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PREFACE

Photovoltaic solar cells in segmented dish concentrators
héve future promise forrefficient1y delivering electrical power at
a relatively Tow cost. In this project, several concentrators were

~assembled and several aspects of their performance were studied.
Considerab1e experience was gained in developing technidues for
, mQunting ce]]é‘in concéntrators.’ A];p} kﬁow]edge was gquired)for

improving the overall performance of the concentrator.
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ABSTRACT ‘

| Prior to mounting sdlar‘ceTis in.cdngentratdrs, methods of
mounting the ¢e1ls were thoroughly investigated. In order to make
e]eétrical contact to the back sides of the cells, they were first
mounted onto molybdenum substrates. Experiments were conducted to
select an adhesive for mounting the cell-substrate combinations onto
the receivers. Silicone rubber was chosen because of its thermally
conductive, electrically 1n$u1ating characteristics. I-V character-
istic'CUrves of fhe comp]étéd mbdu]es were plotted uéing an X-Y |
recorder. The electrical data was-uéed té evaluate the module
pefformance and determine‘how iﬁproyements could be made. Thermo-
coup]es wefe~a1§o‘used;toxmonitorAcé11'temperafures‘to determine

the efficiency of the various heat sinking techniques.

vii



CHAPTER 1
INTRODUCTION

In the last féw years the need to deve]op é1ternate sonces
of energy has become very evident. Solar energy in~parti¢u1ar appears
to have a bright future. One method of co]]ect1ng solar energy is
through the use of photovo]ta1c solar ce11s wh1ch convert 11ght 1nto

direct electrical current.

Why Solar-Concentrators

'Soiar'concentrators can be Very effective'in réducfﬁg the arés :
on-which light ‘is to'be collected." There are severa] reasons why th1s ‘
may bé~desifab1e, In thermal app11cat1ons higher temperatures can be |
achieved through the use of concentrators. In photovoltaic applications
more electrical power can be generated by solar cells wheh concentrated
Tight is focused on the cells. The current and power generated by solar |
~cells are both proportional to the intensity of the incoming 1ight and
the surface area of the given cells. Thus, the generated electrical

power can be increased by using more concentrated light or by adding

more solar cells to the given system Due to the high cost of photovoltaic» -

solar cells it can qu1ck1y become very expens1ve to add more cells to a
system. In many instances it is much more economical to use a 11m1ted
number of solar cells and 1ight that is very concentrated. Although. a

concentrator is an extra cost, the reduced cost of solar cells can make



up this difference if the concentrator is comparatively inexpensive.

Under these circumstances solar concentrators become very cost effective.

~Cell Parameters and Equations

Photovo]téic solar §é11§ are comprised of -two 1ayers of
semiconductof material, an n—tybe iayer'énd a p-type 1éyer. The cells
used in this project are siﬁgle crystal silicon cells. The cells have
been doped appropriate1y to form a p-n junction. The thin n-type 1ayer’v"'
lies on top of the p-type 1ayer.v_E]ectron-h01e pairs are generated in
the semiconductor when the absorbed photons have energies greater than
the:band gap energy of silicon.  If minority carriers reach the junction
~ before they recombine they will be swept across the junction by the
depletion electric field giving‘rise to a photo generated electric field,
opposite in direction to the depletion e}ectfic field. thic contacts - -
are attached to each side of the junétion to collect the generated
current. The front or top contact has a grid Structure in order to
allow the 1ight to penetrate 1nto_fhe junctién. The back contact covers
the complete back side of the Cejl. The basic elements of a solar cell
are shown in Figure 1. | N |

An equivalent circuit of a solar ée]] is shown in Figure 2. The
circuit is composed of an}jdea] gurrentA§Qurce;IL, the diode of thg -
Junction, a series resigténée Rs’ aﬁd a shunf resistance Rsh“ RL'is the
load resistance which is external to the cell itself. The value of IL is
proportional to the 1ight 1ntensity. These elements are related through

equation (1).
V—IRS

I= R

+ Is{exp(BV—BIRS) - 1} - IL (1)
sh ‘ ' '
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Figure 1. Cross sectional diagram of a silicon solar cell.



Figure 2. An equivalent electrical circuit of a solar
cel 1.



where B = K%
: q = electron charge
K = the Boltzman constant
T = cell temperaturé'(oK)
IS = réverse saturation cufrent

A well made solar cell typically has a very low series resistance
and a very high shunt resistance. In éuch cases the approximations _ |
Rsh—§m>and Rs—>0 can be made which‘reduces equation (1) to equation (2).
It should be noted that the dark current Id through the diode is
15 {:exb(BV)—{} . The reverse saturatiohvéurrent I for 2cm x 2cm 40X

12

Solarex cells is 2.43 x 10 ~“ amperes (Backus and associates 1978, p. 2,143).

1= {exp_(ev_) 1} L (2)
PhotovoTtaic solar cells are commonly described through three
parémeters,'the short circuit current Isc’ the open circuit voltage Voc’

and the curve fill factor CFF, which are described by equations (3), (4),

and (5).
Ise = L ‘ (3)
e T g * :sls W
or = Vg In | | (5)
V1 |

oc “sc
. Equations (3) and (4) are derived directly from equation (2). The curve

- i1l factor is determined graphically from the characteristic I-V curve

of a cell as illustrated in Figure 3. Vm and Im are the voltage and
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Figure 3. A typical I-V curve for a solar cell.



current respectively at the maximum powcr boint Pm 1ocafed near the
knee of the curve. The more the I-V cuﬁve resembles a rectangular shape
‘the higher the cell's efficiency and CFF will be.

The equivalent circuit and equations discussed above can be
used to describe the electrical outpﬂt-of a solar cell. However, they
can also be used to describe a complete system of cells connected
together as in a photovoltaic concentrator. The I-V curve of a system
of solar ce]]s will be similar to the I V curve of a single cell except 1”>
that the current and vo]tage va]ues w111 be larger. The short circuit
“current, open c1rcu1t voltage, ‘and curve'f111‘factqr for a photovoltaic -
cystem are all determined from the I-V curve as in the case of a single

cell.

Concentrator ComponentS’SQpplied_by‘
Arizona Scientific Research

Arizona Sc1ent1f1c Research (ASR) prov1ded the optical modules
and heat sinks needed to construct Six solar concentrators. Each heat
sink or receiver was a hexagonal prism machined on the surface of a
metal pipe with the hexagonal shape around the circdmference.'”The
rfeceiver holds 18 2cm x 2cm, 40X solar cells. Three cells were mounted
on each of the six faces of the receiVer which‘were 2.2 cm wide. Three
" receivers were actively cooled as shown in Figure 4. The three other
_ receivers had a similar design but used heat pipes to reject'heat out
the bottom end. In one case the bottom-end-of the'heat'pipe was passively
cooled with air fins. In the two other cases the heat pipes were cooled

by water circulating in tubes surrounding the bottom ends of the heat

pipes.
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Figure 4. An actively cooled receiver.



Sunlight was focused on the ceﬁtral hexagonal receivers by fhe
ASR optical modules. Five of the optical modules were made from plexiglas
and one was made from ABS plastic. One module had evaporated silver as
the ref}ective sﬁrface. Another used copper. The remaining four optical
modu]eé.had aluminum deposited as the reflective surface.

Each optica] module had five conical sections that focused
sunlight on the receiver. Figure 5 depicts an optical module together
with an act1ve1y cooled receiver. .Each bonical section oVer]éps'a
para]le] section of sunlight on the receiver resulting in a small 1ntens1ty
variation along the reCe1ver The modu]es have been designed so that the"
average concentrat1on ratio is 4OX V

| Research was carried out in severa] areas before so]ar ce]]s

~were mounted in a concentrator ‘ In order to keep the e]ectr1ca1 output as.
h1gh as poss1b1e, 1t was 1mportant to keep the solar cells re1at1ve1y coo1
The cg]]s could not be electrically shorted to the metal receiver. ‘Thus,
it was hecessary to find a mounting procedure which conducts heat
efficiently from the cei]s to»the receiver yet keeps the cells electrically
insu]atéd from the receiver. Before the solar ce]]é were attached to the
receivers, e]ectfica] connections were made to the back sides 0f the ce1ls.'
An electrically conducting substrate on which cells could be mounted was
selected for this purpose. ‘SOTar_ce11s under very intense‘1ight generate
relétively large currents. Therefore, it was very important that all
electrical intérconnections add 1ittle or no series resistancé in ordef}
to keep the module performance from degrading. A1l these prob1ems were

thoroughly investigated.
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Figure 5. Optical module with actively cooled receiver.
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‘Finé11ys the performange of the compTeted module was eva1uated.
The electrical performance of each.réceiver, the efficiency of each method
of cooling, and the optical efficiency of each optical module was invésti— o
gated. An analysis ofvthe module's ovefa11 electrical efficiehcy was

conducted to determine where improvements could be made.



