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1 Introduction tricity generators are becoming feasip®. Additional options for
direct thermal generation without a mechanical engine are also

Solar thermal_ electricity generation systems _have been pr vailable. Four options are discussed in this paper: Brayton and
posed over a wide range of sizes, from a few kilowatts to hu%-

dreds of Megawatt§1]. Conventional power generation is als tirling heat engines, thermoelectric and thermophotovoltaic con-
. NIege ' . P genel Qersion. Downscaling the concentration optics is clearly feasible
done in this wide range of sizes. The generation in both case

: . X Aﬁ. The only component whose downscaling cannot be deduced
centralized, performed by a single central engine or a small nu

' . . om previous work is the solar receiver. A receiver concept
ber of relatively large engines in parallel. In the solar plant Casgdapted for micro-generators is proposed and analyzed here. A

the solar radiation is collected over a large area and the energy.inlete Solar Thermal Integral Micro-Generat@TIMGen
then channeled to the central generation site. The central engin%)gtem is then presented. A fuel-based Thermal Integral Micro-

usue}IIy ma.d(.e as large as possjble, since this enaples higher B’neratOI(TIMGen) which is derived from the same principles
version efficiency. The centralized approach entails major ch removing the so’lar part, is also discussed.

lenges in distribution, redundancy, and adjustment of electricit The STIMGens proposed here are similar in scale to photovol-

prqduction rate to match demand. For solar thgrmal plants, N8lc cells. However, they are based on thermal conversion, which
being yet a mainstream technology, the centralized approach

bl ic in th ition f h and devel alfows hybridization(operation with both solar heat and fuéb
problematic in the transition from research and development (8tinye’ generating electricity even when sunlight is not avail-
commercial applications. Centralized solar power plants are €1e The external heat source can be conventional fuel, but a

pected to become competitive when they reach the scale @hewable source can also be used, for example, biogas derived
100 MW, [2], since mass production of critical components regom organic waste. This is a major advantage since it enables
quires high production volume. The investment and the risk ass@seration according to the actual demand for electricity, without
ciated with such large plants are very high, and attempts to Cofjpjtation to sunlight hours only. This also permits stand-alone
mercialize these technologies have met with little success so f%’beration of a remote solar generator without reliance on a grid

A diametrically opposite approach to thermal conversion is {gnnection, without a conventional backup generator, and without
consider the smaller scale rather than the larger scale. Thergp@l need for batteries.

generators on the scale of a few Watts are proposed. A plant caiy this paper, we consider the feasibility of this approach. First,
have thousands or even millions of small, self-contained micrgye system components are presented: optics, thermal receiver
generators. The possible advantages of this approach are:  ang generator subsystem. Next, the overall conversion efficiency

« Unprecedented scalability to any desired size with no effeff @ complete solar micro-generator is estimated. Finally, an over-
on performancdassuming that issues of connectivity, distriVIeW of possible applications and a comparison to other generat-

bution, etc. can be resolved ing options are presented.
 High reliability due to massive redundan¢gssuming that
the individual generators are highly reliaple _ 2 System Description
e Low cost through mass production even for relatively low
power levels 2.1 Optics. Concentrators are scalable practically to any de-
* Low investment and low risk in development and demonstraired size. On the scale of interest to STIMGen, a parabolic dish
tion of the technology. of 1 m diameter can collect about 630 W of radiation power-

der insolation of 800 W m?), and concentrate most of it on a
ﬂrget of about 20 mm diameter. Several concentrators can be
(f'hounted on a common platform that tracks the [glB]. Previous
Commibuted by the Solar Eneray Division ofE A © " proposals for small concentrators intended to collect the light
CHANICAL ENGIN)IIEERSfor publicat?gn irgvlfwlgr)-\gME Or\lAJIIE?iI:\:I:AEF sgll_iLYE?\EzR(; from each sm_aII dish into an optical fiber. Al f'bers are channeled
ENGINEERING. Manuscript received by the ASME Solar Energy Division, octobefO @ central site, where the concentrated sunlight is absorbed and
2000; final revision, November 2001. Associate Editor: T. Mancini. converted using conventional large-scale receiver and heat engine.

Recent developments in Micro-Electro-Mechanical Syste
(MEMS) indicate that small-scale heat engines with built-in ele

Journal of Solar Energy Engineering Copyright © 2002 by ASME MAY 2002, Vol. 124 / 189



: flections, and in cost due to additional optical elements. The se-

a .
@ D Receiver/Generator lection of the best trade-off between these considerations should
7. be left to the detailed design of a system.
' e ! S , For the analysis in this paper, the simpler d¢S|gn of Faagyvms
| e | AN | used with the receiver placed in the focal point of the dish. The
i e ; N : dish was chosen to have a rim angle &f=45°, providing a
| [

reasonably high concentration without the need to reject much
low-flux radiation at the periphery of the focal region. The flux
distribution at the focal plane was simulated using statistical ray
tracing, using a limb-darkened sunshape mddglwith 5 mrad
width, and reflector beam quality of 3 mrad representing typical
surface and tracking errors. The intercept diametevas deter-
mined as the largest diameter where the incident flux is larger than
Receiver/GeneratorQ the thermal emission flux at the receiver wall temperature. This
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diameter determines the intercept efficiency:
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! for a given receiver temperature. The optical efficiency is there-
: fore determined by the receiver temperature, and is insensitive to
scaling of the dish size. The collected power then scales with the

dish aperture area.
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A more detailed analysis might also account for shading, if a
large size heat rejection surface or secondary reflector is used; and
for losses in additional optical stages, if a secondary concentrator
or a Cassegrainian configuration is used.

