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Motivation and key concepts

What is the objective of a transmission plan?

To define 3W'’s:

e whether, when, and what types

e of transmission facilities to build

e minimizing costs and maximizing
economic, reliability, and environmental
benefits for the future operation of the
system to society
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Motivation and key concepts & LAMPS | PUC

It is key to consider complex interactions between
substitute and complementary resources

e Transmission resources and generation s e ot o et
investment and sitting ~
Bl G7G8
I
I
— Proactive vs reactive planning — — '
B4 g | B3 ‘ _— e BS

— Anticipative proactive planning to foster
investments in "correct places”

e How to capture such complex interaction?
— GT co-optimization plays a key role!

— Competition is a key feature needed to align
gradients and make things work as expected
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It is key to consider complex interactions between
substitute and complementary resources

. Gl G2 G G4 G2 G6
e Renewable generation and reserve levels %

— Connecting renewables requires more reserves 81 G768
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e How to capture this complex interaction? ' -I— .
— Uncertainty modeling plays a key role! o




Motivation and key concepts

It is key to consider complex interactions between
substitute and complementary resources

Role: reliability

(reserve deliverability)
Cheap reserve

Gl G2 G G4 G5 Go

e New transmission lines may avoid expensive

. 1 m [
reserve deployment and ensure deliverability .
B2
2 AU P
— New lines can bring cheap reserves from other areas '1_ D2
D3

— Voltage Kirchhoff’s Law (KVL) and security criteria

constraints must be considered Renewable
Variability

o)
. . . &é’s &2
e How to capture this complex interaction? o 0

<0
— Short-term operation modeling plays a key role!

Deliverable
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It is key to consider complex interactions between
substitute and complementary resources

Role: reliability

(reserve deliverability)

Cheap reserve

Gl G2 G G4 G5 Go

e Connecting renewables requires more reserves -

B1

e New lines can bring cheap reserves from other
areas

e Voltage Kirchhoff’s Law (KVL) and security criteria Role: path
constraints must be considered

Connecting renewables demand new lines to provide both path and reliability
It is crucial to represent short-term uncertainties and operational constraints

to capture the reliability and flexibility role of transmission assets
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The key concepts that a TEP model should consider:

e Complex interactions between transmission
assets, new generation, and reserves 0 ower

e Flexibility and Adaptability .
Facing

Uncertainties

The Economics
of Transmission
Networks

e Short-term generation and load variability

Please, take a moment to read
the first two articles
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How to make computer models to capture those
relevant feature?

e We need to tell them what we want
e But it can not be done case by case...

S picturesgiliance /dpg/CITEC ,"Universit':ii E“Hlefeld
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This is the goal of Operations Research

1. We express our goals through an objective function

We teach them how our world functions through mathematical
expressions (constraints and variables)

3. And this is converted into a code that runs and give us a solution

\60 ()f(x()),tx Ia d = 2

“ v, 00 Mol > Tetum, c;
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.I (x)- 2 /.00 =M 7(0) Sl [ o
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l‘io-vlz"-ct.a y (m.rem.r ®
f loat

e Depending on how we describe the world, steps 1-3, the solutions will
be more or less realistic (useful)...
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Key concepts and best practices

e Flexibility and Adaptability against uncertainty
— TEP must be optimized under uncertainty
— Flexibility to consider a realistic decision setup (policy)

— Framework capable to capture the value of decisions that allows
the system to cope with many different long-run scenarios (with
unconsidered ones too! But how?)

(\Q %66

Invest (Sl
B8 roiicy

X\
A
(o3
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The key concepts that a TEP model should consider:

e Short-term generation and load
variability

— Security and reserve deliverability

— Operational constraints and
flexibilities

— Simplifications on the operational
side in TEP models often lead to very
unrealistic models

— The operational part of the model
provides the cost and reliability
signals for the investment part
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Key concepts and best practices
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We can’t! There is no
transmission capacity!

e Short-term generation and load
variability

— Security and reserve deliverability

— Operational constraints and
flexibilities

— Simplifications on the operational
side in TEP models often lead to very
unrea“StiC mOde|S | told you Mr. Planner!

