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Thermal Integral
Micro-Generation Systems for
Solar and Conventional Use
Thermal Integral Micro-Generation (TIMGen) systems on the scale of a few Watts
proposed for use with solar or fuel-derived heat. The optics, the thermal receiver,
several alternative generation technologies, including MEMS heat engines (Stirling
Brayton cycles), thermal photovoltaics, and thermoelectric, are discussed. Analys
system performance shows the potential for efficiency comparable to photovoltaic
and large-scale thermal plants. A major advantage of thermal systems over PV cells
possibility of hybrid operation, both with sunlight and with another heat source w
sunlight is not available. The alternative heat source can be another renewable or
ventional fossil fuel. TIMGen plants compared to large-scale centralized thermal p
offer the advantages of modularity, scalability, redundancy and low cost via mass
duction. They can prove to be a very attractive option both for remote, self-conta
electricity generation, and as an alternative to large-scale centralized plants.
@DOI: 10.1115/1.1464879#
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1 Introduction
Solar thermal electricity generation systems have been

posed over a wide range of sizes, from a few kilowatts to h
dreds of Megawatts@1#. Conventional power generation is als
done in this wide range of sizes. The generation in both case
centralized, performed by a single central engine or a small n
ber of relatively large engines in parallel. In the solar plant ca
the solar radiation is collected over a large area and the ener
then channeled to the central generation site. The central engi
usually made as large as possible, since this enables higher
version efficiency. The centralized approach entails major c
lenges in distribution, redundancy, and adjustment of electri
production rate to match demand. For solar thermal plants,
being yet a mainstream technology, the centralized approac
problematic in the transition from research and developmen
commercial applications. Centralized solar power plants are
pected to become competitive when they reach the scale
100 MWe @2#, since mass production of critical components
quires high production volume. The investment and the risk as
ciated with such large plants are very high, and attempts to c
mercialize these technologies have met with little success so

A diametrically opposite approach to thermal conversion is
consider the smaller scale rather than the larger scale. The
generators on the scale of a few Watts are proposed. A plant
have thousands or even millions of small, self-contained mic
generators. The possible advantages of this approach are:

• Unprecedented scalability to any desired size with no eff
on performance~assuming that issues of connectivity, dist
bution, etc. can be resolved!

• High reliability due to massive redundancy~assuming that
the individual generators are highly reliable!

• Low cost through mass production even for relatively lo
power levels

• Low investment and low risk in development and demons
tion of the technology.

Recent developments in Micro-Electro-Mechanical Syst
~MEMS! indicate that small-scale heat engines with built-in ele
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tricity generators are becoming feasible@3#. Additional options for
direct thermal generation without a mechanical engine are
available. Four options are discussed in this paper: Brayton
Stirling heat engines, thermoelectric and thermophotovoltaic c
version. Downscaling the concentration optics is clearly feas
@4#. The only component whose downscaling cannot be dedu
from previous work is the solar receiver. A receiver conce
adapted for micro-generators is proposed and analyzed her
complete Solar Thermal Integral Micro-Generator~STIMGen!
system is then presented. A fuel-based Thermal Integral Mic
Generator~TIMGen!, which is derived from the same principle
by removing the solar part, is also discussed.

The STIMGens proposed here are similar in scale to photo
taic cells. However, they are based on thermal conversion, wh
allows hybridization~operation with both solar heat and fuel! to
continue generating electricity even when sunlight is not av
able. The external heat source can be conventional fuel, b
renewable source can also be used, for example, biogas de
from organic waste. This is a major advantage since it ena
operation according to the actual demand for electricity, with
limitation to sunlight hours only. This also permits stand-alo
operation of a remote solar generator without reliance on a
connection, without a conventional backup generator, and with
the need for batteries.

In this paper, we consider the feasibility of this approach. Fi
the system components are presented: optics, thermal rece
and generator subsystem. Next, the overall conversion efficie
of a complete solar micro-generator is estimated. Finally, an o
view of possible applications and a comparison to other gene
ing options are presented.

2 System Description

2.1 Optics. Concentrators are scalable practically to any d
sired size. On the scale of interest to STIMGen, a parabolic d
of 1 m diameter can collect about 630 W of radiation power~un-
der insolation of 800 W m22!, and concentrate most of it on
target of about 20 mm diameter. Several concentrators can
mounted on a common platform that tracks the sun@4,5#. Previous
proposals for small concentrators intended to collect the li
from each small dish into an optical fiber. All fibers are channe
to a central site, where the concentrated sunlight is absorbed
converted using conventional large-scale receiver and heat en

er
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The need to guide concentrated sunlight over long distances
make this approach expensive due to the cost of the fibers,
inefficient due to attenuation loss in the fibers@6,7#. However, in a
STIMGen, the receiver and generator are local to the dish an
additional optical transport is needed. Manufacturing of sm
parabolic dishes should be simpler than large dishes or helio
that require a large, stiff structure and alignment of many s
ments to a common curvature. If the STIMGen dishes are sm
enough to be produced in a single piece, they can be ea
adapted for mass production, for example as done for automo
headlight reflectors. Issues of geometric accuracy and long-t
durability will have to be addressed in such designs for m
production.

