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Solar EnergySolar Energy

Introduction to renewable energyIntroduction to renewable energy
Energy from the sunEnergy from the sun

Many slides courtesy of Prof. Tom Murphy 2
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World Energy Budget (annual: 2001)World Energy Budget (annual: 2001)

Then radiatedThen radiated
awayaway
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EarthEarth

0.0080.0080.030.03Solar DirectSolar Direct
0.030.030.120.12WindWind
0.130.130.50.5GeothermalGeothermal
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7.27.22727HydroelectricHydroelectric
22.522.58484Natural GasNatural Gas
23.223.28787CoalCoal
40.040.0150150PetroleumPetroleum
Percent of totalPercent of totalQBtu/yearQBtu/yearEnergy SourceEnergy Source
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Renewable Energy ConsumptionRenewable Energy Consumption
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2.7792.779

QBtuQBtu
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7.187.186.3516.351TotalTotal

0.0400.0400.0360.036WindWind

0.0770.0770.0690.069Solar EnergySolar Energy

3.223.222.8522.852BiomassBiomass

0.400.400.3570.357GeothermalGeothermal

3.433.433.0373.037HydroelectricHydroelectric

PercentPercent
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EnergyEnergy
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much room for improvement/growth, but going backwards!
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The Solar SpectrumThe Solar Spectrum
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How much energy is available?How much energy is available?

•• Above the atmosphere, we getAbove the atmosphere, we get  1368 W/m1368 W/m22  of radiatedof radiated
power from the sun, across all wavelengthspower from the sun, across all wavelengths
– This number varies by ±3% as our distance to the sun increases or

decreases (elliptical orbit)
– Some books uses 2 calories per minute per cm2 (weird units!!)

•• At the ground, this number is smaller due to scattering andAt the ground, this number is smaller due to scattering and
absorption in the atmosphereabsorption in the atmosphere
– about 63%, or ~850 W/m2 with no clouds, perpendicular surface
– probably higher in dry desert air

•• Note:  you should learn all material highlightedNote:  you should learn all material highlighted  in REDin RED
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Input flux (average properties)Input flux (average properties)
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Making sense of the dataMaking sense of the data

•• We can infer a number of things from the previousWe can infer a number of things from the previous
figure:figure:
– 52% of the incoming light hits clouds, 48% does not
– in cloudless conditions, half (24/48) is direct, 63%

(30/48) reaches the ground
– in cloudy conditions, 17/52 = 33% reaches the ground:

about half of the light of a cloudless day
– averaging all conditions, about half of the sunlight

incident on the earth reaches the ground
– the above analysis is simplified: assumes atmospheric

scattering/absorption is not relevant when cloudy
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Energy BalanceEnergy Balance

•• Note that Note that every bit ofevery bit of the energy received by the the energy received by the
sun is reflected or radiated back to spacesun is reflected or radiated back to space

•• If this were not true, earthIf this were not true, earth’’s temperature woulds temperature would
changechange until the  until the radiation outradiation out balanced the balanced the
radiation inradiation in

•• In this way, we can compute surface temperaturesIn this way, we can compute surface temperatures
of other planets (and they compare well withof other planets (and they compare well with
measurements)measurements)
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Average Average InsolationInsolation

•• The amount of light received by a horizontal surface (inThe amount of light received by a horizontal surface (in
W/mW/m22) averaged over the year (day & night) is called the) averaged over the year (day & night) is called the
insolationinsolation

•• We can make a guess based on the facts that on average:We can make a guess based on the facts that on average:
– half the incident light reaches the ground
– half the time it is day
– the sun isn’t always overhead, so that the effective area of a

horizontal surface is half it’s actual area
• half the sphere (2πR2) projects into just πR2 for the sun
• twice as much area as the sun “sees”

•• So 1/8 of the incident sunlight is typically available at theSo 1/8 of the incident sunlight is typically available at the
groundground
– 171 W/m2 on average
– Can also be written 1300 Btu/(day ft2) (less in winter of course)
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Insolation Insolation variationvariation