You should not simplify
what is not simple

— The operational part of the model
provides the cost and reliability
signals for the investment part
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Inconsistency threats

Simplifications in KVL and n-1 security constraints
e Brazil operates the system through a two-step SDDP-based scheme
e Planning step: many simplifications to asses the future cost function (water value)

e |Implementation step: makes use of tight security criteria in a meshed network

TABLE III —Consistent policy = =Inconsistent policy
COST COMPARISON: INCONSISTENT VS PLANNING POLICIES (MMRS). - 1500
: : : % & 1000
GAP Planning  Inconsistent  Consistent g E
policy policy policy b § 500
©
95% Cl 389080 340720  7,16559  3.675.77 €9 o
upper bound 7 = PR e g a»
X ®©
Sample w g -500
. 3,686.43 3,303.18 6,989.61 3,566.79 x
average w & é@k \&z* N ‘_)QQ ‘\04 & w“ﬁb‘ \&%A O ‘_)@Q \;04
95% CI
lower bound 3,481.99 3,199.15 6,813.63 3,457.80
Fig. 9. Exchanged energy from the SE subsystem to the NE subsystem.
. —SE - Consistent policy = =SE - Inconsistent policy
g’ ——NE - Consistent policy = =NE - Inconsistent policy Planning policy - 95% Quantile range
r 1000 — i icy -
g = 200000 .g Consistent policy - Expected Value
= a __ 800 = =Inconsistent policy - Expected value
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. 8. Southeastern and Northeastern stored energy. Fig. 10. Northeast )
ig. 10. Northeastern spot prices.
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Uncertainty

21 century TEP must account for many different types of
uncertainties A 200-year drought? 5 et o e o Tt o e

Percentage of the West affected by drought from 800 A.D. to 2000:
60 %

DRIER [l [ WETTER Manmade

A\IIERAGE

e Long-run drivers 2

Medie helMostevnorierreedtw GrasTeTTTidily ary g nia
. . . periods iasting ciose to 200 years each during the Middie Ages. N at ura I becomes state
—_— 0 T T T T T T T T T T T T T
C | I m ate Va rl at I O n S 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Source: E.R. Cook et al, Earth-Science Reviews YEAR KARL KAHLER/BAY AREA NEWS GROUP

— Economy and Policy

— New technologies

e Long-term uncertainties
— Fuel costs

— New generation siting
— Electrical vehicles
— Load growth

— etc
e Expert’s long-term scenarios ;
— We need a good process to obtain scenarios R
— We need to involve the many parties
— Avoid partial viewpoints (bias): quite dangerous! roses
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Uncertainty

21 century TEP must account for many different types of
uncertainties

120

e Medium-term

80

— Renewables seasonal generation

60

— Loads seasonal pattern

40

— Commodities prices

— eftc

e Short-term
— Renewables injections

— Load variability
— Contingencies

- etc

FATORDE GAPACIDADE NE

e We need new statistic methods
— Multidimensional models (dependencies)
— Big data analytics and new methods to simulate well the stochastic processes

Slide 20
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Class of Static Adaptive Models

investment uncertain multiperiod horizon
decisions parameters operation of the system
X = [xlr IxT]T E = [El! L ET]T y(f) = [yl(fl): !yT(ET)]T
e Deterministic adaptive oy

—»[dispatch for the base case scenario]

Investment decisions for all periods
decided today and revised tomorrow

minixmize Cl(x) + CO(x, y(g)i ’S)

subjectto: Ax < b

Tx —Wy(§) = h($)
x € {0,1}"
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Class of Static Adaptive Models

dispatch costforall t, w = 1

\5%

95%

e Static adaptive
— Two-stage stochastic scenario ‘

f)
//I/

£ dispatch cost for all t,w = N

dispatch cost for all t, w ]

° o
> &
N .
& 5%
°
~

— Two-stage robust Investment decisions for all periods

% e decided today and revised tomorrow
J‘+Afz
s _____
‘/ joe
- minimize C' (x) + pg{c®(x, y(€), )}
X

: b
— Distributionally robust subjectto: Ax < b
Tx — Wy(§(w)) > h(f(a))) Yw € Q)

{ . x € {0,1}"

§
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Class of Static Adaptive Models

High economy development

6
e Static adaptive '

— Two-stage stochastic ),

|f(<f) .

