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Abstract— Electricity is at the center of attention as today
many essential systems (water, gas, communications, and the
internet for example) and infrastructures depend on its
continuity for their smooth functioning. On the other hand,
electricity power networks have developed and became large, and
highly complex technical systems, geographically extended,
requiring complex operation in real time to balance supply and
varying demand. The occurrence of natural disasters and their
catastrophic impact on electric power system functioning has
been the subject of research in many countries worldwide,
particularly earthquakes. Several countries such as Chile, China,
Haiti, Indonesia, Mexico and the United States have experiences
serious damages to their energy supply infrastructure due to
severe earthquakes, and at times the damages extended to their
economic development in addition to the loss of lives and
property. But not only earthquakes and related tsunamis
represent a danger to our electric infrastructures; havoc can also
be caused by other severe weather conditions such as hurricanes,
tornadoes, volcanic eruptions, and geomagnetic storms. This
paper aims to study the case of the Japan’s electrical system
during the 2010 earthquake, then analyze why natural disasters
cause damages on such a wide scale in the case of power systems
and also review some strategies to increase electrical systems
resiliency.
Keywords—– blackout, natural disasters, power systems,
electricity

I.

maintaining their strength rather than losing it inland. Either
type of natural disaster could damage many power system
components, causing widespread outages over a prolonged
period of restoration and recovery. Not only repairs cost many
millions of dollars, but the economic and societal damage from
serious power shortages would be enormous. Table 1 illustrates
the damages caused by the New Yok City blackout [1]. It
becomes important to study the resilience of these power
systems and come up with solutions to make them more
resilient in case a natural disaster occurs.
II.

SURVEY OF POWER SYSTEMS VULNERABILITY:
THE CASE OF JAPAN

On March 11, 2011, a magnitude 9.0 earthquake and massive
tsunami waves up to 38 meters high struck the northeastern
part of Japan, causing widespread devastation. As of April 11,
a month after the disasters, the death toll exceeded 13,000,
with 14,600 still missing and about 150,000 people still in
shelters. It took a lot of time, money, and effort to restore and
reconstruct the affected areas.
The March 11 earthquake and tsunami also caused severe
damag at the Fukushima Daiichi nuclear power station
operated by the Tokyo Electric Power Co (TEPCO). These
multiple disasters also had an impact othe ability to supply
electricity in eastern Japan [2].

INTRODUCTION

The reliability of U.S. electric power systems has been
tested by several natural disasters. The most notable incidents,
in South Carolina after Hurricane Hugo, in Seattle after the
1989 Cable fire, New York City in 1977, or almost the entire
Northeast in 1965 have demonstrated that blackouts are very
expensive and entail considerable disruption to society. As
damaging as these blackouts have been, much worse evens are
possible. Under several diverse types of circumstances, electric
power systems could be damaged well beyond the level of
normal design criteria for maintaining reliability. Seismic
experts expect that several parts of the country could
experience significantly larger earthquakes than the one that hit
Californian 1989. Hurricanes even more damaging than Hugo
could move along the Gulf of Mexico or up the Atlantic Coast,

A. Consequences of the natural disaster on Japan’s
electricity supply and demand
The devastating earthquake and tsunami cut the power
supply from many thermal and nuclear power plants located
along the Pacific coast in northeastern Japan, and caused heavy
damage to their facilities. In TEPCO's power system, eight
power plants (generating a total 21.96 million kilowatts),
including the Fukushima Daiichi nuclear power station (4.70
million kilowatts) and the Fukushima Daini nuclear power
station (4.40 million kilowatts), stopped operating, five other
plants (generating a total 5.64 million kilowatts) stopped in the
system of the Tohoku Electric Power Co. Since there were still
heating energy needs in mid-March when the earthquake

Struck, electricity supply suddenly fell short of demand. The
Japan for Sustainability non-profit group created a pie chart to
illustrate the proportion of Japan’s overall domestic generation
[3]. This chart is presented in fig 1.

B. Adopted Solutions
In response to the power shortage, two major actions were
taken on the supply side. One was to deliver electricity from
other areas using the power lines interconnected across the
boundaries of utility company service areas. Up to 600,000
kilowatts of electricity were being provided from Hokkaido,
Japan's northernmost island. There are many power plants in
western Japan, but the amount of electricity that can be sent to
eastern Japan is limited to one million kilowatts because of a
difference in electrical frequencies between regions. When
Japan first introduced power generation systems in the Meiji
period, a 50-hertz generator was imported from Germany to the
Kanto region in eastern Japan, and a 60-hertz generator was
brought from the United States to the Kansai region in western
Japan. With these two different frequencies still being used
today, the amount of electricity transmitted across the border is
determined by the capacity of frequency conversion facilities.
The electric distribution frequency difference has been
discussed in [1] and an illustration is shown in fig 2.

