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W/ Extended Outages In Puerto Rico from 3

Pacific

Northwest Hurricanes in 5 Years

Irma (Cat 5, passed close to PR), Sept 7, 2017 Fiona (Cat 1 at landfall in PR),Sept 6, 2022
« Less than 1 week to restore 70% affected 12 days to recover 90%
customers; others expected to recover in months « 25 days to recover 99%

Maria (Cat 4 at landfall in PR), Sept 20, 2017
* Full blackout
e 11 months to recover

Source: LUMA = %

Yunque Cabo Rojo

» i e e
Image source: NAGA Source: bugm\?ss inSider=S)




PNNL’s Analysis and Tools Applied to Resilience

Baciic Planning in Puerto Rico: Electrical Grid Resilience and
Northwest ~ Assessment System (EGRASS suite)

EGRASS-DCAT EGRASS-RSA
I! 1 !

\

| ‘:  Optimized « Hurricane Preparedness (EGRASS)
S / - Damage & Impact Prediction (EGRASS - DCAT)
% _______ N Ry 5> i + Recovery Optimization (EGRASS - RSA)
, | | R * Informing Future Investments (GUAVA)
“pogess. et e
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-67 -665 655
48108 93 - oo
] = > | Bus Level Map | AveaLevel Map.
s \:J s b ..
T e A Simulates grid cascading disturbance
:;: 4 ‘.b 5;/\ 4 e _'r = Igbr i relstorationltime neetyied to res‘tore at Ie:‘ist 90% Iqad (currept system)
T = S 20 25 30 35 40 45 50
e e = Branch Vulnerability Ranks (Ry)
. == = & = s30f RSA

Postprocessing ranking of most
important lines/generation for
resilience

4]

Branch Criticality Ranks (Rc)

-

Simulates damage to
infrastructure from hurricane 0

Restoration time needed (work crew * days)

Simulates time and effort for grid recovery from severe damage

POC: Marcelo Elizondo, PNNL 3
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Pacific EGRASS (Electrical Grid Resilience and
Northwest  Assessment System) s s

Select a module to begin

Special Recognition: Corporate
Social Responsibility

« EGRASS helps power system planners and
emergency planners anticipate and prepare
for impacts from natural disasters

« Comprehensive cloud-based modeling
framework for power grid resilience planning
and preparedness

« Single platform for end-to-end analysis, from | - ==
impact to restoration time. Used for e \Eg
hurricane, wildfire and earthquake natural

hazard events

« Separate instances are deployed for
Puerto Rico (LUMA),

Hawai’i (HECO),

Western US, and

4. East Coast Offshore Wind Analysis

Software /
System Development
Life Cycle - SDLC

W N =

« Emphasis on user interface for seamless
experience for power users and non-experts

OFFICIAL USE ONLY



o

Pacific

Northwest  |[nfrastructure Probability of Failure

NATIONAL LABORATORY

Gust Wind Speed (m/s)
0.000 22.351 44.703 67.054 89.405 111.757
. - Lo — ood tower (80 mph)
- In Puerto Rico, fragility curves were T St tower (104 mph / 7
. . . . ———  Aluminum tower (105 mph
Callbrated In CO”aboratlon Wlth LU MA 0'8«—— Concretetower(l(12mp13) / /
» 230 kV and 115 kV transmission towers 306 / / /
« 38 kV sub-transmission poles io4 /
 Distribution poles 02 / //
« Solar utility size and rooftop 00 //
« More recent work includes landslides, DT caWasedamy
floods, and vegetation strike, and wildfires
* All fragility curves implemented in Validated in collaboration with LUMA
EGRASS Same work being deployed for HECO

F. Bereta dos Reis, P. Royer, V. Hiren Chalishazar, S. Davis, M. Elizondo, Jeffery Dagle, A. Nassif, A. Sadikovic, E. Ntakou, O. Soto, 2022.
Methodology to Calibrate Fragility Curves Using Limited Real-World Data, (in press) In IEEE Power & Energy Society General Meeting (PESGM).




