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Executive Summary

This report is the Phase 3 deliverable of a pr@@arded in response to RFP #U-1 issued by thedglor
Electric Utilities. RFP #U-1 was a result of Flai€ublic Service Commission Order No. PSC-06-0351-
PAA-EI, which directs each investor-owned electridity in Florida to establish a plan that increas
collaborative research to further the developméstam-resilient electric utility infrastructurend tech-
nologies that reduce storm restoration costs atdrirptions to customers. Municipal electric andpzo
erative electric utilities are participating volarity.

The scope of the overall project (all three phageg) investigate the implications of convertingethead
electric distribution systems in Florida to undengrd (referred to as undergrounding). The primacu$

of the project is the impact of undergrounding ba performance of the electric infrastructure dyrin
hurricanes, which is the ability of the local povggstem to withstand high winds, storm surges,aher
damage from hurricanes and to minimize the numhdrduration of customer interruptions. This study
also considers benefits and issues with regarderformance during non-storm situations.

The project is divided into three phases. Phasealmeta-analysis of existing research, reportthade
ologies, and case studies. The Phase 1 final rdgodergrounding Assessment Phase 1 Final Report:
Literature Review and Analysis of Electric Distriloim Overhead to Underground Conversiamas is-
sued on February 282007. Phase 2 examines specific undergroundiniggiroase studies in Florida.
The Phase 2 final repotndergrounding Assessment Phase 2 Final Reportetgrdunding Case Stud-
ies, was issued on August 007.

Phase 3 develops and tests a methodology for angltlze costs and benefits of specific undergrougdi
proposals in Florida. The methodology is separatemtwo basic components: normal weather assess-
ment and hurricane assessment. The normal weathgglnmcludes the basic cost utility capital and op
erational cost information. It also includes highél reliability information that allows for thelcalation

of customer interruption information and relatedgtso A flowchart of the methodology is shown in-Fig
ure A-1.

The hurricane model determines infrastructure damaagl related costs associated with tropical storms
of hurricane strength when making landfall in Fdiari To perform a cost and benefit analysis of cieffit
detail to meet the objectives of this projectsiniecessary to simulate hurricanes moving acrassl&l
Therefore, a large component of the hurricane misdéédicated to simulating hurricane years. Fohea
year of simulation, the number of landfall hurriearis randomly determined based on historical hurri
cane data. For each hurricane (if any), the lah@ifehtion, direction, speed, strength, and otleame-
ters are also randomly determined based on hiatdrigricane data.

When a hurricane makes landfall, a storm surge imdetermines the amount of infrastructure damage
that occurs in susceptible areas due to the wallatér (i.e., storm surge) that the hurricane psigimgo
coastal areas.

As the hurricane travels over land, the simulatimodel keeps track of the fastest wind gusts to lwhic
each location is exposed. This determines the atrmfuwind damage that occurs during the hurricane.
The model is flexible enough to consider many typesonstruction with many types of wind loading
characteristics. This includes standard constrocfeag, Grade B, Grade C), “hardened” systems, and
others.
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Figure A-1. Overview of Methodology

For each simulated hurricane, the model deterntimes&mount of damage both for the proposed project
area and for the entire service territory of theoagted utility. Damage for the entire serviceitairy is
needed to determine the total utility restoratiomet which then determines the restoration timetiier
proposed project area.

Once the total hurricane damage is determinedn®rentire project area, a restoration model is tsed
determine when repairs on the proposed projectlz@gm and end. This restoration model includes fac
tors such as startup inefficiencies (e.g., dueetarid on roads), crew ramp up, and the differemtesden
overhead crews and underground crews.

The hurricane damage and restoration models pranfdamation that allows for the calculation oflinyi
restoration costs, customer interruptions, andctigtomer costs associated with the interruptioakem
together, the utility and customer costs constithée“societal cost” of the hurricane as it reldeglec-
tric utility infrastructure.

After simulating the costs and benefits of all leanes in a specific hurricane year, additionatibane
years can be simulated. Many simulated years wiiehno hurricanes and will therefore have no hurri-
cane costs. Some simulated years will have a simglk hurricane and will therefore have small hurri
cane costs. Some simulated years will have multidgr hurricanes and will therefore have signiifiica
hurricane costs. Simulating many hurricane yedwmval the average hurricane cost to be computed. It
also allows for the assessment of risk levels sgcthe worst one-in-ten year outcome or the warst o
in-fifty year outcomes.
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Figure A-2. Approach to Cost and Benefit Calculatios

The output of the simulation is a list of initidility costs, annual utility costs, customer intgstion min-
utes during normal weather, and customer intermaptiinutes during hurricanes. The model is flexible
enough to accommodate any cost category that cahdvacterized by initial cost and/or a recurring a
nual cost.

The model is designed to compare two cases. Typidhis will be the “status quo” case and a praubs
undergrounding option. Hurricane simulations ardgsmed automatically for both cases so that costs
and reliability differences can be compared. Thigraach is shown in Figure A-2.

Consider a situation where a utility is consideramgundergrounding project. When assessing this pro
ject, the utility will first enter information aboéthe existing system. This allows the currentitytitosts,
reliability performance, and customer costs to &lewdated. The utility also enters information abthe
undergrounding project including the initial cashnual costs, annual savings, and so forth. Thesass
ment is then able to simulate the performanceetiidergrounded system and compute associateg utili
costs, reliability performance, and customer coBte difference in utility cost between the staqu®
and the proposed scenario is defined as the rgy uibst. The difference in reliability performamds
defined as net reliability benefit. When relialyilhenefit is translated into customer cost, itefirled as
net customer cost. Net reliability benefit and oestomer cost, taken together, constitute net mesto
benefit.

The scenario comparison in Figure A-2 is flexibiel aloes not necessarily have to be used to compare
the status quo to a proposed underground projectexample it could be used to compare the staias g

to a proposed “hardened overhead” project wherstiagi overhead structures are reinforced to better
withstand wind damage. It could also be used topawym a proposed undergrounding project to a pro-
posed hardened overhead project. Generally, tmeefrerk is suitable to compare any given “Scenario
A” with another given “Scenario B.” This allows ange of options to be explored and compared based
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on their incremental cost above the next least msige option and their incremental benefit abowe th
next least expensive option.

The methodology described above has been implechémie Microsoft Excel (version 2003) spreadsheet
with embedded computer programming. It can be ruarmy computer with Excel. A detailed user guide
to this spreadsheet is provided in Section 2 inbibey of this report, and the spreadsheet is appbe
four Florida case studies in Section 8.

As concluded in Phase 2 report, there is not sefftcdata for the four Florida case studies to cammphe
output of theex antemodel to historical realized benefits. There isexen enough data to determine up-
per and lower bounds of potential results. Analgime cases studies with the model is done to geovi
insights into how different variables affect coatsd benefits of undergrounding; the purpose istoot
replicate actual realized benefits or to anticigatare benefits.

It must be understood that the methodology requivesiser to input many parameters and many assump-
tions. For many of these parameters and assumptilbase is little basis in historical data and ekpe
judgment must be used. It is beyond the scopeigfiioject to recommend parameters and assumptions.
The spreadsheet should be viewed as a “calculatui’it is the responsibility of the user to makprap
priate decisions about input parameters and assumspt

The methodology and corresponding tool describethisyreport should be viewed as a
“calculator.” It is the responsibility of the uster make appropriate decisions about input
parameters.

Even if utilities do not have a large amount ofadom which to base assumptions and parametes-sele
tions, much insight can be gained by using the todiact, the tool can be used to determine tinsite-
ity of results to certain assumptions and certairameters.

The conversion of overhead electric power distrdufacilities to underground has been a topicisf d
cussion in Florida for more than twenty years. Tdgic has been studied, discussed, and debated many
times at the state, municipal, and local levelsef@gad construction is generally the standard éw n
construction, with developers or customers typycalhying for any incremental cost for underground
construction. However, all investor-owned utilitiage required to have a process where customers can
opt to underground existing overhead service byngathe incremental cost. For municipals and coop-
eratives, the decision to underground is left tal@itizen boards.

It is well-known that the conversion of overheadcttic distribution systems to underground is gostl
and these costs almost always exceed quantifiadatefits. This conclusion is reached consistently in
many reports that range from state-wide studiegety small projects. However, there is no consisten
approach has been used to compute the costs arfitbei proposed undergrounding projects, making
studies difficult to interpret and use for makirgcions.

As more areas in Florida begin to explore the pil#tyi of underground conversion, it becomes insrea
ingly desirable to have a consistent methodologgstess the associated costs and benefits. Riesnoits
a trusted approach can provide insight, lead ttebptojects, aid in customers communicating wil-u
ties, and potentially help guide certain regulatmpproaches.

This report has presented a methodology capalbteraputing the costs and benefits of potential under
grounding projects. The methodology can also bd tse&ompute the costs and benefits of other activi
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ties that have an impact on hurricane performanch as the hardening of overhead systems. The meth-
odology used a detailed simulation with the follogvicomponents: hurricane module, equipment damage
module, restoration module, cost and benefit moduilés methodology has been implemented in a
spreadsheet application so that it can be eas#lgt bg interested parties.

The conversion of overhead electric infrastructior&inderground is of interest around the country an
around the world. Often times underground convergimposals are either pursued or rejected without
systematic analysis of costs and benefits. The adetbgy presented in this report is an attemptdd a
consistency, rigor, and thoroughness to these typaralyses. At present, the methodology is sjoetf
the state of Florida, but the general approaclaliisl wherever extreme weather events have the palten
to wreck havoc on electricity infrastructure.
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1 Introduction

This report is the Phase 3 deliverable of a pr@@arded in response to RFP #U-1 issued by thedalor
Electric Utilities. RFP #U-1 was a result of Flai€ublic Service Commission Order No. PSC-06-0351-
PAA-EI, which directs each investor-owned electridity in Florida to establish a plan that increas
collaborative research to further the developméstam-resilient electric utility infrastructurend tech-
nologies that reduce storm restoration costs atdrirptions to customers. Municipal electric andpzo
erative electric utilities are participating volarity. In an effort to comply with this order, tii@lowing
utilities (referred to collectively as the Proj&jonsors) are joint sponsors and are coordinatieig éf-
forts through the Public Utility Research Centdd @) at the University of Florida:

Investor-Owned Utilities

- Florida Power & Light Company
Progress Energy Florida, Inc.
Tampa Electric Company
Gulf Power Company
Florida Public Utilities Company

Publicly-Owned Entities
Florida Municipal Electric Association
Florida Electric Cooperatives Association
Lee County Electric Cooperative, Inc.

The scope of the overall project (all three phageg) investigate the implications of convertingethead
electric distribution systems in Florida to undergnd (referred to as undergrounding). The primacy$

of the project is the impact of undergrounding ba performance of the electric infrastructure dyrin
hurricanes, which is the ability of the local povggstem to withstand high winds, storm surges,aher
damage from hurricanes and to minimize the numhdrduration of customer interruptions. This study
also considers benefits and issues with regarderformance during non-storm situations.

The project is divided into three phases. Phasealmeta-analysis of existing research, reportthode
ologies, and case studies. The Phase 1 final rdgodergrounding Assessment Phase 1 Final Report:
Literature Review and Analysis of Electric Distrilmn Overhead to Underground Conversiomas is-
sued on February 282007. Phase 2 examines specific undergroundiniggiroase studies in Florida.
The Phase 2 final repotindergrounding Assessment Phase 2 Final Reportetgrdunding Case Stud-
ies, was issued on August’®007. Phase 3 develops and tests a methodology toaeatue costs and
benefits of proposed undergrounding projects imiééo This report presents the results of Phase 3.

The goal of Phase 3 is to develop and test a melbgyl for analyzing the costs and benefits of dpeci
undergrounding proposals in Florida. The methodplbgilds upon well-designed features of existing
research, including but not limited to meteoroladjstudy, structural research, and utility studiasosts

! The Phase 1 and Phase 2 reports are availableh@nFlorida Public Service Commission web site
www.floridapsc.com and the PURC web site www.put@du.
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and benefits of undergrounding, upon which a gérmenasensus is found, while compensating for omis-
sions and unsuitable features not applicable tsithation in Florida.

As mentioned previously, the costs and benefitéyaaa of this project primarily focus on electristd-
bution infrastructure performance during hurricaries antedistribution reliability analyséstypically
assume that all faults are mutually exclusive. Thesans that (1) faults occur independently of ame a
other, and (2) the occurrence of one fault doeshantge the impact or operation response relatadyto
other fault. The mutually exclusive assumptioneigasonable in non-storm conditions, but is not thue

ing adverse weather situations such as hurricanefich a common mode failufgesults in many over-
lapping fault events. Therefore, existing predietreliability models are not suitable for this gajand a
new model must be developed. The model describédisrreport includes a hurricane simulation mod-
ule, an infrastructure damage module, a systeronagin module, and a cost-benefit analysis module.

The models developed in Phase 3 have been implethémtan Excel spreadsheet application using em-
bedded VBA programmirfgfor most of the calculations and simulations. Epplication has been ap-
plied to the four Phase 2 case studies in Section 8

It must be understood that the model requires npamgmeters and many assumptions. For many of these
parameters and assumptions, there is little badisstorical data and expert judgment must be usésl.
beyond the scope of this project to recommend petens and assumptions. Throughout this report, pa-
rameters and assumptions appear. In addition, paeasnand assumptions are embedded in the spread-
sheet application. Neither the authors not thétyisbonsors of this project endorse these assonmgpts
appropriate for any particular analysis. The tdwdd be viewed as a “calculator” and it is thepmssi-

bility of the user to make appropriate decisionsudbinput parameters and assumptions. Furtheitjesil

are encouraged to collect data that will increageaccuracy and confidence of input parametersaand
sumptions.

The methodology and corresponding tool describethisyreport should be viewed as a
“calculator.” It is the responsibility of the uster make appropriate decisions about input
parameters.

This report begins with a user guide explaining $tep-by-step operation of a tool representingethe
ante methodology. Next, the report describes the mettekture and general approach. The report con-
tinues with the analytical explanations of indivédlunodules including hurricanes simulation module,
infrastructure damage and system restoration mpdnie costs and benefits analysis module. After the
discussion of the model applications, the repodisemith conclusions.

2 Ex anteis Latin for “before the fact.” It refers to anadysbased on predictions. This is opposeextpostmodel-

ing (Latin for “after the fact”), which refers tmalyses based on historical data.

¥ A common mode failureefers to a condition in which multiple failureaaused by the same physical root cause.
For example, if a hurricane results in the failofemany utility structures, the hurricane is reéeito as theoot
causeof all the failures. Since the root cause is #iae for all failures, they are referred tocasnmon mode.

* The Microsoft spreadsheet application Excel hasrahedded programming language called Visual Basiép-
plications (VBA). Any computer with Excel is able support spreadsheets with embedded VBA codengsads the
security settings allow macros to be run.
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2 User Guide

This chapter serves as a step-by-step instructionding the toolkit as a result of teg antemethodol-
ogy, which will be presented in detail in the foliog chapters.

The use of this toolkit is fairly straightforwaréor general use, five spreadsheets are involved:

Main Spreadsheets

- General Project Data (sheet name: “General_Data”)

- Equipment Data (sheet name: “Equipment_Data")

- Non-Equipment Cost Data (sheet name: “Cost_Data”)
- Dash Board (sheet name: “Dash_Board”)

- Parameter Setting (sheet name: “Parameter”)

The user provides project information in first thigata sheets and then uses dash board to ruimilia-s
tion and get the statistical results. The paramst#ing sheet mainly serves as a guide to deterthi
model parameters.

The information shown in the tables in this chapierfor demonstration purposes only.
It is the responsibility of the user to make appiatp decisions when making assump-
tions and selecting model parameters.

2.1 Excel Macro Settings

This toolkit is implemented in Microsoft Excel wixtensive use of VBA programming. In order to run
this application, users need to set the Excel msecarity properly. This instructidis based on Micro-
soft Office 2003, it may be different for other siens; please refer to Microsoft Office help if ded.

When the macro security level in Excel is set tavL@ot recommended), macros can be run without
prompting. When macro security is set to Mediumgdtxdisplays a dialog box asking if you want to en-
able macros. When macro security is set to High (dcommended macro security setting for all users
Microsoft), Excel allows you to run only those magthat are digitally signed.

1. On the Tools menu, point to Macro, and then cliek(Bity.

® This part of instruction is mainly from Microsd@tfice Online

Undergrounding Assessment Phase 3 Report Final Report Pagell of 97
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Figure 2-1. Macro Security Setting

2. On the Security Level tab, select the Medium cHuzk

r

Security

Trusted Publishers.

() Very High. Only macros installed in trusted locations will be allowed
to run. All other signed and unsigned macros are disabled.

() High. Only signed macros from trusted sources will be allowed to
run. Unsigned macros are automatically disabled.

(&) Medium. You can choose whether or not to run potentially unsafe
Macros.

() Low (not recommended). You are not protected from potentially
unsafe macros. Use this setting only if you have virus scanning
software installed, or you have checked the safety of all documents
you open.

[ OK ][ Cancel ]

Figure 2-2. Macro Security Setting

3. If the security level is set at medium, every tithe tool is opened, a dialogue is prompted as
shown below, click Enable Macros button. If thews#g level is set at low (not recommended),
no prompt will be seen.

=

Security Warning

"C:\Documents and SettingsYe.xuMy Documents\Projects \Active \PURC
07'Phase 3 Analysis\Florida Undergrounding Conversion Cost-Benefit Analysis
V5.xls” contains macros.

Macros may contain viruses. Itis usually safe to disable macros, but if the
macros are legitimate, you might lose some functionality.

| Disable Macros || [ Enable Macros ] [ More Info ]

Figure 2-3. Macro Security Warning
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2.2 Project General Data Input

The ex antemethodology is developed to analyze the costsbamefits of specific undergrounding pro-
posals in Florida; this toolkit requires a sigraint amount of data from the user in order to preducus-
tomized report. The sheeGeneral_Data is the section where users input general prajgfcrmation
and necessary algorithm parameters.

Figure 2-4. General Data Sheet

Project Information : the user provides project name and a brief detsani here. This informa-
tion is for reference purpose.

Utility Information : the user isequiredto specify the project sponsoring utility:
1. Select a radio button for the utility type
2. Select the utility name from the corresponding plolivn menu

General Project Data:
Project Area Location: the user isequiredto provide the project location in termslLaiti-

tude andLongitude.

Positive latitude is generally considered as "N'th&f equator (negative is "S") and positive
longitude is generally considered as "E" of thegBmich Meridian in England (negative is
"W"). Florida is located in the northern latitudedawestern longitude region, so the latitude
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is always a positive number and the longitude Wgags a negative number. For example,
25.2°N is expressed as 25.2° and 81.7° W is expdess -81.7°.

Voltage (kV): the voltage level for the project relateslers; it is for reference purpose.

Parameters:
Average Demand per Customerthe average demand (kW/hr) for the customerserptio-
ject area; it imot a system-wide average value. There is no distindtetween different cus-
tomer types; the average demand per customer &ll@s all residential, commercial, and
industrial customers in the project area.

