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Collaboration from Grad School and Beyond
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< Extreme Events — Extreme Outages
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ERCOT Electricity Generation by Source, Demand and Outages During Texas Deep Freeze E 3 * E 3
Megawatt hours (thousands) m— Solar Customers (millions)

. . _ s \Wind -
« Extreme weather events, many of which are climate- ” e Gas i

70 1 mm Coal

wemm Nuclear

change related, are occurring with increasing frequency
and intensity and causing catastrophic outages. WIS mmOther

50 + i ) ++ssee Demand forecast

40 |

30

* One of the major modern-day concerns of utilities is 20 1
dealing with such extreme outages and consequently, 1
|tS reperCUSS|OnS on the ||VeS Of people |n SOC|ety and IgebOS Feb08 Feb10 Feb12 Feb14 Feb16  Feb18 Feb20 Feb22  Feb24  Feb26 ’
social aspects “How devastating was 2021's deadly Texas freeze, exactly?”
https://en.wikipedia.org/wiki/2021_Texas_power_crisis
50,000
4:56 pm: 46,802 —__ 5:37 pm: 44,957
45,000 )
6:51 pm: 42,237 — 6:26 pm: 41,138 4~
40,000
z .
2 35000 Mid-august 2020 Heat Storm
30,000 On August 14, the Stage 3 Emergency was declared at 6:38 p.m., right before
25 000 the net demand peak at 6:51 p.m. Similarly, on August 15, the Stage 3 Emergency
' was called at 6:28 p.m., just after the net demand peak at 6:26 p.m.
20,000

—Actual demand —Net demand Stage 3 durafion
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Northwest  State of the Art Mechanisms

CAISO electricity demand on September 6, 2022
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ﬁt-scale Grid e Quantifying demand\\ ‘/ Resilience Enhancemen?\ ("~ Valuation

Nl in extreme weather .
RESponse ﬂ&(-‘)‘ MEChanlsms E Energy Not Served
= = __ Resource Utilization
Vel -\ = —F ‘:; Thermal Stress-Level
NP E Switching I'
S v SEnEe. Response &

Exposure Analysis

.-f ¥ N \
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Modeling and simulation platform to
reflect realistic grid response during
extreme weather conditions
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7 Population Approach- Taxonomy Feeders

Pacific
Northwest

Population

Backbone Circuit (Texas Specific
Prototypical North American Feeders)

Circuit representation with backbone infrastructure
(e.qg., topology, rated equipment loading, power
conversion elements, and delivery elements)

Populated Feeder with Representative
RCI customer Mix and DERSs

Modelling residential & commercial customers
(with physics-driven device models) based on key
regional characteristics from the EIA's RECS &
CBECS data-sets

10
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Building Types and Vintage

Urban

re"gﬁo
At

1969 2080

952 o9 089 929 00
19507 010 g0t a0 M 00 B o
Vintage bins

Building Form Factor

Probability of story level

Story level Urban Suburban Rural
Single Story 062 0.80 0.75
Double Story 0.38 0.20 0.25

0.16 1 mm single family 0.16 4
W apartment

0.14 { = mobile home 0.14 1

0.12 1 0.12 4
0107 50101
.E 0.08 1 E 0.08

0.06 A 0.06 4

0.04 1 0.04 1

0.02 4 0.02-

Suburban

. single family
m apartment
B mobile home

) ) o o 9 o o 5
5% 10509 5019 097 0019 150:19%) (0020 1020t

Vintage bins

Probability
o o o (=] (=] o
=] =] =) = [ -
B (=] o o [~ —

o
=
]

=4
o
S

- x-/ Population Approach — EIA's Residential Energy
* Consumption Survey (RECS) for Texas

Bl single family

1 ™= apartment

B mobile home

Key Characteristics for
Residential Customers

Statistical parameters used for aspect ratio for each building type

Aspect Ratio min max mean std
Single family 1 2 1.5 0.5
Apartments 1.2 1.8 1.5 0.1
Manufactured homes single wide 4.5 5 5.5 0.1
Manufactured homes double wide 1.8 2.5 2.2 0.2

