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Abbreviations

AGC area generation control

BESS battery energy storage system

BMS battery management system

CAISO California ISO

DC direct current

DoD depth of discharge

DOE U.S. Department of Energy

ES energy storage

FERC Federal Energy Regulatory Commission
GW gigawatt

GWh gigawatt-hour

HVAC heating, ventilating, and air conditioning
[0]V] investor-owned utility

ISO independent system operator

IPP independent power producer

LMP locational marginal pricing

NERC North American Electric Reliability Corporarti
PCS power conversion system

RPS renewable portfolio standard

RTO Regional Transmission Organization
SCADA supervisory control and data acquisition
SOC state of charge

T&D transmission & distribution

VAR volt-amperes reactive

Department of Energy — Sandia National Labs ii
KEMA, Inc. Emission Il Study of Storage for FrequgrRegulation December 31, 2012



DNV KEMA Energy & Sustainability KEMA ='<
T

1. Executive Summary

In 2007, KEMA, Inc. (KEMA) was commissioned by tBbepart of Energy (DOE), through Beacon
Power Corporation and Sandia National Labs to itiyate potential emission savings created by having
advanced, fast response storage provide regubeiamaditional power plants.

The project only provided a high level “snapshdttree potential advantages that could be created by
such a substitution. This snapshot essentiallypecm®d of a comparison of a flywheel device vs.A1)
coal-fired plant and (2) a natural gas combustiwhihe. Analysis focused on Baseloaded Generation
(400 MW) and Peaker Plants (60 MW). In additiompeparison was also made to a pumped hydro
facility.

The results of this study showed significant adages to using the fast response storage device in
savings for C@and advantages with NOx as well. The main driveéhi®was the fact that the storage
device is charged by a “portfolio of generation’tl territory it was operating in and also by the
perceived inefficiencies of operating power planteegulation mode. These inefficiencies were assii
to be caused by “ramping” a generator in respoms$ieg regulation requirements.

The final report noted the high-level approachhef original model. Hence, in the 2007 report,
recommendations were made for next steps. Thesenraendations included the following:

= All the data of this study was based on publiclgible data from DOE, EPA and the different
ISO sites. Some of the data may be dated in tefrtiegeneration mix and generating
efficiencies and heat rates. These results shaulalidated with direct ISO involvement in a
future study.

= The assumed generation data is of a generic ptasithus limited in the details of specific
frequency regulation plant efficiencies under dif# operating scenarios. It is proposed that a
more in-depth analysis is performed based on spexl or gas-fired generators. This should be
done to calculate the specific emission savingsttieaflywheel installation can achieve at a
specific installation in a certain 1ISO region.

= The frequency regulation control signal from a #petSO could not be integrated into the
current simplistic model. When a specific siteakested for frequency regulation, it is
recommended to use specific generation data aedrate the relevant ISO frequency regulation
control signal. This will be valuable to investigdhe impact of partial discharge cycles on the
lifetime emissions savings of the flywheel systesmpared to other generation technologies.
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= The flywheel system has a much faster dynamic respoompared to other frequency regulation
generation technologies. The faster response qu-rate of the flywheel system may provide
better frequency regulation results compared toeotional generation units. For comparison
this improved performance could not be evaluatetreeds to be investigated further.

Since the time of the original study, a numberdfaamcements were made in the tools that could &e us
to evaluate this potential advantage. Hence, tiggnat “concept” was re-evaluated using current
evaluation tools as well as incorporating soméefrecommendations from the original report. The
results of this reevaluation are summarized imi section.

1.1 Project Summary & Goals

Since the time of the original effort, there haeeib advancements in activities and modeling tdais t
could be utilized to update the original assessrapdtaddress the specific recommendations that were
made in the original study. The advancements tha bheen made since the original study include:

= Actual Pilot demonstrations of both Lithium-ion aRigwheel devices for frequency regulation

= KEMA's creation of a real time simulation modelgionulate the operation of the Frequency
Regulation market for specific 1ISOs.

Hence, KEMA utilized its real time simulation moihgj tool (named KERMIT) to produce power system
simulations and studied the resulting behaviorariventional generation and fast acting storagecesvi
The new data resulting from the simulations seteadpdate the approach used in the original assgsm
of potential emission benefits for storage techgigls. Specifically, KEMA focused on two ISO/RTO
territories for the study, PJM Territory and thdifdania ISO (CAISO). Cooperating with these two
areas, KEMA acquired actual power system and gaoerfeets data from each ISO, calibrated the
KERMIT model for those power systems, ran a safesenarios in a real time simulation of regulatio
services, and then calculated the emissions difte®that resulted from the simulation using dedail
dynamic emissions models for combined cycle andbemtion turbine power plants.

The final goal of the effort was to look at thegrdial emission changes based on a simulation of an
actual system rather than on a proxy snapshotefédc” devices in static conditions.

Department of Energy — Sandia National Labs 1-2
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1.2 Methodology

In order to study the effects on emissions frormgea in frequency regulation service, KEMA used its
proprietary KERMIT simulation modeling tool to exara the potential advantages of using fast acting
storage when replacing conventional generationuress.

Hence, the tool was calibrated for two System QpesaPJM and CAISO (California Independent
System Operator). Additional information on the KER model is provided in the report. The study
targeted the differences between fast responsaggtatevices that could represent either a Flywheel
based device or Lithium-ion based device and lo@ktdte following scenarios:

1.

Scenario 1: Base case — ISO system without anyédistg storage device providing
frequency regulation

For CAISO the base case was the 2020 system with B@d, generation, renewable
levels and hourly frequency regulation requireménmtshe 1ISO selected study days and
conditions

For PIM the base case was the 2011 system withl@@d1generation, renewable levels
and hourly frequency regulation requirements ferl®O selected study days and
conditions.

Scenario 2: Vary each ISO base case by replacitigdfGhe frequency regulation
service requirement supplied by conventional ressgiwith an equivalent fast acting
storage device capacity and re-run the simulafionthe same cases.

Scenario 3: Vary each ISO base case by replacitigd3he frequency regulation
service requirement supplied by conventional resssiwith an equivalent fast acting
storage device capacity and re-run the simulafionghe same cases.

Scenario 4: Vary the PJM base case by replacing@Q¥e frequency regulation service
requirement supplied by conventional resources antlequivalent fast acting storage
device capacity and re-run the simulations forddme cases.

Scenario 5: For a CAISO selected conventional pghaart that provides frequency
regulation for the selected dates, compare a onadswap of a traditional, fossil-fuel
power plant with fast acting storage device andurethe simulations for the same cases.

Department of Energy — Sandia National Labs 1-3
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Each KERMIT simulation produces second by second dMityputs for every on-line resource for the 24
hours of every day included in the simulation.

The results of each simulation run for all scersavi@re then subjected to post processing calcokafior
emissions outputs for on-line fossil fuel resourgsi®g the emissions models created or applied for
combined cycles, simple cycle combustion turbimes@oal units.

The final step in the analysis was then to compaealculated emissions for each on-line conveatio
(fossil fueled) resource between the base caseactdscenario and aggregate the results at thestegu
levels. Comparisons were made at the followinglieve

1. Total system emission levels per study day - base us. each fast acting storage
scenario

2. Total emission levels from conventional resouraewipling frequency regulation
service per study day - base case vs. each fastyaorage scenario (CAISO Only)

3. Total emissions levels from individual conventioredources providing frequency
regulation service per study day - base case ¢b.feat acting storage scenario (CAISO

only)

1.3 Summary of Results

1.3.1 PJM Overall Observed Results

The detailed simulation results for the PIM cabesvshat overall, total system emissions differesnce
between the base case (no storage providing freguegulation) and the increasing penetrationsléeve
of fast acting storage devices resulted ir@@ission savings in all days and some NOx emission
savings in most days. Please refer to Section 4Astadhments A and B for detailed data analysis.

Though the data shows emission reductions, thdtseshow that the amount of emissions savings is
small when compared to the total emissions of tiigeePJM system for both C@nd NOx emissions.
This is understandable as the amount of regulaisenl is typically approximately 1% of the totaldoa
Hence, when energy schedules are held constaimt {fas PIJM cases) then introducing storage into
regulation markets produces emission savings éo@e2less of total system emissions for bothe@@d
NOKX.
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For PJM, the ISO hourly frequency regulation regmient in 2011 is calculated as 1% of on-peak load
and off-peak valley. Energy-wise, the MWhs assedatith regulation service can be no more than 1%
of the total energy service at its operationalaxis. For instance, at a peak load of 90,000MW, the
equivalent PIM frequency regulation requirementtat peak load hour is 900MW. That represents a
maximum MW range reserved to correct frequencyatens and Area Control Error for that hour. We
know that MWh is what drives emissions productibnat is, the input-output curve of fossil-fueled
plants is monotonic: to produce more MWs a fosgal plant needs to burn more fuel, thus more
emissions. In this study the scenarios replaced, 2% and 50% of the base case conventional
generation MWs assigned as part of the PIJM frequesgulation requirements. For the 90,000MW peak
load and 900MW frequency regulation reserve maimirthat hour that means that the 10% scenario
replaces 90MW of fossil generation with 90MW ofrsige, the 25% scenario replaced 225MWs and the
50% scenario replaced 450MW. In a 90,000 MW sydtarthat hour, that represented a maximum MWh
output reduction from fossil units of 0.1%, 0.25%@d®.5%. Furthermore consider these additional
factors:

* Most hours the frequency regulation requirementugh lower than the requirement during
the daily system peak hour.

* During a substantial number of AGC cycles overtedr period the resources &ogvering
their output (and thus reducing emissions) rathan increasing their output to correct for
over frequency and positive ACE deviations.

* Over a day, per NERC standards the number of AG&asizero crossings are managed to be
as close to a net zero to demonstrate acceptaiimtperformance; thus the net amount of
MWs spent to correct both over and under-frequesiayanaged to be small.

* The assigned frequency regulation participatiotofaior conventional units during each
AGC cycle is typically distributed to favor fasteisponders (the more efficient units);

» Conventional fossil fueled resources have a limigewje of operation for frequency
regulation service — most fossil fueled resour@sot provide frequency regulation service
through their entire operating range and thusiarged to 10% to 20% of their range for any
given hour and finally,

» The mix of conventional resources actually providirequency regulation in PJM favors
combined cycles, rather than coal or combustiobines.
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Translate all of these factors into their impactonventional resources outputs and the observed
magnitudes of emissions reductions and the restittee study are congruent with these factors.