Pacific

Nerthwest  Dynamic Contingency Analysis

NATIONAL LABORATORY

lllustrative Example (not Maria)

Contingency 5
Contingency 4

Contingency 3

« Large amount of results data

« 78,000+ contingencies on
component failure analysis |

* Hurricane scenarios — time
sequence of contingencies

Contingency 2

M Elizondo, X Fan, S Davis, B Vyakaranam, E Barrett, S Newman, P
Royer, P Etingov, A Thaileh, H Wang, U Agrawal, W Du, P Weidert, D
Lewis, T Franklin, N Samaan, YV Makarov, J Dagle. Risk-Based
Dynamic Contingency Analysis Applied to Puerto Rico Electric
Infrastructure. PNNL-29985. Richland, WA, Pacific Northwest National
Laboratory, May 2020 - https://www.osti.gov/biblio/1771798

» Deriving recommendations
* Priority transmission assets
« Transmission hardening

! Scenario 1:

* Protection coordination (load Full blackdut
blackout
shed but no blackouts) 3 cig
« \oltage support in future
investments . _ Scenario 2:
) ) ) System survives: + Hardening
* Preventive operational actions Violations 230KV corridor

« High solar scenarios

Developing DCAT capabilities for
efficient planning and operation for
upcoming hurricanes

POC: Marcelo
Elizondo, PNNL

Lwtingencyggtchs
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https://www.osti.gov/biblio/1771798
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Pacific

Northwest Recovery Simulator and Analysis (RSA) Tool

Minimum effort to recover 90% of the customers

=
[

* Planning tool to assess the resilience improvement of
future projects
= Simulates time and effort for grid recovery from severe damage
= Underlying optimization model to capture work-crew-days T T R R R

. . . . R Recoyery effort (work crew * days)

= Example: comparison of future grids with different generation 0 -

configurations; smaller utility-scale generation distributed at
more locations improves recovery

= Help identify locations of last 10% of load recovered for
mitigation investments

Fercentage (%)
[ o] ()
(] (]

s
o

=

less recovery effort

FPercentages (%)

I e W— .
ana 00 a0o 1000 1200 1400

Recovery effort (work crew * days) 12

POC: Patrick Maloney, PNNL

P Maloney, X Ke, K Mahapatra, O Vasios, M Zhao, X Fan, J Bedoya-Ceballos, X Li, M Elizondo, “Monte Carlo-based Transmission and Subtransmission Recovery
Simulation of Hurricanes,” IEEE PES ISGT Latin America, November 2023



7 EGRASS-RSA Framework to Inform Microgrid

Pacific . . .
Northwest  Prioritization
A Aether | # EGRASS  tome O Marcalottiondo |

Added Layers  Core Elements

[ KO, CLEAR ALL

Q  Search

Total Feeders by kV (low/high) i)
(1295)

Puerto Rico deserves ,
innovative solutions such as
NWA, including microgrids.

Total Feeders by kV (low/high)
Voltage Class: 7.62/13.20 (Feeder Na...

Total Feeders by kV (low/high)
Voltage Class: 7.62/13.20 (Feeder Na...

Total Feeders by kV (low/high)

Voltage Class: 7.62/13.20 (Feeder Na...

+ ADD LAYER

ldentify communities that
are consistently last-mile.

