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Executive Summary

The electric power system has evelved through large, central
power planls interconnecled vio grids of fransmission lines
and distribution networks that feed power to customers. The
system is beginning fo change — rapidly in some areas —
with the rise of distributed energy resources {DER) such as
small natural gasfueled generators, combined heat and
power plants, electricity storage, ond solar pholovoltaics
{PV] on iocflops and in larger arroys connecled to the
distribution system. In many seffings DER already have
an impact on the operation of the electric power grid.
Through a combination of technological improvements,
palicy incentives, and consumer choices in technology and
service, the role of DER is likely to become more important

in the future.

The successful integration of DER depends on the exisling
electic power grd. That grid, espacially its disiribution
systems, was nol designed lo occommodate a  high
penetration of DER while sustaining high levels of eleciric
quality and reliability. The fechnical characteristics of certain
types of DER, such as variability and infermittency, ore quite
different from cenfral power skations. To redlize fully the
value of distibuted resources and to serve ofl consumers
ot established standards of quality and reliability, the need
has arisen lo integrate DER in the planning and operalion of
the electricity grid and to expond its scope to include DER
operation - what EFRI is calling the Integrated Grid.

The Integrated Grid
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The grid is expecled to change in different, perhaps
fundomental ways, requiring careful assessment of the costs
and opportunities of dilferent technological ond policy
pathways. It also-requires oftention to the reality that the
value of the grid may accrue fo new stakeholders, including

DER suppliers and customers.

This paperis the first phase in a larger Flectric Power Research
Institute {EPRI) project aimed at charling the transformation to
the Integroted Grid. Also under consideration will be new
business practices based on technologies, systems, and the
potential for customers to become more aclive participants
in the power system. Such information can support pruden,
costeffective investment in grid modemization, and the
integrafion of DER fo enable energy efficiency, more
responsive demand, ond the monagement of variable

generation such as wind end solar!

Aleng wilh reinforcing end modernizing the grid it will be
essential o update interconnection nles and wholesole
market and refait rate shuctures so that they adequately value
both capacity and energy. Secure communications systerns
will be needed to connect DER and syslem operalors. As
distibuted resources penetrate the power system more fully,
a failure to plan for these needs could lead to higher costs
and lower reliability. -

Analysis of the integrated grid, as ouflined here, should
no! faver any particular energy technology, power system
configuration or power market siucture. Instead, it should
make it possible for stokeholders to identify optimal
archifectures and  the most  promising  configurations
— recognizing that the best solulions vary with local

circumstances, goals, and interconnactions.

Because local circumstances vary, this paper illustrates how
the issues that ore central 1o the infegrated grid are playing
out in different power systems. For example, Germany's
experience illusirates consequences for price, power quality
and reliability when the drive fo achieve a high penetration
of distributed wind and PV resulis in outcomes that were
not fully anlicipated. As a resull, Gemman policymakers
and ulitiies now are changing interconrection rules, grid
exponsion plans, DER conneclivity requirements, wind
and PV incentives, and operations fo infegrate distributed

fesources.

In the United States, Howaii hos experienced a rapid
deployment of distributed PV technology that is challenging
the power system's reliability. In these and other jurisdictions
policymakers are considering how best to recover the cosls
of an integrated grid from all consumers that benefit from

its valus,

! This poper is about DER, but the analysis is mindful of the ways thot DER and grid infegration could offect energy efficincy and demand response

as those could have large effects as well on the affordability, reliability, and enviconmental cleonfiness of the grid.
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Action Plan

The current and projected expansion of DER may significantly
change the technical, operafiondl, environmenidl, and
financial character of the electricity sector. An integrated
grid thol oplimizes the power system while providing
safe, relioble, offordable, and environmentally responsible
electricity will require global collaboration in the following
four key areas:

1. Interconnection  Rules and  Communicalions

Technologies and Standards

+ Interconnection rules that preserve voltage support
and grid management

« Situational awareness in operations and long ferm
planning, including rulesoMhe-road for installing
and operating distributed generation ond storage
devices

* Robust
technologies, including high-speed data processing,

information  and  communication
to oflow for seamless interconnection while assuring
high levels of cyber security

e A standard language and a common information
model 1o enable interoperability among DER of
different types, from different manufacturers, and

using different energy management systems

2. Assessment and Deployment of Advanced Distribution
and Reliability Technologies

= Smart inverters thot encble disibuted energy
resources lo provide voltage ond frequency support
and fo communicate with energy management
systerns [1]

= Distribution management systems and ubiquitous

sensors through which operators can  reliably
integrate distributed generation, storage and end-
use devices while also interconnecting those systems
with fronsmission resources in real fime [2]

s Distributed energy storage and demand response,

integrated with the energy management system {3]

3. Strategies for Integrating Distributed Energy Resources
with Grid Planning and Operation

e Distribution planning and operational processes
thot incorporate DER

e Frameworks for dala exchange and coordination
among DER owners, disiribution system operators
{DSOs] and  orgonizations  responsible  for
fransmission planning and operclions

= Flexibility to redefine roles and responsibilities of
DSOs and independent system operators [1SOs)

4. Enabling Policy and Regulation

e Capacity-related costs must become o distinct
element of the cost of grid-supplied electricity to
ensure longerm system reliability

=

Power market rules that ensure longterm adequacy

of both energy and capacity

&

Policy and regulatory framework 1o ensure cosls
incurred to_transform to an integrated grid ore
dllocated and recovered responsibly, efficiently,

and equitably

[

New market frameworks using economics and
engineering to equip invesiors and other stakeholders
in assessing potential contributions of distributed

resources 1o system capacity and energy costs

The Integraled Grid




Next Steps for EPRI and Industry

EPRI has begun work on a three-phase initiative to provide
stakeholders with information and tools that will be infegral

to the four areas of colloboration oullined above.

= Phase | — A concept paper [this document) to dlign
stakeholders on the main issues while outlining real
examples to support open factbased discussion. [nput
and review were provided by various stakeholders
from the energy sector including utilities, regulatory
agencies, equipment suppliers, non-governmental
organizations (NGOs| and ofher interested pariies.

s Phase li—This sixmonth projectwill develop o lramework
for assessing the costs and benefits of the combinations
of technology that lead to o more integrated grid.
This includes recommended guidelines, analyfical
fools and procedures for demonstrating technologies
and assessing their unique costs ond benefits. Such
¢ fromework is required to ensure consistency in the
comparison of oplions and to build a comprehensive
set of dala and information that will inform the Phase
il demonstration program. Phase |l output will also
support policy and regulatory discussions that may
enable Infegrated Grid solutions.

» Phase Il — Conduct global demonstrations ond
modeling using the analytics and  procedures

developed in Phase I to provide compiehensive

dota and information that stakeholders will need for
the systemwide implementation of integrated grid

technologies in the most cost effective manner.

Taken together, Phases Il and [IF will help ideniify the
technology combinations that will lead to costeffective and
prudent investment fo modernize the grid while supporting
the technical bosis for DER interconnection requirements,
Additionally, inferface requirements that help define the
technical basis for the relafionship between DER owners,
DSOs, and kansmission system operotors  {TSOs) or
independent system operators {ISOs} will be developed.
Finally, the informotion developed, aggregated, and
analyzed in Phases I and fil will help identify planning and
operational requirements for DER in the power system while
supporfing the robust evaluation cf the capacity and energy
contribution from both central and distributed resources.

The development of a consistent framework supported by
data from a glebal technology demonstration and modeling
program will support cost effective, prudent investments fo
modemize the grid and the effective, large-scale infegration
of DER into the power system. The development of a large
colloborative of stakeholders will help the industry move in

o consistent direction fo achieve on Integrated Grid,

6 © 2014 Electic Powar Research Instite [EPRI), Inc
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Key Points ~ The Integrated Grid

Several requirements are recognized when defining an infegrated grid. It must enhance electrical infrastructure,

must be universally applicable and should remain robust under a range of foreseeable conditions.

¢ Consumers and investors of ofl sizes are installing DER with technical and economic ottributes that differ
radically from the central energy resources that have traditionally dominated the power systern.

