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The Sun

A nuclear fusion power plant ca. 1.5x108 km (9.3x107 miles) away.

All power and life on Earth, from photosynthesis to fossil fuels, originates from the Sun.
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Courtesy Christiana Honsberg and Stuart Bowden. Used with permission.
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http://www.udel.edu/igert/pvcdrom/index.html




Visible, IR and UV radiations

urbulent convection

Core _
oF

Thermonuclear reactions Neutrinos

14.000.000 K

Prominence

Radio radiations ,J/)'

Energetic particles
Bright spots and short lived magnetic regions

~ Xand vy radiations

X radiations

Courtesy NASA. http://www.solarviews.com/cap/sun/sundiag.htm




Quantifying Solar Power
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Quantifying Solar Power

not to scale!
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Quantifying Solar Power

not to scale!
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Orbit Ellipticity

The Earth’s orbit around the Sun is slightly elliptical...

not to scale! e=0.017
= w._ .

Perihelion (Jan 4+2) I,' "*-I Aphelion (July 4+2)
D=1475Mkm \ ) D=152.6M km

... resulting in a slight periodic change in the radiant solar power density as a function of season.
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G.D. Rai, "Solar Energy Utilisation," p. 44, Khanna Publishers, (1980).



Orbit Ellipticity

Other planets can have greater orbital ellipticity, greater variability in solar irradiance.

TABLE 2 Solar Irradiance at the Planets
Planet | Solar Irradiance, W*m™
Mean ||Perihelion | Aphelion
Mercury ||9116.4 144475 ||6271.1
Venus ||2611.0||2646.4 2575.7
Earth 1366.1|(1412.5 1321.7
Mars 588.6 ||7159 491.7

Jupiter (505 |[55.7 459

Saturn ||15.04 ||16.76 13.53

Uranus |[3.72 ||4.11 3.37 e
Courtesy NASA.

Nepune|[1.510 (|1.515 1.507

Pluto |[0.878 ||1.571 0.560

|http://rredc.nreI.gov/solar/spectra/amO/ASTMZOOO.htmI



http://rredc.nrel.gov/solar/spectra/am0/ASTM2000.html

Comprehensive Model

For our friends following along by phone, please access:

http://pvcdrom.pveducation.org/

Click:
Chapter 2: Properties of Sunlight
Terrestrial Solar Radiation
Motion of the Sun


http://pvcdrom.pveducation.org/

Question: How do | angle my solar panels?

Incidence of sunlight changes depending on location, time of year, local
weather.

Angles Matter!

Surface normal

Incoming sunlight

The closer 6 = 0°, the greater the
amount of sunlight absorbed!

W

Building orientation with the long axis facing south

Figure by MIT OpenCourseWare.
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Atmospheric Absorption

e Causes.
e Estimating the effects.
e The solar spectrum on Earth.



Atmospheric Absorption

Courtesy NASA.

http://www.gsfc.nasa.gov/gsfc/earth/pictures/2002/1203apollol7/earth.jpg



http://www.gsfc.nasa.gov/gsfc/earth/pictures/2002/1203apollo17/earth.jpg

ATMOSPHERIC EFFECTS poabroall Input 100%

Scattered

. . Ozone to Space
Atmospheric effects have several impacts on the - i
solar radiation at the Earth's surface. The major Iy
. . . Upper
effects for photovoltaic applications are: e I 0.5%
1% 15 - 25 km
e A reduction in the power of the solar radiation due L
to absorption, scattering and reflection in the 8% 0-30Kkm
atmosphere; \Water
¢ A change in the spectral content of the solar e

— i ] 64 0-Fkm
radiation due to greater absorptlon or scatterlng Of

some wavelengths;

e The introduction of a diffuse or indirect
component into the solar radiation; and

e |local variations in the atmosphere (such as water
vapor, clouds and pollution) which have additional
effects on the incident power, spectrum and

. . . Direct to Earth
directionality. 70%

Courtesy Christiana Honsberg and Stuart Bowden. Used with permission.
Typical clear sky absorption and scattering of
incident sunlight (after Hu and White, 1983).
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ATMOSPHERIC EFFECTS

IPCC’s assessment on the quantity of insolation (incoming solar radiation) reaching
the Earth’s surface.

