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F OREWODORD

Earthquakes are potentially devastating natural events which
threaten lives, destroy property, and disrupt life-sustaining services and
societal functions. In 1986, the National Science Foundation established
the National Center for Earthquake Engineering Research to carry out
systems integrated research to mitigate earthquake hazards in vulner
able communities and to enhance implementation efforts through tech-
nology transfer, outreach, and education. Since that time, our Center
has engaged in a wide variety of multidisciplinary studies to develop
solutions to the complex array of problems associated with the develop-
ment of earthquake-resistant communities.

Our series of monographs is a step toward meeting this formi-
dable challenge. Over the past 12 years, we have investigated how
buildings and their nonstructural components, lifelines, and highway
structures behave and are affected by earthquakes, how damage to these
structures impacts society, and how these damages can be mitigated
through innovative means. Our researchers have joined together to share
their expertise in seismology, geotechnical engineering, structural engi-
neering, risk and reliability, protective systems, and social and eco-
nomic systems to begin to define and delineate the best methods to
mitigate the losses caused by these natural events.

Each monograph describes these research efforts in detail. Each
is meant to be read by a wide variety of stakeholders, including acade-
micians, engineers, government officials, insurance and financial ex-
perts, and others who are involved in developing earthquake loss miti-
gation measures. They supplement the Center’s technical report series
by broadening the topics studied.

As we begin our next phase of research as the Multidisciplinary
Center for Earthquake Engineering Research, we intend to focus our ef-
forts on applying advanced technologies to quantifying building and
lifeline performance through the estimation of expected losses; devel-
oping cost-effective, performance-based rehabilitation technologies; and
improving response and recovery through strategic planning and crisis
management. These subjects are expected to result in a new monograph
series in the future.

[ would like to take this opportunity to thank the National Sci-
ence Foundation, the State of New York, the State University of New



York at Buffalo, and our institutional and industrial affiliates for their
continued support and involvement with the Center. | thank all the au-
thors who contributed their time and talents to conducting the research
portrayed in the monograph series and for their commitment to further-
ing our common goals. | would also like to thank the peer reviewers of
each monograph for their comments and constructive advice.

[t is my hope that this monograph series will serve as an impor-
tant tool toward making research results more accessible to those who
are in a position to implement them, thus furthering our goal to reduce
loss of life and protect property from the damage caused by earthquakes.

GEORGE . LEE
DIRECTDR, MULTIDISCIPLINARY CENTER

FOR EARTHRUAKE ENGINEERING RESEARCH
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P R E F A C E

BY ADAM ROSE

The potential losses from natural hazards, in terms of both
lives and property, are increasing. On the one hand, human ac-
tion is now so pervasive as to intrude in a major way on the
environment, even to the extent of causing climate change. This
may manifest itself not only in terms of warming, but also climate
variability that increases the prevalence of strong winds and
floods. In contrast, our potential to affect the frequency of earth-
quakes is rather limited. Here the main concern is the other side
of the ledger—the continued population and economic build-up,
which makes us increasingly more vulnerable even if the fre-
quency of ground shaking does not increase.

Our ability to cope with these issues thus requires an In-
tegrated Assessment, ranging from geology and engineering to
economics and policy. In-depth studies of this kind are, how-
ever, lacking in the earthquake field, and, for the most part, with
respect to other natural hazards. Our study is the first that has
attempted such an assessment of urban lifeline systems in rela-
tion to earthquakes.