Several options for optical design are shown in Fig. 1. T
simplest configuration, Fig. 1a, is to place the receiver/generato
in the focal area of the mini-dish. This will block some of th
incident radiation, especially if the heat rejection elements~Sec-
tion 2.3! have to be large. This shading can be avoided if
off-axis dish is used, as shown in Fig. 1b. An off-axis dish will
have somewhat larger area for the same collected power, lea
to some penalty in efficiency. An alternative solution is to pla
the receiver behind the dish using Cassegrainian optics, Figc.
This design involves a penalty in efficiency due to additional

Fig. 1 Options for Mini-Dish concentrator: a… Receiver in-
stalled in the primary focus; b… An off-axis dish; c… Cassegrai-
nian; the light is folded by a hyperboloidal reflector and recon-
centrated by a terminal non-imaging concentrator.
190 Õ Vol. 124, MAY 2002
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flections, and in cost due to additional optical elements. The
lection of the best trade-off between these considerations sh
be left to the detailed design of a system.

For the analysis in this paper, the simpler design of Fig. 1a was
used with the receiver placed in the focal point of the dish. T
dish was chosen to have a rim angle ofuR545°, providing a
reasonably high concentration without the need to reject m
low-flux radiation at the periphery of the focal region. The flu
distribution at the focal plane was simulated using statistical
tracing, using a limb-darkened sunshape model@1# with 5 mrad
width, and reflector beam quality of 3 mrad representing typi
surface and tracking errors. The intercept diameterd was deter-
mined as the largest diameter where the incident flux is larger t
the thermal emission flux at the receiver wall temperature. T
diameter determines the intercept efficiency:

h INT5

E
0

d/2

F~r ! 2pr dr

E
0

`

F~r ! 2pr dr

(1)

The intercept diameterd is proportional to the dish diameterD
for a given receiver temperature. The optical efficiency is the
fore determined by the receiver temperature, and is insensitiv
scaling of the dish size. The collected power then scales with
dish aperture area.

PCOLL5
pD2

4
I DN•r h INT (2)

A more detailed analysis might also account for shading, i
large size heat rejection surface or secondary reflector is used
for losses in additional optical stages, if a secondary concentr
or a Cassegrainian configuration is used.

2.2 Receiver. Conventional receivers for large-scale sol
thermal electricity generation systems are usually stand-alone
vices, connected to a nearby heat engine via pipes carrying
heated fluid. This approach cannot be used in a micro-scale
vice, since the bulk and cost of the thermal insulation neede
prevent thermal losses to the environment will be excessive.
therefore, propose a different approach that is adapted to mi
scale conversion systems, essentially eliminating the need
thermal insulation.

We presume that the micro-scale generators considered
~Section 2.3! have the general shape of thin rectangular boxes
all cases except the Brayton engine, the two larger faces of
box are used as the hot and cold heat exchangers. The prop
receiver is made of a rectangular cavity, as shown in Fig. 2a. Five
sides of the cavity are formed from integral units comprising ea
of a solar absorber, a generator, and a heat rejection element
last side of the cube is a front plate containing the aperture
incident concentrated solar radiation.

The solar absorber, serving also as the high-temperature
sink of each generator, can be enhanced to increase absorp
with surface roughness or an extended surface produced, e.g
parallel grooves. The choice of material depends on the temp
ture range, and experience from large-scale solar receivers
help identify suitable materials. For example, Silicon Carbide
an attractive combination of mechanical and thermal stability o
a wide temperature range, and good absorptivity; it was also
posed as a structural material for the miniature Brayton gener
@8#. The external side of the receiver/generator is composed
extended surface heat sinks that reject low-temperature heat t
environment~Section 2.3!. Since the receiver’s external walls ar
composed of these heat rejection elements, and the hot rec
surfaces have no direct connection to the environment, there i
need for insulation of the receiver cavity.

Optionally, the receiver cavity formed by the generators and
front plate may be closed with a transparent window at the ap
Transactions of the ASME
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ture, as shown in Fig. 2a, and filled with a relatively inert gas suc
as nitrogen. This can prevent oxidation or other damage to
absorber surfaces, and considerably reduce the convection
emission losses through the aperture. Appropriate window m
rials such as fused silica are transparent over the entire solar s
trum, and can withstand relatively high temperature without
verse effects@9#.

The efficiency of the receiver is calculated by evaluating
various losses. The emission loss is estimated by assuming
the cavity is equivalent to a black surface with area equal to
area of the apertureA, and temperature equal to the average te
peratureTHS of the internal absorber surfaces. Convection lo
through the aperture is estimated using an algorithm for high t
perature cavities@10#, which is quite complex and will not be
reproduced here. Conduction loss is not present in its usual se
since the absorbing surfaces do not have an interface to the
bient. Conduction through the generator to the cold side is
counted for separately~Section 2.3!. The receiver efficiency is
then:

hR512
AsTHS

4 1PCONV

PCOLL
(3)

A more detailed analysis might also account for the effects
non-uniformity in the distributions of incident flux and temper
ture on the receiver surfaces.

