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systems where learning is incorporated.
Concentrations ranged from 400 suns to 1000 suns, with
solar cell efficiencies ranging from 32% to 40%. Whereas
module efficiencies ranged from 24.8% to 32.2%, the
plant’s AC annual efficiency ranged conservatively from
18.2% to 23.6%. Present-day base costs were 2.34
euro/W (almost $3/W with today’s exchange rate). The
lowest projected costs ranged from 0.5 to 1 euro/W for
efficiencies of 40%, 1000-suns concentration, and
cumulative production of 1000 MW. We use cost
estimates for mature CPV technology to place this cost
analysis of hydrogen generated by this hybrid solar
concentrator system in a context similar to analyses
completed for the electrolytic generation of hydrogen by
wind systems (where cumulative production of this
highly developed technology is approaching 50 GW) and
the conventional production of hydrogen by reforming
natural gas. Cost studies for conceptual high-temperature
nuclear reactors (projected for mature 600-MW designs)
suitable for high-temperature electrolysis cells face
similar problems because both the hybrid solar
concentrator and high-temperature nuclear reactor are in
early stages of exploration for hydrogen generation.
Further, high-temperature solid-oxide electrolysis cells
will be required in large sizes (500 kW to 500 MW) for
integration with nuclear reactors [6]. Units ranging up to
50 kW could be used with dish concentrators and central
receivers employed for larger scale.

Using a set of assumptions for a well-developed
technology, we acquired costs in $/kW for solid-oxide
electrolysis cells from a developer of solid-oxide
electrolysis cells [7]. Table II summarizes the cost data
for a well-developed technology (1000-MW cumulative
production) for the hybrid CPV system and high-
temperature solid-oxide electrolysis cell. Table III
summarizes the hydrogen production costs for a 10-MW
project built with the well-developed technology. We
assumed a 20% rate of return per year and did not include
operating, storage or delivery costs.

Component costs assuming 1000-MW technology

($/kW)
Concentrator PV 800
Spectral splitter 15
Fiber optics 25
Electrolysis cell 400
TOTAL SYSTEM COST 1240

Table II: Component and system costs for 10-MW
hybrid CPV project for electrolytic production of
hydrogen.

Hydrogen cost data for mature technology

Plant size (MW) 10

Plant cost ($ million) 124
H, produced in 1 year (kg) 10°
Hydrogen cost ($/kg) 2.48

Table ITI: Hydrogen production data for mature 10-MW
plant. The hydrogen cost of $2.48/kg has considerable
uncertainty (25%) related to technology immaturity.

Table IV compares these production costs with those of
other hydrogen production technologies.

Process Hydrogen Production Cost
($/kg)
Gas reformation [8] 1.15

Wind electrolysis [8] 3.10
Hybrid CPV electrolysis 2.48

Table IV: Cost comparison for the hybrid CPV
production of electrolytic hydrogen. Note that 1 kg of
hydrogen has the energy equivalent of one U.S. gallon of
gasoline.

5 DISCUSSION

5.1 Cost analysis uncertainties

There are many cost analyses in the literature for
hydrogen production, however, the assumptions behind
them vary dramatically. The U.S. Department of Energy
and its Hydrogen, Fuel Cells and Infrastructure
Technologies Program have established a cost-analysis
structure for comparing different hydrogen and fuel cell
technologies within a common set of assumptions. The
analysis in Table IV is a preliminary study needing
additional work to fit within that framework. CPV
systems are just beginning to enter the energy market, so
cost uncertainties are significant compared with those of
highly developed wind systems with a worldwide
installed capacity approaching 50 GW. Nevertheless,
these preliminary costs are comparable with wind
electrolysis costs so that additional cost studies are
warranted. Today, wind system costs are in the $800/kW
range—as are the estimated costs for highly developed
CPV systems—whereas wind electrolysis does not have
an opportunity for a heating boost in electrolysis
efficiency. Assuming these cost analyses continue to be
positive, we will likely plan a larger-scale electrolysis
demonstration using the well-developed Solar Systems
dish concentrator.

5.2 A hydrogen vision using hybrid solar concentrators

The U.S. National Research Council and Academy of
Engineering believes that one of the four most
fundamental technological and economic ch enges is:
“To reduce sharply the costs of hydrogen production
from renewable energy sources over a time frame of
decades.” [9]. Wind electrolysis is a strong renewable
energy option, while hybrid CPV electrolysis could be
another. Also, the solar energy resource is considered
larger and more widely distributed than that of wind
energy. And totally new system configurations may be
possible with hybrid solar concentrator electrolysis.
Small 50-kW systems could be part of hydrogen filling
stations, reducing hydrogen distribution costs. Systems
could incorporate backup heating sources, probably
natural gas in the near term, to improve the electrolysis
system capacity factor.

Probably the most dramatic impact of this study has
been the realization that this is a possible PV option that
could provide transportation fuel on a large scale. In a
scenario where hydrogen is used in fuel cell vehicles-—
which can have double the efficiency of standard internal
combustion cars—the “effective cost” of solar hydrogen
is half, i.e., $1.24/kg. With European customers presently
paying about $2/kg for gasoline, the potential for a very
large market clearly exists.



To determine the final price of solar hydrogen to the
customer, we would need to factor in the additional costs
of operation, distribution, retailing, and taxes versus the
reductions due to the “clean and renewable” value of
solar hydrogen.

With the imminent market entry of CPV systems for
electricity production, the increasing solar cell
efficiencies approaching 40% with clearer ideas for 50%
solar cells, and the opportunity to use wasted solar heat
for augmenting solar electrolysis, this is a potential “leap
frog” technology that may rapidly lower the cost of clean
hydrogen.

6 CONCLUSION

We have described an innovative hybrid CPV
electrolysis technology that offers a cost of hydrogen
production lower than wind electrolysis and in the same
range as gasoline for much of the world’s population.
Although the analysis is preliminary, additional cost
analysis planned may lead to large-scale demonstrations.

This innovative renewable energy technology could
“leap frog” other renewable energy technologies for
electrolytic production of hydrogen—a potentially
important transportation energy carrier for our future.
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ABSTRACT

Over the last 15 years, Solar Systems has developed
a dense array receiver PV technology for 500X
concentrator reflective dish applications. This concentrator
PV technology has been successfully deployed at six
different locations in Australia, counting for more than 1
MWp of installed peak power. A new Multijunction IlI-V
receiver to replace the current silicon Point-Contact solar
cells has recently been developed. The new receiver
technology is based on high-efficiency (> 32%)
Concentrator Ultra Triple Junction (CUTJ) solar cells from
Spectrolab, resulting in system power and energy
performance improvement of more than 50% compared to
the silicon cells. The 0.235 m? concentrator PV receiver,
designed for continuous 500X operation, is composed of
64 dense array modules, and made of series and parallel-
connected solar cells, totaling approximately 1,500 cells.
The individual dense array modules have been tested
under high intensity pulsed light, as well as with
concentrated sunlight at the Solar Systems research
facility and at the National Renewable Energy Laboratory’s
High Flux Solar Furnace. The efficiency of the dense array
modules ranges from 30% to 36% at 500X (50 W/cm®,
AM1.5D low AOD, 21C). The temperature coefficients for
power, voltage and current, as well as the influence of Air
Mass on the cell responsivity, were measured. The
reliability of the dense array multijunction -V modules
has been studied with accelerated aging tests, such as
thermal cycling, damp heat and high-temperature soak,
and with real-life high-intensity exposure. The first 33 kWp
multijunction 11I-V receiver was recently installed in a Solar
Systems dish and tested in real-life 500X concentrated
sunlight conditions. Receiver efficiencies of 30.3% and
29.0% were measured at Standard Operating Conditions
and Normal Operating Conditions respectively.

CONCENTRATOR PV TECHNOLOGY

The promise of Concentrator PV (CPV) is to provide
high efficiency and low cost solar electricity for utility-scale
applications. Over the last ten years, the capacity to
produce purified polysilicon feedstock has not grown as
fast as the PV market growth of 40% per annum. This
situation has contributed to the development in several
new research groups of alternative PV technologies to the
conventional crystalline silicon flat plate modules. Among

1-4244-0016-3/06/$20.00 ©2006 IEEE
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these alternative technologies is CPV. The concept is
quite simple and the advantages are well known. Using
cheap materials such as plastic lenses or glass mirrors to
concentrate sunlight onto more expensive solar cells
should result in much cheaper solar PV electricity [2]. The
idea of concentrating sunlight has existed for hundreds of
years, as have some of the concentrator designs, such as
Archimedes parabolic mirrors. The idea of using
concentrated sunlight for a PV application was proposed
in the early 1970’s. See for example reference [1]. After 30
years, many of the technical issues have been resolved
and Solar Systems dish unit is now one of the few
commercially available CPV systems.

The road of CPV development has been long and
diverse. Not only is CPV technologically more complex
than conventional flat plate PV, but there are also many
ways to accomplish the same goal and many avenues to
experiment with:
low (2X to 20X) to high (200X to 1000X)
concentration ratio,
refractive, reflective, or even total internal reflection
(TIR) optics,
linear (1D) or point focus (2D) concentration,
distributed cells with individual concentrators or
dense arrays of solar cells,
single-junction or multijunction cells,
passive or active cooling,
static, seasonal adjustment,
tracking,
open or close-loop tracking system.

Additionally, unlike conventional flat plate PV which
has many applications, CPV is most suitable to utility-
scale applications. This market is now becoming
accessible with the projected low cost and demonstrated
reliability of large scale CPV systems, as well as the
increasing demand for clean energy sources.

1-axis or 2-axis

DISH CPV SYSTEMS VS. OTHER TECHNOLOGIES

With more than 15 years experience, Solar Systems
is one of the most advanced and successful companies
commercializing CPV. Solar Systems has made a careful
choice of reflective optics and a dense array PV receiver
(Fig. 1). This configuration offers the highest performance
and excellent maintainability, as well as an unlimited
technology development pathway capable of large scale
operation in a Central Receiver concept with a projected

Authorized licensed use iimited to: John Lasich. Downloaded on October 12, 2008 at 21:05 from IEEE Xplore. Restrictions apply.
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CPV dish with real sun. As described below, MJ modules
have been placed under concentrated sunlight
(concentration ratio greater than 400X) for more than four
months during summer without any observable
degradation due to intense UV exposure.

ON-SUN TESTING AT THE NREL HFSF

Three individual modules composed of series-
connected MJ cells were tested at the NREL High-Flux
Solar Furnace (HFSF) in November 2005. The
measurement of module efficiency at a standard condition
was difficult because the weather was not very good and
due to the fact that the air mass number during these
testing sessions in Colorado was between 1.9 and 3.8.
Nevertheless we were able to demonstrate a lower bound
efficiency (see Table Il). While the intensity was kept very
constant during the measurement via a calibrated louver
system in front of the concentrator, the incident power
densities were measured by both optical and calorimetric
measurements. The two methods gave very similar
efficiency results, with a maX|mum deviation of 1.3%
relative in the 10 to 50 W/cm? range. The calorimetric
measurement also demonstrated the linearity of the MJ
solar cell short-circuit current versus intensity (+/- 1.5%)
from 100 to 600 suns. Using the typical spectral response
of the MJ cells supplied by Spectrolab, the measured solar
spectrum at the time of testing and the measured transfer
function of the HFSF including the flux uniformizer, we
calculated a set of spectrum mismatch coefficients. The
mismatch coefficients varied greatly and were not reliabie
for efficiency correction. We preferred using the ratio of
responsivities measured at the NREL HFSF and at Solar
Systems using outdoor one-sun AM1.5D calibration
(90.06%, 93.16% and 97.7% for the three respective MJ
modules). During the experiment, the cell temperature
varied from 21°C to 36°C depending on the intensity. The
efficiencies in Table Il are not corrected for temperature.

ON-SUN AT HERMANNSBURG POWER STATION

Three dishes at the 190 kWp CPV power station of
Hermannsburg (Latitude —23.56°, altitude 580 m) were
used for on-sun testing of two hybrid receivers and one full
33 kWp MJ receiver. The hybrid receivers were composed
of four MJ modules embedded in a standard silicon
receiver. They were used mostly for long-term exposure
and reliability testing since accurate efficiency
measurements were not possible on sun. The first and
second hybrid receivers were operated on sun for periods
of four and two months respectively during the summer
season with only minor operating issues.

In a more significant demonstration, a full 33 kWp
receiver (Fig. 4) was installed on dish 1W at the
Hermannsburg power statlon This particular dish has a
projected aperture of 131.9 mZ. It should be noted that the
dish was not fully optimized, the mirrors were not
previously cleaned and that early results were used for the
purpose of this paper. The full 33 kWp MJ receiver is
composed of approximately 1,500 MJ solar cells. The
parallel and series interconnections between cells and
between modules were selected to optimize power output,

considering the light non-uniformity at the receiver level,
and to accommodate the voltage range of the existing
inverters on site. The 33 kWp receiver was installed on
March 28, 2006 and has been on sun for more than four
weeks at the time of writing this paper (Fig. 5).

Table l}: Minimum efficiency of MJ mod s measured
at NREL HFSF (uncorrected for temperature)

Intens@/ Measured | Measured | Spectrum
Wicm Efficiency | Efficiency | Mismatch
(optical | (calorimetric | Corrected
method) method) Efficiency
MJ206 10 30.4% 30.2% 33.8%
‘ 20 31.3% 31.1% 34.7%
30 31.6% 31.3% 35.1%
40 31.1% 30.8% 34.5%
43 31.0% 30.3% 34.4%
50 30.6% 30.2% 33.9%
60 30.3% 29.6% 33.6%
MJ208 50 30.3% 32.6
MJ209 50 29.0% 29.7%

Table lil; Performance of CPV dish 1W (CS500) with

MJ receiver at SOC (1000 W/m?, AM1.5D low AOD, Tceu

21°C) and NOC (850 W/m?, AM1.5D low AOD, Tcell 45°C).
The dish @Jected aperture is 131.9 m.

SOC NOC Unit

Total Pin 131.9 112.1 kw

Pout 33.2 27.1 kw

Concent. Irradiance 47.66 40.49 W/cm*

Receiver I 134 114 A
Receiver Ve 301 290 V
Receiver Imp 129 109 A
Receiver Vmp 257 248 Vv
Receiver FF 82.3% 82.0% %
System Efficiency 25.2% 24.2% %
Receiver Efficiency 29.6% 28.4% %

Total Thermal Pout 82.87 71.55 KW

Cell Temperature 21 45 °C

Parasitic power 950 950 w

596

ENERGY AND PERFORMANCE ANALYSIS

It has been possible to collect a large amount of data
regarding the performance of the concentrator dish fitted
with a MJ receiver under various conditions. Table IlI
shows the performance of the CPV dish at SOC (AM1.5D,
1000 W/m direct, Tcen = 21°C) with a projected aperture of
131.9 m°>. A more realistic condition is the Normal
Operating Condition (NOC) defined by an incident power
density of 850 W/m? (AM1.5D low AOD) and a NOC cell
temperature of 45°C. Table Ill also shows the performance
of the CPV dish under these conditions.

The numbers in Table lil have been obtained by averaging
over a large number of data points. We actually recorded
an output power of 30.5 kW at a direct incident power
density of 937 W/m? and a cell temperature of 45.8C. This
corresponds to a receiver and an overall system efficiency
of 29.0% and 24.7% respectively, and an SOC receiver
efficiency of 30.3%. The parasitic power of 950 W per dish

Authorized ficensed use limited to: John Lasich. Downioaded on October 12, 2008 at 21:05 from IEEE Xplore. Restrictions apply.
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This performance leads to an annualized system DC
efficiency of 21.2%, which includes all seasonal variations
due to solar spectrum changes. The overall annualized
net AC system efficiency is 19.3% including inverter
losses and parasitic losses. We believe this the highest
annualized AC efficiency reported for a commercial solar
system of this size that produces electricity.

Table |: Performance of second CPV dish with MJ
receiver (Rx56) at SOC (1000 W/m?, AM1.5D low AOD,
Teen 21°C), NOC (850 W/m?, AM1.5D low AOD, Tee 45°C)
and best observed uncorrected power output at DSR 1029
W/m? and concentrated intensity 48.9 W/cm?.

SOC NOC Best Unit
Perform
Pout | 32.2 26.2 30.7 kW
Receiver lsc 129 110 131 A
Receiver Vo 301 290 289 \'
Receiver |mp 124 105 124 A
Receiver 259 249 247 \Y
Vmp
Receiver FF | 84% 83% 81% Y%
System DC 24.4% 23.8% 23.7% %
Efficiency
Receiver DC | 28.7% 28.0% 27.9% %
Efficiency
Cell ‘ 21 45 56.8 °C
Temperature

Table |I: Parameters of Multijunction modules and
receivers measured in laboratory under flash testing at 50
W/cm® and on-sun

Min Typ. Max Unit

Voc - -4.5 -5.2 mv/°C
Temperature
Coefficient

Vmp | - - -5.8 mV/°C
Temperature

Coefficient

Power -0.1 -0.15 %/°C
Output |
Temperature

Coefficient

Power - -5 - %/AM
Output Air
Mass

Coefficient

MARKETS FOR CPV DISHES AND CENTRAL
RECEIVER CPV SYSTEMS

After the demonstration of reliable operation at four
large CPV power stations in the Australian outback, the
deployment of many more CPV systems is underway.* e
growth in production rate can be much faster than
conventional fiat-plate PV since the solar cell area is
reduced by a factor of 500X and the bulk of the material

composing a CPV system is steel and glass. Just in
Australia, there are more than 1,500 MW of installed
capacity in diesel generation. Most of these diesel
generators are off grid and far away from any large city
centers. They power mining, farming and aboriginal
communities, and the cost of producing electricity in these
remote areas is in the range of AU$0.50/kWh
(US$0.39/kWh). Solar Systems CPV dish unit is already
competitive with conventional flat-plate PV system and off
grid diese! generation. By mid-2007, Solar Systems will
have a capacity of production of 5 MWp/year (see Fig. 6)
and has government support to install 5 GWp by 2020.
Projecting the current growth in production rate into the
future (78% growth per year or X10 every 4 years), we can
estimate that the annual installation rate of CPV systems
by Solar Systems will be:

- Year 2010: 4 MWp
- Year 2015: 150 MWp
- Year 2020: 5 GWp

It is interesting to note that the solar cell efficiency of
the solar cell used in Solar Systems units has been
growing at an average rate of 1% efficiency point per year,
which also is approximately the rate of current and
projected performance improvement of Spectrolab’s
muitijunction solar cells [4-5]. it is clear that cell efficiency
is crucial to CPV market development. From the curve
presented in Fig. 6, every additional percentage point in
cell efficiency appears to be correlated to an increase of
Solar Systems CPV production by 78%. It would be
interesting to see in the future if this prediction is
confirmed and if it applies to the entire CPV market.
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Fig. 6: Past, current and projected future growth of
Solar Systems production rate (78% per year) and
production solar cell efficiency improvement (1% per year)

For large CPV systems, greater than 2 MWp, Central
Receiver or Helisotat Concentrator PV (HCPV) design is
expected to have significant savings. Solar Systems is
contracting to build a 154 MWp Central Receiver power
plant by 2014 near Mildura, Australia. The total estimated
cost of the power plant is AU$420 Million (US$325 Million)
and is partially funded by the State of Victoria (AU$50
Million) and the Australian Government Low Emission
Technology Development Fund (LETDF, AU$75 Million).
The Mildura project with LETDF funding will provide a
significant support to increase the installation rate of CPV



systems above 100 MWp/year and to reduce the cost of
solar electricity to around AU$100 per MWh (see Fig. 7).

CONCLUSIONS

Two important milestones have been achieved on
the pathway to widespread implementation of CPV
systems. High-efficiency and reliable CPV systems have
been demonstrated.

A total 1 MWp of installed capacity of CPV dish units
has been installed in the Australian outback. The first
system began operation in 1998. Two 33 kWp
commercial-scale CPV systems using high-efficiency
multijunction [ll-V solar cells have been monitored over the
last year and have shown a stable DC efficiency of 29.2%
+- 0.5% at SOC (1,000 W/m?, 500X, AM1.5D low AOD,
21°C). The average specific daily energy production rate
was 28 KW/KWh/m2, corresponding to an overall
annualized system efficiency of 21.2% and 19.3%, for DC
and net AC respectively (all losses taken into account).
We believe this the highest annualized efficiency reported
for a commercial PV system of this size and of any
commercial, continuously running, solar-to-electricity
conversion technology.

A large 154 MWp Central Receiver or HCPV power
plant will be built near Mildura, Australia, based on the
multijunction CPV technology developed with the dish
units. With assistance from the LETDF fund and the State
of Victoria, the large HCPV power plants are targeted to
bring the cost of solar electricity to AU$100/MWh and
below, a level comparable to “clean” bulk power
generation.
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$60 million commercialisation program for its hydrogen production technology this
year.

Solar Systems’ hydrogen technology is unique because it has potential to have zero
losses in the annual electrical output of a solar power station as a result of introducing
hydrogen energy storage.

Table 1 provides a comparison of known solar hydrogen production technologies and
highlights the superior efficiency of Solar Systems’ technology as well as the relative
complexity of commercialising the technology.

Tab. 1: Comparison of Solar H2 production methods under investigation by other

organisations
Method Efficiency Op.T Complexity
(approx.) | (approx.)
PV panels and electrolysis, available off the | 7% Ambient Low — limited potential
shelf for improvement
Direct thermal splitting of water, requires | 20% 2500°C High — serious materials |
| 10,000 suns concentration 1ssues
| Thermochemical cycles 35% 1800°C High - serious materials
| Add elements such as Zn to water and process issues
| Biological 1% | Ambient | Low - requires large
E.g. slow reacting algae area of water
Solar Systems’ hydrogen technology 22% | Approx Medium — materials and |
demonstrated, | 1000°C process issues
| 50% possible

A preliminary investigation of cost of adding storage has shown that incorporating
hydrogen storage with HCPV solar power station technology increases the upfront
capital cost by approximately 35% and roughly doubles power station financial return.

Preliminary investigations of the cost of hydrogen production for transport has shown
that the projected production cost of Solar Systems’ hydrogen ($0.12-$.19/kWh). The
main challenges for development are expected in overcoming the issues of materials and
complexity of the system.

The ultimate commercialisation of hydrogen as a fuel also depends on issues of
distribution and practical use. These factors are balanced to some degree by the ‘clean’
renewable value of fuel from the sun and the potential for distributed generation. There
1s also significant potential for greater utilisation efficiency of hydrogen verses gasoline.

Solar Systems expects commercial hydrogen technology will provide a significant
advantage for mainstream power production by removing the intermittency challenge of
solar energy. In addition, the technology enables the sale of hydrogen for transport.
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HELIOSTAT CONCENTRATOR PV (HCPV)

Large CPV power stations using dish technology
clearly require a great number of distributed units for utility
scale applications. The disadvantage of distributed units
is the increased amount of physical infrastructure (wiring,
cooling, power conditioning, etc.) and large number of
small receivers. The ability to combine many of the
components into large central receivers in a Heliostat
Concentrator PV (HCPV) configuration takes advantage of
economy of scale to potentially significantly reduce system
cost. This is exactly analogous to the advantages of
central receivers vs. dishes for solar thermal applications.
However, like for solar thermal applications, there is a
small performance penalty with HCPV due to the nature of
heliostat tracking a fixed target (tower located receiver)
compared to a dish tracking the sun directly. On the other
hand, unlike thermal systems, the efficiency is not
dependant on scale and this additional degree of freedom
allows much greater flexibility in choosing the size of the
‘repeatable optimum field unit’. Performance modeling
and cost estimates by Solar Systems indicates
significantly lower capitai and energy cost potential with
HCPV. The experience at Solar Systems with dish
technology puts us in a unique position to conduct this
scale up to the proof of concept stage. Much of the dish
technology experience, including experience with dense
array receivers, mirrors, tracking, control and monitoring
software, has been either directly applied or easily scaled
for the initial demonstration/test facility. in our case, the
scaling step has been relatively small to insure high
confidence in a successful demonstration and to quickly
develop an understanding of the performance, operational
and cost differences of any new technology (e.g., heliostat
structures and controls).

BRIDGEWATER TESTING FACILITY

We have established at Bridgewater, 80 miles north
of our headquarters in Melbourne, a state of the an, 70
acre (28 ha), grid connected R&D test and optimization
center for dishes and central receivers. The facility
includes mechanical and electrical workshops, training
facilities, a control room and, both dish and HCPV test
systems. Accommodation is provided on-site for visiting
personnel and, the site has been designed to enhance
productivity and shorten time to market in the technology
advancement process. We currently have on site our
latest Mark V generation of the 35kWp dish unit, facilities
for a second R&D dish unit to be transported from our
previous testing facility in Fosterville, a 140-kWp HCPV
systems consisting of a 25-m high tower with a roughly
1m? receiver populated with triple-junction cells and a field
of 30 heliostats of about 20m? (Fig. 9 and 10). The testing
facility will also accommodate a second demonstration of
the HCPV technology, which will be the first commercial-
size prototype, by 2010. As far as we know this is the
world’s first demonstration of HCPV technology of this
size.

To date the 140-kWp HCPV system has been
commissioned with operational and performance testing

ongoing. A thermal-only receiver was initially installed to
assess heliostat tracking/controls, measure power delivery
and compare with simulations with an increasing number
of targeted heliostats. A fully operational PV receiver has
now been installed and is undergoing tests to measure
power output in carefully managed steps up to full power.
All indications so far point to this system meeting design
expectations. Performance results of the 140-kWp HCPV
system will be published soon. The next phase will be a
first commercial-size prototype of HCPV technology to be
completed by 2010.

154-MWp HCPV POWER STATION

Part of the Low Emission Technologies Development
Fund (LETDF) of the Australian Government, an AU$420
million large-scale HCPV power station is to be built in the
north-west region of the state of Victoria. The rated
capacity of the grid-connected plant will be 154MWp and
we estimate will produce more than 270GWh per annum.
The site latitude wili be about 35° South. For the last year,
we have been measuring the direct normal solar resource
in the area and we estimated that the average direct
normal radiation is about 6.5kWh/m?day. The total land
area required for the CPV power station infrastructure is
approximately 500ha. This project will be one of the
largest solar power stations in the world and, based on our
past results, also one of the most efficient ones. This
investment will use as much as possible local suppliers
and local industries, creating jobs and new opportunities in
an economically depressed region. The project is
supported by grant funding from the Australian
Government and the Victorian Government. Full
commissioning is expected in 2013.

The schedule for the construction of the 154-MWp
HCPV power plant is:

-  Stage 1: 2MWp by 2010

- Stage 2: 102MWp by 2012

- Stage 3: 154MWp by 2013
Project milestones for the first 12 months are as follows:

- Develop arrangements for grid connection

- Design engineering

- Complete detailed Environmental Management

Plant
- Commence construction of 2-MWp pilot plant
- Develop necessary manufacturing facilities

Our utility partner, TRUenergy, a major utility in
Australia and a wholly-owned subsidiary of China Light
and Power (CLP) is backing the project. Solar Systems is
co-developing and exploring projects in Australia with
TRUenergy including the 2-MWp HCPV prototype in
Victoria with a commitment to expand to 154-MWp power
plant subject to certain conditions.

MANUFACTURING FACILITY

Solar Systems is currently building a much larger
manufacturing facility in Abbottsford, a suburb of
Melbourne, which will have a total capacity of about 500
MWp per annum. The facility will include a fully automated






1.14 Verlinden P.J. and Lasich J.B., 2008, “Energy rating of
concentrator PV systems using multi-junction III-V

solar cells”, 33rd IEEE PVSC Conference, San Diego






T



top cell [4]. For Air Mass greater than AM1.2, the top cell
limits the current of the multi-junction cell. For Air Mass
smaller than AM1.2, the middle cell is the limiting one. The
Ge cell is usually not limiting in any case because its
bandgap is much smaller than the optimum bandgap for
the sub-cell of a monolithic triple-junction stack.

The decrease in solar cell responsivity, as the Air
Mass differs from the optimum Air Mass, is different for
each type of multi-junction cell and was found to be about
—0.009 A/W per AM unit for this particular example, or
about —6.6% per AM unit. The responsivity of a cell
maintained at constant temperature is pretty much linear
versus Air Mass, at least in the range from AM0.9 to AMS,
and symmetrical around the peak of responsivity at the
optimum Air Mass.

In a practical situation, the power output of a CPV
system versus Air Mass is more complicated to analyse
because of the combined effects of several parameters
which are related to Air Mass, i.e. intensity, temperature
and spectrum modification by the concentrating optics.
Indeed, as the Air Mass increases, the incident power
density, as well as the cell temperature, would generally
decrease, resuiting in two competing effects on the system
efficiency. These effects are difficult to demonstrate in a
laboratory and must be measured on a real operating CPV
system on sun. Figure 5 shows the DC efficiency of one of
the 32-kW dish units as a function of Air Mass for a
particular day in summer (November 30", 2007). The top
series of data points corresponds to the morning when the
cooling water is at a lower temperature, resulting in a
higher efficiency than in the afternoon. When comparing
Figure 4 and 5, it is obvious that the efficiency curve
versus Air Mass is more rounded at the peak and not as
steep as the responsivity curve, losing relatively only
about 5% per Air Mass unit, due to the opposite effects of
intensity and temperature. In particular, it is interesting to
note that there is less than 1% relative difference in
efficiency in the range of optical Air Mass between 1.35
and 1.65, the peak being at AM1.6. The competing
influence of intensity and temperature also are responsible
for a shift toward higher optimum optical Air Mass when
system efficiency is considered instead of just responsivity
(AM1.6 instead of AM1.2).

OPTIMUM AIR MASS

Recently, K. Emery et al. have convincingly proposed that
the appropriate reference solar  spectrum  for
characterizing concentrator cells and modules be based
on an Air Mass of 1.5 and a Aerosol Optical Depth (AOD)
of 0.085 at 500 nm [3). This study was based on real
radiation data from the 1961-1990 US National Solar
Radiation Database. This proposal formed the base for the
new reference direct-beam solar spectrum ASTM G173. it
was shown that, in average over several sites, 50% of the
cumulative annual direct-beam solar radiation corresponds
to the absolute optical AM1.5. Therefore, it was proposed
that the optimum Air Mass to optimise the performance of
multi-junction cells for terrestrial CPV application be
AM1.5.

Hermannsburg - Average of all MJ Receivers
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Fig. 3: Specific Energy Production Rate (EPR) per dish
averaged over four dishes with multi-junction (MJ)
receivers, at Hermannsburg, Australia.
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Fig.4: Typical responsivity of a triple-junction
GalnP/GalnAs/Ge solar cell vs. absolute optical Air Mass

Using Bird's model of a cloudless sky
implemented in the SPCTRALZ2 spreadsheet, we
calculated the cumulative annual direct-beam solar energy
as a function of absolute optical Air Mass for the site of the
power station in Hermannsburg (Fig. 6). The 50-percentile
indicates that the best AM for optimizing the performance
of a CPV system would be AM1.35. Adding a weather
pattern and clouds effect does not significantly affect the
optimum Air Mass. it was found that the correction is in
fact in the range of 0.05 Air Mass unit or less. The
cumuliative direct-beam energy versus Air Mass for 12
representative days of the year is shown in Figure 7 for
Hermannsburg power station. From day to day, the 50-
percentile Air Mass varies from AM1.05 to AM 1.60. Based
just on the responsivity curve versus Air Mass, the
seasonal variations of the declination should be
responsible for +/- 2% of the daily | R. However,
considering all the competing effects and considering the
efficiency curve versus Air Mass, it is clear that the
seasonal variation of the declination is only responsible for
variations of EPR in less than +/-1% range. Other effects
must be much more significant to expiain a +/- 13% range
in EPR variation from day to day.
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equipment. At 500X concentration (50 W/cm2), the
temperature coefficient for output power or efficiency was
found to be —0.17%/°C (relative) by both methods.

In the water-cooled 30-kWp dish unit, the typical
cell temperature is 53°C, ranging from 30°C in early
morning to a maximum of 60°C around solar noon on very
clear days. From day to day, the maximum cell
temperature around solar noon varies from 45°C to 60°C.
The variations in temperature are responsible for
efficiency and EPR variations of about +/- 1.5%.