= So far, rapidly expanding deployments of DER are connecled 1o the grid but not infegrated info grid
operations, which is a pattern that is vnlikely to be sustainable.

s Hectricity consumers and producers, even those thot rely heavily on distributed energy resources, derve
significant value from their grid connection. indeed, in nearly all setlings the full value of DER requires grid
connection to provide reliability, virual storage and access lo upstream markets.

¢« DER ond the grid are not compefitors but complemenis, provided that grid technologies and practices
develop with the expansion of disiribuled energy resources.

= We eslimate that the cost of providing grid services for customers with distributed energy systems is about
$51/month on average in the typical current configuration of the grid in the United Slales; in residential PV
systems, for example, providing that some service completely independent of the grid would be four to eight
times more expensive,

= Increased adoption of distributed resources requires interconnection rules, communicalions technologies and
standords, advonced distribution and reliobility technologies, infegration with grid planning, ond enabling
policy and regulotion.

» Experience in Germany provides a useful case study regarding the potential consequences of adding
extensive amounts of DER without appropriate collaboration, planning and strategic development.

= While this report focuses on DER, a coherent strategy for building an integrated grid could address other

challenges such as managing the infermittent and variable supply of power from ulility-scale wind and solar

generators.

The In!cgrofed Grid & 2014 Hzetic Powear Research Institutz [EPRH, Inc.
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Today’s Power System

Today's power system was designed 1o connect a relatively
small number of large generation plants with a large number
of consumers. The U.S. power system, for example, is
anchored by ~1,000 gigawatts {GW] of central generation
on one end, and on the other end consumers that generally
do not produce or slore energy [4] [5]. Interconnecting
those is a backbone of high volloge transmission and a
medium- ond lowvollage distribution system thot reaches
each consumer. Electicity flows in one direction, from
power plants to subsiations fo consumers, as shown in
Figure 1. Even with increasing penetration, U.S. distributed

Generation

Consumers

resources account for a small percent of power production
and consumption and have not yet fundamentally offecled

that one-way How of power.

Energy, measured in kilowotthours (kWh), is delivered to
consumers o meet the eleclricity consumption of their lighting,
equipment, appliances and other devices, often called load.
Capacity is the maximum copability to supply and deliver a
given level of energy af any point in fime. Supply capacity
comprises networks of generators designed fo serve load
os it varies from minimurn to maximum values over minuies,

~ Customers

8 © 2014 Elechic Power Research Insthute PRI, lnc.
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hours, days, seasons, etc. Delivery capacity is determined
by the design ond operation of the power Iransmission and
disiribution systems that deliver the electricity fo consumers.
The system’s supply and delivery capacity plan is designed
to serve the expected instantaneous maximum demand

over a longterm planning horizon.

Because the whole grid operales as a single system in
real fime and the lead times for building new resources are
long, planning is essential to ensuring the grid’s odequacy.
Resource adequacy planning defermines the installed
capacity required 1o meet expected load, with a prescribed
reserve margin that considers potential planned  and
unplanned unavailability of given generators. In addition o
providing sufficient megawalts fo meet peak demand, the
available generation |along with other system resources|

must provide specific operalting capabilities to ensure that

the system operafes securely at all fimes. These ancillory
services include frequency regulation, voltage support,
ond load following/ramping. As a practicol maller, the
reliability of grid systems is highly sensitive 1o conditions of
peck demand when all of these systems must operate in

landem and when reserve margins are smallest.

Today's power syslem has served society well, with
overage annual reliability of 9997%, in terms of electricity
ovailability [6). The National Academy of Engineering
designated electrification enabled by the grid as the top
engineering achievement of the twenlieth cenlury. Reliable
electrification has been the backbone of innovalion and
growth of modem economies. It hos a central role in many
technologies considered pivotal for the fulure, such as the

infernet and advonced communicalions.

Today’s power system has served society with
average annual system reliability of 99.97% in
the U.S., in terms of electricity availability.

The Integroted Grid




The Growth in Deployment of Distributed Energy Resources

The classic vision of eleclric power grids with one-
way flow may now be chonging. Consumers, energy
suppliers, and developers increasingly are adopting DER
lo supplement or supplant grid-provided electricity. This is
particularly nolable with respect 1o distributed PV power
generation—for example, solar panels on homes and
stores—which has increased from approximately 4 GW
of global installed capacity in 2003 to nearly 128 GW
in 2013 [7]. In Germany, the present capacily of solar
generalion is approximately 36 GW while the daily
system peak demand ranges from about 40 to 80 GW.
By the end of 2012, Germony's PV capacily was spread
across approximately 1.3 million residences, businesses
and industiies, and exceeded the capacity of any other

single power generation technology in the country [8]. This

rapid spread of DER reflects a voriety of public and poliical
pressures along with importont changes in technology. This
paper focuses on system operation impacts as DER reaches

large scales.

By the end of 2013, U.S. PV insialtations had grown to
nearly 10 GW. Although parts of the U.S. have higher
tegional penetration of PV, this 10 GW represents less
than 2% of totol installed U.S. generation capacity {91,
which matches German PV penefration in 2003 (Figure 2).
With PV giowth projected to increase in scale and pace
over the next decade, now is the time fo censider lessons
from Germany and other areas with high penairation of

distributed resources.
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Figure 2: U.S. PV Capacity as a Percentage of Total Capacity Compared with Germany af the Beginning of lts “Energy

Transformation”
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In addition to Germany, high penelration of disiributed PV is
svident in Califormia, Arizeng, and Hawaii and in countries
such os laly, Spain, Jopan ond Australia |7]. Beyond PV,
other distributed resources are expanding and include such
diverse technologies us balteries for energy storage, gos-
fired micro-genertors, and combined heat and power
{CHP) installations — often referred to as cogeneration.
In the United States natural gas prices and the cost and
efficiency of gosfired fechnologies have made these
options effectively competilive with retail eleciricity service
in some regions, for some consumers [10]. In jurisdichions
where power prices are high, even more costly DER such
as solar PV can be competitive with grid-supplied power.

[n most cases, grid-connected DER benefit from the electrical
support, flexibility and reliability that the grid provides,
but they ore not inlegrated with the grid’s operation.
Consequently the full value of DER is not realized with
respect lo providing support for giid reliability, voltage,
frequency and reaclive power.

Distributed PV power generation has increased
from approximately 4 G 14 of global installed
capacity in 2003 to nearly 128 GW in 2013.

The integrated Grid




Germany’s Experience: More Distributed but Not Integroted

The circumstonces  surrounding  Germany's  extensive
deployment of disiributed solar PV and wind offers important
lessons about the value of planning for integration of DER,
both economic and technical. Germany's experience is

unique for these reasons:

¢ Germany represents a large interconnected grid with
extensive ties with other grids, which is similar to the
U.S. and other countries.

¢ The penelration of DER over the past decode is
substantial (~68 GW of installed capacity of distributed
PV ard wind generotion over 80 GW of peak load).
The observed resulls, in terms of reliability, quality,
ond alfordability of electricity, are not based on o
hypothefical case or on modeling and simulations.

# This growth in penefration of DER occurred without
considering the integration of these resources with the
existing power system.

¢ Germany has leamed from this experience, and the
plan for confinuing to increase the deployment of solor
PV and wind generation hinges on many of the same
integrated grid ideos os outlined in this paper.

German deployment was driven by policies for renewable
generation thal have commanded widespread poliicol
support. PV and wind generofion are backed by the
German Renewable Energy Sources Act (EEG}, which
slipulates feedin tariffs? (FIT) for solar power installations.
This incentive, which begon in 2000 ot €0.50/KWh
{$0.70/kWh} for a pericd of 20 yeors, hos stimulafed

major deployment of distiibuted renewable generation.

In the meantime, electricity rates have increased in Germany,
for various reasons, to an average residential rate in 2012 of
€0.30/kWh ($0.40/kwWh), more than doubling residential
rates since 2000 [8]. These higher electricity rates and
lower costs for DER, due to technology advancements ond
production volume, have tuned the fables in Germany.
Today the Targe FIT incenfives are no longer needed, or

offered, to promote new renewable installations.