2.3 Electricity Generation. Several options are availabl
for generating electricity on small scale, using existing or eme
ing technologies. These generators are in principle exchange
since they all can be viewed as a black box with heat input, h
rejection, and appropriate flow and electric connections. Ob
ously, this is a simplistic view since a system needs to be o
mized separately for each specific generator technology. Howe
it is noteworthy that the principles are similar. Four options a
presented in this section: two heat engines~Stirling and Brayton!
and two direct converters~thermoelectric and thermophotovo
taic!. The first two options will be analyzed in some detail.

Fig. 2 a… Structure of the STIMGen receiver Õgenerator, the
shown window is optional; b… Solar absorber containing inter-
nal passages for Brayton cycle heat exchange and for hybrid
operation; the heat exchanger passages may be channels „as
shown …, or another microstructure that provides enhanced heat
transfer area.
Journal of Solar Energy Engineering
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Size Scaling. In a standard thermodynamic analysis of pow
cycles, the device size and its power level are usually scaled
and the analysis deals only with efficiency and specific pow
However, for small-scale devices this does not hold, due t
significant size-dependent power loss that is usually neglecte
large-scale devices. Heat is conducted through the genera
structure, bypassing the energy conversion process~this is some-
times calledthermal shuntloss!. This loss depends on the physic
size of the engine, and not only on the thermodynamic variab
@11,12#. This power lost by conduction is proportional to the ge
erator size:

PCOND5kGRCONDDG
2 ~THS2TLS!/RHDG}DG (4)

The power produced in a heat engine is usually proportiona
the displaced volume in the engine. If the engine is scaled g
metrically ~constantRCOND, RH!, the ratio of the heat conduction
loss per unit volume is indicative of the relative magnitude of t
heat loss. The scaling of this ratio with generator size is:

PCOND

PGEN
}

DG

DG
3 5DG

22 (5)

Very small engines will be therefore excessively inefficie
This is a limiting factor on generator downscaling, as noted
Stirling engines by@12#.

In a solar device, the scaling of generated power relative
system size is different. The heat input to the generator, and th
fore the generated power, is determined by the incident radia
that scales withD2, according to Eq.~2!. One way to satisfy this
constraint is to vary the generator size not in proportion to the d
size, but following the relationDG

3 }D2. However, this implies
that as we scale down the system, the generator becomes
relative to the dish. Another way to satisfy the scaling imposed
the dish is to note that the generator power is determined not
by its size, but also by flow rate~in an open cycle! or frequency
~in a closed cycle!. For example, if the frequency of a Stirlin
engine is varied with size such thatf •DG is constant, then the
power output can be estimated as@13#:

PGEN} f •DG
3 }DG

2 (6)

The required scaling of the frequency,f }DG
21, is the same as

the scaling of the natural frequency@11#. When the relation in Eq.
~6! holds, the generator can be scaled down geometrically, with
linear dimension proportional to the dimension of the dish:DG
}D. The scaling of the engine conduction loss then differs fro
Eq. ~5!:

PCOND

PGEN
}

DG

f •DG
3 }DG

21 (7)

The increase of the relative conduction loss is therefore slo
in the solar-driven engine due to the need to match the sca
of the collected power. Additional degrees of freedom might
used to obtain the correct matching of the power collected by
dish to the power that can be converted by the engine. For
ample, the operating pressure can be varied, or several param
~geometry, frequency, pressure! can be varied simultaneously. Fo
the current study, we assume that the engine design is scale
satisfy Eq.~6!.

Generator Model. The models developed for this analysis a
simplified; only major aspects that can be modeled without re
ring to the detailed design of the engine are included. The sys
efficiency predicted by these models may therefore be overe
mated. Internal losses by conduction and radiation are inclu
for both cycles. The Stirling cycle model includes imperfect r
generation, but not friction losses. External irreversibility due
temperature gradients at the heat sinks is modeled in some d
since its effect on efficiency can be significant. The internal los
in the Brayton cycle were included as a global isentropic e
MAY 2002, Vol. 124 Õ 191
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Table 1 Design parameters and assumptions for the STIMGen collector and heat engines.

Collector Brayton cycle
Dish rim angle 45° Gas Air
Reflectivity r 0.9 Compressor isentropic eff.hC 0.75
Beam quality~mrad! 3.0 Turbine isentropic eff.hT 0.75
Insolation (W m22) I DN 800 Compression ratioRp 3.0
Engine „general… Fixed pressure lossLp 8%
Height ratioRH 0.3 Recuperator effectiveness«HX 0.9
Conduction area ratioRCOND 0.1 Stirling cycle
Radiation area ratioRRAD 0.3 Gas helium
Engine conductivitykG (W m21 K21) 1.0 Mean pressure~bar! 10.
Electrical generator efficiencyhE 0.9 Expansion ratioRp 1.5
Ambient temperature~K! 300 Regenerator effectiveness«HX 0.9
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ciency, without referring to design-specific effects such as
leakage that can have significant size dependence. Pressure l
the Brayton cycle due to flow through the receiver and recuper
is modeled; any additional pressure losses due to flow con
combustor, etc., are represented as a fixed fractional pressure

Thermal conduction between the hot and cold side of the en
was computed using Eq.~4!. An additional mechanism for hea
loss is thermal radiation between the hot and cold sides of
generator. This can become significant as the temperature o
hot size increases. However, this loss is reduced by the pres
of additional intermediate components serving as radia
shields. The loss of thermal energy by radiation between the
gine hot and cold sides was estimated as:

PRAD5RRADDG
2 «s~THS

4 2TCS
4 ! (8)

The ratio of this radiative loss to the generated power is neutra
scale of the generator.