,,,,,,,,,,,,

& single family T o
Rural 80001 & apartment e ﬁ, """" N
& mobile home
6000 o---=-seefmmmne- . 3 e
£ ‘ |
% 4000 -
2000 | 1 }
s (3 (¢ 14 it Tat T4l
AP0 019 019 101912 (01980 (019%% (209 (a0 e B S — ——— — —
Pre Ch) Cl g‘l‘rmtag :bms 9 200077 oM ?te-\g {1 9501951 60‘\96\ 10‘\9 9%0_\gg,xggo_\999000_,1‘0090w_1m5
Vintage bins
Floor area Truncated distribution
parameters based on RECS data
8 7 16 15 14 13
A s/ e A 9/ /] 10 u//| n
4 8 7 5
1 2 4

Schematics of apartment complexes

Reeve, Hayden M., Singhal, Ankit, Thaileh, Ahmad, Pratt, Robert G., Hardy, Trevor D., Doty, Jeffrey D., Marinovici, Laurentiu D., Bender, Sadie R., Pelton, Mitchell A., and Oster, Matthew R. 2022. "DSO+T: Integrated System
Simulation (DSO+T Study: Volume 2)". United States. https://doi.org/10.2172/1842488.
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* Three-phase unbalanced power flow

* Thermodynamic model of residential
structure with HVAC system and
thermostat.

* Resistive (Heating)

= Heat pump (Heating)

= Gas (Heating)

= Air Conditioning (Cooling)

* Thermodynamic model of water
heater with vanilla controller
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Pacific  Co-Simulation Framework
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» Distribution Network:
o Simulated using GridLAB-D.
o Customer resources are modeled using I

different end-user loads and appliances —
_Bc,';‘,‘(::, Distribution Netwoh (" Customer ) [DSO e}
S

Message Bus (HELICS)

such as WH and HVAC systems. .
Simulator Site Agents Resilien

|J“|T|/l N Mechanism
—] s 1
AP [Weather J

» Weather agent
o Provides the simulator with real-time
weather data like region-specific

temperature, wind, and irradiance data. Agent
» DSO Agent
o Implemented using Python
o Enables implementing and evaluating

resilience enhancement mechanisms y

Distribution:Grid ]
: Response Models H5 or JSON .

> Site Agents (SA) pome. (15 or oM Valuation
o Customer-specific information to DSOs ‘(Feeder Custorner | (External NI Simulation Metrics (Metrics)

(ex. consumption, bids, Discomfort) Backbone || Mix Variables

13
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DSO 1 NORTH CENTRAL WZ

H Residential

X
N\

~
-

4 A
uth

Corpus Christi

8-Node Model of ERCOT region

Hanif, S., Mukherjee, M., Poudel, S., Yu, M.G., Jinsiwale, R.A., Hardy, T.D. and Reeve, H.M., 2023. Analyzing at-scale distribution grid response to extreme temperatures. Applied Energy,

337, p.120886.

M Industrial

B Commericial

M Residential ® Commericial

DSO 2 COAST Wz

M Industrial

DSO 5 SOUTH CENTRAL WZ

H Residential W Commericial

Scale of Regional Grid Response Model

M Industrial

DSO 8 FAR WEST WZ

H Residential W Commericial

M Industrial

Region (Utility Type) Modeled Feeders Modeled Area RESCNT COMM CNT Actual Customers Scaling Factor
. R4-12.47-1
Region 1 (Urban) RA-12.47-2 Dallas, TX 893 71 3,843,475 3816.95
. R5-12.47-1
Region 2 (Urban) R5-12.47-2 Houston, TX 1,308 148 3,680,144 2351.17
Region 3 (Rural) R5-12.47-5 Lamar, TX 1,539 56 103,821 58.14
Region 4 (Rural) R5-12.47-5 Midland, TX 1,539 56 869,220 479.44
. R5-12.47-1
Region 5 (Urban) R5-12.47-2 Hays, TX 1,308 127 2,004,277 1395.95
. R4-12.47-1
Region 6 (Urban) R5-12.47-1 Val Verde, TX 1,525 142 118,242 67.95
Region 7 (Suburban) R5-12.47-5 Nueces, TX 1,539 56 1,540,344 895.00
Region 8 (Rural) R5-12.47-5 Presidio, TX 1,539 56 43,175 23.55
Total 12 Feeders 11,190 715 12,202,698 1136.02
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ERCOT Load (BAU-Summer) ERCOT Load (BAU- Winter)