“The other effort on the supply side was to get help from other
companies. Some hydroelectric power stations, located near the
boundary between 50 and 60-Hertz regions, were then
generating electricity at 50 Hertz, instead of their normal
frequency of 60 hertz. Extra generating capacities, such as at
privately owned power facilities, were procured from other
utility companies. Many user companies were also providing
support by independently generating their own power. In
particular, Mori Building Co., an urban development firm, had
a power generator fueled by city gas at its Roppongi Hills highrise building complex in central Tokyo, and was providing up
to 4,000 kilowatts of electricity to TEPCO” [2].
“To avoid abrupt, large-scale power outages, TEPCO
introduced rolling blackouts, or planned power outages, to
control electricity use on the demand side. The company
divided its service area into five sections according to the
locations of distribution substations, and started rotating power
outages lasting a few hours in each section, while forecasting
the balance between electricity supply and demand for the day”
[2].
“At first, there was a great deal of confusion, as well as
tragedy. A man was killed in a crash at an intersection with
darkened traffic signals. A woman, who was hit by a truck at
another dark intersection and sent to a hospital, became

To handle the situation more precisely, TEPCO improved
the system by subdividing further, to create 25 groups instead
of the original five. Planned power outages, which had lasted
since the earthquake, ended on April 8 when TEPCO
announced that it could discontinue the rolling outages, thanks
to the recovery of a demand-and-supply balance.

C. State of supply and demand during summer 2011
Fig 1. Proportion of Japan’s overall domestic energy
generation by source in 2010. Image from [3]
seriously ill because a power outage prevented doctors from
doing a computed tomography (CT) scan. Various other
problems occurred during the blackouts. For example, loss of
power risked home medical care, and pumps stopped during
blackouts caused water failure in condominiums” [2].
“These planned power outages also prevented factories,
shops, and train services from operating normally. A three-hour
power outage each day may mean no operation for a full day
when the start-up time of machines in factories is taken into
consideration. Some entire train lines were cancelled and the
frequency of services was cut, resulting in no train service for a
few days in some areas. The transportation network in the
metropolitan area is so extensively interconnected that people
everywhere immediately got stuck and plans were disrupted
when the trains stopped running” [2].
“The chaos was compounded by confusing grouping of
power outages due to inconsistencies between the service areas
of distributing substations and administrative districts.
Inadequate and delayed information provided by TEPCO also
made the situation worse. Because planned power outages were
conducted based on the prediction of demand and supply, they
could be avoided if everyone saved electricity. But people who
prepared for a power outage according to the previously
announced time were disrupted again in cases where the power
stoppage was cancelled. Cynics complained that the supposed
"planned" outages were poorly planned.” [2]

Fig 2. Japan’s electric companies. Image from [1]

“The demand-and-supply situation coming that summer
was predicted to be 46.5 million kilowatts of electric supply
with 55 million kilowatts of assumed maximum demand,
resulting in a huge electricity shortfall of up to 10 million
kilowatts at peak times. If compared with the 59.99 million
kilowatts of the maximum electricity supply during 2010’s
extremely sizzling summer, the power supply could be short
by 15 million kilowatts.
It takes a few years to increase electricity supply on a large
scale by modifying frequency conversion stations and
constructing new power generation facilities, including
thermal power plants, meaning it was too late for Japan to get
through that summer with enough supply. Even if the
introduction of solar, wind, and other renewable energies was
accelerated, they could not provide extensive electricity on a
short-term basis, because they accounted for only 3 percent of
the country's current power needs
Japanese electricity users can be categorized into three
groups, each of which needs its own control measures. One is
the commercial-scale users, whose currently effective contract
demand is more than 500 kilowatts. There are 15,000 of them
in Japan, and these are business operators such as companies
and plants. Another is the small-scale users, whose currently
effective contract demand is less than 500 kilowatts. There are
3.2 million of these business operators such as ordinary offices
and convenience stores. The third group is the 21 million
households, whose currently effective contract demand is less
than 50 kilowatts. The estimated actual power consumption of
each group in 2011 was as follows: the commercial-scale users
group accounts for about 15 percent of the total, and the smallscale users group and households group each account for a
little over 40 percent, respectively.
TEPCO offered a "contract for adjustment of supply and
demand" to commercial-scale users. Under the system, users
could use electricity at a discount price under normal
conditions, but when electricity demand becomes close to the
supply, they were obliged to control their own power
consumption. Under such urgent conditions, they had to
reduce their consumption for more than three hours
continuously by more than 20 percent of their contract demand
or more than 1,000 kilowatts. There were three types
regarding the starting time of limitation. The users should
reduce their consumption (1) as soon as receiving TEPCO's
notice, (2) within one hour of receiving the notice, or (3)
within three hours after receiving the notice. According to
newspapers accounts, more than 1,200 commercial-scale users
were under this type of contract.” [2]

