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�1.	ABSTRACT 



The objective of this project was to build a prototype solar thermal power plant using a fixed hemispherical mirror and a tracking gas turbine.    A target price of $0.10/kWh was set for solar electricity produced from this technology.



Early in the project it was established that the original concept of 1 MW size systems was not viable due to the non availability of suitably priced gas turbines.   Project activities covered the following:



1.	Mirror selection.   Back silvered thin glass at a cost of $7/m2 was selected as the best option.   A low micro concrete hexagonal substrate of area 1 m2 was selected as the building block for the fixed mirror.   The mirror is bonded to the concrete. Production costs for the mirror and substrate are $25/m2. 

2.	Receiver selection and design.   A volumetric receiver concept designed by DLR was selected.  The solar absorber had to be redesigned for the fixed mirror optical system and a new absorber made and installed in the receiver. 

Turbine selection.   A 35 kW turbine made by Bowman Power Systems was selected. An in-line configuration was the optimum providing a new combustor was designed for hybrid operation and safety valves installed in the case of total failure.   These components were designed and installed in the turbine.

System Optimisation.  The Phase 1 design was optimised to reduce mirror area by 25%.  The final mirror size specified has a radius of curvature of 30 metres.  It has a 47 degree cut out in the north south direction and a 60 degree cut out in the east west direction. 	

The power train was designed to integrate into the tower and tracking system.  Testing of the power train took place in the UK prior to shipment to the Crete test site.

System Design.  Two options were considered for the primary mirror – a space frame above ground or an excavated concrete mirror.  The latter was chosen on cost grounds.  The final tower and tracking design based on least cost,  durability,  reliability and achievement of required accuracy is a tripod tower with a “swingometer” that tracks on a ground mounted truss in the north-south direction.  The truss tracks on rails to the north and south of the mirror.  A hydraulic tracking system was designed.

7.	System Construction.   The phase 1 system was completed in October 1998 and commissioned during the period October to March 1999.  The solar-has turbine system worked successfully – the first such integration at this scale.

8.	Performance Monitoring.    Limited performance monitoring has taken place.    At low power outputs the system can make up to 90% solar contribution.  At higher outputs the maximum obtained to date is 60%.   The maximum output of the solar system is 60 kW thermal against a design objective of 110 kW thermal.  This lower output is due to degradation on the mirrors and to misalignment of some of the mirror segments.
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�3.	OBJECTIVES



	The objective of this project was to build a prototype solar thermal power plant using a fixed mirror concept T he solar power plant should produce electricity at less than US$ 0.10/kWh.    The capacity of commercial plants will be in the range 25-200 kWe.   The 	advantage of using a 

	fixed mirror is that costs can be reduced compared to those of tracking mirror systems and the size of the mirror can easily be increased compared to tracking parabolic trough or dish systems.   This results in a lower land area utilisation and systems that can be built where there are economies of scale with mass production of the engine/generator so that the systems are not too expensive to meet cost targets and fulfil the market potential.



	The Solargen fixed mirror systems will be large enough to achieve economies of scale for the gas turbine prime mover.  At capacities greater than 25 kWe,  gas turbine costs are projected to be $350/kWe – such system are being mass produced by engine manufacturers for small scale combined heat and power systems.   One of the tasks of the project is to design a fixed mirror which has a cost less than $70/m2.   At this cost,  the solar heat delivered to the turbine will be competitive with present fossil fuel costs.



	The original concept in this project was to build 1 MW systems.   However, after activities on turbine selection and system optimisation early in the project, two conclusions were reached that have affected the direction of the project:



no suitable turbines were available in the 1 MW size range but several smaller turbines are under production and several manufacturers are developing turbines up to 200 kW.



better optical systems were possible for a fixed mirror system that could build on past work in the solar thermal electric sector.



	It was realised that commercial cost targets could only be reached if there was a change in direction of the research and development that could build on past R&D in solar thermal electricity and capitalise on the developments in the gas turbine industry.   Therefore it was decided to divide the project in to two phases.



Phase 1 was the construction of a 35 kW system that tracks at a distance 14.7 m from the surface of a mirror with a 30m radius of curvature.    This is a “proof of concept” phase in which the problems of mirror construction,  receiver and tracking were solved.



In parallel with the design of the 35 kW  system,  a phase 2 system was designed.  During the course of the design for Phase 2,  it became clear that the construction costs of the hemispherical bowl were too great to produce a mirror system costing below the target of $70/m2.   A revised concept for Phase 2 was conceived involving a flat fixed Fresnel mirror.   



Given the results of the Phase 2 research,  it was not longer necessary to build a Phase 2 system as original conceived.   A 1/10th scale model of a Phase 2 system was built in order to demonstrate the flat fixed Fresnel mirror.



Thus the final objectives of the project were:

Build and test a prototype 35 kWe solar thermal electric system using a fixed mirror concentrator

Design a 100 kWe system using a flat fixed mirror fresnel concentrator that could achieve the original objectives of producing solar electricity at less than $0.10/kWhh.



Such a system had a large commercial potential filling the gap between smaller scale photovoltaic systems less than 25 kWe (which are economical for niche remote power markets) and larger scale solar parabolic trough markets (>80 MW) which require large investments and have longer lead times into the market.   The advantage of 100 kW solar system is that they have significantly lower investment costs than the larger solar thermal electric systems.   They can have a more rapid learning curve that will improve performance and reduce costs.







4.	TECHNICAL DISCRIPTION

�



4.1     The Technical Concept



The original project concept is shown schematically in Figure 4.1.    It comprises a fixed hemispherical mirror with a tracking arm on which a heat exchanger,  gas turbine and generator are located.   



The mirror is an incomplete hemi-sphere tilted from the horizontal at an angle equal to the local latitude.  The solar receiver, secondary mirror, receiver and turbine are located on a 

Figure 4.1  Schematic of Fixed Mirror Hemispherical Bowl Solar concentrator







tracking arm which is positioned parallel to the incident solar radiation throughout the day.  Figure 4.2 shows the path of the incident radiation.  All radiation passes through a focal line DD.  