Average Rate: Generally this value will be the average eledyicate, in $/kWh, for cus-
tomers in the project area. Using this value wilinpute lost revenue due to customer inter-
ruptions. The user can also subtract average ast drom the average electricity rate. Using
this value will compute lost pre-tax earnings dueustomer interruptions. This value should
be based on the project area and not on the enilitg service territory.

Cost per Customer Interruption Hour: this value is used to reflect the average howsg |

to the customers due to sustained power intermiptibor residential customers, it includes
the out-of-pocket costs for consumable goods ssataadles and food spoilage; it can also
include the “costs” related to inconveniences saghesetting clocks and changing plans. For
non-residential customers, it includes, but nottkohto, labor and materials costs and the lost
revenue. The user provides the hourly customerrimgéon cost for both storm condition and
non-storm condition.

Direct Hurricane Restoration Cost Multiplier: a scalar to adjust the total restoration cost.

In the ex antamethodology, the total hurricane induced overheladtric facility damage is
approximated by pole damage and span damage;ttiautalerground electric facility dam-
age is approximated by pad-mount device damagaiaddrground cable damage. It is rec-
ognized that hurricanes cause damage to othemsyzimponents. In order to alleviate the
underestimate due to the approximation approadrsusan provide a cost multiplier such
that the total estimated cost can be adjusteddasety represent the actual restoration cost.
Please refer t€hapter 3.2for detailed discussion. The overhead restoratmst multiplier
and the underground restoration cost multipliermseded for calculation.

Crew Availability: both overhead system crew availability and undenggdosystem crew
availability arerequiredfor modeling the system restoration process.

The ex antemethodology models the general hurricane restorgirocess as: a certain num-
ber of crews are available immediately after theibane passes; additional crews are typi-
cally added until a maximum number of crews arehed. Please refer ©hapter 3.3for
detailed discussion.

- Initial Crew Number : the crew resources available for immediate hangcrestoration.

- Crew Ramp-up per Day. the average number of additional crew added dagtfor hur-
ricane restoration.

- Maximum Crew Number: the maximum number of crew that the project spang
utility has for hurricane restoration, includingthanternal and external resources.
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- Work Hours per Day: the average number of hours crews work duringhtirécane
restoration.

It is recognized that the number of available ciswynamic from hurricane to hurricane.
The user can provide a best estimate of the avesage.

Some utilities may call in external crews for apm@aching hurricane that ends up not hit-
ting its service territory. In most cases, the asged costs of this action will occur whether
a project is performed or not. Therefore, thisieswill not affect the costs and benefits of a
particular undergrounding conversion project angoismodeled in this algorithm.

Crew Penalty Factor. two penalty factors designed to account for ahitestoration ineffi-
ciencies arising from a variety of factors suchr@ed accessibility, availability of materials,
having the right crew skill sets in the right Idoat, and so forth.

- Efficiency Penalty Factor (%): a scalar for crew efficiency
- Duration Penalty Factor (hr): a scalar for duration of inefficiency

Penalty factors are scales proportionally to hanes category. Consider the following ex-
ample. After a Category 4 hurricane, many roadwargsblocked by trees and debris. This
severely limits the ability for damage to be assdsand for crews to be efficiently dis-
patched. There are 1000 crews available, but meagw bours are not initially spent on ef-
fective restoration activities. By using penaltgttas, extra repair time can be added to ac-
count for these inefficiencies. Assume that theciefiicy penalty factor is set at 25% and the
duration penalty factor is set at 10 hours. ForGagegory 4 hurricane, this means that each
initial repair will require 4 x 25% = 100% more wardiours to complete. This inefficiency
persists for the first 4 x 10 = 40 hours of rediora After this time, it is assumed that crews
are able to work at full efficiency for the rema@mcf the restoration effort. Please refer to
Chapter 6for detailed discussion.

Hurricane Restoration Priority: is a percentage number (between 0% and 100%)seire
ing the hurricane restoration priority ranking betproject area. This priority number indi-
cates the number of system-wide crew hours that beiexpended before restoration work
on the project area is initiated. For examplehd &ll hurricane damage requires 1000 crew
hours to restore, and a project area is assigrnambighurricane restoration priority of 30%,
then the repair work for the project area startisré00 crew hours have been expended.

Users can click th8ample Databutton to see the automatically filled parametetsich serves as a tem-
plate or reference.

2.3 Equipment Information Input

The sheet Equipment_Datais the section where users input equipment rdlatéormation such as the
guantity, failure rate, repair cost, associatedaraer number, and so on.
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Figure 2-5. Equipment Data Sheet

Four buttons in the top section allow users to @ddelete a record, clear all records, or filllie sample

data.

Add a Record a new record will be added at the end of table Wiser can add as many records
as needed.
Please do not manually add records by inserting sbw

Delete a Recordthelast record will be deleted from the table.
If the user wants to delete a record in the middle table, you can:

- Change the existing record to a new record.

- Specify the equipment type category as “Not Usealire on this in the later section).
Please do not manually delete records by deletiogs!

Clear Records all the records in the table will be cleared.
Please do not manually delete records by deletiogs!

Sample Data a sample set of data will be automatically fillad

The fieldcalled ‘# of Equipment Entries’ above the main table will be filled in by the tolblis for ref-
erence purpose onlPlease do not manually change this value!

Each row in the equipment data table correspondsméorecord. Each record includes many data fields,
all of which arerequiredinformation unless stated otherwise.

Equipment: the description of different equipments.

Category. The user selects an equipment type category thanpull down menu, which forms
only when the new record is generated by clickmeg&dd a Recordutton

Since the tool only allows deleting a record atehd of the table, if users do not want to keep a
record in the middle of the table, the categoryiNit Used” can be selected.

Unit: the unit of different equipment types.
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Quantity:

System Wide The number of a particular type of equipment eotly in service throughout
the entire service territory

Project Area:

- Before Project The number of a particular type of equipment ently in service, i.e.,
before the undergrounding conversion occurs, irptbgect area.

- After Project: The number of a particular type of equipment thiditbe in service after
the undergrounding conversion occurs, in the pt@esa.

Note: this toolkit requires the user to provide undeuogrb equipment related information in
all categories of storm surge zones even thougprhject area is located in one of the storm
surge zones; it is because the algorithm needtimae the restoration time required for
then entire service territoAiThe user provides only the system wide quantity thie storm
condition damage model parameters for those cag=gof storm surge zones where the pro-
ject area is not in, but the user needs to prozibhe required information for those catego-
ries of storm surge zones where the project aria(imore on this in the later section).

Initial Cost:

Removing Existing The total initial costs associated with removing existingiipments,
including materials, labors, and others.

Hardening: Thetotal initial costs associated with hardening existiggipments if applica-
ble, including materials, labors, and others.

Installation: Thetotal initial costs associated with installing new eugnts, including ma-
terials, labors, and others.

Miscellaneous Thetotal initial costs associated with other equipmenttezlaxpenditures.

Annual Cost the annual operation and maintenance (O&M) costefjuipment. The value is
provided as the cost per unit per year.

Reliability Data:
Customers theaveragecustomer count associated with equipment in tbgept area.

Non-Storm Condition:

- Failure Rate: the equipment failure rate under non-storm camowlitit generally meas-
ured as number of failures per year per unit.

- Repair Cost thetotal repair cost associated with a single equipmehtrigiincluding
materials, labors, and others.

- Outage Time the average outage time for a single equipmeélutréa It can be consid-
ered as the corresponding mean time to repair (MTTR

® Please refer t€hapter 5.3or detailed discussion.
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Storm Condition:

- Storm Condition Damage Model ParametersThe damage models for different types
of equipments are all modeled as two-parametettifums (detailed description of each
damage model is included @hapter 5:

- Exponential function for pole damage
- Power function for span damage
- Linear function for underground equipment damage

It is recommended that utilities generate damagdeinparameters based on their own
historical data if applicable. Users can also ieeparameter setting guide introduced in
Chapter 2.60 estimate model parameters.

Note: For a type of underground equipment, the damagiehparameters will be all the
same for different storm surge zones. It dd€T mean that the equipment failure rate in
different storm surge zones under storm conditidhb@ same. Since underground fail-
ure rate of a piece of equipment is a functiont®gtorm surge zone category, the algo-
rithm is able to estimate the corresponding faikeeordingly given the storm surge zone
category. The design of this layout is to colléet guantity information. Please refer to
Chapter 5.3For detailed algorithm discussion.

- Crew Hours to Repair: The average crew hours required to repair a tyggjuipment
during the storm restoration.

- Repair Cost The average repair cost for a type of equipmenind the storm restora-
tion.

Among different equipment related cost data fietls,storm condition damage model parametarsl

the crew hours to repaunder storm condition (other than the system \egi@ipment quantity) also refer
to system average values. The remaining fields tefthe values for the project area only.

2.4 Non-Equipment Related Cost Information Input

The sheetCost_Datd is the section where users input non-equipmelated cost information including
project initial cost, annual cost, and intangibdstaf applicable.
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Figure 2-6. Cost Data Sheet

The layout of this sheet is similar to theduipment_Datasheet.

The user clicks buttons to add a record, delegcard, clear all records, and fill in sample data.
Please do not manually add or delete records beitiag or deleting rows in the spreadshéet

The field of % of Cost Data Entrie$ is filled by programPlease do not manually change this
value

Three cost categories are included in the costtdata:

Cost Categories
- Initial Costs
- Recurring Costs
- Intangible Costs

The user only needs to fill in the applicable celisa cost item is only associated with projedtiah
costs, the user does not have to provide costm#bon from column E to H. If a cost item is onlysa-
ciated with recurring costs, the user only needsréwide cost information from column E to G. Itast
item is only associated with intangible costs, tiser doesn’'t need to provide initial and recuriet
information.

Cost Item: this field is for a brief description of an expi#are item.
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The project initial cost breaks down to three sategories: undergrounding costs, hardening
costs, and miscellaneous costs. In order to cdyreletssify them:
If an initial expenditure item is related with umgeunding, add a(U)” anywhere in this
field. It can be in the front or end, and it is N@©dse sensitive.
If an initial expenditure item is related with hardng, add (H)” anywhere in this field. It
can be in the front or end, and it is NOT caseiteas
If an initial expenditure item is related with otl@ategories, add nothing.
If an expenditure item is not related with inittast categories, add nothing.
Do not add both(U)” and “(H)” in one field.

Unit: the unit of different expenditure items.

Initial Costs: the non-equipment related undergrounding projetal cost.

Quantity:

Before Project the expenditure item quantity before the undargding conversion project.
After Project: the expenditure item quantity after the undergding conversion project.

Recurring Costs the annual operation and maintenance (O&M) coishbn-equipment related
expenditures such as the vegetation managememaadttachment revenue. The value is pro-
vided as the cost per unit per year.

Intangible Costs the categories that are intangible, such aséhlthatic benefits associated with
the projects or the improved property values. Téer ican type in their expected value per unit
per year. For example, the user can define a etsyory of “improved aesthetics” and assign a
value of $100 million after a project is completed.

2.5 Dashboard

After providing project information, the user rutie ex antealgorithm and examines the statistical re-
sults in this Dash_Board sheet.

The user needs to identify the number of hurriogas to be simulated:

Number of Hurricane Years: this number determines how many simulation y#agsalgorithm

is going to run. It takes longer computing time ddiarger number of simulations. The results are
not statistically representative if they are remiifrom too few simulations. It is recommended
that users set a value between a few thousandeartidusand

" Authors do not have a determined upper limit de talue, but experience shows that the value ¢®Q® will
cause memory overflow. The default value of 10,30€et in the tool.
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Figure 2-7. Dash Board

“Run Complete Simulations” and “Cost-Benefit Anasy©nly” buttons allow the user to either run the
complete Monte Carlo simulation or perform the sad benefits analysis based on previously simu-
lated hurricanes. The entire Monte Carlo simulattoneeded if the project location is changeds Iteic-
ommended that the user runs only the costs anditsennalysis if the simulation parameters or costs
data are changed. It will not only require sigrafily less computing time but also provide a cdasis
basis (the same set of hurricane simulations) topewe the benefits and costs with different alganit
parameters and cost data.

After a designated time of hurricane years have Isgaulated, the costs and benefits analysis farman
dergrounding project will be presented in the tab@ibrmat. The initial project costs are generailhe
time costs. The system (project area) performandemnon-storm conditions keeps the same from simu-
lation to simulation since the algorithm is desigihe simulate the hurricane scenarios. The sysfen? (
ject area) performance under storm condition vateggending upon the hurricane characteristics fef di
ferent hurricane years. The expected values asepted in the table.

Initial Cost: the initial cost of the undergrounding or hardengmgject, which is incurred once.
Three sub-categories of initial cost are providet] the user can use discretion as to where ini-
tial costs are assigned. For example, landscapsts can be included in either “underground-
ing” or “others”.

Undergrounding

Hardening

Others
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Annual Cost:
Equipment O&M : the annual equipment operation & maintenance loefire and after the
undergrounding project. This set of values will ob&nge from simulation year to simulation
year.

Other O&M : the annual non-equipment related operation & teai#nce cost before and af-
ter the undergrounding project. This set of valuds not change from simulation year to
simulation year.

Lost Revenue (Storm) the lost revenue due to hurricane induced inptioas in a simula-
tion year.

Lost Revenue (Non-Storm) the annual lost revenue due to interruptions am-storm
weather. This value will not change from simulati@ar to simulation year.

Repairs (Storm). the cost of repairing hurricane damaged equipsiera simulation year.

Repairs (Non-Storm} The annual cost of repairing damaged equipmentgrunon-storm
condition. This value will not change from simudatiyear to simulation year.

Others: this category includes the annual costs not aa/éefore, including the intangible
costs.

Customer Interruption Cost:
Storm: the customer interruption loss in a simulatioarye

Non-Storm: the annual customer interruption loss in nonratareather. This value will not
change from simulation year to simulation year.

Customer Reliability:
CMI (Storm) : the customer minute interruption caused by hands in a simulation year.

CMI (Non-Storm): the annual customer minute interruption during tfon-storm weather
condition. This value will not change from simutatiyear to simulation year.

The summary of simulated hurricanes is also pravige supporting information. In the summary, the
number of hurricanes, in different categories, cffg Florida, the project affiliated utility, arttie pro-
ject area are presented. It helps the user to stahel how likely the project area is affected megain
category of hurricanes.

2.6 Parameter Settings

2.6.1 Hurricane Simulation Parameter Setting

A set of calibrated hurricane parameters are endgkdthe algorithm. The user is allowed to modiify
major hurricane parameters if more historical dsaomes available. The hyperlink embeddedAd-*
vanced Hurricane Simulation Parameter Settiimgthe dash board sheet will bring the user ® llrri-
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cane parameter setting section as shown in FigZrePdease refer tAppendix Afor detailed discussion
on determining the parameters.

2.6.2 Equipment Damage Model Parameter Setting

This toolkit provides a parameter setting guiddedp users determine the equipment damage model pa-
rameters. In thex antealgorithm, all the equipment damage models areatealdas two-parameter func-
tions whose parameters generally depend on hiatatatd. If there is no sufficient historical data to ex-
tract the model parameters; the user can utilizeddimage model parameter setting guide to estimate
set of parameters.

The hyperlink embedded inStorm Condition Damage Model Paramétan the “Equipment_Data
sheet will bring the user to the damage model patansetting section in the she®&fametet. Please
refer toChapter 5for detailed model description and equations. &ialt the equipment damage model
are two-parameter functions, the user can chargpdmametea andb to see how the function changes.
The user can select a set of parameters best lolescitis own utility practice and input the paraerstin
the “Equipment_Datasheet.

8 Please refer to Chapter 5 for detailed explanation
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3 Methodology Overview

The termex anterefers to analyses based on predictions. The @fdhle ex antemethodology presented

in this report is to estimate the costs and benefispecific undergrounding project proposals. fidoeis

is on hurricane performance, but normal weathefopmance is considered as well. The approach taken
to cost and benefit modeling is shown in Figure 3-1

The methodology is separated into two basic compisn@ormal weather assessment and hurricane as-
sessment. The normal weather model includes the bast utility capital and operational cost infam
tion. It also includes high-level reliability inforation that allows for the calculation of custorimgerrup-

tion information and related costs.

The hurricane model determines infrastructure danveagl related costs associated with tropical storms
of hurricane strength when making landfall in Fdiari To perform a cost and benefit analysis of cieffit
detail to meet the objectives of this projectsiniecessary to simulate hurricanes moving acrassl&l
Therefore, a large component of the hurricane misdéédicated to simulating hurricane years. Fohea
year of simulation, the number of landfall hurrieanis randomly determined based on historical hurri
cane data. For each hurricane (if any), the lahtifehtion, direction, speed, strength, and otreame-
ters are also randomly determined based on hiatdrigricane data.

When a hurricane makes landfall, a storm surge mbetermines the amount of infrastructure damage
that occurs in susceptible areas due to the wallatér (i.e., storm surge) that the hurricane psigimdo
coastal areas.

Normal Weather

i ( Utili ) ' Total
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' Cost ' c

| — (__Cost
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i Fair Weather Customer . 9 O+ Customer
' Performance Cost : c
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Figure 3-1. Overview of Methodology
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As the hurricane travels over land, the simulatimodel keeps track of the fastest wind gusts to lwhic

each location is exposed. This determines the atrmfuwind damage that occurs during the hurricane.
The model is flexible enough to consider many typesonstruction with many types of wind loading

characteristics. This includes standard constrocob-standard construction, “hardened” systemd, a

others.

For each simulated hurricane, the model deterntimes&mount of damage both for the proposed project
area and for the entire service territory of theoagted utility. Damage for the entire serviceitairy is
needed to determine the total utility restoratiomet which then determines the restoration timetlier
proposed project area.

Once the total hurricane damage is determinedn®rentire project area, a restoration model is tsed
determine when repairs on the proposed projectlz@gm and end. This restoration model includes fac
tors such as startup inefficiencies (e.g., dueetarid on roads), crew ramp up, and the differemte/den
overhead crews and underground crews.

The hurricane damage and restoration models pranfdamation that allows for the calculation oflinyi
restoration costs, customer interruptions, andctigtomer costs associated with the interruptioakem
together, the utility and customer costs constithé“societal cost” of the hurricane as it relateglec-
tric utility infrastructure.

After simulating the costs and benefits of all leanes in a specific hurricane year, additionatibane
years can be simulated. Many simulated years wiiehno hurricanes and will therefore have no hurri-
cane costs. Some simulated years will have a simgik hurricane and will therefore have small hurri
cane costs. Some simulated years will have multigdgr hurricanes and will therefore have signifiica
hurricane costs. Simulating many hurricane yedmwval the average hurricane cost to be computed. It
also allows for the assessment of risk levels sgcthe worst one-in-ten year outcome or the warst o
in-fifty year outcomes.

The output of the simulation is a list of initialility costs, annual utility costs, a list of rdlidity per-
formance, and a list of customer costs. Some cfetloests are related to hurricane and normal weathe
reliability, but the model is flexible enough tocammmodate any cost category that has an initial cos
and/or a recurring annual cost.

The model is designed to compare two cases. Typidhis will be the “status quo” case and a praubs
undergrounding option. Hurricane simulations ardgsmed automatically for both cases so that costs
and reliability differences can be compared. Tipisraach is shown in Figure 3-2.

