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“…Cost was the rock on which, thus far, all sun-powered 
propositions were wrecked.”
Frank Shuman, 1911



Announcements
Guest speaker on Thursday!
Quiz 4 coming up soon: Be sure to do the assigned 
readings and come to class on time
Further reading on silicon solar cells, if interested, is 
posted on the moodle
Although discussion is encouraged, remember to 
write up lab answers independently! 
Field Trip!

Good Date?
Pants, closed-toe shoes



Science of Si Solar Cells
Take-home points:

Electrons and holes are created when light is 
absorbed by a material light 
Crucial point to generate electricity from light is to 
separate the electrons from the holes
An electric field is something that can act to 
separate electrons from holes
The crucial element of the silicon solar cell is the 
p-n junction, which automatically creates a built-in 
electric field in the material that acts to separate 
electrons from holes



Solar Today*: The PV 
Contenders

It’s all about the material(s) used!
1. Silicon (Si) Solar Cells—90% of the market

Single Crystalline Si
Multi-crystalline Si 

2. Thin-film solar
Amorphous Silicon 
Cadmium Telluride (CdTe)
Copper-Indium-Gallium-diSelenide (CIGS) (Nanosolar)
Polymer (organic) solar cells ie solar plastics (Konarka)

3. Other more exotic materials, more advanced 
designs

Limited to space applications because of high expense 
~$50,000 / sq m
Record is 42.8% efficiency in the laboratory



What are the Ideal Attributes of 
our photovoltaic Black Box?

For personal and general use—ideally, what would be 
the characteristics of our photovoltaic (PV) black box?

Cheap, easy to manufacture
100% efficiency at converting all the sun’s energy
Durable
Energy density
Light and thin
Non-toxic/non-polluting
Environmentally friendly production
Can be deployed in space
Can provide other benefits than just producing electricity (e.g.
protecting polar ice caps)
Lasts forever
Can store energy
Steady electrical output, not dependent on clouds etc
Can convert indoor lights as well the sun into electricity
Sustainable materials used to make it are plentiful
Versatile, can use it for many different applications



Silicon Solar Cells
Efficiency

Single crystalline: 15%-24%
Multi-crystalline: 12%-16%
Maximum efficiency in theory: 28%

Cheap?
Cheap is a relative term, we need something to compare to
For electricity production, can compare to electricity rates



Silicon Solar Cells
1979: $32/Watt
2002: $3.10/Watt
Single-crystalline and multi-
crystalline need highly 
purified Silicon
Cost of purifying Silicon is 
very expensive
Supply of purified Si keeping 
costs high right now until 
more Si plants come online 
in next couple of years
Cost of multi-crystalline solar 
cells: At 12 % efficiency 
$420/m2



Silicon Solar Cells
Si solar module 
costs: 1980-2012
Number needs to fall 
to ~ $0.5 - $1/Watt to 
be competitive with 
electricity rates today



Silicon Solar Cells
Sustainability/supply of materials/manufacturability?

Si, 2nd most abundant element (after oxygen, so the most 
abundant metal)—28% of the earth’s crust.  
We get Si from SiO2 (basically sand) and purify it in very 
large, expensive facilities called foundries
Supply of purified Si keeping costs high right now until more 
Si foundries come online in next couple of years (these are 
very expensive, large scale structures)

Light? Thin? Durable?
Si is brittle like glass, will break if it falls
Si is fairly light and thin, but because it’s brittle, needs to be 
enclosed in Al framing and casing to provide support end 
result is fairly bulky and heavy



160,000 kWhr per year
2% of station’s power consumption



Solar Today*: The PV 
Contenders

It’s all about the material(s) used!
1. Silicon (Si) Solar Cells—90% of the market

Single Crystalline Si
Multi-crystalline Si 

2. Thin-film solar
Amorphous Silicon 
Cadmium Telluride (CdTe)
Copper-Indium-Gallium-diSelenide (CIGS) (Nanosolar)
Polymer (organic) solar cells ie solar plastics (Konarka)

3. Other more exotic materials, more advanced 
designs

Limited to space applications because of high expense 
~$50,000 / sq m
Record is 42.8% efficiency in the laboratory



