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INTRODUCTION 

This year the (fourth) Sede Boqer Symposium on Solar Electricity 
Production was held in the auditorium of the Ben Gurion National Solar 
Energy Center, a new name for the test facility which the Ministry of 
Energy and Infrastructure opened in 1987 and which was formally handed 
over to Ben Gurion University, by Minister Prof. Yuval Ne'eman, during the 
opening session of the symposium. The scroll of dedication is reproduced 
here together with a response, on behalf of the University, by Prof. Amos 
Richmond the director of the University's Jacob Blaustein Institute for 
Desert Research. 

This year's three keynote speakers were Prof. Yuval Ne'eman the Israel 
Minister for Energy & Infrastructure and Science & Technology; Dr. 
Wilfried Grasse of the German Aerospace Research Establishment and 
director of Plataforma Solar de Almeria, Spain; and Dr. V. Vernon Risser, 
president of Daystar Inc., Las Cruces, New Mexico. The texts of their 
lectures are reproduced in these proceedings, together with transcriptions 
of the discussion session which followed each presentation. 

The texts of a number of invited short talks have also been printed, 
notably those by: Mr. Amnon Einav, Chief Scientist at the Ministry of 
Energy & Infrastructure; Dr. Irwin Spiewak and Mr. Gideon Carmel of the 
Ministry of Energy & Infrastructure; Dr. Dan Weiner of the Israel Electric 
Corporation; and the editor. Extended abstracts are reproduced for some of 
the posters that were presented at the symposium. 

The spirit of this year's symposium was seriously dampened by the 
absence of Luz Corporation and by the sad financial plight that had 
recently befallen this pioneering company. An outline of the history of Luz 
from its conception to its present questionable status was presented by Mr. 
Dan Shilo of the Ministry of Energy & Infrastructure and, in the concluding 
lecture, delivered by Dr. Harry Tabor, the demise of Luz was set within the 
wider context of the outlook for solar electric power. 

The following organizations sponsored this year's symposium: The Ministry 
for Energy & Infrastructure; the Israel Electric Corporation; the Blaustein 
International Center for Desert Studies; and the Israel Section of the 
International Solar Energy Society. The symposium organizers are indebted 
to them for their support. 

The Center for Energy and Environmental Physics 
November 1991 



PROGRAM OF THE 4TH SEDE BOQER SYMPOSIUM ON 
SOLAR ELECTRICITY PRODUCTION 

Tuesday October 1.1991 

13:15-14:00 Arrival and registration at the Ben Gurion National Solar Energy Center, 
Sde Boker. [ENTRANCE VIA THE MIDRASHA1. 

14:00 -15:00 Tour of the Ben Gurion National Solar Energy Center and light refreshments. 

15:00 -16:00 Opening Session (SOLAR ENERGY CENTER) 
Chairman: Prof. David Faiman (Ben Gurion University) 

Ceremony of transfer to Ben Gurion University 
of the Ben Gurion National Solar Energy Center. 

Prof. Yuval Neeman, Minister of Energy & Infrastructure 
and Minister of Science & Technology. 
Prof. Amos Richmond, Director, Jacob Blaustein Institute for Desert 
Research, Ben Gurion University of the Negev. 

Greetings by: 

Mr. Yona Efrat, Director-General, Petroleum Services Ltd. 
Prof. Israel Dostrovsky, President, Israeli Section, 
The International Solar Energy Society. 

16:00 -17:30 Scientific Session I (SOLAR ENERGY CENTER) 
Chairman: Prof. I. Dostrovsky (Weizmann Institute) 

Keynote lecture: Renewed Prospects for a Mediterranean - Dead Sea Canal, 
PROF. YUVAL NE'EMAN, Minister for Energy and Infrastructure and 
Minister for Science and Technology, Jerusalem, Israel. 

17:30-18:00 Coffee Break 

18:00 -19:30 Scientific Session H (SOLAR ENERGY CENTER) 
Chairman: Dr. Avraham Arbib (Ministry of Energy) 

Invited lecture: Israel's Current Energy R&D Program, Mr. Amnon Einav, 
Chief Scientist, Israel Ministry of Energy and Infrastructure, Jerusalem. 

Invited lecture: Experience with the Ben Gurion Solar Electricity Technologies 
Test Center (1987-1990), Dr. Irwin Spiewak and Mr. Gideon Carmel, 
Israel Ministry of Energy and Infrastructure, Jerusalem. 

Invited lecture: Must Liu be lost ? - A status report, Mr. Dan Shilo, 
Israel Ministry of Energy and Infrastructure, Jerusalem. 

19:30-20:30 Free 

20:30 - 22:30 Dinner (INSTITUTE GUEST HOUSE) 
/Wine & Cheese Party + Folk Entertainment Program] 
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PROGRAM OF THE 4TH SEDE BOQER SYMPOSIUM ON 
SOLAR ELECTRICITY PRODUCTION 

(Second day) 

Wednesday October 2. 1991 

07:30 - 08:15 Breakfast (CAFETERIA ZIN, MIDRASHA) 

08:30 -10:00 Scientific Session EI (SOLAR ENERGY CENTER) 
Chairman: Prof. Aharon Roy (Ben Gurion University) 

Keynote lecture: The "Phoebus" Central Receiver Project, 
DR. WILFRIED GRASSE, DLR, Germany 
and Plataforma Solar de Almeria, Spain. 

10:00 - 10:30 Coffee break. 

10:30 -12:00 Scientific Session IV (SOLAR ENERGY CENTER) 
Chairman: Prof. Michael Slonim (Ben Gurion University) 

Keynote lecture: Grid-Connected PV Systems in the USA 
Lessons Learned, DR. V. VERNON RISSER, Daystar Inc. 
and Southwest Technology Development Institute, Las Cruces, USA. 

12:00-13:00 Lunch break 

13:00 -14:30 Scientific Session V (SOLAR ENERGY CENTER) 
Chairman: Prof. Yair Zarmi (Ben Gurion University) 

Poster session 

14:30-15:00 Coffee break 

15:00 -16:30 Scientific Session VI (SOLAR ENERGY CENTER) 
Chairman: Prof. Moshe Levi (Weizmann Institute) 

Invited lecture: An overview of Israel Electric Corporation's solar energy 
projects, Dr. Dan Weiner, The Israel Electric Corporation, Haifa, Israel. 

Invited lecture: Recent progress at the Weizmann Institute Solar Energy 
Laboratory, Mr. Michael Epstein.Weizmann Institute of Science, Rehovot, 
Israel. 

Invited lecture: The Present Costs of Solar Electricity, Prof. David Faiman, 
Jacob Blaustein Institute, Ben Gurion University, Sede Boqer, Israel. 

16:30- 17:00 Concluding Remarks. Dr. Harry Z. Tabor, 
Scientific Research Foundation, Jerusalem, Israel. 
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M/usisray of ENERay ^ND INFRASTRUCTURE 

Since its establishment the State of Israel has been considered a pioneer 
and s tandard bearer of research into the utilization of solar energy. 

Over the years, research establishments were set up in Israel which 
investigated the possibilities for the efficient exploitation of this energy. 

Technologies that were developed by these research inst i tutes achieved 
application, by Israeli companies, a t home a n d alt over the world. I t is 
sufficient to recall the domestic solar water heaters, ins t i tu t iona l 
systems for the production of hot water and steam, and technologies for 
the production of electricity. 

Xt is the existence of research institutes of the highest (evel which ensures 
the position of the State of Israel as a leader in the area of solar energy 
exploitation. 

The Ministry of Energy and Infrastructure does, t h i s day , 
transfer to Ben-Qurion University oj the Negev's ]acob filausteln 
Ins t i tu te for Desert Research, the Ben-Qurion Nat ional Solar 
Energy Center. 

This test center, since its establishment in 1987, constitutes an example 
of the successful collaboration between academic research and ituiustrial 
application. Transfer of the center to the auspices of the inst i tute for 
Desert Research will undoubtedly strengthen this objective. 

Xt is my hope that , together wi th other research inst i tutes , you will 
continue to spur Israel onward to impressive achievements in the field of 
solar energy. 

Signed 

Prof, yuvat Ne'eman 
Minister for Energy and Infrastructure 

Given in Sede Boqer on 23rd Tishrei S7S2, October 1st 1991 
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Response to Minister Prof. Yuval Ne'eman's presentation to the 
Blaustein Institute of a "deeds scroll" for the Ben Gurion 

National Solar Energy Center 

by 

Prof, flmos Richmond, Director, 
The Jacob Blaustein Institute for Desert Research, 

Ben Gurion Uniuersity of the Negeu, 
Sede Boqer Campus, 84993, Israel. 

Minister Ne'eman, honored guests, colleagues and friends, 

Today is a historic milestone in the life of the Blaustein Institute. The 
honorable Minister has mentioned the consistent policy of the State of 
Israel to establish research institutes that would ensure that Israel does 
not lag behind the rest of the world in developments in science and 
technology and our Institute is no exception. Established by an act of 
Knesset in January 1971, with the purpose of constituting a national and 
international focus for cooperative efforts in desert research, solar energy 
was, from the start, a primary focus of attention at the Blaustein Institute. 

But we did not start from a vacuum. In the 1950s David Ben Gurion, a 
founding father of this State, had recognized the under-utility of solar 
energy and the need to develop that, as-yet, completely untapped 
resource. In his book Southward, published in 1956, he wrote: "This energy 
can be converted into a driving dynamic and electric force, and even after 
the exhaustion of all the uranium and thorium deposits from the face of 
the earth, solar energy will continue to flow toward us almost indefinitely." 

Ben Gurion's challenge was taken up in earnest by Dr. Harry Tabor, with 
whose presence your symposium is once again graced this year, who 
established the country's first solar research facility in a small desert siw. 
known as Beer Sheba: and this, ladies and gentlemen, at a time before that 
"ciy" was able to boast of a university! 

By the time our Institute came into existence in the 1970s there was a 
need for us to carve out a new piece of undisturbed desert for purposes of 
pursuing our research ends, and what more natural place was there to 
choose than the site where Ben Gurion had settled and chosen as his last 
resting place. 



We gathered together a group of enthusiastic young scientists garnered 
from the various disciplines: Architecture, Biology, Chemistry - a veritable 
"abc" of the disciplines that would be necessary to carry out our mandate 
of performing all aspects of research into how the deserts of the world 
might be made to provide productive and comfortable habitats for 
mankind. It fell to the physicists to establish a solar energy "Think Tank". 
Back in those days, the fledgling Institute was not able to think in terms of 
a solar laboratory but I told them that we would let them have all the 
pencils and paper that they might need! 

That was the start of the Applied Solar Calculations Unit and my first 
realization about how versatile physicists can be. For not only did ASCU 
quickly master the solar energy literature and start making original 
contributions to the field, they were soon also branching out and using 
their mathematics and physics knowledge to help many other of the 
Institute's research groups. For example they formed successful 
collaborations with our desert architecture unit, our animal physiologists, 
our hydrogeologists and even my own algal biotechnology laboratory. And 
all this, without ever having a laboratory of their own. 

At a certain stage of their development the ASCU became so involved in 
the wider scientific problems that emerged from their solar energy 
research that they changed their group title to "The Center for Energy and 
Environmental Physics". But lest you think that this indicates any loss of 
interest in solar energy on their part, let me hasten to mention that the 
Weizmann Institute recently entered into an agreement with them tc 
establish a joint solar energy center. So solar research has in no way 
become a side issue at the Blaustein Institute. 

Of course this annual series of symposia is but one way in which the 3"lar 
community are aware of our scientific activities in this important field and 
so too is the enormous honor that the Ministry is bestowing upon us by 
entrusting us with the running of the Ben Gurion National Solar Research 
Center. So at long last our solar Think Tank now has a laboratory to round 
off its research capabilities. 

Minister Ne'eman: We deeply appreciate the trust you are placing with us. 
We shall strive to make this facility a true center for solar activities in 
Israel and, I am sure, the world. I am certain that the Ministry will long 
take pride in this partnership. 

And you too ladies and gentlemen: I wish you all a successful symposium. 
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State of Israel 
Ministry of Energy and Infrastructure 

INVESTIGATION INTO ENERGY R&D 
A Program Overview 
A. E I N A V 

The main effort of our energy R&D program must answer the 
following 3 principal issues: 

- The first is, the reduction of the overall cost of energy used 
by the Israeli economy; 

- The second is, the reduction of strategic and economic risk of 
using energy. This to be done mainly by reducing energy imports; 

- The third is, the enhancement of local R&D activities in areas 
related to future energy producing technologies and promoting of 
new technologies. 

Considering the above mentioned principles the main area of our 
activity in energy research fall naturally into the categories of: 

a) solar 
b) oil shale 
c) efficient use of energy 
d) wind power 
e) utilization of waste 
f) hydro 
g) new technologies 

In those main areas it is of importance for us to be engaged in 
creating centers of creativity, excellence and technical maturity. 
This can be done within universities and technical institutions 
and even commercial bodies. In the same time we have to be 
uptodate with all the new technologies emerging in the energy 
field and of course update ourself in developments occuring in 
existing technologies and support special research & development 
programs in promising areas of emerging energy technology. 
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It is quite natural to review now our progress in the light of our 
previous expenditures and draw conclusions with respect to future 
contribution to energy development in various areas. 

Up to 1990 the Ministry of Energy and Infrastructure spent 135 
million dollar (1989) on energy R&D. 39 P.C. was spent on solar 35 
P.C. was expended on oil shale b.5 P.C. on wind. The rest was 
spent on many issues in the area of efficient energy use in 
buildings, energy in agriculture and other related topics. 

In both areas where most of our money was spent we can state that 
we have mature technologies as of now. 

We did not review data of amounts spent by our industry and my 
guess is that for every dollar spent by the government on R&D the 
industry matching was of at least, 1 to 1.5 $ and the same with 
universities and other research centers we worked with, such that 
real expenditures on energy R&D here were up to now in the order 
of 270 to 300 million U.S. dollars, which for all purposes is not 
a small sum even compared to the budget of the U.S. DOE R&D which 
in 1991 was 676 million dollars, but included also research in 
advanced oil recovery, and advanced superconductivity and nuclear 
reactor concepts and systems which is not included -'n the figures 
given by me. 

What were indeed our achievements in the past few years will only 
be briefed by me. 

The solar energy activities are well known to the gathering here. 
The idei ̂  of solar energy collection and utilization are as old as 
the State of Israel and were promoted in the beginning by the 
office of the Prime Minister. It is a delight to every one dealing 
in renewable energy to see the flat plate collector adorn almost 
every building here. The utilization of solar collectors in 
buildings is now enforced by law instituted by our Ministry. 
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The technical achievements of LUZ Corporation need no presentation 
in this forum, I would only like to point out that those 
achievements are in two main areas. The first is the pure 
technical area of harnessing the energy provided by the sun in 
using a trough collector having a span of 6m and focusing it on 
the Heat Collecting Element (HCE) made of a selectively coated 
stainless steel tubing. All this was done without optical quality 
mirrors and only using very simple construction trusses to hold 
the mirror in their correct positions. This system, coupled with a 
rather sophisticated control system, yielded a very amiable power 
plant that is very easy to operate. 

The second less publicised achievement is to my opinion even more 
striking and it relates to the construction time of the plant, 
which was always built at a pace unheared of, previously, in the 
power industry. This haste, to my opinion, was artificially 
imposed on the constructors of LUZ Corp. causing a lot of 
uncontrolled pace related waste and expenses which no doubt added 
to the financial stress of the company. 

It will be worthwhile to investigate the collapse of LUZ Corp. and 
find out how much of it was caused by this "Rat race" -imposed 
through a very tight contract signed with the utility. I dare 
challenge university members present in this gathering to form a 
team of technical as well as business experts to review and study 
that collapse. 

The achievements of PAZ-PIMAT Corp. should also be mentioned with 
its process steam supply systems, high temp water heaters and 
absorbtion cooling using solar heating as the driving energy. 

I would like to dwell on the achievements in utilizing local oil 
shales. Our oil shale deposits are the only known fossil fuel 
deposits available aplenty in Israel. It is estimated based upon 
borings made that we have about 12 billion tons of oil shale 
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deposits in our country, each ton can provide 60-70 liters of 
kerogen, an oily substance similar to crude oil. Although the 
amount of kerogen in the stones is on the low side of about 12Jt we 
are successful in exploiting this reserve by direct coirbustion to 
create electricity and process steam. 

The shales here are limestone based sedimentary rocks soaked with 
the organic substances. The burning of this rock is providing 
clean flue gas due to the existence of limestone in rock matrix 
which absorbs S02 produced during combustion. 

The pilot plant now operating in the Rotem site has a 12 MW 
equivalent capacity and is fed with approx. 50 ton/hr of shales. 
The plant is feeding " 50 ton/hr of steam and 6 MW of electricity, 
steam is provided to the phosphate plant located near by and the 
electricity is fed to the electrical grid. 

Following this technological achievement we are now planning to 
install 1000 MW of oil shale plants near the present Rotem site. 

A third area that, we feel, reached reasonable technical maturity 
is the efficient use of energy in buildings. We have now by laws 
instituted by the Ministry of Energy and Infrastructure, requiring 
every new building design, in the public housing projects, to 
undergo a specia] energy efficiency review. Heat transmission 
through walls must be within allowed limits to get approval for 
construction. A service yielded, gratis, by our Conservation 
Division is available to provide guidance to home owners and 
designers about efficient energy use in dwelings. Guide books were 
published by the Ministry to assist designers in evaluating energy 
consumption of buildings and influence of local climate on energy 
requirements. 

Although we did not have an elaborate wind energy program we 
launched a program at the Technion of a methodology to better 
predict the performance of a wind turbine. This methodology takes 
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into consideration the wind fluctuations, the dynamic inertia of 
the turbine components and provides a better performance 
evaluation of a single turbine or a wind farm. 

The analysis of biomass waste available for processing in Israel 
shows that biomass waste quantities may reach a value of 500.000 
TOE per anum. Having a caloritic value of approx. 1800 kcal/kg. 
The studies made by local groups on issues of biogas production at 
waste landfill sites, municipal incinerators and refuse derived 
fuel for combustion did not yield up to now any significant break 
through, due to high investment cost involved. The technological 
success of processing farm waste and cattle manure, achieved here 
by local research groups, is not utilized now on a large scale by 
kibutzim and other farming communities. This also because of the 
high capital share when calculating cost of calorie produced using 
these processes. 

At this juncture I will say that no additional premium is provided 
here, as of now, to a locally produced calorie when compared to an 
imported calorie, an issue I will address at a later stage. 

We introduced into two operating commercial plants an imported 
technology of anaerobic digestion of aquaous solution containing 
high amounts of organic matter. The organic matter is digested and 
methane gas is produced to feed the plant's furnace. Thus reducing 
the plants bill for energy and the cost of plants and municipal 
sewage treatment. 

As to the future outlook of our energy scene I would like to 
remind you the energy intensity factor in the European community 
was reduced from a value of 0.59 T0E/S1000 to 0.V7 T0E/S1000 
between 1973 and 1985. 

Last year our intensity factor was 0.1)9 T0E/S1000 we hope to 
reduce it commensurate with European and other standards, whether 
we are able to reach the same, or similar values, as now hoped for 
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in Europe and North America in 2010 which are 0.33 - 0.3k or not, 
will depend much upon our determination. 

It is indeed difficult to foresee how the energy future of Israel 
will shape up. To impress upon the future of energy sources, 
supplies and demands in Israel as in every other free economy an 
interaction must occur between scientific research, applied 
research, government spending and private and business spending 
and enterprise. The private/business must be involved in order to 
assure bridging the gap between the technological concept and the 
business venture. This was done very successfully, to a certain 
extent, by LUZ Corp., by PAZ-PIMAT and by some other smaller 
ventures. One of the main issues yet to be resolved in the near 
future must be the real value for the Israeli economy of locally 
produced clean energy. This is an issue of much importance in our 
country into which about 95 percent of the energy is being 
imported. Only by knowing the real value of locally produced clean 
energy can we reach a definite recommendation as to the real worth 
of investing and constructing a large solar power plant a large 
shale oil burning facility, or any other large plant like the 
Mediterranean - Dead Sea Project. 

The most striking example of attaching a very high value to 
locally produced energy source is given by the German energy 
industry. The electric utilities in Germany signed a hundred year 
contract with the coal industry to purchase German coal having a 
price tag of about 100 German Marks above the present coal market 
price. The big surprise is that the German economy does not suffer 
at all because of this issue. They only realize that they must 
live with this limitation and thus improve in many other areas, 
which indeed they do. 

In order to provide shelter to our own technology we will have to 
provide a similar arrangement for local sources of energy thus 
increase their survivability. Before the collapse of LUZ we have 
started negotiations with its managements about providing us a 
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feasibility study of a 200 MW electric solar power plant to be 
located near Beer Sheva - Sde Boker to feed the power system 
during peak hours. 

This plant was supposed to be based upon the new LUZ technology of 
Direct Steam Generation. The Ministry of Energy and Infrastructure 
contributed to the construction here in Sde Boker of the 
infrastructure for the double Direct Steam Generation loops test 
site. This was to be the first loop in the world to actually 
generate high pressure steam directly from focused sun rays 
without passing first through an oil circuit. 

As you may have already witnessed by yourself most of the 
equipment is already at site awaiting assembly and testing. 

We still hope that this technology will be continued shortly by a 
commercial entity that will utilize the expertise and man power 
that LUZ Corp. left behind. It is the wish of the Ministry of 
Energy and Infrastructure that in the future the solar technology 
developed by LUZ stay to a large extent here within the borders of 
Israel. 

Developing this D.S.G. technology at Sde Boker will also enhance 
the involvement of the Blaustein Institute in an active solar 
project which will be translated into a Nuts & Bolts plant either 
here or in another insolated region of the world. 

We are looking forward to witness the pilot plant of the 
methan-C02 generator reformer system now installed in the Weizmann 
Institute, hoping for a positive result we would then perform a 
feasibility study to answer the questions if, how, where and when 
can a commercial system of this type be adopted by us. The 
hydrogen program of this institute is also supported since we see 
a strong need for the addition of hydrogen to the fuel, on a 
Global scale to reduce C02 emission issue. 
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In the photovoltaic field we had up to now modest achievements. 
The market for this product is now increasing at an accelerated 
rate it is estimated that the increase is of the order of 20 
percent yearly. 

At the present stage,of this technology.it is difficult to imagine 
the electric utility as the main customer of this technology. I 
can only surmise now that this will indeed happen in the not so 
distant future when low cost high efficiency cells be manufactured 
and applied to external surfaces of buildings and other structural 
elements such that total installation cost of P.V. cell will be 
almost the cost of the cell itself and its electrical ancillaries 
and not the relatively costly structure to carry the cell. If this 
development indeed happens the electric utility of today will have 
to change its habit of "selling electricity only" to small 
customers to "selling and buying of electricity" from small 
customers which may decide to install relatively large P.V. cells 
for their own use. This could be done on the same basis as is done 
now with private producers of big "volumes" of electricity in the 
U.S. where electricity is bought from industrial producers. 

In order to achieve higher penetration of the photovoltaic market 
a higher and more efficient rate of photovoltaic cell production 
must be achieved. At present the P.V. production rate in the world 
is about 60 MW per year which when compared to world electricity 
generation systems installation rate is minuscule. It is thus our 
intention to try and penetrate into this niche through high 
efficiency low production cost photovoltaics and photovoltaic 
ancillaries such as voltage regulators, sincronization devices, 
surge limiters, etc. We feel that from a technical point of view 
those fields are open for innovative ideas and carry a good 
potential for broadening the technological base in our country. 

The spectrum separation carries also ^ :.•>t'.rong promise hence will 
be supported as a research program by the Ministry. 

http://technology.it
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The issue of overnite or seasonal accumulation of solar energy was 
not solved as of now on a scale permitting use of stored energy 
during preferred time-of-day-use. This could be enhanced if a 
ta'arif structure will be chosen to reflect the real marginal cost 
difference between peak and off-peak production of electricity. 
This will also ease introduction of day time peak hours solar 
electricity and help in justifying operation of solar plants in 
the week ends for energy accumulation purposes and may also 
contribute to better utilization of installed capacity in the 
overall electric system. The topic of superconductivity and the 
abillity of super conducting coils to store energy will be an 
issue for research by local groups. Although wi are not in the 
same league as the U.S.A. or the U.S.S.R. we feel we can 
contribute in many theoretical issues related to material 
structures, material behaviour and material workability and even 
develop laboratory processes to enable wire drawing or other 
shaping methods of new high temperature super conductors in a form 
required by the user. 

Israeli laboratories with their relatively large human resources 
can also serve as ready made facilities to test on a moderate or 
even large scale, new ideas of renewable energy technologies. 

The facility in Sde Boker that is transferred today from the 
Ministry of Energy and Infrastructure to the Ben Gurion University 
at Sde Boker may serve as a basis for that kind of an endeavour. 

This also is in line with another operation that was started by 
the M.O.E.I, and Ben Gurion University. I refer to the agreement 
that was signed by the Ben Gurion University with the U.S.S.R. 
Academy of Sciences under the general agreement arranged by the 
Ministries of Science and Technology and Energy and Infrastructure 
to create an energy laboratory common to U.S.S.R. and Israel. 

The Sde Boker as well as the solar research program in the 
Weizmann Institute or any other research program can become part 
of this agreement by amending the existing agreement between 
M.O.E.I, and the U.S.S.R. Academy of Sciences. 
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We will even welcome a tripartite arrangement on issues of common 
interest. 

We intend to advance research in the renewable energies field 
including the efficient use of energy IP its many applications. 
This we will establish on a national scale through universities, 
laboratories and commercial research groups and on the 
international scale we will utilize vehicles similar to the one 
signed with U.S.S.R., Portugal, Spain, Germany and the one to be 
signed shortly with Italy, to advance our energy research 
programs. 

We intend to perform feasibility studies of the various 
technologies on verge of maturity like chemical pipe heat storage, 
and D.S.G. power plant, we will continue investing in the 
development of local sources of energy insisting upon more 
intensive use of renewable energy technologies. 

We have to review our legal systems and define those measures 
necessary to help introduction of renewable energ" into use in the 
public sector or into the private sector. 