Aerosol Optical Depth (AOD)

Aerosols are the major scattering and absorbing
elements in the sky. They are responsible for decreasing
the direct solar irradiance and increasing the diffuse one,
mostly in the UV and visible regions of the spectrum.
Because the light scattering by the aerosols is not uniform
across the spectrum, AOD has a significant effect on the
responsivity and the efficiency of a multi-junction solar cell.
AOD was measured over a two-year period at the
Hermannsburg power station and was found to be
between 0.04 and 0.20 cm when no clouds are present.
The typical values of AOD are between 0.08 and 0.11 cm.

Using Bird’s model and SPTRAL2 spreadsheset,
we calculated the impact of AOD on the responsivity of a
triple-junction solar celi (Fig. 9). The AOD coefficient for
responsivity was found to be —0.056 A/W/cm, which could
result in efficiency variation in the order of +/- 3% for the
range of observed values of AOD.

Sensitivity to AOD (Aerosol Optical Depth or Turbidity factor)
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Fig. 9: Responsivity of a triple-junction solar cell versus

AOD for AM1.5D

Precipitable Water Optical Thickness (WOT)

Water in the atmosphere has a very interesting
effect on the responsivity of multi-junction solar cells.
Water is responsible for sunlight absorption in many
different regions of the solar spectrum, but the most
important absorption bands are 925-1000 nm, 1070-1180
nm, 1320-1520 nm and 1740-1980 nm. The first two
bands of absorption are within the absorption region of the
Ge sub-cell. Therefore, as the water optical thickness
decreases, the DNI reading increases and the Ge sub-cell
generation increases. However, the cell photocurrent does
not increase because it is already limited by the top or
middle cell, and the power output remains unchanged. In

consequence, a decrease in WOT results in a decrease of
the cell re  onsivity and system efficiency (Fig. 10).

Vaiues for WOT in Hermannsburg over the last
two years were typically in the range of 1.25 to 2.25 cm,
but some extremely low values were as low as 0.25 cm.
By simulation, using SPCTRAL2, the effect of WOT on the
multi-junction receiver efficiency was found be +/- 8%. We
concluded that variations in the Water Optical Thickness
was the main cause of variations in daily EPR.
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Fig. 10: Responsivity of a triple-junction solar cell versus
precipitable Water Optical Thickness (WOT)

ENERGY OUTPUT CALCULATION

In order to implement an energy rating method
for CPV systems with multi-junction solar cells, it is
important to decide:

- what is the requirement for the acceptance angle of
the pyrheliometer,
- how long do we want to gather daily EPR data to
calculate the average value,
- and how do we apply corrections in order to
extrapolate the energy rating for another site.
First, it appears that the pyrheliometer for DNIi
measurement must have an acceptance angle as close as
possible to the acceptance angle of the concentrator. A
large acceptance angle of the pyrheliometer would under-
estimate the EPR for cloudy or hazy days.
Second, the length of the EPR averaging period should
ideally be one year, but a six-month period from solstice to
solstice would be acceptable if it encompass all the
differant weather patterns for the considered site.
Fin: -, as far as latitude and elevation are concerned, it
appears that there is no need to apply significant
corrections to the average EPR. For latitude between 15
and 35 degrees, and elevation between 0 and 1500 m, the
50-percentile tical Air Mass varies from AM1.1 to
AM1.65, resulting in less than 1% possible correction to
the EPR. The most important corrections to apply to the
average EPR for extrapolating to a different locations
would be based on the average values of AOD and WOT,
which are usually not well known. Therefore, to be able to
extrapolate EPR to other locations and to be able to
calculate annual energy production at these locations, it is
paramount to have a correct solar resource assessment
that includes daily AOD and WOT measurements.

In practical terms, estimating the power output of

a given CPV system at any location consists of:



- Measuring the daily energy output and the DNR at a
known site, and extracting EPR, over a 6-month to
one-year period,

- Assessing the solar resource and weather pattern at
the future site, measuring not only DNR with a
pyrheliometer but alsoc AOD and WOT with a
spectrophotometer, as well as ambient temperature,

- Calculating the 50-percentile AM at the known site as
well as at future site,

- Caleulating the estimated energy output of the CPV
system at the future site by multiplying EPR by the
measured DNR,

- Applying corrections for AM, temperature, AOD and
WOT, which are anticipated to be relatively small
considering that most suitable sites for CPV are
located within a range of latitudes between 15 and 40
degrees.

The energy output can be estimated by this method with
accuracy better than +/- 10%.

CONCLUSIONS

An energy rating method is proposed for CPV
systems. It consists in measuring Specific Energy
Production Rate (EPR) over a period of time long enough
to represents the typical weather at a particular location.
The average value of the EPR represents the equivalent
aperture area of a PV system with 100% efficiency. The
annualised DC efficiency is the EPR divided by the total
aperture area. The 50-percentile Air Mass or optimum Air
Mass for optimising the performance of CPV systems was
calculated as a function of latitude and elevation, and an
empirical formula was given. For practical locations for
CPV (between 15 and 40 degrees of latitude), very small
corrections may be applied to the measured EPR value for
the purpose of estimating the energy output of the same
CPV system in a different location. The temperature
coefficient of CPV systems with muiti-junction solar cells
was reported, as well as the influence of other
atmospheric parameters such as AOD and the water
optical thickness (WOT). The AOT and WOT seem to be
the most significant parameters to influence the efficiency
or the energy output of a CPV system, and must be
appropriately assessed before estimating the energy
output of a CPV system with multi-junction cells.
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ABSTRACT

Multi-junction -V solar cells have been in
operation for the last two years in several 500X dish
concentrator PV systems using reflective optics. The
performance monitoring of these CPV systems on a 15-
second basis has accumulated a very large amount of
data and allowed for analysis of the influence of
atmospheric parameters to the system efficiency. Dense
array modules are assembled into large receivers of
approximately a quarter of square meter in size and with a
typical efficiency of 31.7% and power output of 36.5kW P
under Standard Operating Conditions (SOC, 1000W/m?,
AM1.5D, low AOD and 21 cell temperature). At Norm al
Operating Cell Temperature (NOCT 53<T), the receiver
efficiency and power output become 30% and 35.4kW.
The DC efficiency of the dish unit is 24.5% at SOC. More
interestingly, the specific Energy Production Rate (EPR) of
each dish, being the ratio of the daily energy output and
the daily incident direct-beam energy (DNR), was
measured. In average, over a two -year period and over
four dishes, the EPR was 27.5 m?, corresponding to the
equivalent aperture of a 100%- eff|0|ent solar energy
converter. The annualised efficiency of these CPV
systems is 21.1%. A new generation of dense array
modules have demonstrated efficiency of 36.1% at
50W/cm® and 21C. Also, a new redesigned optics has
recently been implemented on one of the dishes and has
demonstrated a significant boost in efficiency, bringing the
SOC efficiency to 26.2% and an expected EPR of 30 m?.
We expect that combining the 2" generatlon modules with
the redesigned optics would improve the DC efficiency to
28% at SOC.

INTRODUCTION

Over the last decade, Solar Systems Pty Ltd has
built, managed and monitored Concentrator PV (CPV)
power stations, with currently over 1 MWp of installed
capacity in the Australian outback. The CPV power
stations are composed of individual 130 m? reflective
dishes concentrating 500-times the sunlight onto a dense
array receiver. While the first dishes used mono-crystalline
high-efficiency silicon solar cells, the latest generation
uses muiti-junction 1li-V solar cells, specially designed for
dense array application. Currently, Solar Systems has
installed four dishes with multi-junction 111-V solar cells for
a total of over 120kWp (Fig. 1), the earliest one being

installed in March 2006 at the Hermannsburg power
station (Latitude — 23.6 degrees and 565 m elevation).
Since their installation, the performance of these CPV
units has been continuously monitored and data have
been gathered every 15 seconds. As reported previously
[1-2], early modules were successfully tested at the NREL
High Flux Solar Furnace (HFSF) under continuous
concentrated sunlight up to 60 W/cm® The next
demonstration step consisted in building two first hybrid
receivers composed of modules with silicon cells and
modules with triple-junction solar cells. One of these
receivers has been on sun since December 2005. The
third step in demonstration was to upgrade several CPV
dishes by replacing their silicon receivers with multi-
junction ones, an operation that takes only about 30
minutes. The first multi-junction receiver went on sun in
March 2006, followed by three other ones during 2006 and
2007. We have monitored their performance and acquired
enough confidence that the multi-junction technology is
reliable, cost effective and could be deployed in very
large-scale utility applications. Based on its long
experience with concentrator silicon solar cells, Solar
Systems is the first company to demonstrate and promote
commercial CPV systems with multi-junction solar cells,
and also the first company that has made a successful
transition from silicon with a proven commercial CPV
system. In this paper, we report on the performance
analysis of these four dishes with multi-junction receivers.

MODULE AND RECEIVER EFFICIENCY

Each CPV dish is composed of 112 |dent|cal
curved mirrors (Fig. 2). The total aperture area is 130 m?
Dense array CPV modules are assembled with triple-
junction solar cells from Spectrolab [3], with integrated
bypass diodes, cooling system and temperature sensor
(Fig. 3). Each module is individuality flash tested and
sorted before assembly into the receivers (Fig. 4). The
overall packing density at the dense array receiver level,
i.e. the area of the receiver divided by the cell area, is
greater than 97%. We are presenting below historical data
on modules, receivers and dish units, the early ones
containing the first generation of modules exhibiting
efficiency in the 32% to 34% range.












Table 1: Typical Module and Receiver flash testing performance at SOC (50 W/cm2, AM1.5D, low AOD and 21°C cell
temperature) and at NOCT (53<C). The dish unit effi ciency is presented for two different days (winter and summer) and at
SOC. The efficiency of dish unit “2W” after implementing the redesigned optics is also presented.

FF Pout n Conditions
(%) | (Workw) | (%)
Module 84.2 650 W 36.1 sSOC
Measured at SOC Tcell=21C
o AM1.5D
3 Pin = 50 W/cm?
0 Module 82.7 615 W 34.1 NOCT
= Corrected for Tcell = 53C
NOCT AM1.5D
Pn =50 Wem® |
‘ Receiver 78.4 36.5 kW 31.7 SOC !
Measured at SOC Tcell=21T
5 AM1.5D
3 Py = 50 W/om?
8 Receiver 78.3 35.4 KW 30.0 NOCT
c Corrected for Tcell = 53C
NOCT AM1.5D
Pin = 50 W/cm?
Dish Unit - 27.7 kW 23.5% Tcell = 46.3C
AM1.27D
Pin = 893 W/m”
Dish Unit - 25.0 kW 22% Tcell =50.9C
AM1.60D
Pin = 895.5 W/m?
po Dish Unit - 322kWp | 24.5% sSOC
g Corrected for SOC Tcell=21C
p AM1.5D
2 Pin = 1000 W/m”
Dish 2W - 29.1 kW 25.0% Tcell = 48.9TC
Redesigned optics AM1.50D
\ P, = 900 W/m?
Dish 2W - 33.9 kWp 26.2% SOC
Redesigned optics, Tcell=21C
Corrected for SOC AM1.5D
Pin = 1000 W/m?
CONCLUSIONS is 27.5m? which means that each 130-m? dish is

Four dishes of the Hermannsburg power
station have been upgraded with multi-junction
receivers, the first one being installed in March 2006.
Flash testing efficiency of typlcal dense array moduies is
36.1% at 500X (50W/cm?, AM1.5D, low AOD, and at
21C). At the receiver level, the efficiency is 31. 7% also
measured by flash testing and under the same
conditions. The overall eff|C|ency of a 130-m? dish unit is
24.5% at SOC (1000W/m AM1.5D, low AOD, 21T cell
temperature). New dish optics has been designed for
efficiency improvement and we demonstrated a
significant boost in efficiency for one particular dish. This
particular dish has an overall efficiency of 26.2% at
SOC. More interestingly for annual energy calculation,
we proposed to use the specific Energy Production Rate
(EPR) has a new energy rating scheme for CPV system
with multi-junction solar cells. In average over a two-
year period and over four CPV dish units, the EPR value

equivalent to a 100%-efficient solar energy converter
with an aperture of 27.5m? The annualised efficiency
can easily be obtained and is 21.1% in this case. We
expect EPR to increase significantly with the new
redesigned dish optics to a value around 30m?, which
would bring the annualised efficiency around 23 1%.
Soon, we plan to deploy the next generation of modules
with the new optics design, which is expected to reach a
peak DC efficiency of 28% at SOC and an annualised
DC efficiency of 24.7%. The annualised AC efficiency
would in this case be about 22.4% This value is
approaching the thermal efficiency of 25.2% of brown
coal power plants in Victoria, Australia [5]
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ABSTRACT

Solar Systems has more than 10 years
experience with grid-connected CPV systems using
large reflective optics. Over the last 7 years, Solar
Systems has deployed 47 dish units, of which 23 are
with multijunction solar cells, in five different commercial
CPV power plants and two testing facilities, for a total
installed capacity of 1.5 MWp. Recently, Solar Systems
has designed and built a 140kWp Heliostat Concentrator
PV (HCPV) system at its new Testing and Training
Facility in Bridgewater, Victoria. The demonstration of
the performance of the HCPV system met all the
specification targets. The system reached a power
output of 140kW with a DC efficiency of 24% to 26%
and an optical efficiency of 84%, measured on two
different days, four months apart, around solar noon.
This is the first utility-scale Heliostat CPV system ever
built. It is also for Solar Systems the first demonstration
of a new technology to be deployed in a large 154-MWp
power plant in Northern Victoria.

INTRODUCTION

During the design phase and technology
selection for a utility-scale PV power station, the
Levelized Cost of Electricity (LCOE) is one of the
primary criteria used in the decision process.
Parameters that greatly influence LCOE are system
efficiency, cost of the components, cost of on-site build
and installation, cost of Operation and Maintenance
(O&M), location and capacity factor. The cost of
installation, and in particular the cost of power
reticulation, is greatly influenced by the physical size of
the power plant and therefore the system efficiency. On
the other hand, the capacity factor of the power plant is
mostly determined by the type of tracking (fixed angle,
one-axis or 2-axis tracking), the location of the power
plant, the climate at that location and the temperature
coefficient of the solar cells. For these reasons,
Concentrator PV (CPV) technology is of great interest
for utility-scale solar power stations. With high-efficiency
multi-junction solar cells, it features what we believe to
be the highest system efficiency ever demonstrated for
solar-to-AC-electrical energy conversion, and high
capacity factor due to 2-axis tracking and low
temperature coefficient [1].

The concept of a PV central receiver system
was originally presented by R. Swanson [2].
Photovoltaic central receiver systems or Heliostat CPV
(HCPV) have the potential to be the optimum solar
energy generation system for utility scale because it
combines all the advantages of CPV (high-efficiency,
high capacity factor, low cost). It centralizes the electric
generation in a high-power central receiver, avoiding the
cost of power and coa g fluid reticulation over a large
field, and can have a collector field of heliostat chosen
for minimum cost per area. Since the efficiency of
HCPV is substantially independent of scale, this
technology has considerable scope to minimise the cost
by selecting the appropriate power blocks and
subsystems with the lowest cost of fabrication,
installation and O&M. In general, the total installed cost
of a solar power station can be minimised by:

- Minimizing the amount of equipment to be deployed
per MWp. This is substantially driven by efficiency
and concentration ratio. Our 36cm® dense array
module with an efficiency of 37% at 500X [1] is
emerging as the most efficient solar energy
converter available.

- Maximizing the proportion of pre-fabricated sub-
systems, for example an appropriately sized
heliostat can be factory assembled, pre-
commissioned and shipped to site as a complete
unit. As another example, 1MW-scale HCPV
receiver can be pre-assembled in factory and
shipped to site in one piece.

- Rationalizing the infrastructure to reduce cost by
minimizing field reticulation and cooling. For HCPV,
concentrated light is used as the actual transfer
medium to bring a large amount of power to a
central point. A smaller number of large sub-system
blocks are used to convert light to AC electricity.
Typically larger components have a lower specific
cost per MWp and greater efficiency.

This paper describes the pathway to the
development of a heliostat CPV system and reports on
the results from testing of the world’s first utility scale
Heliostat CPV system using multijunction solar cells.

SOLAR SYSTEMS TECHNOLOGY

Over the last two decades, Solar Systems Pty
Ltd has developed a PV technology based on a unique
concentrator with reflective optics and dense array PV



ns



al-



en



build for R&D purposes. Its cost is not representative of
the cost of a commercial system. In order to finish the
LCOE evaluation, we need to demonstrate the real cost
of building a commercial prototype. This is also ongoing
and will be complete by 2010.

COMPARISON OF HCPV WITH DISHES

Traditional wisdom has been to think of
heliostat fields as being optically less efficient than
dishes, by 15% to 30% depending upon the
configuration and location. If we consider just the simple
optical efficiency, this is generally true. For example,
our typical dish optical efficiency is modelled to be 90%,
whereas the energy weighted optical efficiency of HCPV
for a favourable location over a one-year period is about
79%, or about 12% relatively less efficient than a dish.
This raises the further question of whether there are
other compensating factors that can enhance system
efficiency for HCPV vs. a field of dishes. These may
include the following considerations:

1.The power generated by a field of dishes must be
reticulated back to a central point. There is power
loss associated to power reticulation of a fieid of
dishes that does not exist in the case of HCPV, and
equates to a gain of about 1.5%.

2.Whereas shading between heliostats and by the
tower is already taken into account in the
calculation of the optical efficiency of HCPV,
shading between dishes is not included in the
calculation of the dish optical efficiency. Energy loss
due to shading is a function of the distance between
dishes, and about 3% in typical power plants.

3.A larger HCPV receiver allows for more parallel
interconnections between modules, resuiting in an
estimated 2% power gain compared to dish CPV
systems. However, this is not so true in early
morning and late afternoon. We are currently
assuming that the two designs are more or less
equivalent for that matter.

4. Other economies of scale are also possible with
HCPV, for example:

- bigger and more efficient pump: +1%

- more efficient fluid cooling: +1%

- higher voltage, more efficient inverter: +1%

- easier cleaning of mirrors: +1% for same

cost of washing

In summary, the penaity in optical efficiency of
HCPV compared to Dish CPV can be partially
compensated by the gain in power reticulation, shading
effect, parallel interconnections between modules, more
efficient pump, cooling and inverter and lower cleaning
costs. Our current estimate is that the difference in
performance between HCPV and Dish CPV is of the
order of 5% for a good design in an appropriate location.
This important conclusion makes the HCPV concept
very attractive to lower LCOE, due to significant cost
savings in infrastructure, compared to CPV, which is
already considered by many as the cheapest way to
produce solar electricity at a utility scale.

CONCLUSIONS

We have established a new state-of-the-art
Testing and Training Facility in Bridgewater, Victoria,
that includes the latest generation of our 35kWp Dish
CPV unit, as well as a newly constructed 140kWp
Heliostat CPV system.

The HCPV system has been tested over a six-
month period and has met all the design specifications.
With a field of 28 heliostats of 20m’® each, the 1m’
receiver produced the target peak power output of
140kW with an efficiency of 24% to 26%. The optical
efficiency of the field of heliostat and secondary optics is
84%. We believe this is the world’s first demonstration of
an HCPV system of this size.

Our CS500 dish CPV system still has the best
optical efficiency and has demonstrated excellent
annualised energy efficiency. Although it is too early to
make any firm conclusions, the combination of
confirmed and predictable performance, better than
expected system efficiency for HCPV vs. dish and
inferred lower cost per square metre for collector and
infrastructure indicate that HCPV has strong potential to
lowering LCOE for utility scale solar power generation.
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APPARATUS FOR SEPARATING SOLAR RADIATION INTO LONGER AND
SHORTER WAVELENGTH COMPONENTS

The present invention relates to an apparatus for
geparating longer and shorter wavelength solar radiation =o
that the separated components of the solar radiation
spectrum can be used as required in selected end-use
applications, such as the production of hydrogen.

The present invention has been divided from
Australian application 55539/9¢ for a standard patent and
the disclosure in the patent specification of that patent
application is incorporated herein by cross-reference.

The use of hydrogen as a carrier of energy,
particularly in the context as a fuel, has the following
significant technical advantages over other energy sources.

1. Supply side congiderations - hydrogen is
inexhaustible, storable, transportable, and
has a high energy density compared with
other chemical fuels.

2. Demand sgide considerations - hydrogen is
non-polluting, more versatile than
electricity, more efficient than petrol, and
convertible directly to heat and electficity'
for both mobile and stationary applications.

By way of particular comparison, the large scale.
uge of solar energy as an energy source has been limited
for technical reasons and cost by a lack of a suitable
short and long term storage medium for solar energy.

\\melb0i\homeS\Narelle\Keep\speci\55539 94 DIV LASICH.doc 18/06/98
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Howavey, notwithstanding the above technical
advantages of hydrogen as an energy source, the cost of
production of hydrogen hag been too high hitherto for

widegpread use ag a fuel.

In the cage of the production of hydrogen by
electrolysis of water, a major factor in the high cost of
production has been the cogt of electricity to operate

alectrolysis cells.

In the specific case of golar radiation-generated
electricity, the high cosgt of alectricity is due in large
part to the relatively low efficlency of photovoltaiec (or
thermal) conversion of solar emnergy into electricity which
means that a relatively large number of photovoltaie cells
(or. in the case of thermal conversion, a large collection
area) is required to generate a unit output of electricity.

An object of the present invention is to provide
an apparatus for separating longer and shorter wavelength
componenta of the sclar radiation spectrum such that the
separated components can be used efficiently in a solar
radiation basaed method and apparatug for producing hydrogen
in an electrolysis cell: ’

According to the prepeat invention there is
provided an apparatus for separating solar radiation into a
longer wavelepgth component and a ghorter wavaelength
component; the apparatus compriging: a means for
concentrating solar radiation, a mirror for selectively
reflecting either the longer wavelength component or the
shorter wavelength component of the solar radiation
spectrum, the mirror being positioned in the light path of
the solar radiation from the concentrating means, the
mirror comprising a spectrally selective filter to make the
mirror tranaparent to the non-reflected component of the
solar radiation spectrum to allow the non-reflected

H1\BRESE\Kaep\ apmici \TL918-98 ,doc 29/0(/8}
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component to pass through the mirror to a £irst receiver,
and the mirreor baing'appropriately curved in order te
gselectively conce#trate and direct the longer or shorter
wavelength component towards a recelver that ieg exterpal to

the apparatus.

&
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It is preferred that the mirror be appropriately
curved go that it can concentrate and dire;t the reflected
longer wavelength component or the shorter wavelength
component to a distant point for collection by a receiver.

It is preferred that the apparatug further
compriges, & non-imaging concentrator for concentrating the

reflected longer or shorter wavelength component,

It is preferred that the apparatus further
comprises, an optical fibre of light gulde for transferring’
the concentrated reflected longer or shorter wavelength

component for use in an end use application.

It is preferred particularly that the snd use
application be the generation of hydrogen by electrolysis
of water. 1In this end use application the longer
wavelength component is suitable for use as a source of
thermal energy and the shorter wavelength component is
suitable for use as a source of electrical energy. 1In
particular in this end use application there i1g provided:

(a) an electrolysis cell having an inlet for steam
and outlets for hydrogen, oxygen, and excess

steam;

(b) the above-described apparatus for separating
solar radiation into a longer wavelength
component and a shorter wavelength component;

(c) a means for sgseparately converting the longer
wavelength component into thermal energy and the
shorter wavelength component into electrical
energy arranged in series or in parallel
relationship for providing the energy reqﬁired
for converting water into steam and/or heating
steam for operating the electrolysis cell to

\\melb01\home§\Narelle\Reep\ppeci\55539 94 DIV LASICH.doc 18/06/58
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decompose the steam into hydrogen and oxygen at
high temperatures of at least 706°C, more
preferably at least 1000°C.

The present invention is described furthexr by way
of example with reference to the accompanying drawings, in

which:

Figure 1 illustrates schematically an apparatus
for producing hydrogen which incorporates a conventional
array of solar cells and thermal energy receiver;

Figure 2 illustrates schematically another
apparatus for producing hydrogen which incorporates an
embodiment of an apparatus for separating solar radiation
into longer and shorter wavelength components in accordance

with the present invention;

Figure 3 illustrates schematically an apparatus
for producing hydrogen which incorporates another '
embodiment of the apparatus in accordance with the present

invention;

Figure 4 illustrates schematically an apparatus
for producing hydrogen which incorporates another
embodiment of the apparatus in accordance with the present

invention;

Figure 5 is a diagram which shows the major
components of an experimental test rig based on the
apparatug shown in Figure 1; and

Figure 6 ig a detailed view of the electrolysis
cell of the experimental test rig shown in Figure 4.

As is indicated above, the present invention has
been divided from application 55539/94. The invention

\\melb0i\home§\Rarelle\Reep\opeci\55535 94 DIV LASICH.doc 18/06/98
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disclosed and claimed in application 55539/9%4 relates to
uging solar energy to provide the total engfgy
requirements, in the form of a thermal energy component and
an electrical energy component, to form hydrogen and oxygen
by the electrolysis of water. In this connection, the
applicant found that the combined effect of solar-generated
thermal energy and solar-generated electrical energy
results in a significant improvement in the efficiency of
the electrolysis of water in terms of energy utilisation,
particularly when the thermal component isg provided as a
by-product of solar-generated electricity production.

The following description of the present
invention is in the context of the production of hydrogen.

The apparatus shown schematically in Figure 1
comprises, a suitable form of solar concentrator 3 which
focuses a part of the incident solar radiation onto an
array of solar cells 5 for generating electricity and the
remainder of the incident solar radiation onto a suitable

form of receiver 7 for generating thermal energy.

The electricity and the thermal energy generated
by the incident solar radiation are transferred to a

suitable form of electrolysis cell 9 so that:

(a) a part of the thermal energy converte an inlet
stream of water for the electrolysis cell ¢ into
steam and heats the gteam to a temperature of
about 1000°C; and

(b) the electrical energy and the remainder of the
thermal energy operate the electrolysis cell 9 to
decompose the high temperature steam into
hydrogen and oxygen.

The hydrogen is transferred from the electrolysis

\\melb0l\home§\Narelle\Keep\speci\55539 94 DIV LASICH.dec 1B/06/98
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cell 9 into a suitable form of storage tank 11.

The receiver 7 may be any suitable form of
apparatug, such as a heat exchanger, which allows solar

radiation to be converted into thermal energy.

The apparatus shown in Figure 1 further comprises
a heat exchanger means (not shown) for extracting thermal
energy from the hydrogen and oxygen (and any exhaust steam)
produced in the electrolysis cell 8 and thereafter using
the recovered thermal energy in the step of converting the
inlet stream of water into steam for consumption in the
electrolysis cell 9. It is noted that the recovered
thermal energy is at a relatively lower temperature than
the thermal energy generated by solar radiation. 2g a
consequence, preferably, the recovered thermal energy is
used to preheat the inlet water, and the solar radiation
generated thermal energy is used to provide the balance of
the heat component required to convert the feed water or

steam to steam at 1000°C and to contribute to the operation .

of the electrolysis cell 9.

It is noted that the component of the thermal
energy which is used endothermically at high temperature in
the electrolysis cell 9 is consumed at nearly 100%
efficiency. This high thermal energy utilisation is a
major factor in the high overall efficiency of the system.
It is also noted that high temperatures are required to
achieve the high thermal energy efficiency and as a
consequence only systems which can collect and deliver
thermal energy at high temperatures (700°C+) can achieve
the high efficiency.

The apparatus shown in Figure 1 is an example of
a parallel arrangement of solar cells 5 and thermal energy
receiver 7. The apparatus shown schematically in Figures 2
to 4 are examples of series arrangements.

\\melbol\home$\Narelle\Reep\spaci\55539 94 DIV LASICH.doc 18/06/98
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In addition, the apparatus shown schematically in
Figures 2 to 4 incoxporate examples of apparatus in
accordance with the present invention for geparating golaz
radiation into longer and shorter wavelength components.

The aspparatus shown schematically in Figures 2 to
4 take advantage of the fact that solar cells selectively
abgorb shorter wavelengths and may be trangparent to longer
wavelengths of the soclar radiatiom gpectrum. In this
ccnn&ction; the threshold ig in the order of 1.1 mlicron €or
silicon sclar cells and 0.89 micron for GaAs celle leaving
25% to 35% of the incoming energy of the solar radiation,
which is normally wasted, for use as thermal energy.

In =ach case, the apparatus shown in Figures 2 to
4 are arranged so that, in use, solaz radiatiomn is
reflacted from a solar concentrator 3 onto a first receiver
in the form of a solar cell 15 to generate electricity from
the shorter wavelength component of the solar radiation and
the solar radiation that is not used for electricity
generation, l.e. the longer wavelength component, is
directed toc a second receiver in the form of thermal energy
receiver (not shown) of an electrolysis cell 17 to convert
the asolar radiation into thermal energy. More
particularly. in each case the apparatus sbown in Figures 2
to 4 comprises a means which, in upe, geparates the lonéer
and shorter wavelength components of the soclar radlation
spaectrum so that the components can be ugsed separately for
thermal emergy and electricity generation, respectively.

. The solar radiation separating means compriges a
mirror 27 (not ghown in Figure 2 but shown iq Pigures 3 and
4) positioned in front of or behind the solar cells 15.

" In situations where the mirror 27 isg positioned
in front of the solar cells 15, as ghown in Figures 3 and
4, the mirroxr 27 compriges an interference filter or edge
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filte:v(not shown) which makes the mirrer 27 transparent to
the shorter wavalength component of the solar radiation

apectIum.

The mirror 27 may be of any suitable shape to
reflect and selectively direct the lomger wWavelength
component of the solar radiation spectrum. For example, in
situations where the mirror 27 is positioned in front of
the golar eells 15 and the focal point of the solar
concentrator 3, as shown in Figures 3 and 4. the mirror 27
may take the form of a Cagsigranian mirrox, and in
situations where tha mirror 27 is positioned bahind the
focal point of the asolar comcentrator 3, the mirror may
take the form of a Gregorian mirror.

The longer wavelength radiation reflected by the
mirror 27 may be trangferred to the electrolysis cell 17 by
any gsuitable transfer means 21 such as 3 heat pipe (not
ehown) or an optical fibre (or light guide), as shown in
Figures 2 and 4, or directly as radiation, aB shown in

Figure 3.

With particular regard to the apparatus gshown in
Flgure 4, the elecfrolysis cell 17 ig positioped remote
from the solar cells 15, and the apparatus further
comprises a non-imaging concentrator 33 for concentrati&g
tha reflected longer wavelength component of the solar
radiation prior to transferring the concentrated component
to the optical fibre or light quide 21.

It is alsc noted that the present invention ie
not limited to uge of the reflected longer wavelength
component of the golar radiation spectrum to provide
thermal snergy to an electrolysis <all and may be used to
provide thermal emergy in any end use application.

The electrolysis cells 9,17 shown in the figures
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may be of any suitable configuration. Typically, the
electrolysis cells 9,17 are formed from a ﬁaterial, guch as
yttria stabilised zircomia (¥S%Z), which is porous to oxygen
and impermeable to other gases, and the accessories, such
as membranes and electrodes (mnot ghown), are formed from

materials, such as alloys and cermets.

The apparatus described above take advantage of
the facts that:

(a) the electrical potential and the electrical
energy necessary to produce hydrogen in an
electrolysis cell decreases as the temperature
increases and the balance of the energy
requirements to operate the electrolysis éell can
be provided in the form of thermal energy;

(b) the efficiency of generation of thermal energy
from solar radiation is sigmificantly higher (in
the order of 3 to 4 times) than the efficiency of
generation of electricity from solar radiation;

and

(c) the efficiency of consumption of the thermal
energy endothermically in the electrolysis cell

approaches 100%.

It is noted that it is believed by the applicant
that the use of the by-product thermal energy can only be
practically executed by the means described herein since
other currently known methods are not capable of
transferring energy to produce a temperature in excess of
1000°C.

