Solar



Solar Energy

Concentrated Solar (Solar Thermal)
— Use solar radiation to generate
steam for turbine to generate
electricity
Photovoltaics (from Chapter 8)
— directly convert photons into
electricity
Solar Fuels

— Generate H, (maybe CH;OH) by
splitting water with solar photons

Positives

— no shortage of energy (mind-
boggling large amount of E!)

— carbon neutral

Negatives
— sun doesn’t shine all the time
— transmission losses
— land usage issues
— energy cost of implementation
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Alamosa SunEdison 8.22 MW PV
solar plant (activated Dec 17, 2007)
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Seasonally adjusted fixed-axis photovoltaic panels at the SunEdison
photovoltaic power plant near Alamosa, Colorado. Steve Wilcox Source:
National Renewable Energy Laboratory, Photographic Information
Exchange.

Stretched-membrane heliostats with silvered polymer
reflectors surround the Solar Two power tower in Daggett,
California. Credit: Sandia National Laboratories / PIX 00036



Solar Thermal

Need direct (not angled) sunlight & power lines for transmission
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——500kV - 734kV Stirling Energy Systems, Inc.
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= CRESUERY Sz Stirling system at sunset.

Source: National Renewable
Energy Laboratory,
Photographic Information
Exchange.

P lands, major urban
areas, water features, areas with slope > 3%, and
remaining areas less than 1 sq.km were excluded to
identify those areas with the greatest potential for
development.

*Source: POWERmMap, powermap.platts.com 4
©2007 Platts, A Division of The McGraw-Hill Companies b
The direct normal solar resource estimates shown are
derived from 10 km SUNY data, with modifications by NREL.

oahuila De Zaragoza

Since solar thermal schemes drive heat (steam) engines, they are limited by Carnot
efficiency considerations; also an issue of storage



Solar Photovoltaics (Ch. 8.9)
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Merals

Metalloids

Nonmetals

The Periodic Table

Atomic number

Alomic mass
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A Photovoltaic Cell
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Sunlight /— Cover glass

Transparent adhesive

Antireflective coating

Front contact

Back contact

Power out (W) x 100%
Area(m?)x1000W/m?

Solar cell efficiency(%)= (10% efficiency=100W/m? or 10W/ft?)

Energy content of incoming sun light



Efficiency (%)

PV Cell Efficiencies Since 1975

Multijunction Concentrators = 1Ci 1 Boeing-
bigction , N Best Research-Cell Efficiencies Moo
junction (2-terminal, monolithic) (metamorphic)
40 = A Twodunction (2-terminal, monolithic)
Single-Junction GaAs Bisel
6 ASingle crystal Spectro?ab (inrizr%d
% ?ﬁncgnUator Spectrolab semi-mismatched)
nism v
Crystalline Si Cells sapan NREL
32 — Y A NREL Energy NREL/ (inverted, semi-
m Single crystal NREL Spectrolab mismatched, 1-sun)
O Multicrystalline Varian Amoni
og |- ®ThickSifim (216x conc) SurPower (62x oonc,)
- (96x conc.) [ |
Thin-Film Technologies 1§[lJanfmj Bmmmmm— - ————— T
® Cu(In,Ga)Se, {14 GonG,) _ Unsw UNSW UNSW FhG-ISE
24} oOCdle Spire Kopin UNSW v
O Amorphous Si:H (stabilized) UNSW Cu(m*}% -
# Nano-, micro-, poly-Si Spire  Stanford (14x conc) FhG-ISE
20| O Mutijunction polycrystaliine “co UNSW GeorgiaTech ~ UNSW
g A ; h
Emerging PV Wasing- Varian Georgia Tech Sharp NREL  NREL NREL  NREL NREL NREL
ODye-sensitized cells ' hoyse USRS Sharp
16| @ Organic cells " University N & 0/0'9 45 1 g gﬂ (large-area)
g : No. Carolina So. Florida NREL, 7" (45 pm thinfilm ~ _ g,
(various technologies) State Univ. NREL éﬁ‘;’lfgr"ég; NREL 7 transfer) NRII:_:LI
ARCO Boeing — Euo-CIS (1 . CdTe/CIS
12 n Kodak /\ Boeing United Solar . United Solar ( ) =
Photon Ener: rg 1%
Matsushita PREIRS . EPFLY, Sharp
Kaneka
i 2 |
8 — O Bosing Solarex United Solar A& N giaee)
NRLlJEL Kﬂnarka
in niv. Linz
Mrsity " Groningen
4 - of Maine Plextronics
) Siemens
x University Linz Uvaiﬁrany
0 I Y N N NN NN NN N (NN AN SN NN NN NN NN (RN AN SN SN NN SO SN N S NN N N N R
1975 1980 1985 1990 1995 2000 2005 2010
Rev. 11-07-07

Lawrence Kazmerski, Don Gwinner, Al Hicks, 11/11/07, NREL



Solar PV Energy Balance Calculations

System Energy Payback Times for Several Different Photovoltaic Module Technologies