CHAPTER 1II
MOUNTING CELLS ONTO MOLYBDENUM

Befdre the solar cells were hounted onfo-heat sinks, a means
was devised by which the electric curfent could be éo]]ected from the
back side of the cell. Experiments led to a technique for mounting
the qe]Ts onto flat pieces of molybdenum. ETectriéa] Teads could then
be soldered onto the molybdenum to make contact with the»béck side of

the cell.

Substrate Selection

When 'a 1ight concentration of 40 suns was focused:onto solaf
‘cells the surface temperature,of.the cells increaéed significantly even
~ when active cooling was used. - Consequently,‘theiceTls as well as the
substrate on which they are mounted will go through many cycles of
expansion and contraction. In order to minimize the stress on the cells
and reduce the possibility of fracturing or contact 1ifting, a substrate
was chosen which has a Coefficient of expansion c]bse to that of silicon.

The CRC Handbook of Chemistry and Physics (1974-1975, p. D-152) shows

| that silicon has ércoefficient of expansion of 3;4m/m°C. Mo]ybdénum was
chosen as the substrate materfa1,since its goeff?cient»of expansion of
!Synvmoc is closer to that of silicon than any other metal.

The solar cells were mounted onto a mo]ybdenum Sﬁbstrate for the -
purpose of méking electrical contéct wifh the back side of the cells. In
order to insure that the cells were adequately sﬁpported, the mo]ybdenuﬁ

substrate covered the complete back side of the cells. This also made

12



7 13
matters easier when the cell- substrate comb1nat1ons were mounted onto the
mo]ybdenum substrates us1ng so]der to ensure good therma] contact and to
~minimize the series resistance, R .‘ v

Solarex so]ar ce]]s, 2cm X 2cm, were used in this prOJect -A
diagram of the cell is found in F1gure 6. To-accommodate the cells the
moTybdenum was cut into 2.0cm X 2.2cm pieces. The extra 0.2 cm in one
dimension was for the edge which‘was bent up for the electrical connection
to the back side‘of the cell. Mo]ybdenum'thicknesses of 0.13 mm, 0.25 mm,
and 0.38 mm were cut and prepared for cell MOunting It soonvhecameh‘
evident . that ‘the 0.13 mm mo1ybdenum was very f11msy and d1ff1cu1t to work

‘with. No such prob]ems were encountered 1n prepar1ng the other two
th1cknesses However, for the sake of max imum heat transfer the th1nnera

7'O.ZS,mm‘molybdenum‘wasschOSen,as'the”substrate-thickness.L

Electroplating and Cell Mounting

-A coating of copper was e]ectroplated to the bottom‘and top
contact areas of the solar ceT]s; This was done to prevent the silver
on the cell contacts from alloying with the solder when the~mo]ybdenum';
and top electrica1 connections were solderedkto thevce1ls.':A solution
- of 188g/% copper sulfateA(CuSO4 =45H20) and 74g/2 sulfuric acid (H2504),
was used in the electroplating process (GrayA1953, p. 235).. The top
‘ contact pads were pTated-tor about 45 seconds using SO nA-of current
The back s1de of each cell was p]ated for two minutes us1ng 175 mA of
current. After p]at1ng, a thin layer of. so]der was coated onto the back‘

s1de of the ce11 us1ng a so]der1ng iron.



Contact pads

Figure 6. Solarex solar cell.



15

The solar cells were soldered ontoithe molybdenum substrates.
However, solder will not adhere to mo]ybdenum_so it also needed to be
plated first. Initially copper was plated onto the molybdenum but the
copper.Tayer would not adhere well to‘the mo1ybdenum. A nickel plate.
using a solution of 300g/% nickel sulfate (N1304 . 7H20), 60g/% nickel
chloride (N1’C12 . 6H20), and 38g/% boric acid (H3BO3) was tried next
(Gray 1953, p. 303). This electroplating was carried out with only
11’m1’ted_success° The nickel plate'adhered,better than the copper but
it would also peel off occasioha]]y° In order to give the plated metal
a better'surface on which to adhere,‘the‘molybdenum metal, which
previously had been very smooth, was g1ven a thorough sandpaper rub.
Exper1ments were then performed p]at1ng both copper and nickel onto
the sanded mo]ybdenum Both appeared to p1ate we11 onto the mo]ybdenum» _
so tests were performed to see which plate had the stronger adhesion.
It was determined that the nickel plate adhered better so nickel plated
molybdenum was used from that point on.: |

To prepare the molybdenum for cell mouhting it was first cut |
into 2.0cm x 2.2cm pieces. The pieces were‘then sanded and the one
edge was bent up for the back electrical connection. In order to ensure
a clean surface before plating, the molybdenum pieces were dipped in a
solution of four parts H2804 and one part'HZOQfat a temperature of 90°¢
for 10 séConds. After an adequate rinse, niChe1 was plated onto the
mo]ybdenum using a current of 200 mA" for tWo_minutes, A thin coating
of solder was then app]ied to the molybdenum using a hot plate and
soldering iron. The back of the cell and the molybdenum substrate were

put in contact and heated on a hot plate to melt the solder and make
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the bond between them. When the so]der melted, fhe excess solder was
squeezed out the sides. | | |

After the above procedure was completed the cells were ready
to be individua11y electrica11yvteéted,' The cell-substrate combinations
were also ready to be mounted onto heat sinks. However, ft was hecéssary‘
first to determine a good heat conducting adhesive -and a proper mounting

procedure. This is covered in Chapter IV.



~ CHAPTER 111
ELECTRICALLY TESTING INDIVIDUAL CELLS

Before the solar cells were mountéd>invmodu1es, e]ectfic&]b
tests were performed on all the cells 1nd1vidﬁa11y; The data were o
collected in the form of I-V curves from which all necessary information
could be extracted. These preliminary tests are important for several |
‘reasons. If any cells are defective, they musf be déteéted before |
being mounted in a module. The‘efficiency ofveach cell was determined
- 50 cells with similar efficiencies could be put in the samé:modu]e;
This was important because if cells with a variety of Qifferent_
'efficiencies were in the‘same module, the overaT] pérformaﬁcé,of,the'

. module would only be as good as the worst cell.

Setup for Making I-V Curves -

An indoor solar cell tester using quartz iodine electric lamps
was designed to give consistent resu]tS'as well as fo make the test
~ procedure simple and easy. General Electric ENH 250 watt projector
1amps.were used as the light sources in the solar simulator. A single
lamp was placed at 40 cm from the target area to simulate one sun
(1 sun AMI = 1OOmW/cm2). Five other Tamps were eaéh placed 13 cm from
the‘taréet aréa, each providing thevequiva1ent intensify of 10 suné.
Thus, an intensity of 50 suns could be focused oh the target area if
so desired. Frequent checks, using a standard cell, were made and
the Tamp positions were adjusted accordingly to ensure that the correct

intensity was maintained. The target area consisted of an aluminum

17
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heat sink through which water was circulated for cooling. Figure 7 ’
shows a cell-substrate combination mounted on the aluminum heat sink
ready for an electrical test.

A diagram of the electrical test apparatus is shown in Figure
8. The resistorrshown in the circuit»was'a precisien 0.010 resistor.
Current was found by measuring the voltage drop across this resistoh.
The voltage across the cell would be V-IR where V wes the vo]taée of
the power supply. The product IR Wae very small With respect to V.
Thus the cell voltage was'effectively the sahe as V. As V, the cell
voltage, was varied the cell current I was forced to change along the
character1st1c I-v curve The cell voltage and current were measured

s1mu1taneous1y by the X-Y recorded wh1ch made the I-v p]ot

"Ca]ibrating'thejStandard'CeTl‘

Whenever data was being‘co11ected, the exact intensity of
Tight was determined through the use of a standerd cell. In order to
calibrate this cell exact]y; its'short circuit current readings were
compared with the accurate solar insulation measurements taken at the
Atmospheric Seieneee' weather station. The Weatheh station data,
standard cell data, and conversion factors are all recorded in Table I.
_ The average convers1on factor is 113mA/1 sun or 113mA oCm /100mw
Since the short circuit current I of the standard cell is proport1ona1

to solar intensity, the exact solar 1ntensity can be found using equation

(6).

