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Abstract

Abstract

Our modern society depends deeply on critical infrastructure (CI) systems, such

as the energy, transportation and water system, etc., for normal function and

development. Among these CIs, energy systems are of fundamental importance

as they provide energy for all other systems as well as themselves to maintain

normal operation. Power systems and natural gas (NG) systems are two vitally

important energy supply systems that are very vulnerable to some relatively rare

but extreme weather events (EWEs), such as ice storms and hurricanes. EWEs

could cause extensive damage to exposed energy facilities, which may lead to

disruptions of energy service, and could further result in enormous impacts

on the whole society and economics. Considerable public concern has been

raised on the threat of EWEs on energy systems. On the other hand, complex

interdependence among CIs is increasing due to the expanded connections among

them. Specifically in the energy systems, the power system increasingly relies

on the NG system for the primary fuel of gas due to the building of considerably

gas-fired generation plants for its promising potentials. At the same time, the

NG system is gradually dependent more on the power system to operate, for

example, using electricity to drive gas compressors instead of gas as before.

With the ever-growing interdependence, it is clear that the conventional stand-

alone system analysis viewpoint becomes insufficient and inadvisable. The CI

internal complexity, rising interdependence as well as environmental risks from

EWEs could work together to amplify undesirable disruptive effects and threat

the reliable and continuous supply of energy.

To manage this increased exposure to threats induced by EWEs and risks asso-

ciated with interdependence, this thesis seeks to integrate the existing knowledge

and develop methods to evaluate the impact of gas fuel supply on the reliability
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of transmission power systems, to assess the power system performance under

the spatial-temporal impact of hurricanes, to quantify the resilience of integrated

transmission power systems and NG systems under hurricanes, and to measure the

frequency resilience of transmission power systems under hurricanes. It includes

investigating the impact of gas fuel supply on the power system reliability from

a long-term time scale, exploring the hurricane wind and rainfall impact on the

power system reliability during the hurricane event, establishing integrated power

and NG system resilience analysis models and framework, studying the effect of

frequency control process on power system performance under hurricanes, and

proposing corresponding assessment methods. Besides, this thesis also develops

a multi-attribute construct of indices to quantify the power system and the NG

system performance from both the operation and the infrastructure perspective,

e.g., load shedding related indices, frequency related indices, and component

damage related indices. Based on the assessment indices, integrated proactive

suggestions can be provided to guide the preparation of the power system or the

integrated energy systems for the approaching hurricane.

Themethods generated could also be used in the co-planning of power systems

and fuel supply systems or serve as a decision-making tool for the selection of

resilience enhancement strategies in the future.

ii
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Chapter 1

Introduction

This chapter gives an introduction of the research background,
motivations, major contributions, and the organization of this thesis. It
starts with a brief introduction of CIs with a focus on the power system
and theNG system, then investigates the rising interdependence among
them, especially due to the increasing share of NG as the primary
fuel in power generation and the electrification of gas compression
stations. Secondly, it introduces extreme weather events (EWEs), their
characteristics, and their impacts on the energy systems, especially on
power systems. After that, motivations and major contributions of the
thesis are presented. Finally, the thesis organization is described.

1



Chapter 1 Introduction

1.1 Background

CIs are large-scale complex networks constituting of interconnected components,

such as the energy, water and transportation system, which are cornerstones of

our modern developed society. Among these CIs, the energy systems are of

vital importance, such as power systems and NG systems, as they are designed

and expected to provide a reliable and continuous supply of energy to all other

sectors as well as themselves. However, the risk they are facing are not fixed but

continually changing in response to various factors from the economy, regulation,

technology, market dynamics and so on.

EWEs such as hurricanes and ice storms usually lead to wide-spread even

devastating disruptions of energy service by causing extensive damages to energy

infrastructures. Under the harsh conditions of EWEs, the deep interdependence

between energy systems brings additional challenges. At the same time, the

requirement for a high level of reliability of energy supply, especially of power,

has never changed. The conventional individual system reliability analysismethod

for the long-time application purpose can neither well reflect the short-term

characteristics of the EWEs’ impact on the energy systems nor identify potential

interdependence risks and thus is not sufficient or advisable under this background.

1.1.1 Energy Systems and Rising Interdependence

Our modern society depends deeply on CIs for proper function and development,

such as the water, energy, health care, transportation, communication and finance

system, among which the energy systems, such as power systems and NG systems,

deserve particular attention as they supply primary and second energy to all other

sectors as well as themselves to maintain their regular operation. For example,

2
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ELECTRICITY INFORMATION (2019 edition)  -  vii 

INTERNATIONAL ENERGY AGENCY 

ELECTRICITY OVERVIEW  

Electricity summary 

This section presents an overview of global electricity 
trends up to 2017, along with provisional data for 
2018 from OECD members and other countries for 
which official data are available. 

Production 

Between 1974 and 2017, world gross electricity pro-
duction (including pumped hydro)1 increased from 
6 298 TWh to 25 721 TWh, an average annual growth 
rate of 3.3%. In 2017, production was 2.5% higher 
than 2016. Year-on-year, global electricity production 
has grown each year continuously since 1974, except 
for between 2008 and 2009, when the global financial 
crisis caused an appreciable decline in production. 

In 2017, non-OECD countries’ share of production 
reached 57.0% of world electricity generation, more 
than double the share they held in 1974 (28.0%), re-
flecting the higher average growth rate which has pre-
vailed in the non-OECD countries since then. From 
1974 to 2000, electricity production increased at an 
average annual rate of 4.6% in non-OECD countries, 
compared with 3.0% in OECD countries. However, 
the respective growth rates diverged even further fol-
lowing the turn of the century, with annual production 
growth between 2000 and 2010 averaging just 1.1% in 
OECD countries, compared with 6.4% in non-OECD 

                                                        
1. Throughout this analysis electricity production figures include 
production from pumped storage hydro. This is in contrast to the 
Renewables Information and World Energy Balances publications, 
which exclude pumped storage generation from production figures. 

countries. While growth rates in both groups of econ-
omies fell after 2010, the divergent paths persisted. As 
a consequence, in 2011, non-OECD electricity pro-
duction surpassed OECD production for the first time, 
and its share of production has continued to increase 
since then. 

In 2017, generation from combustible fuels2 accounted 
for 66.8% of total world gross electricity production (of 
which: 64.5% from fossil fuels; 2.3% from biofuels 
and waste3), hydroelectric plants: 16.3%; nuclear 
plants: 10.2%; wind: 4.4%; solar: 1.8%; and geo-
thermal, tidal, and other sources: 0.5%. 

                                                        
2. Combustible fuels refer to fuels that are capable of igniting or 
burning, i.e. reacting with oxygen to produce a significant rise in 
temperature. Fuels included are: coal and coal products; oil and oil 
products; natural gas; biofuels, including solid biomass and animal 
products; gas/liquids from biomass; industrial waste and municipal 
waste. 
3.  Waste includes industrial waste, and renewable and non-renewable 
municipal waste. 

Figure 1: Total gross electricity production
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Figure 6: OECD net electrical capacity by source 

 
* includes geothermal, tidal, wave, ocean, chemical heat and other non-
specified (e.g. fuel cells) sources of electricity production. 

Consumption 
In 2017, world electricity final consumption reached 
21 372 TWh, 2.6% above the 2016 figure. This com-
pares with an average growth rate of 3.3%, observed 
between 1974 and 2017. 

OECD consumption 
In 2017, OECD electricity final consumption was 
9 518 TWh, 0.2% higher than in 2016. Although con-
sumption data for 2018 are not yet available, as noted 
above, provisional data show that gross electricity 
production (including pumped hydro) in the OECD 
was 11 173 TWh in 2018, a 1.1% increase on 2017. 

Figure 7: World electricity final consumption 
by sector 

 
* includes agriculture and forestry, fishing, and other non-specified. 

Figure 8: OECD electricity final consumption  
by sector, 2017 

 
* includes agriculture and forestry, fishing, and other non-specified. 

Much of the growth in OECD electricity consumption 
since 1974 has taken place in the commercial and 
public services, and residential sectors. The combined 
share of electricity consumption in these sectors in-
creased from 48.4% in 1974 to 62.5% in 2017. Alt-
hough the absolute amount of electricity consumed in 
industry increased from 1 874 TWh in 1974 to 
3 062 TWh in 2017, industry’s share of electricity 
consumption in the OECD fell from 48.7% in 1974 to 
32.2% in 2017. By comparison, the share of electricity 
consumed by the commercial and public services sec-
tor rose from 19.7% in 1974, to 31.7% in 2017, while 
the share residential sector grew from 28.7% to 
30.8%. However, this trend is not observed consist-
ently across all OECD countries. For instance, alt-
hough it has fluctuated over time, in 2017, industry’s 
share of final electricity consumption in Austria 
(1974: 48%; 2017: 47%) and Mexico (1974: 54%; 
2017: 54%) was at a similar level to 1974. 

In 2017, industry was the largest end-use sector for 
electricity consumption across the OECD as a whole, 
but its share of consumption has been in long-term 
decline. Across the OECD, economic restructuring and 
improvements in energy efficiency in energy intensive 
industries led to lower growth in electricity demand in 
industry between 1974 and 2017, compared with the 
growth rates observed in the residential, and commer-
cial and public services sectors. Although, as of 2017, 
industry remains the sector with the highest final con-
sumption of electricity, at 32.2%, industry’s share of 
consumption is only marginally greater than that of 
the commercial and public services (31.7%), and resi-
dential sectors (30.8%).  
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(b) World electricity final consumption by sector

Figure 1.1: World electricity production and consumption [1].

electricity is essential for almost all other systems.

The power system is particularly important in energy systems because it is

the backbone of several other key sectors. Along with society’s development,

the demand for power supply has also increased. According to statistics from

International Energy Agency (IEA) [1], the global production and consumption

of electricity have sustained growth for eight years from 2009 after a slight decline

from 2008 to 2009 caused by the global financial crisis, as shown in Fig.1.1. In

2017, world gross electricity production and consumption reached 25721 TWh

and 21 372 TWh, with a growth of 2.5% and 2.6% compared to 2016, as shown

in Fig.1.1a and Fig.1.1b (* includes agriculture, fishing and non-specified other),

respectively. As presented in Fig.1.2 [2], electricity has increased from9.4%of the

total world consumption of energy in 1973 to 18.9% in 2017, which indicates that

our society depends more and more on electricity. Blackouts in a power system

could lead to disastrous consequences, such as traffic gridlock, communication

interruption and industrial production interruption, resident panic and chaos, as

well as a breakdown of government and health sectors. Thus, high reliability is

the primary criteria of power supply to enable normal society function. However,
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Final consumption Key World Energy Statistics 

34 

World total final consumption (TFC) 
by source 

World1 TFC from 1971 to 2017 by source (Mtoe) 

 

1973 and 2017 source shares of TFC 

1973 2017 

 
 

4 659 Mtoe 9 717 Mtoe 

 0

2 000

4 000

6 000

8 000

10 000

1971 1975 1980 1985 1990 1995 2000 2005 2010 2017

Coal² Oil Natural gas

Biofuels and waste³ Electricity Other⁴

Coal²               
13.6%

Oil                  
48.3%

Natural 
gas          

14.0%

Biofuels 
and 

waste³
13.0%

Electricity          
9.4%

Other⁴
1.7% Coal²               

10.5%

Oil                  
41.0%

Natural 
gas          

15.5%

Biofuels 
and 

waste³
10.7%

Electricity          
18.9%

Other⁴
3.4%

1. World includes international aviation and international marine bunkers. 
2. In these graphs, peat and oil shale are aggregated with coal. 

3. Data for biofuels and waste final consumption have been estimated for a number of countries. 
4. Includes heat, solar thermal and geothermal. 
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Figure 1.2: 1973 and 2017 world total final consumption by source [2].

there are both internal and external threats to the reliability of power systems,

such as threats from fuel supply shortage and EWEs.

The NG system is also a lifeline utility system playing a vital role in achieving

social wellbeing. It is an essential energy source for activities of business,

industry, agriculture and residents, especially as an increasing fuel supply for

power generation.

The global gas production and demand are increasing dramatically according

to statistics of IEA [3]. The NG production in Fig.1.3a and consumption in

Fig.1.3b (includes agriculture, fishing and non-specified other) have been keeping

a consecutive increase from 2009 to 2018. In 2018, global NG production reached

a new high of 3937 Billion cubic meters (Bcm), increased by 4.0% in comparison

with 2017, while global demand for NG rose to 3922 Billion cubic meters, a 4.9%

increase compared to 2017. Besides, between 1971 and 2017, the share of NG

in the total world primary energy supply grew from 16% to 22% [2] as shown in
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NATURAL GAS OVERVIEW 

Production 

In 20181, a new high was reached for global produc-
tion of natural gas with 3 937 Billion cubic metres 
(Bcm), a 4.0% increase compared to 2017. This trend 
has been observed since the financial crisis, with 
global production of natural gas increasing at an an-
nually compounded growth rate of 2.8% since 2009. 

Figure 1. World natural gas production by region 

 

This growth in 2018 represents an addition of 
152.0 Bcm to global natural gas production and comes 
mostly from the OECD Americas region, which expe-
rienced an increase of 95.2 Bcm, while the second 
largest contributor to the increase is the non-OECD 
Europe and Eurasia region with an additional 
24.8 Bcm. 

At the OECD level, total natural gas production 
showed a 7.0% increase, up to 1 454 Bcm following 
the surge in the production of natural gas in the 
OECD Americas region, driven by the United States 

                                                        
1.  All energy data for 2018 are provisional. 

(+88.6 Bcm; +11.5%) along with the continued in-
crease experienced by the OECD Asia and Oceania in 
recent years, pushed by Australia (+14.8 Bcm; 
+14.4%). OECD Europe, however, is the only region 
showing a negative contribution for 2018, with a de-
crease of 14.5 Bcm, due to the production caps ap-
plied to the Groningen field in the Netherlands. 

Outside of the OECD, total production of natural gas 
increased by 57.3 Bcm in 2018, which is a 2.4% 
growth year-on-year, driven by both Russia 
(+20.0 Bcm; +2.9%) and the People’s Republic of 
China (+12.2 Bcm; +8.3%). 

Figure 2. World natural gas production 
by country grouping 

 
The production in the members of the Gas Exporting 
Countries Forum (GECF)2 increased by 2.7%. Of the 
additional 39.3 Bcm produced in 2018, the biggest 
contributors were Russia (+2.9%), Iran (+4.4%), 
Egypt (+12.0%) and Qatar (+1.6%). Overall GECF 
produced 1 476 Bcm (37.5%. of global supply), 
slightly above the OECD (36.9%). 

                                                        
2.  GECF member countries are: Algeria, Bolivia, Egypt, Equatorial 
Guinea, Iran, Libya, Nigeria, Qatar, Russia, Trinidad and Tobago, 
United Arab Emirates and Venezuela. 
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LNG imports 
Increases in LNG imports were observed in all OECD 
regions. The highest increase was observed in the 
OECD Europe region (+6.1 Bcm), which almost off-
sets the decrease in its pipeline imports. The OECD 
Asia and Oceania region follows, with a +2.9 Bcm 
increase. The real driver for this was the Korean in-
crease of 7.3 Bcm, while Japan showed a decrease of 
4.6 Bcm, partly owing to nuclear reactors that had 
been closed in the wake of Fukushima’s disaster now 
resuming operations. The contribution of the OECD 
Americas region was only marginal (+0.03 Bcm) in
2018.

Putting an end to six consecutive years of decrease, 
Qatar resumed growth in its exports to the OECD area
(+8.0%). Qatar remains the first country of origin of 
imports for OECD countries, but Australian exports 
are increasing rapidly, reaching a level only about 5.4 
Bcm less than Qatar, with 50.7 Bcm supplied to 
OECD countries. The United States is the third most 
important exporter of the area, after being net exporter 
of LNG for three consecutive years. While overall 
non-OECD countries have increased their imports of 
LNG in 2018, this was largely driven by a handful of 
countries, including China (+19.8 Bcm) and Asian 
countries such as Pakistan (+3.6 Bcm) and India 
(+1.2 Bcm). Conversely, Africa (-4.3 Bcm) and the 
Middle East (-3.7 Bcm), experienced a decrease in 
their LNG imports. While resuming its gas exports, 
Egypt’s LNG imports decreased by 4.2 Bcm.

In 2018, the non-OECD area gained more weight in 
the overall LNG trade, now accounting for 40.0% of 
the total LNG imports. 

Figure 6. Change in LNG imports, 2017 - 2018 

Demand 

In 2018, global demand for natural gas increased by 
4.9% compared to 2017, rising to 3 922 Bcm.

For OECD countries natural gas demand was 4.5% 
higher than in the previous year (+76.9 Bcm).  

The increase comes entirely from the OECD Americas 
region (+89.9 Bcm; +9.3%), driven by the United
States (+78.5 Bcm; +10.2%), and Canada (+10.6 Bcm;
+9.2%). Slightly offsetting this growth, the OECD Eu-
rope region (-12.3 Bcm; -2.3%) and the OECD Asia 
and Oceania region (-0.6 Bcm; -0.3%) decreased their 
demand in 2018. The decrease in natural gas consump-
tion for OECD Asia and Oceania was driven by Japan 
(-6.1 Bcm; -5.2%) where nuclear reactors are restarting
operations, substituting for natural gas used for power 
generation. 

Figure 7. World natural gas demand by region

In non-OECD countries, natural gas demand increased 
as well (+5.3%). Different trends characterized the 
demand growth since 1990 across regions: OECD 
Americas, OECD Europe, OECD Asia/Oceania, non-
OECD Europe/Eurasia and the rest of the World 
(special case for China):  

• In the OECD Americas region consumption grew 
steadily between 1990 and 2000 when it stabilized 
around 800 Bcm for 10 years. In 2010 demand 
growth resumed until 2016. After a small decline in 
2017, the demand of natural gas in the OECD Amer-
icas hit an all-time record by hitting 1 060 Bcm in 
2018.  
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(b) World NG demand by region

Figure 1.3: World NG production and demand [3].

Supply Key World Energy Statistics 

6 

World total primary energy supply 
(TPES) by source 

World¹ TPES from 1971 to 2017 by source (Mtoe) 

 

1973 and 2017 source shares of TPES 
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Figure 1.4: World total primary energy supply by source [2].

Fig.1.4. This trend indicates that NG takes a more and more critical role in the

world energy structure.

Traditionally, power systems and NG systems are designed and operated in

their own right or loosely coupled, and the stand-alone perspective is effective in
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such cases. However, scenarios are changing with significant uncertainties arising

from complex interdependence between the power system and NG system [9],

which results from the accelerating transition from coal to gas and renewable

resources for electricity generation, as well as the electrification of NG systems.

Electricity is historically generated from coal, which remains the predominant

fuel currently. Coal is an nonrenewable fossil fuel with high carbon-intensive

and not compatible with low carbon emission expectations. In order to find

a sustainable and environmental solution to reduce fossil fuel dependency and

carbon emission, the exploration of alternative fuels has never stopped. Renew-

able generation such as solar and wind is developed broadly, which contributes

greatly to the sustainable energy transformation as they are environment friendly.

However, the intermittent andfluctuant characteristics of renewable resources limit

the penetration level, because a high penetration level could cause system stability

issues. Besides, fast and flexible power generation is required to compensate for

the variation and uncertainties induced by renewable resource generation.

Gas-fired generators (GFGs) provide an almost ideal solution to the problems

associated with renewable resources as they can respond faster than traditional

units depending on coal or nuclear energy. In addition to the flexibility feature,

the lower carbon nature of NG also meets expectations for clean energy and

is compatible with environmental objectives under tight standards. Besides,

technological advancements promoted the utilization of GFGs. Additionally,

increased availability and relatively low capital expenditure make NG more

competitive. As a result, more and more NG is used for power generation, as

shown in Fig.1.5 [3] and NG gradually took an increasing proportion of fuel in

power generation throughout the past decades all over the world. According to

detailed data from IEA [2], in 2017, 23.0% of world electricity production was

from NG as the second largest preliminary single fuel, compared to about 12.1%
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• In the OECD Europe region, the increase was sus-
tained until 2005, when it stabilized between 
530 Bcm and 575 Bcm until 2010. Then, it fell 
reaching a low of 460 Bcm in 2014. Despite 
growth in the recent years, it is still far from the 
levels prior to the financial crisis in 2009 In addi-
tion to macroeconomic drivers, improvements in 
energy efficiency in major gas consuming sectors, 
such as space heating also contributed to slower 
demand growth.   

• In the OECD Asia/Oceania region, demand also 
increased steadily until 2007 when it remained al-
most constant for three years before growing again 
in 2010 (driven by demand growth in Korea) and 
2011 (driven by the decrease in nuclear power 
generation after the Fukushima accident in Japan). 
Since then, it has oscillated around 225 Bcm.  

• In non-OECD Europe/Eurasia, natural gas con-
sumption remained fairly constant after 1994. 

• Finally, in the rest of the World, natural gas con-
sumption showed a strong average growth rate 
of 7.7% per year in the last 20 years. This trend has 
been even stronger in China, where the average in-
crease rate was of 13.3% per year in the same period. 

Figure 8. World natural gas demand  
by selected regions 

 

At a country level, significant increases in natural gas 
demand were registered in 2018 for the United States 
(+78.5 Bcm; +10.2%), the People’s Republic of China 
(+42.3 Bcm; +17.8%) and Russia +24.7 Bcm; 5.3%). 
Additional noteworthy increases were also observed in 
Canada (+10.5 Bcm), Iran (+10.4 Bcm), and Egypt 
(+4.1 Bcm). 

On the other hand, natural gas demand decreased in 
Japan (-6.1 Bcm), Turkey (-4.0 Bcm), Germany 
(-2.6 Bcm) and Italy (-2.5 Bcm). 

Detailed demand data by sector, available up to 2017, 
show an increase in the demand of non-OECD 
countries, principally in the largest gas consuming 
sector, the heat and power generation (+26.6 Bcm; 
+3.1%). The countries driving this increase were Iran 
(+7.6 Bcm), China (+3.4 Bcm) and Iraq (+3.4 Bcm), 
along with other countries of Asia and the 
Middle East. 

In the OECD area, however, natural gas demand for 
power generation broke up with the increasing trend 
observed in the recent years with a 5.5 Bcm decrease. 

Looking at other major natural gas consuming sectors, 
the OECD and non-OECD countries appear to be 
more in line.  

Figure 9. Natural gas use for power generation 

 

Figure 10. Change in natural gas demand in selected 
sectors, ranked by magnitude, 2016-2017 

 

In 2017 the industry sector showed an increase in nat-
ural gas consumption in both the OECD (+15.8 Bcm) 
and the non-OECD (+35.0 Bcm) countries. This in-
crease was mainly driven by the chemical sector in the 
OECD area (+11.1 Bcm). Increases were also ob-
served in other sectors mostly in the residential 
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Figure 1.5: NG used for power generation [3].

Transformation Key World Energy Statistics 
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Electricity generation by source 
World electricity generation1 from 1971 to 2017 by fuel (TWh) 

 

1973 and 2017 source shares of electricity generation1 
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Figure 1.6: 1973 and 2017 source shares of electricity generation [2].

in 1973, as illustrated in Fig.1.6.

Power generation consumers build the dominant end users of NG and this

substantial increase of NG in power generation would inexorably continue. The

employment of NG for power generation provides the power system a resource
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diversity, environmental and efficiency benefits but also raises complex challenges.

The NG availability is constrained by several factors, such as source capacity,

pipeline capacity, terminal pressure and load priority level. Accidents in the NG

system that influence production and delivery facilities may directly cause gas

deficiencies or disruptions of gas deliveries to GFGs. Citing some examples, on

29 June 2004, the unplanned interruption of the piped gas supplied from Indonesia

made Singapore suffer a partial electricity blackout [10]; in Colorado 2006, low

temperature caused demand surge of NG. As a result, node pressures decreased,

and therefore NG supplied to GFGs was reduced [11]. Besides, the power system

can also impact the NG system adversely through sudden demand or generation

changing.

More recently, the NG system incorporates more compressor stations driven

by electricity within its transportation [12]–[16], which are used to be driven by

gas turbines. For example, the number of compressors driven by power accounts

for about half of the total compressors in Texas Eastern [17]. There is also quite

an amount of penetration of electric motor-driven compressors in California. The

increasing prevalence of compressors powered by electric motors [13], [18], due

to lower installation and maintenance cost, wide availability of power, as well

as emissions concerns, leads to the increased reliance of the NG system on the

power system and brings extra challenges. Interruptions in the power system may

also cause the cut off of electricity to gas compressor stations driven by electric

motors, and they will not operate without electricity.

Obviously, the increasingly tighter bi-directional physical dependence among

energy systems leads to a higher risk of the EWEs’ negative impacts to be amplified

through the coupling link.

In this light, the bi-directional physical dependence between energy systems is
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increasingly deep, which could amplify negative impacts of external disruptions,

and present challenges to both systems. When a disruptive event occurs in one

system, the effects can permeate to the connected ones, and maybe further loop

back. Under the new situation, the conventional viewpoint of treating the NG and

the power system as a stand-alone energy supply system is inadvisable. However,

there is still a lack of scrutiny of the effects of infrastructure interdependence.

It highlights the necessity to recognize, understand, model and analyze the

interdependence between the NG and power systems for risk mitigation and fast

system restoration.

1.1.2 EWEs and Impacts on Energy Systems

CIs are all subject to diverse operating conditions as both the internal and

external environments are changing continuously. In comparison with normal and

foreseeable weather conditions, EWEs are extensive and significantly uncertain in

scale, space and time, and could place much higher stress on CI components even

exceeding the design criteria, due to which CIs may suffer devastating damage

with a higher probability when under EWEs. Thus, in addition to risks placed by

complex interdependence, another challenge posed to the operation of CIs comes

from EWEs, such as ice storms and hurricanes. For example, the 2008 China

ice storm [19] and Hurricane Michael in 2018 [20] both led to widespread power

outages.

In recent years, EWEs occurred more frequently. Taking the U.S. as an

example, it has experienced ten severe weather events in 2019, which is the fifth

consecutive year with ten or more billion-dollar weather and climate disaster

events that have caused significant economic loss and casualties for the country. It

also took an extended period to burn off the impacts that resulted in these events.

9



Chapter 1 Introduction

 

Figure 1.7: 1980-2019 year-to-date U.S. billion-dollar disaster event count (CPI-

Adjusted) [4].
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Figure 1.8: Natural loss events worldwide 2018 geographical overview [5].

