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Importance of carbon-neutrality and reliability in power systems

« Electricity demand will increase more than expected due to increased interest in electrificationlt],

« CO, emission has sharply increased over the last few decades, and reducing CO, emissions is one of the

urgent issues in modern energy systemsl?.,

« The number of large-scale power outages has increased by 78% during 2011-2021, compared to 2000-201013],
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Power systems should be carbon-neutral and reliable to improve sustainability and to

satisfy growing electricity demand effectively while preventing power outages.

[1] BP Energy Outlook, 2020

: IDAES [2] Global Carbon Budget, 2022
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- [3] Surging Weather-related Power Outages, Climate Central, 2022



How can we improve the reliability of power systems?

« Reliability  An ability to supply uninterrupted electricity to customers to satisfy the load demand.

« Adding extra generators, batteries, and transmission lines can improve the reliability of power
systems.

* In case the main facilities fail, extra facilities can replace the workload of failed ones to minimize
power loss - The power infrastructure gets complex, the reliability can improve.

* Issue: optimize where, when, and what type and size of facilities should be added to satisfy the
load demand while improving reliability at a minimum cost.
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i Sy [4] Cho et al., Recent advances and challenges in optimization models for expansion planning of power systems and reliability optimization, Comput. Chem. Eng, 165, 107924, 2022



Electricity (MW)

How can we evaluate power system reliability?

Installed capacity (MW)

Capacity reserve (MW)

Peak demand (MW)

Outage (Failure state) k

Available capacity in failure state k

Time of loss of load t,

Institute for the Dasign of
Advanced Energy Systems

1) LOLE”* (Loss of Load Expectation, unit: hours):
the time of not satisfying the load demand.

n
LOLE = z pktk
k=1

p,. Probability of capacity failure state k
t.: Outage time of capacity failure state k

2) EENS" (Expected Energy Not Served, unit: MWh):
the amount of demand that is not satisfied.

n
EENS = z pkEk
k=1

E,: Unserved energy in capacity failure state k

LOLE & EENS |
- Power System Reliability 1



Problem statement

Goal: Develop a Generalized Disjunctive Programming (GDP) modell®8l that optimizes both long-term

investment decisions and short-term operation decisions for reliable and carbon-neutral power systems
Spatial representation

Temporal representation

Node 2 Investment decisions are made at the beginning of each year
Node 1 - ‘ ‘ ‘ ‘
H Year 1 Year 2 Year 3 Year T(teT)
: Nodei €I Time
: -
\ 1 Facility k € K Representative days (n € N)
\ ' Storage k € K°
1 Da
\ G Day1 [Day2 y
\ \ Generator k € K 365
\ == S==
1 i D et T Eean _
\ | Dispatchable k € K T Subperiods (b € B)
\ ‘I Renewable k € KR =z e
\ 1 Linel €L Morning Afternoon Evening Night
- - Potential lines Node 3 Existing line I € LEX o o o o
—_ EX|st|rTg lines ) Potential line [ € PN Operation problems are solved for each subperiod
? Batteres () _---~ of each representative day
== Natural gas plants
"~ Wind turbines How to select representative days for reliability evaluation?
- Select average days and add extreme days such as the days with the
largest daily demand variation or lowest net loadl”]
IDAES [5]I. E. Grossmann et al., “Systematic Modeling of Discrete-Continuous Optimization Models through Generalized Disjunctive Programming”, AIChE Journal, 2013
e [6] F. Trespalacios et al., “Revi ixed- i i

Review of Mixed-Integer Nonlinear and Generalized Disjunctive Programming Method”, Chemie Ingenieur Technik 86, 2014
[7] Sisternes et al., Optimal selection of sample weeks for approximating the net load in generation planning problems, MIT ESD, 2013



Reliability-constrained planning model

Generalized Disjunctive Programming (GDP) model®€l

Min Cost = CAPEX + OPEX + Curtailment penalty + EENS penalty N

s.t. yy,& GDP

Investment constraints

PYOMO

Python 3.10.12
Installation/lifetime extension/early retirement of dispatchable generators Pyomo 6.6.2

Installation of renewable generators and battery & transmission lines

Operation & reliability constraints

Power balance and unit commitment for dispatchable generators

State of charge/discharge of battery (storage systems)

Power flow of transmission line (simple network and DC power flow)

CO, emission estimation & minimum share of renewable generation

Probability of each failure state using a forced outage rate of generators and/or transmission lines
Estimation of power production under each failure state

Simplified LOLE (loss of load expectation) and EENS (expected energy not served) estimation
LOLE limit

Rigorous LOLE and EENS analysis requires the enumeration of all capacity failure states of all facilities.
However, this work only considers the failures of some critical nodes and facilities.