The following assumptions on the geometry and properties
the generator materials were used in the numerical results
sented below. The ratio of cross section areas available for
duction and radiation to the generator’s total cross-section
were estimated asRCOND50.1 andRRAD50.3. The ratio of the
conduction path length, or the generator’s height, to its width w
estimated asRH50.3, following the approximate proportions o
@8#. The wall conductivity waskG51.0 W m21 K21, in the
middle of the feasible range of materials@12#. Some cases were
compared to much lower conductivity ofkG50.1 W m21 K21.
The emissivity of the internal surfaces was«50.4. Additional
engine parameters are presented in Table 1.

Stirling Cycle. The Stirling cycle is an attractive option fo
power generation due to its high efficiency, theoretically reach
the Carnot limit. Practical Stirling engines often fall short of th
theoretical performance, but careful design should be able
achieve a high fraction of the ideal efficiency@14#. Stirling en-
gines are also popular in solar thermal systems, and hold the
rent record in solar to electricity conversion efficiency@1,15#.
Small Stirling cycle engines with a traditional piston mechani
were proposed down to the scale of a few centimeters@11#. How-
ever, on a smaller scale the use of membranes rather than pi
for fluid displacement would be preferable@11,16#. Scaling to
small size can improve some aspects of the engine performa
such as increasing heat transfer and reducing the effect of ine
On the other hand, other effects are negative, such as increa
pressure loss in flow through narrow passages.

We use the simple Stirling cycle model of@12# to evaluate the
generator efficiency:

hG5hShE5
~g21!~t21!ln Rp

~g21!t ln Rp1~t21!@12«HX#
hE (9)

This model already includes the effect of imperfect heat tran
between the regenerator and the fluid. The regenerator effec
ness is taken as«HX50.9, which is a typical value over a wid
range of the internal heat transfer coefficient and heat excha
, MAY 2002
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material selection@17#. The bypass of heat by conduction an
radiation from the hot side to the cold side of the engine w
computed separately as described above.

A major cause of efficiency reduction is the temperature diff
ences due to imperfect heat transfer between the gas at tem
turesTH , TC and the hot and cold heat sinks atTHS , TCS @14#.
Several correlations are available for the average heat tran
coefficient in a piston-cylinder system, for example@18,19#. The
heat transfer coefficient derived from these correlations scale
DG

0.6 @18# and DG
1.4 @19#, i.e., heat transfer is reduced for small

devices; this is not acceptable for microscale heat transfer. Th
correlations were developed for larger systems, where the
transfer is dominated by complex secondary flow effects. In
microscale regime, these secondary flows should be diminis
and heat transfer should be dominated by conduction and th
fore improve as the device size is reduced. An alternative trans
conduction model was used to determine the heat transfer a
heat sinks. The time-averaged heat transfer coefficient is give
Eq. ~A4! in the Appendix.

An additional temperature difference exists between the c
sink and the ambient. The magnitude of the heat flux to be
jected to the environment is similar to, or even lower than,
heat flux generated by modern computer processors. The solu
used in computers, a compact fin array and a small blower, co
be applicable to reject heat from the micro-engines. Typical p
formance values for CPU coolers were used to evaluate the ST
Gen heat rejection. Typical CPU heat flux is about 40 W cm22,
for modern chips of die size 100– 150 mm2. The thermal resis-
tance of the fin array unit is about 0.5°C W21 cm2. The power
consumption of the blower is about 2 W for 50 W of heat r
moved. The thermal resistance value was used to compute
temperature difference between the cold sink and the environm
at 300 K. The parasitic power was subtracted from the genera
power output.

Brayton Cycle. Large scale Brayton cycle engines~gas tur-
bines! are a popular choice in power generation in general, as w
as in solar power generation@20–22#. A miniature Brayton cycle
engine is under development at MIT@8#. The engine size is abou
1 centimeter in diameter, and it should be able to generate aro
10 W of electricity. Such a micro gas turbine can be a candid
for integration in a STIMGen.

Efficiency of a recuperative Brayton cycle can be described
the following set of equations:

WC5
1

hC
TC~Rp

(g21)/g21!

WT5hTTH~12~Rp~12Lp!!2(g21)/g!
(10)

TRCP5TC1WC1«HX~TH2TC2WC!

hB5
WT2WC

TH2TRCP
Transactions of the ASME
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This model includes the irreversibility in the compressor a
turbine, incomplete recuperation, and pressure losses due t
combustor, recuperator and solar receiver. Table 1 shows the
ues used for the cycle parameters. The additional power losse
to heat conduction and radiation through the engine structure
calculated separately following Eqs.~4! and ~8!.