The average events occurring annually is 6.3 for 1980–2018, then increased by

one time to 12.6 for 2014–2018 (CPI-adjusted) as shown in Fig.1.7 [4].

Fig.1.8 [5] shows the geographical overviewof natural loss eventsworldwide in

2018. It can be seen clearly that a large number of natural loss events distributed at

every continent. What’s more, the frequency and intensity of EWEs are expected

to change in the future [21]. A complex mix of efforts is needed to withstand such

harsh conditions that challenge the reliability of energy systems.
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Unfortunately, CIs are easy to suffer extensive damage under EWEs, exposed

to which energy system components do not fail randomly as in normal conditions

but could sustain severe damages and result in disruption of service with a larger

area and longer duration. Taking the power transmission network as an example,

it consists of interconnected transmission lines, delivering electricity from power

generation plants to substations over a large area. Its design and operation

are under the key principles of reliability, such as adequacy and security [22],

[23], to ensure a degree of reliability under normal conditions and foreseeable

contingencies, where considerable research has been carried out and is already

relatively mature. Nevertheless, it is impossible for the power system to withstand

all kinds of unpredictable events, for example, hurricanes. The strong wind,

together with torrential rain induced by a hurricane, could cause the failure of

transmission lines inways of damaging, collapsing transmission towers or blowing

down conductors. Take the U.S. for instance, 800 to 1,000 tornadoes occur each

year, leading to extensive damage and failure of transmission structures [24]. The

majority of weather-related failures of transmission lines in the U.S. have been

attributed to hurricanes. For example, Hurricane Rita in 2005 caused several

power transmission towers damaged and collapsed [25], and left more than 1.3

million customers out of power at its peak [26]. In 2008, an unprecedented ice

storm hit southern China, especially Hunan Province, where the power system

suffered considerable damage of transmission lines, steel towers and transformers

according to the State Grid Corporation of China [19]. New York City and the

surrounding east coast were the hardest hit place of hurricane Sandy in 2012. It

broke NG lines, and left approximately 8.5 million people dark, caused liquid

fuel shortages and shutdown of the region’s transportation system [27]. The state

of Florida especially the South area was heavily affected by hurricane Irma in

September 2017. Hurricane Irma caused significant damage to electrical facilities.
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For example, it affected 120 transmission lines and 12 substations [28].

Besides, the interactions among power system elements, increasing demand,

deregulation of the power market, hidden failures of delay protection devices

(malfunction), lack of operators’ experience all make the system operated closer

to its designed margin when the criteria of security become more stringent. As

a result, it is more challenging to provide a reliable power supply and restore the

power system fast under EWEs.

Even worse, the threat from the EWEs and the risk introduced by interdepen-

dence working together can exacerbate the disastrous consequences. For instance,

several gas facilities were closed due to electricity outages caused by hurricanes

in 2005 and 2008 [26] in the U.S. In February 2011, the extreme cold and windy

weather relentlessly assaulted Texas. The production decline of NG propagated

downstream was among the issues plaguing the generation loss of GFGs. On

the other hand, the electricity blackout in the gas production area aggravated the

reduction of gas production [29].

1.2 Motivations

As introduced in the background, energy systems are facing challenges not only

from increasing complex interdependence but also from frequently occurring

EWEs, and these two kinds of risks could work together to make things worse.

However, there is still a lack of consideration of this joint impact in a compatible

way because of the complexity and interdisciplinary characteristics of the issue. In

face of these challenges, we are motivated to investigate fully, understand deeply,

model effectively, quantify properly, andmanage actively of the combined effect of

the EWEs and interdependence on the performance of integrated energy systems
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to provide information for effective, coordinative and proactive preparedness to

maintain reliable energy supply of interconnected energy systems under EWEs.

1.3 Major Contributions of the Thesis

This thesis explores the effect of NG fuel on power system reliability from

a long-term time scale using the multi-state model of GFGs, investigates the

spatial-temporal impacts of hurricanes on the short-term power system reliability,

establishes the combined NG and power system analysis model considering

inherent properties of each system and characteristics of interdependence coordi-

nately, studies power system reliability considering the frequency control process

under hurricanes, and develops a multi-attribute construct of metrics to evaluate

energy system performance under hurricanes. Based on the assessment results,

corresponding suggestions are provided, which can serve as a decision-making

guide.

A: Reliability Evaluation of Power Systems Considering the Fuel Supply System

The utilization of NG as a primary fuel for electricity generation has been

increasing in the past decades and is still a preferable choice for new generation

capacity to overtake and replace the units relying on coal, leading to the rising

dependence of the power system on the NG system. The reliance on NG for

generating capacity imposes risks to power systems, such as failure propagation

trigged by NG network contingencies. Taken together with the power system’s

intrinsic complexity, these factors could operate to amplify the power system’s

exposure to disruptive events. In this context, an effective method is developed

to assess the impact of the associated NG fuel supply system on the long-term

reliability of the transmission power system. The contribution can be summarized

13
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as follows: 1) It integrated steady-state NG system model, optimal power flow

model and the dependence model of power system on NG system for quantitative

measurement purpose. 2) It proposed an integral simulation frame using non-

sequential Monte Carlo simulation. The validity of the proposed method has been

verified by simulations.

B: Spatial-temporal Reliability andDamageAssessment of TransmissionNetworks

under Hurricanes

Hurricanes can damage power transmission network structure components,

e.g., towers and conductors, and threat the power system reliability. To quantify the

consequence severity of hurricanes on transmission networks, a spatial-temporal

reliability and damage assessment method is proposed to evaluate the effect of

a hurricane. The contribution can be summarized as follows: 1) The time-

space varying impact of the hurricane with uncertainty on transmission network

is considered through the component outage models. 2) Reliability indices,

i.e., energy not supplied and asset damage indices, are integrated to quantify

the performance of transmission networks under extreme weather events. The

effectiveness of the proposedmethod has been verified by simulations. Simulation

results show the method can quantify the hurricane impacts, identify the weak

network parts, and provide information for pre-event preparedness and forecasting

event applications.

C: Resilience Assessment of Integrated Energy Systems under Hurricanes

Energy systems, e.g., power systems andNG systems, are increasingly interde-

pendent, which brings benefits under normal conditions and introduces risks under

extreme weather events, e.g., hurricanes. A comprehensive method is proposed

to reflect the spatial-temporal hurricane impacts on interdependent power and

NG systems. The contribution can be summarized as follows: 1) it developed

14
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a method that evaluates hurricane impacts on the performance of interdependent

power and NG systems. 2) it proposed the integrated energy flow taking into

account individual system properties and interface characteristics to minimize

the joint load shedding. 3) It integrate operational and infrastructure indices to

quantify the performance of interdependent systems. The effectiveness of the

proposed method has been verified by simulations. Simulation results show the

method can identify weak parts and quantify the performance of interdependent

power and NG systems under hurricanes to provide information for effective and

coordinative preparedness.

D: Resilience Assessment of Power Systems Under Hurricanes Considering Fre-

quency Control Process

Under EWEs, e.g., hurricanes, failures of transmission lines due to strong

wind and intense rainfall can cause significant generation and load imbalance and

further result in unexpected frequency deviation from the required nominal value.

An assessment method is proposed to reflect the negative hurricane impacts on

the frequency performance of transmission networks. To mitigate these impacts

on the day-ahead market from a probabilistic perspective, a resilient UC problem

is formulated as a two-stage robust optimization (RO) problem solved using a

column-and-constraint generation scheme. The contribution can be summarized

as follows: 1) Develop amethod that evaluates hurricane impacts on the frequency

performance of power systems. 2) Propose the two-stage robust UC to mitigate

the hurricane impacts on the day-ahead market from a probabilistic perspective.

3) employment of frequency indices to quantify the system performance. The

modified IEEE 24-reliability test system under a simulated hurricane is used to

validate the effectiveness of the proposed method. Simulation results show the

hurricanes could cause frequency nadir or peak out of the required range and

neglect of the frequency regulation process would lead to underestimation of the
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hurricane adverse impacts. The method developed could be used as guidance of

UC and regulation reserve capacity under EWEs.

1.4 Thesis Organization

This thesis explores the effect of NG fuel on power system reliability from a

long-term time scale using multi-state models of GFGs, investigates the spatial-

temporal impacts of hurricanes on the power system short-term reliability, estab-

lishes the combined NG and power system analysis model considering inherent

properties of each system and characteristics of interdependence coordinately,

studies power system reliability considering the frequency control process under

hurricanes, and develops a multi-attribute construct of metrics to evaluate energy

performance under hurricanes. Based on the assessment results, corresponding

suggestions are provided which can serve as a decision-making guide.

Chapter 1 briefly introduces the research background, including energy sys-

tems and their interdependence, EWEs and their impacts on energy systems,

research motivations, and contributions of this thesis.

Chapter 2 reviews the related literature on weather effects on power system

reliability, focusing on the weather-related power component outage models,

interdependence between the power system and NG system, and the development

of resilience and its application in energy systems. It introduces the work that has

been done on related topics and summarizes the limitations of current research

work.

Chapter 3 explores the effect of NG fuel on power system reliability from a

long-term time scale. The steady-state NG system model is used to calculate the

probability and amount of NG fuel shortage of GFGs. The GFGs are represented
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by multi-state reliability models to represent the output limit and probability

considering the NG fuel shortage. Case studies are conducted on the modified

Belgian gas transmission system and the IEEE-24 reliability test system to justify

the validity of the proposed method.

Chapter 4 investigates the hurricane impacts on the power system’s short-

term reliability. Using both statistical component failure models and mechanism

analysis based component failure models, a spatial-temporal reliability and dam-

age assessment method of transmission networks under hurricanes is proposed.

Considering the market processes in ERCOT [30] and PJM [31], etc., the load

curtailment model is formulated as a RAC problem. The modified IEEE 24-

reliability test system and the two-area IEEE reliability test system-1996 affected

by a simulated hurricane, respectively, are used in the case study to validate the

proposed method.

Chapter 5 proposes a comprehensive method to account for the spatial-

temporal hurricane impacts on interdependent power and NG systems. It estab-

lishes the combinedNG and power system analysis model considering the inherent

properties of each system and characteristics of interdependence coordinately,

and formulates the integrated energy flow as an optimization problem with the

objective of minimum joint load shedding. The modified IEEE 24-reliability

test system and the 12-node NG system under a simulated hurricane are used to

validate the effectiveness of the proposed method.

Chapter 6 studies the power system performance under hurricanes considering

the frequency control process. The primary, secondary and tertiary control

considering the constraints of ramp rate and capacity of generators is modeled.

The load not satisfied during the primary and secondary frequency process is

included in the operational indices. Besides, frequency resilience indices are
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proposed to describe system performance from the perspective of frequency

and resilience. The modified IEEE 24-reliability test system under a simulated

hurricane is used to validate the effectiveness of the proposed method.

Finally, Chapter 7 concludes and gives future works.
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Chapter 2

Literature Review

A comprehensive review of the related literature is presented in
this chapter. Initially, it investigates the works of weather effects
on power system reliability, focusing on the weather-related power
component outage models. Subsequently, it reviews papers in the
area of interdependence between the power system and the NG system.
At last, it introduces the development of resilience and its application
in energy systems. The limitations of current work are summarized as
well.
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2.1 Effect ofWeather Conditions on Power SystemReliability

Quantitative reliability evaluation has been highly developed and widely applied

in the power system planning, design and operation phase to provide electrical

energy to customers as reliably and economically as possible. Deterministic

criteria, such as N-1 contingency or predefined contingency list, were used to

be dominant because it is relatively simple and easy to understand. The main

drawback of the deterministic criteria is that it cannot reflect the stochastic

behavior characteristics of electrical components, customers or systems, and may

lead to underestimation or overestimation of the problem. Then the probabilistic

method is used extensively in power system reliability assessment to capture the

probabilistic nature of system behavior and reflect both the probability and the

consequence severity of undesirable events.

Analytical and simulation methods are two widely used techniques in power

system reliability evaluation, both of which have advantages and disadvantages.

For large-scale complex systems consisting of a big number of components, the

simulation method is a preferable choice. However, the application foundation

of these two categories of evaluation techniques is component reliability models.

Traditionally, two-state or multi-state component models were established [32],

[33] to assess the system behavior for planning purposes, where the component

reliability parameters, such as failure rate and repair rate are assumed to be constant

in the long- time duration, such as one year. It is not the case when the system

is exposed to severe weather conditions, which usually place much higher stress

on the electrical components than normal weather conditions and can increase

the probability of component failure and significantly affect the system reliability.

As a result, reliability evaluation without considering the weather effects may

lead to optimistic and misleading results. The impact of weather conditions on
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component failure behaviors and further on the reliability evaluation results should

be recognized and appropriately modeled.

Considerable works have been done to incorporate weather effects in analyzing

power system component behaviors. Two-state weather model was proposed

by [34] to divide the broad range of weather conditions into normal and adverse,

in each of which the component failure and repair rate is still a constant average

value related to outage numbers caused by adverse weather and the duration of

adverse weather. The extensive employment of the two-state weather model is an

important step to recognize theweather effect, although it is simple andmaybe lead

to optimistic results [35]. Then, the three-state weather model is proposed [36]

to incorporate the massive effects of major adverse weather conditions into a

reliability analysis. Besides, the multi-state weather model [36] can be introduced

to incorporate the variability stress levels caused by the broad range of weather

conditions to increase the weather modeling accuracy. Although the classification

of weather states shows the importance of consideration of weather effects, they

are developed for long-term power system reliability assessment and inadequate

to represent the impacts of continuous time-varying weather conditions. On the

other hand, the weather conditions to which electrical components exposed vary

from one region to another. The regional weather model [22] is developed to

include the regional weather effects on a transmission line traversing a large area

by discretizing the large area into a set of subareas, in each of which the weather

condition is assumed to be the same. Actually, weather conditions also change

continuously over space, which has not been well reflected in regional models.

Under EWEs, the weather conditions, such as the wind and rainfall of a

hurricane change with time, and at the same time, the hurricane moves across

the networks. The failure probability of exposed components, e.g., power trans-

mission towers, is closely related to the evolving weather conditions. Traditional
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models, e.g., the two or multi-state weather models [33] and the regional weather

model [37] are not adequate to capture the impact of time-space-changing weather

conditions on component failure probabilities. Under the expectation of evaluation

accuracy, considerable works have been done to include different factors that affect

the component behaviors, such as factors representingweather severity and factors

characterizing the terrain of component locations, and formulate the component

failure model as functions of these factors. Some effort has been made to the field

of operational reliability considering external factors, for example, [38] explores

the impact of real-time operating conditions, such as power generation dispatch,

load level, and network configuration, on the component’s reliability models

and fault consequences. [39] focuses on the impact of component overloading

operation on component failure rate and system reliability. However, the effects

of environmental factors, for example, strong wind or rainfall, are not centered on

in these work efforts.

Data based statistical models [40], [41] including parametric [42]–[44] and

non-parametric [45], [46] regression models, and mechanism analysis based

models [47]–[49] take continuously changing weather severity factors as an input

variable to component failure functions, thus can better reflect the spatial-temporal

weather impact on component failure probabilities. The effectiveness of statistical

models relies on the amount and quality of historical data [40], [41], [50]. In the

situation of unavailability or insufficiency of relevant data, mechanism analysis

based models are an alternative, such as fragility curves used in [51], [52].

These models can better describe the spatial-temporal impact of the hurricane

by taking the continuous time-changing weather condition as an input variable of

the component failure model.

Besides, to maintain reliable and stable service, the power system frequency

must be regulated to be within the allowed range through frequency control. Many
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studies have recognized the changing operation conditions and propose frequency

control schemes, methods and strategies to solve problems arising. For example,

energy storage is used for quick response [53], [54]; active load management is

proposed to deviate the imbalance of generation and load to improve the system

frequency performance [55]; load shedding strategies are developed to prevent

system frequency out of range [56]. The majority of the studies particularly

consider the effects of high penetration of renewable resources on frequency

regulation, such as wind turbines and solar panels due to their intermittency

and uncertainty features [57]–[60]. Sequential failures of transmission lines

under EWEs could isolate loads or generator units and results in an imbalance

between load and generation. Some work can be found to evaluate power system

resilience under EWEswith indices from the perspective of infrastructure and load

shedding [61]–[64], which cannot describe the degradation of system performance

caused by the isolation of generators or loads. However, much less work has been

done to include the frequency regulation process and its impact on the system

performance under EWEs. [65] proposes islanding strategies considering the

frequency constraints when splitting the system into islands.

2.2 Interdependent Power System and NG system

Historically, the power system and NG system are operated and managed in a

decoupled approach, since there is no sufficient energy exchange between them.

However, the increasing coupling makes it necessary to carry out the operation

and management in a coordinated manner. It also becomes an active research

field, which has drawn much attention. Papers published in this field fall into two

broad categories: technical and market fields [14], where the latter one is out of

the research scope in this thesis.
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The technical analysis mainly for the purpose of operational planning. [66]

reviews interdependence factors of power and NG from the perspective of markets

and operations, and present potential solutions to address the issues. [67] models

linkages among electricity, heat and NG distribution networks, and conduct the

integrated analysis.

Under normal weather conditions, the coordination of interdependent power

and NG systems has been well studied to utilize interdependence to achieve

benefits in, e.g., co-optimal planning [68], [69], energy flow and optimal energy

flow [70]–[73], and operation scheduling [74]–[78].

[68] uses the energy hub to represent coupling among multi-energy infras-

tructure and proposes an optimal planning model at long term timescale for the

least-cost combined network of the power system and NG system. [69] proposes a

robust co-optimization planning model for interdependent electricity and natural

gas systems, intending to minimize total investment and operation costs.

[70] proposes a method for combined NG and electric OPF by solving PF

firstly and then solving the GF problem. [71] develops a unified steady-state GF

and PF, in which the effect of temperature is included. [72] formulates the optimal

power and NG flow with a combination of contingency analysis, and provides

preventive adjustments. Dynamic optimal energy flow is proposed in [73] with the

integration of transit gas flow and steady state power flow and solved by transfor-

mation to linear programming. [79] proposes a data-driven distributionally robust

optimization model for the optimal gas-power flow considering the uncertainties

of wind generation and develops a convex optimization-based solution procedure.

[74]–[76] solve optimal security-constrained unit commitment (UC) problem

with the impact of NG infrastructure. [11] develops a MIP UC that integrates

impacts of the NG network. [80] also deals with the security-constrained UC

24



Literature Review Chapter 2

with uncertainties in the NG system but using fuzzy optimization. [77] proposes

an effective multi-objective optimization approach for the coordinated operation

of NG and electricity networks, considering the dynamic security of both sys-

tems. The [78] presents a two-stage robust generation scheduling model with

consideration of dynamic characteristics of gas flow and wind uncertainty.

[81] presents an optimal model to calculate the maximum power that can be

generated by GFGs for power system reliability analysis. [82] evaluates the relia-

bility of the NG transmission system and its impact on the operation performance

of the power system. [83] develops a sequential Monte Carlo model to minimize

the cost of combined GB gas system and power system, calculates reliability

metrics for power system and assesses the impact of gas storage capacity on GB

gas network reliability.

Under EWEs, interdependence could introduce risks as disruptions in one

system can permeate to the connected ones and may loop back through coupling

links. For example, quit of gas compressors due to electricity cut off caused by

EWEs may lead to gas load shedding, which could result in reduction even cut off

of NG supplied to GFGs. A shortage of fuel could further contribute to the outage

in the power system. However, little work is done to explore the performance

of interdependent power and NG systems under EWEs, considering individual

system properties and interdependence characteristics coordinately. [84] examines

the extent of resource adequacy and the North American Bulk Power System’s

resilience to extreme weather events, and highlights the need for system planners

to consider generator performance and potential fuel limitations during extreme

weather events, the resource in natural-gas fired units for particularly adequacy

assessment. [85] proposes an integrated transportation planning algorithm to

improve the power systemperformance under EWEs by usingNG transportation as

a choice tomitigate the impacts of EWEs on exposed power systems. [86] proposes
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a resilience-constrained unit commitment model to enhance the resilience of the

integrated power distribution and NG system without modeling the hurricane

impact on component failures directly. [87] proposes a proactive method to

strengthen the preparedness of multiple energy carrier microgrids by energy

storage, using the steady-state gas flow model without modeling compressors.

The background highlights the necessity to investigate, understand, model,

and quantify the performance of interdependent power and NG systems under

EWEs for coordinative and proactive preparedness.

2.3 Resilience of Energy Systems

The word resilience comes from the Latin word, which originally refers to the

ability of an object to recover from or adjust easily to stress [88]. The concept

of resilience was first utilized in ecology by the Canadian ecologist, C.S. Holling

[89], and then developed broadly. Some literature proposes general concepts

that can cover multi-disciplines [90]. Different interpretations of resilience are

also offered in specific disciplines, such as organization, society, economy and

engineering. "Future Resilient Systems" at Singapore-ETH Centre proposes a

resilience framework that is based on eight generic functions: attentiveness,

robustness, resistance, re-stabilization, rebuilding, reconfiguration, remembering,

and adaptiveness, which are characterized with AR6A acronym [91] as shown in

Fig.2.1.

The more considerable effort has been made in the non-engineering domain,

which implies larger space in impacting resilience in engineering [92]. In the

context of the power system, although various attempts have been made to define

the power system resilience [91], [93]–[96], no universal definition is accepted by
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2 

they can withstand characteristic exogenous and endogenous actions. Going back to the Latin word 
resilire, resilience on the other hand means to spring and rebound. 

Figure 1: Resilience concept based on eight generic functions: attentiveness, robustness, resistance, re-stabilization, 
rebuilding, reconfiguration, remembering, adaptation

We propose a resilience framework (figure 1) that is based on eight generic system functions: 
attentiveness, robustness, resistance, re-stabilization, rebuilding, reconfiguration, remembering, and
adaptiveness, which we characterize with the AR6A acronym. We measure systems performance 
(MOPs), represented as the y-axis. 

• Robustness refers to that range of performance – defined by an upper and lower limit – that 
guarantees a continually expected flow of services.

• Resistance is the ultimate limit of a system to withstand actions that are straining it during its 
lifecycle. Structural engineering resistance often equals the elasticity limit, beyond which 
non-recoverable deformations will occur. If a disruption is straining a system, its 
performance will decrease down to a minimum (Pmin), which can become zero in a worst-
case. Resilience stems on resistance. 

• The recovery phase consists of the two functions, re-stabilize and rebuild, aiming to re-
establish critical systems functions up to a range that enables survivability, to rebuild all the
functions and to re-establish normalcy, respectively. We have to emphasize that system
recovery is an active concept that is mobilizing additional resources, which differs from a 
‘laissez-faire’ approach. 

• Reconfiguration means to adapt and change systemic properties by introducing or deleting 
interdependencies, or introducing or deleting components. Our experience shows that 
reconfiguration rarely happens with man-made systems. It also requires to change or 
enhance the system boundaries to address the key issue "how should we adapt the topology
of the system" to make it more resistant and more resilient. 

• Adaptation means to continue to enhance a system's abilities to improve the fitness to cope
with disruptions and to increase survivability. 

• Attentiveness and remembering are two ‘cognitive’ functions, encapsulating the ability to 
anticipate, and to detect endogenous and exogenous disruptions, and to memorize and learn 
from earlier disruptions, enabling a system to respond more rapidly and more effectively to 
future disruptions. 
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Figure 2.1: AR6A conceptual resilience curve

all. The work of power system resilience tends to be grouped into three kinds:

conceptual and qualitative studies, modeling and simulation approaches as well

as strategies to improve system resilience.

The first includes related government reports and some framework literature.

In 2010, a smart grid system report [97] released by the U.S. Department

of Energy first clearly confirmed that resilience should be one main feature

of the smart grid. In 2010, the U.S. Department of Homeland Security put

forward requirements for power system resilience. The U.S. mainly focuses on

investment improvement, resilience theory andmetrics, performance promotion of

smart grid technology, distributed energy, demand-side response, microgrid under

disasters, and interdependence among CIs. In 2009, the U.K. launched a project

called "Resilient Electricity Networks for Great Britain (RESNET)." It aims to

demonstrate a comprehensive approach, analyze at a national scale of climate-

related changes in the reliability of the grid, and develop tools for quantifying

resilience enhancement strategies. [98] introduces main research activities and

findings of RESNET, and provides useful insights into modeling the impact of

weather events and resilience assessment. However, it still relies on the traditional
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reliability metrics to evaluate system resilience. From the resilience perspective,

multi-dimensional metrics should be introduced. In 2014, CIGRE released

the report "Disaster recovery within a CIGRE Strategic framework: network,

resilience, trends and areas of future work". It reflects the fact that resilience has

become a major topic in the area. H. H. Willis [99] provides a comprehensive

literature review on resilience metrics developed for energy systems, including

the power system and NG system. M. Panteli and P. Mancarella [88] provide

outlines of power system resilience and potential boosting adaptions for general

understanding.

The modeling and simulation approach usually aims at quantitative assess-

ment. The resilience of a system is a time-dependent function affected by

several factors [100], such as disruptive events, resource constraints, and control

strategies. Generic resilience metrics and formulae are proposed in [101],

[102] to quantify system resilience. These general resilience metrics cannot

be applied directly to power system resilience assessment before refinement to

include specific power system characteristics. Great previous efforts have been

made to model natural disasters impacts on the power system, such as damage

caused, outage duration, and restoration [103]. [104] uses the system performance

response process following the occurrence of a hazard to quantify resilience.

A time-dependent resilience metric is introduced based on the performance

curve. DC-based OPF is used, while hidden failure, as well as operator and

communication errors, are also taken into consideration. It can provide decision-

making help for operation and enhancement measures. However, the resilience

metric cannot describe the system features from multi-dimension. A multi-stage

infrastructure resilience analysis framework is proposed in [105]. Resilience-

based improvement strategies are also highlighted. The approach proposed can

be adequate for both single hazards and concurrent multiple hazard types. [106]
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provides two measures to evaluate component importance based on resilience. It

can be used to provide information for cascading failure control and restoration

strategies. An analysis framework focused on adaptive capacity, absorptive

capacity, and recoverability provides different perspectives [107]. [61], [108],

[109] assess the power system resilience under EWEs, based on component

fragility curve. Furthermore, [110] takes the impacts of load into account. [63]

develops a resilience metric to quantify the effects of control strategies for

resilient operation purposes or short term planning. [111] creates resilience

metrics considering threats, likelihood, consequence, and resilience analysis

process for energy systems in the U.S. The process is then applied to different

energy systems, such as power systems and NG systems. However, these systems

are treated separately instead of an integrated energy system. The smart grid

resilience assessment model is outlined in [112]–[114]. [115] explores howwinter

storm in the UK affects the well-being of household and provides strategies to

alleviate this kind of risk to improve resilience from everyday household-level

life.