Modeled Load Composition for ERCOT Modeled Load Composition for ERCOT
700001 I Industrial Loads 600001 I Industrial Loads
i . Plug Loads  Plug Loads
60000 A HVAC Loads 50000 | HVAC Loads
W WH Loads I WH Loads
50000 . L\ —— Modeled Load ‘ ‘ —— Modeled Load
1l '\ = Actual Load 40000 | ; ——— Actual Load
— \ " | 1 — ) ‘l| \
g 40000 - “ \v \v \“ g [ \ x_u
— \ | \ | ‘ ~— | J‘." | ¥ ‘\
= J o 30000 .}
8 30000 S ~
— —
20000 1
20000+
100001 100004
O,
2021-06-27 2021-06-29 2021-07-01 2021-07-03 2021-07-05 2021-07-07 2021-01-11 2021-01-13 2021-01-15 2021-01-17 2021-01-19 2021-01-21

Statistical comparison of simulated load with actual ERCOT load.

Actual (Winters) Modeled (Winter) Actual (Summer) Modeled (Summer)

R* (- 0.73 0.91

Mean (GW) 41.79 41.67 51.55 48.88
Median (GW) 41.04 40.71 51.21 47.53
Max (GW) 58.61 58.61 70.23 73.15
Min (GW) 31.60 29.12 38.16 38.48

Trend-wise accurate system-wide load shapes and end-load contributions




Pacific Electrification and Renewable Scenarios

Northwest
NATIONAL LABORATORY Modeled Load Composition for ERCOT
e ~ B Industrial Loads
Case 1a: 80000 mam Plug Loads
Electrified Heating HVAC Loads
with Impr_oved Case 1c: Electrified B WH Loads
Case 1: Space \_Insulaton ) Heating with 60000 W PV
Heating Improved Insulation W Battery
Electrified ( Casetb: ) d Heating Syst = Modeled Load
. . and Heatin stem AW
Business-as- Electrified Heating a2y g 40000 L b
Distribution Grid usual (BAU) with Improved =g V
Response Modeled Case \_Heating System ) 2
Calibration Under Extreme = 20000
Condition
Case 2: Case 2a:
Distributed Solar Distributed PV 0
Photovoltaic (PV) with Behind-The-
Integration Meter Storage

2021-02-11 2021-02-13 2021-02-15 2021-02-17 2021-02-19 2021-02-21
Fig. Modeled cases for Electrification and Renewable Integration Scenarios

Emm 5% Above Nominal I 5% Below Nominal mmm Distribution Losses
Cumulative Energy Difference from BAU Modeled Case — B 5.8% Above Nominal — — Imm 8.3% Below Nominal —

~1000 0 1000 2000 3000 4000 ~10 0 10 0 250 500
(Gwh) % Increase from BAU Modeled Case

Hanif, S., Mukherjee, M., Poudel, S., Yu, M.G., Jinsiwale, R.A., Hardy, T.D. and Reeve, H.M., 2023. Analyzing at-scale distribution grid response
to extreme temperatures. Applied Energy, 337, p.120886.




\_%/ Grid Response during Winter Strom URI = (WZ
Pacific Level)

Northwest :
NATIONAL LABOR nroRY Simulated Load for DSO-5 (South Central WZ)
9000 T T T T T T T 80
Message Bus (HELICS)
= 8000 ! { I ! —— Base Case
= Avialability
= N (e s '
4l oreaer  Distribution Network ustomer DSO 7000 T
Subs:;t@%;}’ Simulator Site Agents Resilienf E &,
5 - ] %IAB-D 3, lchte Mechanisms E 5000 g
fi, " swi 7 7\ SAP Weatherﬁ 8 ®
% A @
lchite gent : S 5000 o
\_ J ﬂ o E
A} [+1) (1]
a o
L 4000
Y 1] Y ©
Distribution:Grid < 3000
ResponseA odels (H5 or JSON) Valuation sa
‘(Feeder Customer | (External Sniation Metrice (Metrics) 2000 Feb 14 Feb 15 Feb 16 Feb 17 Feb 18 Feb 19 Feb 20 "
Backbone || Mix Variables . . .
Scaled Simulation Duration 2021
Fig. Co-Simulation Framework
1 6 T T T T
0 Industrial Load
14 S0 Plug Load |
HVAC Load
—~ g \‘ ; » I WH Load
=12 Fula: f\ /'; Vi ﬂ Simulated Load (Scaled) -
< i \V ‘ A - ERCOT WZ Predicted
— 10 gﬁf e ERCOT WZ Actual |
g \w v’v 14
E i W (
[ AR
Q 8F TE
8 Scarcity Duration v
3 “‘
<
K 4