Notably, the desire to simulianeously contoin rising electricity
rates white promoling deployment of renewable energy
resources has led fo an evolution in German incentive policy
for distributed renewable generation. For residential PV the
FIT hos dropped from ~ €0.50/kWh in 2000 to ~ €0.18/
kWh todoy. An electricity price greater than the FT has
resulted in o trend of selfconsumption of lecal generation.
To ensure that all customers are paying for the subsidy for
PV, Ihe German cabinet in January, 2014 approved a new
charge on self-consumed solar power. Those using their
own solar generated eleciricity will be required 1o poy a
€0.044kWh [$0.060/kWh) charge. Spain is considering
similar rafe sfructures to ensure afl cusiomers equitably share
the cost. Still to be resolved is how grid operafing and
infrastructure costs will be recovered from all customers who

ufilize the grid with increasing customer self-generation.

Technical repercussions have resulted from DER's much
larger share of the power system. loss of Hexibilily in the

2 Feed-in tariffs are a longterm guorantesd incenfive to resource owners hased on energy production fin kW), which is separalely metered from the

customar’s load.

* PV installations commissioned in July 2013, receive €0. 104 1o €0. 151 /kWh ($0. 144 1o $0.208/kWh for a period of 20 years.

12 @ 2014 Elsctric Powsor Rescarch Insthuta [EPRY, Inc.

The Integrated Grid



generation fleet prompted the operation of coal plants on a
“reliability-mustun” basis. Distribued PV was deployed with
litle time to plan for effective integrafion. Uniil the fast few
years and the advent of giid codes, PV generators were not
required 1o respond to grid operafing requirements or to be
equipped fo provide grid support functions, such as reaclive
power management or frequency conirol. Resources were
located without attention to the grid's design and power
flow limitaticns. The lack of coordination in planning and
deploying DER increases the cost of infrastructure upgrades
for all customers and does not provide the full valve of DER
to power system operation. Rapid deploymenits have led to
several technical challenges:

1. local overvoltage or loading issues on distribution
feeders. Most PV instaliations in Germany (~80%)
are connected to lowvoliage circuits, where it is not
uncommon for the PV capacity o exceed the peck load
by 3-4 times on feeders not designed to accommodate
PV. This can creale vollage contrel problems and

potentiol overloading of circuit components [11].

2,

o

Risk of moss disconnection of anficipated PV generation
in the event of a heguency variation, stemming from
improper interconnection rules.* This could result in
system instability and load-shedding evenis [12]. The
some risk also exists from both a physical or cyber

security atfack,

Resource variability and uncertainty have disrupted
normal system planning, cousing @ nolable increase
in generation re-dispatch® events in 2011 and 2012
[3].

lack of the siabilizing inertia from large rotating
machines that are typical of central power staticns” has
raised general concern for maintaining the regulated
frequency and vollage expecled from consumers, as
inverferbased generation does not provide the same

inertiol qualiies [14].

4 Dishibuted PV in Garmany initially was installed with invertars that are designed to disconnect the genaration from the circuit in the event of frequancy

variations that excead 50.2 Hz in their 50 Hz system. Retrolils necessary lo mitigale this issue are ongoing, and eslimaled fo cost approximately

$300 million [12].

* Germon lransmission system operalor Tennelt experienced a significant increase In generation redispoich evenis in 201 1 and 2012 relotive to

previous years. Generalion scheduling changes are required to alleviale power flow conditions on the grid or resource issues that arise on short

notice rather than in the schedule for the day.

8 While the primary driver lo redispalch issues has been a reduced uiilization of lorge nucleor generators, the Increase in wind generation ond PV in

Germany Is expecied fo conlinue changing power flow paflems.

7 Mony distriibuted energy rescurces connect Io the grid using inverters, rather than the fraditionol syachronous generators. Increasing the relolive

amount of distibuted and bulk system inverterbased generation ihat displaces conventional generation will negalively impact system frequency

performance, volfage control and dynamic behovior, if the new resources do not provide compensation of the syslem voltage and frequency sepport.
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Smoart inverlers capable of responding to local conditions or
requests from the system operator con help ovoid distibution
volloge issues and mass disconnection risk of DER. This
type of inverter was not required by previous standards in
Germany, although interconnection rules are changing to
require deployment of smart inverfers. (see highlight box for

further information)

The rate impacts and technical repercussions observed in

Germany provide a uselul case study of the high risks and

unintended consequences resulling from driving too quickly
to greater DER expansion without the required collsboration,
planning, and stalegies set forth in the Action Plan. The
actions in Phases Il and Il should be undertoken as soon
as it is feasible fo ensure that syslems in the United States
and intematienally are not subjected fo similar unintended
consequences thal may negalively impact affordabifity,
environmental sustainobility, power quality, reliability and

resiliency in the elecliic power secor,

Smart Inverters and Controls

With the current design emphasis on distribution feeders supporting one-way power flow, the introduction of

two-way power flow from distributed resources could adversely impact the distribution system. Cne cencern is

overvoltage, due to elecirical characteristics of the grid near a distributed generator. This could limit generation on

a distribution circuit, often referred to as hosfing capacity. Advanced inverters, capable of responding to voltage

issues as they arise, can increase hosling capacity with significantly reduced infrastructure costs [15], [16).

14 @ 2014 Electric Power Research Instictz (EPRY), Ine
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German Grid Codes

In Germany, grid support requitements ore being updated so that disiributed resources can be more effeclively integroted with grid
operalion [17], [18]. These requirements, called grid codes, are developed in fandem with Eurcpean interconnection requirements
recommended by the European Network of Transmission System Operators [ENTSO-E} {19, [20]:

1. Frequency control is required of all generators, regordless of size. Insiead of disconnecting when the frequency reaches 50.2
Hz, generator confrols will be required 1o gradually reduce the generators’ aclive power culput in proportion to the frequency
increase (Figure 3). Other Importont functions, such os low-valtage ridethrough, are also required of medium voliage.

50.8

C T 50.471
ioe Inverter Responses
L3
} S Previous Interconnection
: ?:; Rules
& eeusan Updated Intercennection
-2 Rules
(D N
49.47 : : = German Operating
¢ ! Source: T} Vrana {2011} Frequency Limit
; 49.2 i i 1 i i ———
! 0 10 20 30 40 50 60
H

Time in seconds
Figure 3: Example of Improved Performance with Inverter Controls That Implement a Droop Function for Over-frequency
Conditions Rother Than Tripping.

2. Voltage control functions are required from inverters, depending on the requirements of the DSO. Conlrol methods include fixed
powerfactor operation, variable power factor as a function of aclive power, or reactive power management to provide voltage
control,

3. Communicolion and energy management functions are now required of distibuled resources, receiving commands from the
system operator for active and reaclive power management. As of 2012, this capability is required for oll installations greater
than 30 kVA. Systems less than 30 kVA without this copability are limited to 70% of rated output.

Germany is requiring that all existing inverlers with a copacity greafer than 3.68 kVA be refrofitted 1o include the droop function

rather than instontly tripping with overfrequency. The cost of the retrofit ossocioled with this function is esfimated 1o be $300 million.

While necessary, these steps are probably still not enough to allow full integration of DER info the grid. Significant investment in
the grid itself will be needed, including development of demand respanse resources [for example, electic ransportation cherging

slations with time of use 1ariffs), and various energy storage systems. Also needed are morkets and tariffs thot value capacity and

replacement of fossiueled heating plants with electric heating fo take advantage of excess PV and wind capacity. German energy
agency DENA determined that German distribution grids will require investment of €275 billion to €42.5 billien ($38.0 biflion 1o
$58.7 billion] by 2030. This includes expanding distibution circuits between 135,000 km ord 193,000 km [21]. Extensive research

is under woy to develop and eveluate technologies to improve grid flexibility and efficiency with even more renewable capacity.

The negrated Grid




Assessing the Cost and Value of Grid Services

An eleciric grid connection, in ways different from @
telephone fine, provides unique and valuable services.
Thirty percent of londline telephone consumers have
canceled this service, relying solely on cellular service [22].
In contrast, vitually all consumers that install distibuted
generation remain connecled to the grid. The difference
is that the cellular telephone network provides functionality
approximately equal to landline service, while a consumer
with distibuted generation will still need the grid 1o retain
the same level of service. Unlike a cellphone user, operating
without inferconnection o this grid will require significant
investment for on-site control, storoge, and redundant

generalion capabilifies.