A secondary mirror defined by surface C reflects solar radiation to a volumetric receiver heats which the turbine air flow stream. 



Figure 4.2 shows a secondary mirror which intercepts all incident radiation which is a distance 0.6Ro from the centre of curvature of the hemi-sphere (i.e. the rays labelled 1-6).  Such a mirror in a shading loss of only 1.6%.     





By placing an additional linear receiver (E) along the focal line DD it is possible to intercept incident radiation which is 0.6Ro to 0.8Ro from the centre of curvature.   This radiation is at near normal incidence, so again there are low cosine losses.  The length of the additional heat exchanger can be optimised: the additional weight and cost needs to be offset against the greater capture of the incident radiation. 



Turning back to Figure 4.1, the principle of operation can now be seen.   At any one moment in time, radiation from a distance 0 to 0.6Ro from the centre of curvature is intercepted by the secondary mirror and linear receiver.  As shown in Figure 4.1, the section of the mirror in use varies throughout the day and year depending on the altitude of the sun.  For example at solar noon on the summer solstice (June 21st) section AA of the mirror is used and when the sun is at its lowest position section BB is used.



The fixed mirror optics allow high concentration ratios to be achieved which means that high temperatures can be achieved -  necessary for the operation of gas turbines.  

�



Figure 4.2 Schematic showing ray tracing for the fixed mirror concept.



5.	RESULTS AND CONCLUSIONS	



5.1   Mirror Selection



The issues to be addressed in this work package were:



reflective materials availability, durability, costs and optical performance

implications of reflective material for substrate and bonding to substrate	

substrate options and costs





5.1.1	Reflective material options and selection



The mirror options that were considered are shown in Table 5.1.







Supplier & Country�

Product�

Cost US$/m2�

Comments��

Pilkington - Flabeg, Germany�

Standard float glass mirror 1.3mm�

$28.68 and up�

High price but good product knowledge��

Luxguard, Luxembourg manufacturing in Hungary�

Standard float glass mirror 2.0mm�

$6.00 �

Untested. New production in 1997.��

PPG�

Standard float glass mirror 2.0mm�

�

Untested��

Glaverbel, Belgium�

Standard float glass mirror 0.6 - 2.0mm�

�

Untested, but new pro-duction from  Apr-Jun 97��

3M, USA�

ECP305+ 

reflective polymer�

$25.83 as per quote �

Lower cost of transport than glass��

Ano-Coil, UK�

Anodised Al, 0.5mm�

$16.40�

Untested��

�

ditto 1.0mm�

�

Possibly strong enough for self-supporting panels��

Table 5.1:	Mirror Materials considered



	Thin glass was selected for the primary reflective surface – due to its low cost and high reflectivity. It was procured from Glaverbel, Belgium. In making the selection reflective performance, cost, availability, wear resistance and ease of forming to the required profile were all considered.





5.1.2  Substrate options and selection

	

Non-rigid reflective materials  need backing onto substrates, which effectively are panels with the correct spherical curvature and shapes to make the complete bowl of the primary mirror. Substrate panels can be made from three different options that could be cast onto a mould:

·	Glass Fibre Reinforced Plastics (GRP’s).  The industry for making panels and sub assemblies from GRP is well established, and is no longer considered high tech, i.e. it is well suited for locating manufacturing in third world countries. It is, however, labour intensive and the cost of materials is higher than for Ferro-cement.

·	Ferro-Cement. The technology for making thin sections of Ferro-cement is well established from the marine industry, and is probably the lowest cost option. Although Ferro-cement sections requires 2-3 weeks for curing (1 week in 100% relative humidity and 100 C), they can be taken off the mould after a few hours, which in fact gives a higher mould utilisation than for GRP. Again, this technology is well suited for third world countries.

Masterclad is a Calcium Silicate board produced for the building industry by Cape Boards plc - a UK registered company that is listed on the London stock exchange.   These boards are made by a production process similar to paper - they are laminated and cured in an autoclave.  The boards are suitable for outdoor use.   In order to examine the feasibility of using these boards as mirror substrates,  Cape were asked to produce 200 m2 of board with a curvature of 30 metres.  This involved making a 2.4 m x 1.2 m former with the required curvature - the wet board is compressed on these formers before being autoclaved.   Mirrors were attached to these boards but they did not have the required accuracy.   A measurement on the curvature of the former,  revealed that the former was inaccurate.



The final choice for the mirror substrate was  ferro-cement and a ferro-cement expert company was contracted to start trial production.   Tasks completed were:



Optimisation of the concrete substrate size both for least cost and strength. As a result a substrate of thickness 50mm and side width 605mm was chosen.   The manufactured cost for the optimised panel is $30/m2.



Moulds for the substrate.  Initially the mould was made from GRP but these were found to be inaccurate.  Attempts were made to make concrete master moulds but again these did not have the required accuracy.   Finally the decision was taken to make a steel master mould which was machined to the required accuracy.  Concrete slave moulds are then taken from this master.



Trial production.   Using the steel master/concrete slave, trial production runs were carried out.  Geometrical and optical measurements were made on the resultant mirrors.   Optical measurement were made of both (a) the image diameter and (b) the flux distribution using a camera and image processing software. Figure 5.1 shows an example of these test results; for this panel the energy optical efficiency for a 500 mm diameter apertures is 99%..   It can be concluded that the concrete substrate/mirror can be produced at the required accuracy.



Fixings and adjustment mechanism.  Threaded studs hold the mirror substrate onto the concrete foundations of the bowl using epoxy resin or similar into a hole. A spring is compressed on lock nuts and washers.  The threaded stud passes through a bush.  Mirror alignment is achieved by adjusting each of the three threaded studs.



Alignment Tool.  In order to simplify the installation and alignment procedure an alignment tool has been designed.  The tool sits on each mirror panel - the sight line sits normal to the mirror surface.   A gun alignment and prism is fitted to the alignment tool at the sight line.  The user can view the gun cross hairs through the prism at a position parallel to the panel.   The panel adjusters are moved until the gun cross hairs are aligned with an object at the centre of curvature of the bowl.   Alignment trials have been undertaken with this tool.  It can be used to align each panel to within + 1.6 mrad.