•• While the average While the average insolation insolation is is 171 W/m171 W/m22,,
variations in variations in cloud covercloud cover and  and latitudelatitude can produce can produce
a large variation in this numbera large variation in this number
– A spot in the Sahara (always sunny, near the equator)

may have 270 W/m2 on average
– Alaska, often covered in clouds and at high latitude

may get only 75 W/m2 on average
– Is it any wonder that one is cold while one is hot?
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Average daily radiation receivedAverage daily radiation received

divide by 24 hr to get average kW/m2

ranges in W/m2:
< 138
138–162
162–185
185–208
208–231
> 231
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Higher Resolution Higher Resolution Insolation Insolation MapMap
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Tilted SurfacesTilted Surfaces
•• Can effectively remove the latitude effect byCan effectively remove the latitude effect by

tilting panelstilting panels
– raises incident power on the panel, but doesn’t let you

get more power per unit area of (flat) real estate

flat arrangement tilted arrangement
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Total available solar energyTotal available solar energy

•• Looking at average Looking at average insolation insolation map (which includesmap (which includes
day/night, weather, etc.), estimate average of 4.25 kWh/day/day/night, weather, etc.), estimate average of 4.25 kWh/day/
mm22 = 177 W/m = 177 W/m22

•• The area of the U.S. is 3.615The area of the U.S. is 3.615××101066 square miles square miles
– this is 9.36×1012 m2

•• Multiplying gives 1.66Multiplying gives 1.66××10101515 Watts average available power Watts average available power
•• Multiply by 3.1557Multiply by 3.1557××101077 seconds/year gives 5.23 seconds/year gives 5.23××10102222

Joules every yearJoules every year
•• This is 50This is 50××10101818 Btu, or 50,000  Btu, or 50,000 QBtuQBtu
•• Compare to annual budget of about 100 Compare to annual budget of about 100 QBtuQBtu

– 500 times more sun than current energy budget
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So why donSo why don’’t we go solar?t we go solar?
•• What would it take?What would it take?
•• To convert 1/500To convert 1/500thth of available of available

energy to useful forms, would needenergy to useful forms, would need
1/5001/500thth of land at 100% efficiency of land at 100% efficiency
– about the size of New Jersey

•• But 100% efficiency is unrealistic:But 100% efficiency is unrealistic:
try 15%try 15%
– now need 1/75th of land
– Pennsylvania-sized (100% covered)

•• Can reduce area somewhat byCan reduce area somewhat by
placing in S.W.placing in S.W.

•• About the area currently covered byAbout the area currently covered by
roadsroads  and buildingsand buildings
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6 Boxes at 3.3 TW Each 18
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Making sense of these big numbersMaking sense of these big numbers

•• How much area is this per person?How much area is this per person?
– U.S. is 9.36×1012 m2

– 1/75th of this is 1.25×1011 m2

– 300 million people in the U.S.
– 416 m2 per person ≈ 4,500 square feet
– this is a square 20.4 meters (67 ft) on a side
– one football field serves only about 10 people!
– much larger than a typical person’s house area

• rooftops can’t be the whole answer for total U.S energy
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But how about for an individualBut how about for an individual’’s energy?s energy?

•• Prof. Tom Murphy found his family usedProf. Tom Murphy found his family used
– 10.3 kWh/day average electricity
– 26 kWh/day average nat gas for heating
– 26 kWh/day gasoline for driving (think electric cars in future)
– Total then is 62 kWh/day

•• Say had 1000 square foot roof, all solar PV, 15% Say had 1000 square foot roof, all solar PV, 15% effeff..
– Using same average daily insolation of 4.25 kWh/day/m2 and 1000

sq ft = 93 m2, we find house could give total 60 kWh/day. (actually
in San Diego, we get more like 5 kWh/day/m2 => 70 kWh/day..

– Compare to per capita energy use needing 4164 square feet
•• So rooftop solar PV could easily supply individual electricSo rooftop solar PV could easily supply individual electric

energy, and even all energy includingenergy, and even all energy including  charging electriccharging electric
cars (but didncars (but didn’’t consider citiest consider cities  or northern climates)or northern climates)
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Problems with solar energyProblems with solar energy
•• Only available during the day when Sun is shiningOnly available during the day when Sun is shining
•• No easy way to store it, or to store electricityNo easy way to store it, or to store electricity

made from itmade from it
•• But, peak demand ofBut, peak demand of  electricity is during hotelectricity is during hot

summer days when solar is at its bestsummer days when solar is at its best
•• Estimates are that more than 20% solarEstimates are that more than 20% solar  might notmight not

work; at very least would require changes to gridwork; at very least would require changes to grid
managementmanagement

•• Possible solutions includePossible solutions include  ways of storingways of storing
electricity:  pumped water, batteries, hydrogen,electricity:  pumped water, batteries, hydrogen,
etc.etc.    But these currentlyBut these currently  are not ready for primeare not ready for prime
time.time.
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Solar TechnologiesSolar Technologies
Ways to extract useful energy from the sunWays to extract useful energy from the sun
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 Question
How was the midterm?