i B, » For potential microgrid

oo development

Last 10% of recovered loads

3 Lower
|

BN Higher
71 No buses covered




7 Fort Chipewyan Microgrid (Canada): Diesel

Pacific

Northwest ~ Storage Case

Fort Chip is a northern remote
| community
) Fly —_

« Limited Expensive River Barge
Service in Summer

WELCOME

FORT CHIPEWYAN Limited and Challenging Winter

\ESTABLISHED IN-1788 s Road Access

POC: Alexandre Nassif, PNNL



\"’7/ Fort Chipewyan Microgrid (Canada): Diesel

Pacific

Northwest ~ Storage Case

Insufficient Storage Tanks Load Growth
IS 0 I ated DDl!sEeEa?rsl SyStem W| N ter RO ad Del |Very Actual and Forecast Energy Production
YT ] et oo | 19,000,000
A ER: s = |
ﬁijiﬁ — ‘ 5 17,000,000 5
%%: Avg Vg 4.16KV-25kV 2 : :: = EE é 16,000,000 - —
Eu’ﬁﬁ z £ 15,000,000 -f,-/r
& 14,000,000 ___;,f”f "
% & 13,000,000 e
. TR BESS % 12,000,000
airport - _— 11,000,000
ES PV System 1 10,000,000
I ﬂ%%ﬁ bV System 2 2010 2012 2014 016 2018 2020 2022 2024
jx Z“ Year
v ——MEDIUM —e—LOW —— HIGH
4—:& Ft Chip - Net kW + 10% :\ I[\)\:e:-;:g_enl:llorr::tllgly Station Service Losses
o T1711~
G 11T
Most of town load
ATCO Third Lake Station B
« 4 x1.145MW diesel engines
« 3.3M litres of diesel storage —

filled annually when the road is
open

A. B. Nassif, R. Anderson and F. Nejabatkhah, "Planning of a Northern Isolated Microgrid," 2019 IEEE Electrical Power and Energy Conference (EPEC), Montreal, QC, Canada, 2019, pp. 1-6.




\??/ Fort Chipewyan Microgrid (Canada): Diesel

Pacific

Northwest ~ Storage Case

Base Case After Phase 1 After Phase 2
— - 1500 = 1500
= = =
= = 1000 =, 1000
“” |II|““““””I“IIIIII”I
& S z o
:C: 1 2 4 5 11 12 :C: Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec S_—j Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
W DIESEL M Diesel = PV M Diesel = PV
o Phase 1.
5 « Offset one new diesel tank (9% of annual consumption)
5 - Filed with AUC as T&D asset
f Phase 2:
= « Offset 25% of load (at the time)
Additional PV Size [kw] « Offset future load growth (projected at the time)
—@—0 kWh BESS —®— 187.5 kWh «=0- 375 kWh . . . .
ek oo Tsokwn, o omkwn * FN ownership through microgeneration tariff

F. Nejabatkhah, Y. W. Li, A. B. Nassif and T. Kang, "Optimal design and operation of a remote hybrid microgrid,” in CPSS Transactions on Power
Electronics and Applications, vol. 3, no. 1, pp. 3-13, March 2018 11
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PHASE 1 SOLAR FARM

Phase 1: 600kW PV

May 15, 2019 construction Completion & }’

Phase 2: 1.7MWh BESS + 2.2 MW PV

PHASE 2 SOLAR FARM AND MICROGRID

- : L
0:. : Microgrid
@ Controller | ]
o - ﬁ
Micrag

rid
Battery Energy
Contraller Storage System

Micragrid
Contraoller

Diesel Generators

Microgrid
‘Controller

U

Thit Camnmunity

A. B. Nassif, H. Yazdanmpanahi and M. Wright, "An Inverter-Based Resource Hosting Capacity Method for Microgrids,"” 2021 IEEE 48th Photovoltaic

2200kW Phase 2 PV solar array

1675kWh Battery Storage

~25% Diesel Reduction

~800,000L piesel Reduction

|

Specialists Conference (PVSC), Fort Lauderdale, FL, USA, 2021, pp. 0080-0082.

7 Fort Chipewyan Microgrid (Canada): Diesel
Storage Case

Frequency [Hz]
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— \??/ Fort Chipewyan Microgrid (Canada): Diesel

Sy - Pacific

Northwest Sto rage Case

NATIONAL LABORATORY

Diesel Generators

BESS Inverter Voltage Protection e

| 4.16kV-25kV
=

SR

i No-

i

i

i

Microgrid
Controllers

LLL 1DIG |1DiG |1DiG+ |2DiG |3DiG |3DiG+ |BESS LG 0Q | 1DiG 1 DIG |1DiG+ |2DiG |3DiG |3DiG+ |BESS
BESS |V i BESS
123 160 214 214 282 357 102 192 223 278 291 348 407 140 - 2o | sess
Plant 123 121 117 214 282 269 Plant 192 137 167 291 348 245 airport
_——_——— _______ T PV System 1
46 : : - - 6 : : 9 3 S A p—
380V 480V 600V 720V 1000V 1080V 220v 900V 1000V 1000V 1240V 1470V 1530V 930V !
A= -  1o00v 110 - - l40v 110V %4 N

