Solar Energy towards Grid-Parity

Arie Zaban

Department of Chemistry, Bar-llan University, Ramat-Gan 52900, Israel.

During 2009 the solar market will move from supply limited to demand limited, shrinking from 5.47
GW ($36 billion) installations in 2008 to 5.29 GW ($29 billion) in 2009. Consequently large over
production of cells and modules is expected mainly due to funding difficulties and the reduction of
governmental subsidies. Silicon availability which seemed as the limiting growth factor has become
irrelevant as module players seek to cut inventory. And finally, modules’ prices have gone down to a
level that enforces the manufacturers to develop cheaper manufacturing processes at higher yields.

While this shakeout disturbs the solar community overall, and a number of companies and even some
technologies will fail, these events may be used to make the critical step forward in solar to energy
conversion technologies. We refer to the significant cost reductions that feed the hopes that by 2011
solar energy prices will come down into “grid-parity” range, marking a new era for the solar industry
and the world.

How can solar energy reach “grid-parity”? We will present the leading solar technologies including
crystalline silicon PV, high concentrating photovoltaics (HCPV), thin-film silicon (TF-Si), cadmium
telluride (CdTe), copper indium (gallium) diselenide/disulfide (CIGS/CIS), dye sensitized solar cells
(DSSC), organic PV (OPV) and concentrated solar thermal power (CSP). Concepts, status,
challenges and new approaches will be discussed.
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Inorganic/Organic Hybrid Photovoltaics:
Si/ Organic Molecule / Metal Inversion Layer Solar Cells

Rotem Har-Lavan, Omer Yaffe, David Cahen

Department of Materials and Interfaces,
Weizmann Institute of Science, Rehovoth 76100, Israel.

Si inversion layer solar cells were proposed 4 decades ago as a way to make Schottky barrier cells a
practical, simple & cheap route to photovoltaics, using Metal-Insulator-Semiconductor (MIS), and Met-
al-Insulator-Semiconductor Inversion-Layer (MIS-IL) structures. In principle, such solar cells are con-
structed from a semiconductor and adjacent metal layer. By choosing a suitable metal-semiconductor
combination, e.g., n-type (p-type) semiconductor with high (low) work function metal, the semiconduc-
tor surface next to the metal can become (type-)inverted, creating a p-n junction underneath the metal
electrode. However, this can happen only if the interface of the semiconductor is well passivated, and di-
rect metal / semiconductor interactions are prevented, to reduce the surface (i.e., interface) state density.
Recently we have shown that simple alkyl monolayers, self-assembled onto Si, can provide such a passi-
vation. An additional positive surface dipole, originating from the molecular monolayer, effectively
reduces the Si electron affinity and allows a Hg metal contact (with a relatively low work function of
4.5 eV) to induce inversion upon intimate contact with the n-Si.1
Here we build on our earlier work and use a room-temperature methanol/hydroquinone treatment, first
suggested by Takato et al.,2 to passivate the surface of 2.8 Q.cm n-Si. Both Fermi level and band
bending of the treated Si are obtained from contact potential difference (CPD) measurements with a
Kelvin probe. The results indicate that this treatment is superior to the alkylation in terms of surface
passivation, while, at the same time providing an even stronger surface dipole.
Dark I-V and C-V measurements were done with a Hg drop electrode. Comparing the results with
numerical calculations clearly indicates that the Si interface is strongly inverted. 1-V measurements
under white light illumination yield an 80% Fill Factor (FF) and 0.54 V open-circuit voltage (Voc). As
these are the minority carrier recombination-limited values for a sample of the doping level that we
used, they show the potential of this approach for metal-polycrystalline semiconductor photovoltaics.
References
(1) Yaffe, O.; Scheres, L.; Puniredd, S. R.; Stein, N.; Biller, A.; Lavan, R. H.; Shpaisman, H.;
Zuilhof, H.; Haick, H.; Cahen, D.; Vilan, A. Nano Letters 2009, 9, 2390-2394.
(2) Takato, H.; Sakata, I.; Shimokawa, R.; Lz Jpn. J. of Appl. Phys. - Lett. 2002, 41, L870-L872.



Can up & down conversion and multi-exciton generation
improve photovoltaics?

Hagay Shpaisman*, Olivia Niitsoo, Igor Lubomirsky, David Cahen

Department of Materials & Interfaces, Weizmann Institute of Science Rehovot 76100 Israel

Repeatedly proposed directions to improve photon management in solar cells are up-conversion (UC)
and down conversion of photon energy. In UC two photons with energy hv<Eg (the band gap) create
one photon with hv>Eg; in down-conversion one photon with energy hv>2Eg, yields two photons with
energy hv > Eg. Thus, for a single junction cell with Eg=1 eV, all 0.5< hv<1 eV photons can participate
in UC and all hv>2 eV photons in down-conversion.