Solar Intensity (mW/cmZ) = I (mA) A (6)
| (113mA-cm®/100mH )




Figure 7.

A solar cell

mounted for an electrical

test.
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Figure 8. Single cell electrical test apparatus.
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‘Table I. Standard cell calibration data

21

Solar Standard cell Conversion

- Date Time insolation reading factor
1/08/79  11:30 am  92.0 mi/en? © 102 mA 110.9 mA/1 sun
1/08/79 1:50 pm 92.1 105 1140

1/08/79 2:20 pm 9.1 101 112.1

1/08/79 ~ 2:45pm -~ 89.5 .- 100 111.7

1730/79  2:00 pn 1012 113 111.6

1/30/79 2:40 pm  98.8 . - 113 1144
2/02/79  12:10pm 9.8 112 113.3

2/06/79 3:00 pm  92.8 105 113.1

Individual Cell Tests:

' According to specificatipnsg the 2cm x 2cm cells burchased
from Solarex should produce an.electrical output of 2 watts at 25°C‘
~under a Tight intensity of 40 suné. Thuss a typical cell should have
an efficiency of 12.5%. Each ce]]jWas tested to make sure that none
were defective and also to find the exaét'efficiency of each.

The first step in cell testing was to‘1ook for defective
~cells by measuring the short circuit current of each under one sun.
This was done before any'soldering‘or connectioné were madé to the
cells. Electrical contécts.were madé'throﬁgh,the atuminum heat sink
ohrthe bottom and point probes oh the tbp.' As expeéted, some‘cells
_ were better than others but none proved to be defective. The average

short circuit current under an intensity of one sun was 92 mA. In
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 making one sun I-V curves, a problem wasrencountered with an abnormally
high series resistance causing a Tow curve-fillvfactor. This was due -
‘to contact resistance oetweenvthekback side of the cell and'the
aluminum heat sink. A dropfot,mater between the cell and the heat.sink
corrected this problem. A typicaT I-V curre for a Solarex ce11'using>>
an 1ntens1ty of one sun 1s shown in Figure 9.

The next step was to mount the cells on the moTybdenum
substrates and perform e1ectr1ca1 tests with high concentratwons
of Tight. In order to.beISUre that the process of soldering the
cells to the molybdenum did not damage the cells or degrade their
performance, only a few cells were 1nit1aT1y mounted. I-V curres
of these ce11s:were‘compared with curves_taken before mounting° As
F1gure 10 shows, there 1s only a sma]l d1fference between the two
cases with the mounted ce]l hav1ng a s11ght1y better performance
The slight 1mprovement is due to a further reductton in series
resistance. Contact to the back” of the cell was now made by a
d1rect connect1on to the mo]ybdenum substrate 1nstead of through
the aluminum heat sink.

Every cell was tested in the so]ar simulator using Tight
intensities of 10, 20, 30, 40, and 50 suns. A typical representat1on
- of the"resu1ting~curves-i; seen-in Figure 11. The‘average'efficiency
n of the cells at 40 suns was 11.0%. . The average cell temperature
at 40 suns was determined to be 45°C. If the peak power voltage Vi
is corrected to 25°C using’the factor 2mV/°C, the average efficiency
is 11.8%. This compares mtthi12,5% which is what the Solarex

specifications say the efficiency shou]d'be at 25°c.
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Figure 10. I-V curves at one sun before and after molybdenum mounting.
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Cell Efficiency Versus Light Intensity

The efficiency of a cell will vary with Tight intensity.

'3 Using fhe Curves,of Figure 11, the efficiencies were calculated for

i - each Tight intensify. The ce]]vtemperature'was mdhitored»whi]e the

~ curves were traced. The ca]cu]ated efficiencies were compared to -
the efficiencies of Solarex 40X cells calculated by the School of

; Engineering at Arizona State University (ASU) (Backus and associates

- 1978, p. 2-31);; In order to be;éb]e fd compare'data,'aTT values were
corrected to 25°C. Power and efficiency data, before and after being

corrected to 25°C, are given in Table II, -

Table II. Cell peak power and efficiency versus light intensify «

Ligﬁf-  ,:CeT1 P i_-- N n': MPm cofrécted n cofke¢téd.‘:
intensity  temp. , : to 25°C - to 25°C
50 suns 50°C 2.084  10.4% 2.28W - ©11.4%
0 174 0.9 - 1.86 17
30 50 1.3 11.4 144 12.0
20 35 0.92 11.6 0.96 12.0

10 30 0.45 11.2 0.46 11.4

The corrected efficiencies areléompared>w1th ASU'é data using
curves which plot efficiency versus solar intensity. Both curveslare
shown in Figure 12. Thé cells used in this proje;t have snght1y>better'
efficiencies than those used by ASU. The reason is probably because the
cells used for this‘bfoject»are éryear newer., ASoiarex has probably made

improvements in the performance of the more recent cells.
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Figure 12.

All curves temperature corrected to 25°C

ASU Curve

Solar Intensity (suns)

Laboratory and ASU curves comparing efficiency and light
intensity.
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- CHAPTER IV
PROCEDURE FOR MOUNTING CELLS ONTO HEAT SINKS .

Before the cells could be mounted in a concentrator; a
practical means of mounting the ce]]—ho]ybdenum combination onto a
heat sink needed to be devised. - This technique must-use an adhesive
which provides good heat conduction between the mo]ybdenum substrate
and heat sink while keep1ng them e1ectr1ca11y insulated from each

other.

Procedure for Attaching Thermocouples

Inhonder»to determine which‘adhesives providedhgood*on poor
heat conduction;"temperatures'had'tc_he monttored thnoughout all tests.
AT1 temperature»measurements were'madeAnith'the'use ef'ccpperéconstantan'
thermocouples. Figure 13 shows where the thermocouples (TC) were placed.
A small trench was cut in the top of the heat sink. TCl was laid in
, this trench to monitor the temperature of the heat sink just below the
adhesive. TC's 2, 3, and 4 were‘mcunted‘in various places on the cell
or mo]ybdenun substrate. Before measurements could be made, a method of
attaching thermocouples was needed which would give accurate results.

Tests showed that a good thermal contact was necessary between
the thermocoup]e.and‘the materia1:whose temperature was to be measured°
In the following experiment, three cases were tested. In case 1 7C3
was attached firmly to the top of the ce11 w1th silver pa1nt, a pa1nt
which contains a Targe proportion of powdered silver. In case 2 TC3

was laid on top of the cell and no material was used to enhance the
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.Solar cell

Molybdenum
Adhesive

Heat sink

Figure 13. Thermocouple locations for temperature test measurements.
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thermal contact between the thermocouple and the cell. In case 3, the
| thermocouple was raised slightly to put it Just out of contact w1th
the cell. The data summarized in Tab]e III were a11 taken us1ng a f

1ight intensity of 40 suns.

Table III. Thermocouple meaéurements with varying degrees
of thermal -contact

TGl TC3 AT

31
Case 1 26°c 4% . 18%
Case2 29 6 39

Case 3 - 28 71 . . 48

If the’thermocoup1e‘TC3 does not have good thermal contact
-with the cell, as in case 2 and’caée 3, temperature'measuremehtsAare
abnormally high. The small thermocouple wires:are in tﬁe path of the
1ight. If,there is not a good thermal contact between the end of the
thermocouple and the eell, excess heat builds up in the wires and an
erroneous]y'high tempefature is read. On the other hand, if a good
therma1 contact exists, heat can' flow freely between the cell and ‘the
thermocoup?e and TC3 will be at the same temperature as the cell.

A test was devised.to study several compounds which cou1d be .
used to attach thermocouples. These included s11ver_pa1nt,‘bery111um
~oxide paste, and silicone grease; Everything was removed from the‘~

top of the water cooled heat sink except TC1l which remained in the



narrow trench. TC3 was attached to the heat sink near TC1 using one
of the. three qompodnds, Temperature measurements were‘takén‘for each

compound at 40 suns. Table IV summarizes the, results.