A.  About right
B.  Too hard
C. Too long
D. Too short or too easy
E.  I won't know until I get my score!
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 Question
Green houses get hotter than the outside air because

A.  Glass is transparent to IR allowing the heat energy in

B.  Glass is transparent to visible light but opaque to IR

C.  The glass prevents wind from carrying away the heated
air
D.  Glass amplifies the solar energy

E.   Both B. and C.
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 Question
The energy from the Sun is 100% used in which of the
following?

A.  Silicon photovoltaic solar cells

B.  Photosynthesis

C.  Passive solar space heating

D.  Flat plate solar thermal water heating

E.   Non of the above
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 Question
In planning a rooftop solar system, how many watts per
square meter should you use?

A.  About 1386 W/m2

B.  About 1/2 of 1386 W/m2

C.  About 500 W/m2

D.  About 171 W/m2

E.   None of the above

26

UCSD

 Question
Does the Sun provide enough energy to meet all current

human needs?

A.  Yes
B.  Eventually yes, but current technology is not available
C. Maybe yes, if humans can reduce their need for energy
D. No, current human use is more than the Sun provides
E. It is not clear at the present time
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Four Basic SchemesFour Basic Schemes

1.1. Passive solar heatingPassive solar heating
2.2. Flat-Plate direct heatingFlat-Plate direct heating
3.3. Thermal electric power generationThermal electric power generation
4.4. Photovoltaics Photovoltaics (direct conversion to electricity)(direct conversion to electricity)
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Passive Solar HeatingPassive Solar Heating

•• Let the sun do the work of providing space heatLet the sun do the work of providing space heat
– already happens, but it is hard to quantify its impact

•• Careful design can boost the importance ofCareful design can boost the importance of
sunlight in maintaining temperaturesunlight in maintaining temperature

•• Three key design elements:Three key design elements:
– insulation
– collection
– storage
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South-Facing WindowSouth-Facing Window

•• Simple scheme: window collects energy, insulation doesnSimple scheme: window collects energy, insulation doesn’’tt
let it go, thermal mass stabilizes against large fluctuationslet it go, thermal mass stabilizes against large fluctuations
– overhang defeats mechanism for summer months
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The The Trombe Trombe WallWall

•• Absorbing wall collects and stores heat energyAbsorbing wall collects and stores heat energy
•• Natural convection circulates heatNatural convection circulates heat
•• Radiation from wall augments heat transferRadiation from wall augments heat transfer
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How much heat is available?How much heat is available?

•• Take a 1600 ftTake a 1600 ft22 house (40 house (40××40 footprint), with a 4040 footprint), with a 40××10 foot = 400 ft10 foot = 400 ft22

south-facing wallsouth-facing wall
•• A south-facing wall at 40A south-facing wall at 40º latitude receives about 1700 Btu per squareº latitude receives about 1700 Btu per square

foot per clear dayfoot per clear day
– comes out to about 700,000 Btu for our sample house

•• Account for losses:Account for losses:
– 70% efficiency at trapping available heat (guess)
– 50% of days have sun (highly location-dependent)

•• Net result: 250,000 Btu per day available for heatNet result: 250,000 Btu per day available for heat
– typical home (shoddy insulation) requires 1,000,000 Btu/day
– can bring into range with proper insulation techniques
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Flat-Plate Collector SystemsFlat-Plate Collector Systems
•• A common type of solar A common type of solar ““panelpanel”” is one that is is one that is

used strictly for heat production, usually forused strictly for heat production, usually for
heating waterheating water

•• Consists of a black (or dark) surface behind glassConsists of a black (or dark) surface behind glass
that gets super-hot in the sunthat gets super-hot in the sun

•• Upper limit on temperature achieved is set by theUpper limit on temperature achieved is set by the
power density from the sunpower density from the sun
– dry air may yield 850 W/m2 in direct sun
– using σT4, this equates to a temperature of 350 °K for a

perfect absorber in radiative equilibrium (boiling is 373
°K)

•• Trick is to minimize paths for thermal lossesTrick is to minimize paths for thermal losses
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Flat-Plate CollectorFlat-Plate Collector
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Controlling the heat flowControlling the heat flow

