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The Early Days

+ 1882 — First power system Pearl Station, NY (Edison)
* 1884 — Introduction of AC transformer (Westinghouse)
*1890’s — Edison Vs Westinghouse: AC wins over DC

— Ability to increase and decrease voltages
— Simpler, lower cost motors and generators

* Frequency and voltage levels standardized

*1950°s HVDC became feasible (mercury arc valves)

 Few game changes since

— Computers

— Communications

— Power Electronics

— Distributed generation
— Smart Grid?
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« Extremely complex
— Physical
— Market
— Policy/Regulatory

 Highly reliable
— Resilient to failure
—1 day in 10 years or
99.97% reliability

* Very expensive

e Critical Infrastructure

The Power System

The North America Power System has 15,000 generators and hundreds of

thousands of miles of transmission and distribution lines

A $4 Trillion infrastructure!
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Basic Concepts

* Voltage and Current

— Voltage [V] is equivalent to pressure

+ Excessive pressure, house could fail (“leak”)

+ Excessive voltage, insulators could fail (“fault”)
— Current [A] is equivalent to flow

» High flow heats the hose (friction)
* High current heats the wires (resistance)

Water hose analogy

- Power and Energy
— Power [W] is equivalent to pressure x flow

« How much electricity is used at any one time

— Energy [W-hr] is equivalent to pressure x flow x time
» Total amount of electricity used over some time
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Color Key:

Black: Generation
Blue: Transmission
Green: Distribution

763, 500, 345, 230, and 138 kV

Transmission lines

Power System Structure
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Power System Structure
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Power System Components

 Thermal Power Plants
— Hot gas (steam or air) spins a turbine
— Turbine powers a generator
— Generator produces electricity

Siemens Steam Turbine
Photo: Christian Kuhna, Siemens Germany
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Mohave 1,580 MW coal-fired power Plant near Laughlin, Nevada (out of service since Sandia
2005). Photo is in the Public Domain (GFDL) |1'| National
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Power System Components

* Other types of power plants

Nellis AFB PV Plant, NV. Photo: Nadine Y. Barclay
(GFDL)
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Power System Components

* Transmission and Distribution Lines

— Transmission, Sub-transmission, Distribution
- 500 kV, 345 kV, 138 kV, 115 kV
- 69 kV, 46 kV

* 4.16 kV, 12.47 kV, 24 kV
— Overhead or Underground
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Power System Components

* Other Power Components

— Transformers
» Steps voltage to another class

— Capacitors and reactors
* Help adjust voltage up or down

— Breakers and switches
* Connect/disconnect elements

— Protection Equipment

— Communications and Measurement
+ System Control and Data Acquisition
(SCADA)
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Power System Components

* Distribution System Structure and Components
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Maintaining Generation — Load
Balance
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R Maintaining Generation — Load
Balance

High cost, flexible units
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Power System Operations

* Work with available/accessible system assets

* Operate within physical limits
— Maintain voltage and current within equipment specifications

— Balance overall load and generation to maintain system
frequency

* Optimize operating cost subject to many constraints
— System security (able to withstand a credible contingency)
™ ) Sandia
— Contracts, regulations, market rules ) Natonat




* Frequency tolerance

Maintaining Generation — Load
Balance

— Normal sustained frequency should be within ~1% of nominal (60

Hz)

— Manual and automatic controls
» Generator response (inertia, AGC)
* Protection schemes (e.g., load shedding)

61.7 Hz

60.6 Hz

60.0 Hz

59.5 Hz

57.0 Hz

Disconnect generators immediately

Disconnect generators after delay

Normal Range (wider for small systems)

Disconnect load after delay

Disconnect load faster

Disconnect generators immediately
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Maintaining Generation — Load
Balance

Regions and T s A
Balancing Authaorities L PN

 BA functions

— Maintain desired level of
interchange with other BAs

— Balance demand (load) & patedlh 7 \llnno\ My [\
supply (generation) (AN ek LB
— Support interconnection Ui Ty SN
frequency e
- Larger BAs are generally IR - ﬂ;_{%; e
more efficient A ¢ =
— More generation flexibility =

— BA consolidation being Source: NERC
explored in some areas
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Maintaining System Voltage

 Voltage tolerance

— Normal sustained voltage should be within ~ 10% of nominal

— Larger deviations can occur temporarily

— Manual and automatic controls

« Capacitor, reactor switching
* Generator, transformer controls
* Protection schemes (e.g., load shedding)

120% . Disconnect equipment faster

Disconnect equipment after dela
110% aap y

100% ] Normal Range (wider for smaller systems

0
90% Disconnect load after delay

I Disconnect load faster

=
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Maintaining System Voltage

 Distribution System — Feeder
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System Contingencies

* Possible causes
— Nature (e.g., winds, lightning, fires, ice)
— Equipment malfunction
— Operation outside equipment specs
— Human error

« Consequences
— Temporary and limited to prolonged and

widespread loss of service

_____ — 34’ Height @ Emergercy Rating

EFFF 42
_.-"""’ i i 4
P — 58" Height @ 5 MPH Winds
s i e — 36" Height @ 0 MPH Winds
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Power System Planning

* Ensure that future power system infrastructure is adequate
for reliable supply

* Scope and Drivers
— Main driver is load growth
— Resource Planning (generation) and Transmission Planning
— Fiduciary responsibility to avoid over-building

— High uncertainty and complicated rules and regulations

- State and Federal policies and procedures (e.g., Transmission Open Access, RPS,
Carbon, etc.)

* Multiple stakeholders
— Reliability metrics established by NERC (for bulk power system)
and by State Regulatory requirements

= ) Sandia
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- Key considerations
— Forecasted load growth
— Generation reserve requirements
— Unit retirements
— Policy guidelines (e.g., energy efficiency, RPS)

— Availability/feasibility of transmission

— Many others

120
115
110
105
100

95

90

Generation Planning

2010

2015

2020

2025
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Transmission Development

* Environmental Impact Study Sample 115 kV line rebuild project
— Land Use |
— Geology and Soil
— Water quality
— Air quality
— Visual quality
— Vegetation
— Wildlife
— Wetlands
— Flood plains :
— Cultural resources | |
— Health and safety 1 d | 5
_ Socioeconomics S B o e B e s e
— Noice




e

* Slow, risky, expensive
— Planning

— Permitting
— Financing

— ROW acquisition
— Engineering design
— Construction

Typical OH Transmission Line Cost

V‘:Ltsf’e $/Mile C?m,’;ty $/MW-Mile
230 |$2,076.50| 500 | $5.460.00
345 |$2,53040| 967 | $2,850.00
500 |$4,328.20| 2,040 | $1,450.00

765 |$6,577.60| 5,000 | $1,320.00 |

2008 Dollars. Source: EEI

Transmission Development

m Lahglrator‘m




Underground Vs. Overhead Lines

» Benefits
— Reduced visual impact

— Reduced exposure to weather,
vehicles, ...

 Drawbacks

— Cost (5x to 10x compared to
overhead lines)

— Longer outage duration
— Complex protection
— Trenching




Impact of High Penetration

Variable Generation on the Grid

* Basic Concepts
— Definition of Variable Generation

(VG)

o What determines variability?
25~ - Integration of VG on the Grid
= _ How to measure “Penetration Level”
— What is “High Penetration”?

— Thoughts about “Penetration Limits”

« System Operations with High

Penetration

— Bulk system challenges
— Local system challenges

« Conclusions
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What is Variable Generation?

* Typically refers to Solar
(PV) and Wind

* Variable

— Long-term and short-term
patterns

— Limited ability to control

* Uncertain
— Ability to forecast

—Accuracy depends on how
far ahead the forecast
covers

Load (M)
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Normalised power
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Variable Generation

* Geographic separation helps mitigate variability
— Variability does increase at the same rate as generation capacity
— At the system level, aggregated variability is what matters

Example for Wind in Germany
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Large PV Plants

Waldpolenz Solar Park (40 MW)

Olmedilla Park Solar Power Plant (60 MW)




Definition of VG Penetration Level

* From the distribution system point of view

— VG Capacity / Peak Load of line section or feeder*

— VG Capacity / Minimum Load

— VG Capacity / Transformer or Station Rating

* Most commonly

* From the bulk system point of view used definition

— Annual VG Energy / Annual Load Energy~

— VG Capacity / Peak Load or Minimum Load

» Often used in policy and procedures
— Penetration by energy used in State RPS targets

— Penetration by capacity used in interconnection screens &
procedures '

. ) Sandia
National
—+ laboratories
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R — Definition of VG Penetration Level

« Example for distribution system

_ Peak / Min (MW) Penetration for 1 MW PV

Feeder Load 3/091 33% / 111%
Station Load 10/31 10% / 33%
Station Rating 20 5%

I Minimum Load may be in the range of 20% to 40% of Peak Load

« Example for bulk system

Peak/Min (GW) Energy (GWh) By Capacity By Energy 3

Utility (LSE) 5/21 24,000 * 20% / 50% 6%
Balancing Area 50/ 20 2 240,000 2 2% | 5% 0.6%
le.g., SDGE, 2009 2e.g., CAISO, 2009 3Assumes 16% annual capacity factor
Sandia
32 L



What is High Penetration?

It depends!

—With respect to what part of the system?

* Feeder or Local Grid? >50% by capacity?
- BA/Market? Interconnection? >5% by energy?

—Assuming Business-As-Usual or Best Practices?
« Technology, Standards, Procedures, Market, Regulatory...

* High penetration is a concern when...

—There is a technical risk that system performance and
reliability would be objectionable and

— Cost of mitigation, allocation would be unreasonable

™% ) Sandia
Eﬁi National

/ laboratories
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What are the Technical Challenges?

*Bulk System Issues

—How to handle added variability and uncertainty
« Can the system handle? What is the cost?

—How to accommodate more VG

 Technology (grid and VG)
— How will the Smart Grid help?
— Can VG contribute to voltage control?
— Can VG output be controlled for reliability reasons?

* Performance standards
* Planning and operations best practices

=) Sandia
National
2 laboratories
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Increase in Operating Cost

« System with high
penetration VG looks
different

— More difficult to “follow”
net variability over all time
frames

— It can be done, but cost of
operation is higher

— Generation flexibility is key
to allow for High
Penetration scenarios

“Easy” Week

oA

Figure 3 — 35% renewables have a minor impact on other generators during an easy week
inJuly, 2006. WestConnect dispatch - no renewables (left) and 309 case (right)

“Hard” Week

Thage  3-Apr  TkApr  Wefipr  MApr  1GARr

WDfge  T-Ape 13-Apr A3Ap 14Apr 1SApe 1BAge

Figures from Western Wind and Solar Integration Study, 2010

Figure 4 — 35% renewables have a significant impact on other generation during the
hardest week of the three years (mid-April 2005). WestConnect dispatch - no renewables (left)
and 30% case (right)
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Integration Cost ($/MWh)
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Other Bulk System Operation Issues

« Sympathetic tripping of PV generation due to transmission
disturbances

— Voltage and frequency tolerance standards
 Voltage stability (locally)
— Reactive power standards

* Frequency performance due to displacement of inertia (with
very high penetration of inverters)
— Active power controls—market-based incentives?
— Synthetic inertia

< ) Sandia
ﬁﬁi National
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Examples of Very High Penetration

Ireland Example
* Penetration by energy approaching 15%
 Instantaneous penetration reaches 50%

5000 50
. S by Dhen i
45.1%
4500 f\‘\ = = \Wind Generation 45
4000 P\ £\ Wil 40
s N A
= 3500 /\ /’\J L)
B ok X 5
S 3000 -\ - 30 _E
—l =
e / SN N 7 :
e ] B C 2500 25 &
. L. . © \r/ v
Ireland: >1 GW wind capacity in 7 GW peak load island g / Mg \W \\/‘\ e kS
2000 \| 20
system o / e =
2 1500 s =
u v '§
1000 I P e S VR 3 'm *
9 RS 0 e : e - . o
<> 0 T a e e & 8 e 8 & g g & 2 @ o & g @ 5 o8 @ 9 g
[ 4 > g 82 2 9 =2 & @9 9 @ 8 g o B g e = = & e @ B8 g
o g & % ¢ d &9 H g g€ g i L& Hd g g g g 42
s d Saturday 21/11/09 Sunday 22/11/09 Monday 23/11/09

Similar high penetration levels in Hawaii

Source: Mark O’Malley
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Distribution Operations Issues

* Possible impacts depend on factors including...
— Feeder characteristics impedance
—Penetration level, DG location on feeder
—Type of voltage control and protection
— Load characteristics

 Most common operations concerns include...
— Customer voltage regulation, power quality
— Excessive operation of voltage control equipment
— Protection

= ) Sandia
Eﬁi National

/ laboratories
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Voltage Control

*High voltage at end of feeder with high PV
generation at the end of a long feeder
— Operate PV generators at lower power factor
—Adjust LTC/VR settings; adjust capacitor schedule

LTC/VR

Large PV generation at end of feeder

Utlhty Reverse Flow
‘ DB Y N

\ ANSI C.84.1

9 range
g
G
>
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Voltage Control

* Voltage issues are much less problematic in short urban
feeders, even at very high penetration!
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Other Distribution Operations Issues

* Protection and safety

— Relay desensitization, nuisance tripping
* Reduction in fault current from utility source, reverse flow

— Risk of islanding
« Customer exposure to high voltages (ferro-resonance)
« Coordination with protection systems

 Management and control
— Visibility and controllability of distributed DG
— Interoperability, Cyber-security

™= 1 Sandia
National

et Laboratories

42



ot Examples of Very High PV
Penetration

i B |,.||||I|!
— 0

Ota City, Japan: 2 MW PV on single feeder (553 homes, 3.85
kW average PV system)

Lanai , Hawaii: 1.2 MW PV system on 4.5 MW island grid supplied

by old diesel generators Sandia
A h) e,
oratores
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Current Research on Grid Integration

 Some Examples of Sandia Work
— Prediction of solar and wind profiles
—Wind/solar Forecasting
— Refinement of simulation models and tools
—Technology Development
— Evolution of Standards

™= 1 Sandia
National

et Laboratories




Modeling of PV Systems

* Need to model effects of distributed PV on bulk grid
* Implement as addition to WECC composite load model

Transmission

system "y
L
Distribution
system Ty

A

SRS
SRS
PO

Pad/Pole
Transforme

Residential

Unit Station
’ Transformer

.