In other words, a particular advantage of the
present invention is that, as a consequence of being able
to separate the longer and shorter wavelength components of
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the solar radiation spectrum, it is possible to recover and
convey and use that longer wavelength compgnent in high
temperature applications where otherwise that longer
wavelength component would have been converted into low
temperature heat (typically leag than 45°C) and being

unuegable.

Further advantages of the pregent invention in
the context of hydrogen production axe ag follows:

1. The efficiency of hydrogen production is
greater than any other known method of solar
radiation generated hydrogen production.

2. The present invention increases the overall .
efficiency of the system, i.e. the
efficiency of producing hydrogen by this
method is greater than the efficiency of
just producing electricity.

3. The present invention provides a medium,
namely hydrogen, for the efficient storage
of solar energy hitherto not available
economically and thus overcomes the major
technological restriction to large scale use

of solar energy.

It should be noted that the performance of the
present invention in the context of hydrogen production is
expected to exceed 50% efficiency. The theoretical
performance is in the order of 60%, whereas the existing
technology is not expected to practically exceed 14%
efficiency and has a threshold limit of 18%.

In order to illustrate the performance of the
invention disclosed and claimed in application 55539/94 the
applicant carried out experimental work, as described
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below, on an experimental test rig shown in Figures 5 and 6
which is based on the embodiment of the apparatug shown in
Figure 1.

With reference to Figures 5 and 6, the
experimental test rig comprised a 1.5m diameter
paraboloidal solar concentrating dish 29 arranged to track
in two axes and capable of producing a solar radiation flux
of approximately 1160 suns and a maximum temperature of
approximately 2600°C. It is noted that less than the full
capacity of power and concentration of the concentrating
dish 29 was necessary for the experimental work and thus
the receiving components (not shown) were appropriately
positioned in relation to the focal plane and/or shielded
to produce the desired temperatures and power densities.

The experimental rig further comprised, at the
focal zone of the solar concentrating dish 29, an éssembly
of an electrolysis cell 31, a tubular heat
shield/distributor 45 enclosing the electrolysis cell 31, a
solar cell 51, and a length of tubing 41 coiled around the
heat shield/distributor 45 with one end extending into the
electrolysis cell 31 and the other end connected to a

source of water.

The solar cell 51 comprised a GaAs photovoltaic
(19.6mm active area) concentrator cell for converting solar
radiation deflected from the concentrator dish 31 into
electrical energy. The GaAs photovoltaic cell was selected
becaugse of a high conversion efficiency (up to 29% at
present) and a capacity to handle high'flux density (1160
sunsg) at elevated temperatures (100°C). In addition, the
output voltage of approximately 1l to 1.1 volts at maximum
power point made an ideal match for direct connection to
the electrolysis cell 33 for operation at 1000°C,

Wwith particular reference to Figure §, the
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electrolysis cell 31 wag in the form of a 5.8cm long by
0.68cm diameter ¥SZ ¢losed end tube 33 coated inside and
outgide with platinum electrodes 35, 37 that formed
cathodes and anodes, respectively, of the electrolysis cell
31 having an external surface area of 8.3cm’ and an

internal surface area of 7.6cm’.

The metal tube 45 wasg positioned around the
electrolysis cell 31 to reduce, average and transfer the
gsolar flux over the surface of the exterior surface of the

electrolysis cell 31.

The experimental text rig further comprised,
thermocouples 47 (Figure 5) connected to the cathode 35 and
the anode 37 to continually measure the temperatures inside
and outside, respectively, the electrolysis cell 31, a lmm®
platinum wire 32 connecting the cathode 35 to the solar
cell 51, a voltage drop resistor (0.01Q) (not shown) in
the circuit connecting the cathode 35 and the solar cell 51
to measure the current in the circuit, and a Yokogawa HR-

1300 Data Logger (not shown).

The experimental test rig was operated with the
electrolysis cell 31 above 1000°C for approximately two and
a half hours with an excess of steam applied to the
electrolysis cell 31. The output stream of unreacted steam
and the hydrogen generated in the eleétrolysis cell 31 was
bubbled through water and the hydrogen was collected and

measured in a gas jar.

When a gteady state was reached, readings of
temperature, voltage, current and gas production were
racorded and the regults are gummarised in Table 1 below.
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Time Electrolysls | Electrolysis | Elactrolysis | Gas
cell fell Current | Cell Production
Voltage Temperature
‘V Amps °c ml
2.22 1.03 .67 1020 0
2.39 1.03 .67 1020 80
nect 17 nat 850ml
minutes

Oon
voltage of 1

the bagis of the measured electrolysis cell

.03 VvV recorded in Table 1 and a determined
thermoneutral voltage of 1.47, the electrical efficiency of.

the electrolysis cell 31, calculated as the ratio of the
thermoneutral and measured voltages, was 1.47 = 1.43

In

1.03
terms of the solar cell efficiency, with the

solar cell 31 positioned to receive a concentration ratio

of 230 suns and asgsuming:

(a) an output wvoltage = 1.03 (=voltage across

electrolysis cell and allows for connection

losses) ;

(b) a current of 0.67 Amps:;

(c) direct solar input is 800 w/m’ *;

' 2, and

(d) an active solar cell area = 19.6 x 10°°m’.

the efficiency of the solar cell 51 (T)pv) was

npv = output = 1.03 x .67 = .69 = .19
input 19.6 x230x800 3.6

10°f

With a spectral reflectivity of 0.9 for the
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mirror surface of the solar concentrating dish 29, the
efficiency of the gsolar concentrator dish 29 was 0.85,

Thus, the total gystem efficiency of the solar
cell 51 and the electrolysis cell 31 and optics (Ntota1r) was

Ntotal = §.85x.19%x1.43=.22 (22%)

The above figures of 22% is approximately twice
the best previous proposed systems and more than three
times the best recorded figure for a working plant.

The results of the experimental work on the
experimental test rig establish that:

(a) it is possible to produce hydrogen by high
temperature electrolysis of water driven totally

by solar radiation,

{b) the efficiency of production is greatly improved

over known systems, and

(c) a significant portion of the heat of solar
radiation can be used directly in the
electrolysis reaction thus reducing greatly
expensive electrical input by almost half.

Many modifications may be made to the preferred
embodiments of the present invention as described above
without departing from the gpirit and scope of the present.

invention.
By way of example, whilst the preferred

embodiments describe that the present invention geparates
the longer and shorter wavelength components of the solar
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radiation spectrum by reflecting the longer wavelength
component, it can readily be appreciated that the present
invention is not limited to such an arrangement and extends
to arrangements in which the shorter wavelength component

ig reflected.
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THE CLAIMS DRFINING THE INVEMTION ARE AS FOLLOWS:

1. An apparatus for separating solar radiatiom into
a lopnger wavelength component and a shorter wavelength
componant, the apparatusg comprising: a means for
concentrating solar radiation, a mirror for selectively
reflecting either the longer wavelength component or the
gshorter wavelength component of the solar radiation
spectrum, the mirror being positioned in the light path of
the povlar radiation from the concentrating means, the
mirror comprising a spectrally selective filter to make the
mirror transparent to the non-reflected componant of the
solar radiation spectrum to allow the non-reflected
component to pass through the mirror te a first receiver,
and the mirror being appropriately curved in order to
selectively concentrate and direct the loanger or shorter
wavelength component towards s recaiver that is externmal to

the apparatus.

2. The apparatus defined in claim. 1, wherein the
ppectrally selective fllter comprisges an interference or
edge filter.

3. The apparatus defined claim 1 or claim 2 further
compriging, a non-imaging'concentrator for further E
concantrating the raflected longer or shorter wavelength

componant from the mirror.

4. The apparatus defined in claim 3 furthex
comprising, a meana foxr conveying the copcentrated
reflacted longer or sherter wavelength component for use in

an end use application.

5. The apparatus daefined in claim 4, wherein the
convaying means is an optical fibre or a light guide.

6. The apparatus defined in claim 4 or claim 5
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wherein, the end use application comprises any one of the

following, the generation of hydrogen by electrolysig of
water, the generation of electricity for shaft power by the

use of a Stirling engine, a steam heater, or a super

heater.
7. The apparatus defined in any one cf the preceding
claims wherein the second receiver 1isg remote from the £irst
recaiver.

8. A apparatus for geparating solar radiation intc a

longer wavelsngth component with a shorter wavelength
component substantially as hersinmbefore described with

reference to the accompanying drawings.

Dated this 29th day of Janunary 2001
JOHN BEAVIS LASICH ‘
By their Patent Attorneys .

GRIFFITH HBACK
Fellows Institute of Patent

Attorneys of Australia

Al
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2.2 Lasich J.B., 1993, “Production of Hydrogen from
Solar Radiation at High Efficiency”, Patent No. 5658448,
USA



The Commissioner of
Patents and Trademarks

Has received an application for a patent for a
new and useful invention. The title and descrip-
tion of the invention are enclosed. The require-
ments of law have been complied with, and it
has been determined that a patent on the in-
vention shall be granted under the law.

Therefore, this
United States Patent

Grants to the person(s) having title to this patent
the right to exclude others from making, using,
offering for sale, or selling the invention
throughout the United States of America or im-
porting the invention into the United States of
America for the term set forth below, subject to
the payment of maintenance fees as provided
by law. |

If this application was filed prior to June 8§,
1995, the term of this patent is the longer of
seventeen years from the date of grant of this
patent or twenty years from the earliest effec-
tive U.S. filing date of the application, subject
to any statutory extension.

If this application was filed on or after June §,
1995, the term of this patent is twenty years from
the U.S. filing date, subject to any statutory ex-
tension. If the application contains a specific
reference to an earlier filed application or ap-
plications under 35 U.S.C. 120, 121 or 365(c),
the term of the patent is twenty years from the
date on which the earliest application was filed,
subject to any statutory extension. ~

Commissioner of Patents and Trademarks

Attest
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5.658.448

1

PRODUCTION OF HYDROGEN FROM
SOLAR RADIATION AT HIGH EFFICYIFENCY

The present invention relates to a method and an appa-
ratus for the production of hydrogen and in particular for the
production of hydrogen in an electrolysis cell using solar
radiation as a source of energy for the cell.

A present invention also relates to an apparatus for
separating longer and shorter wavelength solar radiation so
that the separated components of the solar radiation spec-
trum can be used as required in selected end-use
applications, such as the production of hydrogen.

The use of hydrogen as a carrier of energy. particularly
in the context as a fuel, has the following significant
technical advantages over other energy sources.

1. Supply side considerations—hydrogen is inexhaustible,
storable, transportable, and has a high energy density
compared with other chemical fuels.

2. Demand side considerations—hydrogen is non-
polluting, more versatile than electricity, more efficient
then petrol, and convertible directly to heat and elec-
tricity for both mobile and stationary applications.

By way of particular comparison, the large scale use of
solar energy as an energy source has been limited for
technical reasons and cost by a lack of a suitable short and
long term storage medium or solar energy.

However, notwithstanding the above technical advantages
of hydrogen as an energy source, the cost of production of
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hydrogen has been too high hitherto for widespread use as .

a fuel.

In the case of the production of hydrogen by electrolysis
of water, a major factor in the high cost of production has
been the cost of electricity to operate electrolysis cells.

In the specific case of solar radiation-generated electricity.
the high cost of electricity is due in large part to the
relatively low efficiency of photovoltaic (or thermal) con-
version of solar energy into electricity which means that a
relatively large number of photovoltaic cells (or, in the case
of thermal conversion, a large collection area) is required to
generate a unit outpit: of electricity.

An object of the;present-invention is to provide a solar
radiation based method ‘and apparatus for producing hydro-
gen in an electrolysis cell féﬁ;i-has a significantly higher
efficiency and thus lower cost per. unit energy produced than
the known technology, = ...

Another object of the présent invention is to provide an
apparatus for separating longer-and: shorter wavelength
components of the solar radiation ‘spectrum such that the
separated components can be used efficiently.

According to a first aspect of the present invention there
is provided a method of producing hydrogen comprising,
converting solar radiation into thermal energy and electrical
energy, and using the thermal energy and the electrical
energy for producing hydrogen and oxygen by electrolysis
of water.

The above first aspect of the present invention is based on
the realisation that when the electrolysis process is run at
high temperature (1000°C) the electrical voltage required to
maintain a given output of hydrogen can be reduced pro-
vided there is a complementary increase in thermal energy
input.

The above first aspect of the present invention is based on
the realisation that a significant improvement in efficiency of
energy utilisation over and above a conventional electrolysis
cell that is operated solely by electrical energy generated
from solar radiation by a photovoltaic cell (or by thermal
electrical generation methods) can be achieved by using the
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2

thermal energy produced in the generation of electrical
energy. which otherwise would be regarded as a waste low
temperature heat (with a cost of disposal), with the solar
generated electrical energy to operate the electrolysis cell.

The above first aspect of the present invention is also
based on the realisation that such waste thermal energy can
only be used to advantage. in terms of efliciency of energy
utilisation. if that thermal energy can be transferred to the
electrolysis cell and produce the high temperatures neces-
sary to operate the electrolysis cell.

1t is preferred that the method comprises separating the
solar radiation into a shorter wavelength component and a
longer wavelength component, and converting the shorter
wavelength component into electrical energy and converting
the longer wavelength component into thermal energy.

It is preferred that the method comprises, producing
hydrogen and oxygen by electrolysis of water by converting
water into steam and heating the steam to a temperature of
atleast 700° C., more preferably 1000° C., and decomposing
the steam into hydrogen and oxygen in an electrolysis cell.

1t is preferred that the method comprises using solar
radiation generated thermal energy for converting water into
steam and/or pre-heating steam and for operating the elec-
trolysis cell and using solar radiation generated electrical
energy for operating the electrolysis cell.

1t is preferred particularly that the method comprises
extracting thermal energy from hydrogen, oxygen, and
exhaust steam produced in the electrolysis cell and using the
extracted thermal energy as part of the energy component
required for converting water into steam or for pre-heating
steam for consumption in the electrolysis cell.

According to the first aspect of the present invention there
is also provided an apparatus for producing hydrogen by
electrolysis comprising, an electrolysis cell having an inlet
for steam and outlets for hydrogen, oxygen, and excess
steam, a2 means for separately converting solar radiation into
thermal energy and into electrical energy arranged in series
or in parallel relationship for providing the energy required
for converting water into steam and/or heating steam for
operating the electrolysis cell to decompose the steam into
hydrogen and oxygen at high temperatures of at least 700°
C.., more preferably at least 1000° C.

Tt is preferred that the electrolysis cell be at least partially
formed from materials that allow oxygen to be separated
from hydrogen in and/or adjacent to the electrolysis cell.

1t is preferred that the apparatus further comprises, a
means for concentrating solar radiation on the thermal
energy conversion means and on the electrical energy con-
version means in the appropriate proportions and wave-
lengths.

In one embodiment, it is preferred that the electrical
energy conversion means and the thermal energy conversa-
tion means be adapted for separately receiving solar radia-
tion.

In another embodiment it is preferred that the apparatus
further comprises a means for separating solar radiation into
a shorter wavelength component and a longer wavelength
component, wherein:

(a) the electrical energy conversion means is adapted for
receiving end for converting the shorter wavelength
component into electrical energy; and ‘

(b) the thermal energy conversion means is adapted-ffor;
receiving and converting the longer wavelength com-
ponent into thermal energy.

It is preferred that the solar radiation separating’m
comprises a mirror for selectively reflecting either th
wavelength component or the shorter wavelen
nent of the solar radiation spectrum. '
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It is preferred particularly that the mirror be positioned
between the solar radiation concentrating means and the
electrical energy conversion means and that the mirror
comprise a spectrally selective filter to make the mirror
transparent to the non-reflected component of the solar
radiation spectrum.

It is preferred more particularly that the mirror be adapted
for selectively reflecting the longer wavelength component
of the solar radiation spectrum and that the spectrally
selective filter be an interference or edge filter to make the
mirror transparent to the shorter wavelength component of
the solar radiation spectrum.

It_is preferred that the apparatus further comprises a
non-imaging concentrator for concentrating the reflected
longer wavelength component of the solar radiation spec-
trum.

It is preferred that the apparatus further comprises an
optical fibre or a light guide for transferring the reflected
longer wavelength component of the solar radiation spec-
trum to the thermal conversion means.

It is preferred that the apparatus further comprises, a heat
exchange means for extracting thermal emergy from
hydrogen, oxygen. and exhaust steam produced in the elec-
trolysis cell and using the extracted thermal energy as part
of the energy component required for converting feed water
into steam or for pre-heating steam for consumption in the
electrolysis cell,

According to a second aspect of the present invention
there is provided an apparatus for separating solar radiation
into a longer wavelength component and a shorter wave-
length component comprising, a mirror for selectively
reflecting either the longer wavelength .component or the

shorter wavelength components of the solar radiation spec-

trum. o
It is preferred that the mirror comiprise, a spectrally
selective filter to make the mirror fransparent to the non-
reflected component of the solar radiation spectrum.

It is preferred that the mirror be appropriately curved so
that it can concentrate and direct the reflected longer wave-
length component or the shorter wavelength component to a
distant point for collection by a receiver.

It is preferred that the apparatus further comprises, a
non-imaging concentrator for concentrating the reflected
longer or shorter wavelength component.

It is preferred that the apparatus further comprises, an
optical fibre of light guide for transferring the concentrated
reflected longer or shorter wavelength component for use in
an end use application,

It is preferred particularly that the end use application be
the generation of hydrogen by clectrolysis of water.

The present invention is described further by way of
example with reference to the accompanying drawings, in
which:

FIG. 1 illustrates schematically one embodiment of an
apparatus for producing hydrogen in accordance with the
present invention;

FIG. 2 illustrates schematically another embodiment of an
apparatus for producing hydrogen in accordance with the
present invention;

FIG. 3 illustrates schematically a further embodiment of
an apparatus for producing hydrogen in accordance with the
present invention;

FIG. 4 illustrates schematically a further embodiment of
an apparatus for producing hydrogen in accordance with the
present invention;

FIG. 5 is a diagram which shows the major components
of an experimental test rig based on the preferred embodi-
ment of the apparatus shown in FIG. 1; and
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FIG. 6 is a detailed view of the electrolysis cell of the
experimental test rig shown in FIG. 4.

The basis of the first aspect of the present invention is to
use solar energy to provide the total energy requirements, in
the form of a thermal energy component and an electrical
energy component, to form hydrogen and oxygen by the
electrolysis of water. In this connection. the applicant has
found that the combined effect of solar-generated thermal
energy and electrical energy results in a significant improve-
ment in the efficiency of the electrolysis of water in terms of
energy utilisation, particularly when the thermal component
is provided as a by-product of solar-generated electricity
production.

The apparatus shown schematically in FIG. 1 is in accor-
dance with the first aspect of the present invention and
comprises, a snitable form of solar concentrator 3 which
focuses a part of the incident solar radiation onto an array of
solar cells 5 for generating electricity and the remainder of
the incident solar radiation onto a suitable form of receiver
7 for generating thermal energy.

The electricity and the thermal energy generated by the
incident solar radiation are transferred to a suitable form of
electrolysis cell 9 so that:

(a) a part of the thermal energy converts an inlet stream
of water for the electrolysis cell 9 into steam and heats
the steam to a temperature of about 1000° C.; and

(b) the electrical energy and the remainder of the thermal
encrgy operate the elecirolysis cell 9 to decompose the
high: temperature steam into hydrogen and oxygen.

The. hydrogen is transferred from the electrolysis cell 9
into.a suitable form of storage tank 11.

‘The: feceiver -7 may be any suitable form of apparatus,
a’hieat exchanger, which allows solar radiation to be
converted into thermal energy.

The apparatus shown in FIG. 1 further comprises a heat
exchanger means (not shown) for extracting thermal energy
from the hydrogen end oxygen (and any exhaust steam)
produced in the electrolysis cell 9 and thereafter using the
recovered thermal energy in the step of converting the inlet
stream of water into steam for consumption in the electroly-
sis cell 9. It is noted that the recovered thermal energy is at
a relatively lower temperature than the thermal energy
generated by solar radiation. As a consequence, preferably,
the recovered thermal energy is used to preheat the inlet
water, and the solar radiation generated thermal energy is
used to provide the balance of the heat component required
to convert the feed water or steam to steam at 1000° C. and
to contribute to the operation of the electrotysis cell 9.

It is noted that the component of the thermal energy which
is used endothermically at high temperature in the electroly-
sis cell 9 is Consumed at nearly 100% efficiency. This high
thermal energy utilisation is a major factor in the high
overall efficiency of the system. It is also noted that high
temperatures are required to achieve the high thermal energy
efficiency and as a consequence only systems which can
collect and deliver thermal energy at high temperatures
(700° C.+) can achieve the high efficiency.

The apparatus shown in FIG. 1 is an example of a paralle]
arrangement of solar cells 5 and thermal energy receiver 7
in accordance with the first aspect of the present invention.
The first aspect of the present invention is not restricted to
such atrangements and extends to series arrangements of
solar cells 5 and thermal energy receiver 7. The apparatus
shown schematically in FIGS. 2 to 4 are examples of such
series arrangements. In addition. the apparatus shown sche-
matically in FIGS. 2 to 4 incorporate examples of apparatus
in accordance with the second aspect of the present inven-
tion.







5,658,448

7

tion deflected from the concentrator dish 31 into electrical
energy. The GaAs photovoltaic cell was selected because of
a high conversion efficiency (up to 29% at present) and a
capacity to handle high flux density (1160 suns) at elevated
temperatures (100° C.). In addition, the output voltage of
approximately 1 to 1.1 volts at maximum power point made
an ideal match for direct connection to the electrolysis cell
33 for operation at 1000° C.

With particular reference to FIG. 6. the electrolysis cell 31
was in the form of a 5.8 cm long by 0.68 cm diameter YSZ
closed end tube 33 coated inside and outside with platinum
electrodes 35, 37 that formed cathodes and anodes.
respectively, of the electrolysis cell 31 having an external
su1£acc area of 8.3 cm? and an internal surface area of 7.6
cm” .

The metal tube 45 was positioned around the electrolysis
cell 31 to reduce, average and transfer the solar flux over the
surface of the exterior surface of the electrolysis cell 31.

The experimental text rig further comprised, thermo-
couples 47 (FIG. 5) connected to the cathode 35 and the
anode 37 to continually measure the temperatures inside and
outside, respectively, the electrolysis cell 31, a 1 mm?
platinum wire 32 connecting the cathode 35 to the solar cell
51, a voltage drop resistor (0.01Q) (not shown) in the circuit
connecting the cathode 35 and the solar cell 51 to measure
the current in the circuit, and a Yokogawa HR-1300 Data
Logger (not shown).

The experimental test rig was operated with the electroly-
sis cell 31 above 1000° C. for approximately two and a half
hours with an excess of steam applied to the electrolysis cell
31. The output stream of unreacted steam and the hydrogen
generated in the electrolysis cell 31 was bubbled through
water and the hydrogen was collected And measured in a gas
jar.

When a steady state was reached, readings of temperature,
voltage, current and gas production were recorded and the
results are summarised in Table 1 below.

Electrolysis Electrolysis
Cell Electrolysis Cell Gas
Time Voltage Cell Current Temperatute  Production
v Amps °C, ml
222 1.03 67 1020 0
2.39 1.03 .67 1020 80
net 17 net 80 ml
minutes

On the basis of the measured electrolysis cell voltage of
1.03 V recorded in Table 1 and a determined thermoneutral
voltage of 1.47, the electrical efficiency of the electrolysis
cell 31, calculated as the ratio of the thermoneutral and
measured voltages, was

1.47

-1:-65— =143

In terms of the solar cell efficiency, with the solar cell 31
positioned to receive a concentration ratio of 230 suns and

assuming:
(a) an output voltage=1.03 (=voltage across electrolysis
cell and allows for connection losses);
(b) a current of 0.67 Amps;
(c) direct solar input is 800 w/m * *; and
(d) an active solar cell area=19.6x10"° m*. the efficiency
of the solar cell 51 (Npv) was
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1.03 x .67

19.6
e 3 230 % 800
108

output

WY =gt~ =

=3¢ =19

With a spectral reflectivity of 0.9 for the mirror surface of
the solar concentrating dish 29, the efficiency of the solar
concentrator dish 29 was 0.85.

Thus, the total system efficiency of the solar cetl 51 and
the electrolysis cell 31 and optics (11total) was

Ttotal=0.85x0.19x1.43=0.22 (22%)

The above figures of 22% is approximately twice the best
previous proposed systerns and more than three times the
best recorded figure for a working plant.

The results of the experimental work on the experimental
test rig establish that:

(a) it is possible to produce hydrogen by high temperature

electrolysis of water driven totally by solar radiation,

(b) the efficiency of production is greatly improved over

known systems, and

(c) a significant portion of the heat of solar radiation can

be used directly in the electrolysis reaction this reduc-
ing greatly expensive electrical input by almost half.

Many modifications may be made to the preferred
embodiments of the present invention as described above
withiout departing from the spirit and scope of the present
inveution.

By way of example, it is noted that, whilst the preferred
embodiments describe methods which convert water into

‘hydrogen and oxygen, it can readily be appreciated that the

present invention is not so limited and extends to operating
the methods in reverse to consume hydrogen and oxygen to
produce thermal energy and electticity. In this regard, it has
been found by the applicant that under certain conditions the
electrical input required to produce a unit of hydrogen in
accordance with the preferred embodiments of the method is
less than the electrical output produced when the hydrogen
is used in the methods arranged to operate in reverse and
thus as well as the system producing hydrogen the overall
electrical efficiency of the plant can also be enhanced.

Furthermore, whilst the preferred embodiments describe
the use of solar cells to convert solar energy into electricity.
it can readily be appreciated that the present invention is not
so limited and extends to any suitable solar radiation to
electricity converters.

Furthermore, whilst the preferred embodiments describe
that the second aspect of the present invention separates the
longer and shorter wavelength componenis of the solar
radiation spectrum by reflecting the longer wavelength
component, jt can readily be appreciated that the second
aspect of the present invention is not limited to such an
arrangement and extends to arrangements in which the
shorter wavelength component is reflected.

I claim:

1. A method of producing hydrogen by the electrolysis of
steam, the method comprising, converting solar radiation
into thermal energy and electrical energy, and using a past of
the thermal energy to convert water into steam and to heat
the steam to a temperature of at least 700° C., and using the
electrical energy and the remaining part of the thermal
energy to operate an electrolysis cell to decompose the steam
and to produce hydrogen and oxygen, with the thermal
energy providing at least a part of the endothermic compo-
nent of the electrolysis reaction and to significantly reduce
the additional external electrical energy required to operate
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the electrolytic cell and increasing the efficiency of hydro-
gen production.
2. The method defined in claim 1 comprising. separating
the solar radiation into a shorter wavelength component and
a longer wavelength component. and converting the shorter
wavelength component into electrical energy and converting
the longer wavelength component into thermal energy.
3. The method defined in claim 1 or claim 2 further
comprising. using solar radiation generated thermal energy
for converting water into steam and for operating the elec-
trolysis cell and using solar radiation generated electrical
energy for operating the clectrolysis cell.
4. The method defined in claim 3 further comprising,
extracting thermal energy from hydrogen, oxygen, and
exhaust steam produced in the electrolysis cell and using the
extracted thermal energy as part of the energy component
required for converting water into steam and for pre-heating
steam for consumption in the electrolysis cell.
5. An apparatus for producing hydrogen by electrolysis
comprising:
an electrolysis cell having an inlet for steam and outlets
for hydrogen. oxygen, and excess steam, .

means for separating solar radiation, by wavelength, into
a first wavelength component and a second wavelength
component, said first wavelength component being
relatively shorter than said second wavelength
component,

electrical energy conversion means for receiving and
converting said first (shorter) wavelength component
into electrical energy, and

thermal energy conversion means for receiving and con-
verting said second (relatively longer) wavelength
component into thermal energy,

said electrical energy conversion means and said thermal

energy conversion means being arranged in series or in
parallel relationship for providing energy required for
comverting water into steam and for operating the
electrolysis cell to decompose the steam into hydrogen
and oxygen at high temperature of at least 700°C.

6. The apparatus defined in claim 5 wherein, the elec-
trolysis cell is at least partially forrned from materials that
allow oxygen to be separated from hydrogen in or adjacent
to the electrolysis cell: -

7. The apparatus defined in claim 5 or claim 6, further
comprising, a means for concentrating solar radiation on the
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thermal energy conversion means and on the electrical
energy conversion means.

8. The apparatus defined in claim 7 wherein. the electrical
energy conversion means,and the thermal energy conversion
means are adapted for separately receiving solar radiation.

9. The apparatus defined in claim 5. wherein the solar
radiation separating means comprises, a mirror for selec-
tively reflecting either said second (relatively longer) wave-
length component or said first (shorter) wavelength compo-
nent of the solar radiation spectrum.

10. The apparatus defined in claim 9, wherein the mirror
is positioned between the solar radiation concentrating
means and the electrical energy conversion means and the
mitror comprises a spectrally selective filter to make the
mitror transparent to the non-reflected component of the
solar radiation spectrum.

11. The apparatus defined in claim 9, wherein the mirror
is adapted for selectively reflecting said second (relatively
longer) wavelength component of the solar radiation spec-
trum,

12. The apparatus defined in claim 11, wherein the spec-
trally selective filter comprises an interference or edge filter.

13. The apparatus defined in claim 9 further comprising,
a non-imaging concentrator for receiving and further con-
centrating the reflected component of the solar radiation
spectrum.

14. The apparatus defined in any one of claim 9 to 13
further comprising, a means for conveying the reflected
component of the solar radiation spectrumn to the thermal
energy conversion means.

15. The apparatus defined in claim 14, wherein the
conveying means comprises an optical fibre or a light guide.

16. The apparatus defined in claim § wherein the electrical
energy conversion means is a solar cell.

17. The apparatus defined in claim 5 further comprising,
a heat exchange means for extracting thermal energy from
hydrogen, oxygen. and exhaust steam produced in the elec-
trolysis cell and using the extracted thermal energy to form
steam for consumption in the electrolysis cell.

18. The apparatus defined in claim S, wherein the appa-
ratus is reversible so that hydrogen and oxygen can be
reacted together to produce heat and electricity.

* % k% %
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COOLING CIRCUIT FOR RECEIVER OF
SOLAR RADIATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is the National Stage of International Application
No. PCT/AU02/00402, filed Mar. 28, 2002, and claims the
benefit of Australian Patent Application No. PR4038, filed
Mar. 28, 2001.

FIELD

The present invention relates to a receiver of a system for
generating electrical power from solar radiation.

BACKGROUND AND SUMMARY

Solar radiation-based electrical power generating systems
typically include:

(a) a receiver that includes a plurality of photovoltaic cells
that convert solar energy into electrical energy and an
electrical circuit for transferring the electrical energy
output of the photovoltaic cells; and

(b) a means for concentrating solar radiation onto the
photovoltaic cells of the receiver.

By way of example, the means for concentrating solar
radiation may be a dish reflector that includes a parabolic
array of mirrors that reflect solar radiation that is incident on
a relatively large surface area of the mirrors towards a
relatively small surface area of the photovoltaic cells.

In addition to the parabolic array of mirrors, the above-
described dish reflector may also include a matched second-
ary solar radiation modification mirror system (such as a
solar flux modifier).

Another, although not the only other, means for concen-
trating solar radiation is an array of spaced apart mirrors that
are positioned to reflect solar radiation that is incident on a

- relatively large surface area of the mirrors towards a rela-
tively small surface area of the photovoltaic cells.

The present invention relates more particularly, although
by no means exclusively, to a large scale solar radiation-
based electrical power generating system of the type
described above that is capable of producing substantial
amounts of electrical power ready for conditioning to at least
20 kW of standard 3 phase 415 volt AC power.

Applications for such large scale power generating sys-
tems include remote area power supply for isolated grids,
grid-connected power, water pumping, telecommunications,
crude oil pumping, water purification, and hydrogen gen-
eration.

One significant issue associated with development of
commercially viable solar radiation-based electrical power
generating systems of the type described above is long term
performance of materials and structural integrity of compo-
nents of the system made from materials as a consequence
of:

(a) exposure to extremely high intensity solar radiation
capable of producing high temperatures, i.e. temperatures
considerably above 1000° C.;

(b) cycling between high and low intensities of solar radia-
tion; and

(c) temperature variations between different parts of struc-
tural components.

