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INTRODUCTICON

By & happy circumstance, this second Sede Baqer workzhop on sciar
electricity production coincided with the cpening of the "Ben Gurion
Sede Boger Test Center for Solar Electricity Generating Technologies".
The foundation stone <cetting for this facility, which was the chief
cstimulus behind the initiation of this annual series of wmaorkehops iast
rear, took place November 19th 1985. Ite dedication, howewer, honors

the hundredth anniversary of Israel s first Prime Minister, s man wh-
wrote {(®]:

" “he mightiest scurce of energy in our world, the scur:e

fram whick 211 animax]l ard vegetable life is nourished, and only an
infinitezimal part of which is 3s vet utilized by the human race, 13

the <sun."

e eal.but this energy can be transformed into anm active, dyrnamic
and electrifying force. Ewen after all the wuranivm znd  thoriuom
depositz disappear from the earth, soclar energy will contirnue to reach
us in almost unlimited quantities, and our scientists  and
technoleogists must discover the most effective meancs for putting even
s wery sesmall part of this tremendouz energy tc work for the growing
and manifold needs of ocur variegated economy."

Indeed David Ben Gurion‘s more than passive interest in solar
energy recearch was most poignantly recalled, for the benefit of those
who  attended this year’s workshop, by Dr. Harry Taber. "Qne dayr, years
aga", according to thie pioneer of <solar research, "my work was
dizturted =39 the wunannounced arrival at my lakeoratory of Mr.,
Bern-Guricn and hig entire Cabinet!" Dr. Tabor went on to recall how

thtz =ewvent occurred at precisely the time (back in the 1258e) when il
kad  juset besn supposedly discowered in Israel! Well, the oil did ~ot
materistize and, &las, no other political leaders had the foresight to
help dewvelop eolar  techrnology to an extent that it might haus
alleviated & significant part of the oil cricis which came 2B -ears
tater.

Eut now,  twe decades  later, wmith the painfull les= of
fluctuating ¢«il prices and supply uncertainties viwidly in our re.=2nt
memor e, we may take comfart in the fact that the Israel Ministry of
Trep g ard Infracstructure has established the Ben Gurion test
facility. Itz opening comes 2t & time when, wonencumbered bE» an
on—go:ng @il crisis, and armed with the experiznce of ten »ears F
international effart to develop sclar technology, it is now possi
ta perform side-by-side evaluations of the best that technolcar
thus far produced.

[#) From lsrael: Years of Challenge by David Ben-Gurion
(Arthiony Blond, London, (944D
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tzturzally, mere =wstem ewvaluation = not sufficient.
there —hould be input from the <ccientific community on &z

fraont £ ible., It is towards this goal that the Applisd
Calcu\etion: Uit established this series of anrnual wnrb-ha

wear, and it iz a scurce of considerable pride to uz that scis

ingut  has come  this yeaxr from the internaticon arenz. rhici

from  abroad included two of our kKeynote speakers: Prof,. FAri

Ffrincston Universitvy’s Center for Energy and Environmerntzl

and Frof. Manual Collaresz Fereira ¥rom Fortugal’s F—p4r*m»rf for

Fenewable Enerui-s at LMETI, Lisbon., In hanar  of cur queztz from
zbrcad the lsnguage of thiz rear’s symposium was English,

to the content of this year's symposium, We were

kawe the spening acdrese del:vered by Mr. Mashe Thach:l, Min
Ercz zr o Imnfrasiioucturs, who rewiewsd lsrael’s current
palis ML Shachkal s pres tation was foiltowed by ore frc COr

Arad, the [Director Gensr &) of the Ministry, who addres-id us
of Israel s involvemsnt in energy B&D. Dr. Pinhaz Zlue:
e trv’s Chief Ge ntist then presented an cuervre of
tezt facilitw ard ite aimo.

St jer

Threese pogscr=-prodecing - the first that will
- wWere on dlEp]a) at the te i photovaltaic syt
the laraes) Electric Corporat: zd tao the . az ﬂM
< thermal serstem bkelonging ¢ ‘he Luz Corpwratlon.
s 2 . reuiswed in a i of precer
o ‘nzd, &and in the same the =ite

was described bye its designer, Dr. PMoshe Hirsch.

Tre mare  technical part of the gymposium took the form of three
vrvibed  4S-mingte  Keroote lectures bw  prominent agthorities | Le

field, cuch lecture was immediatel> fallc he
ion. the threes arzas reviewsd =

Ew  Frof. Fabl Lavr Temperature .

=X Ferexra ard Phnfnunlf ics by Tel .
“Sppeltbsum,.  In additicon  there  was & 2

tatione fraom roaxdemia and  industry alike -

their authors were c¢n nand to take questicns,

the texwts of

This wvolume proceedings  contains

presentations, &ither in the itten form Kind)w #
or, where thig was not possible, in a form r d
transpare thew showed. sgdcgition, an &d =
containing chief ooints wmmﬁrqej from z
recordedr dis cions. Lastly, ndod abstracts e

rite the conten of the various posters that were

our  pleasant duty to  thank & rnumber  of
.y without whiose help the zymposium would not

Financial support is gratefully acknowledged from The Ministrs of
and Infraztructure and The Blzustein Internaticnal Center +ar
Studies,
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Cur uszse cof the Ben Gurion Research Center‘s auditorium wazz due to
the bkind cocperation of itz director, Prot. Ilan Treen. The bezauti ful
f1laoners that decorated the hall were =zsupplied by the Elaustern
Institute’s Controlled Envirocnment ﬁnricu\ture Unit thankz to he
Eirndn of its Acting Head, Dr. Hosh Zercani. The

dizoussicons were recorded due ta the much appreciated efforts

Luck Folvertz,

w

A  fine evening of leraeli Folklors entertainment wasz provic

the $folk  dance groop of the High Schoo) for Environmental Eouc

e de  Poger fthanke to the schoal“e Principal, Mr, Eenzi Bar-Lao:, 1.
the Zznece group and their trz ner Mr. Hezy Za‘arur), a zong recital b
socng  Shlomit and her mother Lorei o vguitar: Za’arur Ot anke to mother
dzughter 3 Mrs. Awiva EConen, Principal of the ‘Zin" Element:-~x
School, T s Boger? and t- June Hare with her delightful reading F

gvtracts {rom the writings of David and Paula Ben Gurion.

Vice departments of Midre:net
i Elihu, <or prowiding & oing
ping accommodation (M, T
Schaoll for sttendesz

are due to the waricus ¢
under  ite director Mr. Yo
e, Motti Aabarjily oand =)
Head of the Sede Boger Fie

m T 40

éand  during the entire two-day event, Ofra Faiman, Voo
rcon, Bozmat Ibbetzon, Ruth wan der Ley, Lilian Ma“amar, Shul:
znd Judith Zemel were the most gracicus of hosteszes

The Applied Soclar Calculstions Mmook,
Sede Foger,

Maw 1727,



TBE SECOND SEDE BOQER_SYMPOSIUM
oH

ELECTPICITY GEMERATION FROM SOLARP FHEPGY

Proacam

WEDHESDEY, Februaryv 25th 1987

12:00 - OPENING OF THE SYMPOSIUM (in the Axel Springer Auditorium of
the Ben Gurion Research Archives - "A" on the attached map)

Chairman: PROF. LOUIS BERXOFSKY (Director, The Jacob Blaustein
Institute for Desert Research)

1. Greetings in the name of Ben Gurion University of the Negev
PROF. AVRAHAM TAMIR (Rector of the University)

2. Keynote Lecture: "Development cf the Negev"
MR. SHIMON PERES (Vice Premier and Minister for Foreign
Affairs)

3. Keynote Lecture: "Israel’s Energy Policy"
MR. MOSHE SHACHAL (Minister of Energy and Infrastructure)

13:00 - Tribute to Ben Gurion’s memory at his tomb (*B* on the map?

13:30 - Lunch Break (Midrasha dining room ~ "C* on the map)
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14:30 - FIRST TECHNICAL SESSION OF THE SYMPOSIUM (Axel Springer

15:30

16:30

17:30

19:30

22:00

Audjtorium - "A* on the map?

Chairman: PROF. DAVID FAIMAN (Appliied Solar Calculations Unit,
Jacob Blaustein Institute for Desert Research)

1. Keynote Address by DR. NATHAN ARAD (Director Generai,
(The Ministry of Energy and Infrastructure)

2. Keynote Lecture: "The Ben Gurion Solar Tect.-ology
Evaluation Center: Goals and Programs"

DR. PINHAS GLUECESTERN (Chief Scientist, The M,nistry of
Enercy and Infra‘ {ructure)

Progress reports on the first solar power-produc:.ng systems at
Sede Boger, prec.ented by:

The Israel Electric Corporatl; ii.
Luz Internat:ional L:ia.

The Paz 0il Company Ltd.

Coffee Break and Registration of Symposium Attendees
(Lobby of auditorium "A" on the map?

Keynote lecture: "High Temperature Solar Thermal Technologies*
PROF. ARI RABL (Center for Epergy and Environmental Studiec,
Princeton University)

Discussion chaired by PROF. AHARON ROY (Dept. of Chemical
Engineering, Ben Gurion University of the Negev?}

WINE & CHEESE PARTY (building “D" on the map)

Lodging for those holding reservations (building "E" on the
map)
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THURSDAY, February 26th 1987

07:30 -

09:00 -

10:30 -

11:00 -

12:30

14:00 -

15:30 -

16:00 -

Breakfast (Midrasha dining room - "C* on the map)

SECOND TECHNICAL SESSION OF THE SYMPOSIUM (Seminar room of the
Jacob Blaustein Institute for Desert Research - building "G"
on the map)

Scientific Poster Session (Qutdoors - weather permitting)

Chairman: PROF. YAIR ZARMI (Applied Solar Calculations Unit,
The Jacob Blaustein Institute for Desert Research)

Coffee break

Keynote Lecture: "Low Temperature Solar Thermal Technologies"
DR. MANUEL COLLARLS PEREIRA (Dept of Renewable Energies,
LNETI, Lisbon)

Discussion chaired by DR. HARRY TABOR (The Scientific Research
Foundation, Jerusalem)

Lunch Break (Midrasha dining room - "C" on the map’

THIRD TECHNICAL SESSION OF THE SYMPOSIUM (Seminar Room of the
Jacob Blaustein Institute for Desert Research - building "G"
on the map>

Keynote Lecture: "Subsystem Matching in Photovoltaic Power
Systems” PROF. JOSEPH APPELBAUM (Faculty of Electrical
Engineering, University of Tel Aviv)

Discussion chaired by PROF. JEFFREY M. GORDON (Applied Solar
Calculatlions Unit, The Jacob Blaustein Instlitute for Desert
Research)

Coffee Break

Summing-up Session chaired by PROF. DAVID FAIMAN (Appllied
Solar Calculations Unit, The Jacob Blaustein Institute for
Desert Reseal'ch)
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To Ben Gurion Solar
Technology Evaluation
Center

€ 70 Ein Aygay

SEDE BOQER CAMPUS
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TeELE OF CONTEMTS: 12 INUITEDR PRESENTATIONZ
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1“e Emergy Foalicy — An Ouerview”
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"lerzel’s Falicy in Energy Ressarch, Develaopment and Demonztraticon

DF . MeTHAM aRaD, Dirsctor General,
" The Ministry of Ene-ay and Infractructure. e v e esnnrnrrronsnranas 2

"Thke Een iricon Sede Boger Test C nter for Solar Electr fcity
Fenerating Technologies: Goals and Programs"

DF. FIMH~Z GLUECHZIERM, Chisf Scientiet,

The Mintestry of Energy and Infractructure. oo e oo i e i |

"Fhotowoltaice Feeearch at The lerasi Electric Corpoaration®

DF. D@l WEIMER,
Izrael Electric Corporation, Haifa...oieeer ot eenonannnonsrnonnnns

and Future Leuvelopment”

"Luz Technolo
DR, YEHUIDE CHeRSTS,
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MR, SHAUL AREL,
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"High Temperature Sclar Thermal Poaer®
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"Frotowgltaic Syvstems: The Matching of Syatem Component
FROF. JOSEFH aFFELESUM,
Saculty of Electrical Enainesring,

Drrwversity of Tel Aviwv,
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(2 FOSTER PRESEMTATIONG [ Extended Abstracts 1

"Zolzr Radiation Distribution Sensor®
J. Appelbaum and R, Weiss (Faculty of Enginesring,
Tel Auiv Universityde o it reennsstasescsarersansvsnsanassssans 1551

"0On the Sp;rtral Fespanse of Gafds Photavol taic Devices"
H., Akarcni {Dept of Electrical and Computer Engineering,
Ben Gurian Uniwversity, Besr Ghew

S T N IO B B

m

"Practica) Experience with Zolar Fands"
L.¥. Bronicki and M. Gill (0Ormat Turbines Ltd, Yavnel............0185]

thod for Monitoring Insclation im Remote Regions"
imsn [1), A, 2emel (11 and &, Zangvil [2), tApplied

s
k) Calculaticons Unit (1] z2rnd Desert Meteorclogy Unit (21,

J Blaustein Inst for Desert Recsrch, Ben Gurion Uniwv,

= T L= T T R S S O

"Photoslectrochemical Cells:

p to 208 More Efficiency wia Qptical Boosting"

J.M., Gordon (éapplied Solar Calculaticnes Unit, Jacob Elaustein

Inst ¥or Desert Regrch, B=n Gurion Univ, Sede Bogerd...covveaae. L1771}

"Generalized Capacity Factors for

Srid-Intertie Sclar Photovoltaic Sretems”

Jo, Gorden and T.A4, Reddy (Applied Scolar Calculations Lnit,
Jacob Blaustein Inst for Desert Resrch, Ben Gurion Uriv,

Eejﬁ e = T T S 2= i |

" Manufacturing Proceses for Gals /Galdlas Solar Cells
lzing Continuous LFE Growtk®

5. Haova tDept of Electrical and Computer Engineering,

Een Gurign Univerzity, Beer Shewa) .o iaenrneasrassasrssasseareeatlB

271
"EC am Radizxtion Available for Concentrating Solar
Col z in the Beser Sheva Region"
“. 1. Lud|=h [1Y and &, Tanetz [2] (Dent of Chemical Enginsering,
Een Gurion Uniwversity, Beer Shesua [1) and F & D Liw,
L Meteorclogical Secuice, Bet Dagan [210 .0 v iiernnenaalli?1]

"Storage and Transport of Solar Energy by = Chemical Heat Pipe
F. witan, H, Rosin and M. Levy (Materials Research Dept,
ldzizmann Institute of Science, Rehovobd . .o erevaenearrsnarsssa L1551

"Zummary of Field Performeznce of Eight

Photee oltaic Plants in 1522-1524"

#. Ros {11, &0 Ralperin [21, L. Eisenberg [21 and Y. Ganan [Z]

‘Cept of Chemical Eng, Ben Gurion University, Beer Sheva 11,

and E.P.C. Energy Projects Corp Ltd, Beer Shewa [21)ueunvrenens. 01993

"Fluctuatione in Performance of Fhotowoltaic Srsteme®

Yo Zarmi

‘Applied Solar Calculations Unit, Jacob Blaustein Inst

for Degert Resrch, Ben Guricn Univ, Sede BOGEr ) ieeerrinnnavense,[207]
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KEYNOTE ADDRESS

"Israel's Energy Policy: An Overview"

by

MR. MOSHE SHACHAL

Minister for Energy and Infrastructure



v nn ARauRn W
MINISTER OF ENERGY & INPRASTRUCTURE

SPEECH AT SOLAR ENERGY SYMPOSIUM, SDE BOKER, FEBRUARY 25, 1987

Distinguished guests, ladies and gentlemen:
The Scolar Test Center which we dedicated today is named after a
man who, in speaking of thoese who neiped teo buiid the State of

Israel, once said:

"We ore realists, btecause we believe in miracles."

The many problems which beset Israel when David Ben-Gurion became

its first Frime Minister in 1548 were seen by some as
insurmountable. Ben-Burion, however, refused to yield the title
of "realists" to those who saw only the very real difficulties
that faced the new state. He understood that human will and

ingenuity, guided by vision, are a force more powerful than the

harshest reality.

-

The Negev was and is the symbol of Ren-Gurion‘s visieon. Where

others saw a barren wasteland, Hen—-Gurion saw a challenge, a&an

opportunity: in soclving the problems of esgriculture in a land
without rain, of energy in a land without fuel, of development in
& trackless decert, Israel would not only assure its own future,

but could help others confronted with similar problems <rovnd the

world.
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"We are realists, because we believe in miracles." Ben-Burion
might bave added that miracles have an affinity for those with a

sense of reality, of practicality.

Een-Gurion recognized and spoke of the importance of solar power
at a time when this seemed almost visionary.

But he made sure to anchor his vision on & practicel, even

mundane level - as expreesed, for example, in & househcold solar

water heater, whose development he encouraged by placing it under
the direct sponsorship of his own Frime Minister '= Office.

Vision, which does rnot ignore reality, but confronte and

eventuvally transforms reality--this is Ben-Gurion’'cs legacy.

Today, nearly forty yeare leter, what has become of this reelity,

and of this vision? If we look at Israel s energy situaticon, we

cee that these two poles of Ben—Gurien’s thought are =till very

much relevant.

First,the reality. Israel has no cpal, very little oil and gas.

We must import about 97% of the energy we consume, and we pay for

it dearly. In 30 years of searching for 0il within the borders of

this councry, enough has been found to supply perhaps 1% of what
our economy uses. Although we have oil shale, mostly in the

Negev, it cannot be economically exploited on a wide scale at

present.
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The foreign currency that we expend for imported fossil fuels
constitutes & csignificant part of obur bkalance-of-paymente gap.
Since not all of the couvntries rich in fossil fuels ere friendly

to us, our dependence on imported fuel also poses a stretegic

problem.

We car caonsole curcselves thst we are not the only one¢ confronted
by this reality. There are many other natiocnse lacking coal and
cil. Indeed, since the world’'s fossil fuel recervecs are limited,
we can say that Israel has already arrived at a situeticon which

cther naticne must imeviteably resch orne day: & situatien in which

renewable, alternative energy sources are not merely & luxury but

a necessity.

Thie, thern, is the reality. It was BRen-Burion’'s visicon that this
harsh situation actuslly presented an opportunity. By developiing

scalar and other renewable energy sources, lesrael couwld make &

contribution to a worldwide goal--making scolar enerry practical.
In a meoment 1 will describe some of the forms this effort hace

taken, but I want first to briefly outline Israel’s current

approach to fossil fuels.

The two main problems with living on imported fuel are the

economic cost and the strategic risk. DOur goal is to reduce the

econamic cost to a minimum by buying and using fuel as

efficiently as possible. We have tried to do this, not by
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Government fiat, but by harnessing & much stronger force: Lhe

power of the market.

Thie policy is exprecssed in two main &reas: pricing, anc energy
sector cstructure. By reducing or eliminating Government subsidies
for energy products, we have exposed Israeli emnergy consumers to
the realities of the world energy marketplace. Electricity

prices, too, heave been made to reflect real ecernomic ceosts: cince

peal electricity costs more to generate, consumere are now scsled

to pay more, under a Time-~cof-Use tariff.

We have also tried to structure the energy sector so es to
encourage Efficiency. We have introcduced a major rte-structuring
of the petroleum industry, aimed at incressing competition &nd
reducing Government intervention. Israel’s il companies, which
previousely cperated under a partial market-sharing arrangemerti,
will now compete with recspect to price and market share.
Israel “s refineries will also face competition, since the oil
companies will now for the first time be per@gtted to import
refined products. The competition induced b; these and other
measures will, we believe, leaé to greater efficiency in the

energy sector.

Energy conservation is znother way to reduce the price the

econocmy pays for energy. We encoursge conservaticn by funding

projecte that desonstrate the advantages of vericus energy-saving
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techniques, and by obligating major energy consumers td keep

tract of how they use energy.

These are ~ome of the major ways in which we try ti reduce the

econeminc (ost of living on imported energy. To reduce Lhe

strategic risk, we are diversifying our erergy ctutcecs,

emphasizing increased coal use.

As recently as 1960, JIsrael’'s cosl consumpticrn was negligible.

Todayy, more than helf of cur electricity comes from cecal.

Industry, however, has been slower to take to cosl. Ttill, by the

end of the decade, coel will provide JI0% of cur total erergy
needs, and 707 of cur electricity.

The meesures 1 have described, though important, are overshadowed
by one unpleasant fact: no matter how efficiently we use the fuel
we import, we are still dependent on our suppliers. Our econociy,
cur effoarts at develaopment, and ocur very future depend on the
willingness of others te sell us energy at an affordeble price.
In this, we are in.the same situation as many other nations,

especially developing nations. In the pest 15 years, many such

v
nations have learned the hard way about how 0il prices sffect
ecoromic develapment.

Given this reality, it i=s clear why Israel and cther nztions have

en interest in solar and other remnewable enerqgies. For Israel,

which is as blessed with sunchine as it is poor in oil, scolar
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energy 1s a potential.alternative to the imported fuel whoze cost
ceste ¢ long shadow over cur ecoﬁomy. Affordable scolar energy
couvld fulfill the vision of ien-Burion, by turning 'he WNegev into

an inextav 1ble suirce ot jower to drive the Tesrac:i e anomy.

