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TODAY:

®Why is solar important?

® What exactly is photovoltaic (PV) solar?

®How does PV work?

®Preview: How can | plan a smalUmedium/large
solar project?



WHY SOLAR?



.~e fly from the sun, powerl
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Source:
Inset: Big Allis, first 1GW generator, in Queens.

GLOBAL TRANSFORMATION


http://www.energyandcapital.com/
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500GW

400GW

- Europe Asia-Pacific

- Americas . China

Middle East and Africa |l Rest of the world

300GW

. Global total: no split-up by region available yet.
200GW
-
67GW

GLOBAL TRANSFORMATION

GTMedia, wikipedia
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~1GW To7AL 6LOBAL INSTALLED SOLAR IN 2000 SN

~1GW oF New soar INsTALLED EVERY 3 DAYS|219

“Solar additions totaled 119 gigawatts globally in 2019” - Bloomberg Green

https://www.bloomberg.com/news/articles/2020-09-01/the-world-added-more-solar-wind-than-anything-else-last-year



Energy directly from the sun

Estimated U.S. Energy Consumption in 2017: 97.7 Quads B Lawrence Livermore

National Laboratory

NetElectricity 0.06

Solar 048 Imports
125
Electricity
Generation
37.2 24.7
Residential
10.7
0.88
0.08 Commercial

: - —_— 8.99
/0.02 0.83
, 001/ 0.02

Industrial
1.24 25.2
12.7
Biomass
4.91 Transportation
28.1

Petroleum

36.2

*for more on Rejected Energy, see htt
**for more on comparing energy quantities, see http://vaclavsmil.com/ and https://www.withouthotair.com



http://aceee.org/sites/default/files/publications/researchreports/e13f.pdf
http://vaclavsmil.com/
https://www.withouthotair.com/

. PR . B Lawrence Livermore
Estimated U.S. Energy Consumption in 2017: 97.7 Quads National Laboratory

NetElectricity 0.06
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Ingenuity copter: PV power never mentioned
directly. Battery is 35Wh, with 10Wh for flight.

Solar: 680cm2 of IMM-a Inverted Metamorphic
Space Solar Cell from SolAero

Sod Sk,

Sojourner:
16W peak PV output

Spirit & Opportunity:
140W peak PV output

i A

<

Source: https://mars.nasa.gov/
https://rotorcraft.arc.nasa.qov/Publications/files/Balaram_AIAA2018 0023.pdf
https://solaerotech.com/space-solar-cells-cics/



https://mars.nasa.gov/
https://www.avinc.com/about/mars-helicopter
https://rotorcraft.arc.nasa.gov/Publications/files/Balaram_AIAA2018_0023.pdf
https://solaerotech.com/space-solar-cells-cics/

Sun: 4.2 billion kg of H -> Energy / second
so 3.85 x 1026 Watts (385 yottawatts!) IMMENSE
POTENTIAL

Solar constant in space at Earth locale: BUT
1368 W/m? - Remember this C

number!

Global solar power:
87 PW (~7000x fossil fuel use)

source: Smil



Sun: 4.2 billion kg of H -> Energy / second
so 3.85 x 1026 Watts (385 yottawatts!) IMMENSE
POTENTIAL

Solar constant in space at Earth locale: BUT
1368 W/m2 - Remember this C T

number!

Global solar power:
87 PW (~7000x fossil fuel use)

WHY NOT SOLAR?

source: Smil




Sun: 4.2 billion kg of H -> Energy / second
so 3.85 x 1026 Watts (385 yottawatts!) IMMENSE
POTENTIAL

Solar constant in space at Earth locale: BUT
1368 W/m?2 0 ¢C

Global solar power:
87 PW (~7000x fossil fuel use)

Distributed over 2Earth’s sphere: DIFFUSE AND
342 Wim INTERMITTENT

Average insolation (after reflection and absorption):
170 W/m?2

Intermittent, weather dependent
source: Smil



BUT REALLY. .. SOLAR

THE BILLIONS IN CHANGE SOLUTION

Hans Free Electric™

The Hans Free Electric™ bike enables people to generate their own
electricity. Here's how it works: A person pedals the hybrid bicycle, which
drives a flaxheel systemn, which turns a generator, which charges a

bat or é,* our yields a day's worth of electricity for an

AV s B £ A1's electricity on demand. There's no utility bill, no

AN [ for the sun to shine or the wind to blow,

https://web.archive.org/web/20161116093435/http://billionsinchange.com:80/solutions/free-electric

GLOBAL TRANSFORMATION
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A Look Back At How We Arrived Here

't started with the goel to bring free electrical power to the billlens of people worldwide who have
little-to-no access 10 electricity. How? Provide a way far people to generate their own energy, store it,
and use it for simple, yet life-changing, applications, such &s light, communication, anc education. The
first solution created by Stage 2 was the HANS™ Free Electric bike.