2.2 Receiver. Conventional receivers for large-scale solar
thermal electricity generation systems are usually stand-alone de-
Terminal vices, connected to a nearby heat engine via pipes carrying the
Concentrator Receiver/Generator heated fluid. This approach cannot be used in a micro-scale de-
vice, since the bulk and cost of the thermal insulation needed to
Fig. 1 Options for Mini-Dish concentrator: a) Receiver in-  prevent thermal losses to the environment will be excessive. We,
stalled in the primary focus;  b) An off-axis dish; ¢) Cassegrai- therefore, propose a different approach that is adapted to micro-
nian; the light is folded by a hyperboloidal reflector and recon- scale conversion systems, essentially eliminating the need for
centrated by a terminal non-imaging concentrator. thermal insulation.
We presume that the micro-scale generators considered here
(Section 2.3 have the general shape of thin rectangular boxes. In
all cases except the Brayton engine, the two larger faces of the
The need to guide concentrated sunlight over long distances dmx are used as the hot and cold heat exchangers. The proposed
make this approach expensive due to the cost of the fibers, ardeiver is made of a rectangular cavity, as shown in RigFe
inefficient due to attenuation loss in the fibg8s7]. However, in a sides of the cavity are formed from integral units comprising each
STIMGen, the receiver and generator are local to the dish and ofa solar absorber, a generator, and a heat rejection element. The
additional optical transport is needed. Manufacturing of smdkst side of the cube is a front plate containing the aperture for
parabolic dishes should be simpler than large dishes or heliostiaisident concentrated solar radiation.
that require a large, stiff structure and alignment of many seg-The solar absorber, serving also as the high-temperature heat
ments to a common curvature. If the STIMGen dishes are smalhk of each generator, can be enhanced to increase absorptivity
enough to be produced in a single piece, they can be easilith surface roughness or an extended surface produced, e.g., by
adapted for mass production, for example as done for automotparallel grooves. The choice of material depends on the tempera-
headlight reflectors. Issues of geometric accuracy and long-tetune range, and experience from large-scale solar receivers can
durability will have to be addressed in such designs for mabelp identify suitable materials. For example, Silicon Carbide has
production. an attractive combination of mechanical and thermal stability over
Several options for optical design are shown in Fig. 1. Tha wide temperature range, and good absorptivity; it was also pro-
simplest configuration, Fig.d, is to place the receiver/generatomposed as a structural material for the miniature Brayton generator
in the focal area of the mini-dish. This will block some of thg8]. The external side of the receiver/generator is composed of
incident radiation, especially if the heat rejection eleméBisc- extended surface heat sinks that reject low-temperature heat to the
tion 2.3 have to be large. This shading can be avoided if a@nvironment(Section 2.3. Since the receiver’s external walls are
off-axis dish is used, as shown in Figb1An off-axis dish will composed of these heat rejection elements, and the hot receiver
have somewhat larger area for the same collected power, leadéngfaces have no direct connection to the environment, there is no
to some penalty in efficiency. An alternative solution is to placeeed for insulation of the receiver cavity.
the receiver behind the dish using Cassegrainian optics, Eig. 1 Optionally, the receiver cavity formed by the generators and the
This design involves a penalty in efficiency due to additional rdront plate may be closed with a transparent window at the aper-
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(a) Window Size Scaling. In a standard thermodynamic analysis of power
'/ cycles, the device size and its power level are usually scaled out
< = and the analysis deals only with efficiency and specific power.
Aperture However, for small-scale devices this does not hold, due to a
significant size-dependent power loss that is usually neglected in
7 7 large-scale devices. Heat is conducted through the generator’s
structure, bypassing the energy conversion pro¢bss is some-
times calledhermal shuntoss. This loss depends on the physical
size of the engine, and not only on the thermodynamic variables
Z Z [11,12. This power lost by conduction is proportional to the gen-

A N erator size:
/—VV % Pcono=KseReconoDa(Ths— Tis)/RuDgxDg 4)

/ IJ_IJ_U_U_U—IJ—IJ_LI_LI_U_LI \Absz'ft: The power produced in a heat engine is usually proportional to
Generator o sorber the displaced volume in the engine. If the engine is scaled geo-
Heat Rejection

metrically (constanfR¢onp, Ry), the ratio of the heat conduction
loss per unit volume is indicative of the relative magnitude of this

(b) Solar Absorber heat loss. The scaling of this ratio with generator size is:
mnnnnnnuq‘\ Peono,, Do __ -
Generator W % Gas —PGEN Dé G
Passages
oy Very small engines will be therefore excessively inefficient.
Heat Rejection This is a limiting factor on generator downscaling, as noted for
Stirling engines byf12].