Rut there is a tetch tpo this vision. Scolar power, for us, is
=tiil toco expencrive. Current ccler =lectricity «y=steme can
generete power for abont faf1teien conls & Filow tt-bhour. Feesi
power in lIsrzel costs lezs than half of thics—--veven centz per

kilowatt—-hour.

Does this mean thet the vision must be abandened? Te sclar
ernergy, then, a luxu. y that only =ffluent rnations can «fford? W=
in Israel do nct believe so. Solar energy is too important, ite
potential benefits are tooc great, to treoct it as a luxury. We
must hold on to the vision, but our efforts must be grounded 1rn

reality.

This means, first of all, introducing solar energy wherever it is
affordable and practical. In Israel, we have bad great success in
doing this with soclar water heaters.

’

Over 707 of Israeli homes now have such heaters. It is estimated
that they reduce ocur national electricity bill by &£.0%. This is

enough to make Israelis the world’'s leading consumers of =o0lar
energy, per capita. Here is proof that sclar energy, if it can be

made affordable, cen be introduced on & mass scale.
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Beyond this, our policy is to encourage a mix of solar research
and development programs, some short-term and sﬁme leng. Bne
notable long-term progrem is the three-megawatt =olar tower at
the Weizmann Institute in Rehovot, part of a prociect which zims
at converting solar energy to a storable and trancsportable form.
It is a project that will put Israel in the forefront of

international solar energy e€fforts, and which will emnable us to

co-operste with the most advarnced countries in the field.

Somewhere be#ween househcld solar water heaters &nd advaencsd
salar towers‘are the systems that will ke tested here at the
Ben-Gurion Center. They are the fruit of am internatioconal effor &,
in which lsraeli firms have played & leading role, to develop

practical systems for generating electricity from soclar power.

In testing and comparing thecse systems here at Sde Roker, we are

tempering vision with reality.

Nor are our efforts limited to the solar electricity systems you
have seen here. The solar pond power station at Beit HafAravah,
the most advanced of its kind in the world, was connected to the

national grid in 1984.

We have also sponsored research in other renewable energy
sources, such as wind power and biomess. Wind turbines h&ave been
installed at three locations in the North, and surveys are urder

way to locate cites for more turbines, to help tap Israel ‘s wind
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energy potential, which is estimated at 1,000 megawatts peak

capacity.

Plante that produce steam or bicgas from agricultural waste have
also been built. To encourage the use of such slterrnative EnErgy
sources, we have cet prices for the sale of electricity to the
national grid by private producerc.

An even more imprecscive confirmetion of BRen-Burion’'s viesiagn ie
grovided by the extent to which Israel’'s soler energy worbk has
tkecome of irterest beyond our borders. This is especially true

for many developing nations.

Developing countries have special reason to be 'intereczted in
power generation from solar and other renewable sources. In the
Third World, 1.7 billion people have no access to electric power.
Those fortunate enough to have electricity must pay much more for
it than those in the industrialized world--four to five times

more, on average. The effect of this on development is obvious.

For developing nations, small electricity-generating systems
based on solar and other rene;able sources can be of great
importance. In this respect and in others, I bhelieve that Israel
can be of real and immedic¢te +F-1p to developing countries seeking

to improve their energy situation.
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Furthermore, I believe that an intermnaticnal fund shuuid be set
up to help third-world countries meet the energy needs which are
sc crucial to their development, and to help them progress
towards & brigbhter future. This furnd would be financialiy
supported by the developed nations, and by cil-expeorting
countries. We in lsrael csupport the concept of such a fumd, &nd 1

percsaonally am prepared to work actively for itse realication.

Sclar energy’'s potentiel impact on third-world development i
ancther reason why solar energy must be viewed not as & lurury,
but as a nececssity. It follows thet co-ocperation in sclar
research is also a nececssity. To cooperate on such research not
only saves time and money, but fulfills an obligation owed to ttr

hundreds of millians of human beings for wbhaom affordable power 1=

the key to economic development and & better life.

Meetings like the one which we are bhaving tuday are, of course,
indispensable for promoting internaticnal cocperation. Next vear,
Israel will host its second world energy conference; the farst
was held in 1984. The theme of the conferencé, which will take
place in June, 1988, in Tiberius , will be "International Energy

Cooperation".

In solar power and in other areas of energy research, Isreel is
actively interested in co-cperating with others in our region &nd
in the world who can benefit from these energy sources. Such

cooperation is based on a true commonality of interests. and as
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such can play a significant role in fostering peaceful relazticns

tetween naticns. We are actively pursuing the possibility of

cocoperating with our neighbors in solar energy and related

Aarecs.

In conclusion: I have tried to outline Israel’'s energy situetion,

and to show how our emphesis on sclar and rencwzshbhle energies was

& virtue that grew cut of necesci.y. Moreover. the nececssit.es we

have faced will, socner or later, ke confror‘ed by many other

netions. As we chare in the preklems, =o we cea share in the

csalutions.

Todey we have talen one smell step towards bringing the vieion of

affordable =soclar power closer to reelity. I ceil on our

neighbors, on our friende in the developing countries, and on cur

colleaguves in every naticn, to join hands with us in developing

this source of power, which can be of such grest benefit to <c

many. Thank you.
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Israel's Policy in Energy Research, Development and Demonstration

Lecture by Dr. Nathan Arad, Director General, Ministry of Energy & Infrastructure
at the Second Solar Electricity Symposium, Sde-Boker, February 25, 1987

It gives me a great pleasure to address the Second Solar Electricity Symposium
of the Israeli Section of the International Energy Society, sponsored by

the Ben-Gurion Unjversity of the Negev (the Blaustein International Center

for Desert Studies), and the Ministry of Energy and Infrastructure. This is

a festive occasion for us, as we have just 1naugufated the Ben-Gurion Solar
Electricity Technologies Test Center, which marks a major step forward in
fulfilling the Energy Ministry's policy goals, aimed at applying modern solar
energy technologies to Israel.

Let me review briefly our policy with regard to energy R&D

Energy R&D are means by which the Gov't plans to advance the objectives

of our energy sector, usding advanced scientific knowhow and technology. Our
policy incorpordtes the frontier of knowledge - with a wide spread from the
raw resource - all the way to the end user. In each of its phases, our
policy examines and deals with aspects of basic research, importation and
transfer of technology, its development and demonstration.

The Goy't R&D policy objectives are derived from the general energy policy
objectives, which could be summarized in a concise way.

For one, our objective is to minimize the risks both strategic (i.e. = no supply)
and economic (i.e. extreme and unexpected variations in the price of primary
energy on the world market), which are derived from Israel being so heavily
dependent on imported oil and coal.
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Our second objective is to minimize the cost of energy from the national
economic point of view.

Our R&D areas are therefore focussed on the following:

First, the promotion of research in those areas which Israel's scientific

community possesses a relative advantage over others;

Second, the development of specific technologies aimed at the utilization of

indigenous primary energy resources;

Third, improving upon existing available technologies and adapting them for
Tocal conditions, and upgrading them to & .ommercial level;

Fourth, the promotion and maintenance of centers of knowhow, in our institutions
of higher learning, state owned companies, and industry; )

Fifth, continuous monitoring of world development in these areas, through
international cooperation, seminars, reviews and symposia, as this very
Symposium is an exgmp]gf -

.

The Ministry of Energy and Infrastructure, as a policy, appropriated at least
85 percent of its R&D budget to applied research and the demonstration of
novel technologies that could progress te a commercial level in the short

to the nedium range, say 10 years.

Gov't support for R&D projects is weighed according to several criteria:

Fﬁrst, the potential of the project, if successful, to contribute to Israeli
energy balance, oth from strategic and economic considerations;

Second, the degree to which the proposed project contributes to the advancement
of science and technology, relative to that already available, and its spin-offs.
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Third, the chances of success; .

Fourih, time span and development stages needed to advance the technclogy
from the current stage, to the stage of commercial utiiization;

Fifth, the rcguired funds needed irom the current staga to the stage of

commercializ: tion.

The crii- ‘or fur~:-q7 R&D & ivities by the Gov't is based on the evaluation
of the risks involvea and on the proximity to commercial utilizatior.

The Gov't allows 4p to 100 percent fundinc to basic reseai.n activities and for
tne needed infrestructure for all R&D acti- ities. The Sde-Boker facility, just
inaugurated, is an example where Gov't funoced all the neeced infrastructure,
such as civils, rnads, fences, lighting, water, two-wav eiectric connectiors,

control and moritoring center.

National projects, with a potential of a substantial impact on the energy
balance, and yet unprevable technology, enjoy up to 80 percent of Gov't
funding, up to the demonstration stage. Gov't support of the development
of the sclar ponds in Beit-Ha'Arava, and the agricultural-waste-biogas-
generation projects, are but two examples of exercising this policy.

Funding of up to 50 percent are provided for industrial development, including
a pilot project,

Lastly, funding of up to 30 percent is provided to investors willing to invest
‘the remaining 70 percent in projects aimed at demonstrating available technology,
yet unknown and tested under real commercial field conditions in Israel.

Let me deviate for a minute from outlining our R&D policy and bring up
two related points.
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First, aiming at widespreading the commercial utilization of azlternate eneray
projacts, the Gov't preovides a flat suppert of 15 percent of the investmeni
nesded in such projects, cond:tioned upon the svailability ot. funds,

Gecond, st-iting back in April i.45, Gov't, in cocperation with Israel Electric
Lorporatien. adopted z policy rrescribing the coenditions under which IEC ds
rzauires 0 purchase dectric wrr gererated by private produce::. zng the

associzg’ . tariffs uv.“er whict such electric power will be purchssed t,y the IEC,

Eoth the 15 per.ent support to investors 1. ihe commercial utitizatisn
of zlternate sources of energy, and the power purchase policies, proved to be

very sugportive tc the edvancewent of our :ncrgy policy.

For the next ten vears, the mein thrust of nur policy is e¢imed at the

promoticr of R&D activities in the following areas:

0i1 Shale direct firing for the production of electricity. The demoastration
project just approved and funded, with 50 percent Gov't support, is a co-
generation piant with a~boiler Lo produce 50 tons per hour of steam. The plant
would supply low pressure process Steam, and use a back-pressure turbine tc
produce approsimately five Meoawatts (Md} of electricity, io b2 soid to the
electricity grid. Tu: piart is scheduled for commissioning in 1989. By the
year 2000 we may hav. waditional two til-shale fired plants, each producing

120 MW of electricity Lo the national grid.

We expect that the investment cost in 10 to 20 MW wind farms will ne reduced
tp 60G to 750 dollars per k¥ installed, producing power at 4.5 cents ner kihr.
We forecast that by 1990 wind farms will produce ar aggregate of 15 MW, rising
1o £0 MW by the year 2000.

we expect thet the irvciiment cost in solar eneryy convertors for the p-oducticn
of electricity will be reduced to 1,800 to 2,400 dollars per kh, producing
electric power at £ 5 to 9.3 cents per kihr. This may .2 just competitive with
grid peak power. Y2 “orecazt the contributicorn of soléer powered stations to reach
a level of 5 MW ir 1990, ¢nd 200 MK in the ycar 200Q.
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Some édditiona] contribution of small hydro and biomass, both agricultural
and city solid waste, may result in a total of 640 MW of power produced from
alternate sources in the year 2000, thus providing approximately 9 percent of
the electric power demand in that year, replacing 450,000 tons of imported

0il equivalent.

Additional and no less important contribution will come from non-electric
solar ant viomass en gy convertors. 1987 contribution of solar energy
convertnrs for domesiic water heating and some low pressure industrial use

is estimated at 200,200 tons of o0il equivalent. We expect this to double

by the year 2000. The contribution of biomass projects to non-eleciric uses,
is expected to be in the tens of thousands tons of oil equivalent in the
year 2070,

Consistent with the policy just outlined in some detail, the Ministry of

Energy and Infrastructure is striving to combine our human resources, professional
skills and modest Gov't means in the best possible way to bring about a major
impact on our energy balance by reducing our dependence on imported oil and

coal. If successful in this policy, and under several assumptions regarding the
price of 0il and coal-on the world market, the contribution of this effort may
result in replacting some 900,000 tons of imported 011 equivalent, or some

8 percent of our energy, to be provided from indigenous sources by the year 2000.
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KEYNOTE ADDRESS

"The Ben Gurion Sede Boqer Test Center
for Sotar Electricity Generating Technologies:
Goals and Mrograms"

by

DR. PINHAS GLUECKSTERN

Chief Scientist,
Ministry of Energy and Infrastructure
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TEST CENTER RATIONALE

20070 500 M OF (ISRAELI) SOLAR ELECTRICITY BY THE YEAR 2000 -
ACHIEVABLE-IF FUTURE INSTALLED AND 0% COSTS ARE SIGNIFICANTLY
REDUCED AND FUEL PRICE RELATIVELY HIGH.

SOME SOLAR TECHNOLOGIES ALKFADY POSSESS PROMISE T0 REACH
COMPETITIVENESS WITH CONVENTIONAL SYSTEMS.

SOLAR TECHNOLOGY IS SITt ORIENTED.

USING EXP: RIENCE GAINED BY OTHERS:
SOMETIMES MISLEADING,
LACK COMMON REFERENCE.
- DEFICIENT DATA,
- QUESTIONABLE OBJECTIVITY AND RELIABILITY.

PROOFING GROUND AT REAL FIELD CONDITIONS.
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TEST CENTER RATIONALE (CONT.)

- ASSESSING RELIABLE PERFORMANCE PARAMETERS (EACH BY ITSELF AND
COMPARED WITH OTHERS, SIDE BY SIDE).

GENERATE COMMON INTEREST BETWEEN IMOE AND INTERESTED QUALIFIED
ENTREZENEURS.

SHARING PROCESSED DATA AND EXPENDITURES.

DEMO INSTALLATIONS OWNED BY ENTREPRENEi AS-PERFORMANCE VERIFIED
OVER LIMITED PERIOD.

CONCENTRATE EFFORTS ON THOSE TECHNOLOGIES TECHNICALLY SOUND WITH
PROSPECT TO ACHIEVE COMMERCIAL COMPETITIVENESS EVENTUALLY.

TEST CENTER T0 SERVE FOR MANY YEARS TO TEST - IMPROVE
TECHNCLOGIES {PERFORMANCE, (&M C0STS).
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ELECTRIC POWER PRODUCGCTION
BY SOLAR PLANTS
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TEST CENTER OBJECTZVES
ASSESS TECHNO-ECONOMICAL VIABILITY OF DEMO TECHNOLOGIES.

ENCOURAGE QUALLFIED PARTICIPANTS (INFRASTRUCTURE, OKM
SERVICES, DATA PROCESSING-PLUS LIMITED GRANT).

SHORTEN TIME AND REDUCE EXPENDITURES-TO GALN RELIABLE DATA
FOR IMPROVEMENT (OR OTHERWISE).

ACHIEVE MAX, FLEXIEILITY TO EXCHANGE COMPONENTS.

GENERATE GOOD ATMOSPHERE AND ESTABLISH MEANS TO ASSIST
PARTICTPANTS IN PURSUING THEIR GOALS.

CHOOSE THE RIGHT POKER RATING - LARGE ENOUGH AT REASONABLE
COST 70 BOTH PARTIES.

GENERATE CCOPERATION AND SHARING OF DATA AMONG PARTIES -
PUBLISH RESULTS (IMOE).
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TEST CENTER OBJECTIVES (CONT.)
ESTABLISH A RELIABLE DATA LOGGING AND PROCESSING SYSTE -
T0 MONITOR DEMO INSTALLATIONS PERFORMANCE,

ENCOURAGE LOCAL INDUSTRIES T0 PARTICIPATE - COLLABORATING
WITH LOCAL AND/OR FOREICN KNOWHOW.

INCREASE COOPERATLON WITH DEVELOPED AND DEVELOPING COUNTRILS -
KNORHOW AND PROJECTS.

CONTRIBUTE TO ISRAEL'S BALANCE OF PAYMENTS.
EXPORT,
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MAJOR SITE FEATURES

5 ACRES AVAILABLE (INITIAL PHASE) FENCED AND SECURED,
INCL. LIGHTING POSTS.

NORTHERN PART: GENERAL SERVICES.
FASTERN PART: SOLAR THERMAL,
. .LRN PART. PROTOVC. "AIC.

UNDERGROU:D YIPING, yOVER CABLES, MEASUREMENT (MONITORING)
WIRES FO? DATA TRANSMISSION TO COXTROL ROOM - TO ACCOMODATE
ANY DEMO FA(ILITY,

FULLY EQUIPPED, ON-LINE, METEOROLOGICAL STATION , INSOLATION,
WIND, TEMP., RELATIVE HUMIDITY, EIC).

WATER AND ELECTRICITY INTERCONNECTIONS WITH THE REGIONAL
NETHORKS.
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MAJOR SITE FEATURES (CONT.)

WATER CONDITIONING.

EEWICM MAIN SWITCHBOARD (TWO-WAYS).
WATER AND FUEL TANES.

BACK-UP DIESEL GENERATOR.

ACCESS FROM THE SDE BOKER CAMPUS.

CONTROL BLDG. WITH: CONTROL RM., INSTRUMENT RM., INSTRUMENT
LAB,, CONFERENCE RM., KITCHENETTE, LAVATORY, GUARD RM. -
MOSTLY AIR-CONDITIONED.

COMMUNICATIONS: TELEPHONES, COMM. MODEMS,

RE-USE OF COOLING TOWER REJECT FLUIDS BY APPLYING APPROPRIATE
DESALTING TECHNOLOGIES.
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CRITERIA FOR PARTICIPATION

ANY LOCAL AND FOREIGN PARTY POSSESSING APPLICABLE TECHNOLOGY.
TECHNOLOGY SHOULD BE PAST THE APPLIED RESEARCH STAGE.
EACH DEMO FACILITY WILL BE TEST MONITORED FOR 2 YEARS PERICD.

AVATLABLE FEATURES (BY 110E)

COMPLETE INFRASTRUCTURE.
- O SERVICES,

COMPUTERIZED DATA LOGGING AND PROCESSING.
- LIMITED FINANCIAL SUPPORT (GRANT).

EACH PARTICIPANT SHOULD POSSESS TECHNICAL CAPABILITIES T0
UNDERTAKE IMPLEMENTATION, PROVIDE GUIDANCE, BACKUP AND
ADVANCED MAINTENANCE,
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CRITERIA FOR PARTICIPATION (CONT.)

FOREIGN PARTIES SHOULD COLLABORATE WITH A LGCAL COMPANY,
PERFORMANCE DATA WILL BE CERTIFIED AND DOCUMENTED (BY IMOE).

EACH PARTICIPANT MAY RETRIEVE ANY DATA FROM ITS DEMO PACILITY
BY COMMUNICATION MODEM,

TMOE WILL CARRY ALL RUNNING COSTS T0 BE (PARTIALLY)
COMPENSATED FROM SALES OF GENERATED ELECTRICITY T0 IEC,
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INVITED PRESENTATION

"Photovoltaics Research at
The Israel Electric Corporation”

by

DR. DAN WEINER
The Israel Electric Corporation
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POWER DELIVERED BY PHOTOVOLTAIC CELLZ RELATIVE TO AVAILABLE RADIATION

NMIPN DN NMY? aUNOMUE O°'RN 20 R poaon

1400
"0 Uy

1300

1200

100

1000 IODINUNY ey

solar constant

900

800

700

800

atmosphere

500
400

300

crysfaTline'

200

)
>
o

s
o
[
o]
E
@

W
100

nyvISIR YpnnY .
A ¥pnin” naavn YWY YWD Nan m




EE
3

R
Morvei ma

Sede Boger

ot

L



-53-

ADVANTAGES OF 2-AXIS TRACKING
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YEC's CONCENTRATOR SYSTEM
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G4000 IV Curve

1-V CURVES FOR AMORPHOUS MODULE AS (a) ADVERTISED, (b) MEASURED
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OPSERVED DEGRADATION OF AMORPHOUS PHOTOVOLTAIC CELLS

WITH TIME
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INVITED PRESENTATION

"Luz Technology:
Status and Future Development"

by

DR. YEHUDA CHARATS

Luz International Ltd
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LUZ TECHNOLOGY
STATUS AND FUTURE DEVELOPMENT

{Prepared for the Technical Symposium of February 25th 1987)

INTRODUCING THE SOLAR AGE

Man has long been a passive benefactor of the sun's warmth and cnergy, but
serious attempts to harness its energy have consistently failed to achieve
commercial viability. As the need for a clean, inexpensive energy source has
become more pressing, significant technological breakthroughs were necessary
in order to make solar energy a practical alternative to conventional power.

In a few years of research, design, and technical application, Luz
International Ltd. has successfully introduced the "solar age" - an age
when clean, renewable energy from the sun has become a cost-efficient source
of electric power.

Today, Luz is the worlid's most experienced and successful producer of solar
thermal power stations, with 100 Megawatts of solar power already on the
power grid of the Southern California Edison utility company, and another
480 Megawatts to be added by 1992. Producing a significant percentage of all
of the solar-generated power throughout the world, Luz has made solar energy
competitive with that of conventional fossil fuels, a welcome development
for a world which must face the environmental effects of power production and
the prospect of dwindling fossil fuel resources.

