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3. Energy Production

3.1 Renewable Energy Technologies
3.1.1 Solar Energy
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3. Energy Production

e 3.1.1.1 Photovoltaics



3.1.1.1 Photovoltaics

a. Review of energy in light
b. Operation of solar cells
c. Types of solar cells

Excellent resource for further study online: http://www.pveducation.org/pvcdrom




3.1.1.1a Light energy

Light from the sun is a mixture of different wavelengths. The different
wavelengths that are visible to the eye show up as different colors.

hitp://solarsystem.nasa.gov/deepimpact/science/spectroscopy.cfm




3.1.1.1a Light energy

Speed of light > C= AV

High Energy Photon
for Blue Light

Energy of
a Photon

E=hv

Low Energy Photon
for Red Light

Speed of light: ¢ (m/s)
Wavelength: A (m)
Frequency: v (1/s)

Higher frequency

Oralso [ = he
A

Lower frequency

Planck’s Constant: h =6.626 x 1034 Joule-second

Typically , when dealing with particles such as photons or electrons the units to
January 27, 20use are electron volts (eV). But, we will stick to Joules. FLATE-FESC
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v'"Remember our study of Air Mass |

3.1.1.1a Air Mass
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Light, the visible spectrum
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3.1.1.1a Radiant energy

2000
. Solar spectrum Solar cell material
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Solar cells respond differently to the different wavelengths of light. For
example, crystalline silicon (Si) can use the entire visible spectrum, plus
some part of the infrared spectrum. But energy in part of the infrared
spectrum, as well as longer-wavelength radiation, is too low to produce
current flow. Higher-energy radiation can produce current flow, but much of
this energy is not usable. In summary, light that is too high or low in energy
is not usable by a cell to produce electricity. It is transformed into heat.

http://www1.eere.energy.gov/solar/pv_cell light.html

January 27,2011 FLATE-FESC
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3.1.1.1a Radiant energy

Si
The spectral =05 |deal cell
. . < measured cell y
response Is the ratio ";
h
of the current S 6
generated (A) by the @ .
solar cell to the DT:M
power (W) incident §
D
on the solar cell. &
0.2
http://www.deltaenergys.com/pvinfo.html
http://pvecdrom.pveducation.org/index.html
0
0 02 0.4 0.6 0.8 1 1.2
wavelength (pm) 3 = hc

Eg
The spectral response of a silicon solar cell under glass. At short wavelengths
below 400 nm the glass absorbs most of the light and the cell response is

very low. At intermediate wavelengths the cell approaches the ideal. At
long wavelengths the response fall back to zero.

Note: Silicon is an indirect band gap semiconductor so there is not a sharp cut off at the wavelength
corresponding to the band gap (E; = 1.12 eV).

FLATE-FESC 11



3.1.1.1b Solar Cell Operation

*About 80-90% of solar cells are made of crystalline Silicon
*These are the first generation type of solar cells.

*There are other types: Gen 2 and Gen 3 that will be
mentioned briefly.

silicon

Simplified schematic of
solar cell operation.

photons
electron flow

°
)

+ “hole” flow

http://www.deltaenergys.com/pvinfo.html

January 27,2011 FLATE-FESC



3.1.1.1b Solar Cell Operation

http://www1.eere.energy.gov/solar/atomic_description.html

QAIl matter is composed of atoms, which are made
up of positively charged protons, negatively charged
electrons, and neutral neutrons.

UAs depicted in this simplified diagram, silicon has
14 electrons.

UThe four electrons that orbit the nucleus in the
outermost "valence" energy level are given to,
accepted from, or shared with other atoms.

ULarge numbers of silicon atoms bond with each
other by means of their valence electrons to form a
crystal.

UIn a crystalline solid, each silicon atom normally
shares one of its four valence electrons in a covalent
bond with each of four neighboring silicon atoms.
UThe solid thus consists of basic units of five silicon
atoms: the original atom plus the four other atoms
with which it shares valence electrons.

January 27,2011

FLATE-FESC
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3.1.1.1b Solar Cell Operation
NN

@ ® @ | Schematicof
“———*( )“‘““( )““‘“( )____, covalent bonds in a

Silicon crystal lattice

http://pvcdrom.pveducation.org/index.html

(Solar Cells are made of semi-conductor material, meaning that the material doesn’t
have the conductivity of metals but it is also not insulating material .

UThe atomic characteristics are such that electrons “straddle” between the
conductor and insulator states.