Heating of the working gas between the recuperator and
turbine is accomplished in a heat exchanger embedded within
hot sink as shown in Fig. 2b. The gas enters the hot sink afte
leaving the recuperator at temperatureTRCP and exits atTH . TH
is found by solving the energy balance equation:

ṁCp~TH2TRCP!5hAchannel

~THS2TH!2~THS2TRCP!

ln
~THS2TH!

~THS2TRCP!
(11)

The convection coefficienth and the pressure drop can b
found from well-known relations for laminar flow and heat tran
fer in rectangular ducts. The flow is expected to be laminar si
the width of the channels in the heat exchanger are of millime
size or less; computed values of the Reynolds number justify
assumption. The channel aspect ratio can affect the friction fa
and the Nusselt number, and representative values that corres
to aspect ratio of 2.5 are used:

f •ReD565

NuD5
hDh

k
53.7 (12)

where ReD andNuD are based on the channel’s hydraulic diame
Dh . The pressure loss in the heat exchanger channels accordi
the friction factor of Eq.~12! was added to the fixed pressure lo
~Table 1! as an additional penalty on performance. The chan
dimensions in the hot sink heat exchanger were optimized to
vide the highest system efficiency. The additional pressure los
the recuperator is computed in the same way.

Thermoelectric Converter.Thermoelectric~TE! devices have
been in use for a while, mostly for cooling applications, but th
can also be used for generation of electricity from heat. The m
advantage of TE over heat engines is the lack of moving p
hence greater reliability. On the other hand, TE currently
lower efficiency than heat engines, about 10% of the Carnot lim
Due to the low efficiency, TE has not been very popular in so
energy@23# or for power generation in general.

The low efficiency is due to the properties of currently availa
materials, and there does not seem to be a fundamental re
why TE devices cannot attain higher efficiency@24#. New ap-
proaches to TE materials promise significant improvements in
near future@25#. In addition, most TE devices operate at relative
low temperatures; increasing the temperature will increase the
vice’s efficiency. With proper choice of materials, operation
over 800 K may be considered@26#. The combination of new
materials and high-temperature operation could bring TE gen
tors to an efficiency level comparable to photovoltaic cells or h
engines. If this is realized, then TE generators will become
nificant contenders for a STIMGen system, with the inherent
vantages of simplicity and reliability when compared to heat
gines. A related option that can operate at high temperature
may achieve higher efficiency is a two-stage thermion
thermoelectric conversion process@27#.

Thermo-Photovoltaic Converters.High temperature thermo
photovoltaic~TPV! converters have been developed and dem
strated on a kilowatt scale. Similar to TE generators, TPV gen
tors have no moving parts and should have greater reliability t
heat engines. TPV currently has lower efficiency than heat
gines, in the range 5–10% from heat to electricity; howev
higher conversion efficiency up to 20% should be possible@28#.
Current limitations are related to material properties. A good T
Journal of Solar Energy Engineering
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system requires a selective emitter/filter system with well-defin
transmission band and low absorption losses; and a PV cell w
bandgap that is well matched to the transmission band of the fi
If such a combination can be realized in an appropriate wa
length, for example around 1.5mm, corresponding to emitter tem
perature of 1,400°C@29#, then a competitive TPV-STIMGen sys
tem may be realized. In this system, the selective emitter is
back face of the solar absorber, and the PV cell is attached to
back of the external heat sink. A minimal mechanical supp
completes the simple generator unit, with no need for press
sealing ~as for the heat engines! and no need for therma
insulation.

2.4 Hybridization. Operation of a thermal plant can con
tinue even when sunlight is not available by supplying heat fr
an alternative source. Heat from conventional fuel can be supp
to a STIMGen by attaching a small external combustion unit
the receiver/generator assembly, or by integrating the combus
unit within the generator@8#. The fuel should be a clean-burnin
and easily distributed fuel such as hydrogen or methane. For
Brayton cycle, a combustor and heat exchanger are already
gral parts of the system. For the Stirling generator and the di
converters, a heat exchanger as shown in Fig. 2b can be inserted a
the absorber, similar to the Brayton STIMGen. Hot air from t
combustion chamber is guided into the internal channels to h
the high-temperature heat sink. When sunlight becomes availa
this flow can be reduced or stopped. If the heat exchanger is m
from a material having high specific heat, then it can also serv
short-term thermal storage that will smooth any transients in
heating processes.

Including a combustor in a STIMGen poses several additio
challenges to the system design. Miniature combustors are a t
nology currently under development. A fuel distribution syste
flow control, and recuperation add to the complexity and cos
the system. These difficulties may be alleviated if some of
needed components~such as controls and heat exchangers! can be
integrated into the generator structure and, therefore, manu
tured simultaneously with little added cost. Additional design a
experimentation are needed to determine which solutions ca
practical and cost-effective for small-scale distributed combust

3 Results
Since the two direct conversion systems that were descr

above currently have relatively low efficiency, we present h
only results for the two heat engine options.