Fig. 2 a) Structure of the STIMGen receiver /generator, the In a solar device, the scaling of generated power relative to

shown window is optional;  b) Solar absorber containing inter- system size is different. The heat input to the generator, and there-

nal passages for Brayton cycle heat exchange and for hybrid fore the generated power, is determined by the incident radiation
operation; the heat exchanger passages may be channels (as

g : . .
shown ), or another microstructure that provides enhanced heat that sca}lesl wittd<, according to Eq.(2). One way to $atlsfy this .
transfer area. constraint is to vary the generator size not in proportion to the dish
size, but following the reIatiorDéoc D2. However, this implies
that as we scale down the system, the generator becomes large

relative to the dish. Another way to satisfy the scaling imposed by

ture, as shown in Fig.& and filled with a relatively inert gas suchyne gish is to note that the generator power is determined not only
as nitrogen. This can prevent oxidation or other damage to t

its size, but also by flow ratén an open cyclgor frequenc
absorber surfaces, and considerably reduce the convection agd y o P ycle d Y

o - ; a closed cycle For example, if the frequency of a Stirling
emission losses through the aperture. Appropriate window ma&igine is varied with size such thatDg is constant, then the
rials such as fuse_d silica are transparent over the entlre_solar S%ﬁi\/er output can be estimated [AS]:
trum, and can withstand relatively high temperature without ad-
verse effect$9]. Peen<f-DExD2 (6)

The efficiency of the receiver is calculated by evaluating the ) ) .
various losses. The emission loss is estimated by assuming thathe required scaling of the frequendy:Ds", is the same as
the cavity is equivalent to a black surface with area equal to e scaling of the natural frequentdl]. When the relation in Eq.
area of the aperturd, and temperature equal to the average tenf6) holds, the generator can be scaled down geometrically, with its
peratureT,s of the internal absorber surfaces. Convection lodiear dimension proportional to the dimension of the dibfy
through the aperture is estimated using an algorithm for high tesiD. The scaling of the engine conduction loss then differs from
perature cavitieg10], which is quite complex and will not be EQ. (5):

reproduced here. Conduction loss is not present in its usual sense, = D
COND G

since the absorbing surfaces do not have an interface to the am- o —rocDg? (7
bient. Conduction through the generator to the cold side is ac- Pcen f-Dg
;?;r?ted for separatelySection 2.3 The receiver efficiency is The increase of the relative conduction loss is therefore slower
’ in the solar-driven engine due to the need to match the scaling
Ag’Tﬁ'S-‘r Pconvy of the collected power. Additional degrees of freedom might be
nr=1— B P (3) used to obtain the correct matching of the power collected by the
coLL dish to the power that can be converted by the engine. For ex-

A more detailed analysis might also account for the effects ample, the operating pressure can be varied, or several parameters
non-uniformity in the distributions of incident flux and temperafgeometry, frequency, presslian be varied simultaneously. For
ture on the receiver surfaces. the current study, we assume that the engine design is scaled to

2.3 Electricity Generation. Several options are availablesams']cy Ea.(6).
for generating electricity on small scale, using existing or emerg- Generator Model. The models developed for this analysis are
ing technologies. These generators are in principle exchangeaBleplified; only major aspects that can be modeled without refer-
since they all can be viewed as a black box with heat input, heatg to the detailed design of the engine are included. The system
rejection, and appropriate flow and electric connections. Obwéfficiency predicted by these models may therefore be overesti-
ously, this is a simplistic view since a system needs to be optirated. Internal losses by conduction and radiation are included
mized separately for each specific generator technology. Howewer, both cycles. The Stirling cycle model includes imperfect re-
it is noteworthy that the principles are similar. Four options argeneration, but not friction losses. External irreversibility due to
presented in this section: two heat engi(®8rling and Brayton temperature gradients at the heat sinks is modeled in some detail,
and two direct convertergthermoelectric and thermophotovol-since its effect on efficiency can be significant. The internal losses
taic). The first two options will be analyzed in some detail. in the Brayton cycle were included as a global isentropic effi-
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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 p 0.9 Compressor isentropic effyc 0.75
Beam quality(mrad 3.0 Turbine isentropic effy; 0.75
Insolation (W m?) Iy 800 Compression ratiR, 3.0
Engine (general) Fixed pressure losks, 8%
Height ratioRy 0.3 Recuperator effectivenesgy 0.9
Conduction area rati®conp 0.1 Stirling cycle

