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Abstract—This study incorporates the real-time weather
changes into the models for evaluation of customer interruption
cost (CIC) and implements the risk assessment of the impact on
customers from the possible weather-caused power outage. The
methods uses historical weather and weather forecast data to
evaluate the risk for customers in case of different weather
conditions that are predicted to affect a given area in near future.
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I. INTRODUCTION

Heavy rain, strong wind, unusual heat, thunderstorm, hail,
tornados, etc. can lead to power outages. When a tree limb falls
on a power line due to the bad weather condition, protective
equipment may initiate a breaker operation to shut off the
power flow. As a result, customers served by the interrupted
feeder will be out of power until service is restored. The falling
of power lines/poles can directly lead to power outage. The
same consequence results from the vehicle crashes involving
utility poles or equipment, which may be caused by dense fog
leading to low visibility. According to the historical outage
data (2012-2014), about 33.33% of the historical outages are
caused by weather [1]. Electricity supply outage can result in
substantial damage to customers because of spoiled perishable
materials, production loss, broken equipment, health impact,
income loss, extra expenses, etc. [2]

Customer Interruption cost (CIC) is essential for assessing
the investments and quantifying the risk associated with
operating and planning strategies. The CIGRE report [2]
provided a brief summary regarding CIC assessment methods.
Different methods to estimate CIC during power outages were
proposed in the literature. The following evaluation methods
are commonly used by engineers [3]: 1) Ratio of Economic
Output to Energy Consumption, 2) Customer Survey (CS), 3)
Amalgamated Customer Surveys, 4) Mapped Customer
Survey, and 5) Blackout Case Study. References [4-6] used the
ratio of a gross economic measure and electricity consumption
measure by industry. The assumptions used are strictly limited
and are often invalid. It is preferred by many economists to
evaluate national economy impacted by electricity interruption.
Literature [7-11] used surveys from industrial, commercial,
residential and agricultural consumers to determine the
interruption cost from the perspective of the individual
consumer. Indices for different outage durations are
summarized. When the surveys are designed and implemented
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appropriately, the method can produce very reliable estimation
due to the directly obtained data from customers. References
[12, 13] integrated multiple CSs from various regions of a
country into a big dataset for the whole country, while [14]
used another variation of CS, which is to modify the CS from
one country to suit the context of another country, so as to
avoid high expense and time for another CS effort. The method
in [15] is based on post-event analysis of specific interruptions,
e.g. the 1977 New York City blackout, the US Northeast
blackout of 2003.

In terms of reliability and power-quality issues, the
customers’ economic losses can be represented using the
customer damage function (CDF). It was first proposed in [16]
and improved in [17]. The evaluation of CIC in CDF is based
on customer surveys. Nowadays, the methods to estimate CIC
are mainly based on customer surveys statistics or analytical
methods. But none of the above-mentioned methods considered
the impact of real-time weather on the customer economic and
health loss. Thus, this study uses the existing methods in
evaluating customer cost during power outages, but also
incorporates the weather factors into the models, evaluates
customer financial and health impact, and develops the risk
assessment of impacts caused by possible weather-caused
power outages on different customer categories. The same risk
framework in this study has been used for other power system
applications. In [18] the weather driven GIS based risk
assessment has been developed for predicting lightning related
outages in electric transmission network. In [19] risk
framework has been used to predict probability of severe
impact of weather conditions on power apparatus.

This paper is organized as follows: Section II states the
background for weather data, GIS, and customer impact are
assessed. Section III describes the methodology for integrating
the spatio-temporal data, and evaluating the risk of weather-
driven customer impact. Case study is presented in Section IV
and Section V summarizes the conclusions.

II. BACKGROUND

A. Weather Data

Meteorological data can be obtained from the following
sources, [20]:

e Land-Based Stations are located sparsely over the area
and contain measurement devices that track several
weather indices such as temperature, precipitation,



wind speed and direction, humidity, atmospheric
pressure etc.

e Radar (Radio Detection and Ranging) provides
accurate storm data using radio waves to determine the
speed, direction of movement, range and altitude of
objects. Based on radar measurements different
reflectivity levels are presented with different colors on
a map.

e  Satellites generate raw radiance data. Unlike local-
based stations, they provide global environmental
observations. Data is used to monitor and predict wide-
area meteorological events such as flash floods,
tropical systems, tornadoes, forest fires, etc.