1.3.2 CAISO Overall Observed Results

The detailed simulation results for the CAISO camesless conclusive showing overall that system
emissions differences between the base case (ragstproviding frequency regulation) and the
increasing penetrations levels of fast acting gf@i@devices resulted in some £€&nission savings in half
of the study days and some NOx emission savintgssithan half of the study days. Please refer to
Section 4 and Attachments D and E for detailed daddysis. It is noted that for California, thetfaio
mix of generation is much different than PJM, whidaere are far less emissions from coal plants to
offset.

Differences in total emission levels from t@ventional resources providing frequency regulation
service between the base case (no storage provigiqgency regulation) and the increasing penetnati
levels of fast acting storage devices resulte@mesCQ emission savings in half of the study days and
some NOx emission savings in less than half obthdy days. Please refer to Section 4 and Attantsne
D and E for detailed data analysis.

Differences in total emission levels framdividual conventional resources providing frequency
regulation service between the base case (no stpragiding frequency regulation) and the incregsin
penetrations levels of fast acting storage deviesglted in C@emission savings in one of the study
days and NOx emission savings in one of the stagg.d Please refer to Section 4 and Attachments D
and E for detailed data analysis.

When the real time energy dispatch of a systemflisganced by its close interaction with its AGC troh
scheme, as observed with the CAISO results, thenlynhalf of the study cases does introducingagier
resources in regulation markets, produce emissivimgs.

1.4 Conclusions

1. In control areas where “coal” plants are part ef pool of resources contributing to regulation,
storage devices appear to provide emission redgctldowever, reductions are inconclusive in
areas where clean generation has replaced codlpmveer production.

2. The interactions of the regulation market and ## time dispatch market complicates the
analysis and makes it less straight forward totilewhen emissions benefits are observed.
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a. The simulation results show that power plants éinat‘bumped out” of the regulation
gueue typically do not stop producing, but rath@rtinue to participate in the real time
dispatching, thus minimizing the potential benaditshe storage device being introduced
into the ancillary service

3. Once systems operators are able to quantify hovhmare efficiently storage resources can be
in regulating their system frequency while mainitagnsystem security, it will allow operators to
procure reduced levels of frequency regulation cisgpérom conventional resources yielding
some reductions in overall system emissions.

4. Additional emissions savings may be obtainablenifssions factors were to be included in the
frequency regulation procurement and dispatch #lgos as an additional constraint in the
control problem. That would require changes toenirnational and regional load balancing
standards and frequency regulation market poli&asrgy Storage devices represent a new
factor to consider changes to those policies agdlations.

5. As regulation requirements make up a small pergentdthe overall peak load, the frequency
regulation margins in the studied cases are relgtsmall compared to total system power
production and therefore the expected emissioasstassociated exclusively with frequency
regulation services from fossil fueled units isaislatively small compared with the total system
emissions caused by production for energy supply.
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2. Methodology

For the project, KEMA utilized its proprietary KEMRenewable Model Integrating Technologies -
KERMIT - simulation model to examine the potentidvantages of using fast response storage. The tool
is described in the next section in more detagecically, KEMA focused on two ISO/RTO territosie

for the study, the California ISO (CAISO) and PJ#iltory. Cooperating with these two areas, KEMA
acquired actual ISO data and ran a series of addastorage scenarios in a real time simulation of
regulation services. The study teams then calibrdte KERMIT tool for the two System Operators to
replicate the actual system operation data recdiesa each entity. With the calibrated models thuelg
teams then developed scenario analyses for eatdnsys

2.1 Description of KERMIT Model

The KERMIT model is configured for
studying power system frequency behavig KERMIT : “This is a software product used by KEMA to analyZ
the bulk power system for integrating renewablegyneources.
This is not a commercial software product but amlysis tool for
high level study where automatic generation controst be

state conditions associated with Automatif modeled; control area interconnections simulatetigemerator
Generation Control (AGC) response inertia can be modeled by balancing authority,mastes. The time
span for modeling is generally 1 second to 1 hsaig 24-hour
model simulation can be done in a balancing arewifad,
congestion and regulation services in 15 to 30 temEnergy
volatile renewable resources (e.g., wind) { storage efficiency and response rates are inclirdtte model.”
well as time domain frequency response

following short-time transients due to faul
clearing events.

over a time horizon of 24 hours. As such,
is well suited for analysis of pseudo stead

including non-fault events such as
generator trips, sudden load rejection, an

Analysis Tools for Sizing and
Placement of Energy Storage in
Grid Applications - A Literature
Review; Pacific Northwest

KERMIT model inputs include data on National Lab, September 2010

power plants, wind production, solar
production, daily load, generation
schedules, interchange schedules, system

inertias and interconnection model, balancing @wtikation participation. Parameters for electricity
storage are also inputs — power ratings, energgagpor "duration” of the storage at rated power,
efficiencies, and rate limits on the change of poleeel. Model outputs include ACE, power plant
output, area interchange and frequency deviatesal,time dispatch requirements and results, storage
power, energy, saturation, and numerous other dynaamniables. The KERMIT Model Overview
graphic (Exhibit 2-1) depicts the model inputs aatputs graphically.
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EXCEL-based dashboards allow the creation of coatpar analyses of multiple simulations across
control variables and the generation of time segriets of key dynamic variables with multiple
simulation results co-plotted for easy comparigtivot table analysis allows the 3-D plotting of key
metrics (such as maximum ACE) across multiple satiohs and scenarios.

Exhibit 2-1: KERMIT Model Overview

Wind/Solar
Power
Forecastvs.

Actual

Schedule - Load
Mismatch

24h Simulation

Frequency
*Renewable Response
Inter- Real Time
connection Market

The model has a number of useful features aimathiing it effective for analyzing specific condit®
and different scenarios including:

Load
Plant Schedules

Generation Portfolio
Grid Parameters

ACE

Power Plant Dynamics
Performance Parameters
Real Time Dispatch Costs
Regulation Revenues incl
Pay for Performance

Generation
< Conventional

Wind Penetration
Solar

Reserves
Storage Parameters
AGC Design

=  Spreadsheet based data to represent regional piames.
= Use of actual interchange schedules and load fstef@m typical customer data.

= Analysis of dynamic performance of the power systidra AGC, the generation plants, storage
devices:

— Power spectral density analysis which allows coisparof hour to multi-hour time
series (i.e. ACE, plant actual generation, freqybyg mathematical means

— Computation of NERC CPS1 and CPS2 performancetatidtics or other customer
control standards

= Computation of useful statistics such as max owena period, averages, and so on.
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It is possible to make direct comparisons of ddfarcases to highlight the results of changes fsam
scenario to the next, such as increased wind dewedot, increased use of regulation for the same
scenario, impact of varying levels of storage, iotpd different control algorithms and tuning, and
comparison of completely different strategies saglstorage versus increased ancillaries. These are
presented statistically and were turned into EX@Bfot tables, or more typically, combined on
MATLAB plots to show time series from different eason the same plots.

2.2 Overall Approach to Measure Benefits

This study focuses on the total grid system arahiactual simulation. A couple key points needego b
highlighted as ramifications to this approach

* Power plantgypically do not dedicate atheir capacity potential to regulation, but rather
only bid a small percentage (ranging from 10% t@2f¥ their total capacity) to the
regulation market

» Power plants that are bumped from the regulatiaretig” are not necessarily taken off-
line from the system, but remain available for ggen the real time dispatch market,
thus continuing to provide real and reactive potweghe system

For example, if a power plant is contributing tgukation, rarely does a power plant dedicate ailof
resources to regulation. In the cases examindddrstudy, the traditional power plants woulditghly

run on an 85% to 15% ratio, where roughly 85% efrttotal generation would be dedicated to prodgicin
energy and the remaining 15% would be dedicatedgolation. When another “regulation” device is
added to the queue, the traditional power plarit isally “bumped” out of other power generation
services, rather the 15% that was dedicated tdatgu typically enters the “real-time dispatch” mket.

In the cases simulated by KEMA, this additionalgmtial is made available to the real time markats a
selected for energy supply — meaning that the ptesvi5% of plant capacity is not being removed from
the system, but rather is now being dedicated ¢ohen application such as simply producing energy.

Another ramification of the simulation is that esi@s are examined in totality. Previous studiesgha
shown a one to one comparison and a “snapshothmaf emission comparisons of advanced vs.
traditional suppliers of Regulation Services. Hoamrin actuality, the amount of MWs required for
regulation is relatively small compared to the alleznergy requirements for the reliable and ecanom
operation of the system. Hence, by examining thieeesystem when comparing the emissions
differences, the savings will appear relatively Brmampared to the total emissions required for the
operation of the system. The study attempted tiex fdut the total system results in order to sednipact
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of a “one to one” comparison, but though this selgee factor, the simulation does not “prevent” a
traditional unit removed from regulation servicesnfi performing another service as would be the case
a real ISO operating scenario. Though it is ackedgéd that this can be done, it is noted that the
simulation does its best to reflect the realitidsmtnis happening during day-to-day operations.

2.3 One to One Case

Understanding that the approach of examining tiséesy in totality could “overwhelm” the emissions
savings that may occur in the smaller subset afletign service providers, as a first step in thalygsis,
the study examined the emissions from units progdegulation only. The reason for this step is to
attempt to filter out the impacts of units that act participating to the regulation market andersbe the
potential emission benefits through a smaller subispower plants. However, though examining a
smaller subset, this approach did not prevent tiveep plant from re-entering the real time dispatch
market.

2.4 ISO/RTO Cases

For each of the ISOs that were used in the stumhperation was obtained from the specific ISOs to
calibrate the model. Hence, the ISOs recommendetydar’ they wanted to see assessed in the study
and the study group complied with the recommendatio

The characteristics of the storage devices weredaystant between PIJM and CAISO simulations. In
addition, the study group assumed that the statagees had enough stored energy capacity to mget a
regulation obligations required during a simuladeg. For each system we developed a Proportional pl
Integral (Pl) automatic generation control (AGQGattmimics the AGC algorithm each system has in
place currently.