Radiation area rati®gap 0.3 Gas helium
Engine conductivitykg (W m™ ! K1) 1.0 Mean pressuréban 10.
Electrical generator efficiencyg 0.9 Expansion rati®, 15
Ambient temperaturéK) 300 Regenerator effectivenesgy 0.9

ciency, without referring to design-specific effects such as tipaterial selectior{17]. The bypass of heat by conduction and
leakage that can have significant size dependence. Pressure losadiation from the hot side to the cold side of the engine were
the Brayton cycle due to flow through the receiver and recuperatmmputed separately as described above.
is modeled; any additional pressure losses due to flow control,A major cause of efficiency reduction is the temperature differ-
combustor, etc., are represented as a fixed fractional pressure lesses due to imperfect heat transfer between the gas at tempera-
Thermal conduction between the hot and cold side of the engingesT,, T and the hot and cold heat sinks Bis, Tcs [14].
was computed using Eq4). An additional mechanism for heat Several correlations are available for the average heat transfer
loss is thermal radiation between the hot and cold sides of theefficient in a piston-cylinder system, for exampie3,19. The
generator. This can become significant as the temperature of tieat transfer coefficient derived from these correlations scales as
hot size increases. However, this loss is reduced by the presen® [18] andDg* [19], i.e., heat transfer is reduced for smaller
of additional intermediate components serving as radiatiqfevices; this is not acceptable for microscale heat transfer. These
shields. The loss of thermal energy by radiation between the ejbrrelations were developed for larger systems, where the heat
gine hot and cold sides was estimated as: transfer is dominated by complex secondary flow effects. In the
Prap=RrapD2e 0 (T4 —T4s) ®) microscale regime, these second_ary flows should t_)e diminished,
RAD™ TIRADZ G s ¢ and heat transfer should be dominated by conduction and there-
The ratio of this radiative loss to the generated power is neutralfare improve as the device size is reduced. An alternative transient
scale of the generator. conduction model was used to determine the heat transfer at the
The following assumptions on the geometry and properties béat sinks. The time-averaged heat transfer coefficient is given by
the generator materials were used in the numerical results pEst. (A4) in the Appendix.
sented below. The ratio of cross section areas available for conAn additional temperature difference exists between the cold
duction and radiation to the generator’s total cross-section argiak and the ambient. The magnitude of the heat flux to be re-
were estimated aRconp=0.1 andRgap=0.3. The ratio of the jected to the environment is similar to, or even lower than, the
conduction path length, or the generator’s height, to its width waeat flux generated by modern computer processors. The solution
estimated afky=0.3, following the approximate proportions ofused in computers, a compact fin array and a small blower, could
[8]. The wall conductivity waskg=1.0Wm ! K1, in the be applicable to reject heat from the micro-engines. Typical per-
middle of the feasible range of materidtt2]. Some cases were formance values for CPU coolers were used to evaluate the STIM-
compared to much lower conductivity ¢f;=0.1W m ' K1, Gen heat rejection. Typical CPU heat flux is about 40 W ém
The emissivity of the internal surfaces was-=0.4. Additional for modern chips of die size 100—150 ranThe thermal resis-
engine parameters are presented in Table 1. tance of the fin array unit is about 0.5°C"Wcn?. The power
consumption of the blower is about 2 W for 50 W of heat re-

stiring Cycle. The Stirling cycle is an attractive opiion for moved. The thermal resistance value was used to compute the

power generation due to its high efficiency, theoretically reaching o1 e difference between the cold sink and the environment
the Carnot limit. Practical Stirling engines often fall short of thlsg

theoretical performance, but careful design should be able tg\?\,%? gut-m(te parasitic power was subtracted from the generator's
achieve a high fraction of the ideal efficieng¥4]. Stirling en- '
gines are also popular in solar thermal systems, and hold the curBrayton Cycle. Large scale Brayton cycle enginégas tur-
rent record in solar to electricity conversion efficienl;15.  bineg are a popular choice in power generation in general, as well
Small Stirling cycle engines with a traditional piston mechanisras in solar power generatig20—22. A miniature Brayton cycle
were proposed down to the scale of a few centimdtkls How- engine is under development at M[8]. The engine size is about
ever, on a smaller scale the use of membranes rather than pistor@ntimeter in diameter, and it should be able to generate around
for fluid displacement would be preferabJél,16]. Scaling to 10 W of electricity. Such a micro gas turbine can be a candidate
small size can improve some aspects of the engine performanieg,integration in a STIMGen.
such as increasing heat transfer and reducing the effect of inertiaEfficiency of a recuperative Brayton cycle can be described by
On the other hand, other effects are negative, such as increaseheffollowing set of equations:
pressure loss in flow through narrow passages.

We use the simple Stirling cycle model [df2] to evaluate the

1
_ (y=1)ly_
generator efficiency: We= ﬂcTC(pr ’=1)

_ _ (y=D(r=1DInR,
7T ISTET (=) 7Ryt (r— D[ L—enx] /¢
This model already includes the effect of imperfect heat transfer
between the regenerator and the fluid. The regenerator effective-

ness is taken asyx=0.9, which is a typical value over a wide WB:M
range of the internal heat transfer coefficient and heat exchanger Tu—Trep

9) W= 7rTh(1—(Rp(1-Lp)) 1) (10)