Disruptive RE tech

Total system demand

§
— Two-stage robust — Use for parameters of difficult description:
T contingencies, hourly wind and solar
A / }% — Compatible with long-run scenarios made
f2r-- o/ ----- by experts
‘ . }_Mz — Worst-case solutions are robust against

3 & scenarios not considered
— Distributionally robust

f(§|91)<@|@\ Distributionally robust is a promising field

£(£165) Experts can express their views through long-run scenarios
Statistics describes short-term uncertainties conditioned to
long-term scenarios
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Class of Dynamic Models

e Dynamic

— Multistage stochastic
e Ben & Mufoz

— Dynamic in long-term uncertainty
e Mario Veiga Pereira

—  Dynamic in mid-term uncertainty
e Street, Brigatto, and Valladao

—  Dynamic in mid-term uncertainty
— Robust in short-term (contingencies)

e Zou, Sun, Ahmed
— Binary-state SDDP approach

— Multistage robust

e Alvaro Lorca and Andy Sun

— Dynamic in short-term uncertainty

* Investment decisions follow a nonanticipative process
* Inlong-term studies, more than 5 years, it is crucial to go multistage!
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Example of two-stage robust models

e Expanding lines and renewables to
meet targets

e (Co-optimization of generation,
transmission, and reserve levels

MINIMIZE (Costs of line and RES investment + Costs of operation + Cost of worst-case imbalance)

L1. Transmission || 8-t.: i .

expansion X, RES Pre-contingency least-cost energy and reserve dispatch

investment ¥ and Line and RES expansion limits

energy and reserve Multiple security criteria imbalance limits

chemlned ) nz0 L A Lnsko
!ADys () <ADgyx: AD;5()<ADyy:  ®®® ADpcy()<ADgy :
............. PN R Ry et

T
x,y,qa| ADgs() x,y,q| ADyx() xy.q| ADics(")

L2. Worst-case

contingency a and MAXIMIZE Power MAXIMIZE Power MAXIMIZE Power

worst-case RES imbalance imbalance imbalance

generation w;, and
demand d, scenario for
every security criteria

L3. Operation
corrective actions z

s.t.: Uncertainty on
contingency, demand

s.t.: Uncertainty on
contingency, demand

s.t.: Uncertainty on
contingency, demand

and RES generation and RES generation and RES generation
definition definition definition
3
a,d,w Z a,d,w z a,d,w z]
v \ L2

MINIMIZE MINIMIZE MINIMIZE
Power imbalance Power imbalance Power imbalance
s.t. Power system s.t. Power system s.t. Power system
operation operation operation

Subproblem with Subproblem with Subproblem with

security criteria n-0

security criteria n-1

security criteria n-K

Fig. 1: Three-level robust TEP framework

la)se

so|oelo Jo Aeuy

& LAMPS

Compound security criterion:

— n-1and n-2 with zero load sheading
— n-3 with no more than 2.5% load sheading

With correlation between renewables

generation

PUC

RI1O

TABLE IV: Out-of-sample Monte Carlo Simulation Test for the

Chilean Power System

Security Criteria K(0) KO0 —1) K((0—>2) K(0— 3)
LOL Interval LOL Probability
=0% 11.77% 85.72% 93.72% 96.88%
(0-1]% 7.65% 2.94% 2.22% 0.87%
(1-2]%  15.99% 4.35% 1.92% 1.10%
(2-31% 15.44% 2.94% 1.10% 0.60%
(3-4]%  13.84% 1.86% 0.56% 0.24%
(4-5]%  10.25% 1.12% 0.23% 0.19%
(5-101% 21.81% 1.04% 0.25% 0.12%
>10% 3.25% 0.03% 0.00% 0.00%
Expected LOL 3.49% 0.34% 0.12% 0.06%
CVaR of the LOL  11.13% 4.20% 2.16% 1.23%
Expected Total Costs [K$]  410.01 268.82 269.19 272.46
CVaR of the Total Costs [K$]  746.52 442.48 361.11 330.38
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Example of two-stage robust models t§ LAMPS | PUC