EXPERIENCED SOLAR POWER PRODUCER

Four operating Solar Electric Generating Systems (SEGS) in Southern
California currently produce electricity for a total of 50,000 homes at peak
hours of electricity demand. The first Luz SEGS system, SEGS I, was
installed in Daggett, California within thirteen months, under a power-
purchase agreement with Southern California Edison, and began producing 13.
8 MW in December 1984. One year later, in December 1985, SEGS II went on
line under a similar contract, supplying 30 MW of electricity to the 1local
power grid. At the end of 1986, two more 30 MW systems, SEGS III and SEGS
1V, went on 1ine in Kramer Junction, California, as work began on the
installation of the next two 30 MW systems, SEGS V and SEGS VI, due to
become operational in late 1987.

Luz has signed a total of nineteen power purchase contracts with Southern
California Edison, and the remaining fifteen 30 MW power plants will be built
in the Mojave Desert area by 1991. A1l Luz systems are privately owned.
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THE LUZ SYSTEM - SEGS Vi
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LUZ SOLAR TECHNOLOGY

The Luz SEGS systems are designed for efficient collection of the sun's direct
radiation through a field of distributed parabolic trough collectors (the

solar field), and transformation of the collected cnergy into high
terperature saturated steam through a steam generator. The steam is then
superheated and used to operate conventional power generation equipment (tne
power block). The system is designed to operate most of the tine in a solar
mode. However, for selected hours during incztement weather and during the
winter menths, naturzl gas is 'urned in a supplo.entary boiler to produce the
steam that generates clectricity

The solar field. The solar field, the system's most unique element, is baced
on moduTar solar coilector assemblies (SCA's), interconnected through a
cvstem of insolated pipes. These assemblics, comprised of arabol‘c trough
reflectors, concentrate the sun's rays on ¢ unique heat coilection element
positioned at the focal point of cach reflector. The heat collection element
is a metal pipe, enclosed in a vacuum-sealed glass pipe. *hrough which flovs
a heat transfer fluid. The fluid, which heats up to a temperature of 350-
400 degrees centigrade, circulates through the solar field and is pumped
through a heat exchanger to produce steam. The steam is then superheated and
used to drive a turbine generator, producing electricity.

Electronic tracking and control. The reflectors within each SCA are designed
to independently track the sunlight on a single axis tihrough a sophisticated
three-stage electronic control system. This includes a positioning system,
which tracks the sun throughout the day and enables the SCA to be moved as it
follows the sun; the Lul, or local microprocessor, which acts together with
the positioning system to track the sun and control the SCA's position; and
the field supervisor, the central computer which cocrdinates the
operations of the entire system.

FUTURE DEVELOPMENT

Currently Luz is using its L5-2 design - the 2nd collector generation.
However, the development of the LS-3 generation is now in its advanced stage,
and it will be implemented in SEGS VI and VII, both of which will become
operational at the end of 1987.

Luz will introduce major improvements for these two projects. The first will
be the use of a new structural design and a higher working temperature. The

second will be the introduction of a reheating steam turbine which can use the
higher temperature to produce electricity much more efficiently.
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LS-3

For the third time in over three years, Luz engineers have developed a new
generation of Solar Collector Assembly (SCA), which increases system
efficiency and reduces system costs by some 20%. Luz System 3 (1S-3) will
be the cornerstone for future solar fields.

The LS-3 collector is based on a new metal support system. This new system,
called the Central Truss, will replace the current torque-tube support,
resulting in substantial savings in metal parts. The truss design will also
allow a significant increase in the distance between pylons, and this will
result in further cost savings on the foundations.

The LS-3 parabola is 1larger than its predecessor, L5-2, with an aperture of
5.77 meters. The 1larger mirrors help raise the working temperature of the
system from 350 degrees centigrade to 390 degrees. The more efficient
LS-3 system needs a smaller number of SCA's, which in turn reguire
proportionally fewer components such as {lexible hoses, drive systems, local
computers, communication cables, and sun sensors.

Past Experience. The new SCA represents an engineering design based on
the results of extensive experience in the operation of solar power stations,
as well as a series of long-term experiments on parabolic strength and
rigidity. The large glass parabolas and their metallic supports are required
to be able to withstand winds of up to 67 km/hr (including irregular wind
gusts) while retaining their geometric structure and efficiency. Any wind
velocity above that speed will signal the parabolas to invert into a "stow"
position.

*Sputtering

The operation of power plants at higher efficiency levels necessitates an
increase in working temperatures. Until recently, temperatures were limited
due to use of the electroplated selective coating of the heat collection
elements, which remains stable only up to certain temperatures. To overcome
this Timitation, Luz engineers developed a new type of selective coating,
which will be produced using a high-vacuum sputtering technique. The
sputtered coating, which will be introduced beginning in SEGS VI, will not
only remain stable at higher temperatures, but will also improve optical
characteristics. To produce the coating, Luz has installed a special,
custom-designed sputtering machine - one of the largest and most complex
sputtering devices ever built.

*Reheat Turbine

The higher outlet temperatures of the heat transfer fluid, made possible by
the introduction of LS-3 SCA's will enable the solar thermal cycle to generate
steam at much higher pressures (100 bar or 1450 psia, compared with 43 bar
or 630 psia for SEGS II - IV). When operated in combination with a reheat
turbine, the overall thermal-to-electric conversion efficiency will be
improved by 23% compared with previous Luz power plants.
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The new turbine employs a sophisticated reheat cycle with multiple
extractions to achieve very high operating efficiencies. Hot fiuid fr r the
solar field is used to generate steam at 100 bar, and superheat it to 700
degrees Farenheit. The steam is then supplied to the high picssure furbine
inlTet. After passing through the high pressure stage, the steam exiis the
turbine, is rehcated again to 7GC degrees by an additional snlar fliic nea.
exchanger, and is supplied to the Tow pressure turbine inle*, wher» a maximum
¢f steam js extracted before beir~ passed to the zondensor. At va-ious

stages ir .he turbine steam c¥i ciion prints provide energy o cadwar r
heating . increasr .2 over: = -ycle efficien:

The kil ©» solar ¢! operat - j tempe-aturcs ¢ bined with the 2w t: ine
will yicld a the »  +o-elec.::c conversion efiiciency of 37.5% at fi loac

compsred with 3¢ 5« for SEGy» !IT - VI. This high efficiercy »:te w''1 be
2-hinved using :lar energy alone. The SF'° VI design, Tit  <that of previsus

ants, include a gas-fir. ! parallel bor" ~, to generate cwat e sarw
pressures, supp 2k :ting the sglar field - :re neccssary ans proviving on-pedk
capacity duri- wioer o, oing Fours.
SUMMAP:
Luz expects 1o achieve cveral goals wit the LS-3 desi:z Fir-. is the pea.

efficiency of the systecm, solar to electiicity, which wi 1 be i the range ¢
25%. The installation cost is anticipatcd to be approx:ately & 2,35C

(depending on site location), and the enc—gy cost less tran 8 cents por Kwh.
With the achievement - ¢ these goals, Luz .echnology will be competitive with
more conventional enc: seurces, without any subsidiaries, tax credit, etc.
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INVITED PRESENTATION

"The Mirror-Assisted
Photovoltaic System at Sede Boger"

by

PR, SHAUL ADEL
The Paz 0il1 Company !.td
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LoMPARISON . OF COST AND ANUAL POWER OUYPUT OF VARIOUS PV
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TABLE 2:
Summary of Performance tlesults

Conliguration Energy Output

{Mdsyn)
A ~ fixed flat plate 235
B — tracking flat plate 370
C - 2X conetiator 528
|
Ficures izhen from:
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FIGURE 3{a): Hourly measurements
of fower output, Nov. 4, 1983,
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FIGURE 3(b}: Hourly measurements
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FIGURE 3{d): Hourly measurements

of cell temperature, June 8, 1984.
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"Seasonal Performance of Tracking and Reflector
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INVITED PRESENTATION

"Computerized Data Acquisition & Control System:
Design and Selection Procedure"

by

DR. MOSHE HIRSCH
Energy & Control Systems t.qineering
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*PAPERO1%

Desiqgn_and_Selection_frocedure

bys
Dr. Moshe Hirsch
Eneray and Contrel Systems Enqineering - Moshav Zafaria 60932

(Consultant for the Israeli Ministry
of Eneray and Infrastructure)

The desian and selection procedure included the following stages:

1. Basic _Configuratien

The following basic system configuration was defined:

(1) The system will be able to collect, to store and to do
simple ard complicated analysis.

(2) The system will be flexible enough to enable connection of
the existing solar plants and plants to be installed in
the future.

(3) The system will be able to control (in the future)
selected equipment.

(4) The system will display data and performance of the plants
in text, numbers and color graphics.

(5) The system will put out reports including text numbers,
tables and graphics (black & white or in color).

(&) The system will communicate with external users through an
external computerized communication network.

A simplified diagram of the overall system frame requirements
is given in Figure No. 1.

The requirements relate to the following subjects (see Figure
No. 2)1

{1) Fhysical Measured Variables

(2) Accuracy

(3) Designated & Central Data Acquisition
(4) Control

(5) Synoptic Maps; Spreadsheetsy Data—-Basej Graphicsy Textsi
Historical Trending, etc.



(&)

7>

(8)

(9>
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Flexible Interactive Operation & Screen E€diting.
Report Generation
Communication

Reliability

(10) Cost effective Bystem and sub—-Bystem selection,

Fart of the above-mentioned requirements are described in
detail below:

3.

Physical variables were defined for measurement in order
to analize the performance of the following aspects of the

sblar plantss

bpC power, DC currents, DC voltages, AC power, AC
currents, AC voltages, power factor, collectors
temperature, collector angular position, plane of array

radiation.

(b) Thermal Solar Power_FPlants

Pressures, flow, temperatures, radiation, collectors
angular position, AC power, AC currents, AC voltages,
power factor.

(c) Meteorological Station

Wind speed, wind direction, radiation, temperature.

Figure Mo. 3 describes schematically the relevant measured
variable.

The basic requiremcents for accuracy were defined asi
(1) Sensing devices and transducers (0,S5% accuracy).

(2) Data aguisition wnits and computer (12 bit
resolution).

According to the solar and enerqy produced distribution
the total accuracy for the whole range of operation is up

to +- 3%,
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Figure No. 4 describes this requirement schematically.

These requirements are described schematically in Figure
No. é&.

Software packaqes such as FIX and NOVEL were selected in
accordance with this requirement.

According to this requirement a system whith is based on

the combination of multi-card PLC and IBM-PC/AT
microcomputer was selected.

The multi-ca J based system is described schematically in
Fiqure No. 7.

Based on cost-effective system and sub-systems analysis,
the final system c nfiquration described in Figure No. €
was selected and installed.


http://BliS.abil.ity
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GENERAL REQUIREMENTS
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A CCURACY

Figure 4:
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Figure 5:

3 DATA ACQUISITION AND PROCESSING
FOR DESIGNATED AND CENTRAL SYSTEMS
O

1. Fach plarnt ises commected to a
desigrnated data acquisitiorn urmnit
and to a desigrnated microcomputer

2. Each plant'ss owner wil S
allowed to receive data M1y
from the desigrnated systm- which
is conmnmected to his ¢ at
3. A Central Microcompute: 1

collaect data fr om ee=
designated sy=t- -

4. Tha Ministry of Energy v 1 do
analysis omn the Cent a1l
Microcomputer.
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Figure 8: DESIGNATED & CENTRAL
DATA ARUISITION AND PROCESSING
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KEYNOTE LECTURE

"High Temperature Solar Thermal Power"

by

DR. ARI RABL
Center for Energy and
Environmental Studies,

Princeton University

Princeton NJ USA
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HIGH TEMPERATURE SOLAR THERMAL POWER - &. RABL

SLIDE #1:

SUITABRILITY OF COLLECTORS FOR ELECTRICITY GENERATION

TRACKING MQOLE

COLLECTOR TYFE

RANGE

SUTT&BILITY

non— tracking:

flat plate

nonevac. CPC

evacuated tube

+ CPC reflector

parabolic trough

lin., Fresnel

lens

¢ 18@ degC

~ 3S@ degC

two-axis tracking:

parabolic dish

Fresnel lens
central receiver
fixed reflector

~ 1060 degC

+ moving receiver
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Fiocure reproduced from: "Five Year Research and Development Plan 1386-1990"
U.S. Department of Energy, DOE/CE-0160, Sept. 1986.

Figure 2. Solar Thermal Technologies
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HIGH TEMFERATURE SOLAR THERMAL FOWER - &, RABL

SLIDE # 2: STORAGE OPTIONS

Storage Typeg:

* o1l + rocks, glass, etc.
¥ molten salt
* none C(on sotar side)
- backup with hydro (best!> or fue)

Choice guided by ancient principle Cattributed to a certain MY banke: )

"

by ¥ c heap, s e 1 1 de ar

Storage looks promising for T < S@0 degC

~ @& few hours for early ewvening.

Above SEQ degl, storage becomes protrlematical.
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1 HIGH TEMPERATURE SOLAR THFRMAL POWER ~ A, RABL

SLIDE #3: CONVERSION OF THERMAL EMNERGY T ELECTRICITY

Carnct efficiency = 1 ~ TClowd/T(high)

at T(low) = 20 degC = 293 K:

TChigh) [degCl 98 200 500 taae

~J
~

Carnot [3] 12 &2

N
0

In practice one can achieve approx., S@4 of Carnot efficiency.

Conversion types:

turbine
~7 S iquid

Rankine cycle (vapor
boiler &

- emploring steam or an organic fluid.

Steam turbines used in conventional power plants
—fuelled by oil, coal, nucl, up ta Tchigh) = ~ 5408 degld

turbine
=7 s Qas)

Brzvton cycle (gas S
compressor

Emplored in gas turbines and Jet engines.
—fuelled by oil, etc,

Stirling crcle freciprocating, external heat source?

fithers , €.g9. MHD, ...
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HIGH TEMPERATURE SOLAR THEPMAL POWER - &, FARL

SLIDE #4: SYSTEM CONSIDERATIONS

Mot all combinations of components sre practical.,

Principal considerztions ares

# Cost
of components
* Ferformance

¥ Mzatch between components

- including match to end uce.
¥ Econcmies of scale
¥ Efficiencies of scale

* Feliakhility
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HIGH TEMPERATURE SOLAR THERMAL POLER - A. RABL

SLIDE #5: CARNOT PESTRICTIONS ON COLLECTOR PERFORMANCE

Cornot limit implies a need for:

* ejther high T

* or very cheap collector
- e.5. solar pond, ocean enerqgy.

Conventicnal power plants have fuel-to-electricity efficiency = 30-46)

«ve.leading to electricity price = 3 x fuel price.

For example: if collector is just competitive with fuel for heat
- its heat-to-eltectricity efficiency

must be at least 38¥

It
]
]
'

flat plate
} nat suitable
evacuated tube + CPC

vsesnsseses Unless coste can be reduced.
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HIGH TEMPERSTURE

SOLAR THERMGL FPOWER - @&, R&BL
SLIDE #&: EFFICIEMCIES AaND ECOMOMIES OF SCALE

y dez. 21 MW

, at z20¥ efficiency?

* Stirling engine QK for individual collectors

e,g. dishes ~ 280 degC >

0]

efficiency: 25 to 484 (hest ——-% elec.?

caan e not »et commercixl

¥ For collectorsz econcmies of scale are possible:

with large unite (fewer moving parts)

cobut more wind + weight stresses

Optimal length of unit S to 19 m
(Ac = 5P to 158 sq.md

vesincreases with production valume.
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HIGH TEMPERATURE SOL&R _THERMAL POWER ~ &. RABL

SLIDE # 7: COLLECTOR THERMAL CQHSIDERATIONS

*Collectible Heat

*

- highest for dish

- lower for central

recejver

and for trough

‘due to cosine factor,

- But mirrors are simpler for

Heat Centralization

vesvecheat Tosses

- central

=~ trough

~ dish

receiver

~ o
=t

cshading,

latter,

~2 dish,

and cost of piping

kest (optical

moderate

kighest

tdepending cn
and spacing?

transport)

(collector

losses

fabove

blocking)

("flat for central

transport?

360 degl)

latitude

receiver),
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HIGH TEMPERATLIRE SOLAR THERMAL POWER - A, RABL

SLIDE # 8: PROMISIMG OPTIONS

1 Central receiver + steam turbine
+ & few tours of storage
20 dish or trough + steam turbine

iLa Jet> (Luz? (centrall

{ colar below ~ 258 degC f(evaporation?

+ gas above ~ 258 degC (superheat)

3) central receiver + gas turbine

26 years and interest rate r = 6s,
t

a.
al recocvery factor AP = B.8502)
rn o 5 tor age 1088 degl)

4y dich + =tirling engine at gach focus
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HIGH TEMPERSTURE S0LAR THERMAL POWER - A. RABL

SLIDE # #7: CIIRRENT RESESRCH EFFORTS (U.S.D.C.E.)

® reflectors - Ag with polymer coating
~ stretched steel membrane

* receivers - direct abecrption C(in
malten salt or particulates)

- second stags concentrators
- ceramic heat exchangers

(higher T needed tc extend
range of storage)

¥ engines - &tirling engine

¥ NFPOC2SEeS - production of hydrogen

- gagification of biaomass
{and of toxic wastes)
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Figure reproduced from: "Five Year Research and Development Plan 1986-1390"
U.S. Department of Energy, DOE/CE-C160, Sept. 1986.

Concentraters

SOLAR THERMAL TECHNOLOGY
HELIOSTAT RaD

GLASS/METAL TECHNOLOGY

7

CRIF

FEL w 28D
QEMERATION

srm? ARCO ARCO

—— osmd 180m3
—i ——
2
$900/m $400/m?  $220-120/m? oy
$130~100/m? $150-30 /m?

SILVER POLYMER AND SILVER STEEL TECHNOLOGY

REPLACE
GLASS

REDUCE
STRUCTURE STRESSED
——fioe MEMBRANE
$120-60 /m? ), $80-40/m?

Concentrators provide avenues for major improvements in the cost of detivered energy for solar
thermal systems. Concentra’ .. designs are being deveioped to achieve these cost/performance im-
provements through enhanced raflectivity, longer lite, and lower initial cost. Substantial increases in
heiiostat reflective area can result in lower goste without 10ss in performance or lifetime.

Using the stressed memuorane concept, lightweight, :ow-cos! concentrators can be construcied of
high-reflectivity siivered polymer films or thin siivered steel. For central receiver system use, large
150m? single module, silverea polymer, vacuum-focused stressed membrane heliostats are being
studied because of their potential high periormance, (ightweight, low cost characteristics.
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HIGH TEMFERATURE SOLAR THERMAL POWER - &. RABL

SLIDE # 18: EXISTING SOLAR-THERMAL POWER PLANTS

(a) CEMNTRAL RECEIVERS

Year aperture peak cost
PLANT com- [=q.m] FOWer {5/ le pk]

_____________ _p]eti _ [Mwei__ e
“Zolar 1", Efszfw’ cAa, US?_ 1782 _Z?:j??___ _19.@ _14 Efz__ _
(Themisr,Tarsassone, France | 17A® | MLRRR A A
"CEZA 1" Almeriz, Spain ~ij§j_ _if:???___ __i:g___ _1? ____________
ORI Mie, daman TS rEeR N M A
Burelios” Sicily, Italy | 1781 ( e:%e2 1 % |12
"CRS-1", Almeria, Spain 1721 4,608 8.3 jei]

[#)] might ke reducible to 3 %£/We,pk in the future.

by FARsEOLIC DISHES

year aperture peak cost
PL&NT com- [=g.m] OWED [#/ e ,pK]
plete [Mie]
"Iolarplant-1", Warner o
: CA, USA (La Jet) 1924 26,0008 5.0 3.8
"STEF", Zhenarndcah, GA, USA 19532 4,080 6.4
"Eylaibiya" Kuwait 1981 1,009 a.1
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SLIDE 18 ¢(continued)

CRERE it T
"Uignc?a,_Eursrca, Franfi_
1B TRERI, Almeris, SRAID
P, e dEee
"Cool idge", A2, U5

aperture

[=q.m]

"tMeebatharrz, Aucstralia

RexBL
pexk cost
power [£-lle,ph ]
N
S I 3.2
0.0
G I
6.1
8.5 .
S D
S Il
a.t 3é
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HIGH TEMPERATURE SOLAR THERMAL POWER - a. RABIL

SLIDE #11: ECONGMICS

# analyveis per ke ,pK  with capacity factor:
KWe , av
Khle , pk

¥ Annual ocutput Lin Kidh]

= CF »x 2748 hrs/»r x 1 kle,pk

FLANT TYPE CF
parab. trough a.z2a

no storage, sunny lacaticrn.
parab. dish 0.25

annual cost Cinterest, repayvment, Q&M
T 1718 capital cost
" ten percent rule <(e.g. 28 yre at 84 per ¥r.)
Example: La Jet at 2E68 $/Klle peak, CF = 8.25
0 = 2172 KWh Sy
ann, cost = 220 #/yr
388 £/yr

==> slectricity cost = —-———————w—- = 8,17 £/kWh
217 KWh/ yr
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HIGH TEMPERATURE SOLAR THERMAL POWER — &, RABL

SLIDE #12: THE UALUE OF SOLAR ELECTRICITY

* Uslue = cost of cheapsst alternative.

off-peak (¥ 1@ pm to ¥ 7 am in USA)
with ccsl or nurlear

~ R.E4 $SKLh ¢ Y F0.0828-30.025 + ¥8.015-%@,620
for coxal for capital

cr—pexk {hot cummer aftermnocns in USA)
with gas turkine
C o e.83 $/KWh

¥ current zclar technologies:

TB.12 3/KWh

# projections for the year 20068 (by USLOE)

T R.B5 £sKWh
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HIGH TEMFERATURE SOLAR THERMAL POWER — A. RABL

SLIDE #13: THE LEARNING CURVE

* Empirical industrial observation:

~ there is & reduction of unit cost by factor of ~ 8.7 to ~ 6.9

for each doubling of cumulative total production.

