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Key Sandia Figures

= Total Sandia workforce: 12,611

= Regular employees: 10,643
= Advanced degrees: 5,898 (55%)

Data as of

December 14, 2015 Total Laboratory Expenditures

$2,813,070,000
(in FY2015)
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Contract-Related
Payments

$982,762,000

Procurement
Card Purchases

$77.846,000

Corporate Taxes

$74,148,000

Labor and Non-contract
Related Payments

$1,678.314,000




Sandia Sites

Albuquerque, New Mexico Livermore, California

Pantex Plant,
Amarillo, Texas

Tonopah,
Nevada

Waste Isolation Pilot Plant,
Carlsbad, New Mexico
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Distributed Energy Technologies Laboratory

Do not share outside Sandia

Focus on PV inverters,
energy storage, microgrids
and other distributed
energy technologies

Efficiency, grid
compatibility,
interoperability, reliability
and safety

In operation since early
1980’s, currently pace-
constrained

Constantly reconfiguring
and adding new
capabilities to support new
industry needs




PV Systems Evaluation Laboratory

Fully configurable test platforms for indoor,
outdoor and long-term testing
Full-scale cell and module performance
characterization laboratory
Controlled side-by-side PV system and
component characterization

PV Systems, PV modules

« Components such as cables,

connectors, etc.
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Regional Test Centers (RTCs)
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What is Solar Photovoltaic Energy? &

= Typical Photovoltaic (PV) Residential Installation

Solar Cell
Solar Panels
Utility Grid

484

Photovoltaic Effect

Typical Residential Solar Installation




PV Cells, Modules, and Arrays

Current-Voltage & Power-Voltage Curve (1905-24)

Sunlight :
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Diode-like behavior of cells and modules:

http://www.eere.energy.gov/solar higher current output at higher irradiance

Courtesy SunTech PV




" Annual PV Deployment and Utility-Scale
4 — System Price in the U.S. (2009 — 2016)
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550 MW, Topaz Solar Farm, San Luis Obispo County. Over 8 Million PV Modules.



Much more room to grow () B

Solar supplies 1% of U.S. electricity, but very high future growth is
expected. Excellent solar resource, land area and market conditions
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Sources: International Energy Agency, "2015 Snapshot of Global Photovoltaic Markets”; “Solar Thermal Electricity Global Outlook 2016”. 13




Cost of PV Approaching Grid Parity @&

SOLAR PV LCOE
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The U.S. solar resource is excellent afd=-
electricity demand is high

TOP 10 COUNTRIES IN 2015 FOR

CUMULATIVE INSTALLED CAPACITY
= High insolation means lower cost of PV electricity = 435 6w
Germany 39,7 GW
Japan 34.4 GW
Usa, 25,6 GW
Italy 18,9 GW
UK 8.8 GW
France 6,6 GW
Spain 5.4 GW
Australia 51GwW

= High electricity demand means that much more PV
can be installed before reaching technical limits

= |n some areas, like Hawaii, PV has already
encountered difficult system limits
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How can PV affect the power grid? @

Modest changes have been
required to install PV so far
— Updated technical standards
— Better forecasting
— Better markets
— Better policies

— Improved planning and
operations methods and tools

To install 3 or 4 times more
PV, fundamental changes
and new technologies will be
needed

— Fitting demand to supply
— Large-scale energy storage
— Advanced grid controls

FIGURE1

The Grid: How Electricity Is
Distributed and Regulated

THE BULK POWER SYSTEM consists of

Electric Reliability Corporation (NERC)

plant High-voltage
transmission
lines
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Substation

© Generation,
Electricity is
generated at
power plants by
utility companies and
power producers. Itis
directed to substations
that control the voltage.
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% © Distribution, Electricity
from transmission lines is
reduced to lower voltages at
substations, and distribution
companies deliver power to
homes and businesses.

1

electricity generation and transmission !
from power plants. Reliability standards

are developed by the North American !