“Moreover, there were other types of contracts: (1) the
instantaneous adjustment power contract, (2) a contract during
summer vacations that required users to operate their business
on holidays instead of weekdays between July and September
whenever TEPCO makes the request, (3) a summer-time
operation adjustment contract that required users to adjust
their power use for a certain period that TEPCO specifies
between July and September, and (4) a peak-time adjustment
contract that required users to adjust their power consumption
for a certain time during 1 to 4 p.m. on any day that TEPCO
requests between June and September. In April 2011, TEPCO
eased the requirements for companies to enter such contracts
for the adjustment of supply and demand, thereby making it
possible to increase the number of contracting companies, and
to promote better controls on power demand” [2].
“The Japanese government planned to impose mandatory
curbs on electricity use, based on article 27 of the Electricity
Business Act "Restriction on Use of Electricity," by requesting
commercial-scale users such as businesses and plants to cut
their electricity consumption at peak time on weekdays by 25
percent. This was the first time for the government to invoke
such compulsory restrictions since 1974, when corporate users
-except for waterworks departments, schools, and railway
companies- were obliged to reduce power consumption by 15
percent due to the oil crisis” [2].
“Also, in the business sector, various industry groups drew
up voluntary energy-saving plans. Led by the Japan Business
Federation (Nippon Keidanren), companies considered
operating their plants during usual summer vacations,
weekends, and nighttime, when the peak demand is reduced,
or operating each company's plant on a day-by-day rotating
basis. Moreover, each company made its own energy-saving
plans, such as giving employees a longer summer vacation and
fewer holidays in other periods. For example, in 2011 Sony
Corporation extended its usual four-day summer vacation to
about two weeks, while all national holidays in the latter half
of this year were changed to business days” [2].
“Regarding commercial-scale users, it can be grasped how
much the power demand is curbed due to the government's
mandatory restrictions and the leadership of industrial groups,
but the number of such users is limited and accounts for only
15 percent of total power consumption. For small-scale users,
the government intended to set a reduction target of 20 percent
and require them to formulate specific plans, such as reducing
air conditioning and having shorter business hours” [2].
“Regarding the household sector, it was difficult for the
government to find effective direct control measures, since the
number of individual households is large, and government
orders have less impact compared to industries that have
industry associations upon which government pressure can be
applied” [2].
“Overall, the actions taken by the government were
successful as the initial 15% reduction target was achieved.
With that said, the summer of 2011 was colder than the
summer of 2010. Therefore, it was difficult to determine
precisely the effectiveness of Japanese users' efforts to lower
their electricity consumption because air-conditioning

accounts for an important part of electricity consumption. In
that perspective, Nagatomi, a researcher at IEEJ, has estimated
the net electricity saving rates based on an analysis that
corrects for the differences in temperature in the Tokyo and
Tohoku regions. The results show that the temperature had a
strong impact in August 2011, since it accounted for ~25% of
demand reduction. In June and July, though, it still helped to
reduce consumption and the temperature's share in total
reduction was lower. The achieved demand reductions vary
from one sector to 18 another: household reductions ranged
from 6–11% (cf. 15% target); Small businesses achieved with
a 19% reduction (cf. 15% target); large consumers achieved a
27–29%, albeit partly due to the legally binding target. Again,
the reduction in consumption in all sectors was due in part to a
colder summer” [2].
“Considering the 10.3% electricity supply gap described
previously, the Government announced its summer electricitysaving strategy, which aimed at a conservative 15% demand
reduction target for the whole country. It is worth noting that a
lower target (5–10%) was proposed for end-users such as
hospitals, nursing homes, public transport, and water utilities.
Whereas specific requirements from the Japanese authorities
have been presented earlier, the Tokyo Metropolitan
Government (TMG) enforced its own emergency powersaving program on May 27th, 2011. It was devised to
complement the National Government's measures and aimed
at “freeing Japanese society from its excessive dependence on
electricity” [2].
“In that perspective, complementary efforts were
emphasized to aid each sector with achieving their 15%
reduction target. To help large electricity consumers,
emergency power conservation seminars were organized and
attended by approximately 2,000 businesses. The city also
helped small consumers by coordinating power-saving
measures, publishing reports and organizing workshops. A
primary action proposed to these users was to reduce lighting
(i.e. switching off lights, removing lights, and in some cases
using low-power bulbs. Regardidng the residential sector,
energy conservation advisors visited more than 300,000
households from mid-June to the end of September 2011. The
city also promoted the ‘Electricity Action Month’, which was
held at public elementary schools and high schools and
encouraged 1 million children to save electricity. Additionally,
a subsidy program was implemented to foster home power
generation through photovoltaic and gas cogeneration systems.
Finally, efforts were carried out at Tokyo Metropolitan
Government (TMG) facilities: a 29% reduction from the
previous summer was achieved at TMG main buildings.
Interestingly, the city had already listed measures that could
be taken to lower electricity consumption before the Great
earthquake, with the objective of lowering carbon emissions.
Therefore, actions were taken in all TMG-related facilities,
with emissions reduction measures already in place” [2].

III.

POWER SYSTEMS ON THE PACIFIC NORTHWEST

A. Distribution of the Power Systems on the Pacific
Northwest
Water power supplemented by small steam plants fueled by
coal, oil, and wood provided most of the electricity in the
Pacific Northwest from the time the first hydropower turbines
were installed on Northwest streams (late 1800s) until the
1960s. However, the demand for electricity surpassed the
output of the dams due to population increase and regional
economic growth. The first types of power plants built to add
to the region’s electricity supply were baseload coal, nuclear
steam-electric plants and small peaking combustion turbines
fueled by natural gas. Highly efficient natural gas combinedcycle plants were later added to expand the system. Recently,
large numbers of wind generators have been added.
Hydropower dominated the electricity in the Northwest
accounting for about 58 percent of the installed capacity. It is
followed by natural gas plants with about 16%, then coal plants
with 12%. The region’s single operating nuclear plant, located
in Eastern Washington accounts for about 2% of the region’s
capacity. In all, the region’s power supply capacity totals about
59,000 megawatts. The NW council summarizes the Northwest
power by category, and this is illustrated in fig 3[4].