•• You want to channel as much of the solar energyYou want to channel as much of the solar energy
into the water as you caninto the water as you can
– this means suppressing other channels of heat flow

•• Double-pane glassDouble-pane glass
– cuts conduction of heat (from hot air behind) in half
– provides a buffer against radiative losses (the pane heats

up by absorbing IR radiation from the collector)
– If space between is thin, inhibits convection of air

between the panes (making air a good insulator)
•• Insulate behind absorber so heat doesnInsulate behind absorber so heat doesn’’t escapet escape
•• Heat has few options but to go into circulating fluidHeat has few options but to go into circulating fluid
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What does the glass do, exactly?What does the glass do, exactly?

•• Glass is transparent to visible radiation (asideGlass is transparent to visible radiation (aside
from 8% reflection loss), but opaque to infraredfrom 8% reflection loss), but opaque to infrared
radiation from 8radiation from 8––24 microns in wavelength24 microns in wavelength
– collector at 350 °K has peak emission at about 8.3

microns
– inner glass absorbs collector emission, and heats up
– glass re-radiates thermal radiation: half inward and half

outward: cuts thermal radiation in half
– actually does more than this, because outer pane also

sends back some radiation: so 2/3 ends up being
returned to collector

– This is also principle of CO2 greenhouse effect (named
after greenhouses!) 36
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An example water-heater systemAn example water-heater system
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Flat plate efficienciesFlat plate efficiencies

•• Two-pane design only transmits about 85% ofTwo-pane design only transmits about 85% of
incident light, due to surface reflectionsincident light, due to surface reflections

•• Collector is not a Collector is not a perfectperfect absorber, and maybe absorber, and maybe
bags 95% of incident light (guess)bags 95% of incident light (guess)

•• Radiative Radiative losses total maybe 1/3 of incident powerlosses total maybe 1/3 of incident power
•• Convective/Conductive losses are another 5Convective/Conductive losses are another 5––10%10%
•• Bottom line is approximately 50% efficiency atBottom line is approximately 50% efficiency at

converting incident solar energy into stored heatconverting incident solar energy into stored heat
– 0.85×0.95×0.67×0.90 = 0.49
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What area solar thermal collector neededWhat area solar thermal collector needed  for afor a
household?household?

•• Want to find area (in square ft)Want to find area (in square ft)
•• Given: Solar Given: Solar insolationinsolation: 1000 Btu/(: 1000 Btu/(sqft sqft day)day)

– 4 showers a day plus 50% more for laundry, etc.
– Heat water by 60 F
– 40% efficiency
– Water weighs 8lb/gal
– Energy = cp m Delta T
– Cp of water is  1 Btu/(lb F)

•• Typical showers are about 10 minutes at 2 gallons per minute, or 20 gallons.Typical showers are about 10 minutes at 2 gallons per minute, or 20 gallons.
Four showers, and increase by 50% for other uses (laundry) and storageFour showers, and increase by 50% for other uses (laundry) and storage
inefficiencies:inefficiencies:

– 20×4×1.5 = 120 gallons. So water weighs 120*8 = 960lb of water
•• Formula gives energy needed = 1 Btu/(lb F) (960 lb) (60F) = 57600 BtuFormula gives energy needed = 1 Btu/(lb F) (960 lb) (60F) = 57600 Btu
•• But efficiency is only 40% => must divide this number by .4 =>But efficiency is only 40% => must divide this number by .4 =>

144,000Btu/day144,000Btu/day
•• Area = EnergyArea = Energy  needed/(solar needed/(solar insolationinsolation) = (144000Btu/day)/(1000 ) = (144000Btu/day)/(1000 Btu/sqftBtu/sqft

day) = 144 day) = 144 sqft sqft or about 12 by 12 feet. (or 10ft  by 14.4 ft)or about 12 by 12 feet. (or 10ft  by 14.4 ft)
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Interesting societal factsInteresting societal facts

•• In the early 1980In the early 1980’’s, the fossil fuel scare led the U.S. government tos, the fossil fuel scare led the U.S. government to
offer tax credits for installation of solar panels, so that they were inoffer tax credits for installation of solar panels, so that they were in
essence essence freefree

•• Many units were installed until the program was dropped in 1985Many units were installed until the program was dropped in 1985
•• Most units were applied to heating swimming pools!Most units were applied to heating swimming pools!
•• In other parts of the world, solar water heaters are far more importantIn other parts of the world, solar water heaters are far more important