The receiver is one area of particular importance in this
regard.
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Specifically, in large scale solar radiation-based electrical
power generating systems of the type described above the
photovoltaic cells are exposed to solar radiation intensities
of at least 200 times the intensity of the Sun during optimum
operating conditions. In addition, the photovoltaic cells are
subjected to significant cycling between extremely high and
low levels of solar radiation and to variations in solar
radiation intensity across the surface of the receiver.

An object of the present invention is to provide a receiver
that is capable of long term exposure to extremely high
intensities of solar radiation, cycling between extremely
high and low intensities of solar radiation, and temperature
variations between different sections of components of the
receiver.

According to the present invention there is provided a
system for generating electrical power from solar radiation
which includes:

(a) a receiver that includes a plurality of photovoltaic cells
for converting solar energy into electrical energy and an
electrical circuit for transferring the electrical energy
output of the photovoltaic cells; and

(b) a means for concentrating solar radiation onto the
receiver; and

the system being characterised in that the receiver includes
a plurality of photovoltaic cell modules, each module
includes a plurality of photovoltaic cells, each module
includes an electrical connection that forms part of the
receiver electrical circuit, the receiver includes a coolant
circuit for cooling the photovoltaic cells with a coolant, and
the coolant circuit includes a coolant flow path in each
module that is in thermal contact with the photovoltaic cells
so that in use coolant flowing through the flow path cools the
cells.

The applicant has found that the above-described receiver
is capable of extracting significant amounts of heat gener-
ated by incident solar radiation in an efficient and reliable
manner. Specifically, the applicant has found that the pre-
ferred embodiment of the receiver described in more detail
below is capable of extracting up to 50 W/cm? of exposed
photovoltaic cell. Thus, the receiver addresses the significant
issue that a large portion of incident radiation on receivers
of large scale solar radiation-based electrical power gener-
ating systems is not converted to electricity and manifests
itself as heat that reduces the efficiency of photovoltaic cells.

In addition, the modularity of the receiver addresses (at
least in part) the issue that optimum locations for large scale
solar radiation-based electrical power generating systems
tend to be in regions that are remote from major population
and manufacturing centres and, therefore, construction of
the systems in such remote locations presents significant
difficulties in terms of transportation of equipment to the
sites, on-site construction, and on-going maintenance (in-
cluding quick replacement of component parts) at the sites.

In addition, the modularity of the receiver makes it
possible to enhance manufacture of the receiver because
manufacture can be based on repeat manufacture of a
relatively large number of relatively small modules rather
than a small number of large components.

Preferably in use the coolant maintains the photovoltaic
cells at a temperature of no more than 80° C.

More preferably in use the coolant maintains the photo-
voltaic cells at a temperature of no more than 70° C.

It 1s preferred particularly that in use the coolant main-
tains the photovoltaic cells at a temperature of no more than
60° C.
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It is preferred more particularly that in use the coolant
maintains the photovoltaic cells at a temperature of no more
than 40° C.

Preferably each module includes a structure that supports
the photovoltaic cells.

Preferably the support structure defines the coolant flow
path for extracting heat from the photovoltaic cells.

Preferably the support structure includes:

(a) a coolant member that at least partially defines the flow
path, the coolant member being formed from a material
that has a high thermal conductivity; and

(b) a substrate interposed between the coolant member and
the photovoltaic cells, the substrate including a layer
formed from a material that has a high thermal conduc-
tivity and is an electrical insulator.

Preferably the coolant member acts as a heat sink.

The coolant member may be formed from any suitable
high thermal conductivity material.

By way of example, the coolant member may be a high
thermal conductivity metal or ceramic.

Preferably the coolant member is formed from copper.

Preferably the high thermal conductivity/electrical insu-
lator layer of the substrate is formed from a ceramic mate-
rial.

Preferably the substrate includes a metallised layer inter-
posed between the photovoltaic cells and the high thermal
conductivity/electrical insulator layer.

Preferably the substrate includes a metallised layer inter-
posed between the high thermal conductivity/electrical insu-
lator layer and the coolant member.

Preferably the coolant member includes a base, a wall that
extends upwardly from the base and contacts the substrate
whereby the base, the side wall and the substrate define an
enclosed coolant chamber that forms part of the coolant flow
path.

Preferably the coolant member includes a series of
spaced-apart lands that extend from the base and contact the
substrate in a central part of the chamber and define ther-
ebetween channels for coolant flow from near one end of the
chamber to near an opposite end of the chamber.

Preferably the spaced apart lands are parallel so that the
channels are parallel.

With the above-described arrangement there is direct
thermal contact between the substrate and coolant flowing
through the coolant chamber {including the channels) and
between the substrate and the side wall and the lands. This
construction provides an effective means for transferring
heat from the photovoltaic cells via the substrate to the
coolant. In particular, the side wall and the lands provide an
effective means of increasing the available contact surface
area with the coolant to improve heat transfer to the coolant.
This is an important feature given the high levels of heat
transfer that are required to maintain the photovoltaic cells
at temperatures below 80° C., preferably below 60° C., more
preferably below 40° C. A further advantage of the con-
struction is that the side wall and the lands enable lateral
movement of the substrate and the coolant member—as is
required in many situations to accommodate different ther-
mal expansion of the materials that are used in the construc-
tion of the modules. Accommodating different thermal
expansion of such materials is an important issue in terms of
maintaining long term structural integrity of the modules. In
this context, it is important to bear in mind that the high
levels of heat transfer that are required to maintain the
photovoltaic cells at temperatures below 80° C. place con-
siderable constraints on the materials selection for the com-
ponents of the modules. As a consequence, preferred mate-
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rials for different components of the modules and for
bonding toge or different components of the modules are
materials that have different thermal expansion. There are
two aspects to the issue of materials selection and heat
transfer. One aspect is the materials requirements of com-
ponents of the modules, such as the substrate and the coolant
member, to define heat flow paths from the photovoltaic
cells to coolant flowing through the coolant chamber. The
other aspect is the materials requirements for containing the
high hydraulic pressures within the coolant chamber that are
required to maintain coolant flow through the coolant cham-
ber at required levels. In particular, the second aspect is
concerned with materials selection to achieve sufficient bond
strength between the substrate and the coolant member.

Preferably the base includes a coolant inlet and a coolant
outlet for supplying coolant to and removing coolant from
opposite ends of the chamber, the opposite ends of the
chamber forming coolant manifolds.

The above-described coolant inlet, coolant manifolds,
coolant outlet, and coolant channels define the coolant flow
path of the support structure of the module.

Preferably the ratio of the total width of the channels and
the total width of the lands is in the range of 0.5:1 to 1.5:1.

Preferably the ratio of the total width of the channels and
the total width of the lands is of the order of 1:1.

Preferably the ratio of the height and the width of each
channel is in the range of 1.5:1 to 5:1.

More preferably the ratio of the height and the width of
each channel is in the range of 1.5:1 to 2.5:1.

It is preferred particularly the ratio of the height and the
width of each channel be of the order of 3:1.

Preferably the receiver includes a frame that supports the
modules in an array of the modules.

Preferably the support frame supports the modules so that
the photovoltaic cells form an at least substantially continu-
ous surface that is exposed to reflected concentrated solar
radiation.

The surface may be flat, curved or stepped in a Fresnel
manner.

Preferably the support frame includes a coolant flow path
that supplies coolant to the coolant inlets of the modules and
removes coolant from the coolant outlets of the modules.

Preferably the coolant is water.

Preferably the water inlet temperature is in the range of
20-30° C.

Preferably the water outlet temperature is in the range of
25-40° C.

Preferably the means for concentrating solar radiation
onto the receiver is a dish reflector that includes an array of
mirrors for reflecting solar radiation that is incident on the
mirrors towards the photovoltaic cells.

Preferably the surface area of the mirrors of the dish
reflector that is exposed to solar radiation is substantially
greater than the surface area of the photovoltaic cells that is
exposed to reflected solar radiation.

According to the present invention there is also provided
a photovoltaic cell module for a receiver of a system for
generating electric power from solar radiation, which
module includes: a plurality of photovoltaic cells, an elec-
trical connection for transferring the electrical energy output
of the photovoltaic cells, and a coolant flow path that is in
thermal contact with the photovoltaic cells so that in use
coolant flowing through the flow path cools the photovoltaic
cells.

Preferred features of the module are as described above.
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is described further by way of
example with reference to the accompanying drawings, of
which:

FIG. 11is a perspective view of a preferred embodiment of
a system for generating electrical power from solar radia-
tion;

FIG. 2 is a front view of the receiver of the system shown
in FIG. 1 which illustrates the exposed surface area of the
photovoltaic cells of the receiver;

FIG. 3 is a partially cut-away perspective view of the
receiver with components removed to illustrate more clearly
the coolant circuit that forms part of the receiver;

FIG. 4 is an enlarged view of the section of FIG. 3 that is
described by a rectangle;

FIG. 5 is an exploded perspective view of a photovoltaic
cell module that forms part of the receiver,

FIG. 6 is a side elevation of the assembled photovoltaic
cell module of FIG. 5;

FIG. 7 is a section along the line A—A of FIG. 6;

FIG. 8 is an enlarged view of the circled region B in FIG.
7; and

FIG. 9 is an enlarged view of the circled region C in FIG.
7.

DETAILED DESCRIPTION

The solar radiation-based electric power generating sys-
tem shown in FIG. 1 includes a parabolic array of mirrors 3
that reflects solar radiation that is incident on the mirrors
towards a plurality of photovoltaic cells 5.

The cells 5 form part of a solar radiation receiver that is
generally identified by the numeral 7.

As is described in more detail hereinafter, the receiver 7
includes an integrated coolant circuit. The surface area of the
mirrors 3 that is exposed to solar radiation is substantially
greater than the surface area of the photovoitaic cells 5 that
is exposed to reflected solar radiation. The photovoltaic cells
5 convert reflected solar radiation into DC electrical energy.
The receiver 7 includes an electrical circuit (not shown) for
the electrical energy output of the photovoltaic cells.

The mirrors 3 are mounted to a framework 9. The mirrors
and the framework define a dish reflector.

A series of arms 11 extend from the framework 9 to the
receiver 7 and locate the receiver as shown in FIG. 1.

The system further includes:

(a) a support assembly 13 that supports the dish reflector
and the receiver in relation to a ground surface and for
movement to track the Sun; and

(b) a tracking system (not shown) that moves the dish
reflector and the receiver as required to track the Sun.

As is noted above, the receiver 7 includes a coolant
circuit. The coolant circuit cools the photovoltaic cells 5 of
the receiver 7 with a coolant, preferably water, in order to
minimise the operating temperature and to maximise the
performance (including operating life) of the photovoltaic
cells 5.

The receiver 7 is purpose-built to include the coolant
circuit.

FIGS. 3 and 4 illustrate components of the receiver that
are relevant to the coolant circuit. It is noted that a number
of other components of the receiver 7, such as components
that make up the electrical circuit of the receiver 7, are not
included in the Figures for clarity.
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With reference to FIGS. 3 and 4, the receiver 7 includes
a generally box-like structure that is defined by an assembly
of hollow posts 15.

The receiver 7 also includes a solar flux modifier, gener-
ally identified by the numeral 19, which extends from a
lower wall 99 (as viewed in FIG. 3) of the box-like structure.
The solar flux modifier 19 includes four panels 21 that
extend from the lower wall 99 and converge toward each
other. The solar flux modifier 19 also includes mirrors 91
mounted to the inwardly facing sides of the panels 21.

The receiver 7 also includes an array of 1536 closely
packed rectangular photovoltaic cells 5 which are mounted
to 64 square modules 23. The array of cells 5 can best be
seen in FIG. 2. The term “closely packed” means that the
exposed surface area of the photovoltaic cells 5 makes up at
least 98% of the total exposed surface area of the array. Each
module inciudes 24 photovoltaic cells 5. The photovoltaic
cells 5 are mounted on each module 23 so that the exposed
surface of the cell array is a continuous surface.

The modules 23 are mounted to the lower wall 99 of the
box-like structure of the receiver 7 so that the exposed
surface of the combined array of photovoltaic cells 5 is a
continuous plane.

The modules 23 are mounted to the lower wall 99 so that
lateral movement between the modules 23 and the reminder
of the receiver 7 is possible. The permitted lateral movement
assists in accommodating different thermal expansion of
components of the receiver 7.

As is described in more detail hereinafter, each module 23
includes a coolant flow path. The coolant flow path is an
integrated part of each module 23. The coolant flow path
allows coolant to be in thermal contact with the photovoltaic
cells 5 and extract heat from the cells 5 so that the cells 5 are
maintained at a temperature of no more than 80° C., pref-
erably no more than 60° C., more preferably no more than
40° C.

The coolant flow path of the modules 23 forms part of the
coolant circuit.

The coolant circuit also includes the above-described
hollow posts 15.

In addition, the coolant circuit includes a series of parallel
coolant channels 17 that form part of the lower wall 99 of the
box-like structure. The ends of the channels 17 are con-
nected to the opposed pair of lower horizontal posts 15
respectively shown in FIG. 3. The lower posts 15 define an
upstream header that distributes coolant to the channels 17
and a downstream header that collects coolant from the
channels 17. The modules 23 are mounted to the lower
surface of the channels 17 and are in fluid communication
with the channels so that coolant flows via the channels 17
into and through the coolant flow paths of the modules 23
and back into the channels 17 and thereby cools the photo-
voltaic cells 5.

The coolant circuit also includes a coolant inlet 61 and a
coolant outlet 63. The inlet 61 and the outlet 63 are located
in an upper wall of the box-like structure. The inlet 61 is
connected to the adjacent upper horizontal post 15 and the
outlet 63 is connected to the adjacent upper horizontal post
15 as shown in FIG. 3.

In use, coolant that is supplied from a source (not shown)
flows via the inlet 61 into the upper horizontal post 15
connected to the inlet 61 and then down the vertical posts 15
connected to the upper horizontal post 15. The coolant then
flows into the upstream lower header 15 and, as is described
above, along the channels 17 and the coolant flow paths of
the modules 23 and into the downstream lower header 15.
The coolant then flows upwardly through the vertical posts
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15 that are connected to the downstream lower header 15
and into the upper horizontal post 15. The coolant is then
discharged from the receiver 7 via the outlet 63. The
above-described coolant flow is illustrated by the arrows in
FIGS. 3 and 4.

FIGS. 5§ to 9 illustrate the basic construction of each
module 23.

As is indicated above, each module 23 includes an array
of 24 closely packed photovoltaic cells 5.

Each module 23 includes a substrate, generally identified
by the numeral 27, on which the cells 5 are mounted. The
substrate includes a central layer 29 of a ceramic material
and outer metallised layers 31, 33 on opposite faces of the
ceramic material layer 29.

Each module 23 also includes a glass cover 37 that is
mounted on the exposed surface of the array of photovoltaic
cells 5. The glass cover 37 may be formed to optimise
transmission of useful wavelengths of solar radiation and
minimise transmission of un-wanted wavelengths of solar
radiation.

Each module 23 also includes a coolant member 35 that
is mounted to the surface of the substrate 27 that is opposite
to the array of photovoltaic cells 5.

The size of the coolant member 35 and the material from
which it is made are selected so that the coolant member 35
acts as a heat sink. A preferred material is copper.

Furthermore, the coolant member 35 is formed to define
a series of flowpaths for coolant for cooling the photovoltaic
cells 5.

Each module 23 also includes electrical connections gen-
erally identified by the numeral 81 that form part of the
electrical circuit of the receiver 7 and electrically connect the
photovoltaic cells 5 into the electrical circuit. The electrical
connections 81 are positioned to extend from the outer
metallised layer 31 and through the substrate 27 and the
coolant member 35. The electrical connections 81 are
housed within sleeves 83 that electrically isolate the elec-
trical connections. '

The coolant member 35 includes a base 39 and a side wall
41 that extends from the base 39. The upper edge 43 of the
side wall 41 is physically bonded to the substrate 27. It can
be appreciated from FIG. 5 that the base 35 and the substrate
27 define an enclosed chamber. The base 39 includes a
coolant inlet 45 (FIG. 4) and a coolant outlet 46 (FIG. 4).
The coolant inlet 45 and the coolant outlet 46 are located in
diagonally opposed comer regions of the base 39.

The coolant member 35 further includes a series of
parallel lands 47 (FIG. 9) which extend upwardly from the
base 39 and occupy a substantial part of the chamber. The
upper surfaces of the lands 47 are physically bonded to the
substrate 27. The lands 47 do not extend to the ends of the
chamber and these opposed end regions of the chamber
define a coolant inlet manifold 49 and a coolant outlet
manifold 51. The lands 47 extend side by side substantially
across the width of the chamber. The gaps between adjacent
lands 47 define coolant flow channels 53.

It is evident from the above that the coolant inlet 45, the
coolant manifold 49, the flow channels 53, the coolant outlet
manifold 49, and the coolant outlet 46 define the coolant
flow path of each module 23.

The applicant has found that selecting:

(i) the widths of the lands 47 and the channels 53 so that

the ratio of the widths is of the order of 1:1; and

(ii) the height and width of the channels 53 so that the

ratio of the height and the width is of the order of 2:1;
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makes it possible to achieve sufficient heat transfer from the
photovoltaic cells 5 to the coolant to maintain the photo-
voltaic cells 5 at a temperature of no more than 60° C.
where, otherwise, an uncooled module would be at tempera-
tures well in excess of 1000° C. in view of high intensities
of solar radiation incident on the photovoltaic cells 5.

As is indicated above, the construction of the coolant
member 35 makes it possible to achieve the high levels of
heat transfer at are required to maintain the photovoltaic
cells 5 at temperatures of no more than 60° C. and to
accommodate substantially different thermal expansion of
the coolant member 35 and the substrate 27 that otherwise
would cause structural failure of the modules 23. Specifi-
cally, there is heat transfer from the substrate 27 to the
coolant via direct contact of coolant with the substrate 27
and via the side wall 41 and the lands 47. The construction
of the lands 47 as the means for defining the flow channels
53 substantially increases the heat transfer contact surface
area with coolant. Specifically, the lands 47 provide an
opportunity for heat transfer to the coolant via the sides and
base of the channels 53. In addition, the lands 47 define a
series of spaced “fingers” and this arrangement makes it
possible to accommodate relative lateral movement of the
substrate 27 and the coolant member 35 as a consequence of
different thermal expansion of the materials from which
these components are constructed and the materials that
bond together these components.

FIG. 4 illustrates the position of one module 23 on the
lower wall of the receiver 7. With reference to the Figure, the
coolant inlet 45 opens into one coolant channel 17 of the
coolant circuit and the diagonally-opposed coolant outlet 46
opens into an adjacent coolant channel 17 of the coolant
circuit.

In use, as indicated by the arrows in FIGS. 4 and 5,
coolant flows from one supply channel 17 into the inlet
manifold 49 via the coolant inlet 45 and then flows from the
coolant manifold 49 into and along the length of the chan-
nels 53 to the outlet manifold 51. Thereafter, coolant flows
from the chamber via the coolant outlet 46 into the adjacent
channel 17.

Many modifications may be made to the preferred
embodiment described above without departing from the
spirit and scope of the present invention.

By way of example, whilst the preferred embodiment
includes 1536 photovoltaic cells 5 mounted to 64 modules
23 with 24 cells per module, the present invention is not so
limited and extends to any suitable number and size of
photovoltaic cells and modules.

By way of further example, whilst the photovoltaic cells
are mounted so that the exposed surface of the cell array is
a flat surface, the present invention is not so limited and
extends to any suitable shaped surface, such as curved or
stepped surfaces.

By way of further example, whilst the preferred embodi-
ment includes the receiver coolant circuit that forms part of
the support frame of the receiver, the present invention is not
so limited and extends to arrangements in which the coolant
circuit is not part of the structural frame of the receiver.

By way of further example, whilst the preferred embodi-
ment includes a series of parallel elongate lands 47 which
extend between the ends of the coolant chamber, the present
invention is not so limited and it is not essential that the
lands be parallel and it is not essential that the lands be
elongate. Specifically, it is within the scope of the present
wnvention that there be gaps in the lands 47. The gaps in the
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lands may be required in certain circumstances to improve
lateral flexibility of the coolant member 35 relative to the
substrate 27.

By way of further example, whilst the preferred embodi-
ment includes a dish reflector in the form of an array of
parabolic array of mirrors 3, the present invention is not so
limited and extends to any suitable means of concentrating
solar radiation onto a receiver.

By way of further example, whilst the preferred embodi-
ment of the receiver is constructed from extruded compo-
nents, the present invention is not so limited and the receiver
may be made by any suitable means.

The invention claimed is:

1. A system for generating electrical power from solar
radiation which includes:

(a) areceiver that includes (i) a plurality of modules, each
module including a plurality of photovoltaic cells for
converting solar energy into electrical energy, (ii) an
electrical circuit for transferring the electrical energy
output of the photovoltaic cells, and (iii) a frame that
supports the modules in an array of modules so that the
photovoltaic cells form an at least substantially con-
tinuous surface that is exposed to solar radiation; and

(b) a means for concentrating solar radiation onto the
receiver; and
the system being characterised in that each module

includes an electrical connection that forms part of
the receiver electrical circuit, each module includes
a support structure that supports the photovoltaic
cells, the receiver includes a coolant circuit for
cooling the photovoltaic cells with a coolant, the
coolant circuit includes a coolant flow path in each
module that is in thermal contact with the photovol-
taic cells so that in use coolant flowing through the
flow path extracts heat from the photovoltaic cells
and thereby cools the cells, and the support structure
in each module defines the coolant flow path for the
module.

2. The system defined in claim 1 wherein the plurality of
modules is arranged in a two-dimensional array of modules.

3. The system defined in claim 1 wherein the support
structures are arranged such that there is parallel flow of
coolant through the flow paths in the su  ort structures.

4. The system defined in claim 1 wherein the support
structure includes:

(a) a coolant member that at least partially defines the flow
path, the coolant member being formed from a ther-
mally conductive material; and

(b) a substrate interposed between the coolant member
and the photovoltaic cells, the substrate including a
thermally conductive layer formed from a thermally
conductive material that is an electrical insulator.

5. The system defined in claim 4 wherein the coolant
member acts as a heat sink.

6. The system defined in claim 4 wherein the coolant
member of each support structure comprises a plurality of
flow channels defining part of the flow path.

7. The system defined in claim 4 wherein the thermally
conductive layer of the substrate is formed from a ceramic
material.

8. The system defined in claim 4 wherein the substrate
includes a metallised layer interposed between the photo-
voltaic cells and the thermally conductive layer.

9. The system defined in claim 4 wherein the substrate
includes a metallised layer interposed between the thermally
conductive layer and the coolant member.
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10. The system defined in claim 4 wherein the coolant
member includes a base, a wall that extends upwardly from
the base and contacts the substrate whereby the base, the
side wall and the substrate define an enclosed coolant
chamber that forms part of the coolant flow path.

11. The system defined in claim 10 wherein the coolant
member includes a series of spaced-apart lands that extend
from the base and contact the substrate in a central part of
the chamber and define therebetween channels for coolant
flow from near one end of the chamber to near an opposite
end of the chamber.

12. The system defined in claim 11 wherein the spaced
apart lands are parallel so that the channels are parallel.

13. The system defined in claim 11 wherein the ratio of the
total width of the channels and the total width of the lands
is in the range of 0.5:1 to 1.5:1.

14. The system defined in claim 13 wherein the ratio of
the total width of the channels and the total width of the
lands is of the order of 1:1.

15. The system defined in claim 11 wherein the ratio of the
height and the width of each channel is in the range of 1.5:1
to 5:1.

16. The systemn defined in claim 15 wherein the ratio of
the height and the width of each channel is in the range of
1.5:1 to 2.5:1.

17. The system defined in claim 10 wherein the base
includes a coolant inlet and a coolant outlet for supplying
coolant to and removing coolant from opposite ends of the
chamber, the opposite ends of the chamber forming coolant
manifolds.

18. The system defined in claim 17 wherein the coolant
inlet, coolant manifolds, coolant outlet, and coolant channels
define the coolant flow path of the support structure of the
module.

19. The system defined in claim 1 wherein the frame
includes a coolant flow path that supplies coolant to the -
coolant inlets of the modules and removes coolant from the
coolant outlets of the modules.

20. The system defined in claim 1 wherein the means for
concentrating solar radiation onto the receiver is a dish
reflector that includes an array of mirrors for refiecting solar
radiation that is incident on the mirrors towards the photo-
voltaic cells.

21. The system defined in claim 20 wherein the surface
area of the mirrors of the dish reflector that is exposed to
solar radiation is substantially greater than the surface area
of the photovoltaic cells that is exposed to reflected solar
radiation.

22. A photovoltaic cell module for a receiver of a system
for generating electrical power from solar radiation, which
module includes: a plurality of photovoltaic cells, an elec-
trical connection for transferring the electrical energy output
of the photovoltaic cells, a coolant flow path that is in
thermal contact with the photovoltaic cells so that in use
coolant flowing through the flow path cools the photovoltaic
cells, and a structure that supports the photovoltaic cells and
defines the coolant flow path for extracting heat from the
photovoltaic cells, the support structure including a coolant
member formed from a thermally conductive material that at
least partially defines the flow path, the support structure
further including a substrate interposed between the coolant
member and the photovoltaic cells, the substrate including a
thermally conductive layer formed from a thermally con-
ductive material that is an electrical insulator, and the
coolant member including a base, a wall that extends
upwardly from the base and contacts the substrate whereby
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the base, the side wall and the substrate define an enclosed
coolant chamber that forms part of the coolant flow path.

23. The system defined in claim 22 wherein the coolant
member acts as a heat sink.

24. The system defined in claim 22 wherein the coolant
member comprises a plurality of flow channels.

25. The system defined in claim 22 wherein the thermally
conductive layer of the substrate is formed from a ceramic
material.

26. The system defined in claim 22 wherein the substrate
includes a metallised layer interposed between the photo-
voltaic cells and the thermally conductive layer.

27. The system defined in claim 22 wherein the substrate
includes a metallised layer interposed between the thermally
conductive layer and the coolant member.

28. The system defined in claim 22 wherein the coolant
member includes a series of spaced-apart lands that extend
from the base and contact the substrate in a central part of
the chamber and define therebetween channels for coolant
flow from near one end of the chamber to near an opposite
end of the chamber.

29. The system defined in claim 28 wherein the spaced
apart lands are parallel so that the channels are parallel.

30. The system defined in claim 22 wherein the base
includes a coolant inlet and a coolant outlet for supplying
coolant to and removing coolant from opposite ends of the
chamber, the opposite ends of the chamber forming coolant
manifolds.

31. A system for generating electrical power from solar
radiation which includes:

(a) areceiver that includes a plurality of photovoltaic cells
for converting solar energy into electrical energy and an
electrical circuit for transferring the electrical energy
output of the photovoltaic cells; and

(b) a means for concentrating solar radiation onto the
receiver; and the system being characterised in that the
receiver includes a plurality of photovoltaic cell mod-
ules, each module includes a plurality of photovoltaic
cells, each module includes an electrical connection
that forms part of the receiver electrical circuit, each
module includes a support structure that supports the
photovoltaic cells, the receiver includes a coolant cir-
cuit for cooling the photovoltaic cells with a coolant,
and the coolant circuit includes a coolant flow path in
each module that is in thermal contact with the photo-
voltaic cells so that in use coolant flowing through the
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flow path extracts heat from the photovoltaic cells and
thereby cools the cells, each support structure defines
the coolant flow path in a corresponding module for
extracting heat from the photovoltaic cells and includes
a coolant member formed from a thermally conductive
material that at least partially defines the flow path, and
each support structure further includes a substrate inter-
posed between the coolant member and the photovol-
taic cells, the substrate including a layer formed from
a thermally conductive material that is an electrical
insulator, and each coolant member includes a base, a
wall that extends upwardly from the base and contacts
the substrate whereby the base, the side wall and the
substrate define an enclosed coolant chamber that
forms part of the coolant flow path.

32. The system defined in claim 31 wherein the coolant
member includes a series of spaced-apart lands that extend
from the base and contact the substrate in a central part of
the chamber and define therebetween channels for coolant
flow from near one end of the chamber to near an opposite
end of the chamber.

33. The system defined in claim 32 wherein the spaced
apart lands are parallel so that the channels are parallel.

34. The system defined in claim 32 wherein the ratio of
the total width of the channels and the total width of the
lands is in the range of 0.5:1 to 1.5:1.

35. The system defined in claim 34 wherein the ratio of
the total width of the channels and the total width of the
lands is of the order of 1:1.

36. The system defined in claim 32 wherein the ratio of
the height and the width of each channel is in the range of
1.5:1 to 5:1.

37. The system defined in claim 36 wherein the ratio of
the height and the width of each channel is in the range of
1.5:1 to 2.5:1.

38. The system defined in claim 31 wherein the base
includes a coolant inlet and a coolant outlet for supplying
coolant to and removing coolant from opposite ends of the
chamber, the opposite ends of the chamber forming coolant
manifolds.

39. The system defined in claim 38 wherein the coolant
inlet, coolant manifolds, coolant outlet, and coolant channels
define the coolant flow path of the support structure of the
module.
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SOLAR TRACKING SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS

This is the national phase of International Application No.
PCT/AU02/00404, filed 28 March 2002, and is associated with
Australian Patent Application No. PR4039, filed 28 March
2001, the content of which is incorporated herein by

reference in its entirety.

FIELD OF THE INVENTION
The present invention relates to a system and method for
tracking the sun, of particular but by no means exclusive

application in telescopes and solar power collectors.

BACKGROUND OF THE INVENTION

Exisgsting techniques for tracking the sun rely typically on
one or more of three methods. The diurnal motion of the
sun is well understood, and consequently a telescope, for
example, can be mounted on an accurately aligned alt-
azimuth or equatorial mount. The axial drives of that
mount are then computer controlled to maintain the
telescope in an orientation that will point the objective
lens or mirror of the telescope at the sun’s calculated

position.

This approach, however, requires the highly accurate
initial alignment of the mount. This may be practical in a
fixed instrument such as research telescope, where the
accurate alignment of the mount is one facet of an overall
extensive and precise installation procedure conducted by
expert scientists and engineers, of lengthy duration and
considerable expense. Such installation time and expense
may not be acceptable in other applications, such as the

installation of solar power collectors on a mase scale.
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A less accurate and cheaper alternative is to control the
axial drives on the assumption that the sun follows the
ecliptic (or even celestial equator) in an entirely regular
manner, thus ignoring the effects of the equation of time
and - where the sun is assumed to follow the celestial

equator - the effects of the earth’s axial tilt.

Another existing approach is so-called shadow bar sun
sensing, in which a pair of sensors are mounted on a solar
radiation collector (such as a dish or plane mirror)
between a shadow bar. The shadow bar casts a shadow on one
of the sensors if the collector is not pointing directly at
the sun. The collector’s attitude can then be adjusted on
the basis of the outputs of these sensors until those

outputs are equal.

These existing approaches, however, make no allowance for
the subsequent effects of imperfect manufacturing
tolerances on the orientation of the radiation receiver (to
which the collector directs collected radiation) relative
to the collector itself. The effect of such imperfections
will also vary with the changing position of the sun and
orientation of the collector, even if the receiver is fixed
with respect to the collector. In fact the receiver may
also shift slightly relative to the collector, owing to
sagging in the receiver supports (which would commonly be
used to hold the receiver at the focus of the collector),
or to variations in the overall structure due to

temperature fluctuations and the like.

For many applications these shortcomings may be acceptable,
or at least tolerable, especially in systems where

maximizing the collection of solar radiation is less
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sensitive to tracking precision. This may be the case in
systems that do not concentrate the sc ar flux by means of,
for example, a spherical or parabolic mirror. If a plane
mirror is used, errors in tracking precision of even 5° may
not excessively reduce collection efficiency. Indeed, many
solar hot water heaters (typically with flat collection
panels) perform no solar tracking whatscever, so existing
approaches - which provide at least some tracking - will
clearly be of use in some applications. However, where the
solar flux is concentrated (possibly by a factor of as much
as three or more), a 5° tracking error may produce

unacceptably high losses in collection efficiency.