Erample: 3.5 $7W at SO MU cumul.
- with reduction factor = @.8

rexzches 1.5 W after X doublings,

I
2

where 8.8 = 41,3)/(3.5 = 0.43

Thus X = e -

===} cumulative production: 2 x S6MW = 3@ M.

1§ factor = 6.9, need 12.2 GW of cumulative production.

# Learning curve for Luz?

1 H 4,2 70 for 14 MW

A1)
om

EG

- Factor of 0.9 leads to expected costs:

Cumuyl. Prod. [MWl

Expected cost [£/W]

SEGS 111 at 2.3 £/W for 74 MW C(cumul?

fits nicely within this range!
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Psb] s Fresentation

Gorcon:

Rabl :

Weiner:

Rabl :

Charats:

Roy

Rabi

Wny do you acddress the economics of solar-produced power from
the simple over-simplistic viewpoint of fuel saving?

It is clearly not the whole story, as you correctly opserve.
Capacity credit is, however, as extremely complex issue and
it does not clartfy the economics. It is nevertheless
meaningful to compute the cost of producing solar
electricity as a separate i1ssue from how much a utility 1s
prepared to pay for the product. As we have seen, today’s
solar-produced electricity appeares to cost about twice as
much as when 1t s produced by conventional means. This is
an encouraging development.

I have two comments: First, the use of a learning curve for
precictive purposes 15 fraught with uncertainties owing to
the possibility that some new discovery way dramatically
alter the cost trend. One has only to look at the effect
environmental considerations have recently had in the energy
sector.

Secondly, I am d:isturbeda that analyses such as yours always
seem to compare the projected cost of sume alternative energy
soucce W:th the present (rather than the proJected) c¢ost of
conventional-produced energy.

I am aware that electricity production seems to be a rather
mature technology, but it should not be ruled out that
advances in the technology of storage may radically lower

the cost of conventional electricity.

One developing technology that appears promising is that of
the gas turbine,

1 agree, although I do not know of any plans to combine
solar and gas turbine technclogies.

Luz is looking i1nto that possibility.

To what extent does the cost of achieving optical precision
tnfluence the relative economics of the various kinds of
concentrators?

Judging by Luz’s commercial success, the optical precision

of today‘’s parabeolic troughs would appear to be adegquate in
the 300 oC range of temperatures. For the 500 oC range, the
present generaticn of parabolic dishes also have adeguate
optical accuracy. For higher temperatures it appears that a
second-stage concentrator will be necessary to compensate for
aperations in the primary reflector. Whether this added
corpiextty will oe economically Justified-only time can teil.

As to the question of an economically optimal temperature for
solar~-thermal power production: today the answer seems to
ceside with Luz. Tomorrow, It might lie with central
recejvers - but !f they are not bullt, that too will be part
of the answer.
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LOW TEMPERATURE (T< 100°C) SOLAR THERMAL ELECTRICITY

Key-note lecture presented at the

2nd Sede Boger Workshop on Solar Electricity Production

by

Manuel Collares Pereira

I -~ INTRODUCTION

The objective of this talk is to review existing solar energy
technologies for the production of low temperature heat (2<100°C)
in terms of their potential to generate electricity.

These technologies will be compared on equal grounds, namely in
terms of annual costs expressed in dollars/Kwhr, assuming 20
years of operation. In order to do this comparison we first
estimate how much energy they can produce on an yearly basis and
then we make educated gueses to their present costs (as possible
costs, assuming acceptable projections from today's costs in the
case these technologies are not usually used for the production
of electricity).

Rather than comparing these costs with conventional energy costs
we decided to compare them with present day stationary
photovoltaic (FV) costs in order to put in perspective the
interest of pursuing the efforts in low temperature heat for
electricity. The results obtained show PV as already having a
lower cost than other technologies presented , and since the
costs for the thermal technologies are much closer to their
limiting values, this 1l.kely means that in the future, low solar
temperature heat will be more used directly as such, i.e. rather

than for the production electricity.

The talk is organized as follows: II) a drief review of how to
convert low temperature heat to electricity, the Rankine Cycle ;
III) a brief description of how to calculate yearly average
system performance; IV) a brief description of the considered
technologies, namely ponds (salt gradient and others), solar
collectors {ex: CPC non-evacuated plus storage) and
photcvoltaic V) a calculation of yearly system performance in
each case; VI) an estimate of eech system's cost and a comparison
of all system in terms of $/KW hr produced; VII) a discussion of

the resultes.
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II - CONVERSION OF LOW TEMPERATURE HEAT INTO ELECTRICITY ON
RANKINE CYCLE

The appropriate thermodynamic cycle for conversion of low
temperature heat is a Rankine cycle <i>.

It is assumed in the following calculations that the AT between
the hot and cold sources is 55°C, w1th typical yearly averages
values of 85°C at the boiler, and 30 °C at the condenser.
Carnot efficiency in this case is around 15%, and a pratical
limit for the Rankine cycle efficiency 1is roughly half of that,

i. e. ﬂ 08. This can in principle be obtained assuming:
expander e%f._ .8, pump eff.= .5, Mech eff.= .75, regeneration
eff. = .8, high side pressure loss =.05, 1low side pressure

loss = .08.
In the litterature and for the temperatures conditions stated

above the +tipically reported ’lR is .05. Recently ZR .06 was
reported <2> which is a good (high) value.

IIT - SOLAR SYSTEMS YEARLY AVERAGE ENERGY PERRFORMANCE

The instantaneous efficiency of solar collectors can be described
in terms of the Hottel, Whillier, Bliss eguation, namely

7= FRr Yo~ FRUL (Tin = Tagp)/I

where the T; inlet temperature to the collector, T amb is
tre ambient {Emperature, I is +the instantaneous radiation on
the collector plane, o is the optical efficiency, Up is the

collector heat losses factor and Fp is a factor which takes
care of the fact that the collector's performance is being
described in terms of Tin and not in terms of receiver
temperature.

The average energy delivered by a collector operating in a system
at a constant inlet temperature can be calculated by (as written
dear must be multiplied by 365 for the total yearly energy).

dear(Tin) =Fg M Heo11 ¢(Xin)

¥Where H,,77 i8 the average radiation available to the collector
entrance aperture, is the average optical efficiency
(including incidence anZie modifier), and is the utilizability,
a function with a value <1 accountlng for the fact that radiation
below a certain threshold ; is not usable because does not
overcome the collector’'s hea% losses.
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Lin = Up(Tin - Tamp)/ Mo

In 211 that follows the radiation data used is from Bet Dagan,
Israel, 32 °.

IV - LOW TEMFERATURE SOLAR HEAT TECHNOLOGIES

There are two general types of technologies, +those where
collector and storage are combined, the solar ponds, and those
where the collectors are separated from storage and which we will
refered as collectors plus storage.

1. Solar Ponds

Of all solar ponds, salt gradient solar ponds <3> are the prime
candidates for collecting and storing solar energy at
temperatures suitable for the conversion to electricity via the
Rankine cycle described in II, since they can be constructed
and operated at cos®s which are among the lowest possible for
solar collectors. The Rankine cycle uses the hot water of the
lower convective zone as the hot source and the surface water as
the cold source.

Other ponds have been proposed like shallow ponds or ponds
covered by opaque insulating materials, but their thermal
performance is not as good as the one of salt gradient ponds. In
the analysis below we will consider the salt gradient pond in
great detail and the shallow pond as an alternative example.

2. Solar Collectors (CPC) + Storage

The other main type of system to be considered is one in which
solar energy is collected in solar (active) collectors by heating
a fluid wvhich will be separately stored, until used as the hot
source in a Rankine cycle.

Because the collectors must heat a fluid at least to 85 °C with
reasonable efficiency and cost, we choose to use in this study
non-evacuated CPC 1.2X collectors <4>, which are able to gerform
with efficiencies above .5 up to temperatures around 100 C and
can be produced at the cost of a good single glazed flat plate
collector, selectively coated .

3. Photovoltaic System

For comparison we consider a PV system of the flat plate
monocristaline type, mounted at tilt-latitude, connected to an
inverter and then to the grid. However, and as in the other
cares, we will not consider the transformer as part of the system.
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V - YEARLY SBYSTEM PERFORMANCE

1. Salt Gradient Solar Pond

Following Kooi <5> we can now estimaste the best possible.
performance of a salt gradient solar pond ( 2y Tor the
conditions stated above. We will assume that the AT of 55°C is
going to be maintained all year around (this really means for
instance, that in Winter time, the temperature of the lower
convective zone can drop to 700 C, and ambient surface water
temperature will be around 15°C). The Rankine cycle will only
operate, whenever this AT is achieved, which allows us to think
in terms of a radiation threshold and use the utilizability
concept. However night time losses must be explicity deduced
from the value of dear found in the manner described above.

At normal incidence and for pure water <15> we may have FR?."BB
(note that this is & high value since typically in clear and
clean ponds .25 < FR ° < .30). FRU can be assumed to be at

best .64 w/°C (we are thinking of a pond with a gradlr"t zone of
im + upper convective zone of 0.5 m; this is again an optimistic
estimate since typically 1 < F, Up < 2 W/°C).

Radiation does not come at normal incidence but there is an
effective angle Qe (energy weighted) along which, we can
assume, comes all incident radiation on the water's surface:
eff = 52 © for the case of Bet Dagan. There is reduction of ~
5% resulting from it. Also the path lenght in the water for the
refracted radiation is accordingly increased, resulting in
further absorption - ~4% effect.

We then have

FR§°=FR70 *¥ . 95 % .96

From the radiation data we have

@ (x5, = 924) = .65
and

" 2

Hoo11 = 19.2 MJ/m
and therefore

Q = 3.9 MJ/n?

year
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from which night time losses still be deducted, i. e. Qp,gg =
PLeMI .

Lrewong thet i =-08 we get an upper limit for the amount of
elestr, 21ty produced of

Qpiect = -08 * 2.4MJ/m? = .19MJ/m2

Ecwev<s~. the available Rankine cycles have, as stated, lower
r.cieg and therefeore a more realistic value for Qelect is

P PR
CIL17N

Q e1ect = <05 * 2.4MJ/m? = .12MJ/m?

-t figure is consistent with measurements presented %n
. Lo rear (ist) symposium by M. B. Doron on the 200000 m
pond st kel fravat <25,

©, *=u orperate the cycle it is necessary to consume a
i 0f the electricity produced. We will assume that it is
: ¥ *c upend 30% <3> of the electricity produced to power
the <121 ». This seems to be optimistic assumption since the
v +4 cansucption at Bet Arovat was much closer to 50% <2>.

G

Sep

we have thin

a _ 2
Q elecpoy net = .13MJ /m

3 - 2
Q elecy eosent,net = .08 MJ/m

Fonecd n mewsarcuents done at Lawrence Livermore - USA, we have

FR Do =74 PRUz= 7.4 W/m? OC
with ¢xx) = .08 we have Q year = .67Mj /m? and
T e = .035MJ /n?

et
~ St zux,net

CL.on C:C, ron-»vacuated

his care wne collector's parameters used correspond to a
npie orver wollector manufactured in Portugal <7> und are
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FR 9o = T4 Fp Up = 2:84 W/m2 oc¢

Assuming that the collectors are operated at tilt = latitude.

We have

——

n 2
Fr 70 Hcoll = 12.8 MJ/m
@(x) = .58

Qyear = 7.4 MJ/m2

From where we will have

Qelect LOE * 7.4 =.6MJ/m2

"

max.

and

Q elect .05 * 7.4 = .4MJ/m?

present =

In this case operational experience with collector fields of the
kind considered here, plus the power consumption for the
operation of the cycle proper, leads us to estimate a parasitic
power consumption of 20 %, from where we get

Qelect poy pet = -5 MJ /m?

s 2
Q elect present, net = 5 MJ /m

in the two cases above.

4. Photovoltaic System

We assume an efficiency for the PV system ff . H 11 @at
tilt = latit%Fe and zero azimuth is 20 MJ/mS, resufglng in
dear = 2MJ/m© <8>.

We can collect all the results above in table 1 where we have
the amount net electric%I energy produced per day on the average
by each system per m<, both in the "maximum" and what we
deriominated "present" situation.
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Table 1
[in M3/(n2 day)) | selt gradient | Shallow CPP + PV
Solar Pond Pond storage
"meximum? 13 2 -5 —
"present"” .08 — .3 2

VII - ESTIMATE OF SYSTEM COSTS

In what follows, we will assume that all land is free, and
that salt transport are free (assumptions which favor the low
temperature collectors, specially the solar ponds).

We will first estimate system's capital costs and then compare
systems, calculating annual costs with the 10% rule, i.e., the
total annual costs for interest, repayment of loan as well as
Operation of Maintenance are 10% of the initial investment <9,
assuming that the systems function reliably for at least 20
years.

Common to the low temperature systems is the cost of the Rankine
generator + associated equipment. For the sake of the comparison
we will take a 1 Km2 with which it is proposed to associate a 5MW
Rankine <3> with a present total cost of $1500/KWp (lowest
estimates are of $1000/KWp but we will retain the higher one).

1. Salt Gradient Solar Pond

From a thorough review of pond related pepers (for instance <10,
11> from my own experience in the subject (for instance <12>) and
from extensive published material on the construction gf water
basin my lowest estimates of pond costs in US$ per m“ are as
follows (table 2):

Table 2
lined pond unlined pond
13 9
water 4+ chemicals
{20 yr) 6
Fence 2
Excavation T

total 21.7 17.7
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These figures should be compared with the typical minimal costs
considered all over the world <10, 12> of $50-70/n2 which,
however, include the cost of salt and salt transport and a leak
proof construction given potential polution problems in areas
where contamination of the water table, say, from salt could not
be tolerated.

From table 2 retaining the lowest number and adding the Rankine
cycle cost we obtain § 24.8 / m2.

2. CPC 1.2X + Storage

We assume that for a 5MW system we would be able +to have a
$134/m2 installed system ($120/m2 for collector frame connecting
gripes and control <7> and $10/m2 for storage). To this figure
we pust add $37.5/m2 for the Rankine cycle as before (this number
wes obtained taking into account that 1e CPC system produces ~5X
more energy on a per a square meter basis as the solar pond).
Therefore, the total capital cost is $167.5/m2.

3. Photovoltaics

We assume <B> a $5/Wp for the panels and $5/Wp for frame,
invester, wiring, power tracking, etc., for a total cost of
$5.5/Wp which in our case and given that peak power per m2 is
100W means a total cost of $550/m2.

Applying the 10% refered above, using table 1 and the costs
describzd in this section we list in table 3 the ennual costs in
$/Kw hr of electricity produced in each case in both "max." and
"rresent" situations.

Table 3
c ($/KWhr) Salt Gradient Shallow CPC PV
anpual Pond Pond 1.2%
nmax_n . 19 —— .33
"present" .30 - .55 27

VII - DISCUSSION RESULTS

Table 3 shows that of the thermal options retained it is clear
that salt gradient solar ponds are the best. However, PV is
already cheaper and its cost is likely to go much further down
than the limiting lowest possible cost for ponds (.228/KW &r)
estimated here. This seems to point towards the fact that, at
least in the medium term, electricity from 1low temperature heat
sources is not of interest.
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A word should be said about ponds and the fact that they can
store ener from one day to the next and indeed even for several
days, thereby having a potential usage as "stand alone” devices,
which was not considered here. They will not, however, deliver
more energy in that mode (on the contrary there will be more
losses and possibly less gains from an increase of the
threshold). The problem with salt ponds is that at these
costs/K¥W hr they are really site limited to those places where
there is free flat land, free salt, water, and to low latitudes
( i%T( 357! because of the angle the sun makes with the water
surface during each day and in the course of the year),
conditions only fulfilled by less than a handful of spots on
earth.

Photovoltaics clearly does not have these limitations and can be
installed on existing structures, rough terrain, etc. Also, while
comparing ponds and PV in grid connected situations (as done
above) it can be argued that ponds can produce all of their daily
electricity a few hours later in the day or night, therefore
having a higher value because of their natural adaptation to a
"late" peak demand. However, including a couple of hours of
battery storage in the analysis above for the PV system would not
significantly increase the costs and would have the same effect.
Besides, in sunny locations, there seems to be a match between
peak demand and peak power availability from the sun, thereby
reducing the importance of the argument above.

Therefore it seems that low temperature heat with ponds or
collectors will have a much more widespread use directly for
heating applications like domestic and industrial process water
heating agricultural applications (greenhouse reating, water or
solar drying, for instance) and, even, in the case of ponds,
applications like the direct industrial extraction of chemicals
from mineral ore <13, 14>.

Note Added in Proof

At the Symposium, Paz Company claimed that their own selling
costs for a tracking PV system installed, grid connected
(transformer excluded) are 5.5 $/Wp ! Q year in their case should
be higher than the one of the stationary B system

considered here, reducing the figure in table 4 for PV costs by a
factor between 1 and 2.
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Tvtracts from the Discussion Followina the Pcesentation of

Prof. Collares Fereica

Faiman: Does not the unique storage capability of a solar pond place
it in a speciral category viv a vis alternative technojogies ?
You have not emphasized this point.

Gordon: To be more specific, perhaps, in your ecohomic comparison of
the various technologies you appear to ignore the greatly
increased capacity credit for pond-generated electricity
compared with the photovoltaic variety.

Collares Pereira: It is important not to get the storage advantage out
of proportion when one is considering power generation. From
the utility view-point 24 hours of storage is the same as no
storage. Utilities require a few hours of storage in order to
shift the output peak of the salar system. In my cailculations
I have assumed that all of the power produced by both kinds of
system in a day is consumed the same day. In principle I could
have included a modicum of battery storage in the photovoltaic
economics but this would not radically alter the picture. In a
stand-alone system this woul!d clearly not be true for in such
cases several days worth of expensive storage are necessary
for pv systems and here the advantages of a pond are apparent.

Weiner: It is certainly true that a solar pond power plant h-s extra
capacity credit, but are the kWh in your table net or gross?
Conventional power plants usually consume about 5% of the
power produced. I would like to know what the corresponding
parasitic requirements are for solar pond power plants.

Doron: In theory we believe this figure to be about 25-30% (It is
considerably higher at Bet Ha’aravah because not all of the
planned heat exchangers were installed). In electrical figures
one should expect about 20-22 kWh/sq.m/year from solar ponds.

Collares Pereira: For my calculations I used Ormat’s published figure
of 30% for parasitic losses. Thus my discussion represents net
power output.

Roy: Because all of the competing technologies appear to present
the same' order-of-magnitude economics in your table, I would
be interested to hear some more details regarding how you
performed the calculations. I am particularly interested to
learn how your pond experience compares ta the published
results of Ormat.

Collares Pereira: Flrst, the fact that "all" competing technologies
turn out have the same order-of-magnitude economics is not the
whole story. I have deliberately removed from consideration
all solar technologies (shallow solar ponds, flat plates, etc)
which would have orders of magnitude worse economics.
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Secondly, regarding the prices for the various kinds of
technology, I reviewed the literature and adopted values
typical of those one finds used by the experts. 1 have made no
attempt to pass judgment on the degree to which these prices
may be realistic or otherwise.

Thirdly, regarding the physics of each kind of system, I have
correctly taken into account the proper average radiation at
the surfaces of all collector types - including the relevant
thresholds. Regarding the pond calculations, I was delighted
to discover, upon my arrival in Israel, that the estimates I
calculated for the Bet Ha’aravah pond while in Portugal are
extremely similar to the figures presented here at last year’s
workshop by Mr. Doron - in Hebrew and consequently unknown to
me at the time I did my calcutations! [I thank Prof. Zarmi for
subsegquently iranslating those results into English for me.]

As for my own pond experience, the results are not really
comparable. Mine 1S a low temperature pond (for thermal energy
production) and located in an agricultural area. These factors
enhance algae growth and result in a transparency of only 0.26
compared to Ormat’s 0.38.

How do you define utilizability for a pond?

Collares Pereira: I compute the difference between the incoming

Tabor :

radiation and the sum of heat losses and energy drawn. For

purposes of simplification I assumed a constant temperature
difference all year. This would correspond to something like
85 degC - 35 degC in summer and 70 degC - 20 degC in winter.

