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Power System Modeling Approaches




Types of System Models

years

seconds

A

Capacity expansion model
Generation and transmission investments

Production cost model

And Resource adequacy model
System operational costs and impacts

Power/load flow model
Transmission planning and reliability

Transient stability model
Reliability and transient analysis




Capacity expansion model

Objective: Identify generation, storage, DR, and transmission investments and retirements

25,000
Method: 20,000 .
 Simultaneously minimize capacity and 3 150

10,000
operations costs across several years oo

* Minimize system costs subject to technical, 0 | —
. . . 2018 2022 2026 2030
environmental, and policy constraints.
Solar B Wind B Geothermal
Biomass B Battery B Pumped_Storage

Limitations:
e To limit the size of the problem, inputs limited to only representative timepoints.

* Generators/storage may be simplified into fleets.

* Transmission flows represented by transport or DC power flow (not AC).




Production cost model

Objective: Estimate operating costs of the system and assess impacts of investments or

strategies on system operation

Method:

40,000 1

e Unit commitment and economic dispatch
model solved over 1day or 1year at 5, 15
min or hourly temporal resolution.

MW

10,000

* Minimize operational costs subject to
technical, environmental, and policy
constraints.

Limitations:

CAISO, 2030, day 15

30,000

20,000 A
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Hour Ending

* Generators, storage, DR, and transmission are exogenously specified.

* Transmission flows represented by transport or DC power flow (not AC).




Power/load flow model

Objective: Estimate voltages, currents, and power flows in a power system

MEthOd: Y1240 Riz = 0.0125 pu

Pgz = 1.0

-

* Steady state analysis of AC or DC power
flows

« Optimal power flow also minimizes costs

Limitations:
* Generators, storage, DR, and transmission are exogenously specified.

* Only a snapshot of the power system is analyzed. Need to identify times and
generation/load conditions of interest.




Transient stability model

Objective: Estimate voltages, currents, and power flows in a power system

MethOd: Booc X TGE af | Fault c]t 33 WlDukhonl 1
* Introduce contingency (loss of large -
generator or transmission line) and

simulate power system response. /\ 7Q 12 N AN DA AL
0.6 \W U U \f - +
-4£.00 | |

C.CC 3.00 4.0C 5.CC
SECOND

Limitations:

* Generators, storage, DR, and transmission are exogenously specified.




Which Power System Model to Choose?

Select the model depending on the question.

* How much additional coal or gas generation do we need given a certain
capacity of renewable energy and its variability?

* Which hours of the year is my system likely experience transmission and
generation constraints?

* In those constrained hours, how will my system react to a contingency
event?

Combination of models are essential to answer questions,
especially in future low carbon grids.

All models are wrong, but some are useful - George Box
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GridPath Modeling Platform Scope

years A Capacity expansion model

Generation and transmission investments

Production cost model

And Resource adequacy model
System operational costs and impacts

Power/load flow model
Transmission planning and reliability

Transient stability model
v Reliability and transient analysis

seconds




Intro to GridPath




GridPath is an open-source modeling ecosystem that enables
faster and more technically sophisticated planning for the

clean energy transition.

Production Cost

Resource Adequacy

GridPath’'s modular architecture enables:

A seamless interface between
different modeling approaches

Reduces the labor-intensive data-
translation requirements across
applications

Varying levels of complexity

User has flexibility to include or exclude
features easily

User-defined granularity levels for
modeling

Asset Valuation

Extensibility and adaptability

Novel functionality can be added quickly
and seamlessly to tackle new questions
about an evolving, decarbonizing grid




GridPath Functionality
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Production Cost

Detailed operations of a
specified power system
over a short period

Multi-stage unit
commitment and dispatch
at subhourly temporal
resolution

High-fidelity operations (e.g.
heat-rate curves, minimum
up and down times, startup
trajectories for generators;
DC power flow for
transmission)

25,000
20,000
3 15,000

s
10,000
5,000

0 | —

2018 2022 2026 2030

Capacity Expansion

Investment in new
infrastructure over a long
period

Simplified modeling of
system operations

Lower temporal resolution

Simplified and/or
aggregated representation
of generation and
transmission




Production-Cost Simulation with GridPath

Multi-stage unit-commitment and dispatch with flexible temporal span and resolution Zonal or nodal topographies possible