UExternal energy is needed to move the electrons into a conductive state.

WIn the case of solar cells, this external energy is provided by Photons from sunlight.
When the electron gets “knocked” into the conductive state (or free state), it leaves
a space in the covalent bond which could be thought of as a hole.

Many free electrons are what create electric currents when connected to a load.

L Electrons have negative charge (-)

(dHoles have positive charge (+)




3.1.1.1b Solar Cell Operation

P-N Junction

Junction

http://www.deltaenergys.com/pvinfg.html

http://m%V@JugaQHn.org/pvcdrom/pn—]unction/pn—junction-diodes
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P Do

The n-type (negative)
region has a high
electron
concentration..this is
due to doping with
electron donor
elements.

P-n junctions are formed by joining n-type
and p-type semiconductor materials.

The p-type (positive)
region has a high hole
concentration...this is
due to doping with
electron acceptor
elements.
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3.1.1.1b Solar Cell Operation

lllllll

Junction

http://www.deltaenergys.com/pvinfg.html

P-N Junction

in a p-n junction, when
the electrons and hol
move to the other side\of
the junction, they leave
behind exposed charges
on dopant atom sites,
which are fixed in the
crystal lattice and are
unable to move

http://\){RA/W%%(_;du:d%t;‘n.org/pvcdrom/pn—iunction/pn—iunction—diodes
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On the n-type side, positive
ion cores are exposed

electrons diffuse
from the n-type
side to the p-type
side

An electric field E forms between the
positive ion cores in the n-type
material and negative ion cores in the
p-type material.

holes flow by
diffusion from the
p-type side to the
n-type side

On the p-type side, negative
ion cores are exposed

16



3.1.1.1b Solar Cell Operation

P-N Junction

Junction

http://www.deltaenergys.com/pvinfg.html

In equilibrium, the
net current from
the device is zero.

http://\){W%Vgguga%&n.org/pvcdrom/pn—iunction/pn—iunction—diodes
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On the n-type side, positive
ion cores are exposed

electrons diffuse
from the n-type
side to the p-type
side

A "built in" potential V,; due to E is
formed at the junction

holes flow by
diffusion from the
p-type side to the
n-type side

On the p-type side, negative
ion cores are exposed
17



3.1.1.1b Solar Cell Operation

P-N Junction
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Electrons in the n-type region
“want” to continue to
recombine with the holes in the

p-type region. (-)(+)

But, the electric field in the
depletion region prevents
recombination.

However, there are still some
electrons or holes that go across
the depletion region through
diffusion or drift.

The electron drift and diffusion
current exactly balance out (if
they did not there would be a
net buildup of electrons on
either one side or the other of
the device).

Similarly, the hole drift and
diffusion current also balance

each other out.
18



http://www.deltaenergys.com/pvinfp.html

The Photovoltaic Effect

Light generates
extra carriers.

The collection of light-
generated carriers does not
by itself give rise to power
generation. In order to
generate power, a voltage
must be generated as well
as a current.

http://m%\&gguga%&n.org/pvcdrom/pn—iunction/pn—iunction—diodes
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1. As we learned before,
when photons from
sunlight hit the solar cell,
valence electrons are
“knocked” free to become
conductive.

2. The collection of light-
generated carriers causes
an increase in the number
of electrons on the n-type
side of the p-n junction and
a similar increase in holes
in the p-type material

19



3. Since there is an excess
of electrons in the n-type
material and an excess of
holes in the p-type material
a separation of charges
occurs. That charge
separation leads to the
formation of a voltage
across the P-n junction.
This is the open circuit

http://www.deltaenergys.com/pvinfp.html

voltage: V,,

The Photovoltaic Effect

=
% D =
BV
Light generates oo ocC
extra carriers. 5 ("'P
This is DC
voltage!!
http://m%\&ggugaq}&n.org/pvcdrom/pn—iunction/pn—iunction—diodes FLATE-§ESC 20




4. When the terminals
are connected, a current
flows proportional to
the light intensity. This
is the short-circuit
current: |

http://www.deltaenergys.com/pvinfp.html

The Photovoltaic Effect

*\oltage is Zero

*This is also
I maximum current
SC
from solar cell.

Light generates
extra carriers.

This is DC

current!!