We find it indispensable to influence our financial circles here 
to reduce the abominable rate of return of 12# used to evaluate 
energy projects as of now. This rate of return which is used to 
artificially prioritize projects of all sorts, is punishing, most 
if not all, the renewable energy projects because of the high 
initial investment incurred in those projects. 

The review will not be completed without mentioning another grave 
issue we are facing and this issue is the lack of ample water in 
our country. At least two solutions we review at present utilize 
soft energies to expand the available amounts of potable water. 
There is the Mediterranean - Dead Sea Project coupled with a large 
R.O. plant which can yield large amounts of water. 
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The second is the utilization of solar ponds to heat sea water to 
o 

85 C the required temperature for multi effect distillation of sea 
water. Although cost figures are not fully known the values are 
not so high as to exclude those ideas at the outset. We continue 
reviewing, those values and other methodologies and hope to 
collaborate on those issues with countries having same problems 
whether far away from us like the U.S.A. and Mexico or very close 
like Jordan and Egypt or any Arab country in the Arab Peninsula. 

I wish you success in the forthcoming meeting 
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EKPERIENCE WITH THE BEN-GURION SOLAR ELECTRICITY TECHNOLOGIES 
TEST CENTER (1987-1990) 

I. Spiewak and G. Carmel 
Israel Ministry of Energy and Infrastructure 

History and Objectives 
The Ministry of Energy and Infrastructure broke ground for the Test Center 
in November 1985 and it was formally inaugurated in February 1987. Petro
leum Services, Ltd. was the construction manager and the operating contrac
tor. Meteorological and operational data were reported, starting October 
1987, in the form of monthly reports. The results are summarized in annual 
reports for 1988, 1989 and 1990 1' 2' 3. 
The program was established by the Ministry to advance and assess promising 
solar technologies operating under desert field conditions typical of good 
solar sites in the south of Israel. Israeli and foreign entrepreneurs have 
been and are invited to install systems for testing and evaluation by the 
Ministry. 

Station Description 
The station is located at Sde Boker, T,atitude 30.8 N, Longitude 34.7 E ap
proximately 45 km south of Beer-Shevi. i-jacent to the campus of the Blau-
stein Institute for Desert Research. The developed site consists of a 
fenced area of about 10 acres with all necessary facilities to support the 
operation of solar systems. This includes a fully computerized meteorolog
ical station and an automatic data legging system, utilizing several Gould 
type 884 programmable controllers and supporting IBM personal computers. 
There is a visitor center at the site featuring exhibits and audiovisual 
presentations. 
Figure 1 is a general layout of the site and Table 1 lists the major solar 
systems under test. These include tracking PV systems supplied by Paz and 
by the Israel Electric Company, a group of stationary FV panels, high temp
erature thermal systems supplied by Luz and by Paz, a Paz- Gal absorption 
cooling system and an advanced direct steam-generating system by Luz under 
construction. 

Experience with System Availability 
The meteorological station and the automatic control and data logging sys
tems have been operational essentially 100% of the tune. The availability 
of systems under test is in Table 2. 
The Paz-PV system has operated smoothly since its startup in March 1987. 
The present IEC-PV system also entered routine operation shortly after in
stallation. An earlier IEC system operated only briefly before its de
struction in a wind storm on February 1, 1988. The Paz-PV has been operat
ed during working hours (weekdays during daylight), and also unattended 
over weekends and holidays. The IEC-PV was operated in a similar mode from 
June to September 1990 but was shut down most weekends during October-De
cember 1990 because of some unreliability that developed in the 2-axis 
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tracker. Both PV systems displayed excellent DC availability during the re
port period. 

Difficulties started with the Paz system inverter that supplies AC to 
the grid in January 1989. The inverter has operated only intermittently 
and less than 20% of the time since then. With the assistance of Professor 
Slonim of Ben Gurion University, inverter service has recently been re
stored but its long-term reliability is uncertain. The inverter of the 
IEC-PV system operated well for about a year, but is currently down. In
verter problems have been reported with many grid-connected PV systems op
erating abroad; there appears to be a need for developing engineering stan
dards for the design and operation of such equipment. 

The two solar-thermal systems, in contrast to the photovoltalcs, required 
many months of adjustment after erection before being ready for routine op
eration. I*tost of the difficulties with the Luz system related to the main 
oil heat transfer fluid pump seal. The Paz-Thermal system required adjust
ment of the tracking components and the system controls. The thermal sys
tems are operated only during weekday daylight hours when operators are on 
site. The Luz system has been available about 70% of the scheduled time, 
with most interruptions related to pump problems. The Paz-Thermal system 
has had an availability of about 90%. 

Test Results 
The observed solar energy over the 3-year period 1988-1990 is given in Ta
ble 3. The global horizontal radiation has been close to 2100 kwh/ m each 
year. The direct beam radiation has averaged 2340 kwh/m and represents 
71% of the total insolation. Sde Boker is an excellent site for solar 
testing, with relatively few clouds, especially during the summer. 

The kwh output of test systems operational during 1990 is shown in Fig. 2, 
together with the relevant solar ladiation. The 2-axis tracking IEC- PV 
system has an output parallel to the global normal solar input, which is 
expected from a system continuously facing the sun. 

The DC output of the Paz-PV system is compared with the prediction of J. 
Gordon et al in Fig. 2. The relevant solar radiation is the EM single-ax
is tracking global insolation. During the summer, the observed output is 
85 to 90% of the prediction. However, during the winter the observed out
put is only 60 to 65% of the anticipated low output. 

According to Gordon , the annual output multiplier of a Paz photovoltaic 
system should be the following relative to a fixed PV at 30' facing south: 

• single-axis tracking without mirrors - 1.185 
• single-axis tracking with mirrors - 1.685 

The observed enhancement of mirrors plus tracking over a stationary Solarex 
panel, also shown in Fig.2, is 1.23 for the year or 1.52 for the summer 
months May-September. 
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We attribute the deficiency of output relative to expectation to the fol
lowing factors: 
• dust - The reflectivity of mirrors was well below Gordon's assumption of 
0.9 (see below) and PV output may be affected as well. 
• non - optimal electric load - The PV cells may have been operated at a 
less favorable voltage than assumed in the analysis. 
• underestimate of module temperature - Gordon's calculation of temperature 
may be low on the average, with a consequent overestimate of output. 
• underestimate of optical losses associated with oblique rays - This is 
believed to be a major contributor to the winter's low output. Oblique rays 
are known to be inaccurately reflected from clean surfaces; their interac
tion with dusty surfaces is likely to be worse. 

The reported experience of the AROO Solar Carrisa Plains PV plant J that 
also contains side-mirrors may be relevant to evaluation of Paz- PV mir
rors. Module temperatures above 90 *C have been observed for extended peri
ods. As a result, browning of the plastic encapsulation of the PV cells 
was observed, together with a progressive deterioration of output. This 
deterioration was less evident in a portion of the plant that had similar 
2-axis tracking but no side-mirrors. Some browning has also been observed 
in the Sde Boker Paz-PV cells when operating at high temperatures but there 
has not been a reduction of output. The brown color does not appear on the 
stationary PV module that has no mirrors and operates at lower tempera
tures. 

A PV module deployment option that has not been tried at Sde Boker but 
which might be cost effective is polar single-axis tracking. Gordon esti
mates a 30% improvement relative to fixed deployment, over the year, with
out mirrors or an 83% improvement (some of which would not be realized) 
with mirrors. This geometry would also reduce the oblique-reflection loss
es characteristic of winter operation in a horizontal mode. 

Figure 2 also displays the Luz thermal output which should be referenced to 
the normal beam solar input. Again we see a respectable thermal output in 
the summer but low output in winter. The poor winter performance is again 
attributed to non-specular reflection of oblique rays, combined with the 
limited amount of beam energy and its unfavorable cosine factor with hori
zontal orientation. This behavior is reported also for the Luz plants in 
California, which have practically no solar-electric production from I*>vem-
ber to February6. 

Table 4 displays the efficiency of each of the solar systems operated in 
1990, in each case relating to the appropriate reference insolation. The 
Paz-PV (using Solarex cells) can be compared directly to the fixed Solarex 
panel to indicate the enhancement attributable to mirrors. Averaging May 
to September, there appears to be a 12% enhancement of efficiency attribu
table to the mirrors, far below expectations. 
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The higher efficiency of the IEC-PV system compared to that of the fixed 
panel is attributed to the inherently better efficiency of the single-crys
tal silicon Siemens cell compared to that of the multi-crystal Solarex. No 
fixed Siemens cell was tested. It should also be noted that the summer ef
ficiency of the IEC and fixed PV cells are somewhat below the winter effi
ciency; this is a commonly observed result of high simmer cell tempera
tures. 

The annual average efficiency of Luz thermal collectors of 30.5% can be 
compared to the 50% thermal capture efficiency claimed by Luz and the appx. 
10% net solar electrical efficiency reported for LS-2 systems operating in 
California . The Sde Boker output seems reasonable, compared with Califor
nia, considering the relatively small size of the facility and the lower 
frequency of cleaning. 

The collectors for the direct steam-generating Luz system under construc
tion are tilted at an 8° angle facing south. By improving the winter geom
etry relative to the sun, there should be a substantial increase in winter 
efficiency compared to the older horizontal system. We also anticipate a 
reduction in the amount of auxiliary power. 

Dust 
Dust is known to impair optical performance, but little has been published 
that is useful for predicting its impact on solar system performance. 
Zangwil and Offer have studied the effect of dust on the reflectivity of 
mirrors at Sde Boker. We are taking the liberty of plotting some of their 
data in Fig. 3. The reflectivity is reduced by dust accumulation, and can 
be restored by rain or washing. 

The reflectivity of clean Luz mirrors in the spring of 1990 was about 95%. 
In the nominal 2 weeks between cleanings, there can be a loss of reflectiv
ity of up to 10% but this is apparently weather-dependent. There can be 
many days of operation where reflectivity is stabilized at about 90%. On 
the other hand, a Luz mirrors where the June 20-21 cleaning was emitted de
teriorated to 81.8% on June 27 compared to 94.2% for the cleaned group of 
mirrors. 

The reflectivity of clean Paz-PV mirrors at the same time was about 80%. 
The Paz-PV system was divided into 3 groups, A cleaned nominally biweekly, 
B nominally monthly and C not cleaned. Between April 17 (cleaning) and 
April 26 (measurement), there was an unusually heavy impairment of the Paz 
mirrors not observed at Luz. Looking closely at the Zangvil- Offer data, 
it is noted that reflectivity of the Paz east mirrors went from 65.7% on 
April 18 to 51.2% on April 26 while the Paz west mirrors changed only from 
65.9% to 59.6%. Most of the time, however, reflectivity of east and west 
mirrors are similar. After prolonged exposure starting from the last rain 
on April 1-2, reflectivity of the C section reached 45 to 50% by the end of 
May and apparently stabilized. 
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It appears from these data that dust behavior is quite complex and cannot 
be accurately predicted without considering the local weather. Rain is ef
fective for cleaning mirrors. However, there is no rain in this region 
during the summer. Wind can also remove dust from surfaces and can selec
tively burden a portion of the plant. Dust is not deposited uniformly over 
time, but presumably most strongly during "chamsin" (dry desert wind). It 
is presumably desirable to stow mirrors facing down (Luz) rather than up 
(Paz) when not in use to minimize accumulation of dust. 

Future work 
Effective July 1, 1991, the station responsibility was assigned to the 
Blaustein Institute for Desert Research, Ben Gurion University, with Prof. 
David Faiman as Director of the Test Center. We anticipate the continua
tion of test operations but with a greater emphasis on research. 

Conclusions 
In summary, the Test Station has demonstrated the ability to erect and op
erate solar facilities in the Negev. A large body of meteorological and 
operational data have been accumulated, probably sufficient in the case of 
the Paz PV system to support commercialization as a DC power producer. 
High availability has been obtained from 1-axis Paz-PV and the IEC-PV 2-ax-
is tracking systems. Performance of the Luz system has been consistent 
with reports from commercial systems in California. The Paz Thermal system 
has experienced a number of problems in the startup phase that will require 
future attention. The Paz-Gal absorption refrigeration system, on the oth
er hand, has delivered air conditioning to the Visitor Center very satis
factorily. 

Special maintenance operations, such as on large pumps and DC-to-AC power 
inverters, have been slow because of the remoteness of the site relative to 
specialists and equipment suppliers. A greater emphasis on research and 
analysis of instantaneous system performance should enhance future efforts 
to improve and optimize the systems under test. 
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Table 1 

Summary of Test Systems Characteristics 

System Vendors Rating Aperture 
m 2 

Tracking Startup 
date 

Cost 
USD thousand 

Paz-PV,poly-
crystal ,w/rairrors 

Solarex 
Pimat 

9.5 kw AC 222(mirrors) 
85.3(PV) 

1-axis 
EW 

3/87 180 

IEC-PV, single 
crystal type 

Siemens 4.125 kw,DC 32 
3.33 kw,AC 

2-axis 6/90 220 

PV Panels, 
various types 

Various 0.87 kw,DC 
total 

6.5 
total 

Fixed 
30*S 

7/89 -

Luz,LS-2 type 
parabolic trough 

Luz 560 kw 
thermal 

960 1-axis 
EW 

1/89 783 

Luz,direct steam 
parabolic trough 

Luz 2107 kw 
thermal 

2760 1-axis 
EW 

Future 2000 

?az-Thermal 
cylindrical 
reflectors 

Pimat 220 kw 
thermal 

750 1-axis 
EW 

11/90 720 

Paz-Gal Absorp 
tion Cooling 

Paz-Gal 140 kw 
cooling 

- - 11/90 110 
Cost of a commercial unit may be much less than the cost of the test facility. 

Table 2 
Availability of Solar Systems at Sde Boker (1988-90) 

Paz-PV 
1988 

Paz-PV 
1989 

Paz-PV 
1990 

Luz Luz 
3-12/1989 1990 

IEC-PV 
7-12/1990 

DC/Thermal 
Availability,% 92 92 97 69 72.4 97 
AC Availability,% 92 20 0 - 97 
No. of hours of 
operation 

4049 4014 4234 2147 2411 1927 

Capacity Factor, DC 
thermal,% 22 22 23.4 9.25 7.95 25 
Capacity Factor,AC,% 15 3 0 - 26.7 

Availability is based on scheduled hours of operation. For Paz-PV, all sunshine 
hours are scheduled. For Luz, operation is scheduled during work-days only. For 
IEC-PV, all sunshine hours July-Sept, were scheduled but seme weekends Oct.-Dec were 
not scheduled for operation. The capacity factor is defined as the output (kw-hr) 
divided by the nameplate rating (kw) x 8760 hr per year. 
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Table 3 

Global horizontal 

Direct beam 

Global 30°south 

Global 2-axis 

Solar Radiation at Sde Boker 
(kwh/m2/yr) 

1988 1989 1990 

2083 2133 2083 

2234 2470 2315 

2333 2475 2384 

3220 3326 3293 

Table 4 
PERCENT EFFICIENCY OF TEST SYSTEMS (1990) 

PAZ-PV IEC-PV Fixed Luz 
Reference Solarex 
Output DC DC DC Thermal 

Ref. Insolation 1-axis global 2-axis global 30"global Beam 

January 6.8 7.8 16.2 
February 8.6 7.8 27.3 
March 8.6 7.8 28.6 
April 8.5 7.8 31.6 & 
May 8.3 7.7 34.7 
June 8.7 7.4 39.9 
July 8.5 9.0 7.6 33.0 
August 8.8 8.8 7.6 36.4 
September 8.8 8.85 8.1 34.4 
October 8.4 8.9 7.9 31.6 
November 6.5 10.15 7.9 18.3 
December 6.9 10.1 7.8 8.4 
Average 8.5 9.2 7.8 30.5 

Efficiency in the case of the PV systems is defined as (the DC output 
estimated if the system had been 100% available for the month) divided by 
(total reference insolation times the module area). For the Luz system, 
efficiency is defined as (net thermal energy capture for the month above 
200"C if the system had operated for all daylight hours) divider! by(beam 
insolation times aperture area). 
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SDE BOKER PROGRAM OBJECTIVES 

1. To ascertain overall performance of state-of-the art commercial 
solar systems under Negev conditions. 

2. To obtain operating experience in the Negev. 

3. To obtain cost experience. 

4. To obtain data for scaleup to larger systems 

5. To develop an Israeli Standard Test Procedure 

6. To verify analytical performance models. 

7. To perform diagnostic evaluations for .ijiproving performance of 
cenmercial solar systems. 

8. To obtain reliable performance/cost comparisons of solar systems 
operating under the same conditions. 

9. To encourage and assist solar entrepreneurs. 

10. To encourage co-operation between entrepreneurs. 

11. To encourage collaboration with foreign countries and between 
Israeli and foreign scientists. 
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/\:i_ Ov_oryiev of IjiracJ l.lectric Corporation's Solar Energy Projects 

by 
Dr. Dan It'eincr 

Research and Development Division 
The Tsrael Electric Corporation 

Haifa, Israel 

1. Introduction 

The Israel Electric Corporation (IEC) Is the largest service company In 
Israel and the second largest Industrial company in the country. The 
company's registered consumers number over 1.5 million and it has an 
annual budget of nearly $2 billion. Due to the geo-political isolation 
of Israel, and in contrast to electric networks elsewhere in the world, 
the company cannot rely upon back-up from the generating systems of 
neighbouring countries. 

Since the country has no indigenous resources of energy all of its 
power plants are fed by imported fuels namely: oil and coal. The 
nominal capacity of the generating system at the end of 1990 Including 
gas turbine was 5,055 Htf. 

Although the main concern of IBC is power generation, distribution and 
supply the company has decided to support and to participate in solar 
demonstration plants for the following reasons: 

Development of solar energy plants will increase the share of 
indigenous energy resources of the national prime energy basket. 

Increase of solar energy consumption will contribute to higher 
environmental quality level by decreasing the amount of pollutant 
emissions as well as decreasing the greenhouse effect. 

Preparing itself for a decentralized mode of operation, where a 
part of the power will be generated by many disperse, small and 
stochastic manufacturers. 

Contribution of know-how and technical experience for the benefit 
of the Israeli Industry. 

The activities of IBC in solar energy exploitation are being carried 
out both in the thermal machine field as well as in the Photovoltaic 
generation. In the following sections these activities are outlined in 
detail. 
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2. Thermal Solar Energy Generation: Use of the Bravton Cycle 

The Brayton cycle applied to gas turbines in central solar receivers 
can take advantage of the high temperatures achieved. In contrast to 
steam power plants where the highest allowed temperature is 540-C 
temperatures of more than 1000°C can be applied. In addition, the 
simple configuration of the gas turbine, its light weight and simple 
control as well as cooling-water free operation contribute for the 
choice of gas turbine as a prime mover in solar central receiver. 

The applied circuit diagram for a simple open cycle gas turbine is 
shown in Fig. 1. The system is comprised of a used aeroengine 
reconditioned by Ormat Turbines Ltd. This aeroengine comprises a 
single shaft gas generator, a free turbine and a gear box. The 
compressor delivers ambient air from the plenum which is then bypassed 
to the recuperator and ceramic cavity. Another gearbox installed at 
the exit of the aeroengine shaft leads to asynchronous generator. 

The system design summary is detailed in Table 1. 

TABLE 1: SYSTEH DESIGN SUMMARY 

Collector Field 

Number of heliostats 64 
Helios tat size m2 54.25 
Insolation design point W/m 2 950 
Receiver 

Efficiency Z 70 
Elevation, midplane m 34.5 
Panel 

Width m 1.8 
Bight m 4 

Aperture 
Width m 1 
Hight m 1 

No. of tubes 40 
Tube material Ceramic SiC 
Maximum air pressure drop bar 0.5 
Gas Turbine 

Nominal output kW 250 
Pressure ratio 7 
Maximum air temperature °C 1100 
Air flow rate kg/h 5400 
Shaft speed: 

Gas Generator rpn 5000 
Power Turbine rpm 33290 
Output Shaft rpm 6016 

RecuDerator 

Recuperation Factor 0.593 
Heat Transfer Area m* 26 
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3. Photovoltaic Demonstration Plants 

The Israel Electric Corporation has decided to Install several 
Photovoltaic Denonstration Plants. These research and development 
projects are to import extensive knowledge on the operation of major 
grid-connected plants integrated in an entirely fossil fuel fired 
system. In the following sections 3 different photovoltaic projects 
are described. 

3.1 Two-Axis Tracking 4kWp Plat Plate Array 

The first pilot plant with a peak output of 4kVp was commissioned 
in Hay 1990. This installation has been designed in order to allow 
comparison of various solar cell technologies and inverter concept. 

The array (see Fig. 2) is comprised of 75 flat monocrystal modules 
mounted on a steel construction. The electrical configuration is 
comprised of 5 series of IS modules each connected in parallel, 
(see Fig. 3). The Tracking system is motivated by a gear system 
manufactured by FUJOL (Spain) and controlled by a special PC 
program. A data collection and transfer system has been 
established. A schematic description of this system is described 
in Figure 4. 

3.2 Solar Pump 

The technique of utilizing photovoltaic energy for water pumping by 
means of a d.c. motor has been applied for a long time. However, 
d-c. motors are characterized by low-efficiency, need for 
maintenance and high cost. On the other hand Induction motors are 
rugged, efficient, reliable and low cost. Therefore, it is 
advantageous to use these features for isolated p.v. water pumping. 
Variable irradiance cells for adjustable speed operation to be 
utilized on centrifugal pumps to realize energy saving. 

Host a.c. motors operate at constant speed and speed control can be 
obtained by varying the frequency of the applied voltage. One of 
the methods of forced commutation inverters, namely the Pulse Width 
Modulation (PVH) inverter is in common use. 

An Inverter of this type was applied at the Zambelli photovoltaic 
pumping station in Italy. This plant is equipped with 2 variable 
frequency inverters of 30 kVA each whose efficiency at 50 Hz is 
97*. 
The pumping system installed at the Zambelli plant consists of two 
piston pumps, driven via a reduction gear by standard a.c. 
asynchronous (squirrel cage) motors. 
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In Sede Boqer the plant efficiency of an isolated 4kU photovoltaic 
pimping station (see Fig. 5) is on-line optimized. This pimping 
systea is fed from the FV array described in S".c. 3.1. The plant 
efficiency is composed of a cascade of three efficiencies, namely: 
the array efficiency, the motor efficiency and the centrifugal pump 
efficiency. This overall plant efficiency is maximized for every 
operation point by controlling continuously the voltage and 
frequency of the motor. The system software is comprised of a set 
of non-linear algebraic equations simulating and optimizing the 
overall efficiency. 

3.3 Solar House 

The purpose of this project is to install a photovoltaic array in a 
residential house in order to study the performance of a typical 
unit fed by a FV System while being integrated in the grid. 

The photovoltaic facility is planned to supply energy to the needs 
of the residents during the daytime, when the grid will be fed by 
the energy surplus. During the times when there exists a 
curtailment in FV energy supply, the house will be backed-up by the 
utility grid. 

The photovoltaic array is comprised of 120 modules with a total 
capacity of 6kV, Including an Inverter, construction, electricity 
panels, sensors, spare parts and auxilliary equipment. The design 
of the system will be carried out by IEC employees. The system 
is due to be operational in 1992. 
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Figure 1: Solar Gas Turbine: Plant Block Diagram 
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Figure 2: A General View of Sede Boqer 4kU Two-Axis 
Tracking PV System 
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H U S T L U Z B E L O S T ? 

b y 

D A N S H I L O 
Budget Officer 

Ministry of Energy and Infrastructure 
Luz is a city. An Utopian community whose name was taken from 
Jacob's dream. This is not the first time in the life of Arnold 
Goldman, the founder of Luz, that dreams and reality intermingled. 
Goldman is, without doubt, a rare type in Israel's industrial 
landscape. 

The many visitors to Har Hotsvim at the entrance to Jerusalem, 
focal point to the Israeli capital's hi-tech industries, cannot 
but discern the giant memorial of Luz - a huge, seven-storey glass 
building of distinctive architecture and an outstanding visual 
message, which reflects the universal vision of the founder, who 
was the first in the world who tried - and almost succeeded - to 
convert solar power into an efficient replacement for fossil 
energy. 

To comprehend the atmosphere that gave birth to Luz, one must go 
back more than ten years, to the end of the seventies. The world 
was then suffering from a phobia of oil, the direct and combined 
result of the oil crisis following the Yom Kippur war. The price 
of a barrel of oil then rose sky high to about 60 dollars 
(adjusted to the curtsnt value of the dollar). To everyone dealing 
with energy economics it was clear that the price of a barrel 
of oil would continue to rise. During those years, considerable 
resources in all the industrial countries were diverted to 
finding, quickly, efficient substitutes for fossil energy. 

Arnold Goldman came to substitute energy by accident. In the past, 
he was a computer professional, and according to some assertions, 
he was the inventor of the first word processor, in the framework 
of the Lexitron Co., which he founded before he was thirty. A 
minute before everyone understood that any personal computer can 
function as a word processor, Goldman sold his shares in the 
company for millions of dollars and immigrated to Israel with his 
family. 

In Jerusalem he met an immigrant physicist called Patrick 
Francois. Goldman and Francois were fascinated with the hidden 
potential of solar heat. On the roof of Goldman's house they 
conducted various experiments aimed at capturing solar energy and 
converting it to electrical energy. One of the experiments 
succeeded and they managed to light an electric bulb by means of 
an amateurish solar collector. 

In 1979 they founded Luz. The parent company, Luz International, 
was incorporated in the USA. Goldman and Francois sold the company 
stock to about 100 American investors, most of them Jewish, and 
among them also Charles Bronfman, who holds about a fifth of the 
shares. 



-56-

In its first development, Goldman and Francois thought to produce 
a device that would utilize solar energy to provide steam to 
industry. An agreement was signed with the manufacturers of 
"Tapud" - a plant producing ready-made potato chips - to construct 
a device for heating oil to fry potatoes. This was a complete 
fiasco. The device proved to be inefficient and impracticable. Luz 
experienced its first crisis. Ninety of its 120 employees were let 
go. They then decided to change direction and to focus on another 
market: utilizing solar energy to produce electricity. 