~Table IV. A comparison of therﬁoéoupie attachment éompounds

© Compound - T . Te3 T
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Sitver paint =~ 26% = 27% 1%
Beryllium oxide paste %5 30 5
Silicone grease 26 3% 10

TC1 and_TC3‘are both measuring the femperature of the‘_
'aluminum heai sink‘sd'they shou]d bé“féadihg'fhe'séme‘témpérafﬁré;‘
SiTver paint gave the best corre1ationibetween TC1 and TC3. ' It is
apbarent that éttaching thermocouples with silver paint gives the
most accurate results. |

One other poss{b111ty_existed for attaching thermocoples.
'Oh soiderabTe-surfaces thermocoup]es.éoﬁ1d be sonefed into poéition.
As one might expégt_temperature comparisdns between thermocouples
~attached with solder and silver paint showed .a close correlation
between the twovcasés. Either method of attachment could be uéed to

. obtain accurate temperature measurements.

" Heat Conducting Adhesive Selection

‘Various electrically insulating adhesives were tested for

31

therma1'conductivity._ A good heat conductor, thrdugh which heat passes,
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will havé a relatively small témﬁerature gradient across it. In the
tests run, thermocouples were set up as shown in Figure 13. The
thermocouples were attached uéing silver paint. Teﬁberature differences
- between the'top of the cell and the_bottpm‘of the adheé{vé Were measured.
‘This‘inc1udes the tempefature differences‘écros;‘the'céli aﬁd molybdenum
as well as the temperature difference across the adhesive. However,
due to the high thermal conductivify of silicon.and moiybdenum; most 6f
the measured temperature drop will occur across the adhesive.

The two most promising adhesives were a silicone rubber
_sealant and RTV-560. 1In all caseég an adhesive thickneSs-qf 0.1 mm was
used. Using 0.05 mm thick tépéxaé a guide, 0.05 mm of adhesfve was put
on ‘the heat sink and allowed toAdry."Then 0.05 mm .of adhesive Was applied
to the back side of the ho]ybdepuh substrate. The ce]lfsubstrate |
combfnatiéh‘Waé immediéte]y piaced on the heat sink-wheré~thé adhesiveyb
had pre?iously been applied. Under pressure, the adhesive wasAallowed to
dry forming the bond between'fhe~mo1ybdenum and the heat.sink.

The silicone rubber sealant was used with Varyfng céncentrations
of powdered silicon mixed in to incfease heat condﬁétion{ -‘Volume ratios
of 0:1, 1:1, and 2:1 silicon powder to silicone rubber Were used to
show the effects of silicon in silicone rubber. Table V summarizes
the temperatures which were observed_under a light intensity of 40 suns.

. The higher concentrations of -silicon powder will iﬁdeed make
the cbmpound more heat condﬁctive. However,‘therevare;]jmitations. If
“the silicon powder conCentratidn is too high, Afhe mixture*i§ very dry
and diffiéu]t to work with. ‘The compound“aTéo does not "wet" the

surfaces as well which begins to reduce heat conduction. As a compromise,
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Table V. Temperature results with the silicone rubber adhesive

Ratio silicon to = Heat sink.  Cell . Temperature '

silicone rubber temp. .~ temp. _ difference
0:1 i 21°%¢ 12°¢ - 2%
1:1 26 43 7

2:1 26 42 16

it is best to use the si]iconipowder ratio of 1:1.

A test was run comparing the heat conduction properttes of
- RTV-560 and si]icone rubber. Both were tested using a 1:1vratio by
:vo]ume'of si1icon pomder to adhesive Whiie tne silicone rubber mixture
had a temperature d1fference between the ce]] and heaf s1nk of about
17° C, the RTV-560 m1xture had a temperature d1fference of 14°C RTV-560
- will conduct heat s11ght1y better than s111cone rubber. However, for
several reasons si11cone rubber was seiected over RIV-560. RTV-560
adhered very poorﬁy to the smooth metai'surfaces which were‘used. No
such problems were encountered with silicone rubber. RTV-560 was also
more difficult to work w1th because it was necessary to mix in a cata]yst
E for.curing. In light of this as well as the fact that RTV-560 is only a
‘ siight]y'better thermal conductor, silicone rubber was selected as the -
adhesive to be used. | A

Another test was conducted usdng'si11cone rubber - This time
copper powder, 1nstead of s111con powder, was mixed with the s111cone
rubber in a 1:1 ratio. At 40 suns this gave a cell-to-heat sink

temperature difference of 13°C. This was an improvement but the silicone
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rubber became eléctricai]y conductive due to the presence of copper powder,
" Reducing the copper concentration enough to make sure the compound was no
Tonger electrically conductive resu]ted in a thermal conddction that was
no better than the mixture of silicone rubber and silicon powder.

A cell-substrate combination was mounted onto a small cdpper
plate using the adhesive mixture of silicone rubber and-silicon powder.
The copper plate Was then cycled daily on and off of a hotrplate maintainedf.
at 200°c. - The cycling was continued over a period of six weeks in order to
see if silicon rubber could withstand high temperatures over long periods
~ of time without deteriorating..'Througnout the cycling, there was no

deterioration in the silicone rubber,

Temperature Measurements of ATT Mounting Components

A ce]]—mo]ybdenum comb1nat1on was mounted on the water coo]ed
heat sink using silicone rubber and silicon powder in a 1:1 ratio. Under
various light 1ntensities, the temperaturesrot‘severa1 Tocations were
monitored.. As shown in Figure 13,‘TC1 was used to measure the temperature
of the heat sink just below the silicon rnbber, TC2 was soldered to the
top contact pad of the solar cell. Using silver paint, TC3 was attached
to the top of the cell near the center - TC4 was soldered onto the
mo]ybdenum edge where the cell 1nterconnect1ons would be p1aced Ther
temperatures were recorded us1ng 11ght 1ntens1t1es of 10, 20 30 and 40
suns. The results are summarized in Table VI.

"The temperature differences between the top of the,ceT] and the
heat sink were what would have been expected‘from previous experimenta1
results. One would expect the temperature of the top contact pad to be

close to that of the cell surface. However the contact pad temperatures
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Table VI. Temperature measurements of a mounted solar cell

Light Heat ~ Contact  Cell  Molybdenum Cell-to-heat

intensity sink pad ~  surface edge sink AT
10 suns 26°¢ 33°¢ 33°¢ 5% 7°¢
20 27 38 39 51 12
30 .27 .. 46 4 63 14
40 28 51 45 ' 76 17

were slightly higher. ‘The temberétdres of the molybdenum were much higher
than the cell temperatures;' This WOuid-beréxpected bécause the molybdenum
edge had been bent up away from‘therﬁeat ;ink allowing this afeé to gef .
re1ativeiy wérm; D R AR

At this point, all preliminary teéts and experimehts necessary
before ﬁodu]e assembly had been comp]eted. A mounting’procedure was
developed that wou]d‘kéep the éel] temperature as low as possible and
-minimize any_stresé and strain on‘the:¢e1]>due to expansion and contraction.
In determing the mounting procedure, accdmmodations were made for easy cell
’interconnections. The methods developed to plot cell I-V curves and make
thermal measurements on single cells were also used>1h gathering data from

completed modules.



 CHAPTER V
" MODULE DATA

Using the techniques deve]oped_in previqus experiments, the .
modules were assembled into finished products. 'SeQeral characteristics
of the completed modules were investigated. Electrical measurements were
used to test the quality and performanée of‘each receiver ahd optical
module. The temperatures of various Tocatiohs'on each receivefIWere
moni tored to see if the various cooling methods were removihg heét

- adequately. Finally, the optics of the reflector were analyzed.