Mirror- substrate bonding options and selection



A supplier of special adhesives, mastics and edge sealers were identified: Gunthers (US), represented in the UK by Ebor Glass Equipment Ltd and a  series of trials were undertaken to determine the optimum method of fixing glass to concave concrete surfaces using a commercially available mastic adhesive then determining the resistance of the bonding and damage to the mirror surface as a result of extreme climatic conditions.  Twenty ferro-cement trial dishes were used in combination with 2mm and 1.2mm mirrored glass.  Mirrored samples were subjected to the following tests :



		Temperature cycling 1.  4 x 6 hr cycles between 10 0C and 50 0C

		Temperature cycling 2.  4 x 6 hr cycles between -10 0C and 50 0C

		Solar radiation test 1.  6 hr test under simulated solar conditions of 1120 W/m2

		Solar radiation test 2.  4 x 6 hr cyclic tests simulating solar conditions of  0 to 1120 W/m2

		Humidity test.  24 hr test at 50 0C and 85 % humidity.



	The samples were visually and dimensionally inspected after each test series.  No deterioration was observed.



	This test series has provided very positive results for mirrored glass adhered to a concrete substrate.  The combination of successful testing under simulated more extreme climatic conditions,  low cost manufacturing process for the substrate and low cost, reasonable performance mirror confirmed the decision to proceed with such a primary mirror for the phase I development programme. 



�

Receiver Design						



	Detailed discussions were held with the Weizmann institute of Israel and DLR of Germany over a series of several meetings.  Both organisations have developed volumetric receivers that could be developed to be suitable for the Solargen application.  The DLR receiver was determined to be most suitable.  A new ceramic absorber had to be designed to fit an existing tested pressure vessel, thus providing hardware to a design that had previously been tested to temperatures and pressures in excess of the design conditions for this application. 



The receiver comprises a paraboloidal quartz glass window behind which a ceramic foam absorber is mounted. Different window geometries had been investigated by DLR, a low reflectance, pressure retaining window resulted.  The required conical  absorber is approximated by flat trapezoidal components mounted in a support frame.  The absorber is positioned inside an internally insulated steel pressure vessel, designed for minimum pressure drop as the working gas enters through a flanged connecting duct on the rear face of the body. The incoming gas passes round the outside of an internal insulated wall, through the absorber and exits coaxially with the axis of the receiver.



	The energy entering  the receiver and therefore available for transfers to the turbine cycle was boosted through the inclusion of a secondary concentrator (VRBS). It is mounted in front of the receiver, has an inlet aperture of 540 mm and increases the average flux density into the aperture of the receiver. The concentrator comprises 18 water cooled aluminium segments approximating  compound elliptic geometry. Backsilvered glass mirrors are bonded to the segments to provide the required high reflectivity and durability.



	Solargen undertook optical ray tracing for the hemispherical primary mirror to the VRBS aperture using Zemax code.  DLR independently ray traced the system through the concentrator into the receiver.  Both organisations tested sensitivity to surface error and the result on flux density at receiver.  It was determined that a primary surface slope error of a standard deviation of +2 mrad is a reasonable manufacturing target for the primary surface and will result in great enough energy input to the system.  



	It was decided that the area surrounding the front aperture should be thermally protected with a heat shield.  On emergency shutdown of the system a shutter is driven across the aperture of the receiver to prevent overheating of the absorber as air mass flow reduces on shutting down of the turbine.  The shutter is driven by a pneumatic actuator in one direction and against a spring in the other direction (sprung shut).  The system is fail-safe and automatically closes on loss of actuator pressure or emergency shutdown of the complete system.  
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Figure 5.1 : Distribution of receiver costs for low power receivers
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Figure 5.2 : Estimates of receiver costs for low power receivers.





	Figures 5.1 and 5.2 show estimates of receiver costs for low power receivers.   The cost of 60 kW receivers is estimated to be $200/kW.   A breakdown of these costs show that insulation is the biggest single item.  Given the larger scale of the Solargen commercial system it is not unreasonable to project production costs of $100/kW.
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Turbine Options and Selection					



5.3.1  Generic Options



One of the first tasks of the project was to choose an appropriate gas turbine.   The generic choices were:



?	Single radial turbine with external recuperator 



Available in efficiencies approaching 30%, part load efficiencies below this figure.  Likely to require hybrid operation to achieve acceptable efficiencies 



?	Multi-unit axial turbine with separate power turbine 



30% efficiency available. Part load efficiency maintained by partial shut down. 

Modifications required to include solar heat exchanger and recuperator 



?	Multiple unit high speed generators  



Small units operating in parallel will deliver 30% over the operating range. Suitable control and power unit operation management systems will be required to sequence. 



Each of the choices can achieve the efficiency level required.  The Solargen system required the turbine/alternator to be available at approximately $350/kW and this is an obstacle for the first two choices.  The third choice is the lowest cost when the high speed turbogenerator is in volume production and provides the possibility of a range of Solargen units, down as low 25 kW. 





5.3.2  Review of Commercial Turbines.3	Commercial Turbine�tc  \l 23 ".3	Commercial Turbine"� 



A number of companies were contacted and companies visited.



Axial Turbines.3.1	Axial Turbines�tc  \l 33 ".3.1	Axial Turbines"� 



Turbines are generally of low efficiency (<25%) and when manufactured in small numbers could not be supplied cost effectively for recuperated operation.  Typical responses were :-





?	SOLAR  - No longer offer the smaller SATURN unit (Annex 0) in recuperated mode and would therefore not meet the Solargen requirements. The budget price for a 1MW unit is $800,000. The technical information identifies the effect of ambient temperature on turbine performance.



Solar have recently developed new high performance plate recuperators which would be suitable for the Solargen application (Details on request) 



?	Pratt and Witney - Not supplied in recuperated format.



