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Renewable Energy
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Renewable Sources: Hydro, Wind, Solar, Bio, Geothermal
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Renewable Energy: Wind & Solar

Global wind and solar installations, cumulative to June 30, 2018

GW
1,200 Total:
1,013GW
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800 Small-scale PV
307
600 Utility-scale PV

-
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200 I I I I I ® Onshore wind
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Source: Bloomberg NEF. Note: 1H 2018 figures for onshore wind are based on a conservative estimate; the true figure will be
higher. BNEF tyipcally does not publish mid-year installation numbers.




Energy Costs: Wind & Solar

Selected Historical Mean Unsubsidized LCOE Values(!)

Mean LCOE |
$/MWh

$380 -
$359
Gas Peaker
(35%)
320 A Nuclear
23%
Solar Thermal
Tower
260 (17%)
Coal
(9%)
200 A
Geothermal
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Gas—Combined
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(30%)
Solar PV—
Crystalline
80 + (88%)
Wind
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2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
LCOE Version 3.0 40 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0
Source: Lazard estimates.
L A Z A R D (1 Reflects the average of the high and low LCOE for each respective technology in each respective year. Percentages represent the total decrease in the average LCOE since Lazard's 7

LCOE—Version 3.0.
Copyright 2018 Lazard
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Solar Enerqy
Solar Radiation Spectrum
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- World Solar Insolation Distribution
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Solar Electricity Opportunity

Comparative energy ratios

Solar energy is a unique \
source of energy: =
— Large resource & z
renewable 2
— Distributed generation
Billion
kWh o
7000 e
i so00  30% US Electricity from PV %
5000 Solar Electric Sources §
3000 E / S
2000 | , Non-Renewable Sources /
1000 m
0 Solar Total -
5 O P15 W J WO TN (1 W 5 S W11 WU 4] WO 15 Energy  world Utilized
Resource energy solar
energy

demand




History of Photovoltaics

Direct conversion of sunlight into electricity via the
photovoltaic effect

Photovoltaic effect first discovered by Bequerel
(1839); Se/Au solar cell (C. Fritts, 1883)

Modern junction solar cell (R. Ohl, 1946)

Silicon junction formation allowed formation of first
practical devices, at Bell Labs (1954)




Why and Where to Use Photovoltaics

Features of Photovoltaics r 1

— High efficiency ‘
— Short energy payback time
— Distributed energy source
— Low energy payback time
— Zero carbon energy source
— Low water usage
— Modular

Markets

— Remote area power N

— Grid-connected: residential [ =
and utility ;

———=3—% — Space

v . y A |

7 — Niche markets (drones, loT,
etc.)

/% / — Carbon sequestration
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2-Level System and Optical Absorption

E ,=hv

Photon

LUMO; Conduction Band

energy

Most optical absorption
processes involve

~ excitation of an

- electron from a filled HOMO; Valence Band
, state, across an energy

. gap to an unoccupied

state




Solar Energy Conversion Efficiencies
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Photovoltaics (PV)

Energy ’LH_HT heat loss
| ® =32%

r] max

ptype | | T T T 7 —-3 — usable photo

voltage (qV)
/":\_‘—‘_\_()
heat loss

| 1 e - h* pair/photon

“inverted” pyramids

First Generation

F"! single crystal Si PV
' technology

rear contact oxide



Photovoltaics

I\, _v.irFF Figures of merit:

Open Circuit Voltage, V.
Short Circuit Current, Igc
Efficiency, n
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Anti reflection (SiN)
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Light blocking
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Solar Cell Technologies

Established technologies VIIA
" '] g 2
F!rst Generation: Slllcqn A IVA VA VIA VIIA m
(single and polycrystalline) s & 7 8 9 10
and Il1-V solar cells 1o.sB11 ngq Ml\o'm 189 13!:93 QL?