Utility-scale PV

O
O

AR
R

Commercial

Transmission

system
Unit Station
81: """"" Transformer (LTC)

T

DG Load

Model feeder impedance for dynamics
(e.g., WECC Composite Load Model)

lllustration by WECC Renewable Modeling Task
Force (REMTF), coordinated by Sandia
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Technology Development

* PV inverter technology advances are required to enable
future high penetration PV

— Increase value of PV systems to customers and to the grid
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[ s Operatory [ l=I'I-Il-I I.-IIHIH-

Demanc TAarMHEmEn wirntnitice
Uimimimsiniay dehs "-""" Tal
I:|

Imtermet
Data Linilink

DOE/Sandia Solar Grid
Integration Systems (SEGIS)

Cirgenn paawaEr
B rechustion

i BT

Bikisp e d
SRS La e sl
[t ST o]

— T IE Py — AR PTG e— sl s, PSSt Sandia

ﬂ1 National

Laboratories




Percent Output

VARs Generated

Codes and Standards Development

* Future codes and standards need to allow distributed
systems to provide more grid support functions

varimdEXistingstandards,.not designed for high penetration scenarios

issues at the feeder local level

100 l
' A
04 T - L .
80 i TR [ Tie Existing IEEE 547 standards for distributed generation
M il g g
70 bdey 1
1% i
. TR TR [ i
50 !_..-flir i | i i ! il | I ] Voltage Regulation Maintain service voltage within ANSI C84 Range A (+/-5%)
A L

40 I |' ” I ” " WOntml Not permitted (IEEE 1547) —

30 7 H B

20 o _ UIN | 'l ”| I - Flicker Maximum Borderline of Irritation Curve (IEEE 1453)

7 I T 0T
10 V18 Qs . <5% THD; <4% below 11th; <2% for 11th — 15th, <1,5% for 17t
/ WS Harmonics
0 ; ; ; ; ; ald % — 21st; 0.6% for 23 — 33d; <0.3% for 3374 and up (IEEE 519)
o 9 3 7 13 15 17 19 A i i
Power Factor Out_put pow¢_er factor O 8? lead/lag or higher (equipment
HouFofDay typically designed for unity power factor)
. . Direct Current Injection <0.5% current of full rated RMS output current (IEEE 1547)
One solution could be to allow inverters to help control L _ _ L i _
. . A Synchronization and Dedicated protection & synchronization equipment required,
VOltage using reactive power (V RS) Protection except smaller systems with utility-interactive inverters
e N Q1
Capacitive
Qz
/
V1 V2 Source: EPRI/Sandia Inverter Interoperability m I%Eal'!liliil ;
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Conclusions

* Penetration Levels

— Different definitions for different purposes
* High penetration impacts

— Impacts are system specific

— Flexibility is the key to reduce cost and integrate more variable
generation

* There are no absolute “penetration limits”
— Issues boil down to cost
* Technical and process challenges are real
— Embracing best practices and change is the key
— Technology and standards need to evolve constructively
— Procedures and policies should keep up!

Y Sandia
National
Laboratories
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Questions and Discussion
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e SNL’s Wind Energy Program

- Blade Technology
— Materials and Manufacturing

— Structural, Aerodynamic, and
Full System Modeling

— Sensors and Structural Health
Monitoring

— Advanced Blade Concepts
— Lab - Field Testing and Data
Acquisition
- System Reliability
— Industry Data Collection
— Improve reliability of the
existing technology and
future designs
« System Integration &
Outreach
— Wind/RADAR Interaction
— DOE/Wind M&O




Department Background & Accomplishments

1975 | SNL Wind Program Established
1977 | 17m VAWT Fabricated

Established in Mid 1970’°s

— Primary focus VAWT’s 1981 | 1st Wind-Turbine Specific Airfoils
— Industry partnerships 1982 | FloWind Technology Transfer
 Transitioned to Blades in 1984 | 34m VAWT Test Bed
| 1990,3 1988 | SNL/MSU Material Dbase Established
ear y 1994 | SNL Blade Program Started
* 15 Full-Time Employees 1998 | Blade Manufacturing Initiative
2003 | Incorporation of Carbon on Blades
. veral Contr rs an
Se era CO t acto Sa d 2005 | K&C Swept Blade Contract
StUdentS 2006 | Reliability Program Started
2007 | RSI Program Started
Mission:

To provide a knowledge base expertise in the
design and advancements of composite wind
turbine blades and turbine reliability, in order to
accelerate the penetration of Wind Energy.

. ) Sandia
National
— Laboratories




BRI OX

Global Installed Capacity

mUs

E Germany

B China

H Spain

= Inda

m [taly

m France

| UK
Fortugzl|

m Denmark

m Rest of world

Cumulative Capacity (GW)

1996

1988

2000

2002

2004

2006

2008
Year

T T
2010

T T
2012

T
2014

T T
2016

T
2018

T 1
2020

Advanced: Best wind case scenario for

policy and market

Moderate: Supportive policy measures

enacted & emissions reductions
implemented

Reference: Based on IEA 2009 World

Energy Outlook w/existing policies

rh
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US Installed Wind
Capacity

States
Capacity in MW
L_Jo

[ Jo-=0

[ Je20-100
[ 100- 1000
I 1000- 5000
I 5000 - 10000

Alaska

Total Capacity: 36,698 VW
Current as of 09/30/2010

» All renewable energy sources provided 10.5% of the U.S. power mix in
2009;

« Wind generation is approaching the two percent mark of the U.S.
power mix, reaching 1.8% of U.S. generation in 2009;

» Hydro generation is approximately 7%. DOE focus and investment in
efficiency upgrades and water use optimization.

Renewable Electricity
as Percentage of U.S. Electricity

Installed Capacity in the United States

Solar
Geothermal 1%

r
Renewables

Petroleum & Windte%
Petroleum Coke 1.8%

1% & ~__ Other .6%

Natural Gas
23%

Sandia
National
Laboratories



‘ Renewable Portfolio Standards

www.dsireusa.orq / September 2010

ME: 30% x 2000

* B : VT: (1) RE meets any increase sy e
WA 1- %o x 2020 : e IMN: 25% x 2025 in retail sales x 2012; 'N_Ew B 10%1 2017 =
; ! MT: 15% x 2015 § | (Xcel: 30% x 2020 (2) 20% RE& CHP x 2017 | NH: 23.8% x 2025 |

MI: 10% + 1,100 MW MA: 22.1% x 2020

OR: 25% x 2025 (large utili ! - 1A: 22.. <
X 2015* o) New RE: 15% x 2020

: ND: 10% x 2015
5% - 10% x 2025 (smaller utilities)

tg— 5.9 10% x 2015

[RI: 16% x 2020 |
[CT: 23% x 2020 |
PAESAE a0
INJ: 22.5% x 2021|
[MD: 20% x 2022 |
[DE: 25% x 2026* |

NC: 12.5% x 2021 (10Us) [DC: 20% x 2020 |a
| 109% x 2018 (co-ops & munis)

Mo 15% x 2021 %%
OK 15%){ 2015 |

NM: 20% x 2020 (I0Us) b
10%0 x 2020 (co-ops)

L)

@ - | PR: 20% x 2035 |

[HI: 40% x 2030 |

b

e

- Renewable portfolio standard “L% Minimum solar or customer-sited requirement
- Renewable portfolio goal X Extra credit for solar or customer-sited renewables
(‘ Solar water heating eligible T Includes non-renewable alternative resources

T  LADOTALONES

(+1% annually thereafter) =



Annual Capacity (G\

U.S. Wind Power Capacity Up >40% in 2009

12 - T 36
3 Annual US Capacity (left scale
10 | | p y ( ) 30
Cumulative US Capacity (right scale) .
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Record year for new U.S. wind power capacity:

* 10 GW of wind power added in 2009, bringing total to ~35 GW

« Nearly $21 billion in 2009 project investment

Source: DOE 2009 Wind Tech@

s nnRrt
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Laboratories




Projected Growth

300 20% Requires 300 GW - Land & Offshore

B Offshore
BLand-based

250 -

200

150

100 - Projected
s

50 -

Cumulative Installed Capacity (GW)

2000 2006 2012 2018 2024 _20:

Sandia
Source: DOE 20% Wind Energy nal
Laboratories




 Roughly 300 GW in Transmission Interconnection Queues.

350 1

300 -

250 -

150 -

Nameplate Capacity (C

100 -

50 -

Not all of this capacity will be built....

200

Wind

Wind Power Capacity In Queue

B Entered Queue in 2009

O Total in queue atend of 2009

Natural Gas

Coal

Nuclear

Solar Other

Sandia

Laboratories

Source: DOE 2009 Wind Tech



Average Hub Heights and Rotor Diameters Have Increased

Evolution of U.S. Commercial Wind Technology

140 — Ihe 1980's The 1990's
On average, since 1998-99, hub heights are 22 meters (39%) higher

and rotor diameters are 33 meters (69%) larger m  Offshore
120 = 5 MW
@
B 100 3.6 MW _ - -
= Arklow, Scotland o, — ~ Land Based
= GE 3.6MW  ®
= 104m Rotor ~ 2.5 MW
§ 80 _— I.,_..
{«}]
E
.0
B Buffalo Ridge, MN il
S 60— Zond Z-750kW
no,_- 46m Rotor
—— o aaEY | -’.._,.'/
Altamont Pass, CA " 750kW e
40 = Kenetech 33-300kW = M%cllilcuga; gosv;w‘vv\f\’
Altamont Pass, CA Sy ey ~ 500kW !-'l:):?m Rotor
Kenetech 56-100kW o
17m Rotor ) T 300kW
20 — -
i german, ID
o .100kW GE 1.5 MW
50kW 77m Rotor
0
1980 1985 1990 1995 2000 2005 2010 2015

T LAUUIAIUNIGD



Turbines Getting Larger

Altamont Pass WRA' 66 m, 279 ft
50 m, 216 ft

\(ﬁ)\ls m, 164 ft

60 ft

0.10 MW 075 MW 1.5 MW 2.5 MW 3.5 MW 5.0 MW

1985 1995 2000 2003 2006 2010+ \

Sandia
lil National
.~ laboratories




—~wwf  Average Turbine Size Higher in 2009

Average Turbine Size (MW)

2 D T
18 4 1.65 MW 1.66 MW
1.60 MW ) ’
1.6 1.43 MW
1.4 -
1.21 MW
1.2 1
1.0 0.88 MW
0.8 1 071 MW
0.6
0.4 -
0.2 -
0.0 +
1998-99 2000-01 2002-03 2004-05 2006 2007 2008 2009
1,425 turbines | 1,987 turbines | 1,757 turbines | 1,960 turbines | 1,536 turbines | 3,190 turbines | 5,029 turbines | 5,734 turbines
1,016 MW 1,758 MW 2,125 MW 2,803 MW 2,454 MW 5,249 MW 8,350 MW 9,994 MW

25% of turbines installed in 2009 were larger than 2.0 MW, up from 19% in
2008, 16% in 2006 & 2007, and just 0.1% in 2004-05.
Source: DOE 2009 Wind Tech@ %I .




Logistics become difficult
as size increases

45-meter Blade Fatigue Test at NREL/NWTC

50-meter Blade Transport




Typical Modern Turbine

Fotar Fotor il Gear Heat . Caondral
pinner Hub Macelle Shatt Cooler Box  Coupling  Ewchanger Fanel

Fiteh Bearing o Sound Main Bleading

Sandia
National
' laboratories



A

Taxonomy of a Wind Plant

Over 8,000 individual components in a single wind turbine

Wind

Turbine
I I I I I |
Blade Rotor Drivetrain Gearbox Generator Electrical
| | [ ] | I
Aero-dynamic brake  Nose cone Low speed shaft Bearings Cooling system Power converter
Internal structure - laminates Pitch system High speed shaft Gears Stator PFC system
Lightning protection Hub Braking system Lube system Rotor Soft starter
Pa_int and cgatings Slip ring Housing Housing Wiring and connections
Skins — laminates Root attachment Torque arm system  Commutator and brushes ~ Grounding system
T-ngI/root insert Bearings Main transformer
De-icing system Components
[ [ | [ [ 1
Nacelle Yaw Foundation Balance Maintenance
Control
system & tower of plant
I I I

EnclosureI Cable twist/untwirst Sensors Foundation Substation Troubleshooting

Meteorological equipment ~ Brake CommunIcations Tower structure Meteorological tower Fault Reset

FAA lights Drives SCADA interface Tower equipment SCADA Scheduled Maintenance

Internal environment Bearings (slew ring) Controller Co,nverter . Miscellaneous

Crane Gear Cabinet Grid connection

Damper UPS Collection and distribution

Hydraulics Metering and relays

Sandia
m National

Laboratories




A

Typical Wind Farm Components
» Turbine ik

- Foundations =
* Electrical Collection System
* Power quality conditioning
* Substation

« SCADA

* Roads 54 —S
- Maintenance facilities > > < AN

Rotor blade

Generator

Conditioning
eiectronics

giF53101m

Sandia
m National

Laboratories




Wind Turbine Supply Chain Model

Utilities, Ratepayers,
Taxpayers, Social Benefits

Market Pull
-Requirements

-Specifications
-Needs

Plant
/ Operations *,

PIarf;t Dew/elop}pent

Technology Push
-Products
-Services

-Innovation

Turbines

Components

Subf:omponelét and Mateflals

Sandia
National
Laboratories

Employment, Taxes, Social Benefits
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———
Another Perspective with Adjacent R&D Space

Functional Requirements IEC Design Standards <
(example standards) < \
Finance > i <« Certificati
el D DeS|gn Cert/f/catIOI:l .Stancliards
MMS Certified Verification T :’* Certification
Insurance , > Specifications
National Standards -many
IEEE —many < w/Standards
AWS D1.1 Welding
AGMA 6006-A03 gearbox
Quall ASTM
ualit > _
y ISO 9001 Quality Manufacture —| Product Testing
Transport > l Needs — Research Testing
: & Analysis
Inspection by AHJs UL 6740 > Installation
(Authorities Having Jurisdiction) l
grl;j tlnterface FERCINERC Operation
arety OSHA, NEC, NFPA I
ANSI 23259 fall arrest
Landowner . Repower/
Decommission — Sandia

National
— Laboratories




3 US Turbine Vendors

 GE Remained the Top Turbine Vendor in the U.S. Market, But a Growing Number
of Other Manufacturers Are Capturing Market Share.

100% 1 n— W Other
) 90% - B Nordex
_GEJ 80% - Bl Acciona
©
E_ 70% - REpower
)]
D 60% - B Gamesa
® .
§ 50% - m Clipper
(@)
g 40% - B Suzlon
= L
S 30% . Mitsubishi
c B Siemens
3 20% -
5 Vestas
F o 10% -
m GE Wind
0%
2005 2006 2007 2008 2009
» Chinese and South Korean manufacturers seeking entry into U.S. market; \
* For first time in 2009, a turbine vendor from China (Goldwind) saw sales in the U.S.

Sandia I

Laboratories

Source: DOE 2009 Wind Tech



WindPower
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Wind Power Basics

Air Den
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— 1 A C V 3 Wind Power output is
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Depends on:

« Available resource;
 Turbulence characteristics;

« Terrain and roughness influences;
« Turbine characteristics.

Remember...

Power in the wind = K1/, pAV3
— wind speed, V
— swept area, A

— air density, O
— conversion efficiency constant, K
— 45% efficiency for modern machines

=  Power ~ (wind speed)?