This monograph is a first-of-its-kind effort to remedy the
situation by developing and applying a multidisciplinary meth-
odology that traces the impacts of a catastrophic earthquake
through a curtailment of utility lifeline services to its host regional
economy and beyond. The New Madrid Seismic Zone is an ap-
propriate case study because it is the site of the largest earth-
quakes to hit North America in recorded history. It has been the
focal point of extensive research, especially by scientists, engi-
neers, and social scientists affiliated with the National Center for
Earthquake Engineering Research over the first ten years of its
existence. The study represents the culmination of many of these
efforts, which have often involved not only researchers but also
public officials, utility managers, company executives, and the
public at large.
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Our objective is to improve the understanding of the de-
tailed aspects and overall complexity of the problem. This mono-
graph examines and connects the role of an electric utility and
its host economy, the vulnerability of the lifeline network to a
catastrophic earthquake, the business response to physical dam-
age and production losses, the estimation of direct economic
losses, the estimation of indirect losses in the immediate region,
and the manner in which these losses cause further ripple effects
to a broader metropolitan area and the rest of the U.S., as well as
the policy implications of all these interactions. The presentation
of this monograph appears multidisciplinary rather than interdis-
ciplinary—it is more like a relay race where each member has
picked up the baton from his or her predecessor. However, each
hand-off heightens our interdisciplinary understanding of the prob-
lem, and the effort as a whole is an integrated assessment.

The ultimate aim of our study is to heighten awareness of
earthquake vulnerability and the interconnected nature of hu-
man actions. Our methods should help analysts sharpen their
vulnerability and loss estimates. It should also help private and
public decision-makers make wiser choices about putting them-
selves at risk and about coping measures ranging from pre-disas-
ter mitigation to post-disaster recovery. Obviously, the analysis
is readily generalizable to both other types of lifelines and other
natural hazards.

In addition to its practical usefulness, we also take pride
as researchers in our ability to advance the state-of-the-art in
several areas, both in terms of theory and empirical work. Ex-
amples include:

* Anadvanced vulnerability analysis of a major municipal elec-
tric utility system.

* The results of a major survey of perceived business disrup-
tions.

* A GIS overlay of a major socioeconomic database and an
electric utility grid, capturing engineering features of elec-
tric utility lifelines and their linkages to the economy.

* Neglected features of input-output impact analysis relating
to the estimation of indirect effects, general input supply
bottlenecks, resilience of production technology to electric-
ity curtailment, and spatial differentials in electricity utiliza-
tion.



» Formal optimization of scarce lifeline services across sectors
and sub-regions.

* A methodology to telescope economic impacts from the neigh-
borhood to the national level.

* Anew set of policy recommendations only ascertainable from
an integrated assessment.

The number of integrated assessment models of natural
hazards is on the rise. A major initiative was recently sponsored
by the National Institute of Building Sciences on behalf of the
Federal Emergency Management Agency to develop an Earth-
quake Loss Estimation Methodology, referred to as HAZUS, and
related efforts are currently underway to supplement this effort
with wind damage and flood damages modules. HAZUS is a
computerized system primarily for use by government agencies
at all levels to evaluate hazard mitigation, response, and recov-
ery. System components range from ground-shaking through
physical damage to the built environment to a translation into
direct dollar damage and then direct and indirect business dis-
ruption losses. Although HAZUS represents a major advance,
for it to be operational it had to sacrifice modeling sophistication
of the type presented in this monograph. Also, more specifically,
it is very limited in its treatment of lifelines, including only direct
physical damage to lifeline structural components. It omits di-
rect impacts on lifeline customers and ensuing economy-wide
ripple effects, as well as omitting considerations of optimal real-
location of scarce lifeline resources so as to minimize produc-
tion and employment losses. We hope that our monograph will
prove useful in remedying these omissions in the HAZUS soft-
ware and other practical approaches to emergency management
in the future. At the same time, we intend that our work will
provide engineering and socioeconomic insights that will help
streamline loss estimation methods for complex systems in gen-
eral.

This study will prove useful to several categories of read-
ers. While the probabilities of large earthquakes are highly un-
certain, the potentially overwhelming economic impacts (both
regionally and nationally) cannot be ignored. This study should
prove provocative to even experienced public utility managers.
It provides compelling evidence for considering a long-term risk
management strategy to reduce earthquake vulnerability. Fur-
ther, it demonstrates the significance of economic impacts in-



duced by lifeline damage and the importance of considering them
in designing socially responsible risk management strategies.