?	Lycoming- do supply a recuperated motor for the US Abrams battle tank of 1.5 MW. 



?	Orenda - Canadian company supplying from Eastern Europe industrial turbines that could be configured for recuperated operation. 



?	Allied Signal (Garrett) - are known to have supplied in recuperated mode for development projects in biomass gasification. (Details on request)



Without recuperation part load efficiencies of these standard industrial turbines are generally low which ruled them out for the Solargen application, and inclusion of a recuperator (Solar - $300,000) pushes the costs too high.



Radial Turbines (IMW.3.2 	Radial Turbines (IMW�tc  \l 33 ".3.2 	Radial Turbines (IMW"�)



High efficiency radial turbines are more suited to the Solargen application: 



?	OPRA - recently introduced 1-1.5MW unit offering up to 35% in recuperated mode. Prices not fixed, but likely to be in the order of $1.25 mill for a recuperated unit. 



?	Dresser - relatively low efficiencies can be boosted by recuperator, but size too large



?	Centrax - developed a 600kW unit which is no longer available on the market 



?	IHI - low emission power turbine in the 2MW Class 

 

Of these turbines the OPRA is the most suited to the Solargen application. Cost remains a problem at low manufacturing volumes.     



Axial Turbines (300kW)



With part load performance important the installation of multiple turbine unit will be attractive.  Typical units :- 



?	ABB NTC - recently withdrawn from the market.  Auxiliary Power Unit (APU) based turbocharger technology.  



?	Turbo Meca - manufacture an gas compressor for turbocharger applications (Annex 2 TM307) that can be modified for external firing and recuperated operation.  Price for development of 300kW unit 15-22,000,000 FF.



?	Volvo - developing the VT 600 unit with an external combustor option and have offered to collaborate with Solargen (Annex 2) in the development of this turbine for solar applications.



?	Microturbo - manufacture a wide range of APU engines (Annex 2 - Gevaudan), but all feature radial combustors and internal recuperators requiring extensive modification for Solargen application.





High Speed Generators (<50kW.3.4	High Speed Generators (<50kW�tc  \l 33 ".3.4	High Speed Generators (<50kW"�) 



This is an active area of turbine research with new products just appearing on the market place :-



?	dk-Teknik - investigating use of MAN turbocharger for indirect biomass power system including CHP system 



?	Volvo - developing automotive gas turbines based on current technology. Interested in Solargen collaboration, but cannot supply for the prototype in the time available.



?	Capstone- developed for the American automotive industry this is a high technology unit now offered for stand alone power generation. Unable to offer immediately development versions of the engine equipped for external heat sources.  



Target automotive price (volume manufacture) is $2,000 for 40kW ($50/kW) recuperated system of 30% efficiency. Current price for 24kW is $50,000, which will drop to a target of $7,000 ($300/kW). 



?	Turbo Energie - Specialist manufacturers of small gas turbines (Annex 3). Quoted a basic engine price (exc. recuperator) of $160,000 for a twin shaft 40kW unit ($4,000/kW).  



?	Bowman - Introducing turbocharger (KKK) driven high speed alternator for power generation.  Likely to be first available low cost unit on the European market at an initial cost of $50,000, and a production cost of $18,000 for 30 kW in non-recuperated format.    



?	NREC - designed a purpose built solar turbine (Annex 3) very highly recuperated, with low pressure ratio and high mass flow. (Visit in progress - details awaited)  



?	TurboTek - design and build a small (tubocharger based) gas turbine motor. 



On conclusion of the above work Bowman and NREC were selected as the best option because:-



?	they are able to deliver in the necessary time



?	they have the highest efficiencies (31% possible)



?	the turbine inlet temperature is low (850 deg C)



Detailed negotiation was entered into with both companies and Bowman were selected as the turbine supplier.











Turbine Modification and Construction



	A feasibility study into using the selected gas turbine in conjunction with the proposed solar receiver was commissioned  and concluded that it was feasible to integrate the Bowman turbine and DLR receiver subject to :

	

	-	Extensive redesign of the combustion system to operate under design temperature conditions and to operate in hybrid mode with fluctuating solar input and modulating between maximum and zero solar input.

	-	Introduction of a waste gate valve to vent the heated air without damaging receiver or turbine in the event of emergency shutdown.		



	The scope of the design specification for the hybrid combustion system demanded a specific development programme to be implemented. Of a list of  9 European companies that were considered to undertake the work, Cranfield university and AIT - Combustion Technology Centre were short listed and detailed discussions held.  AIT were selected and following a feasibility study into the development of a suitable combustor, commenced on a design and development programme.



	With the selection of Bowman as the turbine supplier, the regenerator (now a recuperator) became a predefined item supplied as proprietary piece of equipment and part of the turbine generator package.  The recuperator is a low pressure loss primary surface type of  90% effectiveness. The significant effect of the recuperator on the turbine cycle can be seen from the turbine operating data :



				Simple	Recuperated

				Cycle

			Electrical power (kWe)	40	35

			Fuel flow (Kg/hr)	30.11	11.2

			Exhaust temp ( 0C)	593	200

			Efficiency	11.3 %	26.5 %





	

AIT designed hybrid combustor required to "top up" solar energy as required and provide fuel source for night operation was completed and tested prior to integration into the turbine.



The combustor was tested under simulated operating conditions on a test rig.  Temperatures were monitored during the test by thermocouples and metal temperatures assessed by means of thermal paint.



An initial ignition problem was found to be as a result of the ignitor cooling air shrouding the ignitor from the fuel gas. After turning the air off just for the duration of ignition this problem was resolved and ignition subsequently very successful. 



The conclusions of the test were :

Ignition was readily achievable over a range of air mass flows.

Combustion was stable over a wide range air fuel ratios Low exhaust emissions and high combustion efficiency were demonstrated.

Combustor metal temperature were shown to be acceptable at levels between 550 - 923 OC.

Under controlled conditions the combustor was demonstrated to operate satisfactorily and would be expected to do so in the power train.