A more flexible alternative to optical down-conversion, in terms of possible efficiencies is photon-
induced multiple exciton generation (MEG). In this case one photon with energy hv> nEg yields n
electron-hole pairs. We note that MEG has a disadvantage in that MEG has to occur in the
photvoltaically active material, while down conversion (and UC) can be done in optical elements that
are separate from the PV cell. We showed that if we combine MEG with UC the theoretical efficiency
of an ideal cell rises from 30% (detailed balance limit) to 49%.

HOWEVER, with what we estimate to be optimistic, maximal realistic efficiencies (25% for UC; 70%
for MEG) this limit becomes slightly less than 40%, i.e., ~1.25 times the theoretical efficiency of
conventional single band gap cells.

While these results do not detract from the fascinating fundamental scientific challenge to make UC and
MEG simple and cheap ways to improve PV, they show that UC + MEG are unlikely to lead to the type
of radical decrease in the {(cost) / (efficiency x lifetime x yield)} ratio that we need to allow large
scale economic introduction of solar cells. Such reality checks should be considered when evaluating
the short—term promises of these and other options for improved photon management. Indeed, seemingly
mundane issues such as finding ways to lower the costs of multiple solar absorber arrangements and/or
multi-junction systems, may well deserve attention, also at the more fundamental level.
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Preparation and Investigation of Silicon PIN Solar Cells

A. Axelevitch*, A. Wisnebeek, Z. Gavrilman, B. Gorenstein, and G. Golan
Holon Institute of Technology, 52 Golomb St., PO Box 305, Holon 58102, Israel

Application of solar energy to generate electricity is the main issue in recent years. Direct conversion of
solar energy into electricity using the photovoltaic effect seems to be successful; however, there are
plural limitations to the efficiency of this process. Thus, finding ways to decrease the energetic losses
and increase the efficiency conversion becomes the main goal of researchers. One of these ways is to
apply intrinsic semiconductor thin film to widen the depletion region of the diode structure.

PIN based Photovoltaic structures on single-crystalline silicon were built using the sheet plasma
deposition method. Thin films of intrinsic silicon and indium oxide were grown in series on the surface
of conventional silicon wafers (p-type) with the surface oriented in the [111] direction. In order to
remove natural silicon oxide film coating on the wafer surface, all samples were wet etched and cleaned
before deposition. Then, silicon thin film was deposited using DC sputtering from a silicon target in
argon atmosphere. After that, indium oxide thin film was grown on top of the previous film by
sputtering of pure In,O3 also at an atmosphere of pure argon.

Optical and electrical properties of the deposited films were investigated using laboratory equipment. It
was found that the bandgap of the intrinsic silicon layer is equal to 1.3 eV and bandgap of the emitter
layer (In,Os) equals to 3.04 eV. Resistivity of the obtained emitter layer was equal to 5.24-10 Q.cm.
Efficiency of the photovoltaic structures was no more 0.2 %. This may be explained by non-clean
conditions during the thin films preparation. The prepared samples show feasibility to grow photovoltaic
devices using the sheet plasma sputtering method.
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Sb,S;-Sensitized Nanoporous TiO, Solar Cells

Yafit Itzhaik, Olivia Niitsoo, Miles G. Page, David Tsivion and Gary Hodes*

Department of Materials and Interfaces, Weizmann Institute of Science, Rehovot 76100

One of the challenges for alternative energy is to produce photovoltaic (PV) cells that are cheap,
efficient and reliable over a reasonable lifespan. A fairly new concept is the ETA (Extremely Thin
Absorber) cell: A thin layer of an absorbing material is deposited on a porous, transparent n-type
semiconductor with a high internal surface area, while the pore volume is filled with a transparent p-
type semiconductor. This concept is similar to a solid-state dye-sensitized solar cell, but with a
semiconductor as the light absorber instead of the molecular dye.

We found that chemically deposited Sbh,S; shows promising photovoltaic behavior as the light
absorbing material in an ETA cell, with TiO, nanoparticles as the electron conducting mesoporous
film, and CuSCN as the pore-filling hole conductor. A thin layer of Iny(OH),S, — chemically
deposited between TiO, nanoparticles and Sb,S; — promotes the nucleation of Sb,S3 on TiO..

A SCN' solution treatment of the cell before the CuSCN decreases its resistivity, thus improving cell
performance. Cell aging also decreases cell resistance, resulting in an increase in the short-circuit
current (Jsc) and fill factor (FF).

We achieved solar conversion efficiencies up to 3.4% from these cells. We also carried out some
preliminary operational stability measurements and found the cells to be reasonably stable over 3
days of operation under load.