Consider a situation where a utility is considerargundergrounding project. When assessing this pro
ject, the utility will first enter information aboéthe existing system. This allows the currentitytitosts,
reliability performance, and customer costs to #leuwdated. The utility also enters information abthe
undergrounding project including the initial cashnual costs, annual savings, and so forth. Thesass
ment is then able to simulate the performanceetiidergrounded system and compute associateg utili
costs, reliability performance, and customer coBte difference in utility cost between the staqu®
and the proposed scenario is defined as the rgy uibst. The difference in reliability performamds
defined as net reliability benefit. When relialyilhenefit is translated into customer cost, itefirled as
net customer cost. Net reliability benefit and oestomer cost, taken together, constitute net mesto
benefit.
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Figure 3-2. Approach to Cost and Benefit Calculatins

The scenario comparison in Figure 3-2 is flexibid does not necessarily have to be used to contipare
status quo to a proposed underground project. ¥ample it could be used to compare the status @ao t
proposed “hardened overhead” project where exigiverhead structures are reinforced to better with-
stand wind damage. It could also be used to compam®posed undergrounding project to a proposed
hardened overhead project. Generally, the framewgoskitable to compare any given “Scenario A” with
another given “Scenario B.” This allows a rangepfions to be explored and compared based on their
incremental cost above the next least expensivieropnd their incremental benefit above the neastle
expensive option.

3.1 Hurricane Simulation Module

Since the primary focus of the cost to benefit gsialis on electric infrastructure performance agitur-
ricanes, it is critical to correctly model diffetemurricane characteristics. Because hurricanesi@ren
by complex natural mechanisms and their developsnenblve a large number of uncertainties, it i$ no
feasible to deterministically model hurricane featuand a probabilistic approach is required.

Probabilistic modeling is the most widely used gsigl technique for handling uncertainties [1]. Tiue-
ricane simulation model therefore begins by proisimally modeling adverse storm characteristics;
most of the hurricane characteristics are modetegrabability distribution functions. Instead ofieter-
minate value, each parameter is assigned a prdadfilbeing a range of values. As a result, thdewi
variances of hurricane characteristics (which mag t mechanisms that have not been well understood
by researchers or due to complex meteorologicaiqena) are taken into consideration. Because-a sin
gle hurricane (or a hurricane year) may not beasgmtative of a typical hurricane (or a typicalrtoame
year), many Monte Carlo simulations are neededderao generate statistically representative tesul
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A Monte Carlo simulation uses repeated random sagpb compute the results when it is infeasible or
impossible to compute an exact result with deteistimalgorithm [2]. For each individual hurricane
simulation, a random set of characteristics arepsaginfrom the modeled probability distribution func
tions to form a complete hurricane simulation. @iwkee simulated hurricane information, the corre-
sponding costs and benefits of undergroundingHisr particular hurricane are then estimated udneg t
infrastructure damage module, the system restoratodule, and then cost-benefit analysis module
(these are introduced later). This particular sated hurricane is one case out of all possibleastEs)

by performing this procedure many times, the Mdb&lo simulation generates a large set of possible
cost and benefit pairs. This allows for the caltafaof expected output is in the long run, how ologput

is distributed, and what the worst outcome is @/given number of years.

The intent of this hurricane simulation modelingtinoel is to track the average effect of a large grou
simulations. The goal is not precisely reproduspecific hurricane that has occurred in the pashay
occur in the future. Therefore, certain charadiessan be omitted as long as the impact of tichaeac-
teristics on cost and benefit averages out ovearrgel number of simulations (e.g., tidal influenoas
storm surge damage). Figure 3-3 shows the flomt @fasne hurricane year simulation (the Monte Carlo
simulation is composed of many years of simulation)

Figure 3-3. Hurricane Simulation Module Flow Chart
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The first step is to simulate the annual frequesfdyurricane landfall in Florida. The landing infieation
for each simulated hurricane is then probabilififcdetermined. The modeled hurricane landing infor
mation includes the following:

Hurricane Landing Information °

- Landfall position expressed in latitude and londgu

- Approach angle (based on compass direction) atdind
- Translation velocity (i.e., forward speed)

- Central pressure difference

- Maximum wind speed

- Radius to maximum wind

Most of the hurricane characteristics are modejegrbbability distribution function®. The selection of
the functions is based on meteorological reseautdtigations. The selection of function parametérs,
applicable, is extracted from historical hurricanormation recorded in the North Atlantic Hurriean
Data Base (HURDAT) compiled by the Atlantic Ocearapdnic and Meteorological Laboratory at Na-
tional Oceanic & Atmospheric Administration (NOAL3]. Although not perfect, HURDAT is presently
the most complete and reliable source of data fathiNAtlantic hurricanes.

For each simulated hurricane, a random number girdas used to determine landing characteristics.
Starting with these landing characteristics, theibane is then simulated as it moves inland adri@s
ida. Simulated inland hurricane features includefgtlowing:

Hurricane Inland Features'!

- Decay of maximum wind speed along the path
- Central pressure differences along the path

- Radial wind field profile

- Hurricane duration in Florida

The inland simulation track the storm as it crodgesida. When the maximum wind speed drops below
hurricane strength, the simulation for this patacistorm is complete. Locational wind speed data p
duced by the simulation is recorded and used terohixte the impact of the Hurricane. This includes t
following:

° Some factors, such as tidal effects, will influeribe actual impact of a specific hurricane, betrt considered
in the model. These factors are assumed to avexagever a large number of simulations. Storm sisgm®nsid-
ered in the underground equipment damage modeQkapter 5.3 for detailed discussion).

1% please refer to Appendix A for the detailed exptams of modeling each characteristic.

' Microclimate factors such as inland tornados aicraburst are not considered in the model. Thestofa are
assumed to average out over a large number of sfioos.
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Hurricane Impact

- Percentage a utility service territory affectedioy hurricane

- Average sustained wind speed and 3-second gusi apéee affected service territdfy

- Sustained wind speed and 3-second gust wind spgestienced at the location of the proposed

project area.

The impacts of each hurricane as described abevasad as inputs to the infrastructure damage raodul
and the system restoration module. In additionctiraplete hurricane simulation results are usezhlio
brate the simulation assumptions so that simulBtedda hurricanes reflect historical hurricaneadat

2 The algorithm uses a root-mean-squared calculdtipboth sustained wind speed and 3-second gestdsprhe
term “average” is used here for readability.
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3.2 Infrastructure Damage Module

The infrastructure damage module determines equipfadure rates based on hurricane simulation re-
sults. This allows for the amount of hurricane asfructure damage (and corresponding costs) talbe c
culated. Damage models for overhead and undergreguighment are treated separately, with overhead
equipment damage based on wind gust speed andguoded equipment damage based on storm surge
severity.

3.2.1 Overhead Equipment Damage

The overhead infrastructure damage estimation pglesdamage and span damage as a proxy to deter-
mine the extent of hurricane induced primary disttion equipment damage. It is recognized thatihurr
canes cause damage to system components othgudlesnand spans. It is also recognized that there a
significant other costs related to hurricane region that are not directly related to pole anchsgemage
(e.g., staging costs, material availability). Hoeewdue to the limitation of available historicaltd, it is

not possible to directly model hurricane inducedipepent damage other than with poles and spans. Thi
damage is then used as a proxy for total damageosaidrestoration cost. Using historical data tiéity

can determine the percentage of total overheadreditn costs typically made up of pole and span re
pair. This can then be used to determine an aptepnurricane cost restoration multipliers so tihat

total estimated overhead cost is close to the ¢@fdeaverall overhead restoration cost.

Curve fitting is the most extensively used method rhodeling structural damage during strong wind
events [4, 5, 6]. This approach is used to findive that best describes the relationship betweeipe
ment failure rates and wind speed. It is recognibed wind blown debris may be a key driver for the
equipment damage. Since the amount of debris ladggends on wind speed, it is reasonable to ieclud
this effect in a single failure rate function. Batlrveyed literature [4, 5, 6] and historical datan FPL
(which is the only usable data at the time of thigort) have demonstrated that this approach seesult
good representation of hurricane induced damage.

FPL historical data has been utilized to develap libth pole damage model and span damage model.
According to the FPL historical data (shown in Eabll), the pole damage model is best described as
exponential function, and the span damage modatss presented as a power function. The basic equa-
tion is encoded in the model, but the parametethetquation can be modified by the user. Detalked
scriptions of these equations and parameters asersim Chapter 5. When further data become availabl
parameters can be updated such that the models@anaccurately represent the actual situatiorafor
particular utility.

3.2.2 Underground Equipment Damage

Underground equipment damage is a key consideratiamdergrounding, especially for coastal areas
subject to storm surges. However, there is curyardt sufficient historical data to support a cufiténg
approach to underground equipment failure rate fivaglel herefore, the damage model for underground
equipment is based on hurricane category insteadraf speed. This approach is a tradeoff between th
model accuracy and data requirements. As furthixr ldeacomes available, the parameters (and possibly
the model itself) can be updated to better reficindividual utility’s actual condition.
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The commonly used Saffir-Simpson scale [7] divitlesricane intensity into five categories. The rela-
tively weak hurricanes are classified as Categaapd the strongest ones as Category 5. The defirofi
storm surge zone category implies that floodingassible for this zone with a storm of that catggur
higher [8]. For instance, a Category 3 storm sugee would be most vulnerable to hurricanes of Cate
gory 3 and higher, but relatively safe to hurricapné Category 1 or 2. According to this concepg, dif-
ference between an incoming hurricane categorytf@dtorm surge zone category plays a criticalirole
estimating the failure rates of the undergroundmygant located in that storm surge zone.

It is assumed that underground equipment in a ssomge zone has the non-storm condition failuresrat
for a hurricane of category lower than the stormgswone category. For a storm surge zone hithoyra
ricane of that category or higher, underground mgent within the zone will experience higher fadlur
rates; failure rates increase as the differencevd®st the hurricane category and storm surge zdee ca
gory increases. Since there is insufficient datpustify a more complicated model, a linear relasioip
between the underground equipment failure ratetlaadlifference of hurricane category and stormesurg
zone category is assumed. Please refer to Chafedgtailed description of the underground equipm
damage model. As further data becomes availalde¢hationship can be updated.

Similar to the approximation approach for overhegstem damage assessment, pad-mount equipment
(e.g., pad mount transformer and switchgear) arbrgnound cable damage is used as a proxy to total
underground damage and total underground restoratist. Using historical data, a utility can deterwen

the percentage of total underground restoratiotsdgpically made up of pad mount equipment and ca-
ble damage. This can then be used to determing@uo@iate hurricane cost restoration multipliens s
that the total estimated underground cost is dioske expected overall underground restoratiof cos

The preceding hurricane simulation module calcsléte average wind speed experienced at each point
in a utility service territory and percentage oé thervice territory that is exposed to hurricarmedo
winds. Failure rates of each equipment class ataherage wind speed are estimated using the damage
models. In addition, the hurricane simulation meddétermines the local wind speed at a specified pr
ject location. This allows equipment failure raté¢she project location to be determined. Equipnfeitt

ure rate are then used to determine the amounarohded equipment. Using this approach, the amount
and type of equipment to be repaired after a hamegcis estimated both system-wide and for the groje
area. The outputs of the infrastructure damage taddalude the following:

Infrastructure Damage Module Outputs

- Total amount of overhead infrastructure damagéertility service territory

- Total amount of underground infrastructure damagée utility service territory
- Total amount of overhead infrastructure damagéénproject area

- Total amount of underground infrastructure damag#e project area
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3.3 System Restoration Module

The system restoration module models the postdame system restoration progress and then estimates
the restoration duration at a project area fomaukated hurricane. This is based on the estimaved-o
head and underground equipment damage for botaftbeted utility service territory and the projéwmt
cation. Figure 3-4 shows a flow chart of the systeatoration module.

Given necessary equipments available, the restorditne is based on two factors, (1) the number of
crew hours required to repair damaged equipment,(2nthe number of crews available to perform re-

pair work. The number of crew hours required tcarepdamaged equipment is based on the amount of
damaged equipment along with the required numbere# hours needed to repair each class of equip-
ment. For example, if 1000 poles are damaged, ate$ pequire an average of 10 crew hours to repair,
then complete pole repair requires 10,000 crew sioNpw assume that all repairs require a total of
20,000 crew hours. If 2,000 crews are availablehadmy, then total system repair will take 20,000 +

2,000 = 10 hours.

When a hurricane causes widespread damage tatg seifvice territory, restoration can take manysa
Therefore, utilities need to prioritize their rastiion efforts, typically by focusing first on féities that
provide electricity to critical services such aspitals, police stations, and fire stations [9]teAfthe ini-

tial critical services are restored, restoratiotivies are often focused on major thoroughfar@ssisting

of gas stations, grocery stores, restaurants, antkhimprovement stores. The remaining main feeder
trunks will typically receive the next priority, lfowed by lateral taps and finally secondary sexdcops.

Figure 3-4. System Restoration Modeling Flow Chart
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In order to compute the benefit of an undergrougdinhardening project, the restoration priorityttod
project area is needed. If a project area has t@gtoration priority, the benefits of undergrourgare
lower since interruption time will be lower. Thisagnseem counter-intuitive, but consider the follogyi
When a critical facility such as a hospital is inti@ted during a hurricane, crews are forced taigoan
the critical facility. This highly constrains theréy restoration effort. If critical facilities doot sustain
major damage, the utility can be much more flexiatal efficient in system-wide restoration efforts.
Therefore, the benefit of undergrounding a critfeallity is primarily for overall restoration effo

The restoration priority of a project area is reprdged by a percentage between 0% and 100%. Tis pr
ority number indicates the number of system-widanchours that must be expended before restoration
work on the project area is initiated. For examiglall the hurricane damage requires 1000 crew$tu
restore, and a project area is assigned a postaoer restoration priority of 30%, then the repaark

for the project area starts after 300 crew houke leeen expended. Depending on the available aew r
sources, the actual number of days passed befenestoration starts can vary. If more crews agdl-av
able, restoration of the project area can begimeoo

Crew availability varies from utility to utility, rad the number of crew dispatched also varies frami-h
cane to hurricane. Generally, a certain numberreivs are available immediately after the hurricane
passes. Additional crews are typically added umthaximum number of crews are reached. When the
restoration work comes close to being finishedwamesources will typically ramp down. The ramp-down
period typically occurs at the clean-up stage whmrst customers have been restored. Therefore, crew
ramp-down is not simulated in this model. This gahdynamic pattern of crew resource throughout the
restoration process is modeled by the followindaldes:

Crew Availability Variables

- Initial overhead crews

- Initial underground crews

- Overhead crew ramp-up per day

- Underground crew ramp-up per day

- Maximum overhead crew number

- Maximum underground crew number

- Overhead crew work hours per day

- Underground crew work hours per day

In the early days following a major hurricane,stdften times difficult to utilize crews with maxim
effectiveness. This initial inefficiency can be doea variety of factors such as road accessib#itail-
ability of materials, having the right crew skikts in the right locations, and so forth. To ac¢don
these initial inefficiencies, the model allows &arly repairs to require additional man-hours. ahmunt
of increase and the duration of the inefficien@es both a function of hurricane severity. A detiex-
planation of efficiency factors is presented in tlea 6.
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The outputs of system restoration module incluésfoliowing:

System Restoration Module Outputs

- Total required overhead crew hours

- Total required underground crew hours

- Total required days for restoration

- Start and end restoration time for the project area
- Customer interruptions hours in project area

3.4 Costs and Benefits of Undergrounding Conversions

The model is flexible in its treatment of costs dmahefits. The user can assign both initial andforual
costs to equipment classes. The user can alsanasdigl and/or annual costs to categories othant
equipment. The tool will summarize all of thesetsds the output results, including the incremearad
avoided costs associated with the proposed project.

The model also estimates the total number of custanterruptions hours during hurricanes. Thisvadio
the hurricane reliability benefits of a projecti® computed. In addition, any reduction in custoimisr-

ruptions hours is used to compute utility lost rave benefits, reductions in storm restoration castl

customer interruption cost benefits.

Finally, the model predicts the total number oftooser interruptions hours during normal weatheiisTh
allows the normal weather reliability benefits gbraject to be computed. Similar to hurricane k#lity,
any reduction in customer interruptions hours isduto compute utility lost revenue benefits, reaunst
in outage repair costs, and customer interruptast benefits.

The cost and benefit framework is flexible. It alkfor an examination of initial costs, savingamual
costs, savings in forced outage repair, and savimigst revenue. The focus is on the comparisorosts
before and after the conversion, and is addressédad ways. The first are costs associated withpequ
ment. Costs associated with equipment are compaseld on equipment quantities both before and after
the project. The second are general costs thahamered before and after the project. These cprere
sent a wide variety of costs such as attachmemntes; underground locate costs, and accident-celate
costs. Examples of costs and benefits that camb&dered in the model are now provided.

Reliability Calculations
- Normal weather customer interruptions and custamerruption hours
- Hurricane customer interruptions and customer iinpgion hours
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Initial Costs

- The retrofit cost of placing facilities underground

- The retrofit cost of hardening facilities

- Direct financing costs

- Land acquisition and easements

- Third party facilities, such as street lightninglephone, cable TV, broadband fiber, etc
- Customer facilities, such as service entrance #mer customer-owned equipments

- Landscaping

Annual Recurring Costs

- Cost of normal weather outage restoration
- Cost of hurricane outage restoration

- Lost revenue due to normal weather interruptions
- Lost revenue due to hurricane interruptions
- Loss of pole attachment revenue

- Vegetation management

- Vehicular accidents (lawsuit costs)

- Employee accidents

- Public accidents

- Underground locates

- Avoided economic and business losses

Some benefit categories are intangible, such aadbthetic benefits associated with the projeatstlas
improved property values. They are conceptuallydyand are often the main project driving force be
hind undergrounding. It is typically infeasiblerreeaningfully quantify them in engineering or ecomom
terms, but the model does allow these classessif emd benefits to be included along with othetsco
and benefits. For example, the user can definestoabegory of “improved aesthetics” and assigalaes
of $100 million after a project is completed. Thedwal will keep track of these costs, but it is dyme-
flecting the value inputted by the uSeExamples of intangible benefits that can be &g this manner
include the following:

Intangible Benefit/Costs Types

- Aesthetic benefits such as elimination of overhaadities, improved landscaping, etc.