- Module Assembly--

‘Six‘heat sinks or reéeivers were éonsfrutted. _Eachvhad Six
maéhinedisurfaces in a hexégona1 shape. Each surface wasldesfgned to
accommodate.three cells so eightéen solar ce]}s mounted on molybdenum
subétrates were mounted on each receiver. _Each;of the flat sUrfaces‘on
the receiver was coated with 0.05 mm of silicone rubber and‘silicon powder
mixed in a 1:1 ratio. After curing, another 0;05 mm of the adheéive was
applied to the bottom side of the molybdenum subsfrate. While the adhes1ve
was still wet, the cell-molybdenum combination was pressed ontovthe receiver.
The three cells of each face were mounted_at.phe same time. They were
>mounted as close together as poésib]e to redUCe optical losses. Howevef,

a small distance had t6 be maintained between them to'keep neighboring cells
or molybdenum substrates fromICOntactfng each other. The resistance was
measured betWeen every mo]ybdenum,substrate and thelreceiver onvwhich it

was mounted. - This was done to be sure they were electrically insulated.
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Three methods of receiver cooling wehe emp]qyed. Receiver #1.
- #2, and #3 were all constructed in a similar manner. As shown in Figure
4, these actively cooled receivers were ho110wed out 1ns1de Two metal
- tubes were 1nserted through the bottom to prov1de an 1n1et and outlet
for water. Receivers #4 and #5 were both constructed, from aluminum
pipes. The upper ends of each were left open to allow the insertion of
a heat pipe which fit snugly down the center of each receiver. The
Tower end of the heat pipe was surrouhded snugly by anotherua1uminum
pibe. It was coo1ed by a %" a]uminum-tube'Wrapped around and.we1ded to
the outside of the pipe. A flow of watehawas provided through the 4"
" tube. Figure 14 depicts a receiver cooled with a heat pipe. Receiver
© #6 was very similar to #4 and #5. ‘HdWever, in this case‘the‘Tower end
'of ‘the heat pipe. was coo]ed pass1ve1y by heat fins made of cast a1um1num;
., Once mounted on the rece1vers, the ce]]s were 1nterconnected
in one of two poss1b1e ways. Putting all e1ghteen cells in ser1es,
denoted as 1P x 185, allowed the highest poss1b1e vo]tage at the Towest
current. Under 40 suns a single cell should produce about 0.55 volts
ah& 3,2 amperes at the maximum power pointQ This would yield 10 VoTts
at 3.2 amperes for the module. Power 1o$aesvdue to series resistance
would be smaller with'the 1P x 18S wiring because of the small curreht.
- However, if all eighteen cells are not uniformly illuminated, the module
current is 11mited by the current generation of the cell with the least
:,illumination. 'Sinee‘nonQuniform light distribution was eXpected along
"the vertical axis‘of the receivers, a second connection eonfiguration
sAWas also used to lessen éome of-the problems associated with non-uniform

Tight distribution. The three cells on each face were wired in}para11e1.
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Receiver cooled with heat pipe.
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The six faces were then wired in series. Wirihg in this fashion is
denoted as a 3P x 6S configuration. The cells on receivers #2, #4, #5,
and #6 were connected in this mannef. The cells on receiver #1 were
connected in the 1P x 18S con‘f'iguratio_h° The wiring on receiver #3
was chaﬁged dnce so that both options could be tested using the same
cells.

The 1interconnections between cells were made with copper braid.
The f]exibi]ity'of braid was desirable because it made it easier to
connect the cells together and would cause less strain on the cell
contacts after the connections had been soldered. A braid with 64
strands of 0.075 mm diameter copper wire was used.” Even with the maximum
possible cﬁrrent in a 3P x 6S configuration, only 3% of.thé electrical -
~output would be lost due to wiring series resistanée? In the 1P x 18S
configuration; thé‘W1ring Tosseé WOu1d>be a méximﬁm of 1%. | |

Cells of similar efficiencies were mounted on each receiver.
The average cell efficiency as well as the other characteristics of each
receiver are summarized in Table VII.

Six copper-constantan thermocouples were attached with silver
”paint to various points on each receiver. Temperatures were monitored

for several reasons. The efficiency of each method of receiver cooling

‘was t6~be determined.  The actual cell temperatures were also'monitored - -~ -

to determine how much the module output'waskdegkaded.due to cell heating.
Thermocouple wires were fed through holes in a plastic plug at the base
of the receiver. The wires ended on terminal boards attached to the

receiver base.
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Table VII. Summary of the characteristics ofveach receiver
Receiver Cooling Cell Average cell
number method wiring efficiency
1 Actively cooled 1P x 18S - 10.3%
. by water * :
2 Actively cooled 3P x 6S 10.9
by water
3 Actively cooled 1P x 185 11.8"
by water 3P x 6S
4 Water cooled 3P x 6S 10.8
-heat pipe ~
5 Water cooled 3P x 6S 11.5
, heat pipe -
6 10.8

Airycoo]ed_

3P x 6S

Table VIII. Summary of the charécteristics of-eabh 6ptica1 module

Module

Reflecting

number Material surface nghf distribution
OM2A Plexiglas  Aluminum Large image spread
OM3A Plexiglas Aluminum ~ Good distribution -
OM4A Plexiglas Aluminum MediUm ihage spread
OM5A ABS Aluminum Rough surface, large image spread
OM7A Plexiglas. Cbpper | Bésf distribution
~ OMBA Silver Good distfibutioh

Plexiglas
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As shown in Figure 5, each receiver fits into an optical

module. Each optical module was made of ABS plastic or p1exfg]as.

The correct shape was.formed by heatingrthe‘plastic and then pulling

- it by a vacuum into a mold. The reflective surfaces of eech modu1e-

were then coated with evaporated metal.. Copper;'ei1ver, andralumihum
were used fn different modu]es. Table VIII summarizes the chekacteristics
of the six optical modﬁ]es, The relative 1ight distribution information
is courtesy of Arizona Scientific Research where the optical modules

were made.

Electrical Measurements

During measurements, the modules were mounted on a po]ar type
of mount normally used for telescopes. Mod1f1cat1ons were made to hand]e
the modu1es;' A c]ock dr1ve kept the modu]e a1med at the sun once 1t was
'preperly oriented The initial or1entat1on was done by measur1ng the
moduTe short circuit current and mak1ng adaustments until it was max1m1zed.
A photograph of the module on the clock dfiven mount is seen in Figure 15.

The modu]e output current was determined by measuriﬁg the
rvo1tage drop across a 0.01 ohm prec1s1on res1stor while the module voltage
was measured directly from the module terminals. The precision resistor
‘and a variable resistor were connected in series across the output
terminals. An X-Y recorder was used to draw I-V charactefistic curves
of the module output. The curves were drawn by the recordef as the
variable resistok Was changed froh zero to values large enough to complete

- the curve. Figure 16 shows a diagram of the apparatus used.



Figure 15.

Module mounted on the clock driven telescope mount.
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Electrical measurementé were used to determine the relative
quality of each optical mpdule. The optical quality depends on the
evaporated metal anting and fhe relative 1ight>distr1bution. The
ref1ecfance of the evaporated metals in order ffbm best to worst:éfe
silver, aluminum, and copper.f H0wever the best>to worst optical modules
will not necessarily be in that order. Surface.defects and abnorma]ities
in the plastic due to inaccurate'molding cause optical degradation.

In order to make comparisons between thévoptica1,modu1es; :
measurements were made with receivér #3 1nserted‘in each of the six
‘modules. Receiver #3 was used because it was expected to have thé .
highest efficiency:. I-V curves were taken withbeach module using the
cells of receiver #3 in both fhe 1P xA185 and 3P‘X~68 wiring.cdnfigurationé;
The data taken for each of the wiring configufatibns is represented'ih
Tables IX and X. Al1 currént_ahd‘p6Wer data has béen adjusted fof 1ight
input'variétions as if all the measureménts were>taken in a solar flux
of exactly one sun or lOOmW/cmz.: The;caiibratéduétandard cell Was used
to determine the exact solar intensity. The crbss seciiona] érea of thé
module was 0.38 square meters. Thus at one sun 380 watts of 1ight was |
intercepted by the module. The module efficiency was determined by
~dividing the maximum delivered electrical power by 380 watts.

Module OM5A has a significantly Tower efficiency in both cases.
This hodu]e'was the only one méde of ABS instead of plexiglas. A\visua1
inspection revéa]ed that it did not mold well and has departures from
smoothness that would contribute to a poor 1ight distribution. Modules

OM2A, OM3A, and OM4A were all made of plexiglas and used aluminum
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Table IX. Adjusted data for each optica1~modu1évwith receiver #3 (1Px18S)

Module . | B e
number _Isc : AjYOc v In _ Y o m . Power peg

n

OM2A .1;75A 12,4V . 1.67A 1.0V 18.40  380M 4.8%

oM3A 1.8  12.4  1.77 11,1 19.6 380 5.2
oMEA  2.70 12.4  2.57 0.0 25.7 380 6.8
OM5A 170 12.2 . 1.59  10.8°  17.2 380 4.5
OM7A  2.92 12.5 2.75 - 10.2 = 28.1. 380 7.4

OMBA  3.10 - 12.5 2.8  10.2- - - 29.4 380  7.7.