*gary.hodes@weizmann.ac.il



Progress in commercialization of Dye Solar Cells at 3GSolar
Dr. Jonathan Goldstein

3GSolar Ltd., 3 Hamarpe St., Har Hotzvim Technology Park, Jerusalem 97774

Dye solar cells (DSCs) offer a low cost alternative to conventional photovoltaic silicon cells on the
basis of materials (bulk titania powder in place of high purity silicon) and process costs (simple
screen printing and oven treatment in air in place of vacuum deposition in a clean room facility). Dye
cells are based on a thin (typically 15 micron) porous layer of nanocrystalline titanium dioxide,
coated with dye and impregnated with an iodine-based redox electrolyte Projected dye cell materials
costs and capital costs for economic production are a fraction of those typically associated with
silicon and thin film cell production lines. Furthermore, small research dye cells have been reported
as having a promising >12% conversion efficiency under one sun illumination. Many developmental
dye cells, however, have scale up, efficiency and stability limitations that have hindered the move to
production. An in-house silver-free, robust, corrosion-resistant current collecting grid has been
developed by 3GSolar that allows scale-up to large area cells having increased stability and with
reduced wastage of active area. The primary product is to be a 55W, 32 cell module for solar home
systems in developing countries. Full commercial size, prototype glass-based cells of area 225 sq cm
have been built and assembled into multicell prototype PV modules. Performance data including
recent endurance runs of cells at 85 degrees C will be presented.

Tel: 972-2-5720170, Fax: 972-2-5720175, Mobile: 972-50-7303821
email: jg@3gsolar.com
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Hybrid operation of OST3 gas turbine with concentrated solar
radiation and bio-fuel

Uri Fisher, Joseph Sinai
ORMAT Industries Ltd

The operation of a modified helicopter gas turbine engine with concentrated solar radiation was
successfully demonstrated in the Solgate project [1], [2], [3]. The system consisted of a 250 kW gas
turbine, two volumetric and one tube receiver with a thermal power of 350 kW each, and a turbine
driven generator connected to the public electric grid. For start-up and control reasons, this system
always operated in hybrid mode with kerosene.

As the Spanish legislation applies only for power generation systems operating with nearly 100%
renewable “fuel”, the Solgate concept had no prospects for commercial application. To overcome
this problem, the turbine fuel system was modified to operate with bio- diesel instead of kerosene.
This was successfully demonstrated in 2008/9 at the Plataforma Solar de Almeria in Spain.

Due to the delicacy of a gas turbine fuel system and the unique characteristics of the bio-diesel, the
turbine is usually started with kerosene and later is changed over to bio-diesel. The procedure is
reversed before the engine is shut down. This was the first time ever a gas turbine operated in a
hybrid solar bio-fuel mode. No influence on the turbine operation has been detected while inspecting
the turbine operation curves. Pressurized air, exiting the gas turbine compressor and entering the
combustor, was heated by the receivers to 840C, as obtained power reached 225kW, of which about
195kWe is due to solar heat and 30kWe to bio-diesel combustion.
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Spatial Solar Flux Measurement on a CSP Tower Receiver
Ziv Auman

BrightSource Industries
Kiryat Mada St. 11, Amot Bldg #6, P.O. Box 45220, Har Hotzvim,Jerusalem, 91450,

The LUZ Power Tower (LPT) Solar Receiver Steam Generator (SRSG) system is a customized solar
boiler based upon conventional power-plant boiler technology. The most significant difference is that
the SRSG is designed in an “inside-out” configuration — conventional boilers receive their energy
from an internal heat source via convection and radiation; the LPT SRSG receives its energy from
the solar flux projected from the solar field. This configuration exposes the SRSG panels externally,
enabling BrightSource to have an unobstructed view of the irradiated boiler panels (both Evaporator
and SuperHeater) surfaces. By integrating multiple measurement technologies (cameras, sensors,
etc.), with online real-time analysis and modeling algorithms, BrightSource has developed the
capability of measuring a real-time 2D map of the flux incident on the receiver; a significant
accomplishment for full-scale power-station boilers.