- Property values

- Operational flexibility (reduced flexibility for lib operations and system expansion)

- Business impact

- Environmental impact such as damage including emkion, and disruption of ecologically-
sensitive habitat

13 There are no studies that provide guidance orrmiéting the magnitudes of these intangibles founduarent
stage.
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4 Hurricane Simulation Module

As discussed in previous chapter, the various taiogies involved in hurricane systems make it sece
sary to model hurricanes probabilistically. A ravief hurricane modeling literature shows that theme
three basic approaches to modeling hurricane ctegirstics:

Hurricane Modeling Approaches

- Statistical models using probability distributiamttions
- Empirical models

- Sampling approach

To achieve the cost and benefit analysis goaldiefroject, it is necessary to use a mix of thedh
modeling approaches. The following hurricane charatics are modeled statistically:

Modeled Hurricane Characteristics
- Hurricane occurrence

- Landing position

- Approach angle

- Translation velocity

- Central pressure difference
- Maximum wind speed

- Radius to maximum wind

- Gust factor

- Wind speed decay rate

- Central pressure filling rate
- Radial wind field profile

Table 4-1 summarizes the probabilistic models faribane landing characteristics. Most of the msdel
have a standard form of corresponding probabilisgrithution functions, as the detailed descripteoa
plained in Appendix A. For each simulated hurriceameandom number is used to determine the value fo
each of these characteristics. These define thelisiate of the hurricane as it makes landfaltrenFlor-

ida coast. The hurricane is then simulated asautels across Florida. There are no random factors i
volved; the initial state of the hurricane deterasiiits characteristics as it travels across Florida

The remainder of this section describes how theagfgheet tool presents hurricane simulation results
Users interested in the technical details of theitene simulation algorithm are referred to Appznil
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Table 4-1. Hurricane Landing Characteristics

Feature Model Probability Distribution Function
Poisson _e’/"
Annual Occurrencehf [10, 11, 12] f(h)= H
— a 1 qg-m,
f(@) =—=—=—exp- -
. N2ps 2 s,
Bi-normal x
Approach Angle ()
[13, 14]
+ (1_ al) ex 1 g-m,
p - —
\ 2103 x2 2 X2
- . Lognormal _ 1 1 Inc-m,,
Translation Velocit f(c)=———exp- =
y(o [151 16] C@S Inc 2 Sine
Central Pressure Weibull f(Dp) = k Dp k_lexp _ Dp ‘
Difference ( p) [14, 17] C C C
Feature Model Empirical Models
Radius to Maximum Empirical _ :

Wind (Rus) (18] In R, =2.556- 0.0000502857° + 0.04224303
Wind Speed Decay Rate EnEpl)g]lcal V)=V, +(RV, - V, e ™
Central Pressure Filling Empirical _ - at

Rate [20] Dp(t) = Dpoe

4.1 Single Hurricane Year Simulation™

For each hurricane year, the tool first determithesnumber of hurricane landings in Florida. Farhea
landed hurricane, landfall parameters are protstigitilly determined and then the hurricane is sitaal
as it moves across Florida. Figure 4-1 presenistarface listing basic information about the siatatl
hurricanes, most of which are related to the hangclanding characteristics.

14 This section, which focuses on an individual aarie simulation, is arranged to provide a basistferfollowing
Monte Carlo simulation section. Some of the screetssin this section are not seen in the actud] tbey are pro-
vided to help explain how each individual hurricasmsimulated.
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Figure 4-1. Interface for Single Hurricane Year Sinulation in Florida ™

As shown in Table 4-1, three of the parametersisatb maximum wind, wind speed decay rate, and
central pressure filling rate) use empirical mod#lgvhich parameters have been provided, whiler¢he
maining four parameters (hurricane occurrence,agmbr angle, central pressure difference, and @ansl
tion velocity) use probability distribution functis, whose parameters are chosen based on histouical
ricane data from HURDAT and calibrated using AS@#Enérican Society of Civil Engineering) 7 wind
map [21].

The currently used parameters are embedded inutreedne simulation model as defaults. With more
historical data available, the parameters for thmebability distribution functions can be updateders
can use the interface shown in Figure 4-2 to mdyghlnge the parameters. The hurricane characteris
tics not included in Table 4-1 are modeled throsgmpling approaches or complicated iterative algo-
rithms in which there is less opportunity for paeden adjustment. The reader is referred to AppeAdix
for a more detailed treatment of model parametedsdefault values.

Figure 4-2. Parameter Setting Interfacé®

Figure 4-3 shows the interface in which users @ecs a hurricane from the simulated hurricandedis
in the table in Figure 4-1 by the index number. #is hurricane, the model can estimate the huréca

15 Most of the fields shown in the figure 4-1 aref-gaiplained. The field “No.” is the hurricane indaxmber. The
field “Region” refers to region where the hurricanade landfall.
16 please refer to Appendix A for regionalized parmsettings.
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coverage for different utiliti¢§ the average sustained wind speed, and the av@rageond gust speed.
The average wind speed is measured as a root meanes(RMS) value. The calculations performed in
this interface provide the basis for further infrasture damage and system restoration simulation.

Figure 4-3. Interface for Hurricane Effects to Different Utilities™®

For a specific location such as an undergroundiogept area, the hurricane simulation can tracddhe
cal wind speed at different time steps. The int&rfshown in Figure 4-4 allows users to provide tioca
information in terms of latitude and longitude; iofentifying a particular simulated hurricane usthg
index number, the program can track the sustairiad 8peed and peak gust speed this inputted locatio
experiences over time.

Figure 4-4. Interface for Hurricane Effects to Speific Location

4.2 Monte Carlo Simulation

The single hurricane year simulation records theidane information for that year only. Many years
must be simulated in order to take uncertainties dGonsideration and generate statistically repitasiee
results of the undergrounding cost-benefit analysislonte Carlo simulation repeats the single foamie
year simulation multiple times. Some of the inteef designed for single hurricane simulation nedukt
modified to accommodate the multiple hurricane $atioin results from the Monte Carlo simulation.

The Monte Carlo simulation runs the designated rermolb single hurricane year simulations and records
hurricane information, the hurricane coverage ffedént utilities, and the average sustained winekesl
across the affected service territory for eachitytilhis information in stored in different workséts; the

Y Hurricane coverage is the percent of a utilitgsvice territory that is exposed to hurricane-fongads. This can
be computed for investor-owned utilities (IO0Us) adperative utilities (co-ops). Municipal utilifere considered
a spot location instead of a distributed area dubedir small service territory.

18 The abbreviations of different utility names Itihe table may be different from the ones thatcamamonly
used.
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information is for reference purpose only, andasumsed directly in calculating costs and benefitgure
4-5a-c presents the screenshots for one examgies@ihurricane years simulated.

Figure 4-5a. Screenshot of Hurricane Static Inform#&on Record

The layout of this result table is almost identit@athe one shown in Figure 4-1. Most of the fiedds
identical except the leftmost column labeled as.”Nbhis field indicates the simulation year of ther-
ricane instead of the hurricane index as in sifglgicane year simulation. For example, it is shomwn
the tables that there is one landfall hurricanElarida in year 5 and two landfall hurricanes iorda in
year 4. There are no landfall hurricanes in yeats B, or 6.
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Figure 4-5b. Screenshot of Hurricane Coverage Recdr

Figure 4-5c. Screenshot of the Record of Average Sained Wind Speed in Affected Areas
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These two result tables listed the hurricane caeand average sustained wind speed in hurricane af
fected service territories for IOUs and Co-ops. Tiekl headers stand for the abbreviations of dsfifé
utilities. The sequence of simulated hurricaneoissistent with the result table shown in Figurea4-5

The outputs of hurricane simulation module arepresented as a part of the tool final outputs;usets
are still able to examine them as they are recoilsgreadsheets.
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5 Infrastructure Damage Module

Infrastructure damage models estimate equipmehiréarates under certain hurricane conditions. This
section develops two classes of damage modelsheadrequipments damage model and underground
equipment damage models. As discussed in Chappsi&damage and span damage are used as a proxy
for total overhead damage. Pad-mount device damageinderground cable damage are used as a proxy
for total underground damage. Taken together, tivdsastructure damage models compute total infra-
structure damage given the hurricane intensity kitad by the hurricane model.

A default set of parameters for each damage madelribedded in the spreadsheet application. These
parameters are either determined from currentlylabla data from a particular utility or theoretiga
designed. Utilities are able to change model pararsiso that equipment failure rates best matdbrivis

cal data.

5.1 Pole Damage Model

As discussed in Chapter 3, overhead damage mocdeeseloped via a curve fitting approach. Histori-
cal data from FPL is currently the only availabkable data for this approach. Both the pole damage
model and the span damage model are developed badbids FPL data. Other utilities may find differ-
ent curves as the best fit for their particulanaitons; the model can be updated as further datantes
available.

FPL recorded the pole failure rates it experierdgihg a number of hurricanes going back to Hurréca
Andrew in 1992. Pole failure rate is calculateddbyiding the number of poles issued during storstae
ration by the total number of poles exposed toitane force wind?® Table 5-1 lists the actual FPL pole
failure rates for different hurricanes and the esponding average sustained wind speed in thetedfec
area, which is estimated from HURDAT and Tropicgtlone Report issued by NOAA.

It is found based on this set of historical dat #n exponential function can well represent étation-
ship between the pole failure rate and wind speeshawn in Figure 5-1 (dots represent historicth da
and the curve represents the fitted model).

Table 5-1. Failure Rate vs. Average Wind Speed

Year | Hurricane % of Expose_d Pole$’ | Hurricane Average Sustgined W_ind Speed in
that Failed Category Affected Service Territory (mph)

1992 | Andrew 10.1% 5 160

2004 | Charley 3.1% 3-4 135

2004 Frances 0.9% 2 100

2004 Jeanne 0.5% 2-3 100

2005 Katrina 0.3% 1 75

2005 Wilma 1.5% 2-3 115

9 poles include both FPL poles and third party peligs FPL equipment. Most FPL poles are designeGriade B
construction.

2 poles exposed refer to the poles exposed to 74+wind speeds, which is the lower boundary of taegory 1
hurricane wind speed according to Saffir-Simpsaiesc
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/,=axe" ; pole failure rate model

where , is the pole failure rat&)y is the sustained wind speed, andndb are tuning parameters. Using
the FPL historical data resultsar0.0001 andb= 0.0421.
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Figure 5-1. Pole Failure Rate vs. Average Wind Spden Affected Area

The pole damage model describes the relationshipelea pole failure rates and the wind speeds. This
failure rate includes all factors that may leadgtstructural pole failure such as extreme wind dee
microclimate effects such as tornadic activity amdrobursts. Again, the current model parametees ar
based on FPL data, which will not be appropriateafbcategories of equipment, especially when gqui
ment categories become more granular. For exarukje B poles could be segmented for modeling
purposes into “overloaded Grade B” and “lightlyded Grade B”. This type of classification can peten
tially give more precise insight into the potentiaists and benefits of undergrounding. Each cayegor
requires its own failure rate parameters whichligewill be derived from historical data.

To reiterate, the default model parameters shoaldided with caution, and will not appropriate fbr a
utilities in all situation. Therefore, utilitiesastrongly encouraged to collect as much failuta da pos-
sible after each hurricane.

5.2 Span Damage Model

Like the pole damage model, the span damage maodegbutes span failure rates as a function of wind
speed. It is recognized that span damage ofterr®deie to many factors such as falling trees anddl
debris. However, each of these factors is a stfangtion of wind speed, and wind speed is therefore
used as the primary determinant of span damage.
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FPL data is also the only available resource fting a representative curve of span failure raité ve-
spect to wind speed. Figure 5-2 presents the FRLg#aies.

Figure 5-2. Florida Power & Light Span Failure RateData

Although an exponential function best fit the FRilepfailure rate data, a power function has a béite
for span failure rate. This is fit is shown in Figib-3, with the dots representing FPL data pant the
solid line representing the best fit power functi®he power function is represented as follows:

/.=aWP" ;span failure rate model

where . is the span failure rat&y is the sustained wind speed, andndb are tuning parameters. Using
the FPL historical data resultsas8” 10 and b = 5.1731.

Figure 5-3. Span Failure Rate vs. Average Wind Spdecross Affected Area
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Like the overhead model, the span damage modellkigfarameters are based on FPL data, which will
certainly not be appropriate for all categoriespéns, especially when categories become incrégsing
more specific. Even in the case of FPL, spans cbaldegmented for modeling purposes into “big wire
with dense trees,” “big wire with sparse treesrhadl wire with dense trees,” and “small wire withasse
trees.” This type of classification can potentiaiiye more precise insight into the potential ccsts
benefits of undergrounding. Of course, each catememuires its own failure rate parameters whids id
ally will be derived from historical data.

5.3 Underground Equipment Damage Model

When a hurricane approaches land, it blows a walater onto shore called a storm surge. A storm
surge tends to pick up a large amount of sand amwlisd The sand can bury and contaminate pad-
mounted equipment, and the debris can damage atatige pad-mounted equipment. When the storm
surge recedes, it can carry away sand and dixinigéormerly underground cables, vaults, and mésgho
exposed.

When a storm surge floods coastal areas, salt viat@erses all of the pad-mounted and sub-surface
electrical equipment in the storm surge area. Wtherstorm surge recedes, a salt residue can beneft
insulators, bushings, and other components. Thisaaaination can result in an immediate failure when
the equipment is energized, or can result in aréutailure when the contamination is exposed tosmoi
ture.

Clearly, underground equipment failures are aaaitaspect of hurricane reliability, especiallycmastal
areas. Underground equipment is not only proneatoadje, but repair times are often long when com-
pared to overhead, and the specialized crews ndedexiderground repairs are often scarce durisg re
toration. In fact, it is quite possible that undergnding an existing overhead system in a coastal may
result inmorehurricane damage aainger restoration times for customers. In any caseijrttent of the
underground equipment damage model is to accouthdse issues.

Presently there is not sufficient data to deterntiebest mathematical model for storm surge damage

Therefore, a simple approach is presented thahats underground equipment damage based on hurri-
cane category and storm surge zone category rttherwind speed. As more data becomes available,
users can replace this simplified model with masenplex models. The selected damage model for un-

derground equipment is proposed as the followingdr relationship:

/,=[a+b(H- 9]xI(H- 9 ;underground equipment failure rate model

1 H-S 0
{H-9= 5 4os<o

where , is equipment failure raté] is the hurricane category (1-3,is the storm surge zone category
(1-5), anda andb are tuning parametergH-S) is an indicator function showing whether the aseaf-
fected by an incoming hurricane.
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Consider the following example. &= 0.01 andb = 0.06, the failure rate, under different combinations
of hurricane categories and storm surge zoneowwrsin Table 5-2 and graphically represented irufég
5-4.

Table 5-2. Underground Equipment Failure Rate Exampe

Storm Surge Zone Category
1 2 3 4 5

19% | 13%| 7% | 1%| 0%
25% | 19% | 13%| 7%| 1%

1] 1% | 0% | 0% | 0%| 0%

o 2| 7% | 1% | 0% | 0%| 0%

C‘g{g&%”r; j 13% | 7% | 1% | 0%| 0%
5

Figure 5-4. Underground Failure Rate Example

This model, though simple, is able to consider dffects of both vulnerability to storm surges (stor
surge zone category) and hurricane strength (catedthe parameters for this model can be deterthine
with a minimum amount of data, and it is possilbiat tutilities may be able to find historical huemne
damage information that allows parameter selet¢tidre based on data rather than estimates.

5.4 Final Thoughts on Damage Models

Hurricane reliability calculations are stronglylirdnced by the choice of parameter for damage rsodel
As stated previously, it is beyond the scope «f hibject to recommend parameters and assumptens b
yond the basic form of the equations. In this sectnd in the spreadsheet model, default paramapers
pear. Neither the authors nor the utility spongdrthis project endorse these parameters as apat@pr
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for any particular analysis. The tool should bemgd as a “calculator” and it is the responsibibfythe
user to make appropriate decisions about inputnpeters and assumptions. Further, utilities are @nco
aged to collect data that will increase the acgueand confidence of input parameters and assungtion

The damage model parameters shown in this sectidrirathe spreadsheet applicatipn
are for illustrative purposes only. It is the resgibility of the user to make approprigte
decisions about damage model input parameters.

Since all three damage models are described byarameters, the damage model interface only rexjuire
users to input the “a” and “b” parameters for eaghipment type; the algorithm will automaticallyess

the appropriate damage model. Figure 5-5 showseesshot of the form where users input damage
model parameters.

Figure 5-5. Screenshot of Equipment Damage Model Rameter Input

As shown in Figure 5-5, multiple equipment typea be assigned to the same model category but use
different “a” and “b” model parameters. For examplee first two types of equipment are both in the
category “poles,” but use different parameters.

Since underground failure rate of a piece of eqeipinis a function of its storm surge zone categtbry,
model needs to know the amount of equipment in sémfm surge zone category. The input parameters
are the same, but failure rates will be higherefguipment in lower storm surge zone categories eikor
ample, the last five rows in Figure 5-5 all représenderground cable failure rates with the samdeho
parameters. Having five categories allow the usapecify how much cable is located in each zohées T
results in cables located in lower zones havingédrdailure rates.

Undergrounding Assessment Phase 3 Report Final Report Page48 of 97



6 System Restoration Module

The system restoration module estimates the tgsibs restoration time, the start time for restorain
the project area, and the end time for restoratidhe project area. This also allows for the clation of
customer interruptions hours, which can be usemtopute the associated customer interruption costs.

The system restoration module is based on outjut fhe hurricane simulation and damage models,
which provide information about damaged overhead amderground equipment. This calculation re-
quires additional information such as availableacresources, the project area restoration priodtyd

the number of crew hours required to repair damaggipbment.

Give the necessary equipment resources avdifatie restoration time is based on two factors, &) t
number of crew hours required to repair damagedpetgnt, and (2) the number of crews available to
perform repair work. The number of crew hours regglito repair damaged equipment is based on the
amount of damaged equipment along with the requitedber of crew hours needed to repair each class
of equipment. For example, if 1000 poles are damhaged poles require an average of 10 crew hours to
repair, then complete pole repair requires 10,d@@ dours. Now assume that all repairs requireta to
of 20,000 crew hours. If 2,000 crews are availadaeh day, then total system repair will take 20,600
2,000 = 10 hours.

Figures 6-1 and 6-2 show the interface where ugergide the quantity and repair time (under storm
condition) of different types of equipment. Thisgammation forms the foundation for simulating thes+
toration process.

Figure 6-1. Screenshot of Equipment Quantity Input

Figure 6-2. Screenshot of Equipment Repair Time Inpt

2L penalty factors introduced in a later sectionimckided to account for the material availabiligiie.
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When a hurricane causes widespread damage taty sgitvice territory, restoration can take manysda
Therefore, utilities need to prioritize their rastioon efforts, typically by focusing first on féites that
provide electricity to critical services such aspitals, police stations, and fire stations. Aftes initial
critical services are restored, restoration adtigsiare often focused on major thoroughfares ctingisf
gas stations, grocery stores, restaurants, and imprevement stores. The remaining main feedeksun
will typically receive the next priority, followely lateral taps and finally secondary service drops

In order to compute the benefit of an undergrougdin hardening project, the restoration priorityttod
project area is needed. If a project area has iggtoration priority, the benefits of undergrourare
lower since interruption time will be lower. Thisagnseem counter-intuitive, but consider the follogvi
When a critical facility such as a hospital is mited during a hurricane, crews are forced tagoon
the critical facility. This highly constrains thergy restoration effort. If critical facilities doot sustain
major damage, the utility can be much more flexibiel efficient in system-wide restoration efforts.
Therefore, the benefit of undergrounding a critfeallity is primarily for overall restoration effb

The restoration priority of a project area is reprged by a percentage between 0% and 100%. Tihis pr
ority number indicates the number of system-widaachours that must be expended before restoration
work on the project area is initiated. For exampdlall the hurricane damage requires 1000 crew$itm
restore, and a project area is assigned a postaner restoration priority of 30%, then the repadark

for the project area starts after 300 man houre leeen expended. Depending on the available crew re
sources, the actual number of days passed befenestoration starts can vary. If more crews agglav
able, restoration of the project area can begimaoo

Crew availability varies from utility to utility, rad the number of crew dispatched also varies frami-h
cane to hurricane. Generally, a certain numberreis are available immediately after the hurricane
passes. Additional crews are typically added umtihaximum number of crews are reached. When the
restoration work comes close to being finishedwaresources will typically ramp down. The ramp-down
period typically occurs at the clean-up stage whmist customers have been restored. Therefore, crew
ramp-down is not simulated in this model.