Generation Potential

W
4000 -

3500 é
2000 é
2500 é
2000 é
1500 %
1000 é

500 -

2 4 & 8 10 12 14 16 mds

Sandia
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Regions of the Power Curve

Region | — not enough power to
overcome friction

Region Il - Operate at maximum
efficiency at all
times

Region lll - Fixed power
operation

Turbine Power Basics

Wind Turbine Power Curve

Power i
Wind
Rated Power

Power

Power
i Captured

Wind Speed
-

Cut-In Hated Cut-Out
Speed Speed Speed
B g

Region 1 Region I1 Region 11T




,K—i.‘.'

Power

Performance Enhancement Options

Power (kW)

Power Curve

4000

3500 -
3000 -
2500 A
2000 A
1500 A
1000 -

500 +

0 5 10 15 20 25
Windspeed (m/s)

30

‘— Turbine pow er === Betz Pow er

Resource

Wind, Energy

» The cost benefits are
- 5 1‘0 1‘5 26 SR 5‘“",. SRS :ﬁ;f;j:::' ;1:,':1;1‘;:::._;.::';Z:.::' ‘;'Ij;j:::'1;,‘:::'1;':';::.:: CO n St r a i n e d by th e
Vindspeed (mie) squared-cubed law

X Rayleigh Probability === \Weibull Probability

Larger Rotor

Rotor costs increase with
diameter cubed, Rotor
power grows with the
diameter squared

_ Sandia

Taller Tower

Tower costs increase
with height to the fourth
power

National
Laboratories




Reported Capacity Factors

50% - O Capacity-Weighted Average 2006 Capacity Factor, by COD
45% - © Individual Project 2006 Capacity Factor, by COD g
5 35% 0 é 8 @
[ 9
& 30% 8 0 5 8
>
S 25% e o 8 8
§ 0 (@) @)
S 20% g @ o)
S 15% o
(Q\]
10% - ©) @]
5% -
0% -
COD: Pre-1998 1998-99 2000-01 2002-03 2004-0¢
# Projects: 20 20 25 25 28
#MW: 936 875 1,741 1,911 2,455

CF = Generated Energy 1n a period of time / (Rated Power x Time period)

)
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Availability

Monthly Availability for Two Windpower Projects

F . \\H -

—i— FProject A
—— Froject B

e
=
=
)
'E
=
=X

Average Availabilities:
Months 156 Months 6-17

Project A 80.1 85.1
Project B 895.0 ar.7

F: = 9 10 11 12 13 14 1% 16 17

Month of Operation

Simple Definition:
« Availability = turbine available time/total time
More detailed definitions are commonly used in contracts

2 laboratories



Cost of Energy: Sales Prices

&

O Capacity-Meigited Ay erdge 2006 Wind Posw er Price, by COD |
o |ndidual Project 2006 nd Pow er Frice, by COD

B 28 3 8 3 B 5

-
I—
=
—
- =
w
=
=
™
—
o
e
o
Lu k]
=
=
o
—
=
w
=
=
[

Lo
=

0
CODr 1920

¥ Projects: 11
#M O E2N
S e ' Derkek plah rhinhaze

Rising prices
were caused by:
« Weak Dollar
* Growing
commodity prices
* steel
* copper
* concrete
e Limited
availability of
machines

‘) laboratories



Reliability Program Goals and Objectives

Working through industry partnerships to:

* Develop National reliability baseline statistics for the US wind
energy industry

— Turbine component failure rates are higher than expected by some
— This is the first long-term, data based, national effort to quantify and

track these failures
* Guide efforts to address important component reliability
problems

* Provide feedback for improving design and manufacturlnq
practices

* Help wind plants:
— Optlmlze O&M practices
Preventive maintenance
Parts inventory optimization
Condition-Based Maintenance (CBM)
Prognostic & Health Management (PHM)




Technology Improvement Summary
20% by 2030 Report

Subsystem Description Increased Energy|Capital Cost
Towers Taller with new materials/self erecting +11/+11/+11 +8/+12/+20
Rotors Lighter & larger with smart structures +35/+25/+10 -6/-3/+3
Site Energy Improved reliability — less losses +7/+5/0 0/0/0
Drive Train Innovative designs — high reliability +8/+4/0 11/-6/+1
Manufacturing Process evolution and automation 0/0/0 -27/-13/-3
Totals +61/+45/+21 -36/-10/+21

20% Report, Table 2-1, page 41 (working from 2002 baseline)

Y Sandia
National
2 laboratories




Wind Development Overview

WHTP Mission: Focus the passion, ingenuity, and diversity of the Nation, to enable
rapid expansion of wind and water power production of clean, affordable, reliable,

domestic energy for national security, economic stimulation, and global sustainable
health.

*Wind Resource

Infrastructure Requirements

Land issues, permitting, environmental
*VValue and financing

Sandia
ﬂ'l National

Laboratories




Wind Resource

What is known about the wind resource in a prospective location?
What is needed to be known?

Decreasing information about resource

v

Resources

Decreasing quality of resource

(14
Sub-Economic The
Resources McKelvey
Diagram”

CRY isiorsiories



Wind
Powering
American
Maps

43°

7™
45"
Vermont
50 m Wind Power
o

The annual wind power estimates for this map
were produced by TrueWind Solutions using
thair M p system and historical weather
data. This work was commisioned by the
Massachusetts Technology Collaborative, in
conjunction with the Connecticut Clean Energy
Fund and Northeast Utilities, and the results

U.S. Department of Energy
National Renewable Energy Laboratory

3
06-FEB-2007 1.1.3

have been validated by NREL.
I
20 0 20 40 60 Kilometers
10 0 10 20 30 40 Miles
I
Wind Power Classification

Wind Spesd ® Wind Spaed

al 50 m at50m

mis mph

00- 56 0.0-125

56- 6.4 125-14.3

Bd- 70 143167

70- 75 167 -16.8

75- 80 168-17.9

80- 88 178-19.7
=88 =197

®Wind spesdis are basad on a Weibul k valus of 2.0

Wind
Resource
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Infrastructure

Need depends on size of plant
— Physical Size
— Electrical Size
Roads/access
Transmission interconnection/grid capacity
Regulatory issues

Renewable System Interconnection role of WHTP!

Sandia
m National
Laboratories




e

Interconnection Study

Kirtland AFB 46kV and 115kV Electrical System

Routing Option 2
~6.9 miles

——— Roads

- Electrical Substation
---------- PMM 115 kY Transmission Line
—  KAFB/SNL 115 kWY Transmission Line
—  KAFB/SHNL 46 k¥ Transmission Ling

Mewr 46 kY Transmission Line for YWind Fam

=] Fuotential ¥Wind Turbine Placement Locations
= i
1
' .
1
: e
1 g
oo I
| 1
P | 2 t—,
° o 1
] 1
o N iy
i
o 1
|
I
=] 1
i
o 1
: o 1
Routing Option 1 o [}
~4.5 miles o :
o 1
& 1
9 1
o '
Q 1
Q 1
o 1
o |
[
1
I
i
]
I
'
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Land, Siting, Permitting, Environmental

*\WWho owns the land?

*Where is it?

*How is the constructability?

*Preliminary site screening for avian, bat, wetlands, or other issues
*County ordinances

*Taxes

Traffic, security, safety

*County ordinances

*Permits

*Environment assessments, EIS, NEPA

Sandia
m National
Laboratories




What makes a market?
Power purchase agreements
Renewable portfolio standards
Production tax Credits

Energy needs, demand growth

Present value analysis

Economies of scale, cost engineering

Rural electrification

Pro forma

-energy losses, waking, performance curves
How financed?
Don’t forget operations and maintenance

Value = Benefits-Costs

Sandia
m National
Laboratories
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The Development Business

The development process needs clear definition of requirements teamwork, communication,
clear-headed approaches creative solutions, dealing with external decision-makers,
empowerment, ownership responsibility and continuous improvement.

Reality:
«Competition
*Cherry picking
*Reliability
$3$

Phases of a project:

*Wild enthusiasm

*Disillusionment

*Panic

*Search for the guilty

*Punishment of the innocent

*Praise & honor for those not involved

Sandia
m National
Laboratories




-’ Wind Turbine Capabilities

Induction Generators:

« Absorbed VARS — no voltage support or control;
» Tripped due to voltage or frequency excursion;

* Provided no voltage control or droop control.

New Machines:

* Dynamic reactive power;

« Low (or zero) voltage ride-through;

« Dynamic real power control — droop control, ramp mitigation.

Sandia
Source: Brendan Kirby, NREL ﬁ algtional
Laboratories



At Wind Integration Challenges

Inability to Dispatch

+ Weather determines output

Variability

* Increases difficulty to balance load
Uncertainty

« Can be forecasted to a large extent
Different Electrical Characteristics
« Lower inertia, voltage tolerance, reactive

controls
. . . . ¥ e p i D
« Still compatible with the grid i
Wl Rarkemaion Wil Bpaadl o
Ciama T . M —_ This map sfows The wing msoenco dots wued by B WindsS o meml 'L"I
e R e o mioded for the 3% Wind Sosnara, I % & comienabon of high _""'""'-E‘:'::E_w"
i‘ Cocdl et AT T resaiulion @l Hee resalstion datesets prackoced by 8REL and PR el
T Sl B LER T 1hm . i%e Sthet fepanizalicen. Tho dola wan Sirpaned o alrmingls
- Oueivagong S0« B0 s i ates wliiedy it ba deroslapad cenhang dun o land ko G o | ksora
e T - G T BLE afratCrmnii] Baen b many sk B wind nscores on
Wl b abe M S8 Wlant & viles of 20 The s 68 sy andusicodl fo: Dt o ol GRictrabalitheen

A i ik cresds ardl tiher foatunes

Areas of Consideration:

System Planning and Operation
Transmission Planning

Market Operation & Transmission Policy

System Load (MW)
v

(]

A

Unit
Commitment
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Questions of Interest for Integration Studies

How do local wind resources compare with higher ol Y ﬁﬂ , Wiy
' ' i ol (T Y Wi | L

capacity fgctor wind that requires more o [l —Fy ) e
transmission? Y P T AL | LW YN

5 ' [ I GriouD Df\Mn;ﬂarms(U\:\l Kremuenlrz.r MW
How does geographic diversity of wind power reduce :-- /ﬂ\\ ﬁhm |
wind integration costs? fos e H/M e
How does offshore wind compare with onshore i e = =
wind? oo |1 e e
How does balancing area cooperation affect wind “—7 T AN I~
power integration costs? e B ma B GG B 25 S B sl B

How much transmission is needed to facilitate higher
penetrations of wind power?

What is the role of wind forecasting?

How are wind integration costs spread over large
market footprints and regions?

What additional operating reserves are needed?




Goal is to understand the costs and
operating impacts due to the variability and
uncertainty of 20-30% wind energy on the
grid

Heavily stakeholder driven scenario
development and technical review

Participation in other studies: Nebraska
Power Authority, Portland General Electric,
New England ISO, Southwest Power Pool,
Hawaii, Arizona Power Authority

DOE work provides objective technical information on grid options

Broad Regional Studies

WY
- == TS AP
«"A/- - x/ : j,
e ¢ ur SR
= ) “CO
gy - A (\ &
y % [ -
sl ¢ \" =) i S
77777777777777777777777 A C St g
LEGEND . Al /
‘ Ve PN AZ 'J [ f NM|
~——  WestConnect Lines _ S ’\\:“j‘ - Z«w-f\’\] w: LW =N “
= California Lines b ] Vo= { M\
—— LADWP Lines o AN A
— O == \‘/
B 4
V .

Sandia
m National
Laboratories




. Organizational and Study Web Links

Utility Wind Integration Group (UWIG) (www.uwig.org) and Wind Integration Library
http://www.uwig.org/opimpactsdocs.html

NREL Renewable System Integration publication web site
http://nreldev.nrel.gov/wind/systemsintegration/publications.html

Sandia National Labs Wind & Water Power Technology web site
http://windpower.sandia.gov

Eastern Wind Integration and Transmission Study (EWITS ) http://wind.nrel.gov/public/EWITS/
Western Wind and Solar Integration Study (WWSIS) http://westconnect.com/planning_nrel.php

International Energy Agency, Task 25. Hannele Holttinen, et.al. Design and operation of
power systems with large amounts of wind power State of the art report.
http://www.vtt.fi/inf/pdf/workingpapers/2007/W82.pdf

Sandia
ﬂ1 National
Laboratories




Sandia Publications are at sandia.gov/wind

Active Aero Control Design
Blades:
Adaptive
Aeroacoustics
Blade System Design
Study
Carbon Hybrid
Flutter
General
Testing
Computational Fluid Dynamics
Control System Design:
Nonlinear Control Theory
Wind Turbine Blade Controls

Data Acquisition and Field

Measurements

Fatigue and Reliability:

General

LIFE2

Loads
Probability of Failure

Health Monitoring

Manufacturing
Materials:
Aluminum
Bonded Joints
Composites
Material Testing and Fatigue
Property Determination
Modal Testing and Analysis
Non-destructive Testing
NuMAD
Partnerships:

Low Wind Speed Technology:

Knight & Carver
WindPACT

Supervisory Control And Data

Acquisition

Structural Dynamics

Turbine Systems

Turbulence Simulation

VAWT Archive

Wind Plant Reliability

Wind Powering America

Sandia
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http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm
http://windpower.sandia.gov/topical.htm

- —artal And the Conclusion is....
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“m=s"  U.S. Department of Energy
Energy Efficiency
and Renewable Energy
Bring jhera energy

There are no fundamental technical
barriers to the integration of 20% wind
energy into the nation’s electrical system,
but.... there needs to be a continuing
evolution of transmission planning and
system operation policy and market
development for this to be most
economically achieved.

20% Wind Energy by 2030

Increasing Wind Energy’s Contribution to
U.S. Electricity Supply

July 2008
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> Mg Outline

= Basic Concepts

- Why is integration of variable generation
(VG) a challenge?

- Bulk System vs. Distribution Issues
% = Review of Recent and Current Studies
- § = Define next steps
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What is the Utility’s Role

= Provide high quality, reliable electricity to customers when they
demand it.
- Generate or procure power to meet system load
+ Integrated resource planning (long term planning)
+ Balance system load and generation (near term planning)

- Transmit this power to the loads using transmission and distribution
resources

+ Transmission and distribution planning

« Transmission and distribution component upgrades

« Maintenance of transmission and distribution
= Protect staff and public from harm

+ Switching, protection equipment , response to emergency events
= Private utilities must make a return on investment

- Bill customers for services

Sandia National Laboratories



What is Variable Generation?