[ Day-Ahead M Hour-Ahead B Real-Time Dispatch g e
Commitment Commitment Actual load and renewable ~
«Generator commitment *Residual generator output (e.g. 5-minute) _ / - \ °,

schedules based on day- commitment schedules +Contingency and regulation < * - < T

ahead load and renewable based on hour-ahead load reserves *o : AP

forecasts (e.g. hourly) and renewable forecasts «Load-following reserves L 2 PO
«Contingency, load- (e.g. 15-minute) allowed to dispatch to ~ >

following, and regulation «Contingency, load- compensate for net load :

reserves following, and regulation

reserves

J
forecast error N
<o <
__°* ﬁ“ .
J

Generators modeled with a high level of operational fidelity Transmission lines can be represented via

Minimum up
and down Ramp rates
times

Startup and

shutdown Transport model DC power flow
trajectories

Heat rate
curves

Start costs by
cooling state
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Capacity Expansion with GridPath

Examine how the generation mix should evolve over the long-term

Computational feasibility generally requires that aspects

Decide whether to build or retire generation, storage, transmission siiidne Sy am e neeklze 1 @ Slpllirec wEnE;

v" Sample days instead full year of dispatch

SSSSS DDD[[DD[[D]]DDD]]]]DDDD]]]]DDD]]]]DDDD]]]]DD[[D]]DDDD]]]

sompiebos | [1 0 0 000 10 6

o ey CCGT Avg.
o v Aggregation of plants
S N Aggregate

Full Year
Offshore_Wind
Li_Battery

Capacity (MW)
[
8
8

]

CT2
CT1
Consider the impact of: N
v Load growth and profile changes 4
v Power system policies
v' Renewables Portfolio Standard (RPS) v' Simplified transmission
v' Carbon cap representation J
v' Reliability requirements L )




Capacity Expansion with GridPath

Decide whether to build or retire generation, storage, transmission of the system be modeled in a simplified manner
e v' 8760 dispatch
e v Plant-level detail :
Consider the impact of:
v Load growth and profile changes
v Power system policies Unlike other capacity-expansion models, GridPath does
v’ Renewables Portfolio Standard (RPS) not decide what to simplify ahead of time

v' Carbon cap
v' Reliability requirements

User can add detail usually reserved for production cost simulation in

capacity expansion model (while potentially removing detail elsewhere to
keep problem feasible)

Blue Marble
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User Interface

GridPath’s user interface can enable a wider range of users to interact with the platform

The main screen shows the list of scenarios User can view detail for each scenario