The technological idea behind the Luz method is simple and has 
been tried dozens of time before. However, Luz was the first to 
succeed in building - on the basis of the idea - an operational 
and economically feasible power station (then): Luz created giant 
fields of parabolic mirrors. The mirrors received the sunlight and 
radiated it, intensified, on a transparent pipe in which a special 
composition of oil flowed in an inner pipe. The heat that is 
accumulated in the oil pipe was used to produce steam, which 
operated turbines to produce electricity. 

In the first four years of Luz's existence, the company devoted 
itself to research and development. From its earliest days the 
plant was considered one of the crowning achievements of the 
developing Israeli industry, not a little by virtue of Arnold 
Goldman's ability to conduct massive public relations for the 
plant, the only one of its kind in the world. Judaism maintains 
that "Torah shall come forth from Zion and the word of the Lord 
from Jerusalem". Luz embodied this passage fully, not only from 
the technological aspects and from the economical idea of 
producing "clean electricity", but also from the point of view of 
labor relations in the plant. Arnold Goldman involved all his 
employees in the company's goals, difficulties and successes, and 
thus achieved a very great measure of support and cooperation of 
the workers. They supported him wholeheartedly until Luz's final 
moments, and even agreed, when the economic difficulties 
increased, to forgo part of their salaries and to return them to 
the plant in the form of a loan. Today these "loans" constitute a 
small part of the Luz liabilities to its creditors, which come to 
150 million dollars. 

Israeli and foreign economists, who have reviewed the activities 
of Luz over the past few years, do not focus on the question why 
Luz fell, but rather on the opposite question: how did the company 
manage to survive for ten years in the strangest economic reality: 

One Product For One Customer 

Luz produced only one product: a solar power station costing many 
millions of dollars. One company undertook to purchase the 
electricity generated by the station: The Edison Electric Company 
of Southern California. As the consequence of a Federal law, which 
granted great benefits to investors in solar stations, Luz was to 
complete the erection of a power station by December of each year. 
The aim of the law was to foster alternative energies, not only 
from the viewpoint of economics, but particularly because of the 
desire and the atmosphere prevailing in the United States, and 
especially in Southern California, the land of smog, on the 
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subject of quality of the environment. The tax advantages given 
to investors in clean energy are very significant, offering up to 
a 20JS return on their investment. The American law also provides 
that an American electric company must purchase clean energy from 
any private body that offers it, and shall pay it the production 
cost of a kilowatt/hour in a conventional station, plus the amount 
saved in investments. To all appearances, a transaction with an 
assured profitability. But practically, it was a very limited 
transaction, economically: The price for supplying clean 
electricity to the Southern California Electric Company was linked 
to the price for producing electricity from natural gas. In the 
last decade the price of gas continued to drop from year to year. 
To maintain profitability, Luz had to strive for cheaper 
electrical production costs and the process involved enormous 
technological efforts. Two years ago, after tremendous endeavors, 
Luz succeeded in reducing the erection costs of each station and 
following this success, it seemed that its future for the coming 
years was assured. 

Until its collapse, Luz supplied the Southern California Electric 
Company with nine solar stations at a total monetary v-lue of 1.25 
billion dollars, and an overall production of 35k megawatts. Luz 
had a contract to supply three additional stations between 1991 -
1994. 

Financial Acrobatics 

The administration of the Federal law raised several problems for 
Luz. The first problem was the necessity to start and complete the 
erection of the power station entirely within one year, otherwise 
the station would lose its tax advantages. The other problem, the 
more difficult one, was financing the erection of each power 
station. As already mentioned, the Southern California Electric 
Company did not purchase the station itself, but undertook 
continued purchase of the electricity produced from it. To produce 
the ongoing profits, Luz had to find a way to finance the erection 
of each station on its own. This involves an investment which 
began with 100 million dollars in the early years, and which 
ballooned to 250-300 million dollars every year, while Luz 
increased the output of its stations from 30 megawatt per station 
to 80 megawatt per station from 1989 onward. 

This was almost impossible financial acrobatics: For every power 
station erected, Luz created a partnership with a long line of 
institutional investors in the US, who provided the money required 
to erect it, and in return Luz undertook to pay them an annual 
income for 30 years, based on lb% of the working capital 
(average). Naturally, the institutional investors would wait until 
the last two months of the year before agreeing to invest in the 
station, thus creating an additional problem of intermediate 
financing that would serve Luz for the purpose of actually 
erecting each station. This financing was obtained through banks 
in the United States. 

Three subsidiary companies were active in the US for the purpose 
of the acrobatics described above. One dealt with locating 
investors, tailoring the complex contracts with each of them, and 
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obtaining the intermediate financing for the purpose or erecting 
the power station. Another subsidiary dealt with closing contracts 
for the supply of electricity with the Edison Electric Company. A 
third company dealt with erecting the station, recruiting about a 
thousand temporary employees. 

This method of financing provided Luz with the financial leverage, 
but at the same time it created constant stress and enormous 
pressure on the company's management and employees: Will Luz 
succeed in recruiting the investors in time, will the intermediate 
financing be obtained, will it be possible to complete the 
station on time? This acrobatics could have been continued and 
conducted, year after year, only when successes are recorded and 
inceased activity is achieved. The first turning point occurred in 
1987. A year before that Luz recorded 88 million dollars in 
exports, and erected two 30 megawatt stations. However, that year 
it succeeded in erecting only one station. Since there was no 
alternative, 15% of the employees were let go. In 1988 Luz 
succeeded in completing the erection of two power stations and 
returned to growth. In 1989 it recorded additional growth when, 
following a change in legislation, it went over to erecting one 
power station with an 80 megawatt output. 

Investing in the Next Generation 

In 1989 there was a feeling that the company was taking off. Luz 
employed 800 employees in Israel and the United States, and the 
profits accrued in previous yenrs were reinvested in the 
development of the next generation of power stations. The central 
idea of the next generation stations was to omit the oil pipes and 
to heat the steam water directly by the parabolic mirrors. 
Simultaneously, the company began to enter additional areas -
production of a battery for an electric vehicle - via subsidiaries 
specially founded for the purpose, in order to reduce the economic 
risk. Using a special method, Luz also began to develop a Vacuum 
Insulated Pipe (VIP) that will serve to prevent loss of energy 
in industry. Another idea - almost Utopian - which the company 
began to engage in, was the development of giant batteries for 
storing electricity. These batteries were designed to store the 
electricity produced during the day in the solar power station, 
in order to enable it to be used during the night. 

What went wrong? In 1990, the legislation providing tax advantages 
in the United States ended in September instead of December. The 
change in legislation compelled Luz to speed up the pace of 
erecting the current power station and completing it within seven 
months. At the same time, the complicated financing system had to 
accelerate the collection process for erecting the station. 
Expenses of the accelerated construction increased greatly and 
financing costs Inflated. The bottom line of Luz International 
recorded a loss. The uncertain economic atmosphere at the end of 
1990 - the months of preparation for the Gulf war - also did not 
contribute to Luz's economic welfare. The final blow was delivered 
by the Governor of California, who refused to renew a local 
regulation that granted property tax benefits to investors. 
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In January 1991 Luz was compelled to fire 80 of its i|00 employees 
in Israel and to take painful economical and practical steps. This 
process also didn't help. It was clear to the company's 1(00 (!) 
creditors in the world (in addition to the employees themselves), 
that this year too Luz would not succeed in carrying out the 
financial acrobatics that had kept the company alive throughout 
the years of its existence. 

The Future - Unclear 

Luz's principal creditor is the Swiss - Swedish company ABB. This 
economic giant, which has an annual turnover of kZ billion 
dollars, is interested in taking upon itself the erection of three 
power stations which Luz is entitled to erect by 1994. According 
to the ABB plan, Luz will give up all the business of financing 
and selling power stations to American investors, and will 
continue to function as a producer and supplier. 

This is the preferred possibility. Luz also has two other 
possibilities: General liquidation of the company and sale of its 
properties and assets to cover part of the debts to its creditors 
or, to continue to operate under Chapter 11 to obtain protection 
from the creditors as is customary under American law. Luz is in a 
race agairst time. Will it manage to sign an agreement with ABB -
as a living company - before the creditors submit a request for 
liquidation. 

Some of the Luz creditors are in a very difficult position. Some 
manufacturers are on the verge of economic collapse, since Luz was 
their only, or biggest client. 

During May and June 1991, the Ministry of Energy asked Luz to 
prepare a feasibility study for the erection of 200 megawatt power 
station in the Negev. The erection of such a station could involve 
the employmet of up to 2,000 workers. The Ministry wishes to go on 
with this project, with the successors of Luz. 

Luz owes to the Ministry of Industry 10 Million Dollars and a 
lower sum to the Ministry of Energy. None of the know-how of Luz 
can be transferred to another firm without the permission of the 
Israeli government. 

The government will be ready to accept any successor of Luz who 
will maintain at least 25# of the production, design and R&D in 
Israel. The government will be ready to negotiate with potential 
successors of Luz the possibility of sharing the know-how that Luz 
owned, but it will not approve the selling of the know-how to a 
buyer that wishes to transfer all of it to another country. 

The government will also be ready to support the continuation of 
the R&D in order to reduce the cost involved in the erection of 
future solar power station. The government believes that this 
technology can be a clean alternative to fossil fuel as was proven 
in the desert of California. 
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Sede Boqer Campus, 84993 Israel. 

Introduction 

Solar-generated electricity has been demonstrated on the megawatt scale by 
four distinct technologies: wind turbines; linear concentrators operating in 
the 300-400°C temperature range; solar ponds at temperatures below 100°C; 
and photovoltaic plants. I shall not discuss wind power since this is a 
qualitatively different subject in the sense that what the technology converts 
to electricity is not the solar energy itself but, rather, one of its by-products 
(the kinetic energy of air molecules). In the present article I would like to 
make some comparisons between three kinds of technology that collect solar 
radiant flux and convert it to electric power. 

A direct comparison, from what has been published in the literature, is 
rendered somewhat difficult on account of the fact that the various types of 
technology are to be found at different geographical location; and different 
financing schemes were involved in each case. For the purposes of the 
present discussion, therefore, I have adopted the following strategy. I shall 
first review the documented performance of the largest plants of each type. I 
shall then use these performance figures to compute how much annual 
energy each plant would give if they were all situated at a single (sunny) 
location. Lastly I shall adopt a uniform and well-defined financing scheme in 
order to compare directly, in 0/kWh, the relative economics of the three 
hypothetical plants. 

Photovoltaic Plants 

The largest photovoltaic plants were built by Arcosolar Corp. in California. 
The oldest is the 1MW plant at Hesperia which has provided data since 1983. 
This plant consists of 108 dual-axis trackers each of which carries 
approximately 95m 2 of flat modules. Table 1 displays the performance 
figures of this plant for the (typical) year 1988 [1]. 
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Total aperture area * 10,275 m 2 

(Ground cover ratio » 8.0) 

Total insolation lkli)h/m2l 3241 
Total dc output [MWh] 2231 
Total ac output [MWh] 2133 
Mean dc efficiency 6.7 % 
dc -> ac efficiency 96% 

Table 1: Performance of the Rrcosolar 1 MUJP photovoltaic plant 
at Hesperia, California, for the year 1988 ( I ] 

From Table 1 we arrive at the sobering conclusion that, whereas individual 
solar cells have been demonstrated with dc efficiencies in excess of 20% 
under laboratory conditions, the Hesperia power plant, under field 
conditions, exhibits a total ac efficiency of only 6.4%. 

Solar Ponds 

The largest solar pond power plant that has thus far been operated is the 
250,000 m 2 pond at Beit Ha'Arava, Israel, designed, by Ormat Corp to drive 
one of their 5 MW organic-fluid Rankine-cycle turbine generators. Although 
this pond was never allowed to drive the turbine at full power (owing to the 
fact that budgetary problems prevented inclusion of heat exchangers of the 
required size [2]), both the pond and turbine were operated for a sufficiently 
long period of time to enable assessment and publication [2,3] of their 
performance. The observed [3] thermal efficiency of the pond was 16%, 
which compares quite favorably with the 20%, or so, that would be expected 
for a pond of the Beit Ha'Arava dimensions if modeled according to ref [4] 
under the simplistic assumptions that perfectly clean water and no bottom 
losses are assumed. 

The power plant was observed [3] to have a thermodynamic efficiency of 
5.5% (but 30% of the resulting electrical output had to be forfeited in the 
form of parasitic losses). The planned inlet and outlet temperatures across 
the turbine were respectively 28°C and 72°C from which one might expect a 
maximum efficiency of ' t) : 

1 - / (30 I /345 ) = 0.066 (1) 

I It) Since electricity is produced by an irreversible process, rather than a 
Carnot-type engine from which no power could be drawn in a finite time, I 



have used ihe equivalent of Carnot's Law for finite-time thermodynamic 
processes [5| for this estimate. 

From cq.l it is seen that the efficiency achieved by this first-of-a-kind 5MW 
power plant is most reasonable. 

Combining the efficiencies of the pond and the turbine we see that the total 
solar -> electricity efficiency of the Beit Ha'Arava solar pond plant is 0.88%. 

Linear Concentrator Plnnts 

By far the laigest solar power plants that have yet been constructed are the 
355 MW of Solar Electricity Generating Stations (SEGS) that Luz Corp built for 
Southern California Edison, in the neighborhood of Daggett, California. SEGS1 
was a 15MW prototype, SEGS2-SEGS7 are 30MW plants employing larger 
parabolic trough mirrors than the prototype and each of the latest 80MW 
plants, SEGS8-SEGS9, has about 0.5 km2 of still larger mirrors. The reflector 
troughs track the sun about a horizontal NS axis, heating oil to about 350°C at 
an annual average efficiency (in the documented [6] case of SEGS5) of 50% . 
This oil is then used to flash steam which drives a turbine at an efficiency of 
30.6%. The solar-thermal efficiency of the Luz collectors compares favorably 
with measured efficiencies that have been published for a variety of 
parabolic trough collectors. For a power-producing engine operating at these 
temperatures one may expect a thermodynamic efficiency of about 

1 - / ( 2 9 2 / 6 2 3 ) = 0.315 (2) 

but since the turbine employed is an off-the-shelf type the excellent value 
for the observed efficiency should come as no surprise. 

We thus see that the total solar -> electric efficiency of the Luz linear 
concentrator plants is about 15%. 

Annual Expected Energy Delivery at a Single Location. 

In order to compare the relative performances of these three plants we must 
first "move them" to a single site. For this purpose I shall take Sede Boqer 
and I shall use (somewhat arbitrarily) insolation data recorded for the year 
1988. 

For an Arcosolar-type PV plant at Sede Boqer, the total global irradiance that 
would be received on a dual-axis trucking surface is 2853kWh/m2. (This 
figure is derived from data on direct-beam and horizontal global insolation. 
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using the isotropic assumption for the diffuse component and an assumed 
desert albedo of 0.3). Under these conditions and at an assumed efficiency of 
6.4% this 10,275 m 2 photovoltaic system would produce 1.88GWh of ac 
electricity per year. Taking into consideration the required ground cover 
ratio of 8:1 for the dual-axis trackers, each square kilometer of land could 
generate 22.8GWh of electrical energy. 

For an Ormat-type solar pond plant located at Sede Boqer, the annual global 
horiionial irradiance is 2087kWh/m2. This figure should be reduced by an 
annual average incidence angle modifier of about 0.95 (to allow for the fact 
that not all of the incoming radiation enters perpendicularly to the pond 
surface). Thus at a total solar -> electricity efficiency of 0.62% (this includes 
the 30% parasitic loss mentioned above) the 250,000 m 2 Beit Ha'Arava solar 
pond, if moved to Sede Boqer, would produce 3.07GWh of ac electricity per 
year. Since the ground cover ratio is essentially 1:1 for large ponds, each 
square kilometer of land could generate 12.3GWh of electrical energy. 

In the case of a Luz-type plant at Sede Boqer the calculation is, of needs, 
more artificial. In real life these plants operate in conjunction with a gas-
fired backup system that ensures the rated plant output during periods of 
the day when electricity revenues are highest. The actual strategy for use of 
the backup gas is quite complicated since local regulations limit the amount 
of gas that may be consumed by a hybrid solar/fossil backed plant. In point 
of fact, such plants can not be operated without backup unless one is 
prepared to suffer a situation of no electrical output all the time the oil is 
heating up in the morning (about an hour |7]) and, more generally, whenever 
the radiation drops below the collector's threshold. For the present 
calculations I have artificially assumed that backup gas is used, when 
necessary, merely to maintain the oil temperature at its threshold value 
from sunrise till sunset. In this way the collectors are able to convert all of 
the incoming direct beam radiation to electricity. For Sede Boqer the total 
direct beam irradiance on a horizontal tracker with NS-axis would be 
2 0 0 1 k W h / m 2 per year. For this kind of tracking strategy the annual 
correction due to incidence angle modifier is small (2-3%) and I have chosen 
to neglect it. Thus at an efficiency of 15% the 233,120 m 2 of SEGS5 collectors 
would produced 70.0GWh of solar electricity. Scaling this figure too to 1 km2 

of land and allowing a 2.5:1 ground cover ratio [6] for these linear 
concentrator collectors we arrive at a total annual generating capacity of 
120GWh per square kilometer of land. 



Economic Comparisons 

Although the cost of the Hesperia system was never revealed I shall assume 
it to have been $10 per peak watt - typical of system costs at that time. (This 
would have corresponded to $5 per watt for the photovoltaic modules and $5 
per watt for the balance of system (BOS) costs). Thus the 1MW Hesperia 
system cost is taken here as $10M. I shall also assume a uniform financing 
scheme for all three plants, viz a 20 year loan at 8% p.a. interest. This 
corresponds to Rabl's "10% rule" |8], i.e. the 1.88GWh of annual electricity, 
that such a plant would produce at Sede Boqer, would cost $1M to produce. 
This amounts to 530/kWh to which one may the add the reported [9] annual 
operation and maintenance costs of 0.30/kWh. 

The capital cost for the 250,000 m 2 solar pond power station at Beit 
Ha'Arava was [3] $20.18/m2. Using the same financing scheme we assumed 
for the photovoltaic system the 3.07GWh of annual electrical output that an 
Ormat-type pond plant would provide at Sede Boqer would cost 16.40/kWh. 
To this figure should be added annual O&M costs of $510,000 [3], i.e. another 
16.6e7kWh, making a total of 33e7kWh. 

Lastly, the price of the Luz SEGS5 plant was about $110M [6]. This implies a 
cost of 15.70/kWh for the 70GWh of annual electrical output that such a 
plant would yield at Sede Boqer. O&M costs amount to about 2% of the 
system cost per year [6| . This adds another 3.10/kWh to the cost of 
electricity, making a total of 18.8«/kWh. But in point of fact this is an 
underestimate as it assumes zero cost for the backup fuel. 

Conclusions and Outlook 

From the above considerations we arrived at the result that present day 
solar power generating technology can generate electricity at a cost of about 
530/kWh in the case of photovoltaics, at about 330/kWh in the case of solar 
ponds, and at about 190/kWh in the case of parabolic trough systems. 

In the photovoltaics example we have chosen, half of the 53e7kWh 
represents module costs and half are BOS costs. It has been estimated [10] 
that BOS costs might realistically be reduced by a factor of 5 compared to the 
assumed $5 per peak watt we took for our Sede Boqer example. Such 
reduced BOS costs would only contribute 5.30/kWh to the cost of the 
electricity produced by the system. If the total electricity cost is to be no 
larger than, say, 100/kWh then the module cost must be reduced by a facto: 
of between 5 and 6. Alternatively, module costs per m2 could remain at the 
level assumed here if the system ac efficiency would increase to 36%. 
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Without wishing to enter here into the controversial matter of the "true cost" 
of environmentally acceptable electric power, one sees that considerable 
technological improvement will be needed if photovoltaics are to compete, on 
a large scale, with conventional power stations. 

In the case of solar ponds, ref [3] points out that the same SMW turbine that 
Ormat built for the 250,000 m 2 pond at Beit Ha'Arava could simultaneously 
serve four such ponds. In such a case the 30% parasitic loss mentioned above 
could probably be reduced to about 10% [11], and the thermodynamic 
efficiency of power generation could rise to the 6.6% figure computed above 
for the pond design temperatures. It is also reasonable to suppose that the 
pond thermal efficiency could be made to rise from its prototype 16% to the 
design value of 18%. Under such circumstances a 1km2 system would 
produce 21.2GWh per year (at Sede Boqer). According to ref [3] the system 
cost would then fall to $10.37/m2, contributing 4.90/kWh to the cost of 
delivered electrical energy. The annual O&M costs of [3] $900,000 would 
contribute a further 4.2#/kWh making a total of 9.10/kWh for the electricity. 

It appeares, therefore, that in the case of solar ponds, it is continued 
development rather than a technological breakthrough that is needed to 
produce economically competitive solar power on a large scale. 

In the case of high temperature solar-thermal systems it is not clear whether 
the cost of "pyre solar" electricity can be brought down much below the 
18^/kWh level. On the other hand any kind of plant which could literally be 
switched off by each passing cloud (owing to its dependence on direct beam 
radiation) would obviously not be operated as a purely solar plant. The 
hypothetical calculations presented here assumed cost-free gas burned in a 
highly arbitrary manner - namely, so as to keep the plant temperature 
above threshhold, all day and all year. Luz, of course, use a more practical 
strategy (one which guarentees full plant output during peak hours, 
whatever the weather) and their claim is that the electricity from their 
SEGS8 and SEGS9 plants works out at under lOg/kWh. The extent to which 
the cost of electricity from hybrid linear concentrating systems (such as the 
Luz plants), or from any of the potentially higher-efficiency concentrating 
configurations (that have not yet been demonstrated in the commercial 
sector), can be made directly competitive with conventionally generated 
electric power is not clear. On the one hand, point-focusing systems (from 
which higher efficiencies may in principle be obtained) have not yet been 
successfully demonstrated in the commercial sector so the potential cost of 
electricity from such plants is still very much conjectural. On the other hand, 
the price of electricity from linear concentrators has fallen steadily with each 
new generation of Luz plants. So perhaps all that is needed for solar thermal 
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electricity (both troughs and ponds) to compete on the open market with 
fossil fuel is continued growth. 
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Renewed Prospects for a Mediterranean - Dead Sea Canal 

Yuval Ne'eman 

Minister for Energy & Infrastructure, 
Minister for Science & Technology 

The Government of Israel 

Introduction 

The State of Israel has unique topographical characteristics unmatched by 
almost any other country on earth. Over a stretch of 110 Km or so, the 
entire width of the country at its widest section, the terrain rises steadily 
from sea level at the Mediterranean Coast to an elevation of some 600 
meters above sea level, before dropping to the deep Jordan Rift Valley 
and the Dead Sea (known in Hebrew as the Salt Sea), the lowest point on 
the face of the earth. The total depth of this valley at its lowest point - the 
floor of the Dead Sea - is almost 800 meters below sea level, though the 
Dead Sea depression is under water to only about half of this depth, its 
water surface being at present about 400 meters below sea level. The 
drop from the highest point to the present level of the Dead Sea is thus 
some 1,000 meters and this occurs over a distance of only 15 km! 

Many are the visionaries that over the past 100 years or more have given 
reign to their imagination and conjured up schemes to exploit the unique 
conditions of two seas in relatively close proximity but with surface levels 
that differ by some 400 meters. None however, has expressed more 
vividly this vision than Theodore Herzl, journalist, idealist and founder of 
political Zionism, who in his Utopian novel Altneuland ( 1902), following 
on his blueprint for the new Jewish State, envisaged the linking of the two 
seas to exploit their topographical differences for the generation of 
electricity. 

Herzl's vision was, however, largely nurtured by the proposals submitted 
to him by Max Bourcart and pointing to the advantages of building a canal 
from the Mediterranean to the Beit She'an Valley, and on to the Dead Sea. 
Bourcart further proposed the establishment of three hydro-electric 
power stations on the canal, a scheme Herzl evaluated from the political 
and economic aspects in The Je*»ish State. 

Other planners took up the challenge and gradually added substance to 
the dream. In 1919 the Norwegian engineer Hjorth proposed driving a 
tunnel through the Judean Hills for generating electricity at the Dead Sea. 
Pinhas Rutenberg, the pioneer of hydro-electric power generation in 
Palestine and subsequently the moving force behind the power plant at 
Naharayyim, proposed in 1920 the construction at the Dead Sea of power 
stations using the waters of the Jordan and the Yarmuk. In 1925, Pierre 
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Grandillon suggested carrying sea water to the Jordan Valley through the 
Jezreel Valley and building two power stations en route. More detailed 
proposals were presented in 1943 by the Palestine Survey Commission, 
headed by Engineer James Hays. This proposal was for a multi-purpose 
scheme - diversion of Jordan River water for irrigation, compensating for 
the loss of water to the Dead Sea by bringing in sea water from the 
Mediterranean, and exploiting the difference in water levels to produce 
electricity. 

Simcha Blass was the first Israeli engineer to develop a program, put 
forward in 1944, for producing hydro-electric power between the 
Mediterranean and the Dead Sea, in addition to a program for diverting 
the Jordan to the Negev. In the same year Walter Clay Lowdermilk, the US 
conservationist and engineer, put forward similar concepts in his book 
Palestine - Land of Promise, a work which did much to bring attention to 
water development schemes in the country. Subsequently, Hays 
developed his plans still further in his book TVA on the Jordan. 

With the establishment of the State of Israel, planning of water supply 
and irrigation systems was placed in the hands of the Ministry of 
Agriculture. In the years 1950 to 1955 the Ministry's Consultant Engineer, 
John Cotton, together with engineers of Tahal Water Planning for Israel 
Ltd. (Now also Tahal Consulting Engineers Ltd.), prepared a master plan 
for the development of irrigation and hydro-electric power in Israel. In 
this plan various combinations of tunnels and canals, leading from the 
Mediterranean to the Dead Sea were studied with a view to both 
maintaining the level of the Dead Sea and generating electricity; the 
possibility of constructing a conduit from the Red Sea to the Dead Sea 
with similar functions was also studied in this period. 