13 14 15 16 17 18
— GaAs/AlGaAs B 1B Al Si P S 394!3 Ar
— GaAs/InGaAsP 29 30 3 32 33 34 35' 36
— InP Cu Zn Ga Ge As Se Br Kr

63.54 65.37 69.72 723 74.9022 788 79.908 83.90

. . : 47 48 49 50 51 52 53 54
FSi‘»I?ncond Generation: Thin M | B | Rt
79 80 81 82 83 84 85 86
— CulnSe, (CIS -
| - CuInGazs(e2 ((%IGS) i B 2°T*!f? 2|;-t1)9 — !:3 én’f 5,2',‘
— CdTe _ '
— Amorphous Si (a-Si) Third Gﬂene.rat/on
— Organic — Multijunction

— Advanced concepts
— Organic/Perovskite
— Dye sensitized solar cells




Commercial Si Solar Cells

Si Technology: 95% of world
market for photovoltaics

Single Crystal: Czochralski growth
of single crystal Si ingot, sliced into
wafers

LS Multi- or |
=S polycrystalline Si: |
Slicing multi-
crystalline silicon
into blocks (followed
TR VAT by slicing into

Y W ) ;““-;‘*5_{;—; wafers)
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High Efficiency Si Technology

finger “inverted” pyramids

Textured front surface

o silicon wafer
. nocrys(a\hne sl
250 p thick mo!

rear contact oxide

PERL Cell (UNSW)

Interdigitated back contact

p-type amorphous Si

er
intrinsic amorphous Si

Top electrode

Panasonic HIT® Solar Cell Achieves

World's Highest Conversion Efficiency

of 24.7% at Research Level (Jan. 2013 ‘
press release, now > 26.7%)

Record open circuit voltage of 0.75V Botiche
electrode

Crystakllvi'ne['—SIT\-type)
intrinsic amorphous Si
n-type amorphous Si

HIT solar cell
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Thin Film Solar Cells

vAs | vhae | whAa 1
7% aSiH S| cdte | L cles
| N=6% ‘ | N=9% | n=10%
’ Glass pane 4 mm ‘ ‘ Glass pane 4 mm '
(ZnOAlorSnO,F | | ITOorSnO,F - [FZnO and ZnOAl 1pm |
’p-a-Si:H | | n- CdS 300 nm | n- CdS 50 nm |
i- a-Si:H o o ° CdTe Modules |
n aSi:H ° | p-CdTe>3um ° p-CIGS >2um S From First Solar, = - il ,i
[ZnOAl I Culn (Ga) Se, S Blythe So]arfrpjgct > ‘g,"‘,——“ql

Glass pane 4 mm

In large scale production, cost of the
| materials dominates the overall solar cells
cost. iy

Goal of thin film approaches is to reduce
the materials and processing costs while
retaining acceptable efficiency

B £lexible thin filrr

Heterojunction solar cells are typically used

18



Perovskite Solar Cells

Rising efficiency of perovskite solar cells
Conversion efficiency %
28

24

20
16

12

Single crystal

Perovskite cell

\ 1975 80 85 90 95200005 10 15 20

Hybrid organic metal halide
perovskites: ABX;- A=CH;NHj,,
B=Pb, X=I or CI

Bandgap of 1.55 eV

Low cost materials, thin film
processing

-

Lifetime and reliability are main
barriers to commercialization




Multijunction (Tandem) Solar Cells

Stacking multiple
bandgap solar
cells increases
efficiency (46.5%
current record)

Material and
fabrication costs
very high

Space power
Concentrating

photovoltaic (CPV)

Middle cell window

p-Gake

-GalnP

n-Gals butter
Ruclealion

n-Ga

p-Ge substrate

Conlacl

62.0 632
One Sun

|
e : Solar Spectrumis AM1.5 G
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- Cost of Electricity (COE) ( ¢/kWh)

Third Generation (3G) Solar Electric

* New physics concepts to take PV efficiencies closer to
thermodynamic limits
 Nanotechnology solutions

circulators

tandem (n—<o)
hot carrier
tandem (n = 6)
t

-IQ I [

hermal, thermoPV, thermionics
tandem (n = 3J)