B. Power systems failure due to natural disasters
Secure and reliable electric power grid operation is
important to social wellbeing. Electric power is generated and
sent over transmission lines which reduce the voltage levels for
distribution to end-use customer, as displayed in fig 4 [6]. The
network of cables providing electric power to customers
generally exists is an exterior or “above ground” environment
largely exposed to the elements. As a result, seasonal storms
which often combine the damages of furies of rain, wind, snow
or ice can cause power outages. The greatest damage to electric
power transmission and distribution are usually caused by
severe weather events. The North American Electric Reliability
Corporation (NERC) requires utilities to repair events which
cause disturbances that interrupt service of more than 300
Megawatts (MW) or affect 50,000 customers or more.
University Vermont analysis of the North American Electric
Reliability Corporation (NERC) data conducted by Hines et al,
[5] describes 933 events causing outages from the years 1984
to 1996, and is presented in Table II. According the Vermont
study, almost 44% of the events in the period were weatherrelated. The study noted many events smaller than the NERC
reporting threshold were included, it is also noted that some of
the reported events have “multiple initiating” causes since
some events (such as lightning) can trigger other outages or
operator errors.
1.

Earthquakes

More than any other natural hazard, major earthquakes can
produce almost complete social disruption in modern urban
areas. Due to seismic activity, infrastructures both above and
below ground may be shattered, and quick repair of belowground items is almost impossible [5]. All types of power
systems equipment can be destroyed by earthquakes

Fig 3.Northwest Power intalled capacity by fuel type. Image
from [4]
even though the damage drops off rapidly with distance from
the epicenter. Foundations in reasonably firm soil will tend to
move with the ground without damage or relative
displacement, except for structures located at points of earth
slippage. The substation equipment became larger over the
years because of the increase in transmission voltage, making it
more seismically vulnerable. The increased susceptibility to
damage is caused by two principal factors:
• A drop of the frequencies of vibration into a lower and
more severe region of the characteristic seismic frequency
range, which produces an amplification of the seismic
forces in the equipment [6].
• The inherent structural deficiencies – the brittle nature
and low-energy dissipation properties of electrical
insulating material such as porcelain [6].
Performance of transmission lines, towers, and poles under
earthquake conditions generally has been excellent. Wood
poles are inherently more flexible than steel towers, and the
flexibility reduces the seismic stress substantially. However,
earthquakes can cause transmission outages when tower
foundations are subject to earth slippage [6].
During the 1989 San Francisco earthquake, Pacific Gas and
electric Company (PG&E) experienced significant internal
damage to a 500kv substation located near the Moss Landing
power plant. Two 112-MW units that were operating at the
Moss Landing facility at the time of the earthquake were
isolated due to the damage to circuit breakers and transformers
at the substation [6]. Substation distribution line damage was
reported in areas close to the earthquake’s epicenter. [7]
2.

Hurricanes

In the United States, most hurricane damage occurs in a
narrow zone along the coastlines of the Atlantic Ocean and the
Gulf of Mexico. Hurricanes primarily affect transmission and
distribution lines. High winds can damage or uproot
transmission and distribution poles. When soils become water
saturated by accompanying torrential rains, it can cause the
poles to fall as was the case in 1982 when Hurricane Iwa struck
the Hawaiian Islands and in 1989 when Hurricane Hugo hit the

Fig 4. Electric Power systems elements. Image from [6]
Carolinas. Hurricane Hugo knocked out power to more than 1
million customers in the Carolinas; many people were left
without power for several weeks. Transmission towers and
several hundred miles of transmission lines were downed by
high winds and flying debris while falling trees knocked out
thousands of distribution lines [8].
3.

Tornadoes and thunderstorms

In the United States, tornadoes are most prevalent in a
region known as “Tornado Alley” that extends from the
western Texas Panhandle across Oklahoma, Kansas, southern
Nebraska and Iowa, but have been known to occur in all states
[9]. Severe thunderstorms can produce lightning and high
winds with the potential to cause extended blackouts. For
example, the 1977 New York blackout began with a series of
severe lightning strokes. In general, tornadoes are more likely
to cause damage to transmission and distribution lines over a
small geographic area than wipe out a substation or generating
plants. Thunderstorms are more widespread and consequently
highly disruptive. High winds, torrential rains, and lightning
can wreak havoc on distribution lines [8].
4.

Geomagnetic storms

Geomagnetic storms are large fluctuations in the earth’s
magnetic field caused by solar disturbances. The sun
continuously emits a stream of protons and electrons called the
solar wind. Solar disturbances such as sunspots and solar flares
result in gusts in the solar wind, with a more intense stream of
charged particles emitted. When the solar wind hits the earth’s
magnetic field, it produces currents in the atmosphere, altering
the magnetic field as well as causing aurora borealis [8].
Electric potentials are created by fluctuation in the Earth’s
magnetic field on the Earth’s surface. The resulting electric
potential differences of 5 to 10 volts per mile fluctuate very
slowly and are typically aligned from east to west. There is a
flow of geomagnetically induced currents (GICs) wherever a
power line connects areas of different electric potential. Several
factors such as power line’s location, length and resistivity
relative to the resistivity of the ground define the magnitude of
the induced current. Areas with long east-west transmission
lines and highly resistive geology typical of igneous rock
formations are more likely to experience large GICs. A power
system may be either damaged or merely taken out of service
during a geomagnetic storm; both may lead to system outages
[8]. Extra high voltage transformers may overheat, resulting in
permanent damage or reduced life. Unacceptable loadings on
generators and transmission lines, caused by the significant
drop in transformers’ voltages, may lead to their being taken
out of service by protective relays. In addition, harmonic
distortions created in the transformers may cause malfunction

of relays. They may operate when they should not, resulting in
equipment being taken out of service unnecessarily, they may
also fail to operate when needed, resulting in damage to the
attached equipment. On March 13th 1989, a very strong
geomagnetic storm damaged control equipment in Quebec,
resulting in the collapse of nearly the entire system for a 9-hour
blackout. Protective relays were tripped, and several large
transformers were damaged by the same storm in the United
States. The Salem Nuclear Plant in New Jersey was forced to
shut down for six weeks because one of its step-unit had to be
removed from service [8].