The restoration process is modeled by having irétiailable crews@niia), daily ramp-up crews (C),

and the maximum available crewG.{,). In this way, the available crews in any par@cullay can be
calculated, and the algorithm can estimate they dampleted work and work remaining. Each day is
sequentially simulated until all restoration taske complete. Since different crew types work oarev
head and underground damage, two sets of crevedelariables are used. One set of crew parameters i
used for overheard restoration and separate gerameters is used for underground restoratiorur€ig
6-3 presents the spreadsheet interface where pisafisle crew information.

Figure 6-3. Screenshot of Crew Availability Input
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In the early days following a major hurricane,stdften times difficult to utilize crews with maxim
effectiveness. This initial inefficiency can be doea variety of factors such as road accessibiitail-
ability of materials, having the right crew skiktts in the right locations, and so forth. To ac¢don
these initial inefficiencies, the restoration modkbws for early repairs to require additional rteours.
The amount of increase and the duration of thefimefcies are both a function of hurricane seyerit
This aspect of restoration is models by the usevofpenalty factors, one relating to crew efficigrand
one relating to the duration of the inefficiency.

Penalty Factors:
- Efficiency penalty factor
- Duration penalty factor

Penalty factors are scales proportionally to hames category. Category 1 storms will be assighed t
base efficiency and duration penalty factors. Gae@ storms will be assigned twice the base efficy
and duration penalty factors. This continues ugabegory 5 storms, which will be assigned five 8me
the base efficiency and duration penalty factors.

Consider the following example. After a Categorfiutricane, many roadways are blocked by trees and
debris. This severely limits the ability for damaigebe assessed and for crews to be efficiently dis
patched. There are 1000 crews available, but mesw bours are not initially spent on effective oeat

tion activities. By using penalty factors, extrpaie time can be added to account for these ineffaies.
Assume that the efficiency penalty factor is se2%# and the duration penalty factor is set at dldr$

For the Category 4 hurricane, this means that eatal repair will require 4 x 25% = 100% more ware
hours to complete. This inefficiency persists toe first 4 x 10 = 40 hours of restoration. Afteisttime,

it is assumed that crews are able to work at flitiency for the remainder of the restoration effo

Figure 6-4 shows the interface for the input ofgignfactors as well as the restoration prioritgtéa.

Figure 6-4. Screenshot of Penal Factor and PrioritfFactor Input
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7 Costs and Benefits Analysis Module

The cost and benefits analysis module computesarwkteliability results for two cases (e.g., theus
guo and a proposed undergrounding project) andvaltbese costs and reliability results to be comxar
The user is able to compare the results in vamoags, assuming the “status quo” case is both lmest
and lower reliability than the proposed projectesdhis allows the incremental costs to performpiee
ject to be compared with the incremental reliapitienefits; given additional necessary informasoich
as discount rate, the net present value or thefibeost ratio of the project (with or without cadering
intangible benefits and costs) can be assessedtfr@simulation results. In reality, there will tgally be
a variety of cost and reliability differences; tbest and benefits analysis module is designed sdyea
examine these differences.

The costs and benefits analysis module requiregndisant amount of data from the user, with data
ganized into the following three categories:

Data Categories

- Initial costs and recurring annual spending

- Reliability performance during non-storm and stawonditions
- Intangible benefits

7.1 Initial Costs and Recurring Annual Spending

Each defined equipment class has the ability tadstggned both an initial cost and an annual raayrri
cost. The spreadsheet interface where this datatésed is shown in Figure 7-1.

Figure 7-1. Screenshot of Equipment Related InitiaCost Input Section

The interface shown above only deals with the egait related costs. Non-equipment related costs are
entered in a separate worksheet as shown in Figre
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Figure 7-2. Screenshot of Non Equipment Cost Inpubection

Three categories are allowed when entering a naipegent related cost. The categories are the fellow
ing:

Cost Category
- Initial Cost

- Recurrent Cost
- Intangible Cost

The user provides the best estimate of differeitiblrcosts and annual recurrent costs. It is Ugudiffi-
cult to quantify the intangible costs in enginegrar economic terms; the user may provide the gitde
costs if he chooses tafter the user provides all necessary cost inforomatthe application sums up the
initial costs and then calculates the annually méeg cost both before and after the undergroungirgy
ject.

7.2 Reliability Performance

As discussed previously, the hurricane simulatielp$ to estimate the total amount of damaged equip-
ment and the total number of customer interruptionrs. To perform a cost and benefit analysiss it i
useful to translate both of these values into d@ell&igure 7-3 shows the interface where userspean
vide the cost information related with storm reatimn. The amount of equipment damage in each cate-
gory is multiplied by its unit repair cost to estita the cost required to fix damaged equipmenhim t
category. The costs associated with all categ@iesthen summed to obtain the total restoration. cos
Similarly, the total amount of customer interruptioours is multiplied by the customer cost of taligy

to obtain the total cost of customer interruptioFisese calculations are performed for both thereedind
after conversion scenarios.
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Figure 7-3. Screenshot of Storm Reliability Relate€ost Input Section

Similarly, the cost information associated with tieéiability under non-storm conditions is neede-
ure 7-4 shows the interface for this task. Thigimfation allows for non-hurricane outage restoratio
costs to be computed for both the before and aefieversion scenarios.

Figure 7-4. Screenshot of Non-storm Reliability Relted Cost Input Section

7.3 Intangible Benefits

Some benefit categories are intangible, such aagbthetic benefits associated with the projeatistiae
improved property values. They are conceptuallydyalnd are often the main project driving force be
hind undergrounding. It is typically infeasible reeaningfully quantify them in engineering or ecofmm
terms, but the model allows these classes of @rgtdenefits to be included along with other casitd
benefits. For example, the user can define a aisgory of “improved aesthetics” and assign a value
$100 million after a project is completed. The mosid keep track of these costs, but it is simpdflect-
ing the value inputted by the user. If users detadimclude these factors, they can provide the ésis-
mates for their individual cases in the interfalceven in Figure 7-2.

In summary, theex antemethodology utilizes the user provided cost infation along with the results
from its hurricane simulation module, infrastrugtutamage model, and system restoration model to ana
lyze the costs and benefits of a particular unaenggding project.
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8 Model Applications

The develope@éx antemethodology is applied to the four case studia®ldped in Phase 2. These four
recent projects where significant portions of oeath facilities have been moved underground were se-
lected by the Steering Committee with input froma@ia Technology. To ensure that the results of the
studies can be applied in different settings, tlgegts were selected in an attempt to represéiatrelnt
regions of the state, topography, urbanizatiory (e#trsus rural), type of utility (investor-ownea-op, or
municipal-owned), and other factors. The geograpdtations of the selected case studies are shown i
Figure 8-1, and a summary of the selected casesstigishown in Table 8-1.

N County

Pensacola Road 30A
Beach

Alcon /

Island

Figure 8-1. Location of Case Studies

Table 8-1. Summary of Case Studies

Project Utility Year o_f Circuit Miles of
Conversion | New Underground
Sand Key Progress Energy Florida 1996 3.4
Allison Island Florida Power & Light 2000 1.0
County Road 30A CHELCO 2006 0.8
Pensacola Beach Gulf Power 2007 6.8

As concluded in Phase 2 report, there is not safftadata to compare the output of theantemodel to
historical realized benefits. There is not evenugiodata to determine upper and lower bounds @&rpot
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tial results. This study of model applications sita provide insights into how different variabhagyht
affect costs and benefits of undergrounding instgfattying to replicate realized benefits from aofy
these case studies.

8.1 General Parameter Settings

It must be understood that the methodology requitesy parameters and many assumptions. For many
of these parameters and assumptions, there & ittsis in historical data and expert judgment rbast
used. It is beyond the scope of this project tomamend parameters and assumptions. The tool sheuld
viewed as a “calculator” and it is the respondipitif the user to make appropriate decisions alnuit
parameters and assumptions. In order to applgtrentemethodology to the projects, a set of parameters
have been selected and a set of assumptions haventede. These parameters and assumptions do not
indicate the actual system performance and upliaictice.

The costs and benefits analysis of an undergrognglioject examines the system incremental costs (or
benefits) after the overhead systems are convésteshderground. In other words, the analysis irivest
gates if a system gains any benefits by the coiore@d how much the benefits (or costs) are if. any
Therefore, a set of fixed overhead system parasé&tarsed as a benchmark and the underground system
parameters are varied in an attempt to providayirsiinto how these variables might affect cost$ an
benefits of undergrounding.

Failure Rate and Repair Time

Table 8-2 lists the typical failure rate and repire of different equipments [31] under non-staromdi-
tions.

Table 8-2. Summary of Equipment Failure Rate and Reair Time

Failure Rate Repair Time
(failures/year/circuit mile) (hours)
Overhead Lines (Primary Trunk) 0.10 4.0
Overhead Lines (Lateral Tap) 0.16 4.0
Underground Cable (Primary Cable) 0.07 10.0
Underground Cable (Secondary Cable) 0.10 10.0
Pad-mount Transformers 0.01 6.5

The overhead equipment failure rates under stommdition are modeled as described in Chapter 5.1 and
5.2. The underground equipment failure rates aughly estimated using linear functions as described
Chapter 5.3 with the magnitude approximately halihe overhead equipment failure rates. Equal equip
ment repair times under non-storm conditions aadrstonditions are assumed.

O&M Costs

An underground feasibility study [37] shows that tB&M costs (per mile) for overhead and direct-
buried underground distribution systems are conpar@he duct bank underground systems cost more).
These costs include maintenance, repair, preventai@tenance, and service restoration, not inclydin
the costs related with tree trimming, wildlife peotion, and line patrolling for overhead systemd te
costs related with cable locating for undergrouygteams. Parameters based on this study are useden
studies; they are listed in Table 8-3.
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Table 8-3. O&M Costs

Overhead System | Direct-buried Underground | Duct Bank Urban Underground
($/mile) ($/mile) ($/mile)
Typical Value 1000 1000 4000

Repair Costs

There is no document that provides guidance orrm@ieng the typical value of equipment repair costs
found. It is assumed that the equipment repairscaxs identical for both storm conditions and ntamrs
conditiond? It is also assumed that different overhead eqeifimhave the same repair costs. Typically
underground equipments cost more; it is assumddutiderground equipments repair costs are twice as
the overhead equipments repair costs, unless tedicgherwise; different underground equipmentshav
the same repair costs.

Equipment Quantity

The equipment quantity in the project area candbienated from the general project information sash
the length of the overhead feeder. However, tharate system-wide equipment quantity is not diyectl
available at current stage. It is assumed thasystem-wide overhead equipment quantity is propoati
to the project area overhead equipment quantitg. @rbportion of the project area equipments tosifse
tem-wide equipments may affect the starting ofltieal restoration process given a certain locabras
tion priority. A scalar number is assigned to epaject as shown in Table 8-4. These scalar nundrers
chosen with distinguishable disparities in an aftetn provide insights into how this variable migtit
fect costs and benefits of undergrounding. Thesabmus do not indicate actual utility service temyt
sizes.

Table 8-4. Assumed System-wide Equipment Quantitycale

: . Scale
Project Utility (system wide : project area)
Allison Island Florida Power & Light 10,000:1
Sand Key Progress Energy Florida 5,000:1
Pensacola Beach Gulf Power 1,000:1
County Road 30A CHELCO 100:1

It is also assumed that the overhead distributioes|are three times the underground distributioesl
[32], so are the related equipment quantities. Agnalh the underground equipments, it is assumed tha
half of them locate out of any storm surge zonel #re other half equally distribute among different
storm surge zones.

22 |n actual applications, the repair costs in steondition may be significantly higher than non-stocondition
due to the crew overtime costs. Since the focub@tomparison is the costs before and after thgegrinstead of
costs in non-storm and storm condition, the assiomphat the repair cost is the same for storm mrdand non-
storm condition will not affect the analysis of ttest cases.
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Algorithm parameters

Most of the customers involved in these projecesrasidential customers; therefore, many algoriplam
rameters are estimated based on the residentt@noestype, unless indicated otherwise.

Average Demand per Customer 1.4 kW/hr [33]
Average Rate 0.108%/kWh [34, 35]

The average demand per customer and average eateudtipliers used to compute the lost revenue for
the project area before and after the conversiban@ing these parameters will proportionally chatige
computed lost revenue, but will not change theorafi lost revenue before and after the conversion.
Therefore, the same parameters are used in allstadies instead of the utility specific valuesamac-
tual application, the actual values for the propreta should be used.

Cost per Customer Interruption Hour $2.99 for residential customers and $ 1,000ctonmer-
cial customers [36].

Similarly, the same set of cost per customer inf@ron hour values is used for each case studgnin
actual application, the actual values for the prioggea should be estimated and used.

Crew Availability It is assumed, unless indicated otherwise, thatteead crew number is twice
as the underground crew number; it is also assuh@dhe maximum crew number is four times
as the initial crew number, with 40% of the initiakw as the daily ramp-up crew.

Penalty Factors:An efficiency penalty factor of 50% and a duratfemnalty factor of 20 (hr) are
used in the algorithm, unless indicated otherwise.

Hurricane Restoration Priority It is set at a medium level of 50%, unless intdideotherwise.

8.2 Sand Key (Progress Energy)

Sand Key project converted approximately 9,500uiirieet three-phase overhead feeder to 9,000itircu
feet three-phase underground cable. This projecived 3,375 customers of which 94.5% are residénti

customers. According to the Pinellas County Surgeed map, majority of the Sand Key project is lo-
cated in category-1 storm surge zone.

A Monte Carlo simulation of 10,000 hurricane yelas been run. This simulation generates 7,077 land-
falling hurricanes in Floridd 3,104 of them affect the Progress Energy senécgtory and 591 affect
the Sand Key project area. Table 8-5 summarizehdingcane simulation results in terms of hurricane
years.

232413 category 1 hurricanes, 2221 category 2 hanes, 1782 category 3 hurricanes, 579 categoryrrcanes,
and 82 category 5 hurricanes
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Table 8-5. Hurricane Simulation Summary

# of Hurricanes Years Years Years
(per year) (Affect Florida) (Affect Progress Energy (Affect Sand Key)
0 4,918 6,896 9,409
1 3,533 2,569 559
2 1,185 459 32
3 293 66 0
4 60 10 0
5 11 0 0
Total 10,000 10,000 10,000

It shows that the project area is not affected bgribanes most of the time. Therefore, the system p
formance under non-storm condition is a major comemd of the costs and benefits analysis. The simu-
lated system annual costs under non-storm conditieristed in Table 8-6.

Table 8-6. System Annual Costs (Non-Storm Conditign

Before Conversion | After Conversion
(Overhead) (Underground)

Equipment O&M $1,800.00 $1,700.00
Other O&M $1,653.72 $3,564.00
Repairs $2,380.00 $1,836.00
Lost Revenue $229.62 $390.57
Total $6,063.34 $7,490.57
Customer Interruption Cost $4,540.82 $7,723.62
Total $10,604.16 $15,214.19
CMI (min) | 91,120 | 154,989

Since the overhead facility O&M costs (per cirauite) and underground facility O&M costs are compa-
rable and the circuit length is similar before afi@r the conversion, the equipment O&M costs e a
comparable.

Table 8-7 lists the utility provided O&M cost data;this category (other O&M), the underground syst
costs more than the overhead systems.

Table 8-7. Sand Key Recurring Cost Data

Category Units | Quantity Before | Quantity After | $/yr per Unit
Vegetation Management Miles 1.7 0 $1,233.00
Pole Attachment Revenug # 101 0 -$4.38
Underground Locates # 0 396 $9.00

The total non-storm condition equipment repair gdsta function of the equipment failure rate amel t
equipment repair costs. The low underground calilaré rate leads to a lower repair cost for thdeun
ground system as shown in the simulation results.
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If the underground equipment repair cost is changil other parameter unchanged, the total repair
costs can either go higher or stay lower than ttegleead system cost, as shown in Figure 8-2.

3000

2500 + ’ .

2000 +

1500 +
1000 +
500 +

Annual System Repair Costs

100% 200% 300%

Underground Equipment Repair Costs (% of assumed overhead
equipment repair costs)

mEmmm Underground ==#==Overhead ‘

Figure 8-2. System Repair Costs vs. Equipment Cosfgnderground)

The lost revenue and customer interruption cospemie on the CMI (customer minutes interrupted) un-
der non-storm condition, which is a function of tbguipment failure rate and repair time. It is well
known that underground equipments generally havallemfailure rates but longer repair time. This
simulation shows that the CMI for underground systes 70% higher than the overhead systems. If the
underground system includes a redundancy mechagusim as a spare run of cable or a loop design to
increase the reliability, then the CMI for undemgnd systems can be reduced to about 1/3 of the over
head systems.

System performance under hurricane conditionsesnhin focus of the costs and benefits analysis. Ta
ble.8-8 lists the simulation results, with a"280", and 88 percentile level. A 20 percentile indicates
the simulated costs and benefits will reflect valudere 80% of simulated years with hurricanescaffe
ing the project area are higher and 20% are loa&t percentile indicates the simulated costs and bene-
fits will reflect values where 50% of simulated y®avith hurricanes affecting the project area aghér

and 50% are lower (it is a median value insteadrofaverage value); an '8@ercentile indicates the
simulated costs and benefits will reflect valuesereh20% of simulated years with hurricanes affectin
the project area are higher and 80% are lower.

Table 8-8. System Annual Costs (Storm Condition)

20% 50% 80%
Before After Before After Before After
Repairs $806.81 $885.33 $3,845.09 $6,333.60 $9,562.4p6 8201
Lost Revenue $4,233.43 $2,342.23 $10,153.18 $9,144.73 $31,371.13%$30,676.49

Customer In- !
terruption Cost $83,716.56 $46,317.8¢ $200,779.52  $180,838.30 $63@8 $606,631.61

CMI (min) 1,679,931 929,455 4,029,021 3,628,86p 12,448,861 ,1783209
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Similar to the non-storm condition, the system nepasts under storm condition depend on the number
of equipments damaged in the project area. Accgrttirthe results shown in Table 8-8, the undergidoun
system cost is significantly more than the overhgaiem cost at the B@ercentile; but comparable with
the overhead system cost at both th8 26d 88" percentiles. It can be explained by the distrifnutdf
hurricane induced equipment repair costs as shokigare 8-3. The overhead equipment repair costs
concentrate at the lower end with a long tail while underground equipment repair costs spread out
with more costly event§ especially in the mid-range of the cost scaleeW/the project area is affected
by a strong hurricane, the current adopted lin@anabe model generates a smaller underground equip-
ment failure rate compared to the exponentialdikections for overhead equipments, so the undergtou
system repair costs at'8percentiles are smaller than the overhead system.