3.1 Stirling Cycle STIMGen. The efficiency of a Stirling-
based STIMGen as a function of temperature is presented in
3a, for two sizes of the primary collector. The engine size is ab
0.015 m and 0.03 m for dish diameter ofD50.5 m and 1.0 m,
respectively. The variation of efficiency with temperature show
maximum, due to the opposing effects of temperature variation
seen in Fig. 3b. The magnitude of the external irreversibility du
to temperature drops at the heat sinks is diminished as the
perature increases, leading to higher engine efficiency. This ca
seen in the variation of the relative loss of temperature poten
12(TH2TC)/(THS2TCS), which is reduced at higher tempera
ture. On the other hand, the receiver losses and the heat by
inside the engine increase with temperature. The maximum
ciency is about 30 percent at 1,000 K for the 0.5 m dish, and 2
at 1,100 K for the 1.0 m dish.

The dependence of system efficiency on size at fixed rece
temperature of 1,100 K is shown in Fig. 4a. Optimal performance
is obtained aroundD50.7 m ~generator size 0.019 m!, where the
system solar-to-electricity efficiency is 29 percent. The efficien
for lower generator conductivity of 0.1 W m21 K21, at the lower
limit of feasible material properties@12#, is also shown for com-
parison. The trend is similar, but the efficiency optimum is high
~36%! and is shifted to smaller dish size of 0.34 m~generator size
MAY 2002, Vol. 124 Õ 193
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0.010 m!. The main loss mechanisms are shown in Fig. 4b. The
loss due to generator conduction increases as the size decre
approximately following the scaling of Eq.~7!. On the other hand
heat transfer at the heat sinks improves as the size decrease
therefore the external irreversibility is reduced. The tempera
differences from the heat sinks to the gas decrease, increasin
gas temperature ratioTH /TC and therefore increasing the intern
cycle efficiency. These opposing trends create an optimal sys
size. For the lower conductivity case, the conduction loss is m
smaller, and a significant increase of this loss occurs only at
size below 0.2 m, compared to 0.5 m for the higher conductiv
This permits much smaller systems to remain efficient, as sh
in Fig. 4a. The other loss components are relatively insensitive
the size variation and do not play a significant role in the optim
zation of system size.

3.2 Brayton Cycle STIMGen. The performance of a
Brayton-based STIMGen is presented in Fig. 5. The general tre
are similar to the Stirling STIMGen. Variation of the total effi
ciency with temperature, Fig. 5a, shows an optimal temperature
again due to the balance between two effects. The engine’s i
nal efficiency improves with higher temperature, but the exter
losses~receiver and generator thermal shunt! also increase. The
maximum system efficiency of 13.3% is at temperature of 1,20
for dish diameter of 0.5 m, and 14.6% at 1,300 K for dish dia

Fig. 3 System performance of a Stirling STIMGen as a func-
tion of receiver temperature: a… Total efficiency from radiation
to electricity for dish diameter of 0.5 m and 1 m; b… Dominant
loss mechanisms for DÄ0.5 m: receiver emission, engine inter-
nal conduction, and internal radiation are normalized to the col-
lected radiation power; external irreversibility is defined as 1
À„THÀTC…Õ„THSÀTCS….
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eter of 1 m. These are significantly lower than the correspond
maximum values for the Stirling systems, and the optimum occ
at higher temperatures for the same system size.

The variation of system efficiency with size is shown in Fig.b
for a fixed receiver temperature of 1,200 K. Similar to the Stirli
model described above, we find an optimal size for a Brayt
based STIMGen. This is again due to the balance betw
the internal conduction loss, which becomes significant at sma
system size, and the external irreversibility due to heat tra
fer, which dominates at the larger size. The optimal collec
size isD50.7 m ~generator size 0.019 m!, with system efficiency
of 14.5% which is about half of the corresponding Stirlin
STIMGen.

The size dependence of the system efficiency is shown als
Fig. 5b for generators with a lower thermal conductivity o
0.1 W m21 K21. The trend is similar, with higher efficiency val
ues and an optimum of 16.4% shifted to smaller system size
D50.5 m. This shift is similar to the Stirling STIMGen and is du
to the reduction in conduction loss, which begins to increase o
at smaller system size and, therefore, permits smaller system
remain efficient.

4 Discussion
A new approach was proposed for the integration of solar th

mal conversion devices, where the basic unit is as small as

Fig. 4 System performance of a Stirling STIMGen as a func-
tion of dish diameter: a… Total efficiency from radiation to
electricity for receiver temperature of 1,100 K, and generator
conductivity of 0.1 and 1.0 W m À1 KÀ1; b… Dominant loss
mechanisms for TÄ1,100 K: engine internal conduction is nor-
malized to the collected radiation power; external irreversibility
is defined as 1 À„THÀTC…Õ„THSÀTCS….
Transactions of the ASME
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sible rather than as large as possible. The most attractive op
based on efficiency estimates, is a STIMGen based on Stir
cycle generators. Predicted system efficiency was about 30%
the best size and operating temperature. The other options
significantly less efficient, but future advances may help red
the gap in performance potential. We found that the prefer
scale of a STIMGen is a collector diameter of about 0.5–1 m,
generator size of about 1 cm. This is based on efficiency e
mates; a refinement of the efficiency estimates, and additio
other considerations such as cost, manufacturing processes
can modify this preferred size. The proposed approach of an
gral structure for the thermal and generation functions can be u
in a solar device, and can be also effective in a device where
is provided from conventional or renewable fuel.