Promoting solutions should be combinations of related factors, such as human,

technology, processes, as well as policies and regulations. It also requires

coordination and collaboration at different levels to address the issue. There

has been extensive work providing the power system resilience enhancement

measures [116], [117]. Generally, improvement measurements can be classified

into the following catalogs.

1) Grid Modernization ("smart grid") Technologies [118]–[120]

It can be applied to achieve fault location and isolation, and reduce the restora-

tion time through automated feeder switching. Besides, integrated advanced

metering infrastructure has helped to limit power outages, as well as the number

29



Chapter 2 Literature Review

of homes and businesses affected.

2) Hardening of Critical Physical Infrastructure

Different from improvement in management and policies, "Hardening" mainly

means reinforcement or upgrade of physical components. For example, circuit

undergrounding, pole and tower upgrade, flood protection [121] can all increase

the system’s ability to resist EWEs. Grid modernization ("smart grid") technolo-

gies and "Hardening" investments should be integrated to reinforce each other to

prevent and decrease the impacts.

3) Microgrids, Energy Storage, Distributed Generation Technologies [63],

[121], [122]

Microgrids, energy storage and distributed generation technologies can help

to provide power to critical loads in an emergency. Microgrids can be used as a

backup power source and operated separately during emergencies, or can serve

as start source after power system failures to reduce the restoration time. Mobile

generators can provide temporary power to critical loads to ensure basic social

functions such as the health system and the transportation signal system.

4) Enhanced Damage Prediction Models [123]

Improved modeling capabilities can promote system resilience by better pre-

dicting facility susceptibility and reducing damage to the system. Response

planning and personnel safety can also be improved with reduced costs. The

effectiveness of potential reinforcements can also be analyzed by predictive

models.

The resilience promotion is a complex issue involving cost-benefit analysis,

management, personnel even policy and legislation. The published literature

cannot provide such tools for quantitative analysis of a specific strategy or
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comparison of competitive strategies. General advice cannot be used as decision-

making tools to acquire trade-off between investment and benefit; that’s why

quantitative models and tools should be developed.

2.4 Research Limitations in Literature

Although the impacts of EWEs and interdependence among CIs have been

explored respectively in existing research, their combined effects have less been

explored due to the complexity and interdisciplinary characteristics of the problem.

Besides, in addition to renewable energy resources, EWEs, as well as inter-

dependence among energy systems could also cause serious system frequency

deviation, which has attracted less attention in the literature. EWEs caused power

component failures could result in a reduction of transmission capacity or loss

of loads and generation units; at the same time reduction or cut off of NG fuel

may cause inadequacy of generation capacity. Thus, the system frequency control

process should be included in the system performance assessment under EWEs

and corresponding indices related to frequency should br proposed to describe and

quantify the system frequency behavior in order to provide guidance for regulation

reserve setting and resilience improvement.

2.5 Summary

This chapter summarizes the literature in related research areas of this thesis. The

models of weather effects on power system reliability are introduced, including

the two-state, multi-state weather models, regional weather model, statistic-based

models and mechanism-based models. Interdependence between the power

system and NG system is investigated, including research works in integrate
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energy flow and optimal energy flow, optimal planning and scheduling, reliability

analysis. The concept and development of resilience as well as research activities

in energy system resilience.

32



Impact of NG Fuel on Power System Reliability Chapter 3

Chapter 3

Reliability Evaluation of Power Systems Considering

the Fuel Supply System

The utilization of NG as a primary fuel for electricity generation
has been increasing in the past decades and is still a preferable
choice for new generation capacity to overtake and replace the units
relying on coal, leading to the rising dependence of the power system
on the NG system. The reliance on NG for generating capacity
imposes risks to power systems, such as failure propagation trigged
by NG network contingencies, and affects the power system reliability.
In this context, this chapter develops an effective method to assess
the impact of the associated NG fuel supply system on the long-
term reliability of the transmission power system. It integrates the
steady-state NG system model, optimal power flow model and the
multi-state GFG model for quantitative measurement purposes, and
proposes an integral simulation frame using non-sequential Monte
Carlo simulation. The performance of power system is evaluated
based on two metrics: Expected Demand Not Supplied (EDNS) and
Probability of Load Curtailments (PLC). Case studies are conducted
on the modified Belgian gas transmission system and the IEEE-24
reliability test system to justify the validity of the proposed method.
The simulation results show the validity of the method.
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3.1 Introduction

The power system is the backbone of our modern society, and blackouts in the

power system could lead to disastrous consequences. Thus high reliability is the

primary criterion of power supply to enable normal social function. However, this

is not always the case due to the stochastic behavior of components, customers

and the system. In addition to the random component failure, the shift of fuel

from coal to NG in power generation also introduces new threats to power system

reliability.

The NG has been increasingly used as the primary fuel in power generation

and still a preferable choice for a variety of reasons, such as technological

advancements, environmental friendliness and economic profit. The power system

is linked more closely physically and economically to the NG system. The relying

on NG exposes the power system to new challenges from the contingencies in

the fuel supply system. For example, outages of pipelines in the NG system

could lead to a shortage or cut off of NG providing to some GFGs and result

in a decrease of output or quit of these GFGs, even further cause power load

shedding due to generation capacity insufficiency. Compared with coal-fired

plants that usually maintain fuel to sustain at least several days, the GFGs are

more vulnerable to fuel-supply interruptions, which has negative impacts on the

power system reliability. Traditionally, the planning and scheduling of power

systems and NG systems are incompatible, and the conventional view is treating

power system as a stand-alone energy supply system, which is inadvisable any

more as the power system is exposed to interruptive events in the NG supply and

delivery. The changing scenario highlights the necessity to understand, model

and analyze the fuel adequacy impacts on the power system reliability for better

planning, operation and risk mitigation.
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To address the issue, this chapter aims to generate a preliminary integral

analysis frame for power system reliability assessment considering the impact of

NG fuel supply by using a multi-state reliability model for GFGs whose reliability

parameters are directly related to the point reliability indices of GFGs’s locations

in the NG system.

The remainder of this chapter is structured as follows. Section 3.2 develops

system models, including the steady-state NG and power system model. Section

3.3 presents the reliability model and assessment method. Section 3.4 covers case

studies and simulation results. Section 3.5 summarizes.

3.2 System Model

3.2.1 Steady-state NG System Model

Similar to the power system, an NG system can be divided into supplies, trans-

mission system, distribution system and customers. For this thesis, only the NG

transmission system with high pressure is considered.

An NG transmission system can be modeled as a directional graph made of

nodes and components. Nodes are the terminals of one or more components or the

points where the gas is injected in or extracted from. Node connecting components

are the elements that connect two nodes, such as pipelines and compressors.

Like PF in a power transmission line, the GF in a pipeline is from the higher-

pressure node to the lower-pressure node. The constraint of pipeline operating

pressure depends on the pipeline material and age. The general steady-state gas

flow rate through a pipeline is governed by the energy balance equation. For a

horizontal pipeline k from node i to node j, the NG flow rate is determined by
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pressure drop along the pipeline [70], [124] as follows:

Qgp, k = Sgp, k × 3.2387
Tsc
Psc

√√√
Sgp, k

(
P2

i − P
2
j

)
D5
gp, k

fkGLgp, kTkaZa
, ∀k ∈ Egp (3.1)

where Egp is the set of gas pipelines. Qgp, k (SCF·h-1) is the flow rate through

pipeline k. Tsc (R) is the standard temperature. Psc (psia) is the standard pressure.

Pi (psia) and P j (psia) are the pressure of node i, j respectively. Dgp, k (in) is the

diameter of pipeline k. fk is the friction factor. G is the gas specific gravity. Lgp, k

(km) is the length of pipeline k. Tka (R) is the average gas temperature. Za is the

gas compressibility factor. Si j
gp, k represents the direction of the gas flow. Sgp, k=1

if Pi>P j , otherwise Si j
gp, k= -1.

For a high-pressure NG transmission network, (3.1) can be rewritten as follows

[125]:

Qgp, k = Sgp, kCgp, k

√
Sgp, k

(
P2

i − P
2
j

)
, ∀k ∈ Egp (3.2)

where Cgp, k = ηgp, k18.062TscD
8
3
gp, k/Psc

√
GLgp, kTkaZa. ηgp, k is the pipeline

efficiency.

During long distance transportation in pipelines, the NG suffers part of energy

loss. Compressors driven by gas or electricity become essential to reduce NG

volume and force it to flow. The turbine and engine compress NG by consuming a

small amount of gas from the pipeline, while the motor accomplishes compression

using reliable electricity. Here only the centrifugal compressor is modeled. The

gas flow rate through a compressor is determined by its horsepower consumption

that can be expressed as follows [124]:

HPgc, c =
PiQgc, cck
ηgc, c(ck − 1)


(
P j

Pi

) ck−1
ck
− 1

 , ∀c ∈ Egc (3.3)

where Egc is the set of gas compressors. HPgc, c (hp) is the horsepower of

compressor c with inlet node i and outlet node j. Pi and P j (psia) are the
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compressor suction and discharge pressure at node i and j, respectively. Qgc, c

(SCF·h-1) is the flow rate through compressor c. NG in a compressor always flows

from the inlet node to the outlet node. ηgc, c is the compressor efficiency. ck is the

specific heat ratio (cp/cv, where cp is the heat capacity at constant pressure, cv is

the heat capacity at constant volume).

The gas required by a gas-driven compressor c, Qg2c, c (SCF·h-1) can be

approximately calculated as follows:

Qggc, c = a1
gc, c + a2

gc, cHPgc, c + a3
gc, c

(
HPgc, c

)2
, ∀c ∈ Eggc (3.4)

where Eggc is the set of compressors driven by gas turbines. a1
gc, c, a2

gc, c, and a3
gc, c

are compressor gas consumption coefficients.

For compressors driven by electricity, the active power Pegc, c (MW) consumed

by compressor c is calculated as follows [8]:

Pegc, c = ηegcHPgc, c ∀c ∈ Eegc (3.5)

where Eegc is the set of compressors driven by electricity. ηegc is constant.

A compressor can be specified by the compression ratio, inlet or outlet

pressure, or flow rate. For compressor c with given compression ratio RCgc, c,

it is described as follows:

RCgc, c =
P j

Pi
, ∀c ∈ Egc (3.6)

Contingencies in anNG network such as component failures are not rare. Most

of the time, an NG system can step into a new steady state through redispatch or

adjustment without disturbance to end customers. However, in some cases, load

curtailment is inevitable due to the operating constraints. In practical, optimal

shedding strategies are developedwith different objectives, such asminimum cost,
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priority list or minimum load shedding. The OGF is used in this chapter with the

objective of minimum load shedding as follows:

Min
∑

i∈Ngd

Qlc, i (3.7)

subject to (3.2) to (3.4), (3.6) and

∆Qi =
∑

k∈E−gp, i

Qgp, k −
∑

k∈E+gp, i

Qgp, k +
∑

c∈E−gc, i

Qgc, c −
∑

c∈E+gc, i

Qgc, c

+
∑

c∈Eggc, i

Qggc, c −
∑
s∈Si

Qgs, s +Qgd, i = 0, ∀i ∈ Ng (3.8)

Qmin
gs, s ≤ Qgs, s ≤ Qmax

gs, s, ∀s ∈ S (3.9)

Pmin
i ≤ Pi ≤ Pmax

i , ∀i ∈ Ng (3.10)

−Qmax
gp, k ≤ Qgp, k ≤ Qmax

gp, k, ∀k ∈ Egp (3.11)

HPmin
gc, c ≤ HPgc, c ≤ HPmax

gc, c, ∀c ∈ Egc (3.12)

0 ≤ Qlc, i ≤ Qgd, i, ∀i ∈ Ngd (3.13)

where E−gp, i and E
+
gp, i is the set of pipelines from node i. E+gp, i is the set of pipelines

to node i. E+gc, i is the set of compressors with outlet node i. E−gc, i is the set of

compressors with inlet node i. Si is the set of NG sources connected to node i.

Eggc, i is the set of compressors fueled by NG extracted from node i. Ng is the set

of NG nodes. Qgs, s (SCF·h-1) is the flow rate of gas source s. Qgd, i (SCF·h-1) is

the NG load at node i. Ngd is the set of NG nodes with loads. Qlc, i (SCF·h-1)

is the gas load curtailment at node i. Qmin
gs, s and Qmax

gs, s (SCF·h-1) are gas supply

bounds of node i. Pmin
i (psia) and Pmax

i (psia) are operation pressure bounds of

node i. Qmax
gp, k (SCF·h-1) is the flow rate bound of pipeline k. HPmin

gc, c and HPmax
gc, c

are minimal and maximal horsepower of compressor c.
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(3.2.1) expresses the NG flow balance at each node as the algebraic sum of NG

injected and extracted. (3.9) describes the bounds of NG source output. (3.10)

shows the limits of node pressure. (3.11) gives the capacity bounds of pipelines.

(3.12) limits the horsepower of compressors. (3.13) limits the amount of load

curtailment at each node.

To simplify this optimal issue, a new variable Π is introduced where Π = P2.

Then, in addition to (3.2) to (3.4), (3.6), (3.2.1) to (3.13), the objective function

(3.7) is also subject to:

Π
min
i ≤ Πi ≤ Π

max
i , ∀i ∈ Ng (3.14)(

Qgp, k
)2
= (2Ik − 1)

(
Πi − Π j

)
C2
gp, k, ∀k ∈ Egp (3.15)

Qgp, k ≤ 2IkQgp, k, ∀k ∈ Egp (3.16)

where Πmin
i =

(
Pmin

i

)2, Πmax
i =

(
Pmax

i

)2, Πi = (Pi)
2, Π j =

(
P j

)2. Ik = 0 if

Πi < Π j , otherwise Ik = 1.

To solve the modified optimization problem, an existed mixed integer pro-

gramming solver SCIP (Solving Constraint Integer Programs) [126] is used.

3.2.2 Power System Model

The AC PF model is nonlinear and non-convex, while the DC PF extends the

decoupling principle to form linear constraint sets, and only active power equations

are considered.

Compared to AC PF, DC PF is more computation efficient as it reduces the

computation time and iteration number by simplification. Due to this character-

istic, it is widely employed in long-term planning and real-time security analysis,

where calculating speed is dominant with conflict of accuracy.
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The DC power flow equations are based on three assumptions: the line

resistance is much smaller than the line reactance,
��Gbr, k

�� � ��Bbr, k
��; the voltage

angle difference at adjacent buses θi j is small; and all bus voltage magnitudes are

approximated as 1.0 p.u., Ui ≈ U j ≈ 1.0p.u. For a transmission branch k from bus

i to j, the active power flows through is expressed as follows::

Pbr, k = −Bbr, kθi j, ∀k ∈ Ebr (3.17)

where Ebr is the set of power transmission branches. Pbr, k (MW) is the active

power through branch k with the direction from bus i to j. Bbr, k (S) is the branch

susceptance. θi j (rad) is angle difference between bus i and j.

The power bus balance equation is thus presented as follows:∑
k∈E−br, i

Pbr, k −
∑

k∈E+br, i

Pbr, k + Ped, i −
∑
g∈Gi

Peg,g = 0, ∀i ∈ Ne (3.18)

where E−br, i is the set of power branches from node i. E+br, i is the set of power

branches to node i. Gi is the set of power generators at bus i. N e is the set of

power buses. Peg,g is the active power generation of generator g. Ped, i is the

power load at bus i.

Except for the reference bus, all bus active power injection can be expressed

in the form of (3.18). This equation set forms the modeling of DC PF.

A GFG acts as a gas consumer in the NG system. The NG it consumes can be

calculated by the following equation [127]:

Qgfg,g =
HRgfg,g

GHV
, ∀g ∈ Egfg (3.19)

where Egfg is the set of GFGs. Qgfg,g (SCF·h-1) is NG required by GFG g. GHV

(BTU·SCF-1) is the gross heating value. HRgfg,g (BTU·h-1) is the heat rate required

by GFG g, calculated as follows:

HRgfg,g = agfg,g + bgfg,gPgfg,g + cgfg, i
(
Pgfg,g

)2
, ∀g ∈ Egfg (3.20)
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where Pgfg,g (MW) is active power output of GFG g. agfg,g, bgfg,g, and cgfg,g are

heat rate coefficients of GFG g.

Generally, while acceptable system performance is maintained in terms of

constraints, there are several available steady-state operating points. Determina-

tion of the most optimal state with a given objective, such as minimum fuel cost

or network loss, is the OPF problem. It was firstly introduced in the 1960s by

Carpentier and is a useful tool for steady-state power system analysis.

The general mathematical formulation of OPF is given as follows:

min f (x) (3.21)

subject to

g (x) = 0

h (x) ≤ 0
(3.22)

The equality constraint g(x) = 0 includes the branch power flowconstraint as in

(3.17), bus power balance as in (3.18), etc., while the inequality constraint h(x) ≤ 0

includes generator output bounds, voltage magnitude bounds, transmission line

capacities, and so on.

The OPF problem can be solved by the AC or DC power flow. For the AC

version, the state variable vector x is the ungiven voltage angles and magnitudes,

generators’ active and reactive generation. For the DC version, it is the voltage

angles and generators’ active generation. In this chapter, the DC OPF function in

Matpower 6.0b1 is employed for its calculation efficient asMonte Carlo simulation

will introduce a considerable amount of calculation with a large-scale system.
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up

down

Figure 3.1: Up and down process of a repairable component [6].

λ

μ
Down stateUp state

Figure 3.2: State space diagram of a repairable component [6].

3.3 Reliability Assessment

In this section, a frame of power system reliability evaluation considering the fuel

supply system is put forward. The developed framework can be generally adopted

in different target systems according to specific purposes and requirements.

3.3.1 Component Outage Modeling

A CI system is comprised of many interconnected components. The development

of component outage models is fundamental for the system reliability assessment.

Component outages can be classified according to modes, such as repairable

forced outages, planned outages, aging failures, common cause failures.

The most common component failure is the repairable forced outages that can

be modeled by the up-down-up cycle process illustrated by Fig.3.1. The state

transition is shown in Fig.3.2.

The long term component unavailability can be expressed mathematically as
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follows [6]:

U =
λ

λ + µ
=

MTTR
MTTF +MTTR

(3.23)

where λ (failures/year) is the failure rate. µ (repairs/year) is the repair rate. MTTR

(h) and MTTF (h) are the mean time to repair and failure, respectively.

3.3.2 System State Selection

Compared with small-scale systems in which general evaluation methods can be

directly employed, such as probability convolution, series and parallel networks,

minimum cutsets, Markov equations, and frequency-duration approaches, for

large-scale complex systems, critical processes are system state selection and

system analysis.

The system state is essential for systemanalysis to calculatemetrics. Generally,

two methods are usually used for system state selection: state enumeration

and Monte Carlo simulation. For large-scale and complex systems, Monte

Carlo simulation is a preferred method due to its advantages, such as more

accurate, easy to understand and implement, able to calculate indices expectation

and distribution. Its main disadvantage is the computation burden in order to

obtain accurate results. This weakness can be alleviated by advanced computer

technology such as parallel computation.

Monte Carlo simulation simulates the system state based on random numbers.

Basically, there are two kinds of simulation method: non-sequential Monte Carlo

method and sequential Monte Carlo method.

Non-sequential Monte Carlo simulation is used in this chapter. For a two state
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modeled component, its state can be determined as follows:

si =


0 (success) if ri > πd, i

1 (failure) if ri < πd, i
(3.24)

where si is the state of component i. πd, i is the failure probability of component

i. ri is a random number generated uniformly in [0, 1].

For a component with multi states, its state can be determined similarly. For

instance, for a three states component:

si =


0 (success) if ri > πdr, i + πd, i

1 (failure) if πdr, i < ri ≤ πdr, i + πd, i

2 (derated) if 0 ≤ ri ≤ πdr, i

(3.25)

where πdr, i is the probability of the derated state. This expression can be easily

expanded to components with multi derated states.

Then the system state can be presented as the combination of comprised

components as follows:

s = (s1, . . . , si, . . . sn) (3.26)

where n is the number of components in the system.

In order to obtain the estimated probability of a system state, sufficient samples

are compulsory. Then the sampling frequency of the system state can be used as

an unbiased estimate of its probability as follows:

πs, i =
ns, i
nsp

(3.27)

Where πs, i is the estimated probability of state i. nsp is the number of samples

and ns, i is the number of occurrences of system state i in the sampling.

Once the probability of each system state is estimated in the sampling, the

system failure probability and other indices can be calculated through the system

analysis.
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3.3.3 System Analysis

For a failure system state, in order to calculate indices, system analysis should

be conducted. Generally, the techniques of identifying and analyzing problems

in a system state are the same for different engineering systems. These include

contingency analysis for problem recognition and optimization for remedial ac-

tions. In this chapter, we mainly focus on the power composite system and the

NG composite system.

For both systems, when an outage causes system problems, the OPF or OGF

model is used to reschedule supplies and eliminate constraint violations, and at

the same time to avoid any load curtailment if possible or to minimize the total

load curtailment if unavoidable. In this chapter, the objective function of the

optimization models is to minimize the total load curtailment, whereas the load

curtailments at power buses or NG nodes are the parts of the model solution. The

indices are based on the load curtailments in selected system outage states and

their probabilities of occurrence [6].

3.3.4 Reliability Indices

After analysis of the failed system states outlined in the previous steps, reliability

indices can be calculated straightforward.

In this chapter, PLC and EDNS are used as performance indices to quantify the

power system performance considering fuel impacts. By employment of Monte

Carlo simulation, the system indices can be calculated as follows [6]:

PLC =
∑
i∈Slc

πs, i (3.28)
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where Slc is the set of all system states associated with load curtailment.

EDNS =
∑
i∈S

πs, iPlc, i (3.29)

where Plc, i is the load curtailment of state i.

Load point indices can be obtained similarly.

3.3.5 Proposed Approach

The assessment procedure described in this chapter can be directly applied to any

individual CI system. However, for an integrated energy system, it is necessary to

consider recasting themodel and procedure due to the emergence of independence.

For instance, a GFG can be presented by the two-state model when its fuel source

is always sufficient and 100% reliable. However, in the event that there is a

shortage of fuel, the GFG may operate at more than one derated state where a

multi-state component model is needed. Moreover, the probabilities for these

derated states are related to the probabilities of fuel shortage.

In this chapter, failures of both generation and transmission components in the

power system are considered while only pipeline failures in the NG system are

considered.

The proposed assessment approach is described as follows.

First, assess the individual NG system reliability following the basic reliability

assessment procedure by taken GFGs as NG loads. As the purpose is to evaluate

how the NG fuel supply affects power system performance, special attention

should be pay to the NG system nodes that are physically connected to the power

system. The load point reliability indices, such as load not supplied at these

objective nodes, are calculated for each different failure state of the NG system.
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Table 3.1: NG Node Load Curtailment and Probability
Load Curtailment (%) Cl1

i Cl2
i · · · Cl j

i · · · Cln
i

Probability π1
i π2

i · · · π
j
i · · · πn

i

Table 3.2: Simplified NG Node Load Curtailment and Probability
Load Curtailment (%)

(
0, 1−O1

dr,g

] (
1−O1

dr,g, 1−O2
dr,g

]
· · ·

(
1−Ok−1

dr,g, 1−Ok
dr,g

]
· · ·

(
1−Ondr

dr,g, 1
]

Probability π1
lc, i π2

lc, i · · · πk
lc, i · · · π

(ndr+1)
lc, i

Then by accumulating the probabilities of system failure states with the same

load curtailment, the discrete probability distribution of load not supplied can

be determined for each objective node. For example, for objective node i, the

distribution is illustrated in Table 3.1. Cl j
i is the jth discrete value of load

curtailment at node i with a probability of π j
i .

For simplification purposes, load curtailments are sorted in ascending order

and located to intervals distributed in [0, 1]. The number of intervals can be

determined according to the corresponding GFG’s characteristics in the power

system. For instance, suppose in the NG system node i in Table 3.1 supplies

fuel for GFG g in power system which has a number of ndr derated states due

to sufficient fuel resource, then it is reasonable to set (ndr+1) intervals. The

simplified distribution is presented in Table 3.2.

Where Ok
dr,g is the maximum output (percentage of the GFG capacity) at the

kth derated state sorted in descending. πk
lc, i is the probability of load curtailments

falling into interval
(
1−Ok−1

dr,g, 1−Ok
dr,g

]
, which is calculated as follows:

πk
lc, i =

∑
π

j
i , for all j that Ok−1

dr,g < Cl j
i ≤Ok

dr,g (3.30)

When the fuel supply is not 100% reliable, the probability of the kth derated

state of GFG g, πk
dr,g, is calculated by:

πk
dr,g =

(
1 − πd,g

)
πk
lc, i k = 1,2, · · · ndr (3.31)
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where πd,g is the failure probability of GFG g.

It should be noticed that in (3.31) the derated states must also be sorted in

descending order according to the generation output. In other words, derated

states must be the counterparts of load curtailment intervals.

The probability of GFP g operating with output in
(
1−Ondr

dr,g, 1
]
is added to

πf,g, based on the assumption that a GFG will quit when the NG fuel supply

cannot support it to operate at least with the minimum output. Then considering

the NG fuel uncertainty, the failure probability of GFG g is updated as follows:

π′d,g = πd,g +
(
1 − πd,g

)
π
(ndr+1)
lc, i (3.32)

For each GFG, the process should be repeated. Then the power system relia-

bility evaluation can be conducted to observe the system performance accounting

for the uncertainty of NG fuel.

The integrated simulation shown in Fig.3.3 starts from the NG system state

with known network topology, load demand and supply information. In every

simulation round, the NG system operation state is generated randomly according

to components’ failure probabilities calculated as in (3.27). Then, if there is any

NG component failed, run OGF to calculate the load curtailment at each node,

record the results and turn to the next iteration. Otherwise, load curtailment is

zero, record the result and turn to the next iteration. By the end of simulation of the

NG system, probability distributions of NG supplied to GFGs can be calculated.

