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General Description of Models Used in U.S. Related to
Electric Power3E H 71 R4t 2 T AN

= (Capacity Expansion Planning
Models ¥ AR R
= |Long term capacity expansion for

generation and, sometimes, limited
representation of transmission

s KEIRRARNK, HRW R X \ A
‘;%‘fg : fa At
: . . : y et T WA A e, N
= Simplified dispatch and operations
algorithms, though still sometimes
8760 hours

: Eﬁ}%ﬁ)ﬁ@ﬁﬁ% BRI 8760/

= Used for broad picture high-
penetration renewable energy studies,

and utility resource planning

2 Eﬂ‘%tﬁ%ﬂﬁiﬁ‘é%ﬁ%%ﬂ B, ST B IR AR

= not used for detailed, operational RE
integration studies

« ABRHTHMAK. 217 B 1m0 HARRIR
FH PR A

= Examplesfli: ReEDs, Switch,
Strategist, CREAM-EDO
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General Description of Models Used in U.S. Related to

Electric PowerZEE#H 1 R4

= Production Cost Simulation
Models%#ﬁiiﬁwﬁﬂ

Used for optimization of dispatch
and operations

« AT RESEITRAMR
= Used for detailed, operational RE
integration

= HTHAR. B17EE R AR
I FC

= detailed representation of plants,
flexibility, etc. with hourly or even
sub-hourly representation

= XPEH . RIEHEARHARN: DK
RGNS

= Not used for capacity expansion

= AT BHA

= Examples#ilil: GE MAPS, Plexos,
GridView, Promod
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General Description of Models Used in U.S. Related to

Electric Power, cont.32 [ B, /7] RS K

= Load Flow ModelsEiitsl

= Ensuring reliability of transmission
system to meet N-1 conditions

= BRI R R SRR EN-1 Kt

= Snapshot of time, like hour of peak
demand or minimum net load

= EFIAVERER, s /N BB AR S ST
= Exampleflin: GE PSLF

Development of multiple models driven, at least in
part, b%/deS/re to limit computational time and
cost. With advances in computing power, expect
to see these models used together, such as
capaC/ty expansion models and production cost

models. ” @J I
BB, LD & e BRSO

TEJL UL FNRELHR &

See NREL report at
http://www.nrel.gov/docs/fyl4osti/
61185.pdf for more information.
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Table 1. Models Discussed in this Report

Model Name

EGEAS

Primary Reference Description Institution
Dynamic programming model used for Electric Power
Rastler (2011) production costing and generation- Ressarch

expansion planning in the United States.

Institute (EPRI)>

ENERGY 2020

SS1and PAC (n.d)

System dynamics model that explores the
energy supply/demand balance across
multiple sectors and regions in North
America.

Systematic
Solutions Inc.

EPPA

Computable general eguilibnum (CGE)

= (Ernlssoons i e is (2008) rnodel that explores the interaction of lea:sa l_lchléxsoefﬂs
rediction and Policy multiple energy and non-energy sectors Techn
Analysis) for multiple regions arcund the world._ clogy
GcCcAM Partial-equilibrium model designed to pac":fa'w"o'“"“ﬁt
(Global Changes PNNL (2012) examine long-term, large-scale changes Laborato
ment Model) in global and regional energy systems. (PNNL)ry

Pm
{Integrated Planning
Model)

EPA (2013)

Deterministic linear programming model
of the electric-power sector for multipile
regions in North Amenca.

ICF Intematonal

LIMES-EU

Haller et al. (2012)

Linear programming model of electricity-
sector evolution for Eurcpe, the Middile
East, and North Africa.