Trep=Tc+Wetepx(Ty—Te—We)
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This model includes the irreversibility in the compressor anslystem requires a selective emitter/filter system with well-defined
turbine, incomplete recuperation, and pressure losses due to tifamsmission band and low absorption losses; and a PV cell with a
combustor, recuperator and solar receiver. Table 1 shows the \‘@ndgap that is well matched to the transmission band of the filter.
ues used for the cycle parameters. The additional power losses Husuch a combination can be realized in an appropriate wave-
to heat conduction and radiation through the engine structure &agth, for example around 14&m, corresponding to emitter tem-
calculated separately following Eqgl) and(8). perature of 1,400°C29], then a competitive TPV-STIMGen sys-

Heating of the working gas between the recuperator and tten may be realized. In this system, the selective emitter is the
turbine is accomplished in a heat exchanger embedded within theeck face of the solar absorber, and the PV cell is attached to the
hot sink as shown in Fig.l2 The gas enters the hot sink afterback of the external heat sink. A minimal mechanical support
leaving the recuperator at temperatligcp and exits afl,. Ty  completes the simple generator unit, with no need for pressure

is found by solving the energy balance equation: sealing (as for the heat engingsand no need for thermal
insulation.
. B (Tus=Tw) = (Tus— Trep)
MCp(Th—Trep) =hAchanner (Ths—Tn) 2.4 Hybridization. Operation of a thermal plant can con-
ln(T—T) tinue even when sunlight is not available by supplying heat from
HS™ 'RCP

an alternative source. Heat from conventional fuel can be supplied
(1) {0 a STIMGen by attaching a small external combustion unit to
The convection coefficienh and the pressure drop can bethe receiver/generator assembly, or by integrating the combustion
found from well-known relations for laminar flow and heat transenit within the generatof8]. The fuel should be a clean-burning
fer in rectangular ducts. The flow is expected to be laminar sine@d easily distributed fuel such as hydrogen or methane. For the
the width of the channels in the heat exchanger are of millimetBrayton cycle, a combustor and heat exchanger are already inte-
size or less; computed values of the Reynolds number justify thgsal parts of the system. For the Stirling generator and the direct
assumption. The channel aspect ratio can affect the friction factmnverters, a heat exchanger as shown in Figah be inserted at
and the Nusselt number, and representative values that correspitvedabsorber, similar to the Brayton STIMGen. Hot air from the
to aspect ratio of 2.5 are used: combustion chamber is guided into the internal channels to heat
the high-temperature heat sink. When sunlight becomes available,

f-Rep=65 this flow can be reduced or stopped. If the heat exchanger is made
hD;, from a material having high specific heat, then it can also serve as
NuD=T=3.7 (12) short-term thermal storage that will smooth any transients in the

heating processes.

where Rg andNup are based on the channel’s hydraulic diameter Including a combustor in a STIMGen poses several additional

D,,. The pressure loss in the heat exchanger channels accordinghallenges to the system design. Miniature combustors are a tech-

the friction factor of Eq(12) was added to the fixed pressure losgiology currently under development. A fuel distribution system,

(Table 1 as an additional penalty on performance. The channiéw control, and recuperation add to the complexity and cost of

dimensions in the hot sink heat exchanger were optimized to pitbe system. These difficulties may be alleviated if some of the

vide the highest system efficiency. The additional pressure lossni@eded componentsuch as controls and heat exchanyees be

the recuperator is computed in the same way. integrated into the generator structure and, therefore, manufac-

) . . tured simultaneously with little added cost. Additional design and

Thermoelectric Converter. ThermoelectridTE) devices have gyperimentation are needed to determine which solutions can be

been in use for a while, mostly for cooling applications, but theyractical and cost-effective for small-scale distributed combustion.
can also be used for generation of electricity from heat. The main

advantage of TE over heat engines is the lack of moving parts

hence greater reliability. On the other hand, TE currently h Results

lower efficiency than heat engines, about 10% of the Carnot limit.

Due to the low efficiency, TE has not been very popular in solar Since the two direct conversion systems that were described

energy[23] or for power generation in general. above currently have relatively low efficiency, we present here
The low efficiency is due to the properties of currently availablenly results for the two heat engine options.

materials, and there does not seem to be a fundamental reasog Stirling Cycle STIMGen. The efficiency of a Stirling-

why TE devices cannot attain higher efficien34]. New ap- . ; -
proaches to TE materials promise significant improvements in t gsed STIMGen as a function of temperature is presented in Fig.
a, for two sizes of the primary collector. The engine size is about

near futurg25]. In addition, most TE devices operate at relativel 015 m and 0.03 m for dish diameter Bi=0.5m and 1.0 m,

low temperatures; increasing the temperature will increase the pectively. The variation of efficiency with temperature shows a
vice's efficiency. With proper choice of materials, operation atsP y. Y P

over 800 K may be considerd@6]. The combination of new maximum, due to the opposing effects of temperature variation, as

materials and high-temperature operation could bring TE genegg_en in Fig. B. The magnitude of the external irreversibility due

tors to an efficiency level comparable to photovoltaic cells or he c{e::{ﬂfee{ﬁéfézsfg ﬁza{ﬁi:‘hiohﬁ? tr:alrn l;ﬁ Iisné1 Ig;flinclisemecd %'Shitshﬁatr? rl:?t;
engines. If this is realized, then TE generators will become sis ' 9 9 9 .

een in the variation of the relative loss of temperature potential,

nificant contenders for a STIMGen system, with the inherent ai

vantages of simplicity and reliability when compared to heat e ;

gines. A related option that can operate at high temperature a{[ Eed O?] the o.ther. hand, the .rﬁcelver losses f_il_rr']d the heat byr})cfa.tss

may achieve higher efficiency is a two-stage thermionid)>/d€ the engine increase with temperature. The maximum o

thermoelectric conversion proceiy]. Ciency is about 30 percent at 1,000 K for the 0.5 m dish, and 27%
at 1,100 K for the 1.0 m dish.