Insurance companies might also be interested in our meth-
odologies to quantify indirect losses. There may be a market
demand for insurance riders that cover business interruption losses
resulting from both direct damage to a facility or building, and
from external factors, such as loss of electric power service or
unavailability of other inputs. This coverage is not generally of-
fered because of the lack of actuarial experience to assess risk.
The methods developed in this study could be used to calculate
the potential magnitude of these losses, and then used in estab-
lishing a credible insurance structure. As a result, insurance com-
panies might be better able to offer business interruption cover-
age on a broader basis.

Business executives could gain insight to earthquake pre-
paredness from their counterparts in Memphis in terms of an as-
sessment of vulnerability and identification of coping measures.
They might also gain a greater appreciation of the
interconnectedness of the economy in which they operate and
its ramifications. For example, paying a premium for non-inter-
ruptible electricity service may not insure continued operation if
a supplier of another critical input opts not to pay the premium
and is not able to produce and hence deliver its product.

We also hope that the analysis will be useful to our fellow
researchers in the earthquake field, as well as other hazards.
We make no pretense that we have exhausted research ad-
vances needed to adequately address these issues, and hence
encourage others to build on our work.

The research in this monograph has endeavored to im-
prove our perspectives on time and space in relation to hazards.
It has imparted spatial dimensions to economic models, where
these are usually lacking. This is a key link between the physical
world and the human settlement system. On a temporal side, the
research emphasis on production losses helps heighten aware-
ness that an earthquake event is not confined to the period of
ground shaking and structural damage, but to the longer period
during which the socioeconomic system is unable to prevail at
pre-earthquake levels. This is key in making the transition from
structural to nonstructural (societal) aspects of earthquakes.

Finally, an overall theme of this monograph is that natu-
ral hazards accentuate scarcity, thus making resources even more
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valuable than before. Our limited resources must be balanced
wisely between pre-disaster mitigation and post-disaster recov-
ery. Just as emergency medical, fire, and other safety services
must be well managed in the aftermath of a disaster, so too should
lifeline services. This calls for major reallocations of resources,
which may be controversial from a political standpoint. How-
ever, our analysis indicates that savings from prioritizing elec-
tricity service among those with the lowest intensities of elec-
tricity use directly and indirectly (after safeguarding for health,
safety, and essential industry) can reduce losses of goods and
services several-fold. As the author of one of the chapters notes,
not taking advantage of such opportunities results in an outcome
as devastating as if the earthquake had actually toppled the build-
ings in which the lost production would have originated.
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I NTRODUCTION

BY ADAM ROSE, RONALD T. EGUCHI
AND MASANOBU SHINOZUKA

The largest earthquakes ever to hit North America were cen-
tered in the New Madrid Seismic Zone near Memphis, Tennessee,
in 1811-12. Reports of these events were phenomenal. Rivers
were rerouted, trees were said to have popped right out of the
ground, and the ground shaking itself was felt as far away as Bos-
ton (Pinick, 1981; Fuller, 1990). Yet, total dollar damages associated
with the earthquakes were probably less than $1 million. The
reason is that the area was relatively uninhabited, the city of Mem-
phis, for example, not being founded until several years later.

How would the situation differ today? An earthquake of a
similar or even lesser magnitude is projected to be able to cause
damage in the billions of dollars. The difference is that the Mem-
phis area is now highly populated and is the center of a
sophisticated and highly-interdependent regional economy. More-
over, it is also a major crossroads for the national economy.

Earthquake events are what natural hazards expert Robert Kates
(1971) refers to as a “joint interaction phenomenon”—a combi-
nation of a physical stimulus and the human settlement system.
Both are necessary for disaster to take place. The 1811-12 earth-
quakes are much like the old philosophical conundrum: if a tree
falls in the forest and there is no one around, is there a noise?
Similarly, in an area with a small population and little economic
activity, an earthquake is not very meaningful.