Theoretical models tend to over-predict the efficiency
Stirling cycles, so the present results should be considered
caution. However, even if we presume that a real STIMGen
vice will show only half the efficiency of the theoretical mode
efficiency values of around 15% are quite attractive compare
existing solar energy conversion systems. Typical efficiency v
ues of solar generators~both photovoltaic and thermal! are in the
range of 10–20%. The highest recorded efficiency of a mac
scale solar generator was 29%, achieved, quite appropriately,
a Stirling engine@15#. This demonstrates the potential of Stirling
based systems to provide very effective conversion of solar
ergy, and the potential of a Stirling-based STIMGen to comp
with some larger systems.

Fig. 5 System performance of a Brayton STIMGen: a… Total
efficiency from radiation to electricity as a function of receiver
temperature for dish diameter of 0.5 m and 1 m; b… Total effi-
ciency from radiation to electricity as a function of dish size for
receiver temperature of 1,200 K, and generator conductivity of
0.1 and 1.0 W m À1 KÀ1.
Journal of Solar Energy Engineering
tion,
ling

at
are
ce

red
nd
sti-

of
etc.,

nte-
sed
eat

or
ith

de-
l,
to

al-

ro-
with
-
en-
ete

The predicted efficiency of a recuperated Brayton system
about 15%, comparable to current commercial photovoltaic ce
and to current large-scale solar thermal systems such as para
trough or Rankine-based power towers. As in a Stirling engi
there will be a difference between the model results and a
system, but we have anticipated some of this difference by cho
ing conservative values for the component efficiencies and in
nal pressure drop. The performance of a real Brayton STIMG
might, therefore, be close to the model prediction, which wo
make it still a reasonable contender compared to other solar
verter options.

Stirling engines that were previously used in larger-scale s
energy systems@15# required large and expensive heat exchan
ers, and suffered from reliability problems. Both problems may
alleviated in a STIMGen. Heat transfer from the hot sink to t
internal fluid in the engine improves at smaller sizes, as see
our results and in other studies@11#. The heat exchanger is, there
fore, more compact and temperature differences are smaller.
liability might be improved if a membrane-based rather th
piston-based engine can be developed, and the engine will
operate essentially without moving parts~in the sense of sliding
contact!.

The high efficiency provided by the Stirling cycle can be us
with any high-temperature heat source, not just with solar h
Heat derived from combustion of conventional fuel or bioma
will be converted at the generator efficiency, which is higher th
the solar plant efficiency since optical and receiver losses are
sent. For example, the predicted heat to electricity conversion
ficiency is 37% or 46% for the optimal generator with conduct
ity of 1.0 or 0.1 W m21 K21. These values do not include losse
in the heat supply system, such as stack losses or blower para
power consumption. Again, even if we assume that the efficie
of a real device will be about half of the theoretical model pred
tion, the result is still comparable to much larger engines that
in use today at power levels of 10–100 kW. A non-solar TIMG
~Thermal Integral Micro Generator! can be constructed from six
generators as a rectangular cavity similar to Fig. 2, again to av
excessive losses from the hot surfaces and avoid the need
thermal insulation. The internal cavity can be designed to serv
the combustion chamber and heat exchanger that supplies he
all six generators.

It is not currently possible to predict the actual cost of a ma
produced STIMGen. MEMS technology in general is still expe
mental, and there is insufficient experience in mass productio
MEMS components and systems. High-temperature MEMS
even less developed and more difficult to predict. The only qu
tative statement that can be made is based on experience of
industries where mass production has led to significant cost re
tion down to a competitive level. The small system size provid
a rapid transition to mass production scale, as compared to la
scale plants. For example, the Stirling STIMGen atD50.5 m and
THS51,100 K produces 45 W of electricity under nominal cond
tions. For a total capacity of 100 MWe, the number of STIMGen
dishes and individual generators will be about 2 million and
million, respectively. In comparison, for a centralized solar ge
eration scheme, this capacity represents a single custom-built
tem, and many similar plants are required before mass produc
can be contemplated.

Several application areas can be considered for STIMGen
vices. The first will probably be remote off-grid small system
where the cost of fuel supply for conventional generators is v
high, and therefore, the value of electricity is high enough
justify innovative technology. Currently the only solution for th
market is photovoltaic panels, which are expensive and canno
hybridized. If STIMGen technology is successful in this nich
then eventual improvements in performance and cost may jus
its penetration into the bulk electricity market. Modularity an
access to mass production should be the main aspects drivin
use of STIMGen systems in this more competitive field. Anoth
MAY 2002, Vol. 124 Õ 195
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kind of application that may be considered is portable power,
design for a folding concentrator can be made that will be ac
rate and reliable enough to drive the high-temperature receiv

Parts of the technology for construction of STIMGen syste
already exists today, while other parts are currently under de
opment. Most likely, the first systems constructed will not y
operate at the high efficiency levels that were predicted here.
ther development is needed in several aspects: the inte
receiver/heat exchanger, miniature heat engine technology, m
ture combustors, and new materials for the direct generators.
promise of modular, scalable, mass-produced, and eventuall
ficient, hybrid solar generators justifies this effort.