Thermo-Photovoltaic ConvertersHigh temperature thermo- The dependence of system efficiency on size at fixed receiver
photovoltaic(TPV) converters have been developed and demotemperature of 1,100 K is shown in Figa.4Optimal performance
strated on a kilowatt scale. Similar to TE generators, TPV geneiig-obtained aroun® =0.7 m(generator size 0.019 yywhere the
tors have no moving parts and should have greater reliability thaystem solar-to-electricity efficiency is 29 percent. The efficiency
heat engines. TPV currently has lower efficiency than heat efor lower generator conductivity of 0.1 W K2, at the lower
gines, in the range 5-10% from heat to electricity; howevelimit of feasible material propertigll 2], is also shown for com-
higher conversion efficiency up to 20% should be posdiB&. parison. The trend is similar, but the efficiency optimum is higher
Current limitations are related to material properties. A good TP{86%) and is shifted to smaller dish size of 0.34(generator size

—(Ty—Te)/(Tys— Tcg), which is reduced at higher tempera-
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Fig. 3 System performance of a Stirling STIMGen as a func- Fig. 4 System performance of a Stirling STIMGen as a func-
tion of receiver temperature: @) Total efficiency from radiation tion of dish diameter: a) Total efficiency from radiation to
to electricity for dish diameter of 0.5 m and 1 m; b) Dominant  electricity for receiver temperature of 1,100 K, and generator
loss mechanisms for D=0.5 m: receiver emission, engine inter- conductivity of 0.1 and 1.0Wm ~!K~!; p) Dominant loss
nal conduction, and internal radiation are normalized to the col- mechanisms for T=1,100 K: engine internal conduction is nor-
lected radiation power; external irreversibility is defined as 1 malized to the collected radiation power; external irreversibility
—(Ty=TI(Tus—Tcs)- is defined as 1 —(Ty—T)/(Tys— Tcs)-

eter of 1 m. These are significantly lower than the corresponding
0.010 m). The main loss mechanisms are shown in Fig. Bhe maximum values for the Stirling systems, and the optimum occurs
loss due to generator conduction increases as the size decrea@gsigher temperatures for the same system size.
approximately following the scaling of E¢7). On the other hand,  The variation of system efficiency with size is shown in Fig. 5
heat transfer at the heat sinks improves as the size decreases fand fixed receiver temperature of 1,200 K. Similar to the Stirling
therefore the external irreversibility is reduced. The temperatumgodel described above, we find an optimal size for a Brayton-
differences from the heat sinks to the gas decrease, increasinghheed STIMGen. This is again due to the balance between
gas temperature ratiby /T and therefore increasing the internathe internal conduction loss, which becomes significant at smaller
cycle efficiency. These opposing trends create an optimal systegstem size, and the external irreversibility due to heat trans-
size. For the lower conductivity case, the conduction loss is mué#r, which dominates at the larger size. The optimal collector
smaller, and a significant increase of this loss occurs only at distze isD=0.7 m(generator size 0.019 ywith system efficiency
size below 0.2 m, compared to 0.5 m for the higher conductivitpf 14.5% which is about half of the corresponding Stirling
This permits much smaller systems to remain efficient, as sho IMGen.
in Fig. 4a. The other loss components are relatively insensitive to The size dependence of the system efficiency is shown also in
the size variation and do not play a significant role in the optimFig. S for generators with a lower thermal conductivity of
zation of system size. 0.1 W m * K™ The trend is similar, with higher efficiency val-
ues and an optimum of 16.4% shifted to smaller system size of
3.2 Brayton Cycle STIMGen. The performance of a p_q5m This shiftis similar to the Stirling STIMGen and is due
Brayton-based STIMGen is presented in Fig. 5. The general rendsy,q reqyction in conduction loss, which begins to increase only
are similar to the Stirling STIMGen. Variation of the total effi-p¢ gajier system size and, therefore, permits smaller systems to
ciency with temperature, Fig.abshows an optimal temperature, o i oticiant.
again due to the balance between two effects. The engine’s inter-
nal efficiency improves with higher temperature, but the externil Di .
losses(receiver and generator thermal shualso increase. The Iscussion
maximum system efficiency of 13.3% is at temperature of 1,200 K A new approach was proposed for the integration of solar ther-
for dish diameter of 0.5 m, and 14.6% at 1,300 K for dish dianmal conversion devices, where the basic unit is as small as pos-
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0.20 The predicted efficiency of a recuperated Brayton system was
about 15%, comparable to current commercial photovoltaic cells,
and to current large-scale solar thermal systems such as parabolic
0.15 D=1.0m trough or Rankine-based power towers. As in a Stirling engine,
there will be a difference between the model results and a real
system, but we have anticipated some of this difference by choos-
ing conservative values for the component efficiencies and inter-
D=0.5m nal pressure drop. The performance of a real Brayton STIMGen
might, therefore, be close to the model prediction, which would
make it still a reasonable contender compared to other solar con-
verter options.

