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Outline

Research activities and capabillities at IEC

Status of World PV installation and generation

Cell and module technologies with >1 GW manufacturing
Fixed tilt vs tracking

Too much PV on the grid? Need for self-consumption

Microgrids: integrating renewables and storage for on-grid and off-
grid reliability

Wrap-up
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Institute of Energy Conversion (IEC)

44 years of RESEARCH,
INNOVATION, EDUCATION
and SUPPORT for US Govt PV
programs and the PV industry

Multidisciplinary R&D team of scientists, engineers, faculty, postdoctoral
fellows, visiting scholars, and graduate and undergraduate students from
physics, materials science, chemical and electrical engineering

Research facility at U of Delaware funded from federal and industrial
contracts

Since 2000, direct support from >20 companies to develop PV
technologies or materials
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IEC Historical Highlights

1970 s and 19800s
Established at the University of Delaware in 1972
First thin film solar cell with greater than 10% efficiency (flexible Cu,S/CdS)
First deposition of semiconductor on flexible moving substrate (Roll-to-Roll R2R)
R&D initiated on CulnSe,, CdTe, a-Si:H thin-film solar cells, all >10% by1990

1990 s

(S = = T =

U Designated as DOE University Center of Excellence for PV Research and Education

U DARPA consortium with IEC and 6 companies develop flexible R2R PV product

U Significant collaborations supporting >12 US PV manufacturers: a-Si, CIGS, CdTe
200071 present

U Installed three industrially relevant deposition systems: moving substrates, ~1 ft

U Merged 2 leading concepts for hi eff c-Si: first heterojunction IBC cell, Eff ~ 20%

U Developed process for single crystal growth of CZTS for fundamental studies

U Worked with >20 companies to develop PV technologies or materials
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IEC: Integrated Photovoltaic Laboratory

U More than 20 deposition systems:
semiconductor, metallic and oxide thin films

U Material characterization: electrical, optical O T
and structural A A

U Device characterization: solar cell Sputter dep,osifior‘s D

performance, modeling and diagnostics

U Accelerated environmental exposure:
moisture, heat, light

U Develop and optimize device fabrication
processes

U Modeling, design, construction and operation
of experimental systems

U Monolithic module design, fabrication and
characterization
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Trends in PV
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Status of Worldwide and US PV

Compound Annual Growth Rate (CAGR): 44%

from 2000-2014 10° ——————— N
- - " [==MW installed / yea
C Not sustainable (35% in 2015) < | o Cumulative MW installed .
Cumulative installed capacity: 240 GW (US=26) % 10° gl00---@03!--0r--nuelear--power-plant'----p-?---::-----—:
ke =
C If all 240 GW installed in US, would E X
generate ~ 10% annual electricity g
O
Compare 240 GW PV to thermal power plants =
C Power: capacity ~ 240 coal/nuclear E
C Energy: generates ~ 30 coal/nuclear *
%PV Gen: Europe 3.5%, Japan 2%, US 1% 102_ ...........................
2000 2005 year 2010 2015

US 2015: Install 7.7 GW (84,000 module/day)

Energy payback time: 1.0-1.5years, with
lifetime ~ 25-30 years, very high net energy
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PV module and system price

Residential & Commercial PV
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Installed price of residential and commercial photovoltaic (PV) systems and Global Module Price Index over time.

Barbose et al Prog in PV 2014
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PV Cell Technology
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con PV Manufacturing

Czingot &
wafering

Polysilic

Purify SiO2 Crystallize Si Chemical processing | Low tech
React to obtain Si | | Cut ingots bricks || Form pn junction Standardized
400 kg ingots Slice into wafers || AR coating, grids Reliability!
High energy use ~50% kerf loss 60% : same process

Industry differentiation
Cost and efficiency

Goodrich et al SolMat 114 (2013)
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Commercially viable PV cell technology options

BAU Si:
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Worlds 2" Largest PV System: 290 MW .
Agua Caliene (A2), FiLst_ Soﬁlar Thin Film CdTe

A5.2 million CdTe thin film m
ADesigned to ARide througho g
ALarge area minimizes impact

A st PV connected to transmission grid at 500 kV
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Trends in PV Applications

A Tracking
A Battery storage for self-consumption

A Microgrids
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PV can be installed anywhere, any scle_
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Before 1995: PV demand Trends in PV applications:
driven by off-grid apps 1990-2014

(telecom, water, lights)

After 1995: Innovative 105 . . . . E
policy in Japan, : :
Germany stimulated
market for grid-
connected
residential+comm (kW
subsidies, kwhr FIT)

2008-2010: Large utility
scale (10-100 MW)
accelerating > 50%

104 L

i {1 —e—off grid
102 —l—grid connect
3 resident+comm

I | ——total world PV
102 |

MW, capacity installed each year

101 |
2014: China surpasses
US, ROW for installed 100 ks . . . . .
PV (already #1 1990 1995 2000 2005 2010 2015

manufacturing) year
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Tracking the sun: 1 or 2 axis

1 axis tracking (horizontal) 2 axis tracking
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Tracking: gains over fixed tilt installation

Daily power profile for 600 kW arrays:

fixed tilt, 1 axis, 2 axis trackin ] . :

“00 Nairobi 24% 33%
Sydney 27% 38%
g 0F Madrid  22% 33%
=< 400 - Miami 23% 28%
g 00l Phoenix  26% 37%
g
< 200} : : : :
' s Track A 1 axis tracking| w
wol /) 2 Axis Track most cost effective for utility scale
A -259% more energy for 5-10%
0 1 1 1

5 8 10 12 14 higher installation cost

Time (hrs)
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Megawalts
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Two problems with too much PV

California load profile with projected PV generation (March 31)
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Solution: PV with battery storage

, utility
N4 grid

© O

meter
=
solar panels o
| &
charge | Q
controller - ; §
; | =}
Battery backed grid Y’ 75 house | D
connected system | v %

also helpful with unreliable
intermittent grid

o) :
T

battery bank
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Residential PV with storage:
Increase self-consumption, reduce impact on grid
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What Is a microgrid?
Network of energy generators, storage, power and load control
C Diverse renewable energy sources: PV, wind, fuel cell, hydro
C Fossil fuel generator back-up for reliability (<5% of energy)
C Local control of energy flow AND load (turn-off sub-critical loads)

C Fast response, constant optimization, complex interface/sensors

Can be grid connected or off-grid
C Single point of grid connection: can be rapidly islanded
C High fraction of self-consumption
C Add significant renewables without adding to grid congestion or instability
C Off-grid operation allows higher power and reliability than single source

Applications: hospitals, campus, military base, remote village or industry
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Typical PV system for rural off-grid home

C Very limited PV

C Insufficient energy to
both meet load and
charge battery

C Reduces battery life

C Single source: less
resilient

C No infrastructure for
repair, maintenance
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