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Abstr c

The use of a two-stage concentrator with a fresnel lens primary and a
non-imagingdielectrictotallyinternatlyreflectingsecondary,has unique

advantagesforphotovoltaicconcentration.Our previousresearchshowed
that this concentrator design can increase the angular acceptance to more
than seven times that of a singe-stage fresnel lens concentrator. In other
words, thisnew designhas a much largeracceptanceanglethan the

conventionallens-cellconcentratingsystem.In the continuationof this

research,an optimallydesignedprototype"Mod C' (our previous

prototypeswere culledMod A and Mod B) which employs a i3.6-cm

diameter flat fresnel lens as the primary focusing device, a dielectric
compound hyperbolic concentrator (DCHC) as secondary and a l-cre
diameterhigh=concentrationcellforelectricityconversionhas been built,

testedand analyzed.MeasurementsundersunlightofMod C show thatit

has an angulara(x:ptanceof=+3.6degrees,which isdramaticallybetter

than the.,0.5degreeachievablewithouta secondaryconcentrator.This

performance agreeswellwith theoreL}cairay-tracingpredictions.The

secondaryshows an opticalefficiencyof (91._2)%at normal incidence.

Combiningwith the primaryfresnellenswhich has an opticalefficiency

oi"(82.+2)%,thetwo-stagesystemyieldsa totalopticalefficiencyof(71_+2)%.

We expect thesecondaryopticalefficiencycan be increasedto(04-95)%

by making the secondary with a less adsorptive material (low-iron glass),
improving the finishof the side wall,improvingthe match at the

cell-secondaryinterfaceand anti-reflectioncoatingthefrontsurface.The

measurements of the system electricalperformanceyieldeda net

electricalefficiencyof 11.9%.No problemsassociatedwith non=uniform

celliAiuminationwere found,as evidencedby the excellentfillfactorof

(79._2)%measured under concentration.The secondary geometrical

propertiesand the optimaltwo-stagedesignproceduresfor various

primary-(:etlcombinJtionswere systematicalstudied.A generaldesign

principlehasbeen developed.

After the indicatedimprovements in opticalefficiency,nx;electrical
efficiencyapproaching14% isexpectedforthemodule.
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I. Introduct, lon

A.BacCsround
Beginningwiththeearlyworkm the70's,afamilyofnon-imaging

opticalconcentratorshas been usedm variousways forsolarenergy
collection.From thestart,themotivationforapplyingthistectmologyto
solarenergyconversionhas been thefeaturethat thisnew classof
concentratorscanachieveorapproachthemaximum theoreticallimitsof
concentration.Thispropertymade stationarysolarconcentratorsandvery

concentratingsolarcollectorspossiblein both thermal and
photovoltaicapplications.Alternatively,by increasingtheangularfieldof
viewfora giveconcentration,the COSTSassociatedwithprecisetracking
andalignmentofsolarenergyconcentratorscanbesignificantlyreduced.

Thisreportdescribestheresearcheffortsto developsucha
concentratingsystemforsolarphotovoltaicapl)I/cationscarriedoutatthe
UniversityofCh/cagofromJulyI,1985throughFebruary15,1986.Thisis
acont/nuationoftheresearchwork underGrantNo.DE-FG02-84CHI0Z01
supportedby the SOLERASprogram.

The goalof the projectis to developa solar concentratorwhich will
have potentialappI/cationsin effectivesolarenergy photovoltaic
conversionby incorporatinga non-imacingconcentratoras a secondary
elementoptimallymatchedtoa primaryfresnellensandcell.Becauseof
itsimprovedopt/caldesert,trackingand al/gnmenttolerancescan be
greatlyreduced.Thisadvantageoffersan attractivepathintheeffortto
mit/gatethe_ costofconventionalphotovoltaicpower.

As statedinourpreviousreport,foragivenconcentrationcelland
fresnellens,an optlmaldlelectricconcentratorcanbe designedbasedon
non-imagingoptics.By usinga fresnellensasa primaryfocusingdevice
and a dielectriccompound hyperbolicconcentrator(DCHC)as the
secondary,a two stageconcentratorisformedwhichl_asa concentration
ratioclosetothemaximum theoreticallimit..Earlierresearchhasalready
shownthetechnicalfeasibilityofthisapproach.Thedielectricconcentrator
as a secondary device,increasesthe effective cell area by a large factor,
typically 1O-15depend/agonthegivenfresnel lensandcell. Tllisproperty
can either be usedin very higl_concentrationsystemwith relatively high
tracking tolerances, for example,approaching I000:I in the ideal limit with
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+2 orintermediateconcentrationlevels,e.g.100:I approaching(inthelimit.)
+8 tolerances.

A briefsummary ofwhat was accomplishedduringthefirstyear's
work isthefollowing:

I) Two pre-prototypesforI14inchdia.cells(Mpd A and Mpd B)

were designed,built,testedand analyzed,and comparisionsbetweenthese
two were made.

2) Technicalfeasibilitywas demonstratedboth theoreticallyand
experimentaJ1y.

3) Detailedmeasurementsoftheopticaland electrical
propertieswere obtained.