Development Engineer
www.brightsourceenergy.com
zauman@brightsourceenergy.com
Phone: +972-(0)77-202-5073
Mobile: +972-(0)50-6857296
Fax: +972-(0)2-571-1059



Matching Large Solar Photovoltaic Power Plants to the
Israeli Electricity Grid

A.A. Solomon?, D. Faiman? and G. Meron®

L Albert Katz International Graduate School for Desert Studies
2 Blaustein Institutes for Desert Research
12 Ben-Gurion University of the Negev, Sede Boger Campus 84990.
% Israel Electric Corporation, Haifa 35222

Conventional electricity grid systems employ slow-ramping turbines for base-load supply, and fast-
ramping turbines for load-following purposes. In the absence of storage facilities a large PV system
can provide support only for the load-following turbines, because the slow turbines cannot be
ramped up and down sufficiently quickly to take advantage of fluctuating solar input. Furthermore,
solar input can only save energy for the fast-ramping turbines to the extent that there is overlap
between solar output and load requirements. This paper examines such overlap for an entire year of
hourly IEC data and identifies the limits to solar penetration as function of the so-called grid
flexibility factor. It quantifies the possible improvements to be expected from employing various
sun-tracking technologies and from distributing PV plants around the Negev.
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Supplying Israel's Electric Energy Demand: a Life Cycle Analysis
approach

Yaniv Edery, Tamir Klein, Hagay Shpaisman

Instructed by: Prof. David Cahen, Prof. Igor Lubomirsky, Dr. Ron Milo
Department of Materials and Interfaces, Weizmann Institute of Science, Rehovoth 76100

Israel's electric power demand has increased by more than 50% between 1997 and 2007. Though
Israel Electric Company met the increase in demand by adding more turbines to an existing
power plant in recent years, power production capacity today barely meets the nation's power
demand. About 70% of the electricity production in Israel comes from coal combustion, and so
the offered solution to the predicted increase in demand is based on expansion of the existing
coal power plant in Ashkelon. In this study we chose to use a Life Cycle Analysis (LCA)
approach to assess this solution along with advanced alternative solutions (i.e. wind turbine, PV
cells, pumped storage). For this purpose we compared the production of 1 kWh by different
solutions in three major aspects: energy return on investment (EROI), energetic cost, and
environmental impact. The LCA limits included the following segments: station construction,
raw materials mining and transportation, maintenance, and operation. The assessments were
based on case studies of similar scenarios available at the Eco-invent database together with Eco-
indicator 99 platform. The results show that in terms of EROI the coal power plant is 10 times
more effective than the alternatives; on the other hand, in terms of energetic cost the alternative
solutions are 10 times more efficient than the coal power plant production. The environmental
costs show that power production from coal impacts human health, ecosystem quality, and
mineral resources at least 8 times more than the alternatives. Although significant computation
deviations might have occurred, they are unable to mask the vast difference between the options.
In face of these differences, the aspects discussed should be accounted for in any future planning
of electric power supply.



The First Phase of Israel's Feed-In Tariff: An Economic Evaluation and
Reflections on the First Year of Operation

Chanoch Friedman and Yaakov Garb*

Jacob Blaustein Institutes for Desert Research, Ben Gurion University of the Negev,
Midreshet Ben-Gurion 84990

Many countries have adopted various forms of subsidy for alternative energy, solar in particular, as a
way to encourage them as they gradually become more competitive in price with conventional
energy supplies. Recent (2008) legislation is the first to bring these kinds of broad subsidy to Israel,
in the form of the Feed-In Tariffs (FIT) common in many countries in Europe and elsewhere. The
first phase of these tariffs in Israel is for individual households with a maximum of 15 kWp, and for
businesses, with a maximum of 50 kWp. Thirty percent of the 50,000 kWp committed in this first
phase is to come from the smaller systems, the remainder from the larger ones, with much larger
systems anticipated in subsequent phases.

The talk describes and extends the analysis done in a recently completed MA thesis. This consisted
of a cost-benefit analysis of the economic feasibility (Pay Back Period, Net Present Value, Internal
Rate of Return) of producing electricity under this new tariff arrangement for a 4 kWp private system
and for commercial systems of 50 kWp with and without two-dimensional tracking. Actual costs
and other typical parameters are used, and various scenarios and sensitivity tests are applied.

The economic analysis under 2008 conditions shows that the smaller private systems have a payback
period of around 15 years if optimally operated. The larger commercial systems without tracking
also have a payback period of about 15 years and allow some degree of profit if operated optimally
and carefully (orientation, cleaning) in areas of higher insolation (southern Israel.) Two-dimensional
tracking systems, however, are reported to boost productivity significantly for an additional
investment of 20%. In high insolation areas, this leads to payback periods of 12-13 years and more
substantial returns on investment. Here investors can profit from these government subsidies.
(Overall, the first phase of the FIT will entail a subsidy of 120 million shekel.) The recent financial
crisis, which has decreased the costs of solar systems by about 20-30%, significantly increases the
economic viability of solar systems.

In addition to this analysis, we briefly discuss the motivations of the decision-makers sponsoring this
FIT arrangement and those investing in systems under it, its contribution to preparing the legal and
institutional groundwork for broader adoption of solar energy when this begins to approach grid
parity, and evaluate the contribution of the FIT to the advancement of solar energy in Israel.