Calibrating KERMIT model to PIJM and CAISO Regulation

There are two primary methods to incorporate strafp a regulation portfolio of assets. The fissto

add storage devices to the list of regulating asmedl keep the net capacity of regulation the saims.
would result in decreasing the regulation capaaftyach conventional resource by the penetration
percentage of the fast acting storage devicese¥ample, for 100 MW of regulation capacity origigal
provided by generation portfolio X, a 10% penetnatf storage would have 10 MW from storage
devices and 90 MW from generation portfolio X. Triet result is the AGC signal sent to each generator
is reduced because of the proportional distribufidrus potential emission savings can be realizeithd
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set of generators being asked to provide a sreheunt of regulation capacity and being required to
ramp up and down over a reduced range of outputs.

The second method to incorporate storage intow@atgn portfolio of assets is to do a one for one
replacement of conventional generation assetseqtlivalent storage devices. For example, say a
regulation generation portfolio is comprised ofrfgenerators A, B, C, and D, and that each pro28es
MW of regulation for a total of 100 MW of regulagjrcapacity. A 25% penetration of storage resources
would replace one of the generators and the newatign generation portfolio would be comprised of
generators A, B, and C and 25 MW of storage ressuleaving the shares of resources A, B and C
unchanged. Potential emissions savings can hieeddly avoiding having a subset of generators
(generator D in our example) operate less effityeas a result of their response to AGC requesteeS
the CAISO and PJM frequency regulation marketsym®cegulation capacity at the MW level and not
the unit level, the first methodology is a morelist&@ representation of those markets.

2.4.1 PJM Cases

For PJM, the study focused on examining the emisdi@nefits that fast acting storage devices can
currently realize by participating today’sregulation market at PIM’s request. As a reseltstindy
simulated fast acting storage devices operatirRJiM’s 2011 regulation market. KEMA used the
following PJM datasets from the selected 2011 stiais to build the KERMIT PJM model. Many such
data were specific to the resources and have ot peblicly available. The major datasets include:

1. Hourly schedules for all generation resources énRBM footprint.
2. Hourly interchange profiles for interchanges wigighboring areas.

3. Pi-Historian records for frequency, ACE, etc. foe thosen days. PJM provided two-
second resolution.

4. Key parameters of generation resources, such aspiata capacity, fuel type, and ramp
rates.

5. Disturbance records and resulting system-frequerbyavior. (This was needed to
calibrate the model so that its frequency behaslimsely reflects what has been observed
in practice.)

Model calibration was performed after the model waist. PIM provided KEMA with the Pi-Historical
operational data (ACE, frequency, CPS1/2, load) akcbenchmark for model calibration. Based on the
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comparison of simulated results against Pi-Histdrilata, PJM and KEMA concluded that the KERMIT
model developed for the study is a good repregentat the PJM power system and well calibrated.

All simulation cases were based on the calibratedmeters of the model. Subsequent simulation cases
were then variants of the base-case simulationewxely two particular parameters are changed from
case to case.

For PIM the study group developed four scenari@®@f10%, 25%, and 50% penetration of fast acting
storage devices in PJM’s regulation market. PJNs asgroprietary AGC algorithm to keep their NERC
regulation metrics in compliance. Their AGC algamitgenerates a control signal to the generators
providing regulation and distributes it proportitipdased on capacity bid

For our PIM scenarios, the study used the firshawe{described in section 2.4) to incorporate gfora
into a regulation portfolio of assets. Namely, shiedy group did not remove any generators from
participating in the regulation market. For eacénseio in our PIJM simulations, the study group $acl
solely on the emissions benefits of fast actingagte devices in regulation markets by fixing thg da
ahead and real time energy schedules of each gener&ERMIT. To do so the study group used the
historical day ahead and five minute generatorgnschedules that PIM’s security constrained
economic dispatch software generated for eacheo$ithulation days in 2011.

A total of twelve (12) representative days weresamby PJM, one for each month of the year to
represent PJM on-peak and off-peak days as thechass of the simulation study. The selected days a
listed in the Table 2-1: Twelve PIM days seleébedhe study

! Note that PJM uses a fleet based approach whereitompany bids in a fleet of resources to pewgjulation, PJM sends a
control signal for the net capacity the company bithe company is then allowed to assign parti@gpafactors and distribute
the control signal to their fleet of resources astlthey see fit.
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Table 2-1: Twelve PJM days selected for the study

Characterized by

Month | Day . Renewable/Total-Gen Comments
Conventional Gen | Interchange

ratio

1| 2010|Aug 15|Low Import Low

2| 2010|Sep 7|Low Import Med

3| 2010|Oct 28|Low Import Hi & Ramp

4| 2010|Nov 23|Low (neutral) Hi & Ramp

5| 2010|Dec 13|Low (neutral) Med

6/ 2011|Jan 21|Med (neutral) Low & ramp

7| 2011|Feb 18|Low (neutral) Hi

8| 2011|Mar 20|Low Import Hi

9| 2011|Apr 11|Low (neutral) Hi & ramps Already picked by PJM
10| 2011|May 10|Low Import Medium & ramp
11)2011|Jun 15|Med Import Medium & ramp
12| 2011|Jul 10|High Import Low Already picked by PJM

NOTE: Data are downloaded from http://www.pjm.com/markets-and-operations/ops-analysis.aspx

Two input variables were selected to be changeepieddently for each of the 12 study dates:
= The PJM Regulation Requirement per hour, and

= The Percent of Energy Storage as fast-followingueses represented in the study by different
combinations of Energy-Storage technologies.

Normally, the PJM Regulation Requirement for anyhef 12 days is set to be 1% of the peak loadrier o
peak hours and 1% of the minimum load for the efflphours. In KERMIT a simplified approach was
used as follows: For each day, the Regulation Remdint is set to 1% of minimum load from hour 00:00
to 05:00, and to 1% of maximum load between 05r@D2x4:00.

The two variables that were manipulated in the doatipns:

1. Vary the Regulation Requirement from 1.00% of pleakl (or minimum load) down to
0.50% in 0.25% decrements yielding 3possible reguiaequirements conditiohs

% The variations in reserve requirements were aifipeequirement of PIJM in order to study other i@nal
impacts and were not a requirement of the SanddysHowever, they resulted in a much richer nundfer
simulations results to include in the emissionslgtu
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2. Vary the Percentage of Energy Storage from 0% %,125% and 50% yielding four (4)
possible levels of energy storage replacement tiondi

Therefore, for each of the 12 days, the simulatgindied 12 scenarios. Since the study covers {2 da
the resulting number of scenarios studied was 144.

2.4.2 CAISO Cases

For CAISO, the study focused on examining the domssbenefits that fast acting storage devices can
realize when significant penetrations of renewaplergy are present. As a result, at CAISO’s reqoest
understand the potential implications of their 20@0ewable scenario, the study focused on fasi@cti
storage devices participating in CAISO’s 2020 ragah market when they expect to have 33%
penetration of renewable energy.

A similar process was used to build and calibrageGAISO KERMIT model as with the PIM KERMIT
model. KEMA received the same type of major dataBetn CAISO for selected 2009 and 2011 study
days. The KERMIT model was then calibrated to czté the observed Pi-Historian data for the sedecte
study days. To simulate a set of 2020 days, KEMKzed load and renewable generation profiles
CAISO developed for their 33% renewables integrasitudy.

Two scenarios of 0% and 25% penetration of fash@storage devices in CAISO’s 2020 regulation
market were created. The study group used thendenethod to develop a regulation portfolio wit®25
storage by capacity, namely for each simulationttaystudy group replaced enough combined cycle or
combustion turbine power plants from the regulatiarket with storage devices to equal 25% of the
total regulation capacity.

For the CAISO KERMIT model, a real time market vimplemented to mimic CAISO'’s real-time
dispatch. This is a different approach from the Bidulations that were conducted. This is because t
five minute dispatch schedules to use in the CAKERMIT model were not available. The result is that
the RTD schedules in KERMIT are not fixed and cleafigm scenario to scenario because there is
interplay between the RTD and regulation markets.

For the CAISO simulations, six 2020 study days vesdected. The criteria for selection were days wit
significant renewable events. Currently CAISO prestd80 MW of regulation capacity as their
frequency regulation reserve requirement. Basagoent estimates of future ancillary service capaci
requirements to adequately integrate 33% renewabtmirces provided by the ISO, the study group used
1000 MW of regulation capacity in the CAISO simidas. This resulted in the percent of energy sterag
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as fast following resources as the only independariable changed from scenario to scenario. Thoe tw
possible values the input variable could take &ea@dd 25%. As a result, the number of scenarios
simulated for CAISO was 2 x 6 = 12 scenarios.

2.5 Post processing calculations for emissions output

The study group used dynamic emissions modelsitoae emissions from combined cycle and
combustion turbine generators. To develop the dymamission models, the KEMA team used the
regression models Katzenstein and Apt (2008) deeeldor analysis of measured emissions and heat rat
data taken at one minute resolution from two tygfegas turbines to model emissions and heat raée as
function of power and ramp rate. Katzenstein antofypained 1-minute resolution emissions data for
seven General Electric LM6000 natural gas combndtidoines and two Siemens-Westinghouse 501FDs
natural gas combined-cycle turbines. The LM6000 dd a nameplate power limit of 45 MW and

utilize steam injection to mitigate N@missions. A total of 145 days of LM6000 emissidata was

used in their regression analysis. The Siemensiwgmstuse 501FD NGCC turbines have a hameplate
power limit of 200 MW with GE’s Dry Low N@system (lean premixed burn) and an ammonia seéecti
catalytic reduction system for N@ontrol. Emissions data for 11 days were obtafbethe 501FD

NGCC. Each emissions data set contained six vagablhte, time, power generated, heat ratg, N&¥s
emission, and a calibration flag.

Available NQ combustion control technologies are water (liquidteam) injection systems and dry
low-NO, combustion designs (EPA, 1993). The LM6000 datewbtained from 45 MW turbines that
injected steam into the combustion chambers, lowdiame temperatures to reduce NThe 200 MW
501FD turbines used General Electric’s Dry-Low ,NDLN) system of lean premixed combustion. The
median nameplate size for all US natural gas tesbirsing Dry Low NQcontrol is 170 MW; using
steam injection it is 80 MW. Thus, the turbineswidrich Katzenstein and Apt have data are moderately
representative of the US fleet.