SUMMARY OF THE INVENTION
The present invention provides, therefore, a solar tracking
system for controlling the alignment of a solar power
generator with respect to the sun, said generator having a
solar radiation receiver comprising an array of power
generating photovoltaic cells for converting solar
radiation into electric current and a solar radiation
collector for collecting solar radiation and directing said
radiation towards said receiver, said system comprising:

at least first and second detectors for receiving
radiation from said collector and generating respective
first and second output signals according to their
respective exposure to solar radiation from said collector;

a comparison means for comparing said first and
second output signals and producing a comparison signal
indicative thereof; and

control meansg for controlling said alignment
according to said comparison signal;

wherein each of gaid detectors comprises one or

more of said photovoltaic cells of said receiver.
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Thus, the detectors are exposed to solar radiation directed
to them by the collector; it will be understood, however,
that the collector could optionally include auxiliary
mirrors provided to direct solar radiation towards the

detectors (rather than the receiver).

In one embodiment, the system includes four of said
detectors for generating respective first, second, third
and fourth output signals according to their respective

exposure to solar radiation from said collector.

In another embodiment, the collector includes auxiliary
mirrorse provided to direct solar radiation towards said

detectors.

Preferably said receiver further includes at least first
and second thermal detectors with thermal output signals
indicative of the heating of said respective thermal
detectors when exposed to said solar radiation, wherein
said thermal detectors are at respective locations at the
receiver periphery to be exposed to a portion of said solar
radiation from said collector during normal operation of
said generator and for providing a measure of the alignment
of said solar radiation relative to said receiver, wherein
said control means is arranged to receive said thermal
output signals, to determine a temperature difference
therefrom and to control said alignment to impose a maximum
acceptable temperature difference, and to provide tracking
on the basis of said thermal output signals then in the
event of partial or total failure of the tracking control

provided by said photovoltaic detectors.

Thus, a coarse level of tracking may be provided by sensing

sun at the collector, with a finer level of tracking
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provided by means of the detectors associated with the
receiver. Although separate, further comparison and
control means may be employed for this coarser tracking, in
one embodiment the further comparison means and the further
control means are provided by the comparison means and the
control means respectively. Also, the first and second
sensors may be provided in the form of shadow bar sun

gensors.

The system could employ the signals from photodetectors or
temperature sensors (or from both), both of which will
generally be sensitive to solar light flux. Consequently,
the generator - or its mount - need not be aligned with the
great precision required by other approaches, as the system
aligns the generator according to the actual position of
the sun, thereby correcting for misalignment in the

mounting of the generator or receiver.

Preferably said comparison means is operable to control
said alignment to maximize the sum of said first and second

output signals.

Preferably said system includes at least one shadow means
for casting a shadow onto said respective first and second
detectors, wherein in use the area of said shadow on each
detector depends on the alignment of said generator so that
said first and second outputs are more highly sensitive to
misalignment of said detectors with respect to said solar

radiation.

Thus, if the detectors are located, say, either side of a
shadow means, or each is provided with a plurality of side
walls located to cast a shadow on that detector if

misalignment occurs, at least one of the detector’s outputs
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will drop with angle of misalignment € much faster than by
merely cos 6 (in the example of a plane detector
approximately perpendicular to the direction of the sun),

thereby making the system more sensitive to misalignment.

Preferably said system includes a solar position predictor,
for predicting the position of the sun on the basis of
either a look-up table of solar positions or a solar
position algorithm, and said control means is operable to
employ said predicted position in controlling said

alignment of said generator.

Thus, the coarse position of the generator with respect to
the sun can be determined on the basis of, for example, a

suitable almanac, equation(s) for the evolving altitude and
azimuth (or right ascension and declination) of the sun, or

the like.

Preferably said system includes four detectors, each of

which comprises a grid of detector elements.

In one embodiment, said system is operable to control said
alignment to maximize said electric current of said

instrument.

For example, a first group of said photovoltaic cells may
constitute said first detector, while a second group of
said photovoltaic cells may constitute said second

detector.

The present invention also provides a method of solar
tracking for controlling the alignment of a solar power
generator with respect to the sun, said generator having a

solar radiation receiver comprising an array of power
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generating photovoltaic cells for converting solar
radiation into electric current and a solar radiation
collector for collecting solar radiation and directing said
radiation towards said receiver, said method comprising:

locating at least first and second detectors for
receiving radiation from said collector, the first and
second detectors generating respective firsgst and second
output signals according to their respective exposure to
solar radiation from said collector;

comparing said first and second output signals
and producing a comparison signal indicative thereof; and

controlling said alignment according to said
comparison;

wherein each of said detectors comprises one or

more of said photovoltaic cells.

Preferably said method includes predicting the position of
the sun on the basis of either a look-up table of solar
positions or a solar position algorithm, and employing said
predicted position in controlling said alignment of said

generator.

Preferably said method includes employing four detectors,

each of which comprises a grid of detector elements.

Preferably said method includes controlling said alignment

to maximize an output of said generator.

The present invention still further provides a solar
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tracking system for controlling the alignment of a solar
radiation receiver with respect to the sun, comprising:

at least first and second detectors forming a
part of said receiver and receiving a portion of said solar
radiation, for generating respective first and second
output signals according to their respective exposure to
solar radiation;

a comparison means for comparing said first and
second outputs and producing a comparison signal indicative
thereof; and

control means for controlling said alignment of
sald receiver according to said comparigon signal;

whereby said detectors can function both to
receive golar radiation as a part of said receiver and in

controlling said alignment of said receiver.

BRIEF DESCRIPTION OF THE DRAWINGS

In oxrder that the present invention may be more clearly
ascertained, an embodiment will now be described, by way of
example, with reference to the accompanying drawing, in
which:

Figure 1 is a view of a solar electric power
generator of the type to be controlled by a solar tracking
control system according to one embodiment of the present
invention;

Figure 2 is a view of the array of photovoltaic
cells and flux modifier plates of the solar electric power
generator of figure 1;

Pigure 3 is a schematic representation of the
array of photovoltaic cells of figure 2;

Figures 4A to 4D are views of respectively four
subsets of photovoltaic cells of the array of figure 3; and

Figures 5A and 5B are schematic diagrams of the
elevation axis controller and azimuth axis controller

respectively of the tracking system of figure 1.

DETAILED DESCRIPTION OF THE INVENTION
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A solar electric power generator of a type for controlling
by means of a solar tracking control system according to an
embodiment of the present invention is illustrated
schematically at 10 in figure 1. The generator 10 includes
an array of focussing mirrors 12 forming a dish 14, and a
receiver 16 substantially at the focus of the dish 14. The
receiver 16 includee an array of photovoltaic cells (see
figure 2). The solar tracking control system is
principally intended to maximize the power output of the
generator 10. It should be noted, as will be understood by
those in the art, that the optimal alignment in such an
application may not be directly at the sun. Asymmetries in
or misalignment of the dish 14 and receiver 16 of the solar
electric power generator may mean that the greatest power
output is achieved with an alignment that, by conventional
measures, is not directly - or apparently directly - at the

sun.

Referring to figure 2, the receiver 16 comprises a square
array 18 of photovoltaic cells 20. 1In addition,

the receiver 16 is equipped with four reflective flux
modifier plates 22a,b,c,d surrounding the array 18, to
reflect some of the solar flux (that would otherwise miss
the array 18) onto the photovoltaic cells 20.

The four flux modifier plates 22a,b,c,d are cooled by means

of coolant tubes 24.

The tracking system uses a combination of open loop and
closed loop control to position the dish 14 and therefore
receiver 16 in a manner that will achieve maximum
electrical power output and safe operating conditions. The
system’s axial controllers account for mechanical and
optical variations that arise out of such manufacturing

non-conformity and/or operational effects.

The axial controllers of the system (discussed in greater
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detail below) continuously compute the position of the sun
(both elevation and azimuth) in space. The resultant
values of solar elevation and azimuth are translated into
revolutions of the mechanical movement appropriate for the
positioning system of the dish 14 and receiver 16, thereby
aligning the dish 14 approximately to the sun (typically to
within about #+1°), but without accounting for variations in
the mechanical structure or optical performance of the
dish.

To optimize the performance, in terms of power output, of
receiver 16, any one of three input sources is integrated
to achieve closed loop control. These sources are as
follows:

1) Sun Sensor: The sun sensor comprises a pair of
optical sensors (not shown) located on either side of a
shadow plate. This unit is attached to the array 14 of
mirrors 12 such that when the dish 14 is correctly aimed at
the sun, each sensor is exposed to the same intensity of
sun-light. The outputs of the light intensity sensors are
conpared and integrated. The feedback loop then attempts
to equalize the intensity of the shadows and, as a result,
align the dish 14 and therefore receiver 16 to the sun.
This mode takes no account of the electrical power
generated by the receiver 16, but may be used to account
for gross mechanical errors prior to one of the more
optimising tracking modes from becoming active.

2) Photovoltaic Array. If the photovoltaic array
18 is receiving useable radiation, the power generated in
the top half of the array 18 is compared to the power
generated in the bottom half of the array 18 (in the case
of the elevation axis). Figure 3 is a schematic
representation of the photovoltaic cell array 18,
comprising sixteen modules 26 in a 4x4 grid, each of which
itself comprises an array of cells. Referring to figures
4A and 4B, the power generated in an upper (in this view)

set 28a of modules is thus compared to the power generated
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in a bottom set 28b of modules. The feedback loop attempts
to equalize the powers generated and therefore accommodate
both physical variations in the dish structure and optical
variations resulting in an uneven flux distribution. 1In
practice this mode will maximise the electrical output from
the dish.

Referring to figures 4C and 4D, essentially the
same process is replicated in the azimuth axis, by
comparing the power generated in a left (in this view) or -
in the southern hemisphere installation - east set 28c of
modules with the power generated in a right (or west) set
28d of modules; the feedback loop then attempts to equalize
these generated powers.

3) Thermal Sensors. In the event that the
temperature rise on any of the cooled flux modifier plates
22a,b,c,d surrounding the photovoltaic cell array 18 is
excessive, the difference in temperature of the top and
bottom flux modifier plates 22a and 22b is integrated (in
the case of the elevation axis). The feedback loop
attempts to equalize these temperatures thereby lowering
the thermal stress placed on these flux modifiers.
Similarly, the difference in temperature of the left and
right flux modifier plates 22c and 22d is integrated in the

case of the azimuth axis.

The control system automatically chooses the appropriate
mode depending on the need for optimisation of power and
safety, that is, the right temperature conditions, solar

radiation level and photovoltaic (PV) module power output.

Figures 5A and 5B are schematic diagrams of the controllers
30 and 32 respectively of the tracking system, for
controlling the dish 14. Figure 5A shows the elevation
axis controller 30, figure 5B the azimuth axis controller
32. Except for the calculation of solar position, both

axes use identical approaches.
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In elevation axlis controller 30, the sun’s elevation 34 is
calculated using a computer program running on a personal
computer (PC) or programmable logic controller (PLC). The
solar position information is converted to a required
number of turns of the elevation drive of the dish 14

taking into account the geometry of the dish structure.

Disregarding the integrator for the present, this position
command is applied to a feedback loop that comprises an
elevation motor controller 36, an elevation drive motor 38,
an elevation feedback encoder 40 and first elevation adder
42. The feedback loop acts to ensure that the difference
in elevation between the predicted sun position (and
therefore predicted dish position) and actual dish/receilver
position 44 relative to the direction of the sun is zero.
Thus, the elevation axis to the dish will follow the sun’s

poegition as predicted by the PC.

The elevation integrator 46 serves to make small
adjustments to calculated solar poseitions to allow for the
mechanical tolerance of the dish structure and any
asymmetric behaviocur of the optics of the dish 14 or of the

receiver 16.

The elevation integrator source is selected by means of an
elevation integrator source selector 48. When the source
is selected to be “thermal” 50a, the difference between the
top and the bottom flux modifier plate temperatures 52 and
54 respectively is integrated 56 over time and applied as
an offset to the predicted sun position 34 by second
elevation adder 58. This causes the dish to move until the
integrated value approaches a ‘null‘’, that is, the flux

modifier plate temperatures are equalized.

When the integrator source is selected to be “Photovoltaic”
(PV) 50b, the sum 60 of the receiver’s voltage due to the
top half photoveoltaic cell array (28a in figure 4A) is
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compared to the sum 62 of the receiver’s voltage due to the
bottom half of the array (28b in figure 4B). The resultant
voltage is integrated 64, and the dish’s moved in elevation
until the receilver’s array generates a symmetric voltage.
This implies that the power generated in the top half of
the receiver 16 is the same as the power generated in the
bottom half of the receiver 16. This balance gives the

maximum power output.

The sun sensor congists of two light intensity sensors
placed on either side of a shadow means in the form of a
shadow plate. The shadow plate is aligned to the elevation
axis of the dish. When the integrator source is selected
to be “sun sensor” 50c, the difference between the top and
bottom light intensity outputs 66 and 68 respectively of
these sensors is integrated 70. This causes the dish to

align itself to the sun.

Elevation integrator source selector 48 also has an off

position 504,

In azimuth axis controller 32, the sun’s azimuth 72 is
calculated by the same computer program used to calculate
elevation 34. The result is converted to the required
number of turns of the azimuth drive of the dish 14 taking

into account the geometry of the dish structure.

The position command is applied to a feedback loop that
comprises an azimuth motor controller 74, an azimuth drive
motor 76, an azimuth feedback encoder 78 and first azimuth
adder 80. The feedback loop acts to ensure that the
difference in azimuth between the predicted sun position
(and therefore predicted dish position) and actual
dish/receiver position 82 relative to the direction of the
sun is zero. Thus, the azimuth axis to the dish will

follow the sun’s position as predicted by the PC.
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The azimuth integrator 84 serves to make gmall adjustments
to calculated solar positions to allow for the mechanical
tolerance of the dish structure and any asymmetric
behaviour of the optics of the dish 14 or of the receiver
16.

The azimuth integrator source is selected by means of an
azimuth integrator source selector 86. (In practice,
azimuth integrator source selector 86 and elevation
integrator source selector 48 may be combined into a single
source gelector.) When the source is selected to be
“thermal” 88a, the difference between the east and the west
flux modifier plate temperatures 90 and 92 respectively is
integrated 94 over time and applied as an offset to the
predicted sun azimuth 72 by second azimuth adder 96. This
causes the dish to move until the integrated value
approaches a ‘null’, that is, the east and west £lux

modifier plate temperatures are equalized.

When the integrator source is selected to be “Photovoltaic”
(PV) 88b, the sum 98 of the receiver’s voltage due to the
east half of the photovoltaic cell array (28c in figure 4C)
is compared to the sum 100 of the receiver’s voltage due to
the west half of the array (28d in figure 4D). The
resultant voltage is integrated 102, and the dish’s moved
in azimuth until the receiver’s array generates a symmetric
voltage. This implies that the power generated in the east
half of the receiver 16 is the same as the power generated
in the west half of the receiver 16. This balance gives

the maximum power output.

The azimuth sun sensor consists of two light intensity
sensors placed on either side of a shadow means in the form
of a shadow plate. The shadow plate is aligned to the
azimuth axis of the dish. When the integrator source is
selected to be “sun sensor” 88c, the difference between the

east and west light intensity outputs 104 and 106
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regpectively of these sensors is integrated 108. This
causes the dish to align itself to the sun.

Azimuth integrator source selector 86 also has an “off”

position 88d.

Referring to figures 5A and 5B, the selection of integrator
source is based on the following criteria. If the
temperature on any of the flux modifier plates 22a,b,c,d
exceeds a prescribed limit (typically 60° C), or there is
low electrical power being generated (below a praset
threshold limit) whilst the flux modifier plates are, say,
5° C higher than the coolant temperature, thermal mode is
selected and the control algorithm instructs the dish to
move the dish based on the flux modifier plate
temperatures. As mentioned above, the sgselection of the
mode and the switching thereto is performed automatically
by the control system, which chooses the appropriate mode

depending on the circumstances.

If the temperature on any of the flux modifier plates
22a,b,c,d does not exceed the prescribed limit and the
receiver 16 is generating electrical power above a preset
limit, PV mode is selected and the control algorithm
instructs the dish to move the dish 14 based on the

receiver PV module electrical output.

If neither of the above conditions exists but a sufficient
signal is available from the sun sensor, the sun sensor
mode is selected. This will align the dish/receiver to the
sun, but will not account for any asymmetry effecting the

output of the receiver 1l6.

If there is low electrical power being generated (below a
preset limit) the temperature on all of the flux modifier
plates 22a,b,c,d is less than, say, 5° C above the coolant

temperature, and there is ingufficient light intensity for
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the sun sensor to work, the integrator source will be zero.
Therefore, the integrator will maintain its previous value
from the PC/PLC and the dish is moved according to the

change in predicted values.

Modifications within the spirit and scope of the invention
may readily be effected by persons skilled in the art. It
ig to be understood, therefore, that this invention is not
limited to the particular embodimente described by way of

example hereinabove.

For the purpose of this specification the words
“comprising”, “comprige” or “comprises” are understood to
mean the inclusion of a feature but not necessarily

exclusion of any other feature.

It is to be understood that, if any prior art is referred
to herein, such reference does not constitute an admission
that that pricr art forms a part of the common general

knowledge in the art, in Australia or in any other country.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A solar tracking system for controlling the alignment
of a solar power generator with respect to the sun, said
generator having a solar radiation receiver comprising an
array of power generating photovoltaic cells for converting
solar radiation into electric current and a solar radiation
collector for collecting solar radiation and directing said
radiation towards said receiver, said system comprising:

at least first and second detectors for receiving
radiation from said collector and generating respective
first and second output signals according to their
respective exposure to solar radiation from said collector;

a comparison means for comparing said first and
second output signals and producing a comparison signal
indicative thereof; and

control means for controlling said alignment
according to said comparison signal;

wherein each of said detectors comprises one or

more of said photovoltaic cells of said receiver.

2. A system as claimed in claim 1, including four of said
detectors for generating respective first, second, third
and fourth output signals according to their respective

exposure to solar radiation from said collector.

3. A system as claimed in either claim 1 or 2, wherein
said collector includes auxiliary mirrors provided to

direct solar radiation towards said detectors.

4. A gystem as claimed in claim 1, wherein said receiver
further includes at least first and second thermal
detectors with thermal output signals indicative of the
heating of said respective thermal detectors when exposed

to said solar radiation, wherein said thermal detectors are
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at respective locations at the receiver periphery to be
exposed to a portion of said solar radiation from said
collector during normal operation of said generator and for
providing a measure of the alignment of said solar
radiation relative to said receiver, wherein said control
means is arranged to receive said thermal output signals,
to determine a temperature difference therefrom and to
control said alignment to impose a maximum acceptable
temperature difference, and to provide tracking on the
basis of said thermal output signals then in the event of
partial or total failure of the tracking control provided

by said photovoltaic detectors.

5. A system as claimed in any one of the preceding claims,
wherein said comparison means is operable to control said

alignment to maximize the sum of said output signals.

6. A system as claimed in any one of the preceding claims,
including at least one shadow means for casting a shadow
onto said respective detectors, wherein in use the area of
said shadow on each detector depends on the alignment of
said instrument so that said output signals are more highly
sengitive to misalignment of said detectors with respect to

said solar radiation.

7. A system as claimed in any one of the preceding claims,
including a solar position predictor, for predicting the

position of the sun on the basis of either a look-up table
of solar positions or a solar position algorithm, and said
control means is operable to employ said predicted position

in controlling said alignment of gaid generator.

8. A system as claimed in any one of the preceding claims,
including four detectors, each of which comprises a grid of

photovoltaic cells of said array.
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9. A system as claimed in any one of the preceding claims,
wherein said system is operable to control said alignment

to maximize said electric current.

10. A method of solar tracking for controlling the
alignment of a solar power generator with respect to the
sun, said generator having a solar radiation receiver
comprising an array of power generating photovoltaic cells
for converting solar radiation into electric current and a
solar radiation collector for collecting solar radiation
and directing said radiation towards said receiver, said
method comprising:

locating at least first and second detectors for
receiving radiation from said collector, the first and
second detectors generating respective first and second
output signals according to their respective exposure to
solar radiation from said collector;

comparing said first and second output signals
and producing a comparison signal indicative thereof; and

controlling said alignment according to said
comparison;

wherein each of said detectors comprigses one or

more of said photovoltaic cells.

11. A method as claimed in claim 10, including predicting
the position of the sun on the basis of either a look-up

tablevof solar positions or a solar position algorithm, and
employing said predicted position in controlling said

alignment of said instrument.

12. A method as claimed in either claim 10 or 11,
including employing four detectors, each of which comprises

a grid of detector elements.
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13. A solar tracking system substantially as hereinbefore

described with reference to the accompanying drawings.

14, A method of solar tracking substantially as
hereinbefore described with reference to the accompanying

drawings.

Dated this 26th day of June 2006
SOLAR SYSTEMS PTY LTD

By their Patent Attorneys
GRIFFITH HACK
Fellows Institute of Patent and

Trade Mark Attorneys of Australia
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2.5 Lasich J.B., 2001, “Solar Mirror Testing and
Alignment”, Patent No. 2002244529B2, Australia
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ABSTRACT

The invention provides a method of aligning each of a
plurality of mirrors within an array, comprising: 1)
determining a preferred pattern of light reflection from
the array; 2) obtaining a characterization of the shape of
each of the mirrors; 3) simulating the array and light
reflection therefrom on the basis of the characterizations,
and comparing the simulated light reflection with the
preferred pattern of light reflection; and 4) varying the
simulated array and repeating step 3) until the simulated
light reflection is within acceptable tolerances of the
preferred pattern of light reflection.



05 Nov 2007

2007231815

AUSTRALIA

Patents Act 1990

COMPLETE SPECIFICATION

Standard Patent

Applicant:

Solar Systems Pty Ltd

Invention Title:

SOLAR MIRROR TESTING AND ALIGNMENT

The following statement is a full description of this invention,

including the best method for performing it known to us:



05 Nov 2007

2007231815

10

15

20

25

30

35

SOLAR MIRROR TESTING AND ALIGNMENT

RELATED APPLICATION
This application is divided from patent application no.
2002244529 filed 3 April 2002, the content of which is

incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

The present invention relates to a system and method for
characterizing the shape of a mirror for use in, for
example, a solar power generation system, and for employing
such mirrors characterizations in, for example, aligning
each of a plurality of such mirrors within an array for use
as a solar concentrator or in a solar power generation

system.

BACKGROUND OF THE INVENTION

Typically, existing methods for testing mirrors reflect
light from the mirror and then adjust the mirror, such as
by grinding or mechanical adjustment of a mirror support,
until the pattern of light so reflected meets some |
predetermined standard. However, doing so can be time
consuming and adds expense to the manufacture of the

mirror.

SUMMARY OF THE INVENTION
In a first broad aspect, the present invention provides a
method of aligning each of a plurality of mirrors within an
array, comprising:

1) determining a preferred pattern of light
reflection from the array;

2) obtaining a characterization of the shape of
each of the mirrors;

3) simulating the array and light reflection
therefrom on the basis of the characterizations, and
comparing the simulated light reflection with the preferred

pattern of light reflection; and
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4) varying the simulated array and repeating step
3) until the simulated light reflection is within
acceptable tolerances of the preferred pattern of light

reflection.

The preferred pattern of light reflection from the array
preferably includes preferred patterns of light reflection

for each mirror in the array.

Thus, there may be a need to produce a certain “shape” of
beam at the focus of a set of mirrorgs. This shape is
dictated by the needs of the optical receiver placed at the
focus. Owing to production constraints, mirrors (such as
those for solar concentrators in solar power generation
systems) do not have perfect optical surfaces, so the
theoretical alignment of a set of mirrors will not produce
the anticipated result. Rather than attempting to improve
production quality, the present invention determines the
character of each mirror, and determines how each mirror
should be oriented to produce a composite, reflected light

beam that is substantially as prescribed.

Step 4) may comprise varying the simulated orientation of
one or more mirrors, or varying the simulated location
within the array of one or more mirrors, or both varying
the simulated orientation of one or more mirrors and
varying the simulated location within the array of one or

more mirrors.

Preferably obtaining the characterization of each of the

mirrors includes characterizing each of the mirrors.

Preferably the method includes obtaining the
characterization of the shape each of the mirrors by
characterizing each of a plurality of characterization
locations on the respective mirror by observing reflection

of a respective light beam from each of the locations (for
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example as described in Australian patent application no.
2002244529 filed 3 April 2002).

Preferably the method includes simulating the location of
each respective mirror within the array such that mirrors
more closely approximating a theoretical shape are located
closer to a centre of the array than mirrors less closely
approximating the theoretical shape. For example, if the
mirrors are designed to be spherical mirrors, those closest
to spherical would be located at the edge of the array
(where deviations from spherical would have the greatest
deleterious effect owing to higher angles of incidence) and
those furthest from spherical would be located at the

centre of the array.

In one embodiment, step 1) includes determining preferred
patterns of light reflection for each mirror in the array,
and the method includes subsequently:

5) reflecting light from each of the mirrors and
observing reflected light therefrom;

6) comparing the reflected light with the
preferred pattern of light reflection for each respective
mirror; and

7) varying the location, orientation or both
location and orientation of one or more of the mirrors and
repeating steps 5) and 6) until for each mirror the light
reflection is within acceptable tolerances of the preferred

pattern of light reflection from the respective mirror.

Preferably the array of the mirrors is for use in an energy

conversion system, such as a solar power generation system.

In a second broad aspect, the present invention provides an
apparatus for determining an alignment each of a plurality
of mirrors within an array, comprising computational means
(such as a computer provided with a computer program) for

performing the method of aligning each of a plurality of
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mirrors within an array as described above.

In a third broad aspect, the present invention provides a
method of aligning a mirror, comprising:

1) determining a preferred pattern of light
reflection from the mirror;

2) obtaining a characterization of the shape of
the mirror;

3) simulating the mirror and light reflection
therefrom on the basis of the characterization, and
comparing the simulated light reflection with the preferred
pattern of light reflection; and

4) adjusting a simulated orientation of the
mirror and repeating step 3) until the simulated light
reflection is within acceptable tolerances of the preferred

pattern of light reflection.
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BRIEF DESCRIPTION OF THE DRAWINGS

In order that the present invention may be more ciearly
ascertained, an embodiment will now be described, by way of
example, with reference to the accompanying drawing, in
which:

Figure 1 is a schematic side view of an apparatus
for determining the figure of a mirror according to one
embodiment of the present invention;

Figure 2 is a schematic top view of the apparatus

for determining the figure of a mirror of figure 1; and
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Figure 3 is a view of a solar power generator
with an array of the type to be simulated by the simulation

program of the apparatus of figure 1.

DETAILED DESCRIPTION OF THE INVENTION

An apparatus for determining the figure of a mirror
according to one embodiment of the present invention is
shown generally at 10 in figures 1 and 2 with a mirror 12,
Figure 1 is a side view of the apparatus 10, which includes
a bank 14 of laser sources, a detecting surface in the form
of target screen 16, a digital camera 18 and a data
collection computer 20. Figure 2 is a top view, in which
the individual laser sources 22a, 22b, etc. constituting
the bank 14 of laser sources are shown. The mirror 12 is
supported on a simple stand (not shown), while the target
screen 16 and the laser sources 22a, 22b, etc. are mounted
on a servo-motor driven, vertically translatable mount
(also not shown), so that they can be translated vertically
in concert. The laser sources 22a, 22b, etc. are mounted
such that their respective laser beams 24a, 24b, 24c, etc.

are horizontal.

In use, the bank 14 of laser sources is slowly translated
downwards. The laser beams 24a, 24b, 24c, etc. are
reflected by the test mirror 12 onto the target screen 16.
Periodically a screen grab is collected from the output of
the camera 18; at the same time, the instantaneous
locations of the laser sources 22a, 22b, etc. are also
collected. Those locations are obtained from the servo-
motor controller (not shown) controlling the servo-motor,

and from the known geometry of the apparatus 10 overall.

At each measurement, the location on the test mirror 12 at
which each beam 24a, 24b, etc. impinges the mirror 12 can
be deduced from the locations of the laser sources 22a,
22b, etc., in view of the horizontal nature of the beams

24a, 24b, etc. From this information and the locations at
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which each reflected beam intersects the target screen 16
may be deduced the gradient of the mirror at each location
at which a beam was incident when a measurement was made.
Consequently, the angle of reflection for any angle of
incidence can subsequently be predicted for each of these

locations,

It should be noted that as, in this embodiment,
measurements are made progressively as the laser
source/target screen assembly is translated vertically, the
locations on the mirror 12 at which gradients are obtained
are arranged in a grid of rows and columns (though, where
the mirror 12 is curved - as shown in figures 1 and 2, this

grid will also be curved in space).

When this procedure has been completed, the behaviour of
the mirror 12 in reflecting light from, say, the sun can be
predicted. The apparatus includes a simulation program
(not shown) running on computer 20 or on another computer

networked to computer 20.

For a mirror 12 (such as a spherical mirror that might be
employed in a solar power generation system), it may be
desirable to predict how light falling on the mirror 12
will be focussed or reflected. Consequently, the
simulation program receives the gradient values for the
mirror 12, and calculates the intensity distribution of
solar radiation (comprising an essentially broad but
parallel incident beam) after reflection from the mirror,
typically at a predetermined distance from the mirror
corresponding to the location of, for example, a solar
collector. The simulation program can perform this
simulation on the basis of light rays impinging on the
mirror at the locations on the mirror‘s surface at whic

these gradient values have been determined.

Optionally the simulation program performs the simulation
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with additional simulated rays impinging the mirror at the
locations other than where gradient values have been
determined. It does this by treating each measured
location as being at the centre of a flat, essentially
rectangular region. The regions are rectangular owing to
the regular spacing of the locations at which the gradient
values have been obtained. Even though the mirror may be
curved, this approximation should generally be acceptable
provided that the size of the regions (determined by the
spacing of the gradient measurements) are relatively small.
The spacing of the gradient measurements can be selected to

ensure that this approximation is acceptable,

Subsequently, if the intensity distribution is less than
adequate, the simulated orientation of the mirror can be
adjusted and the intensity distribution recalculated by the
simulation program. This can be repeated until an optimal

or acceptable intensity distribution is obtained.

The simulation program can also be used to simulate an
array of two or more such mirrors, such as an array of
mirrors for a solar power generator. Such a solar power
generator is illustrated generally at 30 in figure 3. The
generator includes an array 32 of mirrors 34 and a
collector 36 (comprising a square array of photovoltaic
cells) approximately at the focus of the array 32. Once a
grid of gradient values has been determined for each mirror
and provided to the simulation program, the simulation
program simulates the desired array by treating each mirror
as being at a simulated lcocation and orientation within the
array. The intensity distribution of the array can then be

simulated as described above for a single mirror.

One possible preferred simulation produces a substantially
even intensity distribution over the collector so that, in
an actual solar power generator, the energy is distributed

and the collector does not develop hot-spots.
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The simulated orientations of any of the mirrors can then
be adjusted and/or the simulated locations of one or more
mirrors can be modified, until the desired or an acceptable

intensity distributiaon is obtained.

In running the simulation program, the mirrors simulated as
located towards the periphery of the array of mirrors are
preferably those which, when their gradient values were
determined, to most closely conform to the design
specifications for the mirrors. For example, if the
mirrors were intended to approximate spherical mirrors,
those most closely spherical would be simulated as at the
edge of the array of mirrors, where higher angles of
incidence of sunlight will occur. Greater deviations from
the intended spherical shape can be tolerated in individual
mirrors where low angles of incidence (near the centre of

the array) are expected.

If the array is to be installed in an actual installation
(such as a solar concentrator of a Bolar power generator),
each mirror in the array of mirrors can, according to the
present invention, be aligned using a laser source or group
of laser sources with respect to a target placed at or near

the focal region of the array.