This section choracterizes the value of grid service 1o
consumers with DER, along wilh calculations illustrating costs
and benelils of grid connection. Subsequent sections focus
on the value that DER con provide to the grid. In the context
of value it is important to distinguish the difference between
value and cost. Value reflects the invesiments that provide
services lo consumers. |t guides planning and investment
decisions so that benefits equal or exceed costs. The costs
that result are recovered through rates that in o regulated
environment are sel to recover costs, not to caplure the full

value delivered.

Valve of Grid Service: Five Primary
Benefits

Ofien, the Iull volue of a grid connection is not fully
undersioed.  Gridprovided energy (kWh) offers clearly
recognized volue, but grid connectivity serves roles that are
important beyond providing energy. Absent redundancy
provided by the grid connection, the reliabifity and
capability of the consumer’s power system is diminished.
Grid copacity provides needed power for overload
capacily, may absorb energy during overgeneration and
supports stable volioge and frequency. The primary benefits
of grid connectivity fo consumers with distributed generation
are shown in figure 4 and are described below.

Figure 4: Primary Benefits of Grid Conneclivity to Consumaers
with Distribuled Generation

16 & 2014 Electric Poxar Reseorch nstiutz (EFRI), Irc.
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1. Reliability — The grid serves os o relioble source of
high-quality power in the event of distuptions fo DER.
This includes compensating for the variable oufput
of PV and wind generalion. In the cose of PV, the
variability is nof only diurnal but as shown in Figure
5, overcast conditions or fastmoving clouds can cause
fluctuation of PV-produced eleciricity. The grid serves
as a crucial balancing resource available for whatever
period—from seconds fo howrs to days and seasons—
to offset variable and uncertain output from distributed
resources. Through instanfaneously balancing supply
and demand, the grid provides electricity at a consistent
frequency. This baloncing extends beyond real power,
as the grid also ensures that the amount of reactive
power in the system balances load requirements and
ensures proper system operation.?

The need for reliability is fundamental to ali DER, not
just variable and infermittent renewchble sources. For
example, a cusfomer depending solely an a gas
fired generator, which has on esfimated reliobility of
7%, is projected fo experience 260 hours of power
ovloge [23] compared with the 140 minutes of
power outage thot U.S. grid consumers experience on
average [excluding maojor events such as hurricanes)
[6]. Improvements in reliobility are generally achieved
through redundancy. With the grid, redundont capacify
can be pooled amang multiple consumers, rather than
each customer having to provide its own backup

resources. This reduces the overall cost of reliability for

each customer [23].

Figuré 5: The Our‘pbf of PV is H}'ghf)} Variable and bependénl‘ on Llocal Weather

& Consumer loads lypically require two different kinds of power, bolh real and reactive. Real power is a funclion of the load’s eneigy cansumplion,
and is used to accomplish various tasks. Reactive power is Iransferred to the lead during pari of the cycle, and reivmed during the olher part,
doing no woik. Bofancing both real and reactive power flow is o necessary funciion of a reliable eleciric grid.

The Integrated Grid
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2. Startup Power — The grid provides instantaneous power
for applionces and devices such as compressors, air

conditioners, transformers and welders that require o

resources is limited to the inverter's maximum current
and is an order of magnitude lower than the fault level
of the grid.

strong flow of curent [“intush” curtent) when starling Figure & illustrates the instontoneous power required

up- This enables them fo starf reliably without severe fo start a residential air condiioner. The peok current

voltage fluctuation. Without grid connectivity or other measued during this inferval is six lo eight fimes the

. 0 : .
supporting technologies?, a- conventional ceniral it standard operaiing current {24]. While the customer’s

condifioning compressor relying only on a PV system PV aray could salisfy the real power requirements of

may not start of all valess the PY system is oversized the heating, ventilofing and air conditioning (HVAC]

lo handle the inrush current. A system’s ability to unil during nommal operalion, the customer's giid

provide this current is directly proportional to the fault conneclion supplies the majority of the required starfing

contribution level'®. Even if a reciprocating engine
power.

disiributed generator is used us suppor, its fault level
is generally five fimes less than the grid’s [23]). The
sustained fault current from inverterbased distributed

30 Measured HVAC Starlup Power vs. PY Qutput Comparison
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Figure 6: The Grid Provides In-Rush Current Support for Starling Lcrrgé. Motors Which May Be Difficult fo Replicate with o
Distributed Generator

? Supperting technologies include variable frequency drive {VFD) systems, which are able lo starl motors withauf the intush cusrent common in
“across-thedine” slarling [24].
" “Foult fevel” is a measure of ihe current that would flow ot o location in the event of short circuit. Typically used as a measure of elecirical sirength,
locations with a high fault leve! ore iypically choraclerized by improved voltage regulation, Inrush curent suppon, and reduced harmonic impact,
locations with a low foult level are more susceptible to vollage distartion and transienis induced by harmonic-producing loads.
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3. Voltage Qudlity — The grid’s high fault current level

also results in higher quality voltage by limiting
harmonic distortion'’ and regulating frequency in o
very fight band, which is required for the operation
of sensitive equipment. Similarly, the inherent inertia
of a large, connected system minimizes the impact of
disturbances, such as the loss of a large generators or
iransmission fines, on the system frequency. As shown
in Figure 7, grid-connected consumers on average
will experience vollage that closely approximates o

sinusoidal waveform with very litfle harmonic distortion.

In contrast, vollage from a disributed system that
is not connected 1o the grid will generally hove o
higher voltage harmonic distortion, which can result
in malfunction of sensilive consumer enduse devices.
Harmonics cause healing in many components, affecting

dielectric sirength and reducing the life of equipment,
such as appliances,'? motars, or air conditioners [25].
Hormanics also contribule to losses thal reduce system
efficiency. In addition, a distutbance occurring inside
the unconnected system will create larger deviations in
frequency than if the system maintained its connection

to the larger grid.

. Efficiency — Grid conneclivity enables roloting-engine-

bosed generafors to operate ot optimum efficiency.
Rotatingengine-bosed distributed resources, such os
microlurbines or CHP systems are most efficient when
operating steadily near full cutput [26). This type of
efficiency curve is common for any rofating machine,
just as automobiles achieve the best gasoline mileage
when running af a steady, optimal speed. With grid

150% o ;(
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—— Harmonic Distortion
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‘} 00% ____________________ ’_ __ '-_ — *

s (Gried Connected

- | ocal Generation

0 2 4 6 8 10
Time {milliseconds)

Figure 7: The Grid Delivers High Quality Power with Minimal Harmonic Distortion

! Harmonics are valtlages or currents that are on the grid, but do not oscillate with the main system frequency {60Hz in the United States). The

magnitude of the harmenics, when compared fo the magnitude of the 60Hz componenl, is referred to as the harmonic distertion.

12 Technological improvements are available, such as uninteruptible power suppfies {UPS] that reduce the sensitivily of loads to poor power qualily,

but ot an additional cost,

The Integrated Grid
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connectivity, a distibuted energy resource can
always run at ils opfimum level without hoving to
adjust its output bosed on local Joad variafion.
Without grid connectivity, the output of a distibuted
energy fesource will have fo be designed to
malch the inherent variation of load demond. This

fluctuoting cutput could reduce system efficiency as
much as 10%-20% [26].

. Energy Transaction — Perhaps the most important

valve that grid connectivity provides consumers,
especially those with diskibuted generation, is the
ability to install any size DER that can be connecled
to the grid. A ulility connection enables consumers
o transact energy with the utility grid, getting energy
when the customer needs it and sending energy
back to the grid when the customer is producing

more than is needed. This benefit, in effect, shifts
risks wilh respect lo the size of the energy resource
from the individual user fo the patty responsible for
the resources and operation of the grid. Simulated
system resulls for such ransactions are provided in

Figure B.