Reflected Solar . L 235 Outgoing
107\ R, diationz 342 Incoming Sola_rzRadlatlon e s
\ 107 W 342 Wm /‘ Radiation
235 Wm?
Reflected by
Clouds, and
Atmosphere ) / f 40
\ Emitted by Atmospheric
Atmosphere 165 Window
\ Absorbed by Greenhouse
67 Atmosphere Gases
Lat
24 < atent
‘® Heat I
Aoy f /
: VW 324
Reflected by : | \
: \\ 350
Surface ; P AW RBL;CIE
30 / | adiation
. L 390
o 24 78 Surface 324
Absorbed by Surface  Thermals  Evapo-  Radiation
transpiration Absorbed by Surface
Heat trapping in the atmosphere dominates the earth's energy balance. Some 30% of incoming solar energy is
reflected (left), either from clouds and particles in the atmosphere or from the earth's surface; the remaining 70% is
absorbed. The absorbed energy is reemitted at infrared wavelengths by the atmosphere (which is also heated by
updrafts and cloud formation) and by the surface. Because most of the surface radiation is trapped by clouds and
greenhouse gases and returned to the earth, the surface is currently about 33 degrees Celsius warmer than it would
be without the trapping.

Figure by MIT OpenCourseWare.

Source: IPCC, from J. T. Houghton et al., Climate Change 1995: The Science of Climate Change (Cambridge Univ. Press,
Cambridge, 1996), p. 58.; data from Kiehl and Trenberth (1996).



ATMOSPHERIC EFFECTS

Perhaps more intuitive means of demonstrating insolation evolution (figure courtesy

of Spencer Ahrens). Radiated to Radiated
Incoming Reflected by Reflected Reflected by space from from earth
Solar atmosphere by clouds earth surface atmosphere to space
10 35 7 111 10
174 PW

33 .
Absorbed by

atmosphere Radiation
absorbed

by

atmosphere
12
Conduction
and Latent heat in
nsing air water vapor

89 PW absorbed by land and oceans

Image by Frank van Mierlo.



AIR MASS

The Air Mass is the path length which light takes through the atmosphere
normalized to the shortest possible path length (that is, when the sun is
directly overhead). The Air Mass quantifies the reduction in the power of light

as it passes through the atmosphere and is absorbed by air and dust. The Air
Mass is defined as:

1
cos(d)

AM =

Valid for small to medium 6 AM1: Sun directly overhead

A
oo AM1.5G: “Conventional”
- ~ N G (Global): Scattered and direct sunlight
| , D (Direct): Direct sunlight only
Y

-~

AMO: Just above atmosphere (space
applications)

20
Courtesy Christiana Honsberg and Stuart Bowden. Used with permission.



SOLAR SPECTRUM
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SOLAR SPECTRUM
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SOLAR SPECTRUM
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Sekuler R. and Blake, R., "Perception"”, Alfred A. Knopf Inc, New York, 1985.



SOLAR SPECTRUM
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SOLAR SPECTRUM

AM1.5 Global: Used for testing of Flat Panels (Integrated power intensity: 1000 W/m?)
AM1.5 Direct: Used for testing of concentrators (900 W/m?)
AMO: Outer space (1366 W/m?)
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The above charts, in Excel files: Source of data:

http://www.udel.edu/igert/pvcdrom/APPEND/AMOAM1 5.xls http://www.nrel.gov/rredc/smarts/



http://www.udel.edu/igert/pvcdrom/APPEND/AM0AM1_5.xls

Radiation Transmitted by the Atmosphere
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Image created by Pobert A. Rohde / Global Warming Art.


http://www.globalwarmingart.com/wiki/Image:Atmospheric_Transmission_png

INSOLATION

Insolation: Incoming Solar Radiation

Typically given in units of:
Energy per Unit Area per Unit Time
(kWh/m?/day)

Helpful when designing or projecting PV systems: Expected yield

Affected by: latitude, local weather patterns, etc.
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Measuring Global/Direct Insolation

Courtesy DOE/NREL, Credit — Tom Stoffel.

Courtesy DOE/NREL, Credit — David Parsons.

Equipment for solar irradiance measurements <htt



Solar Insolation Maps

e United States
e Europe

e Africa

e World



Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [Ilanuary], i\IREL.


http://www.nrel.gov/gis/images/map_pv_us_january_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [February], I\IREL.


http://www.nrel.gov/gis/images/map_pv_us_february_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [March], I\IREL.


http://www.nrel.gov/gis/images/map_pv_us_march_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [April], '\IREL.


http://www.nrel.gov/gis/images/map_pv_us_april_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [I\/Iay], |\IREL.


http://www.nrel.gov/gis/images/map_pv_us_may_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [l]une], |\IREL.


http://www.nrel.gov/gis/images/map_pv_us_june_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [l]uly], NREL.


http://www.nrel.gov/gis/images/map_pv_us_july_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [August], '\IREL.