Table X. Adjusted data for eachAoptical‘modu1éiw1thfreCeiver #3 (3Px6S) A

Module | | , “ | :
number Ise Voc n Yo P Po?ﬁr Eff‘
OM2A 8.3A 4,0V 7.1A 3.2V 23.7W 380W 6.2%
OM3A - 10.3 3.9 9.6 » 2.9  27.8 380 7.3
OM4A 10.2 3.9 9.1 3.0 - 27.3 380 . 7.2

© OM5A 6.6 4.1 6.3 3.3 209 380 5.5

OM7A -~ 10.1- 4.0 9.3 3.1 - 288 380 - 7.6
oMeA  10.6 41 9.8 3.1 - 30.5 380 - 8.0
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as the reflective surface. They were soheWhat similar except that OM2A
has a significantly lower efficiency due tola.1arger image spread.' h'
SiTver is predicted to have a better hefTectance than the other metals
and indeed module OM8A had the htghest efttciency.‘*ModuTe OM7A also
had a relatively high efficiency;l While cdpper‘s reflectance is not as
good as s11ver or aluminum, module OM7A had a good Tight distribution
wh1ch made it a good optical module. | '

If any one of the modules ref]ected an equa] concentrat1on of
Tight on every ce]l .the 1P x 185-modu1e eff1c1ency would be the same
as the 3P x 6S efficiency.. Howeveh;'if a11fceIJS'in'a 1P x 18S
configuration are not un1form1y 1I1um1nated the module current is
" Timited by the current generated- by the ce]] w1th ‘the 1east 111um1nat1on
This decreases the modu]e eff1c1ency “In every moduTe tested the
efficiency decreased as the cells were changed from 3P x 6S to 1P x 18S.
This demonstrates the non-uniformity of concentrated 11ght on ‘the cells.

| Once it was determ1ned that the best optical module was OMSA,
each of the six receivers was tested us1ng it. I~V curves were taken
w1th'each receiver Jnserted’1nto:moduleAOMSA. Table XI shows the
resulting electrical resuTts after the data was corrected to a solar
intensity of 100mW/cm2 (one sun).

There were several factots“whtch determined "the electrical
efficiency of .each receiver. Thekaverage efficiency of the cells on
each receiver was important but tWo'other factors had a significant.
influence. As observed with receiveth#B, an unequal light distribution .
on the receivers due to imperfect optica] modules made it more efficient

to wire the cells in the 3P x 6S configuration. The final factor in
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Table XI. Adjusted data for each receiver in optical module OM8A

Receiver Cell I V. I v - P Power
Anumber~ wiring sC .oc - m m. om Eff°
1 1Px18S 2.4A 12.7V ‘2.2A_l 11.0V 24.2W 380W - 6.4%

Px 65 9.9 41 9.4 3.1 201 380 7.7
1Px18S 3.1 12,5 2.9 10.2 '29.4 380 7.7.
3Px 65 10.6 © 4.1 9.8 3.1 30.5 360 8.0
3Px 65 9.1 2.4 7.4 15 111 380 2.9 |
 3Px6S 10.3 3.2 - 8.7 2.2 19.1. 380 5.0
3x6S 9.9 2.9 83 1.9 158 380 4.2

oy B W W™

determ1n1ng the eff1c1ency of each rece1ver was the operat1ng V,, 

:temperature:Of the solar cells. The Tow efficiencies of recéivers #4 S

#5, and #6 were due to high cell temperatures caused.by the heat pipe
arrangements. High cell temperétures cauéed thé‘ce]] voltage to drdp‘
significant]y.‘ This can be seen by observiﬁg fhe lTow voltages of
receivers #4, #5, and -#6 compared with the 3P x 6S voltage of receiver
#3. The cﬁrrents were not significant]y changed. | '

The optical module-receiver cémbination with the best overaf]r
efficiency was optical moduie OMBA with receiver #3 wired in the 3P x 65
configuration This combination used a module with silver as therf o
reflective surface and had a re]at1ve1y good image d1str1but1on - The

'average ce]] efficiency was h1ghest of all .receivers and the 3P x GS
cell wiring helped reduce any losses caused by unequal light d1str1but1on
The receiver was also actively cooled w1th‘water keep1ng the ce]]s

relatively cool and operating at higher efficiencies. Figure 17 shows o
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Figure 17. 1-V curve using optical module OMBA with receiver #3 (3Px6S).
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the I-V curve of this combination which gave the best electrical output.
This curve shows thetrawrdata before it was corrected to a solar intensity

of one sun.

Temperature Measurements

ATl watervc061ing mas provided from domestic water Tines. In
order to determine an adequate flow rate for an actively cooled receiver,
cell temperature was measured as a-function of flow rate. Receiver #3
and optica1 module OMSA were;used in this experiment. As shown on the
graph in Figure 18, the cell temperaure 1eve1$.off after the flow rate
 was increased to three'iiters per“minutes '15 order to be,sure that the
cell temperatures had indeed leveled off, it was decided'to use a flew
rate of four 11ters per m1nute in a11 cases. 1

Temperature measurements were taken with each rece1ver in -
optical module OM8A. = Thermocouples were attached to several p]aces on
each receiver a]Towing temperatures to be monitored at a variety of
locations. Whi1e'temperature_measurements were being taken, the moduie;
short circutt current was also being monitored. The short circuit
current was kept maximized to ensure that the module orientation was
such that a maximum of solar radiation was reaching the receiver.

Table XII summar1zes the resu]ts of the temperature measurements taken

As can be seen, d1rect water cooling used in receivers #1,

#2, and #3 is far superior to cooling with heat pipes which were used
in receivers #4, #5, and #6. Heat pipe cooling allowed the cell

temperatures to go we11 above 100°C. The higher'ce11 temperatures in
these modu]és are due tO'thevlarge temperature drops at the interface

between the heat pipe and the two end pieces which surrounded the heat
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Figure 18. Cell temperature versus flow rate on an actively cooled
receiver.
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pipe as well as the temperature drop acroes the heat pipe jtself. Any
air pocket around the heatbpipe would severely hamper the flow of heat.
It should be noted that it did not seem to make any difference.whether.
the bottom end of the heat pipe was actiVe1y~or passively cooled.
Receiver #6 had the only heatlpipe that was passively cooled with air
fins. Heat pipes in general are totally inadequate for ceoling solar
concentrators with intensities of 40 Suns, One optfmistic observation
is ‘that the very high receiver temperatures did not appear to damage
the silicone rubber adhesive used in mounting the cell-molybdenum
combination onto the receiver. The soldered interconnections were also
not affected by the high temperatures. |

Table XII. Temperature measurements with each receiver in opt1ca1
module OMBA -

Receiver Cooling Receiver Solar. AT Cell AT Receiver AT Cell
number water  surface cell to receiver  to water to water
1 20°¢ 27°  471% 20°¢ 7% 27°¢

2 24 32 47 15 8 23
3 23 30 43 13 7 20
4 - 27 140 190 50 113 163
5 22 - 116 140 - - 24 - o0 118
6 |

- --- 138 - - 119%

* S1nce receiver #6 was pa551ve1y air cooled, this temperature represents
the AT between the cell and the amb1ent air. _ ,
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Active water ceoling kept the cell temperetureé below 50°C.
The cell temperature on these receivers degreded the module voltage
'by-only a miniha] amount. In general, the temperetureAmeasurement
results of the three act19e1y coo1ed‘are encouraging. The actual cell
‘temperatures, as well as the temperature difference~between'the cells
and the receiver, efejvery close to the measurements teken using the
solar simulator. The module temperatures were what would have been
predicted,' | o | | 'A ”

The overall electrical efficiencies ef reeeivers #4, #5,
and #6 are relatively Tow. This is because of the degradatidn in voltage
due to high cell temperatures. In order to see eXact]y'how much the
voltage was degrededs measurements were_taken.of’fhexhodule‘open
: circuitvveltage‘yersus-cell tempereture,A:Receiyer,#ﬁ iniqptiea}_mpdu]e -
OM8A Was used fef'thiS'test,‘ The modu1e Wes”sheded‘ﬁhfil the cells had_
reached a relatively coel femperature and'thenisuddenly'exposed to the
fu]] sun. The open eircﬁftvvoltage and the cell temperature were
measured asrthe'reeeiver temperature gradually 1nereased, ‘The curve of
VOC versus‘ce11 temperatdre is shown in Figure 19. The average slope
" of the plot is -11.5mV/9C. Since the cells are wired in the 3P x 6S -
configuration, this‘translates to a voltage loss off—1,92mV/ce1]°°C which

- is close to what was expected.