Potsdam Institute
for Climate
Impact Research

(PIK)
MARIAL ] Iglunpepal; programming sr::;d;e(l) fof both they = khaven
(Malkfﬂto;:\jlg)cahon Loulou et al. (2004) system with a flexible regional structure L::c;r.oa?glry
applicable to any spatial extent
NEMS Economic equilibrium model for the mult- U_S. Energy
(National Energy ElA (2013) sector energy system of the United Information
Modeling System) States._ Administration
Linear programming model that cptimizes Universitatsveriag
PERSEUS-RES-E Rosen (2007) the evolution of the slectric power sector Karisruhe
in Europe. (Germany)

PLEXOS LT Plan

Energy Exemplar

Mixed-integer programming model that
integrates long-term electric sector
planning optimization with detailed

Energy Exemplar

(2013) operational optimization for regional
systems "~
Deterministic linear program ocptimization Natonal
ReEDS model of the deployment of electric- Renewable
(Regional Energy Shortet al. (2011) generation technologies and transmission Energy
Deployment System) infrasttucture throughout the contiguocus Laboratory
United States. {NREL)

= EGm was ornizmally developed for EPRI by the Massachusetts Institute of Technolozy and the Stone & Webstexr

Corporation.

* PLENOS LT Plan h=as been used to model rezmions inclading New Zealand (MMA 2007). Austxralia (Lilley et al.
2009: M=zll= 2012 Nweke 2012). and Spam (Panasiotakopouloun.d ).

4

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www_nrel_gov/publications.

~

ENERGY FOUNDATION

BRFEEER



Model Name Primary Reference Description Institution
General equilibrium model that cptimizes
the welfare of the integrated energy-
ReMIND-R Luderer etal. (2011) economy-envircnment system around the PIK
world.
REMIx Linear programming model that Ge
{(Renewable Energy Scholz (2012) determines the cost-optimal electrnicity Aerospace

Mix for Sustainable
Electricity Supply)

supply mix for the European Union (EU)
and North Africa.

Center (DLR)

Mixed-integer linear programming model

RPM with high spatial and temporal resoclution
{Resocurce Planning Mai et al. (2013a) that can be used for mid- and long-term NREL
Model) scenario planning of regional power
systems._
?§Em Optimization model for evaluating high
g Budischak et al_ renewable penetration with a reliable University of
Renewable (Z013) least-cost capacity mix for the PJM Delaware
glpe,:i:tn_c 'tyl. Econ' . ornl 'S system in the eastern United States.
Stochastic simulaton model of the U_S_
SEDS energy markets designed to explore how
(Stochastic Energy Short et al. (2006) the U.S. energy economy will evolve in NREL

Deployment System)

response to the development of new
technolocgies.

SWITCH-WECC~™
(Solar, Wind, Hydro
and Conventional
Generators and
T ransmission)

Johnston et al.
(2013)

Mixed-integer linear programming~- model
for least-cost generation, storage, and
transmission capacity expansion for the
electric-power sector in westem North
America.

University of
Califomia,
Berkeley

THEA
(The High temporal
resolution Electricity-
market Analysis-
model)

Nicolosi (2012)

Decomposed linear optimization model for
investment planning of the electric-power
sectors Iin Texas and Germany with hourly
dispatch.

Universitat zu
Koln, Germany

US-REGEN
(United Siates

CGE model that combines a mixed
complementarity problem (MCP)
macroeconomic model with a quadratic

Regional Economy, EPRI (2013) compl tarity bl (QceP) el tric EPRI
Greenhouse Gas, - pro .
and Energy Model) sector _lnv%trnent and dispatch model for
the United States.
WASP-IWV Dynamic-programming model to analyze Int ats 1

(Wien Automatic
System Planning —
Version 4)

IAEA (2001)

the economic optimal generation
expansion plan for the electric power
sector of a user-define spatial extent.

Atomic En

ergy’_
Agency (lAEA)

* The version of SWITCH referenced here models the area associated with Western Electricity Coordmatins Council
(“'ECC) service termitory. There zlso exists a version of SWITCH specifically for Califormia (Fripp 2012).
= formmlation for SWITCH-WECC can be relaxed and yun a= a

® The oradittional muxed-integer near programminge
lxnear progr=am as demonstrated by Mileva (forthcommngs) and Nelson (2013).
T WSASP-IV was originally developed for IAE A by the Tennessee Valley Authority and Ozk Ridse National

I asboratory.
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s report is available at no cost from the National Renewable Energy Laboratory (NREL) at www_nrel_gov/publications.
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Elements of a Variable Generation Integration Study

BN IR M B R

4

Mesoscale models for projected wind and solar generation and
forecasts

H RO T3 97 X FE K BH B8 R B A Tl

Statistical analysisgtit4#r

Load flow modeling for transmissionBI AR F T4y BBt 57
Production cost modeling4: = A %4

Determination of capacity valueliE &M E

- Emissions, wear and tear, and cost impacts of increased cycling of  fossil fuel
plants

HEB, 8. K AL IEER T R A R
Dynamic transient studies H&AHF R
Frequency and stability analysisii 5o



Wind + Resource Existing system data
(load, grid,

+ Location power plants, etc.)