Wind spillage is mitigated while

increasing security

-
”~
/
208f / 1
= /
g |/
Sosf ]
a
o
= 04l ]
s>y S5 e K(0)
2 —_ — K(0— 1)
3 0.2 K(0—2)| |
O K(0— 3)
0 1 1 1 1
0 20 40 60 80 100

Amount of renewable curtailment in % of nominal generation
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Conclusions & LAMPS | PUC

Models need to consider Models need to consider

e Complex interactions between Robust and distributionally robust
transmission assets, new generation,

— Use for parameters of difficult
and reserves

description: contingencies

— Compatible with long-run scenarios

e Flexibility and Adaptability made by experts

— Worst-case solutions are robust against
scenarios not considered

e Short-term generation and load

S e Stochastic
variability
— Use for parameters with good statistical
— The value of operational flexibility can oroperties: inflows
only be captured if short-term
uncertainties and constraints are — Representing dynamic decisions allows
considered for capturing the value of postpone

investments
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Publications used in this presentation

Reliable Renewable Generation and Transmission
Expansion Planning: Co-Optimizing System’s
Resources for Meeting Renewable Targets

Alexandre Moreira, Student Member, IEEE, David Pozo, Member, IEEE, Alexandre Street, Member, IEEE, and
Enzo Sauma, Senior Member, IEEE

Abstract—The current renewable-driven generation expansion
wave, pushed by high renewable tamcls. is not nccompanlcd
by the same in the tr
(TEP) side. In this context, new techniques are nccdcd lo balance
the cost of relying in expensive reserve resources and the cost
of building new lines to ensure least-cost reserve deliverability
and foster new renewable projects. The situation is worsened in
the presence of contingencies, where the interaction between the
optimal reserve siting and deployment, the amount of renewable
curtailment, the construction of new lines, and the selection of
candidate renewable sites to be developed became even more
complex. This paper presents a two-stage min-max-min model
for co-optimizing the ion of the tr ission system and
renewable generation capacity to meet renewable targets under
high security standards and renewable uncertainty. In order to
account for realistic reserve needs and its interaction with the

pansion plan, correl between renewables injection as well
as generation and tr ission (GT) ges are d for
in a worst-case fashion. In order to ensure security within a
flexible framework, the concept of compound GT » — K security
criteria is presented. Three case studies are proposed to illustrate
the applicability of the proposed model. A case study with
realistic data from the Chilean system is presented and solutions
obtained with different level of security are tested against a set
of 10,000 simulated scenarios of renewable injections and system
component outages.

Index Terms—generation and lransmmlon sccumv criterion,
renewable generation and tr ing, re-
newable targets, reserve deliverability and siting, wind curtail-
ment.

Sets
I,
e
NE
NRE

N

Parameters

rl)
ru'
EI)

L4

ADg x:
e
(,""“"

v/
K

Set of generator indexes.

Set of indexes of generators connected to bus b.
Set of indexes of candidate transmission lines.
Set of indexes of existing transmission lines.
Set of indexes of all transmission lines, equal to
(£¥uLe).

Set of indexes of existing buses.

Set of indexes of candidate buses with potential
renewable energy.

Set of indexes of buses, equal to (N¥ U N#F),

Conservativeness parameter.

Conservativeness parameter.

Estimated nodal demand covariance matrix.
Estimated nodal renewable generation covariance
matrix.

Maximum level of system power imbalance for
an n — K security criterion.

Cost per MW of candidate lines.

Construction cost of new node with potential
renewable energy.

Cost of imbalance under the worst-case contin-
gency having K contingencies.