= Typically refers to Solar q
(PV) and Wind \3
;"-—_: s .__________'/ U
= Variable ¥ pvearAlR e
. Long-term and short-term e
patterns Q =4 =t L e e t t 0
° lelted ab|l|ty tO ContrOI Averag;e PV and wind output.patterns in CA
= Uncertain
- Ability to forecast
- Accuracy depends on how far S wnf
ahead the forecast covers
g 4001
= Sound familiar? Many of the same
characteristics associated with load 201 —
= 1|-min Global Clear Sky Insolation|
D%'UO 09100 'IZTDO '15100 18;00 21:000

May 4, 2004: Time (CST)

Wind & Sclar (MW



How Does VG Affect Utilities?

m Variable generation (VG) has traditionally been a must-take
resource that affects the load utilities must manage (net load)

m At the distribution level

- The interaction of variable generation and variable load can alter the
normal behavior and performance of components on a distribution
feeder (voltage regulators, voltage tap changers, capacitors, etc)

- Examples: (1) frequency of tap changes may increase leading to
reliability and service life concerns, (2) flicker, (3) interoperability
between VG components (inverters), harmonics.

- VG may help defer distribution upgrades due to reducing peak loads
on a feeder

m At the bulk system level

- Added variability may increase total variability in load, making it more
costly to balance

- Forecasting VG becomes very important in order to adequately
schedule generation and manage resources

- VG may help defer generation upgrades or addions
Sandia National Laboratories



PV Generation and Net Load

m Net Load = Load - VG

- VG is assumed to be a
“must take” generation

= During summer peak, PV
helps to reduce the peak
load

- Less fossil generation
needed

- Fewer “peakers” (dirty)

= During low load seasons
(spring and winter in SW)
PV can affect operations
and planning

- Lower temperature, sun
position at equinox

- Affects minimum load

- Increases the morning
ramp

- Variability increases

Net Load (MW)

System Load (MW)
N @ @ &

System Load (MW)
NN oW @ A

160000 -

140000 - Source: Denholm et al. (2008)
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0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Minimum Peak
Season and Hour

Base 2% 4% 6% 8% - 10%
(no PV)
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192 MW PV

292 MW PV
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System Load (MW)
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No PV

192 MW PV
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492 MW PV
892 MW PV
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z
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Stein et al. (2011)



Normalised power

1,0
0.8
0.6
0.4
0.2
0,0
1,0
0.8
0.6
0.4
0.2
0,0
1,0
0.8
0.6
0.4
0,2
0,0

Geographic Smoothing

m Geographic separation helps reduce variability
- Variability does not increase at the same rate as generation capacity
- At the system level, aggregated variability is what matters

Example for Wind in Germany

Single turbine (Oevenum/Fohr) 225 kW

S I % 4

2112 2212 2312 2412 2512 2612 2712 2812 2912

3012 3112

Example for Solar PV in Germany

P I P installed; 3 daz.rs nf June 1995

1
5 1DD systems =
08} ! one system
06 |
04+
02+
0
0
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Are There Penetration Limits?

= There are no absolute technical limits
- Impact on cost is very system-specific
- Depends on resources, load patterns, weather, markets, regulations

System A System B

Cost of or Risk

System B with
evolving best practices

Penetration Level

117! Sandia National Laboratories




What are the Technical Challenges?

mBulk System Issues
- How to handle added variability and uncertainty
+ Can the system handle? What is the cost?

- How to accommodate more VG

+ Technology (grid and VG)
= How will the Smart Grid help?
= Can VG contribute to voltage control?
= Can VG output be controlled for reliability reasons?

« Performance standards, frequency, contingency
« Planning and operations best practices

= Distribution System Issues
- Voltage, protection

Sandia National Laboratories



e

Integration Solutions and Costs

* Most utilities have only explored the first few solution options (flexible
generation, markets)

* High cost, uncertainty, and increased complexity are the main hurdles to

overcome
Supply
oS " Side
High Concentrating SEAUUEY Flexibility
Cost Solar Power
Existing Hydro, P d .
Hydro, and Ga Storage - Side
Sas Generation Existing Electricity  Flexibility
and Coal Cycling Storage Storage
New
Loads
E::::l;; Heating and Transportation
Markets Ice and Heat
Improving Pricing and Demand Response The relative order of these is
Low conceptual only.
Cost ’

Source: Denholm (2008)

Increasing Renewable Energy (RE) Penetration

(i) Sandia National Laboratories




How are impacts assessed?

= Integration studies help utilities better understand
the impacts of and plan for increasing levels of VG
on their systems.

= There have been several major integration studies
but the study methodology is still evolving

- Each utility has a unique system and situation

= Impacts to the distribution system are usually
studies separately from impacts to the bulk system
(balancing area)

Sandia National Laboratories



Distribution Operations Issues

mPossible impacts depend on factors including...
- Feeder characteristics impedance
- Penetration level, DG location on feeder
- Type of voltage control and protection
- Load characteristics

mMost common operations concerns include...
- Customer voltage regulation, power quality
- Excessive operation of voltage control equipment
- Protection

Sandia National Laboratories



%

System

Examples of Very High PV Penetration on Distribution

High Penetration on Feeder

Ota City, Japan: 2 MW PV on single feeder (553
homes, 3.85 kW average PV system)

Lanai,

Hawaii: 1.2 MW PV system on 4.5 MW island

grid supplied by old diesel generators

m

Sandia National Laboratories



Some Examples of Integration Studies

= Several of these studies are not publically available
= Distribution Studies

- Distributed Renewable Energy Operating Impacts and Valuation
Study (Arizona Public Service, 2009)

- Distributed Generation Study (NV Energy, 2010)
= Bulk System Studies
- Eastern Wind Integration Study (NREL, EnerEx, 2010)
- Western Wind and Solar Integration Study (NREL, GE, 2010

- Operational Requirements and Generation Fleet Capability at 20%
RPS (CAISO, GE, 2010)

- NV Energy Solar Grid Integration Study (in process)
= General Overview Studies

- 20% Wind by 2020 (2009)

- SunShot Vision Study (in review)

Sandia National Laboratories



Distributed Renewable Energy Operating Impacts and
Valuation Study Results

= Study focus on Value Determination of distributed renewable
generation

- Avoided energy costs (based mainly on reduced fuel and purchased
costs as well as reduced losses)

- Reduced capital investment (Deferral of costs for future distribution,
transmission, and generation)

- Consideration of additional externalities (air quality, reputation,
experience)
= Results

- For entire distribution system: DG created little value because need to
meet peak load when DG is unavailable.

- For specific feeders: DG created value by deferring upgrades but were
very location specific.

- Transmission deferrals: Large amount of DG is needed to eliminate
need for new transmission. Long lead times for transmission planning
make value of DG hard to realize (10 year+ timeframe)

- Generation deferrals: similar to transmission (lots of DG needed to
realize value) Sandia National Laboratories



..~ Distributed Renewable Energy Operating Impacts and
—— v Valuation Study Results

Solar DE Value Buildup

Minimum To
Maximum
(cents/kWh)
__Distribution Savings____ 0to 0.31
_____ Transmission Savings ~ 0to0.51
Generation Savings 0to 1.85
Fixed O&M Savings 0.81to 3.22
Fuel, Purchased Power, & Losses Savings 7.10 to 8.22

TOTAL SAVING*: | 7.91 to 14.11 cents/kWh
(79.1 to 141.1 $/MWh)

-Minimum and maximum value shown not reflective of any
specific scenario as evaluated in this Study

(1) Sandia National Laboratories




Distributed Renewable Energy Operating Impacts and

Solar PV peak
occurs before
the load peak
in the early
evening

Solar hot water
might help to
alleviate

Valuation Study Results

Solar Production Versus Demand Peak

Surmimer Day
Comparison of Load to Solar DE Generation
763 MW of Installed Solar Capacity

7,000 - 253 MW Peak
Red uction

1,200

3
=
o + 800
§5.IIIU—
E
% 4,000 - + 600
E* :
Lo
v
3 3,000 -
= '_4{“:'
=
= |
£ 2,000 -
+ 200
1,000 -
n O—8—8—0—a— = 2

T T T T T T T T T T T T T T T T T 1 T
1 2 3 4 5 & 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hour Ending

h

—#—Demand
—&—Demand After Solar
763 MW Solar

Hourly Solar DE Production {MW)
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“NV Energy Distributed Distribution Study Results

What is the maximum amount of DG from renewable energy
that can be integrated on the distribution system within
existing operating limits?

Given distribution

thermal and voltage limits,

what is the maximuom
amount of DG?

0% | < — |I0%

= Most feeders can accept up o
20% or more of DG withoot
violating voltage or thermal
limits if DG is uniformly
disiributed

= When DG systems are strongly
clustered, some feeders will
potentially experienice vollage
regulation issues and DG
penetration levels for
individual feeders will be lower
= Lomger teeders also limit the
amountof DG that can be
installed

Does transmission
steady state and
dynamic performance
impact the amount of
allowable DG?

ﬂu.-"ln T b datermimad 3']:-."{3

- Preliminarysteady state and

dynamicload flow modeling of
MVE's Southem transmission
svatem indicates that DG can
negatively impact ranamission
gvstem performance,
particularly when large
renewable [XG is included

= Ungoing studies evaluating

integration of large PV will fully
address ransmission system
impacts

Are there other
distribution-level
technical factors that
limit the maximum
amount of DG?

0% | —= | 30%

Based on findings for other
systems with high DG
penetration, MYE should
evaluate the impact of clustered
DG on power quality before
large quantities of inverter-
based devices are installed
BVE also will need to monitor
feeder performance and power
qua]ir:.r prior to when new large
PV is installed with large
emounts of sall DG at the
distribution level

Given generation
minimum ron and
commitment schedules,
what is the maximum
amount of DG?

D% To be determined 3{"%

= Under low load conditions, the

combination of small DG and
large intermittent generation can
caunse generation to operate at
non-sptimal levels

« Athigher DG penstration,

generating operahng reserve
margins likely will increase,
caunsing added costs,

» Other transmission connected

utlity-scale wind or solar added
to the system will decrease the
amountof allowable DG

117! Sandia National Laboratories



NV Energy Distributed Distribution Study

Does DG provide benefits to NV Energy?

Does DG provide
avoided emissions
benefits?

i)
L4

Yes No

= Preliminary results presented in
this study do not fully reflect
the impact DG will have on
generation emission outpul
caused by intermittent DG
Higher emissions may be
created by generation operating
atlower efficiency level
operates at the margin during
periods of light loads

The value of emissions offsets
mMay VAry as new Eegi.-'.la tiomn is5

enacted

Does DG reduce
distribution losses?

Yes No

= PV daytime output comresponds

to perinds of highest losses at
the system level, with attendant
savings; however, distribution
losges on many MVE feeders is
low

= Un lightly loaded feeders,

modest (MG penetration can
causelosses o increase,
particularyon long: miral
feeders

Does DG provide fuel
costs benefits?

A
L

Yes Mo

« Most fuel savings occur due to

the displacement of natural gas
generabion operabing durnng
daytime hours

« Athigher DG penetration

levels, generation may operate

atless than optimum dispatch

levels — this will be analyzed in
the Utility-Scale PY Integration
Study

« Any DG that is net metered will

transfer non-hel costs to other

['-ETE"FEI}'E’E'E-

Yes :I] No

« There are virtuzally no generation

capacity benefits as PV output at
the 800pm system peak is zero

« Similarly, most distribution

feeder peaks ocour during
evening or shoulder howrs when
PV output is low

= The automatic tripping of DM

under [EEE 1547 hurther limits
[C: capacity benefits at the
distribution lewel

@J Sandia National Laboratories



NV Energy Distributed Distribution Study

What are the costs to NV Energy to integrate increasing
amounts of DG to the distribution system?

Yes

* At low DG penetration levels
and where DG is uniform by
distributed, protection impacts
are minimal for most feaders

* Athigher penetration levels
reverse power flows and high
Aows will limit the amount of
DG that can be installed

* M3 may cause fault duty to
approach or exceed equipment
limits in the North: additional
study is needed to confirm
which equipment is impacted

Yes

* Linethermal capacity generally is

sufficient

* Local capacity limits should be

evaluated for heavy clustering

* For heavy clustering or DG located

on long circuits, voltage limits may
be exceeded

* Transmission level upgrades may

be needed when new large
renewable projects are installed
along with distribution-level DG.
Thisissue will be analyvzed in the
Utility-5cale MY Integration Study.

T be determined

Yes No

At low DG output or penetration,

generation dispatch is minimally
impacted

Under higher DG penetration
levels, economic dispatch can be
impacted as DG may displace
low-cost generation or cause
hourly imbalances

Further, unit commitment
schedules may shift due to DG,
causingnon-ophm al generation
economic dispatch

Does DG provide net
economic benefits to
MNVE?

T be determinad

No

Yes

* Fuel , emizzions, and other

benefits do not fully offset costs
to ratepayers under current rates
However, these preliminary
results do not fully assess the
impact of large-scale renewable
projects on transmission and
power system costs.
Transmission and power system
impacts will be studied as part
of the Utility-Scale-Scale PV
Integration Study

117! Sandia National Laboratories




Bulk System Integration Study Steps

Develop generation and transmission scenarios based on future
expectations

- Economic assumptions (carbon price, RPS, etc.)
Develop load and RE resource datasets (synchronized)
- Example from NV Energy Solar integration Study

Run production cost model to simulate economic dispatch and unit
commitment process for scenarios

Important details include:
- Locations of loads and generation
- Size of balancing areas
- RE forecast availability, frequency, and accuracy
- Transmission constraints and congestion

- Additional regulation and contingency required to balance load and
generation

Sandia National Laboratories



Wind Integration and Transmission Studies

m Eastern Wind Integration and Transmission Study
- http://www.nrel.gov/wind/systemsintegration/ewits.html for details
= Western Wind and Solar Integration Study
- http://www.nrel.gov/wind/systemsintegration/wwsis.html
= Nebraska Wind Integration Study
- http://www.nrel.gov/wind/systemsintegration/nebraska integration stu

dy.html
= Oahu Wind Integration Study

- http://www.nrel.gov/wind/systemsintegration/owits.html

117! Sandia National Laboratories



http://www.nrel.gov/wind/systemsintegration/owits.html
http://www.nrel.gov/wind/systemsintegration/nebraska_integration_study.html
http://www.nrel.gov/wind/systemsintegration/nebraska_integration_study.html
http://www.nrel.gov/wind/systemsintegration/wwsis.html
http://www.nrel.gov/wind/systemsintegration/ewits.html

“ < california ISO Study Results

Goal: Evaluate the operational impacts of a 20% RPS in California for 2010
* Builds off a 2007 study of impacts of 20% wind integration

7,000

6,000

5,000

4,000

3,000

2,000

NN NN NN N

1,000

0
Biomass/Biozass Solar Geothermal Small Hydro Wind

W 2006 701 420 1,101 614 2,548
¥ 2012 (expected) 701 2,246 2,341 614 6,688

www.caiso.com/2811/281176c54d460.pdf . .
. @ Sandia National Laboratories




CAISO Study Results

= Key Results and Findings
- Operational requirements for wind and solar integration is different
- Solar introduces problems during the morning and evening load ramps

- Solar and wind together lessen operational requirements due to the
lack of correlation between the two resources.