* ygarb@bqu.ac.il
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The main aspects of reactants selection for solar hydrogen production
from water via thermal chemical redox cycles

Irina Vishnevetsky, Alexander Berman, Michael Epstein
Solar Research Facilities Unit, Weizmann institute of Science, Rehovot, Israel

Potential application of concentrated solar energy is thermal chemical redox cycles for hydrogen
production from water using different metals. Such cycles usually consist of two steps: metal
hydrolysis followed by metal oxide reduction or thermal decomposition.

The paper describes the main aspects of reactants selection ensuring effective, reliable and safe
operation of the solar and hydrolysis reactors.

Thermodynamic analysis indicates that metals with a lower molecular weight-to-valence ratio with
stronger Me-O bonds demonstrate better hydrogen productivity and both higher conversion and heat
releasing during the hydrolysis reaction. However they require higher temperatures or multiple steps
for their oxides reduction. Experimental results presented for boron, magnesium, zinc, tin and
cadmium confirm the thermodynamic prediction that the easier the oxidation (hydrolysis) step, the
more difficult is the reduction step and vice versa.

An element, which can satisfy all optimal requirements for hydrolysis and reduction steps, does not
exist and a compromise is inevitable.

The elements with higher heat of oxide formation, lower molecular weight (magnesium) and also
higher valence (boron) demonstrate excellent hydrogen productivity per gram of reactant. However
their oxides reduction is difficult and requires multi-steps. Zinc powder hydrolysis (micron size)
demonstrates 90% conversion and good Kinetic. Its reduction chemistry is simple and can be realized
in two ways: carboreduction using bio-carbon (charcoal) at acceptable temperature level of about
1100°C with 85-90% conversion, or direct thermal splitting, which requires temperatures above
1700-1800°C, does not demonstrates high conversion but it is CO; free. Tin oxide splitting requires
temperature above 3000°C, but carboreduction with charcoal enables full conversion with fast
kinetic at temperatures of around 900°C . This can provide practical solution to the reactor with
acceptable longevity. Tin hydrolysis process is less productive and significant slower than hydrolysis
of boron, magnesium and zinc because of its low exothermic heat, high molecular weight and the
back reaction occurs at relatively low temperature which suppresses the hydrolysis kinetic as the
temperature increases. But in spite of these difficulties, tin hydrolysis can reach 90% conversion
during 2 hours in batch reactor with temperature increase up to 550°C at atmospheric pressure.
Comparing with other metals, CdO splitting can be realized at relatively low temperature of 1400-
1500°C, its charcoal reduction is successfully performed at temperatures below 950°C and CO
reduction can be completed below its melting point (321°C). The main problem of Cd based redox
cycle is the hydrolysis step. Besides disadvantages inherent to tin hydrolysis, cadmium has high
vapor pressure at temperature above melting point. This leads to very low productivity, low
conversion and significant metal losses during the hydrolysis step. The way to suppress the
vaporization and back reaction is to raise the pressure to 20-30 bar or more with significant excess of
water vapor which complicates the fabrication of the hydrolysis reactor, taking also into account the
operating temperature of 500-600°C. Safety issue is also associated with the cadmium cycle.

*irina.vishnevetsky @weizmann.ac.il
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CO, reforming of Methane in a directly irradiated
solar reactor

Rachamim Rubin
Solar Energy Facility, Weizmann Institute, Israel

Jacob Karni
Dept. of Environmental Science and Energy Research, Weizmann Institute, Israel

Solar energy is intermittent in nature and is not uniformly available around the globe. Therefore
energy storage and transport are crucial for any wide-range application of solar energy. When carbon
dioxide is catalytically reacted with methane, syngas, consisting of CO and H; is produced. This is
an endothermic reaction with high enthalpy change (~250 KJ/mol). Syngas can be stored and
transported to the user site, where the reaction is reversed in a methanation stage, generating heat to
power any engine. The methane and carbon dioxide are regenerated at this stage and are returned to
the solar plant to start another closed-loop cycle. A solar volumetric reactor, for CO, reforming of
CHy,, was tested at the Solar Tower of the Weizmann Institute as part of the development of chemical
storage of solar energy. The reactor was based on previous experimental work with a volumetric
receiver. The main parts of the reactor were a conical quartz window and a “porcupine” base which
served as the heat transfer area. Fig 1 shows a schematic representation of the “porcupine” reformer
reactor.