Forthesecondyearwe proposedtocontinueour researchm thefollowing
areas:

1) Designa new MPd C withoptimizedparametersfora larger
1cm dialcell.

2) Build,testand analyzeMPd C.

3) Design,assemble,and testa pre-prototypemodule.

4) Advancedconceptualdesignstudies.

To accomplishourgoal,an optimalsecondary,Mpd C ,largerthanMpd

A and MPd B was designed,built,testedand analyzed.

B. Summary a accompUshments
An optimalDCHC secondarydielectricelement(MPd C)was designed

and builtto match the given 14-crelens and l-crecellFor testing

purposes,an electronicmodulewhichcan measuretheoutputcurrentand

voltageofthesystemsimultaneouslywas designedand built.Inassociation

with thisI-Vdevice,a seriesofcomputertestingprogramswhichrun on
the HP data acquisitionsystemwere written.With aLIthis,a seriesof

systematicmeasurements of opticaland electricalperformancewas

obtainedfor the cellalone,for the conventionallens-cellsystem (for

comparisonpurposes)andforthefulltwo-stagesystem.

The resultsindicatethatboththeopticaland electricalpropertiesof

Mpd C are withinthe expectationswhichwere outlinedin lastyear's

proposal.Throughcomparisonwiththelens--oellsystem,theadvantagesof

the two-stagewith Mpd C are clearlyseen.However some problems

associatedwith thethermalpropertiesof theacryticsecondaryappeared

THEUNIVERSITYOFOIICAeO 2
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wh/ch were not encounteredwith Mod A and Mo(/B.Solutionstothose

probI,,-mswere proposed and studied.Furtherinvestigationof these

possiblesolutionswillDe continued.A seriesof advanced computer

ray-tracingprogramsforbasicdesignproblemsand forsimulationofthe

opticalperformanceforvariouskindsoftwo-stagesystemswas written

and some very generaldesignprincipleshave been developed.The results

ofthissystematicalstudyofthetwo-stageconcentratoroffera varietyof
designoptionsforphotovoltaicconcentration.

II.Opt uon ol o ndarvdesign_parameters

A. Generst Principles
The relationsllipbetween concentrat/on and fieldofview ofan optic_

systemdependson theopticaldesign,butthereexistsa fundamentalli)_it

set by physicalconservat/onprincipleswh/ch no designcan excee(__.
Specificanythe concentrationratio Cand accevtance angle _ of any optical
system mustsatisfy the followingrelations:

( 1) C sin(t_/2.) <n (in a translationaily symmetric system)

(2) C sin 2 (_/2.) <n2 (in a rotationally symmetric system)
(where n is the index of refraction of the materiaL)

As seen from the above formula, for a given acceptance, there is a
maximum concentration ratio or for a given concentration ratio, there
exists a maximum acceptance angle. Most optical amcentration system( e.g.
tenses,parabolicm/trots)failfarbelowtlxislimit.

Considerableresear_has been done in thefieldofdesigningoptic_L_

systemswhicl_can meetorcloselyapproa_ theseLimits.A largefamilyof

nonimegingopticalsystems(incontrastto imagingformingdevices,e.g.

lenses,mirrors)has been round and thesesystemshave been used in

severalareas.Especiallyin the area of solarenergy collection, coUectors

employing these "ideal" or nearly ideal concentrators have been designed.
testedand manufactured.

In applying similarconceptsto solarphotovoltaicconversion,we

pro|)oseda resear_ projecttosystematicalstudy theeffectsofemploying
a non-imagingconcentratorincombinationwith a c_nventionalceil-lens

system therebyforminga two--stage.For our two--stagesystem,the

THEUNIVERSITYOFCI-JIC/Ig_ 3
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• , non-imagmg secondary device is a dielectriccompound hyperbolic
concentratoror DCHC.The designofDCHC isbasedon thetotallyinternal

reflectmg(TIR)propertiesof dielectricmaterial.There are generaltwo

independentmethodstodesigna DCHC secondary,technicnllyknown asthe
phase space conservationmethod and the maximum concentration

method.In the phasespaceconservationmethod,werequirethatallthe

incomingextremerays(raysenteringatthe maximum acceptanceangle)

leavetheexitapertureatthesame outputanglewhilesatisfyingtheTIR
conditionins_detheDCHC (asi11ustratedinFig.II.I).The DCHCsgeneratedin

thisway have been used in fiberoptics,becauseof the criticalangle

requirementforfibertransmission.Inthemaximum concentrationmethod,

the onlyrequirementisthattheextremeraysare transmittedwhilethe
TIR conditionissatisfied(asillustratedinFig.II.2).The differencebetween

thesetwo methodsisthatthelatterone yieldsa higherconcentrationratio

than the former,holdingeverythingelse the same. In photovolt_c

applications,sincewe are primarilyconcerned with totalenergy

throughput,themaximum concentrationmethodwas used throughoutour

research.Forany givenexitaperture,indexofrefraction,ac_-eptanceangle
and frontsurfacecurvature,theX-¥profileofthecorrespondingDCHC can

be generated by a new computer designprogram which we have

developed.