~

_______

A. B. Nassif, "A protection and grounding strategy for integrating inverter-based distributed energy resources in an isolated microgrid," in CPSS
Transactions on Power Electronics and Applications, vol. 5, no. 3, pp. 242-250, Sept. 2020

J1Y

(111t~

4
Most of town load

Pilot CVR — Load Composition Estimation + Upgrades

Overall Diesel Consumption Savings (L)
ke 100000
P=[1 v v?]|k, — 80000
ks S 60000
(]
> 40000
©
Y 20000
(]
o 0 - [
= (&) ] = o o'
8 -20000 o E 2 S S
T -1 T -40000 E > 2 & <
Kii = (Vs X Vinz) ~ X Vims X Py, 3 S 2 5 &
3 < = 3
- « < = @ zIp

A. B. Nassif, "A Load Composition Estimation Method for a CVR Application in a Northem Minigrid,” 2021 IEEE PES Innovative Smart Grid

Technologies Conference - Latin America (ISGT Latin America), Lima, Peru, 2021, pp. 1-4 13




%/ Vieques & Culebra Microgrid: Replicating the Ft

Pacific

Northwest  Chip Studies

« Alternative and redundant source of power to minimize Project Scope
the Impact of pOtentlaI events « 2 microgrids’ one per island
* Adding PV, BESS, and retrofitting synchronous sets | |« Microgrids can operate in grid connected mode with rest
* Interconnection at the sub-transmission level (38kV). of Puerto Rico or independently

o GFM

o Voltage regulation and
ramp rates using
inverter functions

o Automated microgrid
functions: blackstart,
islanding, clustering.

o Advanced Protection

o Optimizing BESS
dispatch for maximizing
PV production

o Optimized energy
transfer in cluster mode

o Distribution Automation

o PMU Placement and
state estimation

POC: Alexandre Nassif, PNNL
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Optimization — Gray Sky Operation

Vieques

Combined

\?f/ Vieques and Culebra Microgrid Sizing and

95%

85%

75%

65%

55%

45%

Fuel Consumption of Island 1 [%]

PV Size [MW]

—+—BESS=1MWh ——BESS=2MWh ——BESS=3MWh —e—BESS=4MWh ——BESS=5MWh
——BESS=6MWh ——BESS=7MWh ——BESS=8MWh —#—BESS=9MWh —+—BESS=10MWh
~—BESS=11MWh ——BESS=12MWh BESS=13MWh ——BESS=14MWh —#—BESS=15MWh

Culebra

Fuel Consumption of Islands 1

95%

85%

75%

65%

55%

45%

and 2 combined [%]

10
PV Size [MW]

12

14

16

—+—BESS=1MWh ——BESS=2MWh —+—BESS=3MWh —e—BESS=4AMWh ——BESS=5MWh
——BESS=6MWh ——BESS=7MWh ——BESS=8MWh —=—BESS=9MWh —+—BESS=10MWh
BESS=13MWh ——BESS=14MWh —#—BESS=15MWh

~BESS=11MWh ——BESS=12MWh

18 20

95%
85%
75%
65%
55%
45%
35%
25%
15%

Fuel Consumption Island 2 [%)]

e
4
ot

PV Size [MW]

—+—BESS=1MWh ——BESS=2MWh —+—BESS=3MWh —#—BESS=4MWh ——BESS=5MWh
——BESS=6MWh ——BESS=7MWh ——BESS=8MWh —#—BESS=9MWh ——BESS=10MWh
~—BESS=11MWh ——BESS=12MWh BESS=13MWh ——BESS=14MWh —#—BESS=15MWh

sess | v | o1 | o2 | P
offset

V|e ues

Blue Sk

7 MWh
3 MWh
10 MWh
10 MWh

12 MW
3 MW
15 MW
15 MW

Nassif, A.B.; Ericson, S.; Abbey, C.; Jeffers, R.; Hotchkiss, E.; Bahramirad, S. Valuing Resilience Benefits of Microgrids for an Interconnected Island

Distribution System.

Electronics 2022, 11, 4206.

