to seve ral ten s of kilowatts by the characteri sti cs of lin ear
alternators , t he free-piston/linear alternator is quite well suited for
the micro-cogeneration applications discussed her e. Th ese designs re­
tain high efficiency and other desir abl e features over power ranges
from a few ten s of watts to severa l kilowatts , the desired power for
micro-cogen .

Th ese desirabl e features of the free-piston machine have drawn
attention to it in several potential applications, including heat driven
refrigeration, in which a free -pis ton engine directly dri ves a free­
piston Stirling heat pump (the so-called duplex ar rangement ), and
der ivatives such as the free- piston refrigerant or gas compressor , in
whi ch the alternator acts as a motor to drive the piston to accomplish
its t ask without cranks or lubricants .

DESCRIPTION OF FREE-PISTON ENGINES

Figure 1 shows a typical layout of a free-piston Stirling engine .
The the rmodynamic cycle used is an harmonic oscillation ap proxi ma-
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t ion to the idea l Stir ling cycle of two isot herms connected by tw o
constant volume temperature changes, Th e piston oscilla tio n ca uses
t he compress ion-expansion and t he dis placer se rves to move the
working gas betw een hot a nd cold heat exchangers to accomplish the
heat flows required for the cycle,

Th e pist on and disp lacer a re tuned as mechan ical spr ingmas s­
da mp er resonat ors so as to have the correct ph ase relation between
them to accom plish the desired gas cycle, This method eliminates t he
crank mechanism and its associate d lu bricat ion and side forces . The
engine operates a t an approximate ly constant frequency regardless of
loadin g or piston amplit ude, whic h will permit it to be dir ectly at ­
tached to the gr id without intermediaries .

Th e piston power is delivered dir ectly to the magn ets of a per­
man ent magn et a lternator to produce alternati ng current power at
any desired voltage. Th e components of a typ ical lin ear a lternato r ,
the stat iona ry inn er and outer iron and the movin g permanen t mag­
net ring, a re shown in Figure 2.
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Figure 1. Layout of a free-piston Stirling engine. In this case,
the linear alternator has three sets of moving magnets at­
tached to the piston. The displacer and piston resonate with
planar springs, and are suspended by non-contact gas bear­
ings. The en t ir e unit is hermetically sealed, with helium as
both the working gas to implement the Stirling cycle and to
charge the gas bearings.
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Th e life of free-pist on Stirling machines has usu all y bee n limi ted
by the contact bearings used to support th e pisto n and displacer and
the ring seals th at se pa rate th e different gas volumes with in the
machines . Recen t advances have rem oved both of these wear limited
compone nts [1] . Both piston and displacer float on gas bearings in
their cylinders an d a re resonated by mechanical sp ri ngs which are
a r ranged to elimi nate side load s on the bearings . These pl anar
springs (flat plates with spiral slits) a lso serve to cente r and support
the large radi al load s of the perman ent magnets, act ing in effect as
fri cti on-free oscillating bearings .

Th e combinatio n of gas bearings to all ow wear-free close fit s on
the pistons and the use of mechan ical spri ngs to give both resonant
fre quency and ax ia l positioning is uniqu ely ad va ntageous in that it
confers high mechanical efficiency and the potent ial for very long life.
In additio n, this combination is inexpensive and compact. Th e sealing
function is also met by the close fit s of the gas bearings , gas t igh t
sealing is not needed , and the fits and to lerances can be met by
standard mac hin ing techniques .

stationary coil and outer laminations

reciprocat ing magnet assembly

stationary inner laminations

Figure 2. Exploded view of a single window linear motor/alter­
nator. The reciprocating magnet assembly is part of the piston
in all types of free-piston machines, including Stirling en­
gines, Stirling coolers, and linear compressors. This particu­
lar example is from a linear compressor and is rated at 200 W.
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It should be noted that the function of precise positioning of the
oscill ating bearings and seals is don e by the gas bearings , and the
se pa rate fun ction of axial springing and rou gh location is performed
by t he plana r spri ngs . Figure 3 shows a range of plan ar spr ings that
h ave been used in free-pi ston machines. Th ese planar sp rings are not
call ed up on to provid e precise rad ial centerin g and, as a result of this
lim it ed role, will be inexpen sive to manufacture.