Power (kW)
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Cost of Grid Service: Energy and
Capacity Costs

For residential customers, the cost for generation ond
transmission and disiribution components can be broken
down as cost relofed 1o serve the customer with energy
{kWh) ond cost related to serve the customer with capacity
that delivers the energy and gridrelated services. The five
main benefits of grid connectivity discussed in the previous
section span both capacity and energy services. Figure
@ shows that, based on the U.S. Department of Energy's
Annual Energy Outlook 2012, an average customer
consumes 982 kWh per month, paying an average bill
of $110 per month, with the average cost of $70 for
generation of eleciricity. That leaves $30 for the distribution
system ond $10 for the transmission system [27] — known
logelher as "T&D". These are overage values, ond costs
vary omong and within utilities and across different types of
customers. {See Appendix A for explonation of caleulations
in this section.)

Figure 9: Cost of Service Breakdown for Today’s Grid-Connecled Residential Customer.[27]

The next step in the analysis is to dllocate these costs
[generation and T&D)} into fractions that are relevant for
analyzing how the grid works with DER. In this analysis
we focus on capacity and grid-elated services because
they are what enable robust service even for customers with
DER. Indeed, consumers with distibuted generation may
nol consume any net energy {(KWh} from the grid yet they
benefit from the same grid services as consumers withoui

distributed generation.

2| Transmission
 Distribution °

-Generation .
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Caleulating the folal cost of capacity follows the analysis
summarized in Figure 10. These values are based on the
assumption that most costs associated with T&D are related
to capacity {except for a small fraclion representing systern
losses — esfimaled fo be $3 per month per customer from
recent studies in California) [28]. Working with recent data
from PIM [29] regarding the cost of energy, capacity, and
ancillary services it is possible fo estimate that 80% of the
cost of generotion is energy related, leaving the rest for
capacity and grid services. This 8020 split will depend on
the: market ond in the case of a verlically integrated utility
will depend on the characteristics of the generation assets
and load profile, but it is a useful average figure with which

some illustrative calculations follow.

1

360 56

$50

$40

1

i

$30
$20F

$10

$37

As illusirated, the combination of tronsmission, distribution
and the porlion of generation that provides grid support
overages $51/month while energy costs average $59/
month. These cosls vary widely across the United Stotes
and among consumers, and also will vary with changes in
generation profile and the deployment of new technclogies
such as energy sforage, demond response supplied
capacily, and central gererotion. The volues are shown
o illustrate that capacity and energy are both important
elements of cost and should be recovered from all customers
who use capacity and energy resources. Customers
with distributed generation may offset the energy cost by
producing their own energy, but as ilusirated in previous
sections they sfill ulilize the non-energy services that grid

connectivity provides.

: Eﬂefg)’ ($59/ month..)__ 0

cpucny {$51/month) 5

$3

Generation. /=

E Trqnsmls_l_on & Distribution

Figure 10: In Considering the Value of the Integrated Grid, Costs of Generation, Transmission, and Distribution Can Be Further

Determined for Energy and Capacity

22 @ 2014 Elschic Puwer Ressarch Instiute IEPRI), I

The Integrated Grid



Cost of Service Without Grid Connectivity

Technologies are available that enoble consumers to seif-
generate and disconnect from the grid. To estimate the
capocily-related cost for such investments, a simplified
analysis examined a residential PV system. The analysis
was based on estimating the additional costs of providing
the five services that grids offer—as oullined earlier in this
section. For illustration, consider o residentiol PV system thot
is completely disconnected from the grid, amorized over
20 years and presented as a monihly cost. Reinforcing the
system for an offgrid application required the following
upgrades:

¢ Addiional PV modules beyond the requitements for
offsetfing annual energy consumption in order to survive
periods of poor weather;

& Muli-doy baltery storage with  dedicoled  inverter
copable of cperating in an offgrid capacity;

+ Backup generator on the premises designed fo operate
for 100 hours per year; and

= Additional

replacement and generator mainienance.

operating  cosls  including  inverter

In simulation, the cost o recrecte grid-level service without o
grid conneclion ranges from $275-$430 per month above
that of the original armay. Expected decreases in the cost
of battery and PY module technology could reduce this
to $165-$262 within a decade. Further information on
this analysis is provided in Appendix A. Costs for systems
based on ather technalogies, or larger deployments such
as campusscale microgiids, could be relotively lower,
based on economies of scale. Howevar, even if amortized
capital costs are comparable to grid services, such isolated
grids will result in deterioraling standards of reliability and
quality of electricity service and could require extensive use
of backup generalors whose emissions negalively impact

local dir quality.

Such isolated grids will result in deteriorating
standards of reliability and quality of
electricity service and could require extensive
use of backup generators whose emissions
negatively impact local air quality.
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Enobling Policy and Regulation

A policy ond regulatory framewcrk will be needed to
encourage the effective, efficient, ond equitable dllocation
and recovery of costs incurred 1o transform to an infegrated
grid. New market frameworks will have to evolve in assessing
potential contributions of distibuted and central resources
to system capacity and energy costs. Such innovotions
will need fo be anchored in principles of equitable cost
allocation, costeffective and socially beneficial investment,
and service that provides universal access and avoidance

of bypass.

As discussed, the cost of supply and delivery capacity can
account for almost 50% of the overall cost of electicily for
an average residential customer. Traditionally, residential
rate structures are based on metered energy usage. With no
separale charge for capacity costs, the energy charge has
traditionolly been sef o recover both casts. This mixing of
fixed and variable cost recovery is feasible when electricity
is generated from cenfral stations, delivered through
conventional T&D system, and with an electromechanical
meter that measures energy use only by a single entity [30]

[31].

Most residential {and some commercial] rate designs follow
this philosophy, but the philosophy has not been crisply
arficulated nor reliably implemented for DER. Consequently,
consumers thot use distributed resources to reduce their
grid-provided energy consumption significanily, but remain
connected 1o the giid, may pay significantly less than the
costs incurred by the uillity 1o provide capacity and grid
connectivity. In effect, the burden of paying for that capacity
can porenliolly.shiﬂ to consurners without DER [32].

A logical extension of the analysis provided here, os well
as maony other studies that look ot DER under different
circumstances, is that as DER deploy more widely, policy
makers will need fo lock closely ot clearly separating how
customers poy for aclual energy ond how they pay for

capacity ond related grid services.

A policy and regulatory framework will be
needed to encourage the effective, efficient, and
equitable allocation and recovery of costs incurred
to transform to an integrated grid.

24 2014 Floctic Poveer Pesearch Insthute [EFRI, Inc.
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Realizing the Value of DER through Integration

The anolysis of capacityrelaled costs {including cost of
ancillary services) in the previous sections is based on
loday’s snopshot of the components that make up the grid
and also based on minimum coniribution from DER to reduce
the capacity cost. With increasing penetration of variable
generalion {distibuted and centrol] it is expecled that
capacity- and ancillary servicetelated costs will become

an increasing porfion of the overall cost of electricity [33].

However, with an integrated grid there is an opportunity
for DER to contribute to capacity and ancillary services
that will be needed 1o operate the grid. The following
considerations will offect whether and how DER contribute

to system capacity needs:

@ Delivery Capacity — The extent to which DER reduce
system delivery capacity depends on the expected
oulput during peck loading of the local diskibution
feeder, which typically varies from the aggregate system
peck. If feeder peak demand occurs alter sunset, as is
the case with many residential feeders, local PV output
can do nothing 1o reduce feeder capacity requirements.
However, when coupled with energy sforage resoutces
dedicated fo smoothing the infermittent naiure of the

resources, such resources could significantly reduce

capacity need. Similarly, a smart inverter, integrated
with @ diskibulion management syslem may be able to
provide distributed recciive power services to maintain
vblfoge quality.

Supply Capacity — The extent to which DER reduce
system supply capacity depends on the output
expected during high-isk periods when the margin
between available supply from other resources and
system demond is relatively small. It local PV production
reduces high system loads during summer months bus
drops significantly in late evening prior to the systern
pedk, it may do lifle to reduce syslem copacity
requirements. Conversely, even if PV production drops
prior to evening system peaks, it moy still reduce supply
capacity requirements if it confribules significantly
during ofher high-isk periods such as shoulder months
when large blocks of conventional generation ore
unovailoble due to mainienance. Defermining the
contribulion of DER to system supply copdcity reguires
detailed analysis of local energy tesources relalive to
system load and conventional generation availability
across all periods of the year ond all years of the

planning horizon.