- Decreases to off- and on-peak use of conventional generation
(“thermal units”), which makes them less profitable and more
expensive. (29-39% reduction in revenue)

- Load-following ramp rates increase by 30-40 MW/min

- Load-following hourly capacity increases by almost 1 GW (morning
and evenings)

m Recommendations

- Improve utilization of existing generation fleet's operational flexibility
(minimize self scheduling)

- Wind and solar participation in economic dispatch markets

- Improve/develop day-ahead and real-time operational forecasting

(regulation and load following requirements)
Sandia National Laboratories
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Figure ES-10: Simulated Regulation Down Capacity Requirement by

Operating Hour, Summer, 2006 and 2012

www.caiso.com/2811/281176c54d460.pdf

Solar ramps in morning

and evening

m

Wind typically ramps up

at 6PM

Sandia National Laboratories




NV Energy Solar Grid Integration Study

= NV Energy is conducting a Solar PV Grid Integration Study

- Define impacts on utility operations (integration costs) of large PV
plants in Southern Nevada.

= Navigant Consulting is performing the study.

m Pacific Northwest National Lab (PNNL) is providing estimates of
regulation and load following requirements.

= Sandia is contributing the estimates of the PV output profiles for the
plants being considered, including power forecasts.

= Study will be completed by the end of the summer 2011

= Next few slides cover Sandia’s generation of PV output profiles for
study.

Sandia National Laboratories



PV Plant Locations for Study

Scenario = A i

Site S1 S2 S3 S4 S5 4 2

1| 175 20 20 20 20 ~

2 50 50 100 100 300 =2

3 12 27 27 27 27 g - i

4 40 40 60 60 60 '}

5 - 50 50 100 200 . X 3

6| 30 30 30 30 30 = el !

7 - - - 50 100

8 - 5 5 5 5 )

o - - - 50 100 X :

10 N ) - 50 50 = \
Scenario Total (MW ) 1495 222 292 492 892 N : \ |
| Single axis tracking, polycrystalline Si modules, Latitude tilt. thin-film i E 5 ..

Lw : i ..-..
o s N AT
[icaata (:1 25 2:5 ‘

rnv; oandia National Laboratories



Data Sources

m 1- hour satellite irradiance at each of the ten sites from Clean Power
Research’s SolarAnywhere data

= 1-min irradiance data from six Las Vegas Valley Water District
(LVVWD) sites in Las Vegas

= Upper air wind speed from NOAA weather balloon at Desert Rock,
NV

= Air temperature and wind speed data from McCarran International
Airport, Las Vegas

Sandia National Laboratories



Solar Output Modeling Approach

Estimate 1-min irradiance at each —

site
Convert point irradiance to 1-min

500

spatial average irradiance over plant !

Calculate 1-min AC power output
from plant

AC Output (kW)

200+

100 +

300+

Plant Power vs. Irradiance: April 1, 2010

Red = Single Irradiance Sensor

Blue = Network Average Irradiance

200 300 400 500 600
Irradiance (W;‘mz)

from Kuszmaul et al., 2010

117! Sandia National Laboratories




1. Estimate 1-Min Irradiance

= A library of 1-min irradiance
days was created from

LVVWD sites (>5,000 days) __ sie9
= Hourly averages were 1000 M%W
calculated for each day - 1 il |

m Least-squares routine
identified best fitting days
in library to match day at F‘

600 -

nce (W/mz)

o
Q. ‘
_ =

each location ool i RV .
- The Same Iibrary day Was Simulated 1-min Irradiance M\QL*
prevented from being 0 | | © satelite Iradiance | | |
. 6 8 10 12 14 16 18
assigned to more than one Hour of Day
site for each day of the Matching 1-min ground irradiance
year. with 1-hr satellite data

Sandia National Laboratories



Example 1-min Irradiance Across

Study Area

= Simulation of PV Output This example shows model

Day of Year =202 | | oA ~ represents days when only

o ' g 7 ' 3/ N ] part of domain has clouds.
| RS NN /- “

1100

Sandia data for

Integration Study

1000
900
B00
700

4 7N Z Y (et Y .o

NV Energy Solar - L] o i N, ] e s sy

v el = i 400+
- . . N : I}
200

100

Average Irradiance over All Sites
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2. Spatial Average Irradiance over PV Plant

= Spatial average of
irradiance over plant is
estimated as a moving
average irradiance (after
Longhetto et al., 1989)

= Averaging window = the
time for clouds to pass
over plant

- Plant size varies with
module technology
(efficiency)

- Cloud speed varies with
time, as measured

Spatial Averaged lrradiance (300 MWWY)

/00

500

=

=

=
T

300

GHI Irradiance (w/nf)

]
=
)

100 |

— GHI

Spatial-Avy GHI

D 1
0 s00
Tirme

1000

1500

Effect of geographic smoothing

within a plant

h
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3. Calculate AC Power from Plant

= Sandia PV Array Performance and Inverter Models were used to
calculate system output

- These models account for:
« Module technology characteristics (c-Sl vs. thin film)
« Temperature , angle of incidence and spectral effects
« Inverter efficiency curves

= Irradiance incident on array was estimated using
- DISC model (Maxwell, 1987) for DNI estimation
- Perez (1990) model of diffuse irradiance on tilted plane

= Air temperature was estimated using lapse correction for site
elevation, wind speed from LAS airport

Sandia National Laboratories



Power (MW)

200

180+

160 -

140+

Example Results: PV Plant Output

19-Mar-2007

s1:1495Mw 5plants)  ® Qutput profiles reflect

differences between systems
- Module technology

All Plants

50 MW
12 MW

17.5 MW

- Plant capacity

- Fixed tilt vs. tracking

- Temperature differences
- Changing cloud speeds

1‘0 1[5
Hour of Day

20

25
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Power (MW)
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Example Results: PV Plant Output

S$1:149.5 MW (5 plants)

23-Apr-2007

S$5: 892 MW (10 plants)

Hour of Day

23-Apr-2007
900 ‘ :
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General Integration Conclusions

= Integration studies are needed to assess the system impacts of changing
the mix of generation on the grid

- Regional differences are very important
- Synchronized load and RE generation is important
- Market design is quite important (flexibility)
- Large balancing areas are very helpful
- Accurate forecasts are important for planning
= There are no hard integration limits, just cost and policy constraints

= More technical work needs to be done to develop rigorous methods to
assess penetration limits for specific feeders

- Current approach is ad hoc and very conservative (e.g., 15% rule)

= Increasing flexibility in the way the grid is operated is usually the best first
step.

= Demand response (load shifting) offers real benefits, if realized
- Business models need to be developed and tested
- Becomes very important if electric vehicles take off (large load growth

pOSSI b | e) Sandia National Laboratories
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Questions and Discussion

Ferrisburgh Solar Farm, Vermont
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SHORT COURSE:
RENEWABLE ENERGY
INTEGRATION

Joshua S. Stein and Roger Hill

Photovoltaics and Grid Integration Department
Sandia National Laboratories

Renewable Energy Short Course, Burlington, VT
26 July, 2011

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company,
for the United States Department of Energy’s National Nuclear Security Administration
under contract DE-AC04-94AL85000.
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Class Outline

mWelcome and Introductions
mSeminar Purpose
mSchedule for the Day

mIntroduction to Sandia National
Laboratories

Some things not addressed in this presentation:
Organics, Dye-sensitized, nanomaterials, quantum dots, etc.

Sandia National Laboratories



Purpose

= Increased integration of renewable energy sources into the
electrical grid is a goal of many stakeholders. However due to the
inherent characteristics of different renewable energy sources, such
integration poses many technical challenges such as choosing the
right mix of resources, managing the inherent variability of the
generation sources, optimizing infrastructure upgrades, and
planning for sustainability.

= The goal of this 1-day course is to provide stakeholders vital
information about the specific characteristics of various renewable
energy sources and the associated challenges of integrating these
technologies on to the electrical grid.

= Define concrete steps to aid Vermont in its transition to renewable
energy

Sandia National Laboratories



General Rules

= Informal environment
- Ask questions
- Be respectful and listen to others
- Offer answers or relevant experience
- Contribute and provide feedback

Sandia National Laboratories



mintroductions
-Name
- Affiliation
-Experience/interest in RE
-What do you hope to gain/learn?

Sandia National Laboratories



8:30-9:00

9:00-9:30
9:30-10:00
10:00-10:15

10:15-11:30

11:30-12:00
12:00- 1:00
1:00 -1:40
1:40- 2:20
2:20- 3:00
3:00-3:15

3:15-4:00

4:00-4:30

Schedule

Welcome, Introductions, and Seminar Purpose
Introduction to Sandia (Stein and Hill)

Renewable energy outlook in the and World (Stein)
Renewable energy outlook in Vermont (TBD)
Morning Break

Power Systems Fundamentals (Hill)
«  Generation, Transmission and Distribution

Energy Games |
Lunch

Wind Power (Hill)
Solar Power (Stein)
Energy Games Il
Afternoon Break

Integration Case Studies (Stein)

Short Course Review, Issues, Moving Forward

Sandia National Laboratories



- Sandia’s Heritage

‘Exceptional service in the national interest”
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— §andia locations

e

Albuquerque,

Livermore,
California

Emeryville, = &
California ,

Waste Isolation Pilot Plant, Pantex, Texas
Carlsbad, New Mexico

: - () sandia National Laboratores




- The Evolution of Our Mission

1950s 1960s 1970s  1980s 1990s  2000s

Production Development Multiprogram Research, Post-Cold War Expanded national
engineering and engineering laboratory development and transition security role
manufacturing

production

engineering

0%
@J Sandia National Laboratories




People and Budget

= FY10 permanent workforce: 8,478
= FY10 budget: $2.4B

Technical Staff (3,921) by Degree
(Start of FY09)

(Operating Budget)

[C] Nuclear Weapons

[l Defense Systems and Assessments

[] Energy, Resources and Non-proliferation
|:| Homeland Security and Defense

—e Computing 16%
Math 3%
— = Chemistry 5%

o Physics 6%

o Other Science 7%
® Other Fields 16%

) Sandia National Laboratories




. Sandia State-of-the-Art Facilities

- &
~~= v Microelectronic, Materials, Nanotechnology, and CSP

Sandia
Laboratories

Microelectronics Development Lab
(MDL)

Microelectronics Development Lab Microsystems & Engineering Science
(MDL) Applications (MESA)

National Solar Thermal Test Facility

Center for Integrated
Nanotechnology (CINT)

Integrated Materials Research Lab
(IMRL)

(1) Sandia National Laboratories




Sandia’s Photovoltaic Facilities

PV Systems Evaluation and Optimization Lab Distributed Energy Technology Lab

Simulate small pgrid or community
(25 homes and businesses), including
PV-Storage-Fuel Cells-Generators

Grid Integration Studies and Technology
Prototyping & Development Environment

*Controlled Side-by-Side Component, Array and
System Characterization

«Comprehensive Data Acquisition Systems

*Grid Integration, Inverters, Combiners,
Disconnects- All Reconfigurable
(i) Sandia National Laboratories




Thank You!




SOLAR ENERGY AND OUR
ELECTRICITY FUTURE

Joshua S. Stein Ph.D.

Photovoltaics and Grid Integration Department
Sandia National Laboratories

Renewable Energy Short Course, Burlington, VT
26 July, 2011

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company,
for the United States Department of Energy’s National Nuclear Security Administration
under contract DE-AC04-94AL85000.
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Outline of Today’s Discussion

= Background

mSolar Cells and the Photoelectric Effect
mFrom Cells to PV Systems

mModeling PV Performance
mConcentrating Solar Power (CSP)

Some things not addressed in this presentation:
Organics, Dye-sensitized, nanomaterials, quantum dots, etc.

Sandia National Laboratories



= Background

mSolar Cells and the Photoelectric Effect
mFrom Cells to PV Systems

mModeling PV Performance
mConcentrating Solar Power (CSP)




Solar Energy Fun Facts

More energy from sunlight strikes the Earth in one
hour than all the energy consumed on the planet in one
year (13 TerraWatts).

Carbon “free” energy source

Solar energy is the only long-term option capable of
meeting the energy (electricity and transportation fuel)
needs of our planet.

- Solar 7,500 TW

- Wind 14 TW Estimated

g Hy - 1TW Extractable
Resource (DOE-OS-BES)

- Ocean 06 TW

- Geothermal 2 TW

Sandia National Laboratories



In the U.S. solar resources significantly

= Currently, solar
provides less
than 0.1% of the
electricity used
in the U.S.

= All of the
electricity in the
U.S. could be
provided using:

- Less than 2% of
the land
dedicated to
cropland and
grazing.

- Less than the
current amount of
land used for
corn ethanol
production.

outweigh energy use

Photovoltaic Solar Resource
Flat Plate Tilted at Latitude

(NREL, 2003).

Yy Annual average solar resource data is shown fora
tilt = latitude collector. The data for Hawaii and the
° 48 contiguous states is a 10 km, satellite modeled -

- E dataset (SUNY/NREL, 2007) representing data from L

]
5.0
| ]

— ¥

|__ERE
-85
75
-7.5
NGS5 -
6.0 -
5.5-
50-
4.5 -
4.0-
35-
30-
25-
20-

Annual
Solar
Resource
KWh/mday

9.0

8.0

1998-2005. The data for Alasks is a 40 km dataset
produced by the Climatological Solar Radiation Model

U.S. Department of Energy
National Renewable Energy Laboratory

June 1, 2007

Source: Margolis, NREL 2009
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hl) L
S -l outweigh energy use

— Also globally solar resources significantly

Average annual
ground solar
energy (1983-2005)

7.5

7

3

Clear sky insolation
incident, horizonthal
surface (kWh/m?/day)

Source: NASA 2008

m Covering less than 0.2% of the land on the earth with 10%-efficient solar

cells would provide twice the power used by the world.

Source: Margolis, NREL 2009

(1) Sandia National Laboratories




mBackground

mSolar Cells and the Photoelectric Effect
mFrom Cells to PV Systems

mModeling PV Performance
mConcentrating Solar Power (CSP)




The photoelectric effect has been known for some time

= 1839: Edmond Bequerel, French physicist discovers photoelectric effect

= 1904: Albert Einstein theoretically describes photovoltaic effect, for
which he won the Nobel Prize in 1921

= 1916: Robert Millikan practically demonstrates Einstein’s theory

= 1918: Jan Czochralski, Polish physicist discovers method of producing
monocrystalline silicon — still in use today

= 1941: first monocrystalline silicon cell produced

= 1954: AT&T Bell Labs publishes reports on solar cells with 4.5%
efficiency

http://www.pvresources.com/en/history.php

Sandia National Laboratories



“» © The concept of a simple crystalline solar cell

Phosphorus
atom

n-layer
o — . L P T
- - . | ' Extra
> Y Y T electrons
L _I._.‘_IT e

1 - E
sl A 1

s
Ll R ol DR
.