In GE’s Dry-Low NOXx systems, fuel is premixed wih to create a fuel-lean mixture that is burned in
two-stage process to reduce flame temperatureseaitbnce times. At full generator output, GE's DLN
operates at a mixture just richer than the flanosvblt point of natural gas. As the generator Isad i
reduced, less fuel is fed to the combustion chamdmiting in lower flame temperatures. As load is
reduced further the flame blowout point is reacaed GE’s DLN system can no longer employ the fuel-
lean premixed firing mode, and shifts to a diffusftame where high flame temperatures are presgent.

a result, low NOx emission rates are achievederpihwer range of approximately 50% to 100% of
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nameplate capacity and NOx emission rates an ofdaagnitude greater are observed in the power
range of 0% to 50% (Davis and Black, 2000).

Katzenstein and Apt modeled €@nd NOx emission rates as a function of powerl land ramp rate.
We paired their emissions models with the powepwutrom the combined cycle and combustion turbine
generators in our KERMIT model to estimate2Gdd NOx emissions for natural gas power plants.

For coal plants, KEMA used an emissions factor aggh as no public dynamic emissions models are
currently available. We used G@nd NOx emissions factors obtained from EPA’s ZRddtabase for a
pulverized coal, dry bottom, wall-fired, medium-able bituminous coal plant.
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3. Results

The study first examined the single plants to pe\a one to one comparison of power plants that wer
“bumped” from the regulation queue and assessedrtfigsion impact of the units being replaced by an
advanced storage technology. The study then focuselde entire system in PJM and CAISO cases. As
the study focused on simulations of grid operatiarigeether the examination is at a “single unit’dear

the grid in totality, the issue encountered in emetthodology is that when units are “bumped” from
regulation, they are not “bumped” from productiorgad operations. Typically, once bumped, the sinit
begin to produce energy and may offset potentigs&ion savings generated by the replacement.

This section examines each of the cases in detail.

3.1 One to one comparison of advanced storage vs. traidinal
power plants

The one-to-one comparison was conducted in thddbaith ISO cases in order to provide a basis fer th
“system” calculations. Hence, if the analysis strieted to examine only the emissions from the
generators that were removed from the regulatiorket@and replaced with storage devices, as seen in
Table 3-1, five of the six study days showed andase in the C©and NOx emissions of the generators
that were removed from participating in the CAIS@isulated 2020 regulation market. The increased
emissions are a result of the generators beinglaskgrovide more energy due to a change in tleair r
time energy schedules. This highlights the compfexfi estimating emission benefits any one techgwlo
can achieve. For example, CAISO relies on a sicgnifi amount of imported energy and freeing up
generators from providing regulation enables themrovide more firm energy and allow CAISO to
import slightly less energy. The changes in impprtgluce a net effect on the energy dispatch tnades
the overall changes in resource outputs and therefmissions.
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Table 3-1: Change in emissions between 25% storage peraion scenario and 0% storage
penetration scenario for six CAISO 2020 study days.

Difference
CAISO 2020
(tonnes)
Simulation Days
COo, NO
12-Jan-20 -0.01 5.77E-05
1-Feb-20 0.03 -1.75E-03
9-Mar-20 0.08 6.13E-04
6-Apr-20 3.11 5.30E-02
1-Sep-20 0.16 2.06E-04
12-Dec-20 0.34 2.78E-03
3.2 Before and after of the total “regulation only” providers

The results presented for CAISO were estimatedrfioentire system and can be influenced by the gnerg
production of units that are removed from providiagulation (Section 3.1). The emissions results in
Table 3-2 were computed only for the generatorsghavided regulation for a given study day. Agaw
see the results are mixed. £€missions decreased for four of the six study thay®n average increased
by 0.7 tones because the emission decreases wallecempared to the increases observed for April 6
and December 12 study days.

Table 3-2: Emission results for generators providing reglation in CAISO system for 6 simulated

2020 days.
No Storage 25% Storage Difference Percent Difference
CAISO 2020 (Storage - No Storage)

Simulation Days CO, NO, CO, NO, Cco, NO, COo, NO,

(tonnes) (lbs) |(tonnes) (Ibs) (tonnes) (lbs) |(tonnes) (Ibs)
12-Jan-20 1329 10111 1329 10099 -0.5 -11.3 -0.03% -0.11%
1-Feb-20 1067 9010 1066 9003 -0.8 -6.9 -0.08%  -0.08%
9-Mar-20 1094 9186 1093 9184 -1.5 -2.8 -0.14%  -0.03%
6-Apr-20 822 6385 825 6508 3.0 122.7 0.37% 1.92%
1-Sep-20 1521 12522 1521 12527 -0.1 5.3 -0.01% 0.04%
12-Dec-20 1119 8347 1124 8352 4.3 5.8 0.38% 0.07%

Comparing the change in emissions in Table 3-2u{egipn only) with the change in emissions in Table
3-8 (total emissions for all units), only two okthix days showed a decrease in both calculatioths a
only one day showed an increase in2@missions in both calculations. For the NOXx eriss;j only the
September 1 study day showed the same directionasfge in NOx emissions from both a systems point
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of view and a “regulation only” provider’s point giew. The remaining five study days differed isuks
when shifting the perspective from the system &ordgulation only providers. This is indicativettha
changes in the real time dispatch of the CAISO gitg assets in response to system performance
complicates the emission benefits a system caizeday deploying storage and not changing their
regulation procurement procedures.

3.3 Total PIJM and CAISO Results

Based on the simulations results for PIM and CA48€em, incorporating advanced storage into
regulation markets appears to provide a reductiotine total emissions attributable to frequency
regulation services for PIJM systems and is incamatufor CAISO. For both PIJM and CAISO, the

largest percent reduction observed was 0.1% farédissions and 0.2% for NOx emissions for the 25%
storage penetration case of the December 12, 2028@simulation day. In terms of tones emitted, the
largest emissions benefits observed was for theugiLigy 2011 PJM study day where 63.9 tones of CO
and 470 Ibs of NOx were avoided. Emissions beneftise observed for all scenarios and all study days
for PIM. The CAISO scenarios showed mixed resuilts half the study days showing decreased system
emissions while half showed increased system eomssi

The difference in results between CAISO and PJNues primarily to the difference between using a
fixed RTD schedule (our PJM simulations) and a dyiceRTD schedule (our CAISO simulations). An
electricity system provides many interrelated sssiacross multiple time scales which means thahwh
changing one the others may also be affected.dymamic is captured in the CAISO results and
highlights the difficulty in realizing emissionsrits if emissions are not explicitly considerad i
dispatch decisions. In addition, the portfoliogeheration technologies participating in regulattso
plays a role in the analysis.

Tables 3-3 through 3-5 compare the results fromasdes simulated for CAISO and PJM respectivelly. Al
cases exhibit a decrease in both2@@d NOx emissions and the emissions benefitsaseras the
penetration percentage of storage increases. Frystam emission savings point of view, the emissio
reductions are negligible in all but the 50% scErsawhere average system emission savings of 0.01%
are observed. The nonlinear production of NOx eimissand the linear production of €@missions
results in greater NOx emission benefits (on agr@sge basis of system emissions) than.CO
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Table 3-3: Summary of total estimated emissions for PIMaal, combined cycle, and combustion
turbine plants for 12 2011 study days for cases wit0% and 10% penetration of storage in PJM
regulation markets.

. . No Storage 10% Storage Difference Percent Difference
PJM 2011 Simulation Days co, NO, co, NO, co, NO, co, NO,

21-Jan-20 887359 3589598 | 887355 3589572 -4.1 -26.4 0.00%  0.00%
18-Feb-20 639117 2676095 | 639117 2676078 | -0.3 -16.8 0.00%  0.00%
20-Mar-20 544915 | 2290840 | 544908 2290786 | -6.5 -54.3 0.00%  0.00%
11-Apr-20 665802 = 2753881 [ 665795 2753753 | -7.2 -127.9 0.00%  0.00%
10-May-20 658456 @ 2724044 | 658450 2724030 -5.7 -14.7 0.00%  0.00%
15-Jun-20 999290 4209819 | 999288 4209808 | -1.5 -11.6 0.00%  0.00%
10-Jul-20 944278 3964203 | 944274 3964115| -3.9 -88.3 0.00%  0.00%
15-Sep-20 848813 3584259 | 848806 3584213 | -6.5 -45.7 0.00%  0.00%
7-Aug-20 842677 3501504 | 842667 3501435| -10.1 -69.1 0.00%  0.00%
28-Oct-20 675138 2783817 | 675132 2783746 | -5.7 -70.3 0.00%  0.00%
23-Nov-20 667589 2786632 | 667588 2786628 | -0.5 -3.6 0.00%  0.00%
13-Dec-20 961636 3882956 | 961632 3882931 | -3.9 -25.7 0.00%  0.00%

Table 3-4: Summary of total estimated emissions for PIMaal, combined cycle, and combustion
turbine plants for 12 2011 study days for cases wit0% and 25% penetration of storage in PJM
regulation markets.
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. . No Storage 25% Storage Difference Percent Difference
PJM 2011 Simulation Days co, NO, co, NO, co, NO, co, NO,
21-Jan-20 887359 3589598 | 887351 3589587 -8.3 -10.9 0.00%  0.00%
18-Feb-20 639117 2676095 | 639112 2676057 | -4.7 -38.3 0.00%  0.00%
20-Mar-20 544915 2290840 | 544901 2290702 | -13.9 -138.2 0.00%  -0.01%
11-Apr-20 665802 = 2753881 | 665787 2753643 | -15.3 -238.6 0.00%  -0.01%
10-May-20 658456 2724044 | 658441 2723976 | -14.8 -68.2 0.00%  0.00%
15-Jun-20 999290 4209819 | 999265 4209760 | -24.2 -59.1 0.00%  0.00%
10-Jul-20 944278 3964203 | 944271 3963967 | -7.4 -235.8 0.00%  -0.01%
15-Sep-20 848813 3584259 | 848798 3584086 | -14.5 -172.6 0.00%  0.00%
7-Aug-20 842677 3501504 | 842640 3501286 | -36.8 -218.3 0.00%  -0.01%
28-Oct-20 675138 2783817 | 675123 2783674 | -14.6 -142.8 0.00% -0.01%
23-Nov-20 667589 2786632 | 667585 2786619 | -4.0 -12.4 0.00%  0.00%
13-Dec-20 961636 3882956 | 961631 3882900 | -4.6 -56.7 0.00%  0.00%
34
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Table 3-5: Summary of total estimated emissions for PJIMaal, combined cycle, and combustion
turbine plants for 12 2011 study days for cases wit0% and 50% penetration of storage in PJM
regulation markets.