With simulation results of the NG system, the discrete distribution of NG

supplied to each GFG and its associated probability can be generated. Then the

multi-state model of GFGs can be established. With these models, as well as

the given network topology and other component reliability data, power system

simulation also starts from an initial system state with all components on. The
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Figure 3.3: Procedure flowchart of power system reliability evaluation considering
fuel impacts.

random system operation state is generated using non-sequential Monte Carlo

simulation. If necessary, OPF would be run with the objective function of

minimum load shedding. After completion of all simulations rounds, power

system performance indices are calculated. It should be noticed the GFG outage

model is shifted from two states to multi states with the impact of the associated

NG supply system.
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Figure 3.4: Belgian NG transmission system

3.4 Case Study

The modified Belgian NG transmission system [128] and the IEEE-24 reliability

test system [129] are used for the case study.

3.4.1 Test Systems

The modified NG system, as shown in Fig.3.4, includes 24 pipelines and 20 nodes

as described in Table 3.3 and Table 3.4, respectively.

It is assumed that all NG demands are interruptible and have the same priority.

The failure rate and repair time of all the pipelines are assumed to be the same

as λgp = 0.2 failures/year·km and rgp = 48 hours [130]. The pipeline failure

probability is calculated as follows:

µgp =
8760
rgp

(3.33)

Ugp =
λgp

λgp + µp
(3.34)
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Table 3.3: Nodes of Belgian Gas Transmission System

Node Town
Supplymin Supplymax Demand Pmax Pmin

(Mm3/day) (Mm3/day) (Mm3/day) (Bar) (Bar)

1 Zeebrugge 17.39 8.87 0 77 0
2 Dudzele 12.6 0 0 77 0
3 Brugge 0 0 5.88 80 30
4 Zomergem 0 0 0 80 0
5 Loenhout 7.2 0 0 77 0
6 Antwerpen 0 0 6.05 80 30
7 Gent 0 0 7.88 80 30
8 Voeren 33.02 20.34 0 66.2 50
9 Berneau 0 0 0 66.2 0
10 Liège 0 0 9.55 66.2 30
11 Warnand 0 0 0 66.2 0
12 Namur 0 0 0.775 66.2 0
13 Anderlues 1.8 0 0 66.2 0
14 Péronnes 1.44 0 0 66.2 0
15 Mons 0 0 10.27 66.2 0
16 Blaregnies 0 0 23.42 66.2 50
17 Wanze 0 0 0 66.2 0

where µgp(repairs/year) is the pipeline repair rate. Ugp is the pipeline unavailabil-

ity.

The Reliability Test System Task Force developed a test system in 1979, as

shown in Fig.3.5 for better benchmarking and comparison of different methods.

The details of the test system such as generator and transmission line parameters,

are skipped here, and interested readers can refer to the literature [129].

Two subcases are used to assess the effect of the fuel supply system as follows:

Case I-a) Independent power system and NG system. There are no power

generators fueled by NG. Besides, all gas compressors are driven by gas turbines.

In other words, the power system and the NG system are not physically connected.

Case I-b) Physically connected power system and NG system through GFGs.

Two 155 MW GFGs are located at bus 15 and bus 16 in the power system, and
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Table 3.4: Pipelines of Belgian Gas Transmission System
Pipeline From Node To Node Length (km) Cgp, k Capacity(Mm3/day)

1 1 2 4.0 3.01169 125.08
2 1 2 4.0 3.01169 125.08
3 2 3 6.0 2.45898 102.13
4 2 3 6.0 4.91796 102.13
5 3 4 26.0 1.18128 49.06
6 5 6 43.0 0.31663 13.15
7 6 7 29.0 0.38556 16.01
8 7 4 19.0 0.47633 19.78
9 4 14 55.0 0.81219 33.73
10 8 9 5.0 2.69374 111.88
11 8 9 5.0 0.32869 13.65
12 9 10 20.0 1.34687 55.94
13 9 10 20.0 0.16434 6.83
14 10 11 25.0 1.20467 50.03
15 10 11 25.0 0.14699 6.11
16 11 12 42.0 0.92943 38.6
17 12 13 40.0 0.95238 39.56
18 13 14 5.0 2.69374 111.88
19 14 15 10.0 1.90476 79.11
20 15 16 25.0 1.20467 50.03
21 11 17 10.5 0.22681 9.42
22 17 18 26.0 0.08012 3.33
23 18 19 98.0 0.04127 1.71
24 19 20 6.0 0.16679 6.93
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Figure 1 - IEEE Reliability Test System

2050

230 kV

138kV

Figure 3.5: IEEE-24 reliability test system
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Figure 3.6: Connected power system and NG system.

Table 3.5: Heat Rate Coefficients of GFGs
GFG Bus Capacity (MW) agfg, i bgfg, i cgfg, i

1 15 155 0 8.13457 0
2 16 155 0 8.13457 0

the NG is supplied by node 12 (Namur) and node 20 (Petange) of the NG system,

respectively, as shown in Fig.3.6. In this chapter, it is assumed that the active

power generated by a GFG has a linear relationship with the NG input [131]. The

characteristics of GFGs in the modified power system are shown in Table3.5.

3.4.2 Simulation Results

Table 3.6 presents the probability distribution of NG not supplied for node 12 and

20.

The simulation results of the NG system demonstrate that contingencies in the

NG system could result in a cut-off or reduction of NG supplied to GFGs. The

probabilities of NG supplied without reduction at node 12 and 20 are 0.924242424

and 0.811818182, respectively, both the highest one. The probability of reduced

NG supply at node 12 is as high as 0.064545454, which is almost six times of
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Table 3.6: NG Network Simulation Result
Node Gas not Supplied (%) Probability

12

0.00% 0.924242424
11.81% 0.038181818
43.96% 0.023333333
66.93% 0.003030303
100.00% 0.011212121

20
0.00% 0.811818182
21.27% 0.000909091
100.00% 0.187272727

Table 3.7: Output and Probability of GFGs

GFG Case Generation(MW) Probability

GFG at bus 15
Case I-b)

51.2661 0.002909091
86.8647 0.0224
136.6940 0.036654545

0 0.050763636
155 0.887272727

Case I-a)
0 0.04
155 0.96

GFG at bus 16
Case I-b)

122.0351 0.000872700
0 0.219781818
155 0.779345455

Case I-a)
0 0.04
155 0.96

100% NG supply reduction.

When considering the fuel supply impact, the GFGs may be constrained to

operate at derated states. Table 3.7 provides a comparison of the GFGs generation

output and corresponding probabilities in Case I-b) and Case I-a).

It can be seen clearly that in Case I-b) the probability of success state at

full capacity of 155MW is decreased while the failure probability is increased

significantly in comparison with Case I-a). It is especially obvious for the GFG
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Figure 3.8: Power system PLC.

at bus 16. The reason is that its fuel is supplied by node 20 in the NG system,

which has much longer distance from main NG sources. In other words, in the

NG system, NG load at node 20 is more vulnerable to contingencies than NG load

at node 12, which is determined by the NG network topology.

The impacts placed by the NG fuel supply system leads to reduced power
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system performance, which can be displayed by the significant increase of EDNS

and PLC in Case I-b) in comparison with Case I-a). EDNS increases sharply

by 41.2856% from 14.5857 MW to 20.6075 MW as shown in Fig.3.7, while

PLC increases by 33.3529% from 0.08527 to 0.11371, as shown in Fig.3.8.

This result can be easily explained. In the combined scenario, increased GFG

failure probabilities, in turn, increase the probability of the power system load

curtailment. The increase is more obvious if large capacity GFGs are connected

to an NG system with a weak network, for example, lack of redundancy. The

power system EDNS also becomes larger due to increased failure probabilities

and decreased outputs of GFGs.

Simulation results reveal two key insights: first, the interdependence impact

is significant and should not be ignored; second, the interdependence worsens

power system performance. Therefore, the power system becomes less reliable

and resilient considering the fuel supply system. Neglecting these factors in

the reliability or resilience assessment of power system would result in the

underestimation of the problem.

3.5 Summary

This chapter provides a method for power system performance assessment consid-

ering the impact of NG fuel supply systems. The multi-state model is developed

for GFGs incorporating the NG fuel supply uncertainty. Simulation results show

that the power system reliability is affected by the reliability of the NG fuel system.

The simulation results also verified the effectiveness of the approach developed

in this chapter.
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Chapter 4

Spatial-temporal Reliability and Damage Assessment
of Transmission Networks under Hurricanes

Hurricanes can damage power transmission network structure
components, e.g., towers and conductors, and threat the power system
reliability. A spatial-temporal reliability and damage assessment
method is proposed to evaluate the effect of hurricanes. The hur-
ricane can be a simulated, historical or forecasting one for different
application purposes, where the full track hurricane simulationmodel,
historical records and forecasting information are used for the event
construction, respectively. In the component failure analysis, the time-
varying failure probability of transmission towers and conductors are
modeled as functions of the time-varying hurricane intensity. In the
reliability and damage assessment, the Monte Carlo simulation is
adopted. The Energy Not Supplied and power outage costs caused
by the hurricane event are used as operational indices, and the
asset damage cost is proposed to quantify the damage of transmis-
sion networks. The modified IEEE 24-reliability test system and the
two-area IEEE reliability test system -1996 affected by a simulated
hurricane, respectively, are used in the case study to validate the
proposed method. Simulation results show the method can quantify
the hurricane impacts, identify the weak network parts, and provide
information for pre-event preparedness for forecasting events.
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4.1 Introduction

Transmission networks, made of interconnected transmission lines, deliver elec-

tricity from power generation plants to substations over a large area. An overhead

transmission line generally comprises three kinds of components, i.e., towers,

conductors, and insulating structures. These components are directly exposed to

adverse weather conditions, such as hurricanes. The strong wind together with

torrential rain induced by a hurricane could cause the failure of transmission lines

in ways of damaging, collapsing transmission towers or blowing down conductors.

The majority of weather-related transmission line failures in the U.S. have been

attributed to hurricanes.

Compared with normal weather conditions, the failure probability of elec-

trical components increases significantly under extreme weather events [132].

Reliability and damage assessment of transmission networks under hurricanes

can quantify the event severity and is necessary for proactive preparation, quick

response, and rapid recovery when a forecasting hurricane is approaching.

The hurricane is the tropical cyclone that develops over the Atlantic and the

eastern Pacific Ocean with a minimum sustained wind speed of 74 mi·h-1 [133].

A hurricane is described by the time-varying track and intensity. The hurricane

hazard impact analysis can be classified into the probabilistic method and the

scenario-based method [134]. The probabilistic method is used to evaluate the

aggregated effect of all possible hurricanes and is usually used for long-term

design and planning purposes. The scenario-basedmethod focuses on the study of

a specific hurricane event, which can be built from simulation, historical records

or forecast. For a forecasting hurricane event, a hurricane’s future track and

intensity is issued by the National Hurricane Center 2 to 5 days ahead according

to predictions of numerical prediction models based on available observations.
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For a historical hurricane event, the record can be selected from databases such

as the Atlantic hurricane database. For a simulated hurricane event, the statistical

model is adopted to simulate a specific hurricane event. The scenario-based

method is adopted in this chapter intending to provide information for power

system operators in the short term to help to make a decision.

Under a specific hurricane event, electrical component outage models are

fundamental upon which power system reliability assessment techniques depend,

such as analytical methods [135], [136] and Monte Carlo simulation [37]. Con-

siderable efforts have been devoted to modeling component outage considering

weather effects. In [32], [33], two and multi-state weather models are utilized

to incorporate the weather effects into component outage models, where the

weather conditions are divided into discrete states, in each of which the component

failure rate is constant. The regional weather model [37] is used to include the

regional weather effects on a transmission line traversing a large area, which

is not considered in [32], [33]. Both multi-state weather models and regional

weather model are developed for long-term power system reliability assessment

and inadequate to represent the continuous time-varying weather conditions of

hurricanes. Besides, weather conditions also change continuously over space,

which has not been well reflected in models developed in [32], [33], [37].

To map the spatial-temporal hurricane impacts to transmission networks, it

is necessary to model component failures as functions of both time and space

changing weather conditions. When it comes to the transmission line, regarding

time, at the site of the same tower or conductor segment, the wind speed

experiences variation, due to combined effects of the changing distance to the

hurricane center and the time-varying hurricane intensity. Regarding space, at

any instant, at sites of different towers and conductor segments, wind speeds also

vary due to terrain features and distances to the hurricane center. Two types of
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models, i.e., data-based statistical models [40], [41], [50] and mechanism analysis

based models [47], [48], [137], are widely adopted to model components failures

under extreme weather events. The effectiveness of statistical models relies on

the amount and quality of historical data [40], [41], [50]. In the situation of

insufficient data, mechanism analysis based models are an alternative, such as

fragility curves used in [51], [52]. These models can better describe the spatial-

temporal impact of the hurricane by taking the continuous time-changing weather

condition as an input variable of the component failure model.

Using both statistical component failuremodels andmechanism analysis based

component failure models, a spatial-temporal reliability and damage assessment

method of transmission networks under hurricanes is proposed. At sites of towers

and conductor segments, time-varyingwind speeds and rainfall rates are calculated

using the hurricane event information. The spatial-temporal varying weather

conditions are input to calculate the time-changing failure probability of spatially

distributed towers and conductors. The gained time-varying component failure

probabilities are used in the probability-based reliability and damage evaluation

using Monte Carlo simulation. In addition to the power outage related cost, the

cost induced by transmission asset damage is proposed to quantify the hurricane

impact on transmission infrastructure. The contribution of this chapter can be

summarized as follows: 1) The time-space varying impact of the hurricane with

uncertainty on transmission network is considered through the component outage

models. 2) Reliability indices, i.e., energy not supplied and asset damage indices,

are integrated to quantify the performance of transmission networks under extreme

weather events.

The rest of this chapter is divided into five sections. Section 4.2 introduces the

hurricane hazard and its models. Section 4.3 presents transmission component

failure models. Section 4.4 outlines the method for the reliability and damage
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evaluation of transmission networks under hurricanes. Section 4.5 presents the

case study and numerical results. Section 4.6 summarizes.

4.2 Hurricane Simulation Model

In the hurricane impact analysis, the statistical model described in the following

parts in this section is adopted to simulate a specific hurricane event. The initial

conditions of a hurricane including the position, date and time, intensity (specified

by the central pressure difference) are determined by a stochastic approach as

introduced in [138].

4.2.1 Hurricane Track Model

After the initial generation, the hurricane moves over space with time-changing

direction, translation speed, and intensity, as shown in Fig. 4.1, taking hurricane

Michael as an example. The assessment horizon T is divided into equal time inter-

vals with a length of ∆t, and T = |T |, and t ∈ T. The hurricane heading direction,

translation speed, and intensity are obtained subsequently by the empirical track

model developed by Vickery [139] as follows:

∆ lnV = at
hc1 + at

hc2ψ
t
hc + at

hc3ϕ
t
hc + at

hc4 lnVt
hc + at

hc5β
t
hc + εV (4.1)

∆β = bt
hc1 + bt

hc2ψ
t
hc + bt

hc3ϕ
t
hc + bt

hc4V
t
hc + bt

hc5β
t
hc + bt

hc6β
t−1
hc + εβ (4.2)

ln It+1
hc = dt

hc1 + dt
hc2 ln It

hc + dt
hc3 ln It−1

hc + dt
hc4 ln It−2

hc

+dt
hc5T

t
s + dt

hc6

(
Tst+1 − T t

s

)
+ εI (4.3)

where ∆ lnV = lnVt+1
hc − lnVt

hc. Vt
hc (m·s-1) is the hurricane translation speed.

ψt
hc and ϕ

t
hc (degree) are the latitude and longitude of the hurricane center. ∆β =
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Figure 4.1: Hurricane Michael, Oct 2018 [7].

βt+1
hc − β

t
hc. βt

hc (in degrees from north) is the hurricane heading direction. It
hc

is the relative intensity. T t
s (K) is the sea surface temperature. at

hc1 to at
hc5, bt

hc1

to bt
hc6, dt

hc1 to dt
hc6 are model coefficients derived from historical data varying

with regions. εV, εβ and εI are random errors of the translation speed, heading

direction and relative intensity, respectively.

When the hurricane center is over the ocean, the relative intensity It
hc is

specified as follows [140]:

It
hc =

∆pt
hc

pda − pdc
(4.4)

∆pt
hc = pa − p

t
hc (4.5)

where ∆pt
hc (mb) is the central pressure difference. pda (mb) is the surface value

of the partial pressure of ambient dry air. pdc (mb) is the minimum sustainable

surface value of the central pressure of dry air. pt
hc (mb) is the hurricane central

pressure. pa is the ambient pressure (1013 mb).
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Figure 4.2: Pressure and wind distribution across a hurricane [8].

After landfall, the hurricane intensity would decay over time due to the loss

of energy source. As a result, the hurricane central pressure increases over time.

The changing of central pressure difference, ∆pt
hc, is described by the exponential

decay principle [141], as follows:

∆pt
hc = ∆p

tlf
hc exp (−ad (t − tlf)) , t > tlf (4.6)

ad = ad0 + ad1

(
∆p

tlf
c V

tlf
hc

R
tlf
wm

)
+ εad (4.7)

where tlf is the time when the hurricane makes landfall. ad is the decay constant.

∆p
tlf
hc (mb), Vtlf

hc (m·s-1) and R
tlf
wm (km) are the central pressure difference, the

translation speed and the radius of maximum wind speed at tlf, respectively. ad0

and ad1 are decay constants derived from historical data. εadis the zero-mean

normally distributed error.

4.2.2 Wind Field Model

At the gradient height and above, the gradient wind speed is a function of radius,

as shown in Fig.4.2. According to Holland [142], at radius r (km) to the hurricane
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center, the gradient wind speed Vt
G, r (m·s-1) is calculated as follows:

Vt
G, r =

©­­­­«
(
Rt
wm
r

)Bt

Bt
∆pt

hc

exp
(
−

(
Rt
wm
r

)Bt
)

ρ
+

fr2r2

4

ª®®®®¬
1
2

−
r fr
2

(4.8)

Bt = 1.881 − 0.00557Rt
wm − 0.01295ψt

hc + εB (4.9)

lnRt
wm = 3.859 − 7.7001 × 10−5 (

∆pt
hc
)2
+ εlnRwm (4.10)

fr = 2Ω sin ϕr (4.11)

whereRt
wm (km) is the radius of maximum wind speed, which is a function of ∆t

hc

and ψt
hc [143]. B

t is the Holland pressure profile shape parameter [138]. ρ is the

air density (1.15kg·m-3). fr is the Coriolis coefficient. Ω is the earth rotation rate

(7.2921×10-5 rad/s). ϕr (degree) is the site latitude. εB and εlnRwm are normally

distributed random errors [138], [143].

The wind speed below the gradient height varies vertically due to ground

surface roughness. At radius r (km) to the hurricane center and height h (m),

the mean wind speed Vt
h, r (m·s-1) is calculated using widely accepted power-law

profile model [144], as follows:

Vt
h, r = Vt

G, r

(
h

hG

)αr
(4.12)

where αr is the power-law exponent related to local terrain roughness. hG (m) is

the gradient height.

4.2.3 Rainfall Model

The rainfall model is used to calculate site rainfall rate determined by the hurricane

intensity, the central pressure changing rate, and the translation speed [145], as
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follows:

R f t
r = k t

1k t
2k t

Vk t
r (4.13)

k t
1 = 0.0319∆pt

hc − 0.0395, k t
1 ≥ 1 (4.14)

k t
2 = 1.0 − 0.01

dpt
hc

dt
(4.15)

k t
r = −5.5 + 110

Rt
wm
r
− 390

(
Rt
wm
r

)2
+ 550

(
Rt
wm
r

)3
− 250

(
Rt
wm
r

)4
(4.16)

where R f t
r (mm·h-1) denotes the site rainfall rate at radius r (km). k t

r is the

auxiliary variable. dt
hc/dt (mb·h-1) is the central pressure changing rate. k t

1, k t
2

and k t
V
are correction coefficients for the hurricane intensity, the central pressure

changing rate, and the translation speed, respectively.

4.3 Component Failure Model

Under hurricanes, some components, e.g., transmission towers and conductors,

are directly exposed to the hurricane wind and rainfall, while some are not, e.g.,

components underground and shielded in buildings. In this work, the hurricane

impact caused by intense wind and strong rainfall is considered, while the flood

effect is not included. Thus, the failures of underground gas components under

hurricanes, which are mainly related to the flood, are not taken into account. This

section maps hurricane impacts on failure probabilities of exposed transmission

towers and conductors, using mechanism analysis based and data based models,

respectively.

The impact of hurricanes can be represented by using some defined parameters

that indicate their severity. When a hurricane moves on land, its effects are mainly

strong winds and heavy rainfall. Thus, in this chapter, wind speed and rainfall are
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Figure 4.3: Transmission towers under a hurricane.

selected as two hurricane parameters.

4.3.1 Hurricane Intensity at Component Locations

As illustrated in Fig .4.3, from t = 1, the hurricane begins to affect tower k

located at
(
xtw, k, ytw, k

)
(km). The tower suffers the strongest wind at time slot

2. After time slot 3, the hurricane imposes no impact on the tower. Red solid

curves describe the site gradient wind speed that changes with the distance from

the hurricane center.

With given information of hurricane location and intensity, the distance

between the hurricane center and the location of tower k at t, rt
tw, k , is calculated

first to calculate the hurricane wind speed and rainfall rate at the tower site, as

follows:

rt
tw, k =

( (
xtw, k − xt

hc
)2
+

(
ytw, k − yt

hc
)2

)0.5
, ∀t ∈ T, k ∈ Etw (4.17)

where
(
xt
hc, y

t
hc

)
(km) is the hurricane center location at t. Etw is the set of
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transmission towers.

Substitute rt
tw, k into (4.8), the gradient wind speed at the location of tower k,

Vt
G, rttw, k

, is obtained. However, in the U.S., the basic wind speed is 3-second gust

wind speed at a height of 10 meters [146]. Therefore, Vt
G, rttw, k

is converted by

(4.12) and the gust factor, as follows:

Vt
tw, k = GτV

t
G, rttw, k

(
hd
hG

)αtw, k
, ∀t ∈ T, k ∈ Etw (4.18)

where Vt
tw, k (m·s-1) and αtw,k are the 3-second, 10-meter wind speed and the

power-law exponent at the location of tower k. hd= 10m. Gτ is the gust factor.

4.3.2 Failure Model of Transmission Towers

The effect of hurricanes on a tower is closely related to the tower structure

responses. The analytical fragility function [51] based on structural characteristics

is used to evaluate the probability that a tower collapses under hurricanes. The

fragility curve is defined as the cumulative distribution function of the capacity

of a tower to resist an undesirable limit state.

In addition to strong wind, hurricanes also introduce heavy rain. The rain load

on a transmission tower is related the wind speed. To include the rainfall impact,

the concept of equivalent wind speed1 in [51] is used, as follows:

V∗ttw, k = Vt
tw, k + atw

(
R f t

tw, k

)btw
exp

(
ctwVt

tw, k

)
−dtw exp

(
etwVt

tw, k

)
, ∀t ∈ T, k ∈ Etw (4.19)

where R f t
tw, k (mm·h-1) is the rainfall rate at the location of tower k. V∗ttw, k (m·s-1)

is the equivalent wind speed at the location of tower k. atw, btw, ctw, dtw and etw

1Wind speed in the following part of this thesis refers to the 3-second gust at 10m height.
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are constants. The equation indicates equivalent wind speed is a fusion of the

basic wind speed and rain intensity.

The failure probability πt
tw, k of tower k, is mathematically described by the

lognormal fragility curve [108] as follows:

πt
tw, k =

1
√

2πσtw, k

∫ xttw, k

−∞

exp
©­­«
−

(
τ − µt

tw, k

)2

2
(
σtw, k

)2

ª®®¬ dτ ∀t ∈ T, k ∈ Etw (4.20)

where xt
tw, k = lnV∗ttw, k is the natural logarithm of the equivalent wind speed. µtw, k

and σtw, k are the logarithmic mean and standard deviation, respectively.

The attacking angle of hurricane wind on towers also has an impact on the

tower failure probability. Various of µtw, k and σtw, k in (4.20) are used to reflect

the influence of wind attacking angle [51].

4.3.3 Failure Model of Conductors

The regression method proposed in [147] is extended to formulate the time-

varying failure rate of conductors under hurricanes. The transmission conductor

is divided into segments, each of which is assumed to be in the same terrain and

exposed to the hurricane intensity at the central location of each segment. The

failure rate λt
cs, k (failure·km

-1·h-1) of conductor segment k is expressed as follows:

λt
cs, k = Lcs, k exp

(
acs, kVt

cs, k

Vdcs, k
+

bcs, k R f t
cs, k

R f dcs, k
+ ccs, k

)
, ∀t ∈ T, k ∈ Ecs (4.21)

where Lcs, k (km) is the segment length. Vt
cs, k (m·s-1) and R f t

cs, k (mm·h-1) are

the wind speed and rainfall rate at the location of segment k, respectively. Vdcs, k

(m·s-1) and R f dcs, k (mm·h-1) are the design wind speed and design rainfall rate

of segment k, respectively. acs, k , bcs, k , and ccs, k are segment parameters derived

from historical data. Ecs is the set of transmission conductor segments.
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Figure 4.4: Two state model for common cause failure under hurricanes.

Then, without considering repairs, according to the discrete-time Markov

process with constant failure rate at time slot t, the failure probability πt
cs, k of

segment k is calculated as follows [148]:

πt
cs, k = (1 − π

t-1
cs, k)(1 − exp

(
−λt

cs, k∆t
)
) + πt-1

cs, k, ∀t ∈ T, k ∈ Ecs (4.22)

In this thesis, failures of towers and conductor segments are assumed to be

independent. The transmission line fails if at least one of its conductor segments or

towers fail. Based on the series model, the failure probability of the transmission

line k with ntw towers and nsg conductor segments, πt
ln, k , is calculated as follows:

πt
ot, k = 1 −

ntw∏
i=1
(1 − πt

tw, i)

ncs∏
j=1
(1 − πt

cs, j), ∀t ∈ T, k ∈ Eot (4.23)

where Eot is the set of overhead transmission lines.

4.3.4 Common-cause Failure under Hurricanes

As defined in [37], a common cause outage is an event having an external cause

with multiple failure effects where the effects are not consequences of each other.

The individual two-state models are used for the common-cause outage and each

independent outage, as shown in Fig. 4.4.
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The two-state model in Fig. 4.4(a) is applied to independent outages of each

component and that in Fig. 4.4(b) to their common-cause outage. Each indepen-

dent outage and the common-cause outage are independent and not exclusive of

each other [6].