—~impurity PV & band, up-converters
impact ionisation
tandem (n = 2)

\ down-converters
single cell
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Efficiency (%)
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Solar Cell Efficiencies
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Efficiency as Critical Metric
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YVhy is efficiency 2o | coE = (Costhonue + Costaos)
Im porta nt? Insolation x Efficiency

. 30 t
Cost of electricity o | 5% 8% 12%

Reducing PV costs
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—
ol

27%
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N
S

costs go below BOS o /
40%
0 | 1 1 1 L L 1 1 1
0 200 400 600 800 1000
| . Cost of Photovoltaics ($/m?)
0
= * ——PV Learning Curve PV Module Price Per Watt
7 BOS ($/W)
5 $6.00
E A Avg Module Price (5/W)
t ¢ System Price ($/W) $5.00
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§ "’w,.’ $300 -
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o0 [ T
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>
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NSF/DoE Quantum Energy for Sustainable
Solar Technologies (QESST) Engineering
Research Center

Large-scale Installed PRODUCTS & OUTCOMES

PV Capacity

v
Integration k=
- ("]
TB1: Pilot Line Reliability EP::,I:: a'nc: Yield =y
ie o
<
Scalability g
TB3:BIPV - [}
wv

Performance
REQUIREMENT: SUSTAINABLE

UBIQUITOUS ENERGY
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Elements

Processin
Tandems .

Surfaces

Light trapping

SYSTEM REQUIREMENTS
ALIMTIGVYNIVLSNS

Materials

Barriers

Nano-fabrication

undamental Photonics
Insights

Wave-interaction
with Quantum Particles

3rd Generation
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Modeling

Nano

Engineering Multiple
Particle Interactions

Predictive Models for
Defects & Interfaces

Barriers
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Si Solar Modules

Historically, modules consisted of 36 series connected
cells for battery charging (15-16V required):

V= 36x0.6 = 21 volts max, and 17-18V at max power
and operating temperature

| = 30 to 36 mA/cm? x 100cm? = 3-3.5A

Power = 70 watts

. , I ) <— open circuit
% % % % current from parallel
combination is
% % % % reduced by 1/4
A typical module has 36 cells connected in series ' : | : :
[ T T 1

HLIEA QT Ol it i i e guiiin i T:‘e:‘"al’l'a“h?"iﬁ'ft "
JIIELY Iy WLy WLy Wiy QLY Qi iy Qi oieccaly equivaient fo e

=5 Ea3  circuit at the right, with each
T @i miiim T @i il s guiiie s

%= solar cell having a voltage of
ILLTEELY LY QUMY Ly L WLy Ly Uiy

72 times a single solar cell
TR @Oiinn mifiiiiim mOlfie @i uinie g iiiin g
LI UL WUy Y Uy iy QU QUi

and a current 4 times a single
solar cell.

-




Module Structure

= 36 individual cells are encapsulated in a single stable unit
- mechanical protection
- protection from the environment (water vapor)
- protect the user from electrical shock

Rear view of PV % '
module before
encapsulation.

Y The module consists
e . of the solar cell
:; __-:_ sandwiched between
‘ EVA (a clear
polymer), with glass
on the front and
Tedlar on the rear.

=



Photovoltaic Systems

e PV System requirements:
— PV Modules
— Storage
— Power elect.
' 7
— Installation gggi
— Permitting  goasnay
TR

Charge
Controller

1 Inverter Load

e (Cost Issues:
— Main costs are usually Module, Inverter, and BOS
— S1/Peak Watt (S1/Wp) for the system is usually stated
as overall price to reach ‘grid parity’
— However, the Levelized Cost of Electricity (LCOE)
depends on several assumptions regarding system
lifetime, maintanance, financing costs, etc.

i,




Challenges for PV: Intermittency

Intermittency (rapid fluctuations, diurnal) limit penetration solar
onto current grid without:

Storage
Geographic averaging, mixed renewables

Load demand management
Net load

27,000 . i j : 40— 11
25,000 +

(.‘/
23,000 /
21,000 1 \ / \
19,000

Megawatts

\——\. / %increosed
< ram
q 17,000 B
2015 /
15,000 1 Significant change < Potential
starting in 2015 N /| over-generation
13,000 I /
2020 /
11,000 + T — —_— — ———r —
0 1 2 3 4|5 8 7 8 9|10 1 12 13 14 15 16 17 18 12 20 2 22 23
‘\‘1 California ISO 3

“Duck curve”, showing hourly system load for a typical March day for the
California ISO, less projected yearly rise in renewable (including PV)
generation. Problems of increased renewables include potential over-
generation in late afternoon and high ramp rates (14000 MW in ~1 hour).




Electrical Energy Storage Technologies

Reserve & Response Transmission & Distribution Bulk Power
Services Support Grid Management
Pumped

Hydropower
Storage

Hours

Compressed Air Energy Storage

Flow Batteries

Sodium-Sulphur Battery

Advanced Lead-Acid Battery

Li-ion Battery

Minutes

Lead-Acid Battery

Nickel Cadmium Battery

Discharge Time at Rated Power

Nickel Metal Hydride Battery

Seconds

[ ) )

1kW 10 kW 100 kW 1MW 10 MW 100 MW 1GW
System Power Ratings, Module Size




Electrical Energy Storage Technologies

I Watt next? 3
Battery cost Battery enerqy density
Worldwide, $/kWh Watt-hours per litre
100 1 4976 4
= A
% Crystalline Si PV
% module
s’ 10 - 1998
2004
2 1088 &dyas, 2008
2
()]
Qo
g 1-
g m=24.3Y%
5 H1 2014 e
N Li-ion EV battery
= pack
01 T T T T T T 1
1 10 100 1,000 10,000 100,000 1,000,000 10,000,000
Cumulative production (MW, MWh)
2008 10 12 1415 20 2022

target
Source: US Department of Energy

Economist.com




PV for Remote Systems

e Remote PV Systems:

— Off grid

— Battery storage required

— No existing energy
infrastructure

— Transportation

— System cost increases
nonlinearly with % availability

8000 /—
' 7000 =~~~ —pa—  Albuquerque

- ——  Burlington

“

:.; 6000 .

3 1 HAVASUPRA)

§ 5000 wﬂ o

» HUALAPAI

& 4000 ; -

=g= ] ’ » Yiv%%%p_\/erde
3000 =yl ST ) Yavapai g4

i - coLoRano 1EsEl e,
2000 ——7 17— . OO

70 75 80 85 90 95 100
System Availabllity

Figure 8. Cost vs. Avallabllity-Albuquerque, New
Mexico, and Burlington, Vermont.




Monument Valley PV Install

Top view, Google Maps

ved (+13V) o i Biack (+50V) J83
- —
whte (-) | welte )
PV
/ | cotex sE350-143
|_Rl)
AC Out
Controlier
[_ Bed LMingroom
BMS T iich
Battery [ LoHI Kichen | Monument Valley Install EMe Yasl
Moritonng Switch and [ System as of 2015-11-23
System ‘ ammer Drawing Schematic of Monument
Valiey System 01.5vg. Drawn In
LIFePO4 a
48V 10Ah ‘ White Is aways nagative.
Black Is mostly hot (+). At the
S Kikcten batterles red Is (+) and biack Is (-)
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Summary

Photovoltaics is the fastest growing renewable
energy technology

Present cost is now lowest of all energy
technologies in terms of LCOE

Intermittancy of wind and solar is the main barrier to
increased penetration of renewables

Low cost energy storage technologies are emerging
such as Li-batteries, hydrogen production, etc.

Photovoltaics provides many advantages for
remote, off-grid locations, and only source in some
cases.
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Concentrating Solar Power

‘ steam
boiler g 450 °C ; :
26 bar  turbine with
‘ genera tor

: 680 °C, 1 bar
eeeeeeee

CSP-Concentrating solar thermal " —/ll

Currently more expensive than
PV in $/watt s

Thermal storage in molten salts —
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