IDAES [5] 1. E. Grossmann et al., “Systematic Modeling of Discrete-Continuous Optimization Models through Generalized Disjunctive Programming”, AIChE Journal, 2013
Instte or the Desion ot [6] . Trespalacios et al., “Review of Mixed-Integer Nonlinear and Generalized Disjunctive Programming Method”, Chemie Ingenieur Technik 86, 2014




Two-step algorithm for reliable expansion planning

— Step 1. Expansion planning model w/o reliability

Min Cost = CAPEX + OPEX + Curtailment penalty
s.t. « Installation of generators and battery & transmission lines
« Unit commitment, stage of charge/discharge, DC power flows
* Fuel consumption and CO, emission estimation

Using the optimal results,
v Identify N numbers of critical nodes where the power loss is
expected to be significant in the event of a failure.
v' Select N numbers of critical generators that largely account for
demand satisfaction.
J

— Step 2. Reliability-constrained planning model

Min Cost = CAPEX + OPEX + Curtailment penalty + EENS penalty
s.t. <+ |Installation of generators and battery & transmission lines
« Unit commitment, stage of charge/discharge, DC power flows
* Fuel consumption and CO, emission estimation
« Enumeration of capacity failure state and probability of state
IDAES « LOLE and EENS estimation & LOLE limit




Two-step algorithm for reliable expansion planning

Solve expansion planning model without reliability

Fix design and operation results

A 4

Solve the node selection model to identify N numbers of
critical nodes (i € CN)

'-» FORi€eCN

Identify N numbers of critical generators (k € CK;)
that produce largest amount of electricity in year t

'-»> FORk € CK;, i€CN, t€T

Enumerate capacity failure states, from no
generator failure to N numbers of failure, and
calculate the probability of failure state using

the probability of failure of generators

Define critical nodes & generators
Update reliability parameters

Release design and operation variables
Add constraints related to the production
level and capacity of critical generators

Solve reliability-constrained expansion planning model

IDAES
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Case Study: Resource & Technology Status of San Diego County in 2021

? Murrietta 2 California - Annual Average Wind Speed at 80 m
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c hes Boulevard (Tule Wind Energy Project)
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Start year: 2017
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Otay Mesa (Otay Mesa Energy Center)|
NGCC, 510MW

Global Solar Radiation at Latitude Tilt - Annual California

Miramar
NG (Simple cycle), 106MW
Start year: 2005
Type: Normal

Otay Mesa (Border Project,
Wildflower Larkspur Energy Facility

NG (Simple cycle), 140MW

Start year: 2001

Type: Emergency peaker

Otay Mesa (Plo Pico Energy Center) ‘
_ING (Simple cycle), 300MW
Start year: 2009

Type: Normal

< Generation and transmission network in 2021 >

IDAES
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aavanced energy Systerms  [8] Figure: https://cecgis-caenergy.opendata.arcgis.com/documents/CAEnergy::california-electric-generation-and-transmission-system-part-2-of-2, modified 2021-12-14



https://cecgis-caenergy.opendata.arcgis.com/documents/CAEnergy::california-electric-generation-and-transmission-system-part-2-of-2

Case Study: Representation of San Diego County

v' Size: 4 nodes
(O Demand and supply nodes
() Supply-only nodes

v" Horizon: 10-year planning (planning interval: 2
years, a total of 5 planning periods)

v' 5 representative days and 24 hours for each day
(operation interval: 2 hours, a total of 12 operation
periods)

v' 4 average day + 1 extreme day

\

~

/! Wind turbine
ﬂn NG plant Assumptions
v' Types: NG (Simple cycle), NGCC (w/o CCS),
NGCC (w/ CCS), Wind turbine, PV, and Li-ion
battery.
Tisting Boulevard V' Supply-only nodes (green circle) can only install

renewable generator_ and batteries.

v' Dispatchable generators in demand and supply
nodes (red circle) can be extended, dispatchable
generators (w/ and w/o CCS) can be installed, and

Latitude/Longitude renewable generators can be installed.