Substituting a phosphorus atom (with five valence electrons) for a _ :
silicon atom in a silicon crystal leaves an extra, unbonded . S lunction

electron that is relatively free to move around the crystal. M
(& —— i -0 8

BT
= AL Extra
Boron i ® P
atom #
.

Contact surface

- Hole
o Although both materials are electrically neutral, n-type silicon has excess
g. electrons and p-type silicon has excess holes. Sandwiching these together

creates a p/n junction at their interface, thereby creating an electric field.

Substituting a boron atom (with three valence electrons) for a
silicon atom in a silicon crystal leaves a hole (a bond missing
an electron) that is relatively free to move around the crystal.

http://www1.eere.energy.gov/solar 111 Sandia National Laboratories




The Photoelectric Effect

uv | visible | infrared —>
1.6 |-
—_ B O solar spectrum (AM 1.5-G, 1000 W/m?2)
Energy g 1.2 |- O converted by crystalline silicon cell
N
£
\Q :'-"-’ B
@ E, 1100 nm ~ 1.1 eV = band gap of silicon
—— > 08|
o o)) h 4
{ . usable :6
LY ! (av) -
QT 0 © 5

© - 0.4 |

Excitation and loss processes in a standard

solar cell: (1) thermalization loss; (2) and (3)
junction and contact voltage loss; (4) 0.0
recombination loss.

400 800 1200 1600 2400 2400
wavelength [nm]

http://www.vicphysics.org/documents/events/stav2005/spectrum.JPG

(Courtesy of Feng Shi, Northern New Mexico College)
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http://www.vicphysics.org/documents/events/stav2005/spectrum.JPG

Multi-junction cells absorb more photons for higher
efficiencies

Antireflection

coating
Au grid
Silicon Gallium arsenide Aluminum n-AllnF3
absorbs absorbs - gallium arsenide
> LI eV >1.43 eV absorbs Top cell
. >L.T e¥ p-EaInFI
— .:__ ~ Tunnel
< L1 eV < .43 eV = .7 eV =Rl L diode
Different PV materials have different energy band gaps. Photons with
energy equal to the band gap energy are absorbed to create free Bottom
electrons. Photons with less energy than the band gap energy pass p-GaAs cell
through the material.
Substrate

= Complex, high manufacturing cost

= Used in concentrating systems for
high output

This multijunction device has a top cell of gallium indium

phosphide, then a "tunnel junction" to allow the flow of

electrons between the cells, and a bottom cell of gallium
arsenide.

http://www1.eere.energy.gov/solar
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Thin Film Devices Use Much Less

_ &
S Semiconductor Material

Frant (Substrate) Glags
Soda Ume Glags - comman window glass

Front Contact

TCO (tranzparent conduching oxide) = &

thin Layer of Tin Omde |2 apobied to the

fromt glass. This is the same material used

in Byw E-coating (insulator) far oommen
- inzulating glazs.

- Semlconductor
T — " 45 (Cadmiven Sulfide) - wincsow Layer

CdTe (Cadmium Tellunde) - absorber layer
Metal Conductor

Thim stk of metals thak create fhe back
ranfad]

EVa
EVaA (Exhiyl Winyl Acetatel - an adhesive,
eresapplaat maberial

Back [Cower) Glags
Soda LUme Glags - commaen window glass

= 1-2 microns thick vs. ~180 microns for c-Si
= Lower efficiencies mean more balance-of-system
m Glass substrate limits usability (weight, flexibility)

Source for figures: www.firstsolar.com

m
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Best Research-Cell Efficiencies

Efficiency (%)

44 g
| Multijunction Concentrators | §
W Three-junction (2-terminal, monolithic) St °
0F a Two-junction (2-terminal, monolithic) P i
B Crystglime Si Cells Enedinla '
36 ™ Single crystal X =
O Multicrystalline Spectrolab
@ Thin Si Japan
32 ThinFilm Technologies Energy NREL/ Tl
. ®Cy(In,Ga)Se, Spectrolab J)
O CdTe
281~ o Amorphous SiH (stabilized) o
— Emerging PV T
241 O Dye Cell =
@ Organic cells NREL
i (various technologies) Spire Stanford 1 ﬁ%%ggi%geﬁzon i
20 Georgia Tech UNSW P o
.+ ARCO,
Westing- ‘
16 ; University ~—— NREL# o’.’CJ\"/O ol
No. Carolina So. Florida NREL NREL
B State University </ I Al
Solarex ~ ARCO  Boeing -
12 B @%a_k e United Solar |
L
[~ Masushita Monosolar e Al
SR | University of
sk odak  Boeing AstroPower United Solar Lausanr%e 2
Photon Energy Princeton
N Solarex it University /\siemens Al
niversity o Linz
Al Lausanne m -z
- RCA Kocak uoss T Netuends 3
oLt v v 0wy T T T T T T ) UCRerkely |
1975 1980 1985 1990 1995 2000 2005

Lewis et al, Basic Research Needs for Solar Energy Utilization Department of Energy
Paper, 4.18.05 (courtesy E Shi, NNMC)) 1] Sandia National Laboratories




PV Conversion Technology Tradeoffs

Technology

Advantages

Disadvantages

Mono-Crystalline Silicon

Proven technology
Higher Efficiency (22%)

High material usage

Poly-Crystalline Silicon

Proven technology
Lower cost than mc-Si

Lower efficiency (13-16%)
High material usage

Amorphous Silicon Thin Film

Proven roll-to-roll high throughput
manufacturing

Low materials usage

Low efficiency (~7%)
High Cap-Ex Costs

CdTe Thin Film Low manufacturing cost Lower efficiency (~10%)
Low materials usage Lifetime not demonstrated
Glass required
CIGS Thin Film High Thin Film Efficiency (~12- Currently expensive & difficult to

13%)
Low materials usage

manufacture
Lifetime not demonstrated

Multi-junction concentrators

High efficiency (~36%)
Very low material usage

Expensive to manufacture
Need for high tracking accuracy
Expensive balance-of-system
Thermal management issues

Organics (not yet commercial)

Very low cost to produce

Low efficiency (~4-6%)
Unstable

Sandia National Laboratorieq
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The Photovoltaic System Slide

(in lieu of “The Photovoltaic System Presentation”)

W = PV Module
b 3 BERE N l| /
|l 1 L A I 1 4 3
(il '] B-M-§ BEEe
el L .i. s |.JI. 1 e e . 8
Ll LN L'_.::._ A || {I' ]n[grfm
Ll vl
H_.- Pl 5_.- LU and Load
[ Ssossensnsouenawous| regulation c)
| Lol R omh T3 |
| i | ] 4 ' |
A BuDE uENE SUOE BEE a8 SIm=E ‘
Tit e I I ] Battery Bank
| | 3 0 i
| | I.I_.!._ Ll E Ll_.g._l_ e L
't;:l | abdd it R PV Module h =+
Call Module Array
The basic photovoltaic or solar cell typically produces only a small amount (b} - llleter

of power. To produce more power, cells can be interconnected to form
modules, 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.

in-ﬂ

Load
Conditionar ‘

This simple illustration shows the elements needed to get the power created by a PV system to the load (in this
example, a house). The stand-alone PV system (a) uses battery storage to provide dependable DC electricity day and
night. Even for a home connected to the utility grid (b), PV can produce electricity (converted to AC by a power
conditioner) during the day. The extra electricity can then be sold to the utility during the day, and the utility can in

turn provide electricity at night or during poor weather.

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

m
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The Photovoltaic Module

Amps

SI.I'Itht 30 —

—| ,SHORT CIRCUIT CURRENT (1

e ! MAXIMLM POWER
. VOLTAGE + CURRENT

Antireflection coating —
Transparent adhesive |

i

-~ Front Contact  Cypent —=

ha
o

_._LuL_/_Jg
3 |

|

|

|

|

|

|

Coverglass —, /

Performance decreases with

; %\W 5 e increasing temperature
T | B
=
05 —

[§ l. -. ‘. : i
H'T"II'E'F'EHFE'&“EHJH{H'_ [/ h @ . -|5 Tr 1.:1 B 15 2 | 25
p-Type semiconductor —— — Back contact Volts QPEN QIRCUIT

http://www1.eere.energy.gov/solar http://www.daviddarling.info/encyclopedia

* One typical flat-plate module design uses
a substrate of metal, glass, or plastic to
provide structural support in the back; an
encapsulant material to protect the cells;
and a transparent cover of plastic or glass.
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W

%

ﬁ* _ Concentrating Photovoltaic (CPV) Modules

I". .-.J;:- F;E Hiﬂﬂ.dﬂ =ik
i 'f}mﬂ_ﬁﬁﬂl e e

Fresnel
lenses

2 = Housing
& T—Secondary optics
—Cell assemblies

Cell assembly

7 a—Secondary
T concentrator

Electrical contact
e+ Cell and prismatic cover

o Solder

"""~ Copper heat spreader
and electrical contact

" Conductive adhesive
Module housing

500 Times Normal Irradiance

Solar Flux

Lens Concentrates ll ll l l ll x
Solar Flux to 500 Times | gne " "**%"

Mormal Irradiance

Conversion Efficiency
Improves Under Concentrated
INMumination

Receiver

Equal Power Output

Concentration Enables the Use of Very Small Solar Cells

Seven
5" Silicon
Cells
J EI.HIL‘:DRE
Multi-Junction Cell
www.emcore.com @ Sandia National Laboratories




- ¢ PV Inverters and Balance-of-Systems

m Convert DC to AC

= Available at module-scale (200W) up
to 2 MW

= Principal hardware:

- High power transistor bridges for
conversion

- Transformer for isolation of AC _'-'-"

signal Residential inverters and related disconnects/meters at
. Capacitors for signal smoothing Sandia’s PV Systems Optimization Laboratory

[ ] P ri n ci pal softwa re : ot Inverter Efficiency at Different dc Input Voltages

- Maximum Power Point Tracking (for
optimum module utilization)

- Anti-islanding (to detect grid loss)
- Signal detection (turn on/off)

©
N

©
=]

—0—255 Vdc
——320 Vdc

Efficiency (%)
©
©

= Reliability: viewed as the weak link in - 405 vae
the system
= Additional BOS: AC, DC disconnects; —
wiring, fuses, racks, meters, ... de Power (W)
Typical inverter efficiency plot (fr_‘-(:'n 'S—N_Ii DETL) e



- PV Applications

= Residential

= Commercial

" \",

~ San antism’sMosmye_[emr' T

= Utility _— . |

Off-grid

)

Fast Africa --S6lar-cooled vi: e ivgm;{amr Sofﬁijb




Building-Integrated PV (BIPV)

-

‘

ST e " - 3kW a-Si rooftop at Sandia’s Distribu
= _ . Gl T LT : i ® Energy Technologies Laboratory (DETL)

I-llh..* "

..-llll*-
Hlnlllnr ¥
-Illh..* 1

Take advantage of
architectural characteristics
peme of a building

s b R - L= Integrally mounted as part
- e | . _ ol of structure
' : == = Can be difficult to access for

maintenance
Can have higher operating

temperatures (low air flow)
and lower performance
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Design Issues

= Goal is to maximize investment return while minimizing
risk
- Multivariate, nonlinear optimization problem with
considerable uncertainties

- Risk can be defined as the probable frequency and
probable magnitude of future loss
« Product of probability and consequence
Other Examples of Risks:

Likely * Irradiance lower than expected
3 « Soiling worse than expected
_8 _ « Components fail sooner than
=  Unlikely
E expected
= - Degradation faster than expected
Very Unlikely Warranty not honored

Inexpensive = Expensive Very Expensive ® DeS|gn flaws

Consequence (cost)

117! Sandia National Laboratories




Design Options

Site (weather data availability, uncertainty)
Technology (module, inverter, and BOS)

Orientation (fixed tilt, tracking, roof or ground
mount, ground coverage ratio, shading)

System configuration (central or distributed
power conversion, module and string layout)

Operation (monitoring, cleaning, preventative
maintenance, etc.)

Modeling of expected system performance

Sandia National Laboratories



1. Site Choice

= What type of weather data is available?

- Typical Meteorological Year (TMY)
« TMY (1952-1975); TMY2 (1961-1990); TMY3 (1991-2005)
« Not available everywhere (how to interpolate between sites?)
- Variable data quality

- Field Data
« Expensive, Short duration, data quality

- Satellite Data
+ Free and for a fee depending on period and supplier

= Uncertainties
- TMY annual uncertainties are typically +/- 9% (95% CI).

Approximately equal to +/- 1% for 25 yr average
(4.5%/sqrt(25))

Sandia National Laboratories



2. Technology Choices

m Efficiency vs. area-related costs (a
balancing act)

- High efficiency modules more expensive per watt
« Typically mounted on trackers to increase energy yield

- Lower efficiency modules less expensive per watt

« Require longer wire runs (greater DC losses), more racking,
ground prep, O&M, etc.

= Reliability track record
= Financial health of company (warranty risk)
mInstaller experience

= Equipment availability
- Characterization and testing data

Sandia National Laboratories



3. Orientation Choices

m Tracking vs. fixed tilt

= Mounting options (thermal consequences)

- Roof mount
- Ballasted vs. penetrations
« Flat or tilted (soiling)
+ Access to fix leaks, replace roof

- Shade Structure (parking garages)
- Ground Mount
+ Vegetation/animal control
= Time of Use Rates
- Trade total energy for energy at peak periods
- Battery storage options?

Sandia National Laboratories



4. Operational Decisions

= Level of Monitoring

- Inverter level
- Least expensive, hard to identify incremental problems
+ Usually combined with a PM cycle (how often?)

« Accuracy concerns unless revenue grade meter is used (extra
expense)

- String Level
- Uses smart combiner boxes or alternatives
+ Can be combined with string-level power conversion
« Extra communications overhead (reliability)
- Module Level
« Microinverter or DC/DC converters
= Preventative Maintenance
- What to do? How often? Contract or in-house?
m Utility Interactions

- Large systems are being asked to coordinate with utilities, provide
forecasts, etc.

Sandia National Laboratories



5. Modeling Issues

= PV performance models are being used to assess
design issues.

- Are they up to it?

= Sandia organized a workshop to begin to address
these issues:

- PV Performance Modeling Workshop
September 23-24, 2010, Albuquerque, NM

- Attended by 50 including Modelers, Manufacturers,
Integrators, Independent Engineers, Analysts,
Universities, and National Labs

Sandia National Laboratories



PV Performance Modeling Steps

Modeling Process

= How much light
enters module?

= What is the spectral
content of the light?

= Whatis cell
temperature?