Figure 8-3. Distribution of Hurricane Induced Systen Repair Costs

All the lost revenue, customer interruption cosatsd CMI are closely related with the interrupticurat

tion. When the project area is affected by a weakitane, less underground equipments are damaged
due to their low equipment failure rates so thennption duration is relatively short. When thejpct
area is affected by a strong hurricane and morengnound equipments are damaged, the long under-
ground equipment repair time becomes a key factaetay the restoration and cause longer intewwapti
duration. As shown in Table 8-8, underground systbawve smaller lost revenue, customer interruption
costs, and CMI at all three (2050", and 88) percentiles, but the advantage of the undergraystem
over the overhead system is less prominent whengr hurricanes hit the project area.

8.3 Allison Island (Florida Power & Light)

The underground conversion for Allison Island wampleted in November of 2000. Allison Island used
to be served by a 0.5 mile-long two-phase radialftam a primary main trunk. The new underground
system loops to the end of Allison Island and bald is therefore 1.0 miles in length. The projaet

4 Because the current underground equipment faifaes under hurricanes are discrete function, therespikes,
with a continuous function developed when more datevailable, it can be smoothed.
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volves 45 residential customers. According to tlel® County Surge Zones map, the Allison Island is
located in category-1 storm surge zone.

Allison Island is located in the southeast regibflorida which is more likely to be hit by a stgphurri-
cane (category 4 or 8) A Monte Carlo simulation of 10,000 hurricane yegenerates 7,089 landfalling
hurricanes in Florid& 5,283 of them affect the Florida Power & Lightda?,003 affect Allison Island
project area.

Table 8-9. Hurricane Simulation Summary

# of Hurricanes Years Years Years
(per year) (Affect Florida) (Affect Florida Power & Light)| (Affect Allison Island)
0 4961 5934 8200
1 3402 3033 1610
2 1294 874 178
3 281 138 11
4 54 17 1
5 8 4 0
Total 10000 10000 10000

The system performances under non-storm conditioméisted in Table 8-10. Same as the Sand Key pro-
ject study, the lost revenues and the customerrugon costs of the underground system are signif
cantly lower than the overhead system owe to thedguipment failure rate. But the underground syste
repair costs are slightly higher than the overl®etems due to the high repair costs.

Table 8-10. System Annual Costs (Non-Storm Conditig

Before Conversion| After Conversion

(Overhead) (Underground)
Equipment O&M $500.00 $1,000
Other O&M N/A N/A
Repairs $960.00 $1,040.00
Lost Revenue $4.69 $1.12
Total $1,464.69 $2,041.12
Customer Interruption Cost $92.84 $22.20
Total $1,557.53 $2,063.32
CMI (min) | 1,863 | 446

Allison Island area is affected by more hurricaaed especially category 4 or 5 hurricanes duestgab-
graphic location. Table 8-11 shows that the unaengd system costs more than the overhead system un-
der the storm condition, except the repair cost@(ft percentile, which is because less underground
equipments are damaged during weak hurricanes. \Wlsttong hurricane hits the area and causes catas-
trophic damages, the high repair costs of undergtagquipment significantly increase the systemirepa
costs.

% please refer to Appendix A for detailed discussion
%2317 category 1 hurricanes, 2300 category 2 hanes, 1792 category 3 hurricanes, 587 categoryrrdcanes,
and 93 category 5 hurricanes
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One possible reason for the high interruption-danatelated costs of the underground system might b
the crew availability since it is assumed that tinelerground crew availability is only half of theeo-

head crew availability. Figure 8-4 shows the chaofgthe average lost revenue with the increasenef u
derground crew availability. It shows that the aggr lost revenue becomes less when more underground
crews are available for restoration, but when nuews are available for restoration, the initiaffiz
ciency such as the road accessibility becomesdkhidactor to delay the restoration for both therbead

and underground systems. The long underground eguiprepair time results in long interruption dura-
tion of the underground system, it further leadbigher lost revenue and customer interruptionscost

The same conclusion can be drawn by examiningdbeasios with different penalty factors (the under-
ground crew availability is 50% of the overheadwcravailability). As shown in Figure 8-5, when the
penalty factor increases, the initial inefficienghfays a more critical role in determining the reaton
duration, the difference between overhead systainuaidlerground system get smaller. After the initial
period, the longer restoration time of undergroagdipments keep the associated costs higher.

Table 8-11. System Annual Costs (Storm Condition)

20% 50% 80%
Before After Before After Before After
Repairs $142.34 $112.67 $584.84 $788.67 $2,194.88 $4,732/00
Lost Revenue $12.64 $13.66 $61.54 $80.42 $291.79 $417.0b
Customer In-
terruption Cost $249.99 $270.18 $1,216.92 $1,590.29 $5,770.09 8274
CMI (min) 5,017 5,422 24,420 31,912 115,788 165,497

215
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Average Lost Revenue
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‘- Underground —€— Overhead ‘

Figure 8-4. Average Lost Revenue vs. Crew Availaly (Underground)

Assuming there is a scenario in which equal numbkoverhead crews and underground crews are avail-
able and the repair time for overhead equipmendsusaerground equipments are the same. The system
performance under storm condition is listed in €®{12 (excluding the repair costs which depenthen
equipment repair cost instead of restoration domtiThe results show that the underground systain a
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the overhead system have comparable performanbeslightly less costs from the underground system
at 20" and 58 percentiles.
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Duration exceeds Overhead

0%

0% 25% 50% 75% 100%
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Figure 8-5. Effect of Efficiency Penalty Factor ornderground System Restoration Duration

Table 8-12. System Annual Costs (Storm Condition)

20% 50% 80%
Before After Before After Before After
Lost Revenue $12.64 $11.16 $61.54 $61.39 $291.79 $398.29
Customer In- $249.99 $220.64 $1,216.92]  $1,214.0 $5,770.00 $7287
terruption Cost

8.4 County Road 30A (CHELCO)

The underground conversion for County Road 30Aqutojvas completed in July of 2006. County Road
30A project converted 4,400 feet of three-phasetmard lines to underground cable. The project in-
volves 1200 residential customers. The County R3f#l project are is considered to be located in-cate
gory-3 storm surge zone according to the WaltonnBo8urge Zones map.

A Monte Carlo simulation of 10,000 hurricane yegemerates 7317 landfalling hurricanes in Fldtida
1484 of them affect the CHELCO and 1150 affect@oeinty Road 30A project area.

Table 8-13. Hurricane Simulation Summary

# of Hurricanes Years Years Years
(per year) (Affect Florida) | (Affect CHELCO) | (Affect County Road 30A)
0 4899 8624 8913

272328 category 1 hurricanes, 2323 category 2 tames, 1807 category 3 hurricanes, 5951 categoryrichnes,
and 88 category 5 hurricanes
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1 3488 1270 1021

2 1254 104 65

3 298 2 1

4 58 0 0

5 3 0 0
Total 10000 10000 10000

Table 8-14 lists the system performance under momsconditions. Different from previous cases, the
underground system causes more costs than theeabdystem in all the categories other tharother
O&M calculated from utility provided information asostn in Table 8-15. It is because this project does
not include redundant mechanisms to improve thesxgrdund system reliability. A larger non-storm
underground cable failure rate causes more failanesthen results in more annual costs and customer
minutes interrupted.

Table 8-16 shows the system performance under storditions. Different from previous cases, the un-
derground system significantly outperforms the beed system because of the small underground
equipment failure rate (the project area is locateal category-3 storm surge zone; hurricanes tefgoay

1 and 2 have small impact on the underground system

Table 8-14. System Annual Costs (Non-Storm Conditig

Before Conversion| After Conversion
(Overhead) (Underground)
Equipment O&M $800.00 $800.00
Other O&M $120.00 $0.00
Repairs $1,480.00 $1,824.00
Lost Revenue $81.56 $138.80
Total $2,481.56 $2,762.8
Customer Interruption Cost $1,612.81 $2,744.82
Total $4,094.37 $5507.62
CMI (min) | 32,364 | 55,080
Table 8-15. County Road Recurring Cost Data
Category Units| Quantity Before  Quantity After  $par Unit
Vegetation Management Miles 0.8 0 $500
Pole Attachment Revenue # 16 0 -$17.50
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Table 8-16. System Annual Costs (Storm Condition)

20% 50% 80%
Before After Before After Before After
Repairs $293.00 $197.60 $1,281.02 $197.60 $3,323.58 $1060.8
Lost Revenue $517.44 $116.06 $1,691.10 $319.99 $7,258.08 $14781
Customerin- | 105044 | $2205.14] $33.441.70  $6327.94  $14FB29 $35228.88
terruption Cost
CMI (min) 205,333 46,056 671,073 126,982 2,880,191 706,934

8.5 Pensacola Beach (Gulf Power)

Pensacola Beach project converted approximately thies of three-phase overhead feeders to 6.84
miles of underground cables, with 1,251 customevslved. The project is constructed in a high dgnsi
urban area with high rise condos using concreté black with below grade submersible switchgear in
vaults which causes the annual operation & maimeaaosts about 4 times as the costs of a dire&du
underground system as shown in Table 8-3. Accortiinthe Escambia County Surge Zones map, the
Pensacola Beach is located in category-3 stormeszwge, which is relatively less vulnerable fomsto
surges.

The project area is a portion of the business aoea with both residential customers (about 2/3) an
commercial customers (about 1/3). It will incredse cost per customer interruption hour. Since this
change affects both overhead and underground sy#tensimulation still uses the typical value fesir
dential customers.

A Monte Carlo simulation of 10,000 hurricane yegemerates 6941 landfalling hurricanes in Fidfida
1765 of them affect the Gulf Power and 997 affemidacola Beach project area.

Table 8-17. Hurricane Simulation Summary

# of Hurricanes Years Years Years
(per year) (Affect Florida) (Affect Gulf Power) (Affect Pensacola Beach)

0 4997 8395 9058

1 3442 1453 888

2 1226 144 53

3 296 8 1

4 36 0 0

5 3 0 0

Total 10000 10000 10000

Table 8-18 lists the system performance under tamasconditions. The long underground circuit (6.8
miles) causes a significant increase in equipmeati@osts and repair costs. However, the reliability

related performance such as lost revenue and caestoterruption costs still benefit from the lowuggr

ment failure rate.

282297 category 1 hurricanes, 2266 category 2 hanes, 1739 category 3 hurricanes, 551 categoryrrcanes,
and 88 category 5 hurricanes
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Table 8-18. System Annual Costs (Non-Storm Conditig

Before Conversion| After Conversion
(Overhead) (Underground)

Equipment O&M $2,550.00 $27,360.00
Other O&M N/A N/A
Repairs $6,040.00 $12,273.60
Lost Revenue $311.35 $139.71
Total $8,901.35 $39,773.31
Customer Interruption Cost $6,157.01 $2,762.72
Total $15,058.36 $42,536.03
CMI (min) | 123,552 | 55,439

Table 8-19 lists the system performance under stwnditions. The underground system outperforms
the overhead system in general. However, the adgantf the underground system over the overhead
system is not as significant, because this prdjasta long underground circuit (about three tineetha
overhead feeder length).

Since the storm surge has been a major concerGudir Power service territories, the underground
equipment failure rates are set as 150% of thpicty values to further examine their impact onc¢hsts

and benefits analysis. The results in Table 8-2Qvsimat the underground system further loses itszot
advantage over the overhead system.

Table 8-19. System Annual Costs (Storm Condition)

20% 50% 80%
Before After Before After Before After
Repairs $3,203.74 $1,329.64 $8,132.56 $7,977.84 $19,848.42%$31,911.36
Lost Revenue| $2,824.74 $947.70 $8,353.11 $7,780.53 $17,928.Y4 6,1838.05
Customer In- | qrr go950 | $18.74091 $165183.78 $153.860.92  $8381 | $318,83551
terruption Cost
CMI (min) 1,120,927 376,072 3,314,725 3,087,510 7,114,581 988037

Table 8-20. System Annual Costs (Storm Condition) ih Higher Equipment Failure Rates

20% 50% 80%
Before After Before After Before After
Repairs $3,203.74 $1,329.64 $8,132.56 $11,966.76 $19,848.42%$47,867.04
Lost Revenue| $2,824.74 $983.93 $8,353.11 $9,184.8)7 $17,928.14 0,1$2.18
Customer In- 4
terruption Cost $55,859.52 | $19,457.28 $165,183.78 $181,632.09 $33481 $397,523.27
CMI (min) 1,120,927 390,447 3,314,725 3,644,791 7,114,581 771096
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8.6 Case Study Summary

Analyzing the cases studies with the model is dongrovide insights into how different variable$eat
costs and benefits of undergrounding; the purpesmito replicate actual realized benefits or to antici
pate future benefits. The algorithm parameters uséuke case studies do not represent the actaatipe

of individual cases; the user may draw a differeaclusion about the benefits and costs of a dpecif
undergrounding conversion project when a set ofupaters and cost data representing the actuat situa
tion are used.

From the studies of these four case projects, dengnounding project can either gain benefits duge
more costs, depending on the feeder design (egpef length), geographic location (e.g., diffestatm
surge zones), and actual system restoration pea®ig., crew availability). However, this analyss
based on assumed parameters. When actual utibtiged parameters are provided, éxeantemethod-
ology is able to generate an analysis represeatihgal scenarios.

A user can use this “calculator” to analyze thetc@nd benefits of different project design plafs:
example, it can help to determine if a project $thadnclude a redundancy feeder to improve the feede
reliability. A user can also use this “calculatad’ plan the hurricane restoration operations ireotd
maximize the benefits from an undergrounding cosieer. For example, it can provide useful informa-
tion in determining how to arrange the availablewcrresource and planning the restoration practiee a
cordingly.
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9 Conclusions

The conversion of overhead electric power distrdyufacilities to underground has been a topicisef d
cussion in Florida for more than twenty years. Tdic has been studied, discussed, and debated many
times at the state, municipal, and local levelsef@gad construction is the standard in Florida,abut
investor-owned utilities are required to have acpss where customers can opt to underground existin
overhead service by paying the incremental costnitmicipals and cooperatives, the decision to unde
ground is left to local citizen boards.

It is well-known that the conversion of overheadatiic distribution systems to underground is gostl
and these costs almost always exceed quantifiadaheftis. This conclusion is reached consistently in
many reports that range from state-wide studiegety small projects. However, no consistent apgnoac
has been used to compute the costs and beneffipopbsed undergrounding projects, making studies
difficult to interpret and use for making decisions

As more areas in Florida begin to explore the fgsi of underground conversion, it becomes insrea
ingly desirable to have a consistent methodologgstsess the associated costs and benefits. Riesnits
a trusted approach can provide insight, lead ttebgtojects, aid in customers communicating wiih-u
ties, and potentially help guide certain regulatpproaches.

This report has presented a methodology capabdstohating the costs and benefits of potential unde
grounding projects. The methodology can also bé tise&eompute the costs and benefits of other activi
ties that have an impact on hurricane performanch as the hardening of overhead systems. The meth-
odology used a detailed simulation with the follogvicomponents: hurricane model, equipment damage
model, restoration model, cost model, and benefileh This methodology has been implemented in a
spreadsheet application.

It must be understood that the methodology requitesy parameters and many assumptions. For many
of these parameters and assumptions, there & ittsis in historical data and expert judgment rbast
used. It is beyond the scope of this project tomamend parameters and assumptions. The tool sheuld
viewed as a “calculator” and it is the respondipitif the user to make appropriate decisions almuit
parameters and assumptions.

The methodology and corresponding tool describetthisreport should be viewed as a
“calculator.” It is the responsibility of the uster make appropriate decisions about input
parameters.

Even if utilities do not have a large amount ofadfom which to base assumptions and parametes-sele
tions, much insight can be gained by using the todiact, the tool can be used to determine tinsite-
ity of results to certain assumptions and certairameters.

The conversion of overhead electric infrastructir@inderground is of interest around the country an
around the world. Often times underground conversimposals are either pursued or rejected without
systematic analysis of costs and benefits. The odetbgy presented in this report is an attemptdo a
consistency and thoroughness to these types oyse®alAt present, the methodology is specific ® th
state of Florida, but the general approach is valérever extreme weather events have the poteatial
wreck havoc on electricity infrastructure.

Undergrounding Assessment Phase 3 Report Final Report Pages9 of 97



Appendix A: Hurricane Modeling

A.1 Introduction

Appendix A outlines the development of a probatidisiurricane simulation module, which is custom-
ized specifically for Florida. This proposed proiligbic hurricane simulation module is able to deime
the number of hurricanes landed in Florida in ausated year. For each simulated hurricane, thefédind
characteristics are assigned; these features iecladding positions, approach angle or directicansla-
tion velocity or forward speed, central pressuriéedénce, maximum wind speed, radius of maximum
wind, as well as the gust factor used to estinfageak gust speed. While the simulated hurricameem
across Florida, its inland features such as thamqmar wind speed decay rate, the central presstfer-di
ence filling rate, and the radial wind field prefiire also modeled. Although this module can gémela
the detailed information aforementioned for eachusated hurricane, it is designed to generate an ex
pected effect which is derived from the averageafbf a large number of simulations as opposeé-to
producing the effects of a specific hurricane fritv@ historical database.

Besides simulating the hurricane characteristiwes,miodule also tracks the percentage of serviciotsr
impacted for both Investor-Owned Utilities (IOUs)daCooperative Utilities (Co-ops) and the average
wind speed experienced within the affected areadififerent utilities. Furthermore, this module can
track the wind speed at a given location for amyusated hurricane. These functions allow the haric
simulation module to be linked with infrastructutemage module in order to estimate the expected hur
ricane damage.

This hurricane simulation module is developed ircidsoft Excel with the extensive use of VBA pro-
gramming.
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A.2 Available Data

The development, especially the parameter caldmatof individual hurricane characteristic modules
heavily relies on the information extracted fromtbrical data provided by North Atlantic HurricaData
Base (HURDAT). HURDAT, compiled by the Atlantic Gaegraphic and Meteorological Laboratory at
National Oceanic & Atmospheric Administration (NOAASs the most complete and reliable source of
data for North Atlantic hurricanes availableThis database has been widely employed by hmeica-
searches and cited in many meteorological pubtinati

HURDAT consists of position and intensity estimadesix hour intervals for tropical cyclones (indilng
hurricane, tropical storms, and subtropical storma)ing back to 1851. The data and records in
HURDAT are less reliable during the nineteenth aady twentieth centuries, and are increasingly rel
able from the early twentieth century to present. déey hurricane features recorded in HURDAT are
central position (to the nearest 0.1 degree laitadd longitude), direction (to the nearest 5 degvith
North), translation speed (or forward speed), maxinsustained wind speed (1-minute at 10-m height)
as well as the Saffir-Simpson category, and cergrabsure for some latest hurricanes. The Saffir-
Simpson scale is shown in Table Al.

Table Al. Saffir-Simpson Scale

Category Minimum Central Maximum Sustained | Storm Surge (ft
Pressure (mb) Wind Speed (mph)
5 <920 155 18
4 920-944 130-155 13-18
3 945-964 110-130 9-12
2 965-979 94-110 6-8
1 980 74-94 4-5
Tropical Storm - 39-74 0-3
Tropical Depression - 0-39 0

The average number of landfall hurricanes in Fioiidone decade is 7. Figure Al presents the faunmeic
frequency by decade. It shows that the hurricaceimence during the period from 1871 to 1950 isemor
frequent than the period from 1951 to 2000. Fro@12tb 2005, which is only half a decade, there are
already 7 hurricanes in record (all the 7 hurricapecurred in 2004 and 2005).