(1) 32.210880/-117.190754 (2) 33.232716 / -116.320088 v Distance between nodes is estimated by measuring

32.702726 / -116.270649 32.590562 / -116.802113 .
IDAES ® ® the distance between centers of each node. 10

gy Sy t ms

transmission lines

Potential
transmission lines




Case Study: Scenario generation
California Policy and Regulatory Environment[®!

CO, emission limits « J
(30% reduction by 2030)?

Renewable generation share
(60% of the total generation by 2030)2

T+ IDAES

.| ASESEISEET (9] california Peaker Power Plants: Energy Storage Replacement Opportunities, PSE Healthy Energy, 2020

11



Case Study: Scenario generation

California Policy and Regulatory Environment[®!

CO, emission limits

(30% reduction by 2030)t X X v v v v
Renewable generation share « « « « J J
(60% of the total generation by 2030)2

Reliability constraints

(LOLE, EENS) X v X v X v

2

LIt is assumed that CO, emissions should gradually decrease over the planning horizon and reach a
30% reduction by 2030.

2 60% of the power demand should be satisfied by renewable generations and storage by 2030. It is also
assumed to increase gradually.

AIEETASVEET (9] California Peaker Power Plants: Energy Storage Replacement Opportunities, PSE Healthy Energy, 2020

12



Case 1 study results < GOP

Case 1 — No regulation on CO, emission & renewable generation Pyihon 31012, Pyomo 6.6.2

- 5 representative days (4 representative days + 1 extreme day with the highest demand and lowest capacity factor)
- # of critical nodes = 2, # of critical generators = 3

No Reliability (Case 1A) With Reliability (Case 1B)
Installed capacity Installed capacity 3,000
5,000 5,000 2,584 = Curtailment penalty
. BNG (SC) BNGCC =NGCCw/CCS =PV mWT =BT — mNG (SC) WNGCC ®NGCCw/CCS #PV mWT mBT 2 500 5919 w Fuel cost
; 4.000 ; , 1 uel cos
% é 143, 143 1143 1143 g é R 2,000 m Shut down cost
g é‘ 3,000 ‘_E é‘ g u Start up cost
g 8 g 8 : 1,500 m Variable operating cost
< % 2,000 < % 8 000 Fixed operating cost
1,
© 1.000 © © = Line investment cost
: 536 240 . 500 . u Lifetime extension cost
0 0 m Facility investment cost
Y6 Y8 Y10 Y2 Y4 Y6 Y8 Y10

Case 1A Case 1B

Total available capacity in Y10: Case 1A — 3,593MW, Case 1B - 3,999MW (12% 1)

Since NG (SC) and NGCC are identified as critical generators, other dispatchable generators
(NGCC w/ CCS) is additionally installed for reliability in Case 1B.

Renewable generators are not installed due to relatively higher costs and lower capacity factor.
Total cost of Case 1B is higher than that of Case 1A because of installation of NGCC w/ CCS.

I D ES * Generation only includes the amount of electricity used to meet the demand. # Binary |# Continuous | # Constraint | CPU (sec) | Gap (%)

: : A Curtailment, the amount of electricity used to charge the battery, is not included.

. ! Institute for the Design of The generation from the battery indicates the amount of electricity discharged. gase ig jg‘;g; 32’222 g;é‘?gg 11037'57 83283 ) 13
Aauancsd Enerv SRS, The total cost is calculated after multiplying the weighting factor. ase . : : : : Gurobi 10.0.2




Case 2 — Only regulation on CO, emission (-30%)
- 5 representative days (4 representative days + 1 extreme day with the highest demand and lowest capacity factor)

Available
Capacity (MW)

Case 2 study results

- # of critical nodes = 2, # of critical generators = 3

.1 IDAES

- Advanced Energy Systems

No Reliability (Case 2A)
Installed capacity

With Reliability (Case 2B)
Installed capacity

ENG (SC) mNGCC #NGCC w/ CCS #PV mWT =BT

_—

5,000 5,000
ENG (SC) ®NGCC mNGCC w/ CCS =PV mWT mBT —

4,000 o g 4,000
_Q N

3,000 D) S 23000
= =
> @©

2,000 < 22,000
($)

1,000 1,000

0 0

Y2 Y4 Y6 Y8 Y10 Y2

I
392
Y4 Y6

Y8

Y10

Cost (M$)

3,000
2,500
2,000
1,500
1,000

500

 Total available capacity in Y10: Case 2A — 3,645MW, Case 2B — 4,069MW (11% 1)
« CO, emission cuts largely provided by NGCC with CCS.