Amorphous Thin-Film 
Silicon Solar Cells

Percentage of total solar PV market
31% in 1991
Less than 4% today

Efficiency
6% - 12%

Cheap?
Less refining cost to purify the Silicon 
Less material needed since this form of Si absorbs light more 
easily and cells are very thin
8% efficient amorphous Si; $1.76/Watt = $140/m2

Compare to 18% efficient Si: $1.78/Watt = $320/m2

Need to get to $0.5/Watt to compete on level playing field with 
fossil fuels
Scaling up to large area solar cells has proven difficult
Not a roll-to-roll newspaper-like printing process



Amorphous Si Thin-Film 
Solar Cells

Sustainability/supply of materials/manufacturability?
Silicon material

Light? Thin? Durable?
Very light, thin, durable
Can find use as building-integrated photovoltaics (BIPV)

Special characteristics
Less of a decrease in output from dim light, clouds
Gains power as temperature increases
Loses ~25% of output in first few months, then stablizes
Slow long-term degradation with time



4 Times Square, New York 
City

Amorphous Si solar cells
PV replaces glass spandrels 
in 37th to 43rd floors
20 kW of power generated



CdTe Thin-Film Solar Cells
This solar material is mentioned in the reading for 
tomorrow
Efficiency

~16.5 %
Cheap

Well-suited for large scale production
Cheaper than single and multi crystalline Silicon

Sustainability/supply of materials/manufacturability?
We’ll return to this in a few slides

Light? Thin? Durable?
Light and thin, not so durable since Cadmium is a toxic 
element



Polymer Thin-Film Solar 
Cells: Konarka

Percentage of total solar PV market: 
0% (no products just yet)

Efficiency
5% ‘production’ cell today
6.5% in lab today
Konarka hopes for 15% - 20+% in future

Cheap?
Scalable roll-to-roll manufacturing 
printing/coating process

Organic PV-- Example company: Konarka



Polymer Thin-Film Solar 
Cells: Konarka

Sustainability/supply of materials/manufacturability?
Environmentally safe organic materials

Lasts a long time?
Issues with product lasting many years before degrading 
(remember Prof. Mishra’s lecture!)
Depends on how well the organic PV is encapsulated
(protected from air)

Light? Thin? Durable?
Very light, very thin (~100 nm), very durable
Many potential product uses





CIGS Thin-Film Solar Cells: 
Nanosolar

Copper-Indium-Gallium-Selenium
Percentage of total solar PV market

0% (First product shipped in April, 2008)
Efficiency

14.6%

Cheap?
Company claims
$1/Watt price
Roll to roll 
manufacturing 

CIGS-- Example company: Nanosolar



CIGS Thin-Film Solar Cells: 
Nanosolar

Sustainability/supply of 
materials/manufacturability?

Copper, Indium, Gallium, Selenium
We’ll return to this

Light? Thin? Durable?
Very light, thin, durable
Potential applications still to be determined
First application is a PV power plant in Germany



Small to Large-Scale 
Implementation

Remember Jose’s lecture, Kirsh electric vehicle reading:
“Technological systems enter new markets as novel and ‘clean,’ only to 
gradually become ‘dirty’ as they expand in scale….The problems of full-
blown automobility were the consequences of and predicated on the 
success of full-blown automobility” Kirsh, pg 23-24
May this be the case for solar? 

Any metal/material scarcity issues or environmental effects that may 
arise on path from small-scale to large-scale implementation?

Lots of electricity goes into metal mining 
Eg CdTe solar cells
To recover 1 gram of Te, you need to mine 1 ton of Copper!
Cd: Toxic, lung carcinigen with long-term detrimental health effects on 
the kidney and bones.  But as CdTe in solar cells, should be safe unless 
it’s grounded to a powder

Positive effects:
Growth of an entire “green” industry and jobs in the USA?