B. MOD C parameters
Forourtwo-stagedesign,we usea 13.6-cmdiameterflatfresnellens

as our primarywhich has a focallengthof 21.5 c_. A l-ca diameter
concentrationcellis used for electricalconversion.The secondaryis

mounted tothecellmech_ and thelenscellseparationissuchthat

thefocalplaneofthelensistheapertureplaneofthesecondaryseparating

the sphericalfrontportioufrom the sideprofile(seeFig.ll.3).The cellis

bondedtoa heatsinkforheatdissipation.A thermocouplewireisattached

totheback ofceilfor temperaturemeasurements.The distancebetween

thecelland lenscanbe adjustedeasily.

As notedabove therearefour designparameterswhich completely

determinea givenIX_C solution.These arethe exitaperture,indexof

refraction,acceptanceangleand frontsurfacecurvature.The exitaperture

oftheDCHC issolelydeterminedby thesizeofcell.Inthiscasewe chosean

exitdiameter,0.98ca, which isslightlysmallerthan thatofthe cellfor

easyalignment.Fora givenlens,therequiredacceptanceangleoftheDCHC

is relatedtothefocalratiof/D(focallength/lensdiameter).As illustrated

intheFig.I1.3,theedgerayfrom thelensshouldbe theextremerayforthe

THEUNIVERSITYOFCHICABO 4
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' ' secondary.Forour lens,thisrequiresthatthesecondaryDCHC have a half
angleof acceptanceof 22 degrees.As measured by SandiaLaboratory

(R.Pettitt,privatecommunication),the acrylicdielectricmaterialwe used
hasan indexofrefractionof1.47and am absorptioncoefficientof 1.9%per

cm averagedoverthe solarspectrum(seeFig.II.4and Fig.ll.5).The more
curvedt_efrontsurface,theshortertheDCHC willbe.Also,a more curved

surfacereflectsmore incomingenergy but a shorterI)CHCabsorbsless.
Thereforethereisa valueofthe frontsurfacecurvatureforwhich the

combined effect of reflection and absorption is minimized for a given index
of refraction and absorption coefficient. Computer ray-trace studies show
that a front arc angle of 65 degrees gives the IX_C minimum loss. A
quantitative discussion of these relationships is given below in part IV.
Using the information given above, an optimal IX_C was designed for a
given lens-cell combination.

ParametersofIX_C secondaryforMod C

l)Acceptanceangle,,.+22degrees

2)Frontarcangle-+65 degrees
3)Exitaperture=.98cm

4)Entranceaperture-_).66cm

5)Height= 3.23cm

6)geometricalConcentrationRatio=13.92

The ideallimitof concentrationfor given index of refractionand

acceptanceangleisgivenby equation(2)whichis15.4.Thus theMod C
DCHC achieves13.92/15.4=90% ofidealconcentration.

C.Testinl facilities
AU thetestswere conductedunderactualsunon theroofoftheHigh

EnergyPhysicsbuildingon thecampus oftheUniversity.Datawere taken

throughour HP dataacquisitionsystemsand outputswere eitherplotted

directlyor printed.On theroofstation,we have a platformwhichcan be

directedtothe sun mamually.Anormalincidonceradiometer(NIP)and a
radiometer(PSP)fortotalradiationmeasur_)mentarefixedtotheplatform.

The systemwe want tomeasureisalsofixedtotheplatform.Alltheoutput

dataacetransmittedtothe acquisitionsystemdownstairsthrougha cable

coxmection.Becauseof thefastspeedof dataacquisition,voltage,current

and radiationinformationforeach pointaretakenalmostsimultaneously.

ltallowsus to plotcurrentas normalizedinrealtimetoeithertotalor
beam radiation.The NIP and PSP instrumentsbothhave uncertaintiesof

about2%.In thefollowingdiscussion,alloftheerrorsassociatedwithour

resultsaremainlycausedby thisuncertamtT.

THEUNIVERSITYOFCHICA_ 5
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' ' III. ModCst,udies

A. Opt|c_lImrformnce
The opticalperformanceofMod C is_aracterizedby theoptical

transmissionratios,oropticalefficienciesofthe secondaryaloneandthe
two-stageasafunctionofincidentangles.We refertotheseastheangular
acceptancefunctionsof the secondaryand two-stagerespectively.One
maiorconcernwe havewit_any two stagedesignisthat lossesdueto
secondarymaterial_sorption,frontsurfacereflectionetc..,wlti_reduce
theoverallperformancebe minimized.The bestway toinvestigatesu_
effectsistoanalyzetheangularresponsefunctionsindetail.