41%
35%
42%
N/A

13%
5%
14%
0%

— 41%

15



\"‘5;/ Vieques and Culebra Microgrid Sizing and

Pacific

Northwest ~ Optimization — BESS Serving

Example: Vieques BESS load supply capabillity (average load serving at different times, each month)

Hour January February March April May June July August September October November December
0 2.1 2.1 20 18 1.7 1.8 1.9 2.0 2.1
1 21 19 17 1.9 1.9 2.1 2.2
2 22 20 18 1.7 17 1.7 1.9 2.0 2.1

3 20 1.8 17 18 1.8 2.0 2.0 2.1

4 20 19 18 1.8 1.8 2.0 2.0

5 21 19 18 1.8 1.8 2.0 2.1

6 21 20 19 19 19 2.1 2.1

7 20 19 18 1.8 19 2.0 2.0

8 20 1.8 17 18 1.8 2.0 2.0

9 2.2 2.1 20 19 18 1.7 17 1.7 1.9 1.9 2.0 2.2
10 2.1 2.1 20 19 18 1.7 17 1.7 1.9 1.9 1.9 2.1
11 2.1 2.1 20 19 138 1.7 1.7 1.9 1.9 1.9 2.1
12 2.1 2.1 20 19 17 1.8 1.8 1.9 2.1
13 2.1 2.1 20 19 17 1.8 1.8 1.9 2.1
14 2.1 2.1 20 19 1.7 1.8 1.8 1.9 2.1
15 2.1 2.1 20 19 17 1.8 1.8 1.9 2.0
16 2.1 2.0 19 19 17 1.8 1.8 1.9 2.0
17 2.0 2.0 19 1.8 1.8 1.8 1.9 2.0
18 1.9 1.9 19 1.8 1.8 1.7 1.8 1.9
19 1.8 18 18 17 17 16 17 1.8
20 1.8 1.8 1.7 1.7 1.7 1.7 1.8
21 1.9 1.9 1.8 1.7 1.7 1.8 1.8
22 1.9 1.9 1.8 1.7 1.7 1.8 1.9
23 2.0 2.0 1.9 1.8 1.8 1.9 2.0

Nassif, A. (2024). Practical Aspects of Pre-engineering Design of Clustered Microgrids. In: Shahnia, F., Guerrero, J.M. (eds) Microgrids and Virtual
Power Plants. Power Systems. Springer
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Northwest  \/|[eqques and Culebra Microgrid Protection

Overcurrent

Sub-transmission Center 1 Sub-transmission Center 2
(switching station 1) (switching station 2) YA L2
«f .

[ =lf— 1 X
fs— s fmg (Zs+7Zp1 +7Z13)

Yo

Zsot+Zip ol XZ1oo
Zsot+ZiiotZipot <[ = Zc_o] -

. _
Ls fo =

Distance

ZApp = 1/'1 :(lel "‘Zzlz)/ll :(lel +ZZ[I1 + IG])/Il

New Generator
Terminal o Terminal

Station 1 E":"EVG Station 2 :([Zl+zz]|1+ZZIG)/I1 :ZL+22IG/I1’
Z, = Z,
O—— —® . _ _
I 1 f_ Due to ground infeed, Rio Branco terminal may

see fault current below 0.5A (relay terminal)

Nassif, A. (2024). Practical Aspects of Pre-engineering Design of Clustered Microgrids. In: Shahnia, F., Guerrero, J.M. (eds) Microgrids and Virtual
Power Plants. Power Systems. Springer 17




Pacific

Northwest  Summary

* Flexible analysis tools are needed to study multi-disciplinary
aspects of transmission and distribution resilience
= Scenario generation (threat landscape) should be used to plan for microgrids.

= Microgrids have a space as an NWA technology that can significantly enhance
resilience and reliability.

= Power system simulation tools should be able to capture extreme events at various
levels of detall

* Intentional Island Systems are complex and are subject to many
requirements:
= |EEE 1547
= |EEE 1547.4
= Others

* Load balancing, voltage regulation, dynamic performance and protection and
grounding are aspects that welcome streamlined processes and tools.

18
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Thank you
Alexandre.nassif@pnnl.gov
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