Linear Receiver and Secondary Mirror Design



The DLR Volumetric receiver with secondary concentrator and Bowman turbine were designed for Phase 1.   The phase 1 system has a system aperture of M=0.3.    The objective of this task was to design a receiver and secondary mirror which is capable of achieving a higher aperture with the fixed mirror.   A target of M=0.7 was set.



There are two main options for achieving a greater aperture:



Design a secondary concentrator that will work with a volumetric receiver as designed by DLR.

Design a new linear volumetric receiver (with secondary concentrators).



For the former option,  three alternative secondary mirror configurations were assessed which show some promise (all dimensions refer to the Crete prototype which has a primary mirror radius of curvature of 30m). Other options were assessed and rejected. 



	Each promising option was assessed with regard to:



complexity and ease of construction

size and implications for tower and tracking system

optical performance in terms of primary mirror aperture size (ie the number of incident rays that can be collected by the secondary mirror)

receiver aperture size.





	Secondary mirror materials 



	The primary design criteria for the secondary mirror are high reflectivity and being capable of withstanding high operating temperatures.  Under the concentrated flux conditions experienced at the secondary mirror, temperature is always likely to be problematic, however this can be limited by material properties.  A mirror with high reflectivity within the solar spectrum (minimises the energy that the mirror absorbs) and high emissivity in the Infrared spectrum (maximises the radiative losses from the mirror). As emissivity and reflectivity are not independent at every wavelength, a selective surface is required. The rear surface of the mirror can be painted with a high emissivity paint. (Pyromark paints are design for high temperature applications, and have been tested many times the Pyromark black paint emissivity is 0.83)



	From ray tracing work undertaken for Solargen, if we assume that the flux onto the secondary / tertiary mirror is 475 kW/m2,  we can model the mirror behaviour.  Assuming reflectivity of 90%,  emissivity of 90% (best case), ambient temperature 30C,  depending on the temperature the mirror material can operate under, the energy to be dissipated can be tabulated as shown in table 5.2 :

	

Mirror Temp

0C�Energy

Absorbed

kW / m2�Energy

Radiated

kW / m2�Energy to

Dissipate

kW / m2�Heat

Transfer

Coefficient��

300

400

500�

45 000

45 000

45 000�

10 142

20 078

35 581�

34 858

24 922

9 419�

128

67

20

��

Table 5.2 : Energy to dissipate from secondary mirror, related to mirror temperature.



	As the mirrors need to be bent, metal substrates provide a solution.  To this end discussions were undertaken with specialists in the field of highly reflective, metal substrate mirrors (e.g. laser mirror suppliers and optical material specialists). 





5.5.    Power Train Design and Test				



	In parallel with the combustor programme, Bowman manufactured a standard turbine generator and redesigned the turbine package to take into consideration the total power train layout. The power train hardware is mounted in a support frame designed by Bowman and stressed by structural engineers Buro Happold.  The turbine package is mounted above the frame and will be enclosed in a weatherproof, acoustically attenuated, ventilated enclosure.  The receiver is suspended below the frame and will have no obstruction between it and the mirror when mounted in the swingometer.  The complete module is fitted on anti shock cup mounts between the power train frame and swingometer.



Two pneumatically operated valves ("control valve" & "dump valve") were incorporated into the design for control and safety purposes.  For control, a modulating valve  bleeds a small amount of the hot air flow to atmosphere in the event of too much solar energy entering the system.  In the event of the electrical load tripping, the dump valve will fully open to bleed hot air flow from the thermal mass of the receiver to atmosphere to prevent the turbine accelerating to an over speed condition.  This function would normally be undertaken by controlling the fuel flow to the combustor.



Ancillary equipment for the turbine includes a load bank for power dissipation during the initial commissioning and demonstration phase and air blast cooler and pump system to provide coolant at a suitable temperature for the turbine, receiver, front shield and shutter when operating under maximum solar conditions.



Before final installation in the Crete prototype,  100 hour testing took place in the UK. 





5.6	System Optimisation					



5.6.1  Primary Mirror Shape and Mirror Utilisation for Phase 1 



Optimisation of the primary mirror shape was carried out to determine to get best solar load factor (ie proportion of equivalent hours per year that the system operates on solar only) as a function of primary mirror tilt,   primary mirror cut out angle (the section of a sphere) and  primary mirror shape in the north-south and east west directions. Software was written to determine the solar output of each part of the primary mirror.    This allowed a shape to be defined which maximises the solar output.    The optimum size is a 0 to 60 degrees segment in the north-south direction,  a 0 to 90 degrees segment in the east-west direction with “ears” in the north east and north west.    

For ease of construction,  it has been decided that the “ears” would not be built until Phase 2.   Therefore the Phase 1 prototype is  a 0-60 degree segment in the north-south direction and a 0-60 segment in the east-west direction.



5.6.2  Overall Performance Phase 1 - 35 kW



	A computer model was written to predict the system output as a function of solar insolation,  mirror geometry and receiver performance.   The model predicts hourly temperatures on a month by month basis and then determines the fossil fuel back up needed to maintain a constant power output for the turbine 12 hours per day, 365 days per year.  This contribution is the solar load factor.  





	Figure 5.4 shows the receiver temperature profile for the phase I prototype



�



	Figure 5.4 : Receiver temperature profile for the Phase 1 prototype



	Figure 5.5 shows the monthly solar load factor. This corresponds to an annual load factor of 28%.



�

	

Figure 5.5  : Monthly solar load factor







5.7	Phase 2.  Mirror Design



The major cost item in the Solargen system is the mirror.    The optical arrangement developed for Phase 1 still suffers from this high cost.   The major portion of the mirror costs is the civil works associated with making the bowl (accounting for at least two thirds of the total mirror cost).   Therefore work on Phase 2 design concentrated on optical arrangements that reduce the mirror cost.



The least cost optical system chosen for Phase 2  consists of a flat fresnel mirror tilted at an angle near to latitude (35 degrees for Crete).  The advantage of this system is that civil works are reduced considerably - it is far easier to make a flat surface than a bowl of radius 30 metres to an accuracy of 100 mm).    The disadvantage of the fresnel concept is that there is some loss due to shading and that the optics are more complex.