Portfolio development
(scenarios for wind,
conventional
generation, demand
response and storage)

Congestion impact

Change System
Management?
Design/Planning/
Reserves/ Operational
Methods/Markets Production
Cost Simulation

Cspacnlty : and Flexibility
alue Dynamics Load Flow Assessment

Reliability

Data analysis and
output synthesis.

$ Fuel + CO, Impact + Capital + Cycling Costs + Market Implications

s Input ———3» Recommended route
am Simulations ~————> Do another Iteration

Figure i. Contents of a wind integration study

http://www.ieawind.org/index_page_postings/
100313/RP9%20169%20Wind9%20Integration
%20Studies_Approved9%,20091213.pdf
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Where Does the Data for a Variable Generation Integration Study in the

U.S. Come From?3= [E il B'14%E FBIE - M f 35 BY 23R SR B

ELECTRICITY
‘ OVERVIEW | DATA~  ANALYSIS & PROJECTIONS ¥

Current Issues & Trends See more

=R - L ,] ,m
lll i e e ™ l F’ “_1._;Tm L.
-
Scheduled 2015 New England Wind generates more New England Vermont Yankee
capacity additions Residential Electricity than 10% of Texas generation fuel mix nuclear facility retires

mnetlu wind and Ratae Rica in 20172 alartricitu in 2014 rhannae likalu ac aftar A7 uaare nf

Government sources BUFFKIH(EIA, FERC, EPA)

Non-disclosure agreements )it g2 3%

Transmission planning process open to the public. Scenarios and assumptions are
debated and agreed to. Stakeholders can request transmission providers to perform
specific transmission studies during “study windows” %L ELEIH @t FE A . 5. R
W FEEA S BRI R IR . A28 AH 5C 7 AT DAL SR g L 07 76 RIS R HhoO T e L T FRLBE A
: Wind and solar resource databases are posted on the NREL web site X\AEFI A BHAETE
VSRR K ATAENREL Y3k F

Data availability and study transparency ensures robustness of VG integration studies and
increases the chance of industry and public acceptance of study resultsE i 78 4 R EUR IS 2

RIE I A TFRAOR 1 ipesh It F B F BT ST R AR F0 B 3R iy 1 AT LA A A2 S0 T AR (T e

e
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Mesoscale Modelingr RE#=E!

Qualities of high quality wind and solar data sets
= BB R R BEF A PHRE R
= High spatial resolution X E 2R (e.g., 2 km)
= High time resolution= i8] 53 # % (e.g, 5 minutes)
= Validation against data from met towers, actual wind plants or
clusters of regional aggregation of wind plants##E#z3: NN IE
HBBSNBZHNEX (—HXBHAJL P REBEZEES) SERETE
= Forecasts at multiple time levels (1, 4, 6 and 24 hour
resolutions)Z i8] R & R TN
= Forecasts trained with actual VG production data and calibrated
with real forecast errorstbXy« & : FUNEER S KhrA& BHEHRE R SE
PRTIUN IR Z=
High resolution VG data sets will better represent geographic diversity of VG
and a more precise representation of variability and uncertainty 5 9 #¥ R 215
B B8 4t I RV 3R s 4 FRR B IR o fo th B E Rt i S HUR s M RN E
Costs can range from $10K for a 15 km dataset to $1 million for a 2 km
dataset covering three years. BRI I8 SRAEF, =FHIBNNEATEZLN
E/15FBFRE, AR IBAET/ 2T RE
Memo and presentation on the availability, quality and cost of wind resource
data, prepared by Justin Sharp of Sharply Focused LLC, is available from the
Energy Foundation of China and explains these issues in more detailgEiiE 4
2 b o [ N PR AT 35 E 5 %K Justin Sharpfe A 8H K — A RE, ik 7 £ e
BT IR B3R o AN A% e
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Evolution of Integration Studies