0 &

Feb 11 Feb 13 Feb 15 Feb 17 Feb 19 Feb 21 Feb 23
Simulation Duration 2021

Fig. 8-Node Model of ERCOT region

Hanif, S., Mukherjee, M., Poudel, S., Yu, M.G., Jinsiwale, R.A., Hardy, T.D. and Reeve, H.M., 2023. Analyzing at-scale distribution grid response to extreme temperatures. Applied Energy,

337, p.120886.
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Pacific Grid Response during URI = (ERCOT-Level)
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Message Bus (HELICS)

A

/ & oroee Distribution Netwonb Customer Dso
Subs:;nﬁ%i!}‘ Simulator Site Agents Resiliene
; . - Mechanisms
et
P Weatherﬁ
Ledrte Agent 80 | T | | | |
5T 1 W Industrial Load
70 1 " PlugLoad |
\i v v HVAC Load
Distribution:Grid E -WH Load
ResponseA odels (H5 or JSON) Valuationsﬁ O &0 F Simulated Load (Scaled) | |
B Y LG LU LN . Simulation Metrics (Metrics) — | T ER-EDT PradhtEd
Feeder Customer | |External
Backbone || Mix Variables -E ——— ERCOT Actual
50 I I
. . . 1]
Fig. Co-Simulation Framework =
QD
O 40 r
=
g i
o 30]
= o
Dallac POt ]‘.‘ : —
\ North Centr7 4 %‘ d 20
L ! i
G,
West S i

AR
3 Uige 10

Feb 04 Feb 07 Feb 10 Feb 13 Feb 16 Feb 19 Feb 22 Feb 25
Simulation Duration 2021

Fig. 8-Node Model of ERCOT region

Hanif, S., Mukherjee, M., Poudel, S., Yu, M.G., Jinsiwale, R.A., Hardy, T.D. and Reeve, H.M., 2023. Analyzing at-scale distribution grid response to extreme temperatures. Applied Energy, 337,
p.120886.
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Pacific
Northwest Base Case and Controlled Outage
e Base Case substation substation

= Normal operational state in which all
connected loads are served

= Heatwaves & cold snap strain the power grid

« Controlled Outage (CO)

= Selectively disconnect the distribution feeders
as a method of reducing load

= Avoid feeders with critical loads

T T T T T T

90 I” [ Industrial Load ]
—_ " PlugLoad
= 80r HVAC Load 7
O I WH Load
5 7o Simulated Load (Scaled) n N
g | |=—- ERCOT WZ Predicted 2
E 60 I~ -.—. - ERCOT WZ Actual (F ;:; . ]
& 5o booov e i
E . _. VATV battiny w '
@ 40 [l- ’ ] T\ _ _;T p e A\ ' r Y ; ; T H L/
% I. | y I f 'y I | _J | ﬁ*v l;"‘
o 30 Ty : ! v } 5
= | A A v
e AsAN

Feb 04 Feb 07 Feb 10 Feb 13 Feb 16 Feb 19 Feb 22 Feb 25
Simulation Duration 2021

Fig. Sample Feeder Layout for Controlled Outage 19
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Resilience
Enhancement
Mechanisms

Mechanism that (1) systematically
disconnects different areas or
neighborhoods and (2) offers allocation to
all customers and encourages customer
participation.

U.S. DEPARTMENT OF

ENERGY BATTELLE

PNNL is operated by Battelle for the U.S. Department of Energy
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« Systematically cutting off electricity supply to different areas or groups of
customers for short periods

« Sharing the available electricity among all its customers.