However, efter multple field tests showec that the bike needed modifications, as did the battery,
Stage 2 went back to the drawing board. Through the process of making these improvements, two
completely new inventions emerged. The HANS™ PowerPack and HANS™ Solar BriefCase quickly
eanfroggec the bike in terms of usability, affordability, and scalability.

The current plan for the HANS™ Free Electric bike is to preduce it on a limited besis for India only.
There are no longer plans te make the bike avzaileble to the US market, and the existing US inventory of
a few cozen bikes will be donated ta the Billions in Change Foundation fer charitable and fundraising

ergy/
OUrposes.

GLOBAL TRANSFORMATION



WHAT IS SOLAR?



- Photovoltaic Solar aka PV
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(Not “Concentrating Solar Power”, “Solar Thermal”, etc...
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(Not “Concentrating Solar Power”, “Solar Thermal”, etc...)



Parans

(Not indirect solar lighting, heliostats, etc...)



“_..for his services to Theoretlcal Physms
“and especially for his discovery of the law
~ of-the photoelectric effect.”

1921 Nobel Prize in Physics
https://www.nobelprize.org/prizes/physics/1921/einstein/facts/
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PV works everywhere!
Enabling technology for telecom
and space exploration

MER originally planned for
~90 sols, have operated for
over 2000.

140W GaAs/Ge cells

Overview
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Terrestrial applications

Overview



= e Flsh‘ermen in Kenya attracting shrimp w/ solar-
vcharged lights (photo:Siemens)




Small and large commercial applications

Overview



HOW DOES SOLAR
WORK?




All PV is similar in that:

Source: http://www.imagesco.com/

Photovoltaic materials directly
convert light into electricity.

Most semiconductors
(including LEDs) do this
to some extent.

Basics



A junction of P- and N-type materials forms a diode
optimized to separate charge carriers when
exposed to light

Pure Silicon N-Type Silicon P-Type Silicon
@ Silicon nuclei @ Phosphorous nucleus () Boron nucleus
®® ® o ® o ® o oo o ° oo ® o e o The boron
® . o . 9 . ® Y . ® . ® . ® ° Y Y ° atom crefates
¢ ® 9 ® ® ® ® ® ® . ° . ° . ° a hole. ©
o0 o0 o0 o0 oo oo The phosphorous o o o o /
& B B B & B B B atom creates & B B .
® ® ° ° ® ® ® e AN extra’:.ec.rvn. I ® . ° . 3
oo oo o0 oo [ ) o0 ' (R () oo
¢ . ® . 2 . . ® . ® . » . L ® . ® . L J . ¢
® ® ® e ® ® ® . ® ® » ®
o o° ® o ® o ® O ® O ® o o ® e o0 o o

Source: http://www.techbites.com/ Basics



http://www.techbites.com

Sunlight

4
T \ n-type semiconductor I Front contace

Antireflection coating ~ ;:‘S;:S' . e
/ .

Transparent adhesive

!/ / Front contact
Cover glass -/ / .//—_ Current .

——

p-n juncticn

7 7 |

n-tyge semiconductor—/ // /

p-type semiconductor

o-type semiconductor—  “—— Back contact o e

@ = alectron Back contact

Solar cells are composed of two layers of semiconductor material with opposite charges. Suniight hitting the surface of a cell knocks electrons
loose, which then travel through a circuit from one layer to the other, providing a flow of electricity.

e AARON THCMASON/SRPNETCCM

Source: Union of Concerned Scientists Basics
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—_— s Cell-
S S ell.

S / Single piece of PV material.