A specially developed ruthenium catalyst was used on the “porcupine” heat transfer area. The test
conditions were CO, to CHy ratio, about 1.2, and total flow rates 100-235 slpm. The maximum
temperature was not allowed to exceed 1450° K. The maximum conversion of CH,4 reached 85%.
The total energy absorbed was 10.3-18.2kW. The thermal energy part was 2.3-4.5 kW and the stored
chemical enrichment was 7.5-13.7kW. The results indicate that this type of volumetric reactor can be
used for solar energy storage using CO; reforming of CH, and further work aimed at improving the
total efficiency of the system is in progress.

Gas )
Exit ™~

Gas Inlet

Fig 1: A schematic representation of the “porcupine” reformer reactor.



Bio-fuels from wet organic waste by solar
super-critical water gasification

Alon Ganani, Abraham Kribus
School of Mechanical Engineering, Tel Aviv University
Michael Epstein
Faculty of Chemistry, Weizmann Institute of Science

Thermo-chemical gasification of biomass and other organic materials, in particular wet organic waste, is
a promising direction for producing renewable fuels. Performing the gasification under conditions near
the critical point of water (374°C, 221 bars) can offer several advantages, including: lower temperature
relative to conventional gasification; using water as solvent and reactant in addition to its role as carrier
fluid; and complete conversion of the organic matter to combustible gaseous fuel without formation of
tars and other undesired products. The product fuel contains mostly hydrogen and some methane, and in
addition water vapor (can be condensed and recycled) and CO, (can be separated and sequestrated). The
fuel can be used either by combustion or by conversion to electricity in a fuel cell. The Super-Critical
Water Gasification (SCWG) process requires heat input at an appropriate temperature of around 400°C
or higher. The process can be 100% renewable if the source of this heat is a solar collector field, using
trough or tower technologies that are capable of achieving the needed temperatures.

We have developed a thermodynamic simulation to model different configurations of solar SCWG fuel
production and power generation cycles. The simulation has been validated against known results from
the literature. The goal of the simulation is to optimize the performance of SCWG cycles, and to
determine the cycle thermodynamic conditions such as pressures, temperatures, flow rates, and biomass
loading for optimal operation. The simulation shows that this solar-assisted renewable fuel production
combined with power generation can lead to high overall efficiency. Conversion from the heat input
(caloric value of the biomass and solar-derived heat) to electricity can be in the range of 40—60%. The
performance is sensitive to several operational parameters, including the temperatures, pressures, and
configurations of process equipment.

In parallel, we are developing an experimental reactor system to validate the gasification process
performance for different kinds of organic feedstock under supercritical water conditions, with and
without a catalyst, and as a function of reactor operation conditions (temperature, pressure, residence
time, and biomass loading).

* This research is supported by the Israel Ministry of National Infrastructure.



High Temperature Electrolysis of CO,

Alioshin Yury*
Department of Environmental Science& Energy research, Weizmann Institute of Science, Rehovot 76100

Substitution of energy produced from fossil fuel by renewable alternatives has becomes more and more
important issue. Unfortunately, the most of technologies produce energy in form of electricity. Although
easy for direct use and immediate transportation, electricity almost inappropriate for even short term
storage on industrial scale. Therefore development of effective method for renewable energy storage
becomes more and more important.

The storage of energy in form of chemical bonding or, by other words, in form of fuel is most promising
method for our opinion.

The high temperature electrolysis of CO, could be solution for solar energy storage. Increasing of
electrolysis temperature lead to substitution of required electric energy by heat. The solar-to-heat
efficiency of solar installations significantly higher than solar-to-electric efficiency. Therefore higher
overall efficiency of solar-to-fuel conversion could be reached. Unfortunately, up today electrolysis CO,
was performed only up to 950C

In this work we test possibility to perform electrolysis of CO, to CO at temperatures up to 1400C

A furnace-based apparatus for the measurements of high temperature electrolysis of CO, was designed
built and is presently used for the experiments. Schematic of the test apparatus is shown in figure 1.

Figure 1. Schematic drawing of experimental apparatus.

As shown in the figure 1, the tested membrane (1) is stuck on the end of Alumina (Alsint) extension tube
(3) and placed in the hot zone of furnace (16). The metallic extension tube (4) connects the Alumina tube
to chamber (5). This chamber could be ev2-acuated by vacuum pump (10) and filled by a selected gas
from cylinder (11). Pressure controller (12) is used to maintain constant pressure in chamber (5) and on
the inner surface of membrane. Independent pressure measurement is performed by gage 14. A four-wire
method is used to perform electric measurements. Power and sensing wires from the outer surface of
membrane (15) are stretched out between the furnace’s and extension tube. Power and sensing wires
from the inner surface of membrane (13) go through an electric feed-through. Micro-compressor (9) is
used to mix and circulate the working gas and prevent uneven concentration build up near membrane
during the experiments. Gas composition measurements are performed by a Gas Chromatograph (7).

and



Automatic sampling is performed with the GC pump (6). Temperature measurements are performed by
LJ-type thermocouples (2) attached to the main oven extension tube (made of Alumina/Alsint) and to the
membrane (1). Electric measurements are performed either by a Novocontrol electrochemical
impedance analyzer, for AC methods, or by a Keithley power-source meter 2611 for DC methods. Both
units utilize the four-wire scheme.