Almost twenty years elapsed before steps were taken to pursue 
implementation of the Mediterranean - Dead Sea Project. In 1974 a 
committee was set up by the Government of Israel, under the 
chairmanship of Prof. Shlomo Eckstein, charged with examining the 
economic feasibility of the project. The committee concluded that a 
project, based on a tunnel driven directly from the Mediterranean to the 
Dead Sea, was potentially feasible. In 1976 the Project Management Body 
set up within the Israel Electric Corporation commissioned Tahal to draw 
up the required engineering plans. 

In 1977 a Steering Committee was established, chaired by myself, to 
examine the plans put forward by Tahal and to investigate their economic 
feasibility. Our Interim Report of 1980 contained the following 
observations and conclusions. 

Physical Considerations 

Some 1200M cubic meter per year of sweet water used to be fed into the 
Dead Sea by the Jordan river system, prior to the pumping of waters from 
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the Sea of Galilee into the Jordan-Negev Conduit and to the diversion of 
Yarmuk waters into the Ghor canal (in the Hashemite Kingdom of Jordan), 
and before the extensive agricultural development of the Jordan Valley 
itself. Nowadays the yearly feed has been reduced to some 25% of that 
amount, and this may be further reduced down to 150M-200M m 3 p.a., if 
and when the Jordanian Maqarein High Dam is built. The level of the 
Dead Sea has thereby dropped from about -393 meters (below "Sea 
Level") to about -402 m., and may reach -410 m by 1990. 

Economic Considerations 

A detailed economic analysis has shown that a hydro-electric power 
project, based on a sea-water 35-50 m 3 /sec conduit from the 
Mediterranean to the Dead Sea, utilizing the approximately 400 meters 
difference in levels between the two seas, and making full use of the 
evaporation capacity of the Dead Sea surface - would be economically 
justified and physically feasible. This conclusion holds for several 
possible routes and in various versions, even when only direct energy 
benefits are taken into account; namely, the installation of some 600 MW, 
to be applied to peak load - an especially suitable role for hydro-electric 
power stations. 

In addition, there are several attractive possibilities for secondary 
benefits, particularly in the Southern (Qatif-Massada) route. These would 
considerably enhance the overall profitability of the project. 

The conclusions with respect to the hydro-electric project itself are based 
on an estimate of $497M to $947M overall benefits in fuel savings, in the 
various versions, and an additional $306M through savings in projected 
construction (all sums capitalized at 6% to 1.1.1990). Fuel savings were 
estimated over a 50 year period, but would accrue mainly in the first 20 
years. An increase of 1-3% per annum (in real terms) was assumed in the 
price of all fuel categories, over the 1.1.1980 prices of $290/ton for jet 
fuel, $160/ton for heavy fuel oil, and $46/ton for coal. Total investments 
were estimated at $583M to $684M, at 1980 prices, depending on the 
choice of route. The SCIC is having these figures re-examined by 
international experts. 

Routes 

The committee initially considered a variety of routes, including a conduit 
originating in the Red Sea. Several routes (including the latter) were 
eliminated on the basis of economic or other considerations. More 
detailed studies have centered upon the following: 

- a Northern route, through the Jezreel and Jordan Valleys. This route 
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was also studied in a truncated version, consisting of a Jezreel canal-
tunnel combination followed by the channeling of the sea water to the 
Dead Sea through the Jordan riverbed itself. 

• a Central route consisting of a tunnel from Palmahim/Nitsanim to 
Qumran. 

- a Southern route involving a canal-tunnel combination from Qatif to 
Massada. This route was also studied in a Ziqim/Massada prolonged 
version. 

Economic Comparison of Alternative Routes 

The economic analysis is based upon a dynamic model of future power 
generation in Israel, developed by the Israel Electric Corporation's Project 
Feasibility Study Management (FSM) serving the SCIC under a Ministry of 
Energy contract. The FSM has also produced an economic ranking of the 
alternative routes and versions, with the Qatif-Massada route taking first 
place. Investments in this version are estimated at $550M at 1977 prices 
(or $684M at 1980 prices). The economic ranking between the various 
versions is being rechecked at Tel-Aviv University through the 
application of a different dynamic model. 

Recommending the Qatif-Massada Route 

The Steering Committee recommends the selection of the Qatif-Massada 
route, for reasons other than (and in addition to) the economic ranking 
according to the FSM study. 

Tunneling conditions along the Central route appear highly uncertain, due 
to the existence of geological Karst (caved) formations, connected with the 
country's richest fresh water aquifer. There are ensuing ecological and 
hydrological dangers, in addition to uncertainties in the estimated costs. 

The Northern route is the longest and involves a complicated path along 
the -275 to -280 m. contour in the Jordan Valley. The simpler truncated 
version of the Northern route would cause heavy economic and ecological 
damages, as a result of the salination of the Jordan river. 

It is therefore proposed to focus, at this stage, upon the Southern route in 
furth<" studies and more advanced planning, unless unexpected technical 
di' >s or new factors do arise. The SCIC final report will include more 
dc recommendations. 
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Solar Energy from the Dead Sea 

The development of electric energy production in solar ponds in Israel 
opens the possibility of utilizing the Mediterranean water supplied by the 
Conduit to generate up to 1500 MW of Solar Energy through the 
conversion of a part of the Dead Sea into a "Solar Lake". This possibility 
depends upon the results of further R&D, relating to the development of 
large (2.S km 2 ) ponds. Solar ponds require for their operation a 1-2 
meters upper layer of less dense water, and the entire conduit's water 
supply would be utilized The Solar Lake Project is indeed conditional 
upon the existence of an Inter-seas Conduit. 

It is recommended that the possible realization of the Solar Lake in the 
nineties be taken into account in the planning and optimization of tile 
Conduit. 

Cooling of Thermal (Nuclear or other) Power Stations 

The problem of providing new sites for thermal power stations along the 
Mediterranean coastline (where all present units are situated) has created 
an interest in potential inland sites, involving pumping up of some 35-40 
m 3/sec per 1000 MW for cooling purposes. The lnter-seas Condiiit could 
thus provide important savings and much simplifications in the next 
stages of the country's Energy Development program, should the siting 
involve the North-Western Negev. This region is especially suitable for 
nuclear power stations, due to safety considerations (and seismic 
problems existing East of the Judea-Negev divide). 

Importance of the Project for Israel's Energy Program 

It is thus possible that some 3000 MW of future installed power will 
depend on or be strongly coupled to the Inter-seas Conduit. It should bo 
noted that the present total installed power in Israel amounts to 2600 
MW (liquid-fuel operated). Another 1400 MW of coal-operated power 
stations are presently under construction, and installed generating 
capacity in the year 2000 may reach a figure of 10,000 MW. We are thus 
dealing with some 30% of Israel's installed power capacity in the not-too-
distant future (20-30 years from now). 

Effect on the Dead Sea (Potash) Works 

Dilution of the Dead Sea brines by the inflowing sea water from the 
Mediterranean may, according to some estimates, lead after some years of 
operation to a slight reduction in the output of the existing potash plant. 
Such a decrease might only occur if complete mixing of the two kinds of 
water should take place throughout the full depth of the Dead Sea - an 
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extremely unlikely eventuality that would anyway have to be dealt with 
and prevented for the realization of the solar-lake project. The upp^r 
limit of such i temporary production loss is estimated at some 300,000 
tons of potash per annum, which amounts to about 15% of the present 
annual production, or about $20M p.a. (at 1980 prices). 

Should the mixing take place as conjectured in a relatively thin upper 
layer only, very simple technological solutions for preventing losses could 
be applied, e.g. drawing quasi-original and "normally" concentrated Dead 
Sea water for the potash plant from a greater depth (in the northern part 
of the Dead Sea). 

The Committee has initiated an appropriate research program, and a more 
precise evaluation may be available in the Final Report. 

Long-term Investigations 

A number of such investigations may not be completed within the term of 
the Steering Committee, owing to the long-term nature of their data 
collection and interpretation. Another example is provided by the 
"whitening" phenomenon that might occur through the precipitation of 
gypsum in the Deau Sea as a result of the influx of Mediterranean water. 
Other examples include studies of evaporation rates and of the 
stratification of the Dead Sea; effects of nutrients contained in 
Mediterranean water on biological processes in the Dead Sea, etc. It is 
assumed that the results of most of these studies will become available in 
1982. Some may still be incomplete even then, owing to the present 
scarcity of information on the nature of the Dead Sea. Nevertheless, it is 
recommended that general planning and design of the preferred route be 
started immediately, on the basis of presently available information. 

Research should continue in all relevant fields, and design should be 
revised concurrently in accordance with incoming results. However, actual 
construction of the conduit should only be started after the solutions to 
the problems mentioned have been ascertained. 

Indirect Benefits or Losses 

Studies should also continue towards a comprehensive quantitative 
determination of indirect benefits as well as of indirect losses or damage. 
A final assessment of the remaining quantities of water flow in the lower 
Jordan river (after diversion of the Yarmuk) is needed for a quantitative 
evaluation of the effects of salination in the truncated Northern version of 
the project. 
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Establishing a New Steady Level Tor the Dead Sea 

The final level at which the Dead Sea will reach its quasi-steady state (in 
the year 2010, according to the FSM optimization) has been tentatively 
set at -393 m (below sea level) to suit the crest levels of the dykes of 
the Israeli Dead Sea Works, now in the process of being raised to -391.8 
m. A further rise is planned in about 20 years time. The ground level of 
the production plant proper lies between -388 m and -389 m. [Note: The 
Dead Sea levels referred to in this report are in accordance with a local 
datum established by the Dead Sea Works Limited. This datum lies 2.5 m 
above the Israeli official datum.] 

It is possible that the rate at which the Jordanian Potash Works' dykes 
will be raised will force a 5-10 years delay in attaining the final (steady-
state) level of -393 m. This should not affect the economics of the project 
in a serious way. The Committee has also examined the possibility of 
adopting a steady-state level of -400 m, for the sake of economic 
comparison. This level might be imposed for a longer period, if progress in 
the normal operation of the Jordanian plant should come to a stop at an 
early stage after its start, a rather implausible eventuality. 

Future Jordanian Co-operation 

The above mentioned 5-10 years delay in reaching the -393 m level may 
be obviated should the Jordanian Potash Works be willing to raise their 
dykes earlier. 

A proposal for a Binational Park along the Jordan river, is included in 
Appendix B to the attached Engineering Feasibility Study. It provides for 
a careful development of the unique fauna and flora within the deeper 
ravine created by the Jordan river in the center of the Jordan Valley. The 
proposal suggests extensive touristic, ecological, scientific and historical 
programs, in addition to a co-ordinated agricultural exploitation on both 
banks. 

With Jordanian co-operation it should also become possible to undertake, 
in a more distant future, a joint study of the feasibility of a gradual 
raising of a dam across the Lissan strait, so as to allow for some further 
rise of the water level in the northern part of the sea. This would 
increase the evaporation area and ensuing power production, without 
damaging the potash works and other facilities in the southern part 
(though flooding the lower Jordan Valley on both banks, and possibly 
losing agricultural assets). Field surveys of the sea bottom and the Lissan 
area and specific engineering studies are required in view of the 
geological and seismic conditions in the area The pros and cons of such an 
extension of this project should be weighed carefully, considering the 
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profound ensuing ecological, hydrological and economic implications. 

Organization and Further Activities 

An early decision should be reached on the mode of operation in the next 
stage of the project. There is need for an extension of the Steering 
Committee's term beyond July 1980, and for the allocation of funds for 
the Continuation of surveys and studies during that period. 

The Steering Committee recommends that the Government take an early 
decision on the next stages for the Inter-seas Project. Organizational work 
could be started, even before the submittal of this Committee's Final 
Report, to structure both the financial and engineering implementing 
bodies. 

The Project Status in 1991 

An early decision was indeed taken, for in August 1980 the following 
resolution was adopted by the Government: 

To authorize in principle the project for construction of a conduit to link 
the Mediterranean with the Dead Sea for generation of electricity and 
other purposes connected with the development of the country. The 
Government expresses its hope that this vital and realistic program will 
be carried out, both by the use of Government funds and private 
investments. The Government places the responsibility for execution of 
the decision upon the Ministers of Finance and of Energy and 
Infrastructure, including the appointment of a Project Directorate. 

As you all know, many aspects of the project went ahead, including the 
famous 250,000 m 2 solar pond at Beit Ha'Arava and its associated 5 MW 
turbine. Unfortunately, however, the country entered a period of serious 
inflation and the Government decided to halt all expansion programs, a 
policy which put a halt on progress towards the realization of a 
Mediterranean - Dead Sea canal. But the situation has now changed 
radically owing to the arrival of 350,000 immigrants. It is now of 
primary importance that work should be found for the newcomers and 
that the relatively high degree of technical competence that many of them 
possess be utilized in order to help build the country's future 
technological infrastructure. Any economic reasons that may have argued 
against large projects in the past must now be re-evaluated most 
carefully. If interest rates remain at a high 12% it will always be more 
cost-effective to leave our money in the bank rather than invest in future 
fuel savings. The price we shall then pay will be in unemployment 
benefits for a generation of engineers whose skills will have been wasted. 
If, on the other hand, interest rates are lowered to 6% then the economics 



-84-

of many projects like the one under discussion here will appear in a 
totally different light. 

A logical first stage is to construct the pumping station before work is 
started on the canal proper. The former could then be used to pump local 
brackish water to a higher-level storage reservoir at night in order to use 
this surplus electricity to generate additional daytime hydro-electric 
power. This kind of pumped storage is now quite successfully used in 
several parts of the world. Indeed there are at least 300, including one 
1800 MW facility I visited in Snowdonia in Wales. Studies performed by 
the Israel Electric Corporation indicate that such a system would seriously 
benefit the country's present generating capacity. 

Work on the pumping station could begin almost immediately. In 1984, 
when the project was frozen, the test drilling of a 1500 m horizontal shaft 
had already reached 900 m. It should take about another year to 
complete such tests and evaluate their results. After that, construction 
work on the actual pumping station could commence. In parallel, studies 
on many other aspects of the project, which were left incomplete in the 
1980s, could be recommenced so that by the time the pumping station is 
complete the next stage of the overall scheme can be undertaken. 

In summary, therefore, I am not only convinced that the Mediterranean -
Dead Sea Project should be reactivated, I am confident that it will be and 
I believe that current events indicate that the time has now come to do 
so. 
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Discussion after Prof. Ne'eman's presentation 

Zemel: What effects would large quantities of Mediterranean water have 
on the Dead Sea? 

Ne 'eman: Numerous studies were carried out on this issue. For example, 
fears were expressed that gypsum might crystallize out turning the entire 
Dead Sea white. Accordingly 24 small ponds were constructed at the 
northern part of the Dead Sea to enable chemical tests to be performed. 
Analysis of the results indicated that no more whitening should be 
expected than the normal spontaneous crystallization that sometimes 
occurs naturally. There were also fears that Mediterranean fish might be 
transported by the canal, cf the "prediction" in Ez 47,10. However Ezekiel 
was presumably refering to a different project since the only creatures 
that our study revealed as being capable of surviving in the Dead Sea are 
algae and a certain cube-shaped amoeba whose remarkable shape is the 
result of all the time it spends among salt crystals. But in addition to all of 
these negative results one should stress the fact that if we do not stabilize 
it the Dead Sea will dry out completely due to all the feed water diverted 
by both Israel and Jordan for agricultural purposes. Indeed the southern 
lobe of the Dead Sea has already completely disappeared. 

Q u e s t i o n : To what extent could the Mediterranean - Dead Sea canal 
become a cooperative project between neighboring states? 

Ne'eman: In the same manner in which the various countries of Europe 
havj a common grid system I believe there is much to be gained by 
connecting the generating capacities of Egypt, Israel and Lebanon into a 
common grid system. Jordan could, in principle, also join should she so 
wish. Regarding the Dead Sea project specifically, it is noteworthy that a 
degree of informal cooperation already exists: The Jordanian potash works 
are based upon our original design, and in the 1984 Moscow Conference on 
Geology an official Jordanian government pamphlet stated that Jordan 
would be in favor of a Mediterranean - Dead Sea canal, aimed at stabilizing 
the level of the Dead Sea, provided that the stabilized level was -395m 
rather than the -393m that we had originally planned. I see no reason 
why we should not change our target to -395m so as not to cause damage 
to a number of structures the Jordanians have erected on land that was 
once flooded. 

Faiman: Are there concrete plans for solar ponds to be an integral part of 
the Mediterranean - Dead Sea project? 
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Ne'eman: The first stage of the project would see the construction of the 
pumping station I talked about. This is an important project in its own 
right since this country relies too heavily on gas turbines for satisfying the 
increasing peak load demands that have arisen in recent years. As a 
second stage the canal would be constructed. During all of this time serious 
studies would be revived for all of the ancillary projects that were 
originally suspended as part of the previous Government's anti-inflation 
policy. One of these ancillary projects was to have been a series of 1 km 2 

solar ponds which would drive 5 MW turbines. Each such module would 
actually comprise four 250 dunam ponds in a square with the turbine at 
the center. In our 1980 report we talked about 2.5 km 2 ponds, but the 
invaluable results obtained by Ormat at Beit Ha'Arava, with their single 
250 dunam pond and its associated 5MW turbine, led to a more concrete 
appraisal of what can actually be achieved. Sadly th.it project too iell 
under the anti-inflation axe. 

Biryukov: How would the economics of electricity derived from the canal 
project compare with those of nuclear power? 

N e ' e m a n : Nuclear power may be directly compared with oil am >al 
power since all three serve base load requirements. The canal, on t' IT 
hand, would serve peak loads. The economics of the two classes r 
station are difficult to compare directly since one involves a lar t I 
investment of capital but cheap (or free) fuel whereas the other es 
lower construction costs but with ongoing fuel expenses at in 
future prices. For this kind of comparison interest rates are a e 
factor. A further factor which would affect the economics of nuclei er 
stations in our region is the need to render them safe against act ar 
and terrorism. 

Roy: Excessively high interest rates have been the downf' many 
technically excellent solar projects. Do you think that 6% migl . u i 
feasible discount rate for solar technology? 

Ne 'eman: When I suggested such a step last year it was turned d l̂ y 
both the Finance Minister and the Governor of the Bank of Is id. i was 
because the Government at that time was still in the aftermath of anti 
inflationary policy aimed at stabilizing the economy by limiting e >n. 
Now the Government realizes that new steps must be taken in lo 
absorb some 350,000 immigrants and the new Governor of the \ of 
Israel agrees with me that interest rates must be lowered. This has ince 
happened and the Discount Rate is now 10%, and 9% for small projects. I 
believe that 8% or even 6% are indeed feasible. 

http://th.it


-87-

KEYNOTE LECTURE 

PHOEBUS - International 30 MWe Solar Tower Plant 

by 

DR. WILFRIED GRASSE 
German Aerospace Research Establishment 

and 
Plataforma Solar de Almeria 



-89-

PHOEBUS - International 30 MWe solar tower plant 

Wilfried Grasse 
DLR - German Aerospace Research Establishment 

& Plataforma Solar de Almeria 

1. Project background 

Starting in 1986, a group of European companies, convinced of 
the technical and commercial potential of solar thermal 
central receiver technology, took up an initiative of the 
Swiss SOTEL group and the German DLR research establishment to 
commercialize the technology. In 1988, this group was expanded 
to include new members from Germany and the United States of 
America, and it was organized as a partnership called the 
PHOEBUS Consortium. In the beginning of 1991, there were nine 
partners in the Consortium (table 1) . DLR (Deutsche 
Forschungsanstalt fur Luft- und Raumfahrt, Cologne, FRG) and 
PSA (Paul Scherrer Institut, Wiirenlingen, Switzerland) acted 
in an advisory capacity. 
The PHOEBUS Consortium was undertaking all measures and 
activities needed for the detailed design, construction, 
commissioning, operation, and financing of a 30 MW power 
plant in order to accomplish the following: 
- demonstrate that a solar tower power plant can be operated 

with continuous high reliability and is able to produce 
electricity according to demand; 

- develop a technical experience base for scaling to 
commercial size projects; 

- demonstrate the potential for larger power plants to 
provide electric energy at competitive rates. 

With two phases (Phase la in 1986-87 and Phase IB in 1988-90) 
the feasibility study was completed in March 1990. It includes 
predesigns of each major subsystem in sufficient detail so as 
to allow reliable performance analysis and capital cost 
estimate [1], [2]. 

4 Sede Boqer Symposium on Solar Electricity Production 
October 1-2, 1991 ISRAEL 
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2. Technical and Economical potential of 
solar tower plants plants 
Following a DLH initiative, the technical potential of 
different solar plant concepts (tower, trough and dish) was 
investigated by using common models and evaluation schemes in 
order to determine the energetic and economic figures for 
designed and operating power plants [3], Annual electrical 
energy production of all three plant types are compared using 
the following tools: 
- Daily input/output characteristics 
- Annual system and subsystem efficiencies 

Diurnal plant performances on typical days 
Data from plants designed or already operating have been 
analysed in detail (see table 2). The simulation code SOLERGY, 
the predictive power of which may be checked as well, is used 
as the common computational tool. In particular, investigation 
determines the dependence of plant performance upon the 
following key parameters: 

Insolation condition: 2000-3000 kWh/m2a (direct, normal) 
- Plant size : 30-100 MW 

e 
- Receiver coolant : air, salt, water/steam, oil, 

helium 
In general, a complete technical-economic comparison consists 
of the following steps: 
- Determination of the annual net electrical energy 

production at 100 % plant availability 
- Availability analysis 
- Estimation of plant cost and calculation of the cost of 

energy 
- Uncertainty analysis of the cost of energy 
The three technical concepts considered use the same source of 
energy, direct normal irradiation, and equivalent steps for 
converting thermal into electrical energy. However, they 
differ essentially in the way in which they transform ir
radiated into thermal energy. This is mainly due to the 
different geometric "sun-reflector-absorber" configurations 
and, consequently, the tracking method required to concentrate 
the incoming sunlight on the absorber. 
Thus, a specific absorber geometry and absorber coolant 
temperature characterizes each system. In order to study the 
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different technologies in detail, the following types of 
reference plants were selected: 
- Existing and operating experimental plants 

Plants demonstrating the technical concept and feasibility 
(typically 30 MW e) 

- commercial plants (typically 100 MW ) 

Furthermore, the following boundary conditions were taken: 
- Heteodata for 1976 and 1984 (2850/2370 kwh/m2 annual direct 

normal insolation) from Barstow, CA (35° latitude north). 
- SOLERGY code for determining annual net electrical energy 

for all plant variants. 
- 89 % average reflectivity for all reflectors 
- Water/steam Rankine cycle (tower, trough) and 9 kw SBP 

Stirling engine (dish) for power conversion. 
- Thermal energy storage (exception: experimental plants and 

dish/stirling systems) 
Table 2 lists the reference plants and their main characteris
tics. 
As any detailed description of the reflector or absorber 
technologies would be excessively long for inclusion here, 
only some basic figures are mentioned. More detailed 
information is found in [3]. 
- Tower: Glass/metal heliostats ranging from 40 m 2 (SOLAR 

ONE) to 115/150 m 2 (PHOEBUS/US Utility) are used. The 
volumetric absorber consists of a wire mesh cooled by a 
mixture of cold ambient and recirculated warm air. In the 
salt variant, liquid salt is heated about 280°C, whereas 
the SOLAR one receiver produces superheated steam directly 
from the feedwater. 

- Trough: The LSA und LS3 collector 70 mm-dia. absorber tubes 
are inside an evacuated glass tube to avoid loss from 
convection. The selective tube surface coating, which 
diminishes loss from reradiation, was improved from LS2 to 
LS3, increasing the oil outlet temperature by about 40'C 
resulting in a more efficient steam cycle using a reheater 
cycle. Whereas the LS2 and LS3 collectors were designed in 
horizontal loops, potential future LS4 collectors are 
designed to be inclined 8* north for lower incident cosine 
losses. Superheated steam is produced in a saw-tooth shaped 
LS4 collector set-up. a 12 m aperture width reflector ir-
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radiates about 60 % of the surface of the 140mm-dia. tube 
while only 45 % of the corresonding LS2 and LS3 tube 
surface widths of 5.0 and 5.76 m respectively are exposed 
to reflected sunlight. 

- Dish: A MW-range SBP dish/Stirling plant made up of low 
voltage clusters is planned. Each cluster will be connected 
to a main power station via individual mid-voltage lines. 
The reflector consists of a 1.2 m high, 7.5.m dia. outer 
ring, over which metallic upper and lower membranes are 
extended. By plastic deformation of the front membrane, a 
highly precise paraboloid shape, which may be maintained 
and stabilized during operation by a low partial vacuum, is 
attainable. 

The various technologies are preferably compared by energy 
measurements and simulation model calculations. The following 
types of figures were found suitable: 

daily energy at relevant subsystem interfaces 
- monthly system efficiencies 

annual system and subsystem efficiencies 
diurnal plant performance on typical days (clear, cloudy) 

For concept comparison, energy produced by the system or 
subsystem has to be related to a reflector-specific area, 
which, for physical reasons, is the reflecting system aperture 
area. 

SOLERGY 

The simulation code SOLERGY was used to calculate the energy 
flows for the system variants considered. Given weather data, 
plant design data, and subsystem thermal losses and electrical 
consumptions, SOLERGY determines the net plant electrical output 
as well as the loss figures at the relevant interfaces. SOLERGY 
is basically a set of rules on how the energy flow is distributed 
between the subsystems at any given moment. As input must be 
given in terms of time and energy requirements, specific plant 
fluid and thermodynamic process parameters are used for 
efficiency calculations. Because of the generic nature of this 
code, it may be applied consistently to systems with a similar 
power conversion chain. 

INPUT/OUTPUT CHARACTERISTICS 

In practice , the most important plant characteristic order is 
the correlation between the daily insolation and the daily net 
electric energy per m 2 aperture area. Such characteristic is not 
an efficiency curve, though daily (!) efficiencies for certain 
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operational conditions can be taken froiti it. Since this data is 
continuously measured in operating plants, it is used 
preferentially not only to compare theory with experiment, but 
also different technologies as well. An example of this is 
presented in Fig. 1. The daily amounts found by measurement and 
simulation have an approximately linear correlation. Regression 
line angle and interception are the key parameters influenced by 
subsystem performances. The predictive capacity of the 
input/output correlation may be described as follows: 

It is a plant specific characteristic which is nearly 
independent of the meteorological year considered (see also 
Fig. 1). 