» To improve reliability, NGCC with CCS is installed earlier than it is required, and the capacity of wind turbine is expanded.
» The total cost of Case 2B is higher than that of Case 2A.

Generation only includes the amount of electricity used to meet the demand.
Curtailment, the amount of electricity used to charge the battery, is not included.
The generation from the battery indicates the amount of electricity discharged.

The total cost is calculated after multiplying the weighting factor.

Institute for the Design of

N
N
N
~

Case 2A

# Binary |# Continuous | # Constraint | CPU (sec) | Gap (%)
Case 2A | 39,767 80,582 271,355 1,271.8 0.9719
Case 2B | 49,367 92,662 326,740 21.2 0.7878

2,636

Case 2B

Gurobi 10.0.2

—! PYOMO
Y “GDP

Python 3.10.12, Pyomo 6.6.2

m Curtailment penalty

H Fuel cost

B Shut down cost

= Start up cost

m Variable operating cost
Fixed operating cost

= Line investment cost

u Lifetime extension cost

m Facility investment cost

14




- 5representative days (4 representative days + 1 extreme day with the highest demand and lowest capacity factor)

Case 3 study results

Case 3 - CO, emission (-30%) & renewable generation (min 60%)

- # of critical nodes = 2, # of critical generators = 3

Available
Capacity (MW)

Available
Capacity (MW)

[ IDAES

\ lttef the Desi
ed En gySytms

No Reliability (Case 3A)
Installed capacity

BNG (SC) mNGCC ®mNGCCw/CCS =PV EWT mBT

—

965 |

With Reliability (Case 3B)
Installed capacity

ENG (SC) mNGCC =mNGCCw/ CCS "PV mWT =BT

e

e 980 ]|
1.024 738 738 !:_
Y2 Y4 Y6 Y8 Y10

Total available capacity in Y10:

Case 3A - 7,977MW, Case 3B - 8,431MW (6%)

renewable generation share.

Dispatchable power required effectively equivalent.
Case 3B disp. — 3,896MW, Case 2B disp.— 3,748MW

6,000

Available
Capacity (MW)

The total cost is calculated after multiplying the weighting factor.

With Reliability (Case 2B)

Generation only includes the amount of electricity used to meet the demand.
Curtailment, the amount of electricity used to charge the battery, is not included.

) 5,000
Installed capacity 4,447
2000
&
2 3,000
2
172 172 O 27000
T
1,000
1,024 392 392 0
Y2 Y4 Y6 Y8 Y10 Case 3A
# Binary |# Continuous | # Constraint | CPU (sec) | Gap (%)
Case 3A | 39,767 80,582 271,360 21,600.3 4.7430
Case 3B | 49,367 92,662 326,745 21,600.3 1.0840

The generation from the battery indicates the amount of electricity discharged.

No CCS installed (emission cuts achieved through renewables).
Reliability constraints do not significantly impact to the systems with high

4,566

Case 3B

Gurobi 10.0.2

—! PYOMO
Y “GDP

Python 3.10.12, Pyomo 6.6.2

Min 60% renewable case results in drastically increased capacity requirements.

= Curtailment penalty

m Fuel cost

m Shut down cost

= Start up cost

® Variable operating cost
Fixed operating cost

= Line investment cost

= Lifetime extension cost

m Facility investment cost
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Conclusions

« A Generalized Disjunctive Programming (GDP) model for infrastructure planning of reliable and
carbon-neutral power systems was proposed.

 The model was verified by solving the San Diego County case study.

« 3 cases with different environmental constraints were analyzed (No CO, emission limit and
renewable generation target, only CO, emission limit, both CO, limit and renewable target).

» Reliability can be improved by increasing the capacity of dispatchable generators, but
renewable-based energy systems can naturally have higher reliability.
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