Sincewe l_nowthatthecellshortcircuitcurrentisproportionaltothe
energy received,allthe opticaloerformancetestswere basedon
measurementsof shortcircuitcurrent.The opticaJefficiencyof the
secondaryataparticularincidenceangle_ isdefinedas:

E(R})-(Ist(_)- Isd(_))/( Ict(_)- lcd(_) )lC

where Ist(_)standsfortheshortcircuitcurrentofthecellwith

secondarycluetototalinsolation_wltileIsd(_)standsforthatportionofthe
shortcircuitcurrentcontributedby onlydiffuseradiationwhen theangle
betweenthesymmetryaxisofsecondaryandincomingbesm is9.Bothare
normalizedby besm insolation.Ict(_)and Icd(_)refertotheperformance
ofthecellby itselfand arealsonormalizedby beam insolation.C isthe
geometricalconcentrationratiowltichis definedas arearatioof the
entranceaoerturetothecell ares.The normalincidencecaseiswl_en

equalszero.Alternativelyonecandefineefficiencyas:

E(_)-((Ist(_)-Iscl(_)}/Ict(l_)/C

In thiscaseIct(_)isnormalizedby thetotalinsolationratherthanjust
besm wl__ theothersymbolsremainthesame.Physically,thesetwo
slightlydifferentdefinitionsoughttogivesimilaranswersbecauseforthe
cellalone,Icrnormalizedby totalinsolationisthe same as (Ict-lcd)
normslizeclby beam.

Theactualmeasurementwas donewithtwodifferentl-crediameter

cells,cell#1andcell#2.Cell#I hasa two-layeranti-reflectioncosting.
One importantpointto m_e clearisthatthe cellsurfacecoating

THEUNIVERSITYOFCHICA_ 6
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' ' propertiesaffecttheol_tjcalefficiencyas definedabove.Iciismeasured

when thecellisdirectlyexposedtotheradiationand Isrismeasuredwith

secondarycoupledto the ceil.In the former situation,the interfaceis
air(index l.)-coating-silJconand in the latter case, this is

secondary-coating-siliconwhere the acrylicsecondaryhas an indexof
refractioncloseto 1.5. Opticallythesetwo differentinterfaceshave

differenttransmittance.Thus theopticalefficiencydefinedaboveby taking
the ratiosof shortcircuitcurrentsmeasured for differentinterface

structuresdearlydependson thecellusedtodo themeasuretaents.This

celldependence of the opticalefficiencyis evidentin the following
discussion.

Fig.III.Ishowstheefficiencyvs.anglecurvemeasuredwith cell#I.

The opticalefficiencyatnormalincidenceis(91+2)%.The idealresponse

would be a flatplateauout to a falrW sharp cut-offat the design

acceptmceangle.What isactuallyobservedisconsiderablymore rounded.
The factorswhichaffecttheangularacceptancefunctionarefrontsurface

reflectionloss,materialabsorptionlossand acrylic-cellinterfacelosses(or

gains).Ray-tracinganalysisshows thatthefrontsurfacelossvariesfrom

3.65%to 5% dependingon incidentangle.The absorptionlosswhich also

depends on the incidentanglevariesfrom 7-9 % forour givenacrylic

physicalproperties(indexofrefractionof 1.47and absorptioncoefficient

1.9%per cml As can seen from theray-traceresults,thesetwo factors

alonewillresultin am opticalefficiencyfornormal incidenceabout88%

which isslighttysmallerthan what we actua.JJymeasured with thiscell

(SeeFig.III.2forcomparision).Thiscan be expl_ed as a secondary-cell
interfaceeffect.Inthiscaseitturnsouttobe a g_ overthe ad'-cetlcase.

Cell#1hastwo layersofAR surfacecoating;one layerofTiO2 which

has an indexofrefractionof 2.2and is630 A thick,and anotherlayerof

AI203 which has an indexof refractionof 1_6 and is860 A thick.The

transmittanceoftheAR coatingsdepend noto_y on theseparameters,but
alsoon the indexofrefractionofthesiliconcelland themediawttichthe

coatingdirecttyinterfaceswith.For a detaileddiscussionone canreferto

Macleod(Thin Film OpticalFilters,AmericanElsevier,New¥orl_1969).

Herewe justgivetheresults.The formulaforcalculatingthetransmittance

ofa two layercoatingisthefollowing:

THEUNIVERSITYOFCHICJ_ 7
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' T=4xHixHf/(A2+B2)
where,

A=(Hi+Hf)cos_Icos_2-(HixH2/HI+HfxHI/H2)sin_Isinfl2
B--(H2+HfxHi/H2)sine2cos_l+(Hl+HixHf/Hl)co_2sin_l

I=2xNIx dIcosiI phasedifferenceinlayerl
_2=2xN2 x d2cosi2 phasedifferenceinlayer2
lir=NrcosirforTEwaves
=Nr/cosirforTM waves

r =i,I,2,f standsforthemedia(acrylic,orair),AR layerI,AR
layer2andfinalmaterial(silicon).irstandsforrefractionanglesine_cb
materialrespectively.

We puttrisinformationon AR coatingsintoourcomputerray-trace
programs,ltturnsoutthattheinterfaceeffectnotonlycanexplainrho
measuredopticalefficiencyfornormalincidencebut altopartof th_:
roundingintheangularacceptancecurve.As onecanseefromFig.III.3,
theacrylic-cellinterfaceeffectisa 4.5% gainatnormalincidencerelative
toair-cellinterface.As theanglegetslarger,thisgaingraduallydecreases
untilfinallythereisa loss.Thisexplainspartoftherounding.Thiseffect,
was demonstratedexperimentally.We measuredthecellshortcircui_
currentbothwithand withouta thinlayerofopticalcompoundon its
surface(opticalcompoundhasanindexofrefractionclosetoacrylic),and
saw asmallincreaseintheshortcircuitcurrent.As willbediscussedlater

inthisreport,thisinterfaceeffectwillexplainsome otherphenomena
whichwe encountered.