Electrons recombine
with holes to

FLATE-fESC complete the circuit. 21
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Cell current in A

3.1.1.1b Solar Cell Operation

Influence of irradiance on the |-V Characteristics of a Solar Cell at T=25°C

3.5
£ =1000 W/m?
3 - . .
This is DC
2 current!!
5z | BOOWI/m
2 + 600 W/m2
1.5
400 W/im?
1 o
200 Wim?
0.5 \
D [ [ [ [ [ [
0 0.1 0.2 0.3 04 0.5 06

Cell voltage in V

Volker Quaschning - Understanding Renewable Energy Systems - Earthscan, London, 2005
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3.1.1.1b Solar Cell Operation
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Call Module Array

http://www.solar-electric.com/solar_photo gallery.htm

The basic photovoltaic or solar cell typically produces only a small amount of
power. To produce more power, cells can be interconnected to form modules
(also called panels), which can in turn be connected into arrays to produce yet
more power. Because of this modularity, PV systems can be designed to meet
any electrical requirement, no matter how large or how small.

http://www1.eere.energy.gov/solar/atomic_description.html

January 27,2011 FLATE-FESC 23




3.1.1.1b Solar Cell Operation
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Voltage Across Panel (V)

A single silicon photovoltaic cell produces an open-circuit voltage of slightly over 0.55 volts. The
voltage produced by a photovoltaic panel is a function of how many cells are connected in
series. In the case of the panel described above, there must be about 36 photovoltaic cells

Ja(m‘JQrsz%gted |n Senes |n Order to prOdUCG over gQE\{QJtS‘ http://www.powerfromthesun.net/chapter5/ChapterSWord.htm
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Cell currentin A

3.1.1.1b Solar Cell Operation

Influence of Temperature on the |-V Characteristics of a Solar Cell

3.5
Volker Quaschning - Understanding Renewable Energy Systems - Earthscan, London, 2005
3 -
2.5 - :
V.. decreases at a faster rate with
5 | rising temperature than the |
increases. Therefore, the solar
cell’s maximum power and the
1.5 - I .
cell efficiency decrease with
rising temperature. For most
11 cells, a temperature rise of 25°C
causes a power drop of about
051 10%.
0 H=75°C 8=50°"Q §=25"C Yg=0°C
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Cell voltage in V

Unfortunately, the higher the temperature of the cell, the
lower the voltage output. Cold, Sunny days are the best.

0.8



3.1.1.1b Solar Cell Operation

The solar cell generates its maximum power at a certain voltage

26 1.4
- Fhpp
fsc
3 1.2
Ipp{--= === e o
- 256 1
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Y 0g =
i m
-
7 0.4
/ 0.2
Current-Voltage Line . 5~ Power-Voltage Line
0 0.1 0z 03 0.4 0.4 0.6 07

Cell voltage in'v

WThis graph shows the current-voltage and power-voltage characteristics.
LIt shows clearly that the power curve has a point of maximum power called the
‘maximum power point’, MPP.
*The maximum power point voltage, Vs, is less than V.
*The current I,pp is lower than | ..
*At the MPP, current and voltage have nearly the same relation to irradiance and
temperature as the short circuit current and open circuit voltage.

January 27, 2017 FLATE-FESC

Volker Quaschning - Understanding Renewable Energy Systems - Earthscan, London, 2005



3.1.1.1b Solar Cell Operation

The solar cell generates its maximum power at a certain voltage

* To make solar cells and modules comparable, MPP power is measured
under standard test conditions (STC):
— Irradiance at 1000 W/m?2 : Temperature of 25°C: Air mass (AM) 1.5.

— Power generated by the solar modules in real weather conditions is usually lower, hence
STC power has the unit W, (Watt peak). This is the rating you will typically see on
commercial solar cells.

* Interms of dependence on irradiance, the current dominates the device’s
behavior, so that the MPP power is nearly proportional to the irradiance.

* Solar cell efficiency is the ratio of the maximum electrical solar cell power
to the radiant power on the solar cell area.

n= PMPP/E*A where E=irradiance; A=solar cell area

— Commercial crystalline solar cells now reach efficiencies up to almost 20%, but in the
laboratory, efficiencies of more than 25% are possible.

— Efficiencies of thin-film solar cells are lower.

Volker Quaschning - Understanding Renewable Energy Systems - Earthscan, London, 2005



3.1.1.1b Solar Cell Operation

The solar cell generates its maximum power at a certain voltage

 So we have seen that
— Pypp is nearly proportional to the irradiance, so that

— Solar cell efficiency is the ratio of maximum power point
power to irradiance.