– 90% of homes in Cyprus use them
– 65% of homes in Israel use them (required by law for all buildings shorter

than 9 stories)

40

UCSD Solar Thermal GenerationSolar Thermal Generation
•• By concentrating sunlight, one can boil water andBy concentrating sunlight, one can boil water and

make steammake steam
•• From there, a standard turbine/generatorFrom there, a standard turbine/generator

arrangement can make electrical powerarrangement can make electrical power
•• Concentration of the light is the difficult part: theConcentration of the light is the difficult part: the

rest is standard power plant stuffrest is standard power plant stuff
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Concentration SchemesConcentration Schemes

•• Most common approach is parabolic reflector:Most common approach is parabolic reflector:

•• A parabola brings parallel rays to a common focusA parabola brings parallel rays to a common focus
– better than a simple spherical surface
– the image of the sun would be about 120 times smaller

than the focal length
– Concentration ≈ 13,000×(D/f)2, where D is the diameter

of the device, and f is its focal length
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The steering problemThe steering problem

•• A parabolic imager has to be steered to point atA parabolic imager has to be steered to point at
the sunthe sun
– requires two axes of actuation: complicated

•• Especially complicated to route the water andEspecially complicated to route the water and
steam to and from the focus (which is moving)steam to and from the focus (which is moving)

•• Simpler to employ a trough: steer only in one axisSimpler to employ a trough: steer only in one axis
– concentration reduced to

114×(D/f), where D is the
distance across the reflector
and f is the focal length
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Power TowersPower Towers

Power Tower in Barstow, CA
44
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Who needs a parabola!Who needs a parabola!

•• You can cheat on the parabola somewhat byYou can cheat on the parabola somewhat by
adopting a adopting a steerable-segment steerable-segment approachapproach
– each flat segment reflects (but does not itself focus)

sunlight onto some target
– makes mirrors cheap (flat, low-quality)

•• Many coordinated reflectors putting light on theMany coordinated reflectors putting light on the
same target can yield very high concentrationssame target can yield very high concentrations
– concentration ratios in the thousands
– Barstow installation has 1900 20×20-ft2 reflectors, and

generates 10 MW of electrical power
• calculate an efficiency of 17%, though this assumes each panel

is perpendicular to sun
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Barstow SchemeBarstow Scheme
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Solar thermal economicsSolar thermal economics

•• Not cost-competitive at this time: 3Not cost-competitive at this time: 3––4 times as4 times as
expensive as fossil fuel alternativesexpensive as fossil fuel alternatives

•• Example: Luz InternationalExample: Luz International’’s solar troughss solar troughs
– 1983 13.8 MW plant cost $6 per peak Watt

• 25% efficient
• about 25 cents per kWh

– 1991 plant cost $3 per peak Watt
• 8 cents per kWh

– total of 354 MW put on grid until bankruptcy hit
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PhotovoltaicsPhotovoltaics: direct solar to electrical energy: direct solar to electrical energy

•• What could be better: eliminate the middle-manWhat could be better: eliminate the middle-man
•• The process relies on properties of semiconductorsThe process relies on properties of semiconductors

(between metals and insulators) such as silicon(between metals and insulators) such as silicon
•• Silicon is cheap and abundantSilicon is cheap and abundant

– sand (and earth’s crust in general) is full of it
– until you want it in high-quality crystalline form…
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The basic ideaThe basic idea

•• Create a Create a p-np-n junction in silicon junction in silicon
– called a diode, a central component of transistors

•• Contact potential sets up an electric fieldContact potential sets up an electric field
– not too dissimilar to funny buzz you get when you put

some kinds of metals in your mouth

n-type silicon

p-type silicon

electric field
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Light energy liberates electronsLight energy liberates electrons
•• A photon of light striking the silicon penetrates aA photon of light striking the silicon penetrates a

little way, but eventually knocks an electron out oflittle way, but eventually knocks an electron out of
a silicon atom, ceasing to exist in the processa silicon atom, ceasing to exist in the process
– the energy in the photon pulls the electron out of its

potential well (doing work to liberate the electron)
– any left-over energy goes into electron motion and

lattice vibration (heat)

n-type silicon

p-type silicon

photon of light

liberated electron

electric field
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Then what happens??Then what happens??