Based on collected historical weather data and real-time
measurements, weather forecast algorithms are developed.
National Digital Forecast Database (NDFD), [21] provides
short-term (next 3 — 7 days) and long-term (next year and a
half) weather prediction for variety of weather parameters such
as temperature, precipitation, wind speed and direction, hail,
storm probabilities etc. NDFD wuses Numerical Weather
Prediction (NWP), which is taking current weather
observations and processing it using different numerical
models for prediction of future state of weather. Some of the
numerical models that are used for weather forecast are [22]:

e  Global Ensemble Forecast System (GEFS) uses 21
different forecasts to generate a global-coverage
weather forecast model. The amount of uncertainty of
the forecast is determined by generating ensemble of
forecasts where each one is perturbed from the original
observations.

e Global Forecast System (GFS) contains four different
forecast models working together in order to provide
accurate picture of weather changes.

e North American Mesoscale (NAM) is a weather
forecast model developed for North America region. It
generates multiple grids of weather forecast over the
North America up to 12 km horizontal resolution. The
basis for NAM is Weather Research and Forecast
(WRF) model [23]

While National Oceanic and Atmospheric Administration
provides data for most of weather parameters, the lightning
data can be obtained from a company Vaisala that operates
lightning detection network in US, [24]. Lightning data
includes following parameters: date and time (UTC with
milliseconds accuracy), location (latitude and longitude),
lightning peak current (kA), polarity (+/-), type of event (cloud
or cloud to ground). Median spatial accuracy is 200m and
detection efficiency for cloud to ground lightning strikes that
are of interest for power system applications is 95%.

Severe weather includes any meteorological phenomena
that have potential to cause damage. Some of the conditions
typically considered severe are: high winds, hail, excessive
precipitation, thunderstorms, downbursts, lightning, tornadoes,
waterspouts, tropical cyclones, etc. Catastrophic weather is a
type of severe weather where events have exceeded the
predicted amount of severity and caused tremendous damage to
the area. In this paper regular severe weather (not the
catastrophic type) is considered.

B. GIS

Geographical Information System (GIS) is designed to
enable storage, manipulation, analysis and visualization of all
types of spatial data. Together with Global Positioning System
(GPS) it enables spatio-temporal analysis of extensive data sets
that play the key role in integrating big data for various electric
power system applications, [25]. Spatio-temporal databases
offer the possibility of simulation or prediction of strategic
events. GIS database contains two types of data: 1) Spatial
data containing location and the shape of components on the
map; 2) Attribute data containing features of objects on the
map. There are two basic structures for storing and
manipulating spatial data: 1) Raster data (grid data) is a grid of
cells where each cell has a unique value of targeted
information; 2) Vector data uses geometry rules to represent
shapes using points, lines and polygons.

The key components of modern GIS software, such as
ESRI ArcGIS [26] that enable spatial integration of data are:

e Data coming from various sources can be presented in
several map layers.

e  Spatial relationships such as topology and networks.
Topology is used to manage boundaries between
features, while networks describe connectivity between
spatial objects.

e Extensive set of geoprocessing tools helps user to
manipulate and combine different layers.

e  Extension Manager allows user to develop and
distribute additional processing tools and models.

C. Customer Impact

For residential customers, the most proper tools to estimate
CIC are through customer surveys. But the problem with the
customer filled surveys is that in most cases the customers
cannot estimate their loss comprehensively. In addition, this
method requires long period of time to complete and cost
associated with the survey may be prohibitively high. On the
whole, most of the estimation results are classified by different
type of customers (residential, industrial, commercial,
agricultural, etc.). Some of the results provide different values
for different outage duration. However, none of the results
considered important customers, i.e. health care centers,
schools, as a customer category and neither included the
estimated cost. In addition, none of the results differentiated
and considered real-time weather conditions when the outage
occurs. This may influence the level of customer costs
tremendously including the health impact and economic loss.
When quantifying customer impact, business interruption and
property loss are usually considered. Indeed, it is hard to
estimate the health impact on the customers. But it will be
helpful to estimate the possible risk caused by the unusual
weather elements for a possible upcoming event [27]. Thus,
this study considers weather impact on different customer
categories in different time steps, incorporates the weather
factors into the models in evaluating the customer cost, and
implements a risk assessment of customer impact caused by the
weather-caused power outage.



