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Electricity Blackouts in the Future?," in IEEE Power and Energy Magazine, vol. 20, no. 1, pp. 16-27, Jan.-Feb. 2022, doi: 10.1109/MPE.2021.3122755.
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Fonte: Adaptado de W. Jahn, J. L. Urban and G. Rein, "Powerlines and Wildfires: Overview, Perspectives, and Climate Change: Could There Be More
Electricity Blackouts in the Future?," in IEEE Power and Energy Magazine, vol. 20, no. 1, pp. 16-27, Jan.-Feb. 2022, doi: 10.1109/MPE.2021.3122755.
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Fonte: Adaptado de W. Jahn, J. L. Urban and G. Rein, "Powerlines and Wildfires: Overview, Perspectives, and Climate Change: Could There Be More
Electricity Blackouts in the Future?," in IEEE Power and Energy Magazine, vol. 20, no. 1, pp. 16-27, Jan.-Feb. 2022, doi: 10.1109/MPE.2021.3122755.
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Fonte: Adaptado de W. Jahn, J. L. Urban and G. Rein, "Powerlines and Wildfires: Overview, Perspectives, and Climate Change: Could There Be More
Electricity Blackouts in the Future?," in IEEE Power and Energy Magazine, vol. 20, no. 1, pp. 16-27, Jan.-Feb. 2022, doi: 10.1109/MPE.2021.3122755.



Inglaterra

Em 2021 incéndio causado por linhas de transmissao

19% de aumento no preco da eletricidade

Fonte: Wolfram Jahn, James L. Urban, and Guillermo Rein. Powerlines and wildfires: Overview, perspectives, and climate 7
change: Could there be more electricity blackouts in the future? IEEE Power and Energy Magazine, 20(1):16-27, Jan 2022.



Grécia

Em 2019, acidente similar ocasionou a morte de 102 pessoas

Fonte: Wolfram Jahn, James L. Urban, and Guillermo Rein. Powerlines and wildfires: Overview, perspectives, and climate 8
change: Could there be more electricity blackouts in the future? IEEE Power and Energy Magazine, 20(1):16-27, Jan 2022.



Australia

Em 2014, um incéndio florestal provocou o desligamento de 3 LTs por 4h
Risco iminente de colapso total do sistema
Em 2009, varios incéndios em Victoria foram parcialmente causados por LTs

4.500 km? + 173 mortes + 3.500 estruturas destruidas

Fonte: Dean Sharafi, Andrew Dowdy, Judith Landsberg, Phillip Bryant, Dene Ward, Julian Eggleston, and Guanchi Liu. Wildfires down 9
under: Impacts and mitigation strategies for Australian electricity grids. IEEE Power and Energy Magazine, 20(1):52-63, 2022.



Estados Unidos

Perspectiva de uma distribuidora local
Programas de modelagem de riscos de incéndios florestais
Modernizacao de equipamentos
Implementacado de areas de microrredes

Inspecdes locais e gestdo da vegetacao +

O esforco da empresa para combater esses
riscos ilustra como essa preocupac¢ao tem
sido relevante para a operacdo e
planejamento da rede, globalmente!

Fonte: Eric A. Udren, Chris Bolton, Dan Dietmeyer, Tarig Rahman, and Sergio Flores-Castro. Managing wildfire risks: Protection system technical 10
developments combined with operational advances to improve public safety. IEEE Power and Energy Magazine, 20(1):64—77, Jan 2022.



Estados Unidos

Em 2018, incéndio mais destrutivo e mortal da histdria da California foi causado por LT

Operacao dessas linhas
+ condicOes de ventos fortes
+ clima quente e baixa umidade
=500 km? + morte de 85 pessoas

Fonte: Wolfram Jahn, James L. Urban, and Guillermo Rein. Powerlines and wildfires: Overview, perspectives, and climate 11
change: Could there be more electricity blackouts in the future? IEEE Power and Energy Magazine, 20(1):16-27, Jan 2022.