Anotherpossibleexplanationfortheroundingisa TIRlosscausedby
secondaryprofilesurfaceirregularities.Totalinternalreflectionoccur,_:
when =raypassesfromahighindexofrefractionmaterialtoalowerindex
materialatan incidenceanglelargerthanthecriticalTIRangle(which_
arcsin(nl/n2),where hl<n2).Smallirregularitieson thescaleoftypical
solarwavelengthscan causea loss.Thisirregularitymay be small
scratchescausedby eithermanufacturingor handling of theacrylic.A
reasonableestimateis thateach TIR losesabout5% of the energy.
Comparisonof measurementdatawithray-tracingresultsincludingthe
possibleTIRlossesisshowninFig.III.3.Considering_ this,we cansee
thatray-tracingpredictionsand experimentsagreefor both optical
efficiencyandangularcutoffs.

THEUNIVERSITYOFCHICA_ 8
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The opticalefficiencyand theshapeoftheangularcut-offsforthe

wholesystemcanalsobe definedm a similarfashion.Inthiscasewe have

one more degreeoffreedom,thedistancebetweenthecelland secondary
top.As we variedthedistancewe foundthattheshortcircuitcurrent

varies+7% abouttheaverageeven thoughthelensfocalspotisentirely

withinthesecondaryentranceaperture.One suchmeasurementcurveis

shown inFig.III.4.ltreachesa maximum atabout16creand a minimum

at22.5cm.Our designoperatingdistanceis21.5cmwhichisthefocallength

oftheprimaryfresnellens.We suspectedtha:isphenomena mightalsobe

attributableto TIR loss,sowe polishedthesidewallofthesecondaryand

againmeasureda minimum at22.5cmbutthistime,thevariationisonly

about_5%oftheaverage(seeFig.III.5).Thiseffectcanbeexplainedby

consideringtheabovelossmechanisms,namelyfrontsurfacereflection
loss,materialabsorptionloss,interfaceloss(orgain)and a possible5% TIR

loss.We alsoperformedtheray-tracesimulationbasedon thesame model

outlinedabove.The ray-traceresultisshown inFig.III.6.We canseethe
agreementbetweenthem isexcellent.

The angularacceptLncecurveforthetwo-stagesystematthedesign
distancewas alsomeasured.The measuredcurveshowsa flatshortcircuit

currentresponseup to3.6degreesfrom normalincidence.Thisisthemost

significantadvantageof thetwo-stagesystemoverconventionallens-cell

concentrators.The opticalefficiencyisabout(71+2)%forthewholesystem.

As measured independently,theflatfresnellenswe used has an optical

transmittanceof (8+2:.2)%.Takingthesefactorsintoaccount,theray-trace

resultsfor the angularacceptancewith frontsurfacereflectionloss,

materialabsorption, interfaceloss(orgain)and TIR lossagreeswith

measured datavery well(seeFig.llI.7).We note the ray-traceresults

indicatethatthe effectiveopticalefficiencyof the secondary in the

two-stagesystemisreducedbelowitsnormalincidencev_ue becausethe

distributionofdirectionson thesecondaryincludeslarge_mgles.The value

isonly about(86_+2)%becausethe net gainfrom the interfaceeffectis

nearlyzero.At largerincidenceangleson the lensthisgainincreasesto

4.5% which has theeffect of making the angularacceptancecurve of the
two-stagesystemmore "square"thanthatofthesecondaryalone.

The same kindsofexperimentsand analysiswere alsodonefor o)11#2.

The only differencebetween thosetwo casesistheinterfacestructure.

Comparisonswere alsomade and the ray-traceand experimentsagree

weil.Afterperformingstudiesoftheopticalpropertiesofthesecondary

THEUNIVERSITYOFCHICA_ cJ
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conceatrator,boththroughray-traceanalysisandexperiments,we found
thatthefourfactorsaffect_thesecondaryopticalelTicie_zcyarefront
surfacereflection(4%),materialabsorption(8%),TIR(<5%)and fina_
interfaceeffectswhich dependonthecell.ForthegivenAR coatedceU,we
achievedanopticalefficiency of (9I+2)%forthesecondaryaloneatnormal
Locidence(thisdropsa smallfrac_onforanglesclosetotheacceptance
angle).Thesecondarydemonstratesan elTective(86+2)%opticalefficiency
intheoombLoedtwo-stagesystem.Knowingthelossmechanisms,we will
discusspossiblestepstobetakentoreducetheselossesinpartV.