* Implement and compare performances of several load shedding mechanisms

= Exercising the distribution system automation equipment to minimize outages*
v Feeder-based, Sections-based, Advanced Metering Infrastructure (AMI)-based

o

substation

feeder
breaker

Base topology Feeder-based Sections-based b \AMI—baseEI 7

-— ey = *

*S. Poudel, M. G. Yu, M. Mukherjee, S. Hanif, T. D. Hardy and H. M. Reeve, "A Framework to Design Consumer-Centric Operational Strategies for Resilience Enhancement," in IEEE Transactions on Industry Applications, vol. 60, no. 2, pp. 2332-2343, March-April 2024 22
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Vg - I;aV;gs _________ Co_mfo? _________________ = ~
/ (Sider=0) (Slider = 1) \
/ | Willingness-to-pay vs Willingness-to-accept \

Price-max

. Price-min
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|
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Supply Bid /
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p (m— e -

P

Q#1 Q#2
Qallocation

Q1 Quantity
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) . ! Price Allocation tobuy  Allocation for Sale rlce: N\
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E 9 < - Pauctio auction,| |:.. ;
(o) [ | = ‘% l Qauction| |~
L J \ - J : I
> ~ Quantity Quantity P / —/

» Novel approach with ability to provide increased amenity (load operation) to all customers; while using more of available energy
» Allocation trading customers have ability to trade portions/total of allocation

» Site-agents co-ordinate between customer’s end-user devices and DSO

» Willingness-to-pay for extra allocation; form demand curve with priority of their load

» High-priority loads are in supply curve (A,;.) at price greater than allocation price

> Low-priority loads are in demand curve (4,,,) for purchase at cheaper price




o

Pacific
Northwest

NATIONAL LABORATORY

Capabilities Developed in DSO-RISE Study
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Resilience
Valuation
Framework

Methodology for calculating cost of
outages as a combination of value
of statistical life, productivity
decrease, interruption cost and
Infrastructure degradation.
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ENERGY BATTELLE

PNNL is operated by Battelle for the U.S. Department of Energy
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Pacific

Northwest \/gluation of Customer-Oriented Impact

« Both economic and non-energy impacts caused by extreme temperature outages.
* Analyze risk exposure of buildings and population to severe temperature.
» Motto: “Strengthening Resilience Through Customer-Centric Impact Valuation”

Response and Exposure Analysis Damage Estimation LLoss Valuation

- Population generation » Damage/TLoss models (mortality, » Occupant loss
« Building resistance morbidity, productivity....) + VSL
Extreme « Occupant exposure u + Probabilistic loss scenarios » Medical costs
Temperature » Property exposure * Occupant/ Property loss * Property loss

. o u
Martalicy model Pre-gxisting health condition

Sai
5
ﬂ i T T T T T 1
[ <] s L] 4 g ik pE 16 La
5 i2bill
L Temperaiure ! " ) A = b ik
- " A -
; - s b = i
- Adjustoncnt Relative Performance ;2 iyl
no. 4
£ z
= ﬁ E
:El=m i
L J L
I inem PAN P Fi

Temperature

CutEge

Outage

PDF

2
D

I g

=]

"

Indoor
Temperature

Overall procedure for estimating the related damages and losses




Pacific
Northwest

NATIONAL LABORATORY

Damage Function Model to Temperature

« Based on the indoor air temperature of each building
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Example of Estimating Losses Associated
with Customer Non-Energy Impact T e

Response / Exposure during outage

(Feb 15th - Feb 19th).
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Fig. 8-Node Model of ERCOT region

Grid Response for AMI-RO at the ERCOT-Level)
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Grid response during extreme temperature outage: Substation demand for resilience mechanisms (top), and the energy not served (ENS) (bottom)

» TE-Alloc facilitates an effective utilization of the available energy among customers throughout outage duration
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» Capital and O&M Costs (Annualized) ’ ':;l{}

» CO: OMS Software and Cyber Infrastructure g | “t-" _

» AMI-RO: AMI Meters and Network - Bl AR JJV\/\}\

> TE-ALLOC: DER Network, Market Software £ S S P T i
o BRI

Simulation Duration 202

» Wholesale Power Purchases (Additional costs)
o Bilateral Purchases (PPA) — 60%
o DA and RT Markets (Scarcity prices)