2 HURDAT is currently undergoing re-analysis in arde improve the data quality, but it still is thest available
data source so far
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Figure Al. Histogram of Hurricane Frequency (by Deade)

Since HURDAT records the storm information everlgdiirs, it usually does not contain the exact land-
ing information such as time and positions (in temwh latitude and longitude) for hurricafeanded in

the U.S., but the states where hurricanes landedemorded. For those hurricanes landed in Texas or
Florida, their landing areas are further narrowedm to different regions of that state. Floridaligided

into four regions: northwest, northeast, southwas] southeast, as the approximate Florida coastlin
shown in Figure A2. The north-south dividing lirefrom Cape Canaveral to Tarpon Springs, and the
dividing line between west-east Florida goes frar68W at the north Florida border with Georgia and
due south along longitude 80.8A

%0 Only the landing information of hurricane is inded in HURDAT, the landing information of tropicgtbrms and
subtropical storms is not included.
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Figure A2. Approximate Florida Coastline

There are 112 hurricanes which made landfall imi@oduring the period from 1851 to 2005 recorded i
HURDAT. The summary statistics of the hurricanewoence in different regions of Florida are pre-
sented in Table A2.

Table A2. Hurricane Occurrence in Different Regionsof Florida

Category 1| Category 2 Category|3 Category 4 Catgdol Total

Northwest 20 13 13 0 0 46
Southwest 12 7 6 3 1 29
Southeast 8 9 10 3 1 31
Northeast 3 3 0 0 0 6

Total 43 32 29 6 2 112

As shown in the table, the northwest region hage&pced the most landfall hurricanes and the rath
region has experienced the fewest. Neither of thern regions has seen as many landfall hurricase
the northwest region, but southern regions are rikety to be hit by Category 4 or 5 storms: batie t
southwest region and the southeast region have ategory 4 hurricanes and one Category 5 hugican
on record, while northern regions have none.

HURDAT doesn’t contain accurate hurricane landinfgpiimation; a possible alternative way to directly
get this set of information is to collect from theopical Cyclone Report for each hurricane publishg
NOAA. However, even these reports only providemsates; and some do not have landfall information
included, such as the report for hurricane IVAN. &sesult, instead of manually collecting available
landfall information from all the NOAA reports (gntlating back to 1958), the hurricane landing p&am
ters are estimated based on an approximate Flooastline as shown in Figure A2.
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Among the central positions recorded on six-hotariral for any landfall hurricane, the one clogeghe
approximated Florida coastline is identified as ln&dfall position; the corresponding record is sidn
ered as the one containing the landfall informagorthat other features including approach ang@st
lation velocity, and maximum wind speed can be tified.

Table A3 uses landfall hurricanes in 2004 as examp compare the estimates based on six-hour inter
val data with the estimates reported in TropicatlGye Reports. It can be seen that the differeree b
tween two sets of landfall information is statiatig insignificant.

Table A3. Comparisons of Reported Landfall Informaton and the Estimates

Latitude | Longitude| Central] Wind Comment
Pressure| Speed
Estimate| 27.2 80.2 960 105
Frances “landfall at southern end of
Report 27.1 80.2 960 103.5 Hutchinson Island, FL”
Charley Estimate| 26.1 82.4 947 145 _
Report 26.6 82.2 941 149.5 “landfall near CayoCosta, HL”
van Estimate 30 87.9 943 120
Report N/A N/A N/A N/A N/A
Estimate| 27.3 80.6 953 110
Jeanne Ian_dfall at south_ern end of Hut-
Report 27.2 80.2 950 126.5 | chinson Island just east of Stu-
art, Florida
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A.3 Probabilistic Hurricane Modeling
Method Selection

Only few complete hurricane models such as HAZUS-MHricane model developed by Federal Emer-
gency Management Agency (FEMA) are available inlipubomain. HAZUS-MH hurricane model is
currently designed for potential residential stauat damage estimation. Because the tool aimsgesas

the economic loss instead of simulating hurricarfermation, the hurricane model in HAZUS-MH is
embedded with limited intermediate results suckwstained and peak gust wind speed presented to us-
ers. The lack of full control of the hurricane siation inevitably causes certain difficulties inpdying

the HAZUS-MH to assess hurricane damage to utitifyastructures, which is not its original target
population.

The proposed probabilistic hurricane simulation oleds based on the same historical hurricane data-
base HURDAT as in the HAZUS-MH hurricane model,aus@milar assumptions as HAZUS-MH, and
adopts the same equations as HAZUS-MH for a laogggm of hurricane characteristics. But this madul
also has several differences from the HAZUS-MH iwarme model in order to better serve the purpose of
this specific project and to reduce the computatiaemand (the detailed technical difference betwee
these two models will be presented in the subsdeations of this appendix). This said, this laamie
module is customized for the specific purpose @fl@ating the costs and benefits of distributionarmd
ground conversion and offers more flexibility siralé the features can be modified or adjusted ley th
users as needed.

Probabilistic Modeling

Various probabilistic models have been developemiddel different hurricane characteristics in orer
simulate a complete hurricane. The modeled chaistits include:

Modeled Hurricane Characteristics

- Annual hurricane frequency by region

- Landfall position expressed in latitude and lond@u
- Approach angle at landfall (forward direction)

- Translation velocity (forward speed)

- Central pressure difference at landfall and itsfil

- Maximum wind speed at landfall and its decay

- Gust factor

- Radius of maximum wind

- Radial wind field profile

Hurricane features and effects may be highly idiosgtic. For example, the center of a hurricane may
not make landfall but it can still affect the statigh its outer cloud cluster, the trajectory mapt follow

a straight line path through land, or some hurgsatome back to the state after they leave. Howévesr
probabilistic hurricane module is designed to sateil statistically general hurricane year for iflgrin
other words, it is designed to simulate expectéecef based on the average impact of a large nuofber
simulations rather than track every single posdibilgicane scenario.
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Currently there are only 112 historical landfallrticanes in Florida; it is not feasible to extratatisti-
cally representative information for many differetienarios. Therefore, the following assumptiores ar
made for the modeling:

1. When extracting information from HURDAT, only tharnicanes landed in Florida are included. It
has been observed that HURDAT already includes sbmar-miss hurricanes” such as Ivan
(2004) and Elena (1985) whose center did not larfelarida but their outer cloud clusters did. For
these near-miss hurricanes and those hurricanéiaim neighboring states such as Alabama,
Mississippi, the module can incorporate their ¢ffday tuning the parameter for hurricane occur-
rence in the northwest regions.

2. Only one landfall is considered for each hurricahes is generally true for Florida. For rare cases
in which a hurricane makes more than one landfaligill be considered as separate hurricanes in
simulation.

3. The hurricane wind speed is assumed constantlantifall since only the hurricane intensity after

its landfall is of interest; in other words, thendispeed before landfall is always the same as when

it lands. The wind speed decays after its landfaé to frictions and insufficient continuous mois-
ture.

The hurricane translation speed is held constargdoh simulated storm.

A hurricane generally follows a curvature. Howeveis observed that the duration of a hurricane

in Florida is usually short because of its narrdwame and most of the historical hurricane tracks

are straight lines (Figure A3 shows the 2004-208&sen Florida hurricane tracks). The authors
believe that it is reasonable to assume that storavel along a straight path when they move
across Florida.

ok~

Figure A3. Tracks of Charley (2004), Hermine (2004)Jeanne (2004), Frances (2004), Bonnie
(2004), Tammy (2005), Wilma (2005), Katrina (2005Arlene (2005), and Dennis (2005).
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A major difference between this simulation approantd HAZUS-MH hurricane model is the simulation
starting point. HAZUS-MH model starts from samplitfte historical hurricane originating positions
while this hurricane module starts from modeling tandfall position in Florida. HAZUS-MH is de-
signed for the entire North Atlantic coastal reginstead of specifically for Florida, so many of #imu-
lated hurricanes may not affect Florida at all; ethsignificantly increases its computational densatal
addition, the simulated landfall rate in differeagions of Florida may deviate from the actualdristl
information as explained in the HAZUS-MH technicalnual [18]. The proposed simulation module
starts directly from the historical data related~torida alone, which not only reduces the comportat
time but also fits the local landfall patterns betfThis makes the module “customized” for Florady,
while HAZUS-MH is a very good tool for the entireastal region.

Occurrence

Annual hurricane frequency has been successfullyeted parametrically using Poisson distribution and
negative binominal distributions [10, 11, 12, 1tle difference between Poisson distribution andaneg
tive binominal distribution in modeling annual hoeme frequency is negligible [10]. The Poissorirdis
bution is chosen due to its simplicity.

The Poisson distribution expresses the probabifits number of events occurring in a fixed peridd o
time if these events occur with a known average aad independently of the time since the lasttevien
is modeled as:
-/ h
/
f(hy=2 i h=012...
whereh is the number of landfall hurricanes per yeagquals to the expected (average) number of hurri-
canes that land in Florida during a given year, féimdis the probability oh hurricanes landed in Florida
in a given year. The probability mass functiontiswven in Figure A3, where the horizontal axiisThe
function is discrete, the connecting lines are aulides for the eye and do not indicate continuity.

Figure A3. Probability Mass Function of Poisson Gitribution

There are several ways to estimate the paramgetiee maximum likelihood estimator (best estimatie)
is simply the mean value of the sample data. Téigssts of hurricane frequency in each regionliated
in Table A4.
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Table A4. Hurricane Occurrence Statistics in Diffeent Regions of Florida

Region Northwest Southwest Southeast Northeast
Mean 0.29677 0.18710 0.20000 0.03871

Landing Position

The hurricane occurrence is modeled on a regiaasikbit does not make sense for a hurricane steuila
to occur in northwest region of Florida has a lafidfosition in the northeast or southeast reg®mthe
hurricane landing positions are also modeled imfdiglly in different regions.

The landing position of a simulated hurricane &istically assigned according to the distributadrhis-
torical hurricane landing position in the corresghoy region. The coastline of each region of Flarisl
divided into a certain number of bins. The binsegaally sized in terms of the range of latitudéooigi-
tude. The distribution of historical hurricane lamgl positions among those bins forms the base dor a
signing the landfall location for each simulatedrioane so that the simulated landing positiorsoissis-
tent with the probability distribution of historicdata.

The choice of the bin number can affect the acgurEcsimulation: it may be too coarse to include
enough details if too few bins are assigned, botay be too sensitive to data noise if too many laire
assigned, since the historical landing informai®estimated from the six-hour interval records #rel
approximated Florida coastline. In this module,blfs are selected for each region. The histogram of
landing latitudes in the southwest region of Flarid shown as an example in Figure A4, in which the
entire latitude range of a given region is dividethb 15 bins, and the distribution of the rangesiofu-
lated hurricane landing latitudes is proportiormakhe historical distribution; the range withoutydris-
torical records is assigned a small probabilitytoid absolute safe zone. When the latitude rasgie
termined, a uniform distribution is applied to detae the exact landing location within the ranged to
further determine the corresponding landing lordgtu

24.7 25.43 26.16 26.89 27.61 28.34 29.07 29.8

Figure A4. Histogram of Landing Latitude in Southwest Region of Florida
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Since many historical landing positions are est@ddtom the 6-hour interval HURDAT data instead of
actual observations; this estimation may causelassiication of the landing region when a hurrigan
lands in the boundary area of two adjacent regiéssa result, certain degree of overlap among landi

positions in two adjacent regions is allowed toidwbscontinuity.

Approach Angle

The approach angle indicates the heading directi@anhurricane when it comes ashore; it is expoktse
the nearest 5 degrees with North as 0 degree camsh Figure A5.

Figure A5. Approach Angle

The approach angle is modeled as a bi-normal bligtan [13, 14], which is a weighted sum of two nor
mal distributions as shown:

2 2
— & 1 q- My (1- a:l.) 1 q-my,
f =—F—exXp- —- + exp- - —
@ @S xi i 2 Sxa 2ps x2 i 2 S x2

wherem, andm,, are means for two normal distributions, respebtive, and ,, are their standard de-
viations, and ais the weighting factor, these parameters arestiléntified from historical data.

Since the trajectory of a hurricane in Floridagswamed to be a straight line, it can be described a

y = kx+b
with x denoted as the hurricane longitude at any timeyagehoted as the latitude of the hurricane at the
same time. Once the landing posititen@ing_latitudeandlanding_longitud® and the approach angle
are determined, bothandb can be calculated to determine the hurricanedi@jg:

k =tan@)

_ landing _latitude
tan(@) * landing__longitude

Translation Velocity

The translation velocity of a hurricane (m/s) upgandfall can be modeled as a lognormal distribution
[15, 16]:
Inc- m,,

exp - 1
2 Slnc

1
f(c)=———
() C 2p‘s‘lnc
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wherec is the translation velocitymn, . is the logarithmic mean, ansl, . is the logarithmic standard
deviation; bothm, . ands . are to be identified from historical data.

Figure A6. Probability Distribution Function of Lo gnormal Distribution

It is found that there is a positive correlatiorivieen the translation velocity and the storm apgcan-
gle along the Gulf Coast and South Atlantic cofss$; in order to take into account this correlatithe

logarithmic mean of the translation velocity is retetl as:m,,. = a, + &, in whicha, anda; are to be
identified from historical data, and the logaritierstandard deviatiow . is treated as a constant.

Central Pressure Difference

The difference between atmospheric pressures a@ethter and at the periphery of a hurricane, dehasge
p, plays a very important role in determining thexmaum wind speed. The central pressure difference
(millibar) is modeled as the Weibull distributioby, 16]:

k k-1 k
fOp)=g o ep-

wherek andC are parameters to be identified from historicahda
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Figure A7. Probability Distribution Function of Weibull Distribution

A statistically significant correlation between trah pressure difference and the approach angisis
found in certain locations such as south Floridd,[fhe effect of the correlation is included bydabng
the scale paramet€rin the Weibull distribution as a linear functiohtbe storm heading:

C=a+ag
wherea, andas are constants to be identified from historicabdat

Instead of recording the central pressure diffeeeng, HURDAT records the central pressyeThe
conversion from the central pressprto the central pressure differencp is fairly straightforward given
the atmospheric pressure at a distance beyondfdat ef the hurricanes having a typical value @113
millibars [17]:

Maximum Wind Speed

The maximum wind speed models in recent meteorcédgesearches are usually complicated and in-
volve sensitive and difficult-to-determine paramstén this work, the maximum wind speed is roughly
modeled based on its minimum central prespuakits landfall.

The simulated minimum central pressprat landfall determines the Saffir-Simpspon catggdithe cor-
responding hurricane (it has been investigatedukiaig minimum central pressure to categorize a-hur
cane leads to fewer errors than using wind spe8j). [Then the maximum wind speed is proportionally
calculated in that specific Saffir-Simpson category

For instance, the central pressure difference feinaulated hurricane is 45mb at its landfall, ithe
minimum central pressure is 968mb. According to $ladfir-Simpson scale shown in Table Al, it is a
Category 2 hurricane; and then the maximum sustaiied speed for this hurricane upon landfall ik ca
culated as 106.6mph (47.4m/s) proportionally inrdrege from 94mph (41.8m/s) to 110mph (48.9m/s).
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Gust Factor

The wind speed produced in hurricane simulatioest@ximum sustained wind speed based on 1-minute
duration. However, the structural damage is closglgted with peak gust speed, which is the higtiest
stantaneous” wind speed during a specified petisddlly 3 seconds). The gust factor can be used-to
timate the most likely peak gust speed from susthinind speed. It is demonstrated that E$Dtbdel

[38, 39] provides an adequate model for hurricaumst tactors, both over water and over land.

In the ESDU approach, the peak wind speed at heaightraged over time periodoccurring over an
observation time of 3600s (1 hour) is given as:

U (z‘ , z) =U (360Q z)[1+ g(u,z‘ , z)I " (z)]
whereU (360Q z) = 25u, In(z/ z,);

Iu(z):U(Zg—f)Zg) is longitudinal turbulence intensity, in which, (z) is the standard deviation of wind
z

_u, 75h[0.538+ 009In(z/ z, )"
~ [1+0156In(u. / fz,)
rameter f = 2Wsin7 , W is the Earth's angular velocity, whose valug.i2892" 10 °rad/s [22], f is
the local latitude z, is the terrain roughness (a value of 0.05 is urseélis work [23]);

0557 s,(zt)

speed, calculated asu(z) , h=1- 6fz/u., f is the Coriolis pa-

u,t,z) is the peak factors, calculated J4,z)= 4 2In(T.w)+ , in which
g( ) p géu ) v (0 ) \/Zln(Tou) SU(Z)
+ 02 ;. )0.654
T, is observation period which is set to 36005+ 0.007 0'2311433%?2 / t) , T, =313z%,
132"

s, (zt)= su(z)ll- 0.913T, /¢ + 0.) 0'68].

Given the simulated maximum sustained wind speasledisas the values dﬂ(z‘,z), , z,f, and z,, the

value of friction velocityu. can be determined using iterative approaches NEv&on-Raphson method
[24] is used in this work.

Based on 1000-year simulation (for 3-s peak gusb@ghness length of 0.05m) using Newton-Raphson
method, it is observed that the distribution of dadculated values of the gust factor is highly cam
trated around 1.287 with standard deviation of P.00 this work, the value of 1.287 is used to aepl
the ESDU model in order to reduce the computationiahsity, especially for Monte Carlo simulation.

Radius to Maximum Winds

Radius to maximum winds describes the range of nmiensive hurricane wind speed. The radius of
maximum windsR,_ ., is empirically modeled in [18] as:

INnR__ = 2556- 0.00005025®p° + 0.04224303

3L ESDU is an acronym of “Engineering Sciences Datit"Uwhich is an engineering advisory organizattoesed
in the United Kingdom.
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wherey is the storm latitudeDp is the center pressure difference.

Maximum Wind Speed Decay Rate

Hurricanes’ intensity decays and dissipates afteir tltandfall because large land mass causesainti
and the terrain cuts off hurricanes' circulatiord aagueezes out the storm's moistures. There are two
widely accepted models to model the decay of hames: one estimates the decayed wind speed, and the
other model is for estimating the change in minineantral pressure.

KD95% [13, 19] is the most widely used model for simingtthe decay of hurricane maximum wind
speed inland, it has been used in many real-timec&sting and emergency preparedness scenarios.
KD95 is for storms south of 3Y (Florida is located south of 31). KD95 model is based on the assump-
tion that hurricanes decay at a rate proportioogheir landfall intensity and decay exponentiailigh
time after landfall.

V{E) =V, +(RV - Vi, Je ™
whereR=0.9 is a factor used to account for the sea-laimdl wpeed reductionf,=13.75n/s =0.09%7,
Vq is the maximum sustained 1-min surface wind saeehle time of landfall.

Central Pressure Filling Rate

The filling rate module for evolvement of the minim central pressure [26] is modeled as following:
Dp(t) = Dpe ™
where the filling constard is defined as:
a=a, +aDp, +e
The values of parameters for Florida peninsuladafened in [26]:a,=0.006,a;=0.00046, and is a nor-
mally distributed error term with a mean of zera anstandard deviation of 0.025.