The associated probability of the j-th system state (a combination of inde-

pendent outages and common-cause outage) can be calculated by the following

equation:

πt
ss, j =

∏
i⊂sui

πt
u, i ·

∏
i⊂sdi

πt
d, i ·max

{
I t
cdπ

t
cd,

(
1 − I t

cd
)
πt
cu)

}
, i = (1,2, · · · nco) (4.24)

where nco is the number of components that may suffer a common-cause outage.

sui and sdi are the set of components without and with independent outages,

respectively. πt
d, i and π

t
u, i are the independent outage occurrence and nonoccur-

rence probability of component i, respectively. πt
cd and πt

cu are the probability

of common-cause outage occurrence and nonoccurrence, respectively. I t
cd is

the common-cause outage indicator (if common cause outage occurs, I t
cd = 1;

otherwise, I t
cd = 0). For two transmission circuits sharing the same supporting

towers, nco = 2, πt
cd is the probability that at least one tower fails, πt

cu is the

probability that all towers are up.

4.4 Reliability and Damage Assessment

Based on component failure models in Section 4.3, power system reliability

assessment can be conducted by analytical or simulation methods. In analytical

methods, all possible system states should be enumerated in theory, which is

computationally expensive for large-scale systems. In practice, only limited

system states are enumerated by probability criterion or order criterion. The

drawback is that it underestimates the situation and leads to conservative results,
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especially under extreme conditions, such as hurricanes. Therefore, the Monte

Carlo simulation is adopted to evaluate the spatial-temporal hurricane impact on

transmission networks.

Reliability indices and damage indices are used to reflect the hurricane impact

on the system reliability and physical network damage, respectively.

4.4.1 Assessment Method

An overview of the assessment procedure is illustrated in Fig.4.5. The detailed

description of the procedure is shown in the following steps:

Step 1) Data collection.

Step 1.1) Power system information acquisition, including network topology

information, load forecast data, component electrical parameters, component

value, structure feature, system operation constraints, such as the bounds of power

generators, transmission lines and so on. Besides, the historical records of power

system damage caused by hurricanes are also required.

Step 1.2) Geographic data collection, including geographic locations and local

terrain information of components, which can be gained from the geographic

information system. This data are used to calculate the wind and rainfall intensity

at component sites.

Step 1.3) Hurricane event data, such as the time-varying hurricane center

location, translation speed, moving direction, central pressure deficiency and

coefficients needed in the hurricane wind field model. According to different

application purposes, the hurricane information can be gained from the meteoro-

logical department, generated using the hurricane simulation model developed in

Section 4.2 or selected from historical hurricane records.
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Step 2) Discretize the studied time span and transmission lines into a proper

number of intervals. At time slot t, determine the hurricane center location and

intensity. Then, calculate the distances from component locations to the hurricane

center. Next, calculate the sitewind speed and rainfall rate for components exposed

to the hurricane. After that, determine the component failure probability in t using

the models developed in Section 4.3.

Step 3) Monte Carlo simulation. At the beginning of a new iteration, check if

it is converged. At the end of each iteration, calculate the power system reliability

and asset damage indices.

If it is not converged, generate new system states2. The power system is

assumed to be in the normal state at the beginning, which means all components

are up. Then in time slot t, pick a component, check if it is down. If so, turn to the

next component; else, determine the component state by comparing the component

failure probability in t with a randomly generated number uniformly distributed

in [0, 1]. If the randomly generated number is larger than the component failure

probability, the component is determined to be up in t, record it and turn to

the next time interval. Otherwise, the component is simulated to fail in the left

time. When all component states over T are gained, the power system state in t is

determined by the combination of all component states in t.

Step 4) Reliability assessment commitment. In T, with a simulated system

state, check if any component fails. If no, start the next iteration as described

in step 3. If yes, record the number of damaged components, calculate and

update asset damage cost. Then, conduct the reliability assessment commitment

2Apower systemcomprises of buses, branches, and generators. Buses, generators and underground
cables are assumed to be reliable under hurricanes. Towers and conductors comprising overhead
transmission lines have two states, as up and down. The overhead transmission line is down at
least one of the towers or conductors is down. The system state is the combination of transmission
lines on σ-algebra space.
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Figure 4.5: Flowchart of transmission network reliability and damage assessment
under hurricanes.

(RAC) described in the following to determine if all load can be satisfied with

generation redispatch and generator curtailment in T. If all required loads can be

satisfied, load curtailments are zero, start the next iteration as described in step

3. Otherwise, the time-varying optimal load curtailments at load buses are output

results given by the RAC. Then, update load curtailments to the results and turn

to the next iteration as described in step 3.
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Considering the market processes in ERCOT [30], PJM [31] etc., the load

curtailment model is formulated as a RAC problem as follows:

min Ccost =
∑
t∈T


VOLL

∑
i∈Ne

Pt
lc, i︸            ︷︷            ︸

Load shedding cost

+ Cpen
∑
g∈GDA

|ut
g − ut

DA,g |︸                      ︷︷                      ︸
Penalty cost of unit status adjustment


(4.25)

∑
g∈GDA, i

Pt
eg,g +

∑
g∈GRT, i

Pt
eg,g +

∑
k∈E+br, i

Pt
br, k −

∑
k∈E−br, i

Pt
br, k

= Pt
ed, i − Pt

lc, i, ∀t ∈ T, i ∈ Ne (4.26)(
I t
br, k − 1

)
Pmax
br, k ≤ Pt

br, k − Bbr, k

(
θ+ t
br, k − θ

-, t
br, k

)
≤

(
1 − I t

br, k

)
Pmax
br, k , ∀t ∈ T, k ∈ Ebr (4.27)

−I t
br, k Pmax

br, k ≤ Pt
br, k ≤ I t

br, k Pmax
br, k , ∀t ∈ T, k ∈ Ebr (4.28)

Pt
eg,g + r t

R+,g + r t
S,g ≤ Pmax

eg,gut
g, ∀t ∈ T, g ∈ GDA ∪ GRT (4.29)

Pmin
eg,gut

g ≤ Pt
eg,g − r t

R-,g, ∀t ∈ T, g ∈ GDA ∪ GRT (4.30)

r t
R+,g ≤ R5+

g ut
g, ∀t ∈ T, g ∈ GDA ∪ GRT (4.31)

r t
R-,g ≤ R5-

g ut
g, ∀t ∈ T, g ∈ GDA ∪ GRT (4.32)

r t
S,g ≤ R10 +

g ut
g, ∀t ∈ T, g ∈ GDA ∪ GRT (4.33)

ut
g = u0

g, ∀t ∈
[
1, UTR,g + DTR,g

]
, g ∈ GDA ∪ GRT (4.34)

UTR,g = max
{
0,

(
UTg − UT0,g

)
u0
g

}
, ∀g ∈ GDA ∪ GRT (4.35)

76



Hurricane Impacts on Power System Reliability Chapter 4

DTR,g = max
{
0,

(
DTg − DT0,g

) (
1 − u0

g

)}
, ∀g ∈ GDA ∪ GRT (4.36)

t∑
h=t−UTg+1

vh
g ≤ ut

g, ∀t ∈
{
UTg, ...,T

}
, g ∈ GDA ∪ GRT (4.37)

t∑
h=t−DTg+1

ωh
g ≤ 1 − ut

g, ∀t ∈
{
DTg, ...,T

}
, g ∈ GDA ∪ GRT (4.38)

vt
g − w

t
g = ut

g − ut-1
g , ∀t ∈ T, g ∈ GDA ∪ GRT (4.39)

Pt
eg,g − Pt-1

eg,g ≤ R60+
g ut-1

g + RSU
g vt

g, ∀t ∈ T, g ∈ GDA ∪ GRT (4.40)

Pt-1
eg,g − Pt

eg,g ≤ R60-
g ut

g + RSD
g wt

g, ∀t ∈ T, g ∈ GDA ∪ GRT (4.41)∑
g∈GDA∪GRT

r t
R+,g ≥ 0.02

∑
i∈Ne

(
Pt
ed, i − Pt

lc, i

)
, ∀t ∈ T (4.42)

∑
g∈GDA∪GRT

r t
R-,g ≥ 0.02

∑
i∈Ne

(
Pt
ed, i − Pt

lc, i

)
, ∀t ∈ T (4.43)

∑
g∈GDA∪GRT

r t
S,g ≥ 0.1

∑
i∈Ne

(
Pt
ed, i − Pt

lc, i

)
, ∀t ∈ T (4.44)

Pt
ed, i ≥ Pt

lc, i ≥ 0, ∀t ∈ T, i ∈ Ne (4.45)

where GDA is the set of generators committed on the day-ahead market. GRT

is the set of generators can be scheduled in the operating day. Ne is the set of

buses. Ebr is the set of branches. VOLL ($·MWh-1) is the value of load loss.

Bbr, k (S) is the susceptance of transmission line k. Pmax
br, k (MW) is the rate of the

transmission line k. E+
br, i and E-

br, i are the set of transmission lines to and from

bus i, respectively. vt
g, wt

g, ut
g are the start-up command, shut-down command,

on/off status of unit g during time slot t, respectively. Pt
eg,g (MW), r t

S,g (MW),

r t
R+,g (MW) and r t

R-,g (MW) are the set-point, spinning reserve, up regulation
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reserve and down regulation reserve of unit g during time slot t, respectively.

Pmin
eg,g(MW) and Pmax

eg,g (MW) are the minimal and maximal real power output of

unit g, respectively. UTR,g (h) and DTR,g (h) are the minimum up and down

duration of unit g, respectively. UTg (h) and DTg (h) are the minimum up and

down duration of unit g, respectively. UT0,g (h) and DT0,g (h) are the number

of time slots the unit g has been up and down before the assessment horizon,

respectively. R5+
g (MW·h-1), R10+

g (MW·h-1), and R60+
g (MW·h-1) are the maximum

5-min, 10-min and 60-min ramp-up rate of unit g, respectively. R5-
g (MW·h-1)

and R60-
g (MW·h-1) are the maximum 5-min and 60-min ramp down rate of unit g,

respectively. RSD
g (MW) and RSU

g (MW) are the shut-down and start-up capacity of

unit g, respectively. Pt
ed, i (MW) and Pt

lc, i (MW) are the forecast load and shedding

load at bus i during the assessment horizon. Pt
br, k (MW) is the power flow on

transmission line k during time slot t. θ+, tbr, k and θ
-, t
br, k are the bus angle of the from

bus and to bus of transmission line k, respectively. I t
br, k is the operating status of

transmission line k (1 for operation, 0 otherwise).

In (4.25), the objective function is to minimize the load shedding cost together

with the adjustment cost of committed units. The node power balance equation is

given in constraint (4.26). The DC power flow on each transmission line consid-

ering the operation status is shown in constraints (4.27) and (4.28). The capacity

limitation of each unit is depicted by constraints (4.29) – (4.33), respectively. The

initial status of each unit is limited by constraints (4.34) – (4.36) [149]. The

on/off duration of each unit is shown in constraints (4.37) – (4.39) [149], [150].

The ramp-up and ramp-down rate of each unit are bounded by constraints (4.40)

and (4.41), respectively [149], [150]. The regulation up, regulation down and

spinning reserve requirements are shown in constraints (4.42) – (4.44) [150]. The

load shedding at each bus is limited by constraint (4.45).

In this chapter, the day-ahead unit commitment is solved using the method
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proposed in [150], considering the uncertainty of loads, while without the battery

energy storage systems, to generate the commitment status of unit g ∈ GDA .

4.4.2 Assessment Indices

Power operational indices related to power load shedding are used to reflect the

ability power systems to provide adequate service to customers under hurricanes.

Besides, infrastructure indices are employed to describe power network physical

damages. Overall indices are proposed to quantify the total cost of power load

interruption and component damage.

4.4.2.1 Power Operational Indices

At the power load point level, time-varying power demand not supplied and

related cost at buses are used to reveal the hurricane impact over time and space,

calculated as follows:

DNS t
e, j =

∑
i∈St

elc

πi, t
elc · DNS

i, t
e, j (4.46)

Ct
elc, j = ∆t · DNSt

e, j · C
t
e, j (4.47)

where DNS t
e, j (MW) is the expected power demand not supplied at bus j during

time slot t. St
elc is the set of power system states with power load curtailment during

time slot t. πi, t
elc is the associated probability of power system state i. DNS i, t

e, j (MW)

is the power demand not supplied at the bus j associated with system state i during

time slot t. It is equal to Pt
lc, j in (4.25) associated with system state i. Ct

elc, j and

Ct
e, j (M$) are the cost of power load shedding and the per-unit interruption cost

at bus j, respectively.
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4.4.2.2 Power Infrastructure Indices

The impact of hurricanes cannot be reflected only by load curtailment related

indices, because component failures do not necessarily result in the load cur-

tailment. Therefore, an index named asset damage cost is proposed to take the

time-varying power infrastructure damage into account as follows:

Ct
ad =

∑
i∈St

ad

(
πi, t
ad ·

nad∑
j=1

Ct
cm, j

)
(4.48)

where Ct
ad (M$) is asset damage cost during t. St

ad is the set of system states with

components that are damaged during t. πi, t
ad is the associated probability of system

state i. nad is the number of components that are damaged during t associated

with system state i. Ct
cm, j (M$) is the repair or replacement cost of damaged

component j, which is modeled as follows:

Ct
cm, j =


wt
cm, j · Ccv, j, Vt

cm, j < Vthr

Crp, j, Vt
cm, j ≥ Vthr

(4.49)

wt
cm, j = f

(
Vt
cm, j

)
(4.50)

where wt
cm, j is the factor describing the damage extent of damaged component j,

which is a function of the hurricane intensity at the location of component j as

shown in (4.50). Vt
cm, j (m·s-1) is the equivalent wind speed (for towers) or wind

speed (for conductor segments) at the location of component j. Vthr (m·s-1) is

the wind speed threshold above which the component is considered to be entirely

damaged. Ccv, j (M$) and Crp, j (M$) are the component value and replacement

cost of the damaged component j, respectively.
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4.4.2.3 Power Overall Indices

At the system level, hourly-varying demand not supplied, total power energy not

supplied, TENSe (MWh), as well as total cost TCOSTe (M$) are used to offer a

summarized view of the hurricane impact, as follows:

DNS t
e =

∑
j∈Ned

DNS t
e, j (4.51)

TENSe =
∑
t∈T

∆t · DNS t
e (4.52)

TCOSTe =
∑
t∈T

(
Ct
ad +

∑
i∈Ned

Ct
elc, i

)
(4.53)

where DNS t
e (MW) is the power system demand not supplied during time slot t.

Ned is the set of power buses with loads.

4.5 Case Studies

The IEEE 24-reliability test system and the two-area IEEE reliability test system-

1996 under a simulated hurricane are used to validate the proposed method.

4.5.1 Simulated Hurricane

A hurricane that makes landfall at the Gulf of Mexico is simulated using the

model in Section 4.2. Its initial location is decided randomly within the area

(29.31◦N-30.21◦N, 86.64◦W-90.29◦W). The date and time it is generated are

randomly selected from hurricane season (June 1 to November 30). The initial

pressure deficit is assumed to be log-normally distributed with a mean value

of 55 and a variance of 25. The translation speed is assumed to conform log-

normally distribution with a mean value of 6 and a variance of 4. The hurricane
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approaching direction is assumed to satisfy normal distribution N(0, 4) degree.

The initial hurricane conditions can be flexibly replaced with Meteorological

hurricane forecast data or historical data if the application purpose is different.

Besides, the hurricane is assumed to move at a constant transition speed along a

straight line, which is reasonable within the relatively small studied power system

area. The energy loss is not considered when the hurricane makes landfall.

Moreover, the pressure deficit is assumed not to decrease when the hurricane

center is over the ocean. The ad0, ad1 in (4.7) are taken as 0.006 and 0.00046

while the standard deviation is set to 0.0025 [151]. The assignment of kV in (4.13)

is the same as in [145]. The power system is supposed to be out of the hurricane

impact when the hurricane is at latitudes north of the 33.22◦N or its pressure

deficient is less than 25mb.

The simulated hurricane summarized in Table 4.1 is generated at 8:00 am, the

231st day of a year. It is a category 2 hurricane according to the Saffir-Simpson

Hurricane Wind Scale. The hurricane is considered to have no impact on the

power system when it enters the north area of 33.22◦N at 21:00 of the same day.

4.5.2 IEEE 24-Reliability Test System

4.5.2.1 Test System Information

The power system is projected to a 150 ∗ 200 km area approximately located

within (30.52◦N-32.32◦N, 87.68◦W-89.25◦W) while the hurricane is considered

to start to threaten the power system when it is generated or firstly appears within

the area of (29.31◦N-30.21N, 86.64◦W-90.29◦W). Readers are referred to [129]

for detailed information of the IEEE 24-reliability test system. Generators,

transformers, and underground cables are supposed to be reliable under the

hurricane.
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Table 4.1: Simulated Hurricane Data

Time t Location
Maximum sustained Central pressure

wind (m·s-1) (mb)

08:00 1 29.7484◦N, 88.2827◦W 45.9140 964.1570
09:00 2 29.9807◦N, 88.3199◦W 45.8743 964.1570
10:00 3 30.2131◦N, 88.3571◦W 45.8311 964.1570
11:00 4 30.4454◦N, 88.3944◦W 45.5299 964.6767
12:00 5 30.6778◦N, 88.4318◦W 44.9763 965.6997
13:00 6 30.9101◦N, 88.4693◦W 44.1809 967.1938
14:00 7 31.1425◦N, 88.5069◦W 43.1586 969.1127
15:00 8 31.3748◦N, 88.5446◦W 41.9278 971.3987
16:00 9 31.6072◦N, 88.5823◦W 40.5102 973.9852
17:00 10 31.8395◦N, 88.6202◦W 38.9297 976.8003
18:00 11 32.0719◦N, 88.6582◦W 37.2114 979.7697
19:00 13 32.3043◦N, 88.6962◦W 35.3810 982.8202
20:00 13 32.5366◦N, 88.7344◦W 33.4645 985.8823
21:00 14 32.7690◦N, 88.7726◦W 31.4868 988.8930

The power system component geographic locations are extracted in forms of

latitude and longitude. Buses at the same station are supposed to have the same

location, such as bus 3 and 24, bus 9, 10, 11 and 12. The power system under the

hurricane marked by center locations at the hourly interval from 08:00 to 21:00 in

flat Earth coordinates with the origin (29◦42’N, 89.24◦W) is shown in Fig. 4.6.

The angular direction of the flat Earth x-axis (degrees clockwise from north) is

270◦.

The power system area is divided into ten regions marked as R1 to R10 with

different colors from south to north. The design wind speed (50-year return

period) of R1 to R10 decrements by one from 50 m·s-1 according to ASCE7

windspeed map. µtw, k and σtw, k in (4.20) for different wind attack angles and

Vthr in (4.49) for the ten regions are also different. The design rainfall rate for all

regions is set to 30 mm·h-1 .

The power system area terrain is assumed to be an open country. For the open
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country, the gust factor Gτ in (4.18) is taken as 1.75 [152]. 1/α and hG in (4.18)

are set as 1/7 and 275m, respectively [144]. The transmission line span length

is set to a typical value as 350m. Conductor segments length in (4.21) is taken

the same as the span length. acs, k , bcs, k and ccs, k in (4.21) are set to 10.5497,

3.0385, and -31.0087, respectively. Ct
e, j in (4.47) is set to 29.41 KW$-1 [22] with

the assumption that all loads are composite customers. In (4.49), the value of

towers and conductors are set to 0.25M$ and 0.052M$ ·km-1, respectively. wt
cm is

assumed to change linearly with hurricane wind speed at the component location.

The replacing cost of an entirely damaged tower and conductor are set to 0.45 M$

and 0.072 M$·km-1, respectively.

4.5.2.2 Component Failure Probability

The failure probabilities of the transmission lines during the hurricane are shown

in Fig.4.7. It can be seen that the hurricane starts to affect the power system from

time slot 3.

During the simulation, line 7-8 (from bus 7 to bus 8), 13-23 and 16-17 are

almost not affected by the hurricane because they are too far from the hurricane.

The failure probabilities of line 1-3, 1-5, 2-4 and 2-6 are relatively lower because

the design value of R1 is the highest and the wind attack angles are not the most

unfavorable. Line 15-21 crosses the hurricane maximum wind radius during

time lot 7 to 9 but still has very low failure probability due to the large wind

attack angle. The failure probabilities of transmission lines display a downward

trend after the rise as the hurricane moves near first and then far away. The

highest transmission line failure probability appears in during time slot 6 to 9, in

which line 11-14, 16-19 and 20-23 have the top 3 failure probabilities because

they cross the hurricane maximum wind radius and have unfavorable wind attack
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Figure 4.6: IEEE 24-Reliability Test System under the hurricane.
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Figure 4.7: Failure probability of transmission lines during the hurricane.

angles. The time-varying component failure probabilities indicate that constant

component failure probability is not appropriate for the power system reliability

assessment under the hurricane.

Regarding space, failure probabilities associated with different transmission

lines vary significantly in a specific interval, as shown in Fig.4.7. Lines in R1 and

R2 perform better than lines in other regions. The different performance is due

to that the region near the coastline has a higher design wind criteria than those

further away. Line 11-13, 12-13, 11-14, 14-16, 16-19, 20-23 located mostly in

Area 5 to 8 are the most vulnerable lines. It indicates that R5 to R8 are not as

resistant as other parts to the simulated hurricane. It should be noted line 15-21

is located in R8 to R10 but of low failure probability due to the impact of wind

attack angle.
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Figure 4.8: Load curtailments at buses.

4.5.2.3 Reliability and Damage Assessment Results

Under the simulated hurricane, the system suffers TENSe as 59.2848 MWh and

TCOST as 7.5969 M$ caused by the event.

In addition to the overall system index, time-varying individual bus load

curtailments are given in Fig.4.8 to describe the hurricane impacts over time and

space. Bus 7 to 10, 13, 14, and 18 to 20 experience load shedding during the

hurricane while the load on the left buses are rarely affected by the hurricane.

Among the affected buses, bus 19 has the highest load curtailment, followed

by bus 20 and 14. It implies that the three buses are of higher risk under the

hurricane threat which is consistent with the simulation result analysis of line

failure probabilities. The vulnerability of line 11-14, 14-16, 16-19, 19-20, and

20-23 results in the relatively high load curtailment of bus 14, 19, and 20.

Besides, the time-varying number of failed components and system load

curtailment as shown in Fig.4.9 are used to describe the system performance over

time. The expected total number of failed components increases from t = 4 and

keeps unchanged from the 10th hour. It costs 5.8533 M$ to repair or replace the

damaged components. However, the failure of components does not necessarily
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Figure 4.9: The total number of failed components and load curtailment.

have a consistent trend with the load curtailment due to the failure sequence

and conditional system states as well as the importance of the components. The

load curtailment over time increases first, then partly decreases because the time-

varying load levels throughout the time span are taken into consideration. The

load profile is extracted from the test system load data, according to the occurring

time, date and duration of the hurricane.

4.5.2.4 Suggestions

The simulation results enable the awareness of potential problems. According

to the simulation results, suggestions can be provided to the system operators

to allow a directed action to be planned and carried out before the hurricane

arrives. From the short-term review, for the simulated hurricane, deployment of

the energy storage and the portable power generation at bus 14, 19 and 20 can help

to reduce the risk of load curtailment and promote system reliability. Besides, the

adjustment of unit commitment status is also a potential strategy. For example,

due to the line failures, some committed generators might be shut down tomeet the
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power balance and security requirements. Some generators will be committed to

minimize the load shedding cost. From a long-term view, the upgrade of the weak

transmission lines with much strict design criteria and optimization of generation

capacity and relocation can help to build a more resilient power system.

4.5.3 IEEE Reliability Test System-1996

The two-area IEEE reliability test system-1996 [153] is used as a large test system.

The information of area 1 and area 2 is the same as the IEEE 24-reliability test

system as introduced in 4.5.2, except area 2 is 60 km far from area 1 in the positive

direction of the x-axis as shown in Fig.4.10.

All transmission lines in area 2, as well as the three tie lines between the two

areas, are entirely not affected by the hurricane because of their far distances from

the hurricane. Therefore, no electrical components are damaged by the hurricane

in area2. The expected number of damaged components and asset damage cost

are the same as the results in 4.5.2.3.

Under the simulated hurricane, the system suffers TENSe as 58.3269MWh and

TCOST as 7.5909 M$ caused by the event, decreasing by 1.6157% and 0.0790%,

respectively, compared to the results in 4.5.2.3. Loads at buses in area 2 are not

shed during the hurricane event. The load curtailments at buses in area 1 are a

little smaller than the result in 4.5.2.3. The reason is that the load shedding at

bus 14 is mainly due to the failure of line 11-14 and 14-16, which results in the

isolation of bus 14. Connection with area 2 cannot decrease the loading shedding

when isolation happens. Bus 19 and 20 face similar situations when line 16-19,

19-20, 20-23 fail. As a result, the spare generation capacity in area 2 cannot

promote system reliability significantly.

89



Chapter 4 Hurricane Impacts on Power System Reliability

100 120 140 160 180 200 220

50

100

150

200

250

300

350

400

km

101 102

103

124
104

105

106

107

108

113

114
115

116

117

118

119 120

121 122

123

N

S

W E

300 320 340 360 380 400 420 440 

km

201 202

203
224

204

205

206

207

208

209 210
211 212

213

214

215

216

217

219 220

221 222

223

Bus
Cable
Overhead line

Double circuit
Hurricane path

Coast line

Ocean

R1

R2

R3

R5

R6

R7

R8

R9

R10

R4

280260240

109 110
111 112

100 120 140 160 180 200 220

50

100

150

200

250

300

350

400

km

101 102

103

124
104

105

106

107

108

113

114
115

116

117

118

119 120

121 122

123

N

S

W E

300 320 340 360 380 400 420 440 

km

201 202

203
224

204

205

206

207

208

209 210
211 212

213

214

215

216

217

219 220

221 222

223

Bus
Cable
Overhead line

Double circuit
Hurricane path

Coast line

Ocean

R1

R2

R3

R5

R6

R7

R8

R9

R10

R4

280260240

109 110
111 112

Figure 4.10: Two-area IEEE reliability test system-1996 under the hurricane.