* But,

— Maximum power point voltage varies with irradiance and
temperature. So that efficiency varies.

e One solution: Maximum Power Point Tracker

Januar y 27,2011 http://www.ee.uconn.edu/SgM%?B'(_f&ég/proiects/ecesd129/




3.1.1.1b Solar Cell Operation

The solar cell generates its maximum power at a certain voltage

e Maximum Power Point Tracker

January 27,2011

High efficiency DC to DC converter which operates by taking
the DC input current, changing it to AC, running it through a
transformer (usually a toroid, a doughnut looking
transformer), and then rectifying it back to DC.

It tracks the instantaneous power by continually measuring
the voltage and current through a microprocessor

Uses this information to dynamically adjust the load so the
maximum power is always transferred, regardless of the
variation in temperature and irradiance.

The microprocessor tries to maximize the watts delivered to
the load from the solar panel by controlling the step down
ratio to keep the solar panel operating at its Maximum Power
Point.

A load that may represent an end-user, or an energy storage
element, or a power grid-interface.

Outback Power FLEXmax 80
MPPT Solar Charge Controller

OFLEXmax

Maximum Solar Array: 12
VDC systems 1250 Watts /
24 VDC systems 2500
Watts / 48 VDC systems
5000 Watts / 60 VDC
Systems 7500 Watts

http://store.solar-electric.com/oufl80sochco.html

FLATE-FESC
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3.1.1.1b Solar Operation

Another way to maximize power is to maximize irradiance by having the

panels (or arrays) track the sun. This is Panel/Array Tracking.

These are mainly used in commercial applications.

Azimuth-Altitude Dual Axis Tracker

- 2 axis solar tracker, Toledo, Spain Auis of rotation
http://en.wikipedia.org/wiki/Solar_tracker

[]
Shmsu Al 6y S Horizontal Single Axis Trackers
Twie-axis fracking flat-plate collector http://en.wikipedia.org/wiki/Solar tracker

Single Axis Trackers

% Avis of
rotation

One Axis Tracker, Alamosa, CO
http://www.nrel.gov/data/pix/searchpix.php

One-ais tracking flat-plate collectar with axis oriented north-south

Two Axis Tracker, Alamosa, CO
Jahttpy/ Avwid.htel.gov/data/pix/searchpix.php FLATE-FESC 30




3.1.1.1b Irradiation Data

Variability of Latitude Fixed-Tilt Radiation

WBAN NO. 12842

LATITUDE: 27.97° N
LONGITUDE: 82.53° W
ELEVATION: 3 meters

MEAN PRESSURE: 1018 millibars

Menthly Radiation (kWh/m?fday)

STATION TYPE: Secondary

1961-1990 Average
o +~—rt+——+——+—+—t+—

Jd F M oA M J W & 5 &G N B OXP
Solar Radiation for 1-Axis Tracking Flat-Plate Collectors with a North-South Axis (kWh/m?/day), Uncertainty +9%

http://rredc.nrel.gov/solar/pubs/redbook/PDFs/FL.PDF

Axis Tilt (*) Jan Feb Mar Apr May June July Aug Sept Oct MNov Dec | Year
Average 4.5 5.5 6.8 8.3 83 TES 7.1 6.8 6.2 6.0 4.9 42 6.3
0 Min/Max | 3354 4.3/66 5579|7504 7.1/94 60/88 | 60/8.1 5.6/8.1 5272 | 4468 3958 3.352 | 5.6/6.9
Latitude -15 Average 5.0 59 1.2 R4 8.2 74 7.1 6.9 6.5 6.4 34 48 6.6
titude -15 | vpoMax | 3.5/60  4.67.1 5883 | 7796 7.093 5987 | 6080 5782 S35 | 4773 4264 3.7/58 | 5.8/1.2
L aFiade Average 54 0.3 T 8.4 8.0 Tl 6.8 6.5 6.5 6.7 59 2 6.7
atbe Min/Max | 3.8/6.6 49/7.6 50/85 | 7.60.6 6901 5784 | 5777 5680 53/16 | 4877 45/69 4.0/64 | 5973
atitude +15 | Average 5.6 6.4 7.3 8.1 75 0.6 6.3 6.4 6.4 6.8 6.1 55 6.6
Latitude +15 | \giiMax | 3970 4978 5885|7392 64/85 5378 | 5372 53776 5274 | 4878 46713 4.2/68 | 5.8/7.2
Solar Radiation for 2-Axis Tracking Flat-Plate Collectors (kWh/m?/day), Uncertainty +9% .
Tracker Jan Feb Mar Apr May June July Aug Sept Oct MNov Dec Year
2 Axis Average | 5.7 6.4 74 8.5 8.3 7.6 7.2 6.9 6.5 6.8 6.1 5.6 6.9
< AXISanvary 24 Npin/Max | 3.9/7.1  50/7.8  5.9/85 | 7797 72/98NE68.9 | 6.0/8.1 57/82 54/76 | 4978 4673 4310 ]| 6.1/7.6




3.1.1.1b Solar Cell Operation

e \We have seen that solar cells
generate DC current/voltage.

e But, most commercial appliances
use AC current/voltage.