•• The electron wanders aimlessly (like a drunkard),The electron wanders aimlessly (like a drunkard),
constantly changing directionsconstantly changing directions

•• If at some point the electron gets close to theIf at some point the electron gets close to the
junction (and electric field), it is swept rapidly tojunction (and electric field), it is swept rapidly to
the other sidethe other side
– electrons feel a force opposite to the electric field

direction
•• This flow of an electron represents a This flow of an electron represents a currentcurrent——aa

flow of chargeflow of charge
•• Enough electrons doing this can constitute aEnough electrons doing this can constitute a

macroscopic current flow (and can do externalmacroscopic current flow (and can do external
work)work)
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Provide a circuit for the electron flowProvide a circuit for the electron flow

•• Without a path for the electrons to flow out,Without a path for the electrons to flow out,
charge would build up and end up cancelingcharge would build up and end up canceling
electric fieldelectric field
– must provide a way out
– direct through external load

– PV cell becomes a battery

current flow

external load
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Getting higher voltagesGetting higher voltages

•• If you want 120 V AC power, you need to startIf you want 120 V AC power, you need to start
with something better than 0.58 voltswith something better than 0.58 volts

•• Daisy-chain cells in series to stack up voltagesDaisy-chain cells in series to stack up voltages

3.5 volts

0.58 +0.58 +0.58 +0.58 +0.58 +0.58
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How good can it get?How good can it get?

•• Silicon is transparent at wavelengths longer thanSilicon is transparent at wavelengths longer than
1.1 microns (1100 nm)1.1 microns (1100 nm)
– 23% of sunlight passes right through with no effect

•• Excess photon energy is wasted as heatExcess photon energy is wasted as heat
– near-infrared light (1100 nm) only delivers 51% of its

photon energy into electrical current energy
– red light (700 nm) only delivers 33%
– blue light (400 nm) only delivers 19%

•• All together, the maximum theoretical efficiencyAll together, the maximum theoretical efficiency
for a silicon PV in sunlight is about 23%for a silicon PV in sunlight is about 23%
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Silicon Photovoltaic BudgetSilicon Photovoltaic Budget

•• Only 77% of solar spectrum is absorbed by siliconOnly 77% of solar spectrum is absorbed by silicon
•• Of what remains, 30% is used as electrical energyOf what remains, 30% is used as electrical energy
•• Net effect is 23% maximum theoretical efficiencyNet effect is 23% maximum theoretical efficiency



Intro to Solar Energy Spring 2008

Lecture 9 28

55

UCSD

PV CharacteristicsPV Characteristics

•• A photovoltaic cell in sunlight is like a batteryA photovoltaic cell in sunlight is like a battery
– characteristic voltage for silicon is 0.58 volts

independent of area, thickness, etc.

•• Typical efficiencies are around 10Typical efficiencies are around 10––12%, though12%, though
expensive space architectures achieve 20% orexpensive space architectures achieve 20% or
even up to 40% with more layers and elementseven up to 40% with more layers and elements

•• Typical residential units cost about $6 per peakTypical residential units cost about $6 per peak
Watt ($25,000 for a 4kW system)Watt ($25,000 for a 4kW system)
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When will PV take over?When will PV take over?

•• Confusing numbers out there.  Some say new coal firedConfusing numbers out there.  Some say new coal fired
plant producesplant produces  wholesale electricity atwholesale electricity at  $0.08 - $0.20/kWh;$0.08 - $0.20/kWh;
we pay about $0.10/kWh but that includes cheap hydro,we pay about $0.10/kWh but that includes cheap hydro,
nat nat gas and old power plants. gas and old power plants.   Some says new PV isSome says new PV is  $0.5-$0.5-
$1.00/kWh =>$1.00/kWh =>  need PV to get 5 times cheaper to competeneed PV to get 5 times cheaper to compete
on purely economic groundson purely economic grounds

•• Currently there are numbers for PV of $4-$8/Peak Watt,Currently there are numbers for PV of $4-$8/Peak Watt,
=> factor of 5 would be about $1/Peak Watt.=> factor of 5 would be about $1/Peak Watt.