B. The el_:trlctq performance of the tvo-st88e system

Theel_'tricalperformancetestsweredonewithI-cmcell_2.Forthe
oellitselfwe measuredan electricalefficiencyof 13.7%,figfactorof72%,
open voltageof .62vand a slzortc_rcuitcurrentof 23.7mA underone
sun(seeFig.III.8).Undera higlzoonce_trationof 185suns(ournominal

condition)we expect( from data providedby Sandia)an electrical
efficJenc_of17.50%,afillfactorof795,slzortcircuitcurrentof4.55A and
open clrcuflvoltageof .73v..The measured[-V curveat the des_In
lens-cellseparationatnormalincidenceforthetwo-stagesystemisshown
inFig.III.9(AlitheI-Vcurvesinthisreportarenormalizedtoone sun).
We canseethetwo-stagesystemacl_evesanelectric_efficiencyof11.9%,
f_ factorof81% ,opencircuitvoltageof.73vand stzortcircuitcurrentof
28.0A.Theconsistentfillfactorandopencircuitvoltageindicltethatusing
a secondary concentrator does not cause any nonuniform radiation
distributionwlzichmay adverselyeffectoefl performance.Infact in
comparison to me lens-ceU system, the seamdary concentrator mtlces the
irraditnce on the ceU more umform(see part C of this section ). The
reduction of slzort circuit current is explained in the sense that the lens has
an optical efficiencyof (8Z_Z)% and _ secondary has an optical
transmittmzceof about(86=+2)%(seepartA of tl_ssection).The small
reductioninelectricalefficiencyismainlycausedby thelossLooptical
elTiciency.The most _ic_zt au'vantageof the secondaryoverthe
systemwithoutsecondaryistheincreaseLotheangularacceptanceto+3.6
degrees. We aim measured the [-V curve at 3 degrees from normal
incidence. This also demonstrated good electrical performance (the
measuredcurve is sl_owedin Fig.I I I.101.

From zfi _ese measurements it ts clear that the two-stage system has
goodelectricalperformance.The advmztagesofthetwo-stagesystemover
systemswithoutasecondaryaremade moreevidentinthenextsection.

THEUNIVERSITYOFCHICA_ I0
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' ' C. The Comparision= of' two-state performance with lens-cell
system.

Sincetheelectr|_al9erformanc_dependsstronglyon thecellused,
we wig disscussthecellZl and cellz2 sel_arately.The measuredI-V
curvesof tens-ceilsystemat differentlens-cellseparationsatnormal
incidenceare shownin Fig.II I.l 1-13 and opticalefficienciesasa function
of angleare shownin Fig.II1.1.4-15.The measurmentswere donewith the
same fiatfresnellensandcellwe usedforthetwo-stage.As we cansee
fromtheseresultsthattheelectricalefficiencyvariesfrom 10% to12.4%
dependingcn the lens-ceil separation.A short circuitcurrent vs. lens-ceLl
separation at normal incidence was also obtained. One can see from
Fig.lll.16thattheshortcircuitcurrentismaximum ata lens=celldistance
equaltothetensfocallength(thisalsocanbeseeninFig.lII.14-1_).T_: is
naturalbecausefresnellensesdo nothave a _arp image.At the_,,_l
length,thecellinterceptsthelargestfractionofthesun's"image";that
fractiongoesdown as thelensmovesaway fromthislocation.On other
hand. the ceil gwes the best performance electricaily when _lleradiation
distributionismore uniform.Furtheraway from therocal-dlsttnm,me
uniformityimproves.As our measurementsindicates,theceilgivesthe
maximum outputata lens-ceilseparationequalto20.00-cmwl_chis1.5
cm away from thefocaldistance.ComparL_ Fig.Ill.lI ata distanceof
20.0cmwithFig.ill.13ata distanceof21.05cre,we seea dropinslzort
circuit current and an incre_ in fill factor whicl_ is an indication that the
ceil intercepts less radiation wtl_.Jl is more un_ormty distributed. Fig.lll.12
is an l-Vcurve atan intermediate distance of 20.75.cm.

The angularacceptancecurvesfortwo ofthesecasesareshownin
Fig.Ill.l 4-15. As one can see they til drop rapidly ts the sun's direction
deviates from normal tucidemz, lr we dsfins t_ angle corresponding to
90%of the short circuit current at normal iz__ as the half acceptance
angle,thentheyallltavea llaffacceptanceangleofapproximately0.5
degrees.Practically,thismeansthatthey requiret precisealignmentand
traclcingsystemforeffectivesulm'photovoflal¢conversion.

The measurementsofthetwo-stageindicatethatithu significant
advantagesm two respects.The firstadvantageis theinsensitivityof the
mort circuit current dependence to both the incident angle and lens-ceil
separation. This is evident when we compare the itmlular acceptance
curves at various distances and tile short circuit current vs. lens-ceil
spacing ( referred to as the I-D curve) of the two-stage with the lens-cell
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system.The I-Dcurve of the two-stageisshown in Fig.III.17and the

angul_"acoeptancecurvesat threedi£fere_ztseparationsare 8ivenLo

Figs.III.18-20.The distanceforthe two-stageismeasured between the

lensand secondaryapertureplane.The angularacceptancecurvesof the
two stageatdistancesslightlydifferentfrom the designdistanceshow a

small decreaseLoacceptmzceangle asexpected.
These a(_vzntagesof the two-stqe concemrator are, c__course,a

consequelzceof thefactthatintroducinga second_ hasincreasedthe

effectivecellareaby afactorequaltothesecondarygeometrical

concentrationratio.One canthinkofthetwo-stageasa lens-cellsystem

witha much largercell(inthiscase13timeslarger).Thus thetwo-stage

beoperatedovera rangeofdistancesora rangeof anglesmuch wider
than with the cell alone.