= Can We Do This?F{1sEMZI5?
= Utility-by-utility focusEBME
= Development of mesoscale model

dataf REREHFE IR F

= Higher penetration of wind and,
increasingly, solaris Ebfil XUERFI K
FH&E

= Regional studies (e.g., Western
Wind and Solar Integration Study,
Eastern Wind Integration and
Transmission Study) X 38 3 M #f 33

(40, PEERIXUERFAOK PH&E FF M &7 52 #A

AR RIS E R )
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A Few Recent Trends in Variable Generation Integration
Studies in the U.S.EEIRBNERIEF M RN L RED

Higher penetration levelsE & BY3E N EL I

Effects of cyclingizf{T& M

409, wind in Minnesota study
B FE 932 9114 0% b B R PRt 5%

Phase 3 of the Western Wind and Solar
Integration Study found that 33%
renewables increases cycling costs between
$35 million and $157 million in the West, as
compared to $7 billion in fuel cost savings
from higher levels of VG

PER XU A RPHEEFF AR 2T, EJAIEAN33Y
B AT 5 E AL TR 7 P SR S LA TR R A L F
3500/ % TE 1125700 % 7T, A, AIEAE
RER & L SRRV BB AT YA /127012 T
Five scenarios, all 339% VG but varying levels
of wind and solar

5$FP'I‘%%%‘I35$EUT33Z HIR] B A REIRIE N LEAI,
T2 KU 1A BE AE RO L B B B Ao
Production cost modeling the primary tool—
generation commitment and dispatch,
emissions, costs and transmission path
flows were the outputs

R AR EE T A5 HHAE AT
B HER. BiAS. WREEE

@ GE Energy Consulting

Minnesota Renewable Energy
Integration and Transmission
Study

Final Report

Prepared for:
¢ The Minnesota Utilities and Transmission Companies
* The Minnesota Department of Commerce

Prepared by:
* GE Energy Consulting, with contributions by:
— The Minnesota Utilities and Transmission Companies
— Excel Engineering, Inc.
— MISO

In Collaboration with MISO

October 31, 2014

e

ENERGY FOUNDATION
BREEES




A Few Recent Trends in Variable Generation Integration Studies

oy

in the U.S., COﬂ’t.%

Eﬁ-?’tfgli

H 1oy

iﬂl']f"

R EITEF

= Fre%uency Response and Transient Stability4}

iR

Concern is displacement of conventional
generatlon by VG will result in deterioration of
requency response and transient stabilityZE =

KB EREIR B RS RER S XS5 Ny M A E 7S
REEZMN

GE/NREL study basically found that frequency
response and transient stability can be
maintained with high levels of VG with
transmission upgrades, and further improved
with synchronous condenser conversions and
frequency response controls on VG

GE/NRELBIFE 5 IA 0 2 7K BT LU 1 46 FEL 2 B A 2%
FAXT iR B li%ﬁﬂﬂ%‘ﬁﬂyﬂ’fﬁﬂﬁ?ﬁﬁﬂiﬁ‘ <M fo 422
ﬂaljiﬁl;&*ij\ﬂttﬁu_fﬁﬂiﬁblﬁ iy Sf H4 57 22 N [ A0

H e L:E.-.-/ a

Measured effect on grid with different levels of
VG and the loss of two nuclear plants (2,750
MW); the loss of three nuclear plants; the loss
of all solar DG; and a three-phase fault at a
500 kV transmission line

AR LI FT B ES ﬁ*ﬂd’n&"‘ﬂﬁ‘**&%ﬂfﬂ

(2750JKFL) XFHMBIRNT; D=5 % FEALA ;

J&"‘%;ﬁg Bjtllﬁﬁb, E500F R R A &
2 =]

iNREL

AR SCTAAL AR IEWARLE BRI LARENAT DY

P B 33 B A&

EYEEY

Western Wind and Solar
Integration Study Phase 3 -
Frequency Response and
Transient Stability:

Executive Summary

N.W. Miller, M. Shao, S. Pajic, and R. D’Aquila

GE Energy Management
Schenectady, New York

NREL Technical Monitor: Kara Clark

Link to full report

NEEL iz 5 national laborstory of the U.S. Departmest of Ezergy, Office of Energy Efficiency &
Renewsble Energy, qtn-dbﬂh Alliance for Sustsinable Ezergy, LLC.