= String Mismatch

= Balance of system
- Wiring losses

» Inverter performance
- MPPT
- Efficiency

Design Data

Location, Azimuth, Tilt,
Albedo

Model Algorithms

Tracking System

Translation Model
DNI+GHI—-POA

Database or
User Input

v

Horizon, Obstacles

y

Tracking/Back-Tracking

v

Materials and Mounting

Shading Model

Weatherand Solar
Resource Database

v

Soiling/Snow Losses

User, if no Model

v

Module

N

4

Module Temp Model

3

Array Layout, Wire Size

Module Elec. Model

y

User

v

Mismatch Model

Database or Datasheet

v

Inverter

DC Losses

User or Datasheet

v

Transformer, Wire Size

L

Inverter Model

User, if no Model

v

AC Losses

Database or Datasheet

User, if no Model

Output

Sandia National Laboratories




Current Status of PV Performance
Modeling

= Models Do Not Agree

- Even the same model, applied by different users may produce
different answers

= Model accuracy and uncertainty, in general, have not been
independently verified

- Uncertainty (x + y) generally not stated
- No accepted validation process

= Potential impacts include

- Choosing a technology because the model associated with an
incentive treats it favorably

- Choosing a technology based on performance that is not a better
value when uncertainty is considered.

- High market hurdles for new technologies lacking extensive field
performance data to justify tweaking models

- A decrease in investor confidence, leading to higher financing costs

Sandia National Laboratories



Model Results Can Vary

. Total Energy vs. Model Type by Model Type Legend
N Blll‘ld StUdy 2300000 « 5-Par
[ ]
- 20 modelers 22000007  Internal
Other
. 2100000
7 mOde|S s e * P%Faorm
m Results differ 2000000 . PVSyst
ithi = P att
within and > 1o00000{ ) Sﬁp; 5
between models L]
2 18000007 Measured
- Losses are hard = - . 2
to estimate 17000007 :
- Assumptions are 1600000
necessary 1500000- .

1400000

S-FPar Internal  Other PVERorm PVWoyst FVWatts SAPM

Model Type

h

Sandia National Laboratories



Preliminary Summary of Outcomes

= Model developers are improving theirmodels-to-boost-accuracy-for-all
technologies

= All models, even the simplest, require user estimates for some inputs,
e.g. derate factors in PVWatts

- Modelers in same company using same model may get significantly
different results

- Experienced project developers have tuned models to match output of
fielded systems and/or have developed internal models

- Model tuning and validation requires data on fielded system
performance with accompanying weather data

- Public data is not available, especially for larger systems

= Modelers who lack system data for model tuning and/or who are
modeling new technologies will likely produce varying estimates of
annual output, as illustrated by analysis of the workshop pre-work.

= Needs
- Validated data for model inputs, e.g. from 3 parties

- Standard sets of data from public installations of a variety of systems
types and locations for use in model validation and improvement

- Characterization of model uncertainty, including which inputs have
greatest effect.

Sandia National Laboratories



Model Development Issues

= Existing spec sheet data are insuffi'cient for
building a sophisticated model

- Multiple irradiance and temperature conditions (more than two)
are needed (proposed for IEC 61853-1)

- Adequate sampling of modules (how many is enough?)
- Third party testing (auditing?)
- Stability of characterization data between technology (light

induced changes: Are IEC 61215 and 61646 adequate for
new technology?)

= Agreement on modeling losses is needed

= New module and BOS components difficult to
assess (e.g. BIPV, Solyndra, bifacial, DC-DC
converters)

Sandia National Laboratories



Large Systems Issues

= Certain factors need to be represented differently for large
and small systems.

- Irradiance issues (point vs. array measurements)

- Module Temperature issues (spatial fluctuations, Heat Island
effect, etc.)

- Reliability Issues (O&M strategy is important)
- DC Loss Issues (longer wire runs, uneven soiling)

- Tracking issues (backtracking algorithm, failures, parasitic
loads)

- Inverter issues (MPPT performance, multiple inverters)
® Industry knows how to do this for their systems

m Customers/Financiers need independent tools to validate
performance estimates

Sandia National Laboratories



Current Efforts and Next Steps

= Guide industry to adopt standards that allow more
accurate modeling of performance

- Better characterization at different irradiance and temperature
conditions on spec sheets

= Develop publically-available resources for PV
modeling

- PV Performance Modeling Collaborative
+ Launch website and resources

« Documented and validated modeling functions (Matlab)
+ Host 2" PV Performance Modeling Workshop (Fall 2012)

= Regional Validation Test Centers
- Test and validate U.S. PV technology in different climates

Sandia National Laboratories



mBackground

mSolar Cells and the Photoelectric Effect
mFrom Cells to PV Systems

m Concentrating Solar Power (CSP)




- ¢ Heat Transfer Fundamentals

= The solar energy resource
- Sunshape and solar energy
spectrum
= Heat transfer issues
- Conduction, convection, radiation
- Absorption and IR emission

= Solar concentrator optics
- Single-axis tracking trough
collectors

- Double-axis tracking heliostats and
dishes

- Specular reflection
= Power cycles

(1) Sandia National Laboratories




Spectrum and Sunshape

®* The visible spectrum is from 400
93X 10 8 MILES
(1495 x 101 | METERS) nm to 700 nm

EARTH ®* Note 5250 C Blackbody spectrum

® Unlike PV, CSP responds
to the full spectrum of the
sunlight (“Broadband”)

®* CSP only uses the “direct”
component of the light

* Flat-plate PV can use
the direct and diffuse
components

Solar Radiation Spectrum

UV | Visible | Infrared —=

25

Sunlight at Top of the Atmosphere

5250°C Blackbody Spectrum

Radiation at Sea Level

Absorption Bands
H,0
2”7 €O H,0

Spectral Irradiance (W/m?2/nm)

D-
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)
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Absorption and emission

Solar energy is part of the
/, electromagnetic wave spectrum.

/

/ \ BIaCKbOdy at AT bl HerEyE ujlt'.rr;:;idtl infrared racar Fisd TV .'I:'hl.'.rlwrw_rAM
| smc s e b
/ \ - - = Wimible Light )

/ Blackbody at -
o = 400 C e o Wiav elenzil fnmj.tr:-:-:.r.-lr.-rsl
\\ . : revisionveorid £
I __ I
ABSORB SOLAR DON’T EMIT IR

® The first objective is to capture all of the solar energy
®* The second objective is not to lose it

® Surface characteristics of absorptivity («) and emissivity (:) vary
with wavelength

® Itis desirable to have a high solar.and alow IR -
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What can CSP do?

®* Convert the sun’s energy to heat and use that heat to power and
engine/generator.

® Are utility-scale solar power (> 100 MW).

®* Comprise three generic system architectures: line focus (trough
and CLFR), point focus central (power tower), and point focus
distributed (dish engine).

® More than 140 plant-years of commercial operation (10 plants,
400MW) in the Southwest.

®* Capable of providing dispatchable power for peaking and
intermediate loads (storage or hybridization).

®* Mostly uses commodity items (turbines, glass, steel, aluminum,
piping, controls, etc)

r7] Sandia National Laboratories




PR Trough Components
Trough Collector '

Drive System

Drive

Receiver

Local

ontroller

Controller
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How a Trough System Works

i b
=T
: o
l |1 - IJ.\'l. 'ﬁ:
=
= .

Synthetic Oil circulated
through the collectors
and heated from 290 to
390 C.

Hot oil circulated through
the steam generator to
produce superheated
steam.

Steam routed through the
turbine generator
producing electricity.

Steam condensed using
water cooled in cooling
tower.
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- CLFR Designs

® Continuous Linear Fresnel Reflector
®* Approximates a line-focus trough collector

®* May be lower cost because it doesn’t use curved mirrors and
places the reflectors near ground level -- reducing wind loads

[ 4 ; i i i

)
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SEGS Plants

* Solar Electric
Generating Stations

®* Total annual ave.
solar-to-electric
efficiency at 12%.

®* Plants use
conventional
equipment and are
“hybridized” for
dispatchability (25%
Natural gas)

30 MW increment based on regulated power block size

117! Sandia National Laboratories




Nevada Solar One

®* 64 MW Capacity
® 357,200m? Solar Field

® 30 Minutes Thermal
Storage

®* Minimal Fossil fuel

®* Long term PPA signed with
Nevada Power

® EPC Notice to Proceed -
January 2006

* Startup April 2007

111! Sandia National Laboratories
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Receiver

Power Tower Components

Storage Tanks
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S ) Heliostat Designs

Deflection limited designs
Wind load survival at stow

(1) Sandia National Laboratories




- ¢ Central Receiver Receivers

= Central Receivers are
- Cavity receivers
- Windowed
- Direct steam generators
- Can use Molten-Salt
working fluids

= Design Considerations

CAVITY MOLTEN SALT SOLAR 2 MOLTEN
RECEIVER SALT RECEIVER - Inlet/Outlet Temperatures

- Materials

- Pressure

- Low volatility working fluids

WINDOWED BEAM
DOWN AIR RECEIVER

111! Sandia National Laboratories




- Power Towers

PS 10 (2006) PS 20 (2009)
11 MW & 20 mw Capacity
Once-through steam boiler

1 Hour thermal storage (steam)
1878 heliostats (120 m? each)
Towers height 100 m and 160 m
73 GWhr/annually

Solar Two Experiment

(1995 - 1997)
10 MW Capacity
Molten Salt working fluid/thermal st.

Receiver n = 88%

n of Storage > 98%

Dispatchability demonstrated

m

Sandia National Laboratories



Molten-Salt Power Tower

In a Molten Salt Tower

cold salt (265C) is pumped
to the receiver, heated to
565 C, and returned to the
Hot Tank

To generate power, hot salit
is removed from the hot
tank, passed through the

EEEEEEEE steam generator, and
ﬂ P ST ‘ o returned as cold salt to the
’ j—’ . cold tank.
o g g 55 \ Y Energy collection is
o % uncoupled from
g

power production
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Dish Stirling Components

Receiver

NS .. & -

Engine/Generator

m
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B

Dish Designs

m

Sizes range from about

10 m2 to 300 m?

Sandia National Laboratories




Dish Stirling Receivers

The receivers transfer the solar-generated heat to the engine. This is done
indirectly; by heating tubes that transfer the heat to the engine working fluid
(hydrogen or helium) or by transferring the heat to an intermediate fluid (like

sodium) that heats the tubes.

(1) Sandia National Laboratories




CSP Dish Stirling Systems
Kinematic ;

Free Piston

Kinematic engines operate similar to an automobile to produce mechanical
power by moving pistons, driving a crankshaft, and spinning a generator.

Free-piston engines have only two moving parts — a power piston and a
displacer piston. The power piston moves back and forth driving the displacer
piston. The displacer piston has a permanent magnet that moves back and
forth in coils located in the engine housing, operating as an alternator.

h
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- "~ CSP Dish Stirling Systems

High efficiency (Peak > 30% net solar-to-electric)
Annual Efficiency ~ 22 — 25%

Modular (3, 10, 25kW)

Utility-scale plants would have 1000s

Small system for DG applications

No commercial plants built yet

e |
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Summary

mSolar resource and potential is huge in all
parts of the U.S.

= Many PV technology and design options

m Characterization and prediction of PV
system performance needs improvement

m CSP offers options with energy storage,
which makes integration easier, but costs
are still high

Sandia National Laboratories



RENEWABLE ENERGY

OUTLOOKIN THE US AND THE

WORLD

Joshua S. Stein Ph.D.
Photovoltaics and Grid Integration Department

Sandia National Laboratories

Renewable Energy Short Course, Burlington, VT
26 July, 2011

Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company,
for the United States Department of Energy’s National Nuclear Security Administration
under contract DE-AC04-94AL85000.
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Outline and Goals

= How do we measuring energy use for a country or the world?
= Who measures energy for the U.S.
= Where does our energy originate and how is it used?

= How are states and governments influencing a switch to
renewables?

= How reliable are future energy forecasts?
= What are the main barriers to renewable energy?
= What is happening in Europe?

Sandia National Laboratories



Energy Units and Conventions

= How do we measure energy?
- Joule (J) — 1 newton/meter or 1 Watt/sec (very small amount of

energy)
. Gigajoule (GJ) = 1 billion (10°) Joules (~6 GJ per barrel of oil)

. Zettajoule (ZJ) = 102" Joules (Annual global energy consumption is about
0.5 2ZJ)

- BTU (British Thermal Units) = 1,055 J = Energy required to heat 1
pound of water from 39 to 40 deg F.

« Quad = quadrillion BTUs (10") is the standard unit for measuring energy
use by world economies.

+ U.S. used about 100 Quads of energy in 2005

= 1 Q =8 million gallons of gas 10'° pennies
= 100 Q = PV energy potential
= ~13,000 mi?

= Land required = 25 years of coal mining

= The U.S. defines “quadrillion” differently from the rest of the world - '-‘ e
m The “British” quadrillion = 102 T —




%

Who Measures Energy for the U.S. and World?