C. Power system failure on the Pacific Northwest : the
case of volcanic eruption
The Cascadia Subduction Zone (CSZ) “megathrust” fault is
a 1000km long dipping fault that stretches from Northern
Vancouver Island to Cape Mendocino California. It separates
the Juan de Foca and North America plates. The Juan de Fuca
plate moves toward, and eventually is shoved beneath the
North American plate. At depth shallower than 30km or so, the
CSZ is locked by friction while strain slowly builds up as the
subduction forces act, until the fault’s frictional; strength is
exceeded and the ricks slip past each other along the fault in a
“megathrust: earthquake. Great subduction earthquakes are the
largest earthquakes in the world, and are the only source zones
that can produce earthquakes greater than M8.5. According to
Chris Golfinger, marine geologist at Oregon State University,
Geological evidence indicates that earthquakes with a
magnitude of 8.2 or higher have occurred 41 times during the
past 10000 years [11]. He continues by stating that bases on
historical averages, the southern end of the fault – from about
Newport, Oregon to northern California- has 37% chance of
producing a major earthquake in the next 50 years.
How do volcanic eruptions damage power systems?
Although pyroclastic flows and surges, sector collapses,
lahars and ballistic blocks are the most destructive and
dangerous explosive eruption products [12], tephra fall is the
most widespread volcanic phenomenon. It is the product of
explosive volcanic eruptions and is composed of pulverized
fragments of rock, mineral and glass. Fine –grained ash, also
known as volcanic ash [13], can be scattered large distances by
winds. The systems of electrical apparatus used in power
generation, transformation, transmission and distribution are
highly exposed to tephra falls. Tephra can damage electricity
supply and generation in many ways [14]:
i. High voltage insulators (porcelain, glass or
composite) are electrical hardware designed to mechanically
support and electrically isolate energized lines or apparatus
from earthed structures such as steel towers or wooden poles.
During humid conditions such as light rain, fog, or mist, wet
deposits of tephra on insulators can create a leakage current
(small amount of current flow across the insulator surface). If
sufficient current is achieved, it will create an electrically
discharge around or over the surface of an insulator, called
flashovers. Disruption of service will occur if the resulting
short circuit current is high enough to trip the circuit breaker.
The leakage current is due to the electrical conductivity of wet

Table II. Large blackouts in the United States.

Fig 5. a. Fine grained tephra adhered to the underside of a
33KV porcelain insulator in Futaleufu, Chile following the
2008 chaiten eruption. b. Underside of a 3KV porcelain
insulator that suffered tephra-induced flashover following the
same eruption. Image from [10]

tephra, which is influenced by moisture content, soluble salt
content, compaction and grain size [15]. Tephra-induced
flashover on or across power transformer insulation can burn,
etch or crack the insulation irreparably and potentially damage
the windings of the transformer. Figure 5 illustrates the
damages by tephra deposits to insulators during the 2008
eruption in Chile. In 1980, Mt St. Helens eruptions deposited
tephra over the Pacific Northwest, specifically in Washington
State. The Bonville Power Administration (BPA) is one of the
utilities companies across the Pacific northwest and
experienced several tephra-related outages during the eruption.
BPA reported that approximatively 10 days after the eruption,
25 momentary and 25 sustained outages had been recorded (up
to 7h and 40min) mainly on the 115 KV and lower voltage
systems serving customer utilities[16].
ii. Controlled outages of vulnerable nodes of the electric
power system (generation facilities and/or substations) or
circuits until tephra fall has subsided or for offline (deenergized) cleaning of equipment [14].
iii. The hardness and angularity of tephra makes it highly
abrasive. Tephra can accelerate normal wear by eroding and
scouring metallic apparatus, particularly moving parts such as
water and wind turbines at generation sites and cooling fans on
power transformers [14].
iv. The high bulk density of some tephra deposits can
cause line breakage due to tephra loading. This is most
hazardous when the tephra and/or the lines are wet and usually
following at least 10mm of tephra fall. Fine-grained tephra
stick to lines and structures (wooden poles and steel towers)
most readily. Tephra may also load overhanging vegetation,
causing it to fall onto lines which can make the contact
between phase or cause line breakage or even damage
structures [14].
v. Tephra ingress can block air intakes causes a
reduction of air quality and quantity for turbines and cooling
and heating, ventilation and air conditioning (HVAC) systems
at generation sites and substations. This may lead to a reduction
in efficiency,

precautionary shutdown to avoid damage or even failure.
Tephra could also potentially abrade, clog and corrode thermal
turbines and control systems following ingestion [14].
IV.

WHAT

CAN BE DONE TO INCREASE RESILIENCY ?