Notice that for ponds one can ignore threshhold factors. For
unlike a flat-plate collector a pond loses heat all the time
- day and night. So both solar input and heat losses can be
replaced by integrated constant values.
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PHOTOVOLTAIC SYSTEMS
The Matching of System Components
Joseph Appelbaum

Faculty of Engineering, Tel-Aviv University, Tel-Aviv 9978, Israel

INTRODUCTION
The efficiency of conversion of solar energy to useful electric energy by solar
cells is relatively low. An effort should therefore be made to match the many
systems' components in order to utilize the costly solar cells and the available
solar energy. Each component of the system possesses a conversion efficiency;
the over-all efficiency of the system is the product of all the individual
efficiencies of the single components. The final system efficiency, therefore,
may be only a few percent. By increasing the efficiency of each corponent and
matching the components, the system efficiency can be improved. The word "matching"
in this context means also adapting , fitting , or optimizing; and the word
“component" means here not only actual components o; hardware components, but
also parameters or characteristics.

The talk will give an overview of photovoltaic systems (PV), will list the

different system components and the matching of some components, and, finally,

will describe three MW grid-connected Photovoltaic Systems.

PHOTOVOLTAIC POWER GENERATION

The photovoltaic power system can be divided into three categories-
1. Specialized application - discrete power;
2. Village electrification; and

3. Central power stations - a) peak power demand;

b) bulk power generation.
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Another subdivision of these categories may include:

A. Stand-alone systems;

B. Stand-alone systems with grid or diesel generator backup; and

C. Grid interactive systems.

Photovoltaic power systems are most commonly used to-day for specialized
applications in which their relatively high cost can be justified. These
applications are remote, stand-alone power systems serving discrete energy demands:

. Remote microwave repeaters;

Water pumping and irrigation;
Consumer products;
Navigation aids;
Telemetry stations;
Road & track signaling;
Lighting;
Water electrolysis;
Seawater desalination;
Water disinfection; and
Residential homes.
In these applications, PV power systems can be the least expensive due tc long-
distance grid lines or on-site power supply, such as storage batteries or fuel-
burning engine generators. This remote, discrete power market is Timited in size.
A potential larger market, but still economically Justified, is supplying power
to small isolated villages in developing countries. PV power systems can be attract-
ive in such places due to low maintenance and no need of fuel. The
potential market for village power systems is considerably larger than that for
remote discrete power systems.
The next step of PV power applications is by central power stations. These
applications may be divided into near and far terms. The near term application

is using PV power for peak load demand and the far term application is using PV
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power for producing bulk energy,serving a s supplementary power. This is the
largest po%ential market for solar cells.
The utility's approach to PV power generation is:
Utilities senerally decide on the installation of a new generating plant
on the basis of life-cycle cost of 20-30 years; to-day's modules are
predicted to last only 10 years.
Changes in full price could affect the outlook for PV systems either
favorably or unfavorably. l
For PV systems to be able to make a significant contribution of cnergy,
the cost of electricity from such systems must be competitive to other
new generation options.
PV power systems are currently much more expensive than other comparable
utility options. Current prices for PV modules are in the range of $5. to $7/W;
module efficiency 8 - 10%.
Module efficency for utility power generation should exceed 15%, the
levelized cost to be about 15¢/kWh, and a module cost of about $100/m2

{in sunny locations).

SYSTEM COMPONENTS
A PV system may include-actual and other types of component factors:
Climatic conditions;
Solar cell spectral response;
Solar cell efficiency, cost and climate relations;
Energy collection mechanisms;
Land;

PV array deployment;
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Power conditioning;
Storage batteries;
Transformers; and
Loads.
If " denotes the efficiency of a individual component, the over-all system efficiency

is Matal =‘-]T;'i'

Climatic_Conditions

The climatic conditions prevailing at the site of a PV installation is the most
important criterion in a PV system design. The climatic conditions include:

a) Annual solar insolation distribution;

b} Ratio of direct/global insolation;

c) Ratio of diffuse/global insolation;

d) Temperature; and

e) Wind.
The amount of direct and diffuse insolation at the site of the PV installation
dictates whether to design a flat-plate or a concentrating system. A high ratio of
direct/global may favor a coicentrator system whereas a high ratio of diffuse/global
will favor a flat-plate system, Higher temperatures affect adversely the PV
power output, and the wind speed decreases the cell temperature. An example of

mapping the solar radjation {n the U.S. 1s shown in Fig., 1.

The portion of the energy from the total available solar energy that is
converted to electricity by the solar cell as a function of the wave-length defines

the solar cell spectral response, Fig, 2 shows the spectral response for different

solar cells.
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For a PV system to be economically justified, the cell efficiency, cost,
and PV system location are interrelated. Fig. 3 shows the effect of the
required module (or system)efficiency on the model cost for Albuguergue, Miami,
and Boston. In order to achieve the target of 15¢/kWh and for the cost of
$100./m2 for the modules, the module efficiency should be 15%, but the installation
at Miami should have a model efficiency raised to about 21%, and when the
insolation is even lower as in Boston, *he required module efficiency should be

even higher - about 26%.

There are two basic photovoltaic array systems: flat-plate and concentrator
systems. fihe flat-plate system may operate either in 2 stationary or tracking mode.
A concentrator system operates in a tracking mode. A tracking system may be either
one-axis or two axes.

Stationary mode Tne PV array is installed with the desired tilt and
azimuth angles. These angles may be optimal according to the policy of desired
collected energy. The possible optimal angles are:

Yearly optimal angles;
Seasonal optimal angles (e.g. summer, winter) fixed or adjustable; and

Hour of the day optimal angles (e.g., forenoon, afternoon, either for

summer or winter).
The yearly optimal angles result in maximum collected annual energy. The summer,or
winter, on any desired seasonal angle results in maximum collected energy for that
ceason. In both of these cases, the PV array is facing south (in the Northern
Hemisphere) for the optimal azimuth angie. The optimal tilt angle depends on the

season. For the hour of the day installation angles of the array, the optimal tilt
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and azimuth angles are derived frommaximum collected energy for the desired

number of hours during the day.

Tracking__mode Tracking systems may be divided either intoc two-axes or
one-axis. In two-axes systems, the PV array tracks the sun during the day by varying
both the tilt and azimuth angles that are always optimal. 1In the one-axis sytenl,
several possibilities exist; e.g., (a) horizontal axis fixed in the N-S direction with
the PY array rotating 90° 1n the E-W direction;
{b) tilt angle preset (e.g. latitude) and

tracking in the azimuthal {vertical axis) E-W direction.
Land_

The topography of the land and the available land area may have an
effect on the decision about the tracking mode. Two-axes tracking requires more
land area per kilowatt in order to avoid interference and shading. Higher power density

(ki¥owatt/m2) can be achieved for fixed and single tracking flat-rate collectors.

Inverter_

The inverter cost, input voltage (including a voltage window),
efficiency and power rating are interrelated. Fig. 4 shows an example of the selling
price (Dollars/kW) versus the dc input voltage. The optimum input voltage is 2000 V

for the 5 MW inverter.

Two examples of load matching will be mentioned here. One is
a storage battery matching in a stand-alone system, and the other is a matching
between the daily solar insolation peak and the electric peak deman in a grid-
connected system. Fig. 5 shows the load line of a storage battery of 120 V and an
appropriate PV array, including the array maximum power line. In order to judge
the quality of the battery matching to the PV array, a utilization efficiency factor

is defined by the ratie of the battery input power to the maximum array output power
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for different insolation levels. Fig. 6 shows the battery input power P, the maximum

array output power P and the utilization efficiency ng» @s a function of the

max

percent insolicinn-of one sun. The figure shows that a 20 Volt battery matches

well the PV array since the battery line P follows very closely the array Pmax Tine;

the utilization efficiency g is close to 100% for a wide range of insolation levels.

For most utilities and other grid-connected users, the peak demand is in the

afternoon, whereas the peak solar insolation occurs at noon. A matching between

the electric peak demand and the solar insolation may be accomplished by shifting

the azimuth angle of stationary PV arrays west of south in the U.S. A 60° shift

in azimuth (35o latitude) west of south has a corresponding time shift of 1 hour and

40 minutes in summer, and a time shift of hour and 20 minutes in winter. This

is illustrated in Fig. 7 for three periods during the year. This time shift of the peak

power is  associated with a small gain in the total energy collected in the summer, but
with a higher loss of the total energy in the winter. This energy change s shown

in Fig. 8. The tradeoff between the loss in the total energy against the improved

match of the insolation peak to the electrical demandpeak is taken into consideration

in the design of the PV system.

MW GRID CONMN.CTED SYSTEMS

Three megawatt grid connected systems will be described in t9e following pages -
the LUGO substation at Hesperia, California, the SMUD system of Sacramento Municipal
Utility District, and the CARRISA PLAINS PV System. The matching of daily solar
insolation peaks (at the afterngon hours) to the electrical peak demands of the
utilities are shown in Figs. 9, 10 and 11, The conclusicas drawn from the
performance of these systems are:

1. The PV system power output matches well with the demand of summer
peaking utility;
2. The PV system has proven to be a reliable energy producer over the
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period of experience with it;

The PV system has low operation and maintenance expenses,
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LUGO -IMW

(Substation at Hesperia, California)

Nominal Capacity

Design Type

Operation Data

Owner

Utility Interconnection

Land Area

Power Conditioner

Transformer

1O MW DC |
Two-Axis tracking (Elev. Azi)

- Plat-Plate 32x 32 ft-9KW DC

IO8 pedestals, 25m space
Microcomputer Controlled/
Computed sun position

Feb. 1983
Arco Solar, 'Inc.

Southern California
Edison Co (SCE),I12kV

8x0° m?

IOOOKVA Line Commutated
Inverter

or 2*500KVA Self Commutated

inverter .
+ 240V DC/480V, 3~ 60Hz

480V/12kV  A/A  IMVA
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SMUD-I00MW

( Sacramento Municipal Utility District, CA )

Nominal Capacity MW DC
Design Type

Operation Data

Owner.

Utility Interconnection

Cost
Power Conditioning

Interconnection -

12 (PVI)

One-Axis tracking flat-plate
I2 arrays, 816 ft (N-S)

July 1984

Sacramento Monicipal Utility
District '

Sacramento Monicipal Utility
District:

$ 3.2 Million/MW(I982 dollars)

12 MVA, (2 pulse line-commutated
inverter, MPPT,<3% distortion
570-700 operation voltage window

12.5kV distribution network



CARRISA PLANS- I65MW

(SAN LUIS OBISPO COUNTY, CA)
Largest PV central station power plant in the world

Nominal Capacity 844MW DC, 5.7SMWAC
First Stage 3
Design Type Two-axis tracking flat-plate

~with mirror enhancement

- eigh 12:4.8m PV panels

+ 12+4.8m siver glass
reflector plates

-6?"-% CellS /- ET)OUHTEd Qt 60o

total collector surface of each
array 10=llm

reflector increase intensity by
80% results in energy increase
50%.computer controlled

3 subfields

84 trackers/ field
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Operation Data Dec. 1984
Owner . Arco Solar ,inc

-~ Utility Interconnection ~ Pacific Gas and Electric Co.

Land Area 64x10* m?

Power Conditioning £480DC/480VAC, 3~,60Hz
750kW/. Subfield

Transformer 480V/12kV

Step-up Transformer  12kV/IISkV to Transmission
Network



-141-

rig. 1. Average annual solar radiation on a
south facing surface at latitude tilt (kWh/m2-yr)

M. G. Thomas and G.J. Jones, "Grid-Connected PV Systems: How and Where They Fit"
17th Photovoltaic Specialist Conference, pp. 991-996, 1984.
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Central Power Stations", 17th Photovoltaic Specialis Conference,

!

pp. 1246-1251, 1984,



-145-

~

SOLAR CELL GENERATOR CURRENT~ I (A)

14

SOLAR CELL

Fig. 5.

s0k .

i N 3 e Pmax

80%

l \\W

70% — oI\ N

ok —RN\

- B AW

50%

40L — T ‘\
] b

ol — N\

o \

IO%E — \xi \
- \A\\ \\\\

20 40 60 80 100 120 140 160

GENERATOR VOLTAGE -V (V)

Storage Battery Load.

180



1400

1200 /
1000 +—= // 100
3 i /|
% 800 A 80
a ' / 1’6 /
] .
s & 600— N - ~ : 60
T 3 / v
. ¢ d
* 400 I g 40
T' I Priax ’/51
- /‘
200 } . © 20
/ I
d 0
0 20 40 60 80 100

PERCENT INSOLATION -G (%) -

Fig. 6. Storage Battery Utilization Efficiency.

UTILIZATION EFFICIENCY — (%)

(INSOLATION)



-147-

YTy

INSOLATION D45 (Kw $Q M)

CAMD CPM)

Solar insolation, both direct and scattered (D + §),
plotted as a functlon of time during the day, for the three

* periods during the year, summer solstice (SS), winter solstice °
(WS) and equinox (E, the same for spring and autumn) and
for two azimuth angles, 0° and 60° west.

Fig. 7.

"Improving the Match Between the Daily Solar

V.Korsum and A.J. Stranix,
Solar Energy, Vol. 33,

Insolation Peak and E]ectr1ca1 Peak Demand"
No. 2, pp. 171-174, 1984,
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Fig. 8.- The percentage change of the cumulative energy

compared to the total cumulative energy available at 0°

azimuth angle plotted as a function of azimuth angle for the
three periods dunng the year.

V. Korsum and A.J. Stranix, "Improving the Match -Between the Daily

Solar Insolation Peak and Electrical Peak Demand", Solar Energy,
vol. 33, No. 7, pp. 171-174, 1984.
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Figure 9. Septenber 1984 Edison System Average
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NLW. Patapoff Jr., "Two Years of Interconnection Experience with the
1 M4 at LUGO, 18th Photovoltaic Spec1ahst Conference, pp. 860-870, 1985.



~150-

X 1735 MW
0 p——1—r=1—1"1 T 1\1 T T T
SMUD SYSTEM LOAD - 7 HIAN
15001- ON JULY 13, 1984 AN
Lal- LA <IN A
;W:ﬂ_ _ ! // | \ \
1000, < 1000 ©_ AZSMUD SYSTEM LOAD Y
& O JULY 26, 1904 Y
70} 2 L S AR RN
2 ok ) MU e TPUT
s0)- 3 500) ) ou
3 TSMUD VI mmm/' ON JULY 76, 1052
- ON JULY 13, 1954 ] E
0l- A LN
T2 & 6 8 10 1Z & 16 16 20 22 2¢
: TIME, hr

SMUD 2V1AC QUTPYT 10 GRID W

Fig.10:plot of SMUDPV1 Plant Outpul and SMUD System
Load on July 13, 1984 and July 26, 1984

!

Special Evening Session on Photovoltaics, New York 1EEE Winter Meeting,

Feb. 5, 1385.
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Cytracts from the discussion following Prof. Appelbaum s presentation

Roy:

Reddy:

1 believe that the rating of solar power plants by "peak watts"
is misleading. In our poster we show that the delivered power
from the largest PV power stations that have been analysed, in
no cases fulfil expectations based on the peak power ratings. We
have developed what we believe to be a more useful rating index.

A peak-watt rating is not necessarily misleading. In the case
of photovoltaic panels it provides a number that can be used for
what ever calculation purposes one needs. For example, in the
poster of Dr. Gordon and myself we present a relatively simple
method for computing capccity credit given a few simple
parameters - including the peak-watt rating of the PV panels.

Collares Pereira: Misleading or not, a cost per peak-watt rating for

a power plant is confusing. Tracking systems are more expensive
than stationary ones but they provide more energy. A better
comparison would be on a cost per kWh of delivered energy basis.

Faiman: But then we are back to the problem of the val.e of the energy

delivered: i.e. the time of day factor. I was intrigued by the
azimuth effect you talked about. All of the power producing
systems 1 know about are designed to be symmetric about a N-S
line, e.g. fixed south-facing, tracking about a H-S horizontal

axis, polar axis, etc. From the viewpoint of maximum capacity
credit it may turn out that a “not-quite” N-S symmetry would
provide the optimal tracking system in certain locations.



-153-

EXTENDED ABSTRACTS
FROM POSTER SESSION.




-155-
SOLAR RADIATION DISTRIBUTION SENSOR
J. Appelbaum and R. Weiss
Faculty of Engineering, Tel-Aviv University

Ramat-Aviv 69978, Israel

ABSTRACT

A solar radiation distribution sensor containing a plurality of individual,
directional solar radiation detectors {in our case, 24 solar cells), positioned
evenly on a semispherical body-member,was designed to intercept directional solar
radiation emanating from the sky. In addition, the sensor would supply the common
radiation data of the conventional instruments, as well as solar radiation data on
various tilts and azimuthal surface angles. The performance of the sensor was
tested and compared with the measurements of the standard instruments, and a good
agreement was obtained. The sensor may be used by meteorological and research

institutions and also in solar energy engineering applications.

INTRODUCTION

A detailed knowledge of solar irradiance on a non-horizontal surface is required
in a large variety of solar system applications. Direct measurements o7 solar
irradiance on non-horizontal surfaces are, so far, very sparse, and there are
stations that are not equipped with all the different types of instruments needed to
meausre global, diffuse,and direct radiation. Although radiation data on various tiit
and azimuthal surfaces could be accomplished using the existing instruments, such
a station would be very expensive to set up.

This paper describes a solar radiation distribution sensor | 1jthat is not only
capable of supplying the common solar radiation data of the conventional instruments,
but, in addition, can also supply at the same time the solar radiation data on various

tilt and azimuth angles, as well as the solar radiation distribution from the sky and
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from reflected surfaces. The sensor is a static, multipurpose, solar radiation
measuring instrument, and includes a plurality of individual, directional, solar
radiation detectors, oriented radially around a semisphere {or sphere) surface,

and individually shielded so as to simultaneously intercept only directional solar
radiation. A laboratory prototype sensor, Fig. 1, containing 24 solar cells as
detectors has been built, and the computation algorithm for determining the various

solar radiation quantities has been derived.

Fig. 1. Semispherical sensor

ERFORMANCE

The performance characteristics of the sensor were tested for a period of a
few months, which included days of clear and partly cloudy skies, the location being
in the Tel-Aviv area with a latitude of 32° 06'N, and a longitude of 34° 48'E. For
calibration, comparison of results, and performance analysis of the sensor, three
conventional solarimeters were used: EPPLY normal incident pyrheliometer model NIP
mounted on a solar tracker model ST3; KIPP & ZONEN solarimeter type CM-5 for global
radiation measurements; and KIPP & ZONEN solarimeter type CM-8 equipped with an

adjustable shading-ring for diffuse measurements.
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The sensor is capable of supplying the following radiation data:
1. Solar beam radiation Gy and its direction (a.y)b (a - altitude; y - azimuth);
Maximum radiation Gm and its direction (u,y)m emanating from the sky;

Global radiation Gh on a horizontal surface;

sowoo™

Diffuse radiation Gdh on a horizontal surface;

w

Global radiation (g , v.) on any desired tilted - 8, and azimuthal - v, surface;
6. Diffuse radiation Gd(Bs,ys) on any desired tiltad - Bs and azimuthal - Yg surface;
7. 0Directional distribution of radiation from the sky and from the reflected

surfaces Gi(a, y); in the direction of the detectors; and
8. Cloud index, CL = Gdh/Gh,_which is the ratio of diffuse to global radiation on a

horizontal surface; and the sky cloud coverage percentage.

The following two figures describe part of the sensor's performance. The
measured global irradiances on different surfaces on the clear day of March 6, 1985,
at 10:45 solar time, when the sun was at the altitude of 48% and azimuth of 153°,
are shown in Figs. 2 and 3; Fig. 3 also includes the ratio of the global irradiances

on a tilted surface to a horizental surface, Gti]t/Ghorizontal‘
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Fig. 2. Global irradiance on tilted surfaces as a
function of the surface azimuth angle.
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On the Spectral Response of GaAs Photovoltaic Devices

Herzl Aharoni
Department of Electrical and Computer Engineering
Ben-Gurion University of the Negev
Beer-Sheva, Israel

The impornance of obtaining the spectral response is related to both theoretical
and practical purposes. The spectral response can provide information regarding the
short circuit current, and the quantum efficiency of the photovoltaic device as well
as information regarding its other electronic parameters. In this work the
usefulness of the spectral response distribution as a diagnostic tool is demonstrated.
Specifically the spectral response can serve for identifying sources of either
deficiencies or merits of the device structure and its material quality. Once those are
identified the information obtained can be used for enhancing the device
performance in certain desired wavelength regions. ‘Those improvements can then
be achieved, for example, by changing the device structure or material parameters,

by readjusting centain fabrication procedures, to yield the desired -electrooptical

performance,

The parameter selected in this work to demonstrate the above diagnostic
uscfulness of the spectral response in assessing the influence of structural changes
is thé junction depth (xj) of a N*/P-/P* GaAs photovoltaic device. The details of this
device arc given elsewhere.{!)  The junction depth of this type of device is known to
be an important structural parameter, since it significantly affects all the aspects of
device performance. In this case the aim is 10 experimentally demonstrate the
improvements (or the degradation) in the spectral response distribution
characteristics as the junction depth is decreased (or respectively increased).
Specifically the intention is to determine which parts of the device's spectral

response arc dominantly influenced as a function of xj. This can serve notl only
tutorial purposes, but also to identify trends resulting from changes of X in a series

of given expcriments.