Subcontract Report
NREL/SR-5D00-62808-ES
Naramhar 2N14
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Load Flow Analysisi#iiii o T

= Base system plus projected transmission additions
= HEARZRN EEiR R IgE

= Performance of transmission grid in steady state (peak
load), N-1 conditions, and contingency conditions

= ERERST (MAEEE) WBELRUMERE, N-1BERXT, NRIE
ST

= Measure whether transmission is overloaded at particular
locations and at what times

» HEAFENMRNNRERESETH

= Add transmission lines, transmission upgrades, and
transformers additions or replacements

o ML, WESHFHR, BMKEHREES

-
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Production Cost Models4 F= i Zs 2 £l

. More recent integration studies simulate both Day-Ahead Security Constrained Unit
Commitment and Real-Time Constrained Economic DispatchixiEHIF MR EEIUHBI Z £ 4
RUVAHEFSERAREFEE

= “Interleaved” modeling, with one simulation feeding into another “%48” BE#EEXHHE
= Captures forecast uncertainties between day-ahead and real-timefS i@ FUNAR#E MM E: Bl
TN 5 SERY 2 [8]

. Include current generating units, known and projected capacity additions and retirements,
additional renewables needed for meeting scenario or government-required targetsZz &% &
HE—ERRIELIBNAEBFRESENSMESR, SFENALXENA, TIHgnigA (&
&%) NBEE, MEABERERTKSE

. Load from actual year (e.g., 2006), then scaled by projected load growth to future year (e.g.,
2020). B FHF 0 (W20065F) BMARITELAREK (W20205F) AFIEK

. Model outputs by scenario: annual energy production by type of generation, renewable
energy curtailment, risk of reserve violations and unserved load hourly dispatch, emissions,
fuel consumption, production costs fKIEREI=HL: FARIXEBFHNFEELRE. AJHERRE
REE D FRAENR. NNREELTEHEARINEK . HR. BEDEFE. £=mA%E

= VG curtailmentAl B4 gEJRIR S H 3

= Available VG capacity exceeds transmission capacity, reflecting N-1 or transmission outage

= AB4ARRNLZBREBLEREES, FTREIEMN- 15 &H P

=  Aggregate VG is more than what can be accommodated, even if other generation at minimum
and exports are maximized

= WHE4ARESLBEEBLEANRES, BMERSEREMBIFERNRARINE

. Hourly results will identify “periods of interest” for more intensive study on a sub-hourly
basis

= NNRERFTUAFRNEARENEAFREEFRNANERNER (ERNER)

e
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Western Wind and Solar Integration Study, Phase |
(GE/NREL)A &R R g€ 5 A BHEE 4 B3I+ M #ff 37 — BA

=  More cycling of fossil-fueled generation can contribute to thermal and
pressure stresses, resulting in component failures, higher O&M costs and,
perhaps, higher emissions of CO2, NOx, and SO2
= EMEENANESRBESENARAFER S, SEAKHE. REZETHA. T
ATRESEICO2, NOx, SO2HEHAIIE N
= More VG affects the operations of other generating plants and induces more
starts and stops, ramping and cycling

= OEEIMRERRIEMN EMTANGEITERE, BNEE. REMERE XK

= Study found that 33% renewables increases cycling costs between $35 million
and $157 million in the West, as compared to $7 billion in fuel cost savings
from higher levels of VG

= MREM, BREAIILMATHEREREASSEVABIRA A _EF3500/7 % T
141257005 %7T; A, AIBARFELBHERNARIKATANEIE70{ZET

=  Seven categories of coal and gas plants were created from proprietary data
set of cycling costs

= B T ERERMSENERR AT IEERE
= U.S. Environmental Protection Agency (EPA) maintains unit-specific emissions
data for large generating units.