LOCAL POWER DISTRIBUTION
consists of local utility
companies that deliver power
directly to local communities.

i Distributors are regulated by
and enforced by the Federal Energy |

Power Regulatory Commission (FERC).
]

state and local governments.
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Possible technical impacts of PV on @&
distribution systems

Difficult voltage regulation

Increase maintenance on
voltage control equipment

Challenging protection

I Hosting Capacity
I No Violations
(I Only Voltage
(| Only Thermal
I vuitiple

Equipment overload

FIRST run on 128 feeders

T T
I Limited by Over-Voltage
I Limited by Under-Voltage
I Limited by Thermal 1

T T

Scenarios at Each PV Size With Violations

PV Size (MW)

©

Many types of distribution systems
have been studied

The amount of PV that can be installed
without causing problems is highly
dependent on the type of feeder

Hosting Capacity

Feeders




Possible technical impacts of PV on i
overall power systems

= More PV during the day makes it more difficult to efficiently
operate the power system

= |t can be done, but it is more expensive

California Duck Curve Problem

PV-causing a bigger belly
and a longer neck
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b,

Intermediate Gengffati
(Combined-cyclgfga

-l
. ramp

Must turn off

Potential Iarge baseload Base-load Generators
/" over-generation ' generators (Nukes, Coal)
Must increase

output very fast

Percent of Summer Peak

Significant change
starting in 2015
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A Living Laboratory in Hawaii

= PV growth in Hawaii driven by economics
— retail customers pay ~$0.4 kWh!

2003: PV on distribution circuits limited
to 100 of minimum daytime load

= Reverse power flow could affect
operation of protection systems

= Transient overvoltage when feeder
disconnects and generation > load
2016: Additional PV at system level
limited to 5MW in Big Island and Maui,
25 MW in Oahu

= |nsufficient inertia could lead to system
instability due to a generator contingency

Beyond that, PV installations must be
“self-consumption”

SCIENTIFIC
AMERICAN.

% Plugged In

3 Reasons Hawaii Put the Brakes
on Solar--and Why the Same
Won't Happen in Your State

Extremely favorable economics caused a rising tide of solar that strained Hawaii's
tiny grid—but Hawaii's economics and grid are outliers, not the rule

Installed MW

Gross Daytime Min Load

Potential for
Backfead

http://www.renewableenergyworld.com/articles/2014/02/the-interconnection-nightmare-in-hawaii-and-why-it-matters-to-the-u-s-residential-pv-industry.html

http://www.utilitydive.com/news/hawaii-utilities-hit-rooftop-solar-caps-for-grid-supply-tariff-on-maui-big/425087/
https://blogs.scientificamerican.com/plugged-in/3-reasons-hawaii-put-the-brakes-on-solar-and-why-the-same-won-t-happen-in-your-state/




= Deployment of Smart Inverters are
an effective way to solve the
challenges

= Can help solve the challenges caused by
PV installations

= Can increase the amount of PV that can
be installed without causing problems

= Could generate financial benefits for
the PV system owners

= We are updating standards and
policies so that smart inverters can
be required in the future + Tolerate grid disturbances

* Interact using communications
20

What is a Smart Inverter?
» Actively support the grid operation




Advanced inverters can help... i

= Smart Inverters that control voltage could DOUBLE the amount
of PV on distribution circuits without causing high voltage
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More flexibility will be needed to Wi
deploy 5 times more PV in the future

= Advanced controls such as Virtual Power Plants
= Demand Response —

= Energy Storage T terics T ' &
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Communications/control architecture W&z

3. Utility broadcasts
signals/commands
to DER systems.

1. Utility directly
controls large
DER systems.

2. Utility sends
commands via
an EMS or
aggregator.

Distribution :
Substation

Emerging challenges: Interoperability, Cybersecurity

23




Summary m

= The amount of PV installed in the U.S. and worldwide
is increasing, expect much more in the future
= Reaching grid parity in many regions
= Difficult technical challenges in the distribution system
as well as the overall power system

" There are feasible solutions for both the near term
and the long term
= Standards, policies and technology (advanced inverters)
= Future: Advanced controls, communications, energy storage
= Emerging challenges: interoperability and cybersecurity




Questions?

Abraham Ellis
Photovoltaic and Distributed Systems Integration
Sandia National Laboratories
P.O. Box 5800 MS1033
Albuquerque, NM 87185
Phone: 505-844-7717

aellis@sandia.gov