Seven GaAs photovoltaic devices were fabricated under the same conditions and
procedures. This was done in order to keep all the structural parameters the same.

The only parameter that was deliberately made different in each device was the
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junction depth, which ranged from 0.075um to 1.45um. This was done by varying the
thickness of the different top N* layers, while keeping the bottom P~ layer at the
same thickness within some tolerance. The structural details of the OM-CVD grown
devices are given elsewhere(1). The family of spectral responses is given in Fig. 1.
Siandard conditions cxisted during the measurements, i.c. the entire light active
surface was illuminatcd by both the light bias and the various wavelengths. Twenty
-one discrcte opticel filters were used in order to cover the range between 0.4um to
0.9um which is adequate for GaAs photovoltaic devices (bandgap 1.43 ev at 300°K).
The light bias used was adjusted so that the resulting D.C. short circuit current

rcached a level which was about the same as the actual short circuit current (Ig.) of
the device under measurement. The values of I, werc experimentally determined

previously using standard test conditions. The irradiation of the device by the
various wavelengths was superimposed on the above light bias by a separate
irradiation source. The device temperature was kept constant at 28°C, in a regular

iaboratory environment.

In Fig. 1 one can observe that distinctly different spectral response (SR) curves

were obtained for each device. Defining the relative change of the spectral response
at cach A as (SR; - SRi+1)/SRi' clearly marked relative changes occurred at almost all A

for most of the devices, as a result of junction depth changes. Specifically,

significant improvement occurred throughout the distribution as the junction

3
for this device type more short circuit current can be obtained with a proper

became shallower.  The above SR dependence on x; demonstrates, for example, that

sclection of junction depth, duc to a better utilization of the solar radiation in this
particular band of wavclengths, The relative changes in the spectral response due to

Xj variations arc diffcrent for short, medium and long wavelengths, and possess

different characteristics in the above A ranges. Significant relative improvements

with X; reduction occurred mainly in the medium A range while smaller relative

changes occurred in the long A range. In this range some overlap in the various SR
cxists. The trend in the short A region in general is of an increasc in seasitivity with

Ly reduction; however this increase seems to be mixed and less systematic than that of

the medium range.

The rcasons for the differences in the above cited A regions arc related to three
main factors, namely surface recombination velocity, bulk

generation/recombination  ratios and  back surface ficld. In general these factors
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exist for all &, but their relative contributions change with Xj- The overall result is

that as X becomes smaller, a shift in the contributions of the optically generated

minority carricrs to the externally collected current takes place. Specifically a
relative increase in the contribution of electrons gencrated at the P~ side over the
holes generated in the N* side is such that the overall collected current increases

with a decrease in x;. This shift is primarily related to the fact that the penetration

dep'h of the light into the device increases with increasing A.

Starting with the short A range, the light penctrates to shallow depths and
hence most of the holes in the N* side are generated close to the front surface.
Thercfore many holes are lost due to the high surface recombination velocity there,
which is especially high in GaAs. This constitutes a significant part of the losses in
this type of device, a fact which explains the low absolute response at the short A

range to all %5 This loss is decreased as X is teduced since fewer holes are generated

(und thercforc lost) in such a case, due to the reduction in the generation volume of
the N* side. At the same time, more short A electrons are now generated at the P side

duc to the incrcased light penetration there at short wavelength as a result of a

reduction in x;. The mixed trend in the relative change in the SR in the shomt A

J

range, as x; is reduced, is related to sensitivity to the nature of the surface. The

surface recombination velocity is affected by many unforeseen factors (such as
spurious effects) occurring in the regular surface treatment processes. In addition
cven. slight unintended occasional variations in the GaAs growth termination process
(OM-CVD) or surface doping concentration, or surface As/Ga ratio, may affect surface
propertics, and cause random changes from one device to another in the shont A
range.

In the medium XA range, all of the three above mentioned factors interact in suchk
a way that the relative changes in the spectral response at these wavelengths is the
highe:t. In this range the bulk cffects which comprise the generation/
recombination ratios at the two sides of the N¥P~ front junction become the most

important ones.  As X is decrcased more medium XA electrons are generated deeper in

the P* side (and fewer holes in the N* side} because of the enhanced penetration of
those wavelengths. This increases the contribution of clectrons from the P~ side to
the collected current. At the same time the contribution of holes from the N* side to

the collected current is also increased despite the fact that the generating volume

there is decrecased as x; is reduced, resulting in an increase in the Lp/("j - x,) ratio.

3
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As X is decreased to values such that (xj - xp) approaches Lp fewer electrons are lost
duc to bulk recombination and hence more of them diffuse to the depletion region
boundary (x) and are swept to thc P° side, contributing to the collected current.
However the relative contribution of the electrons from the P™ side is higher than
that of the holes from the N¥ side, since the ratio of minority carrier generation/bulk
recombination losses there is higher. This is related to the faci that both the mobility
and diffusion lengths of electrons in the ¥~ side are higher than that of holes in the
N7t side. To be precise, the Ln/(wp - xp) ratio in the P~ side is higher tha Lp/(xj -
xph ¥p being thc metallurgical width of the P~ side. This means that more eclectrons
can diffuse from the P~ side 10 cross the junction to be collected, than can holes from
the Nt side. At the same time the reduction in the surface losses in the medium A
range, and the simultaneous increase in the influence of the back surface field for

this wavelength range bcomes increasingly important. As xj is reduced, more

medium A clectrons (and to a lesser extent short A electrons) are generated close to
the P/P¥ back junction. Accordingly more of those electrons are repelled towards
the N*P~ front junction and are collected to produce current. This drastically reduces
back surface recombination losses. The combined ecffects of the relative increase in
bulk generation/recombination ratio of the P° side over that of the N* side, and the
increasing influence of the back surface field, together with the simultaneous

reduction in the front surface recombination losses, are responsible for the large

relative change in the various SR distributions at the medium A range, as X is

rcduced.

In the long A region the trends regarding the effect of the three
above-mentioned factors on the collected current bccome even stronger. This is
manifested by the fact that the various SR curves reach their peak in this
wavelength range. However it is noted that the relative change in the various SR in
this A range is somewhat reduced, as comparcd to the relative changes which exist in
the medium A region. This is because in the long A range the electrons in the P° side
are generated deep in the P° side near the P7/P* back junction. Reduction in X in
such a case, does not cause much change in the number of electrons which are

collecied, although it causes an increase in their absolute numbers. The result is that

as the various SR approach this peak, they possess a somewhat more “crowded" trend
compared with the medium range. Finally the fact that in this A region some of the

distributions cross each other is addressed. This is re ated to unintended variations
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that exis. in the Ln/(wp - xp) ratios from one junction to another. In principle the
fact that all the devices are fabricated using the same deposition conditions and
procedures should yield the same ratios for all of them. In practice, however, random
variations in crystal quality especially near the various P°/P* back junctions exist.

In addition, in the above scriecs the values of wp were not identical but only close

within some tolcrance. Those factors have maximum effect in the long A region since

the influence of the back surface field in this range is maximised.

It can be concluded that an improvement in photovoltaic device performance
should be and, in fact, is pursued, by reducing surface recombination effects, using
an appropriatc passivation, and by increasing electron lifetime in the P side by
producing a better material quality there.  Enhancement of the intermal fields, both

near the front and in the back junctions, are also of importance.

1. A. E. Blakeslce, H. Aharoni, M. W. Wanless, A. Kibbler, K. Emery, C. R. Osterwald:
"Effect of junction depth on the parameters of GaAs shailow homojunction solar
cells.,” Proc. of the 18th IEEE Photovoltaic Conf. Lui. Vegas, Nevada, Oct. 21-25,
1985, pp. 146-150.
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EXTRACT FROM

PRACTICAL _EXPERIENCE WITH SOLAR _PONDS

L.Y. Bronicki
President and Technical Director
Ormat Turbines Ltd
Yavne, Israel

Description of the SMWe SPPP_at Beit Ha'’Arava

The Beit Ha"Arava plant is located close to the original site of the
"Dead Sea Works". It was decided that the pond should be 0.25 sq.km
in area with the option of increasing this to 1 sq.km.

Naturally, upscaling a pond by a factor of 40 would introduce prob-
lems; the decision was therefore taken to increase the size in two
steps, i.e., by a factor of 6.4 to a pond area of 4 ha, and then by a
second factor of 5.25 to a pond area of 21 ha, making the total pond
area 0.25 sq.km.

As a preliminary exercise, four pilot ponds, each with a 400 sq.m bot-
tom and 2.5 m deep, were built to test methods of sealing for leocal
s1te conditions and to investigate heat loss from the bottom. It was
found that the heat loss to the ground was small due to the low therm-—
al conductivity of the ground (0.5 W/m deg. C) and the slow movement
of underground water. Moreover, a new sealing technique, referred to
in detail below, was developed during this pilot exercise.

The construction of a 4 ha pond started in September 1981 and was com-—
pleted the following Jurne when the brine filling process began. This
was completed in August 1982. Ey April 1983%, a temperature of 102=C
was reached and heat was withdrawn to prevent overheating. The con-—
struction of the 21 ha pond was delayed until February 1982 due to
unexpected rain in the Dead Sea area during January through March
which slowed rdawn construction work. Thus, although the pond was
fini1shed by November 1982 and filled by June 1983, the heating process
was delayed by much longer than the lost two months due to the annual
zalar cycle.

The ponds 1n this installation are six to 24 times the size of the Ein
Bolet pond. Thus the extraction of heat by decanting the bottom layer
on  the pond has had to be re-optimized, invalving path flow lengths
very much larger than before. EBut the theory has held uwp and no
seri1ous difficulties have been encountered.



-166-

The same methods for suppression of upper-layer mixing due to wind
were used here as in the Ein Bokek pond, i.e., floating plastic nets,
though the anchoring of these nets has had to be re-optimized, leading
to cable lengths of 700 m for the large pond (B0 m for the Ein Fokek
pond). The upscaling has also required advanced technology for estab-
lishing the density gradient, (first in the 4 ha pond and subsequently
in the 21 ha pond. FRased on the Ein Bokek experience, cooling for the
condenser is obtained from a coocling pond in combined use with the
surface water of the pond.

As ponds are made larger, the cost per unit area is expected to de-—
crease because a major expenditure is on the civil engineering worlk,
mainly on building the walls. This was confirmed in the larger pond,
though an additional factor in reducing costs was the development of a
new, low—cost method for lining such ponds. Lining costs dropped from
$12/5q. m (1982 exchange rate) for the Ein Bokel pond to $6/sq. m for
the new ponds, with a further drop expected in the future.

A 5 MWe power plant has been designed and built by Ormat Turbines Ltd
(Figure 8). The construction started in May 1982 and was completed in
1983. After one-half of the evaporator was installed, a rest at half-
load began and is proceeding sat<sfactorily. In particular, parasitic
energy losses, including brir: and cooling circulation pumps, have
been found to be within the pici.cted range of 20-25%.

The motive fluid used is Freon 114. The single-stage quadruple~flow
turbine is directly coupled to a 3,000 rpm SO-cycle 6,600 V synchron-—
ous generator (Figure 9). The tube-and-shell heat exchangers
(Figure 10) have been optimized using specially developed computer
programmes to minimize the temperature differential and pressure
drops, keeping parasitic pumping losses (brine and water) below 15%.

I %
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Table 1. Principal Design Characteristics of

the Beit Ha Arava FPlant

Erine inlet temperature 85=C
Erine flow rate 10 million litres/hour
Cooling water inlet temperature 27=C
Cooling water flow rate 10 million litres/tour
Turbine inlet temperature 75=C
Turbine inlet pressure 118 FSIA
Condenser temperature J4eC
Vaporizer heat load 243 MBTU/hour
Condenser heat load 224 MBTU/hour
Turbine stage efficiency B83%
Turbine mechanical efficiency Q2%
Generator efficiency Q&%
Gross power plant efficiency 7.12%
Generator output S,070 kW
Farasitic loads
Fluid feed pump 350 kW
Hot brine pump 370 kW
Cooli1ng water pump 320 kW
Various IO kW

Atter operational tests 1n 1984, when the Beit Ha’Arava plant was con-—
nected to the national grid, the SPPP began its first full year of op-
erations in 1985 as a peaking plant., During that year it accumulated
more than 1,000 operating hours. The pond collection efficiency is
righer than that of the Ein Bokek pond. From Table 1 and 2 summarize
tre performance of the two ponds from May 1985 to August 1985, and

chow that measured efficiencies approach 22% at 87=C.
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Table 3. Costs and Other Economic Factors

(Beit Ha’Arava Plant)

Solar pond cost $12/sq.m (19832)
$ B/sq.m (1985)
$ 7/sg.m (19897

Fower system cost 1983: $1,200/kW installed
1987: $ 9Q00/kW installed
1990 on: $ S00/kw Installed

Fond water requirements 3 million cubic metres per year per
square km, at & cent/cu.m for the
1980s; 2.5 million cu.m/year sqQ.km at
3 cent/cu.m for the 19%0s.

Forced Outage Rate (FOR) Based on cumulative experience in
operating experimental SPPF, on com- '
parative figures for conventional power ;
stations (Edison Electric Institute),

and on analysis of performance and
availability of condensers, heat ex-
ctiangers, and pumps of IEC power-—
generating stations alang the Mediter-—
ranean coast and the Red Sea, as well

as Dead Sea Works pumping installations

a common figure of FOR = 2% has been
chiosen for all sizes of SFFF.

Flanned Maintenance Days Based on the above, an average figure
’ of 2B days per year has been chasen.

System Flant Faztor Based on the above, a figure of B2% is
used.

Annual lnterest Rate 6%

Life 20 years

Capital Recovery Factor 7.26%

Fixed Charge Rate 7.86% (including 0Q.&% insurance)




-169-

Conclusions _on SPFP

The Ein Bokek pond has illustrated that a well-built and well-managed
solar pond can function successfully for many years (1978 to 1985. The
Beit Ha'Arava ponds have illustrated that a SFPF can be built and pro-
perly maintained and operated. Economic feasibility depends upon lo-
cal conditions, in particular the cost of alternative energy supplies
1n the area, as the cost of electricity produced varies between US
$0.16/kWh for a first~generation peaking SPFFP to US $0.07 for a third-

generation base load plant.

The solar pond power plants can be coupled into a grid system, and
their value is enhanced by their utilization as peaking installations.
However, solar ponds can also be used as stand—alone plants (of part-
icular interest in areas remote from a grid) primarily because of the
built-in storage capability as 1illustrated in the Ein FBRokek

installation.



Y 2

-171-
ASCU B87-10
ethod r to I o1 ion in
te e ns
by

D. Faiman, A. Zemel and A. Zangvil

Jacob Blaustein Instltute for Desert Research
Ben Gurion Unlversity of the Negev
Sede Boger Campus, 84993, Israel

Abstract
A method is proposed for measuring the beam and diffuse components

of soilar radiation via the use of a set of fixed pyranometers tilted
in various orientations. A detailed error analysis was performed for
the two cases of 3 and 4 pyranometers and it was shown how
orientations may be found such that the resultant errors on the
derived beam and diffuse components may be expected to be of
comparable magnitude to the errors associated with the pyranometers
themselves. Attention was drawn to the fact that certain anisotropic
models for the diffuse component may be recast - via the defjnition of
"effective" beam and diffuse components - in such a manner that they
take on the mathematical simplicity of an isotropic model.

nisotro of the dif e _component

The idea that simultaneous readings of a multipyranometer (MP)
system can be used to disentangle the various components of solar
radiation on inclined surfaces has already found some interesting
applications. In fact, the information obtained from a fixed MP system
[1,2) or from & rotating MP system with fewer sensors (3] has been
used to deduce the angular distribution of the diffuse component,

Since the present circumstances entail long-term monitoring in remote
regions 1t is desirable to restrict one’s attention to the simplest
of possible configurations: a small number of pyranometers and no

moving parts. Moreover, here, the emphasis is not on obtaining angular
distribution data but, rather, to derive reliable values for the beam
and diffuse components of the solar radiation. 0f course, some
simplifying assumptions concerning the angular distribution will
accecrdingly have to be made; the most convenient of which being to
assume 1sotropy for the diffuse radiation. However, numercus studies
{2-4] have shown that such an assumption Is often too crude, leading
to considerable errors in the predictlon of global irradiance on
inclined surfaces. Indeed, Hay and Mckay [4] have recently reviewed
various attempts to Include anisotropic effects In the calculated
irradiances. Out of the large number of proposed prescriptions. the
anisotropic models of Hay (4,61 and Perez [5] were found to provide a
relatively accurate account of data measured over a wide range of
orientations and tjilt angles. As is shown in ref. (7], a particularly
attractive feature of Hay’s anisotropic model is that it can be
considered as an effective "l|sotropic' model. This means that with a
proper modification of the terms "beam" and "diffuse" components, a
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simple formulation {n terms of an isotropic model can be used, without
the loss of accuracy which [s usually associated with thls kind of
assumption. Moreover, Hay’s anisotropic model establishes simple
relationships between the ccnventional values of the beam and diffuse
components and their effective values. Consequently, one can easily
transform from one set to the other and compare, thereby, the results
with direct measurements. These properties make Hay’s mode |
particularly convenlent for our application.

The new procedure meets obvious difficulties when the sky is
partly cloudy. In such circumstances the angular distribution of the
radiation can be hlghly anisotropic, changing rapidly as the cloud
patterns move with the winds. One notes, however, that under such
conditions the evaluation of Irradiance on inclined surfaces
encounters the same difficulties, even if the beam and diffuse
components are measured by conventional means, since the same
assumptlions concerning the angular distrlbution are required.

Ihe Method

The extraction of what may be termed the "effective" (as opposed
to the true) beam and diffuse components from pyranometer measurements
taken on a set of fixed, tilted surfaces is based on an appropriately
defined isotropic model. In this model, the irradiance on each surfece
is a linear combination of the effective beam and diffuse components
with coefficients depending on solar geometry, surface orientation and
albedo. These equations may be readily inverted to vield the radiation
components from the irradiances measured by each of the pyranometers.
To reduce the sensitivity to measurement errors, more than two
pyranometers should be used. The problem becomes over-determined, and
the method of linear Least Squares can be invoked to obtain the most
probable values. The same method also provides estimates of the
statistical variance of the derived components as a function of the
intrinsic measurement ercors associated with the individual
pyranometers. The formal derivation ls given ref. (7].

The resulting covariance matrix depends on the MP geometry and,
for certain solar orientations, may become singular. Therefore,
specilal care must - be taken when determining the number and
orientations of the pyranometers. Strictly speaking, the concept of an
optimum geometry Is not well-defined since the error matrix changes
rapidly with the sun’s poslition. However, a reasonable approach would
be to eliminate the singular and nearly-singular geometries, reduc:ng
thereby the associated sensitivity to measurement errors. When
applying this kind of strategy, one calculates the variance matrix
during tne course of a few typical days which represent the solar
traje~"ories Iin the various seasons, Identifying the singular

geo eg, it is a simple matter to modify the instrcument
ori. ons so as to eliminate these singularities. For a small
num' pyranometers the process may be carried out by trial and
errc in practice one can find a non-singular configuration

after .., few tries.
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Having thus found the optimum orientations for any given number
of pyranometers, the next step 1Is to complement the geometrical
consideratlons by actual measured beam and diffuse data (obtained by
conventional methods). These data are used in order to simulate the
(half-hourly, say) Insolation that would be observed by each of the
fixed pyranometers. Assuming a certain measurement error Ilntrinsic to
each of the latter instruments one computes the compound error that
would be introduced by reconstructing beam and diffuse components from
the several pyranometer readings. On the basis of these errors one may
Judge whether the performance of the system Is sufficiently accurate
or whether the number of the lnstruments must be increased.

At this stage one may vary the assumed albedo in order to study
the sensitively of the results to this effect. It may then be deemed
desirable to modify the previously obtajned optimum configuration in
order to minimize the over-all sensitively to albedo. In practice it
will often be possible to artificially fix the local alibedo at the
site of the detection instruments in order to minimize the uncertainty
in the final measurements. In places where variations in the ailbedo
are expected to be large (e.g. due to snow?)», one may 1limit these
variations using an artificial horizon. Alternatively, the albedo can
be determined from the data themselves.