Stirling engines that were previously used in larger-scale solar
energy system§l5] required large and expensive heat exchang-
0'00900 11'00 13(')0 15(')0 1700 ers, and suffered from reliability problems. Both problems may be

alleviated in a STIMGen. Heat transfer from the hot sink to the
Receiver Temperature T4 (K) internal fluid in the engine improves at smaller sizes, as seen in
our results and in other studigkl]. The heat exchanger is, there-
0.20 fore, more compact and temperature differences are smaller. Re-
liability might be improved if a membrane-based rather than
kg=0.1 (b) piston-based engine can be developed, and the engine will then

015 L O/O/o—-o—o\o operate essentially without moving pafis the sense of sliding
contacj.

The high efficiency provided by the Stirling cycle can be used
with any high-temperature heat source, not just with solar heat.
Heat derived from combustion of conventional fuel or biomass
will be converted at the generator efficiency, which is higher than
the solar plant efficiency since optical and receiver losses are ab-
0.05 - sent. For example, the predicted heat to electricity conversion ef-
ficiency is 37% or 46% for the optimal generator with conductiv-
ity of 1.0 or 0.1 Wm ! K~ 1. These values do not include losses

Efficiency
o
I

0.05 |

Efficiency
o
>

0.00 " . L in the heat supply system, such as stack losses or blower parasitic
0.0 0.5 1.0 1.5 2.0 power consumption. Again, even if we assume that the efficiency
Dish Diameter D (m) of a real device will be about half of the theoretical model predic-

tion, the result is still comparable to much larger engines that are

Fig. 5 System performance of a Brayton STIMGen: &) Total N use today at power levels of 10-100 kW. A non-solar TIMGen

efficiency from radiation to electricity as a function of receiver (Thermal Integral Micro Generafpcan be constructed from six
temperature for dish diameter of 0.5 m and 1 m;  b) Total effi-  generators as a rectangular cavity similar to Fig. 2, again to avoid
ciency from radiation to electricity as a function of dish size for excessive losses from the hot surfaces and avoid the need for
receiver temperature of 1,200 K, and generator conductivity of thermal insulation. The internal cavity can be designed to serve as
0.1and LOWm™ K™% the combustion chamber and heat exchanger that supplies heat to

all six generators.
It is not currently possible to predict the actual cost of a mass-

sible rather than as large as possible. The most attractive optiBfeduced STIMGen. MEMS technology in general is still experi-
based on efficiency estimates, is a STIMGen based on Stirlifggntal, and there is insufficient experience in mass production of
cycle generators. Predicted system efficiency was about 30%MiMS components and systems. High-temperature MEMS is
the best size and operating temperature. The other options @¥&n less developed and more difficult to predict. The only quali-
significantly less efficient, but future advances may help reduéglive statement that can be made is based on experience of other
the gap in performance potential. We found that the preferr@apustnes where mass production has led to significant cost reduc-
scale of a STIMGen is a collector diameter of about 0.5—1 m, ai@n down to a competitive level. The small system size provides
generator size of about 1 cm. This is based on efficiency estifapid transition to mass production scale, as compared to large-
mates; a refinement of the efficiency estimates, and addition ¥#ale plants. For example, the Stirling STIMGerDat 0.5 m and
other considerations such as cost, manufacturing processes @étes= 1,100 K produces 45 W of electricity under nominal condi-
can modify this preferred size. The proposed approach of an int#@ns. For a total capacity of 100 My the number of STIMGen
gral structure for the thermal and generation functions can be ug#ishes and individual generators will be about 2 million and 10
in a solar device, and can be also effective in a device where h&zitlion, respectively. In comparison, for a centralized solar gen-
is provided from conventional or renewable fuel. eration scheme, this capacity represents a single custom-built sys-
Theoretical models tend to over-predict the efficiency foiem, and many similar plants are required before mass production
Stirling cycles, so the present results should be considered withn be contemplated.
caution. However, even if we presume that a real STIMGen de-Several application areas can be considered for STIMGen de-
vice will show only half the efficiency of the theoretical modelyices. The first will probably be remote off-grid small systems,
efficiency values of around 15% are quite attractive compared where the cost of fuel supply for conventional generators is very
existing solar energy conversion systems. Typical efficiency vaiigh, and therefore, the value of electricity is high enough to
ues of solar generatofboth photovoltaic and thermadre in the justify innovative technology. Currently the only solution for this
range of 10—20%. The highest recorded efficiency of a macrmarket is photovoltaic panels, which are expensive and cannot be
scale solar generator was 29%, achieved, quite appropriately, wiybridized. If STIMGen technology is successful in this niche,
a Stirling enging15]. This demonstrates the potential of Stirling-then eventual improvements in performance and cost may justify
based systems to provide very effective conversion of solar ets penetration into the bulk electricity market. Modularity and
ergy, and the potential of a Stirling-based STIMGen to compegecess to mass production should be the main aspects driving the
with some larger systems. use of STIMGen systems in this more competitive field. Another
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kind of application that may be considered is portable power, ifd@dominate in large cylinders, are expected to play only a secondary
design for a folding concentrator can be made that will be acctele. The problem is modeled as a volume of gas that expands
rate and reliable enough to drive the high-temperature receiverfollowing the piston in simple axial plug flow. Heat is transferred
Parts of the technology for construction of STIMGen systenfsom the end of the cylinder to the gas by conduction only. The
already exists today, while other parts are currently under develrameters used to estimate the conduction process are the aver-
opment. Most likely, the first systems constructed will not yedge gas temperature and the distance from the cylinder head to the
operate at the high efficiency levels that were predicted here. Foriddle of the gas spacdumped parameter analygig-ollowing
ther development is needed in several aspects: the integta ideal Stirling cycle, the speed of the piston is controlled to
receiver/heat exchanger, miniature heat engine technology, mirkaep the process isothermal, such that the cylinder temperature
ture combustors, and new materials for the direct generators. Tdred the average temperature of the gas are constant.
promise of modular, scalable, mass-produced, and eventually efThe change in internal energy during the expansion is zero
ficient, hybrid solar generators justifies this effort. since the gas average temperature is constant. The heat transferred