In contrast, flexures in othe r fre e-piston Stirling design s are
required to perform both spri nging and hi ghl y accurate radial cente r­
ing of t he pistons to avoid wear and leakage and would in cur greate r
manufacturing costs . The arrangement of the gas bearings on the
piston and displ acer and the plan ar spri ng supports a re show n in
h ardware in Figu re 4.
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Figure 3. Various examples of planar springs, used in all types
of free-piston machines. They are well suited for cost-effective
manufacturing by stamping sheet metal.
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FEATURES OF THE FREE-PISTON DESIGN

Starting
The eng ine described above is except iona lly easy to sta rt . Since

it is a highl y efficient lin ear oscilla tor, not a rota tor , on ly a very slight
axia l impulse is sufficient to sta rt the build-up of osci lla t ions in the
pr esen ce of a temperature differen ce between heater and cooler . This
st a rt ing impu lse may be a bri ef low voltage pu lse to the lin ear alter­
nator .

Power Control
In the pa st, Sti rling engines have earned a rep uta ti on for slow,

comp lex and inefficien t power variation . Thi s oft-cited cr iticism has
been ans wered in the free-pi ston engines with a power con t rol ba sed
on a variable st iffness spr ing betw een pist on and d isplacer. This
spring coup les the disp lacer to th e piston to greater or lesser degree

Figure 4. Prototype 2.5 kW free-piston Stirling engine with
integral linear alternator. During a series of tests and modifi­
cations, thi s e n g ine/a lter n a to r achieved 28 % e fficie n cy in
some t ests. Note the arrangement of gas bearings on the pis­
ton (A) and displacer (B), a s w ell a s the planer s p r ings (C) .
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in proportion to its st iffness. When the spring is at maximum st iff­
ne ss the displ acer is esse nti a lly locked to the pist on and little or no
power is generated.

But if the relative spring sti ffness is reduced to zero, the engi ne
power can ri se to maximum in a very few engi ne cycles , less than 0.1
seconds in a 60 Hz engine . Su ch a variabl e sti ffness spring can be
impleme nte d in a number of ways [2,3], for example , by a gas spr ing
with a sleeve valve varying the porting out of the spring with it s
rotation . This spool valve is coupled to desired cont rol param et ers
such as volt age and/o r pist on amplitude to allow full y automati c and
rap id resp onse to imposed load.

Th e free-pi st on eng ine with this type of power contro l can ope r­
ate, for exa mple, as a cons tant voltage gene rator wit h fast resp onse
and high efficiency over a wide range of power. Although a non­
dissipative relati ve sp ring is thermodynam icall y most efficie nt , any
combinatio n of spring and damper between the piston and displ acer
can have the same effect on powe r control.

Heater and Burner
The heater head is a cylindrical heat exchange r with exte rnal

and internal fin s for heat transfer enhanceme nt. Th e exte rnal fin s are
stainless steel integral with the pressure wall , and the internal fins
are folded copper sheet brazed to the insi de diamet er of the pressure
wa ll. Th is produ ces an inexpensive and highl y effective heat transfer
surface . This configu ration also all ows good conformity of the heater
flow passage with the foil type (annular ga p) regen erat or so that
there is no flow constriction and good flow distribution at their inter­
face. This heat exchange r arrange ment rem oves the la rge number of
cr it ica l brazes or weld s and the expensive machining required for
more typi cal tube bundle exchange rs .

Th e burner has the duty to keep the heater head temperature at
a cons tant temperature. A typical burner includes an exh aus t gas
recuperat or to assure high efficiency. Th e close coup ling of the burner
to the heater head assures short dwell time at high temperature and
reduced emiss ions .

Cooling
The engi ne is cooled by a conve ntio nal wa te r j acket , coolan t

pump and heat rejector with fan . Increasing wa te r temperature re-
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du ces engi ne power and efficiency, but the system can still operate
effectively with coolant tempera tures near lOocC. Th e critical re­
quirem en t is that the ma gnets in the alternator mu st be kept at
te mperatures below their point of irreversible loss of magnetism. The
rejected heat is availab le for space heating, domestic hot wa te r or
othe r uses. Th e in ternal fins of the cooler are fab ricated in the same
way as those in the heater , as inexpensi ve folded copper fins , with no
critica l joints (Figu re 5).

OPERATING FEAT URES

Th e sum of the non-contact gas bearings , pla nar springs, and
magn et sus pens ion results in an except ionally efficient, quiet and
durabl e machine. Mechanical efficiency of over 95'k is routinely mea­
sure d, and elect rica l ene rgy convers ion efficiency is also usually over
92%, limited by th e usu al cost-e fficiency compromises of electrical
mach inery design .

The most unique and dist inctive feature of this machin e is the
poten tial very long life and low mainten ance. Th is characteristic is

Figure 5. Internal folded copper fins (arrow) of a Stirling en­
gine heat rejector.
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derived from its non-contact operation and its hermetic sealing which
both obviates and prevents a ny user mainten an ce or manipulation .
Another attractive feature is very ea sy start ing and operat ion as long
as a source of heating a nd coolin g is supplied.