Detailed numerical studies [71] show that a three pyranometer
setup cannot provide sufficient accuracy if the setup has a fixed
orientation for the whole year. However, with four fixed pyranometers
it is possible to reconstruct beam and diffuse components with a
degree of precision comparable to that obtainable fron a single
instrument. This should overcome the impracticality of using standard
tracking 1nstruments in locatlions where their regular adjustment is
not feasible.
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Hnil houtly nverages (in Wisq. m) of insolation
observed at Sede Boqer for Jan. 15, 1983 (measured using
conventional instrumentatton) and expecied standard errors
{or 1he four-pyranometer condigiration {assuming

475 pyranometer ervar lar each instrument}

Half houdy averages tin ‘Wisq m) of insolatien
chserved al Scde Boqer for July 15, 1983 {raeasured using
conventional instrumentation) aud cxpected standard ervors
for the {our-pyranomeler conliguration {assuming
5% pyraometer eryor for cach ins.rumenn)

Beam Diffusc

1 2 3 4 5
Salar Olserved Erpected Observed Expecied
time value ervor value error
TS 38 us 1.8 043
7:45 169.3 8.8 743 24
815 19 43 9.6 3.0
8:45 292.5 1).6 06,5 35
9:15 494.1 19.3 124.2 4.4
9:45 0.2 2013 [RER 6.1
19:15 459.6 199 1930 6.6
1345 i46.5 17.6 140.0 10.1
11:43 13 15.4 LIRS 9.9
11:45 3.2 19.5 N7 120
12:13 230.2 2.3 347 0.9
12:43 340.0 k28] 197.2 78
13:15 661.6 4.7 174.1 71
13:43 3315 06 185.1 98
ja:1s 286.1 1.0 28527 1.9
(4:45 6214 2l 152.4 58
15:13 €5.1 9.3 179.5 56
15:43 53.9 7.4 134.7 43
16:15 Bu.2 5.8 623 2
16:45 2.2 [ 71 0.9

Beam Ditluse
! 2 3 4

Solac Quserved Expécied Quserved Expected
time value enur value ertor
5s 25.9 ] 14,5 45
548 168.2 75 48 | 1.6
6:13 2)48 1.8 923 34
645 /4.7 135 L] 17
715 W2 4.8 1769 63
7.45 2458 16.0 181 8 66
813 626.) 0.7 184.2 1.6
8:45 666.) 3.6 192.7 83
9:15 7282 4.7 176.2 85
9:45 a12.1 264 1353 73
10:15 806 249 1163 78
10:4% Bal.y 118 136.6 8.0
11:15 836.3 235 133.6 LN
1{:45 864 2 - 1.4 1337 B2
12:18 857.3 3.4 1354 B2
1148 878 23.5 133.2 8.1
13:18 §49.0 3.8 135.6 3.1
1345 §32.7 2.9 1319 76
145 7869 289 1 7¢
14:45 712 57 1266 Hu
1515 1335 152 138} 3}
1545 700.2 234 1R Sa
16:15 6704 234 916 46
643 6431 My m iy
[rs SR7.1 HN 13 h
17 45 48 8 16.7 I Ty
18.15 019 4 p ) Ly

18:45 4.4 1.6 %y Ul
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PEOTOELECTROCHEMICAL CELLS: UP TO_200% MORE ENERGY VIA OPTICAL BCOSTING

J.M. Gordon, Applied Solar Calculations Unit
Biaustein Institute for Desert Research
Ben~Gurion Univers:ity of the Negev, Sede Boger Campus, Israel 84993

BBSTRACT

We propose a method for increasing the yearly electrical energy
output of certain kinds of photoelectrochemical cells by close to 200%, per
rhotoelectrode area, without the need for expensive tracking systems or
sensitive focussing concentrators. The method is optical boosting with
tctally stationary, inexpensive, low-concentration, nonimaging collectors.
The best suited class of photoelectrochemical! cells has a photoelectrode that
is optically active on both of its sides, as well as an efficiency and
stability that increase with temperature under typical operating conditions.

In this presentation we: (1) propose optical boosting for
photoelectrochemical cells (PEC’s) via staticnary, nonimaging concentrators:
(2) note the suitability of different kinds of PEC’s to low-conceniration
coilectors: and (3) estimate the achievable gains in yearly electrical energy
output. The nonimaging concentrators consicerec here reauire neither
expensive tracking systems nor sensitive focussing optics. Hence their
expense shculc be very small compared to that of the PEC itself.

Why use optical concentraticn at all for PEC’s? On the cne hand,
PEC's appear to experience serious operational ana stability proplems at
soiar flux levels ccrresponding to ccncentation ratios of about 3 and higher
[1.3.4]. In acdition, for many PEC’s, cell efficiency agecreases w!ith
increasing temperature [1,5,6). Accoraingiy, concentrators for PEC’s have
ceen given limited congideration {4].

On the othe: hand. there 1s the e.onomic advantage that concentration
saves aon expensive apsorber per collector aperture area. Furthermore, cne
cin in principle cdouble the electr:cal output specifically for PEC’s whose
prnctcelectroce can readily be coatea on poth sices for optical activity.
Totaily stationary nonimaging concentrators also correspong to gecmeiric
concentration ratios {(ratio of aperture to acscrber area) in the range of 1
to 2, which., in terms . s-ability, 1s not problematic for most PEC' s.
Furthermere, the efiici .-, ino stability of certain PEC’'s jncrease with
increasing cell temoerat.uce for temperatures characteristic of actual
coerating conaitions [i.'2-17., which implies energetic ana chemical
stap:lity incentives tur low-concentration optical boosters.

2. QPTICAL CCNCENTRATION

For stat:ionary, low-concentraticn solar collectors, "iceal",
ncnimaging concentraters cof fer the optically and energetically optimal
alternative [7,8). Th:is class of concentrators achieves maximal
concentration for a stationary collector of fixed acceptance angle [7,8].
furtrecmcre, nonimaging concentrators are relat|veiy “tolerant’ to small
precuction and orientation ecrors since they are nct based on focussing
cptics. Concentrator troughs can be mace at very moges* exp~~7e, ano
low-cest achesive reflector films with specular reflectivity of arouna 87%
anc h:cher are now ccmmerc:aliy avallable.
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Figs. 1-4 present two-dimensional concentrator cross sections for 4
different receiver geometr:es that are appropriate for totally stationary
PEC‘s and for year-round energy collection. All PEC’s considered here are
well sealed, with illuminated faces made of transparent materials such as
glasg or Plexiglas. The collector aperture should be glazed primarily to
minimize reflector degradation and possibly, secondarily, to [educe heat
losses to ambient specifically for those PEC’s with improved e:ficlency at
higher temperatures. The concentrator module can also be insulated in order
to minimize heat losses (when beneficial) at reasonable expense. To maximize
optical gains, the photoelectrode can either be deposited on, or placed very
close ana parallel to, the inner side of the PEC’s illuminated surface. The
countereiectrode, whose position can vary markedly within the cell [2,5], is
placed so as ensure minimal optical losses.

Figs. 1-2 depict the nonimaging concentrators appropriate fer
monofacial absorbers. In Fig. 1, only surface CD of the PEC is illuminated,
and the absorber area is equal to CD. 1In Fig. 2, the PEC has a triangular
cross section. Two photoelectrodes are used, each parallel to, or deposited
on, CD and DE. The motivation for a concentrator of thig type is that it can
minimize reflector area for a given geometric concentration ratio [{9]. Figs.
3 and 4 pertain to bifacial absorbers in which the refiector configurations
ensure illumination of all PEC faces. The concentratr of Fig. 3 offers a
small advantage in optical gaing compared to the concentrator of Fig. 4,
whereas jt requires a deeper concentrator trough and hence js less compact
(i0].

For maximum economy, one photoelectrode only (of area CD in Fig. 3 or
DE in Fig. 4) could be used. For economic, thermal and optical advantages,
the PEC should be as thin as possible. For cases where coating both sides of
the photoelectrode substrate is feasible, this economical, "one bifacial
photoelectrode" configuration would double the active photoelectrode area
compared to the concentrators of Figs. 1-2. All the concentrators considerea
here will also have relatjvely low heat lecss compared to conventional
nonconcentrating PEC’s [111.

3. ESTIMATION OF YEARLY ENERGY DELIVERY
The following calculation should be viewed as a specific,

illustrative example only. The optical elements of our calculation are
delineatea in Refs. 10 and 18. For specificity, we consider the following
system angd site oetails:

1) Site: Bet Dagan, Israel; latitude = 32 deg N.

2> PEC 1s always operated at its maximum power point, and all
electricity preduced is utilized.

3> Totally stationary collectors at tilt = latitude and zero azimuth.

4> PEC effic:ency (M) temperature coefficient (at maximum power point)
constant at (1/% (a7 /dl) = 0.0! (1/K}, (a typical value based on
experimental findings of [5,12-17)). A positive temperature coefficient 1s
selected in order to illustrate the maximal advantage of low-concentration
collectors.

5> In the case of bifacial photoelectrodes (Figs. 3-4), we neglect
losses associated with any small voltage mismatch which results from the fact
that both sides of the photoelectrode are not iliuminated identically,

6) Flat plate (nonconcentrating) PEC is insulated on back and sices.

7> Nonimaging concentrator PEC (as in Figs. 1-4) with nominal geometric
concentration ratio 1.5, insulated on back and sices. In the case of Figs.
3-4, for econcmy, We consider a PEC with one bifacial photoelectrode only of
area CD (Fig. 3) or DE (Fig. 4). If we now define the concentration ratio of
this cevice as aperture area divided by photoelectroge area, then this
concentration ratio will be slightly less than 3.
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8) Opt:cal efficiencies at normal 'ncidgence: 0.7 for flat plate
collector and 0.58 for concentrator (reflector reflectivity of 0.87 has been
assumed) .

9) Heat loss coefficient (for passive cooling) of 12 W/(K-m"2) for flat
plate PEC and 5 W/(K-m"2 of aperture) for PEC concentrator (baged on
experimental observations of [5) and calculational procedures of [11]),

We then find the following values for the ratio of yearly electrical
energy delivery, Q, of the PEC concentrator to the flat plate PEC:

Q(PEC cencentrator)/Q(fiat piate PEC)
=0.94 pe 2erture area

= 1.4 pe. anonofacial photoelectrode area for the concentrators of
Figs. 1-2

= 2.8 per bifacial photoelectrode area for the concentrators of
Figs. 3-4.

Even on a "per aperture area" basis, the flat plate and concentrator
configurations yvield roughly the same vearly energy delivery. Since the key
cost compenent of the PEC concentrator will be the PEC itself, in particular
the semiconductor photoelectrode, it is probably more meaningful to compare
the two devices on a “per photoelectrode area" basis, which indicates a
roughly 40% acdvantage to the monofacial concentraters of Figs. 1-2, and a
roughly 180% advantage to the bifacial concentrators of Figs. 3-4.
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€ Fig. 1

Figqure 1: Tuo-dimensional cross section of ideal (CPC), stationary,
nonimaging concentrator appropriate for one-sided absorber. Aperture AB.
Absorper CD (upper, transparent side of PEC}., PEC is CDEF. Photoelectrode
is on or parallel to CD. Geometric concentration ratio, AB/CD = 1.5.

> £ Figo. 2

Figure 2: As in Fig. 1 for wedge-shaped absorber CDE.
with 2 pnotoetectrodes on or paralle! to CD and DE.
ratio, AB-(CD + DE) = 1.5.

PEC is triangle CDE,
Gecmetric concentration

Ficure 3:

"Bifacral" PEC abscrber CDEF with geometric concentration ratio
AB/(CD + DE + EF + FC)» = 1.5. CD/DE = 5.

As i1n Fig. 3, with CO/DE = 0.2. Geemetric conceatration rdtig =
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GENERALIZED CAPACITY FACTORS FOR GRID-INTERTIE SOLAR PHOTOVOLTAIC SYSTEMS

J.M. Gorcon and T.A. Reway. Applied Solar Calculations Unit
Blaustein Institute for Desert Research
Ben-Gur:on University of the Negev, Sece Boger Campus 84993. Israel

Apstrace

wWe present a simple calculationai and graphical proceaure for
girect cetermination of the annual capacity factor of no-storage
cr.d-intertie onotovoltaic systems. Our results pertain to the principal
sciar coilector types ana to s wide range of climates. Qur procecure
enaties a gesigner to make accurate preliminary assessments conceratng
suittapility of potential sites and solar collector types by simpiy reaaing
points off the grapns presented herein.

1. Intreduction
We consiqger the problem of the preliminary sizing 'nd energy
ceiivery preaiction for central no-storage utility-interti. photovoltaic
(PV) systems. The designer typically requires an accurate estimate of the
yearly average system output or, equivalently, the "capacity facter®, CF,
cefinec as:

CF = 24 hrscay average_system pcwer output . (1
Maximum power rating of system

Accurate calculation of capacity factor is important not cnly
because of the obvious value of the PV system as a fuel saver, but also
cecsiuse of the pctential "capacity credit" of the PV system. By “capac
crea:t" we refer to the airsplacement of conventional generating capacity
at fixed reliabjlity level, as a consequence of installation of the PV
system [1J.

One probiem that arises 1s the ambigu.ty of the maximum sys:em
power rating. Typically, one stipulates the incident solar radiat:on,
coiar ceil temperature or ampient temperature, ancd winc soeec 3t "standa
cona.ti:ons”, and then measures system output at maximum pcwer o0int.
Fe.ever, aifferent laboratories employ different "stanoarz conditicn-
Furthermore, the PV arrays may rarely experience condit: .s close t-
"standard ccnd:ticns®. parttculariy since standard conditions often
curresponc 1o 2 seiar radiation of 1 KW/m™2 and a solar ceil temperature
o 28 gdeqg C. VWe will derive “"translation equations” that can conver
measurements uncer any reasonabie test condxtxons into yearly aver:cr
performance or CF.

A second proclem s that CF values are usually obtained via
jarge-scale, time and money intensive cc.puter simulations which reauire
extensive climatic data bases. An accurate but short-hana method for
estimatinag CF 1s hence a key objective.

2. Procedure

We first cerive an expression for a PV’s energy output that
cec-nas on climatic variables ana readily measirable solar cell
craracteristics only. This expressicn pertatns to the PV array oniy. &
assLme that losses due to power cond:tioning will be accounted for
ceparately based on equipment specifications, and that £V‘s are operatec
&t maximum power point.

PV efficiency can be expressed in two equivalent forms. Ore foc-
notes the empirical and verified opservation that PV effxcnency.'Q .
cecreases 'inearly with cell temperature T,

U sl
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A TLR[-L‘I-‘}(TC__'_R)J (2

where M o and Ty are the efficiency and PV tempecature under reference or
test conaitions, respectively, and B 15 the PV temperature coefficient.

The other form simply states that all abscroe~ solar radiation
that 1S not converted into electricity 1s dissipated o heat:

™ = M (v ] (Te - T ) (3

where Yln 1S array opticai efficiency: UCv) is the linearized array heat
loss coefficient as a function of wind speed v; [ is the incident
insolation inciuding incidence angie modifier losses: and Tq is amoient
temperature. All tests are conducted at normally incident solar
radiation. Eliminating cell temerature, T., from egs (2>-(3), we obtain:

M= Mg -arTg -0a3 1] D

with al =1 +BTg i a2 =P and a3 = B (M5- Ne VUKW,
The instantaneous PV power output per unit area, P, is then:

Pz Me[(ot-a2T)I ~a3 1727 . (s

We then average eq (5) over all hours of the year and take advantage of a
ccmoination of the facts that solar radiation is weakly correlated to both
amptent temperature and wind speea, and that the terms in which th
cross-correiations occur are smali, to obtain for the yearly avera ewer
output, <P>:

P> = Mp <Dt Cal ~ a2 <Tp») -~ a3 <I"2>/<D> ) (6

where <Tq> 1s the yearly average daytime ampient temperature, <I> I5 the
yearly average coilectible energy, and a3 is evaluated at the yearly
average daytime wind speed. If the PV array is tested at “standard
conditions" of solar radiation In,,, ambient temperature T and wind
speed v* , the CF relative to those test conditions is:

<Iy[ad ~a2<Ta? - a3 %]

Cr = (Pl

Tma [ad =22 T} —a3(v*) TF,.]

wvhere X = <[*2>/<I>. Thus the proolem of predicting CF accurately is
recduced to the calculation of two factors: (1) yearly average collectible
energy <I>: ana (2> a "correction factor" which depends only on r- dily
measurable (or manufacturer provided) PV parameters and the radiation
statistic X. Note that eg (7) permits evaluation of CF incependent of tk-
arpitrary choice of "standard conditions". Exemplary calculations using
eq (7) with actual climatic data and PV array parameters show that the
contribution of the "X" term can be far from negligible, in extreme cases
reaching 20-30% of CF. We therefore treat this contribution in deta:!
below.

3. Generalizeqg Radjation Statistics and Results

Fig. 1 presents <I>, as a 24-hr/day average, for the principal
solar collector types, as a function of yearly average clearness index
(rati1o of horizontal global to horizontal extraterrestrial radiation),
<K>, and latitude. These figures are based on the empicical corre.ations
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O

SCLHET stattons.
Z presents cur caiculation of X = <I'2>/<I> for the same
1. th s calculation being based on the observation of (3]
s simp.v proporticonal to the area under the plot of
ur..‘zaol.t, vs. raciation threshoid. The utilizability curves of {2]
r4ive teen used 1n these calculations.

Hence bv combining measured or manufacturer-supplied PV parameters
with po,nts that can be read off the graphs of Figs. 1-2, the designer can
caiculate accurately the CF for a proposed PV system in a specific
locatian. ’

n o0 oturn are basec on typical meteoro.ogical year gata for

4. Partial Valicaticn and Conclusions

We compare our predictions with the gxperimental resuits of the
3-year PV monitoring program of PG3E on 26 flat plate and concentrating PV
mccules [4]. FapaCJty factors are expressed relative to “standard
conaitions" of T"‘ax =1 KW/m"2 for flat plates and 0.85 KW/m"2 for
concentrators: TS = 20 deg C; and v* = 1.8 m/s. The test site had
approximately <Tq > = 16.7 deg C and <K> = 0.61. A comparison of our
predicted values with experimentally measured values is presented in Table
t. wh:ch shows satisfactory agreement. The systematic overprediction of
S% 1n CF for concentrators, while being weil within experimental
uncertainty, could be cue to small tracking errcrs and/or aust
accumulaticn, or errors in the empirical correlations used in our method.

Two sets of simple but powerful graphs based on yearly average
raciation statistics provide accurate and extremely rapid estimates of CF
values for the principal PV collector types over a wide range of climates.
Our results can handle any arpitrary stanaard test conditions, and can
serve as a valuacle tool in the sizing anc optimization of
utility-intertie PV systems.
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apte 11t Partial Validaticn of Sumple Calculationa! Prccedure

Collr tor PV Mcdule Annual Capacity Factor Annual Capacity Factor
Type Manufacturer (Experimental) (Precictea)

Solarex 0.235 0.228
F. . Mobii Solar 0.236 0.237
P ARCO Solar 0.237 0.233
: es Snlavolt 0.236 0.237

Weet)1nghouse 0.236 0.239

Apcl.ec Sciar 0.236 0.238
Cerncen- Entech (40 X 0.278 0.29!
trators Inte:sol (100 X3 0.28! 0.292

Vacian ¢10C0 X) 0.279 0.288
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A Manufacturing Process for GaAs/GaAlAs

Solar Cells Using Continuous LPE Growth

by
S.Hava
Department of Electrical and Computer Engineering
Ben-Gurion University of the Negev, Beer-Sheva, lsras

GaAs solar cells are attraclive for use in space applications because of their
advantages, when compared with Si, of increased energy conversion efficiency, higher
operating temperature, and an increased radiation tolerance. The main imitation to the use
ol GaAs is the high cost

The process suggested hiere will have the advantages of a fne manufacturing process,
wmproved productivity, higher crystal growth rates, and improved qualty. The manu!aduﬁrﬁ
process is based on a continuous liquid phase epitaxial (LPE) growth, which permils the
grovah of lour separale epitaxil layers. For that purpose, instead of using the conventional
honzontal fumace with siiding boats, the néw systern wil use a vertical fumace wih a rotary
auchle. A diagrammatic representation of the vertical fumace is given in Figure 1. The
components o the rotary graphite aucble are shown in Figure 2.

The basic princple of LPE method using the rotary {(mutthole) graphite crucile is ta
ransler a sequence of GaAlAs solutions with appropriate doping onto the slice while he
temperature is gradually lowered within the range 870 to 820°C.

The acvaniages of the proposed method over the sliding boat are:
a) The abilty to grow up to 25 substrates in one run cyde.
b} Improved quality of the grown layer. This can be obtained by mounting

Gay Al As substrates on the four walls of the crucible holes.
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SOLAR BEAM RADIATION AVAILABLE FOR CONCENTRATING SOLAR
COLLECTORS IN THE BEER SHEYA REGION

A. I. Kudish A. lenetz
Solar Energy Laboratory Israel Meteorlogical Service
Department of Chemical Engineering  Research and Development Division
Ben-Gurion University of the Negev POB. 25
Beer Sheva 641035, I1SRAEL Bet-Dagan, ISRAEL

INTRODUCT ION

In March 1983 the Solar Energy Laborstory's meteorlogical station at
the Ben-Gurion University of the Negev (1at.=31°15'N, long.=34°48'E,
elevation=315 m) began measuring normel incidence soler or beam
radiation by means of an Eppley Pyrheliometer connected to an Eppley
Electrenic Integrator Model 413-6140 (which includes a Digitec 6140
digite! recorder). Cumulative radiation velues are printed on en hourly
basis. At the present, there are insufficient date available to determine
monthly deily or hourly average velues. Nevertheless, we have
accumulated sufficient dete to determine average seasonal deily velues
for normal incidence solar radiation in the Beer Sheve region.

DEFINITION OF SEASONS

( DWinter: Dec.-Jan.-Feb. {6 months of data}
{2)Spring: Mer.-Apr.-May (8 months of date)
(3)Summer: June-July-Aug. (6 months of deta)
(4)Autumn: Sept.-Oct.-Nov.(7 months of dela}

TYPES OF CONCENTRATING SOLAR COLLECTORS

The equations cited ere those used to convert NIP velues to velues
corresponding to the various concentrating collectors.