Brasil

Crescimento da quantidade e intensidade dos incéndios florestais

Em 2020, incéndios e condicdes meteoroldgicas adversas = + 50% das interrupcdes de LTs

Interrupcdes por descargas estacdes chuvosas (dezembro-abril)

Interrupcdes por incéndios estacdo seca (maio-novembro)

+ regides Centro-Oeste e Nordeste

Preocupacado adicional na perspectiva de operacdo do sistema
Maior producado de hidrelétricas no Centro-Oeste
Maior producdo de edlicas no Nordeste

= Escoamento de energia para regido Sudeste

Distintas ac0es no setor:

Programas de controle preventivo e corretivo

Inclusao do tema no planejamento do trajeto da expansdo da transmissao
Acdes regulatorias impostas pela Agéncia Nacional de Energia Elétrica (ANEEL) +

Fonte: Rosa Serrano, Martha Rosa Carvalho, Juan Carlos Araneda, Oscar Alamos, Luiz Barroso, Daniela Bayma, Rafael Ferreira, and Rodrigo Moreno. Fighting against
wildfires in power systems: Lessons and resilient practices from the chilean and brazilian experiences. IEEE Power and Energy Magazine, 20(1):38-51, Jan 2022.
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Brasil

Em 2013, perturbacdo sistémica de grande porte no Sistema de Transmissao

Blecaute na regiao NE
Corte de carga ~ 10.900 MW
Principal causa = desligamento por queimadas

Fiscalizacao da ANEEL de forma cada vez mais preventiva
Reforco da atuacdo junto as empresas de transmissao
Programas de limpezas de faixas de servidao

Em 2017, a ANEEL seleciona um conjunto de LTs prioritarias a serem
monitoradas com mais intensidade

Responsaveis pelos maiores intercambios entre as regides N, NE e CO
Mais susceptiveis a desligamentos por queimadas

Regides de cerrado

Sofrem efeito devastador da seca

Em 2018, queimada é a principal causa de desligamento de LTs

Com o Instituto de Pesquisas Espaciais (INPE), desenvolvimento do GGT
Sistema de Gestao Geoespacializada da Transmissao

Fonte: Ministério de Minas e Energia, (2022). Gestdo Geoespacializada da Transmissdo.
Disponivel em: https://www.gov.br/aneel/pt-br/assuntos/transmissao/ggt.

—

Painel de desligamentos de linhas d‘e>transmissio provocados por tfuiiﬁ\adas €D ANEEL

*0s dados se referem aos desligamentos até 14/08/2022
** 0s focos de calor do més mais atual compreendem as detecodes do primeiro dia do més até ontem.
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Brasil

NOTICIAS - 28 de abril de 2022
Desligamentos na transmissao caem para 3 mil entre 2020-2021

Queimadas seguem preocupando os agentes, sobretudo entre julho a outubro. Aneel apresentou dados no 5° Seminario de Gestao
Geoespacializada da Transmissao

NOTICIAS - 27 de agosto de 2020
Queimadas no RJ desligaram quatro LTs de Furnas esse ano

Impacto na rede de transmissao da companhia em 2020 ja é maior que no ano passado, apesar de fornecimento nao ter sido afetado

NOTICIAS - 10 de agosto de 2022
CPFL Energiaregistra cerca de 3.000 interrupgoes por queimadas

Nos seis primeiros meses de 2022, o nimero ja passa dos 1.300 casos

NOTICIAS - 17 de agosto de 2021
Cemig aponta crescimento de 55% no nimero de queimadas em 2021

A distribuidora realiza campanhas para minimizar essa pratica que, além de interromper o fornecimento de energia, destroi a naturezae
coloca o patriménio em risco

NOTICIAS - 17 de setembro de 2020
Cemig usa helicoptero na reconstrucao de LD danificada por queimadas