Voltage dependent on
semiconductor type

i

Current dependent on surface
area.
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Module: group of = .
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Array: group of
modules
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cells
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Array: group of
modules

P S N W —— S— S S S . S

Module:
Multiple cells arranged in series
and parallel groups to achieve

desired voltage and current.
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Multiple modules arranged in
series and parallel groups to
achieve desired voltage and
current.
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In series: Voltage
sums, current
remains the same

In parallel: Voltage
stays the same,
current sums

3V

(Cell or module)

Basics



Metrics we care about are:

Rated performance
- “Watts-peak” under standardized conditions (AM1.5 1000W/m?2)

Open Circuit (OC) Voltage
- voltage measured with no load

Short Circuit (SC) Current
- current through short circuit

And of course, cost:
Cost / Watt

Basics
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KC80

HIGH EFFICIENCY
MULTICRYSTAL
PHOTOVOLTAIC
MODULE

TYPICAL CUTPUT 80 Wp

HIGHLIGHTS OF KY(C

Kyocera's advanced cell pracessing tachnol
etticient multicrysta [‘«"ll}’.t‘lvf‘/”?lﬂ mogules

The conversion efficiency of the Kyocera sola
These cells are encapsulated between a temp
maximum protection from the severest enviro
The entira laminate is mstalled in an anogdized &

o Microwave/Radio repeater stations

® Electnfication of wlliages in remote areas

® Madical facilities in rural areas

® Power source for summer vacation homes

® Emargency communication systems

@ Water quality and environmental data mon
systems

® Navigation lighthouses, and ocean buoys

B Electrical Specifications I

“Nameplate
capacity”

H Electrical Secifications

MODEL

KC80

Maximum Power

Maximum Power Voltage

80 Watts 80W

16.9 Volis

Maximum Power Current

473 Amps

Open Circuit Voltage

Short-Circuit Current

-4

21.5 Volts
497 Amps

Length

976mm (38.4in.)

652mm (25.7in.)

56mm (2.2in.)

8.0kg(17.71bs.)

Note: The electrical specifications are under test conditions of Irradiance ol
vy

N/m* Spectrum of 1.5 air mass and cell 1

emperature of 25°C

MOOEL KCRO
Maximum Power a0 Watts 652 56
‘ - - - -
Maximum Power Yollage 169 Yo ' b
- i
Maximum Powar Curront 473 Amps |
- - T {
Ogen Clrcull Voltage 215Vohs )
Shart-Circuit Current 4,97 Amps 0
— o
Length Q7Gmm (384in ) o P
Width 652mm (25.7n.)
Depth Stmm (23r {
Weight 8.0kg(17.71bs.)
MNata Tra clectrical soecitications are under jest conditions of rradiarce of
W m? Specrum o 15 wr st and oMl tamperatue o 35C

Basics



DIFFERENCES



Different types of PV are distinguished by:

- Form of material (e.g. crystalline or thin film)
- Type of material (Si vs. CIGS vs...)

- Number of layers (“junctions”)

Different types will have varying efficiencies under different
conditions, and widely-ranging associated costs.

Differences



Mono-crystalline Si ingot and cell

4’4'|‘
,i'|l|'|"
ul"'l"‘

Circa 300 um thick
Si layer

Differences




[o—
—

> =~
pi

-

== Polycrystalline Si
ingot and cell

Circa 300 um thick
Si layer

Differences



Amorphous or thin film PV

Circa 30 um thick
Si layer




Efficiency (%)

50

48

44

40

L
D

w
~nNo

N
o

o
NN

rN
o

16

12

Best Research-Cell Efficiencies

L:NREL

Multijunction Cells (Z-terrinal, monalithic)
¥ Three-juncticn (concentrator)
v Three-juncticn (non-concentretor!

A Tao-junction (concentrator)
Single-Junction GaAs

A Single crystal
A Cencentrator
WV Thin film crystal

Crystalline Si Cells
® Single crystal

O Multicrystaliine

@ Silicon Helerostructures (HIT)

1B\
(T ). Watson

Reszarch Cenler) e mmm———

Westing®
Nitgtal aoule

No. Carolna g8
Stae Univ.

Kodak So\kxex

RCA

Mobl
Solar
Baeing

Vatsushite
© Monosclar 7 Kodak
Beoeing
——Unwasity

of Vaine

[\ l“’

Thin-Film Technologies

® Cu(ln Ga)3e»

o CdTe

O Amorphous Si:H (stabilized)
< Nano-, micrc-, poly-S

0 Multjunction polycrystalline
Emerging PY
OLye-sensitized cells

® Organic cells (various typas)
A Qrcanic tancem cels

<+ Inoiganic cells

< Quanum dot cells

\I
Varan (21sy)

AR NRE

3larlf0(d - — - - -
w0d M KoonA e

Georgia

Phaton ¢ !:nengy

AMETEK

ZPFL

Fraunhofer ISE
‘metamorghic, 454x)

N\ (@tce matered

\ %ﬂTﬁCfﬂmJ'(:b
retemorphic
406x)