With an integrated grid there is an
opportunity for DER to contribute to
capacity and ancillary services.

The Integrated Grid




Ll

System Flexibility — As dishibuted, variable generation
is connected to the grid it moy also impact the nature
of the system supply capacity required. Capacity
requirements are defined by the character of the
demand they seive. Distibuted resouces such as PV
alier eleclricity demand, changing the distibuted load
profile. PV is subject lo a prediciable diumal pattern
that reduces the nef load to be served by the remaining
systern. Af high levels, PV can olter the net foad shape,
crealing additional periods when central generation
must “ramp” up and down 1o serve load. Fxamples ore
early in the day when the sun rises and PV production
increases and later, as the sun selfs, when PV output
drops, increasing net load. The net load shape also
becomes characterized by abrupt changes during the
day, as when cloud condifions change significantly.

Integration of DER Deployment in Grid Planning —
Adequacy of delivery ond supply capacity are ensured
thiough detailed system planning studies to understand
syslem needs for meeling projected loads. In order for
DER to contiibule to meefing those capacity needs in
the fulure, DER deployment must be included in the
associated planning models. Also, because DER are
located in the distibution system, certain aspects of
distribution, transmission, ond system reliabilily planning
have lo be more integrated. (Read more in the section,
Importance of Infegrated Transmission and Distribution

Planning and Operation for DER.)

> DER Availability and Sustainability over Planning
Horizon — For either delivery or supply copacily, the
extent to which DER con be relied upon to provide
capacity service and reduce the need for new T8D and
central generation infrastructure depends on planners’
confidence that the resource will be available when
needed across the planning horizon. To the extent that
DER may be compensated for providing capacity and
be unable or unwilling to perform when called upon,

penallies may opply for non-performance.

In addition to altering the system daily load curve, wind and
solar generation's unscheduled, variable output will require
more flexible generotion dispalch. For example, lower cost
and generally large ond less operationally flexible plants
foday typically carry load during the day. These resources
may have to be ougme;ﬂed by smaller and more flexible
assels o monage variability; however, this flexibility to
handle fast ramping condiiions comes with a cost. [34]
[35] The potential for uiilizing demand response or storoge
should not be overlooked, as rapid activation {on the order
of seconds or minutes) could provide additional focls for
system operators. Improving generator scheduling and
consolidating balancing oreas could improve access and
ufilization of tomping resources, preventing the unnecessary

addifion of less-efficient peaking units [36].

In addition to altering the system daily
load curve, wind and solar generation's
unscheduled, variable output will require
more flexibile genevation disparch.

26
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Figure 1 illustates the importance of understanding the
system to determine the volue of DER. The graph shows
the German power system’s load profile and the substantiol
impact of PV power generation at higher penefration [37].
In this case, the PV resource’s peak production does not
coincide with the system peak, and therefore does not
contribule 1o an overall reduction in system peak. From the
single average plois in Figure 11 it is unclear to what extent
PV might contribute 1o system capacity needs during critical
supply hours outside of absolute system peak. During system
peak, which for Germany is winter nights, the ~36 GW
of installed PV does not contribute to reducing that peak.
This is based on the requirements of “reliably available
copacity” [38] which is defined as the perceniage of
installed capacity hat is 99% likely to be available.

The ~33 GW of wind is also credited fo a minor extent
towards meefing the winter peak demand. Hydro power
provides the bulk of the 12 GW of renewable resource that
is considered as reliable available capacity to meet the 80
GW of winter peak load. However in the United States,
where the PV peck coincides more with the system peak
{depending on the facility's orientation, shading, and other
factors], the resulls could be different. In general, however,
PV without storage to achieve coincidence with sysfem
peak will be relatively ineffective in reducing capacity costs

due fo its variable, intermittent nature.
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Figure 11: Peak Load Reduction andRamp Rate Imp.a.ct.s Ré&ﬁfﬁng from Hrgh Penetration of PV [39]
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Importance of Infegrated Transmission
and Distribution Planning and Operation
for DER

To redlize their full value while ensuing power quolity
and reliobility for oll customers, DFR must be included
in distibuion planning and operation, just as central
generation resources are included in fransmission plonning
and operafion. As DER penelration increases  and
becomes concentroted in specific areas, their impact can
extend beyond the distribution feeders to which they are
inferconnecled, polentially affecting the sub-ransmission
and fransmission systems. The aggregated impact of DER
must be visible and controllable by Iransmission operators
ond must be included in transmission planning 1o ensure
that the fransmission sysfem can be operated reliability
and efficiently. Additionally, the T&D system operators
must coordinale to expose DER owners to reliability needs
and associated price signals. This will require significantly
expanded coordination among fransmission and disiribution

system planners and operators, as well as the development

and implementotion of new analysis tocls, visualization:

capabililies, and communications and contral methods.

fntegrated transmission and distribution planning methods
that include DER are not yet formalized, even in regions

with high DER penefrofion levels such os Germany,

Arizono, California, and Hawaii. Without o framework for
infegrafion into bolh kansmission and distribution system
operations, the cost of infegralion will increase significantly
and the potential value of DER will not be fully redlized.
For example, DER installations in sub-opfimal locations,
such os the end of long feeders, may require significont
feeder upgrades io avoid impacis to voliage quality. When
stiotegically located, however, DER may require litle or no
upgrade of the feeder while delivering multiple benefits.

Examples of Integration of DER in Distribution
Planning and Operations

The Howaiian Electic Company (HECO) system on the
island of Ochu had more than 150 MW of installed
distributed PV in mid2013. At this level of penetration,
HECO has found it necessary to develop PV fleet
forecasling methods, which it uses to provide operators with
geographic informalion on expected PV cutput and potential
impact on locat feeder operations, as well as aggregate
impact on system balancing and frequency performance.
Additionally, HECO has developed detailed disfribution
feeder models that incorporate existing and expected future
PV deployments for considering PV in plonning. Although
shill in development, HECO is 1aking these steps to ensure
reliability by inlegrofing distributed PV info their operational

and planning processes.

To realize their full value while ensuring power
quality and reliability for all customers, DER
must be included in distribution planning and

operation, just as central generation resources are

included in transmission planning and operation.
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Redlizing the importance of planning in DER procurement
and operation, regulclory commissions in some cases have
decided that distributed resource needs ore best served by
utility ownership or at least ufility procurement of required
distibuted resources [40], [41]. Competiive procurement
often reduces the asset cost while proper planning reduces
infegration costs and often maximizes the opporiunity for
capitalizing on mulliple polential DER volue streams. A
recent ruling from the California Public Utilities Commission
{CPUC]) highlighted this consideration by requiring utiliies
to procure energy sforage, ensuring that these resources

are sufficiently planned in the context of the distribution grid

[42).

Presenlly, most DER inslallations are “invisible” to T&D
operators. The lack of coordination omong DER owners,
distribulion operotors, and fransmission operators makes
system operations more difficult, even os system operators
remain responsible for the reliability and quadlity of
electric service for all consumers. bikewise, ulilities miss on
opportunity to use DER, with the proper atiribules, to suppor!
the grid. The expected services rendered from distiibuted
storage in California are provided in Table 1. However, an
integrated grid is required o enable many of these services,
making integration beneficial to the enfire system, not only

io customers who own DER.

- Category

| Describes the point of use
1in the value chain

Describes the use or application of storage

. Storage "EndUse”

o Oﬁfdgé"mifig'diidn'f"ﬁtitro grid

: e Power quc:ftry

: .f:_' sze Of Use (TOU) energy cost mcncgemem i

¢ Backup power

Tobfe I: Expecfed' 18D and Customer Services from Drsfnbufed Sforage in Cahforma [43]
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Realize the Benefits of Distributed Energy
Resources

An Integrated Grid that enables o higher peneiration of DER

offers benefits 1o operators, customers and society. These

examples illusirate the diverse nature of these benefits:

@

Provide distribution voltage support and ride-through
— DER can provide distribution grid voltage ond system
disturbance performance by riding through  system
voltage and frequency disturbances fo ensure refiability
of the overall system, provided there are effective
inferconnection rules, smart inverters, or smart inferface
systems.