PUG

LAMPS

Assessing the Cost of Time-Inconsistent Operation
Policies in Hydrothermal Power Systems

Arthur Brigatto, Student Member, IEEE, Alexandre Street, Senior Member, IEEE, and Davi M. Valladao

Abstract—The current state-of-the-art method used for
medium- and long-term planning studies of hydrothermal power
system operation is the stochastic dual dynamic programming
(SDDP) algorithm. The computational savings provided by this
method notwithstanding, it still relies on major system simplifi-
cations to achieve acceptable performances in practical applica-
tions. In contrast with its actual implementation, simplifications
in the plnnnlng smge may induce time-inconsistent policies, and
C q ly, a imality gap. In this paper, we extend
the concept of time inconsi y to e the effects of
modeling simplifications in the SDDP framework for hydrother-
mal operation planning. Case studies involving simplifications
in transmission lines modeling and in security criteria indicate
that these source of time inconsistency may result in unexpected
reservoir depletion and spikes in energy market spot prices.

Index Terms—Hydrothermal Power System Operation Plan-
ning, Stochastic Dual Dynamic Programming (SDDP), Time
Inconsistency.

tractability issues prevent ISOs from introducing this level
of detail in the medium/long-term operative plans drawn
by the SDDP policy. In this scenario, short-term decisions,
which make use of the information obtained from long-term
studies utilizing the cost-to-go (or recourse) function, are made
with inaccurate (inconsistent) information about the future
system operation and its own decision process. Therefore,
implemented decisions are generally likely to deviate from
those obtained in the planning stage, which is the definition
of time inconsistency (see [14}-[16]). According to [14]. time
inconsistency induces to sub-optimality in the decision process
that can be measured by the inconsistency gap.

Time consistency of optimal policies is conceptually defined
by [14]: “a pelicy is time consistent if and only if the future
planned decisions are actually going to be implemented.” The
most commonly cited and analyzed sources of time inconsis-
tency are those induced by nonlinearities in the probability

Co-optimization of Energy and Ancillary Services
for Hydrothermal Operation Planning Under a
General Security Criterion

Alexandre Street, Senior Member, IEEE, Arthur Brigatto, Student Member, IEEE, and Davi M. Valladio

Abstract—One of the most used methods for long-term hy-

drothermal operation planning is the Stochastic Dual Dynamic
Programming (SDDP). Using this method, the immediate and
future water opportunity cost can be balanced and an economic-
dispatch policy defined for multiple reservoirs under inflow
uncertainty. In this framework, equipment outages and reserve
deliverability are generally disregarded, despite their strong
impact on the operative plan. However, recent advances in robust

Deterministic security criteria, such as n — K, have been
widely explored in the recent literature (see [2], [4]. [5], [7]-
[11]). Because of their relevance to current industry practices,
recent studies of robust optimization applied to power systems
have addressed this subject within short-term operational prob-
lems (see [2], [4], [11]). For example, to address an n — 2 se-
curitv criterion. contineencv-constrained models must ensure
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Co-optimization of Energy and Ancillary Services for Hydrothermal Operation Planning
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Assessing the Cost of Time-Inconsistent Operation Policies in Hydrothermal Power
Systems

A Hybrid MILP and Benders Decomposition Approach to Find the Nucleolus Quota
Allocation for a Renewable Energy Portfolio

Lucas Freire, Alexandre Street, De L Luiz Augusto Barr EET ctions on Power Systems, vol. 3 6, p. 32 275, Nov. 201
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CONFERENCE PAPER (PSCC104): Contracting Strategies for Generation Companies with
Ambiguity Aversion on Spot Price Distribution
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CONFERENCE PAPER (PSCC2014): A high-dimensional VARX model to simulate monthly
renewable energy supply.

Mario Souto, Alexandre Moreira, Alvaro Veiga Filho, Alexandre Street, Joaquim ( a Epprecht. 18th Power Systems Computation Conference CC 2014
2014, W w. IEEE Xplc Digital Libary

An Adjustable Robust Optimization Approach for Contingency-Constrained Transmission
Expansion Planning
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Laboratory for research and development on mathematical programming
(optimization) and statistics to resolve relevant issues for industry and society, in
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