= U.S. Energy
Information
Administration

Statistical and
analytical agency
within DOE

Weekly, monthly,
quarterly, and annual
assessments and
forecasts

Annual energy
outlooks

Systems modeling
(National Energy
Modeling System
(NEMS)

= International Energy
Agency
- 28 member countries

& http:/ faww.eiz.govy - Windows Internet Explorer

=] o

P : ¢ [ 5,

@u‘ » |*l hittp://www.eia.gov/ '| "7| x | |;-' Ask Search

g Favorites | 55 | New SharePoint Site é Suggested Sites v @ | CCHD g | CSU Information @ | SEEMS Web Mail g | SNL Directory g | SNL Index
I!"I\ ~ B/ -

| €@ nttp:/rwwweiz.gov/ | ge v Pagev Safety~ Tools~ @@~

>

o+

bout Energy - News ~ |

/ Independent Statistics /5
: ia 1.S. Energy Information
e Administration

Sources & Uses » Topics = Geography -

Kuwait is one of the world's top
producers and exporters of
crude oil

Read the Country Analysis

‘What's New Today in Encrgy Data Highlights
Qil stripper wells accounted for over 16% of U5 all
production in 2009 Crude il futures price
7H9i2011: $97.50/bbl

T 50.07 from wesk earlier
T 530 96 from year earlier

Stripper wells, those wells which individually praduce no mare than 15
parrels of oil equivalent per day over a twelve month period, collectively make
an important contribution to U.S. oil and natural gas production. Today's
arlicle locks at oil stripperwells; tomorrow's Today in Energy report focuses
on natural gas stripper wells. More

Hatural gas futures price
7H9i2011: $4.533/mmBtu
1+ 50.200 from week earljer
T =0.023 from year earlier

Oil stripper wells count and share

count (thousands) share oftotal oil production Rt RO ETEE
250 R etail gasoline pric
7Hai2011: $3.6821gal
"-l-._.-_-.,_‘_
300 20% T 50,041 from wesk sarlisr
) 250 e e, T 50.380 from yesr sadier
= 200 = T 5 10% Retail diesel price
o K IR - 7H82011: $3.923/gal
= T 50.024 from wesk earlisr
5 — . ——— 0% T 51,024 from yeer sarlier
& A o A @
Rt ) .ﬁ.@@ﬁ.ﬁ?\@m@@@&@ﬁ ,§§§3,.5§3 & ,§§f"' Weekly coal production
719/2011: 17.598 million tons
L a979m nis from usak serlier
P i b
@ Internet | Protected Mode: On ‘g v HI00% -

m
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National Energy Modeling System

= Global optimization

problem Wlth multlple Figure 1. Basic NEMS Structure and Information Flow
co nStrai nts il and Gas Macrosconomic International Residential
Supply Module [* Activity Module Energy Module = Demand
= Supply and demand Y ! v Moduis
are balanced for the { ()
minimum price Natural Gas 1 Commerciat
Transmission ’/f <« _lo %rl;rmn:;ﬂa
= Capital expenditures, ! adute | S| o
international prices, Integrating
and economlc aCtIVIty Coal Market j Module L Transportation
are also considered Module (¥ P\ 3 . SOV Gamans
m Regional divisions are I \*
considered Renewable ) Electricity Petroleum Industrial
. . Fuels Module  [% Market Module Market Module ™ Demand
m Current incentives Module
|nC|Uded Supply Components Conversion Components Demand Components

117! Sandia National Laboratories




ustoraLenerav Flow, 200 U.S. Energy Flow by Source and Sector

(Gigawatts)

m—‘oo“'\a &
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/ OAL T —-————-——’—“-'—I-;'E—IT:F:._."_":! | OTHER EXPORTS’ 110 gl
/ 798 EXPORTS236

A
—_— DENT‘ 4
N — COAL ges! 723
)G ATURA;_ Fossi, 750

[ 3AS707 TS pomestic FOBSIL - ommERCME )

y PRODUCTION FUELS° 4
cnuap;a—u pugy NATURAL GAS® "55-2 620

— SUPPLY 797 E— —\2
RELECTRIC283 1C 283 3562 INDUSTRIAL?
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5,‘ /,/
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MODIFIED FROM: Encrgy Information Administration / Annual Encrgy Revicw 2008
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(quadrillion Btu and percent)

20089 Total = 94.6 quadrillion Btu
Supply Sources Demand Sectors

Parcamnt of Sector




The Evolving Energy Mix

% of Primary Energy
80% _
Ref : Shell Global Scenarios
Coal
60% |
oil
40% |
New
Renewables
20% _|
Biofuels
—
0% /7'___/ Nuclear
I 1 1 1 1 1
1850 1925 1950 1975 2000 2025 2050
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m Conversion losses

m Transmission and

m Does not include 280

U.S. Electricity Flow

. I n C re aS i n g - 0.5/3 ' 8.13 Electricity Generation,

Transmission & Distribution Losses

11 H | Biomass | Electricity
effl C I e n cy I S ey { PYXs] Generation

Lost Energy
[55.1

i m pO rta nt Geal o 5.99

i == — 464 Residential
., F ,

(technology)

distribution losses
(system design)

Useful Energy
42.8

0.34me
Light-Duty:

Domestic T
ifXy Vehicles

z
(2373
i

Net Imports
wasted energy =5

Domestic

= E.g., consumer & e
electronics oN  wetimpors
240)
standby,
lighting, A/C, ...
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Using the “Spaghetti Chart” to
Understand Energy Issues

= Nuclear energy role in U.S. energy supply and in
electric energy production?

= Is the U.S energy supply vulnerable, how much is
imported and for what?

= Benefits of solid-state lighting on oil imports? On
energy efficiency and future power plant needs?

= Are there benefits of higher fuel efficiency
standards for cars? For cars and trucks?

= Where are energy efficiency technology
improvements most productive?

Sandia National Laboratories



'Growing Environmental and

-
" _Ecological Issues (Carbon Footprint)

=3

-
Sl S

A ,’:’ e
' £ * AL /"" . -/ S}
Ty e 12
»4"' "d_:"‘ : 2 ‘_-' ffe
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TUE ZERD-
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AHE
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Coalmine, oil
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oomber e S e
! : an w Afforestation ™. projects *, S?IZB erma
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Efficiency for Landfill projects g e
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Cost of Reducing CO,

U.S. mid-range abatement curve — 2030

[ | Abatement

<
Cost . Commercial Residential cost <§50/ton
Real 2005 dollars per ton CO,e Afforestation pyjiidings —  buildings —
- of cropland | pyac HVAC a
i i t equipment
90 Coal power plants— | €quipmen -
GO rebulde with EOR | eficiency  efficiency
Indusirial Coal mini Residential Co 1
Fuel economy process 03l MINING = jiigings —  Active forest Distributed | | I Solar CsP |
packages — Light improve- Methane Shell management solarPV | i —
60 r trucks ments mgmt retrofits | '
Residential Commercial o i i i
electronics e - ., Commercial. Nuclear i H
buildings — Residential buildings — i |
i Combined water | Control ! :
30 - i Residential heat and heaters | systems
i buildings — power | : i
. Lighting | ! ! ; ‘
P = ! j
0 - : i
([l 02 04 (o 0.8 .0 J_U—LTQJ'UJ 14 1.6 1 240 4 2 52.4 26 28 30 3.2
i i i ! Potential
i Onshore wind — i ' ) Gigatons/year
20 i i Low penetration { Onshore wind — | Industry —
| Industry - i High penetration | CCS new
| Combined : builds on
H | .
| heat and Biomass power — _carbor_l
-60 | power . intensive
| i Cofiring processes
L Cellulosic N
; B Manufacturing — L
H! biofuels isti Car hybridi-
I Elxal :ﬂlng power HFCs mgmt Coal power plants — CCS ati ony
90 | ! Residential conversion new builds with EOR
: I buildings — -
| bmldmgdi efficiency Onshore wind — Medium
! | New shell improvements trati Coal-to-gas
Commercial | | improvements Conservation penefration shift — dispatch of
: H i .
20 I electronics | | filage Winter existing plants
L i | Commercial cover crops Coal ant
i | buildings — oal power plants —
CFL lighting Reforestation CCS rebuilds
-230 Commercial
buildings — Commercial
LED highting buildings — Natural gas Afforestation of Coal power
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Source: Reducing U.S. Greenhouse Gas Emissions: How Much af What Cost?, Executive Report, McKinsey & Company, December 2007

© 2007 McKinsey & Company 0
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Renewable Portfolio Standards Are Gaining Ground
Across the US

New Market Scenario: Climate change concerns, renewable portfolio standards,
incentives, and accelerated cost reduction driving steep growth in U.S. renewable energy

system installations.
RPS Policies

www.dsireusa.org / March 2011

VT: (1) RE meets any increase
in retail sales x 2012;
(2) 20% RE & CHP x 2017

y 4
. lMI: 10% + 1,100 MW
——— x2015+

7
WI: Varies by utility;
10% x 2015 statewide : 29% x 2015
- \ L
[1A: 105 MW/ P Ot: 2500 x 20251

¥ é ‘ - 1L: 2% x 205 WV: 25% x 2025%t
CA: 33% x 2020 LB KS: 20% x 2020 ™

: 15% x 2021 * FA
i

_ NC: 12.5% x 2021 (100s)
1 NM: 20% x 2020 (IOU 10% x 2018 (co-ops & munis
' 10% x 2020 (co-ops’
TX: 5,880 MW x 2015
HI: 40% x 2030 .

)

ME: 30% x 2000
New RE: 10% x 2017

[NH: 23.8% x 2025]" *

MA: 22.1% x 2020
New RE: 15% x 2020
3y (+1% annually thereafter)

[PA: ~18% x 20211|{"
[NJ: 22.5% x 2021]
[ MD: 20% x 2022 ¢

%

MN: 25% x 2025
Xcel: 30% x 2020

;

_I.I"I.

[ DE: 25% x 2026*] /.

DC: 20% x 2020 i )

- @ - [ PR: 20% x 2035 |

[Ty ”
. \'f"\"_\. i . .
B renevable portfolio standard %4/% Minimum solar or customer-sited requirement
|:| Renewable portfolio goal *@ra credit for solar or customer-sited renewables
& Solar water heating eligible t ludes non-renewable alternative resources
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Most States have Renewable Portfolio Standards

« 2007 EIA examined 15% Federal Most States Have Renewable Portfolio
RPS Standards, Mandates, or Goals, 2010

* Result was tripling of electricity
generated from biomass as well
as large increases in wind and
solar

\ B | — d ] V
" " - " !_ I I-- A 1I'~ |. { o
- Price for electricity increased | RO a
o J KS MO § ! Ky E{L} D
by 0.9% i ' S If’;f’j:‘c AN

» Natural gas prices fell as a
result of decreased demand

*‘RPS can have significant and .
sometimes unintentional effects R AN Has Renowabie

. i ortfolio Standards or
on other economic sectors ™ State Goals

Source: Database of State Incentives for Renewables &
Efficiency (accessed January 2010).
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Billion kWh

Forecasting: The U.S. electrical energy

demand only increases

6000

Projection:
y = 67.05(x) - 130,700
5000 - )

4000 -
3000 -
2000 -

1000 -

0
1945 1965 1985 2005 2025

Year

Source: DOE/EIA-
0384(2004)
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Electrical Energy Forecasts (IEA and B&YV)

2009 National Fuel Mix

3.6% 1.0%
Non-Hydro  Fuel
Renewables® Ol 0.6%
s Z o Forecasts are quite
uncertain and can differ
depending on the Ronowable,

- 172,997, 4%
assumptions (e.g.,

Energy Mix—2011

20.2%

Nuclear
Natural gas)
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3 - Growth Forecasts for Wind
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- Projected Growth in Renewable Energy to 2035

= EIA predlcts that biomass and Figure 3. U.S. nonhydropower renewable electricity

wind will increase the most generation, 1990-2035
= These projections assume (billion kilowatts per vear)
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Why is Renewable Energy Such a Minor Component of
the Total Mix Going Forward?

Table 1. Estimated Levelized Cost of New Generation Resources, 2006,

U.5. Average Levelized Costs (2008 $'megawatthour) for
Plants Enfering Service n 2016

= First, natural gas is cheap Capacity Variable o

rrniye. Sl |oCveRray Fixed QM Transmission | Sysiem

(%) Lapial Q&M (including Invesimeand | Lewvalized
( n OW) e Tusal ) 4 st
Conventional Coal B5 653 3.4 24.3 1.2 S48
= Answer depends on Aduanced Coal _ | 7ael 7ol 27 12 oo
Advanced Coal with CCS a5 2.7 8.2 I3 1.2 136.2
Matural Cas-fired
tec h n O I Ogy Conventional Comibbined
Cywcla a7 17.5 1.9 45.6 1.2 6.1

H . 1 1#1 Advanced Combinad Cycla a7 17.8 1.8 42.1 1.2 631
° Wlnd' pUbIIC OppOSItlon’ Advanced CC with CCS a7 36 3.9 48.6 1.2 59.3
Convvanlicanal CormBustion

transm|SS|On, and Var|ab|l|ty Turtine 30 45.8 37 71.5 3.5 124.5

Artvancad Combustion

. . . Turkine 30 31.6 55 g2.4 a5 103.5
. Solar: price and Var|ab|||ty Advanced Nudear 90| 901 11 1.7 10| 1139
— Wind 34 83.9 0.6 0.0 3.5 ar.0

. Wind - Offehare 3d 2003 281 0.0 5.8 2432

. HYdI'OZ environmental Sali PV 25] e8] 121 0.0 a0] 2107
Salar Themal 18 250.4 466 0.0 5.8 311.8

CGendharnmal [ B3 11.8 8.3 1.0 101.7

Bioimass &3 55.3 13.7 42.3 1.3 112.5

Hydro 52 T4.5 3.8 6.3 1.9 B4

' Costs are expressed in terms of net AC power available 1o the grid for the installed
capacity.

Source: Energy Informaiion Admimisiration, Annal Energy Chutlook 2011, December
2010, DOE/ELA-0383(2010)
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Recent Price Trends for Generation Sources

overnight capital cost
2009 dollars per kilowatt
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- ¢ European Solar Experience

= Northern Europe is at a
very high latitude

m Significant portion of
Europe has solar
resource lower than
anywhere in the U.S.

m Vermont has a better
solar resource than
Germany!

= Germany is the world
leader in solar power

Photovoltalc Solar Electnt:lty Polentzal in European 00untﬂes
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U.S. Has Great Opportunities for

Increased Solar Energy Applications
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All of the
electricity in the
U.S. could be
provided using:

* Less than 2% of
the land dedicated
to cropland and
grazing.

* Less than the
current amount of
land used for corn
ethanol
production.

Arelic

Annual average solar resource data are for a solar collzctor oriented toward the south at a tilt = local latitude. The data for Hawaii and the 48 contiguous
states are derived from a model developed at SUNY/Albany using geostationary weather satellite data for the period 1808-2005. The data for Alacka are

2009 PV Installs
Germany: 3.87GW
US: 485MW

derived from a 40-km sateflite and surface cloud cover database for the period 1285-1881 {(NREL, 2002). The data for Germany were acquired from the
Joint Research Centre of the European Commission and is the yearly sum of global irradation on an optimally-inclined surface for the period 1881-1280.
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Germany Facts

m Target: Renewable electricity 35% by 2020 and 80% by 2050
= Renewable energy has increased from 6.3% in 2000 to 17% in 2010
m Solar: as of 2010, Germany has 17 GW solar installed
- 7.4 GW (250,000 systems) installed in 2010 (U.S. installed 956 MW)
- Market analysts predict this could reach 25% by 2050.

- Growth driven by feed-in-tarif
+ July 2011: subsidies being cut

= Rooftop solar cut by 16%, Ground mount solar cut by 15%,
Brown field PV cut by 11%, Large PV on arable land cut by
100% (eliminated)

= Wind: as of 2010, Germany has 27.2 GW wind capacity
m Electricity price = $0.31 /kWh (compared with $0.11 /kWh for U.S.)

m 2010: Total RE =101.7 TWh (36.5 TWh wind, 33.5 TWh biomass, 19.7
TWh hydro, and 12 TWhr solar PV)

= 2009 study concluded that electricity rates increased 3%, utility
profits reduced by 8%, PV market going to Asia
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Summary

Energy flows are measured in very large quantities
- Hard to measure accurately (need lots of information)
- DOE has entire agency devoted to keeping track of this information
Energy flows need to be considered when making policy decisions
- CO, Emissions and pollution reduction policies
- Regional differences are very significant
Renewable Energy Incentives
Renewable Energy Forecasts
Renewable Energy Costs
Why so much Renewable Energy in Europe?

Next... What is the renewable energy situation in Vermont?
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Questions and Discussion

Joshua S Stein
jsstein@sandia.gov
(505) 845-0936
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