Both the maximum wind speed decay module and th&aepressure filling module will be used since
the direct link between the central pressure difiee and the maximum sustained wind speed is not
available.

Wind Field Profile
The most intensive wind of a hurricane generallgups at the eye wall; wind speed decreases asthe |

tion moves away from hurricane center. The wintdfimodel developed by Holland [27] describes the
radial profile of winds in a hurricane.
7 .

p - p rf
g ”B 4 2

whereV, is the gradient wind at radius =1.15kg/m is the air densityp is the central pressurg, is the
ambient pressure (with typical value of 1013mbaasyf is the Coriolis parameter:
f =2Wsinf

32KD95 is named after the authors John Kaplan ankNdemaria, the related paper was published in 1995
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where =7.292 10°rad/s is the Earth's angular velocity [25], @ the local latitude.

The parameters A and B in the model are scalingrpaters. For actual hurricanes, they are empiyicall
estimated from observations; while for a simuldtadicane, A and B can be determined climatologycal
as:

whereV,, is the maximum wind speed,is the base of natural logarithm with a value Gf18, andR.x
is the radius to maximum wind.

This calculated gradient wind is considered asupger level wind, it needs to be adjusted to serfac
level (10m) in order to assess the distributiomastructural damage caused by hurricanes. A siayple
proach in [26] applies a 17.5% reduction fe®2R.,x and a 25% reduction far4R,x with a smooth
transition curve used for intermediate values.ofhese parameters are for wind speed adjustmeant ov
water; the reduction of wind speed is larger oaadl This approach is utilized, while the paransetee
calibrated towards the ASCE 7 wind map.

Complete Hurricane Simulation

Individual hurricane characteristics have been reatleither statistically or empirically, a complédter-
ricane and then a general hurricane year for Focan be simulated by combining those components
together.

The first step is to simulate the annual hurriceitaguency in different regions of Florida. There thnd-
ing features including landfall position, approamtyle, translation velocity, central pressure dififiee,
maximum wind speed, and radius to maximum wind,paobabilistically generated for each simulated
hurricane using corresponding modules. The huredanding information further determines its inland
movement. Since the trajectory of a hurricane ldndd-lorida is assumed as a straight line, thditamn
position and the approach angle determine its thiaath. As the translation velocity is considered a
constant, the duration of hurricane in Floridaatcualated as the time elapsed before the simulawed-
cane leaves the state or the time elapsed befdeciys to a tropical depression, whichever coraes e
lier.

One example of the trajectory of a simulated harreccentral movement is shown in Figure A8. Itnis i
plemented in Microsoft MapPoint using the simulataata from the proposed module. The color scheme
is in accordance with the hurricane intensity. Tigleter the color is, the lower the wind speeds are
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Figure A8. Sample Hurricane Track in Florida

The central pressure filling rate module updatesdéntral pressure difference at any location atbeg
hurricane path, and then the corresponding radiumaximum wind speed is calculated. On the other
hand, KD95 model tracks the maximum wind speedngt @oint along the hurricane path. With the
maximum wind speed and the radius to maximum wpekd updated along the hurricane path, parame-
ters A andB for the radial wind field model are calculatedtbat the current radial profile of hurricane
wind can be described.

Given the wind speed in any specific location, ¢just factor is applied to convert the sustaineddwin
speed to the most likely 3-second peak gust inrdalbelp assess the hurricane induced utilitycstmal
damage.
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A.4 Parameter Estimation

In order for the proposed probabilistic hurricamawdation module to represent the actual hurriocatmer-
acteristics shown in historical data, the moduleapeeters should be carefully calibrated. Howevss, t
insufficient historical data may cause difficultiesgetting an accurate parameter set. For instaheee
are only 6 landfall hurricanes recorded for northddorida; central pressure data was not recoutgit
recently due to the technology limitation.

The patterns of some hurricane characteristics sisclandfall frequency, approach angle vary among
different regions, so the corresponding module mpetars are extracted and calibrated based at the re
gional level whenever possible. Sometimes it isasgible to get statistically representative loealipa-
rameter estimates due to the limitation of the lalée historical data, a general set of parameterder

this circumstance, is assigned to match the oveuaticane pattern in Florida.

Among various models for all the hurricane chanasties, some are empirical models with parameter
provided such as the model for the radius to mariminds, the maximum wind decay rate, and central
pressure filling rate, some are well-developed riwddth parameters easily determined from histdrica
data such as the Poisson distribution for the bane frequency, some models use sampling appr@ach s
that the parameter extraction is avoided such espiproach for getting landing position and maximum
wind speed at landfall, while others have pararsetteat are not fully determinable, such as traitsiat
velocity and central pressure difference at lahdéither because of the insufficient historicaladar due

to the lack of theoretical support.

The parameters of the models for hurricane occoeremd approach angle are individually estimated in
different regions as listed in Table A®6.

Table A6. Region-Specific Parameters

Northwest Southwest] Southeast Northeast
Occurrence 0.297 0.187 0.200 0.039
M 35 40 310 345
Mo 295 300 35 285
Approach Angle| 25 25 30 5
X2 40 30 15 10
=0 0.5 0.63 0.9 0.5

The parameters of the models for the central pressifference at landfall and translation velodiig
estimated for the entire state instead of eachviehgial region, with reference to recommended values
published in various research documentations ssi¢h@. Table A7 lists the set of estimated paramset
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Table A7. State-Wide Parameters

Qo 2.3

Translation Velocity a, | -0.00275
0.3
a 35
Central Pressure Difference b -1
k 1.8

Due to the fact that there is insufficient histatidata to generate statistically representativarpaters
for many weather characteristics, those estimasedmpeters during the calibration process are atiaae
be slightly changed in order to better represeatattual hurricane patterns. The calibration ietast
the regional level; in other words, even thoughpghemeters for translation velocity and centrakpure
difference at landfall are initially estimated tbe entire state, the calibration process may geaer dif-

ferent set of parameters for different regions ediog to the local hurricane patterns. AppendixBa-
duces the parameter calibration in detail.
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A.5 Hurricane Impact Estimation

Since this hurricane simulation module is linkedwinfrastructure damage module and system restora-
tion module to support the benefit and cost analg§iundergrounding conversion, there is sometytili
related hurricane impact information required iiidn to the hurricane simulation itself. This ¥t
information includes the hurricane duration in Far hurricane coverage for different utilities datte
wind speed track for a given location.

Duration

The duration of a hurricane in Florida is definedhis work as the time elapsed between hurricané-|

fall and when it degrades to a tropical depressioits leaves Florida. The hurricane duration obslg

has an impact on the equipment damage and theagstotime; a hurricane with shorter duration &sus
less damage and faster restoration while a hueigéth longer duration causes more damage and tonge
restoration.

The duration of a hurricane in Florida is estimatesthg the translation velocity and the approximate
Florida coastline as well as its trajectory. Ondeuaricane makes landfall in Florida, it will moatong
the straight-line trajectory determined by its lemgdposition and approach angle, with a constamsiia-
tion velocity. The wind speed decays after the ibane lands, as the large land mass being theatkim
hindering factor for the hurricane intensity. lisissumed that the effect of a hurricane in Floladés un-

til its wind speed reduces to less than 17.5m/s¢chvis the lower limit for tropical storm wind spker

the upper limit for wind speed in tropical depressior the hurricane leaves Florida, whichever come
first.

Coverage

It is usually of a utility’s interest to estimateet percentage of its service territory affectecabhyurricane
and the average wind intensity across the affeateds. For any given simulated hurricane, its amer
at different utilities is projected based on theragimated service territories. The entire Floridaitory

is divided into small grids; each grid is Dlbngitude wide and 0%llatitude long (i.e., one grid is ap-
proximately 110 square kilometé®s Each grid is presented as an Excel spreadsb#etocthat the util-
ity service territories can be visually presentéigure A9 and Figure A10 show this approximation fo
IOUs and Co-ops, respectivéfy.

This grid division of course can be refined by gdiigher resolution. However, this tool does nobine

the use of GIS database, the Florida coastline fsgezhlculation in this tool is approximated aswh in

Figure A2, and the available service territory mfiation itself is also estimated; as a resuls ot nec-
essary to pursue very high resolution for thisitiety approximation when it comes to system restona
and cost-benefit analysis, as most of variableestieated.

33 One degree of latitude corresponds to 111 kiloraetene degree of longitude is 111.3*cos(latitukiEymeters,
approximately 98.3 kilometers within Florida area.

3 Due to the limitation of available color schemiee figures are shown only to demonstrate the ajmation
method; and the legends are omitted to preventustoris caused by the repetition of the color scheme

% The municipally owned utilities are consideredgmint/specific location instead of an area is #tudy.
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Figure A9. Approximated IOU Service Territories

Figure A10. Approximated CO-OP Service Territories
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For each simulated hurricane, the algorithm fiedtalates the wind speed experienced at a partiguic
(the center location is used as the grid repretienjaat any time step. The maximum wind speed at a
particular grid over the course of the hurricangvéy is then recorded. The average wind speedszca
utility’s hurricane affected area is calculatedtasroot mean square value of the maximum winddpee
all hurricane affected areas within that utilitgsrvice territory. The calculation of root mean aguof
wind speed is shown as:

wherev,s is the root mean square value of wind speed exipesd by a utilityy; is the maximum wind
speed experienced at tﬁbgrid, i=1,2,...n, nis the total number of hurricane affected gridsafautility.

Local Wind Speed

The hurricane coverage in the service territora giarticular utility provides the information totiezate
the system-wide total restoration time neededwiimel speed at the project area determines theitfacil
damage at the particular location, which furthdeets the local restoration duration. The hurricane
duced strong wind experienced at different locaican be significantly different, depending on Haw
the location is from the hurricane center trajector

Given a complete hurricane simulation, it is stnéigrward to calculate the wind speed at specdial
locations. After a hurricane makes landfall, theximaum wind speed at the hurricane “eye wall” (where
the most severe weather of a cyclone occurs) agaman time is calculated using the wind speed yeca
rate model, the corresponding central pressurerdifice is calculated using pressure filling rateleho
and then the corresponding radial wind field isatpd such that the storm wind speed at any paaticul
location is obtained.

The range of hurricane eye wall is approximatedhgyradius to maximum winds. If a location stayt ou
side of the eye wall of a hurricane throughoutritand duration, then the locally experienced wspeed

is caused by the outer cluster of the hurricanene@ly, the local wind speed first increases wiien
hurricane center approaches, and then decreaseasthéddwurricane central moves away from the loca-
tion, as shown in Figure A11.
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Figure All. Local wind speed trend example

The center of a strong tropical cyclone is theargihere calm weather is found; it is called therihu
cane “eye” and it is surrounded by the eye wallh& hurricane eye passes by a particular locatiane
point along the hurricane trajectory, then reldtivelow wind speed is experienced during that pkrio
The wind speed at the referenced location willt finsrease as the hurricane center approachesthatil
hurricane eye wall hits this area; then the wineespwill decrease when it gets into the hurricaree the
wind speed increases once again as the opposiealgets closer then finally decreases again when
the hurricane center moves away, as shown in Figlige

Figure A12. Local wind speed trend example
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Appendix B: Hurricane Simulation Validation

The validation of hurricane simulation methodolapnsists of two steps to test the methodology agjain
correctly reproducing the actual pattern of humiactivity in Florida. Step 1 is the American ®tgiof
Civil Engineering (ASCE) 7 Wind Map simulation aStep 2 is the Hurricane Wilma simulation.

B.1 ASCE 7 Wind Map Validation

As previously discussed, uncertainties are involvethe hurricane simulation and hurricane resionat
practices. Each individual case is unique and foexeexact replication cannot be obtained on alsing
run. The best approach to treat the situations hatvy uncertainty is probabilistic modeling thrbuge
use of a Monte Carlo simulation. This probabiligjgproach accounts for variances in the data aad vi
multiple iterations, this probabilistic approachngaproduce the scenarios close to the actual dashke
long run.

The ASCE 7 Wind Map represents the 3 second gestdsprith a mean recurrence interval of 50 years.
This map is derived from statistical analysis opgust data collected at weather stations andeanath

matically predictions of hurricane wind speeds @astal areas. Through a Monte Carlo simulation, the
worst 3 second peak gust of 50 years from the megbdurricane simulation methodology can be com-
pared against the ASCE 7 Wind Map to validate tgerdghm.

The key step in accurately reproducing the ASCE indAMap is calibrating the hurricane simulation
module parameters. Among the various models foersdvweather characteristics, some are empirical
models with easily obtained parameters from putiditabases such as the model for the radius to maxi-
mum winds. Others are well-developed models wittapeters easily determined from historical data
such as the Poisson distribution for the hurrick@guency. Several models have parameters thaiaire
easily obtained either because of the insuffictita or the lack of theoretical support.

The hurricane simulation module can best be cagdrhy adjusting two parameters:

HURDAT contains historical hurricane data (backl&b1). However, the central pressure has
not been systematically recorded until recentlypad 1960s). The parameters for the Weibull
distribution that is used to model the central pues difference at hurricane landfall extracted
from the limited historical data may not be as aatmias the parameters for some other hurricane
characteristics.

In the proposed hurricane simulation methodolobg, landing location sampling approach di-
vides the Florida coastline into a number of segméiifteen for each region in this case, i.e.,
sixty segments in total) and then calculates theber of historical hurricane landed in each
segment, which forms the foundation for assigningutated landfall position. The choice of the
number of segments can affect the accuracy of sitowl. If too few bins are assigned, it may be
too coarse to include enough details, however.ay fme too sensitive to data noise if too many
bins are assigned, especially when the historamadlihg information is estimated from the six-
hour interval records and the approximated Flocioastline.

By focusing on the calibration of these two parargeta map presenting the worst 3-second peakirgust
fifty years in Florida is generated; which is baseda 15,000-run Monte Carlo simulation of the pro-
posed hurricane method. The simulated wind maghé@ve in Figure B1, comparing with the actual
ASCE 7 Wind map using the same color scheme is shiowigure B2.
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Figure B1. Simulated Wind Map for Florida

Figure B2. ASCE 7 Wind Map for Florida

It is shown from the comparison that the simulati@merally reproduces the actual ASCE 7 Wind Map,
with slightly higher simulated peak gusts inlandrthwhat the ASCE 7 Wind Map shows and little dis-
continuity along the northwest coast. This simolatchieves better approximation of the ASCE 7 Wind
Map than what the HAZUS-MH hurricane model getsoagding to the results presented in its technical
manual [18].
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The slightly higher simulated peak gusts inland Veihd the consequent damage assessment towards a
conservative direction. The discontinuity in thetheast region is largely due to insufficient hrgtal

data since there are only 6 hurricanes recordeth®tast 150 years. The discontinuity can be #&teor
cally solved by significantly increasing the numbésimulations, but it will exceed the capacitytbécel

and cause memory overflow.

The ASCE 7 Wind Map presents the average effethafisands of hurricane simulations; the good re-
production of the Florida portion of this map dersiwates that the proposed hurricane simulation ap-
proach is able to estimate Florida hurricane a@dtwiand hurricane induced distribution system dgma
once linked with damage module.

B.2 Hurricane Wilma validation

The intent of this hurricane simulation moduledgrack the statistically average hurricane eftecop-
posed to reproducing a specific hurricane thatdwasirred in the past. It is of small probabilityathhe
simulation algorithm generates a set of landingapeters exactly as those of an actual hurricanie. It
still worthwhile however to compare past hurricaagainst simulated scenarios by using the actual hu
ricane landing information as the simulated larigfalameters. In other words, this task focusesadin
dating the simulation of hurricane inland movermamd wind field decay. Hurricane Wilma is used as an
example for this validation. The actual landfafoirmation of Wilma is inputted to the algorithm,datie
following characteristics are examined:

The decay rate of the maximum wind speed alondptinecane trajectory
The filling rate of the central pressure differeadeng the hurricane trajectory

The ASCE 7 Wind Map validation puts an emphasidaming characteristics parameter calibration,
while the actual hurricane validation focuses andtorm inland movement and evolvement. Many mod-
els in this group are empirical models, so therbm#ied space for parameter adjustment excephén t
boundary layer model. The boundary layer modelstdjthe upper-level wind speed to surface levés. It
known to overestimate the actual wind speed in neses [29] therefore this boundary layer model be-
comes the main target for parameter adjustmenttirabhurricane validation.

Table B1 shows a preliminary validation result, ethcompares the simulation with the hurricane data
Wilma’s Tropical Cyclone Report released by Natio@ceanic and Atmospheric Administration
(NOAA). Wilma’'s actual landfall information includg the landing position (latitude and longitude); a
proach angle, central pressure, and translatiarcitglis used as inputs to the simulation moduleym

in italic format). Given this information, the hurricane slation module first calculates the maximum
sustained wind speed upon landing, the correspgrglisecond peak gust speed, and the radius to maxi-
mum wind. The simulated wind speed at landfall 5s8&/s, which is very close to the actual value of
54m/s. The actual Wilma data does not contain gpied at landfall and corresponding radius to maxi-
mum wind recorded.
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Table B1. Preliminary Validation for Hurricane Wilm a (2005)

Actual Simulated
Landing Position: Latitude 25.9N 25.9N
Landing Position: Longitude 81.7W 81.7W
Approach Angle 50-60 60°
Central Pressure 950mb 950mb
Translation Velocity 20-25kt/10.3-12.9mps 11.6mps
Sustained Wind Speed at Landing 105kt (cat3)/ 54mps 55.8mps
Gust Speed 70.7mps
Radius to Maximum Wind 31.52km
Duration 4.5hr 4.45hr
Leaving Position: Latitude 26.9N 26.8N
Leaving Position: Longitude 80.1°'W 80.1°W
Sustained Wind Speed at Leaving Near 95kt (cat2)/48.9mps 37.6mps

Hurricane simulation performance at particular tmres and time stamps (i.e., the hurricane radiadw
field) can be tracked using detailed Hurricane Vdildata collected at various weather stations. Hewev
the information released from Tropical Cyclone Rejmlimited so comparisons can only be made ¢o th
hurricane status at the time it left Florida. Theritane module simulates the hurricane inland meard
based on the landing information to calculate tingibane duration, leaving position, and the cqoesl-
ing wind speed.

By examining the simulated leaving position, we e&aluate the straight line trajectory assumptiy.
examining the duration as well as the leaving pmsjtwe can evaluate the constant translation vtgloc
assumption, and by examining the sustained winédméen it left Florida, we can evaluate the maxi-
mum wind speed decay rate calculation.

It is seen from the table that the hurricane sittareproduces the pattern quite well; both thevileg
position and hurricane duration in Florida matabsely to the historical actual data. The simulat&at
speed upon exit is smaller than the actual. Onsilplesexplanation is that the hurricane picks ugesp
before it leaves land since it can accumulate mgst from the ocean. This characteristic is not ac-
counted for in the module. However, since the fdasusn the average effect of a large number ofihurr
cane simulations, the lower wind speed upon exibimpensated by accurately simulating landing wind
speed for those hurricanes which make landfalhenother side of Florida, as seen in the closeockur-
tion of the ASCE 7 Wind Map.
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