Fig. Wholesale purchase cost for DSO2
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Residential Commercial
Customer Costs
(6{0) AMI-RO | TE-Alloc (6{0) AMI-RO | TE-Alloc
Monthly Energy Costs
- Capital (HEMS) $ - - 1.5 - 7.9
Energy Procurement ($) | 134.68 | 143.46 234.99 | 813.65 | 904.08 | 1218.33
Cost Per Customer ($) 134.68 143.46 236.49 813.65 904.08 1226.23
246 lives Total Cost (scaled) ($M) 1538.2 | 1633.3 2748.9 621.8 681.6 776.4
were lost Damage / Loss Associated with the Event
as reported VSL ($) 306.5 0 0 0 0 0
Medical ($) 1458.7 | 318.0 257.7 0 0 0
Productivity Decrease ($) 22.6 191.7 125.9 89.3 703.3 974.3
Building Maintenance ($) 599.5 66.4 92.1 1535.8 163.3 98.0
Power Interruption ($) 106.2 107.1 52.0 12930.6 6054.5 5572.9
Loss per Customer ($K) 2.49 0.68 14.56

$80-120B in
Losses
(with indirect

economic S
) better utilization.

damage.

Energy Procurement: Higher in AMI-RO and TE-Alloc due to

Loss per Customer: Highest in CO case, indicating severe

TE-Alloc: Reduces total losses by 5% compared to AMI-RO and
54% compared to CO for commercial customers. For residential

customers, TE-Alloc shows an 23% reduction compared to AMI-
RO and 79% reduction compared to CO.

System-Level Cost Impacts

Category (6{0) AMI-RO TE-Alloc
Utility’s Change in Capital & O&M Costs from BAU-case
Capital ($M) 37.11 226.85 275.81
0&M ($M) 13.40 90.81 125.47

Utility’s Change in Energy Purchase & Sales from BAU-case

Wholesale Purchases ($M) 3300.45 6774.54 8619.48
Revenue from Sale ($M) -387.10 -236.40 -153.66
Total Change in Utility’s Costs from BAU-case
Total Costs ($M) 2963.86 6855.80 8867.10
System-Level Impact of Resilience Enhancement
Increased DSO costs ($B) - 3.89 5.90
Avoided Customer Damage ($B) - 27.5 29.6

$10B in
Utility Losses

Reported

Capital and Operational Costs: TEPA and AMI-RO due to
advanced infrastructure
Energy Purchase Costs: TEPA and AMI-RO mechanisms incur
additional costs due to higher utilization.
Revenue Loss: DSOs face revenue loss due to high wholesale
prices and limited availability.
Economic Viability: Avoided customer damages and societal

benefits ($27.5B for AMI-RO and $29.6B for TE-Alloc) far exceed
the additional costs ($3.89B for AMI-RO and $5.90B for TE-Alloc).
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» Significant Non-Energy Impact Costs: Extreme
temperature-related outages can lead to substantial non-
energy impact costs. Neglecting these factors can cause a
significant underestimation of the true economic impact.

 Advanced Resilience Mechanisms: Efficient resource
utilization reduces damages.

» Trade-offs and Equitable Service: Balancing energy
allocation across customer groups is essential for equitable
service, considering the trade-offs in damages.

« Societal Benefits vs. Additional Costs: While
additional costs are incurred by the DSO to supply energy
during extreme events, advanced resilience mechanisms
prevent customer damages, resulting in societal benefits that
far exceed these costs.

Costs ($B)

I
o

W
o

9]
o

=
o

o
|

Northwest ~ Summary from Valuation results

Value of Statistical Life {WSL)
Medical Costs
Productivity Decrease Costs
Building Maintenance Costs
Power Interruption Costs

Base Controlled Rolling TEPA
Outage Outage
Category cO AMI-RO TE-Alloc

System-Level Impact of Resilience Enhanceme

Increased DSO costs ($B) -

3.89

5.90

Avoided Customer Damage ($B) -

275

296

Even after considering scarcity pricing of
$8000/MWHIr, the Resilience Enhancement
Mechanisms would drastically reduce (by ~70%)
the avoided customer losses.
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Thank you

Reach out to us:
shiva.poudel@pnnl.gov
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