Optical Analysfs ’

The -overall efficiency of a module is determined by a number of
different factors. These factors were examined using the combination
of receiver #3A1n'opticél module OMBA. The module electrical efficiency

can be represented byvequation (7).



3.8 --
3.6 = Slope = 11.5mV/ C
3.4 --
Open Circuit
Voltage
(volts) 3.2 "
2.6 --
Temperature (°C)
Figure 19. Module VOC versus cell temperature.
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"module = 'dome - "geom - FAg - Mopsp - "cd - fcell  (7)

Tdame is the tranémission coeffiéient forvthevplasfic dome cover
which protects the reflecting silver as well as the ce]]s from the
environment. This can easily be determ1ned by tak1ng s1m11ar measurements
with and without the dome cover. It was already determ1ned that with
exactly one sun the 1P x 18S configuration had a maximum electrical power
of 29.4 watts with the dome on. With the dome off, the eTectrfca] power
' was 31.5 watts. Sinae the‘poWeriis-phoportiohaT to the solar ihtensiﬁy,
Tdbme could be calculated to be 0.93. | - |
The geometr1c eff1c1ency of the modu]e is denoted by “geom By
studying Figure 5,.0ne can see that the 1ncom1ng'rays 1n the center of

the module w111 strike the receiver and the flange where the receiver is
connected to the reflector Th1s 11ght w111 not have a chance to be

, reflecfed ontd the so]ar ce11s .and will be lost. The Cross sect1ona1
area of the module is 0.380 square meters wh11e the cross sect1ona1 areav
of the receiver and f]ange.1s:0.018 square meters. Thus, 5% of the light
which shines through the dome hever.even strikes the reflector; thus

"geom is 0.95.

opsp is the optical spread function. There are two factors

which determine "opsp’ The first is that some of the reflected 1light

will strike the receiver, either too high or too low, missing the cells.
The second factor that determjhas "opsp is the uniformity of light on
-the receiver. A photovoltai; system operates most efficiently when all
cef1s are 111aminated equally. The value of "opsp ié_to be determined.
RAg is the ref]ectiyity of the optical module used which was a silvered

front-surface mirror. The value for RA is typically 0.95.

g
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The final two factors which determine'the overall module
efficiency are the cell density and the average cell efficiency of the

module. VThe-average cell efficiency n of the module was determined

cell
to be 11.8% or 0.118, The cell.density Neqd is the percenfage of area
on‘the receiver-wﬁere}light is,supposed to shineethat is aetua11y
covered by solar cells. Tﬁis is.kepteffom being 1.00 by the small
spaces that must exist between adjacent solar cells. ngq Was 0.95.

It waé'aTready-detefmined that the overall efficiency of
optical moduie OMSA with receiver #3 wired iﬁ the 3P x 6$-configuration
is 8.0%. Knowing this; all‘other:known values-cen be substituted inte ‘
equation (7) and | Nopsp so1ved for. In th1s case, the opt1ca1 spread
function was determ1ned to be 0. 85 W1th more accurate too]1ng and

*manufactur1ng techn1ques, n. could be 1mproved to somewhere between

opsp
0.90 and 1. 00, say 0 95 Cogcentrator ce11s with an eff1c1ency of 20%
~ should also be ava11ab1e w1th1n a. few years W1th these 1mprovements,
| a modu]e of th1s des1gn cou]d have an eff1c1ency of 14.7%.

In order to get a clearer picture of how opt1ca1 module OMBA
was performing, a scan of the 111um1nat1on on the receiver was made.
This was done by removing the plastic dome cover of the moduTe and

\
measuring the short circuit current of each-individual cell. Each

'-ve;va1ue of current measered‘was mu]tiijed-byl0.93vto;correct it to what

the short circuit current would have been if theicovef dome had been
in place. This va]de was then cehpared‘to the”short_eirceif.CurEenf
- for that partice1dr'ee11 measured using the solar simulator at 40 suns.
From these two-values,>the averege solar intensity fa1ling on each cell

was calculated. Table XII summarizes the results;"The_short circuit
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current multiplied by the'0.93 correction factdr-end the average solar |
intensity on each cell are included in the table. The measurements were
| ﬁaken in a solar intensity of exactly one sun eo'no adjustments were needed

to correct for the fneoming solar intensity.

Table XIII. Optical data of optical module ‘OM8A with receiver #3

Side ot o8 3 fé. B , 6 position
Tge 4.15A - 3.65 4.00 3.10 2.90 . 3.70
Solar intensity 44 suns . 39 . 45 33 - 31 - 41 Top
| I 4.70A°  4.15  4.80 - 4.55 3.20  4.30 »
. SC ‘ : Middle
Solar intensity 51 suns 45 52 49 33 . 47
' I | 3,80A: . 3.40 3.30 3.25 . 2.90  3.65
' o, 5C ' . 5 4 - ~ Bottom
- Solar intensity 42 suns 36 .- 36 ~ 34 31 41. . U0

The module was designed to‘de1iver-a‘eo1af cencentration of 40
suns to every cell. Ih reality, the average solar concentrations en each_
cell ranged from 31 suns to 52 suns; the solar 1ntensity across 511 cells
in the module averaged>out to be 40 suns. As one'mﬁght eXpeet,»the highest
1ight intensity on eacﬁ side was on the middle ce]] From the middie of
each side the solar 1ntens1ty decreases as one went up or down.

| The so]ar 1ntens1t1es on S1de 5 were, in part1cu1ar, very 1ow
The probable causes.are.defects_nn the reflecting surface or deform1t1es ‘
in fhe‘p]astic on which the silver had beee deposited. If the ce]Ts‘on'
this recejver were wired in the IP x i8$ configuration, the top and bottom

cells on side 5 should 1imit the module short circuit current to 2.90 ampefes.
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* In reality, the short c1rcu1t current for this conf1gurat1on was 3.10
amperes. = If the 3P x 65 w1r1ng was used, s1de 5 should 1imit the module -
short circuit current to 9.00 amperes. The actua] short circuit current .
‘for this case was 10.6 amperes. | .' | | |
| ATthothra max imum modu]e‘efffciency of only S.C%Ahas~been

realized, an in depth study of the-modu]es has sﬁown where improvements
~can be made. For=modu1es of this design, active cooling must be used to

“keep the Ce]l_temberatures réésohéb]y Tow. Impkovements in the opticé .
and in ¢e11 efficiencies could improve the erra11.efficiency to 15% iﬁ

a concentrator of this design.



CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

Results and Obserﬁatiohs'

ATthough the receivers and optical modules were constructed by -
Arizona Research, a11 the other steps in the fabrication of the segmented
dish concentrator module were performed at the Un1vers1ty of Ar1zona
- Several different methods of ceT] mount1ng were 1nvest1gated A mount1ng
~ procedure was selected which gave adeqqate heat conduction and provided - |
for convenient electrical conneétidﬁsfbetWeeh”ceTls.' Once the modules

were put together, extehsiveitesfs wefercarfied out to determine the'f'

| electrieal performances of the ﬁddUTes and the efficiencies‘of various
types of heat sinking. The optica1leffiCiehcy_offone moduTe was alsq.¢/V‘
ndied. . N A . v

A cons1derab1e amount of t1me was spent in determining the
best way cells could be mounted in a module. In order to make e]ectr1ca1'
connections to the back side of a cell aftef it was mounted, cells were
first mounted on electrically conducting-eubstrates.v~M01ybdenum was
chesen“because it has a thermal coefficient of expansion similar to
that of silicon. Before soldering the.ce11s onto the molybdenum
‘substrates, ‘the cells were eTectrop]éted'WitH copper to protect the
silver metalization. The molybdenum was electroplated with nickel
beeause solder will not adhere-tO‘moTybdenum. |

The next task was to determine the best adhesive and the‘best
method for mounting the ce]]-substféte combination onto the feceivers.