4.6 Summary

This chapter proposes a method to assess the short-term reliability of power

systems subject to the spatial-temporal impact of hurricanes. The validation of

the method is conducted through the modified IEEE 24-reliability test system

and the two-area IEEE reliability test system-1996 under the simulated hurricane.

The simulation results reveal that the proposed method can evaluate the hurricane

impact on power systems over time and space. Besides, the technique can help

to identify the weak parts of power systems for the approaching hurricane and

give indices to quantify its impact from both time and space dimensions. It can

also provide information for pre-event decision making to prepare power systems

adequately for hurricanes. Based on the simulation results, proactive strategies,

such as the allocation of external energy sources, can be taken to mitigate the
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hurricane impact and reduce the cost of hazards.
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Chapter 5

Resilience Assessment of Interdependent Energy Sys-
tems under Hurricanes

Energy systems, e.g., power systems and NG systems, are increas-
ingly interdependent, which brings benefits under normal conditions
and introduces risks under extreme weather events, e.g., hurricanes. A
comprehensive method is proposed to reflect the spatial-temporal hur-
ricane impacts on interdependent power and NG systems. Mechanism
analysis based and data based component failure models are used
to map hurricane effects on exposed component failure probabilities
based on which system states are generated usingMonte Carlo simula-
tion. For system states with failed components, the integrated energy
flow is developed to determine minimum joint load shedding con-
sidering the inherent properties of each system and characteristics of
interdependence coordinately. Operational metrics and infrastructure
metrics are employed to quantify the service adequacy and network
resistance of the interdependent energy systems, respectively. The
modified IEEE 24-reliability test system and the 12-node NG system
under a simulated hurricane are used to validate the effectiveness of
the proposed method. Simulation results show the method can identify
weak parts and quantify the performance of interdependent power
and natural gas systems under hurricanes to provide information for
effective and coordinative preparedness.
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5.1 Introduction

Along with the evolution of energy systems, power systems and NG systems have

become highly interdependent due to the increasing connections among them.

For example, the utilization of NG for power generation has grown steadily [1]

while gas facilities are also preferably driven by electricity [17]. Interdependence

provides environmental, economic, and operational benefits under normal condi-

tions [77], [78]. However, risks associated with interdependence might emerge

under EWEs [26]. Mitigating the threats from EWEs, resilience-oriented research

on energy systems has gained growing attention from independent systems to

interdependent ones.

The resilience of a system under EWEs is directly related to the system

features and the characteristics of the extreme event it suffers [154]. In the

context of the power system, various works have been done in components failure

models under EWEs, resilience assessment methods, resilience metrics as well

as resilience enhancement strategies. Under EWEs, the failure probability of

exposed components, e.g., power transmission towers, is closely related to the

evolving weather conditions. Traditional models, e.g., the two or multi-state

weather models [33] and the regional weather model [37], are not adequate to

capture the impact of time-space-changing weather conditions on component

failure probabilities. Data based statistical models [40], [41] and mechanism

analysis based models [47], [48] take continuously changing weather conditions

as an input variable to component failure functions, thus can better reflect the

spatial-temporal weather impact on component failure probabilities. [61] develops

a conceptual framework to provide fundamentals to model and quantify the power

system resilience. [64] presents a probabilistic method to assess the resilience of

power distribution systems under different weather scenarios. [62], [63] propose
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resilience metrics from different perspectives, e.g., operation, infrastructure, and

topology, etc., to quantify the power system resilience specifically. [155], [156]

introduce resilience enhancement strategies.

Coordination of interdependent power and NG systems under normal condi-

tions has been well studied in e.g., co-optimal planning [69], optimal energy flow

[73], and operation scheduling [77], [78], to utilize interdependence to achieve

benefits. Under EWEs, interdependence could introduce risks as disruptions

in one system can permeate to the connected ones and may loop back through

coupling links. For example, quit of gas compressors due to electricity cut off

caused by EWEs may lead to gas load shedding, which could result in reduction

even cut off of NG supplied to GFGs. A shortage of fuel could further contribute

to the outage in the power system. However, little work is done to explore the

performance of interdependent power and NG systems under EWEs considering

individual system properties and interdependence characteristics coordinately.

[157] proposes a proactive method to enhance the preparedness of multiple energy

carriermicrogrids by energy storage, using the steady-state gas flowmodelwithout

modeling compressors. [86] proposes a resilience-constrained unit commitment

model to enhance the resilience of the integrated power distribution and NG

system without modeling the hurricane impact on component failures directly.

The background highlights the necessity to investigate, understand, model, and

quantify the performance of interdependent power and NG systems under EWEs

for coordinative and proactive preparedness.

Under this background, this chapter proposes a comprehensive method to

quantify the performance of interdependent power and NG systems under hurri-

canes. Mechanism analysis based and data based component failure models are

used to reflect hurricane effects on the component failure probabilities, which

are input to the Monte Carlo simulation to simulate component states. When
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components are simulated to fail, integrated energy flow is developed to deter-

mine the optimal joint load shedding over time. Operational and infrastructure

indices are used to describe the performance of the interdependent systems. The

contribution of this chapter can be summarized as follows: 1) Develop a method

that evaluates hurricane impacts on the performance of interdependent power and

NG systems. 2) Propose the integrated energy flow taking into account individual

system properties and interface characteristics tominimize the joint load shedding.

3) Integrate operational and infrastructure indices to quantify the performance of

interdependent systems.

The remainder of this chapter is divided into five sections. Section 5.2 models

interdependent energy systems. Section 5.3 presents the resilience assessment

method and indices. Section 5.4 conducts case studies. Section 5.5 summarizes.

5.2 Interdependent Energy System Models

The interdependent power system and NG system are physically connected, as

shown in Fig.5.1, through GFGs and gas compressors driven by electricity. When

exposed transmission towers or conductors failed under hurricanes, disruptions

in the power system may permeate to the NG system and further loop back. To

sufficiently explore the behavior of the interdependent power andNG systemswith

components failures caused by hurricanes, inherent properties of each system and

interdependence characteristics need to be modeled coordinately.

5.2.1 Power System Model

After generation, the power is transmitted to substations through transmission

networks consisting of branches, circuit breakers, switches, etc. Considering the
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Figure 5.1: Interdependent power system and NG system.

status, the ramp constraints of each generation unit are presented as follows:

Pt
eg,g − Pt-1

eg,g ≤ R60+
g ∆tut

g, ∀t ∈ T,g ∈ G (5.1)

Pt-1
eg,g − Pt

eg,g ≤ R60-
g ∆tut-1

g , ∀t ∈ T,g ∈ G (5.2)

pt
eg,g − Rt

g ≤ Pt
eg,g ≤ pt

eg,g + Rt
g,∀t ∈ T,g ∈ G (5.3)

where G is the set of generators. R60+
g (MW·h-1) and R60-

g (MW·h-1) are the

maximum 60-min ramp-up and ramp-down rate of unit g. Pt
eg,g (MW) is the

active power output of generator g. ut
g is the on (ut

g = 1) / off (ut
g = 0) status

of unit g. pt
eg,g (MW) is the set-point of unit g during time slot t. Rt

g (MW) is

the reserve capacity of unit g. ut
g, pt

eg,g and Rt
g are first stage decision variables

determined by the two-stage robust unit commitment model for integrated energy

systems as described in the Appendix.
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To depict the power flow on transmission branches, the DC power flow is

introduced as follows:(
I t
br, k − 1

)
M ≤ Pt

br, k − Bbr, k

(
θ+, tbr, k − θ

-, t
br, k

)
≤

(
1 − I t

br, k

)
M, ∀t ∈ T, k ∈ Ebr (5.4)

−I t
br, k Pmax

br, k ≤ Pt
br, k ≤ I t

br, k Pmax
br, k , ∀t ∈ T, k ∈ Ebr (5.5)

where Ebr is the set of power transmission branches. Bbr, k (S) is the susceptance

of branch k. M is a large number. Pt
br, k (MW) is the power flow on branch k

during time slot t. θ+, tbr, k (◦) and θ-, tbr, k (◦) are the bus angle of the from bus and

to bus of branch k, respectively. I t
br, k is the operating status of branch k (1 for

operation, 0 otherwise). Pmax
br, k (MW) is the rate of branch k.

The amount of power load shedding at each bus is constrained as follows:

Pt
ed, j ≥ Pt

lc, j ≥ 0, ∀t ∈ T, j ∈ Ned (5.6)

where Pt
ed, j (MW) and Pt

lc, j (MW) are the power load forecast and load shedding

at bus j during time slot t, respectively. Ned is the set of power buses with loads.

Including the power consumed by gas compressors, the node power balance

equation is described as follows:∑
g∈Gj

Pt
eg,g +

∑
k∈E+br, j

Pt
br, k −

∑
k∈E-br, j

Pt
br, k = Pt

ed, j

+
∑

c∈Eegc, j

Pt
egc, c − Pt

lc, j, ∀t ∈ T, j ∈ Ne (5.7)

where G j is the set of generation units connected to bus j. E+
br, j and E-

br, j are

the set of branches to and from bus j, respectively. Pt
egc, c (MW) is the power

consumed by gas compressor c. Eegc, j is the set of gas compressors fed by power

bus j. Ned is the set of power buses.
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5.2.2 Gas System Model

A transmission NG system consists of sources, pipelines, compressors, etc. With

consideration of the operating status, the capacity bounds of each gas source are

expressed as follows:

Qmin
gs, s I t

gs, s ≤ Qt
gs, s ≤ Qmax

gs, s I t
gs, s, ∀t ∈ T, s ∈ S (5.8)

where S is the set of gas sources. Qmin
gs, s (MMSCF·h-1) and Qmax

gs, s (MMSCF·h-1)

are the minimal and maximal output of gas resource s, respectively. I t
gs, s is the

on (I t
gs, s = 1)/off (I t

gs, s = 0) status of NG source s. Qt
gs, s (MMSCF·h-1) is the

set-point of source s during time slot t, respectively.

Compared with the power flow, the gas flow changes much slower when

disruptions occur. For ideal gas in horizontal isothermal pipelines, flow dynamics

are controlled by partial differential equations, namely the continuity equation

representing the mass conservation law and the momentum equation derived

from the second Newton law. A popular way to solve partial differential equations

is to discrete them over time and space into algebraic equations. Considering the

operating status, the dynamic NG flow in a pipeline segment is constrained as

follows:

Lgp, k

((
P+, t
gp, k + P

-, t
gp, k

)
−

(
P+, t-1
gp, k + P

-, t-1
gp, k

))
= 2∆tC1

gp, k

(
Q-,t

gp, k −Q+, t
gp, k

)
, ∀t ∈ T, k ∈ Egp (5.9)(

I t
gp, k − 1

)
M ≤

1
4

Lgp, kC2
gp, k

(
Q-, t

gp, k +Q+, t
gp, k

) ���Q-, t
gp, k +Q+, t

gp, k

���
−

(
P+, t
gp, k

)2
+

(
P-, t
gp, k

)2
≤

(
1 − I t

gp, k

)
M, ∀t ∈ T, k ∈ Egp (5.10)

−I t
gp, kQmax

gp, k ≤ Q+, t
gp, k ≤ I t

gp, kQmax
gp, k, ∀t ∈ T, k ∈ Egp (5.11)
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−I t
gp, kQmax

gp, k ≤ Q-, t
gp, k ≤ I t

gp, kQmax
gp, k, ∀t ∈ T, k ∈ Egp (5.12)

where Egp is the set of gas pipelines. P+, t
gp, k (psia) and P

-, t
gp, k (psia) are the pressure

at from and to node of pipeline segment k, respectively. Q-, t
gp, k (MMSCF·h-1)

and Q+, t
gp, k (MMSCF·h-1) are the volume flow rate injected to pipeline k at the

from node and out of pipeline segment k at the to node, respectively. I t
gp, k

is the operating status of gas pipeline k (1 for operation, 0 otherwise). Lgp, k

(mile) and Qmax
gp, k (MMSCF·h-1) are the length and capacity rate of pipeline

segment k. C1
gp, k = 2.7273 × 104 × 4PscTkaZa/πD2

gp, kTsc, C2
gp, k = 1.0138 ×

1014 fMgTkaZa/9π2D5
gp, kgcRg. Psc and Tsc are the pressure and temperature of

standard condition (14.65 psia, 520 R), respectively. Tka (R) is the average

temperature of the gas in pipeline segment k. Za is the average gas compressibility

factor. Dgp, k (in) is the pipeline diameter. f is the Darcy friction factor. Mg is

the specific natural gas molemass (17.4). gc is the gravitational constant (32.1

lbm·ft·s-2). Rg is the universal gas constant (10.73 psia·ft3·lb-1·mole-1).

Compressors are installed to boost the pressure because NG suffers pressure

loss in transmission due to friction. Considering the compressor operating status,

the pressure ratio of each compressor is modeled as follows:(
I t
gc, c − 1

)
M ≤ P+, t

gc, c − RC t
gc, cP

-, t
gc, c ≤

(
1 − I t

gc, c

)
M, ∀t ∈ T, c ∈ Egc (5.13)

where P-, t
gc, c (psia) and P+, t

gc, c (psia) are the pressure of the compressor inlet and

outlet node, respectively. RC t
gc, c is the compression ratio of compressor c. I t

gc, c

is the operating status of gas compressor c (1 for operation, 0 otherwise). Egc is

the set of gas compressors.

The horsepower of each compressor is calculated as follows:

HP t
gc, c =

ahpPscQt
gc, cTzack

Tscηgc, c (ck − 1)

((
RC t

gc, c

) ck-1
ck
− 1

)
, ∀t ∈ T, c ∈ Egc (5.14)
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0 ≤ HP t
gc, c ≤ I t

gc, cHP
max
gc, c, ∀t ∈ T, c ∈ Egc (5.15)

where HP t
gc, c (hp) is the horsepower of gas compressor c during time slot t.

HPmax
gc, c (hp) is the maximum horsepower of compressor c. Qt

gc, c (MMSCF·h-1) is

the volume flow rate from the compressor inlet to the outlet. ahp is constant. ck is

the gas specific heat ratio. ηgc, c is the compressor efficiency.

At each gas node, the pressure is constrained as follows:

Pmin
j ≤ P t

j ≤ Pmax
j , ∀t ∈ T, j ∈ Ng (5.16)

where Ng is the set of gas nodes. Pmin
j (psia) and Pmax

j (psia) are minimal and

maximal allowed pressure at node j, respectively. Pt
j (psia) is the pressure at node

j during time slot t.

Load shedding at each node is constrained as follows:

Qt
gd, j ≥ Qt

lc, j ≥ 0, ∀t ∈ T, j ∈ Ngd (5.17)

where Qt
gd, j (MMSCF·h-1) and Qt

lc, j (MMSCF·h-1) are the gas load forecast and

gas load shedding at node j during time slot t, respectively. Ngd is the set of gas

nodes with loads.

Including the gas consumed by GFGs, the node gas balance equation is

expressed as follows:∑
s∈Sj

Qt
gs, s +

∑
k∈E+gp, j

Q+, t
gp, k −

∑
k∈E-gp, j

Q-, t
gp, k +

∑
c∈E+gc, j

Qt
gc, c −

∑
c∈E-gc, j

Qt
gc, c = Qt

gd, j

+
∑

g∈Ggfg, j

Qt
gfg,g −Qt

lc, j, ∀t ∈ T, j ∈ Ng (5.18)

where S j is the set of gas sources located at node j. E+
gp, j and E-

gp, j are the set of

gas pipelines to and from node j, respectively. E+
gc, j and E-

gc, j are the set of gas

compressors to and from node j, respectively. Ggfg, j is the set of GFGs fed by

node j. Qt
gfg,g (MMSCF·h-1) is the gas required by gas-fired generator g.
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5.2.3 Interdependence Model

The dependence among the power system and the NG system is bi-directional.

GFGs converter energy stored in NG into electrical energy and participate in the

NG system as loads. The NG consumed by each gas-fired generator is determined

by its output and efficiency as follows:

Qt
gfg,g = Cg2e,gηg2e,gPt

eg,g, ∀t ∈ T, g ∈ Ggfg (5.19)

where Ggfg is the set of GFGs. Cg2e,g is a constant. ηg2e,g is the energy conversion

efficiency of GFG g.

Similarly, gas compressors driven by electricity act as power consumers in

the power system. The power required by each compressor is determined by its

horsepower as follows:

Pt
egc, c = 7.457 × 10-4HPt

gc, c, ∀t ∈ T, c ∈ Eegc (5.20)

where Eegc is the set of gas compressors driven by electricity.

5.3 Resilience Assessment method and indices

This section introduces the resilience assessment method and indices based on

the integration of the models built in Chapter 4 Section 4.3 and Section 5.2.

5.3.1 Assessment Method

The detailed procedure shown in Fig.5.2 is described in the following steps:

Step 1) Data collection. In addition to the data listed in Section 4.4, Chapter

4, the NG system information is also needed, including the system topology, load

forecast, and constraint limitations, etc.
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Step 2) Component failure probability calculation as described in Section 4.4,

Chapter 4 using the models built in Section 4.3, Chapter 4.

Step 3) Two state robust UC as described in the Appendix .

Step 4) System state generation by Monte Carlo simulation. It is assumed

no component fails at the beginning of a new iteration. Then from time slot

t = 1, take an exposed component (tower or conductor segment), if it has been

simulated to be down, proceed to the next exposed component; else, simulate

the component operating state by Monte Carlo simulation. A random number

ri distributed uniformly in [0,1] is generated first, then it is compared with the

component failure probability at time slot t. If the component failure probability is

smaller than ri, the component is simulated to be up during t, record the simulation

result and proceed to time slot t+1. Otherwise, record the component state as

failed t, and it would keep failed during the left time. Continue the simulation

until the states in T of all exposed components are generated. In this paper, it

is assumed that failures of towers and conductor segments are independent. The

failure probability and state of a transmission line can be determined according to

the series theory with given failure probability and state of towers and conductor

segments in this line. The power system state is determined by the combination

of transmission lines’ states.

Step 5) Resilience indices calculation. In T, with a system state generated in

Step 4), check if any exposed component fails. If no, turn to step 3 to start the next

iteration. If yes, calculate and update infrastructure indices. Then, conduct the

integrated energy flow to determine if the power and gas loads can be satisfied in

T. If yes, turn to step 4). If no, record the optimal power and gas load curtailments

in every time interval of T. Update operational indices and check if converged. If

no, start the next iteration. If yes, end the simulation.
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Figure 5.2: Flowchart of resilience assessment of integrated energy systems under
hurricanes.

104



Resilience Assessment of IESs under Hurricanes Chapter 5

In step 5, the integrated energy flow is formulated as an optimization problem

with the objective of minimum joint load shedding as follows:

min
y∈Y

dTy =
∑
t∈T

{ ∑
j∈Ned

Pt
lc, j︸     ︷︷     ︸

Power Load Shedding

+
∑

j∈Ngd

wgd, jQt
lc, j︸            ︷︷            ︸

Gas Load Shedding

}
(5.21)

where wgd, j is the weight factor of the gas load at node j. y = {Pt
eg,g, Pt

br, k, θ
+, t
br, k,

θ-, tbr, k, Qt
gs, s, P

+, t
gp, k, P

-, t
gp, k, Q+, t

gp, k, Q-, t
gp, k, P

+, t
gc, c, P

-, t
gc, c, HPt

gc, c, Qt
gfg,g, Pt

egc, c,P
t
lc, j,

Qt
lc, j, I

t
gc, c, I t

gp, k, I
t
gs, s} is the decision variables. Y is the constraint set for real-time

operation of the interdependent energy system as described in (5.1) - (5.20).

Problem (5.21) is a non-convex mixed-integer optimization problem, due to

the non-convexity of (5.10). The piece-wise linear method [158] is adopted

to approximate (5.10) into a set of linear constraints with auxiliary variables,

formulating a mixed-integer linear programming counterpart of (5.21), which can

be solved efficiently by off-shore solvers, e.g., Gurobi [159].

5.3.2 Assessment Indices

In addition to the power operational indices and infrastructure indices introduced

in 4.4.2 of Chapter 4, NG operational indices related to load shedding are used to

reflect the ability of interdependent power and NG systems to provide adequate

service to customers under hurricanes. Overall indices are proposed to quantify

the hurricane impact on the integrated energy systems.
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5.3.2.1 NG Operational Indices

At load point level, time-varying gas demand not supplied and related cost at gas

nodes are used to reveal the hurricane impact over time and space, as follows:

DNS t
g, j =

∑
i∈St

glc

πi, t
glc · DNS

i, t
g, j (5.22)

Ct
glc, j = ∆t · DNS t

g, j · C
t
g, j (5.23)

where DNS t
g, j (MMSCF·h-1) is the expected gas demand not supplied at node j

during time slot t. St
glc is the set of power system states with gas load curtailment

during time slot t. πi, t
glc is the associated probability of power system state i.

DNS i, t
g, j (MMSCF·h-1) is the gas demand not supplied at node j associated with

system state i. It is equal to Qt
lc, j in (5.21) associated with system state i. Ct

glc, j

and Ct
g, j(M$) are the cost of gas load shedding and per-unit interruption cost at

node j, respectively.

At the system level, hourly-varying gas demand not supplied are expressed as

follows:

DNS t
g =

∑
j∈Ngd

DNS t
g, j (5.24)

where DNS t
g (MMSCF·h-1) is the gas system demand not supplied during t.

5.3.2.2 Overall Indices

Total power energy not supplied introduced in 4, total gas energy not supplied,

TENSg (BTU), as well as total cost TCOST (M$) of the interdependent power and
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Figure 5.3: The 12-Node NG transmission system.

NG systems are used to offer a summarized view, as follows:

TENSg =
T∑

t=1
∆t · DNS t

g (5.25)

TCOST = TCOSTe +
T∑

t=1

∑
j∈Ngd

Ct
glc, j (5.26)

5.4 Case Studies

Under a simulated hurricane, the IEEE 24-reliability test system and the 12-node

NG transmission system are used to validate the effectiveness of the proposed

method.

5.4.1 Test Systems

5.4.1.1 12-Node NG Transmission System

The 12-node NG test system as shown in Fig. 5.2 is modified from the 15-node

NG transmission system in [50]. It has 12 nodes, 7 pipelines and 4 compressors

as described in Table 5.1, Table 5.2 and Table 5.3, respectively. The daily gas

load profile is referred to [160].
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Table 5.1: Nodes in the 12-Node Gas System

Node
Qmax

gs Qmin
gs Qgd Pmax Pmin

(MMSCF·h-1) (MMSCF·h-1) (MMSCF·h-1) (psia) (psia)

1 50 0 0 1200 600
2 50 0 0 1200 600
3 0 0 1.438 1200 500
4 0 0 0.818 1200 500
5 0 0 1.3248 1200 400
6 0 0 1.0424 1200 400
7 0 0 1.3450 1200 400
8 0 0 1.1363 1200 400
9 0 0 2.7253 1200 400
10 0 0 2.0787 1200 400
11 0 0 1.0424 1200 400
12 0 0 4.4385 1200 400

Table 5.2: Pipelines in the 12-Node Gas System

Compressor
From To

C1
gp C2

gp
Qmax

br
node node (MMSCF·h-1)

1 1 3 1196.6885 88.56261 12.9196
2 2 4 1196.6885 88.56261 12.9357
3 3 4 1196.6885 88.56261 15.5040
4 3 5 1189.3805 87.12770 15.5062
5 4 7 1189.3805 87.12770 14.7093
6 6 9 1189.3805 87.12770 12.5349
7 8 11 1643.6379 206.4352 8.8203

Table 5.3: Compressors in the 12-Node Gas System

Compressor
From To Fed by

RCgc HPmax
gcnode node power bus

1 5 6 8 1.37 6206.7185
2 7 8 19 1.378 5928.89065
3 9 10 20 1.37 5017.3863
4 11 12 14 1.378 3555.2062
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Table 5.4: GFGs in the Power System in Case I-b)
GFG Power Bus Capacity (MW) Fed by Gas Node ηg2e

1 7 100 8 0.5
2 7 100 8 0.5
3 7 100 8 0.5
3 13 197 6 0.5
4 13 197 6 0.5
5 13 197 6 0.5
6 15 12 10 0.5
7 15 12 10 0.5
8 15 12 10 0.5
9 15 12 10 0.5
10 15 12 10 0.5
11 15 155 10 0.5
12 21 400 10 0.5
13 22 50 8 0.5
14 22 50 8 0.5
15 22 50 8 0.5
16 22 50 8 0.5
17 22 50 8 0.5
18 22 50 8 0.5

5.4.1.2 IEEE 24-Reliability Test System

The basic information of the IEEE 24-reliability test system has been introduced

in Chapter 4. In this chapter, the total power load is enlarged by 1.4 times for

all the three subcases. The power system load profile is extracted from [129]

according to the hurricane date, time and duration.

Three subcases are used to validate the proposed method as follows:

Case I-a) Independent power system and NG system under the simulated

hurricane. There are no power generators fueled by gas. Besides, all gas

compressors are driven by gas turbines.

Case I-b) Interdependent power and NG systems under the simulated hurri-
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cane. All gas compressors are driven by electricity as described in Table 5.3.

Besides, all generators at power bus 7, 13, 15, 21 and 22 are assumed to be GFGs

and fed by gas node 8, 6, 10, 10 and 8, respectively, as listed in Table 5.4.

Case I-c) Reduced capacity of GFGs. All generators with a total capacity of

215MW at power bus 15 are no longer fueled by NG. The total capacity of GFGs

is reduced from 1806MW in case I-b) to 1591MW in this case.

5.4.2 Simulation Results

The overall comparison of the three subcases is shown in Table 5.5. Under the

simulated hurricane, the independent power system in case I-a) suffers TENSe

as 104.3545MWh and TCOST as 8.9307M$. In comparison with case I-a, the

interdependent power andNG systems in case I-b) sufferTENSe as 265.3054MWh,

increasing sharply by 154.2347%, TENSg from 0 to 1.1794×109BTU and TCOST

as 13.6984M$. The results indicate that the interdependence amplifies the

hurricane impact by introducing the disruptions originally occurring in the power

system to the connected NG system and further increasing the amount of power

load shedding. When the capacity of GFGs is reduced in case I-c), there is an

apparent decline in the power load shedding while the gas load shedding increases

slightly in comparison with that in case I-b).

Besides, the expected number of damaged power components and the cost

to repair or replace these components are with a slight difference in the three

subcases due to the effect of the simulation process.