* |nverters must be used.

 Most have MPP tracking
capability.

MODEL Protect PV 25 Protect PV 33

DC INPUT

Nominal DC voltage 640 VDC 640 VDC

Max. PV open voltage 800 VDC 800 VDC

MPPT-range 300-800 VDC 300-800 VDC

Working range 200-800 VDC 200-800 VDC

Number of MPP Tracker 6 £l

Input current 13 A/MPPT 13 A/MPPT

AC OUTPUT http://www.aegps.com/en/products/Solarinverters
Output power 25000 W 33000 W

Operational voltage 400 V x3, -15 % +10 % 400V x3, -15 % +10 %

Operational Frequency 50 Hz 50 Hz

Current digtertion, 27, 2011 <3% FLATE-FESC <3% 32
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3.1.1.1b Solar Cell Operation

fiy .

o .

land3active |.

& 1 Mimics AC current by using square waves.

A reasonable AC current is obtained
through superposition of square waves,
but it is not perfect.

wl

. 2and 4 active 2

Square wave
oscillation

Fundamental frequency

DC to AC Inverters modify DC signals, which are constant, to AC
signals, which as we have seen vary in a sinusoidal pattern.

Volker Quaschning=Understanding Renewable Energy Systems - Earthscan, London, 2005



3.1.1.1c Types of Solar Cells

* First Generation
— Single crystal; multicrisytalline Silicon

— These solar cells, using silicon wafers, account for 86% of the
solar cell market.

— High efficiency, long life
— But, high material and manufacturing costs
— Fragile and Rigid

* Second Generation

— Thin-film solar cells, are significantly cheaper to produce than
first generation cells but have lower efficiencies -

— Amorphous Si, CdTe, CIGS (copper |nd|um galllum selenide)

— Flexible e
* Third Generation

— Still in research phase

— Do not need P-n junction |

— Wide range of potential solar |nnovat|ons
* Organic and dye sensitized (Gratzel cells)
* Polymer solar cells
* Nanocrystalline solar cells

Light absorbing
dye attached to
nanoscale titania.

January 27, 2011 FLATE-FESC
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3.1.1.1c Types of Solar Cells

. . . AS OF 5/27/10
Best Research-Cell Efficiencies
. . Spectrolab
| Multijunction Concentrators T
WV Three-junction (2-terminal, monolithic) Spectrolab
B A Two-junction (2-terminal, monolithic) ]
apan
—  Crystalline Si Cells Enzrgy NREL/

W Single crystal Spectrolab

O Multicrystalline

—  @ThinSi
B Thin Film Technologies
- ® Cu(In,Ga)Se,
O CdTe NREL
- . - Cu(In,Ga)Se
O Amorphous Si:H (stabilized) Spire  Stanford 14x c(oncen)tratfon
. ; UNSW
| Emerglng PV " . Georgia Tech NREL (
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3.1.1.1 Photovoltaic Cost Trends

Cost per watt*

Source: Bullis, Kevin, Technology Review, Vol. 113, Solar's Great Leap Forward No. 4, July/August 2010.

$4.66
Today the solar panels

themselves account for less
than half the total cost of
the technology.

$3.76

$3.30
$3.15- = o
$3.m/ Additional costs are:
eInstallation costs
s —_ *inverters
Silicon (c-Si . .
N —— $2.01 esales and marketing by
P $1.99 i Il
installers

- U.S, == Japanese . _
eand financing.

Cadmium telluride (CdTe)

== .S, (First Solar)

"4 "o5 "o " o7 " 08 ' 08 | 10

Source: Photon Consulting
*For the lowest-cost manufacturers in each country Credit: Tommy McCall
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3.1.1.1 Photovoltaics

a. Review of energy in light
b. Operation of solar cells
c. Types of solar cells

Excellent resource for further study online: http://www.pveducation.org/pvcdrom