Mirror size has been optimised to determine the annual kWh/m2 for different values of aperture size.  Table 5.3 summarises this.  The results in Table 5.3 have been calculated using measured direct normal insolation data for Crete (supplied by Pilkington Solar International)





�Annual Mirror Output kWh/m2 mirror surface��Mirror Aperture�M=0.5�M=0.5�M=0.5�M=0.7�M=0.7��Mirror Type�Bowl �Flat�Flat Optimised �Bowl�Flat��Strip + 60 deg E-W;  + 23.5 deg N-S�590�473�634�920�903��Circle + 45 degrees�520�488�583�860�903��Table 5.3:	Annual mirror output for different configurations:  M = aperture as fraction of radius.



Taking the M=0.5 and M=0.7 results, it can be seen that the annual output for a flat mirror is less than a bowl.  This is expected, since there is greater shading for a flat fresnel mirror.  In itself, the lower output is not a problem because the cost/kWh is a better parameter to measure.  However, by optimising the positions of the receiver, it is possible to increase the output of the flat mirror. 



5.8    System Design						



5.8.1  Civil works for primary mirror



	Two basic options for the civil works were considered:



An above ground space frame arrangement 

An excavated bowl with part of the mirror above ground.



	Civil Engineers Ove Arup were commissioned to make an initial design and costing for the primary mirror based on these two options.  They looked at 23 m and 100 m diameter bowls.   The main conclusion from this work was that the costs were too high (by an order of magnitude) and that there were diseconomies of scale in making the mirror larger.   Following this reference solution,  low costs options using concrete foundations and a concrete substrate were examined.   The initial conclusions were that an excavated 90 degree bowl with a concrete foundation and adjustable concrete substrate panels to which the mirror is glued could be installed for $140/m2.   As a starting point this is double the target. 



	Further work was carried out to reduce costs.   For the prototype it was decided that the bowl would be formed by excavating approximately half its depth and using this material, reinforced  by mesh, compacting or mixing with concrete (or some combination of all three) to build up embankment sides to form the upper half.  A compacted layer of sub-base will be placed over the excavation & embankment which will have an in-situ reinforced concrete substrate cast over it.



On completion of the construction procedure, subsequent quantity surveying indicated the extreme sensitivity of the design to geographic orientation of the bowl, topography of the site and sub-surface material of the site.   The suitability of the first site was reviewed,  the topographical survey showed the most suitable area of the site to be south west facing resulting in the need for greater excavation and embankment than an ideal south facing site,  trial excavations proved the site to be based on rock under a 0.5 to 1.0 m layer of top soil.  As the cost for excavation of rock is approximately a factor of 3 higher than that for softer material, an alternative site was sought.



	A second more suitable site was found with softer material to a greater depth and good access to services (roads, power, water etc), however the topographical survey indicated it to be west south west facing resulting in increased excavation volumes and costs.  Finally a new site was identified, facing south, with good services.  Trial boring of the underlying material was undertaken prior to full excavation of the bowl.



	Results of the quantity surveying and analysis of the cost sensitivity to excavation vs. embankment indicates that a maximum 4m high embankment is optimum.



	Discussions with civil engineering contractors in the Sitia area were undertaken and a suitable contractor identified with the plant and experience to complete the work within appropriate timescales.  Unit costs were agreed and were back fed into the quantity  / cost optimisation.  Agreement was reached with local surveyors to undertake topographical and detailed survey of the site.  The same surveyor was also responsible for the layout of site,  marking for excavation,  sub-layer back fill and concreting.  A local civil engineer was been appointed in accordance with Greek regulations to be responsible for all civil engineering activity.  He ensured that all local and national regulations were observed, permits obtained, safety law and good practice observed and that the work is undertaken in accordance with the design and specifications.



Item�Unit�Unit price�Quantity�Cost ($)��General��20000�1�20000��Excavate�m3�4�3300�13200��Embankment�m3�40�200�8000��Mesh�m3�80�200�16000��Foundation�m3�240�160�38400��Substrate & Mirror�m2�30�1200�36000��Total�m2�90�1600�131600

��

Table 4  : Breakdown of the primary mirror costs,  estimated at $90/m2.

	

Methods of reducing primary bowl costs were reviewed including the replacement of the concrete bowl surface with a cement earth layer.  The substrate earth is mixed with cement and allowed to hydrate.  The result is a smooth surface, to the required accuracy of profile, but at a cost of less than 50% that of concrete.





5.8.2  Tower



	The Structural engineering company Seward Wyon was commissioned to propose and carry out preliminary analysis of viable structures and drive systems to maintain the receiver / power train on position and to keep it within a positional tolerance of + 10mm. 



	Solargen subsequently extended the scope of the structural study to include likely dimensions and loads for phase 2 and to accommodate the latitude of any site between 400 south and 400 north, resulting in the receiver needing to pass through the vertical position.  Seward Wyon were asked to extend their original study to include the revised scope and specifically to develop the ideas of circular track in the mirror with structure rotating on the track and rotating braced tower with pushrod drive system.  



	Several viable proposals were made for structural tower and drive system, each was compared against the design criteria.   After much work,  the final design selected was  a tripod tower arrangement with a “swingometer” to hold the power train..   The dimensioned scheme was completed early in 1998 followed by detailed engineering and design of the civil and structural work.   The lower end of the swingometer is mounted on a carriage truss, which itself is mounted on rails at  the northern and southern edges of the bowl to give east west traverse.  North south traverse is obtained by means of driving the lower end of the swingometer along the carriage.  The benefit of the tripod being that it is light, rigid, scaleable accurate and cheap to fabricate.  Since the original concept with the tri-pod spanning the bowl, all three legs have been moved to the south. 



5.8.3  Drive System



Many different options were considered for the drive system which positions the power train at the correct focal position throughout the day:



Cable drives

Mechanical drives

Electrical drive

Hydraulic.  