Aeronave evitou corte de vegetacao densa em area da Serra da Mantiqueira, além de agilizar o transporte de estruturas e evitar desligamento
de energia para cerca de 3 mil clientes

NOTICIAS - 24 de junho de 2021

Isa Cteep investe mais de R$ 17 milhdes na prevencido de queimadas

Iniciativas envolvem rogada de vegetacao das faixas de servidao da companhia e campanha de conscientizacao a populagao

Fonte: Canal Energia.
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https://www.canalenergia.com.br/noticias/53221266/cpfl-energia-registra-cerca-de-3-000-interrupcoes-por-queimadas
https://www.canalenergia.com.br/noticias/53209783/desligamentos-na-transmissao-caem-para-3-mil-entre-2020-2021
https://www.canalenergia.com.br/noticias/53183878/cemig-aponta-crescimento-de-55-no-numero-de-queimadas-em-2021
https://www.canalenergia.com.br/noticias/53178106/isa-cteep-investe-mais-de-r-17-milhoes-na-prevencao-de-queimadas
https://www.canalenergia.com.br/noticias/53147690/cemig-usa-helicoptero-na-reconstrucao-de-ld-danificada-por-queimadas
https://www.canalenergia.com.br/noticias/53145114/queimadas-no-rj-desligaram-quatro-lts-de-furnas-esse-ano

Mundo

O estado da operacao traduzido no fluxo das linhas pode impactar na distribuicao de

probabilidade de falhas associada a ambientes propicios a queimadas!

A probabilidade ndo esta associada somente a condi¢cdes meteoroldgicas e fontes externas

E diretamente afetada por decis&es operativas!

Fonte: N. Rhodes, L. Ntaimo, and L. Roald, “Balancing Wildfire Risk and Power Outages Through Optimized 15
Power Shut-Offs,” IEEE Transactions on Power Systems, vol. 36, no. 4, pp. 3118-3128, July 2021.



Como melhor operar a rede elétrica considerando eventos climaticos adversos, que aumentam o
risco de incéndios florestais, e como as decisdes tomadas podem afetar a probabilidade de falha
das linhas de transmissao?

e Como modelar a operacao considerando esses fatos?
* Como a decisdo da operacao afetam a chance de falha nas linhas de transmissao?

* Como representar o fluxo de poténcia de maneira adequada?



Fluxo de Poténcia

Analisar um Sistema de Poténcia dado um min Z CustoGeracao
ponto de operagcao

Entrada: Geracao, Demanda e Tensao
Saida: Fluxo de Poténcia nas linhas

Fonte: Skolfield, J. Kyle, and Adolfo R. Escobedo. "Operations research in optimal power flow: A guide to 17
recent and emerging methodologies and applications." European Journal of Operational Research (2021).



Fluxo de Poténcia

Analisar um Sistema de Poténcia dado um min
ponto de operagcao

Entrada: Geracao, Demanda e Tensao S. a.
Saida: Fluxo de Poténcia nas linhas

Fonte: Skolfield, J. Kyle, and Adolfo R. Escobedo. "Operations research in optimal power flow: A guide to
recent and emerging methodologies and applications." European Journal of Operational Research (2021).

z CustoGeracao

Geracdo = Demanda
Modelagem Fisica

Limites Gerador

Limites de tensao

Limites de fluxo nas linhas
Restricoes de reserva
Restricoes de seguranca da rede

Entre outros...
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Fluxo de Poténcia

Analisar um Sistema de Poténcia dado um min
ponto de operagcao

Entrada: Geracao, Demanda e Tensao S. a.
Saida: Fluxo de Poténcia nas linhas

AC - Nao linear e ndao convexo!