(retemorphic, 200«) latice matched,

Boeinc-Specirolab Ccemg-umc'roab .
(metemcrph.c 179%) ~_ (meanccphlc 24)) ™

finvertad, metamomhe) -

~— NREL |invered,
NREL- >
(MM, 1-5ur)
NREL iinvertd,
etzmarphic, 1-sun) _ =~

IES-UPIA" (4 770

FroisEAA Devoss

4.0 cm?, 1-3Ln) s
Amonix

TUUTT e Radboud

Cu(lr,GaiSe;
(142) Sanvo

Sanyo Sanyo

— NREL \REL NREL  &W o

ap
ND’("E’”"” Unitec Solar

N?EL (smdl-a'ea) (aSincSincS)

RELEUO-CS Unitad Solar

So. orida<\<" ~
ARCO .Boeing
// ~o '..————'o ~/ NRE

Imtransfer) (CA7E/CIS)

IBw |1BM (vl@ﬂ
((.rvsso)‘m g \UC

’"‘*':yﬂ

7" Univ. of
Teronto
(hOFbGQD. (Pto-a:)

NREL | Konarka
Univ. Linz

University Linz Jniversty Siemens

L 13.5%

Source: DOE NREL

201 0 (Rt-v 12 2011)

Differences



1 ! | ! | | | ! | !

(Mono) Crystalline Si c-Si
Multi-crystalline Si 091 | o mic-Si Spectral Response i
Cadmium Telluride (thin) CdTe
Copper-Indium-Gallium (thin) 98 CIGS i
Dye-Sensitized = — DSC
Organic % 0.7T 1
Gallium Arsenide b

»n 06 il

| o

a

7 05 g

o

w® 04T £

3

Q 03 )

n

02 o
LA &
0 Z

200 300 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)

Uraviolet Visbie Light Near Infrared
-— -

Source: https://pvpmc.sandia.gov/modeling-steps/2-dc-module-iv/effective-irradiance/spectral-response/ D iffe rences


https://pvpmc.sandia.gov/modeling-steps/2-dc-module-iv/effective-irradiance/spectral-response/

Convolonal PV |
on-transparent)

-y

250 500 750 1000 1250 1500 1750 2000
Wavelength (nm)

source: http://energy. mit.edu/news/transparent-solar-cells/

500

750 1000 1250
Wavelength (nm)

1500 1750 2000

Differences


http://energy.mit.edu/news/transparent-solar-cells/

100 %

90 % W Other
80 % CIS
70 %

W a-Si
60 %
50 % ® Ribbon
40 %

m CdTe
30 %
20 % B Mono
10 % .

B Multi

0%

1999 2001 2003 2005 2007 2009

Source: Cleanenergy Differences






Solar constant at Earth orbit:
1367 W/m?2

DC electricity
Voltage depends on
number of cells in
series.

Current
proportional to area
and light intensity

Remember:
Watt is S| unit of
power

1W = 1d/s

1W (electric) = 1V
*1A



Reality check
Random solar panel from

WWwWWw.Ssolar-electric.com
AXITEC AC-290M/156-60S

290 Watts
17.83% efficiency
290/.178 = 1630W sunlight

SO should be about
1.63m2for AM1.5

Dimensions:
64.57" x 39.06”
1.64m x .99m
1.62m:?


http://www.solar-electric.com

These are deceptively amazing at
normalizing vastly different light
environments




Solar constant at Earth orbit:

1367 W/m?

Am1.5: 1000 W/m2

Average solar radiation for a location on the
northern hemisphere with a latitude angle of
47° - 55°,

sunny, clear sky
summer: 600 - 1000 W/m?
winter: 300 - 500 W/m?

sunny, scattered clouds or partly cloudy
summer: 300 - 600 W/m?
winter: 150 - 300 W/m?

cloudy, fog
summer: 100 - 300 W/m?
winter: 50 - 150 W/m?

MOVA Globes are wild!

http://www.renewable-energy-concepts.com/
solarenergy/solar-basics/insolation-weather.html


https://www.youtube.com/watch?v=OypJajrHsIg

For later:

Local solar potential
Balance of system
Tracking methods
Concentrating systems
Solar lighting

Solar thermal

also:

Kardashev scale

Space based solar power
Dyson swarms

Differences



For now:

Preview: Planning a solar powered project
Different sizes of solar (1/10/100W)

Planning



Size: Very Small

BEAM circuits. <1W PVs charge capacitors, discharged
through resistive loads by voltage monitor ICs. Can be
extended to power microcontrollers and other circuits.