The final choice was a hydraulic system.  This was chosen on grounds of least cost and reliability.   The sytem comprises 3 identical drive systems.  One to be located at each end of the carriage and one at the base of the swingometer. The drive systems are each operated from a power pack and local control panel mounted adjacent to the drives.  The control panels receive operating signals remotely from the control room via cable reelers mounted under the southern end of the carriage.



Accuracy of the position of the receiver concentrator has been used a design criteria for structure and drive system. i.e. the accuracy to which the centre of the 540mm aperture will be located  Calculation of static deflections of the structure results in a positional tolerance of + 30mm this comprises tri-pod movement, swingometer deflection, carriage deflection, drive and control system and flexible mounts between the power train frame and swingometer.  The thermal effect of expansion of the steelwork has not been included in the above calculation, however the positioning software includes a variable that will initially be set to zero, but may be adjusted to take account of the expansion.





5.8.4	Control System



	A dedicated fail-safe control system was designed to position the power train and maintain its position "on sun" or at any other position demanded by the operator.  It includes a start up sequence to move the power train into position on predefined operating criteria, track the sun to maintain the receiver in its optimum position, move the power train to a stationary position on normal shutdown and to move the power train off position at a higher speed on emergency shutdown signal.



	The  prime function of the Control System is to position the receiver at the focal point of collector dish.  To this end it will calculate the sun position at a time and from this calculate the focal point position.  



	The receivers position is known from signals received from encoders mounted on the tower and arm. The difference between the receiver and focal position will provide an error signal triggering the hydraulic drives to move the receiver to the correct position for optimum performance.  



	A dedicated computer is used for the control system with various interfaces to read and trigger encoders and relays.  A display console provides the status of various alarm events and positional data will be relayed to the data acquisition system.



System Construction					



On completion of the lease of the site in October 1997, the preliminary survey was immediately followed up with a detailed site survey, the results of which facilitated accurate positioning of the bowl.  A temporary 30m steel structure was erected with a fixed point exactly at the pivot point of the proposed tri-pod.  This was used as a datum bowl excavation and construction as an approximate check on the surveyed data.  Local contractors excavated the bowl under the supervision of a local civil engineer and a Solargen Greek site manager.



Requests for permissions to erect civil and structural works were submitted according to the programme.  



The method of construction of the bowl was adapted to the topography of the site.  The final survey determined that the site did not slope exactly north south, but was skewed slightly towards the south west.  This resulted in the north west corner being raised above ground surface higher than originally designed.



At the highest section of the bowl  a reinforced earth embankment was built on which a concrete foundation is cast.  The foundation forms the base for fin sections of walls which support the bowl surface at its upper reaches.



The site has been laid out with a view to  accessibility, practicality of operation, aesthetics and local regulation dictating the position of certain items of hardware such as the LPG tank.  It has the cooler, pumps, generators and generator fuel tank to the west side of the southern leg.  The control room East of the southern leg and the back up fuel tank south west of the southern leg.



The structural steelwork went out to enquiry both in the UK and Greece.  Though fabrication and erection rates and duration's were comparable in both countries, the shipping costs from the UK were prohibitively expensive.  An Athens based fabricator - 3KP made a technically and commercially acceptable offer.   They fabricated and delivered the tri-pod, swingometer and carriage truss, which was erected on completion of the positioning of the base plates. 



5.10   Monitoring						



	Detailed monitoring of the solar thermal hardware required the installation of a dedicated Data Acquisition System, (DAS).  Each major component of hardware has been instrumented, to send signals which will provide operating data to the DAS system which will perform two prime functions:



	i.	It will enable verification of correct system operation during and after installation and commissioning stages.  



	ii.	It will provide long term system performance data.  The data collected will form a data base enabling development of such solar thermal systems.  



	The automatic DAS collects data from temperature, current and voltage transducers mounted in the equipment, leads will be terminated in a weatherproof enclosure adjacent to the power train on the end of the tracking arm.  All signal interfacing and conditioning will take place within the enclosure and the data sent as a serial stream to a dedicated computer installed in the control room



	Custom written software provides for a graphical user interface allowing various parameters such as sampling frequency and averaging period to be set.  The data having been converted to engineering units will then be written to various files on the hard disk.  Meteorological data will be gathered and processed in parallel with the performance data.  



Monitoring of all hardware instrumentation has been specified as being capable of being performed remotely.  The data acquisition system (DAS) records and stores to disc all site data at a frequency of approximately 1 second and be capable of remote downloading of data via a modem.  As with the control software, the DAS logic is written in Labview.



The data is displayed on a monitor in several screen layers.  The main screen annunciate overall operating characteristics and key data.  The lower screens, selectable by button on the screen annunciate all operating data in tabular form.



The stored data files are in a form that can be read into spreadsheet software for subsequent performance analysis.  The other main feature of DAS in this form is to undertake trend analysis in the event of shutdown of any of the equipment.



5.11	Performance Results







Figure 5.5:  Performance results:  Turbine output 25-27 kW�

�Limited performance testing has taken place due to constraints on project budgets.   Figure 5.5 shows some of the results.   This graphs shows the solar contribution in kW thermal,  the solar contribution as a percentage of total and the turbine output – all plotted against absorber temperature.    At the lower turbine output  it is possible to get high solar contributions since lower turbine outlet temperatures are needed.     As turbine output increases,  the solar contribution decreases because higher turbine inlet temperatures are required.



The maximum solar contribution that was obtained during the test period was 65 kW thermal.   The system was designed for a maximum solar contribution of  110 kW thermal indicating that there mirror is not performing as well as was expected.



There are two reasons for the lower than expected mirror output:



Misalignment of individual mirrors.   Night time photographs of the mirror taken from the centre of curvature with and using a flash camera indicate that a number of mirrors need to be realigned.

Deterioration in some of the mirrors.  A significant percentage of mirrors have lost  there reflective coating due to a chemical reaction between the mirror backing and the bonding material.





5.12 	Conclusions



A number of main conclusions can be drawn from this project:



The project has demonstrated that a gas-turbine can be successfully integrated into a solar volumetric receiver.   This is the first time that such a system had worked.