5.4.2.1 Impact of the Hurricane

The variation of bus load curtailments over T is shown in Fig.5.4. Load shedding

occurs at bus 1 to 5, 8 to 10, 14 to 16, and 18 to 20, while loads on the left buses
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Table 5.5: Comparison of 3 Subcases
Results case I-a) case I-b) case I-c)

Objective
values
(M$)

Asset damage cost 5.8616 5.8616 5.9074
Power load curtailment cost 3.0691 7.8026 6.8396
Gas load curtailment cost 0 0.0342 0.0360

Total cost 8.9307 13.6984 12.7829

Energy not
supplied

Power (MWh) 104.3545 265.3054 232.5601
Gas (Btu) 0 1.1794 × 109 1.2412 × 109

Total (MWh) 104.3545 610.95334 596.3241
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Figure 5.4: Load curtailments at power buses in case I-a).

are rarely affected by the hurricane. Bus 19,14 and 20 have the top 3 highest

load curtailment which is consistent with the results of transmission line failure

probabilities. Line 11-14, 14-16, 16-19, 19-20, and 20-23 are with a greater

likelihood to be damaged by the hurricane, which leads to the relatively high load

curtailment at bus 14, 19, and 20.

The impact of the hurricane on the overhead transmission line failure prob-

abilities has been analyzed in 4. In this chapter, the focus is on the impact of

interdependence and the combined impacts of hurricanes and interdependence.
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Figure 5.5: Load curtailments at power buses and gas nodes in case I-b).

5.4.2.2 Combined Impact of Hurricane and Interdependence

The time-varying load curtailment at power buses and gas nodes is given in Fig.5.5.

It can be seen from Fig.5.5a and Fig.5.5b that load shedding is inevitable at all

power buses with load1. Load curtailment at bus 14, 19 and 20 are significantly

higher than others as in case I-a). In comparison with case I-a), all power load

buses experience more load shedding in case I-b) due to the insufficient power

generation caused by the shortage of gas fuel. By comparing Fig.5.4a and Fig.5.5a,

it can be seen load shedding at bus 7 to 10, 13 to 16, and 18 to 20 increases sharply.

Besides, power load shedding in case I-a) starts from t = 5, while in case I-b),

1In IEEE-24 Reliability Test System, there are 17 power buses with load out of 24 buses
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both the power system and theNG system experience load shedding over thewhole

T due to the negative impact of interdependence. The difference demonstrates the

different characteristics of electricity and NG. NG can be stored in pipelines for

later use to achieve optimal objectives.

Node 12, 10 and 7 have the top three high load shedding. NG supplied to 12

has to be through compressor 11-12, which gains electricity from power bus 14.

However, bus 14 is easy to be isolated with failures of power line 11-14 and 14-

16. Unfortunately, the isolation of bus 14 interrupts power supplied to compressor

11-12, forces the compressor out and results in load shedding at node 12. Node

10 is the fuel source for 7 GFGs with a total capacity of 615MW. Although 5

GFGs with a capacity of 12MW at bus 15 are committed to be down according

to the UC result, node 12 still affords fuel for 555MW power generation capacity,

which puts much stress on node 12 and challenges its ability to satisfy all loads

connected to it. Node 7 suffers the third high load shedding because it is set to

have much lower weight factor than other nodes except node 5 which has the same

weight factor as node 7.

Take an example to explain how the interdependence amplifies the adverse

hurricane impact. For a power system state with transmission line 4-9 failed

from time slot 5, 16-19 and 20-23 failed from time slot 9, 18-21 failed from time

slot 10, bus 19 and 20 are isolated from time slot 9. Loads at power bus 19

and 20 are totally shed from time slot 9 due to bus isolation. As a result, gas

compressor 7-8 (from node 7 to node 8) and 9-10 are forced out immediately,

indicating that interruptions in the power system have spread to the NG system.

When compressor 9-10 is out of service from time slot 9, all load at gas node 10

has to be shed immediately, which leads to cut off of gas fuel supplied to GFGs at

power bus 15 and 21 and they are forced out from time slot 9. The impact of load

shedding in the NG system loops back to the power system. From time slot 9, the
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Figure 5.6: Load curtailments at power buses and gas nodes in case I-c).

NG stored at pipeline 8-11 is extracted to satisfy loads at node 8, 11 and 12. In

order to store as much as NG in the pipeline 8-11, the NG system is optimized to

increase the gas pressure at node 8, 11 and 12 from time slot 1 to 9. However, the

gas stored is limited and due to the lower bound of node pressure constraint, the

load at node 12 cannot be fully satisfied from time slot 13. Besides, in order to

satisfy gas loads with higher priority, gas node 8 cannot provide gas to GFGs as

much as required. As a result, GFGs fed by gas node 8 are with low output even

out of service most of the time. Power generation shortage results in power load

shedding at bus 13, 16, and 18.
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5.4.2.3 Impact of the Interdependence

In comparison with case I-b), the total capacity of the GFGs is reduced by 215

MW, all 6 generators at power bus 15 are no longer fueled by NG in case I-c). As a

result, as shown in Table 5.5, TENSe decreases by 12.3425% from 265.3054MWh

in case I-b) to 232.5601MWh, while TENSg increases slightly by 5.2400% from

1.1794 × 109Btu in case I-b) to 1.2412 × 109Btu. TCOST is reduced by 6.6833%

from 13.6984M$ in case I-b) to 12.7829M$ due to different factors of gas loads.

Detailed time-varying load shedding at power buses and gas nodes is given in

Fig.5.6. It is obvious the higher the interdependence is, the higher risk it may

introduce. To prepare the connected system more effectively, more attention

should be paid to the crucial interfaces.

5.4.2.4 Suggestions

According to the simulation results, suggestions can be provided to the system

operators to allow directed actions to be planned and carried out before the advent

of hurricanes. From the short-term perspective, for the simulated hurricane,

deployment of the energy storage and the portable power generation at buses with

load shedding, e.g., 14, 19 and 20, can help to reduce the risk of load curtailment

and promote system resilience. Besides, the interlinks should be paid with special

attention. For example, place backup generators at the location of electricity-

driven gas compressors and use gas storage facilities at power plants to store

gas for emergency use. For example, in case I-b) if compressor 7-8 and 11-12

are equipped with backup generators, the TENSe would decrease significantly by

25.2700% from 114.3546MWh to 85.4572 MWh, while TENSg would decrease

dramatically by 76.0049% from 1.3074 × 109Btu to 3.1370 × 108Btu. Line

pack storage could be considered as a helpful tool for enhancing the system
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preparedness in emergency conditions. The adjustment of unit commitment status

is also a potential strategy. Some generators will be committed to minimize the

load shedding cost. From a long-term view, the upgrade of weak transmission

lines with much strict design criteria and optimization of generation capacity and

relocation can help to build a more resilient energy system.

5.5 Summary

This chapter proposes a jointed data and model approach for resilience assess-

ment integrating component failure models under hurricanes and interdependent

energy system models to quantify the hurricane impacts on the performance of

interdependent power and NG systems. The simulation results reveal that the

interdependence could amplify the adverse impacts of hurricanes on the power

system and transfer the disturbance to the NG system.
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Chapter 6

Resilience Assessment of Power Systems Under Hur-
ricanes Considering Frequency Control

Under EWEs, e.g., hurricanes, failures of transmission lines can
cause serious power imbalance and result in significant frequency
deviation. An assessment method is proposed to reflect the negative
hurricane impacts on the frequency performance of transmission
networks in this chapter. The day ahead UC is obtained using the
two-stage RO model developed in Chapter 5. For each system state
with component failures generated byMonte Carlo simulation, at each
time slot, the frequency regulation process is modeled including the
primary, secondary and tertiary frequency control considering the
physical constraints. The amount of load shedding in tertiary control
at each time slot is determined based on the day ahead UC using the
model developed in Chapter 4. In addition to the infrastructure and
operational indices proposed in Chapter 4, frequency indices are used
to reflect the system frequency performance. The modified IEEE 24-
reliability test system under a simulated hurricane is used to validate
the effectiveness of the proposed method. Simulation results show the
hurricanes could cause frequency nadir or peak out of the required
range and neglect of the frequency regulation process would lead
to underestimation of the hurricane impacts. The method developed
could be used as guidance of UC and regulation reserve under EWEs.
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6.1 Introduction

The power system frequency which depends on the active power balance is a basic

indicator of power quality. A large deviation of frequency from nominal value

harms electrical devices, disturbs loads, threatens system stability even causes

system collapse [161]. To maintain reliable and stable service, the power system

frequency must be regulated to be within the allowed range through frequency

control including primary, secondary and tertiary control. However, due to the

increasing system size and complexity, as well as the changing structure, the

operational conditions of power systems are changing widely.

Many studies have recognized the changing operation conditions and propose

frequency control schemes, methods and strategies to solve problems arising.

For example, energy storage is used for quick response [53], [54]; active load

management is proposed to deviate the imbalance of generation and load to

improve the system frequency performance [55]; load shedding strategies are

developed to prevent system frequency out of range [56]. The majority of these

studies particularly consider the effects of high penetration of renewable resources

on frequency regulation, such as wind turbines and solar panels due to their

intermittency and uncertainty features [57]–[60]. However, EWEs that frequently

occur in recent years, such as hurricanes, also pose great challenges to power

system operation by extreme adverse environments underwhich exposed electrical

components fail with higher probabilities than in normal conditions, as stated in

Chapter 4. For example, the failures of transmission lines display spatial-temporal

features under hurricanes due to the moving of hurricanes and the changing

hurricane intensity. Sequential failures of transmission lines could isolate loads

or generations and results in a sudden imbalance between load and generation.

Some work can be found in power system resilience assessment under EWEs with
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indices from the perspective of infrastructure and load shedding [61]–[64], which

cannot describe the degradation of system performance caused by the isolation

of generators or loads. However, much less work has been done to include the

frequency regulation process and its impact on the system performance under

EWEs. [65] proposes an islanding strategy considering the frequency constraints

when splitting the system into islands.

In addition to the indices proposed in the literature, frequency deviation indices

are necessary to describe and quantify the system frequency performance to

provide guidance for regulation reserve requirements and resilience improvement

from the perspective of frequency. Under this background, this chapter proposes

a comprehensive method to quantify the performance of transmission networks

under hurricanes taking account of the frequency regulation process. To mitigate

the hurricane impacts on the day-ahead market from a probabilistic perspective,

a resilient UC problem is formulated as a two-stage RO problem solved using

a column-and-constraint generation scheme. System states are generated using

Monte Carlo simulation. For each system state with component failures, the

hourly UC is run at each time slot based on the results of the day ahead two-

stage robust UC. For any time slot with generation and load imbalance, the

frequency regulation process is modeled including the primary, secondary and

tertiary frequency control with proper consideration of physical constraints such

as regulation reserve capacity and generation ramp rate. In addition to the

infrastructure indices and operational indices proposed in Chapter 4, frequency

indices are used to reflect the system frequency performance and its impacts

on operational indices. The contribution of this chapter can be summarized as

follows: 1) Develop a method that evaluates hurricane impacts on the frequency

performance of power systems. 2) Propose the two-stage robust UC to mitigate

the hurricane impacts on the day-ahead market from a probabilistic perspective.
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3) employment of frequency indices to quantify the system performance.

The remainder of this chapter is divided into five sections. Section 6.2

introduces the power system frequency control models. Section 6.3 presents

the resilience assessment method and indices. Section 6.4 conducts case studies.

Section 6.5 summarizes.

6.2 Power System Frequency Control Models

When a sudden imbalance of generation and load occurs, the system frequency

deviates from the nominal value. The primary control response first to try to restore

the system frequency to the nominal value. However, due to the characteristic of

droop, therewould be a difference between the new system frequency after primary

control. The secondary control is activated on selected generators to restore the

system frequency by changing the reference output setpoints of generators. If the

system frequency is still out of the allowed range, load shedding or unit cut off is

necessary to keep stable operation.

6.2.1 Primary Frequency Response Model

The primary control function is provided locally by speed governors on all gener-

ators, which take participate in the generation adjust automatically in response to

the frequency change caused by a power imbalance between load and generation.

After a disturbance, the primary control adjusts the turbine valve or gate to

balance the power mismatch in a time frame of seconds. When a new steady state

is reached, the power output is changed according to their droop characteristics

and the frequency is a new value, which is usually different from the nominal

value due to the nature of droop.
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Figure 6.1: Block diagram of primary frequency control loop.

In the frequency control analysis, the collective performance of all generators

in the system is represented by an equivalent generator with equivalent parameters.

For a system state i at time slot t, the block diagram of the primary frequency

control loop with a reheat steam turbine is shown in Fig.6.1.

The equivalent parameters are calculated as follows:

T t
G, i =

∑
g∈Gt

PR, i

TG,g, ∀t ∈ T (6.1)

T t
CH, i =

∑
g∈Gt

PR, i

TCH,g, ∀t ∈ T (6.2)

T t
RH, i =

∑
g∈Gt

PR, i

TRH,g, ∀t ∈ T (6.3)

F t
HP, i =

∑
g∈Gt

PR, i

FHP,g, ∀t ∈ T (6.4)

M t
i = 2

∑
g∈Gt

PR, i

Mg, ∀t ∈ T (6.5)

Rt
DR, i =

∑
g∈Gt

PR, i

1
RDR,g

, ∀t ∈ T (6.6)

where T is the assessment horizon divided into equal time intervals with a length
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of ∆t, and T = |T |. Gt
PR, i is the set of units that respond to the frequency change

in the primary loop. T t
G, i, T t

CH, i and T t
RH, i are the system equivalent governor,

steam chest and reheat turbine time constant of state i at time slot t, respectively.

F t
HP, i denotes the equivalent high pressure power fraction of reheat turbine. M t

i is

the equivalent system inertia constant. Rt
DR, i is the system equivalent droop. Dt

i

represents the damping constant of system loads. TG,g, TCH,g, TRH,g, FHP,g, Mg

and RDR,g are governor time constant, steam chest time constant, reheat turbine

time constant, high pressure power fraction of reheat turbine, inertia constant and

droop of unit g, respectively.

When the speed setting unchanged, ∆Pt
ref, i = 0. The transfer function of the

primary frequency response loop is given as follows:

Gt
L, i (s)=

(
1+sT t

G, i

) (
1+sT t

CH, i

) (
1+sT t

RH, i

)(
1+sT t

G, i

) (
1+sT t

CH, i

) (
1+sT t

RH, i

) (
M t

i s+Dt
i

)
+Rt

DR, i

(
1+sF t

HP, iT
t
RH, i

) ,
∀t ∈ T (6.7)

For system state i, following a load change ∆Pt
L, i at t, the frequency deviation

is written as follows:

∆ f t
pr, i (s) = −Gt

L, i (s)∆Pt
L, i (s) , ∀t ∈ T (6.8)

where ∆ f t
pr, i (s) and Pt

L, i (s) are the frequency deviation and load change in s-

domain, respectively.

The steady-state frequency deviation ∆ f t
pr, i is calculated as follows:

∆ f t
pr, i =

∆Pt
L, i

1/Rt
DR, i + Dt

i
, ∀t ∈ T (6.9)

It can be seen the steady state frequency deviation following a load change

depends on the droop characteristic of the equivalent generator and the composite

system load frequency characteristic.
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The dynamic response of primary frequency control, ∆ f t
pr, i (t) can be found

by straight forward inverse Laplace transform of ∆ f t
pr, i (s), which is expressed as

follows:

∆ f t
pr, i (t) = L−1

(
f t
pr, i (s)

)
= L−1

(
−Gt

L, i (s)∆Pt
L, i

s

)
, ∀t ∈ T (6.10)

Due to the high order feature of (6.10), numerical methods can be used to

yield ∆ f t
i (t).

6.2.2 Secondary Frequency Response Model

According to the primary frequency response model, following a load change,

there is still a considerable frequency deviation for a power system installed with

speed governors when the speed changer setting is fixed at a given value. When

the frequency deviation is out of the pre-defined range, the secondary control is

responsible to restore the frequency to the nominal value.

The secondary control is centralized and accomplished by speed changer

motors automatically to adjust the load reference setpoints of generators in a time

frame of few seconds to minutes after a distance. If the load increases, more

generation is required; otherwise, some generation capacity is cut. The secondary

control is directly affected by the available power spinning reserve, constrained

physically by the amount and the rate of change of power generation. The method

developed in [58] is employed to consider the effects of the spinning reserve on

the secondary control loop as shown in Fig.6.2.

Different from the control loop developed in [162] where load reference

settings are accomplished by an integral control, the control loop in 6.2 has two

inputs: the load change ∆Pt
L, i and the power automatic generation control (AGC)

regulation curve of the equivalent generation unit ∆Pt
sc, i, which is expressed as
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Figure 6.2: Block diagram of primary and secondary frequency control loop.

follows:

∆Pt
sc, i (t) =


K t
sc, it, 0 ≤ t ≤ tt

s2s, i

∆Pt
s2s, i, tt

s2s, i ≤ t

, ∀t ∈ T (6.11)

K t
sc, i =

1
2

©­­«
(
1 + sign

(
∆Pt

L, i

)) ∑
g∈Gt

sc, i

R+, tsc, i +
(
sign

(
∆Pt

L, i

)
− 1

) ∑
g∈Gt

sc, i

R−, tsc,g
ª®®¬ ,

∀t ∈ T (6.12)

∆Pt
s2s, i =



∆Pt
L, i, −∆Pmin, t

sc, i ≤ ∆Pt
L, i ≤ ∆Pmax, t

sc, i

∆Pmin, t
sc, i , ∆Pmin, t

sc, i < ∆Pt
L, i

∆Pmax, t
sc, i , ∆Pt

L, i < ∆Pmax, t
sc, i

, ∀t ∈ T (6.13)

tt
s2s, i =

∆Pt
s2s, i

K t
sc, i

, ∀t ∈ T (6.14)

∆Pmin, t
sc, i =

∑
g∈Gt

sc, i

(
Pmin
g − Pt

g

)
, ∀t ∈ T (6.15)
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∆Pmax, t
sc, i =

∑
g∈Gt

sc, i

(
Pmax
g − Pt

g

)
, ∀t ∈ T (6.16)

where t is the time duration from the beginning of time slot t. ∆Pt
sc, i (t) is the

power regulation curve at the time-domain of AGC units considering the ramp

rate and spinning reserve capacity. K t
sc, i is the equivalent ramp rate of AGC

units contributing to the secondary control loop. tt
s2s, i is the time required for the

AGC units to reach the new load reference setpoints. ∆Pt
s2s, i is the generation

change of AGC units. Gt
sc, i is the set of AGC units contributing to the secondary

control with state i at time slot t. R+, tsc,g and R−, tsc,g are the ramp up rate and ramp

down rate of generation unit g, respectively. ∆Pmin, t
sc, i and ∆Pmax, t

sc, i are minimal and

maximal adjustment capacity of AGC units when the system load decreases or

increases, respectively. Pmin
g and Pmax

g are minimal and maximal output of unit g,

respectively. Pt
g is the setpoint of unit g before the load change.

The output of the control loop in Fig.6.3 with two input is expressed as follows:

∆ f t
ps, i (s) = ∆Pt

L, i (s)G
t
L, i (s) + ∆Pt

sc, i (s)G
t
sc, i (s) , ∀t ∈ T (6.17)

where ∆Pt
sc, i (s) is the Laplace transform of ∆Pt

sc, i (t), expressed as follows:

∆Pt
sc, i (s) =

K t
sc, i

(
1 − e−t

t
s2s, i

)
s2 , ∀t ∈ T (6.18)

Gt
sc, i (s) is the transfer function with input ∆Pt

sc, i (s) and output ∆ f t
ps, i (s),

described as follows:

Gt
sc, i (s)=

1 + sF t
HP, iT

t
RH, i(

1+sT t
G, i

) (
1+sT t

CH, i

) (
1+sT t

RH, i

) (
M t

i s+Dt
i

)
+Rt

DR, i

(
1+sF t

HP, iT
t
RH, i

) ,
∀t ∈ T (6.19)

The steady state frequency deviation is calculated as follows:

∆ f t
ps, i =

∆Pt
s2s, i − ∆Pt

L, i

1/Rt
DR, i + Dt

i
, ∀t ∈ T (6.20)
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The dynamic response of primary and secondary control loop considering the

limits of spinning reserve capacity and unit ramp rates is the inverse Laplace

transform of ∆ f t
ps, i (s) as follows:

∆ f t
ps, i (t) = L−1

(
∆ f t

ps, i (s)
)
, ∀t ∈ T (6.21)

where ∆ f t
ps, i (t) is the dynamic frequency deviation following a load change.

6.2.3 Tertiary Frequency Response Model

Following a considerable imbalance associated with serious load or generation

change, the secondary frequency control loopmay inadequate to restore the system

frequency to the nominal value due to the insufficiency of the spinning reserve.

In this situation, an emergency control plan or the tertiary control, which

can be achieved by load or generation shedding, load management, etc., must be

applied to bring back the frequency to the specified value and reduce the cascading

risk. The tertiary control can be activated automatically or manually according to

activation criteria, such as the frequency nadir, the frequency changing rate. The

timescale of the tertiary control is tens of minutes up to hours after a disturbance.

In this chapter, the focus is not on the strategy of the tertiary control; thus

the model developed in Chapter 4, Section 4.4 is used in this chapter. It should

be noted that in Chapter 4, the assessment time horizon is the hurricane event

duration T, and the optimization of load shedding is over T, while in this Chapter,

the shedding of load or generation is formulated as a rolling optimization problem

using the model in Chapter 4, Section 4.4 with a look-ahead time. For each time

slot t, the load or generation shedding is optimized over the next 6 hours from t

if the secondary control is unable to restore the system frequency to the nominal

value, but only the optimal load or generation result of t and the generation
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scheduling of t + 1 are used. The detailed procedure is described in the next

section.

6.3 Assessment Method and Frequency Indices

6.3.1 Assessment Method

The detailed procedure illustrated in Fig.6.3 is described as follows:

Step 1) and Step 2) are the same as Step 1) and Step 2) described in Chapter

4, Section 4.4.

Step 3) Day-ahead UC considering the hurricane impacts. To mitigate these

impacts on the day-ahead market from a probabilistic perspective, the resilient UC

problem is formulated as a two-stage RO problem as described in Appendix (no

NG system included) solved using a column-and-constraint generation scheme.

Step 4) is the same as Step 3) described in Chapter 4, Section 4.4.

Step 5) Resilience indices calculation. For a system state generated in Step 4),

check if any exposed component fails in T. If no, turn to step 3 to start the next

iteration. If yes, calculate and update infrastructure indices proposed in Chapter

4.

Then calculate the dynamic frequency response from time slot t = 1. Record

the frequency indices at t. If the steady state system frequency after the primary

and secondary control is out of the allowed range, load or generation shedding at

t and the generation scheduling at t + 1 is determined hourly with a looking ahead

time of 6 hours using the model developed in Chapter 4, Section 4.4 with the

day-ahead UC and system state at t as inputs, record and update the load shedding

related indices at t and turn to t + 1 when t < T .
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When t = T , check if converged. If no, turn to Step 4). If yes, end the

simulation.

6.3.2 Assessment Indices

In addition to the operational indices, infrastructures indices and overall indices

developed in Chapter 4 (detailed expressions are not repeated in this chapter),

frequency indices are employed to describe the system frequency performance

under hurricane impacts.

6.3.2.1 Frequency Indices

For each time slot t, four kinds of indices are used to quantify the system frequency

behavior: the expected maximal frequency deviation, the expected time duration

when the frequency is out of the allowed range, the expected number of frequency

out of the allowed range, and expected indirect energy not supplied, which are

calculated as follows:

∆ f t
pk =

∑
i∈St

pk

πt
i · ∆ f t

pk, i (6.22)

∆ f t
nr =

∑
i∈St

nr

πt
i · ∆ f t

nr, i (6.23)

n+, tabf =
∑

i∈S+, tabf

πt
i (6.24)

n−, tabf =
∑

i∈S−, tabf

πt
i (6.25)

t
+, t
abf =

∑
i∈S+, tabf

πt
i · t
+, t
abf, i (6.26)
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t
−, t
abf =

∑
i∈S−, tabf

πt
i · t
−, t
abf, i (6.27)

ENSt
pst =

∑
i∈S−, tabf

πt
i · I

t
rs, i

(
∆Pmax, t

sc, i

2

(
tt
pr, i + t

t
ps, i

)
+

(
∆Pt

L, i − ∆Pmax, t
sc, i

)
∆t

)

+
∑

i∈S−, tabf

πt
i ·

(
1 − I t

rs, i

) ∆Pt
L, i

2

(
tt
pr, i + t

t
ps, i

)
(6.28)

where ∆ f t
pk and ∆ f t

nr are the expected peak and nadir value of frequency deviation

at time slot t, respectively. St
pk and St

nr are the set of system states with positive

and negative frequency deviation, respectively. ∆πt
i is the associated probability

of state i at time slot t. ∆ f t
pk, i and ∆ f t

nr, i are the peak and nadir value of the

frequency deviation associated with system state i at time slot t. n+, tabf and n−, tabf

are the expected number of frequency deviation that exceeds the up and low limit

during time slot t, respectively. S+, tabf and S−, tabf are the set of system states with

frequency deviation exceeding the up and low limit during time slot t, respectively.

t
+, t
abf and t

−, t
abf are the expected time duration of frequency deviation that exceeds

the up and low limit during time slot t, respectively. t+, tabf, i and t
−, t
abf, i are the time

duration of frequency deviation that exceeds the up and low limit of system state

i during time slot t, respectively. I t
rs, i is the indicator of frequency restoration,

and I t
rs, i = 1 when ∆Pt

L, i < ∆Pmax, t
ps, i , otherwise I t

rs, i = 0. ENSt
pst is the expected

energy not supplied considering the frequency control process during time slot t

as proposed in [58]. tt
pr, i is the time duration of the primary control process. tt

ps, i

is the total time duration of the primary and secondary control process. tt
pr, i and

tt
ps, i are calculated using the iteration method proposed in [58].
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6.3.2.2 Overall Indices

The calculation of TCOSTe is the same as that in Chapter 4, while the total power

energy not supplied, TENSe (MWh) considering the frequency control process is

recalculated as follows:

TENSe =
T∑

t=1
ENSt

pst (6.29)

6.4 Case Studies

6.4.1 Test System

Under a simulated hurricane, the IEEE 24-reliability test system is used to validate

the effectiveness of the proposedmethod. The test system is the same as in Chapter

4 which is not described in detail in this chapter. It is assumed that all generator

units in the system take participate in the primary and secondary frequency control

with the same parameters as in [58]. The normal system frequency is 60 Hz.