Results

During experiments following measurement were performed: 1-V characteristic of electrolytic cell at
different temperatures and CO concentrations; Impedance spectrometry at at different temperatures and
CO concentrations; actual electrolysis of CO; at different temperatures and current densities.

The overall cell resistance was calculated on base of |-V characteristic, distinguishing between
resistance of Anode, Membrane and Cathode resistance was performed on base of impedance
spectrometry. Electrolysis efficiency was calculated from data on I-V during electrolysis and from direct
measurement of CO concentration as function of time.

Evaluation of electrolysis efficiency could be given on example of data from experiment at 1250C. The
value of above 80% in wide range of CO concentration and current density of 50mA/cm? was observed,
see figure 2.

Electrolysis efficiency. Calculation based on Voc
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Figure 2. Electrolysis efficiency. Calculated on base of open circle voltage (Moc) and overall voltage
measurement.

If solar-to-electricity efficiency is 20% and solar-to-heat efficiency is 70% then overall solar-to-fuel
efficiency appears 24%. For comparison the efficiency of water electrolysis at ambient temperature with
industrial electrolyser (75% efficiency) under same conditions appears 15%.

Intermediate Conclusions

1 Electrolysis of CO, at least up to 1400C is possible

2 High electrolysis efficiency could be reached at high temperatures.

3 Significant improvement in solar-to-fuel efficiency could be achieved by using proposed technology.

4 Analysis of materials currently used for membrane and electrodes suggests room for efficiency
enhancement.

*Yury.Alioshin@weizmann.ac.il



PCM-based Storage System for Solar Energy Plants

Eli Asis, Hanan Avraham, Dan Sagie*

Rotem Industries

Thermal Energy Storage (TES) technologies are required for efficient, cost effective solutions in
various heat process industries and especially for solar power plants. Common TES technologies
that are developed nowadays might be classified to either sensible heat, latent heat or thermo-
chemical storage. The present study provides an efficient latent heat storage system based on a
phase change material.

Phase change thermal energy storage is based on the large heat of fusion of some Phase Change
Materials (PCM, e.g., paraffin waxes, inorganic salts). Typically, in this type of energy storage
applications the phase of the PCM changes from solid phase into liquid phase during charging of
thermal energy, and from liquid back to solid phase while discharging the stored thermal energy.
The major obstacle that impedes efficient discharge of the energy is the very low heat
conductivity of all relevant PCMs, the rate of energy release becomes very low as the thickness
of the solid phase increases.

A unique approach of using an appropriate insert (Patent pending) within “storage pipes" is
presented. The heat conductivity through the solid PCM is improved approximately by 10 fold.
These "storage pipes" may be applied in the typical tubes and shell, very effective heat
exchanger concept of structure.

The heat conducting paths, obtained by the insert, maintain good heat conductivity despite the
rapid solidification of the PCM at the periphery near the walls of the pipe. Consequently, the
stored thermal energy is rapidly delivered and the freezing and melting cycles are substantially
shortened. This will allow the use of well known PCMs as Sodium Nitrate for commercial
applications like solar power plants.

The concept and results of simulations for melting and solidification of PCM with the assistance
of several inserts would be presented. The rate of heat transfer would be compared to the
classical capsule design.

30kWih pilot plant design and major characteristics would be presented as well as the concept of
a commercial module.

Other advanced thermal storage technologies would be compared to the proposed approach with
a prospective on their chance to become commercial

* At present on Partial Sabbatical leave at Solel Solar systems



Solar-powered systems for cooling, dehumidification
and air-conditioning

Khaled Gommed and Gershon Grossman

Faculty of Mechanical Engineering, Technion — Israel Institute of Technology, Technion City, Haifa
32000

The possibility of providing cooling and air conditioning by means of energy from the sun has
attracted Man’s attention since the early development of solar technology. The greatest demand for
cooling occurs when the solar radiation is most intense, thus making its use all the more attractive.
Growing demand for air conditioning in recent years, particularly in hot and humid climates, has
imposed a significant increase in demand for primary energy resources. With suitable technology,
solar cooling can help alleviate, if not eliminate the problem.

The existing methods may be divided into two categories: Closed-cycle and open-cycle systems. The
former include mainly absorption systems; the latter include both solid and desiccant systems.