- Given the annual average insolation in kWh/m2d, the 
corresponding annual output in kWhe/mzd may be read from 
the regression line. The ratio of both would determin 
annual plant efficiency at 100 % plant availability. 

- Due to regression line interception with the abscissa plant 
efficiency increases with annual insolation. 
If the regression lines of two plants intersect, the 
insolation scale is subdivided into two ranges in which one 
plant operates more efficiently than the other. 
Since the input/output correlation depends upon geographic 
latitude, its number has to be noted as a parameter 
(Barstow: 35°N). 

EFFICIENCIES 
Other powerful tools used to comparatively analyse different 
solar thermal concepts are monthly and annual subsystem 
efficiencies, which help identify the origin and importance of 
technical and operational differences, and sensitivity analyses 
from which the potential allowed for a given system configuration 
can be estimated. The overall monthly system efficiencies show 
systematic seasonal tendencies reflecting the reflector/absorber 
tracking mode. This may be used for scheduling plant maintenance. 

DIURNAL PERFORMANCE 
Time dependence of plant solar input, interface power 
and gross output power illustrates the interaction of 
different plant components. Of particular interest are: 
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- Receiver thermal output power (MW ) 
- Thermal storage charging/discharging power (MW ) 
- Thermal power of the fossil burner in hybrid operation (MWJ 

Gross turbine power output (MW ) 
Daily characteristics may be used to develop optimum operating 
strategies for typical days (clear, cloudy) and to find the 
appropriate size for thermal storage according to the load and 
revenue profile. 
Fig. 2 illustrates plant performance calculated by SOLERGY for a 
clear winter day. If a full turbine lead is required for more 
than 3 hours after sunset, some fossil energy has to supplement 
the solar power from storage. 

RESULTS 
With a few examples, the results of the comparative analysis are 
summarized in especially pointing out advantages of PHOEBUS type 
plants versus other solarthermal plant types: 

Fig. 3 shows the seasonal variation of monthly average 
system efficiency for 30 MW plants (Barstow 1976) and 
indicates the almost constant behaviour over the year, 
whereas trough type plants (no inclination) show 
substantial performance differences in winter and summer. 
Input/ouput characteristics of the three concepts are shown 
in Fig. 4 as calculated by SOLERGY for the meteorological 
year 1976 at Barstow. On the left, scatter plots and 
regression lines are depicted for representative 30 MW 
plants. Whereas the tower and the dish concepts convert thi 
direct irradiation almost linearly into electric energy, 
SEGS VIIA data points scatter around the regression line. 
This phenomenon is systematic, since the north/south 
oriented trough cosine losses are high in the winter and 
low in the summer. The corresponding irradiation is 
utilized more efficiently by dish and tower than the 
trough. 

- Comparison by superimposing input/output characteristics 
for systems with different technologies is presented in 
Fig. 5 which shows the dish technology to be the most 
efficient over almost the whole range of irradiation. This 
holds true regardless of power range. The tower concept 
produces electrical power at a somewhat higher efficiency 
than the LS3, which is the current trough technology. The 
LS4 technology, as considered for the 100 MW trough plant, 
is not yet developed. 
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- Annual subsystem efficiencies, a second powerful comparison 
tool for different solar thermal concepts, are compared in 
Fig. 6 (30 MW ) . Tower, trough and dish all convert the 
solar input in ea similar manner, but efficiencies of their 
subsystems differ somewhat. However, in all cases, pre
dominant losses occur at the reflector field, the receiver 
(absorber) and the turbine, which together determine the 
overwhelming part of the overall system efficiency. In the 
case of PHOEBUS-type plants, there is quite some room for 
improvement in the existing technology, whereas trough type 
plants need to develop a new technology (here marked as LS4 
with direct steam generation). 

- A third tool for visualizing solar thermal plant operating 
characteristics are diagrams showing plant performance on 
typical days. In Fig. 7 power per square meter aperture 
area is plotted for two days in January and June, respec
tively, at several subsystem interface stations. Again, the 
trough system operation is significantly different in the 
summer and winter. Diurnal performance of the solar tower 
is more balanced over the year and would need less seasonal 
storage capacity (or fossil back-up heating) in winter, if 
the nominal performance has to be equal over the full year. 

In summary, there are good technical and operational reasons 
given for developing PHOEBUS type plants. This is also the 
case for their potential economic competiveness compared to 
other solar thermal options. This is illustrated in Fig. 8 
which was developed on the basis of the analyses given under 
[3] and [4]. 

3. Site selection 
In a study performed in parallel to the PHOEBUS 1A efforts, 
DLR with financial support of the German Research Ministry 
(BHFT) investigated data of 58 countries. The 5 top ranking 
countries were explored in further detail (i.e. visits for 
discussions with relevant authorities in the countries) and 
the Hashemite Kingdom of Jordan was finally selected. In 
Jordan, eleven candidate sites were investigated with respect 
to insolation, temperature, rainfall, overcast days, sky 
clearness, water availability, access, and electric trans
mission lines. Meteorological measurements started in 1989 at 
Al-Quwair«ih near Aqaba (baseline site) and Ras En Naqb and Al 
Kharana, both near Azraq. 

First results of insolation measurements indicate that yearly 
direct normal insolation in the Wadi Rum area (approximately 
50 km north of Agaba, 800 m above sea level) is equal or even 
better than data given in the Mohave desert of California 
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where the 25-year average is 2580 kWh/m2. Measurements are 
currently being taken in order to obtain a representative 
profile of yearly climate data. 

4. System design 
A series of system optimization studies was conducted in 
PHOEBUS-Phase IB to define the optimum plant characteristic 
for Jordan. They were based on Al-Quwairah site data and 
California insolation data (Barstow 1976). 
Special attention %js given to a receiver coolant analysis. 
The results showed that an air receiver concept was equal or 
superior to nitrate salt and water/steam concepts in all 
evaluation categories except its requirement for further 
technological development. At the end of Phase 1A, the de
cision was made in favor of air. Because of its operational 
advantages, the air concept is expected to provide the highest 
annual net electricity yield and, correspondingly, the lowest 
costs of energy on a remote site in a less industrialized 
area. Additional advantageous issues are seen in the fact that 
air, compared to salt, is a non-toxic and non-reactive heat 
transfer fluid with no need for heat tracing. In comparison to 
water/steam, thermal storage is easily possible with the well 
developed cowper technology used in the steel industry. 
To ensure that the plant can reliably contribute to meeting an 
evening peak demand (as given in Jordan 2 hours after sunset) 
the plant design includes thermal storage and the capability 
of burning fossil fuel. This is accomplished with burners 
located at the air inlet to the steam generator. 
System design data are given in Fig 9 (plant schematic flow 
diagram) and tables 3 and 4. 

5. Hie heliostat field subsystem 
The collector system, which redirects and concentrates the 
solar irradiation onto the elevated receiver, is the principal 
energy supplier for PHOEBUS. This capital investment is 
equivalent to a 30 year supply of thermal energy. 
Field lay-out together with the tower height optimization was 
performed using the computer code HFLCAL (Heliostat Field 
Layout Calculation) in combination with the SOLERGY annual 
performance computer program. HFLCAL (developed by Interatom) 
optimizes the collector system lay-out for a given tower 
height, so that a minimum number of heliostats would supply 
the requested thermal receiver output. The SOLERGY code (from 
Sandia) was modified for the purpose of PHOEBUS, so that it 
includes solar-fossil hybrid operating mode. It simulates, on 
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a quasi-steady-state basis, the annual plant performance over 
a series of 3 5040 15-minutes increments using ro-il meteoro
logical data (of the Barstow site). 
Calculations were made of the annual cost of thermal energy 
from the receiver for various combinations of tower height, 
absorber area and field lay-out. The optimum combination 
included. 

a collector area of 202000 m 2 

- a tower height of 130 m 
- a receiver area of ca. 200 m 2 (corresponding to a design 

point concentration factor of ca. 1000) 
Since the absorber peak flux is limited to 800 kW/m z, a 
multiple aim point strategy must be applied. 
Offers for the collector field were provided from US, German 
and Spanish suppliers and a design was chosen with an in
dividual heliostat area of 111.5 m 2 at a price of 340 DM/m2 

installed. 
Future PHOEBUS-type plants may use an advanced, stretched 
membrane heliostat design. In this concept, two thin metal 
membranes are tensioned on a hoop, and glass or a second-
surface polymer mirror is laminated to the front membrane. A 
slight vacuum in the plenum between the two membranes gives 
the front membrane a concave shape. With this design, unit 
costs for heliostats may decrease to 100-150 DM/m 2. 

6. The receiver subsystem 
The receiver absorbs the redirected solar flux from the 
collector system and transfers the heat to an air stream. An 
innovative receiver (called volumetric type) has been designed 
[5] in which the basic absorber element is a knitted mesh of 
fine metal wire. The mesh is mounted in a loose coil such that 
the concentrated flux is absorbed gradually as it penetrates 
the coil. Atmospheric pressure air is drawn through a total of 
600 x 7 absorber modules forming a receiver of elliptical 
shape with 17 m x 18 m and tilted 15 degrees towards the 
heliostat field (fig. lo) . Because the flux varies over the 
absorber area, the air flow must be adjusted proportionally; 
this is achieved by an orifice plate arranged behind each mo
dule. A selected pressure drop of approximately 300 Pa serves 
to stabilize the airflow under the influence of wind. 
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The modularization of the absorber has several advantages over 
tube receiver designes, including 

large-volume production of identical units, 
small-scale testing of units, 
uninterrupted operation in case of failure of individual 
modules. 
easy replacement in case of damage. 

Surrounding the absorber is an ellipsoidal cone which performs 
three functions. First, it acts as a secondary concentrator to 
reflect onto the absorber that portion of the incident flux 
which would normally fall outside the periphery of the ab
sorber. Second, it acts as re-injection manifold for the warm 
air returning from the steam generator and thermal storage. 
Third, the cone supports at its front periphery a radial in
flow injection nozzle for an air curtain system. All those 
means help 

- minimizing wind influences. 
providing a uniform incident flux profile on the absorber, 
increasing the portion of recirculated air (from 60 % to 
potentially 90 % ) . 

Experimental data exist from small-scale experiments (on the 
Plataforma Solar, in 1988 and 1989) . A more representative 
system experiment comprising a receiver and a thermal storage 
unit is under preparation for an energy input of 2,5 MW t h, 
again to be performed on the Plataforma Solar in Almeria/ 
Spain. 

7. The thermal storage subsystem 
The PHOEBUS plant was designed with receiver output exceeding 
the steam generator peak requirement by 20 % (solar multiple 
of 1,2). A corresponding sizing of the storage system would 
lead to a storage capacity of 1,5 hours full-load operation. 
However, in order to have the possibility to demonstrate 
complete coverage of the Jordanian peak demand period in the 
evening hours, a storage capacity of 3 hours of full load was 
chosen in the preliminary design. 
Design of the PHOEBUS storage system follows rather conventio
nal technologies as used in the steel industry. The storage 
medium is a refractory ceramic material (with 60% of Al-0,) 
formed in the shape of hexagonal bricks with vertical air 
passages. 
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During a charge cycle, hot air at 700'C enters the top of the 
vessel and exits at the bottom at 200"C. During a discharge 
cycle, the flow is reversed with air exiting at again somewhat 
less than 700°C. The conceptual design required a useable 
storage capacity of 250 MWh_. It contains a storage material 
mass of 7400 metric tons and was offered for a price corre
sponding to 50 DM/kWh capacity. 

8. Hie steam generator system 
The design chosen by the PHOEBUS consortium is similar to heat 
recovery steam generators used in combined cycle power plants. 
The steam generator system consists of the following. 

Drum type, forced recirculation 84 M W t h steam generator 
with separate superheater, reheater, evaporator and econo
mizer sections. 
Duct burner, capable of firing heavy and light fuel oils . 
Fuel oil storage and delivery system. 

The steam generator heat source is atmospheric pressure air or 
burner exhaust gases or a mixture of the two, at 700°C. A 
forced recirculation design was selected to minimize water 
treatment requirements and simplify plant daily start-up pro
cedures. The duct burners have been designed with a turn-down 
ration of 8:1 thus it is possible to maintain steam generator 
output over a wide range of receiver and thermal storage oper
ating conditions. 

9. Hie electric power generation subsystem (EPGS) 
The EPGS of PHOEBUS is based on the high efficiency, reheat 
turbine cycles currently in use in the latest solar 30 MW SEGS 
plants in California using parabolic troughs as collectors. 
The turbine-generator is a double case, single flow machine 
with a speed reduction gearbox between the high-pressure and 
low-pressure turbines. The system also includes the surface 
condenser, the feedwater system (heaters and pump) and in
strumentation and controls. 

The cooling water system uses dry cooling towers to essen
tially eliminate plant water consumption. To minimize the 
effect of high ambient temperatures the cooling towers operate 
only at night when air temperatures are lowest. Cooling water 
is stored in large neoprene tanks for use during the day. 
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The turbine is designed for rapid daily start-up and shut
down, and low thermal stresses during transient operation. 
Gross cycle ouput is 33 MW with a condenser pressure of 0.1 
bar. The corresponding grots cycle efficiency is 39.4 %. 

Remaining subsystems 
In addition to the subsystems already mentioned, preliminary 
design of the following subsystems/components was accom
plished during Phase IB efforts: 
- Heat transport system with hot and cold air ducts, fans, 
and shut-off dampers. 

- All components are rather conventional with the exception 
of the hot air duct where the insulation is placed on the 
inside in order to avoid problems associated with thermal 
expansion due to air temperatures of 700°C. 

- Instrumentation and control for supervision and overall 
operation of the plant. It includes the solar energy 
management systen, a microcomputer which determines, in 
advance, the daily program of plant operating modes. It 
also includes a thermodynamic model of the plant. 

Overall performances 

The SOLERGY code as amended by the PHOEBUS Consortium (see 
above) permits drawing plant characteristics as given in 
fig. 1 for the cases solar-only and solar/fossil hybrid 
operation, respectively. Such plant characteristics corre
late daily net electric output with daily irradiated normal 
incident power. Together with a site-specific and statis
tical relevant irradiation diagram, a sufficiently reliable 
estimate of the maximum possible yearly output can be 
derived from such characteristics. Irradiation profiles for 
the Jordanian site are being measured at present. 
For the design as defined in Phase IB, a yearly net electric 
energy output of 98 GWh was determined for the solar only 
operational mode. 

Implementation and next steps 
The PHOEBUS consortium foresees a period of ca. 3 years to 
bring the 30 MW PHOEBUS plant into operation on a Jordanian 
site. e 
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In a preceding Phase 2A, called the project development, 
technological development of the volumetric air receiver 
concept (see above) must be completed and the organizational 
and financial pre-requisites established. 

13. Funding requirements 

An investment cost estimate has been made for a first-of-
its-kind PHOEBUS Plant, which includes all project costs 
from the start of project development activities to handing 
over the plant for commercial operation. The cost calcu
lation is broken down into 19 categories, as shown in table. 
5. The direct cost portion (items 1-11) is based on 1989 
offers and prices and totals ca. 228 MDM. Engineering and 
project development costs (items 13-16) require an 
additional 42 MDM. The overall plant investment, escalated 
to 1994 (items 17-19), is 330 MDM. The annual operation and 
maintenance (O&M) cost includes all expenses for labour, 
materials, and fossil fuels. With a plant operation of 3 
shifts per day and 7 days per week, the annual O&M cost, 
escalated to 1994, amounts to 6 MDM. 

A preliminary funding strategy was developed during Phase 
1 B which needs to be verified in the forthcoming project 
development phase. It foresees the following contribution 
categories: 
Industrial contributions 56 % 
- in form of equities from participating companies, 
the Jordanian partner and Islamic development 
funds (32 %) 

- in form of loans taken from various banks and 
funds (24 %) 

Grants from local or federal governments and the 44 % 
European Community 
Based upon this financial plan the 30 year cash flow ana
lysis predicts a required power sales price of 11.2 Dpf/kWh 
dynamic unit cost in 1989 prices over the lifetime of the 
plant (30 years). This is considered to be close to "avoided 
costs" in Jordan. Later PHOEBUS plants of higher power 
rating will, without public support, deliver electricity at 
not much higher costs than is expected for the first of its 
kind PHOEBUS plant . 
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Fig. 2 Typical power utilization on a clear day by 30 MW PHOEBUS with 3 h storage 
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Fig.8: Production Costs of 
Solar Thermal Power Plants 
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Fig. 9: PHOEBUS plant schematic 
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Table I 
PHOEBUS Consortium partners 

ASINEL 
CIEMAT/IER 
Didier-Werke J l 

Fichtner Development Engineering b l 

(Managing Partner) 
Flachglas Solanechmk *" 
IMTEC 
1NTERATOM 
SOTEL Consortium 

Asea Brown Boveri 
Atlantis Energie 
Bonnard and Garde! 
Colenco 
Centre Suisse d'Electronique 
Compagnie Industnelle Radioeiecirique 
Elektrowatt Ingenieurunternehmung 
Alfred Gudel 
Minikus. Wma. and Partner 
Gebruder Sulzer 

L.S. CHOEBUS Associates'" 
Pacific Gas and Elecinc 
Bechiel InteraauonaJ 

In an tidnsory- capacity 
DLR (Deutsche Forschungsanstalt fur 

Lufi- und Raumfahrt) 
PSI (Paul Scherrer Institut) 

•" Since 1989. 
*' Since 1988. 

Madrid. Spain 
Madnd. Spain 
Wiesbaden. Germany 
Stuttgart. Germany 

Koln. Germany 
Madrid. Spain 
Bergisch Gladbach. Germany 
Baden. Switzerland 

San Ramon. California 
Can Francisco. California 

Kbln. Germany 

Wiirenlingen. Switzerland 



concept plant 
absorber 

coolant/type 
aperture 
area (m ;) 

storage 
capacity 

coolant outlet 
tetnperature (°C) 

operational data 
available 

10 MW SOLAR 1 water-steam'tube 71.000 516 1985 

tower 30 MW PHOEBUS airrvolumetnc 202.000 3h 7S0 
100 M W PHOEBUS air/volumetric 874.000 6 h 705 
lOOMWUS-Utllity molten wltrtube B74.OO0 6 h 566 

30MW5EGSII1-V OII1S2 230.000 349 1988 

trough 30MWSEGSVHA O.I/LS3 201.000 3h 390 
lOOMWSEGSVIIIA oil/LS3 S80.000 3h 390 
tOO M W SEGS XIIIB water-iteam'LS4 700.000 6h 395 

9kWSBP helium/tube 41 600 1990 

dish 251WMDAC hydrogen/tube B7 720 1985/86 
30MWSBP heliumtube 126.000 620 

100 M W SBP heliumtube 402.000 650 

^ 

Table 2. Specifications of reference plants 
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Table 3 
Major plant design parameters 

Parameter 
Number of Heliostats (115.5 rrreach) 
Mirror Area 
Receiver Elevation (Above Grade) 
Receiver Rated Output 

Incident Power 
EXJI Air Temperature 
Return Air Temperature 
Peak Incident Flux 
Average Flux 
Air Flow 

Receiver Fan Row 
Pressure Rise 

Steam Generator Fan Flow 
Pressure Rise 

Duct Dimensions Cold 
Hot 

Thermal Storage Capacity 
Steam Generator Rating 

Air Flow 
Li\e. Reheat Steam Flows 
Temperatures 
Pressures 

Turbme-Generator Gross Output 
Condenser Pressure 

-115 

Vjlue Units 

1751 
202200 m~ 
130 m 
101 MWt 
125 MWt 
700 °C 
200 °C 
800 k W / m ; 

500 k W / m : 

184 k g / s 
184 kg / s 
3000 Pa 
153.5 ' kg /s 
5500 Pa 
2.7m x 4.0 m 
3.3 m x 5.0 m 
250 MWht 
84.1 MWt 
153.5 kg /s 
26.43/25.30 k g , s 
540/480 =C 
140/35 bar 
33 MWe 
0.095 bar 
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Table 4 
Key characteristic plant data 

Design/ Performance/Operation 

Plam configuration 
Plant net rating 
Annual energy (reference) 

Plant capacity factor 
Plant solar multiple 
Dispatch strategy 

Plant design point 

Power generation cycle 
Thermal storage configuration 

Tower type 
Design life 

Operating staff 

Staffing approach 

Outage times 

Central receiver 
30 MWe 
- 98 GWeh/a 
(Barstow insolation 1985) 
- 37<? (Barstow insolation 1985) 
1.2 
Sun following; fcssil firing durino3 hours 
of evening peak period to start at sunset 
or at 1 hour before sunset 
Noon. 21 June. 960 W / n r direct normal 
insolation 
Rankine steam cycle 
Thermodine; reference: ceramic bricks 
(alternative: steel plates) 
Reinforced concrete, free-standing 
Overall plant 30 years, aim for high 
temperature receiver and gas duct 
components: 30 years 
21 shifts per week: reduced staff during 
evening 
Normal utility approach considering 
solar-specific requirements, proposed: 
39 men 
Scheduled: 14din Dec. + 7 single&±j*. 
forced: 9 single days in solar only mode. 
0 days in hybrid mode 

Si ie Parameters 

Site location 

Site access 
Land constraints 
Insolation data 
Wind speed at 10 m elevation 
design point operation 

Nominal operation 
Heliostat stow initiated 
Survival in high wind stow 
position (sustained and gusts) 
Wind velocity/height 
dependency 

Southwest Jordan (preliminary reference: 
Wadi Rum area) 
By road 
None, flat area 
Barstow 1985 (reference) 

5 m / s o r 18km/h 
(to be reviewed considering Jordanian site) 
17 m/s or 60 tun/h 
17 m/s 
40 m/s or ]44lcm/h 

V - V 1 0 i n x ( H / l 0 m > 0 - 1 5 
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Table 5 
Investment cost estimate and operation and maintenance cost estimate 

Cost estimate 
(x 1000 DM) 

1 Structures and imporvements 
2 Tower 
3 Collector System 
4 Receiver System 
5 Heat Transfer System 
6 Thermal Storage System 
7 Steam Generation System 
8 Steam Turbine-Generator 

Electric Power Generation Systems 
9 Balance of Plant 

10 Instrumentation and Control System 
11 Electric Equipment 
12 Contingency 

10000 
9400 

70106 
10840 
10824 
47500 
12460 
19200 
8844 

12180 
5892 

10330 
22758 

Total Direct Cost 250334 

13 Engineering and Construction Management 
14 Site and Infrastructure (Owner's Costs) 
15 Project Development Costs 
16 Engineering and Construction Insurance 

15000 
16800 
4100 
5770 

Total Capital Cost 292004 

17 Escalation (1989 to 1994) 
18 Interest Dunng Construction 
19 Fianancing Fees 

31500 
2135 
4122 

Total Investment Cost 329761 

Operation and maintenance Cost estimate 
( x 1000 DM) 

Operating Personnel 
Maintenance Materials 
Overhead 
Fuel Oil 
Insurance 

S63 
1490 

530 
1300 
990 

Total 
Escalation (1989 to 1994) 

5164 
956 

1 st Year Annual Cost feUC 
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Discussion after Dr. Grasse's Presentation 

Weiner : What was the source of the insolation data that went into your 
evaluation of a suitable site for Phoebus? 

Grasse: Institutions in each of the candidate countries were asked to 
furnish local data. It is of course a widely recognized problem that 
radiation data statistics need to be seriously improved around the world. 

Fa iman: I should just like to comment that if pyrheliometers were used 
to measure the original data then the results would tend to be 
conservative since a dirty or misaligned instrument could give an under-
reading (assuming that it was correctly calibrated). 

Roy: I was surprised at the heliostat efficiency figures of 61%, 64%, etc., 
you mentioned. Would you please be more specific. 

Grasse : These figures are our design goals. Present experience indicates 
optical efficiencies well in excess of 50%. Our figure includes reflectivity, 
dirt, availability, tracking errors, etc. With all these ingredients we believe 
that efficiencies in excess of 60% are feasible. Luz, for example, reported 
such figures for their mirrors. 

F a i m a n : What quantities of washing water will be needed in order to 
maintain your projected power output under the conditions that Phoebus 
will encounter in the Jordanian dessert? 

Grasse : I can not give you precise figures but, based upon our Almeria 
experience and figures from California published by Luz, I believe the 
quantity will be small. 

Roy: What was included in the price quotations you received for the 
heliostats? 

Grasse : Everything (including, for example, all cabling and computers) 
except for the civil engineering work necessary at the site. Delivery costs 
were also not included because the final site was still unknown when the 
bids were solicited. 

Q u e s t i o n : To what extent was the receiver for Phoebus based upon 
experience you had already gained at Almeria, and what were the chief 
factors that needed to be taken into consideration in scaling up from 
200kW to 2 MW? 
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G r a s s e : The principle behind the two receivers is similar but, as you 
noted, the scales are different and different engineering firms are involved 
in the execution of these designs. Our principal concerns in the scale up 
related to: wind stress effects; the percentage of air that will need to be 
recirculated; and the physical dimensions of several components. 

Kashin: Does the receiver design include secondary concentration? 

Grassc: In a relatively unsophisticated way, yes- Plane mirrors are used to 
redirect some of the spilt radiation. 

Epstein: I noticed that the air flow rate in the receiver is higher than that 
at the inlet to the steam generator. What has happened to the balance? 

Grasse: Part of the air is recirculated to the receiver through the storage 
loop. So it should not necessarily equal the volumetric flow through the 
steam generator. 

Tabor : Heat exchangers tend to be a weak link in the design of efficient 
solar energy conversion systems. Could you add something about the 
design of the air-steam heat exchanger that Phoebus will employ? 

Grasse: The steam generator, of a forced drum type, was designed by the 
Sulzer Company to perform according to the specifications listed in Table 3. 
The design was then checked by Bechtel Corp. Both of these companies are 
considered specialists in the field so we believe this sub-system will 
perform satisfactorily. 

Tabor : There is a large drop in thermodynamic potential in going from 
750°C at the receiver outlet to 540°C in the steam generator. 