The array is assembled according to the results of the
simulation. Then, at the installation site, the array is
located with its optical axis pointing upwards, and with
the laser source or group of laser sources suspended above
the array such that their beams point vertically downwards.
The laser source or sources are shone onto each mirror in
turn and the pattern of reflected light on the target
observed. The orientation of each mirror is then adjusted
until the pattern on the target agrees to an acceptable
degree with that predicted in the simulation for that

mirror. As the simulation sought to define locations and
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orientations for the mirrors to provide the optimal
reflected intensity distribution or “focal shape” for
energy conversion (in the case of a solar concentrator),
this field alignment technique should ensure that that

optimal arrangement is achieved.

Modifications within the spirit and scope of the invention
may readily be effected by persons skilled in the art. It
is to be understood, therefore, that the invention is not
limited to the particular embodiments described by way of

example hereinabove.

For the purpose of this specification the words
“comprising”, “comprise” or “comprises” are understood to
mean the inclusion of a feature but not necessarily

exclusion of any other feature.

It is to be understood that, if any prior art is referred
to herein, such reference does not conatitute an admission
that that prior art forms a part of the common general

knowledge in the art, in Australia or in any other country.
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CLAIMS:

1. A method of aligning each of a plurality of mirrors
within an array, comprising:

1) determining a preferred pattern of light
reflection from said array;

2) obtaining a characterization of the shape of
each of said mirrors;

3) simulating said array and light reflection
therefrom on the basis of said characterizations, and
comparing said simulated light reflection with said
preferred pattern of light reflection; and

4) varying said simulated array and repeating
step 3) until said simulated light reflection is within
acceptable tolerances of said preferred pattern of light

reflection.

2. A method as claimed in claim 1, wherein said preferred
pattern of light reflection from said array includes
preferred patterns of light reflection for each mirror in

said array.

3. A method as claimed in either claim 1 or 2, wherein
step 4) comprises varying the simulated orientation of one
or more mirrors, or varying the simulated location within
said array of one or more mirrors, or both varying the
simulated orientation of one or more mirrors and varying
the simulated location within said array of one or more

mirrors.

4., A method as claimed in any one of the preceding claims,
wherein said obtaining a characterization of each of said

mirrors includes characterizing each of said mirrors.

5. A method as claimed in any one of the preceding claims,
including obtaining said characterization of the shape each

of said mirrors by characterizing each of a plurality of
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characterization locations on said respective mirror by

observing reflection of a respective light beam from each

of said locations.

6. A method as claimed in claim 1, including simulating
the location of each respective mirror within said array
such that mirrors more closely approximating a theoretical
shape are located closer to a centre of said array than

mirrors less closely approximating said theoretical shape.

7. A method as claimed in claim 1, wherein step 1)
includes determining preferred patterns of light reflection
for each mirror in said array, and the method includes
subsequently:

5) reflecting light from each of said mirrors and
observing reflected light therefrom;

6) comparing said reflected light with said
preferred pattern of light reflection for each respective
mirror; and

7) varying the location, orientation or both
location and orientation of one or more of said mirrors and
repeating steps 5) and 6) until for each mirror said light
reflection is within acceptable tolerances of said
preferred pattern of light reflection from said respective

mirror.

8. A method as claimed in any one of the preceding claims,
wherein said array of said mirrors is for use in an energy

conversion system.

9. A method as claimed in any one of the preceding claims,
wherein said array is for use in a solar power generation

system,

10. An apparatus for determining an alignment each of a
plurality of mirrors within an array, comprising

computational means for performing the method of aligning
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each of a plurality of mirrors within an array as claimed

in any one of claims one of the preceding claims.

11. An apparatus as claimed in claim 10, wherein said
apparatus comprises a computer provided with a computer

program.

12, A method of aligning a mirror, comprising:

1) determining a preferred pattern of light
reflection from said mirror;

2) obtaining a characterization of the shape of
said mirror;

3) simulating said mirror and light reflection
therefrom on the basis of said characterization, and
comparing said simulated light reflection with said
preferred pattern of light reflection; and

4) adjusting a simulated orientation of said
mirror and repeating step 3) until said simulated light
reflection is within acceptable tolerances of said

preferred pattern of light reflection.

13. A method of aligning each of a plurality of mirrors
within an array substantially as hereinbefore described by

reference to the accompanying drawing.

14. An apparatus for determining an alignment each of a
plurality of mirrors within an array substantially as
hereinbefore described by reference to the accompanying

drawing.

15. A method of aligning a mirror substantially as

hereinbefore described by reference to the accompanying

drawing.
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METHOD OF MANUFACTURING MIRRORS
FOR A DISH REFLECTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is the National Stage of International Application No.
PCT/AU02/00401, filed Mar. 28, 2002, and claims the benefit
of Australian Patent Application No. PR4037, filed Mar. 28,
2001.

The present invention relates to a method of manufacturing
mirrors.

The present invention relates more particularly to a method
of manufacturing mirrors for a dish reflector that forms part of
a system for generating electrical power from solar radiation.

The present invention relates more particularly to a method
of manufacturing mirrors for a dish reflector of an electrical
power generating system that includes:

(a) a receiver that inclndes a plurality of photovoltaic cells

that convert solar energy into electrical energy and an

- electrical circuit for the electrical energy output of the

photovaltaic cells; and

(b) a dish reflector that includes an array of mirrors, for

example a parabolic array of mirrors, that reflect solar
radiation that is incident on the mirrors towards the
photovoltaic cells.

Typically, the surface area of the mirrors that is exposed to
solar radiation is relatively large compared to the éxposed
surface area of the photovoltaic cells.

The present invention relates more particularly to a large
scale solar radiation-based electrical power generating sys-
tem of the type described above that is capable of producing

- substantial amounts of electrical power ready for condition-
ing to at least 20 kW of standard 3 phase 415 volt AC power,

Applications for such large scale power generating systems
include remote area power supply for isolated grids, grid-
connected power, water pumping, telecommunications,
crude oil pumping, water purification, and hydrogen genera-
tion,

One significant issue associated with development of a
commercially viable solar radiation-based electrical power
generating system of the type described above is to be able to
manufacture components of the system cost effectively in a
straightforward and uncomplicated manner and on a mass
production basis to a consistently high quality.

The mirrors of the dish reflector are one area that is par-
ticularly important in this regard.

A conventional method of manufacturing mirrors involves
locating relatively thick (of the order of 2 cm) flat shests of
glass into appropriately curved moulds and allowing the glass
to slump into the moulds and thereby adopt the curved shape.
There are quality issues associated with mirrors made by this
method, particularly as the size of the mirrors increases and
surface ripples and other irregularities resulting from slump-
ing a flat sheet into a curved sheet become more pronounced.
In addition, such mirrors tend to be susceptible to damage on
a large scale when exposed to hail and other extreme weather
conditions.

Anobject of the present invention is to provide a method of

manufacturing mirrors of a dish reflector that is straightfor-
ward, not complicated, and cost effective and can manufac-
ture mirrors on a mass production basis to a consistently high
quality.

According to the present invention there is provided a
method of manufacturing a mirror for a dish reflector of a
system for generating electrical power from solar radiation
which includes the steps of:
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(a) shaping a blank of a deformable material to have a
concave surface that is a required surface profile for a
mirror; and

(b) glueing, laminating or otherwise adhering together a
back surface of a sheet of reflective glass and the con-
cave surface of the shaped blank to form the mirror.

The applicant has found that the above-described method
makes it possible to manufacture lightweight mirrors of a
high quality and durability in a straightforward manner and
inexpensively when compared with the above-described con-
ventional slump glass method. The high quality and durabil-
ity is due to a number of factors. One factor is that the mirror
can be made from relatively thin glass, typically no more than
3mm, and it is possible to use high quality glass that has high
surface smoothness that is not affected by the method.
Another, aithough not the only, other factor is that thinner
glass is less susceptible to large scale damage due to hail
strike and damage tends to be confined to the regions of direct
contact.

Preferably step (b) includes pressing together the glass
sheet and the shaped blank and allowing a bond to form
between the glass sheet and the required concave surface.

The required concave surface may be any suitable surface.

By way of example, the required concave surface may be
part spherical, parabolic or hyperbolic.

Preferably step (a) of shaping the blank includes the steps
of:

(i) positioning the blank between two opposed curved
former surfaces, whereby positioning the blank between
the former surfaces so that the former surfaces contact
the blank deforms the blank so that the blank conforms
to the former surfaces;

{ii) while the blank is positioned in the former between the
former surfaces, cutting the blank along a pre-deter-
mined path of movement and separating the blank into
paits, each part having a cut surface; and

(iii) releasing the. parts of the blank from the former and
returning the parts to a state that the blank was in priorto
deforming the blank in step (i), with the result that the
cutsurface of atleast one of the parts defines the required
concave surface.

In a situation where the required concave surface is part
spherical, in one although not the only embodiment of the
present invention step (&) of shaping the blank includes the
steps of:

(i) positioning a blank of a deformable material between
two halves of a former, each half of the former having a
curved former surface that defines part of a cylinder,
whereby positioning the blank between the halves so
that the former surfaces contact the blank deforms the
blank so that the blank conforms to the curved former
surfaces and defines part of a cylinder, the longitudinal
axis of the cylinder deﬁnlng a first axis;

(ii) while the blank is positioned between the former
halves, cutting the blank along a cylindrical path of
movement in the direction of the first axis and separating
the blank into two parts, namely a first part and a second
part, each part having a cut surface, the longitudinal axis
of the cylindrical path of movement defining a second
axis, the second axis being perpendicular to the first axis,
and

(iii) releasing the parts from the former and returning the
parts to a state that the blank was in prior to deforming
the blank in step (i), with the result that the cut surfaces
of the parts define part spherical surfaces, with the first
part baving a concave surface and the second part having
a convex surface.
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With this embodiment, one option for step (b) includes
positioning the convex surface of the second part against the
front surface of the glass sheet, thereby sandwiching the glass
sheet between the first and second parts, and thereafter press-
ing the two parts together to form the bond between the glass
sheet and the first part,

With this embodiment, another although not the only other
option for step (b) includes positioning the first part and the
glass sheet in a press assembly that has a press member that
has a convex surface that is complimentary to the concave
surface of the first part, thereby sandwiching the glass sheet
between the press member and the first part, and thereafter
pressing the two parts together to form the bond between the
glass sheet and the first part.

In a situation where the required concave surface is part
spherical, in another although not the only other embodiment
of the present invention step (a) of shaping the blank includes
the steps of:

(i) positioning a blank of a deformable material between
two halves of a former, each half of the former having a
curved former surface that defines part of a sphere,
whereby positioning the blank between the halves so
that the former surfaces contact the blank deforms the
blank so that the blank conforms to the curved former
surfaces and defines part of a sphere;

(ii) while the blank is positioned between the former
halves, cutting the blank along a straight path of move-
ment and separating the blank into parts, and

(iii) releasing the parts from the former and returning the

parts to a state that the blank was in prior to deforming
the blank in step (i), with the result that the cut surface of
_at least one of the parts defines a part spherical surface.

The blank may be formed from any suitable material.

One such suitable material is polystyrene foam.

The blank may be any suitable shape.

One suitable shape is a quadrilateral prism.

Preferably the blank is a rectangular prism.

The dimensions of the blank depend in large part on the
mirror size required.

By way of example, in a situation where the required mirror
is a mirror with a square perimeter with 1.1m sides, it is
preferred that the blank be 1 m square and have a thickness of
70 mm. '

The mitror may be any suitable shape.

By way of example, the mirror may be square, hexagon,
rectangular, or circular.

Preferably the major dimension of the sides of the mirroris
at least 0.5 m. )

Preferably the mirror has a square perimeter with sides that
are at least 0.8 m long,

Preferably the thickness of the glass sheet is no more than
4 mm. '

More preferably the thickness of the glass sheet is no more
than 2 mm,

It is preferred particularly that the thickness of the glass
sheet be no more than 1 mm.

According to the present invention there is also provided a
system for generating electrical power from solar radiation
which includes:

(a) a receiver that includes a plurality of photovoltaic cells
that convert .solar energy into electrical energy and an
electrical circuit for transferring the electrical energy
output of the photovoltaic cells, and ]

(b) a dish reflector that includes an array of mirrors that
reflect solar radiation that is incident on the mirrors
towards the photovoltaic cells, the mirrors being manu-
factured by the above-described method.
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The present invention is described further by way of
example with reference to the accompanying drawings, of
which:

FIG. 1 is a perspective view of a preferred embodiment of
a system for generating electrical power from solar radiation;

FIG. 2 is a perspective view of a blank for use in a preferred
embodiment of a method of manufactaring mirrors for the
dish reflector of the system shown in FIG. 1;

FIG. 3 is a perspective view that illustrates a first step of the
method which includes positioning the blank between the two
halves of a former;

FIG. 4 is a perspective view that illustrates a second step of
the method which includes operating a wire cutter and cutting
the blank located in the former; and

FIG. 5 is a perspective view of one of the two parts of the
cut blank formed in FIG. 4.

The solar radiation-based electric power generating system
shown in FIG. 1 includes an array of mirrors 3 that reflects
solar radiation that is incident on the mirrors 3 towards a
plurality of photovoltaic cells (not shown) that form part of a
solar radiation receiver, generally identified by the numeral 7.

In the arrangement shown in FIG. 1 the array of mirrors is
parabolic, The array may be any other suitable shape.

The surface area of the mirrors 3 that is exposed to solar
radiation is substantially greater than the surface area of the
photovoltaic cells that is exposed to reflected solar radiation.

In use, the photovoltaic cells convert reflected solar radia-
tion into DC electrical energy.

The receiver7 includes an electrical circuit (not shown) for
the electrical energy output of the photovoltaic cells.

The mirrors 3 are mounted to a framework 9. The mirrors
3 and the framework define a dish reflector.

A series of arms 11 extend from the framework 9 to the
receiver 7 and locat the receiver as shown in the Figures.

The system further includes:

(a) a support assembly 13 that supports the dish reflector

and the receiver in relation to a ground surface and for
~ movement to track the Sun; and

{(b) a tracking system (not shown) that moves the dish

reflector and the receiver as required to track the Sun.

The photovoltaic cells of the receiver 7 are cooled by
coolant, preferably water, in order to minimise the operating
temperature and to maximise the performance (including
operating life) of the photovoltaic cells. The receiver 7 is

purpose-built to include a coolant circuit that supplies coolant

that cools the photovoltaic cells.

In the arrangement shown, the dish reflector includes 112
mirrors 3. Each mirror has a square perimeter with 1 m sides.
Each mirror 3 has a part spherical surface.

In accordance with the preferred embodiment of the
method of the present invention, each mirror 3 is formed by a
sequence of steps which includes:

(a) shaping abla  of a suitable material, such as polysty-

rene foam, to have a part spherical concave surface; and

(b) adhering a reflective glass sheet to the concave surface

of the shaped blank. ‘

The sequence of steps described in sub-paragraph (a) of the
preceding paragraph is partially illustrated in FIGS. 2-5.

FIG. 2 illustrates one suitable form of blank 33. The blank
33 is a rectangular prism having 1 m sides and a thickness of
60 mm, The blank 33 has parallel flat upper and lower sur-
faces 37,

With reference to FIG. 3, a first step of the method of
forming a mirror 3 includes locating the blank 33 between
two halves 39, 41 of a former assembly, generally identified
by the numeral 43.
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Each half 39, 41 of the former assembly 43 includes a
cylindrical surface 45 having a radius of the order of 16 m.

- Positioning the blank 33 so that it is sandwiched between
the hatves 39, 41 deforms the blank 33 from the shape shown
inFIG. 2 so that the blank 33 assumes a part cylindrical shape,
as shown in FIG. 3.

With reference to FIG. 4, a second step of the method of
forming a mirror 3 includes moving a wire cutter 47 along a
cylindrical path of movement through the deformed blank 33
and thereby cutting the blank into two parts, namely an upper
part and a lower part.

The cylindricai path is defined by cylindrical tracks 51
located on opposite sides of the former assembly 43. Opposite
ends of the wire cutter 47 are connected to guides 53 that are
mounted on the tracks 51. With this arrangement, movement
of the guides 53 along the tracks 51 constrains the wire cutter
to move in the cylindrical path defined by the tracks 51.

The cylindrical tracks 51 are positioned so that the axis of
the cylinder is perpendicular to the axis of the deformed blank
33.

After cutting the blank 33, the next step of the method
includes removing the two parts of the blank 33 from the
former assembly 43 and returning the parts to the undeformed
state, ie the original pre-former assembly state. Conse-
quently, the cut surfaces of the blank 33 form a concave
surface in one of the parts and a convex surface in the other of
the parts.

FIG. 5 illustrates the part, generally identified by the
numeral 49, that has the concave surface. In the Figure, the
concave surface is identified by the numeral 57.

The next step of the method of forming a mirror 3 includes
adhering a sheet of reflective glass (not shown) onto the
concave surface 57 of the part 49.

The mirror 3 may be adhered by any suitable means. By
way of example, the mirror 3 may be adhered by the use of a
suitable glue. By way of further example, the mirror 3 may be
adhered by the use of a suitable laminating compovnd.

The next step of the method of forming a mirror 3 includes
pressing together the glass cover sheet and the part 49 for a
period of time that is sufficient to allow a bond to form
between the two contacting Surfaces, thereby forming the
mirror 3.

The above-described method has a2 number of important
features. By way of example, the method is straightforward
and uncomplicated and makes it possible to mass produce
mirrors of consistent quality. using low capital cost equip-
ment.

Many modifications may be made to the preferred embodi-
ment of the method of the present invention that is described
above without departing from the spirit and scope of the
present invention.

The invention claimed is:

1. A methed of manufacturing a mirror for a dish reflector
of a system for generating electrical power from solar radia-
tion which includes the steps of:

(a) shaping a blank of a deformable material to have a
concave surface that is a required surface profile for a
mirror; and ‘

(b) adhering a back surface of a sheet of reflective glass to
the concave surface of the shaped blank to form the
mirror;
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wherein the concave surface is part spherical and step (a) of

shaping the blank further includes the steps of:

(i) positioning the blank between two halves of a former,
each half of the former having a curved former surface
that defines part of a cylinder, wherein the act of
positioning comprises positioning the blank between
the halves so that the former surfaces contact the
blank and deforms the blank so that the blank con-
forms to the curved former surfaces and defines part
of a cylinder, the longitudinal axis of the cylinder
defining a first axis;

(ii) while the blank is positioned between the former
halves, cutting the blank along a cylindrical path of
movement in the direction of the first axis and sepa-

- rating the blank into a first part and a second past, each
part having a cut surface, the longitudinal axis of the
cylindrical path of movement defining a second axis,
the second axis being perpendicular to the first axis,
and

(iif) releasing the parts from the former and returning the
parts to a state that the blank was in prior to deforming
the blank in step (i), with the result that the cut sur-
faces of the parts define part spherical surfaces, with
the first part having a concave surface and the second
part having a convex surface.

" 2. The method defined in claim 1 wherein step (b) includes
pressing together the glass sheet and the first part of the
shaped blank and allowing a bond to form between the glass
sheet and the concave surface.

3. The method defined in claim 1 wherein step (b) includes
positioning the convex surface of the second part against the
front surface of the glass sheet, thereby sandwiching the glass
sheet between the first and second parts, and thereafter press-
ing the two parts together to form the bond berween the glass
sheet and the first part. |

4, The method deﬁned in claim 1 wherein step (b) includes
positioning the first part and the glass sheet in a press assem-
bly that has a press member that has a convex surface that is
complimentary to the concave surface of the first part, thereby

40- sandwiching the glass sheet between the press member and

the first part, and thereafter pressing the two parts together to
form the bond between the glass sheet and the first part.

5. The method defined in claim 1 wherein the blank is
formed from polystyrene foam.

6. The method defined in claim 1 wherein the blank is a
quadrilateral prism.

7. The method defined in claim 1 wherem the blank is a
rectangular prism.

8. The method defined in claim 1 wherem the major dimen-
sion of the sides of the mirror is at least 0.5 m.

9. The method defined in claim 1 wherein the mirror has a
square perimeter with sides that are at least 0.8 m fong.

10. The method defined in claim 1 wherein the thickness of
the glass sheet is no more than 4 mm.

11, The method defined in ¢laim 1 wherein the thickness of
the glass sheet is no more than 2 mm.

12. The method defined in claim 1 wherein the thickness of
the glass sheet is no more than 1 mm.

LI I I e
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BYPASS DIODE FOR PHOTOVOLTAIC CELLS

RELATED APPLICATION

This application is based on and claims the benefit of the
filing date of US provigional application serial mno.
60/471342 filed 19 May 2003, the contents of which is

incorporated herein by reference in its entirety.

BACKGROUND OF THE INVENTION

The present invention relates to a bypass diode for a
photovoltaic cell, of particular but by no means exclusive
application in photovoltaic cell modules for use in solar

concentrators of solar photovoltaic power systems.

Multijunction solar cells are used in solar concentrator
photovoltaic power systems for generating power owing to
their high efficiency. Although such solar cells are
expensive, these efficiencies are sufficiently high to
render such arrangements economically feasible. However,
to maintain the reliability of such arrangements in which
multiple cells are arranged in series, it is desirable to
have a bypass diode for each cell in a series. The bypass
diode prevents overloading of its corresponding cell when
that cell has a reduced power output owing to poor
illumination or performance, or some other malfunction.
This allows the series of cells constituting a module to

continue operating.

The number of cells in series, which determines the bus
voltage, is usually greater than a hundred, so the
bypassing of a single, failed cell will result in a power
loss of 1% or less. The bypass diodes thus allow the
system to keep operating with minimal loss of output.

One existing system is illustrated in US Patent
No. 6,020,555, in which each cell is connected in parallel

with its corresponding bypass diode resulting in a series
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of diodes in parallel with a series of cells.

However, in existing arrangements, where the bypass diodes
are essentially adjacent to the cells, are unsuitable for
systems with closely packed cells, such as dish
concentrator or central receiver systems.

SUMMARY OF THE INVENTION
The present invention provides in a first aspect a
photovoltaic power module, comprising:

a substrate;

one or more photovoltaic cells mounted to the
substrate;

metallised zones constituting a circuit and
provided between the substrate and the photovoltaic cells,
the metallised zones being electrically and thermally
coupled to the photovoltaic cells; and

one or more bypass diodes each corresponding to a
respective one or more of the photovoltaic cells;

wherein each of the bypass diodes is located
between the substrate and the photovoltaic cells and at
least in part between respective conducting portions of
the metallised zones such that the respective bypass diode
defines an electrical path substantially parallel to the
substrate and wherein the metallised zones underlie a
substantial portion of each of the photovoltaic cells.

Preferably the circuit comprises a printed or laminated
circuit and each of the bypass diodes is located between
and in a common plane with neighbouring metallised zones
of the printed or laminated circuit.

Alternatively, however, if it is not possible to obtain or
employ diodes that are sufficiently thin to be
accommodated by one of the metallised zones (which may
have a thickness of only 0.3 mm) the substrate may include
one or more recesses that at least partially (though
conceivably wholly) accommodate the diodes (preferably one
diode per recess). Thus, in this embodiment the diodes
are also between the substrate and the cells (there still

N:\Melboume\C ases\Patenti63000-63999\P63776 AU\Specis\P63776.AU Speuiﬁi:alion 2008-10-29 doc 13/11/08
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being substrate material on the side of the diodes
opposite the cells), but the diodes are also at least to
some extent surrounded by substrate material.

Preferably the conducting portions of the circuit (in one
embodiment the metallised zones) fit or accommodate the
diodes. Preferably the terminals of each of the diodes
are metallised to complement the shape of the conducting
portions.

The present invention provides in a further aspect a
method of bypassing one or more photovoltaic cells in a
photovoltaic power module, comprising:

locating one or more bypass diodes, each
corresponding to a respective one or more of the
photovoltaic cells, between the photovoltaic cells and a
substrate of the module, and ‘at least in part between
conducting portions of metallised zones constituting a
circuit provided on the substrate between the substrate
and the photovoltaic cells, such that the bypass diodes
define respective electrical paths substantially parallel
to the substrate;

electrically and thermally coupling the
metallised zones to the photovoltaic cells such that the
metallised zones underlie a substantial portion of each of
the photovoltaic cells; and

electrically coupling the bypass diodes to the
metallised zones with the bypass diodes arranged to bypass
a corresponding one or more photovoltaic cells if a
voltage across the corresponding one or more photovoltaic
cells drops below a predetermined level or is reversed.

Preferably the circuit is a printed or laminated circuit.
Preferably each of the diodes is located between and in a
common plane with neighbouring metallised zones of the
circuit.

Preferably the method includes contouring portions of the
circuit (in one embodiment the metallised zones) to fit
the diodes. Preferably the terminals of each of the

N:Melboume\Cases\Palen\63000-63999\PE3776 AU\Spacis\P63776.A Specification 2008-10-29.doc 13/11/08
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diodes are metallised to complement the shape of the
conducting portions.

In one embodiment, the method includes providing one or
more recesses in the substrate for at least partially (and
in some cases wholly) accommodating the diodes (preferably
one diode per recess). Thus, in this embodiment the
diodes are located between the cells and the substrate
(there still being substrate material on the side of the
diodes opposite the cells), but the diodes are also at
least to some extent surrounded by substrate material.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the present invention may be more clearly
ascertained, embodiments will now be described by way of
example, with reference to the accompanying drawing, in
which:

Figure 1 is a cross-sectional view of a portion
of a photovoltaic module according to an embodiment of the
present invention;

Figure 2 is a schematic plan view of a bypass
diode and adjacent metallised circuit of the module of
figure 1;

Figure 3 is a plan view comparable to figure 2
but more closely to scale of the bypass diode and adjacent
metallised circuit of the module of figure 1; and

Figure 4 is a cross-sectional view of a portion
of a photovoltaic module according to another embodiment
of the present invention.

DETAILED DESCRIPTION

A representative detail of a photovoltaic module according
to an embodiment of the present invention is shown in
cross-section at 10 in figure 1. The module includes an
insulating substrate 12 with a thickness of 0.6 mm. The
substrate 12 forms part of a printed circuit comprising
the substrate 12 and metallised zones 14. The metallised
zones 14 have a thickness of approximately 0.3 mm.

N WMeiboume\Cases\Patenl\63000-63999\P63776 ALNSpecis\P63776 AU Spacification 2008-10-29.¢oc 13/11/08
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Each of a plurality of photovoltaic cells 16 is soldered
to the metallised zones 14 by means of solder 18 (shown
hashed in the figure). For each solar cell 16, a bypass
diode 20 with terminals 222 and 22b is provided betwsen
that cell 16 and the substrate 12, Each cell 16 is
connected in parallel across its respective bypass diode
20.

The diode 20 is electrically coupled to the appropriate
portions of the metallised zones 14 of the circuit board
by solder 18, so that it is in parallel with the
corresponding cell 16.

In an alternative embodiment, the photovoltaic module
includes a plurality of groups of cells. BEach group of
cells is then provided with a bypass diode 20, and the
group of cells is connected in parallel with its

corresponding bypass diode 20.

Each bypass diode 20 has a thickness approximately equal
to or somewhat less than that of the metallised zones 14,
hence also approximately equal to or somewhat less than
0.3 mm. The bypass diodes 20 thus do not increase the
thickness of the module 10 and, being beneath the cells
16, do not restrict how closely the cells 16 can be packed
in the module 10.

It is envisaged that, during manufacture, the diodes 20
would be positioned on the solder paste printed substrate
12, after which the solar photovoltaic cells 16 would be
placed over the diocdes 20 onto the metallised zones 14.
In this manner the diode is integrated into the closely
packed module 10 without requiring additional diode space
around the photovoltaic cells 16.

Figure 2 is a plan view of cross-section AA from figure 1,

through the plane of the metallised zones 14 and the diode



WO 2004/102678 PCT/AU2004/000667

10

15

20

25

30

35

- 6 -

20, with the alignment of solar cell 16 (or, in an
alternative embodiment, cell 16 and adjacent cells 16’ and
16”) shown by means of a dotted lines. 1In this (plan)
view, it will be apparent how the metallised zones 14 are
shaped to accommodate the diode 20 and, in particular,
terminals 22a and 22b of diode 20. Solder 18 establilshes
the necessary electrical contact between the diode 20 and
the metallised zones 14 of the circuit board.

The device is shown schematically for the sake of clarity.
In reality, the diode 20 is smaller than it appears
compared with the metallised zones 14. Thus, the gap
between the metallised zones 14 would typically be about
0.7 mm, widening to about 1.5 mm to accommodate the diode
20. Thus, the area without metal for the cells to be
soldered to is small.

The width (from left to right in this view) of the
metallised zones 14 would typically be about 15 mm, while
the width (from top to bottom in thisg wview) of cell 16
would typically be about 10 mm. Neighbouring solar cells
(16, 167, 16") are thus very close.

Figure 3 is comparable to figure 2, but more closely to
scale so that a better idea of the relative sizes of the

diode, cells and metallised zones can be ascertained.

Figure 4 is a cross-sectional view (comparable to that of
figure 1) of a representative detail 30 of a photovoltaic
module according to an alternative embodiment. In this
figure, like reference numerals have been used to identify
like features when compared with the embodiment of figure
1.

As in the embodiment of figure 1, the diode module of this
embodiment includes an insulating substrate 32 with a
thickness generally of 0.6 mm. The substrate 32 forms
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part of a printed circuit comprising the substrate 32 and
metallised zones 1l4. The metallised zones 14 have a
thickness of approximately 0.3 mm. However, bypass diode
34 (with terminals 36a and 36b) has a thickness greater
than that of diode 20 of figure 1 and hence greater than
that of metallised zones 1l4. Thus, a shallow recess 38 is
provided in substrate 32 in order to accommodate bypass
diode 34 to a depth sufficient to ensure that bypass diode
34 does not extend upwardly beyond the metallised zones
14, The solder 18 extends downwardly into the recess 38
to a sufficient extent to ensure good electrical contact
is made with terminals 36a and 36b.

This embodiment allows the use of diodes with a somewhat
greater thicknessg than in the embodiment shown in figure
1, which in some applications may be desirable or

necessary owing to diode availability or cost.

Thus, the bypass diode arrangement of this invention
allows one to minimize the impedance of thermal transfer
between the cell and the substrate. Such impedance -
particularly in high intensity or high power applications
— could otherwise seriously compromise performance or even
render the device impractical.

Modifications within the scope of the invention may be
readily effected by those skilled in the art. It is to be
understood, therefore, that this invention is not limited
to the particular embodiments described by way of example
here and above.

In the claims that follow and in the preceding description
of the invention, except where the context requires
otherwise owing to express language or necessary
implication, the word “ecomprise” or variations such as
“comprises” or “comprising” is used in an inclusive sense,

i.e. to specify the presence of the stated features but
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not to preclude the presence or addition of further

features in various embodiments of the invention.

Further, any reference herein to prior art is not intended
5 to imply that such prior art forms or formed a part of the
common general knowledge.
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CLAIMS:

1.

A photovoltaic power module, comprising:
a substrate;

one or more photovoltaic cells mounted to said

gubsgtrate;

metallised zones constituting a circuit and

provided between said substrate and said photovoltaic

cells, said metallised zones being electrically and
thermally coupled to said photovoltaic cells; and

one or more bypass diodes each corresponding to a

respective one or more of said photovoltaic cells;

wherein each of said bypass diodes is located

between said substrate and said photovoltaic cells and at

least in part between respective conducting portions of

said metallised zones such that said respective bypass
diode defines an electrical path substantially parallel to
said substrate and wherein said metallised zones underlie

a substantial portion of each of said photovoltaic cells.

2.

A photovoltaic power module as claimed in claim 1,

wherein said circuit comprises a printed or laminated

circuit and each of said bypass diodes is located between
and in a common plane with neighbouring metallised zones

of said printed or laminated circuit.

3.

A photovoltaic power module as claimed in either claim

1 or 2, wherein each of said bypass diodes has a thickness
that is substantially equal to or less than the thickness
of said metallised zones.

4.

A photovoltaic power module as claimed in any one of

the preceding claims, wherein the substrate includes one

or more recesses that at least partially accommodate the

bypass diodes.

5.