Fig. 1: Customer Impact Evaluation Framework

III. METHODOLOGY

Customer data has been integrated with weather and GIS
data in order to develop framework for prediction of impact of
different weather conditions on customers. Prediction model
has been trained using historical outage data that are spatially
and temporally correlated with weather parameters measured at
the time of outage. Then, real-time weather forecast data has
been used to predict risk to customers in case of a predicted

___________________

weather conditions. Overview of the proposed method is
presented in Fig. 1.

A. Risk Analysis

The risk assessment framework used in this research
presented in Fig. 2 is formulated as follows, [19]:

R=P[T]- P [C[T] - u(C) (M

Where R is the State of Risk for the customer impact of the
upcoming weather conditions, Hazard P [T] is the probability
of a Threat intensity T (i.e. a certain weather condition that
may cause power outage), Vulnerability P [C[T] is the
probability of power supply failure in that area (estimated
according to the correlation of historical outage data and
historical weather data), and Worth of Loss u(C) is an estimate
of customer interruption losses in case of the power supply
failure.

Following the outline in Fig. 2 Hazard map is developed
based on historical weather data. Probabilites for a specific
severe weather condition are estimated based on historical
frequency of occurance of such events in an area. The main
data that drives building of Vulnerability map is historical
outage data. Based on this information the probability that
specific weather condition will cause the fault and loss of
power to the customer is estimated. Worth of loss takes into
acount customer information, i.e. how many costumers are
disconnected and what is the expected duration of outage, what
is the type of customer in the area (residential, comercial,
industrial), are there any points of special interest (hospitals,
schools etc.).

B. Weather Driven Customer Impact Analysis

In this work the historical weather data together with
customer indices have been used to develop a predictive model
that estimates what is the risk for customers in case of a
weather conditions predicted by national forecast services. Two
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Fig. 2: Risk Analysis for Customer Impact
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Fig. 5: Studied Distribution Network
kinds of weather data are used in this work:

e Historical weather data coming from weather stations:

o Ft. Pierce Arc (temperature, precipitation, wind)

o St. Lucie County International  Airport
(temperature, precipitation, wind)

o Fort Pierce 2.8 SSE (precipitation)

o Ft. Pierce (temperature, precipitation)

Historical data for the period of 5 recent years were

obtained starting from January 1* 2010 until December

31°2014.

e  Weather forecast data coming from National Digital
Forecast Database (NDFD). Data for temperature,
humidity, precipitation and wind for the future 3 days
is used for prediction model. Data is updated every 3
hours. Data resolution is 3 hours.

From the perspective of customers, the CIC is correlated
with the degree of the customers’ dependence on the electricity
[2]. Tt is stated to be a function of customer characteristics and
interruption features. If weather condition is taken into
consideration, then the formulation needs to be improved.
Thus, in order to evaluate the customer loss in terms of
weather-caused power failure, besides the previous model of
estimating the economic cost during an outage, the total cost
also needs to include the additional financial impact that the
bad weather condition may bring to increase the original cost
and the health impact the weather condition may cause for the
customers without electricity supply. The total costs are
formulated in (2) comprising of three monetary terms.

Ciotar = CDFgsaywee + ACincea + HCrge  (2)
where the estimated total cost value at time ¢ is calculated for
each feeder area F4, due to the radial topology of distribution
system. CDF is the customer damage function. d represents the
interruption duration, s represents the season, dy represents the
time of a day, and w represents the day of a week. cc represents
the customer characteristics which may include the customer
category, size, time schedule, presence of interruption-sensitive

equipment, presence of back-up equipment, etc. AC is
additional cost that the weather may bring to the customers
compared with normal condition. EA is environmental
attributes which is the weather conditions at the time we are
about to estimate the cost. HC is the health cost that the
customers’ personal life may be impaired.

To be specific, the three terms in (2) are defined as follows:

L

CDFt, = Z ICLYy s 4y wec - EENS] 3)
leFA
CDF}EA = li=1 ICEtli,s,dy,w,cc €))
leFA

Where ICL represents the interruption cost per kWh
($/kWh) which has the similar meaning with value of lost load,
L is the total customer number in each feeder area, EENS
represents the expected energy not supplied value which can be
predicted reliably based on smart meter measurement, and /CE
represents the interruption cost per event. CDF can be
estimated by either (3) or (4) depends on the availability and
accuracy of the data source.