Fonte: Skolfield, J. Kyle, and Adolfo R. Escobedo. "Operations research in optimal power flow: A guide to
recent and emerging methodologies and applications." European Journal of Operational Research (2021).

z CustoGeracao

Geracdo = Demanda
Modelagem Fisica

Limites Gerador

Limites de tensao

Limites de fluxo nas linhas
Restricoes de reserva
Restricoes de seguranca da rede

Entre outros...
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Fluxo de Poténcia

Fonte: Adaptado de Coffrin, Carleton, and Line Roald. "Convex relaxations in power
system optimization: A brief introduction." arXiv preprint arXiv:1807.07227 (2018).

Otimo!

Nao linear e nao
convexo!

20



Fluxo de Poténcia

Aproximacao:
Pode ser muito otimista
Pode incluir pontos inviaveis
Pode ndo incluir ponto viaveis
Pode ndo incluir a solugdo otima...

Fonte: Adaptado de Coffrin, Carleton, and Line Roald. "Convex relaxations in power
system optimization: A brief introduction." arXiv preprint arXiv:1807.07227 (2018).

Otimo?
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Fluxo de Poténcia

Aproximacao:
Pode ser muito otimista

Aproximacao Linear DC:

Assume que a tensdo em

Pode incluir pontos inviaveis todos as barras e igual

Assume que a resisténcia

Pode nado incluir ponto viaveis : = a it
nas linhas € muito pequena

Pode ndo incluir a solugdo otima...

Otimo?

Fonte: Adaptado de Coffrin, Carleton, and Line Roald. "Convex relaxations in power 22
system optimization: A brief introduction." arXiv preprint arXiv:1807.07227 (2018).



Fluxo de Poténcia

Relaxamento:
Contém todos os pontos viaveis
Diferentes formas
Pode ser ndo convexa
Pode ser nao linear
Pode ser linear

Fonte: Adaptado de Coffrin, Carleton, and Line Roald. "Convex relaxations in power
system optimization: A brief introduction." arXiv preprint arXiv:1807.07227 (2018).
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Fluxo de Poténcia

Fonte: Adaptado de Coffrin, Carleton, and Line Roald. "Convex relaxations in power
system optimization: A brief introduction." arXiv preprint arXiv:1807.07227 (2018).

24



Fluxo de Poténcia

Espaco de viabilidade pode ser complexo...

Fonte: Adaptado de Coffrin, Carleton, and Line Roald. "Convex relaxations in power
system optimization: A brief introduction." arXiv preprint arXiv:1807.07227 (2018).
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Fluxo de Poténcia

n Journal of Operational Research 300 (2027) 387-404

Contents lists available at ScienceDinsct W
European Journal of Operational Research ﬂ
i’ I 3
ELSEVIER journal homepage: www.elsavier.com/locatelsjor
Invited Review
Operations research in optimal power flow: A guide to recent and m

emerging methodologies and applications”

J. Kyle Skolfield", Adolfo R. Escobedo

School of Computing oml Augmensted Incelligence (SCAI), Arizona State Uiversicy, Tempe, AZ USA

ARTICLE INFO ABSTRACT

Article history: The fields of power system engineening and aperations research are growing rapidiy and becoming in-

Recewed 2 fane 2020 creasingly ennwined. This survey aims 10 swengthen the cannections between the two Communiies by

t:g':: i?:f‘};'m‘gﬂr s Introducing specific power systems problems and the theoretical operations research approaches imple-
mented 10 address them in fecent years. It discusses a number of optimal power flow applications in-

Seywmis cluding expansion planning, regular operation, markets, network resiliency, and unit commitment.

OR in energy

Optimal pewer flow

© 2021 The Authors. Published by Elsevier B.V.
‘This is an apen access article under the CC BY-NC-ND license
(hitp:/jcreativecommons.org/licensesjby-nc-nd/4.0])