= EEIMREBIERE T B R KRN ARHEIE

e
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Western Wind and Solar Integration Study Phase
1, cont FAEB XL 8E 5 A BHEE & B F M #ff 35 —HA

Production cost modeling the primary tool—generation commitment and
dispatch, emissions, costs and transmission path flows were the outputs
= EFRAREANTETEAEENABERER. B, AR HERES TN
=  Five scenarios AfhES
= No renewables;Z# G A B4
= Base renewables for 2020: 9.49% wind, 3.69%, solar
= 2020F]FBAEMMIER: 9.4% MK 3.6% HIKPARE
= High wind: 259% wind, 8% solar
= EXHEES: 25%XHE, 8%ABHAE
= High solar: 259% solar, 8% wind
= SAPHAEIES: 25%KPHAE, 8%MH
= High mix: 16.5% wind, 16.5% solar
= CEASLEH: 16.5%APHAE, 16.5% X HE
= Dispatch: day-ahead with day-ahead wind and solar forecasts, with all coal
and nuclear committed day-ahead; 4-hour ahead for committing combined
cycle and gas steam units, with 4-hour ahead wind and solar forecasts; and 5-
minute dispatch
= JEE: XEMAPHENHRTN, 5HETHFNESBERMZE,; “4/NgEr”" BT
ZHEEXETEINASAHIE, S4/NNBIXEBFABRRETUN; 595 KiER

e
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Western Wind and Solar Integration Study, Phase
III (GE/NREL) AaEBXl8E 5 A BHEE & B F M #ff 35 = HA

Concern is displacement of conventional generation by VG will result in
deterioration of frequency response and transient stability

= (MR BARESRERRESXIREN N NG ST ER
=  GE/NREL study basically found that frequency response and transient
stability can be maintained with high levels of VG with transmission
upgrades, and further improved with synchronous condenser conversions
and frequency response controls on VG
= GE/NRELAYRRFUIA F B 2R AT DU I S R 2k 8 TR AN X I =) 14 R AN 58 () 25 VR AR 4T
TSN 47 ZR M) R 2 ) SR SRR BN 18 EE A5 AT B AR RE R T SR R SR R Ml Y FET 7S AR TE 52
o]
= Data and Assumptions: B FI{ERI%
= Wind and solar capacity and production data by location
= FEMARPXEBEIMAHETES X BRELIE
= Light load scenarios with base and high renewables, and summer
peak demand scenarios with base and high renewables

- EANBESEMNSEATEAEE EEANERESSERS LS
AT A REIR
=  Power flow and transient stability simulation tool (GE’s PSLF)
= ERMESREEN TAR(GER PSLF)
= Transmission planning database from the Western Electricity Coordinating
Council (WECC)
= EFBENMAZRS (WECC) AV RIETERE

e
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Western Wind and Solar Integration Study, Phase
11l cont. FAERXIEE S KPHEE & I M 35 = HA

= Measured effect on grid with different levels of VG and the
loss of two nuclear plants (2,750 MW); the loss of three
nuclear plants; the loss of all solar DG; and a three-phase
fault at a 500 kV transmission line

© HERATARATREEFAOBORILE 2750 SR

HO=atEid,; BOmEamIUAMEE; —R500 TR B L% =18
B

=  Simulated grid operations with active power control and
inertial control on wind plants and utility-scale solar plants,

and with the addition of energy storage

= RIS B UK BERE FR b A0 DA THHE S A5 1 32 ) f=3 B9 A8 I
1517, AR EtERERRNIETT
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GE Energy Consulting MRITS Final Report
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Figure 2-1 Flowchart of Project Tasks




with increased variability and uncertainty. Market rules will also have an impact,
as technical costs can be different from market costs.

Area relevant for impact studies Task 25
A

System wide
1000-5000 km

Regional
100-1000 km

Local
10-50 km

ms...s S...min min...h 1...24h years

Time scale relevant for impact studies

http://www.ieawind.org/AnnexXxXV/
PDF/Final9%20Report9%20Task
%20259,202008/T2493.pdf
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