View scenario results

New scenarios can be created and run from

000

000 GridPath Ul Sandbox q q o o i i i
with their validation and run status including status, input data, and results . ;
Hore BRI scenarioComparison N stings within the user interface
My Scenarios
Newscenario  Update scenaios s . User can also run, validate, edit, and delete i d Its d be vi dand
the scanario Allinput and results data can be viewed an
RESOLVE RSP.PD valid complete | viewetal | | view Resuts = downloaded from the Ul
8760.n0.LDS valid complete  viewetal  view Resuits ) ’
Yiew Dotah || Yo Beo RESOLVE_RSP_PD Scenario Details oce Ordeau ackcs
8760_n0_LDS freestorage notvalidated  not.run View Detail Update scenario detail Edit Scenario Delete Scenario Home Scenarios Scenario Comparison New Scenario Settings
RESOLVE_RSP_PD_nocrossover notvalidated  NOLIUN  view petai New Scenario
Scenario Status
8760.n10.LDS_no_nocrossover notvalidated  NOLIUN  view Dot T I e TS RESOLVE_RSP_PD Populate from Scenario
. 8760.n0_LDS_aimostireestorage_nocrossover not_validated not_run View Detail Validation Status valid et Soenaro Scenario Name: rYer) e The U I a | SO in c | u d esara nge Of | nte ra Ct|Ve
" 8760_n0_LDS_almostireestorage.cheap wind_nocrossover notvalidated  NOLRN  view petai RN c.cicte | oo oo meouts | | view mesurs . g q
Description: Home Scenarios Scenario Comparison New Scenario Settings resu |tS Vvisua | 1zations
8760.n10.LDS_almostireestorage_cheap wind_nonewsolar_nocrossover not validated  NoLNUN  view petai B
eatures
RESOLVE_RSP_PD_2030.and_2045_only valid Complete | viewoetal | | View Results rome Vo] Features Back
RESOLVE_RSP_PD_2030.and_2045_only_no_ PRM invalid complete  viewDetall  view Resuits Carbon Cap frame —vaue]
Carbon Cap: Track Carbon Imports Carbon Cap 8760_w_LDS_OMMT_NoShedDR_w_Opt3 Input Data 208 Gridath Ul Sanchor,
RESOLVE_RSP_PD_2030_and_2045_only_real_lifetimes not_validated not_run View Detail 5 "
Local Capacity Requirement Carbon Cap: Track Carbon Imports Clear | Capacity Factors New Capacity Retired Capacity Total Capacity Carbon Emissions. System Costs.
RESOLVE_RSP_PD_no_PRM invalid complete  viewDetail  View Results e Local Capacity Requirement Download Table Data PIots  Sotect zone Select Zone Select Zone Select Zone Select Carbon Cap Arca Select Zone ¢
PPRM: ELCC Surface " "
PRM (Planning Reserve Margin) Select St: Select St: 1
8760w LDS valid complete  view Detail  View Results . e Y (W) Yimax (MW); Ymax (MW): Y (Mw): elect Seoe 1
RPS (Renewables Portfolo Standard . i
(Renewables lio Star ) PRM: ELCC Surface Load Zones: Transmission ]
8760_w_LDS_OMMT_NoShedDR lid et iow Detail w Results Reserves: Frequency Response Ymax (MW) Ymax (MW) ]
- Vz SO (viwostan || view fasuk RPS (Renewables Portfolio Standard) ranamissio
Res : Load Following Down
8760.w_LDS_OMMT_NoShedDR VeryExpensiveSolar notvalidated  not.run Neeal e ° Wf"g Reserves: Frequency Response. Show Plot Show Plot Show Plot Show Plot  Download Data Y
Reserves: Load Following Up Reserves: Load Folowing Down = 1 BANC_to CAISO BANC CAISO SR Download Data Download Data Download Data ot
8760_w_LDS_NoShedDR _VeryExpensiveSolar not_validated not_run View Detail Reserves: Regulation Down : = = 1 1ID_to_BANC 1D BANC
Reserves: Regulation Up Reserves: Load Following Up - to_| Download Data Download Data 4
: ) . 1 1ID_to_CAISO D CAISO
e Reserves: Regulation Down 0
Transmission Reserves: Regulation Up i Ib_to_LDWP > LBti? RESOLVE_RSP_PD - Dispatch Plot - CAISO - Stage 1 - Horizon 202003
e S Reserves: Spinning 1 LDWP_to_CAISO Lowp CAISO ]
- 0000 -+ Load + Storage Charging
Transmission: Simultaneous Flow Limits Transmission 1 NW_to_BANC NW BANC ) — Load
Transmission: Hurdle Rat
ransmission: Furdle Rates |1 NW_to_CAISO CAISO_NW_Hydro CAISO Li_Batery
Transmission: Simultaneous Flow Limits 25000 Customer_PV
o . 1 NW_to_CAISO_Unspecified NW CAISO_NW_Hydro B G150 ecprosatig_Engine
1 NW_to_LDWP W Lowp . Il CAISO._Peakert
Temporal Settings s I CAISO Nuckear
P o 1 NW_to_SW NW SW H Il CAI1SO_Coal
o N e 1 SW_to_BANC sw BANC £ 150 I caiso._cHP
g M caiso_ccaT1
O ccess scenario/runs tabte ! Stt0.cASO sw caso ¢ I 57t S
1 SW_to_lID sw D 1000 Solar
. . . . W Wind
O Ive InTormation about each scenario ' LIRS s towe
000 M Hydro
. Download Table Data Small_Hydro
o Create new scenarios : ot
Back Geothermal
o B o s »
. Hour Ending
O R u n S C e n a r I O dPath Website RESOLVE_RSP_PD - VER Curtailment by Month-Hour - CAISO - 2030 - 1
Hour Ending
Tz s 4 s 8 7 8 9 0 m w2 G 14 15 18 17 8 19 0 2 2 2

Compare scenario results

s00m
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CridPath Studies




GridPath Studies: Least cost scenarios for South Africa

o Model South Africa’s electricity system as a o 4 investment periods each representing several years
single node (no transmission) between 2020 and 2035
Select dozens of wind and solar sites, conventional

o Spatial diversity in wind and solar resources o
coal, combined cycle and combustion gas turbines,

Q.
>
§' :%'3 battery storage
A SOLAR PV WIND © _
I e s o 12 sample days of 24 hours each per investment
,\Sl = period, weighted appropriately to represent a year
()
|_
& o Build the system either WITH or WITHOUT the 4.8 GW Inga 3 dam
o
® o Least cost investments without any renewable targets or carbon caps.