http://www.nrel.gov/gis/images/map_pv_us_august_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [ISeptember], NREL.


http://www.nrel.gov/gis/images/map_pv_us_september_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [[October], NREL.


http://www.nrel.gov/gis/images/map_pv_us_october_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [November], NREL.


http://www.nrel.gov/gis/images/map_pv_us_november_may2004.jpg
http://www.nrel.gov/gis/solar.html

Map removed due to copyright restrictions. Please see PV Solar Radiation (Flat Plaste, Facing South, Latitude Tilt), [Pecember], NREL.


http://www.nrel.gov/gis/images/map_pv_us_december_may2004.jpg
http://www.nrel.gov/gis/solar.html

The difference between concentrating
and non-concentrating solar resources

(concentrating solar power requires direct sunlight!)



Map removed due to copyright restrictions. Please see [PV Solar Radiation (Flat Plate, Facing South, Latitude Tilt), Annual], NREL.


http://www.nrel.gov/gis/solar.html
http://www.nrel.gov/gis/images/map_pv_us_annual_may2004.jpg

Map removed due to copyright restrictions. Please see [Direct Normal Solar Radiation (Two-Axis Tracking Concentrator), Annual], NREL.


http://www.nrel.gov/gis/solar.html
http://www.nrel.gov/gis/images/map_pv_us_annual_may2004.jpg

Map removed due to copyright restrictions. Please see [Pirect Normal Solar Radiation (Two-Axis Tracking Concentrator), Annual], I\IREL.


http://www.nrel.gov/gis/solar.html
http://www.nrel.gov/gis/images/map_pv_us_annual_may2004.jpg

Map removed due to copyright restrictions. Please see [PV Solar Radiation (Flat Plate, Facing South, Latitude Tilt), January], NREL.


http://www.nrel.gov/gis/solar.html
http://www.nrel.gov/gis/images/map_pv_us_january_may2004.jpg

Map removed due to copyright restrictions. Please see [birect Normal Solar Radiation (Two-Axis Tracking Concentrator), January]DI\IREL.


http://www.nrel.gov/gis/solar.html
http://www.nrel.gov/gis/images/map_csp_us_january_may2004.jpg

Map removed due to copyright restrictions. Please see [PV Solar Radiation (Flat Plate, Facing South, Latitude Tilt),July ], NREL,


http://www.nrel.gov/gis/solar.html
http://www.nrel.gov/gis/images/map_pv_us_july_may2004.jpg

Map removed due to copyright restrictions. Please see [|Direct Normal Solar Radiation (Two-Axis Tracking Concentrator), July], NREL.


http://www.nrel.gov/gis/solar.html
http://www.nrel.gov/gis/images/map_csp_us_july_may2004.jpg

EUROPEAN COMMISSION
DRECTORATE GENERAL
Joint Research Centre
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Photovoltaic Solar Electricity Potential in European Countries

yearly energy yield

davelopad ons by combination
of clar radiaton modei sun and spatil imerpaiation. 1t cantains mantily and yesrly suarages
repressnting the period 19811930

Gild resolytion [enhanced by ferrainf 1 km x 1km

W3p brojection, Lambert azimuihal equal area, WGS 84, |al 48", lon 16°

Ancillary data

» GISCO database © Eurostat 2006

» CORINE Land Cover 2000 ihttp /CLG2000

» Giabal Land Cover 2000 {htip;wew-gvmrc. gl 20000}

» Digital tarrain madal SRTM-0 (hitp Uisstm 1sgs goul)

» City Bopulation & Thomas Erinkhoft 2008 (hitp-tiww ciypopuiation. de)
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Image by PVGIS © European Communities, 2001-2007 http://sunbird.jrc.it/pvgis/countries/countries-europe.htm




Germany & U.S. : A quick comparison

Image removed due to copyright restrictions. Please see
http://citysustainable.com/images/SEIA compare germany us.jpg




Global horizontal irradiation (1985-2004)
{annual average of daily sums, Gh)
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Image by PVGIS © European Communities, 2001-2007 http://sunbird.jrc.it/pvgis/countries/countries-non-europe.htm




Global Insolation Data

Al 1P84-1993

Solar Insolation {KWh/m2/day)

[ I
0 =8.5

http://eosweb. Iarc. nasa.gov/sse/ Image courtesy NASA Earth Observatory.




Global Insolation Data

Insclation
Manthly Averaged for January from Jul 19825 — Jun 2005

— B _ 4
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Regicn average= 43081 CkWh /2 S day ) MASA/SSE 30 Apr 2008

http ://eosweb.la rc. nasa.gov/sse/ Image courtesy NASA Earth Observatory.