L

ACky = ) {AICLy qaypec - AENSEs, + Ak} (5)
=1
leFA
Where AICL represents the interruption cost for additional
energy not supplied AENS caused by bad weather condition for
each customer, and 4 represents additional financial loss.
L
HCFt‘A = z
=1
leFA
Where HC represents the health cost, and f'is the function
to calculate the health cost for each customer in terms of the
customer characteristics and the expected environmental
attribute. The terms in the bracket are the weather condition
parameters that may influence the customer cost, including
temperature, humidity, storm type, wind speed, precipitation,
and others.

fL.(temp, humi, stm, wds, prec, other) (6)

IV. CASE STUDY

To implement the study, firstly, the Florida network has
been selected to demonstrate the results since the distribution
lines information is available [28]. Then, the customer
distribution data has been collected. Such data are customer
population distribution, customer type, facility locations, etc.
Next, the network is split into small polygons as customer
service areas per distribution feeder. Then all the customer data
layers are clipped to each area and the customer info are
summarized based on the clipped data layers (customer
population, customer types and corresponding numbers for
each type, and disable people numbers). The customer info in
each area is imported to the models of customer cost, and the
corresponding risk index for each area is calculated based on
the risk assessment theory. Last step is to demonstrate the risk
indices in the GIS map and use different colors to indicate
severity of the customer cost impact.
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A. Studied Network

The distribution network data used in this study is part of
the Storm Vulnerability Assessment tutorial from Esri [28].
Data layer for distribution network primary overhead feeders

Feeders_after_per
Risk_index_perc

m0-021%
M 0.211% - 0.34%
| 0.341% - 0.57%
= 0.571% - 0.83%
1 0.831% - 1.21%
[ 1.211% - 2.24%
[ 2.241% - 251%
| 2.511% - 3.48%
I 3.481% - 13.46%
| 13461% - 18.96%
m 18.961% - 100%

a)
Fig. 8: Predicted risk for two weather scenarios: a) normal weather conditions; b) expected severe weather conditions

was extracted. The layer is presented in Fig. 5. The network
consists of 20 feeders containing single, double and three phase
primary overhead lines. The network is located in Fort Pierce,
Florida.

In Fig. 6 population count for different areas of the network
is presented. Each area represents part of the distribution
network connected to one feeder. In Fig. 7 locations of
customer types of interest is presented. Different points of
interest will affect risk factor differently, for example area with
hospital will have higher risk factor compared to the area
without a hospital that is experiencing same weather
conditions.

B. Test Scenarios

Historical outage data is obtained for three years, starting
from Jan.I" of 2012 and ending with Dec. 31% of 2014.
Historical weather data is prepared to correlate with each
historical outage event. The customer population data obtained
from national census report and the location of facilities which
also indicate the customer categories are demonstrated in map
as Fig. 6 and Fig. 7. An example of a normal weather scenario
and an upcoming bad weather scenario is assumed based on the
historical weather conditions in Fort Pierce area. For each
weather condition, the risk indices of all the feeder areas are
calculated accordingly and shown in the map with successive
colors indicating the severity of risk.

C. Study Results

For each feeder area, risk value was calculated, assigned,
and presented on a map as shown in Fig. 8, with a) showing
the results under normal weather scenario and b) showing the
results under expected bad weather scenario. The values of
risk indices are presented as a percentage, where 100% is
assigned to the feeder area with highest risk for the severe
weather scenario. It can also been defined according to
utility’s standard of risk acceptance. The severity of the
customer impact risk increases from the areas with green color
to the areas with red color. After viewing the result map,

v)



utilities can judge whether to send pre-warning notifications to
their serving customers or to take some actions to avoid such
customer loss. Compared with a sudden unexpected power
outage, a pre-notified power outage may significantly decrease
the customer loss.

assessment of weather driven customer impacts.

V. CONCLUSION

The contribution of this study is in an ability to provide risk
More

specifically:

e Customer interruption cost model that incorporates
weather impacts is established and assigned for each
customer category, which allows assessment of
weather impacts on customer interruption cost.

e The probability of outage in each location is
determined based on the historical outage events and
prevailing  weather  condition, which allows
formulation of customer risk indices based on weather-
caused outages.

e The customer risk assessment methodology can be
used by distribution system operators to make
preventive measures to minimize the potential losses.

e Customers can get the pre-warning information about
the possible outages that could happen in their local
area from distribution system operators and make plans
to mitigate losses by actions from their side.
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