The project has demonstrated that the fixed mirror concept works up to the 35 kW scale – although this arrangement is not commercially viable due to (a) low mirror utilisation and (b) the construction costs of the mirror.

The project has demonstrated that a second generation fixed mirror concentrator, based on a flat fresnel mirror and a gas-turbine volumetric receiver has the potential to achieve the project targets of solar electricity at $0.10/kWh.





EXPLOITATION PLANS AND ANTICIPATED BENEFITS



6.1	 Exploitation - Industrial Applications  



The main industrial applications for the technology developed under the Contract are as follows :

[1]    Remote power generation for communities,  medical and government facilities, military installations,  water pumping and irrigation,  desalination,  water purification

[2]    End-of-grid boosters

[3]    Large scale power generation by installation of modular farms.



6.2     Patents,  trademarks and licenses :



All successful patent Applications will be held by the Solargen companies,  in the same way as the Trademark registrations.



A preliminary study as to the optimum franchising and licensing procedures to adopt  is in progress with one of the leading firms of City Lawyers in London,  with wide experience of franchise and licence deals in the Far East,  China,  India and the Middle East.



6.3    Market Studies :



Further in depth market studies will be placed under the supervision of the new Solargen head of Corporate Development,  who will also coordinate a table showing available funding resources for each country from the various International Agencies.



Inevitably,  personal contacts and sure entries to particular markets will also have a bearing on assessment of the real opportunities.



6.4    Training on the new technology :



While the Solargen Companies will use their best endeavours to incorporate components which require the least regular maintenance,  without loss of efficiencies and performance,  nevertheless a significant criterion for prioritising a particular market will be the skill levels and labour costs prevailing in that market.



It is an unassailable requirement that expert on-the-ground personnel are trained in the new Solargen gas turbine solar power generators.



This will require training by Solargen engineers.   In addition,  however,  more crucial training may be required by engineers from the engine supplier/s.



Having assessed the damage incurred by the pv industry in the formative years,  when inadequate support and training was provided by the manufacturers and/or distributors,  resulting in abandoned and damaged pv systems in key locations -



Solargen will develop a Training Department which will be assigned to a particular country or region for sufficient periods of time to ensure the local personnel are totally familiar with the product and sources of supply for components and parts for replacement.



The Training department will,  logically,  come under the supervision of the Marketing Department and training specifications will form an intrinsic part of any distribution, licensing  or franchise contract.



6.5.  Communications Strategy



To date,  using the services of one experienced Press Relations writer,  Solargen arranged one Press Release following completion of construction of the Crete prototype in December ’98.

This resulted in an interview with the Technical Director which was published in a half-page editorial in the UK Sunday Times.      This article instigated a telephone interview by the London Press Exchange,  which subsequently appeared over a period of months in publications in Spain,   Kenya,  India and Ecuador.



As a result of these two original items,  a small volume of enquiries was received from companies,  government departments,  tourism facilities and individuals in some 48 countries - led,  in terms of volume of interest,  by India.



In the future, the main barriers to market entry is lack of information about and credibility of concentrating solar technology.



In addition,  the following general observation on all renewable energy technologies warrants attention :



“There is a general lack of awareness among key market players - policy makers, financial institutions, utilities, equipment suppliers and energy users - of the state of development of renewable energy technologies. 



To overcome this barrier it is essential that the results of successful applications of renewable energy technologies are disseminated quickly and more effectively than has been the case so far.  Cheap and easy access to such information will reduce the cost of assessing new technologies and deployment strategies, avoid duplication of failures and enhance replication of good ideas and therefore stimulate increased market deployment.” 



(‘Key Issues in Developing Renewables’, International Energy Agency) 





Although public awareness of environmental issues is increasing steadily,  notably among younger people,  the public perception internationally of methods to combat carbon emissions and global warming remains confused.      The construction of wind generators interferes with TV reception;  small hydro projects are determinedly stifled by withholding Planning Permits;    solar pv panels are regarded as an amusing avant-garde novelty.



Solargen takes note of the quotation from the IEA booklet.     Video material has been collected throughout the period under the Contract.   It is a record of the work achieved.  Written and spoken quotations have also been preserved.



Judging the ‘Right Time’,  it is the intention of Solargen to mount a coordinated Press and Media campaign to disseminate publicity about the innovations achieved under the Contract and the raft of new developments in concentrating solar technology that this Contract has instigated. 





6.5   Timetable for exploitation



Given the fact that Solargen is currently developing a medium-scale solar-driven desalination plant in the Canary Islands and also has programmes in progress to optimise smaller-scale [5 - 25kWe] power generators,  using ORC engines at lower temperatures - 



it is likely that development of the new receiver design and prototypes,  as required for the adopted flat collector optics formation,  will be spread over the next 2 - 3 years.



Simultaneously,  development with the engine supplier to make any necessary adaptations for use of the engine in a solar-only or gas-hybrid mode,  will progress. Particular vigilance will be used to ensure that certain serious omissions by the engine supplier,  as experienced under the first Contract,  do not recur.



Finally,  selection of the options currently developed and pre-designed for the ‘tower’ arrangement will be made.     The same criteria of cost,  robustness in high-temperature sand-filled environments,   maintenance requirements and reliability will be brought to bear.



The Company owes a fiduciary duty to its shareholders to engage as many sources of public funds as are available in order to leverage the private equity investments.



It is therefore the Company’s policy,  to an ever greater degree, to locate the maximum sources of Agency funding from all sources to promote the development and marketing of its products.



This practise will continue on an ongoing basis and applications for such funds will be made at the appropriate time.



It is impossible,  at this time,  to stipulate precisely which Funds - EC or other -  will be requested for support in the next phase of development of the results under this Contract.



Fifth Framework Funds,  Structural Funds,  Funds for Social Cohesion,  Technology Funds and Regional Development Funds in various parts of the world must be considered for part-funding of demonstration systems to promote the fullest exploitation of the final product,  whose critical and important development was initiated under this Contract.
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