FREE-PISTON STIRLING COOLING

Free-pi ston Stirling cooling can be implem ented in one of tw o
ways. Firstly, the basic technology, including lin ear alte rna tor , gas
bearings and plan ar springs , can also be implem ented in an electri­
ca lly driven linear refrigeration compressor [3J using conventional
val ves . If it is desir ed to power such a compressor using natural gas
rather than electr ica lly, then a free-pi st on Stirling engi ne can drive
the compressor directl y, with, for example, a ma gn etic coupling, with­
out gene rat ing elect ric power [5J (Figu re 6).

Alternatively , elect r ica lly driven free-pi ston Stirling coolers
have been developed for domestic refr igeration and freezing tempera­
tures [6] (Figu re 7). As with linear compressors the cooler can be
driven directly by a free-pi st on engi ne . However, in this case the
interm edi ate magn et ic coupling is not required since the cooler and
engine share the common helium working flu id. Such devices are
kn own as duplex machines .

FREE-PISTON STIRLING COGEN

Advantage of Free-Piston Stirling over
Internal Combustion Engines

At power levels of less than 10 kW there have traditionally been
no competi tors to IC engines as the prime movers in cogen systems.
However at these power levels IC engines have numerous limitations
and become less feasibl e below 2 kW. This lack of an ideal power
generator a t low power levels is pr obably the main reason for the lack
of success of micro-cogen for domestic applications .

Free-pi st on Stirling engine lin ear alternator combinations offer
numerous ad vantages over IC engi nes at the microcogen power levels .
Th ey have higher efficiencies than IC engines and this efficiency re­
mains esse nt ia lly const ant at different sizes. Thi s is not true of IC
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Figure 7. Electrically driven free-piston Stirling cooler. Heat
is accepted at one end (note the ball of ice that has formed),
and rejected with the aid of a fan from the other. The integral
linear motor drives the piston and implements the Stirling
cycle. Like a free-piston Stirling engine, the piston and
displacer float on gas bearings, are resonated with planar
springs, and are hermetically sealed with the linear motor.
Helium serves as the working gas and for operation of the gas
bearings.

engines . For in stance, t here is no reason why a 500 W free-pisto n
Stirl in g engine should not have the same efficiency as a 10 kW en­
gine. Stirl ing engines also maintain their efficiency at part load , un­
like IC engines .

Th e conti nuous combust ion required by Stirling engines makes
them produc e fewer emiss ions and operate more quie t ly than IC en­
gines . Th is qui eter operation results in a less exp en sive product pack­
age, since soundproofing is not required . IC engines, even those de­
signed for long life, require regul ar service (typica lly 200 0-4000
hours ) and their lives are ultimately limited by the contact ope rat ion
of the movin g parts.

On the othe r hand, free-p iston Stirling engi nes are hermeticall y
sea led and the movin g components are supporte d on non-contact gas
bearings . Th ere are no parts requiring se rvice with in the engine and
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alternator, and lives of greater than 60 ,000 hours are projected ; life
will ultimately be limited by heater head creep. Th e burner does
require se rvice but no mor e than th e typical home furnace.

Furthermore the fixed speed operation of free-pis ton Stirling en­
gin es , unlike IC engi nes , allows for simple gr id synchronizatio n . As
long as the lin ear alternator is wound for the corre ct grid voltage,
these machines can be directl y coupl ed to the grid.

Potential Market for Stirling Cogen
A survey of resid ential sing le family hom es in the Unite d States

[7] concluded that of the total of 54 million units only 7 million were
appropriate for natural gas fir ed cogen eration , defined as having floor
areas greater than 2000 squa re feet and situated in the north eas t
and north central a reas . Natural gas was not ava ila ble in 20 mill ion
units and 4 million had too Iow a thermal dem and .

However, 23 million units were reject ed primarily because they
had areas of less than 2000 square feet and ther e was not a suffi­
ciently small and efficient elect ric generator availa ble. Th ese 23 mil­
lion un it s are a pot ential market if Stirling based systems producing
a few hundred Watts up to 2 kW are ava ilable. The tot al pot ential
market for Stirling sys te ms is therefor e 30 million units while that
for IC systems is 7 milli on units .

Other surveys [8] have also ba sed their market potential on the
limitations of IC engi ne system s (elect ric power levels grea te r than 5
kW ). Th e use of Stirling systems sign ificantly expands the pot ential
market.