. . No Storage 50% Storage Difference Percent Difference
PJM 2011 Simulation Days co, NO, co, NO, co, NO, co, NO,

21-Jan-20 887359 3589598 | 887314 3589354 ( -44.7 -244.7 -0.01%  -0.01%
18-Feb-20 639117 2676095 [ 639081 2675932 | -35.7 -163.1 -0.01%  -0.01%
20-Mar-20 544915 2290840 | 544881 2290486 | -34.1 -354.1 -0.01%  -0.02%
11-Apr-20 665802 2753881 [ 665765 2753150 | -36.8 -731.3 -0.01%  -0.03%
10-May-20 658456 2724044 | 658406 2723649 | -50.3 -395.0 -0.01%  -0.01%
15-Jun-20 999290 4209819 | 999230 4209665 | -60.1 -153.9 -0.01%  0.00%
10-Jul-20 944278 3964203 | 944250 3963855 | -28.3 -348.0 0.00%  -0.01%
15-Sep-20 848813 3584259 | 848763 3583842 | -49.6 -416.2 -0.01%  -0.01%
7-Aug-20 842677 3501504 | 842613 3501034 | -63.9 -469.6 -0.01%  -0.01%
28-Oct-20 675138 2783817 | 675097 2783441 | -40.7 -376.1 -0.01%  -0.01%
23-Nov-20 667589 2786632 | 667553 2786475 | -35.5 -156.9 -0.01%  -0.01%
13-Dec-20 961636 3882956 | 961605 3882704 [ -30.9 -252.5 0.00%  -0.01%

Table 3-6: Cumulative total of COztones for the 50% case for PIJM coal, combined cygland
combustion turbine plans for 12 2011 study days fotases with 0% and 50% penetration of storage
in PJM regulation markets

CO2 Tons CO2Tons . Estimated
Selected Day Difference
Base Case 50% Storage Month Total
21-Jan 887359 887314 45 1395
18-Feb 639117 639081 36 1008
20-Mar 544915 544881 34 1054
11-Apr 665802 665765 37 1110
10-May 658456 658406 50 1550
15-Jun 999290 999230 60 1800
10-Jul 944278 944250 28 868
15-Aug 848813 848763 50 1550
7-Sep 842677 842613 64 1920
28-Oct 675138 675097 411 1271
11-Nov 667589 667553 36 1080
13-Dec 961636 961605 31 961
Total Year 15567
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The data in Table 3-6 shows that though on a veldfiercentage” basis, the difference between the
changes and emissions output are small when cothpathe entire grid operation, on a cumulativedas
and projected out for an entire year, an impactfial yearly reduction in the amount of tones esiitt

was seen.

Tables 3-7 and 3-8 list the estimated emissionsoloyentional fossil fueled plant types participgtin
frequency regulation services during the simulaaygs. For C@emissions, the largest emissions savings
are from coal plants though on a percent basthiae types of power plants have similar2@&missions
reductions. For NOx emissions, the largest emisssawings are from Combined Cycle plants both by
weight and percent basis. This is due to the cotidsubehavior of the dry low NOx systems instalted
combined cycle plants where NOx emissions are der@f magnitude greater when the plants are
operating at 50% or below their nameplate capalbip when they are operating at 50% or above their
nameplate capacity.
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Table 3-7: Summary of estimated emissions by power plamype for twelve 2011 days for cases with
no penetration of storage and 25% penetration of strage in PJM regulation markets.

Department of Energy — Sandia National Labs
KEMA Emission Il Study of Storage for Frequency Riadion

PJM 2011 Simulation Days Coal Combined Cycle Combustion Turbine Total
(tonnes) co, NO, co, NO, Cco, NO, co, NO,
No Storage
21-Jan-20 767,197 1524 118,737 100 1,424 4 887,359 1628.2
18-Feb-20 569,874 1132 67,748 78 1,495 4 639,117 1213.9
20-Mar-20 473,112 940 69,474 93 2,328 6 544,915 1039.1
11-Apr-20 577,895 1148 83,048 87 4,860 14 665,802 1249.1
10-May-20 571,214 1135 86,381 99 862 2 658,456 1235.6
15-Jun-20 891,835 1772 104,980 131 2,475 7 999,290 1909.5
10-Jul-20 809,318 1608 125,530 161 9,430 29 944,278 1798.1
15-Sep-20 728,933 1448 116,714 168 3,165 9 848,813 1625.8
7-Aug-20 715,365 1421 120,310 146 7,002 21 842,677 1588.3
28-Oct-20 585,259 1163 84,888 87 4,992 13 675,138 1262.7
23-Nov-20 586,408 1165 79,779 95 1,402 4 667,589 1264.0
13-Dec-20 820,265 1630 134,060 108 7,311 23 961,636 1761.3
25% Storage
21-Jan-20 767,190 1524 118,737 100 1,424 4 887,351 1628.2
18-Feb-20 569,870 1132 67,747 78 1,495 4 639,112 1213.8
20-Mar-20 473,100 940 69,473 93 2,328 6 544,901 1039.0
11-Apr-20 577,880 1148 83,047 86 4,860 14 665,787 1249.0
10-May-20 571,199 1135 86,380 99 862 2 658,441 1235.6
15-Jun-20 891,812 1772 104,979 131 2,475 7 999,265 1909.5
10-Jul-20 809,311 1608 125,530 161 9,430 29 944,271 1798.0
15-Sep-20 728,920 1448 116,713 168 3,165 9 848,798 1625.7
7-Aug-20 715,331 1421 120,307 146 7,002 21 842,640 1588.2
28-Oct-20 585,245 1163 84,887 87 4,992 13 675,123 1262.7
23-Nov-20 586,404 1165 79,779 95 1,402 4 667,585 1264.0
13-Dec-20 820,260 1630 134,060 108 7,311 23 961,631 1761.3
3-7
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Table 3-8: Comparison of 0% and 25% penetration of storag cases in PJM regulation markets by
power plant type for twelve 2011 study days.

Coal Combined Cycle Combustion Turbine Total
PJM 2011 Simulation Days
co, NO, co, NO, co, NO, co, NO,
Difference
21-Jan-20 -7.68 -0.02 -0.60 0.01 0.01 -1.30E-04 -8 0.00
18-Feb-20 -4.45 -0.01 -0.29 -0.01 0.01 -1.81E-04 -5 -0.02
20-Mar-20 -12.66 -0.03 -1.21 -0.04 -0.04 -4.83E-06 -14 -0.06
11-Apr-20 -14.84 -0.03 -0.56 -0.08 0.12 4.90E-04 -15 -0.11
10-May-20 -14.27 -0.03 -0.49 0.00 -0.01 -1.15E-06 -15 -0.03
15-Jun-20 -23.21 -0.05 -1.06 0.02 0.05 -1.99e-04 -24 -0.03
10-Jul-20 -7.54 -0.01 0.02 -0.09 0.11 -7.30E-04 -7 -0.11
15-Sep-20 -13.47 -0.03 -1.07 -0.05 0.01 -2.12E-04 -15 -0.08
7-Aug-20 -34.19 -0.07 -2.66 -0.03 0.01 -4.34E-04 -37 -0.10
28-Oct-20 -13.66 -0.03 -1.05 -0.04 0.13 -2.58E-04 -15 -0.06
23-Nov-20 -3.85 -0.01 -0.16 0.00 0.02 -9.99E-05 -4 -0.01
13-Dec-20 -4.47 -0.01 -0.30 -0.02 0.14 -1.62E-03 -5 -0.03
Percent Difference
21-Jan-20 -0.001% -0.001% -0.001% 0.010% 0.001% -0.003% -0.001% 0.006%
18-Feb-20 -0.001% -0.001% 0.000% -0.011% 0.001% -0.005% 0.000% -0.016%
20-Mar-20 -0.003% -0.003% -0.002% -0.040% -0.002% 0.000% -0.006% -0.043%
11-Apr-20 -0.003%  -0.003% | -0.001%  -0.091% 0.002% 0.003% | -0.001%  -0.091%
10-May-20 -0.002%  -0.002% | -0.001% -0.003% | -0.001% 0.000% | -0.004% = -0.005%
15-Jun-20 -0.003%  -0.003% | -0.001% 0.015% 0.002%  -0.003% | -0.001% 0.009%
10-Jul-20 -0.001%  -0.001% 0.000% = -0.057% 0.001%  -0.002% 0.000% = -0.060%
15-Sep-20 -0.002%  -0.002% | -0.001% = -0.031% 0.000%  -0.002% | -0.003% = -0.035%
7-Aug-20 -0.005%  -0.005% | -0.002% = -0.021% 0.000%  -0.002% | -0.007% @ -0.028%
28-Oct-20 -0.002%  -0.002% | -0.001% = -0.043% 0.003%  -0.002% | -0.001% @ -0.047%
23-Nov-20 -0.001% -0.001% 0.000% 0.002% 0.001% -0.002% 0.000% -0.001%
13-Dec-20 -0.001% -0.001% 0.000% -0.014% 0.002% -0.007% 0.001% -0.022%

Table 3-9 shows the total G@nd NQ emissions for each CAISO study day. The totab€issions for
CAISO decrease in half of the study days (Januaryéptember 1, December 12) and increase in the
remaining study days (February 1, March 9, andlA)riThe December 12 study day had the largest
decrease in C©emissions with a reduction of 60 tones of2ZCThe average change in carbon dioxide
emissions for the six study days is 11.7 tonescatiig that incorporating 25% of storage resouittes
CAISO's regulation market has inconclusive resdits to the differences observed in the sampléhaét t
was utilized for the study. We believe this igihtttable to the dynamic interplay between the atipn
market and the real time energy dispatch markewandxamine this in more detail in the next
subsection.