Two qualifications had to be met. A1l of the molybdenum substrates
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needed to be kept electricaily"insulated frdm thetreceiuerdon which-they
were mounted. Thefe1ectrica1 performance ot a module would be severely
degraded if any shorts existed. VBesides.betng electrically insulating,
~ the adhesive must also be a good'couductor of heat. As observed in the
modules with poor heat sinking capabi1it1es,}tpe module voltage
decreases significantly when the cells are torced to operate at high
temperatures. A good adhesive a]]ows heat to pass free]y from the cell
to the receiver. If the rece1ver s a good heat s1nk the heat generated
by the sunlight on the cells can be d1ss1pated qu1ck1y a110w1ng the cell
temperature to remain re]at1ve1y Tow. 7

An 1ndoor so]ar s1mu1ator capab1e of generat1ng 11ght 1ntens1t1es
of up to 50 suns was used in perform1ng a var1ety of therma1 tests
'Thermocoup]es were used to measure temperatures wherever des1red ,By{_fd(
measuring temperature d1fferences across var1ous adhesives, the best '
heat conductors could be 1dent1f1ed. Apsmaller temperature difference
~means a better conduetion of heat; Heat conduction was not the only
criteriun used 1n‘se1ecting an adhesive. The adhesive was also judged
on its quality of adhesion as well as the relative ease with which it
cou]d be used. E]ectr1ca11y conduct1ng adhesives were not even cons1dered.
After a considerable amount of test1ng, silicone rubber mixed with
powdered silicon in a 1:1 ratio by volume was se1ected Tests w1th this"
adhes1ve in the so]ar s1mu1ator show that in a light concentrat1on of _

" 40 suns there will be a temperature d1fference of about 17° -C between f‘
the cell and a water coo]ed heat sink. The temperatures measured in the

completed modules with active]y-coo]ed receivers gave the same resu]ts°
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After being'mounted on mp]ybdenum, every cé]1 waé e]éctrica]]y
tested under a‘sbjar intensity of 40 suns. There were two reasons for
doing this. Although the cells weré designed to operate under an
intensity of 40 suns, it was necessary to be sure that they performedA
adequately before mounting,themvinAmbdules, The efficfency of évéry
cell was also detefmfhed so ‘that cells with similar efficiencies could
be mounted on the samevreceiver° The cé11 efficfencies were fairly
uniform. ‘Although they ranged from 9.6% to 12.2%, most ce]T efficiencies
were near 11%,. The.average cell éffiéienqy at‘40“$uns for a11 celié_

-was exactly 11.0%,‘~ o | :

The cell-substrate combinatibns were mounted onto the.sij
recejvers using the mixture of sincoﬁé rubbervéﬁd si11b6n'bowder;'rThe
electrical performénce of every'réceiVer was then analyzed. ReceiVer

' #3'wired=1h théuSPZX BS‘coﬁfigdraffoh géve the bééf-électrica] pérfékmahée.
This is what would be expected.v The»average cell efficiency was the
highest of any receiver. It was aiso actfve]y cobTed,'keeping_voltage
1osses due to high'ce11 temperaturesAto a minihum; The 3P x 65-w1rjng
Tessened the losses due to non—ﬁniform Tight distfibution on the'receivef.

Temperature measurements show that heat sinking the receivers
with heat pipes is inadequate. The heat can not be dissipated quickly
enough-ahd cell temperatures go well above 100°C,--The effects of;these
high4temperatures afe.seen in the Tow electrical outputs 6f these

.receivers, Although the module current was not'éffected, the vo1fa§e’was
déér;aséd by a significant amount. On thekother.hand, the receivers
which were actively cooled kept thé cell temperafufeé below 50°C. _Voltage

degradation is not a severe problem in this temperature range. The -
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temperature differences between the ceils and the actively coo1ee
receivers ranged from 13 ¢ to 20°C. The therma1 teets using simulated
solar light predicted this temperature d1fference to be 17°C

Using electrical measurements, opt1ca1 moduTe OMSA was
determined to have the best overall optical efficiency. This module
had a relatively good image distribution in compariéoh'to the other
modules and used a highly ref1ect1ve coat1ng of evaporated silver as.
the reflect1ng surface. This opt1ca1 moduTe was ana]yzed in deta11 A
to get a better picture of its opt1ca'l,performance° This study revea]ed
that even the optical modu1e with the best overa11fopt1ca1 pertormahee_‘
had a non{uniform’distribution of 119htfaeross the cells on the receiver.
This alone can contribute significant]ytto a degradation-in the electrical

output of a module.

RécommendatiOhS'for‘Medule Improvement

The modu]eé fabricated by the techniques described .in ‘this
report have promising output capabih’t‘ieé° However, there is room. for
improvement in aeverallareas. These ihclude cell mounting proceduress
‘heat sinking techniques, and an improvement in the quality of~some of the
components which make up the concentrator. |

Although a mixture of s111cone rubber and silicon powder performed
adequate]y in conducting heat From ce11 to receiver, there is room for
1mprovement Under a 11ght concentrat1on of 40 suns a temperature
d1fference between ce]] and receiver. of 17°C was observed. It wou]dabe
very desirable "if this temperature difference could be Towered to 10°C or

less. Experiments and more research'in this area could reveal that there
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is an electrically insulating adhestve which'conducts heatvbetter than
- the compound used here.

There are many steps in the techn1que deve1oped for mounting
the cells onto the receivers. The process is rather drff1cu1t and - -
time consuming. This translates‘to atvery high labor cost if thesek
collectors are to be mass produced for the commercial market. The
1arge number of steps_in the mounting process a]So makes it possible}_
for more things'to go wrong. It wou1d-be oesirable to-develop a . N
‘mounting procedure more,efficient and easﬁer than,thet'descrioed_in”
“this report. o - o o |

| It w111 probab]y a]ways be necessary to mount the cells on an
e]ectr1ca11y conductive substrate such as mo]ybdenum 1n order to be:
ab]e to make e1ectr1ca1 connect1ons to the back s1de of the ce]]s
However, if the rece1vers cou]d be constructed of a mater1a1 that is
an electric insulator yet conducts heat well, the mount1ng procedure
wou]d be s1mp11f1ed A greatiamount of effort was taken'to ensure
that the molybdenum substrates remained electrically isolated from the
receiver. Eliminating this need would simplify the who]e_mounting e
procedure. It would also make it possible to use e1ectr1ca11y
~conductive adhesives which are Tikely to have better heat conducting
capabilities. _ ‘

The best receiver used together with the best optical module-
gave an overall eléctrica] efficiency of only 8.0%. Th1s 1eaves room.
for a 1ot ‘of improvement in the. performance of the solar co]]ector of

all the factors which determine the overall electrical efficiency, the



o 63
two which can be improved the most are the cell eff1c1ency and the opt1ca1
spread funct1on of the modules. '

‘Even optical modu]e OM8A, the best of the opt1ca1 modu]es tested,
had a relatively non-uniform d1str1but1on of Tight across the 18 cells on
the receiver. This modu]e-had an optica]rspread function of 85%. Thus,
there is room for improvement in the performance of the optical modules.

If the overall performance of this solar concentrator is to be 1mproved
time and energy should be d1rected toward 1mprov1ng the process used in
fabr1cat1ng the optical moduTes If the opt1ca1 performance of these
“modules can approach what is theoretically expected of them, the optical
spread function would be near 100%. . The opt1ca1 modules used in th1s

' project were part of a sma]] order de11vered by Ar1zona Sc1ent1f1c _

Research. TIf mass produced ‘the opt1ca1 performance of the modu]es wou]d
'probab1y improve s1gn1f1cant1y° ) | N A 7 '

The cells used in the moduleé had_an average efficiency'of 11.0%.
By today's standards, that fs not particu1ar1y good.t.in the nearffuture_ .
photovoltaic concentrator~ce115 should be available with efficiencies
near 20%. These cells used together with significantly improved optical
modules could result in anonera11 collector efficfency:of almost 15%.

This means that the actual electrical output would be 55 watts which is

"~ considerably higher than the electrical outputs which were observed.  If

a module efficiency of 15% can be achieved, there is reason to be

optimistic in the future of solar concentrators of this type.
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