Grasse: This is indeed a penalty that we shall have to pay with Phoebus I. 
But feasibility studies are underway to enable later Phoebus plants to 
operate in a combined gas-cycle / steam-cycle mode so as to reduce exergy 
losses. 

Yanir : How will Phoebus compare with the performance of photovoltaic 
plants? 

Grasse: Our aim is not to compete with photovoltaic plants. At present, on 
the large scale, solar-thermal is much more cost-effective than 
photovoltaics - mainly thanks to the achievements of Luz. Photovoltaics 
are, at the present time, only suitable for small-scale applications. 
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LARGE PV SYSTEMS-WILL THEY PLAY 
A ROLE IN OUR ENERGY FUTURE? 

V. V. Risser 
Daystar, Inc. 

Las Cruces, New Mexico, U.S.A. 

INTRODUCTION 
The decade of the eighties was a good time to be involved with PV systems in 

the United States. In the early part of the decade, government programs were 
booming, money was available, and euphoric forecasts of gigawatt markets 
abounded. Based on the still remembered gas lines of 1973, and President Carter's 
push for energy independence, renewable energy research was popular and the PV 
budget reached $151 M in 1981. Some of this money was used to buy prototype PV 
systems, both flat plate and concentrating. A program that envisioned grid-
connected PV systems on every residential roof was initiated, and the proponents of 
amorphous silicon began to talk about the "thin-film revolution and $0.50 per 
Watt." 

However, rosy predictions aside, the public would have to wait. The 
pendulum was already swinging back to a market-driven energy policy under the 
Reagen administration. Subsidies were scrutinized, tax credits dropped, and 
programs slashed for renewable technologies. The oil crisis was a thing of the past, 
we were told to feel good about ourselves, conserve energy only if we felt like it, and 
not to worr-r-r-y. The price of gasoline stabilized at about $1.00 per gallon in the 
United States and consumers adjusted; renewable energy was a good thing but too 
expensive and too esoteric to concern the ordinary citizen. By 1987, the PV budget 
had dropped nearly 80 percent from its 1981 peak and most of the available funds 
were spent on materials research. The central station PV systems that were to dot 
the desert southwest were a mirage. 

Still, progress was made. The quality of the PV product improved and large 
systems were designed and installed in record time. The versatility of PV power 
systems was demonstrated for systems of all sizes. Power conditioning systems and 
balance of systems equipment were developed and improved to a point where the 
promise of low-maintenance systems became a reality. Although the cost of PV 
systems was still too high for generation of bulk utility power, PV power began to 
win the economic comparison battle for a large number of remote applications. As 
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the decade closed, the PV manufacturers that made flat-plate crystalline modules 
were selling all they could make—at a price 10-20 percent higher than it was in 1988. 
The government budgets are also increasing~$46 M in 1991 and projected to be up 30 
percent to around $60 M in 1992. But as we start the 90's a large dose of realism is 
needed. The technology's proponents cannot dictate the market (or the price) for the 
product; that will come only when the demand increases. The most importan' 
thing for the industry is to develop a healthy industry. This will require an 
economically competitive technology, sustainable markets, and user acceptance. We 
should look at our past mistakes and learn from the experiences with large systems 
installed in the 1980's. This paper will review the course of development of larger 
PV systems in the United States-from the 27 kilowatt system instilled in 1977 to the 
200 kW systems installed at Davis, California, in 1991. Lessons learned are discussed 
and the current environment for large PV systems is assessed. Finally, the likely 
evolution of the use of PV systems future is predicted. 

THE PAST-POLICIES & PROJECTS 
The Energy Research and Development Agency (ERDA) established the 

National Photovoltaic Program (NPP) in the United States in 1975. One important 
part of the program was to buy and evaluate the PV modules that were available in 
1976, the so-called Block Buys conducted by the Jet Propulsion Laboratory (JPL). A 
second part of the NPP was the deployment of large (>10 kW) demonstration PV 
systems. The systems were to be funded by the government and used to provide 
power for practical applications. Building and operating the systems would allow 
the performance and suitability of the systems and their durability to be ascertained. 

1977 -1979 
The first four systems were installed between 1977 and 1979. See Table 1. 

Table 1. Flat-Plate PV Systems Installed in the United States, 1977-79 

Location 
Date 

Installed 
Size 

(kW) Load 
Module 

Type 
Module 

Manufacturer 
Status in 

1991 
Mead, NB 7-77 27.5 Pumps FP/F SX Gone 
Bryan, OH 8-79 15 Radio Station FP/F SX Operating 
Mr. Laguna 8-79 60 FAA Comm. FP/F SX, SP Junk 
NBNM, UT 12-79 100 Ranger 

Station 
FP/F SL, M, A/S, 

ST, 
Not 
Operating 
53 kW 
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The notations use in this and the following tables are given below. 
Module Type 
FP/F Flat Plate Fixed 
FP/1A Flat Plate Single-Axis Tracking 
FP/2A Flat Plate Two-Axis Tracking 
FP/F/M Flat Plate Fixed with Mirror Enhancement 
LFT/T Linear Focus Trough with Thermal Energy Used 
PFF Point Focus Fresnel 
LFF Linear Focus Fresnel 
FP/CIS Flat Plate Copper Indium Diselinide 
FP/SOC Flat Plate Thin Film Silicon on Ceramic 
FP/CdTe Flat Plate Cadmium Telluride 

Module Manufacturers 
SX Solarex 
SP Solar Power Corporation 
SL Spectroiab 
M Motorola 
A/S Arco/Siemens 
ST Sensor Tech 
SKI Solar Kinetics Inc. 
MS Mobil Solar Energy Corporation 
UPG Utility Power Group 

The modules used in the systems in Mead, Nebraska; Bryan, Ohio; Mt. Laguna, 
California; and Natural Bridges National Monument (NBNM), Utah (1977-1980) 
showed there was much to learn about module construction before a durable 
product capable of performing for 25 years was available. Many problems 
occurred. [1, 2] Many of the modules used the encapsulent/cookie sheet 
construction method with no glass cover. The dust and dirt accumulated on the 
soft encapsulent and within a few years the transmissivity to the cells had decreased 
30-40 percent. Other problems were cracked cells and poor cell-to-cell connections. 
However, the system at Bryan, Ohio, is still providing power to the radio station 
today. [3] The modules were replaced in 1981 with a more durable version and few 
array problems have occurred in the last 10 years. No records are being kept, but the 
radio station personnel believe that more than 75 percent of the power needs are 
being met with solar. They have made a commitment to keep the system operating 
and pay the cost of operation and maintenance required. 
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The system at NBNM is still capable of operating at a power level of about 50 
kW. The Motorola modules have failed. The system at Mead became increasingly 
failure prone and was dismantled. The Mt. Laguna system was tested and assessed 
in 1988. Multiple module failures had occurred and extensive work would have to 
be done to obtain any power. The system has not operated in years and the array is 
essentially junk. Most of the problems at Mead and Mt. Laguna were caused by 
either cracked cells or connections that failed. Both cell-to-cell failures and module 
connection failures occurred. The problems found in these early systems confirmed 
the need for the program at JPL to increase the durability and reliability of flat-plate 
modules. The program was conducted by buying and testing available modules and 
working closely with the module manufacturers to rectify problems. Blocks I, n, and 
III were completed in 1976,1977, and 1978 respectively. Many problems were solved 
and tighter module construction specifications led to more durable modules for the 
systems installed in the early 1980's. 

1980 -1982 Hat Plate Systems 
The next cluster of systems used Block 4 modules and were part of the PRDA-38 

DOE procurement and the Residential Systems Program initiated in 1979, Table 2. 

Table 2. Flat-Plate PV Systems Installed in the United States, 1980-82. 

Location 
Date 

Installed 
Size 

(kW) Load 
Module 

Type 
Module 

Manufacturer 
Status in 

1991 
El Paso, TX 1-81 17 Power UPS FP/F SP Operating 

13 kW 
Lovington, 
N M 

3-81 95 Shopping 
Center 

FP/F SP Not 
Operating 

Beverly, MA 9-81 90 High School FP/F SP Not 
Operating 

Oklahoma 2-82 50 Museum FP/F/M sx Operating 
Bermuda 8-83 45 Navy 

Buildings 
FP/F A/S Operating 

42 kW 
San 
Bernardino 

1982 35 Light 
Industry 

FP/F sx Gone 

The systems in Lovington, New Mexico; Beverly, Massachusetts; El Paso, Texas; 
and Oklahoma City, Oklahoma; began operation in 1981-82. [4] The Bermuda 
system, built at the U.S. Navy's Tudor Hill Laboratory started operation in October 
1983 and the San Bernardino, California, system began operation in early 1982. 
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These systems were not part of the PRDA activity per se but were funded by the 
government through different channels. The systems at El Paso, Bermuda, and 
Oklahoma City are still operating. San Bernardino has been dismantled and 
removed. The systems at Lovington and Beverly are not operating because of 
problems with the power conditioning systems (PCS). 

The El Paso system was installed at the Newman Power Station operated by the 
El Paso Electric Company. The power station maintains an uninterruptible power 
supply (UPS) to provide a controlled shut-down sequence in case of system power 
failure. The PV system was interconnected with the existing UPS. The array was 
originally rated at 17.5 kW dc and was rated at 14 kW in 1988. The drop in power 
was caused by some connection failures in the module junction boxes and 
significant soiling of the modules caused by precipitate from nearby cooling towers. 
Little maintenance has been performed on the array. The controls have been 
removed from the system so the array provides power to the large UPS battery bank 
any time the sun is shining. The system at Oklahoma City is installed on the roof of 
the Omniplex museum and interconnected with the local utility. The array uses 
mirrors to enhance the output of Solarex flat-plate modules. The enhancement 
never reached its design potential. The modules are installed in single rows with 
the modules lengthwise. The modules are tilted at 45° and facing each row is a 45° 
tilted mirror. The mirrors did not provide uniform illumination and the increased 
irradiance on some cells caused uneven performance and higher mismatch losses. 
As a result, the array never produced as much power as expected. (Uneven 
temperature distributions contributed to the problems.) Still the system is 
producing today and the Omnion PCS has probably the best availability record of any 
unit. The PCS used in the Bermuda system was updated in 1989 and that system 
continues to provide power to the Navy facilities on the island. There has been no 
measurable degradation in array performance. 

The Lovington, New Mexico, and Beverly, Massachusetts, systems were 
designed as sisters with identical components and configuration. The intent was to 
study the performance difference of identical systems installed in different areas. 
Neither system has been operated consistently since 1985-86 because of the erratic 
performance of the power conditioning systems. As reported earlier, many of the 
problems with the PCS's were not hard failures. [5] This era of PCS development 
included a large amount of circuitry to monitor conditions of array and utility 
status. Detected conditions outside preset tolerances caused the PCS to shut down. 
Some of the conditions would allow an automatic restart; most required a manual 
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restart. These "nuisance" shutdowns proved a bane to site operators. Some 
reported visiting the sites "when time allowed" and trying to restart the PCS. If they 
were not successful, they would try again the next time they happened to be on site. 
Often the PCS would fail to restart several times (over a period of weeks) and 
subsequently start operation on the fourth or fifth attempt. No corrective action had 
been taken. This exasperating behavior of the PCS soured site operators on PV 
systems and placed a cloud over claims of low O&M costs. 

The San Bernandino system was installed on the roof of a manufacturing plant 
to demonstrate that PV power could be used as an augmentation for light industry. 
The system performed as expected but the program was ill-conceived with little 
support from the manufacturing plant operator. When problems occurred, they 
were not fixed so the system was removed. The reputation of solar power was not 
enhanced. There were two other projects that fit in this same category. A 240 kW 
system using linear focus troughs was installed at the Mississippi County (Arkansas) 
Community College in 1981. At the Northwest Mississippi Junior College three 50 
kW systems were to be operational in 1981. Both these projects were funded by 
direct grants from the government and the systems' performance never reached 
advertised goals. The electricity produced never exceeded the amount required to 
install the hardware. 

1980 - 19S2 Concentrator Systems 
During the same time period that the PRDA-38 projects were being designed 

and installed, the NPP was sponsoring the PRDA-35 development of concentrating 
systems. Four systems were installed in 1982-83 as part of this effort, Table 3. 

Table 3. Concentrator PV Systems Installed in the United States, 1980-82. 

Location 
Date 

Installed 
Size 

(kW) Load 
Module 

Type 
Module 

Manufacturer 
Status in 

1991 
Albuquerque, 
NM 

1982 47 Office 
Building 

LFT/T SKI Gone 

Dallas, TX 6-82 25 Airport/ 
Hotel 

LFF/T Entech Not 
Operating 

Kauai, HI 1982 35 Hospital LFT/T Accurex Junk 
Phoenix, AZ 3-82 225 Airport PFF Intersol Gone 
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Two of the four, at Kauai, Hawaii, and Albuquerque, New Mexico, used linear 
focus troughs (LFT). The largest system of the group, installed at the Phoenix, 
Arizona, airport used point focus Fresnel (PFF) lens and the system at the Dallas, 
Texas, airport used linear focus Fresnel (LFF) lens to concentrate the sunlight. All 
tht systems except the one in Phoenix planned to use the heat from the active 
cooling system to preheat water for industrial use; in Kauai for a hospital, in Dallas 
for a hotel, and in Albuquerque for an office building. 

None of these concentrator systems are operational. The system in Dallas, 
installed by Entech, Inc., operated until 1989 when a building modification damaged 
the tracking controllers. The modules are still installed and some cursory testing 
indicates the performance has not degraded significantly. The system at the Phoenix 
airport has also been dismantled. The city of Phoenix wanted the land for other uses 
so the modules were removed and distributed to universities where they are being 
used in test programs. Some of these modules had been damaged by water and the 
power rating on this system had dropped about 40 percent from the original value. 
The linear focus trough systems in Kauai and Albuquerque never operated 
successfully. They were sensitive to the slightest misalignment and required a lot of 
"hand tuning" to get the power output near predicted. It is doubtful if the electricity 
produced ever exceeded the O&M labor costs. Also, the system in Kauai was 
operated without the cooling system activated and the high temperatures charred 
some cells and turned others dark brown. When the system was tested in 1985, its 
rating was estimated at 7 kW. This system was moved from the hospital near 
Lihue, Kauai to the U.S. Navy base on the west side of Kauai in 1985. The system 
was re-installed but never operated electrically. Some water was heated for use at 
the base barracks. The system in Albuquerque is still on the roof of the BDM 
Corporation building in Albuquerque but has not operated for years. 

1983-1990 
The government spending for PV systems development almost dried up in the 

mid-80's. Even the money required to monitor the performance of the installed 
systems was hard to obtain. However, more large systems were installed through 
private or cooperative funding ventures. Arco Solar Corporation spearheaded this 
drive by installing the first megawatt size system in Hesperia, California. This 
system, actually about 750 kW, began consistent operation in 1983. Arco Solar 
followed Hesperia with the 5.2 MW system installed on the Carrisa Plains in central 
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California in 1983-85. Table 4 gives a list of eleven large systems installed in the mid 
to late 80's excluding those in the Photovoltaic for Utility Scale Applications 
(PVUSA) project. The PVUSA systems will be discussed separately. 

Table 4. PV Systems Installed in the United States 1983-90. 

Location 
Date 

Installed 
Size 
(kW) Load 

Module 
Type 

Module 
Manufacturer 

Status in 
1991 

SMUD1 8-84 1000 Bulk Power FP/1A A/S Operating 
Georgetown 9-84 250 University 

Building 
FP/F SX Operating 

Hesperia 8-83 750 Bulk Power FP/2A A/S 80% 
Operating 

SMUD2 7-85 1000 Bulk Power FP/1A A/S, SX, MS Operating 
Carrisa 1986 5000 Bulk Power FP/2A A/S Operating 
John Long 8-85 170 Residences FP/F A/S Operating 
Austin 
PV300 

5-87 285 Bulk Power FP/1A A/S Operating 

Puerto Rico 1-87 85 Bulk Power FP/F SX Operating 
Alabama 
Power 

1987 75 Demonstration FP/F Chronar 40% 
Operating 

Virginia 
Power 

1-87 75 Demonstration FP/F/ 
1A/2A 

SX, SX, A /S Operating 

Austin 3M 5-90 300 Bulk Power LFF Entech Operating 

The system at Sacramento Municipal Utility District (SMUD) and Georgetown 
University were funded primarily by DOE. The Puerto Rico system was funded by 
the Island's utility company. The systems at Hesperia, Carrisa Plains, and John Long 
(Phoenix) were funded privately. The PV300 system in Austin, Texas, was a joint 
effort between DOE and the Utility department of the City of Austin as was the 300 
kW concentrator system, 3M/Austin, that was the latest system installed. The 
systems at Alabama Power and Virginia Power were funded, in large part, by the 
utilities with some assistance from DOE. All of these systems are operatr ~\e 
capacity) today. 

Two 1 MW flat-plate PV systems were installed at SMUD in 1984-85. Sini 
axis powered tracking was used on both systems. A single PCS was used on eau 
system, an Omnion on SMUD-1 and a Toshiba on SMUD-2. These were the largest 
inverters to be used to that date. In 1987, the PCS on SMUD-1 was destroyed in a fire 
caused by a ground fault. [6] The unit was replaced in 1989 with another Omnion 
unit and the system restarted operation. However, multiple ground faults in the 
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underground subarray wiring kept the plant turned off much of the time. The wires 
used—locomotive cable—were evidently nicked in places during installation and 
ground faults began to occur after 4-5 year. In 1990, SMUD replaced the 
underground wiring. In July 1991, the second highest monthly energy production 
on record was produced. There is no degradation that can be detected. The SMUD-2 
array uses suffered from some connection problems from the laminate to the 
busbar. This problem caused a few hundred modules to fail after several years in 
the field. The problem was fixed in 1990. 

The systems at Hesperia and Carrisa were engineered and installed by Arco 
Solar Power Corporation (now Siemens Solar Industries). Both systems use two-
axis tracking for the flat-plate modules. There are two inverters at Hesperia and ten 
at Carrisa. All but one of the PCS's is made by Delta Electronic Controls Corporation 
(DECC). The exception is a Toshiba PCS on one segment at Carrisa. Nine of the ten 
subfields at Carrisa use mirror enhancement on the two-axis trackers. From 1983-
1989, the Hesperia system was the most consistent power producer of any of the PV 
systems installed. With the exception of 1985-86 when a major re-work of the gear 
drives took place, the system has produced about 2,550 kWh for each kilowatt 
installed. The mirror enhanced trackers at Carrisa caused the modules to operate at 
higher temperatures than expected. After a couple of years of operation, some 
noticeable darkening of the encapsulent was noted. This browning has caused 
significant decrease in module output causing the rating of the system to drop below 
3 MW. [7] The subfield without mirrors has not degraded. Arco Solar sold both 
Hesperia and Carrisa in 1989 and some modules have been removed from each site 
for resale. 

The systems at the John Long residential development in Phoenix, Arizona, 
and the Austin PV300 system use Arco Solar laminates (unframed modules) similar 
to those installed at SMUD-2. The John Long array is fixed and the Austin system 
uses passive sinple-axis tracking. Both systems are operating well and have 
experienced few problems although neither array attained its design ratings. 

The Georgetown and Puerto Rico system use Solarex Corporation modules. 
The Georgetown array is installed on the roof of a building and the modules are 
(almost) inaccessible for service or replacement. There are known failures in the 
array (about 50) but no modules have been replaced because of the difficulty in 
getting to the modules. The array in Puerto Rico has suffered only two connection 
problems. Both systems use Omnion inverters. 
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The Alabama Power array was the first large array to use amorphous silicon 
modules. Chronar Corporation supplied the modules that were installed in fixed 
arrays. Multiple modules failures have occurred primarily because of shorting from 
the active thin film to the module frame. This was the first time that a-Si modules 
were operated at greater than 200 volts dc and multiple shorts occurred, particularly 
when the modules were damp. The system is operating but the rating is down 
about 50 percent from the initial rating. 

The systems installed at the Virginia Electric Power Company's North Anna 
Power Plant were intended to demonstrate the effect of different mounting schemes. 
A fixed array, a single-axis tracking system, and a two-axis tracking system using flat 
plate modules were installed. The systems are interconnected with the utility grid. 
Some reliability problems with the two-axis tracking unit have been experienced. 

The most recent system installed was the 3M system in Austin, Texas. This 
system uses Entech, Inc., LFF concentrator modules similar to those used in the 
Dallas system installed in 1982. After some early problems were fixed, consistent 
energy production began in June 1990. A comparison of the performance of the two 
systems in Austin is included in the next section. 

PVUSA 
The on-going Photovoltaic for Utility Scale Applications (PVUSA) program 

was initiated in 1986 with the main purpose to give utilities experience with PV 
systems. [8] The PVUSA project is the only on-going project that includes the 
installation of a number of large PV systems. This project is jointly funded by the 
USDOE, EPRI, the California Energy Commission, and the participating utilities. 
Pacific Gas & Electric is the principal utility sponsor and the main testbed is located 
near Davis, California. Other utility companies are encouraged to join the project 
and share in the information and possibly host a test system in their service area. 
The first system in the program began operation in January 1989. Plans call for the 
installation of 12 systems during Phase 1 of the multi-year project; nine emerging 
technology systems (EMT) and three utility scaleable systems (US). As of August 
1991, six EMT systems of 15-19 kW are operating, and three more are under 
construction. One US size system of 200 kW is operating and acceptance tests are 
being conducted on the second. One 400-kW system is planned. See Table 5. 
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Table 5, PVUSA Systems 

Location 
Date 

Installed 
Size 
(kW) 

Efficiency 
DC/AC 

Module 
Type 

Module 
Manufacturer 

Status in 
1991 

Davis 1-89 18.7 10.7 / 9.7 FP/F Siemens Operating 
Davis 6-S9 17.3 3.2 / 2.8 FP/F Sovonics Operating 
Maui 10-89 18.5 3.7 / 3.4 FP/F Sovonics Operating 
Davis 12-89 15.7 3.2 / 2.9 FP/F UPG Operating 
Davis 10-90 15.7 8.8 / 8.0 FP/F Solarex Operating 
Davis 5-91 16.5 11.3 / - LFF/2A Entech Operating 
Davis 8-91 174 - /11.3 FP/1A Siemens Operating 
Davis 10-91 180 - / 7 . 4 FP/1A IPC/Mobil Check 

Out 
Davis ~~ 400 - / 3 . 4 FP/F APS 

(Chronar) 
Planned 

Davis 12-91 19.4 5 . 5 / - FP/CIS Siemens Planned 
Davis 12-91 19.3 7 . 4 / - FP/SOC AstroPower Planned 
Davis 12-91 18.7 5 . 3 / - FP/CdTe Photon 

Energy 
Planned 

The performance of the EMT systems that have been installed is consistent 
with other systems installed in the late 80's. The Arco/Siemens array using single 
crystal silicon modules has shown a dc efficiency of 10.7 percent and an ac efficiency 
of 9.7 percent. [8] Only minor problems have occurred with the connections to two 
modules. Array performance is consistent and predictable and the peak rating is 
only 3 percent lower than proposed. Three of the EMT arrays use amorphous 
silicon modules—two systems use Sovonics (now United Solar Systems Corporation, 
USSC) modules and one using modules made by Utility Power Group (UPG). One 
of the USSC systems is located at Maui, Hawaii and operated by Hawaii/Maui 
Electric, a participating member of the PVUSA project. All of the a-Si arrays are 
operating consistently but their efficiency is in the 3.2 to 3.7 percent range. The last 
EMT system to be installed uses Entech LFF concentrating modules similar to those 
installed ai the 3M/Austin system in 1990. This system started operation in June 
1991 and has shown a peak dc efficiency of 11.3 percent while operating at 850 W/m 2 

and 20°C ambient conditions. [9] 
The PVUSA project is providing two major benefits to the PV industry in the 

United States. First, it provides an incentive for pushing the newer technologies 
into production and creates a standardized testbed where the different types of 
systems can be evaluated and compared. The CIS, CdTe, and thin film 
polycrystalline silicon on ceramic systems will be the first of their kind installed on 
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such a large scale. The lessons learned will likely be as beneficial as those learned 
from the systems installed in the early 80's. Second, PVUSA is forcing the PV 
manufacturers to adhere to strict quality control regimen for their product. The 
introduction of the "wet megger test" where the leakage current of the modules and 
the array source circuits is measured while a wetting agent is sprayed on the 
modules is a first of its kind. This test is indicative of the tough standards for 
module qualification that are being imposed. If 25-year systems are to be installed, 
these tests, like the JPL Block tests conducted earlier, will keep the emphasis on 
quality. However, the benefits that can be obtained from installing the larger US 
systems at PVUSA are more questionable. These systems are a little different from 
those installed in the late 30's, and while the questions of product durability and 
array configuration optimization require study, there is a question whether the 
problems could not be addressed with 20 kW systems instead of 400 kW systems. It 
is especially difficult to see the need for a 400 kW amorphous system that will 
operate at 3 percent efficiency. 

SYSTEM PERFORMANCE 
Data were obtained on a number of the systems discussed in the previous 

suction. Most of the flat-plate systems operated as predicted for the first few years. 
Various problems occurred but maintenance was performed and energy production 
was not interrupted for a long period. From the perspective of 1991, there are two 
important issues—consistent (dispatchable) production which depends on reliability 
of the system and its components, and array peak power ratings. If these systems are 
to be utilized in the future for bulk power production, the operators must know 
how much power to expect and they must be assured of consistent production. The 
data show a promise of consistent production but the method of rating arrays used 
by module manufacturers is not realistic. 