1. Introduction

The determination of optimal power flow (OFF) is a notoriously
difficult problem in theory and vitally important in practice which
averlaps the fields of power systems and operations research. This
survey aims to provide a survey of recent applications of OFF from
an optimization perspective. In particular, the goal of this wark
is to give an overview of the state-of-the-art in OPF techniques
for researchers with an optimization background, but a potentially
limited exposure to the field of power systems. It is meant to
unite the interests of theoretical optimization techniques and di-
rect those who are studying a particular technique to a matching
application. For researchers without a background in power sys-
tems, it is recommended to read the earlier combined tutorial and
survey, Low (2013), extended in Low [2014a) and Low [2014b). It is
also worth reading Frank, Steponavice, and Rebennack (20122) and
Frank, Steponavice, and Rebennack (2012h), which provide a more
‘historical perspective into the general OPF problem as well as
an excellent overview of the state of OPF research through 2012.
Since that time, there has been substantial progress in both the
focused applications of OPF, the technigques for solving such a diffi-
cult problem, and the technologies surrounding beth its implemen-
tation into the grid as well as its potential solution methodola-
gies. Some additional insights inte the context of these advances

Acknowledgements: We would like to thank the editors for handling our
‘manuscript a5 well a5 the four anoeymous reviewers, whase comments and expert
feedback enhanced the quality of this survey

* Corresponding authar.
E-mail oddresses: kyle.skolficid@asedu (K. Skolficld), adRes® s cdu (AR, Es
cobedo].

it doi.ocg/10.1016)].ejor 202110.003

0373-2217/€ 2021 The Authors. Published by Elsevier BV. This i an open access article under the CC BY-NC-ND lcemse {hetp e

wehich may serve as background for this paper can be found in
Frank and Rebennack (2016) and in Krasko and Rebennack (2017).
A thorough and expert review is also provided in Molzahn, Hiskens
et al (2019) for researchers who have greater familiarity with the
field. The AC power flow feasibility problem is NP-hard even on
tree networks Lehmann, Grastien, and Van Hentenryck [2015), and
strongly NP-hard in general - a result sketched in Lavaci and Low
(2012) and proved in Bienstock and Verma (2019). However, ACOPF
on actual networks is often easier to optimize in practice. Many
applications of OPF introduce additional challenges to optimization
experts, e.g. through additional decision variables. Additionally, a
‘major portion of OPF research is conducted from the point of view
of and written for power systems practitioners and experts. Many
of the techniques used are familiar te optimization researchers; in
fact, recent optimization results can be used to advance the scien-
tific community’s understanding of OFF and how to solve it. There
is 2 continual need for research surveys which seek to fuse these
two fields, especially one considering the advancements in OPF
since Frank et al. (2012a.b). This survey seeks to fill that gap while
providing a concise overview of OPF applications relevant to the
OR community. Major research themes that have seen significant
advances include a variety of decomposition techniques alangside
new methods for distri or i i There
have also been great strides made in improving upper and lower
bounds through convex relaxations. Throughout each of these areas
runs the thread of how to handle uncertainty, whether by stochas-
tic programming, robust optimization, or alternative definitions of
risk. A list of important works sorted by their application is pre-
sented in Table 1, and as many as possible of these are discussed
herein, space permitting. While every effort has been made to in-

vecommons.arglicenses/by-nc-ne/4.0)

Fonte: Skolfield, J. Kyle, and Adolfo R. Escobedo. "Operations research in optimal power flow: A guide to
recent and emerging methodologies and applications." European Journal of Operational Research (2021).
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Fluxo de Poténcia
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1. Introduction

The determination of optimal power flow (OFF) is a notoriously
difficult problem in theory and vitally important in practice which
averlaps the fields of power systems and operations research. This
survey aims to provide a survey of recent applications of OPF from
an optimization perspective. In particular, the goal of this work
is to give an overview of the state-of-the-art in OPF techniques
for researchers with an optimization background, but a potentially
limited exposure to the field of power systems. It is meant to
unite the interests of thearetical optimization technigues and di-
rect those who are studying a particular technique to a matching

wehich may serve as background for this paper can be found in
Frank and Rebennack (2016) and in Krasko and Rebennack (2017).
A thorough and expert review is also provided in Molzahn, Hiskens
et al_ (2019) for researchers who have greater familiarity with the
field. The AC power flow feasibility problem is NP-hard even on
tree networks Lehmann, Grastien, and Van Hentenryck [2015), and
strongly NP-hard in general - a result sketched in Lavaci and Low
(2012) and proved in Bienstock and Verma (2019). However, ACOPF
on actual networks is often easier to optimize in practice. Many
applications of OPF introduce additional challenges to optimization
experts, e.g. through additional decision variables. Additionally, a
‘major portion of OPF research is conducted from the paint of view