The NOXx results show similar results although dnly of the six days exhibit a decrease in NOx
emissions when storage is incorporated in the atignl market. The remaining four days see an iiserea
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in NOx emissions. The April 6 study day had thgémt decrease in NOx emissions with a reductich of
tones of NOx. The average change in NOx emissionthé six study days is a decrease of .3 tones
indicating that adding storage to CAISO’s regulatioarket can decrease NOx emissions but the
inconsistency in the results indicate that thereiseal definitive trend increasing or decreasing
emissions. Again, we believe the dynamic interflatween the regulation market and the real time
energy dispatch market plays a role in the incoescy of the results.

Table 3-9: Summary of total estimated emissions for CAIS@oal, combined cycle, and combustion
turbine plants for six simulated 2020 days for cagewith no penetration of storage and 25%
penetration of storage in CAISO regulation markets.

CAISO 2020 No Storage 25% Storage Difference Percent Difference
Simulation Days
Co, NO co, NO Co, NO Co, NO,
(tones)
12-Jan-20 61430 186 61428 186 -2 0.0 0.00% 0.00%
1-Feb-20 60347 194 60397 194 50 0.2 0.08% 0.09%
9-Mar-20 58226 200 58252 200 26 0.4 0.04% 0.21%
6-Apr-20 56582 199 56639 197 57 -1.9 0.10%  -0.93%
1-Sep-20 61527 189 61526 189 -1 0.1 0.00% 0.04%
12-Dec-20 63005 186 62946 185 -60 -0.4 -0.10%  -0.20%

Similar results are also evident if we examine@#dSO simulation results by looking at the emission
factor of the system (Table 3-10). For £@alf of the study days show decreases in €@issions

factors and the other half of the study days shmneiases in Cemissions. Interestingly, the subset of 3
days with decreases in CAISO’s systene@@issions factor is the subset of 3 days wheré Gida
emissions increased for CAISO. The converse stale. This indicates a counter-intuitive res$oit

the original reductions in emissions reported ibl&at-6. CAISO’s system was more efficient on &2CO
emissions basis for the February, March, and Apuitly days even though total emissions increased.

The results for the NOx emissions factor diffemfrthe CQ results. Of the two study days that showed a
decrease in the total NOx emissions for the CAlBQuktions, the April 6 study day was the only doe
also show a decrease in the system NOx emissitorfathe December 12 study day shows an increase
in the system NOx emission factor when total NOxssions decreased. The NOx emission factor for the
February 1 study day decreased indicating the syatas more efficient on a NOx emissions basis even
though total NOx emissions were estimated to haseeased. The NOx emission factor for the remaining
three days increased.
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Table 3-10: Summary of total emissions factors for CAIS@oal, combined cycle, and combustion
turbine plants for six simulated 2020 days for cagewith no penetration of storage and 25%
penetration of storage in CAISO regulation markets.

CAISO 2020 No Storage 25% Storage Difference Percent Difference
s;:;:'::mx:‘;s co, nNo, | co, nwo, co, NO, co,  NO,
12-Jan-20 0.33 0.0010 0.33 0.0010 2.85E-05 7.83E-08 | 0.01% 0.01%
1-Feb-20 0.35 0.0011 0.35 0.0011 -5.88E-04 -1.75E-06| -0.17% -0.16%
9-Mar-20 0.36 0.0012 0.36 0.0012 -3.45E-04  9.19E-07 | -0.09% 0.07%
6-Apr-20 0.39 0.0014 0.39 0.0013 -1.00E-03  -1.75E-05| -0.26% -1.29%
1-Sep-20 0.33 0.0010 0.33 0.0010 2.08E-05 4.88E-07 | 0.01% 0.05%
12-Dec-20 0.31 0.0009 0.31 0.0009 5.89E-04 8.24E-07 | 0.19% 0.09%

Table 3-11 displays the emissions for the six CAEB@Iy days by plant type and Table 3-12 examines

the difference in emissions from the two scenadasseen in Table 3-12, the determining factor in
whether total system C@missions increased or decreased were the combyetelpower plants. The

large increase in CQemissions from the combined cycle generating assa$ greater than the decrease

in COzemissions from the combustion turbine assets. @o#sions have little impact due to the low

penetration of coal power within CAISO’s systemeTdombined cycle assets play a similarly important
role in determining the change in total system M@xssions. When NOx emissions for the combined

cycle power plants decrease then the total NOxsams for the system also decrease.
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Table 3-11: Summary of estimated emissions by power plamgpe for six simulated 2020 days for
cases with no penetration of storage and 25% penaeitfion of storage in CAISO regulation markets.

Department of Energy — Sandia National Labs
KEMA Emission Il Study of Storage for Frequency Riadion

CAISO 2020 Coal Combined Cycle Combustion Turbine
Simulation Days co, NO, co, NO, co, NO,
(tones)
No Storage
12-Jan-20 808 1.61 52659 157 7963 27.5
1-Feb-20 796 1.58 51453 164 8098 28.5
9-Mar-20 620 1.23 50390 171 7216 27.1
6-Apr-20 679 1.35 49346 172 6556 25.6
1-Sep-20 810 1.61 52236 158 8481 29.3
12-Dec-20 899 1.79 53085 155 9021 28.4
25% Storage
12-Jan-20 808 1.61 52657 157 7962 27.5
1-Feb-20 796 1.58 51504 164 8096 28.5
9-Mar-20 620 1.23 50429 172 7203 27.1
6-Apr-20 678 1.35 49420 170 6541 25.7
1-Sep-20 810 1.61 52234 158 8481 29.3
12-Dec-20 902 1.79 53011 155 9032 28.4
311
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Table 3-12: Comparison of 0% and 25% penetration of storge cases in CAISO regulation markets
by power plant type for six simulated 2020 days.

CAISO 2020 Coal Combined Cycle Combustion Turbine
Simulation Days co, NO, co, NO, co, NO,
Difference
12-Jan-20 0.00 0.000 -1 -0.02 -1.2 0.01
1-Feb-20 0.26 0.001 51 0.23 -1.6 -0.05
9-Mar-20 0.01 0.000 39 0.48 -13.4 -0.05
6-Apr-20 -1.55 -0.003 74 -1.89 -15.4 0.04
1-Sep-20 0.00 0.000 -2 0.06 0.7 0.01
12-Dec-20 2.55 0.005 -74 -0.38 11.5 0.01
Percent Difference
12-Jan-20 0.00% 0.00% 0.00% -0.01% -0.02% 0.03%
1-Feb-20 0.03% 0.03% 0.10% 0.14% -0.02% -0.17%
9-Mar-20 0.00% 0.00% 0.08% 0.28% -0.18% -0.20%
6-Apr-20 -0.23% -0.23% 0.15% -1.10% -0.23% 0.15%
1-Sep-20 0.00% 0.00% 0.00% 0.04% 0.01% 0.04%
12-Dec-20 0.28% 0.28% -0.14% -0.24% 0.13% 0.03%

3.4 Assessment of diminishing returns of storage benédi

As seen in Table 3-13, the emission savings for BXénerally linear as the penetration of storage
resources increases. Plots for the rest of the day$de found in the appendices to this reportaidyghe
maximum emissions reductions for both £Z20d NOx are small (less than 1% of total systenssions).

We also examined what effect decreasing the ragalaapacity requirement for PJM would have on
system CQand NOx emissions. In most cases no emissionsgaware evident if the regulation
requirement was reduced to 75% of the current atigum capacity requirements. If the regulation
requirement is reduced to 50% of the current requents then emission reductions are observed
although they savings are minor (a decrease othess0.05% over the 100% cases).
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Table 3-13: Sample results for PIJM Emissions

COAL with heat rate = 10,000 BTU/kWh

PIM-Total CO2, tons: 01-21-2011 PJM-Total NOx, Ibs: 01-21-2011

887,370 3,589,650 1
887,360 Regulation g'zz;'gz = Regulation
BE7.350 - requirement a5 | 35pe cag requirement as

! % of present 3589 450 - % of present
887,340 7 —_—50% 3,589,400 + —50%
s | —w | 2 —
BB7.320 —+ ——100% 2589250 —100%
B87.310 - 3.589,200 +—

0 B present 3,589,150 - B present
B87.300 3 3,589,100 -

0% 20% 40% 60% 0% 10%  20% 30% 40%. S0% 6D%
% of Regulation served by Fast Resources % of Regulation served by Fast Resources
PJM-Total CO2, tons: 02-18-2011 PJM-Total NOx, Ibs: 02-18-2011

639,130 2,676,150 7
€33,120 Regulation 2,676,100 = Regulation
£30.110 - requirement & requirement as

' % of present || 2,676,050 % of present
639,100 — —

S 2,676,000 5%
| =1 2,675,950 1 —l
639,080 T — 100% . —100%
I 2675500
£39.070 B present W present
639,060 T T 2675850 - T T T T
0% 20% 40% 60% 0% 0%  20% 30% 0% 50%  60%
% of Regulation served by Fast Resources % of Regulation served by Fast Resources
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3.5 Alternative Approaches to Reducing Emissions with ®rage

Below are alternative approaches that could beedlin order to increase the emission reduction
advantages from a technology such as storage. Bo&d@ons are theoretical and most likely would
policy initiatives in order to achieve, but arddid as potential outcomes.

3.5.1 Modifying Regulation Selection to maximize EmissiorfiReduction

It is noted from studying some of the markets tfdRegulation participants that there is a mix aftiNal
Gas, Coal, Oll, and zero emission resources paaticig in the regulation market. Though our study
looked at replacing devices that participate inrttagket, this section examines the potential ahtaka
closer look at the impacts of regulation “up” ardulation “down” impacts.

Table 3-14 shows how a typical regulation servickandled by different generation groups in a abntr
area. Conceivably, the percentages change on aly Ibasis, but for this example, a single day is
examined.

Table 3-14: Potential Regulation Participation Mix for an 1ISO

, . . Contribution to Contribution to
Hypothetical Regulation Mix ) i
Regulation Up Regulation Down

Natural Gas 13.9% 0.0%
Coal 75.2% 85.3%
0] 0.0% 0.0%
Emission-free power plants 10.9% 14.7%

The meaning of the percentages in the table islksvs:

= If at a given time instant, the regulation sigrsatLOOMW, i.e., Regulation Up, then the Natural
Gas units are asked to increase their output BM\&/, Coal units by 75.2MW, Qil units by
OMW (or unchanged), and all other units by 10.9MW.