Energy Production & Reliability 
The consistency of annual production can be seen from the graph in Figure 1 

which was originally published in 1987. [5] The normalized ac energy production for 
four flat-plate systems and one concentrator system were given. The production 
figures are from meter readings on site. 
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NORMAUZED ENERGY PRODUCTION 
(KWH/KW -- AC) 
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Figure 1. Energy Production Rates for Five Systems 

The slope of the production trend line for all the systems shows consistent 
production in the early years of the system's life. Then, for example, the production 
rate for the system in Lovington, New Mexico, (LCEC) fell significantly in 1986 
because of PCS downtime. As mentioned above, the problems worsened in 1987 
and the system seldom operated after that date because of the high amount of time 
required to keep the inverters on-line. The concentrator system at Dallas-Ft. Worth 
Airport (DFW) also showed a drop in production in 1986 due to PCS problems. 
These p-oved to be temporary and after the PCS was repaired the production rate 
resumed. However, in 1989 a building renovation damaged the tracking controller 
and the system has not operated since. The other systems in Oklahoma (OKC), 
Bermuda (BDA), and Sacramento Municipal Utility District (SMUD PV-1) show no 
signs of production drop. However, SMUD-1 was down for nearly two years when 
the PCS was destroyed by fire in 1987. Bermuda has been a consistent producer 
except for PCS problems that sometimes took the system off line for several weeks at 
a time. Oklahoma City has had the fewest problems that would put a drop in the 
production trend line but data for that system has not been acquired since 1986. The 
system operator reports consistent system performance. [10] Similar plots of energy 
production for different systems have been published i" the Large System 
Evaluation Reports prepared by EPRI. [11, 12, 13, 14] Unfortunately there is no 
complete record for any system that is over 10 years old. The system in Bryan, Ohio, 
is the oldest one in continuous operation although the modules were changed in 
1981. For systems with data available, the ones at Hesperia and Austin PV300 have 
proven to be the most consistent operators. The production trends are shown in 
Figure 2. 
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Figure 2. Normalized Production of Hesperia and PV300 

The production at Hesperia was affected by a sequential re-work of the gear 
drives in 1985-86 but this two-axis tracking system maintained a slope of 
approximately 2,550 kilowatt-hours per kilowatt installed until parts of the array 
were removed in 1990. The Austin PV300 system is a single-axis tracking system 
that is producing at a rate of approximately 2,100 kWh/kW installed. The low 
production in 1987 was because the system was undergoing acceptance testing and 
did not start production until May of that year. No more data av2 expected from 
Hesperia which is being dismantled so the modules can be sold for remote system 
applications. 

The factor that effects the annual production is system reliability. Experience 
has shown that the reliability of the PCS is the most critical factor. It is strange that 
more attention is not paid to improving this critical factor. Most of the effort on 
PCS development is on improving the power electronics in the unit and obtaining 
one more percent improvement in efficiency. However, a one megawatt system in 
the southwestern U.S. will produce about 2,500 MWh of ac electricity or about 6.8 
MWh per day. A one percent increase in PCS efficiency will yield 25 more MWh per 
year—if the PCS operates every day. Four lost days per year will offset the energy 
gained from the efficiency increase. Yet, a lot more activity is being expended on 
efficiency improvement than on long-term reliability improvement. 

The module reliability for flat-plate modules is high. The number of failures 
internal to the laminate can be counted on one hand. However, there are other 
failures that can cause a good module not to contribute. The staff of the Southwest 
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Technology Development Institute has tested many systems to determine what 
causes lost production. As reported in 1988, 13,468 out of 265,000 modules were not 
producing when the arrays were tested. [15] The causes are summarized in Figure 3. 

Module reliability continues to be high, as only 0.2 percent of all modules tested 
have "failed." (A failed module is any module with output reduced by 50 percent or 
more, that cannot be repaired without replacement.) Clearly, the largest cause of 
production loss in the dc portion of PV systems is the failure of balance of system 
(BOS) equipment. About 60 percent of the production loss caused by these BOS 
problems can be attributed to switch and fuse failures. 

265,000 Modules Tested Failures . 
wiring 

13,468 Non-producing 
Mismatch 

Shattered 

BOS Caused 

Figure 3. Causes of Non-Producing Modules 

System Ratings 
Experience has shown that most manufacturers' module ratings do not 

accurately describe PV system performance. This is because manufacturers usually 
rate modules at standard conditions (1,000 W/m 2 irradiance and 25°C cell 
temperature), seldom seen in the field. They will then calculate the price charged by 
multiplying the individual module rating times the number of modules in the 
array. This invoice rating should not be associated with predicted system 
performance. A closer estimate of expected energy production can be obtained by 
calculating the nameplate rating. This can be obtained by multiplying the invoice 
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rating by a loss factor. The loss factor represents typical losses such as mismatch, 
soiling, wiring losses, and switchgear losses. While these losses are not constant 
from system to system, a good average for many systems can be obtained using the 
factors below. 

PV Module/Panel Mismatch 0.2% 
PV Panel/Subarray Mismatch 1.0% 
Wire Loss 1.2% 
Switch Gear Loss 0.2% 
Blocking Diode Loss 1.1% 
Soiling Loss 4.0% 
Power Tracking Loss 0.6% 
Combined Loss Factor 91.9% 

Using this method, the nameplate rating for a system would be 91.9 percent of 
the invoiced amount of power. Note that these calculations are for dc power and no 
allowance for PCS efficiency is included. 

A third rating, the installed rating, can be determined either by field 
measurement or by regressing long-term performance data. An accurate installed 
rating and the calculated nameplate rating should be nearly equal. The Southwest 
Technology Development Institute has measured many PV systems and determined 
the installed rating. In most cases this is 10 to 15 percent below the nameplate rating 
and often 25 to 30 percent below the invoice rating. See Figure 4. 

(%) 

Figure 4. Installed Rating as Percent of Nameplate Rating 
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Even after losses are accounted for, the nameplate rating for all the systems 
except Puerto Rico and Virginia Power (VISTA) is higher than the installed rating. 
Since the nameplate rating is based on the manufacturers' ratings for their modules, 
one would have to believe the original ratings are not indicative of actual 
performance at the system level. Manufacturers' ratings have also been shown to be 
overoptimistic at the module level. [16] 

LESSONS LEARNED 
What have we learned from more than a decade of designing, installing, and 

operating PV systems? Many things. The improvement of the durability of the 
basic flat-plate module has been dramatic. There are some questions about 
encapsulent discoloration—what effect it will have on module power production 
and how to prevent it from occurring-but the glass covered, laminated module is 
nearly failure free. Making durable connections from module to module requires 
better engineering on some modules and perhaps some added cost, but it is not an 
intractable problem. 

Linear focus troughs will not work for PV systems because it is too difficult to 
maintain alignment and uniform illumination in tracking systems covering large 
areas. The potential cost benefits are illusionary because of the operation and 
maintenance costs involved with keeping this type of system optimized. 

The annual operation and maintenance costs for flat-plate systems, either fixed-
or single-axis tracking, can be held below $0 01 per kilowatt-hour produced. There is 
reason to believe this low value can be maintained over 25 years of system life if a 
reasonable preventive maintenance plan is implemented and spare parts are 
maintained on site for the PCS. Any system requires some maintenance, but a PV 
system will prove to cost less than most to keep it operating. 

Two-axis tracking systems can be operated reliably but it is doubtful that the 
extra energy produced over a single-axis system will justify the added cost. For the 
concentrator systems with high magnification ratios such as Alpha Solarco, Inc.'s 
system, the proof of reliable tracker operation is a cause for optimism. 

You can't give systems away. There has to be a commitment of interest and 
equity on the part of the operator to obtain long-term performance. Unless there is 
an economic incentive to keep the system operating, it won't. Too many of the 
systems have been neglected after the first few years-often coinciding with a 
discontinuation of government funds. Some demonstration systems have paid 
great dividends because of the problems that have been observed and subsequently 
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solved. However, no one has seriously considered building a PV plant to produce 
bulk power for the next 40 years-a planning process that is routine for other types of 
generators. That is the biggest lesson of all—we have a long way to go before these 
systems are economically feasible for bulk power. 

SYSTEM COST 
The Electric Power Research Institute has made an assessment of the cost of 

energy (COE) from potential large PV plants located in the southwestern United 
States. [17] Using 1989 dollars, they have studied what module costs need to be for 
energy to be sold at $0.08 per kilowatt-hour, a rate they reckon will be necessary 
before bulk power plants are seriously considered. Their results, summarized in 
Table 6, indicate the required module price for three different efficiencies. The 
results are sobering for PV enthusiasts. The study shows that a flat-plate module 
with 15 percent efficiency must cost only $66 per square meter or $0.44 per Watt if it 
is to produce energy in the Southwestern US for $0.08 per kilowatt-hour. 

Table 6. EPRI Estimate of Required Module Costs 
Module Type 

Southwest U.S. System Site Module Efficiency* 
Module Costs 
Dollars/m 2 + 

10 27 
Fixed Flat Plate 15 66 

20 105 

15 26 
Concentrator 20 67 

25 109 
* 25°C, 30 year life 
+ Assumes additional BOS cost of $50/m 2 flat plate and $100/m 2 concentrator 

Considering that the best flat-plate system installed to date (at PVUSA) is only 
10.7 percent efficient at the array level (maybe 12-13 percent at a module level) one 
can interpolate between the figures in Table 6 and estimate that the best modules 
today would have to be available for about $47 per square meter. It is a safe estimate 
that the PVUSA system cost more than 10 times that. From that perspective, there 
is a long way to go. 

Although the goal of $.08/kWh is alluring, it should not be interpreted as an 
absolute requirement for the widespread use of large PV systems. EPRI and the 
PVUSA team have studied an application where 500-1,000 kW PV plants could be 
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used to reinforce a utility distribution system. For such an application, a PV systems 
located near a load demand center could preclude or forestall the installation of 
larger distribution lines. In this scenario, the estimated COE could be $0.16/kWh 
and still be economically attractive. For this situation, the module cost could be 
$167/m 2 ($1.11/Watt) for 15 percent modules. 

Also, EPRI is sponsoring a program to identify other early utility applications 
for PV systems. They have located over 25 utilities that are already using PV power 
for some 60 different applications. [18] The intent of the program is to advertise the 
fact and to educate other utilities to the advantages of PV power. Thus, while 
central station systems may not be a factor for many years, PV is destined to be used 
more and more by utilities and the public. Many foresee a large number of small 
distributed systems that would reduce demand and be economical with only slight 
reductions in todays module cost. 

WILL THERE BE LARGE PV SYSTEMS IN OUR FUTURE? 
Not soon. Unless there is a significant change in the price of fossil fuel or some 

dramatic political action that would levy a stiff tariff on the utilization of fossil fuel, 
large PV systems will remain a promise and not a reality. The cost reductions will 
not be easy to realize. PV companies have lost money for years. The increased 
demand for modules in the last 18 months (for small stand-alone systems) has 
given them a chance to increase prices. They are having trouble supplying enough 
modules; backlogs are common, and the average module selling prices have 
increased by about 10-20 percent in the U.S. since 1989. Manufacturers are cautious 
about making the huge investments required to double or triple manufacturing 
capacity without more interest from major customers like electric utilities~and this 
interest is not forthcoming. The most active utility in the U.S., Pacific Gas & 
Electric, may install 1 MW in the next few years. Hopefully, the Department of 
Defense will install some large (200 kW) hybrid PV/diesel systems but there are no 
firm plans yet. DOE is promoting the Solar 2000 strategy that calls for 1,500 MW of 
installed systems by 2000 but this has no more credence than the 1981 plans for $0.70 
cents per Watt before 1986. [19] The last thing manufacturers plan to do now is to 
flood the market and force module prices down. 

Is there cause for alarm because few central station systems will be built this 
decade? No, they will be built if and when the economic conditions make them 
attractive. The technology is proven, but it is unreasonable to expect the cost of PV, 
based on today's dollars, to decrease to a point where large systems will be installed. 
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Other factors will drive the market. Many in the PV arena rebel at the fact that they 
cannot control their own destiny but gigawatts of PV will not be installed until the 
price of fossil fuel reflects a larger part of its cost to society. An awareness of the 
environmental consequences of our "way of life" in the last part of this century is 
growing among U.S. citizens. There is a desire for others to do something about it, 
but there is scant indication that the average citizen is ready to do something about 
it himself. Until that occurs, we won't see central station PV systems in the U.S. 
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Discussion after Dr. Risser's Presentation 

Question: What do you think of the prospects for very high concentration 
cells? 

Risser: Alpha Solarco make a 400x point-focus system, but it is too early 
to say how successful it is. My guess, however, would be that high 
concentration stands a better chance than thin film technology for getting 
us down to the $1/Wp level. 

Question: Are you thinking in terms of silicon or galium arsenide cells? 

Risser: Silicon. I don't believe that GaAs will be developed for systems of 
the 100MW scale. 

Question: Why are you so negative about thin film technology? 

Risser: I am only critical of the performance of those thin film modules 
that have been demonstrated to date. 

Question: How do you explain the poor field efficiency of amorphous 
silicon modules? 

Risser: High efficiency aSi cells have usually been achieved in the 
laboratory by carefully producing a relatively small area cell and, in some 
cases, selectively cutting from this an even smaller cell corresponding to 
the area of highest efficiency. From here, the scale-up process to industrial 
mass-production is a far from trivial problem. 

Faiman: Is module browning only caused by mirrors? 

Risser: The phenomenon is not fully understood. At SWRES we have 
observed browning on modules that have been exposed to natural sunlight 
for 10 years and on newer modules that have been exposed to mirror-
enhanced sunshine. It may simply be that the mirrors produce accelerated 
aging on the ethyl vinyl acetate (EVA) encapsulant. Incidentally, the 
coloration on your Paz system here is what we refer to as "shadowing" 
rather than "browning". Shadowing tends to decrease the efficiency of 
modules by at most a few percent. By way of contrast, the browning 
produced on the mirror-enhanced modules at Carissa Plain resulted in a 
considerable loss in efficiency. 
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Spiewak: Why are there no Japanese photovoltaics manufacturers in the 
PV America program? Are their modules inferior? 

Risser: Their modules appear to be of similar quality to those of US or 
European manufacture. I think it is probably due to a policy of the funding 
agency to promote American industry. In fact it is possible that one 
Japanese manufacturer, which claims to produce more than 50% of its 
output in the USA, may qualify for inclusion. 

Arbib: When you talk about home distributed systems do you mean ones 
which will sell electricity to the grid? 

Risser : In principle, yes, but for the near term I do not believe that it 
would be very profitable for the home owner to sell PV power to the grid. 
An economically sized home system would probably provide 50%-60% of 
the owner's requirements with very little surplus for sale purposes. 

Arb iv : Is there a danger that privately owned systems of this kind might 
cause disturbances to the grid? 

Risser: If you mean disturbances to the smoothness of the waveform on 
the grid, I believe that such problems are easy to overcome. In fact the 
degree of matching that has already been achieved is impressive. In a so-
called "islanding" exercise I witnessed in Japan, 200 homes were suddenly 
disconnected from the grid and their respective PV systems were made to 
take over. I was in one of the houses when this happened and did not 
notice a flicker in any of the lamps or appliances. 

A possibly more serious "disturbance" might arise from the fact that when 
a line comes down the utility needs to be sure that the fallen cables are not 
live before their servicemen can go to work. Active PV systems at the 
other end may present some logistics problems, but I am sure that these 
would be easy to overcome. 

Ultimately there will also be an institutional problem to face. If PV 
systems were ever to penetrate the market to an extent that utilities 
would need to maintain spinning reserves purely for cloudy days then an 
economically absurd situation would have arisen. But there is a long way 
to go before such problems need be faced. 

Roy: Pumped storage could help overcome that problem. 
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Risser: Possibly. An appropriate kind of storage mechanism would need to 
be available at the location of each power station. 

Gordon : You did not mention developments in th« US space program. 

Risser: Your observation is correct. I have deliberately restricted my 
review to terrestrial systems, where cost-effectiveness is the over-riding 
consideration. 

Arb ib : What are the current price of PV modules and balance of system 
costs? 

Risser: Module costs have actually risen slightly during the last two years. 
They are currently around $6.50/W p. 

EPRI's current estimates for BOS costs are $50/m 2 for flat plate and 
$100 /m 2 for concentrator systems. [If one takes 10% as the nominal 
system efficiency, then $50/m 2 works out at $0.50/W p ]. These estimates 
are probably somewhat optimistic. I believe the cost would be this low 
only if a large system were installed using a well thought out plan and 
some automated procedures. 
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We here are primarily interested in solar-energy as a possible substitute 
for fossil .'iels. This series of annual symposia - for which we should all be 
very grateful to our Sde Boqer colleagues - has been limited to solar 
electricity primarily because it is a most versatile form of energy: it can 
easily be transported over long distances (even longer if the technologies 
of super-conducting cables and hydrogen storage will be adequately 
developed) and, by injection into a national grid, can substitute for fossil 
energy on a large scale. 

The range of magnitudes is very wide - of the order of 10 1 5 : 1, i. e. from 
microwatts for a solar watch to gigawatts for a power-station, which allows 
for a range of technologies for harnessing the sun, some of which are more 
convenient than others. As R&D continues, the 'best' technologies move 
along the range. Thirty years ago, a 1KW solar pump would almost 
certainly have been a thermodynamic conversion unit (or a windmill, 
where the wind regime was suitable): today, at this size, the PV has taken 
over. At what upper size is thermodynamic conversion preferable to the 
PV is a subject for debate - sometimes quite heated debate - but size is not 
the only criterion. Application and location i. e. local maintenance 
capability, play a part. 

Almost everyone in this room is interested in the top end of the range, i.e. 
solar electricity for large installations. Even those PV developers, who 
speak kindly about PV for Indian villages, have their eyes on the power-
station field, for the obvious reasons that rhis would allow them to enter 
expensive sophisticated production processes, and it is a lot easier to sell 
one GWe power-station than 500,000 2KW units for Indian villages! 

At the bottom end of the scale, where PV stands supreme, we should 
realise that we are not really talking about selling energy but convenience. 
(Indeed, as many of you know, at one time the PV cell was a negative 
producer of energy, more being used in its production and distribution 
than it could generate in its lifetime). In the final analysis, until PV 
reaches a viable MW stage, its total contribution to the energy supplies of 
the world will be negligible. But it is convenient - and for the people 
involved - an exciting area - and it can satisfy some specific needs. 
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In the intermediate-size range - say less than 10 kW - PV can be very 
useful. One illustrative example is the World Health Organization's E.P.I. 
(Extended Program of Immunisation) Cold Chain - program for supplying 
and maintaining a chain of vaccine centres. This requires refrigeration in 
areas often without electricity supplies - and kerosine-operated 
refrigerators have proven unsatisfactory because of poor temperature 
control. The W.H.O. have recognised the potential of PV-operated 
refrigerators and now have more than 1000 such units dotted over the 
African continent. Note that, for this application, energy-storage (i.e. a 
large battery) - or some form of backup - (e.g. a small diesel generator), is 
essential. This organisation deserves much credit for having realised that, 
of primary importance in the developing world for the harnessing of solar-
energy, is the training of local technicians for the installation and 
maintenance of the units, i. e. the refrigerators, the PV panels, controls and 
batteries - and they have produced a series of handbooks just for that 
purpose. 

Another area is in the utility field i.e. for supplying householders in areas 
where the grid is not too close. Whilst Dr. Risser earlier today discussed 
grid-connected PV systems, P.G.&E. have conducted a number of studies 
illustrating cases in which the supply of PV units to individual houses 
works out cheaper than electricity from a grid - when the cost of the 
connection is taken into account (and our Ministry of Energy has been 
studying this in the Klil Village experiment). A fundamental difficulty for 
individual PV units is the absence of statistical-load-sharing. The peak 
power taken by a householder can be 50x the average power use - which 
no PV unit can handle unless it includes very large batteries with high-
discharge capability, whereas, when connected to a utility, he 'borrows' 
from the net and, only if many people want maximum power at the same 
time, is there trouble (a so-called 'brownout'). Indeed, some utilities offer 
a 'bribe' to selected customers if they will agree to accept cuts at peak 
hours (so that the installed capacity can be kept low). 

The large-scale production of electricity from the sun being the main 
interest for this seminar, it is ironic that the Luz Corporation is not 
represented here. No group in the world, either of private entrepreneurs 
or a national - or even international - group has made such a vital and 
dramatic contribution to large-scale solar electricity. They developed 
excellent technology. (I have, on previous occasions, referred to the 
comparison between the Luz plant and the Shuman 50kW plant built in 
Egypt in 1913, which also used horizontal parabolic tracking trough 
concentrators - with the difference that the LUZ plants yield 5x the 
electricity per m 2 of the Shuman plant). Their second critical contribution 
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was that they broke the vicious circle - that no utility would risk its money 
($100 million) on a plant, the like of which had never been built before, 
but that without utility approval, no such plant would ever be built. They 
introduced the concept of 3rd-party financing - that required enormous 
courage on their part (a) to promise to deliver a given amount of electricity 
when requested whilst not asking for money but only a committment to 
buy the electricity at an agreed price: (b) on the basis of their estimates of 
what the plant would cost plus the subsidies of the Federal and California 
State governments, they could make a package that would look reasonable 
to private investors - and then go out and find the investors - a hundred 
million dollars at a time! What is further astonishing is the short time-
span. Before the first Luz plant in California, completed in 1985, no-one 
really believed in multi-MW solar plants as economically justified, even if 
they could be shown to be technically viable - which itself was 
questionable. The lOMWe central receiver (power tower) in Barstow, 
California, (completed in 1982) was a 'beautiful' excercise. In the words of 
one of the people responsible for the Euralios 750kWe central receiver 
plant in Italy: "it is as beautiful as it is expensive!". After all the data from 
the Barstow plant had been recorded, it was dismantled, as it did not pay 
for its maintenance, let alone the capital cost. Thus a seminar such as this 
one, had it been held in 1984, could only have presented 'paper schemes', 
largely influenced by wishful thinking. 

The solar-pond held some promise but was clearly limited to very specific 
areas. For multi-MWe outputs, wind machines, in windy regimes, offered a 
better option. 

This is not the place to discuss the financial difficulties of the Luz company, 
but these were NOT the result of the Luz system being technically or 
economically non-viable but, as explained in the lecture of Mr Lotker (of 
Luz) at the recent ISES meeting in Denver, a direct consequence of US 
conventional energy sources receiving subsidies whilst the US DOE 
withdrew them from the renewable-energy program. 1 show here a 
diagram that, to me, summarises what may be called "The Luz Enigma" i.e. 
how a highly successful company can go under. The graph is taken from 
the paper Solar Thermal Technology Applications and Opportunities, by 
B.P. Gupta and F.H. Morse [published in Clean and Safe Energy Forever 
(Pergamon, New York, 1989)p.l253]. Do not take the ordinate values too 
literally as this could initiate a side-tracking discussion on their accuracy 
instead of an appreciation of the real issues. 

•Pacific Gas and Electric Co, the largest utility in California. 
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namely that large-scale solar power (in sunny areas) from thermal plants 
is already competitive with energy from fossil-fuel-fired power stations if 
the TRUE cost of this energy is calculated. Hohmeyer and others have 
estimated that the social cost of conventional power adds 30 - 100% to the 
apparent cost of fossil power. The diagram also suggests very strongly 
(based on the two authors' extrapolated line) that, had the support for Luz 
continued for another two or three years, they might have reached, 
without requiring further subsidies, economic viability, when allowing only 
a minimal or even zero benifit for the energy being clean. 

COST OF LARGE-SCALE SOLAR POWER 
[after Gupta & Morse (Kobe, 1989)] 
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History may show this to have been a terrible tragedy, not just for the 
company and its employees but for the whole process of the acceptance of 
solar-energy as a viable alternative to fossil energy. 

As for PV electricity on a large scale, it is now admitted that the 
predictions were somewhat over-optimistic and this convenient conversion 
process does not yet compete with the thermal systems. However, at the 
intermediate level, costs are in an accepable range and R&D to produce PV 
cells of higher efficiency and improved stability (which has been a 
problem with the cheaper amorphous Si cells) will reduce this still further. 
This means that the area of applicability of PV systems - and their 
economically-viable size will increase. 
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We can now consider 3 or 4 scenarios. 

1) Small Power-Supplies for Remote Areas in Developing Countries. 

(a) It has been demonstrated that a small PV panel plu- storage battery 
can provide evening lighting - to replace the proverbial oil lamp - and this 
encourages evening study - and a special lamp with high lumens per watt 
has been developed. This is an exact parallel to the early days of the 
petroleum industry - before the introduction of the internal combustion 
engine - where the first use (and market) was for lighting. 

We are here faced with a policy problem that occurs over and over again, 
namely that the pay-back on an investment in solar energy - in this case 
lighting - may take a generation - and few finance ministers will support 
such a development. Yet the developed world, if it wants to live in peace, 
may have no alternative but to find a mechanism for supporting this type 
of development. 

(b) The use of TV sets for educational purposes (as well as keeping people 
informed)is similar to the lighting application. 

(c) Where solar-PV electricity can support some small-scale industrial 
activity - as an alternative to Diesel-power, the payback time may be 
much shorter - and here there is an area for entrepreneural activity. 

2) For Larger Stand-alone Power-Supplies in Developing Areas, which may 
not have a national grid but may - or could have - a local grid, solar-
power, probably by thermodynamic conversion, is a serious option and its 
competitive status with local diesel power must be checked in each case 
and may prove positive even before the pollution costs (with their 
extended pay-back period) are added into the equations. For sunny areas, 
concentrating collectors - either of the Luz or central-receiver types for 
bigger (MWe)units or dish-concentrators in the smaller (KWe) ranges - are 
a possibility, though the technologies require further refinement. For less-
sunny areas, where the performance of concentration-type collectors is 
poor, the solar-pond is a proven technology, provided that the site-
conditions are appropriate. PV is not yet really ready for these stand
alone applications, on the grounds of cost. 

3) For the Developed World. Luz has demonstrated - at the GWe level that 
large-scale solar-power in sunny areas is a viable option. If this energy 
does not at present appear to compete costwise with conventional energy, 
it is because the societal cost of the latter is intentionally not included, nor 
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its hidden subsidies. Where these costs are allowed for - which requires 
that the ecological lobby be stronger than the oil lobby - we can forsee 
very large solar thermal power stations in sunny areas, with the trapped 
solar-energy transported, by a variety of means, from desert areas to the 
areas of large consumption. The prognosis, for the next decade or two, for 
large-scale PV power is less encouraging: unlike the thermal systems, the 
unit costs do not decrease with size, and the apparent complexity of the 
thermal systems, somewhat frightening for small units, holds no fears for 
GW power-station engineers, whilst storage and back-up are today still 
easier for the thermal systems. However, PV is not ruled out in developed 
countries for consumers not reached by the national grid. 