Longo Prazo:
Resiliéncia
Planejamento

application. For researchers without a background in
tems, it is recommended to read the carlier combined
survey, Low (2013), extended in Low [2014a) and Low
also worth reading Frank, Steponavice, and Rebennack
Frank, Steponavice, and Rebennack (2012h), which pre
historical perspective into the general OPF problem
an excellent overview of the state of OPF research tf
Since that time, there has been substantial progress
focused applications of OPF, the technigques for solving
cult problem, and the technologies surrounding beth it
tation into the grid as well as its potential solution
gies. Some additional insights into the context of the

Acknowledgements: We would like to thank the cditors fu
manuscript 25 well as the four anooymous reviewers, whase comm
feedback enhanced the quality of this survey

* Corresponding authar.

E-mail oddresses: kyle skolficidPasedu (K. Skolficld), adResa

cobedo].

hitps: | [doi.oeg 10,1016 sjor 207110.003
0377-2217/© 2021 The Authors. Published by Elsevier BY. This is @

6. OR community opportunities

Thus far, this review has presented an overview of recent state-
of-the-art OPF literature and its copious applications. Many of the
topics in the included literature are still open and of interest to
researchers, while many others suggest future directions of study.
In this final section, the authors discuss how they believe the op-
erations research community can best contribute to advancing the
application of OPF.

The primary candidate research areas the authors have identi-
fied include:

1. Improved benchmarking

2. Advances in decomposition and distributed optimization tech-
niques

3. Appropriate modeling of uncertainty in various OPF contexts

4. Incorporation of smart grid technologies

Fonte: Skolfield, J. Kyle, and Adolfo R. Escobedo. "Operations research in optimal power flow: A guide to
recent and emerging methodologies and applications." European Journal of Operational Research (2021).

Expansao do parque gerador
Expansao do parque transmissor
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A caracterizacao probabilistica da incerteza é
diretamente impactada pelas decisdes tomadas!
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Modelo

< Queimada é um problema! >
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Modelo

Queimada é um problema!

Grande parte das queimadas é
originada por LTs
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Modelo

Queimada é um problema!

Grande parte das queimadas é
originada por LTs

O modo como as linhas sdo
operadas afetam a prob.
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Modelo

Queimada é um problema!

Grande parte das queimadas é
originada por LTs

O modo como as linhas sdo \

‘/ Como modelar esse tipo de

operadas afetam a prob. J

>

\ incerteza de forma endogena?
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Modelo

Queimada é um problema!

Grande parte das queimadas é
originada por LTs

O modo como as linhas sdo \

‘/ Como modelar esse tipo de

operadas afetam a prob. J

>

\ incerteza de forma endogena?

Como modelar o Sistema?
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Modelo

Queimada é um problema!

Grande parte das queimadas é
originada por LTs

O modo como as linhas sdo \

‘/ Como modelar esse tipo de

operadas afetam a prob. J

>

\ incerteza de forma endogena?

Como modelar o Sistema?

Como ter um algoritmo que
consiga resolver isso?
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Modelo

Queimada é um problema!

Grande parte das queimadas é
originada por LTs

O modo como as linhas sdo \

‘/ Como modelar esse tipo de

operadas afetam a prob. /

>

\ incerteza de forma endogena?

Como modelar o Sistema?

Como ter um algoritmo que
consiga resolver isso?

Como melhor operar o sistema?
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