Solarbotics Planning






Mohit Bhoite: https://www.bhoite.com/



https://www.bhoite.com/
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DatzLoogerl

Fnclude <Jeelin.h> /7 Low pomer “unclians Tibrary
winclude <SPL e J/needed for EIPROM
#Finclude -Adafruit Timyllash.h- A/adafruits [PROM 112, A lot oF the chio code comes f-om their

Adalrin i _TinyFlash MMash;

ulrt2Z2_t copacity;
uinté = buffe~[25€];
inl Andex = @; /Awhen
mal i/ 1 address = B
uintiZ_t somples = B
beolear chiplfull - false;
ursigned long “ullTime - O;

[his reacnes 755, wrile bulfer Lo FPRIM

byte LED = 7;

byte EPRCM_PAR = AD.
photeCell - AZ,
phaloPoser = A3:

byte wnterval = 10; /fwrite dato every 5 seconds
int deepSleepTire - 1003; //dees sleep in loop for 1900 ms. Samole interval in ms - this * int
byLe sleepCounter = 3; //Lrack how many Limes we've sleol since lasl dala evenl

OLSRIWDT _vect) |
Sleepy: iwatchdoglvent();
} /7 Setup the watchdog

Ovord setup() {
owrbode(LED, JUTPUTY;
oirMode(CPROM PWR, OUTPLT):
airModephaloPower . OTFIT);
airbode(?, TNPIT_PULLUPY;

dipower up the L[PROM:
digizallWrite{[PROM PWR, I[IGID:
Sleepy: : loseSameTire 500) ;

Sericl.begin{57630);
Serial.printin{"[Beai
capacily = (Mash |
11{ 'canacr 1Y ern

n Datalegal

/cav/su . usbseriz -243002COM

5. Reading sensor. Gol: 42
[Sessian In"n)
Uotime (ms): 172850410
Number oF samples: _728<
Chip capecity: 1043576
ZM1: 1M
Sample wnterval (ms): ZU000
Currert cddress: 172
Currert buf<er positicn: 52
Chip s nal full.
Hald 75 “ar FPRIM data. release o resume agoing
82, Readuing sensor. Got: 42
£3. Reading senscr. Got: 42
[Session In"o]
Unlime {ms): 1228R3577
Namber o samples: 27236
Chip capecity: 1043576
3 full: 1.64
Sample intervel (ms): “AOAG
Carrent address: 27152
Current buf“er position: 54
Chip 1is rot full.
Hald 7s “ar FERIM dala. release ta resume againg
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Size: Small to Medium
B

Can you directly power what you want? See SolaSystem amplifier

from class notes.

.. |/ | /)

If not, and you need to store energy, use consumer small-scale

charge controllers and batteries sized to your energy and power

budget. Farad-class ultra capacitors are also an option. Consider

direct DC-DC converters for loads. See ITP portable solar kits or

Solio chargers for examples.
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Good resources: Adafruit
https://learn.adafruit.com/usb-dc-and-solar-lipoly-charger



https://learn.adafruit.com/usb-dc-and-solar-lipoly-charger




USB Solar panel + USB battery
ESP8266, deep sleep

12C sensor

Data via MQTT to io.adafruit.com

Manual voltage monitoring with push buttons



http://io.adafruit.com

Good resources: Voltaic 1 -1 OW

http://www.voltaicsystems.com/blog/

10-100W



http://www.voltaicsystems.com/blog/

1-10W
10-100W

Size: Medium

Voltaic. Brooklyn-based portable solar equipment
provider. One of the few sources for Li-based solar
components. Excellent blog with DIY resources and
tutorials focusing on adding solar to Arduino, Raspberry
Pi, etc.

Planning
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Size: Medium to large

-

e

Use commercial grade modules, battery chargers and
batteries. Mature products exist for off-grid markets.
Use inverter as de facto common interface for AC loads.

Planning
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Alternate pathway: no-logic system,
activity follows available light

Patrick Marold, “Solar Drones”, 2016

https://patrickmarold.com/solar-drones-national-music-centre


https://patrickmarold.com/solar-drones-national-music-centre

CASE STUDY



Case Study
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Power system prototype: 5x ~4.5V solar modules in series connected
B directly to a 12V 1.5 F capacitor.

| | \ Helped asses time required to charge at locale.
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Case study: Earth Speaker

Load prototype. Tested run-time / energy stored for different
frequencies, amplifiers, and speaker configurations.

Class-D Amp
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Case study Earth Speaker [ |
fot ,

Fmal electronlcs

- 1x 110F 16V cap

5x 55F 16V
caps
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® 5V DC-DC
., converter for logic