Global Insolation Data

Insclation
o MDHTW}#: Averﬂgedifﬁr July fr’c::nr“ﬂ Jul 1=“E!83:- — LJL:H 2005
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http://eosweb.larc.nasa.gov/sse/

Image courtesy NASA Earth Observatory.



Global Insolation

Insolation at AMO: Resource determined
by latitude (~cos theta).

Image removed due to copyright restrictions. Please see
http://en.wikipedia.org/wiki/File:Insolation.png

Average Surface Insolation: Determined
by atmospheric absorption, local
weather patterns...

56
http://www.answers.com/topic/solar-power-1



Estimating Solar System Outputs



Estimating System Output from Insolation Maps
Q: Let’s say | have a 2.2 kW photovoltaic array. How much energy will it produce in a year?

A: Let’s say our location receives, on average, 4 kWh/m?2/day from the Sun. The calculation
is then straightforward:

(2200 W,) x (4.0 kWh/m*/day)
1000 W, /m’

Energy Output = = 8.8 kWh/day = 3200 kWh/year

Insclation
Monthly Averaged for July fram Jul 1983 — Jun 2005

B
—180 —120 —BD 0 &0 1240 180
BT 7 T 7T e 7T T T [T [T
Q.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 >8.50
Regicn average= 3.0405 UMb ez A day) MASA/SSE 30 Apr 2008

Image courtesy NASA Earth Observatory.



Estimating System Output from Insolation Maps
Q: Let’s say | have a 2.2 kW, photovoltaic array. How much energy will it produce in a year?

average. 4 k\Wh/m2/day from the Sun. The calculation

Insolation at

A: Let’s say our locati pceives, on

is then straight

= = 8.8 kWh/day = 3200 kWh/year

Insclation
Monthly Averaged for July from Jul 18983 — Jun 2005

—180 —120 —BO 0 80 120 180
Q0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 >5.50
Region average= 3.9405 (kWh 2 S day) MASA/SSE 30 Apr 2008

Image courtesy NASA Earth Observatory.



Actual System
Outputs

Actual system outputs may
be significantly lower, due
to suboptimal system
performance, design,
installation, shading losses,

etc.:

See, e.g.,
http://SO|treX. masstech .0rg Image removed due to copyright restrictions.
/systems.cfm Please see any site listed at

http://soltrex.masstech.org/systems.cfm




Estimating Solar Land Area Requirements

Here’s the equation to use, when calculating the area of land needed to produce a certain
amount of energy over a year, given a technology with a certain conversion efficiency.

Energy Burn Rate (kWh/yr)
kWh

Solar Resource( . ) x Conversion Efficiency

Land Requirements (m”) =

m - yr



Estimating Solar Land Area Requirements

Here's the equation to use, when calculating the area of land needed to produce a certain
amount of energy over a year, given a technology with a certain conversion efficiency.

_Eneray Burn Rate (kWh/yr)

Solar Resource * |Conversion Efficienc
| m” - y1

Land Requirements (m”



Test Case

Given:
1. An energy burn rate of 4 TW_, (3.5x10%3 kWh/yr)
(forward-projected U.S. energy consumption, including waste heat)
2. An insolation value of 6 kWh/m2/day
(typical year-average value for flat panel in Nevada; CPV ~ 7 kWh/m?/day)
3. System conversion efficiency of 12%
(including all system losses)

Using:
Land Requirements (m*) = Energi\]i’;m Rate (kWh/yr)
Solar Resource ( > J x Conversion Efficiency
m”* yr

(3.5% 10" kWhyr)
kWh

(2192 > ) x (0.12)

m~* yr

~ 13x10° km®

Compare land requirement to power entire U.S. on today’s solar technology (~130,000
km?2), to total area of Nevada (286,367 km?2).



Test Case

Note that the land area requirement is a hyperbolic function of system conversion
efficiency.

Land Requirements ( m?)| = Energy Burn Rate (kWh/yr)
kWh _
Solar Resource | —;

NV = 286,367 km?
3 (
3 [ = = Lol —Flat PaﬂE|

PV

Land Area Required
(x 10% km?)

0 20 40 60
System Conversion Efficiency (%)



Estimating Solar Land Area Requirements

Image removed due to copyright restrictions. Please see
http://commons.wikimedia.org/wiki/File:Solar _land_area.png

6 Circles at 3 TW_ Each =18 TW, 65

http://www.answers.com/topic/solar-power-1


http://commons.wikimedia.org/wiki/File:Solar_land_area.png
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