to the gas is therefore converted completely to work in the piston.

Nomenclature The work done on the piston as it moves a small distaibxdeom

its current positiorx is:

A = Area of the receiver aperture &n RT d
C, = Specific heat (Jkg' K1) _ _ MRy _ ax
d = Diameter of the receiver apertufe) OW=p A dx \% A dx=mRT, X (A1)
DD z Sv?é?ﬁcgéctﬁ:heﬂgggm) A is the piston cross-section argris the gas pressur¥, is the
DG — Hvdraulic diagmetel(m) gas volumem is the mass of the gas in the cylinder, &Rds the
]E‘ _ St)i/rlin endine frequenc gas constant. The heat flux through the cylinder head is given by
= Incide?]t flt?x W mgz) y the temperature difference and the distance between the cylinder
h = Heat transfer coefficient (W i K~2) head and the middle of the gas volume:
Ipny = Direct normal insolation (W m?) Ths— Th
k = Thermal conductivity of the gas (Wt K1) dQ=qA dt=kA x/2 dt (A2)
kg = Thermal conductivity of the generator’s wall - . . .
¢ (Wm L K1) y 9 Combining Eqs(Al) and(A2), the solution for the piston dis-
L, = Fractional pressure loss in a Brayton cycle placement and heat flux can be found:
Pco. = Power collected into the receiver apert(ve) 2kA(Tys—Ty) )
cono = Power lost by conduction between the two sides X(t)=Xo+ thxﬁ Xt
of the generatofW) H
Pconv = Power lost by convection from the receiver aper- 2k(Thus—Th)
ture (W) a=—"x (A3)
Prap = Power lost by radiation between the two sides of 0
the generatofW) Xo Is the minimum clearance position of the piston. The time
Pcen = Power generate@n) required for the piston to reach full strok€7)=xy+s is: 7
q = Heat flux (W n?) =s/x. The average heat flux during this period and the average
R, = Compression ratio heat transfer coefficient are then:
Rconp = SRs;![?ngacrggductlon area to total generator cross- 1 (r 2K(Trs—Tr) s
! . =— | q(t)dt= Inf 1+ —
Rrap = Ratio of area free for radiation to total generator TJo Xo
cross-section area _
Ry = Ratio of generator’s height to width Pl a _ 2—kln 1+ > (Ad)
Ty, Tc = Hot and co:d Eas te_mlp()eraturés) Tus—Thx Xo
Ths ’TTES _ ggtcjggr;%? efi? :esr;]npetream?g)ratur@é) This model is conservative since it does not include heat trans-
RCP — ;
Wy, We = Specific work at the turbine and compressor of a fer_ through the sidewalls, and neglects any enhancement that may
Brayton cycle(K) exist due to non-plug flow effectsecondary flow that promotes
Y y mixing). On the other hand, conventional Stirling machines usu-
Greek ally employ sinusoidal motion and do not attempt to control the
y = Ratio of specific heats piston such that isothermal conditions are preserved. However,
e = Emissivity since inertia effects diminish in the microscalkl], it may be
enx = Regenerator effectivenesStirling cycle, Recupera-  feasible to control the piston motion and approach the ideal
tor effectivenesgBrayton process.
ns, ns= Brayton, Stirling cycle efficiency
nc, = Compressor and turbine isentropic efficien®ray-
ton cycle N _ . References
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