The maximal and minimal allowed frequency deviation is 0.2 Hz and -0.2 Hz,

respectively.

Two subcases are used to validate the proposed method as follows:

Case I-a) Power system resilience assessment under the simulated hurricane

without considering the frequency control process.

Case I-b) Power system resilience assessment under the simulated hurricane

considering the primary, secondary and tertiary frequency control process.
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Figure 6.4: Load curtailment at buses in case I-a) and I-b).

6.4.2 Simulation Results

In case I-a), the load curtailment is optimized using the model developed in

Chapter 4 while no frequency control process is considered. The amount of load

curtailment at each load bus at time slot t associated with system state i in case

I-a) is equal to the load curtailment determined in the tertiary control in case I-b).

The time-varying load curtailments at buses are shown in 6.4.

Consistent with the simulation results in Chapter 4, bus 9, 14, and 19 to 20

are facing the highest risk of load curtailments due to the vulnerability of line

11-14, 14-16, 16-19, 19-20, and 20-23. The difference is that some buses in

Chapter 4 with slight load curtailments are no longer suffer load curtailments in

this chapter due to the different settings of the optimization problem, although

the same model is used in these two chapters. In Chapter 4, the load shedding

optimization is over the whole hurricane event duration T for each simulated
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Figure 6.5: Peak and nadir value of ∆ f in case I-b).

system state with component status generated over T by Monte Carlo simulation,

while in this chapter the load shedding at each time slot t is optimized over the six

hours from t with the component status at time slot t. It can also explain that the

start time slot of load curtailment in Chapter 4 is from t = 7 while in this chapter

it is from t = 8.

Under the simulated hurricane, the power system in case I-a) suffers TENSe as

61.3857 MWh, which is also slightly higher than 59.2848 MWh in Chapter 4 due

to different settings. In comparison with case I-a), the power system in case I-b)

suffers TENSe as 61.6553 MWh, increasing by 0.4372%. The results indicate that

the frequency control process does have impacts on the power system resilience

by introducing indirect energy not supplied during the duration of primary and

secondary control. The indirect energy not supplied due to frequency deviation is

not significant in case I-b) because generator failures are not considered and the

probability of insufficient generation caused by line failures is relatively not very

high due to the redundancy of the system networks.

The peak and nadir value of frequency deviation in case I-b) are shown in

Fig.6.5. It can be seen from Fig.6.5a that the positive frequency deviation appears

at t = 5, t = 8 and t = 9 which means that with some system states the generation

output is larger than the system load which results in the increase of system
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frequency. This is consistent with the time-varying line failure probabilities

described in Chapter 4. For example, at t = 5, the hourly UC is determined at

t = 4 with the system state at t = 4 and the assumption that the system state

does not change from t = 4 to t = 9. According to the result of hourly UC, the

generators at bus 7 are off and load at bus 8 are supplied through line 8-9 and

8-10. However, line 4-9, 5-10, 8-9 and 8-10 has much higher failure probability

at t = 5 than at t = 4. As a result, it is possible that all components are up at t = 4

but line 8-9 and 8-10 fail at t = 5, which leads to the isolation of bus 7 and 8 as

well as generators and load at bus 7 and 8. The left part of the system experience

a sudden loss of load and the system frequency begins to increase. The reason for

the positive frequency deviation at t = 8 and t = 9 is also the isolation of loads or

constraints of line capacity due to line failures.

The negative frequency deviation appears at t = 9,10,12,13,14 but the

absolute value is much lower than the expected peak value, which means the

probability or the extent of negative power imbalance is not as high as the

probability or the extent of positive power imbalance. In contrast to the reasons that

cause positive frequency deviation, one reason that causes the negative frequency

deviation is the isolation of generators due to the line failures. For example, at

t = 10, line 17-22 and 21-22 have much higher failure probabilities than at t = 9.

If line 17-22 and 21-22 are normal at t = 9 but fail at t = 10, bus 12 as well as

the generators at bus 12 would be isolated. However, according to the hourly UC

at t = 10 determined at t = 9, some generators at bus 12 are on. Sudden loss of

generation leads to a decrease in system frequency.

The number of abnormal frequency deviations in case I-b) is shown in Fig.6.6.

The expected number that the frequency exceeds the upper limit at t = 9 is higher

than at t = 8 and t = 5, which means the system is of a high risk of losing load at

t = 9. In comparison with the positive frequency deviation, the expected number
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Figure 6.6: Number of abnormal frequency deviation in case I-b).
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Figure 6.7: Duration of abnormal frequency deviation in case I-b).

of frequency that out of the low bound is much lower, which means under the

hurricane, the main issue is not the loss of generation but the loss of load at some

time slots.

The duration of abnormal frequency deviation in case I-b) is shown in Fig.6.7.

Both the expected duration of positive or negative frequency deviation that out

of the allowed range is no more than 0.15s. However, these are expected values

which mean that with some system states, the duration of abnormal frequency

deviation may be much higher than the expected values and should be paid with

special attention.
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6.5 Summary

This chapter proposes a method to include the frequency control process in the

performance assessment of power systems under hurricanes. The frequency

indices are used to quantify the system frequency behaviors under hurricane

impacts. Simulation results show there is a risk that the system would experience

frequency deviation out of the allowed range at t = 5,8,9,10 caused by the

isolation of loads or generator units due to line failures under hurricanes. The

method developed could be used as guidance of UC and regulation reserve under

EWEs.
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Chapter 7

Conclusions and Future Works

This chapter concludes themajor contributionsmade by this thesis.
It begins with reviewing of impacts of EWEs, interdependence, and
resilience. Methods are proposed in the following chapters to evaluate
the power system performance considering impacts of the fuel system,
EWEs, and their combined impacts, respectively, with infrastructure,
operational and frequency indices. The future work about improving
power system resilience assessment under EWEs is also represented
in this chapter.
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7.1 Conclusion

In this thesis, the contributions are in four aspects: the long-term power system

reliability assessment considering the fuel impacts, the spatial-temporal impacts of

hurricanes on the power system’s short-term reliability, the resilience assessment

of integrated energy systemunder hurricanes, power system reliability considering

the frequency control process under hurricanes. It should be emphasized that the

works are logically related and they are explained as follows.

The utilization of NG as a primary fuel for electricity generation has been

increasing in the past decades and is still a preferable choice for new generation

capacity to overtake and replace the units relying on coal, leading to the rising

dependence of the power system on the NG system. The reliance on NG for

generating capacity imposes risks to power systems, such as failure propagation

trigged by NG network contingencies, and affects the power system reliability. In

this context, Chapter 3 develops an effective method to assess the impact of the

associated NG fuel supply system on the long-term reliability of the transmission

power system. It integrates the steady-state NG systemmodel, optimal power flow

model and the multi-state GFG model for quantitative measurement purposes,

and proposes an integral simulation frame using non-sequential Monte Carlo

simulation. The effectiveness of the method is verified by simulation and the

results reveal impacts of fuel are significant.

In addition to increasing reliance on NG for generation, power systems also

face challenges from EWEs, such as hurricanes. Hurricanes can damage power

transmission network structure components, e.g., towers and conductors, and

threat the power system reliability. A spatial-temporal reliability and damage as-

sessment method is proposed in Chapter 4 to evaluate the effect of hurricanes. The

hurricane can be a simulated, historical or forecasting one for different application
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purposes, where the full track hurricane simulation model, historical records and

forecasting information are used for the event construction, respectively. In the

component failure analysis, the time-varying failure probability of transmission

towers and conductors are modeled as functions of the time-varying hurricane

intensity. In the reliability and damage assessment, the Monte Carlo simulation

is adopted. The Energy Not Supplied and power outage costs caused by the

hurricane event are used as operational indices, and the asset damage cost is

proposed to quantify the damage of transmission networks. Simulation results

show the method can quantify the hurricane impacts, identify the weak network

parts, and provide information for pre-event preparedness for forecasting events.

Based on thework of Chapter 3 andChapter 4, Chapter 5 touches the combined

impacts of EWEs and interdependence. Although the impacts of interdependence

and EWEs are explored individually, the combined effects should be carefully

studied considering the inherent properties of each system and characteristics of

interdependence coordinately. A comprehensive method is proposed in Chapter 5

to reflect the spatial-temporal hurricane impacts on interdependent power and NG

systems. Mechanism analysis based and data based component failure models

are based on the models developed in Chapter 4. The transit NG system model

is used in Chapter 5 instead steady-state NG system model developed in Chapter

3. The integrated energy flow is developed to determine minimum joint load

shedding. Operational metrics and infrastructuremetrics are employed to quantify

the service adequacy and network resistance of the interdependent energy systems,

respectively. Simulation results show the method can identify weak parts and

quantify the performance of interdependent power and natural gas systems under

hurricanes to provide information for effective and coordinative preparedness.

Under EWEs, e.g., hurricanes, failures of transmission lines can cause serious

power imbalance and result in significant frequency deviation. As a continuation
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of Chapter 4 and Chapter 5, Chapter 6 proposes an assessment method is pro-

posed to reflect the negative hurricane impacts on the frequency performance of

transmission networks. The day ahead UC is obtained using the two-stage RO

model developed in Chapter 5. For each system state with component failures

generated by Monte Carlo simulation, at each time slot, the frequency regulation

process is modeled including the primary, secondary and tertiary frequency

control considering the physical constraints. The amount of load shedding in

tertiary control at each time slot is determined based on the day ahead UC using

themodel developed in Chapter 4. In addition to the infrastructure and operational

indices proposed in Chapter 4, frequency indices are used to reflect the system

frequency performance. Simulation results show the hurricanes could cause

frequency nadir or peak out of the required range and neglect of the frequency

regulation process would lead to underestimation of the hurricane impacts. The

method developed could be used as guidance of UC and regulation reserve under

EWEs.

7.2 Recommendations for Further Research

In addition to the works in this thesis, there are some other promising research

topics that worth meticulous investigations in the near future. These topics are

detailed as follows.

A: Impacts of Flood due to Hurricanes on Integrated Energy Systems

Chapter 4 to Chapter 6 have shown how to assess the performance of power

systems and integrated energy systems under hurricanes. However, they only

consider the effects of strong wind and intense rainfall. In fact, hurricanes

are a principal cause of flooding due to the volume of rain and storm surge.

Unprecedented floods pose a range of challenges to electrical infrastructures.
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For example, thy can damage towers, substations, and seriously threaten power

plants. Besides, they can make access difficult for repair crews by destroying the

transportation system. Although the site selection of electrical facilities is based

on design and building criteria, as climate changes, the criteria may become

inadequate. Some reviews and reports highlighted the need to protect the CIs

from flooding in flood-prone areas in the literature. In this sense, a possible future

work is to explore the development of models and methods for assessing flood

risks to electrical assets.

B: Restoration Strategies

The work in this thesis mainly focuses on the assessment of system per-

formance under EWEs. However, in addition to the ability of resistance to

EWEs, the ability to restore is also a key feature of system resilience. The

restoration of a system includes many aspects, such as resource allocation,

network reconfiguration, and resources dispatching. The restoration process

is also constrained by the physical status of transmission systems which are

interdependent with power systems. As such, for future works, the restoration

strategies of energy systems under and after EWEs considering constraints of

other CIs should be carefully studied. Furthermore, optimization models should

also be developed for the determination of cost-effective strategies so that the cost

and benefits can be well balanced.

C: Resilience Improvement Strategies

The assessment methods and the indices proposed in this thesis enable the

awareness of potential problems while improvement strategies have to be devel-

oped to promote system resilience. Chapter 4 to Chapter 6 have provided some

suggestions from both short-term and long-term perspective, such as the deploy-

ment of the energy storage and the portable power generation, resilient generation
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management considering failures of transmission systems to reduce the risk of

load curtailment in the short-term, as well as upgrade of the weak transmission

lines with much strict design criteria and optimization of generation capacity and

relocation in the long-term. However, other potential strategies can contribute

to building a more resilient energy system, such as the employment of electrical

vehicles and microgrids. However, the cost and benefits of these strategies should

be carefully evaluated and integrated into the resilience assessment process.
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Appendix

Two-stage Robust Unit Commitment Model for Integrated En-
ergy Systems

Considering uncertain transmission line failures under hurricanes, a two-stage

robust UC model is proposed for the independent energy systems. First, this UC

is conducted to generate the commitment status and reserve of power generators;

then the results are input to the resilience assessment in Section 5.3, Chapter 5.

A.1 Objective Function

The objective is to minimize the start-up, shut-down, fuel and reserve cost of

generators, together with theworst case load shedding cost considering the failures

and operation status of transmission lines, as follows:

min
x∈X

f (x) +max
ξ∈U
[Q(x, ξ)] (A1)

f (x) = cTx

=
∑
t∈T

∑
g∈G

{
cstart,gαt

g + cshut,gβt
g + bgut

g +
[
agpt

eg,g + cr,gRt
g

]
∆t

}
(A2)

Q(x, ξ) = min
y∈Y

dTy = VOLL
∑
t∈T

∑
j∈Ned

Pt
lc, j∆t

s.t. Ey ≥ h −Gx −Mξ (A3)

where ξ is the uncertainty variable vector. T is the set of scheduling time periods

which is divided into equal time intervals with a length of ∆t = 1h, and T = |T |.

cstart,g ($), cshut,g ($), and cr,g ($·MWh-1) are the start-up, shut-down, and reserve
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cost of generator g, respectively. ag, bg ($·MWh-1) are fuel cost of generator g. x =

{αt
g, β

t
g, ut

g, pt
eg,g, Rt

g, pt
br, k, γ

+, t
br, k, γ

-, t
br, k, qt

gs, s, P
+, t
gp, k, P

-, t
gp, k, q+, t

gp, k, q-, t
gp, k, P

+, t
gc, c, P

-, t
gc, c,

Hpt
gc, c, qt

gfg,g, pt
egc, c} is the first stage decision variables. αt

g and βt
g are the

start-up and shut-down command of generator g, respectively. ut
g is binary

variables, 1 if generator g is on-line, 0 otherwise. pt
eg,g (MW) is the output

of generator g. Rt
g (MW) is the reserve capacity of generator g. pt

br, k is the

power transfer on line k. γ+, tbr, k, γ
-, t
br, k are the angle at from and to bus of line

k, respectively. qt
gs, s (MMSCF·h-1) is the gas supply of source s. P+, tgp, k (psia),

P-, tgp, k (psia) are the pressure at from and to node of pipeline k, respectively.

q+, t
gp, k (MMSCF·h-1), q-, t

gp, k (MMSCF·h-1) are gas injection to and extraction from

pipeline k, respectively. P+, tgc, c, P
-, t
gc, c (psia) are pressure at outlet and inlet node

of compressor c, respectively. Hpt
gc, c (hp) is the horsepower of compressor

c. qt
gfg,g (MMSCF·h-1) is the gas consumption of GFG g. pt

egc, c (MW) is the

electricity consumption of compressor c. VOLL ($·MWh-1) is the value of load

loss. y = {Pt
eg,g, Pt

br, k, θ
+, t
br, k, θ

-, t
br, k, Pt

lc, j} is the second stage decision variables.

Ned is the set of power buses with loads. Pt
eg,g(MW) is the active power output of

generator g. Pt
br, k (MW) is the power transfer on line k. θ+, tbr, k, θ

−, t
br, k are the angle

at from and to bus of line k, respectively. Pt
lc, j (MW) is the power load shedding

at bus j. X is the constraint set for the day-ahead scheduling, including both

electrical systems and gas systems, depicted in A.2. Y is the constraint set for

real-time operation of electrical systems after the realization of transmission lines,

depicted in A.3. The constraint set for uncertainty variables, i.e., U is illustrated

in A.4.
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A.2 First-stage Constraint Set

The first-stage constraint set, i.e., X, includes the constraints for 1) power system

and 2) NG system.

A.2.1 Power System

The technical constraints of power generators, transmission lines, power balance

and reserve requirements are formulated as follows:

αt
g − β

t
g = ut

g − ut−1
g , ∀t ∈ T,g ∈ G (A4)

t∑
h=t−UTg+1

αh
g ≤ ut

g, ∀t ∈ {UTg, ...,T},g ∈ G (A5)

t∑
h=t−DTg+1

βh
g ≤ 1 − ut

g, ∀t ∈ {DTg, ...,T},g ∈ G (A6)

ut
g = u0

g, ∀t ∈ {∆t, ...,UTr + DTr},g ∈ G (A7)

ut
gPmin

eg,g ≤ pt
eg,g − Rt

g, ∀t ∈ T,g ∈ G (A8)

pt
eg,g + Rt

g ≤ Pmax
eg,gut

g∆t, ∀t ∈ T,g ∈ G (A9)

0 ≤ Rt
g ≤ R10+

g ut
g, ∀t ∈ T,g ∈ G (A10)

pt
eg,g − pt−1

eg,g ≤ R60+
g ut−1

g ∆t + αt
gSUg, ∀t ∈ T,g ∈ G (A11)

pt−1
eg,g − pt

eg,g ≤ R60−
g ut

g∆t + βt
gSDg, ∀t ∈ T,g ∈ G (A12)∑

g∈Gj

pt
eg,g +

∑
k∈E+br, j

pt
br, k −

∑
k∈E-br, j

pt
br, k
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= Pt
ed, j +

∑
c∈Eegc, j

pt
egc, c, ∀t ∈ T, j ∈ Ne (A13)

pt
br, k − Bbr, k

(
γ+, tbr, k − γ

-, t
br, k

)
= 0, ∀t ∈ T, k ∈ Ebr (A14)

Pmin
br, k ≤ pt

br, k ≤ Pmax
br, k , ∀t ∈ T, k ∈ Ebr (A15)∑

g∈G

Rt
g ≥ δ

∑
j∈Ned

Pt
ed, j, ∀t ∈ T (A16)

where UTg (h) and DTg (h) are minimum up and down time of generator g,

respectively. UTr and DTr (h) are remaining up and down time of generator g,

respectively. Pmin
e,g (MW) and Pmax

e,g (MW) are the low and up bound of real power

output of unit g, respectively. R10+
g (MW·h-1) is the ramp up limitation within

10 minutes of generator g. R60+
g (MW·h-1) and R60-

g (MW·h-1) are the maximum

60-min ramp-up and ramp-down rate of unit g. SUg (MW) and SDg (MW) are

start-up and shut-down ramp limit of generator g, respectively. Pt
ed, j (MW) is the

power load forecast at bus j. Eegc, j is the set of gas compressors fed by power

bus j. Bbr, k (S) is the susceptance of branch k. Pmin
br, k (MW) and Pmax

br, k (MW)

are the minimal and maximal power allowed of branch k. δ (%) is the reserve

requirement.

(A4) is the status transition of generators. (A5)-(A7) are the minimal up, down

time duration, and initial status constraint of generators [163]. (A8)-(A10) are the

power capacity limitation with reserves [163], [164]. (A11)-(A12) are the ramp

up and down limitation [164]. The power balance of each bus is given in (A13),

together with the compressor horse power. The power transmitted on each line is

given in (A14), and the power is limited by (A15). Considering the uncertainty

of load forecasting, the reserve requirement is given in (A16).
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A.2.2 NG System

The constraints of gas sources, pipelines, compressors and gas flow are formulated

as follows:

Qmin
gs, s ≤ qt

gs, s ≤ Qmax
gs, s, ∀t ∈ T, s ∈ S (A17)

Lgp, k

((
P+, tgp, k + P

-, t
gp, k

)
−

(
P+, t-1gp, k + P

-, t-1
gp, k

))
= 2∆tC1

gp, k

(
q-, t
gp, k − q+, t

gp,k

)
, ∀t ∈ T, k ∈ Egp (A18)

1
4

Lgp, kC2
gp, k

(
q-, t
gp, k + q+, t

gp, k

) ���q-, t
gp, k + q+, t

gp, k

���
=

(
P+, tg, k

)2
−

(
P-, tg, k

)2
, ∀t ∈ T, k ∈ Egp (A19)

−Qmax
gp, k ≤ q+, t

gp, k ≤ Qmax
gp, k, ∀t ∈ T, k ∈ Egp (A20)

−Qmax
gp, k ≤ q-,t

gp, k ≤ Qmax
gp, k, ∀t ∈ T, k ∈ Egp (A21)

P+, tgc, c = RC t
gc, cP

-, t
gc, c, ∀t ∈ T, c ∈ Egc (A22)

Hpt
gc, c =

ahpPscTqt
gc, cck

Tscηgc, c (ck − 1)

((
RC t

gc, c

) ck-1
ck
− 1

)
, ∀t ∈ T, c ∈ Egc (A23)

0 ≤ Hpt
g, c ≤ HPmax

g, c , ∀t ∈ T, c ∈ Egc (A24)

Pmin
j ≤ P t

j ≤ Pmax
j , ∀t ∈ T, j ∈ Ng (A25)∑

s∈Sj

qt
gs, s +

∑
k∈E+gp, j

q+, t
gp, k −

∑
k∈E-gp, j

q-, t
gp, k +

∑
c∈E+gc, j

qt
gc, c −

∑
c∈E-gc, j

qt
gc, c

= Qt
gd, j +

∑
g∈Ggfg, j

qt
gfg,g, ∀t ∈ T, j ∈ Ng (A26)
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qt
gfg,g = Cg2e,gηg2e,gPt

e,g, ∀t ∈ T, g ∈ Ggfg (A27)

pt
egc, c = ηe2g, cHp

t
gc, c, ∀t ∈ T, c ∈ Eegc (A28)

where S is the set of gas sources. Qmin
gs, s (MMSCF·h-1) and Qmax

gs, s (MMSCF·h-1) are

minimal and maximal output of gas resource s, respectively. Egp is the set of gas

pipelines. Lgp, k (mile) and Qmax
gp, k (MMSCF·h-1) are the length and capacity rate

of pipeline segment k. RC t
gc, c is the compression ratio of compressor c. Egc is the

set of gas compressors. HPmax
gc, c (hp) is the maximum horsepower of compressor c.

ahp is constant. ck is the gas specific heat ratio. ηgc, c is the compressor efficiency.

Ng is the set of gas nodes. Pmin
j (psia) and Pmax

j (psia) are minimal and maximal

allowed pressure at node j, respectively. Qt
gd, j (MMSCF·h-1) is the gas load

forecast at node j during time slot t. Ngd is the set of gas nodes with loads. S j is

the set of gas sources located at node j. E+
gp, j and E

-
gp, j are the set of gas pipelines

to and from node j, respectively. E+
gc, j and E-

gc, j are the set of gas compressors

to and from node j, respectively. Ggfg, j is the set of GFGs fed by node j. Ggfg is

the set of GFGs. Cg2e,g is a constant. ηg2e,g is the energy conversion efficiency of

GFG g.

The capacity bounds of each gas sources are depicted by (A17). The dynamic

gas flow in a pipeline k is illustrated in (A18)-(A19). The volume flow rate is

limited by (A20)-(A21). For the compressor, the pressure ratio and horsepower

are given in (A22) and (A23), respectively. The horsepower of each compressor

is constrained by (A24). Within the gas networks, the pressure of each node is

to operate within a given range in (A25). Considering the consumption of gas

turbines, the gas node balance equation is shown in (A26). The gas consumption

of gas turbine and electricity consumption of compressors are given in (A27) and

(A28), respectively.
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A.3 Second-stage Constraint Set

Without considering the failureswithin the gas systems, the second stage constraint

set, i.e., Y includes the real-time scheduling of generators, power flow and load

shedding after the realization of transmission line failures, as follows:

pt
eg,g − Rt

g ≤ Pt
eg,g ≤ pt

eg,g + Rt
g, ∀t ∈ T,g ∈ G (A29)

−R60-
g ∆t ≤ Pt

eg,g − Pt−1
eg,g ≤ R60+

g ∆t, ∀t ∈ T,g ∈ G (A30)(
Ibr, k − 1
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M ≤ Pt

br, k − Bbr, k

(
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-, t
br, k

)
≤

(
1 − Ibr, k

)
M, ∀t ∈ T, k ∈ Ebr (A31)

−Ibr, k Pmax
br, k ≤ Pt

br, k ≤ Ibr, k Pmax
br, k , ;∀t ∈ T, k ∈ Ebr (A32)

Pt
ed, j ≥ Pt

lc, j ≥ 0, ∀t ∈ T, j ∈ Ned (A33)∑
g∈Gj

Pt
eg,g +

∑
k∈E+br, j

Pt
br, k −

∑
k∈E-br, j

Pt
br, k = Pt

ed, j +
∑

c∈Egc, j

Pt
egc, c (A34)

−Pt
lc, j, ∀t ∈ T, j ∈ Ne (A35)

The real-time generator output constraints are given in (A29)-(A30). Considering

the operating status of transmission lines, the power transmitted on each line is

limited by (A31)-(A32). For a specific bus, the amount of load shedding is given

in (A33). The real-time power balancing at each bus is depicted by (A34).

A.4 Uncertainty Set

Considering the impacts of hurricane on transmission lines [165], only the

operating status of transmission lines is treated as the uncertainty factors. The
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uncertainty set, i.e., U is depicted as follows∑
k∈Ebr

Ibr, k ≥ |Ee | − K (A36)

where |Ebr | is the number of power transmission lines.

A.5 Solution Methods

The formulated problem (A1) is a non-convex mixed-integer min-max-min op-

timization problem, due to the non-convexity of constraint (A19). There are

different methods to convexify this constraint, and the incremental piece-wise

linear method [158] is adopted. X is reformulated to X̄, where constraint (A19)

is piece-wise linearized, as follows:

min
x∈X̄

f (x) +max
ξ∈U
[Q(x, ξ)] (A37)

Problem is a standard two-stage robust optimization problem. In problem

(A37), maxξ∈U[Q(x, ξ)] is a max-min problem, and the inner problem is a linear

programming problem. The column-and-constraint generation method [166] is

adopted to solve this problem. It should be noted that the dual approach is adopted

to solve maxξ∈U [Q(x, ξ)], while in [166] it is solved by a primal problem.

The formulated problem (A1) - (A37) is implemented after the close of day-

ahead market, e.g., at 10:30 for PJM [31] before the operating day. The updated

hurricane information and load forecasting information are input for the day-

ahead two-stage robust UC problem. After the of day-ahead results are posted

and before the close of rebid, e.g., 13:30 to 14:15 for PJM, the commitment status

of generators before the assessment period are determined and input to minimize

the load shedding, as shown in (5.21) in Chapter 5. Due to the line failures, some

committed generators might be shut down to meet the power balance and security

requirements.
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