South Africa




GridPath Studies: Least cost scenarios for South Africa

GridPath analysis main goal: identify the least cost generation investments to meet future demand

50,000
M Inga 3 Hydropower Project
Inga Wind Solar - Solar PN
40,000 olar PV-New
B Wind-New
New Capaat = OCGT-New
2 30,000 m CCGT-New . )
s o South Africa’s future load (in 2035)
= M Pumped Storage .
£ o Biomacs can be mostly met by investments
§ 20000 = Biogas in wind, natural gas, and solar.
% Solar PV
= 10,000 MW Concentrated Solar Power
® Wind
M Hydro
0 B OCGT
With / Without Inga 3 | With With With Without | With With With Without m CCGT

Inga 3 Capacity Factor | 60% 70% 80% N/A 60% 70% 80% N/A  |Existing/
planned
capacity| M Coal

B Nuclear
Wind Capacity Factors Vaisala Simulated Scaled Down 25%
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GridPath Studies: Least cost scenarios for South Africa

GridPath analysis main goal: understand the benefits and costs of one major generation project

Positive values indicate that building Inga dam is
more expensive than not building it.

" 5,200 400

Re)

5™ 3,900 - - 300

C ®©

o @ x

a £ 2,600 x 200

5 g _

22 1300 X 100 S

ot X = . .
o8 o0 =N . e ¢ o Inalmost all scenarios, South Africa’s
22% 300 = . 100 & system costs with Inga3 were higher than
> =~ ’ &

i’i [ .

5 2%, 600 500 without Inga 3 dam.

S m

& © 3,900 -300

c2 7

25 -5200 -400

3 60% 70% 80% 60% 70% 80%

c

- Inga 3 Capacity Factor Inga 3 Capacity Factor AND

Scaled Down Wind Capacity Factors

M Base Case - CSIR capital costs
x Low Load = Climate - extreme warming

o Climate - warming A Daily Peak Increase
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GridPath Studies: California Resource Planning

25,000 42 MMT Scenario

20,000 Mostly solar, some wind, some geothermal
and some batteries deployed in 2030 to meet
= 15,000 | carbon cap

>
—
10,000 I I |
5,000
0 | |
2018 2022 2026 2030
30 MMT Scenario

25,000 | Large solar deployment and build-out of
available wind; geothermal as well as batteries
20,000 | and pumped storage for nighttime de-

carbonization by 2030
= 15,000
= I I
10,000
5,000
0 |
2018 2022 2026 2030
Solar B Wind B Geothermal
Biomass W Battery B Pumped_Storage

The goal of California Integrated Resource Plan
(IRP) proceeding is to develop an optimal
portfolio of resources for use in long-term
electricity planning, known as the Reference
System Portfolio.

We have benchmarked GridPath to the 2017-
2018 and 2019-2020 IRP results.

CAISO, 2030, day 24
50,000

40,000 A

30,000 4

20,000

10,000 +

Hour Ending

m Nuclear CCGT s Wind . Battery
CHP mm Hydro Solar_BTM — — Load + Pumped Storage + Battery
Geothermal i Imports Solar == Load + Pumped_Storage

mmmm Biomass mmmm Peaker  mmmEM Pumped_Storage == Load
Small_Hydro




GridPath Studies: California Resource Planning

o Model CAISO and 5 more load zones
(LADWP, BANC, IID in California; Northwest;

Southwest)

o 4to7investment periods each representing several
years between present day and 2030 or 2045
o Choose among dozens of wind and solar sites in and

Q
a [ Northwest } % outside California, different types of storage and gas
>
s’ (V)
§ 750 o 37 sample days of 24 hours each per investment
g = period, weighted appropriately to represent a year
N (<))
|_
Full Year| muuuuuuu[m]uuumuummuuummuumuummum
Southwest 2[3)7 Sample ﬁ ﬁ[lﬁ ﬁ ﬁ ﬁ ﬁ
ays
w@
o 50-60% renewable portfolio standard (RPS) o Operating reserve requirements in CAISO (spinning
in 2030 (generators in and outside CAISO Z reserves, regulation up and down, load following
9 can contribute) = up and down, frequency response)
o L
o =
® o 15% planning reserve margin (PRM) with

o Carbon cap (in-CAISO generation + imports , , ,
X intensity) endogenous wind and solar capacity credit




GridPath Studies: California Resource Planning

GridPath analysis main goal: understand value streams and economic retirement of gas generators

Additional functionality added:

Enforce LCR

o Disaggregate “peaker” and "CCGT" fleets
to plant level and model individual plant | ,
operating characteristics e S eredingnd -