Optimize distribution operations — This can be
achieved through the coordinated control of distributed
resources, and using advanced inverters to enhance
voltage control and to balance the ratio of real and
reaclive power needed fo reduce losses and improve
syslem stability.

Participate in demand response programs — Combining
communication ond  conirol  exponds  cuslomer
opporlunifies to aller energy use based on prevailing
system condiions and supply costs, Specifically
with respect fo ancillary services, ‘conneciivity and
distiibution management systems facilifate consumer
participafion in demand response programs such as
dynomic pricing, interruptible oriffs, and direct load

contral,

= Improve voltage quality and reduced system losses —

Included in this are improved voliage regulafion overall
and a flaiter voltage profile, while reducing losses.
Reduce environmental impact — Renewable distributed
generation can reduce power system emissions, and
an infegrated approach con avoid additional emissions
by reducing the need for emissions-producing backup
generation, Also contibuting will be the aggregation
of low-emissions distibuted resources such as energy
storage, combined heat and power, ond demand
response.

Defer capacity upgrades — With proper planning
and torgeted deployment, the insialtalion of DER may
defer the need for capacity upgrades for generation,
transmission and/or distribution systems.

Improve power system resiliency — Within an integrated
grid, distibuted generafion can improve the power
system’s resiliency, supporling portions of the distribution
system during oulages or enabling consumers to sustain
building services, at least in part. Key to doing this
safely and effectively is the seamless infegrotion of the

exisling grid and DER,
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Figure 12 illusirates a concept of an infegrated grid with
DER in residences, campuses, and commercial buildings
networked as o disiribuled energy network and described
in a recent EPRI report [44].

H

Figure 12: Crealing an Architecture with Mulli-Level Coniroller [44]
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Grid Modernization: Imperative for the Integrated Grid

Grid modemization of the distribution system will include
re-conductoring, and augmenting s infrastructure olong
with deploying smart technologies such as disiribution
management systems {DMS), communication, sensors,
and eneigy storage is o key component of moving to
the integrated Grid. It is anficipated thot this combination
of infrastructuse  reinforcement and  smart technology
deployment con yield the lowestcost solution for a given

penelation level of DER in a feeder.

Table 2 shows a menu of technclogy options for the
distribution system opetator side, the consumer side and the
integration of the two [45], {46] that will enable a distibution
feeder to reliably integrate greater DER peretrafion. The
solutions, which have been oullined and evaluated by

others in the indusiry, are organized as follows:

¢ System Operator solulions are those actions that
the DSO could iake to bolster the perdormonce and
refiobility of the system where DER deployment is
growing.

¢ DERGwner solutions are thase that could be employed
at the customer end of the system thiough inslallation of
technology or operational response measures.

o Inleractive soluions are those that require close
coordination between the System Operator and DER:
Owner and generally provide the operator the ability

to interact with the DEROwner's system fo help maintain

reliable syslem operation.

A comprehensive understanding of each approach is
beyond the scope of this paper but is on important element
of EPRI's proposed work. Assuming that any grid investment
will be paid for by customers it is important fo determine if,
and under what situations, such investments may prove cost-
effective and in the public interest,

The coordinaled demonstration of each option outlined in
Table 2 across different types of distribution system feeders
can help provide a knowledge repository that stakeholders
can use to determine the prudence of the various invesiments
needed 1o achieve an infegrated grid. Such demonstrations
also con provide information esseniial for oll stakeholders
regarding wles of engagement omong DER owners, DSQOs,
150s, and 15Os.

No one entity has the resources fo conductthe demanstotions
and the associcted engineering onalysis to document
costs, benefils, and performance of all technology options
across all types of distibution feeders. EPRI proposes
using its collaborative approach globally 1o develop a
comprehensive repository of data and information that can
be used to move toward the Infegrated Grid.

o :i' System Operqtor;Soluhons o

Nefwork Relnforcemenf

DG Owner Soluhons

Power. Faclor Conirol

: Network Reconf:gumhon

- Wide-Area Voliage Conirol -

- Frequencybased Curlailment.

Tabl’eZ Technofogy Cptions [45], [46} B
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Action Plan

The current and projected expansion of DER may significantly change the technical, eperational, environmental, and financial
characleristics of the elecrricity seclor. An infegrated grid that optimizes the power system while providing safe, reliable,

afferdable, and environmentally responsible electricity will require global collaboration in the following four key areas:

1. Interconnection  Rules and  Communications 3. Strategies for Integrating DER with Grid Planning and

Technologies and Standards Operalion

» Inferconnection rules thot preserve vollage support + Distribution planning and operational processes

and grid management that incorporate DER

= Siluational awareness in operations and long-term » Fromeworks for data exchange and coordination

planning, including rulesofthe-toad for installing amorg DER owners, DSOs, and organizations

and operating distibuted generation and storage responsible for fransmission planning and operations

devices # Flexibility to redefine rofes and responsibilifies

# Robust  information  ond  communication of distibution system operafars and independent

technologies, including high-speed data processing, system operators

to allow for seamless inferconnection while ossuring

high levels of cyber security 4. Enabling Policy and Regulation

e A standard fanguage and a common information » Capacity-related costs must become a distincl

model fo endble interoperability among DER of element of the cost of gridsupplied electrcity to

different types, from different manufacturers, and ensure longterm system reliability

with different energy management systems

@

Power market rules that ensure [ong term adequacy

of both energy and capacity
2. Assessment and Deployment of Advanced Distribution

and Reliability Technologies

bl

Policy and regulatory framework to ensure cosls

incurred fo transform to on infegrated grid are

» Smart inverters that enable DER to provide voltage
and frequency support and to communicate with
energy management systems [1]

e Distribulion management systems and ubiquitous
sensors through which operators can  refiably
infegrale distibuled generation, storage and end-
use devices while also interconnecting those systems
with fransmission resources in real fime [2]

¢ Distribuled energy slorage and demand response,

infegrated with the energy management system [3]

allocaled and recovered responsibly, efficiently,

and equitably

Lol

New market frameworks: using economics and
engineering fo equip inveslors and other stakeholders

in assessing polenfial contributions of distibuted

resources 1o system copacily and energy cosls
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Mext Steps for EPRI

In order fo provide the knowledge, information, fools that
will inform key slakeholders as they toke part in shaping
the four key areas supporting transformation of the power

system, EPRI has begun work on a three-phase inifiative.

Phase | - Develop a Concept Paper

This concept poper wos developed fo dlign stakeholders
on the main issues whife outlining real examples fo support
open factbased discussion. Input and review was provided
by various stakeholders from the energy sector including
uiliies, regulatory ogencies, equipment suppliers, non-
govemmental orgonizations (NGOs), and other inferested
parlies. The publication of this paper will be followed by
a series of public presentations and additional topical
papers of a more technical nature that will more completely
analyze various aspects of the Integrated Grid and lessons

learned from regions where DER penetfration has increased.

Phase Il - Develop an Assessment
Framework

In this sixmonth project, EPRI will develop a framework
for assessing the costs and benefils of combinations
of technology thot lead 1o an Integrated Grid. Such
a fromework is required to ensure consistency in the
compaiison of options and to build a rescurce library that

will inform the Phase Il demonstration program.

In order to organize o comprehensive framework, FPRI will
analyze System Operator, DFR Owner, and Interactive
Options lisled in Toble 2. Since each counlry, state,

region, utility, and feeder may have differing choracterisfics
that lead to different optimized solutions, efforls will be
made to ensure thal the framework is flexible encugh to

accommadate these differences.

Addificnally, o fesling prolocol wilt be developed in support
of the Phase IIl global demonstration progrom 1o ensure
fhat a representative sample of systems and solutions will
be tested.

Phase Il - Conduct a Global
Demonstration and Modeling Program

Phase lll will focus on conducting globol demonstrations and
modeling using the analylics and procedures developed in
Phase Hl fo provide data and information that stakeholders
will need for the syslem-wide implementafion of integrated

grid technologies in the most cost effective manner.