World Metals Supply

Source: Bjorn A. Anderson 
PhD Thesis



Metal Examples

Indium

Copper

Gallium

Source: IEEE Spectrum, Mar 2008

Top 
Suppliers

Chile, 
USA, 
Indonesia, 
Peru

China, 
Germany, 
Kazakhstan, 
Japan, Russia

China, 
Canada, 
Japan



Thermal Solar 
(Concentrating Solar Power)

Concentrating Solar Power (CSP): Using 
mechanical/optics means to focus sunlight

Parabolic trough
Dish Stirling
Power tower
Concentrating PV

Easier to store thermal energy (heat) than it is to 
store electricity (output of PV solar)
Less expensive than PV solar
Does not get less efficient with high temperatures 
like PV solar does
The current solar choice for large scale plants



‘Rated’ Power vs Actual 
Power Generated 

Large (and small) power generators (coal plant, nuclear plant, solar 
plant, wind plant etc) are ‘rated’ according to wattage produced

Typical nuclear plant is 1000 MW
Typical coal/natural gas plant is 500-1500 MW
Solar Thermal: 100-500 MW
A typical large wind farm is ~ 500 MW now (although a 4,000 MW wind 
farm in TX is expected to be online by 2015!)

But two different type of plants with the same ‘rating’ do not produce 
the same power Need to know the plant’s ‘capacity factor’
Capacity factor:

Nuclear: ~ 93%
Coal/natural gas: ~ 70% – 90%
Wind: ~ 25% - 35%
Solar Thermal: ~ 23% without energy storage, ~70% with storage

Conclusion: A 1000 MW solar power plant does not produce as 
much power as a 1000 MW coal/natural gas plant, be aware of that



Dish Stirling
Reflectors used to track and concentrate the sun onto an 
efficient stirling engine



Concentrating PV
Reflectors used to track and concentrate the sun onto a very 
high efficiency solar cell
Concentration of 2 – 200 suns
Active cooling of PV cell necessary for high sun intensities



Parabolic Trough
Reflective trough tracks sun and reflects light onto pipes 
running along troughs
Pipes filled with fluid, usually oil that absorbs heat well
Fluid then used to heat steam in standard turbine generator

64 MWe Solargenix Parabolic Trough 
Plant

1-MW Arizona Trough Plant – near Tucson, AZ



Power Tower
Light is focused with moving mirrors to a tower with 
a fluid, heated up and used to produce steam to run 
turbines

Solucar PS20 Under Construction
Sevilla, Spain



Coming Full Circle: 
Edison and Solar  

Reasons for Edison’s success:
Creativity; practical; persistence
Financial backing
Media exposure + aura, Confidence
Patents legal 
Perceived genius
Development of accompanying infrastructure, Edison system with the 
invention of the light bulb

Reasons for success or failure of the solar industry? What will it take 
for solar to succeed on a large scale?

Financial backing? Google.org big backer of Nanosolar, large oil 
companies such as BP, Shell have expanding solar units
Legal? All kinds of new research emerging with patents taken care of
Media exposure? Since 1954, people have been fascinated with solar
Infrastructure? 
Creativity? 
Political Will?



Information Technology 
Integrated with Solar: 
Performance Monitoring

� �

00111001

Enphase Application
Servers

Internet

00111001

Ethernet
00111001

Source: Dan Kammen, Renewable and Appropriate Energy Laboratory - rael.berkeley.edu
The real-time cost of electricity is: $0.20/kWhr

- Remote trouble-
shooting!



Source: Dan Kammen, Renewable and Appropriate Energy Laboratory - rael.berkeley.edu

Micro-inverters versus 
traditional designs: 2 Trials

Traditionally, solar cells put in series with each other, one 
inverter for entire system

But need micro-inverters to be much cheaper, more reliable

150 mA 50 mA



New Ways to Think of 
Financing PV

October 23, 2007
Berkeley Breakthrough on Financing 
Solar Energy and Energy Efficiency

Berkeley, CA – Berkeley is set to 
become the first city in the nation to 
allow property owners to pay for 
energy efficiency improvements and 
solar system installation as a long-term 
assessment on their individual property 
tax bill.  

This makes energy efficiency + solar 
PV an investment at $0.0 - $0.10 
cents/kWh

Berkeley wins Department of 
Energy grant to become first 
‘Solar City’

Berkeley F.I.R.S.T. Financing 
Initiative for Renewable and 
Solar Technology

June 2008: operational date

Source: Dan Kammen, Renewable and Appropriate Energy Laboratory - rael.berkeley.edu



Summary
Different solar materials each offer advantages and 
disadvantages
The ‘perfect’ PV material having all the attributes is 
not here (yet)
Infrastructure improvements, subsidies and other 
developments needed to help the solar industry in 
the USA
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