> Remaining
¢ Retired
CES3 Top 25% Area

:] California Counties

o Allow retirements of peakers and CCGTs, ™"
therefore avoiding the need to pay their b o :
annual fixed O&M cost —— ~5

o Model local capacity requirements to % -
ensure sufficient resources are available |
for local reliability in addition to system- KO T

in LA and San Diego

I.evel. Se rViceS when LCR enforced




GridPath Studies: California Resource Planning

GridPath analysis main goal: understand value of long-duration storage

Dispatch Plot - CAISO - Stage 1 - Timepoints 20458350-20458570

Additional functionality added: 1 Diurnal balancing not

possible with low solar ;": — Load

capacity factors in late :

December, necessitating the Il Curtailment

use of LDS to meet load E Il LDS_Option_2

i LDS_Option_1

. Battery

. Pumped_Hydro
Solar

B Customer_PV

B Wind

B imports

B Hyoeo

B Small_Hydro

B Biomass

B Geothermal

B Nuclear

+=++ Load + Storage Charging

2rsa-
vor

120,000

o Instead of the 37 “sample” days, use
8760 sequential hours in order to
capture energy shifts that happen over
longer time scales than a single day

100,000

Dispatch (MW)

o Develop “extreme weather” load and
renewable profiles

Full LDS energy capacity used up in late December, with
a secondary major discharge event in late January

2,500,000

2,000,000

1,500,000

e of Charge (MWh)
5
g
8
=
2
S

B
£ 500,000
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Zonal Setup

>
-

©)
a

GridPath Studies: Optimal investments with RE targets in India

o Model India’s electricity system as a single o 4 investment periods each representing several years
node (no transmission) and with 30+ load between 2018 and 2030
zones (with transmission) o Select dozens of wind and solar sites, conventional
o Spatial diversity in wind and solar resources = coal, combined cycle and combustion gas turbines,
@ battery storage
n
()
g o 12 sample days of 24 hours each per investment
= period, weighted appropriately to represent a year
()
|_
o Renewable Portfolio Obligation targets of
. >
10%, 30%, 50%, and 70% (only wind and £ o Operating reserve requirements at the regional and
solar o state level (ongoing study)
o
o Multiple cost trajectories for wind, solar, B Planning reserve margin (PRM)

and battery storage




GridPath Studies: Optimal investments with RE targets in India

GridPath analysis main goal: identify the least cost generation investments to meet future demand
and meet renewable energy goals

1,000,000

750,000 4

500,000 4

New Capacity (MW)

750,000

500,000

250,000

RPS 10%

RPS 30%

250,000 -

0 -

RPS 50%

RPS 70%

1,000,000 -

High Cost High Cost Low Cost Low Cost
RE & RE & RE & RE &
High Cost Low Cost High Cost Low Cost
Storage Storage Storage Storage

High Cost High Cost Low Cost Low Cost
RE & RE & RE & RE &
High Cost Low Cost High Cost Low Cost
Storage Storage Storage Storage

Preliminary results (single node model)

o When wind and solar costs are low,
400-440 GW of variable renewable
energy (VRE) capacity can be built
cost-effectively

o For low RPO targets, battery
storage is optimal only when wind,
solar, and battery costs are low

o But battery storage is selected for
higher (50-70%) RPO targets

o Results will get more interesting
with transmission




GridPath Studies: Optimal investments with RE targets in India

GridPath analysis main goal: estimate generation, renewable energy curtailment, cost, and
emissions in future (and present) electricity system

Preliminary results (single node model)

RPS 10% RPS 30%

100% -

70% | o Low cost wind and solar could

50% .Curtallment . . . .

Wluctcar result in achieving 40% share in

30% A . .
o Wlisiomass total generation cost-optimally.
£ ou
S RPS 50% RPS 70% | o Renewable energy curtailment
o increases with high RPS targets
©)

o Storage reduces renewable energy

Mleater Losss curtailment

100% -
70%
50% -
30% A
10% A

0% A

High Cost High Cost Low Cost Low Cost
RE & RE & RE & RE &
High Cost Low Cost High Cost Low Cost
Storage Storage Storage Storage

High Cost High Cost Low Cost Low Cost
RE & RE & RE & RE &
High Cost Low Cost High Cost Low Cost
Storage Storage Storage Storage



GridPath Studies: Ongoing studies in other regions

o Southern Africa Power Pool (12 countries)
o Myanmar
o US (Western Electricity Coordinating Council)

o China
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