Payback of Stirling Based Systems
Figure 8 shows the variation in payback time of St irl ing cogen

sys te ms with different engine/a lte rn ator efficiencies and different lev­
els of engi ne reject heat recovery. Th e analys is uses 1995 average
U.S . gas and elect ric pric es, and assumes an 80% efficient burner
with 50% of the burner waste heat recovered. Operation is for 4380
hours/year (12 hours/day) and insta lla tio n and mainten anc e is as ­
sumed to be $1000/kW. Th e installation cost is based on a cost an aly­
sis and proj ecti on for a 10 kW engine/a lte rn ator being manufactured
at a rate of 10,000 units/year. Note th at heat is ava ila ble from two
sources, the burner waste heat not used by the engine, a nd the en gin e
reject heat .
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Figure 8. Stirling micro-cogen system payback, based on 1995
energy prices for domestic users: gas, 0.0206 $IkWh; electric,
0.0841 $IkWh. Other parameters: burner efficiency, 80%;
burner heat recovery, 50%j operation, 4380 hlyear (12 h/day):
installation and maintenance, $1000IkW. The four curves rep­
resent the effect of increasing engine/alternator efficiency.

As expected, the payback tim e is reduc ed at higher engi ne/alter­
nator efficiencies and whe n as much as possible of the engine rej ect
heat is used. Assuming an engi ne/alternator efficiency of between 30
and 35%, achi evable with current designs [9], and 70Cff utilization of
th e engine reject heat, th e pay back time is approximately 5 years .
Th is is probably not low enough to encourage a significant number of
end users to purchase the sys tem.

However , the payback time is very sensitive to the elect r ic cost
and to system installation and maintenance cost. If the same analysi s
is applied using variable electric and installation and maintenance
cost, the potential of Stirling based cogen system is apparent (Figu re
9). In this projection the payback time is shown as a function of
electric cost , engine/alte rn ator efficiency, and installation and main­
ten ance cost. Th e payback tim e is reduced directly with the in stalla­
ti on and maintenance cost.

The $1000/kW base line figure was based on 10,000 units/year,
but this would be redu ced at higher volumes. Th e figure makes clear
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Figure 9. Stirling micro-cogen system payback with varying
engine alternator efficiency as well as varying installation
and maintenance cost. Parameters: gas, 0.0206 $/kWh (1995 do­
mestic user price); burner efficiency, 80%; burner heat recov­
ery, 75%; operation, 4380 h1year (12 h1day). Payback time is
dramatically shortened by reducing installation and mainte­
nance cost, but is relatively unaffected by further increases in
efficiency.

that reducin g the sys te m cost has more effect on payback time than
any likely improvem ent in sys te m efficiency and that, in are as where
the electr ic cost is greate r than the national average, Stirling sys tems
can be attracti ve to the consumer. At a ins talla tio n and mainten ance
cost of $75 0/kW and electric cost of $O.l /kWh usin g a 309£; efficient
engi ne/alte rn ato r , the payback peri od is less than three years .

Th ere a re a lso imm ediate attractive opport unit ies for Stirling
cogen sys te ms eve n if the system cost is not reduced . Figure 10 shows
the pote ntia l market at va rious pric e levels for 5 kW cogen syste ms in
the United States [10J. On the same graph are price data ext rapo­
lated from a st udy of a 10 kW engine bein g manufactured in volumes
of 10,000 units/year. Th ese data are ext rapola te d by assuming that
the cost drops by 10% when the manufacturing volume doubles . It is
clear that from volumes betw een 1000 and 15,000 units/year that
such sys tems can be profitably sold .
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Figure 10. Stirling micro-cogen system market potential for 5
kW systems [10] vs . Stirling system price per kilowatt pro­
jected for a 10 kW system. Market potential increases signifi­
cantly with reduced price, and coincides with estimated real
costs at about 10,000 units per year. For certain niche markets
with higher than average electricity costs, market potential
may be higher than shown at lower volumes (see text).

CONCLUSIONS

Stirling machines offer both heating and coolin g capability using
natural ga s as a fuel. Stirling based cogen sys te ms will be longer
lived , quieter, more efficient than Ie engine based systems, The high
efficiency at low power of free-piston Stirling engines sign ificant ly
expands the poten ti al market for cogen, especia lly in domestic appli­
cat ions, The changes most needed for Stirling to succeed in cogen
system s are cost reduct ion and market s wh ere the elect ric cost is
greate r than the national average.

Further in creases in the already high engi ne/alternato r effi­
ciency, would , in contrast, have little effect on market potential.
There are exist ing niches for Stirling cogen sys te ms that could be
exploite d with current technology and manufacturing costs. Future
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pricing of fuels to include more of the costs now cons idered exte rnal
will enhance the economic adva ntage of Stirling cogen .
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