= |f the regulation signal is -100MW, i.e., Regulatibown, then the Natural Gas units are asked to

reduce their outputs by OMW (unchanged), Coal wyt85.3MW, Oil units by OMW, and all
other units by 14.7MW.

= Note the asymmetry in the Up-versus-Down percestaiger the example day, those Natural Gas

units that participate in Regulation were at timgiinimum power output, and thus cannot provide
Regulation Down.
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= The Up-versus-Down asymmetry implies that the eimisis biased in one direction. To see why,
we look at the C®emission associated with a +1MW regulation sigmal that with a -1IMW
regulation signal.

— With +1MW signal, the Natural Gas plants will be asked twease output by 0.139MW,
and Coal by 0.752MW. (See Column 2 of table.) Usiregemission factors of Table 3, the
COz emission will be added at a rate of +0.139*1,2718#52*2,200 =+1,832 Ib/hr.

— With -1MW signal, the Coal plants will be asked to decreagput by 0.853MW, where as
Natural Gas plants keep output unchanged. (Sear@obBuof table.) Using the emission
factors, the C®emission will drop at a rate of - 0*1,278 - 0.88300 =-1,877 Ib/hr.

The take-away from this section is the followingnpiple: In an emission-minded design for Freqyenc
Regulation:

= Resources that are least polluted get highestityriduring Regulation Up.

= Resources that are most polluted get highest priduring Regulation Down.

3.5.2 Using Storage for Spinning Reserve

Another potential emission reduction area is tav@ra the use of storage for spinning reserve. fier t
concept, the DNV KEMA study team examined fourg¥as in order to compare the emissions savings
of using storage assets to provide spinning redentte grid.

The four (4) cases area described below:

1. Before: A 100 MW generator is providing spinningeeve for an hour by reserving 20% of its
capacity (it is operating at 80% nameplate capawi§0 MW). After: A 20MWh battery is
provides spinning reserve and an 80 MW generatamising at 100% (80 MW). We compare
the emissions from the before case to the after.cas

2. Before: A 20 MW generator is providing spinningar& for an hour by being on but not
producing power (it is operating at 0% capacitg@me small fraction). After: A 20MWh battery
provides spinning reserve. We compare the emisgiom the before case to the after case.

3. Same as case 1 except that an event happens theigiyen hour to where the spinning reserve
is deployed (for both the before and after case).

4. Same as case 2 except that an event happens theigiyen hour to where the spinning reserve
is deployed (for both the before and after case).
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To run the cases, generator profiles were createeh the generator profiles were run through the
emissions code already utilized in the projectitier a hypothetical 501D or LM 6000 device. The
same simulated profile can be used in the after.d&%at will change is the nameplate capacity feol i

the emissions code.

For all cases we assume a fully charged 20 MWhcdeViowever, for most days when spinning reserves

aren’t deployed, the 20 MWh charge will last utitére is appreciable decay in its charge thatatiado
be recharged. As a result, some thought needsgver to how to translate the emission savingsifro
an hour’s estimate to daily or annual estimates.

Below is an example of the daily potential savitigg could be achieved though storage being udilize

for spinning reserve.

Table 3-15: Potential CC» Reductions achieve by utilizing storage for spinnig reserve

Case CO2 (ton) NOx (Ib)
Before After Before After
1 12.06 11.8 70.81 56.65
2 0.62 0 5.67 0
3 14.75 11.8 70.81 56.65
4 2.95 0 14.16 0
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4. Final Conclusions

1. In control areas where “coal” plants are part ef pool of resources contributing to regulation,
storage devices appear to provide emission redwectidowever, reductions are inconclusive in
areas where clean generation has replaced codlpmveer production.

2. The interactions of the regulation market and ## time dispatch market complicates the
analysis and makes it less straight forward totilewhen emissions benefits are observed.

a. The simulation results show that power plants éinat‘bumped out” of the regulation
gueue typically do not stop producing, but rath@rtinue to participate in the real time
dispatching, thus minimizing the potential beneaditshe storage device being introduced
into the ancillary service.

3. Once systems operators are able to quantify hovhmare efficiently storage resources can be
in regulating their system frequency while maintagnsystem security, it will allow operators to
procure reduced levels of frequency regulation cipé&rom conventional resources yielding
some reductions in overall system emissions.

4. Additional emissions savings may be obtainablenifssions factors were to be included in the
frequency regulation procurement and dispatch #lgos as an additional constraint in the
control problem. That would require changes toenirnational and regional load balancing
standards and frequency regulation market poliéiesrgy Storage devices represent a new
factor to consider changes to those policies agdlations.

5. As regulation requirements make up a small pergentéthe overall peak load, the frequency
regulation margins in the studied cases are relgtsmall compared to total system power
production and therefore the expected emissioasstassociated exclusively with frequency
regulation services from fossil fueled units isaislatively small compared with the total system
emissions caused by production for energy supply.
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PJM-Total CO2, tons: 05-10-2011
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PJM-Total CO2, tons: 09-07-2010 PJM-Total NOx, Ibs: 09-07-2010
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PJM-Total CO2, tons: 12-13-2010 PJM-Total NOx, Ibs: 12-13-2010
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B. Sandia PIJM Emission Data — Detailed Results
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I A B C =] E 3 | [ | H | i | ¥ L M | Q | P |
PIM Simulations Detailed Results
Taotal COZ
1-21-2071 118737.04 3300341.82 22002681 920325  TI2BT2S0  TaRi1E.3) E87355 3589572 100% 10
2-88:2041 56687178 BTT4T 64 149533 J4960T2.TE 17144447 858109 52007543 41552434 938744 539117 2676078 100% 10
3.20-2011 47310862 8047270 230780 207223825 20572184 1283575  A3M4BS08 41770007 1492605 sa4308 1200786 100% 10
4-11-201% STT88T 80 BH4T 25 485989 2531174.58 1907TI2T 3160564  SIBBIGS4  SO424430 2344207 BGSTIS 2753753 100% 10
5.10.2011_10PerStor_ 1000 ctReg 5-10.2011 57120834 8638025 BE16Q 250191777 NTRTAAZ 43748 53061506 52022300  5608.06 558450 2724039 100% 10
5-15-2011_10PeiStor_t100FctFeg B-15-2011  BE183318° 10486011 247482 300626804 28885374  14BBLSE  BIB4SAB4  G2TV41.16  1SO7ETD 999288 4209808 1000% 0
T-10-2011_10PaStor_100PaReg F-10-2011 BOS314.43 125530,20 S47n 82 3544833 57 J547BS 12 BA4GT26 75180012  T430Tzer  41TESA0 244274 3364115 100 10
5-15-2010_10PctStor_10PctReg B-15-2010 TIREAITAS  TIBTIAT4 316500 JM2TIEEE  ITIWOS26 20420010  6ITI2560  €81237T.54 160006 B4880S 3584213 1008 10
272010 TIEIS595  120308.82 700248 3133250.33 32182388 4632071 68451886 TOZI4N4E 3405255 842667 3501435 100%: 10
10-28-2010 58528332 84887 52 4991 .57 2563435 56 109124706  Te06342 4366200 52351630 3000268 575132 2783746 100% 10
11-23-2010° 58640719 TOTTRON 1401 86 256848085 20931725  BE20B2 54473180 48175560 754728 867588 2786628 100% 10%
12:13.2010  BI02E105 13405084 7311.00 5HETA025 23855496  BiSBSST  TE1968.81  B4TT0513 2670508 261632 3882931 100% 10%)
1-21-2041  7ETIERE3 11873673 142427 3OTISO7 22005925  OI0I0T  TIZGEBOM  TAZIIS48. 745547 887351 3559587 1005 55 %
2-45-2011  BALEEG.5E ETP4T.3T 140534 2406084 28 17144180 856077 52037151 41552163 03874V 539112 2676057 1000
3-20-2011 4709883 5047312 237175 207219853 20566782 1283578  43MMTATT  41TEG4.ER- 1482593 544901 2230702 100% 259
4:11-201%  STTATOE BIMTOT 435097 253113054 19068650  3IB06.TE 53681251 S04 BT 2344270 BHETET 2753643 100% %
50-2091  ET1106.36 BEIS0.03 BE1.8E 250187888 . 2TISA75 JEIT4E BIDSOGBY  S20229.67 568833 558441 2723976 1008
6:15-2011 89181185  104ETEEE  WT4E4 30617509 28800083  146B4.20 B2B43463 E2TTIDDY 1507835 999265 4209760 100%
T-10-2011  BOBGTOET 125530033 4281 I544B1T 12 5465416 Ba4SOT  THITREE3  TaN0TATE  4WTTO5E 244271 3953967 100%
8152010 TIBHISET  METIZIS 316539 I9ITH0.91  ITOOE533  PO41980  BITHIEES 68123221 1880010 538798 554086 100 5%
&7-2010 T15330 62 120307.00 00248 JI3NB1ET  A297E41T 4632005  BA44D550 70232410 3405254 242640 3501286 1007
WeZB-BI0 5524495 B4066 84 4991 85 2563789.20 19121174 2806281 54385425 52351081 3000322 675123 2783674 1000 259
11.23.2010 55640304 rOTTRTE 140187 25084TS B0 - 20032291 BEXOB 54473087 48175360 75473 BET5ES 2786519 100% 2504
12:13-2010 B2026024 13405986 731108 ISERTTETI 23852083 5158307  TE196BOT  BA1T0S.ZT 2970641 961631 3882900 1008
1212011 TETISE91 118TIZOT 142425 ABH0IBITI 21006344 020240 TIFESHS4  Ta208234  T48532 B27314 3589354 100%
2-18-2011  58G840.83 BIT46.11 145532 249500845 17144332  BSE030 52504483 41550748 93675 539081 2675332 T00%
‘B20-2011 4TI081.43 BR4T.37 B 07211793 20553230 12B3STE 43046168  41TETOO01 1492537 534281 2200485 100%
4-11-2011  STTOSL06 8304418 486014 2531048 67 10020502 3180635  B3ETO124  S04234 58 2344411 BGSTES 2753150 100%: LAES
5-10-2011 ST1166.08 BEATT.BO BE1 BT 250171300 ITOTETE  4EIT4E 53057580 52020177 560822 653405 2723649 100% 50%
B-35-2011  BOATTTG0 10407700 474D 3006005407 28805588 1458340  B2840301  E2771307 1507724 999230 4209665 100%
T-10-2011  BOGRONAT 125528.88 Q42077 354473168 J5463215 B44B145 TSATTES!  TA30S0E2  41TTOES 944250 3953855 1008 0%,
5452070 72888775 1ETI00F 318538 Je2541.06 37088252 2041883 GTI0E000 68120430 1670082 248763 3583842 100% BO%
BT-2010 7IE30508° 12030568 700258 313308841 2184817 4611602  BB44TISE  TOZI21T 3405296 542613 3501034 100%
W-28-2010 S85220T 84854 85 438177 2563283.0% 19108652  ZOOB1.07  S43E51.72 53346235 3000348 ETL0ET 783241 100% 50%
11-23-2010  58EITEOT T9r781T 1401.85 2508349.18 20030538 BEA0A0  B44TOM05 481728057  TS4ATAE B67553 2786475 100% 0%
12132010 820236 32 13408738 731198 350067106 23844411 5158783 75104584  Ba1682El 207066S 261505 3882704 100% 50
1-21-2011 TET 19824 11873T.58 142428 336036278 22001017 920325 TIZETEED  Ta2i2a THESAE B87360 3589576 5% 105
2:48-2011 SELATS 96 BT74T B 148533 F4LE0R2 34 17145397 856078 528377 48 415526 37 93BT 41 BIYELS A5 TEOET 75% n
3202091 AT304.71 BO4TI B 232778 207221988 20571888 1283676 43048330 41780629 1492585 544506 2290775 TS 109
4112011 5PTETG3E 8304697 4353,95 2531137 85 190801.94 3180958  B3ESIZN1 BO4Q4NTT 2344255 BGSTEE 2753746 75% 10%,
5-40-201% . 57118262 86378 12- BE1.68 FS01B05.56  T1TR0388  4E3TAE 50050126 52020450 5808028 558422 2723037 5%
B-15.2011 89181290  104879.21 247484 390621125  I8BBR051  14BB41S  B2BA4230  B2TTIDOT 1507678 599274 4209716 5% 109
T-0-2091 80B3282F 12553137 MuZ0S 44604100  IB4TEI6S  BA4OT24  TSIAIZOM  THN083 21 dWvenan 944289 3954155 75% 10%
8-15-2010  7IE93E04  TETI4ER  31E538 F192THI38 104814 2042004  ETTIZETZ  E81246.16 1680006 843818 3584250 7% 10%
w7200 715361.43 12030952 TOO249 3pamsa 32182731 4633062 65452393 TO234515 3405253 542673 3501463 75% 0%
10-28-2010. 58524584 8405699 499167 2583403.08 19120318 2008281 54388507 52351180 3000340 675124 2783669 754 105
| i) 11-23-2010  SSE407 AT FOFTE.08 140188 25E8490 84 208321.80 BEQO T4 54473452 48175E.11 75AT 24 = ] 2786535 5% A0
1H132010_10PotSior_TEPotftep 12132010 82026201 13405060  TII0HE 35027TB4 4G I3854T BT SIS0531  TEI96071 B4170S.70 2670885 951633 3882928 75% 10%
1-21-2011_25PetStor_TSPctReg 1-21-2011  7ETISE33 118736 42427 336034128  220028.66 90302  TIZET23E  TAZ11842 745548 587355 3559574 75% 754
2-18-2011_25PctStor_TSPctReg Z-48-2011 58066653 BTT4T 32 140533 2406049.79 17144156 58051 E263T055 41852150  938T.40 539111 2676052 75%
3-20-2011_25PciStor T5PctReg 3-20-2011  AT3I09T AT 6472 56 232775 207218818 20566241 1283576 43547457 41768338 1492570 544598 2190686 75%
4-11-2011_25PciStor TSPctReg 4-11.3091 57786833 B3046.40 456001 2531089.24 19064162 3180570 SOGROTE4  SO4I3650 2344300 GESTTS 2753534 5% 25%
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Sandia PJM Emission Data — Summary Statistics