Another advantageof the two-stagesystemisthatthe energy
distributiono_zthecellsurfaceismore uniform.Thisisan expectedeffect

fornonimag_ concentratorsand isverifiedby computersimulations.The
effectcruzbe seen from measured I-V curves at differentlens-cell

separationsofthetwo-stagedone atnormal incidence (seeFig.llI.21-25),

Thesecurvesshows a fillfactorof(78.4-81.4)%onlyweaklydependenton

the lens=cellseparktionand anopen circuitvoltageof.72v.By comzast,I-V

curvesforthe lens-_ellsystemaloneshow a bigvariationinfillfactor

from 59.9%to 78.4% and a loweropen circuitvoltageof .68v.Note in

pm_icul_ that the I-V curve of the two-sage at .3 degrees( hz[f
a_ceptaoceangle-3.6)md atthedesigndistancealsoshowsa fillfactorof
80%. This indicatesthat the two-stage be operatedat distmzces

differentfrom the focaldistmzceor at anglesdifferentfrom normal

mcideooewithoutIon ofelectrk_tl;perform_ce due tonon-uniformityof
the radiation distribuzJ(mon the cell surface.

From thesepoims Jtfollowsthatthetwo-stagesystemoffersa degree

offlexibilitythat co_ventiozmlkms-_ellsystemsdo not.We operatedthe
two-stageat a de_ distancewhere we obtained maximum angle

toleranoe(or _epUmee). At thisdistmzce,our prototypeMod C shows an

electricalefficiencyof 11.5%and an s_cept_0_eangleof,+_.6degrees.By

comrut, lens-cellsystemshows a maximum electricalefficiencyof 12.4%
and an _oep_ angleof0.5degreeforthe same celland fresnellens.

The two-stagesystemcao alsobeen operated ata smallerdistancethan

designed, the electrical efficiegcy willbe _dightlyhigher(consistentwith
theslighti_creasein shortcircuitcurre_ztseenLnthe [-Dcurve)and the
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acceptanceanglewillbe slightlysmaller.Similarcomparisionsforthe• t

cell#! werealsomade.

The possibledisadvantageorthetwo-s_ageistheaddedc_mplexityand
costresultingfromintroducinga secondaryconcentrator.A studyofthe
economicalfeasibilitiesofthetwo-stage__qtemhasbeenproposedforthe
nextphaseofresearch.

IV. G_er_ two_ de_on pcin__

Aswe mentionedinthesecondarydesignparametersinpartIIofthis
report, there are two difl'erent methodsto generatethe DQfCprofiles,one
known as thephaseconservationmethodandanotherastheintegration
method (ormaximum concentrationmethod).The secondone givesa
higheraoncentrationratiowhileholdingotherparametersthesame.Since
in photovoltaicapplicationone emphasizesthe concentrationratio,the
_K_ndmethodisusedandallthefollowinganalysisisbasedon tl_i_
method,Therearefourindependentparametersone hastospecify_'ora
[X:HCconcentrator.Thesetof fourparametersforthisspecificapplication
areexitaperture,/_dexofrefraction,acceptanceangleand frontsurfac_
arcmlle. Thesituationis socomplicatedthatan an_yticalsolutionisnot,
feasible.A programinFortranwaswrittenandforagivensetofthesefour
parameters,thisprogram_ves the X-Y coordinltesof the secondary
profilewhichhasthemaximum concentrationratio.ThefoUowingr_::aults
arebasedonnumericaloutputfromthisprogram.

Infact,foragivenlensprimarythereisonlyoneparameterchoice

e.g.,_ frontsurfacearcangle.Becausetheexitapertureisdeterminedby
the size of the cell, index of refr_:tion is determJnedby the dielectric
material property and one will later that acceptance angle is
determme¢lessentiallyby thelidrat/ooftheprimary lens.In practice;,
for a given primarylens and cell _e optimizationprocedureof secondary
designistoclz)osethe correctfrontsurfacearcanglefor maximum system
performance.Inourdiscussionwe usethefrontsurfacearcangleasthe
free-variable.

We define the profile I_e.tht as IX:HCheigat and the distance from the
spherical top to bottom ct the concentrator as total heigl_t.Thecomputer
outputindicatesthatthereisa inverserelationsh/pbetweenfrontsurface
arcangleand I)CHCheight.Thisalsoholdsforthe totalheight.The
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• TECHHICRLPRQQRI_SSREPORT FebPuaPu27. 1986

, !

quantitativerelationsareplottedm Fig.IV.l.The entranceaperturevaries

onlyslightlywiththearcangle.

As emphasizedLothepreviouspart,theopticallossesofthesecondary
_re front surface reflectionloss,absorptionloss,TIR loss and

ceil=secondaryinterfaceloss.Qualitatively,the materialabsorptionis
proportionzdto the heightof the concentratorand the frontsurface

reflectionlossmcreues with arcangle.The criteriaofthebestarcangleJ._

thatatthisanglethe combininglossof thosetwo effectsforthe given
material is mimmum, This depends on the specificpropertiesof the

material.ForMod C,theabsorption,reflectionand totallossasa functio_

of arc angleatnormalincidonceaxe plottedm Fig.IV.2The totallossis

minimum when thearcangleisabout65 degrees.