Nomenclature

A 5 Area of the receiver aperture (m2)
Cp 5 Specific heat (J kg21 K21)
d 5 Diameter of the receiver aperture~m!
D 5 Parabolic dish diameter~m!

DG 5 Width of the generator~m!
Dh 5 Hydraulic diameter~m!

f 5 Stirling engine frequency
F 5 Incident flux (W m22)
h 5 Heat transfer coefficient (W m22 K21)

I DN 5 Direct normal insolation (W m22)
k 5 Thermal conductivity of the gas (W m21 K21)

kG 5 Thermal conductivity of the generator’s wall
(W m21 K21)

Lp 5 Fractional pressure loss in a Brayton cycle
PCOLL 5 Power collected into the receiver aperture~W!
PCOND 5 Power lost by conduction between the two sides

of the generator~W!
PCONV 5 Power lost by convection from the receiver aper

ture ~W!
PRAD 5 Power lost by radiation between the two sides o

the generator~W!
PGEN 5 Power generated~W!

q 5 Heat flux (W m22)
Rp 5 Compression ratio

RCOND 5 Ratio of conduction area to total generator cross
section area

RRAD 5 Ratio of area free for radiation to total generator
cross-section area

RH 5 Ratio of generator’s height to width
TH , TC 5 Hot and cold gas temperatures~K!

THS, TCS 5 Hot and cold heat sink temperatures~K!
TRCP 5 Recuperator exit temperature~K!

WT , WC 5 Specific work at the turbine and compressor of a
Brayton cycle~K!

Greek

g 5 Ratio of specific heats
« 5 Emissivity

«HX 5 Regenerator effectiveness~Stirling cycle!, Recupera-
tor effectiveness~Brayton!

hB , hS5 Brayton, Stirling cycle efficiency
hC , hT5 Compressor and turbine isentropic efficiency~Bray-

ton cycle!
hE 5 Work to electricity conversion efficiency
hG 5 Generator efficiency

h INT 5 Intercept efficiency
r 5 Reflectivity
s 5 Stefan-Bolzmann constant, 5.669•1028 W m22 K24

t 5 Ratio of gas temperatures:t5TH /TC

Appendix: Heat Transfer at the Stirling Heat Sinks
For small device sizes, the heat transfer between the cylin

and the gas in a piston-cylinder system is likely to be domina
by conduction in the gas. Convective effects such as swirl, wh
196 Õ Vol. 124, MAY 2002
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dominate in large cylinders, are expected to play only a second
role. The problem is modeled as a volume of gas that expa
following the piston in simple axial plug flow. Heat is transferre
from the end of the cylinder to the gas by conduction only. T
parameters used to estimate the conduction process are the
age gas temperature and the distance from the cylinder head t
middle of the gas space~lumped parameter analysis!. Following
the ideal Stirling cycle, the speed of the piston is controlled
keep the process isothermal, such that the cylinder tempera
and the average temperature of the gas are constant.

The change in internal energy during the expansion is z
since the gas average temperature is constant. The heat trans
to the gas is therefore converted completely to work in the pist
The work done on the piston as it moves a small distancedx from
its current positionx is:

dW5p A dx5
mRTH

V
A dx5mRTH

dx

x
(A1)

A is the piston cross-section area,p is the gas pressure,V is the
gas volume,m is the mass of the gas in the cylinder, andR is the
gas constant. The heat flux through the cylinder head is given
the temperature difference and the distance between the cyli
head and the middle of the gas volume:

dQ5qA dt5kA
THS2TH

x/2
dt (A2)

Combining Eqs.~A1! and ~A2!, the solution for the piston dis-
placement and heat flux can be found:

x~ t !5x01
2kA~THS2TH!

mRTH
t[x01 ẋt

q~ t !5
2k~THS2TH!

x01 x̄t
(A3)

x0 is the minimum clearance position of the piston. The tim
required for the piston to reach full strokex(t)5x01s is: t
5s/ ẋ. The average heat flux during this period and the aver
heat transfer coefficient are then:

q̄5
1

t E0

t

q~ t !dt5
2k~THS2TH!

s
lnS 11

s

x0
D

h̄5
q̄

THS2TH
5

2k

s
lnS 11

s

x0
D (A4)

This model is conservative since it does not include heat tra
fer through the sidewalls, and neglects any enhancement that
exist due to non-plug flow effects~secondary flow that promote
mixing!. On the other hand, conventional Stirling machines u
ally employ sinusoidal motion and do not attempt to control t
piston such that isothermal conditions are preserved. Howe
since inertia effects diminish in the microscale@11#, it may be
feasible to control the piston motion and approach the id
process.
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