| D e | ¢ | o | € J # | & | =« | o+ | 3 T x ] ¢ [ m ] w ] I
1 PIM Emissions Calculations Summary Statistics
2
3 |Row Label 10282020 11-23-2010 1212011 12-13-2010 2182011 3202011 4112011 5-10-2011 6152011 7-10-2011 8-15-2010 9-7-2010 Max Min. Ave Std Dev
4 |sox
El ©0015% -0000¢% -0000%% -00002% -0.001%% -0.0015% -0.0033% -0.0083% -0.0035% 00021% 00024% 0000%% | CO0024%  -000ET% 000N 0.0029%
[ 6] 0% ©0031% -00012% -000L2% -00008% -0.0023% -0.0025% -0.0047% -0.000% -0.0035% 00007% 00017% -0.00M4%| CO007% Q000N -Dom3% 0.0025%
[7] 2% ©00%6% -00026% -00024% -00020% -0.0035% -0.0040% -0.0068% -001R% -0.00%% -O0CLE% -00012% -0.0057%| -00012% 002N -DO0MI% 0.0026%
[ 8] s0% 0005¢% -00076% -000%6% -00047% -0.0073% -0.005¢% -0.008% -00146% -0.008%% -0004X% -00035% -0.01R%| -00082%  -001EN  -000EX% 0.0030%
S |75% Reg
(0] o% -00013% 00003% 0000%% 00001% 0000E% -0.0002% -00012% -0000% -0001%% 0001%% 000:3% 00004%| 00013%  -00040%  -00003% 0.0015%
[11] 20% ©00020% 00000% 00001% -00003% 00003% -0.0015% -0.0024% -000%1% -0.0015% 000L2% 00006% -0.000%%| O00L%  -QomiN  -0.0005% 0.0017%
[12] 2% ©0025% -00012% -0000%% -00006% -0.0005% -0.0030% -0.0041% -0006t% -0.0031% 0000%% -00004% -0.0033%| O.00O%  -0o0Er%  -Domth 0.0015%
[13] 30% 00053% -00035% -00043% -00033% -0.00%0% -0.0035% -0.0064% -00102% -0.0082% -O0CR2% -0004%% -0.007i%| -00022%  -0002%  -00mes 0.0020%
13 | 100% Reg eq
=
[16] 0% 0000s% -00001% -0000%% -00004% 00000% -0.0012% -00041% -00005% -0.0001% -0000L% -0000E% -0.0002%| 0.0000% @ -00012%  -0.0006% 0.0002%
(7] 2% ©0022% -0000s% -00009% -0000%% -0.0007% -0.0025% -0.0023% -00022% -0.002<% -O000S% -00017% -0.0044%| -0.000%% 000N -0ooiEh 0.0011%
18| so% -0.0060% -0.0033% -000%0% -00032% -0.00%% -0.0063% -00039% -00076% -0.0060% -00030% -00038% -0.0076%| -00030%  -0007€%  -00036h 0.0014%
13
[20]
21
22 |Row Labels 10282010 11.23-2030 1.21.2011 12132010 2182011 3.20.2011 4112011 5-10-2011 6152011 7.10.2011 8-15.2010 9.7-2010 Max Min Ave Std Dev
23 |S0% Regulats
z (v 0.006" 0.000s* -0.000 -0000% -0.001% -0.0032% -0 -0.0112% -00083% -00020° 00012% -0.0032% 0.0006% -00138% -0.0042% 0.0045%
[25] 0% 0003%% -00001% -000:9% -000:5% -0.0027% -0.0033% -0.0251% -0.0144% -0.0083% -0004%% -00031% -0.0057%| -0000L% 002N -0.0O70% 0.0080%
[26] 2% 00157% -00021% -00028% -0003%% -0.00%0% -0.0148% -0.0345% -00175% -0.0082% -0007E% -00063% -0.0106%| -0o021% 0034k 00N 0.0053%
[27] s0% 00252% -0008s% -00123% -000ETH -0.007E% -0.028%% -0.0429% -00233% -0.005% -O006E% -0010E% -0.01%e%| -0o0ssk  -QoRsk -001E3% 0.0115%
| 28 [75% Baguistion Requirement
[25] o% 0002¢% 00000% 0O000S% -00002% O00007% 00000% O00003% -00030% -0.0022% O00012% 000:3% 00003%| Co0013%  -00030%  -0.0003% 0.0014%
[30] 0% ©0033% 00001% -00C06% -00007% 00001% -0.0025% -0.0045% -00035% -0.002%% -00C12% -00003% -C.002%| Oo0Oi%  -00m3%  -Domish 0.0015%
[31] 2% ©0085% -00010% -00007% -00016% -0.0016% -0.0067% -0.0129% -000%5% -0.0038% -O0061% -00043% -0.0057%| -00007%  0o0L%  -DomNSk 0.003%%
[32] s0% -00170% -00033% -00066% -00063% -0.00%% -0.0193% -00339% -00200% -00042% -000E2% -00103% -0.0126%| -00042% 00338k 00wk 0.0092%
33 | 100% Reg
5]
[35] 0% 0002%% -00001% -00007% -00007% -0.0006% -0.002¢% -0.0046% -00003% -0.0003% -00CR2% -00013% -0.0020%| -0.0001%  -DO0nMEN  -0oou% 0.0013%
[36] 2% ©0031% -0000¢% -00003% -0001%% -0.00M4% -0.0060% -0.00E7% -00023% -0.001% -0009%% -0004E% -0.0082%| -00003%  -000ETH -00G3TH 0.0025%
37| 0% 0013%%  -00035% -00063% -00063% -0.0051% -0.043%% -0.0266% -00143% -00037% -0008S% -00116% -0.0134%| -00037%  -0o2ed  -0010% 0.0063%
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D. CAISO Emissions Calculations Results by Regulating
Unit for the six study days (25% Storage Case)

Please refer to attached workbook: Appendix D - 83aIRegulating Units Hourly Emissions Results at
25 percent storage.xIsx.
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E. CAISO emission by each plant on AGC

Please refer to attached workbook: Appendix E -&2Akmission by each plant on AGC_20120119.xIsx.
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