Utilities historically have expended significant efforts to
ensure reliability, but only over the few years have started to
take seriously the possibility of massive, simultaneous damage
on multiple facilities. Wang et al. [17] illustrate the timeline of
the response in electric grid when a natural disaster occurs in
their analysis of the resiliency of power systems under natural
disasters. Few utilizes plan their system and its operation to
accommodate multiple, major failures, and key facilities still
unprotected. Most of the actions industry has taken have been
instigated by the North American Electric Reliability Council
(NERC) and the Edison Electric Institute (EEI); NERC
completed a major study of vulnerability in 1988. Some of the
recommendations have been adopted, while others are still
under review. EEI has a large and active security committee
which facilitated information exchange on physical protection
of facilities. The Department of Energy (DOE) has prime
responsibility for energy emergencies. DOE’s office of Energy
Emergencies (OWEE) was created to ensure that industry can
supply adequate energy to support national security and the
Nation’s economic and social wellbeing. OEE also manages
the National Defense Executive Reserve Program, which
recruits civilian executives from the electric power industry
among others to provide information and assistance in case of
national emergency. In addition, DOE has put in place a threat
notification system to alert energy industries of potential
problems. Measures to reduce vulnerability can be grouped
according to whether they prevent damage to the system, limit
the consequences of whatever damage occurs or speed
recovery [18].

A. Measures to prevent damages
According to the US department of Energy [18], hardening
a system means physically making changes to the
infrastructure to make it less susceptible to damage from
extreme wind, flooding, or flying debris. Resiliency refers to
the ability of an energy facility to quickly recover from

damage to any of its components or to any of the external
systems on which it depends, an obvious way to prevent
damage or harden resiliency is to improve physical security
and earthquake resistance for key facilities. The initial cost for
walls around the transformers, crash-resistant fences, and
surveillance systems would be a few percent of the
replacement cost of the facility. A summary of the existing
practiced to harden and increase resiliency of the electric
transmission and distribution system is shown in table III [27].
Among the activities, elevating substations, upgrading and
under-grounding existing lines, and vegetation management
are commonly used in current utility programs. To prevent
future flooding, as part of the Southwest Louisiana Electric
membership corporation’s hardening plan, there substations
that were flooded by Hurricanes Rita and Ike were elevated
above the storm surge plus 5 feet, for a total of 13 feet above
sea level. The cost of elevating the three substations was
estimated at $5.2 million [18].
According to [19], the estimated cost for constructing
underground transmission lines ranges from 4 to 14 times
more expensive than overheard lines of the same voltage and
same distance. As an example, a new 138Kv overheard line
costs approximatively $390000 per mile as opposed to $2
million for underground (without terminal).
To minimize the chances of power line contacts with trees,
utilities typically trim tree branches to maintain a right-of way
free of impinging vegetation. In 2006, NERC introduced the
Transmission Vegetation Management Program which applies
to high-voltage transmission lines of 200Kv or higher. This
program requires the transmission line owner to have a
vegetation management plant. Minimum vegetation clearance
distances are calculated by formula, varying from 0.82 feet
(for a 69kV line) to (8.06 feet) for a 765Kv line. NERC’s treetrimming standard does not apply to low-voltage distribution
lines, which are typically less than 60kV [20].
Implementing Smart Grid improvements could be another
way of increasing resiliency. Much of the infrastructure which
serves the US power grid is aging. The average power plant is
now over 30 years, with most of these facilities having a life
expectancy of 40 years. Similarly, electric transmission and
distribution are aging, with power transformers averaging over
40 years of age, and 70% of transmission lines being 25 years
or older. The modernization of the grid to accommodate
today’s power flows, serve reliability needs, and meet future
projected used is leading to the incorporation of information
processing capabilities for power system controls and
operations monitoring. The “smart grid” is the name given to
the evolving electric power network in which new information
technology systems and capacities are incorporated. Smart
grid improvements could help avoid power outages, as the
system would be able to detect problems, and potentially reroute power while alerting system operators to the location of
the issue [20].
Utilities companies could also partner with volcanic
scientists to strengthen or design power systems to mitigate
tephra fall hazard. While removing the risk source (the
volcano) is not a feasible option, power companies can revise

their land-use planning to re-route circuits and stations so that
they do not lie proximal to or in the typical downwind path of
a volcano. Whilst this measure is an extreme and potentially
expensive measure, it is an effective one that has relevance for
areas that endure tephra falls.
Insulator modification is another way to prevent damages. HV
insulators designed to operate in polluted conditions come in a
range of different shapes and sizes and are constructed from
several varied materials [22]. Depending on the climatic and
pollution patterns at a given site, insulator materials (ceramic
versus polymer) and profiles (e.g. standard versus
aerodynamic or fog-type) should be carefully chosen to
accommodate the local conditions. Adapting the type of
insulators used in volcano-proximal zones could reduce the
likelihood of flashover; minimize the effects of tracking and
leakage current and ultimately improve system reliability.
To combat the effect of erosion due to the tephra power
companies could use protective coating on turbine components
and apply a hard coating (tungsten carbide powder) to the
components most critical to the system (crown, blades and
band seal) while a soft coating is applied.