Energy Energy Used to
Total Energy Generated by
Cell "?rm‘:fk c:::d::: dst‘g Slem | System Divided by Amount of
Technology 1 P Energy Used to Produce
(EPBT) Generated Svstem 2
(yr) Energy 2 (%) y
Singl.e.-crystal 2.7 10.0 10
silicon
Non-ribbon
multicrystalline 2.2 8.1 12
silicon
Ribbon
multicrystalline 1.7 6.3 16
silicon
Cadmn.um 1.0 3.7 27
telluride

1. V. Fthenakis and E. Alsema, "Photovoltaics energy payback times, greenhouse gas
emissions and external costs: 2004-early 2005 status," Progress in Photovoltaics, vol.

14, no. 3, pp. 275-280, 2006.
2. Assumes 30-year period of performance and 80% maximum rated power at end of lifetime.



Solar Panels

Typical solar panelis 1 m x 2 m & produces 75-350 Watts of power

Power out (W) x 100%

Solar cell efficiency(%)= (10% efficiency=100W/m* or 10W/ft?)

Area(m?)x1000W/m?
7SW % 100% = 3.7% Energy content of incoming sun light
1mx 2 mx1000W/m?
350 W

x100% =17.5%

1mx2 mx1000W/m?

It is dark at night so panel only produces electricity ~ 1/3 of the time, so 117 W/panel

117J>< 60 sec " 60 min>< 24 hr>< 365 days
sec 1 min 1hr 1 day 1year

117 W= =3.7x10° J=38.7 GJ

US uses 13.3 EJ electricity/year, so

panel
3.7x10° J

13.3x 10" Jx = 3.6 x10° panels = 7.2x10° m® = 7,200km”

Context:
100 million homes in US, putting 12 panels on each would give 1/3 of needed power

US Interstate highway system is 3,500 km?



A Grand Solar Plan Indeed

Zweibel, K.; Mason, J. Fthenakis, V. “A Solar Grand
Plan”, Scientific American, 298 #1 64-73 2008.

Goal for 2050 (2007)

PV:
30,000 sq miles land (10 sq miles)
14% module efficiency (10%) Vi
Installed cost: $1.2/W ($4/W) " R /89)
Electricity price: $0.05/kWh ($0.16/kWh) : A Y
Total capacity: 2,940 GW (0.5 GW) M7iee"

Compressed Air storage: ©
535 billion cu ft (0) O ©
Installed cost: $3.9/W ($5.80/W) 0 QEAR
Electricity price: $0.09/kWh ($0.20/kWh) O -
Total capacity: 558 GW (0.1 GW) A

Solar Thermal: : Resa &
16,000 sq miles land (10 sq miles) Slar cdiatinn leahonds 3
17% module efficiency (13%) especially the So 000
Installed cost: $3.7/W ($5.30/W) quare miles of solar arra
Electricity price: $0.09/kWh ($0.18kWh) ES)TCqUIreq vy the grand pia N eraeDs
Total capacity: 558 GW (0.5 GW) i o A e

* Goal: to provide 69% of our electricity '. ot : : : .' - .:...._ T

» Goal: to provide 35% of our total energy

* 46,000 square miles of land will be required (size of New York state)

« $420 Billion investment (2007 Federal budget for Defense was $700B)

Assuming 2 year energy payback: . .
2 years x 4056GW x 22118 0.35x 302 d&YS _ g5, XTOKW 3'$k)§/1v(r)1 J _ 38.0x10"J438 EJ

AYfraction sunny 1year fraction sunny 1GW
hours in a day days in a year



Energy Summary

World Reserves

Coal 20,200 EJ
Natural Gas 7,170 EJ
QOil 10,200 EJ
US use:

Coal 20.8 EJ
Natural Gas 26.3 EJ
QOil 37.2 EJ
Nuclear 8.7 EJ
Biofuels 16.7 EJ
Wind 36 EJ
Solar 38 EJ <
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Cost of Electricity from Alternative Energy Sources

TABLE 6.3 — LEVELIZED COSTS OF NEW GENERATION
RESOURCES FOR 2017 (FROM EIA 2013 ENERGY REPORT)

PLANT TYPE cl(;l?T]%; fﬁg)

Conventional Coal 0.0977
Advanced Coal 0.1109
Advanced Coal with CCS 0.1388
Natural Gas — Conventional Combined Cycle (CC) 0.0661
Natural Gas — Advanced CC 0.0631
Natural Gas — Advanced CC with CCS 0.0901
Natural Gas — Conventional Combustion Turbine 0.1279
Natural Gas — Advanced Combustion Turbine 0.1018
Advanced Nuclear 0.1114
Geothermal 0.0982
Biomass 0.1154
Wind 0.0960
Solar PV 0.1527
Solar Thermal 0.2420
Hydro 0.0889
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