A photovoltaic power module as claimed in any one of

N:\WMelboume\Cases\Patent\€3000-63339\PE3776. AUNSpecis\P63776.AU Specification 2008-10-29.doc 13/11/08
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the preceding claims, wherein the conducting portions have
contours that fit or accommodate said bypass diodes.

6. A photovoltaic power module as claimed in any one of
the preceding claims, wherein each of said bypass diodes
has metallised terminals that complement the shape of said
conducting portions.

7. A photovoltaic power module as claimed in any one of
the preceding claims, wherein said bypass diodes do not
protrude towards said photovoltaic cells beyond said
metallised zones.

8. A photovoltaic power module as claimed in any one of
the preceding claims, wherein each of said bypass diodes
are thermally coupled to said metallised zones via at
least two cooling paths.

9. A photovoltaic power module as claimed in any one of
the preceding claims, wherein an electrically conductive
bonding material is provided between said photovoltaic
cells and said metallised zones that electrically couples
said photovoltaic cells to said metallised zones, and said
bypass diodes are below a plane defined by an upper
surface of said electrically conductive bonding material.

10. A photovoltaic power module as claimed in claim 9,
wherein said electrically conductive bonding material
bonds said substrate to said bypass diodes.

11. A photovoltaic power module as claimed in any one of
the preceding claims, wherein said bypass diodes have
lower faces below a plane defined by an upper surface of
said metallised zones.

12. A photovoltaic power module as claimed in any one of
the preceding claims, wherein said bypass diodes have

N:\Melboume\Cases\Patent\63000-63399\P63776 AU\Specis\PE3776 AU Specification 2008-10-29.doc 13/11/08
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lower faces proximate an upper surface of said substrate.

13. A photovoltaic power module as claimed in any one of
the preceding claims, wherein each of said bypass diodes
has a thickness that is substantially equal to the
thickness of said metallised zones.

14. A solar concentrator including a photovoltaic power
module as claimed in any one of claims 1 to 13.

15. A method of bypassing one or more photovoltaic cells
in a photovoltaic power module, comprising:

locating one or more bypass diodes, each
corresponding to a respective one or more of said
photovoltaic cells, between said photovoltaic cells and a
substrate of said module, and at least in part between
conducting portions of metallised zones constituting a
circuit provided on said substrate between said substrate
and said photovoltaic cells, such that said bypass diodes
define respective electrical paths substantially parallel
to said substrate;

electrically and thermally coupling said
metallised zones to said photovoltaic cells such that said
metallised zones underlie a substantial portion of each of
said photovoltaic cells; and

electrically coupling said bypass diodes to said
metallised zones with said bypass diodes arranged to
bypass a corresponding one or more photovoltaic cells if a
voltage across said corresponding one or more photovoltaic
cells drops below a predetermined level or is reversed.

16. A method as claimed in claim 15, wherein the circuit

is a printed or laminated circuit.

17. A method as claimed in either claim 15 or 16,
including locating each of said bypass diodes between and
in a common plane with neighbouring metallised zones of

N:\Malboume\Ceses\Patent\63000-63999\P63776 AU\Spacis\P637 76.AU Specification 2008-10-29.doc 13/11/08
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said circuit.

18. A method as claimed in any one of claims 15 to 17,
including providing each of said bypass diodes with a
thickness that is substantially equal to or less than the
thickness of said metallised zones.

19. A method as claimed in any one of claims 15 to 18,
including providing said substrate with one or more
recesses for at least partially accommodating said bypass
diodes.

20. A method as claimed in any one of claims 15 to 19,
including contouring portions of the circuit to fit or

accommodate said bypass diodes.

21. A method as claimed in any one of claims 15 to 20,
wherein each of said bypass diodes has metallised

terminals that complement the shape of said conducting
portions.

22. A method as claimed in any one of claims 15 to 20,
comprising electrically coupling said photovoltaic cells
to said metallised zones with an electrically conductive
bonding material provided between said photovoltaic cells
and said metallised zones, and locating said bypass diodes
below a plane defined by a upper surface of said
electrically conductive bonding material.

23, A method as claimed in claim 22, comprising bonding
said substrate to said bypass diodes with said
electrically conductive bonding material.

24. A method as claimed in any one of claims 15 to 23,
comprising locating said bypass diodes with lower faces of
said bypass diodes below a plane defined by an upper
surface of said metallised zones.
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25. A method as claimed in any one of claims 15 to 24,
comprising locating said bypass diodes with lower faces of

said bypass diodes proximate an upper surface of said
substrate.

26. A method as claimed in any one of claims 15 to 25,
including providing each of said bypass diodes with a
thickness that is substantially equal to the thickness of
said metallised zones.

27. A photovoltaic cell as hereinbefore described with
reference to figures 1 to 3 or to figure 4 of the
accompanying drawings.

28. A method as hereinbefore described with reference to

figures 1 to 3 or to figure 4 of the accompanying
drawings.
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EXTRACTING HEAT FROM AN OBJECT

The present invention relates to an assembly for
extracting heat from an object.

The present invention relates generally to
extracting heat from objects in situations where high
rates of heat transfer are required in relatively confined

spaces with low energy input to extract the heat.

One such situation is the extraction of heat from
an array of photovoltaic cells in a concentrated solar
radiation-based electrical power generating system and the
present invention is described hereinafter, by way of
example, in the context of this application but is not

limited to this application.

Solar radiation-based electrical power generating

systems typically include:

(a) a receiver that includes (i) an array of
photovoltaic cells that convert solar energy into
electrical energy and (ii) an electrical circuit for
transferring the electrical energy output of the
photovoltaic cells; and

(b) a means for concentrating solar radiation

onto the photovoltaic cells of the receiver.

The present invention is applicable particularly,
although by no means exclusively, to large scale solar
radiation-based electrical power generating systems of the
type described above that are capable of producing
substantial amounts of electrical power ready for
conditioning to at least 20kW of standard 3 phase 415 volt
AC power.
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Applications for such large scale power
generating systems include remote area power supply for
isolated grids, mains grid-connected power, water pumping,
telecommunications, crude oil pumping, water purification,

and hydrogen generation.

One significant issue associated with the
development of commercially viable solar radiation-based
electrical power generating systems of the type described
above is being able to extract sufficient heat from the
photovoltaic cell array to facilitate long term
performance of materials of the cell array in situations

in which there is:

(a) exposure to extremely high intensity solar
radiation capable of producing high temperatures, i.e.
temperatures considerably above 1000°C;

(b) cycling between high and low intensities of

solar radiation;

(c) temperature variations between different

parts of the cell array; and

(d) different rates of thermal expansion of
different materials that make up the cell array and

associated components.

In large scale solar radiation-based electrical
power generating systems of the type described above the
photovoltaic cells are exposed to solar radiation
intensities of at least 200 times the intensity of the Sun
during optimum operating conditions. In addition, the
photovoltaic cells are subjected to significant cyeling
between extremely high and low levels of solar radiation
and to variations in solar radiation intensity across the

surface of the receiver.
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International application PCT/AU02/00402 in the
name of the applicant discloses a receiver of a solar
radiation-based electrical power generating system that
includes a plurality of cell modules that are connected
together electrically. The International application
discloses that each module includes a plurality of
photovoltaic cells and a particular form of an assembly

for extracting heat from the array of photovoltaic cells.

An object of the present invention is to provide
an alternative heat extraction assembly for a cell array
that makes it possible for the cell array to be
sufficiently cooled to withstand long term exposure to
extremely high intensities of solar radiation, cyecling
between extremely high and low intensities of solar
radiation, temperature variations between different
sections of components of the modules and the receiver,
and different rates of thermal expansion of different
materials that make up the cell array.

In general terms, the present invention provides
a photovoltaic cell module for a receiver of solar
radiation-based electrical power generating system. The
module includes an assembly for extracting heat from the
photovoltaic cells. The heat extraction assembly includes
a coolant chamber positioned behind and in thermal coantact
with the exposed surface of the photovoltaic cells. The
coolant chamber includes an inlet for a coolant and an
outlet for heated coolant. The heat extraction assembly
also includes a plurality of beads, rods, bars or balls of
high thermal conductivity material in the coolant chamber
that are in thermal contact with the photovoltaic cells
and each other and together have a large surface area for
heat transfer and define a three dimensional labyrinth
within the coolant chamber that can conduct heat
therethrough away from the photovoltaic cell or cells to
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coolant flowing through the labyrinth from the inlet to
the outlet of the coolant chamber.

In more specific terms, according to the present
invention there is provided a photovoltaic cell module for
a receiver of solar radiation-based electrical power

generating system, the module including:

(a) one or more than one photovoltaic cell

having an exposed surface for solar radiationm;

(b) an electrical connection for transferring
the electrical energy output of the photovoltaic cell or

celle to an output circuit, and

(c) an assembly for extracting heat from the
photovoltaic cell or cells, the assembly including (i) a
housing positioned behind and in thermal contact with the
exposed surface of the photovoltaic cell or cells, the
housong including a base and side walls extending from the
base, with the base, the side walls and the photovoltaic
cell or cells defining a coolant chamber, and the housing
including an inlet for supplying a coolant into the
chamber and an outlet for discharging the coolant from the
chamber, and (ii) a coolant member located in the coolant
chamber in heat transfer relationship with the
photovoltaic cell or cells, the coolant member including a
plurality of beads, rods, bars or balls of high thermal
conductivity material that are in thermal contact and have
a large surface area for heat transfer and define a three
dimensional labyrinth that can conduct heat therethrough
away from the photovoltaic cell or cells via the
substantial number of heat transfer pathways formed by the
thermally connected beads, rods, bars or balls and has a
substantial number of coolant flow passages for a coolant
that, in use of the module, is supplied to the coolant
chamber via the inlet and flows through the coolant member
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and is discharged from the coolant chamber via the outlet.

The invention is a simple, economic, compact,
efficient heat sink based on a labyrinth of thermally
conductive material and voids with optimised ratios for
heat conductance located within a coolant chamber and
capable of extracting substantial amounts of heat from the
photovoltaic cell/cells. The labyrinth has a large
surface area for high heat transfer to the coolant, an
optimised void space to facilitate sufficient coolant flow
to remove concentrated heat energy from the photovoltaic
cell/cells with low pressure drop of coolant and
consequential low coolant pumping power required to
circulate the coolant. In particular, the heat sink of
the invention achieves necessary heat extraction from the
photovoltaic cell/cells within a significant constraint of
locating the heat sink wholly behind the projected cell
area and thereby allowing the exposed receiver area to be
entirely comprised of photovoltaic cell/cells. This space
constraint is not encountered with heat sinks used in
other non-solar energy applications and is a significant
constraint in the context of solar radiation-based

electrical power generating systems.

The applicant has found that the above-described
cell module, which is characterised by a substantial
number of heat transfer pathways formed by the thermally
contacting beads, rods, bars or balls and the substantial
number of coolant flow passages, is capable of extracting
significant amounts of heat generated by incident
concentrated solar radiation in an economical, efficient
and reliable manner. In particular, the applicant has
found that the labyrinth structure of the coolant member
makes it possible to direct heat energy progressively away
from the photovoltaic cell or cells and the beads, rods,
bars or balls of high thermal conductivity material and

thereafter to the coolant.
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Thus, the cell module addresses the significant
issue that a large portion of incident concentrated
radiation on photovoltaic cells of receivers of large
scale solar radiation-based electrical power generating
systems is not converted to electricity and manifests
itself as heat that would normally reduce the efficiency
of photovoltaic cells substantially by increasing their

operating temperature.

In particular, the applicant has found that the
above-described ceil module makes it possible to extract
sufficient heat generated by incident concentrated solar
radiation so that the temperature difference between the
inlet coolant temperature and the front faces of the
photovoltaic cells is less than 40°C, typically less than
30°C, more typically less than 25°C, and in recent test
work less that 20°C and that this result can be achieved
with a low pressure drop of coolant, typically less than
100 kPa, typically less than 60 kPa, and more typically
less than 40 kPa across the coolant inlet and coolant
outlet of the cell module. The low pressure drop is an
important consideration because it means that it is
possible to minimise the energy requirements for

circulating coolant through the module.

In one set of specific test work the applicant
has found that the above-described cell module could be
operated to maintain a temperature difference of 20.5°C
between the inlet coolant temperature and the front faces
of the photovoltaic cells and that under these operating
conditions 30 W heat per cm’ of exposed surface area of
cell was being removed from the above-described cell
module, 8.1 W electricity per cm® of exposed cell surface
area was generated by the module, and 6 W heat per cm® of
exposed surface area of cell was reflected by the module

as infrared radiation. The coolant flow path of the
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module 23 forms part of the coolant circuit. In total,
the cell had incident on it and processed a total of 44.1
W power (in the forms of heat, electricity, and infrared
radiation) per cm® of exposed surface area of cell.
Normally, an energy density of this level would produce
temperatures of at least 600°C and at these temperatures
the cell would be destroyed.

In addition, the applicant has found that the
above-described cell module can be manufactured relatively

inexpensively and with consistent performance.

Preferably the heat extraction assembly is
located wholly behind and does not extend laterally beyond
the exposed surface area of the photovoltaic cell or
cells.

Preferably the coolant member includes beads,
rods, bars or balls of high thermal conductivity material
that are thermally connected together by sintering the
beads, rods, bars or balls together. One advantage of
sintering over some other options for connecting the
beads, rods, bars or balls together is that there is
direct contact between the beads, rods, bars or balls and
the direct contact optimises heat transfer between the
beads, rods, bars or balls.

Preferably the surface area for heat transfer
provided by the beads, rods, bars or balls of high thermal
conductivity material is at least 5, and more preferably
at least 10, times the surface area of the front surface
of the mass of beads, rods, bars or balls of high thermal
conductivity material that are in direct contact with the
substrate. Consequently, the coolant member is a
particularly effective heat transfer member.

Preferably the coolant member at least
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substantially occupies the volume of the coolant chamber.

Preferably the coolant inlet is located in one
side wall of the housing or in the base of the housing in
the region of that side wall and the coolant outlet is
located in an opposed side wall or in the base in the

region of that side wall.

With this arrangement, preferably the coolant
member is shaped so that the coolant chamber includes a
manifold in fluid communication with the coolant inlet
extending along the inlet side wall and a manifold in
fluid communication with the coolant outlet extending
along the outlet side wall. The applicant has found in
test work that this arrangement of inlet and outlet
manifolds ensures that the pressure drop encountered
through any flow path parallel to the plane of the
photovoltaic cell or cells is substantially equal thereby
facilitating even cooling throughout the entire area of
the heat sink. This is an important issue in situations
where the heat extraction assembly is located wholly
behind and does not extend laterally beyond the surface
area of the photovoltaic cell or cells. Where the heat
sink extends laterally beyond the extent of the device

being cooled, even cooling is not an issue.

Preferably the housing includes a weir extending
upwardly from the base inwardly of the inlet side wall and
defining a barrier to coolant flow across the coolant

chamber from the coolant inlet.

Preferably the housing includes a weir extending
upwardly from the base inwardly of the outlet side wall
and defining a barrier to coolant flow from the coolant
chamber to the coolant outlet.

The applicant has found in test work that the
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weirs improve the distribution of coolant through the
coolant chamber and thereby minimise temperature
variations within the chamber and increase the overall
thermal conductance of the heat extraction assembly. In
particular, the weir on the inlet side causes preferential
flow of coolant from the inlet side away from the base and
towards the plane of the photovoltaic cell or cells and
thereafter parallel to the cell/cells towards the weir on
the outlet side. The weir on the outlet side
preferentially directs heated coolant flow away from the
cell/cells towards the base and from the housing. The end
result is that the weirs concentrate coolant flow in the
upper sections of the coolant chamber where maximum higher

levels of heat extraction are required.

Preferably the beads, rods, bars or balls of the
high thermal conductivity material have a major dimension
of 0.8 - 2,0 mm.

More preferably the beads, rods, bars or balls of
the high thermal conductivity material have a major

dimension of 0.8 - 1.4 mm.

Test work carried out by the applicant was based
on the use of cylindrical rods of 1.2 mm diameter and 1.3
mm length. The rods were formed by cutting 1.2 mm

diameter electrical wire.

Preferably the packing density of the beads,
rods, bars or balls of the high thermal conductivity
material decreases with distance away from the substrate.
This feature facilitates heat transfer away from the from
the photovoltaic cell or cells.

Preferably the coolant flow passages occupy

between 20 and 30 % of the volume of the coolant member.
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It is noted that in any given situation there is
a need to strike a balance between the volume occupied by
the beads, rods, bars or balls of high thermal
conductivity material (ie the heat sink capacity of the
coolant member), the amount of surface area for heat
transfer provided by the beads, rods, bars or balls (ie
the capacity of the coolant member to transfer heat to the
coolant), and the void space available for flow of the
coolant through the coolant member (ie the capacity of the
coolant member to allow coolant flow therethrough). The
volume and surface area of the beads, rods, bars or balls
and he void space are interrelated and may have a
competing impact on each other that needs to be considered
on a case by case basis when designing a coolant member

for a given situation.

Preferably the coolant member acts as a heat

sink.

The coolant member may be formed from any
suitable high thermal conductivity material.

Preferably the high thermal conductivity

material is copper or a copper alloy.

Preferably the copper or a copper alloy is

resistant to corrosion and/or erosion by the coolant.

Preferably the cell module includes a substrate
on which the photovotaic cell or cells are mounted and to
which the housing is mounted.

Preferably the substrate is formed from or
includes one or more than one layer of a material that is

an electrical insulator.

Preferably the substrate is formed from a
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material that has a high thermal conductivity.

One suitable material for the substrate is
aluminium nitride. This ceramic material is an electrical

insulator and has a high thermal conductivity.

Preferably the substrate includes a metallised
layer interposed between the photovoltaic cell or cells

and the electrical insulator layer or layers.

Preferably the substrate includes a metallised
layer interposed between the electrical insulator layer or

layers and the coolant member.

According to the present invention there is
provided a method of manufacturing the above-described

photovoltaic cell module that includes:

(a) forming the coolant member by supplying a
predetermined mass of plurality of beads, rods, bars or
balls of high thermal conductivity material into a mould
of a predetermined shape and thereafter heating the beads,
rods, bars or balls of high thermal conductivity material
and sintering the beads, rods, bars or balls of together
to form the coolant member;

(b) locating the coolant member in the housing:;

and

(c¢) mounting the photovotaic cell or cells to

the housing.
According to the present invention there is
provided a method of manufacturing the above-described

photovoltaic cell module that includes:

(a) forming the coolant member by supplying a
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predetermined mass of plurality of beads, rods, bars or
balls of high thermal conductivity material into the
housing and thereafter heating the beads, rods, bars or
balls of high thermal conductivity material and sintering
the beads, rods, bars or balls of together to form the
coolant member within the housing; and

(b) mounting the photovotaic cell or cells to
the housing, for example by soldering or sintering the
substrate to the housing.

Preferably the above-described methods include
grinding the surface of the coolant member that forms a
contact surface with the substrate to increase the surface
area of contact between the beads, rods, bars or balls of

high thermal conductivity material and the substrate.

According to the present invention there is
provided a method of manufacturing the above-described
photovoltaic cell module that includes forming the coolant
member by supplying a predetermined mass of plurality of
beads, rods, bars or balls of high thermal conductivity
material into the housing and locating the substrate on
the housing and thereafter heating the beads, rods, bars
or balls of high thermal conductivity material and
sintering the beads, rods, bars or balls of together to
form the coolant member within the housing and bonding the
coolant member to the housing and the substrate. One
advantage of this method is that there is a better
thermally conductive connection between the substrate and
the coolant member than is achieved with a soldered
connection.

According to the present invention there is also
provided a system for generating electrical power from

solar radiation which includes:
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(a) a receiver that includes a plurality of
photovoltaic cells for converting solar energy into
electrical energy and an electrical circuit for
transferring the electrical energy output of the
photovoltaic cells; and

(b) a means for concentrating solar radiation

onto the receiver; and

the system being characterised in that the receiver
includes a plurality of the above-described photovoltaic
cell modules, an electrical circuit that includes the
photovoltaic cells of each module, and a coolant circuit
that includes the heat extraction assembly of each module.

Preferably in use the coolant maintains the
photovoltaic cells at a temperature of no more than 80°C.

More preferably in use the coolant maintains the

photovoltaic cells at a temperature of no more than 70°C.

It is preferred particularly that in use the
coolant maintains the photovoltaic cells at a temperature

of no more than 60°C.

It is preferred more particularly that in use the
coolant maintains the photovoltaic cells at a temperature

of no more than 40°C.

Preferably the receiver includes a frame that

supports the modules in an array of the modules.

Preferably the support frame supports the modules
so that the photovoltaic cells form an at least
substantially continuous surface that is exposed to

reflected concentrated solar radiation.
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The surface may be flat, curved or stepped in a

Fresnel manner.

Preferably the support frame includes a coolant
flow path that supplies coolant to the coolant inlets of
the modules and removes coolant from the coolant outlets

of the modules.
Preferably the coolant is water.

Preferably the water inlet temperature is as cold

as can be obtained reasonably.

Typically, the water inlet temperature is in the
range of 10-30°C.

Typically the water outlet temperature is in the
range of 20-40°C.

Preferably the means for concentrating solar
radiation onto the receiver is a dish reflector that
includes an array of mirrors for reflecting solar
radiation that is incident on the mirrors towards the

photovoltaic cells.

Preferably the surface area of the mirrors of the
dish reflector that is exposed to solar radiation is
substantially greater than the surface area of the
photovoltaic cells that is exposed to reflected solar

radiation.

The present invention is described further by
way of example with reference to the accompanying

drawings, of which:

Figure 1 is a perspective view of a preferred

embodiment of a system for generating electrical power
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from solar radiation in accordance with the present

invention;

Figure 2 is a front view of the receiver of the
system shown in Figure 1 which illustrates the exposed

surface area of the photovoltaic cells of the receiver;

Figure 3 is a partially cut-away perspective
view of the receiver with components removed to illustrate
more clearly the coolant circuit that forms part of the

receiver;

Figure 4 is an exploded perspective view of an
embodiment of a photovoltaic cell module in accordance
with the present invention that forms part of the

receiver;

Figure 5 is a top plan view of the housing of

the cell module shown in Figure 4;

Figure 6 is a section along the line 5-5 of

Figure 5;

Figure 7 is a perspective view of another
embodiment of a housing of a photovoltaic cell module in

accordance with the present invention;

Figure 8 is a top plan view of the housing shown

in Figure 7; and

Figure 9 is a top plan view of another
embodiment of a housing of a photovoltaic cell module in

accordance with the present invention.

The solar radiation-based electric power
generating system shown in Figure 1 includes a parabolic
array of mirrors 3 that reflects solar radiation that is
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incident on the mirrors towards a plurality of
photovoltaic cells 5.

The cells 5 form part of a solar radiation
receiver that is generally identified by the numeral 7.

The general arrangement of the receiver 7 is

shown in Figures 2 and 3.

Figures 1 to 3 are identical to Figures 1 to 3
of International application PCT/AU02/00402 and the
disclosure in the Internatiomnal application is

incorporated herein by cross-reference.

The surface area of the mirrors 3 that is
exposed to solar radiation is substantially greater than
the surface area of the photovoltaic cells 5 that is
exposed to reflected solar radiation.

The photovoltaic cells 5 convert reflected solar

radiation into DC electrical energy.

The receiver 7 includes an electrical circuit
(not shown) for the electrical energy output of the
photovoltaic cells.

The mirrors 3 are mounted to a framework 9. The

mirrors and the framework define a dish reflector.
A series of arms 11l extend from the framework 9
to the receiver 7 and locate the receiver as shown in

Figure 1.

The system further includes:

(a) a support assembly 13 that supports the dish

reflector and the receiver in relation to a ground surface
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and for movement to track the Sun; and

(b) a tracking system (not shown) that moves the
dish reflector and the receiver as required to track the
Sun.

The receiver 7 also includes a coolant circuit.
The coolant circuit cools the photovoltaic cells 5 of the
receiver 7 with a coolant, preferably water, in order to
minimise the operating temperature and to maximise the
performance (including operating life) of the photovoltaic
cells 5.

The receiver 7 is purpose-built to include the

coolant circuit.

Figures 2 and 3 illustrate components of the
receiver that are relevant to the coolant circuit. It is
noted that a number of other components of the receiver 7,
such as components that make up the electrical circuit of
the receiver 7, are not included in the Figures for

clarity.

With reference to Figures 2 and 3, the receiver
7 includes a generally box-like structure that is defined
by an assembly of hollow posts 15.

The receiver 7 also includes a solar flux
modifier, generally identified by the numeral 19, which
extends from a lower wall 99 (as viewed in Figure 3) of
the box-like structure. The solar flux modifier 19
includes four panels 21 that extend from the lower wall 99
and converge toward each other. The solar flux modifier
19 also includes mirrors 91 mounted to the inwardly facing
sides of the panels 21.

Therreceiver 7 also includes an array of 1536
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closely packed rectangular photovoltaic cells 5 which are
mounted to 64 square modules 23. The array of cells 5 can
best be seen in Figure 2. The term “closely packed” means
that the exposed surface area of the photovoltaic cells 5
makes up at least 98% of the total exposed surface area of
the array. Each module includes 24 photovoltaic cells 5.
The photovoltaic cells 5 are mounted on each module 23 so
that the exposed surface of the cell array is a continuous
surface. It is noted that the heat extraction assembly 71
described hereinafter makes it possible to provide a
receiver with such close packing of photovoltaic cells 5
up to 100%.

The modules 23 are mounted to the lower wall 99
of the box-like structure of the receiver 7 so that the
exposed surface of the combined array of photovoltaic

cells 5 is a continuous plane.

As is described in more detail hereinafter, each
module 23 includes a coolant flow path. The coolant flow
path is an integrated part of each module 23. The coolant
flow path allows coolant to be in thermal contact with the
photovoltaic cells 5 and extract heat from the cells 5 so
that the front faces of the cells 5 are maintained at a
temperature of no more than 80°C, preferably no more than

60°C, more preferably no more than 40°C.

As is indicated above, in specific test
work the applicant found that the above-described cell
module could be operated to maintain a temperature
difference of 20.5°C between the inlet coolant temperature
and the front faces of the photovoltaic cells and that
under these operating conditions 30 W heat per cm? of
exposed surface area of cell was removed from the above-
described cell module, 8.1 W electricity per cm® of exposed
cell surface area was generated by the module, and 6 W
heat per cm’ of exposed surface area of cell was reflected
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by the module as infrared radiation. The coolant flow
path of the module 23 forms part of the coolant circuit.
In total, the cell had incident on it and processed a
total of 44.1 W power (in the forms of heat, electricity,
and infrared radiation) per cm? of exposed surface area of
cell. Normally, an energy density of this level would
produce temperatures of at least 600°C and at these
temperatures the cell would be destroyed.

- The coolant circuit also includes the above-
described hollow posts 15.

In addition, the coolant circuit includes a
gseries of parallel coolant channels 17 that form part of
the lower wall 99 of the box-like structure. The ends of
the channels 17 are connected to the opposed pair of lower
horizontal posts 15 respectively shown in Figure 3. The
lower posts 15 define an upstream header that distributes
coolant to the channels 17 and a downstream header that
collects coolant from the channels 17. The modules 23 are
mounted to the lower surface of the channels 17 and are in
fluid communication with the channels so that coolant
flows via the channels 17 into and through the coolant
flow passages of the modules 23 and back into the channels
17 and thereby cools the photovoltaic cells 5.

The coolant circuit also includes a coolant
inlet 61 and a coolant outlet 63. The inlet 61 and the
outlet 63 are located in an upper wall of the box-like
structure. The inlet 61 is connected to the adjacent
upper horizontal post 15 and the outlet 63 is connected to
the adjacent upper horizontal post 15 as shown in Figure
3.

In use, coolant that is supplied from a source
(not shown) flows wvia the inlet 61 into the upper

horizontal post 15 connected to the inlet 61 and then down
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the vertical posts 15 connected to the upper horizontal
post 15. The coolant then flows into the upstream lower
header 15 and, as is described above, along the channels
17 and the coolant flow passages of the modules 23 and
into the downstream lower header 15. The coolant then
flows upwardly through the vertical posts 15 that are
connected to the downstream lower header 15 and into the
upper horizontal post 15. The coolant is then discharged

from the receiver 7 wvia the outlet 63.

Figures 4 to 6 illustrate the basic construction
of one embodiment of each module 23.

As is indicated above, each module 23 includes

an array of 24 closely packed photovoltaic cells 5.

Each module 23 includes a substrate, generally
identified by the numeral 27, on which the cells 5 are
mounted. The substrate includes a central layer (not
shown) of a ceramic material and outer metallised layers
(not shown) on opposite faces of the ceramic material

layer.

Each module 23 also includes a glass cover 37
that is mounted on the exposed surface of the array of
photovoltaic cells 5. The glass cover 37 may be formed to
optimise transmission of useful wavelengths of golar
radiation and minimise transmission of un-wanted

wavelengths of solar radiation.

Each module 23 also includes an assembly 71 to
facilitate extraction of heat from the photovoltaic cells
5. The assembly 71 is formed from a high thermal

conductivity material. A preferred material is copper.

The assembly 71 is located wholly behind and

therefore has less cross sectional area than the exposed
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surfaces of the photovoltaic cells 5.

The assembly 71 includes a housing 79 and a
coolant member 35 located in the housing.

The housing 79 includes a base 85 and side walls
87 extending from the base. The substrate 27 is mounted
on the housing 79, whereby the base 85, the side walls 87,
and the substrate 27 define a coolant chamber.

The housing 79 further includes an inlet 91 for
supplying a coolant such as water into the coolant chamber
and an outlet 93 for discharging the coolant from the
chamber. The inlet 91 is in the form of a circular hole
located in the base 85 in one corner of the housing 79.
The outlet 93 is in the form of a circular hole located in
the base 85 in a diametrically-opposed corner of the

housing 79.

The coolant member 35 is shaped to substantially
occupy the volume of the coolant chamber. The upper
surface 75 of the coolant member is formed as a flat
surface and contacts the substrate 27.

The coolant member 35 includes a plurality of
beads, rods, bars or balls of high thermal conductivity
material that are sintered and thereby thermally connected
together and form a porous mass that has a large volume
and a large surface area for heat transfer. The beads,
rods, bars or balls form a substantial number of
continuous heat transfer pathways that extend through the
coolant member 35. The mass of beads, rods, bars or balls
is a porous rather than a solid mass and there are spaces
between the sintered beads, rods, bars or balls. The
spaces define a substantial number, typically at least
1000, of continuous coolant flow passages that extend
through the coolant member 35. In overall terms the
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coolant member 35 is in the form of a labyrinth defined by
the sintered beads, rods, bars or balls and the coolant
flow passages in the spaces between the sintered beads,

rods, bars or balls.

The above arrangement is such that, in use,
coolant supplied under pressure to the coolant chamber via
the coolant inlet 91 flows through the substantial number
of coolant flow passageways in the coolant member 35 and
discharges from the coolant chamber via the coolant outlet
93. The arrangement is such that the substantial number
of heat transfer pathways conduct heat away from the front
faces of the cells 5 and the heat conducted through the
pathways is transferred to coolant flowing through the
substantial number of coolant flow passageways.

In any given situation, factors such as the shape
and size of the beads, rods, bars or balls, the packing
density of the beads, rods, bars or balls, the volume
occupied by the beads, rods, bars or balls, the heat
transfer characteristics of the heat transfer pathways
formed by the sintered beads, rods, bars or balls, and the
volumetric flow rate of coolant through the coolant £flow
passageways are selected having regard to achieving a
target rate of extraction of heat from the module 23.

The opposed end walls 95 of the coolant member 35
that are in the regions of the coolant inlet 91 and the
coolant outlet 93 are downwardly tapered so that the end
walls 95, the base 85 and the side walls 87 define inlet
and outlet manifolds 45 that are in fluid communication
with the coolant inlet and outlet and extend along the
side walls 87 and therefore can supply coolant to and
receive coolant from the whole of the side walls 95 of the
coolant member 35.

Each module 23 also includes electrical
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connectiong (not shown) that form part of the electrical
circuit of the receiver 7 and electrically connect the
photovoltaic cells 5 into the electrical circuit. The
electrical connections are positioned to extend from the
outer metallised layer of the substrate 27 and through one
of two hollow sleeves 83 extending from the base 85 of the

housing 79.