•• Should include environmental effects, e.g. if there was aShould include environmental effects, e.g. if there was a
proper Carbon tax, then Coal wouldproper Carbon tax, then Coal would  greatly increase ingreatly increase in
price making PV more attractiveprice making PV more attractive

•• In any case, if PV comes down by a factor of 2 or 3 itIn any case, if PV comes down by a factor of 2 or 3 it
should start taking over.  Note PVshould start taking over.  Note PV  has come down in pricehas come down in price
by thatby that  much in themuch in the  past 15 years, and there are no reasonspast 15 years, and there are no reasons
why price should not continue to drop aswhy price should not continue to drop as  demand increasesdemand increases
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Should I install PV on my roof?Should I install PV on my roof?
•• Suppose 1kW system, hooked to grid with net metering.  When do I saveSuppose 1kW system, hooked to grid with net metering.  When do I save

money?money?
•• Numbers:Numbers:

– Panels $5/W, plus inverters, meters, wires, etc. (say $8/W total)
– Murphy says get on average 5kWh/day, or 1825kWh/year => save $220/year at

$0.12/kWh
– Panels would cost $5000, but get rebate of $2.5/W or $2500.  If inverter costs $1/W

add $1000, and $1500 for installation, wiring, grid connection for total of about
$5000.

– Then it would take $5000/$220/year = 23 years to pay off your investment.  Since
systems are suppose to last 20-30 years, it just breaks even.

– But one should consider other things:  could have invested money instead; price of
energy will go up (If energy inflation rate is same as investment return, then
calculation above is ok; if energy goes up more then payoff time is quicker than 23
years).  What if move out after 5 years (lose money or does PV make house more
valuable?).

– Berkeley is allowing cost to go onto property taxes!
•• Conclude: if  price of PV drops by factor of 2-3, everyone will do it!Conclude: if  price of PV drops by factor of 2-3, everyone will do it!

58

UCSD

Example Solar Panel from Prof. MurphyExample Solar Panel from Prof. Murphy

•• Standard rating scheme applies to 1000 W/mStandard rating scheme applies to 1000 W/m22 of incident of incident
light at 1.5 light at 1.5 airmassesairmasses, and at 25, and at 25ºCºC
– a condition that never really happens

•• Example cell rated at 30 WExample cell rated at 30 W
– open circuit voltage = 21 V (36 cells in series)
– short-circuit current = 1.94 amps
– max power V, I = 16.8 V, 1.78 amps (power = I·V)

•• More realistic 800 W/mMore realistic 800 W/m22, 1.5 AM, 47 , 1.5 AM, 47 ºC:ºC:
– power = 21.3 W, 14.7 V, 1.45 A
– total area = 0.228 m2 → 182 W incident
– 21.3/182 = 11.7% efficient, as compared to 16% rating! (remind

you of rated mpg in cars vs. what you actually get?)
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Which is best?Which is best?

•• To tilt, or not to tilt?To tilt, or not to tilt?
•• If the materials for solar panels were cheap, then itIf the materials for solar panels were cheap, then it

would make little difference (on flat land)would make little difference (on flat land)
•• If you have a limited number of panels (ratherIf you have a limited number of panels (rather

than limited flat space) then tilting is betterthan limited flat space) then tilting is better
•• If you have a slope (hillside or roof), then youIf you have a slope (hillside or roof), then you

have a built-in gainhave a built-in gain
•• Best solution of all (though complex) is to steerBest solution of all (though complex) is to steer

and track the sunand track the sun
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Orientation ComparisonOrientation Comparison
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Numerical Comparison: winter at 40Numerical Comparison: winter at 40º latitudeº latitude

286286195195243243383383Mar 21Mar 21

286286227227186186347347Feb 21Feb 21

256256227227125125287287Jan 21Jan 21

236236216216103103260260Dec 21Dec 21

251251222222124124280280Nov 21Nov 21

272272217217177177322322Oct 21Oct 21

6060º Southº South
(W/m(W/m22))

Vertical SVertical S
(W/m(W/m22))

HorizontalHorizontal
(W/m(W/m22))

PerpendicularPerpendicular
(steered, W/m(steered, W/m22))

DateDate

overall winner better in
summer

good in
winter

2nd place

based on clear, sunny days
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A naturally balanced budgetA naturally balanced budget
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Comparable numbersComparable numbers

•• Both versions indicate about half the lightBoth versions indicate about half the light
reaching (being absorbed by) the groundreaching (being absorbed by) the ground
– 47% vs. 51%

•• Both versions have about 1/3 reflected back toBoth versions have about 1/3 reflected back to
spacespace
– 34% vs. 30%

•• Both versions have about 1/5 absorbed in theBoth versions have about 1/5 absorbed in the
atmosphere/cloudsatmosphere/clouds
– 19% vs. 19%