The acceptzuceu_lleofthesecondaryshouldbe chosensuchthat_z_
ray coming from the one sideof the lensto the oppositesideof tL_

secondaryis justwithinthe acceptance(seeFig.II.3).The analytical
expressionforthehalfac_eptJf_ceangleis

_, tan"I((L+E)/2H)

where L istheIonsaperture,Eisthesecondaryentranceapertureand H is

thefocallengthoflens.As one expects,the secondaryentranceaperture
varieswiththe ac_eptmzceangle.We can definetheratioofconcentration

tothetheoreticalmaximum limitforgivenacceptanceasidealness;a plot

ofidealnessvs.acceptanceangleisshowed m Fig.IV.3,From tlnsgraphw_

see thatentrmzceaperturedecreaseswith the acceptanceanglewhile
holdingthe exitaperturefixed.So the determinationof _ isto solve_.

transcendentalequationwhich can be done numericaUy.The solutionI_."

variousfocalleqqzhsfora 13.6cmdiameterlensisplottedm Fig.IV.4.,_
seen from the graph,forour primary lenswhich has a focallengthof

2l.Scm,theaoceptmzceangleisabout22 degrees.The same kindsolution
cambe done for dJfl'erentleas cell combiaations.

The proceduresdiscussedaboveprovidean optimallymatchtoagiven

celland lens.Thiswas used todesignMOd C and willbe usedtodesign

the forthcoming module (see p&t V).
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V.Module andoutlook

Basedon thepreviousdiscussionsand the MO_ C studieswe have

made, a module withfouroperatingunitswillbe designedand testedin

the remaining monthsofthisresearchperiod.Althoughtheopticaland

electricalperformancesof the two=stagewith acrylic,,_condaryare
encouraging,a significantproblemstiUneedstobe resolved.Even though

our primary thermal measurments indicatethatthe secondary only

reachesa temperatureof 25 degreesabove ambient(justby passive

cooling),highfluxhotspotsfrom thelenscausesofteningofthesecondary

incontinuingoperationbecauseofthelow meltingtemperatureofacrylic.

Two possiblesolutionshave been cerefuUyexamined.Inone solution,we

would use glass instead of acrylic for the secondlun/. Tech_caJJysince glass
has a smaller absorption than acrylic, this solution is somewhat preferred.
Another solution is to make just the top spherical portion of glass because
that is where the lens focuseswhile the rest remains acrylic. We carl this
the two=component solution. The top lens pKt is easily available and the
bottom part be manufactured in the same way, as Mo(/ C
Measurements of the two-component secondary indicate a good optical
efficiency of (90.+2)%. These solutions need more study before we select
which to use for our module. As for the other components, we wifl use

l-cre din. concentration ceils and a 13.6 cm flat fresnel icns as our primary.
The holdingassemblywillbe designedforlow material(lightweight).A

conceptualdesigndiagramisshowed in Fig.V.l.Eitherthe all=glassor

two-componentsecondarywillbe optimallydesignedforour givenlens

and ceU propertiesusingtheproceduresoutlinedinpreviouspart.The TIR

losswillbe kept low by ensuringa smooth sidewallof the se(xmdm'y.

Choosinga materialwithlow absorptioncoefficientwillimprovetheoptical

efficiency.The interfacestructurewillbe studiedin detail.Both front

surfacereflectionlossand interfacelosscan be reducedby applying

m ultilayercoet_s. A module with four two-stage photovoltaic

concentratorswillbetestedand theiroverallperformmzceevaluated.

VI. Status

As shown inthisreport,anew optimallydesignedpreprototypeMOd C

secondaryphotovoltaicconcentratorhasbeen built,testedand analyzedin
much more detailthmz previousMOd A and Mod B versions(seeour

previousreport).Progresshas been made in understandingboth the

THEUNIVERSITYOFCHICA80 15
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' ' theoreticallyoptimaldesignand?tacticalmanufacturingand assemblyof
thetwo-stagesystem.The perfo_mancesofMod C agreesweLl withour
expectations.Comparedwiththe lens-ceUsystems,thetwo stagehas
certainsignificantlyadvantages.The testingresultsareencouraging.There
existsan improved understandingal"two-stageperformanceboth
theoreticatly(ray-trace)andexperimentally.We haveidentifiedthet'actors
whichcontributetoopticallossesm thesecondary.ThispotentialWallows
us to reducetheselossesin futuremoduledesign.Generaldesign
principleshavebeenworkedout.A seriesofray-tracingprogramsfor
advancedconceptualdesignsasweilasforexperimentanalysishavebeen
prepared.A systematictestingprocedurehasbeendevelopedwhichwill
facilitatefuturetesting.Finallya modulebasedon thiswork wW be built
andstudied.

END
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Fig. II.2. Maximum concentration mothod of 9ermratlr_
DCHC seco_.0ut _r_ rays _ely satlsf_ TIR
to glve IBXI_UN concentratlon.
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