Absorption systems are currently available commercially in different sizes and capacities. The most
common are single-effect systems used mainly to provide cooling using waste heat or another form
of low grade heat at about 85°C. These systems can be applied directly for solar cooling, by
combining them with an array of flat-plate collectors to supply the heat. Such a project was
implemented already in the early 1980's at the Tel Hashomer hospital, supplying 200 TR (700 kW).

Desiccant systems are essentially absorption systems operating in an open cycle, where the humidity
contained in the air serves as the refrigerant. A system of this type using LiCl-water is currently
operating at the Technion.

The seminar will describe current trends in solar cooling, dehumidification and air conditioning, and
will consider the closed-cycle and open-cycle alternatives.



The Analysis of UVB radiation at the Dead Sea and Its Application
in the Treatment of Psoriasis

Avraham Kudish'? and Efim Evseev!

!Blaustein Institutes for Desert Research
Ben-Gurion University of the Negev
ED Bergmann Campus
Beer Sheva 84105, Israel
’Dead Sea & Arava Science Center
Neve Zohar, Israel

Abstract

The Dead Sea basin offers a unique site to study the attenuation of the solar ultraviolet radiation, as it is
situated at the lowest terrestrial point on the earth, about 400 m below sea level. In view of it being an
internationally recognized center for photoclimatherapy of various skin diseases, it is of interest to study
its UV intensity and attenuation as a function of wavelength relative to other sites. In order to provide a
basis for inter-comparison of the solar radiation intensity parameters measured at the Dead Sea, a second
set of identical parameters are measured simultaneously at a second site (Beer Sheva), located at a
distance of ca., 65 km to the west and situated above sea level (the difference in altitude is
approximately 700 m). The existing database, containing solar global, UVB and UVA at both sites, is
composed of measurements from January 1995 to the present. In May 2009 the meteorological station
at Neve Zohar (Dead Sea basin) was upgraded with the addition of a tracking UVB meter, viz., the
measurement of normal incidence UVB. The results of this on-going research project will be discussed
on two levels: (1) the analysis/inter-comparison of the solar global, UVB and UVA radiation at the two
sites; (2) the relevance of these findings with regard to the success of photoclimatherapy at the Dead Sea
medical spas.

The manuscript on which this abstract is based can be accessed from the on-line journal at the following
website: http://deadseaarava-rd.co/il/
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Solar-Driven CO, Reduction Using Conjugated
Photo-Thermal-Electro-Chemical (PTEC) Process

Gidon Feridman*, Jacob Karni

Department of Environmental & Energy recearch, Weizmann Institute of Sciences, Rehovot 76100

One of the most important and challenging problems facing humankind is the abundant, low-cost
production of potent fuels, which can be used in intrinsically clean energy processes, that is, in
processes whose net discharge has zero emission of green house gases and other pollutants.

The general goal of the proposed study is to combine photo, thermal, electric and chemical
(PTEC) processes to develop a new method that would maximize the efficiency and conversion
rate of solar radiation to chemical potential in the form of CO, reduction to CO and O,. The
carbon monoxide can then be used directly as a gaseous fuel (e.g. in power plants) or converted
to methanol or hydrocarbons. The CO; generated during the burning of these fuels is trapped,
returned to the solar power plant and reduced again.

The proposed process uses concentrated solar radiation for reducing CO, to CO in a series of

coupled energy conversion steps, at temperatures of 800°C — 1400°C:

Step 1. Concentrated sunlight heats the electron source — a Thermionic cathode causing it to
release electrons.

Step 2. Electric field is generated from the heat supplied by the concentrated sunlight to provide
the electrons with the right energy for dissociating CO, molecules via dissociative
attachment.

Step 3. The electrons and preheated CO, gas enter the main chamber where the Dissociative
Electron Attachment (DEA) reaction
CO,+e =CO, =CO+0"
takes place, producing COand O™ .

Step 4. Additional CO; is dissociated by high-temperature electrolysis as it reaches an electrode
which is in contact with an oxygen conducting membrane

Step 5. The CO molecules exit the system, while the negative oxygen ions are drawn to the
anode and reach it by traveling through a ceramic membrane. Upon reaching the anode
the oxygen ions release their excess electrons, combine to form O, molecules and exit the
system, while the electrons are recycled back to the cathode.

The present, ongoing project has two main objectives:

(i) Derive the relations and calculate the theoretical and achievable efficiency of a system,

which uses the PTEC process to produce CO.
To investigate experimentally a high efficiency electron source which uses the thermionic effect,

operating in a CO,/CO/O,/O" gas surrounding.

*aidon.ferdiman(@weizmann.ac.il
Tel: +972-8-9344233 Fax: +972-8-9344124
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