B. Measures to limit consequences
Measures to limit the consequences of damage include
improved training of system operators to recognize and
respond to major perturbations, improved control centers and
increases spinning reserves. The intent of these steps is to
isolate the damage areas and keep as many customers as
possible on-line. Rapid action can prevent the disruption from
spreading as far as it otherwise might.
Heightened operational readiness, efficient motoring and
impact assessment of any disruption or damage are key
elements of good mitigation practice. Response plans should
include procedures to monitor warnings from volcano
observatories (including notification of eruptions and potential
tephra falls), reducing or shutting down operations, and
accelerated [8].
One of the most effective ways of preventing tephrainduced impact is to avoid the risk altogether by shutting
down, closing off and/or sealing off equipment until the tephra
is removed from the immediate environment. Even though in
many cases this solution is not practical or acceptable- mainly
because disrupting service results in losses of millions of
dollars-it is safer to de-energize, clean contaminated apparatus
and bear service losses than to continue operating with an
unquantified risk, The decision to de-energize will also depend
on the importance of the circuit or apparatus in providing
power to critical infrastructures such as emergency supply to
nuclear facilities, water supply, primary supply and other
crucial nodes of the power electrical system. In all instances,
communication of decision making should be made to clients
as rapidly and openly as possible to enable them to plan for
disruptions [16]. Before cleaning the tephra from the power
systems apparatus, the technicians should make sure they
apply the following procedures, outlined in IEEE standard 957
[21]:
➢ all substation equipment must be de-energized and
earthed prior to cleaning

➢ All cleaning personnel should be required to wear a
facemask and eye protection in addition to any personal
protection equipment required by the power company
➢ Transformer bushings and radiator fins should be
cleaned by hand using soft rags followed by high-pressure
washing depending on whether the tephra is wet or
dry(figure)
➢ Insulators, bus bars, circuit breakers and other critical
apparatus should be cleaned by hand using a similar
procedure as hat used for transformers. Extra care should
be taken to ensure that all surfaces are cleaned, including
the undersides if insulators. Additional materials such as
wet or paraffin-soaked cloths, steel brushes or steel wool
may be needed for insulators with strongly adhered tephra
deposits
➢ If tephra deposits are strongly cemented to ceramic
surfaces (insulators and bushings), then a mild solvent or
detergent can be applied and wiped clean using soft
brushes, rags, paper towels or non-abrasive nylon pads.
Steel wool can also be used when other cleaning tools are
ineffective; however, caution should be exercised to avoid
abrading ceramic surfaces and remove all metal particles
left by the steel wool. No solvents should be applied to
polymer insulators unless advised by the manufacturer
➢ Contacts on disconnect switches are especially
difficult to clean and may require scrubbing with a rough
sponge or nylon pad to remove the contact grease in which
tephra becomes embedded
➢ The substation can be re-energized once all
substation equipment has been dried using soft rags.
In the case of minor tephra falls, it may be more
economical for power companies to retain the risk by leaving
small deposits (e.g. <3mm) on insulators, lines and structures
to be cleaned naturally by wind action and rain. The informed
decision to leave tephra on power hardware should depend on
the electrical conductivity of the tephra, a factor that is largely
influenced by ionic form of soluble salts present on the
tephra’s surface [16]. In the case of substations, however,
heightened attention to these facilities with only small
accumulations of tephra suggests that immediate cleaning is
essential to ensuring the safe and reliable provision of
electricity to society.
Real time pollution monitoring can provide some
indication of contaminated conditions on energized insulators.
For example, analysis of leakage current and/or partial
discharge on contaminated insulators can warn system
operators of critical pollution levels prior to flashover [24].
The conductivity analysis conducted by [17] is a rapid field
method that can be used to measure the electrical properties of
tephra in space and time. If conductivity values are known
before substantial deposits of tephra can accumulate (e.g.
>1mm), then tephra fall forecasts can be combined to provide
an early indication of which facilities and sections of lines
may be at the greatest risk of impacts, such as insulator
flashover.

Table III – power grid hardening and resiliency activities

C. Measures to speed recovery
Measures to speed recovery focus on the large
transformers. The recovery period could be greatly reduced if
more spares could be made available. One way would be use
those spares that utilities normally consider necessary for their
own reliability but which are not in service at a given period.
Alternatively, utilities could purchase spares for key
equipment and store them in secure locations, or a stockpile of
at least the most common transformers could be established. A
stockpile might entail initial costs of about $50 to $100
million for the step-down transformers. Step-up transformers
at generating stations are less standardized than step-down
transformers. They employ a greater variety of voltage and
different physical layouts for the high current bus from the
generator. It is less likely to find a suitable spare, and a
stockpile would have to be sizable. A less expensive
alternative would be to stockpile key materials (cooper wire,
core steel, and porcelain) and use preexisting designs in an
emergency instead of custom designing for the application [8].
Mutual assistance agreements (MAAs) are also another
way to speed recovery of the power system depending on the
size and extent of a natural disaster causing an outage, a utility
may find it necessary to call upon other utilities via its MAAs
to help it restore services. MAAs can help reduce the duration
of natural disasters related outages by bringing in outside
resources to aid the recovery effort. MAAs are voluntary
arrangements made with other electric utilizes in stated or
regions unlikely to be affected by the same natural disaster
related event. As such, it may take time for MAAs to arrive
on the damaged site, as the utility workers must travel
sometimes significant distances. EEI provides advice on how
to structure and arrange MAAs to its member utilities.
Although MAAs are voluntary and not regulated, they have
come under state regulatory scrutiny especially in longerduration outages. The extent of damage can also slow the
response of other utilities to respond to calls for assistance, as
a utility’s priority and obligation is to restore service to its
own customers in the event of an outage. Nevertheless, MAAs

are very important to the recovery effort after a natural
disaster-related outage [20].
V.