This seminar has not dealt with the heating and cooling of buildings, but 
where this is achieved by active or passive solar, it is equivalent to the 
generation of large amounts of electricity because of the large amount of 
energy (as electricity or fuel) that goes into the heating and cooling of 
buildings in developed countries and, indeed, this application of solar-
energy is considered by many as one of the major potential contributions 
to reduced dependence on fossil fuels and to reduced atmospheric 
pollution that solar can make on a world scale. For heating, the technology 
is reasonably well established (for new buildings, not for retrofit): for 
cooling, much work remains to be done to improve the technology, i.e. to 
reduce .apital and O&M costs. 

For Israel, which until the full development of its oil-shale program, has to 
import 97% of its energy sources (in the form of oil or coal), it is a pity that 
the Ministry of Energy and the Treasury chose not to see fit to encourage 
the erection of multi-MW commercial-type solar plants. This is not the 
forum to criticise the Minstry of Energy, particularly as the Minister has 
honoured us with his participation, but many citizens do not understand 
why, two proposals* not withstanding (one for a Luz-type and one for a 
solar-pond-type), solar power stations for Eilat have not materialised. 
Presumably, this was because of lack of agreement on the form or size of 
subsidy to be granted. 

It has to be recognised that, at this stage, all renewable energy programs 
need some help, not so much in R&D budgets but in the decision to build 
operating plants. Thus the investment cost for wind farms in California 
dropped by a factor of five in 5 years (1981-86) simply by building many 
plants. A similar drop is reported from Denmark in its. wind program. The 
US experience of Luz in thermal conversion, showed a similar clear lesson: 
by providing subsidies (in one form or another), the US authorities enabled 
the development of large and successful solar power-stations of ever 
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decreasing cost. Solar-pond costs may also be expected to drop 
significantly as more units are built - and new developments are in the 
pipeline - but these plants must be built in Israel, as orders from abroad 
will not be forthcoming when it is seen that Israel itself does not use this 
technology. Thus large-scale use of solar electricity in Israel is not only a 
move in the right direction of reduced dependence on imported fuel (with 
its political implications) or of reduced pollution (and its long pay-back 
time) but a potential billion-dollar export business. We here note that the 
Ormat Company, by its diligent entrepreneural pursuit of geothermal 
energy conversion, has demonstrated that it is possible to create a multi-
million dollar energy export business. 

It is my conviction that both common sense and business sense will prevail 
and that this country will become both a large-scale user and large-scale 
exporter of solaT technology. 

*In each case the proposers undertook to find the necessary capital. 
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THE POSTER SESSION 

Some Extended Abstracts 
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V a l i d a t i o n o f m o d e 1 s f o r g l o b e t l 
i r r a i c i i a . n c e o n . i n c l i n e d p l a n e s . 

D. Feuermann and A. Zemel 
Center for Energy and Environmental Physics, 

The Jacob Blaustein Institute for Desert Research, 
Ben-Gurion University of the Negev, Sede Boqer Campus, Israel. 

Radiation data, measured during 1989 at Sede Boqer, Israel, with 
global pyranometers oriented at a variety of tilt and azimuth angles 
as well as with a tracking pyrheliometer for the beam component, have 
been used to evaluate the performance of three diffuse radiation 
models. A sample of the results is presented in Fig. 1. which shows 
the monthly mean bias errors (MBE) and root mean square errors (RMSE) 
for a south facing surface tilted at 30°. Table 1 presents the 
yearly statistics for all pyranometers obtained with three models, 
namely, the Perez model [1], the isotropic model, and Hay's model [2]. 
Our findings confirm the observation of Ref. 1 that the Perez model 
describes the irradiance on inclined planes more accurately than the 
simpler alternatives. This conclusion is significant with regard to 
the fact that the parameters of the Perez model were derived mainly 
from locations whose climate differs greatly from the arid conditions 
pertaining at Sede Boqer. 

For situations which, due to lack of measurements, require estimation 
of the beam radiation, we have examined three different correlations 
between global horizontal and direct radiations (namely, the Erbs [3], 
the Maxwell [4], and the Skartveit and Olseth [5] correlations). We 
find that all three estimates entail appreciable residual errors in 
the prediction of the beam component, as evident from the RMSE of 100 
W/m2 (see Figure 2 for monthly results and Table 2 for yearly 
statistics). In fact, for the climatic conditions of Sede Boqer, none 
of these correlations can claim significant advantage over the others 
in terms of the RMSE, although the version offered by Maxwell appears 
to lead to somewhat smaller bias errors. The predicted irradiance on 
tilted surfaces using the derived beam component is, however, less 
sensitive to correlation errors, and a combined application of the 
Perez model with any of the correlations considered here can yield 
rather accurate predictions for locations where only global horizontal 
data are available (Table 3). 
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Table 1. Yearly statistics for 10 minute and hourly predictions of irradiance 
on inclined planes (W/m2). Hourly values are in parentheses. 

Orientation Mean Bias Error Root Mean Square Error Avg. 
and tilt Irrad. and tilt 

Perez Isotropic Hay Perez Isotropic Hay 
Irrad. 

North 90° -5 (-5) 8 (8) -19 (-19) 17 (17) 27 (25) 34 (32) 67 

South 30° 4 (3) -17 (-17) -5 (-5) 12 (10) 27 (26) 15 (13) 618 

East 60" -3 (-3) 4 (4) -15 (-16) 14 (15) 33 (31) 28 (28) 279 

West 60° -2 (0) -23 (-23) -16 (-15) 20 (21) 51 (48) 30 (29) 461 

Note: the comparatively low average radiation for the East pyranometer is 
due to an artifact of the 9 am cut-off imposed on the data. 

Table 2. Error statistics for the empirical correlations to estimate hourly 
direct radiation (W/m2). Numbers in parenthesis refer to the 
results of Perez et al. [9]. 

Erbs, Klein and 
Duffie 

Skartveit and 
Olseth 

Maxwell 

MBE 

RMSE 

-24 (-8) 

99 (95) 

-64 (-15) 

104 (90) 

14 (20) 

83 (88) 

Table 3. Combined statistics for the irradiance on all four tilted surfaces 
using the Perez, Isotropic and Hay models with either 
measured or estimated beam radiation, (W/m2). 

Measured Beam Estimated Beam Measured Beam 

Erbs, Klein and 
Duffie 

Skartveit and 
Olseth 

Maxwell 

Perez Iso Hay Perez Iso Hay Perez Iso Hay Perez Iso Hay 

MBE 

RMSE 

-2 -8 

16 35 

-15 

27 

2 -10 -18 

2 7 45 35 

2 -3 13 

2 5 53 32 

0 - 6 - 1 4 

25 31 32 
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Fig. 2. Monthly MBE (a) and HMSE (b) of predicted bema radiation with 
the Maxwell, Erbs, and Skartveit and Olseth (S&O) correlations. 
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ANALYSIS OF SOLAR RADIATION DATA FOR BEER SHEVA 

A. I. Kudish* and A. lanetz' 

*Solar Energy Laboratory, Depafimeni of Chemical Engineering, Ben-Gurion 
University of the Negev, Beer Sheva 84105, ISRAEL 

"Israel Meteorological Service, R & D Division, P.O.B. 25, Bet-Dagan 50205, ISRAEL 

ABSTRACT 

The solar radiation climate of Beer Sheva, Israel, is reported upon in detail. The database utilized 
in this analysis consisted of global radiati' ~>n a horizontal surface and normal incidence beam 
radiation. Monthly average hourly and daily values are reported for each of these measured 
radiations. The monthly average daily clearness index values and the annual average daily 
frequency distribution of the clearness index have also been calculated and analyzed. The 
empirical correlations between both the horizontal beam and diffuse fraction of the global radiation 
as a function of the clearness index are reported both on a seasonal and yearly basis. The annual 
average daily global radiation incident on a horizontal surface is 18.91 MJ/m2 and that for normal 
incidence beam radiation is 21.17 MJ/m2. The annual average daily fraction of the horizontal global 
radiation that is beam is 0.72. The annual average daily value for the clearness index is 0.587 and 
the average frequency of clear days annually is 58.6% 

INTRODUCTION 

The meteorological station of the Solar Energy Laboratory at the Ben-Gurion University of the 
Negev, in Beer Sheva (31!15'N, 34!45'E, 315 m MSL), has been measuring concurrently normal 
incidence beam radiation and global radiation on a horizontal surface for a number of years. The 
normal incidence beam radiation is measured using an Eppley Normal Incidence Pyrheliometer, 
Model NIP, and the global radiation is measured using Eppley Precision Spectral Pyranometers, 
Model PSP. This station is part of the national network of meteorological stations and the 
instruments' calibration constants are checked at regular intervals by the Israel Meteorological 
Service. 

RESULTS 

The results of the analysis of the solar radiation data are summarized in Tables 1-3 and Figs. 1-2. 
The global radiation data analyzed in this study were measured during the time interval 1982-1990, 
whereas the the normal incidence beam radiation data refer to to the time interval 1984-1990. Due 
to mechanical and electrical failures (prior to the addition of a rechargeable battery-powered 
datalogger), the actual amount of data available for analysis was reduced significantly (cf. the 
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number of days per month analyzed as listed in Table 1 and 2). In addition, the validity of the 
individual hourly values of the global and normal incidence beam radiation were checked in 
accordance with WMO recommendations. Those values that did not comply with WMO 
recommendations were considered erroneous and were rejected. Monthly average hourly values 
are reported for each month together with the number of days per month (listed in parentheses) 
analyzed. Monthly average daily solar radiation values are reported in Table 4 for global, NIP, 
horizontal beam, diffuse and global radiation on a south-facing surface tilted at 40!, together with 
the monthly average clearness index. The empirical correlations, between both the horizontal beam 
and diffuse fraction of the global radiation as a function of the clearness index, KT, viz. 

(a) Beam fraction: Hb/H = a + bK T ..,. 
(b) Diffuse fraction: Hd/H = c + dK T , 2 > 

are reported on a seasonal and yearly basis in Table 5. 

TABLE 1. Monthly Average Hourly Global Radiation (MJ/m2) 

Hour 5-6 6-7 7-8 &£ 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 
Month fd) 
J (276) 0.00 0.01 0.23 0.69 1.18 1.53 1.68 1.62 1.40 1.04 0.59 0.18 0.01 0.00 
F (250) 0.00 0.04 0.40 0.96 1.49 1.86 2.01 1.95 1.69 1.37 0.89 0.37 0.03 0.00 
M (267) 0.02 0.18 0.73 1.36 1.91 2.31 2.46 2.44 2.20 1.79 1.22 0.60 0.13 0.00 
A (206) 0.04 0.40 1.04 1.69 2.33 2.78 2.99 2.91 2.63 2.19 1.65 0.98 0.35 0.08 
M (200) 0.12 0.60 1.30 2.02 2.60 3.06 3.26 3.18 2.95 2.49 1.91 1.22 0.54 0.08 
J (205) 0.17 0.71 1.43 2.18 2.79 3.22 3.43 3.41 3.16 2.73 2.13 1.43 0.71 0.14 
J (180) 0.15 0.62 1.30 2.06 2.72 3.18 3.40 3.38 3.13 2.67 2.09 1.40 0.67 0.13 
A (210) 0.07 0.49 1.18 1.94 2.59 3.06 3.28 3.23 2.93 2.47 1.86 1.13 0.43 0.03 
S (193) 0.02 0.30 0.93 1.67 2.32 2.77 2.98 2.95 2.66 2.16 1.52 0.80 0.20 0.02 
0 (178 ) 0.01 0.13 0.61 1.26 1.84 2.24 2.46 2.44 2.15 1.49 1.07 0.47 0.09 0.00 
N (208) 0.00 0.05 0.27 0.90 1.42 1.79 1.93 1.88 1.60 1.18 0.69 0.23 0.02 0.00 
D (212) 0.00 0.02 0.22 0.66 1.13 1.48 1.62 1.56 1.36 0.98 0.53 0.15 0.00 0.00 
Yearly 0.05 0.30 0.81 1.45 2.03 2.44 2.63 2.58 2.32 1.90 1.34 0.75 0.26 0.04 

TABLE 2. Monthly Averaae Hourlv NIP Radiation iMJ/m2} 

Hour 5-6 6-7 7-8 &2 9-10 10-11 11-12 12-13 13-14 14-15 15-16 16-17 17-18 18-19 
Month fd) 
J (163) 0.01 0.03 0.66 1.25 1.59 1.76 1.74 1.59 1.51 1.34 1.07 0.52 0.02 0.00 
F (159) 0.01 0.14 0.97 1.60 1.91 1.99 1.S0 1.93 1.74 1.68 1.41 0.82 0.09 0.00 
M (169) 0.01 0.38 1.12 1.54 1.76 1.92 1.98 1.95 1.82 1.71 1.44 0.99 0.30 0.03 
A (134) 0.60 0.73 1.43 1.80 2.15 2.33 2.37 2.27 2.15 2.00 1.79 1.36 0.64 0.05 
M (133) 0.27 1.00 1.68 2.09 2.34 2.52 2.51 2.43 2.35 2.21 2.05 1.70 1.04 0.25 
J (125) 0.57 1.35 2.02 2.54 2.77 2.93 3.01 2.96 2.85 2.76 2.59 2.26 1.63 0.59 
J (86) 0.20 0.64 1.56 2.24 2.67 2.85 2.92 2.85 2.77 2.69 2.56 2.27 1.69 0.59 
A (88) 0.13 0.79 1.54 2.22 2.67 2.67 2.92 2.85 2.64 2.57 2.42 2.03 1.21 0.11 
S (36) 0.06 0.68 1.51 2.13 2.48 2.70 2.83 2.81 2.70 2.50 2.25 1.70 0.63 0.08 
O (107) 0.02 0.40 1.25 1.85 2.17 2.33 2.28 2.34 2.19 1.94 1.57 0.91 0.19 0.00 
N(158) 0.01 0.20 0.96 1.66 2.03 2.21 2.21 2.12 1.93 1.69 1.26 0.54 0.04 0.00 
D{100) 0.00 0.08 0.60 1.37 1.73 1.96 1.93 1.86 1.74 1.57 1.07 0.43 0.02 0.00 
Yearly 0.11 0.55 1.28 1.86 2.19 2.36 2.38 2.33 2.20 2.05 1.79 1.29 0.62 0.14 
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TABLE 4. Monthly Average Daily Solar Radiation IMJ/mz\ 

Month Global Beam Diffuse NIP Global (f> = =40°) KT 

January 10.16 5.99 4.16 13.08 15.41 0.495 
February 13.05 8.64 4.41 16.20 17.32 0.516 
March 17.35 10.65 6.70 16.92 19.85 0.554 
April 22.07 14.86 7.21 21.14 21.97 0.597 
May 25.31 17.85 7.46 24.44 22.38 0.630 
June 27.64 22.52 5.13 30.84 22.73 0.670 
July 26.89 21.18 5.71 28.69 23.00 0.662 
August 24.69 19.47 5.41 26.62 23.85 0.654 
September 21.30 16.63 4.67 25.06 23.87 0.642 
October 16.45 11.09 5.36 19.43 21.31 0.596 
November 12.08 8.20 3.87 16.86 18.33 0.535 
December 9.71 6.32 3.39 14.36 15.46 0.502 
Yearly 18.91 13.62 5.29 21.16 20.46 0.588 

TABLE 5. Empirical correlations 

Season No. days Correlation r RMSE 
(a)Hb/H = = a + bKT 

Winter 261 Hb/H = -0.320 + 1.597 K T 0.924 0.093 
Spring 331 Hb/H = -0.410+ 1.641 K T 0.933 0.070 
Summer 169 Hb/H = -0.673 + 2.051 KT 0.867 0.035 
Autumn 164 Hb/H = -0.225 + 1.433 KT 0.901 0.068 
Year 925 Hb/H = -0.304 + 1.520 KT 0.930 0.077 

(b)Hd/H = = c + dKT 

Winter 312 Hd/H = 1.287- 1.534 KT 0.926 0.091 
Spring 325 Hd/H = 1.372- 1.577 KT 0.933 0.072 
Summer 184 Hd/H = 1.725- 2.133 K T 0.878 0.034 
Autumn 150 Hd/H = 1.215- 1.436 KT 0.912 0.065 
Year 971 Hd/H = 1.285- 1.494 KT 0.932 0.078 

CONCLUSIONS 

The solar climate of Beer Sheva, Israel has been reported upon in detail. We conclude, based 
upon the above analysis, that Beer Sheva Is characterized by relatively high average daily 
irradiation rates, both global and beam, and a relatively high frequency of clear days (defined here 
as K T> 0.60, since the bin width was taken as 0.10 units). 
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ABSTRACT 

Within the framework of this project, funded by the Israel Ministry of 
Energy and Infrastructure, 8 fully instrumented meteorological stations 
have been established, to date, in the Negev. These are at: Arad, Beer 
Sheva, Eilat, Havat Besor, Merkaz Sapir, Sdom, Sede Boqer and Yotvata 
[Fig 1]. 

Each station is instrumented with a tracking pyrheliometer (Eppley NIP) 
for direct beam insolation, a horizontal pyranometer (Eppley PSP) for 
global insolation, and a shadow-band pyranometer (Kipp & Zonen CM10) 
for diffuse sky insolation. In addition to solar radiation, each station also 
monitors wet bulb and dry bulb air temperatures, wind speed and wind 
direction. All data are stored on local Campbell 21X microloggers and 
downloaded by modem to a PC computer at Bet Dagan [Fig 2]. 

Annual data from each station, in the form of hourly totals, are transferred 
to the Blaustein Institute for re-working into (a) tables that provide at-a-
glance information for designers of solar power stations or passive solar 
architects [Fig 3], (b) diskettes of hourly data that can interface with 
simulation programs. These data may be obtained from the Ministry of 
Energy and Infrastructure. 

These Negev stations form part of a country-wide network that is operated 
by the Israel Meteorological Service. At some of these stations various 
other aspects of insolations are studied, e.g. daylighting, UV, etc. [Fig 4]. 
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Of the many solar technologies being investigated and 
developed, just a few have so far been industrialized and 
deployed, notably are the (1) flat-plate collectors for 
domestic hot water, and <2> the Luz trough (1-X tracking) 
collectors for heating thermal oil for the purpose of 
generating electricity through a thermal cycle. After being 
heated to around 300°C by the sun, the oil is piped towards 
a central power-block in the field, to produce high 
pressure steam which powers a utility-type turbine. Fossil 
fuel too is fired to augment overall efficiency and extend 
hours of operation. 

With each of the two technologies more than 2 million 
square meters of collectors have been factory-produced and 
commercialized during the last 10 years. Such industrial
ization represents mass production, yielding relevant cost 
data of great interest to solar-energy researchers. Usually, 
assessments and cost projections for new technologies are 
made by invoking estimated mass-production costs, which 
sometimes are difficult to prove (or disprove). How, with 
the cost data derivable from the indicated two commercia
lized technologies, we may attempt a renewed understanding 
of the economics of solar systems, in particular, solar 
power technologies. 

In Israel, nearly 800,000 solar flat-plate household 
systems have been installed on roof-tops, totaling about 2 
million square meters of glass-covered panels. It saves the 
country about 800 million kilo-Watt-hours of electricity 
annually (which represents approximately 5X of the total 
national electrical energy). The average price of an 
installed household solar system is $900, which represents 
6300 per sq.m. of collector aperture. Cost analysis indi
cates that the price is nearly equally divided into the 
following 3 categories: (1) panels (collector hardware). 
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(2) hot water container (storage), and (3) installation and 
auxiliaries (electrical element for back-up, wiring, piping 
and other accessories). The approximate €300 price for the 
panels, makes about 3100 per sq.m. of the panel. A similar 
cost of 9100/sq.m. applies also to the auxiliaries and also 
to the container (storage). The left column in the block 
diagram in Tig. 1 illustrates the various subsystems with a 
similar cost of $100/sq.m. by blocks of approximately equal 
areas. All costs per sq. tn. in this article refer to square 
meter collector aperture. 

The second column from the left in Fig. 1 represents 
average subsystems costs for the Luz trough-farm solar 
power plants in California. More than 2 million sq.m. of 
collectors have been installed within the last 10 years. It 
has been remarkable to ascertain that, again, each of the 
four subsystems: collector hardware, tracking and auxil
iaries, field piping and the power block (central engine 
etc.), carries nearly the same cost tag of 5100/sq. m. 
Techno-economic studies justify these findings. 

Two other significant technologies ere shown in Fig. 1, 
though not fully industrialized as yet, the dish-sterling 
and the photo-voltaic. The assesment of their future mass-
production cost-effectiveness is known to be problematic. 
However, some elucidation of their possible economics may 
be gained by checking their seperate subsystems and drawing 
from the first two commercialized technologies. It has been 
noticed that some subsystems (such as collector hardware, 
tracking, etc.), should nearly be similar, cost-wise, to 
those of the previously mentioned commercialized techno
logies. Also, some important components and subE"'stems 
(e.g. cabling) are available in commerce for non-solar 
applications and can thus be fairly estimated. When we 
apply this information to the dish-sterling, again the 
value of S100/sq.m. becomes prevalent for several sub
systems. Some major exceptions, however, are noteworthy. 
For the dish-sterling the collector may be expected to be 
considerably expensive due to the rigid tolerances required 
in order to achieve high concentration factors and high 
temperatures at the receiver. Also, the collector has to 
hold a heavy engine-generator-cooler complex, accruing an 
additional load and expense. Therefore, the collector block 
in Fig. 1 is drawn with a relatively larger area. So is the 
sterling engine complex, which has not yet shown adequately 
affirmative price reduction (for a durable, long-lived and 
low-maintenance model). 
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With the PV, again the collector itself, vith its 
non-cell components (take away the semiconductor photo-
voltaics), and several other subsystems, may be expected to 
achieve mass-production costs of around $100/sq.m. as is 
illustrated. The inverter and power conditioning subsystem 
is not negligible and is included. The cost of the PV 
itself is still high in price as it shows. 

Surely, it makes a great difference whether a full 
system's efficiency sums up to 10% or 20% ton an annual 
basis), for Judging comparative cost effectiveness. For 
instance, for the dish-sterling technology with a 20% 
efficiency, suppose the collector and the sterling 
subsystems will each be mass-produced at $200/sq.m. This 
will yield an improved cost-effective system as compared to 
the trough technology (with its 10% efficiency). In order 
to enable comparison between systems, efficiencies and 
other performance indictators will have to follow equal 
definition and standards CI]. 

Some other opportunities for potential cost-effective
ness may be indentified following the above approach. The 
purpose of the greatly simplified description of system 
assessment given here is to enable a wide-angle view of the 
field of solar power industrialization, on the one hand, 
while drawing attention to some specific questions which 
become vivid by the above analysis, on the other hand. The 
availability of new cost figures for subsystems of commerc
ialized technologies, will provide significant numerical 
coefficients for an analytical model [21 designed for 
comparative assessments of different solar power techno
logies. 
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Abstract 

The transient and steady-state processes arising in a 12kW photovoltaic 

grid connected system (PVS) after switch-on and/or switch-off are 

observed and analyzed. The circuit diagram of one phase of the PVS is 

shown in Fig. 1, where the main elements of the system, their connections, 

parameters, and nomenclature appear. The photovoltaic array (PVA) i.e. 

the solar cell system based on polycrystal solar cells feeds a single phase 

full wave inverter supplying energy to the utility bus. The gate-control 

system of the inverter operates with a given dc voltage, which is 175v for 

the discussed PVS. 

During the operation of the PVS it was observed that the start-up process 

is sometimes accompanied by short-circuiting of the dc side and 

disconnection of the ac side. It is reported that during a faulty transient 

process the PV array current may be 10 - 15 times higher than the PV 

array short circuit current. A special research has been carried out to 

investigate these phenomena. During the experiments, four variables 

characterizing the behavior of the system were analyzed (see Fig. 1): i s c c , 
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the solar cell system current; this current is measured as a voltage across 

the 25A - 100 mV shunt; v c , the voltage across capacitor C; v j c , the dc 

voltage across the converter bridge; VSCR. the voltage across an SCR. The 

scales of the variables appear in the oscillograms. 

The normal and the faulty start-up processes have been observed. Both 

processes are analyzed. Here only the description of the faulty one is given. 

The process appears in Fig.2 (v c and i s c c ). The development of the process 

is as follows. At t=tj (Fig. 2) the contacts of contactor M (Fig. 1) are closed 

and the capacitor C is connected across the solar array terminals. The i s c c 

current jumps to the short circuit value of 25A and the capacitor charging 

process begins. This process takes ~ 100 msec and it ceases at t = t2-

During this time the SCR gates do not receive trigger pulses. The first 

pulse appears at t = 13 and the first pair of SCR's conducts for a very short 

time. At t = t4 the second pair is triggered with a small a . Therefore the 

SCRc conduct at t = 15, when the trigger pulses appear at the gates of the 

first SCR pair. As a result, all four SCRs of the bridge conduct, leading to 

short circuiting of the dc side, i.e., the terminals of capacitor C and solar cell 

array. Then two SCR's, connected to the same terminal of the transformer 

winding, cease to conduct, disconnecting the ac side and short circuiting the 

dc side. This is verified by the short circuit current which flows through 

the PVA and the lack of current through the transformer. 

Some novel phenomena accompanying this process are shown in Fig. 2. 

The current i s c c at 1=13 (15) (the time scale of the oscilloscope storage 

system does not allow us to obtain better resolution) is increasing rapidly 
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from 0 to 235A, then it reduces during ~ 50msec to 25A - short circuit 

current. The results observed show that the short circuit current is much 

higher that the PVA short circuit current. In the case analyzed, the 

relationship is 235/25 = 9.4 times. 

The voltage v c at t = 13(15) changes very quickly from the open circuit 

voltage ~ 250v to the negative one ~ -25 + 30v with the initial peak - 50V! 

The negative voltage ~ - 25v is kept practically constant for about 50 msec 

and then begins to decay with damped oscillations. These are not well 

known phenomena. Their physical nature and mathematical description 

must be investigated. 

Some as yet unreported effects have been observed during 

disconnection process. These phenomena are analyzed. 
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