Using the Phase I framework and resource library,
porticipants in Phase Il can combine and infegrate their
various experiments and demonsirations under a consistenl
protocol. However, it is neither economic nor practical
for an individual distribution system operator to apply dll
the technological approaches across different types of
distribution circuits. Therefore, Phase Ill, planned as o twor
year efforf, will present the oppertunity for ufilities globolly
to collaborate 1o ossess the cost, benefit, performance
and operational requirements of different technological

appreaches to on infegrated grid.
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Demonstrations and modeling projects in areos where DER
deployment is not expecled near term will use the analytics
and procedures developed in Phase i to ensure that results
con provide data and information that utifities will need for
planning investments in the system-wide implementation of

integrated grid fechnalogies.

With research organizotions ond technology providers

working with distrbution  companies on  individual
demonstration  projects, EPRI con wark fo ensure that
findings ond lessons learned are shored, and to consdlidate
the evaluations of the different approaches. The lessons
learned from the real life demonsirations will be assembled
in a technology evaluation guidebook and information

resources and analysis tocls,

New technologies for grid modemization will continue
to evolve as the fransformation to an integrated grid
continues in this decade ond beyond. The effort outlined
in Phase ll and Phase M will not be a onetime event but
will set the slage for ongoing technology development
and optimization of the integraled grid concept. As new
lechnology evolves, a comprehensive framework for
assessment of the technology as outlined in Phases Il and
ll con suppor prudent investment for grid modetnization
using a solid scientific rigor of assessment before system-

wide deployment.

An integrated grid that optimizes the power
system while providing safe, reliable, affordable,
and environmentally responsible electricity will

require global collaboration.
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Ovutputs from the Three-Phase EPRI Initiative

Taken together, Phases Il and Il will help identify the
technology combinaticns that will lead costeffective and
prudent investment to modernize the grid while ‘suppor]ing
the technicol bosis for DER interconnection requirements.
Also 1o be developed are interface requirements that help
define the technical basis for the reldfionship between
DER owners, DSOs, and 1SOs or 1SOs, The information
developed, aggregated, and onalyzed in Phases Il and
Il will help identify planning ond operational requireménts
for DER in the power system and inform policymakers and
regulators as they implement enabling policy and regulation.
The development of a consistent framework backed up with
data from a global technology demonstration and modeling
program will support cost effeciive and prudent investments
lo modemize the grid in order fo effectively integrate large
amounts of DER info the existing power system.

A key deliverable from the Phase Il and Il efforts will be
a comprehensive guidebook, analytical tools, and a
resouice library for evalualing combinations of lechnologies
in distribution syster circuits. In order to maximize the
value of these deliverobles, EPRI will seek to partner with
organizotions thot ore leading integroted grid-style analyses
and demonsiration projects to ensure that oll have access
to the full dotabase of inputs and outputs from these
important projects even if they were not directly involved
in the technicol work. Key components of the guidebook,

analytical lools, and resource librory will include:

s Comprehensive  descripfions  of  lechnological
approaches ond how they can be applied in o
distribution system

* Modeling tools and approaches required to assess the
performance of the technical solutions

e Operafional intetface thol will be required between
DER owners and DSOs

¢ Analylics fo assess the hosting capacity of distribution
circuits

¢ Analytics fo evaluate lechnology options and costs o
support greater penetration of DER

¢+ Analyiics to choracterize the value of integrated grid

approaches beyond increasing feeder hosting capacity

A collaboralive approach will be essential 1o develop the
comprehensive knowledge repository of costs, bengfits,
performance and operational requirements of the muliitude
of technical approaches that can be implemented in a given
distribution feeder for a specific level of DER integralion. The
guidebook, analylical lools and rescurce library will build
on prior work of EPRI and other research organizations to
develop a porifolio of solution options outlined in Tuble 2.
They will also use the DOE/EPRI cost/benefit framework
for evaluoting smart grid invesiments as part smart grid

demonstrations around the world [47].
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Conclusion

Changes to the electric power system with the rise of DER
hove had o substonlial impact on the operation of the electric
power grid in places such as Germony and Hawaii. As
consumers conlinue lo exercise their choice in fechnology
and service, lechnologies improve in performance and cost,
and federal and regional policy incentives are passed, DER

could become even more pervasive.

DER deployment may provide several benefits, including
reduced environmental impadt, deferred capacity upgrades,
demand

oplimized disfribution  operations, response

capabilities, and improved power system resiliency. The
successful infegration of DER depends pivolally on the
existing electric power grid, especially its distibution
systems which were not designed fo accommodale o high
penetration of DER while sustaining high levels of electric
quality and reliability. Cerlain types of DER operale with
more voriability and infermitiency thon the centraf power
stations on which the existing power syslem is based. The
grid provides support that balances out the variability ond
intermittency while also providing other services that may

be difficult fo replicale locally.
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An infegrated grid that oplimizes the power system while
providing safe, reliable, affordable, and environmentally
responsible electricity will require global collaborafion in

the following four key areas:

1. Interconnection Rules and  Communications

Technologies and Standards

2. Deployment of Advanced Distribution and Reliability
Technologies

3. Strategies for Integrating DER with Grid Planning and
Operation

4, Enabling Policy and Regulation

In order to provide the knowledge, information, tools that
will inform key stakeholders as they take parf in shaping
the four key areas supporting transformation of the power
system, EPRI has begun work on a three-phase inifiafive:

¢ Phase | - Align stakeholders with a concept paper [this
document]

* Phase I} — Develop a framework for assessing the costs
and benefits of combinations of technology that lead
fo an Integrafed Grid '

¢ Phase Il - Initiote @ worldwide demonsiration program
fo provide data o hose seeking to implement Integrated
Grid solutions.

The inifiative will help identify the fechnology combinations
that will lead to cost effective and prudent investment fo
modemize the giid while supporfing the technical bosis for
DER interconneclion requirements. It will develop interface
requirements to help define the fechnical bosis for the
relationship between DER owners, DSOs, and TSOs or
ISCs. Finally, the information developed, cggregated, and
analyzed in Phases Il and 1 will help identify planning and
operational requirements for DER in the power system while
supporting the robust evaluation of the capacity and energy

coniribution from both central and distribuied resources.

The development of a consistent framework supported by
dala from a global technology demonstration and modeling
program will support cost effective, prudent invesiments lo
maodernize the grid and the effective, lorge-scale infegration
of DER info the power system. The development of a large
collaborative of stakeholders will help the industry move in
a consistent direclion to achieve an Infegrated Grid.
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Appendix A - Cost Calculations

Generation, Transmission, Disiribution vs. Cost of Energy and Capacity

Generation, Transmission, Distribution Breakdown are provided from EIA estimates in {$/kWh] assuming an average customer
usage of 982 kWh/monih.

Generalion is broken down into two components | Energy and Capacity) based on PIM market estimates of the price breakdown:
“2010 MM Market Highlights: A Summary of Trends and Insights.” 2011, hitpe/Aervew pim.com/~/media/documents/
reports/ 201105122010 pirrmadkethighlights ashy

Of which, 80% wos estimaled as energy-related, while the other 20% was atiributed to capacity.

Distribution and Tronsmission are esfimaled bosed on the following breakdown from SCE [E3 NEM Effecliveness
Report): hilp:/Aveww.elhree.com/documents /CSI/CPUC _INEM_Dralt_Reporl 9-26-13.pdf

Among the appendices, Southern California Edison’s {SCE) implied transmission and distribution {T&D) costs were provided.
When those costs were scaled back to nalional average values, the percentages are provided below:

SCE Implied Co_sf_brqudpw_n__s (w_he_n _s;al_e_z_d fo $_40/mo:_1th)

Thus the variable [energybased) T&D costs were taken at $3/month.
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Cost of Of-Grid Residential Solutions

Cost figures reflect the additional cost o take a residence that produces 100% of its energy locally [from PY) and fum it into

a seltsufficient entity that can operate without a grid connection.

These cos's include:
o Exiro PV panels {beyond the annual kWh requirement}
= Baitery storage
¢ Charge controller
# Bockup generator

Which are then amortized across the lifetime of the project {20 years)

Software Package: HOMER Energy [Hourly energy profie simulator)
Locations: St. louis, MO and San Francisco, CA
Andlysis includes appropriate incentives Federal [TC and net-energy-metering

- System Controller -

The Integrated Grid
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