UTILITY COMPANIES ON THE PACIFIC NORTHWEST
ANSWERS TO SOME QUESTIONS PERTAINING TO
RESILIENCY[26]
A. Has your company done a cost-benefit analysis
related to resiliency, maybe with special attention to
a Cascadia Subduction Zone (CSZ) earthquake
event? If so. Would you be willing to share your
findings or documents with us?
• Portland General Electric (PGE): In the middle of
determining this for Transmission and Distribution, more
information anticipated by end of 207
• Central Lincoln People’s Utility District (CLPUD): A
formal cost-benefit analysis has not been done but in 2014
there was a facility assessment that included a CSZ
vulnerability component (facility location, employee safety
and potential property loss)
• Pacific Power: in the middle of assessing
transmission and large distribution substations throughout
its Oregon service territory to: determine potential damage
and impact due to a Cascadia event (located in tsunami
zone, construction served, and potential ground-shake);
determine criticality in order to prioritize based on number
of customers served, importance to the network and the
impact it has on incoming generation. The goal of this
assessment is to make upgrades based on learned
information to mitigate damage and exposure to CSZ
event, and help in future restoration process.

B. Are you currently making investments for increasing
resiliency? If so, what are these investments and
developments, how much do they cost, and what are
the anticipated benefits or avoided costs?
•
PGE: Investments weaved into normal business
upgrades and drivers; there will be more detail after
completing the cost-benefit analysis
•
CLPUD: construction of a new $27.5 million
operations center that will replace CLPUD’s primary
operations center currently located in the tsunami zone in
Newport, OR is underway. CLPUD anticipated that it
would lose most of its fleet, equipment and tools, all
warehouse inventory and ability to rebuild after a Cascadia
type event.
•
Pacific Power: specifically targets funds to mitigate
seismic exposure. Their new reliability improvements are
not necessarily driven by purely seismic concerns, but
capacity concerns and other existing reliability issues.
Pacific power also has new engineering factors and
standards such as: facilities built to a higher seismic
resiliency, location of substations, seismic zones.

C. How much is your company willing to spend for to
increase resiliency and mitigation purposes? How
important is disaster preparation for your company?
Are there company policies and long-term goals in
this matter? Are you currently making investments
for increasing resiliency? If so, what are these
investments and developments, how much do they
cost, and what are the anticipated benefits or avoided
costs
• PGE: disaster preparation is very important for PGE
but future spending willingness is unknown now.
• CLPUD: Overarching goal is to increase resiliency
within the constraints of their budget, over an extended
period. CLPUD thinks their effort as part of a 20-year
planning horizon and the goal is incremental progress.
Emergency preparedness is critical both to central Lincoln
and the communities they serve, but efforts must be
managed within a rate trajectory that allows continuing
providing reliable and affordable products and services.
The total value of efforts that have been completed or are
in progress is approximatively $28million.
• Pacific Power: Actively taking efforts to improve
resiliency and invest money on the issue. Also plans on
completing the assessment of major substations and some
of their office facilities this year.

D. Do you have existing or planned programs to train
your workforce for resiliency and disaster
preparedness?
• PGE: Cascadia rising 2016 corporate exercise: full
day on June 7, 2016. Transmission and Distribution
storm/outage prep- tabletop exercise: half day in fall 2016.
• CLPUD: All employees are trained in ICS-100. Other
key personnel are trained in ICS-200 and 700. Members of
the management are currently being trained in ICS-300.
Additional information [25]:
o
ICS: FEMA’s incident command system, it is a
standardized on –scene, all risk management concept, an
approach to the command, control and coordination of
emergency response
o
ICS-100: Introduction to the Incident command
system
o
ICS-200: ICS for single Resources and initial action
incidents
o
ICS-300: Intermediate for expanding incidents
o
ICS-700: National incident management system, an
introduction
• Pacific Power: Internal training sessions for
employees on preparing for Cascadia event/provides some
company subsidies (e.g. phone preparedness kits) the focus
is to help employees better understand the risks in a case of
a CSZ event so they can better respond to it at home or at
work.

VI.

CONCLUSION

The security of energy supply has become a major concern
worldwide, given modern society’s strong dependence on
its adequate delivery. Not only does the functioning of
industry, transportation, and communication depend on a
continuous energy supply, but our complete style of living
collapses when energy fails. Blackouts have impacts that
are both direct (interruption of an activity, function or
service that requires electricity) and indirect (due to the
interrupted activities or services). It becomes very
important to build power systems that can sustain natural
disasters in order to ensure the well-being of a designated
population. In addition to the measures intended to reduce
the vulnerability of an existing system, the evolution of the
electric power can be geared toward more resilient
technologies and configurations. In particular, a system
like smart grids would minimize the losses during a natural
disaster. Another step would be to improve standardization
of system components to make stockpiling, equipment
sharing, and emergency manufacturing easier. However,
there are legitimate reasons for the diversity of
components, and standardizing those would result in some
system efficiency loss. Greater use of underground cables,
even though it is a costly option, would also some
advantages compared with overhead lines. In the case of
volcanic activity, further research is needed to design
power systems that are resilient to tephra fall hazards.
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