It is evident from the above that the coolant
inlet 91, the coolant manifolds 45, the coolant flow
passageways in the coolant member 35, and the coolant
outlet 93 define a coolant flow path of each module 23.

As is indicated above, the construction of the
coolant member 35 makes it possible to achievé the high
levels of heat transfer that are required to maintain the
photovoltaic cells 5 at temperatures of no more than 60°C
and to accommodate substantially different thermal
expansion of the coolant member 35 and the substrate 27
that otherwise would cause structural failure of the
modules 23.

The embodiment of the module 23 shown in Figures
7 and 8 is the basic construction shown in Figures 4 to 6
and the same reference numerals are used to describe the

same parts.

In addition, the module 23 includes 2 ridges 101
that extend from the base 85 inboard of and parallel to
the inlet and outlet manifolds 45. The ridges 101 form a
barrier or weir to coolant flow from and to the inlet and
outlet manifolds 45. 1In general terms, the ridges 101
improve the distribution of coolant through the coolant
dhamber and thereby minimise temperature variations within
the chamber and increase the overall thermal conductance
of the heat extraction assembly 71. More specifically,
coolant is forced to flow over the inlet ridge 101 in
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order to flow through the lower coolant flow passageways
in the coolant flow member 25 and then over the outlet
ridge 101 in order to flow from the lower coolant flow
passageways into the outlet manifold 45. Consequently,
the ridges 101 increase the path length of coolant through
the lower coolant flow passageways compared to the coolant
path length through upper coolant flow passageways. The
ridges 101 promote greater coolant flow through the upper
flow passageways, and this is an advantage in terms of

optimising heat transfer from the coolant member 25.

The embodiment of the module 23 shown in Figure
9 is the basic constructibn shown in Figuresg 7 and 8 and
the same reference numerals are used to describe the same
parts. The main difference between the embodiments is
that the inlet 91 and the outlet 93 are in the form of
slots rather than circular openings. The use of slots has
been found to be beneficial in certain circumstances in
terms of improving the distribution of coolant through the
coolant chamber.

There are a number of options for manufacturing

the modules 23 shown in the Figures.

One option includes separately forming the
coolant member 35, thereafter positioning the coolant
member in the housing 79, and thereafter positioning the
substrate 27 on the housing/coolant member. In this
option, the coolant member may be formed by formed in a
suitable mould and include sintering the mass of beads,
rods, bars, balls of high thermal conductivity together.
Furthermore, in this option the substrate 27 may be
soldered onto exposed edges of the side walls 87 of the
housing 79 and the exposed front face of the coolant
member 35.

Another option includes placing a mass of beads,
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rods, bars, balls of high thermal conductivity material
directly in the housing 79 and sintering the material in
situ in the housing, and thereafter sintering the
substrate 27 on to the assembly of the housing 79 and the
coolant member 35.

Many modifications may be made to the preferred
embodiment described above without departing from the

spirit and scope of the present invention.

By way of example, whilst the preferred
embodiment includes 1536 photovoltaic cells 5 mounted to
64 modules 23 with 24 cells per module, the present
invention is not so limited and extends to any suitable

number and size of photovoltaic cells and modules.

By way of further example, whilst the
photovoltaic cells are mounted so that the exposed surface
of the cell array is a flat surface, the present invention
is not so limited and extends to any suitable shaped

surface, such as curved or stepped surfaces.

By way of further example, whilst the preferred
embodiment includes the receiver coolant circuit that
forms part of the support frame of the receiver, the
present invention is not so limited and extends to
arrangements in which the coolant circuit is not part of

the structural frame of the receiver.

By way of further example, whilst the preferred
embodiment includes a dish reflector in the form of an
array of parabolic array of mirrors 3, the present
invention is not so limited and extends to any suitable
means of concentrating solar radiation onto a receiver.
One such suitable means is a series of heliostats arranged

to focus solar radiation on to a receiver.
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By way of further example, whilst the preferred
embodiment of the receiver is constructed from extruded
components, the present invention is not so limited and

the receiver may be made by any suitable means.

By way of further example, whilst the preferred
embodiment of the coolant member 35 includes a plurality
of beads, rods, bars or balls of high thermal conductivity
material that are sintered and thereby in thermal contact,
the present invention is not so limited and the beads,
rods, bars or balls may be connected together thermally in
any suitable way. Other options include ultrasonic

welding, resistance welding, and plasma processing.

By way of further example, whilst the preferred
embodiment is described in the context of the extraction
of heat from an array of photovoltaic cells that are
contacted by concentrated solar radiation, the present
invention is not so limited and extends to the extraction

of heat derived from any source of intense radiation.
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CLAIMS:

1. A photovoltaic cell module for a receiver of
solar radiation-based electrical power generating system,
the module including:

(a) one or more than one photovoltaic cell

having an exposed surface for solar radiation;

(b) an electrical connection for transferring
the electrical energy output of the photovoltaic cell or

cells to an output circuit, and

(c) an assembly for extracting heat from the
photovoltaic cell or cells, the assembly including (i) a
housing positioned behind and in thermal contact with the
exposed surface of the photovoltaic cell or cells, the
housong including a base and side walls extending from the
base, with the base, the side walls and the photovoltaic
cell or cells defining a coolant chamber, and the housing
including an inlet for supplying a coolant into the
chamber and an outlet for discharging the coolant from the
chamber, and (ii) a coolant member located in the coolant
chamber in heat transfer relationship with the
photovoltaic cell or cells, the coolant member including a
plurality of beads, rods, bars or balls of high thermal
conductivity material that are in thermal contact and have
a large surface area for heat transfer and define a three
dimensional labyrinth that can conduct heat therethrough
away from the photovoltaic cell or cells via the
substantial number of heat transfer pathways formed by the
thermally connected beads, rods, bars or balls and has a
gsubstantial number of coolant flow passages for a coolant
that, in use of the module, is supplied to the coolant
chamber via the inlet and flows through the coolant member
and is discharged from the coolant chamber wvia the outlet.
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2. The cell module defined in claim 1 wherein the
heat extraction assembly is located wholly behind and does
not extend laterally beyond the exposed surface area of
the photovoltaic cell or cells.

3. The cell module defined in claim 1 or claim 2
wherein the surface area for heat transfer provided by the
beads, rods, bars or balls of high thermal conductivity
material is at least 5 times the surface area of the front
surface of the mass of beads, rods, bars or balls of high
thermal conductivity material that are in direct contact
with the substrate.

4, The cell module defined in any one of the
preceding claims wherein the coolant member at least

substantially occupies the volume of the coolant chamber.

5. The cell module defined in any one of the
preceding claimé wherein the coolant inlet is located in
one side wall of the housing or in the base of the housing
in the region of that side wall and the coolant outlet is
located in an opposed side wall or in the base in the

region of that side wall.

6. The cell module defined in claim 5 wherein the
coolant member is shaped so that the coolant chamber
includes a manifold in fluid communication with the
coolant inlet extending along the inlet side wall and a
manifold in fluid communication with the coolant outlet
extending along the outlet side wall.

7. The cell module defined in claim 5 or claim 6
wherein the housing includes a weir extending upwardly
from the base inwardly of the inlet side wall and defining
a barrier to coolant flow across the coolant chamber from
the coolant inlet.
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8. The cell module defined in any one of claims 5 to
7 wherein the housing includes a weir extending upwardly
from the base inwardly of the outlet side wall and
defining a barrier to coolant flow from the coolant
chamber to the coolant outlet.

9. The cell module defined in any one of the
preceding claims wherein the beads, rods, bars or balls of
the high thermal conductivity material have a major

dimension of 0.8 - 2.0 mm.

10. The cell module defined in any one of the
preceding claims wherein the beads, rods, bars or balls of
the high thermal conductivity material have a major

dimension of 0.8 - 1.4 mm.

11. The cell module defined in any one of the
preceding claims wherein the packing density of the beads,
rods, bars or balls of the high thermal conductivity
material decreases with distance away from the substrate.

12. The cell module defined in any one of the
preceding claims wherein the coolant flow passages occupy
between 20 and 30 % of the volume of the coolant member.

13. The cell module defined in any one of the
preceding claims includes a substrate on which the
photovoltaic cell or cells are mounted and to which the

housing is mounted.

1l4. The cell module defined in claim 13 wherein the
substrate is formed from or includes one or more than one

layer of a material that is an electrical insulator.

15. The cell module defined in claim 13 or claim 14
wherein the substrate is formed from a material that has a
high thermal conductivity.
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16. The cell module defined in claim 14 wherein the
substrate includes a metallised layer interposed between
the photovoltaic cell or cells and the electrical '

insulator layer or layers.

17. The cell module defined in claim 14 or claim 16
wherein the substrate includes a metallised layer
interposed between the electrical insulator layer or

layers and the coolant member.

18. A method of manufacturing the photovoltaic cell
module defined in any one of the preceding claims that

includes:

(a) forming the coolant member by supplying a
predetermined mass of plurality of beads, rods, bars or
balls of high thermal conductivity material into a mould
of a predetermined shape and thereafter heating the beads,
rods, bars or balls of high thermal conductivity material
and sintering the beads, rods, bars or balls of together
to form the coolant member;

(b) locating the coolant member in the housing;

and

(¢} mounting the photovotaic cell or cells to
the housing.

19. A method of manufacturing the photovoltaic cell
module defined in any one of claims 1 to 17 that includes:

(a) forming the coolant member by supplying a
predetermined mass of plurality of beads, rods, bars or
balls of high thermal conductivity material into the
housing and thereafter heating the beads, rods, bars or
balls of high thermal conductivity material and sintering
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the beads, rods, bars or balls of together to form the
coolant member within the housing; and

(b) mounting the photovotaic cell or cells to
the housing, for example by soldering or sintering the
substrate to the housing.

20. The method defined in claim 18 or claim 19
includes grinding the surface of the coolant member that
forms a contact surface with the substrate to increase the
surface area of contact between the beads, rods, bars or
balls of high thermal conductivity material and the
substrate.

21. A method of manufacturing the photovoltaic cell
module defined in any one of claims 1 to 17 includes
forming the coolant member by supplying a predetermined
mass of plurality of beads, rods, bars or balls of high
thermal conductivity material into the housing and
locating the substrate on the housing and thereafter
heating the beads, rods, bars or balls of high thermal
conductivity material and sintering the beads, rods, bars
or balls of together to form the coolant member within the
housing and bonding the coolant member to the housing and
the substrate.

22, A system for generating electrical power from

solar radiation which includes:

(a) a receiver that includes a plurality of
photovoltaic cells for converting solar energy into
electrical energy and an electrical circuit for
transferring the electrical energy output of the
photovoltaic cells; and

(b) a means for concentrating solar radiation

onto the receiver; and
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the system being characterised in that the receiver
includes a plurality of the photovoltaic cell modules
defined in any one of claims 1 to 16, an electrical

5 circuit that includes the photovoltaic cells of each
module, and a coolant circuit that includes the heat

extraction assembly of each module.
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TRACKING SYSTEM

RELATED APPLICATION

[0001] This application is based on and claims the benefit
of the filing date of U.S. provisional application Ser. No.
60/471,344 filed 19 May 2003, the contents of which is
incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to a tracking system
of particular but by no means exclusive application in
tracking celestial objects such as the sun, and of particular
use with a solar tracking system such as for use in solar
power generation.

BACKGROUND OF THE INVENTION

[0003] An altitude-azimuth or “alt-azimuth” tracking sys-
tem has two axes, a first axis that is vertical, about which the
system rotates to a desired azimuth (or bearing) measured
eastwards from north, and a second, horizontal axis (which
itself rotates on the first axis), about which the system rotates
to the desired altitude, i.e. angle above the horizon. With
these two (vertical and horizontal) axes, the tracking system
can point an instrument such as a telescope or solar power
collector at any point above the horizon. By driving both
axes in a suitable manner, that instrument can be held in
alignment with the tracked object. This might comprise, for
example, tracking the sun from sunrise to sunset.

[0004] An example of a background art solar energy
collector with dish concentrator, mounted on an alt-azimuth
tracking system and located in the southem hemisphere, is
shown generally at 10 in FIG. 1. The dish concentrator 12 is
located on a mount 14. The mount is supported in a yoke 16
which allows the mount 14 to rotate about horizontal axis
18. The yoke 16 is supported on a drum 20, rotatable about
a vertical axis. The drum 20 is supported by a pylon 22. As
illustrated, this arrangement 10 would be suitable for track-
ing the sun from the southern hemisphere and hence will
more often than not be pointing (as shown) northwards.

[0005] However, if a tracked object passes directly over-
head (viz. through the zenith) a problem can arise. For
example, if the object is the sun, such an event will occur in
the tropics (i.e. between latitude 23.5° north and 23.5° south)
around two times of the year. On the equator, for example,
this occurs at the vernal and autumnal equinoxes, that is,
approximately 21 March and 21 September. As seen from
the equator on the equinoxes, the sun rises due east (i.e.
azimuth 90°, altitude 0°), and then sets due west (ie.
azimuth 270°, altitude 0°) essentially twelve hours later. For
the first six hours, the altitude increases from 0 to 90° at 15°
per hour, while for the second six hours the altitude
decreases from 90° to 0° at the same rate. The azimuth
remains at 90° for the first six hours and at 270° for the
second six hours. To track the sun under these conditions,
therefore, a conventional altitude-azimuth tracking system is
required to rotate from azimuth 90° to azimuth 270° when
the sun reaches zenith, essentially instantaneously. This, as
will be appreciated by those in the art, is mechanically
impossible.

[0006] Consequently, while the first (or vertical) axis of
the tracking system is rotating from azimuth 90° to azimuth
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270°, a period without effective tracking can occur. In the
example of a solar power generator, this can lead to a loss
in power output.

[0007] It must also be borne in mind that altitude-azimuth
tracking systems have motors adapted for their application,
and hence generally have limited power and therefore speed.
For a solar tracking system, these motors are designed to
drive the two axes relatively slowly, and it would typically
be necessary to employ more powerful motors if it were
desired to compensate for the above described problem by
driving the tracking system at a faster rate than usual and
thereby minimising any tracking delay.

[0008] As will also be appreciated, this problem does not
arise if an equatorial or polar mount is employed, but
altitude-azimuth mounts have advantages (in terms of cost,
and ease of construction and erection) that make them highly
desirable and widely used.

[0009] If this problem is experienced, accurate tracking
can recommence after the delay caused by this effect, and the
delay (in which data for energy collection is interrupted or
reduced) depends on the maximum speed with which the
tracking system can switch azimuth from 90° to 270°.

[0010] For example, if the maximum azimuth tracking
speed is 38° per minute, then to drive the azimuth from 90°
to 270° (i.e. by 180°) would take 180° divided by 38° per
minute, or 4.74 minutes. If the sun is being tracked, over the
course of 4.74 minutes the sun will have moved 1.18°. A
zone of 1.18° diameter, centred on the vertical tracking axis
projected on the sky, will thus have been either lost or have
afforded reduced energy collection.

[0011] Owing to the sun’s seasonal motion, which is
approximately sinusoidal, it dwells longer at the tropics than
at the equator. Consequently, for a solar tracking system
located on or near the tropics of Capricorn and Cancer, this
problem can occur over a series of days around the solstices.
On the equator, the problem should occur over fewer days,
around the equinoxes.

[0012] FIG. 2 illustrates the problem for a solar tracking
system with the above characteristics located on the equator.
This figure (and FIGS. 3, 4, 5, 7 and 8) are polar diagrams
of the sky with the zenith at the centre and the horizon at the
circumference 28, with north (N) at the bottom. South (S),
east (E) and west (W) are also indicated, as are the sun’s
track 30 on 21 December (the northern hemisphere winter
solstice) at declination —23.5°, the sun’s track 32 on 21 June
(the northern hemisphere summer solstice) at declination
+23.5°, and the sun’s track 34 on 21 March and 21 Sep-
tember (the equinoxes) at declination 0°.

[0013] The above mentioned zone of 1.18° diameter,
above the vertical tracking axis, is indicated (though not to
scale) at 36. As can be seen from this figure, this zone 36 is
located (for a solar tracking system at latitude 0°) on the
celestial equator, and hence is entered by the sun around
noon on and around the time of the equinoxes.

[0014] For the same solar tracking system located at
latitude 23.5° south (such as Alice Springs, in the Northern
Territory, Australia), the situation is as depicted in FIG. 3.
Zone 36 is located at declination -23.5°, so the sun passes
through zone 36 when on solar track 30, that is, on and
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around the northern hemisphere winter solstice (or southern
hemisphere summer solstice) around 21 December.

[0015] Thus, this zone 36 is centred on or between the
declination -23.5° and +23.5°, with the worst case (in this
scenario) occurring when the outer edge of the zone 36 falls
on or near these extremes. This occurs, again for this
example, when the centre of zone 36 is located at declination
(23.5-1.18/2)=+22.91°. Because the sun dwells around the
tropics, it will pass into the declination of this zone 36 as it
approaches the tropics, and back into that declination, so that
there may be weeks around the solstice when the sun passes
through zone 36 and this tracking problem arises. This
situation is depicted for a tracking system located at latitude
22.91° south in FIG. 4.

[0016] Finally, for the same solar tracking system located
outside the tropics, the problem does not occur. Thus, for the
same solar tracking system located at Melbourne, Victoria,
Australia (i.e. latitude 37.5° south), the sun never
approaches zone 36 (which lies at declination—37.5°), as
my be seen from FIG. 5.

SUMMARY OF THE INVENTION

[0017] The present invention provides, therefore, a track-
ing system for tracking an object, comprising:

[0018] a first axis; and
[0019] a second axis perpendicular to said first axis;

[0020] wherein said first axis is at an angle to the
vertical such that said object (or equivalently its path)
does not intersect said first axis.

[0021] Thus, the object—which being celestial has an
apparent motion and therefore path—should not pass
through the first axis. When the object is the sun, for
example, the ecliptic plane (being the path of the sun) should
not be parallel to the first axis.

[0022] Preferably said angle has a component of at least A
in a direction away from the equator, where:

. 45°
A=235 -+ —
0

and where A is the latitude of said tracking system and o is
the maximum angular velocity with which said tracking
system can evolve said first axis in degrees per minute.

[0023] More preferably, said angle has a component at
least 2° (and still more preferably at least 5°) greater than A
in a direction away from the equator.

[0024] Most preferably said angle has a component greater
than A in a direction away from the equator determined so
as to minimize the additional cost associated with high
tolerance or mechanical demands.

[0025] Thus, if the tracking system is used in a location
where this problem arises (i.e. where the sun passes over-
head or nearly so), tilting the first (i.e. in a conventional
alt-azimuth tracking system, vertical) axis by at least A will
prevent this occurring.
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[0026] The tracking system may include at least one
photosensor (possibly in the form of a thermal sensor) for
sensing light (including infrared radiation) received—either
directly or indirectly—from a tracked object to refine the
tracking of the object.

[0027] Thus, arranging the first axis at an angle to the
vertical will generally introduce an error in the tracking, but
this can be compensated for if necessary by providing a
photosensor locked to the tracked object and operable to
adjust the tracking of the tracking system.

[0028] In one embodiment, the system tracks said object
by means of suitably calculated tables or progressive cal-
culation.

[0029] Alternatively, the system tracks said object by
means of altitude-azimuth tables or calculations, translated
on the basis of said angle to values appropriate for said first
and second axes.

[0030] The present invention also provides a tracking
system for tracking an object, comprising:

[0031] a first axis;
[0032] asecond axis perpendicular to said first axis; and

[0033] adjustment means for adjusting the angle of said
first axis to the vertical,

[0034] whereby said angle can be adjusted to be such
that said object does not intersect said first axis.

[0035] Preferably said angle has a component of at least A
in a direction away from the equator, where:

. 45°
A=235 -A|+ —
20

and where X is the latitude of said tracking system and a is
the maximum angular velocity with which said tracking
system can evolve said first axis in degrees per minute.

[0036] The present invention still further provides a
method of tracking an object, comprising:

[0037] arranging a first tracking axis at an angle to the
vertical; and

[0038] arranging a second tracking axis perpendicular
to said first tracking axis;

[0039] wherein said angle is such that said object does
not intersect said first tracking axis.

[0040] Preferably said angle has a component of at least A
in a direction away from the equator, where:

. 45
A=235 -Al+ —
20

and where X is the latitude of said tracking system and a is
the maximum angular velocity with which said tracking
system can evolve said first axis in degrees per minute.
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[0041] More preferably, the angle has a component at least
2° (and still more preferably at least 5°) greater than A in a
direction away from the equator.

[0042] Most preferably the angle has a component greater
than A in a direction away from the equator determined so
as to minimize the additional cost associated with high
tolerance or mechanical demands.

BRIEF DESCRIPTION OF THE DRAWINGS

[0043] In order that the present invention may be more
clearly ascertained, an embodiment will now be described,
by way of example, with reference to the accompanying
drawing, in which:

[0044] FIG. 1 is a view of an exemplary background art
solar energy collector with dish concentrator, mounted on an
alt-azimuth tracking system;

[0045] FIG. 2 is a polar diagram of the sky with horizon
at the circumference, depicting the region where the sun
cannot be adequately tracked by means of an exemplary
background art solar energy collector located at the equator;

[0046] FIG. 3 is a polar diagram of the sky with horizon
at the circumference, depicting the region where the sun
cannot be adequately tracked by means of an exemplary
background art solar energy collector located at Alice
Springs (latitude 23.5° south);

[0047] FIG. 4 is a polar diagram of the sky with horizon
at the circumference, depicting the region where the sun
cannot be adequately tracked by means of an exemplary
background art solar energy collector located at the 22.91°
south;

[0048] FIG. 5 is a polar diagram of the sky with horizon
at the circumference, depicting that there is no region where
the sun cannot be adequately tracked for-an exemplary
background art solar energy collector located at in Mel-
bourne (latitude 37.5° south);

[0049] FIG. 6 is a view of a solar energy collector with
dish concentrator with a tracking system according to an
embodiment of the present invention;

[0050] FIG. 7 is a polar diagram of the sky with horizon
at the circumference, depicting that there is no region where
the sun cannot be adequately tracked for the solar energy
collector of FIG. 6 located at the equator; and

[0051] FIG. 8 is a polar diagram of the sky with horizon
at the circumference, depicting that there is no region where
the sun cannot be adequately tracked for the solar energy
collector of FIG. 6 located at Alice Springs (latitude 23.5°
south).

DETAILED DESCRIPTION

[0052] According to this embodiment, a solar tracking
system is provided with a maximum tracking speed in
what—in an alt-azimuth tracking system—would be the
vertical axis of 38° per minute. As discussed above, this
maximum speed creates a zone of 1.18° diameter located
about what would be—in the prior art—the projection of the
vertical axis, in which inadequate solar tracking is possible.
Consequently, the solar tracking system of this embodiment
endeavours to avoid the sun ever passing within a zone of
1.18° diameter of that axis.
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[0053] FIG. 6 is a view of a solar energy collector 38
located in the southern hemisphere within the tropics, with
dish concentrator with the solar tracking system of this
embodiment, the tracking system generally at 40. The solar
energy collector is generally identical with that of FIG. 1,
including a dish concentrator 42 and mount 44.

[0054] Tracking system 40 comprises essentially the same
components as that of FIG. 1, including yoke 46, drum 48
and pylon 50. However, drum 48 is not rotatable about a
vertical axis but is tilted in a southwards direction so that it
is rotatable about an axis tilted by an angle a to the vertical.

[0055] The minimum value of a is determined as follows.

[0056] Because the collector is located in the tropics, a
vertical axis for drum 48 would position the problematic
zone of the sky described above (in which no adequate
tracking is possible with a prior art alt-azimuth tracking
system) about the zenith, through which the sun will even-
tually pass. The axis of drum 48 (which defines where this
zone lies) should thus avoid that part of the sky 23.5° either
side of the celestial equator, as well as a further half-
diameter of the zone. This ensures that, despite its finite size,
the zone does not extend to the sun when the sun is at located
at 23.5° south.

[0057] The sun will pass further south than the zenith by
at most 23.5°-[A/, to which should be added half the diam-
eter of this zone. The zone has a diameter equal to the
distance the sun moves while the tracking of a prior art
alt-azimuth system—at its maximum speed—changes azi-
muth from 90° to 270°. This takes 180°/a, where ¢ is the
maximum angular velocity with which the tracking system
can evolve the first in degrees per minute (the first axis
being—in prior art alt-azimuth systems-—the vertical axis).
In this example this is 38° per minute. The sun moves at 15°
per hour or 0.25° per minute, so it moves (0.25x180/0)=
45°/o in this time, which is accordingly the diameter of this
zone.

[0058] Thus, what in the prior art is the vertical axis
should avoid a region of the sky from [23.5°+[\|]+45°/20]
south of the zenith to [23.5°+\|+45°/207] north of the zenith
in order not to intersect this zone.

[0059] Thus, drum 48 is tilted to the vertical by angle a so
that this zone is never intersected by the axis of drum 48.
This is done by arranging drum 48 with a tilt in a southern
direction of:
a=23.5°-|\|+45°20

[0060] Hence, the tracking system 40 has a first axis tilted
away from the direction of the equator of a, while its second
axis 52 (through yoke 46) is perpendicular to this first axis.
In prior art alt-azimuth arrangements, this second axis is
horizontal; in system 40 it will precess such that, when the
system 40 points northwards (as shown in FIG. 6), it is
horizontal. This will also be so when the system 40 points
southwards. Otherwise the second axis will be inclined to
the horizontal.

[0061] Inclination a of the first axis means that alt-azimuth
solar position tables or calculations must be modified if they
are to be used for system 40, but this is a straightforward
spherical geometry transformation. Alternatively, entirely
new tables can be generated, or calculations performed as
necessary, by means of a suitably programmed computer-
control drive system.
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[0062] The collector 38 is also preferably provided with
one or more photosensors for trimming the tracking of the
system 40, and these can also be used to correct the effect of
using alt-azimuth solar position calculations. Alternatively,
these photosensors can be used to fine tune more accurate
tables or calculations created or performed correctly for the
system 40 and taking into account the effect of the inclina-
tion of the first axis.

[0063] FIG. 7 is a polar diagram of the sky (with horizon
at the circumference) for this embodiment, with the collector
38 located at the equator and with a first axis tilted south-
wards from the vertical by 27°. The above calculation of a
for system 40 gives a value of a=24.1°. This value of a is
treated as a minimum value for the inclination of the first
axis. It should be remembered that setting the inclination of
the first axis precisely according to this calculation would
require the tracking system 40 to be driven at its maximum
speed until the Sun has moved out of the avoided zone, and
assumes that pylon 50 has been constructed precisely ver-
tically. It also makes no allowance for wear or sagging in the
various components of the collector 38 with aging, or other
imperfections. Consequently, while this calculation provides
for the angle at which the first axis should—in a ideal
system—be inclined to the vertical; in practice the first axis
is inclined by a few degrees more and hence at 27° in FIG.
7, to ensure that the zone 36 remains well clear of the sun’s
path at all times of the year.

[0064] FIG. 8 is another polar diagram of the sky (with
horizon at the circumference) for this embodiment, with the
collector 38 located at Alice Springs, latitude 23.5° south.
The above calculation of a for system 40 at this latitude
gives a value of a=0.59°. As discussed above, this figure
provides the inclination of the first axis in an ideal arrange-
ment but, in practice, the first axis should be inclined by a
few degrees more to allow for the factors described above.
Hence, FIG. 8 depicts an inclination of drum 48 and hence
of the first axis of 5°. Again, this inclination ensures that the
zone 36 remains well clear of the sun’s path at all times of
the year.

[0065] Modifications within the scope of the invention
may be readily effected by those skilled in the art. It is to be
understood, therefore, that this invention is not limited to the
particular embodiments described by way of example here-
inabove.

[0066] In the claims that follow and in the preceding
description of the invention, except where the context
requires otherwise owing to express language or necessary
implication, the word “comprise” or variations such as
“comprises” or “comprising” is used in an inclusive sense,
i.e. to specify the presence of the stated features but not to
preclude the presence or addition of further features in
various embodiments of the invention.

[0067] Any reference herein to prior art is not intended to
imply that that prior art forms or formed a part of the
common general knowledge.

1. A tracking system for tracking a celestial object for use
in a location where the object passes through or near the
zenith, comprising:

a first axis for tracking the object generally in azimuth;
and
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a second axis for tracking the object generally in altitude
and perpendicular to said first axis;

wherein said first axis is oriented at an angle to the vertical
so that an upward projection of said first axis is
removed from the apparent path of the object by an
amount that renders the speed of said tracking system
sufficient to maintain tracking of the object as the object
passes through or near the zenith.

2. A system as claimed in claim 1, wherein said angle has
a component of at least A in a direction away from the
equator, where:

. 45°
A=235 -+ —
20

and where ) is the latitude of said tracking system and o is
the maximum angular velocity with which said tracking
system can evolve said first axis in degrees per minute.

3. A system as claimed in claim 2, wherein said angle has
a component at least 2° greater than A in a direction away
from the equator.

4. A system as claimed in claim 2, wherein said angle has
a component at 5° greater than A in a direction away from
the equator.

5. A system as claimed in claim 2, wherein said angle has
a component greater than A in a direction away from the
equator determined so as to minimize the additional cost
associated with high tolerance or mechanical demands.

6. A system as claimed in claim 1, further comprising at
least one photosensor for sensing light received either
directly or indirectly from a tracked object to refine the
tracking of said object.

7. A system as claimed in claim 1, operable to track said
object by means of suitably calculated tables or progressive
calculation.

8. A system as claimed in claim 1, operable to track said
object by means of altitude-azimuth tables or calculations,
translated on the basis of said angle to values appropriate for
said first and second axes.

9. A tracking system for tracking a celestial object for use
in a location where the object passes through or near the
zenith, comprising:

a first axis for tracking the object generally in azimt

a second axis for tracking the object generally in altitude
and perpendicular to said first axis; and

adjustment means for adjusting the angle of said first axis
to the vertical,

whereby said angle can be adjusted so that an upward
projection of said first axis is removed from the appar-
ent path of the object by an amount that renders the
speed of said tracking system sufficient to maintain
tracking of the object as the object passes through or
near the zenith.

10. A system as claimed in claim 9, wherein said angle has
a component of at least A in a direction away from the
equator, where:
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. 45°
=235 - —
A Al + o

and where A is the latitude of said tracking system and o is
the maximum angular velocity with which said tracking
system can evolve said first axis in degrees per minute.

11. A method for tracking a celestial object for use in a
location where the object passes through or near the zenith,
comprising:

arranging a first axis for tracking the object generally in
azimuth;

arranging a second axis for tracking the object generally
in altitude perpendicular to said first axis; and

orienting said first axis at an angle to the vertical so that
an upward projection of said first axis is removed from
the apparent path of the object by an amount that
renders the speed of said tracking system sufficient to
maintain tracking of the object as the object passes
through or near the zenith.
12. A method as claimed in claim 11, wherein said angle
has a component of at least A in a direction away from the
equator, where:

. 45°
A=235 —Al+ =—
20
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and where A is the latitude of said tracking system and o is
the maximum angular velocity with which said tracking
system can evolve said first axis in degrees per minute.

13. A method as claimed in claim 12, wherein said angle
has a component at least 2° greater than A in a direction
away from the equator.

14. A method as claimed in claim 12, wherein said angle
has a component at 5° greater than A in a direction away
from the equator.

15. A method as claimed in claim 12, wherein said angle
has a component greater than A in a direction away from the
equator determined so as to minimize the additional cost
associated with high tolerance or mechanical demands.

16. A method for providing a tracking system for tracking
a celestial object at a location where the object passes
through or near the zenith, comprising:

providing at said location an alt-azimuth tracking system
having an azimuth axis and an altitude axis; and

arranging said alt-azimuth tracking system so that said
azimuth axis is oriented at an angle to the vertical so
that an upward projection of said azimuth axis is
removed from the apparent path of the object by an
amount that renders the speed of said tracking system
sufficient to maintain tracking of the object as the object
passes through or near the zenith.
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