NIP: Two axis tracking (seasonal overage of measured dota).

HEWSD: Horizontal east-west axis with single daily edjustment so thet
its surface-normal coincides with the solar beem at noon.
cos(B)=sin2(8)+cos2(8)cos(w)

HEWCA: Horizontal! east-west axis wilh continuous adjustment to
minimize the angle of incidence.
cos(8)=(1-cos2(5 Jsin(w))®>
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HNSCA: Horizontal north-south axis with conlinuous edjustment to
minimize the angle of incidence.
cn:ns(B):{[sin(tb)sin(8)+(:0s(ap)cos(s)cos(m)]z*rcosz(éi)sinz(w)}c"5

NSPCA: North-south axis perallel to the earth's axis with continuous
adjustment.
cos(8)=cos(8)

NOTE: All radiation values are in W/m?Z.

NOMENCLATURE

8 angle of incidence
§ angle of declination
¢ sitelatitude

w hour angle
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AVERAGE WINTER BEAM RADIATION COLLECTED BY TRACKING
CONCENTRATOR FOR BEER SHEVA (LAT =31°15")

HOUR OMEGA  NIP HEWSD  HEWCA HNSCA NSPCA
65 -62.5 26 6.37 9595 2412 242
75 -673 238 11041 121.07 20678 22179
8.5 -925 440 29051 29628 350.53 410.03
95 =375 947 448.84 45046 39401 509.74

105 -225 577 538.66 539.06 377.18 537.70

115 =75 549 94492 54492 33700 511.60

12.5 75 536 53202 53202 329.02 49949

13.5 225 516 48169 46207 33731 48085

145 375 441 361.86 363.17 31765 41096

195 325 349 23043 23500 27604 32523

16.5 67.5 167 7747 6495 14509 155.62

17.5 8§25 15 3.67 5.74 1392 1398

DAILY TOTAL 4401 362729 366470 317065 410122

WINTER DEC -JAN.-FEB (n=15)
§=23.45*SIN(360*(264+n), 360)
S(WINTER)z -21.269

AVERAGE SPRING BEAM RADIATION COLLECTED BY TRACKING
CONCENTRATOR FOR BEER SHEVA (LAT.=31°15")

HOUR OMEGA  NIP HEWSD HEWCA HNSCA NSPCA
65 -62.5 152 2338 3164 15159 14985
75 -675 334 13333 13742 33348 32950
65 -525 434 268.75 270.14 42755 428.15
95 =375 500 399.44 39979 48196 49326

10.5 -225 551 510.i8 51022 51956 54358

115 -75 351 546.41 54641 51243 543.58

12.5 75 536 53154 53154 49648 52878

135 225 527 46796 486000 49693 519.90

145 375 486 366.26 386.60 46647 479.45

13.5 325 427 26441 265768 42066 42125

16.5 675 303 12096 12467 30252 29892

17.5 625 133 2045 2769 13264 13121

DAILY TOTAL 4934 369507 372191 4746.27 4567.54

w
o

RING: MAR.-APR.-MAY(nz {05)
6=23.45*SIN(360*{284+n)/360)
PRING)= 9.415

O> O
g1l
w
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AVERAGE SUMMER BEAH RADIATION COLLECTED BY TRACKING
CONCENTRATOR FOR BEER SHEVA (LAT.=31°!5)

HOUR OMEGA  NIP HEWSD HEWCA HNSCA NSPCA
6.5 -625 250 61.87 96.59 24202 23258
7.5 -675 463 21563 23666 459.14 43073
8.5 -525 61S 40676 41496 61488 572.14
9.5 =375 710 58302 5B65.16 708.29 660.52

10.5 -225 766 71554 71581 75027 71261

11.5 75 781 77522 77522 77031 72657

125 75 777 77125 77125 76636 72285

13.5 225 750 70059 70086 74341 69773

145 375 723 59369 59588 72126 67261

15.9 525 659 43586 44465 65887 613.07

16.5 675 502 23380 25660 497.81 467.01

17.5 625 271 6707 10470 26235 25211

DAILY TOTAL 7267 5560.30 SEYE3S 720397 676054

SUMMER: JUNE-JULY-AUG.(n=196)
=23 45%SIN(360*(264+n)/360)
8(SUMMER)= 21517

AVERAGE AUTUMN EEAM RADIATION COLLECTED BY TRACKING
CONCENTRATOR FOR BEER SHEVA (LAT.=31°157)

HOUR OMEGA  NIP HEWSD HEWCA HNSCA NSFCA
6.5 -82.3 77 11.91 1622 7529 7592
7.5 -675 307 12275 12665 288090 30270
85 -525 468 30238 30401 43482 481.17
9.5 -375 ST 45629 456.70 47749 563.00

10.3 -225 631 564.30 358436 49749 62216

115 -75 639 633.69 63369 485.76 630.05

12.5 75 639 63369 63369 48576 63005

135 225 600 555.60 55565 47305 59160

14.5 379 5944 43471 43510 45491 3536.3&

155 525 438 271.40 27266 39027 43187

16.5 675 244 9756 10066 22961 24058

17.5 35 8.51 1158 5378 5423

. 825 23
DAILY TOTAL 5233 411279 413116 4347.15 5158.73

AUTUMN: SEPT.-OCT.-NOVY (n=268)
$=23 45*SIN({360%(264+n)/360)
S{AUTUMN)= -9.599
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Storage and Transport of Solar Energy by a Chemical Heat Pipe

by
Rachel Levitan, Hadassa Rosin and Moshe Levy
Materials Research Department
The Weizmann Institute of Science

The cancept of the chemical heat pipe was developed in KFA, Julich (1),
for transporting nuclear energy for distances of a few hundred
kilameters, and using it as process heat in industry. They worked on the
well known steam reforming reaction:

C.'r!4 + HZO =0 + 3H2 AH = 204 KJ/mole
The forward reaction is endothermic and is carried out at temperatures
of about 850° C in the nuclear site. The product gases are transferred
by pipes, at ambient temperatures, to the consumer, where the back
exothermic reaction is carried out. The evolved heat is used to produce
process steam up to 650° C . The regenerated methane is then
transfered back to the nuclear site where the cycle is repeated. This
process, nick-named EVA-ADAM, was successfully operated up to a scale
of 10 MW, using electric heating and helium as the heat trensfer fluid.
1t was never operated in conjunction with a nuclear reactor.

We have suggested using the same concept in conjunction with
concentrated solar energy (2). In this case it can serve both for
transport and for storage, as the product gases can be stored in large
containers, or in the pipelines and used whonever needed either as
process heat or for generating electricity. We have shown that the
resotion:

CH4+CDZ=ZCD+2H2 AH = 250 KJ/mole
has same advantages over steam reforming as it does not involve the
i.:at of evaporation of water and it can be handled easier.

The major difference between working with a nuclear source or with
solar energy is the intermittant nature of the latter, where we have to
work under non-stationary conditions with daily start-ups and shut-downs
and slow and fast changes in the solar insolation. This mandates a
whole new way of operation and the development of a catalvtic system
that can withstand such variations.

Working with an electrically heated 10 W laboratory scale system (2),
we have shown that one can use a nickel catalyst and operate both the
reforming and the methanation reactions, in a closed lcop, under variable
conditions, for a number of cycles. We have later found that a Rh on
alumina catalyst is superior to nickel and can withstand more drastic
conditions.

We then built a receiver/reactor to be operated in our solar furnace.
The results of same preliminary work on methane reforming, under solar
conditions, in this reactcr, are reported in this presentatian.

Erperimental
The solar furnace at the WIS is comprised ot a 96 m Arco heliostat,
operated by a camputer, to follow the sun and 1eflect the solar radiation

orito a spherical concentrator which is 7.3 m in diameter and has a rum
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angle of 65 degrees. The concentrator is made of 590 trapezoidal-

shaped oconcave mirrors, arranged in concentric rings. The mirrors were
individually focused, by special clamps, to a distance of 3.5 m from the
center of the sphere (3). The solar furnace was charachterized by
radiametric and calorimetric measurements (4). It showed a solar

concentration ratio of over 9000 and a power input of over 15KW.

The recciver/reactor* camprises an 11 mm i.d. Inconel tube, 25 am
long, fill~d with a Rh catalyst, and inserted in the center of an alumina
cylinder, 15 am diameter, well insulated with alumina felt.
Thermocouples were connected at three points on the outside surface of
the reaction tube, and four others were inserted in the alumina cylinder
to monitor the incoming solar flux. The reactants were 0, and
methane, in a ratio of 1.4/1, they were introduced at a rate of 40 ‘o
340 1/h and at pressures of 1 to 7 atmospheres. The measured
tenperatures on the outside wall of tiw reactor varied from 720 to 940°
C. The product gases were analysed by gas chromatography and the
enthalpy changes were calculated fram the degree of conversion and the
measured flows of gases. Scme representative results are given in the
Table 1.

These results are preliminary and were aimed to show that one can
control the energy input into the receiver and control the temperature
of the reaction by changing the flow rate of the reactants. It was
shown that even in such a asnall reactor tube one can easily absorb 430
W, at a flux density of 40 Kw,/mz.’mese values can be increased further
by working at higher temperatures and higher reactant flows.

Such experiments will give us the information we need in order to
scale up the reactor to a 20 KW unit so that we can make full use of
the solar furnace. This will be operated in a closed loop with a
methanaoc of the same size. We are then planring to scale it up to
‘e next stage of 1 MW and to operate it in the sclar central receiver
now under construction at the W.I.S.

* Acknoledgmnit
"he receiver was built and tested in the solar facility of Prof. E.
Fiutcher with the help of Dr. R. Diver during M. Levy's stay at the
University of Minnesota as a wvisiuving professor. It was then shipped to
the WIS and used here with some modifications. We wish to thank them

for their help and cooperation.
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Table 1

P T reactant linear contact % absorbed flux
at C flow 1/h flow m/s time sec. cow. power W EKW/m2

e e =T S S S SR S

>N

770 44 1.3 0.22 85 64 5.8
745 60 1.8 0.16 84 88 7.9
760 69 2.0 0.14 84 70 9.2
710 82 2.2 0.13 67 101 9.2
740 133 3.6 0.02 73 174 15.8
820 146 5.0 0.06 95 239 21.8
805 212 5.9 0.05 70 276 25.1
735 284 5.1 0.05 45 284 25.8
745 316 7.7 0.04 44 304 27.7
780 321 8.7 0.03 54 351 31.9
.7 875 76 0.70 0.40 96 130 11.9
.3 895 100 0.34 0.76 94 170 15.4
0 860 104 0.78 0.36 94 174 15.8
7 765 112 0.79 0.35 73 148 13.4
5 810 113 0.42 0.67 74 155 14.1
.6 770 117 0.34 0.70 66 149 13.5
.0 720 150 0.42 0.66 47 150 13.7
.0 890 160 0.51 0.55 87 253 23.0
4 935 187 0.79 0.35 93 318 28.9
1 780 189 0.67 0.42 55 212 19.2
9 830 204 1.06 Q.26 80 300 27.3
5 755 209 0.68 0.41 47 216 19.7
5 750 214 0.68 0.41 42 207 18.8
.5 920 239 0.79 0.35 87 383 34.8
7 800 296 0.97 0.29 48 315 28.6
7 725 324 0.94 0.30 31 254 24.0
.9 865 336 1.17 0.24 63 429 39.0

mfnmc\mmwmm\lc\mmmw
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Lo Gk B PHOTOVOLTAIC PLANTS IN 1982-1684

Aharon Roy
Lept. ¢f Chemical Engineering

aricn Lniversity of the Negev, Beer Sheva

raham Halperin, Dov Eisenberg, Yaacov Ganan
E.I.C. Erergy Projects Corporation, Ltd.
F.0.B. 3151, Beer Sheva

liie of - llars have been invested 1in search and
went of waricuas metheds for producing electrical power from

ez 3y, Since 1979, several dozen utility-scale soler

-y iunt s huve besun bperaticn. Reviewing the operaticn and

1 ¢ =

ilantz 1z of great interest. For a number

Live e gsearching and analyzing performance data cof
~31] an i tarse fioi1 test facilities and comparing plants
iz 1. weir. Lanuy, capacity factor, availability, ercergy

oot iees prant pertormance indicators. In order to obtai:n
siuTnowf perfermance between facilities which are

(NI SR

or located at sites which greatly
- lz:r radiavion ana other meteorological conditi ns, a
jorfermance andizators, many of them rnvrmaliced, Lad
Doaror troed.
wWiny . & conuise table summarizing the vyearly

I $35Te

avolitai s facilities in the U.S.A., arranuci

cio1 ottt o particular terhnology. All are kased on silico:.

el omedil .. (Georgetcewn and Cklahoma with polyerystalline,

¢:iio3le crystal cilicen cells).
vearly performance indicators are given: 1) Efficiency

et e of the solar erergy which ends up as net electrira:

it-ed to the cust.mer), 2) the energy density (xWu

SoULr..osl oatput per sguare meter of collector, per day,

gt aae), ) capacity factor (percentage of the real net

T el oo :voof the hy

thetical output which is based on

“iate |ouwer-r3ting and 8760 hours of the year), and
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Power Effi- Energy Capacity
Rating clency Density Faclor
Site Technology kW Year % kiWhm~2d™1 %
1. Beverly Flat, 100 1984 4 .16 5.
fixed tilt 1983 4 .19 14.
1982 4.3 17 12,
2. El-Paso " 18 1984 .3 .31 19.
1983 5.4 0.32 20.
1982 2 .28 18.
3. Georgetown " 300 1984 5.9 0.21 9.
4. Lovington " 100 1984 4 .26 17.
1983 4.8 0.28 21.6
1982 4 0.28 19.
5. Oklahoma " 135 1984 4.8 0.25
1983 ] .23 9.
6. San Bernardino " 35 1982 4.5 0.22 9.
7. Dallas Fresnel, 27 1984 7 .37 13.
tracking, 1-X 1983 7 0.29 12.
8. Phoenix Fresnel, 225 1984 8 .31
tracking,2~X 1983 0.27 12.
flat, 1000 1984 6.1 0.58 23.

9. Hesperia
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Table 1: SUMMARY OF YEARLY PERFORMANCE

tracking, 2-X

95
93
92

81

76

89

93

76
82
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4) availability (percentage of plant operating hours out of the
solar hours, above a defined radiation threshold).

It should be noted that the efficiency and capacity factor are
based on pet transmitted energy and on the full year performance.
As parasitic loads and various energy losses in solar facilities
are large and they vary widely between technologies and sites, it
has been found mandatory to select the real final pet output values
as the major basis for performance evaluation. Many reports still
guote val—es based on gross outputs and on operation -uring
selected periods, which result in higher performance numbers. Such
information cannot be considered satisfactory for comparison fcr
most purposes between facilities and technologies.

There are other points of interest in this work of assessment
with additional, generalized and mostly normalized, performance
indicators.

One point, which is quite striking, is the low final yearly
efficiencies of all the plants. This is despite the higher
efficiency value (e.g.,11%) which is quoted for industrial siliccn
photovoltaic cells. The reason for this deserves illustration, as
shown below. It is clear that it is one thing to achieve a certeain
gross (DC) efficiency (11%) of a cell in the laboratory (under
ideal radiation conditions, etc.), and quite another thing is the
final net (AC) transmitted yearly output efficiency of the field
(4.5%), after a series of unavoidable energy losses and parasitics.

The generalized indicators, those mentioned and additional
ones, are instrumental for assessing various techknclogies on a
comparative basis. It is desired to be able to distinguish between
three types of capabilities: the inherent energy-process capability
of the technology in question, the degree of the mechanical success
of the particular facility in carrying out that capability, and the
meteorological properties of the particular site. With the full set
of performance indicators and normalized parameters, it is possible

to accomplish an analysis that will highlight such a distinction.

Support by the Israel Ministry of Energy and Infrastructure is
gratefully acknowledged. A full report is forthcoming ("Summary of
Operating Solar Power-Producing Facilities", by A.Roy, A. Halperin

and D. Eisenberq).
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(a) Efficiency at nominal operating cell temperature.

{b) Module efficiency is less than encapsulated cell efficiency due primarily
to cell packing factor and cell mismatch losses.

(c) Operating array efficiency is less than module efficiency due primarily
to temperature etfects, module mismatch, dc wiring losses, and dirt
accumulation on the modules.

Appnroximate Efficiencies for Beverly and'Lovington
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FLUCTUATIONS IN PERFORMANCE OF PHOTOVOLTAIC SYSTEMS

Yair Zarmi

App.lied Solar Calculations Unit
Jacob Blaustein Institute for Desert Research
Ben-Gurion University of the Negev
Sede Boger Campus, 84993, lsrael.

The assessment of the performance of a photovoltaic (PV) system is
based on the estimated value of the expected (long-term> average energy
delivery. The expected value suffers from uncertainties. Some result
.from inaccuracles in our knowledge of system parameters and others from
fluctuations 1n climatic data (e.g,, radiation, ambient temperature and
wind speed) and in the load. Such fluctuations manifest themselves 1in
our tnabllity to predict the “exact" expected average performance since
cur estimates are based always on data collected in the past. Any
evaluation of the average performance of a solar device is close to the
“exact" average within a certain standard deviation.

Here an estimate of the effect of the random fluctuations in solar
radiation on the expected standard deviation of the performance of
photovoltalic systems is presented. The deviation affects the economical
assessment of the long-term performance of a system. Moreover, the
fiuctuations in system performance determine the statistical
significance of short-duration tests (e.g., the comparison of different
PV systems over short periods of, say, a few weeks).

The hourly solar radiation is assumed to be & random variable.
This crude assumption can be a rather good approximation for collectors
that track the sun (primarily for two-axis trackers which under clear
sky conditions see almost constant radiation throughout the best part of
the cay and to a lesser degree for polar mounted collectors), in regions
(northern and tropical) or seasons (automn, winter, spring) which are
characterized by significant fluctuations in radiation.

The instantaneous power delivery of & PV system can be written as
1)

o = Al - b-Ii} (0
1

where the coefficients A and b depend on the thermal properties of the
PV array and on ambient temperature and ", is a reference efficiency.
Since we intend to analyze the effect "of fluctuations in sclar
rsc.ation, I, only, we keep , A and b constant throughout the
analysis. For typical system desiagns A is close to unity, and b/A is of
the order of .05-.1. (m¥kW)

The long-term avarage power delivery of the system is thus,

T =nh T - oomyer® S 2)
R
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In order to calculate the standard deviation around @ we need to
calculate g% :

—_— v ¥ = - Y
a¥ =7 A{ > - 2tb/A- 1 4 oy I } (3
R

The various moments of I can be expressed {2] in terms of integrals
of the utilizability function [3):

Y

Km
¥ = 2(T)L]ﬁ<x> ax @
]

K
—_ 3 (53
1* = 6(T) Ix P
.:XM
1 = 12(7)" J x¥ g0 (6
v

For ¢(X) we choose an empirical expression which has been shown to
describe the wutilizability function reasonably well for low ard
Intermediate values of the dimepsionless radiation, X [4]:

Xm
S Peo= (- (X/x“‘)) M

X=1I/T , Xo= 1 /1 (8)

(Eg. (7) applies to flat or low concentration rat:o collectors. Tre

slight modification for high concentra:ion collectors wiil not affect
the conclusions reached 1n the followina and will be therefore ignorea’.
Using egs. (1-8), the standard deviation of the 1nstantaneous
power,
1 - b
T, =] qa¥- @D (93

cah be expressed as a relative deviation:
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It
Y 1 -—g—a __'EM- +‘f (h) Inlu{ﬂ-"‘
G T = }X“ i Xu+2 (Xt 1) Ol +2)(Am?3)
Xt 1 _lﬁ_ Tomax
Xn""
The vilue of q;/ §d ranges between 0.58 (for X = 2) to 0.75 (for

X.= 3.9).
The energy delivered by the system during a period of operation T

on _the averaqe is:

[@XiD)

«UTY =Q-T (11)

Using well known methods from the theory of stochastic processes [s51,
the relative standard deviation of Q(T) can be shown to be given by:

ot ’ T
G, . = = | _Zcotl (12>
Q/O( ) (G‘i/ﬂ ==

where T.oer IS the average correlation time characteristic of the
fluctuations in solar radiation. Its values are not known. If we
assume that it is about one hour, than eq. (12) yields a possible
relative error of up to 10% for a one week operation period (84 hours of
operation) and 1-2% for a whole year‘s operation period.

It is concluded that estimates of system performance, or
comparative system studies, based on a short-duration experiment (say, a
week to two weeks) are significant to no better than 10% even before
experimental error sources are included. The 10% figure represents a
rough estimate of the effect of the instantaneous fluctuations in
raatation. The clearer the climate, the smaller is this number expected
to be. Longer range weather changes cause an increase in the estimate
of fluctuations jn system performance. This should be born in mind
espec:ally 1n comparative system studies based on short~duration tests.

A more refined analysis of the statistical nature of system
perfc'ﬂance requires the determination of the distribution of radiation
values, correlation functions and corelation times.
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