This is much the rationale for the interdisciplinary nature of
this monograph. A study of earthquake impacts requires knowl-
edge of geological origins, but also of the engineering realities of
structures and their vulnerabilities, the workings of the economy,
the sociology of individuals and organizations, and the politics
and planning of mitigation, recovery, and reconstruction.



This monograph presents an integrated study of the implica-
tions of an electricity lifeline disruption caused by a major
earthquake in the New Madrid Seismic Zone. Scientists do not
place a strong likelihood of a reoccurrence of an earthquake the
magnitude of the 8.5M event of the previous century in the Mem-
phis area in the near future. Therefore, a 7.5M event was used as
the basis for this study. Note that high levels of damage to lifelines
and other features of the human use system can take place at even
lesser magnitudes as witnessed by the recent Kobe and Northridge
earthquakes. The methodology in this monograph, therefore, has
more general applicability in terms of earthquake magnitude. In
addition, it can provide insights into earthquake impacts in other
locations, as well as those stemming from other hazards.

Electricity is one of several utilities termed “lifelines” because
of its crucial role in maintaining social and economic systems and
because of its linear characteristics, which make it especially vul-
nerable to disruption from natural disasters. Economic losses stem
from direct damage to various parts of an electricity network, in-
cluding generating stations, distribution stations, transmission lines,
and distribution lines. They also result from lost production and
sales in those businesses without power, as well as those busi-
nesses whose suppliers or customers have had their electricity
service disrupted. These impacts can extend far beyond the sites
of any physical damage, and, given the Memphis area’s increasing
role as a major manufacturing and distribution center, may be felt
throughout the U.S. economy. Electricity lifelines are also inte-
gral to the orderly functioning of society in powering traffic signals,
street lights, and safety alarms. These direct disruptions, com-
bined with the loss of jobs in critical goods and services, have the
potential to cause civil strife as well.

Society has developed a number of coping strategies for life-
line failures. These include mitigation measures, such as structural
reinforcement of electricity network facilities and earthquake re-
sistant equipment. A number of recovery mechanisms also exist,
including electricity network exchanges, back-up generation, and
conservation. As this study provides information on how an elec-
tricity network may be impacted by an earthquake and how this
damage spreads throughout the economy, it should prove useful
in identifying an improved mix of coping strategies, including non-

2 CHAPTER 1



structural measures, such as market-oriented and administered
reallocation of electricity supplies.

This monograph is the culmination of the efforts of several
researchers whose work has been sponsored by the National Cen-
ter for Earthquake Engineering Research. The team includes
geologists, engineers, planners, sociologists, economists, and ge-
ographers. The project was undertaken as a case study, with a
common location, earthquake magnitude, and other parameters
used by all the researchers. The study is truly interdisciplinary, as
opposed to multidisciplinary. That is, the results from each facet
of the research served as a critical input to one or more other
facets, and the researchers directly advised or served as collabora-
tors to those in other disciplines. Chapters of the monograph follow
a natural progression beginning with the illustration of why elec-
tricity is a “lifeline” of the Memphis economy, followed by a spatial
characterization of the electricity transmission systems and then
by an assessment of its vulnerability to earthquakes. A Geographic
Information System (GIS) is used to manage and represent net-
work data. The GIS is key to linking the engineering and economic
aspects of the study by effectively subregionalizing the Memphis
economy according to electric power service areas. A chapter on
individual business response further identifies the importance of
electric power in Memphis and the way business copes with its
possible disruption. This is followed by an assessment of the likely
direct economic impacts of a major New Madrid earthquake, tak-
ing into account distinctions in sectoral electricity use and resiliency
in the face of disruption. The next chapter evaluates the total re-
gional economic impacts, including multiplier effects, on Shelby
County, and is followed by a chapter that extends the impact analy-
sis to the Memphis Metro area, and the U.S. as a whole. Policy
implications of these impacts are then explored, such as ways to
reduce network vulnerability, to increase business resiliency, and
to improve recovery. The study demonstrates that it truly does
require an integrated team effort to adequately address the major
issues associated with electricity lifeline disruptions in the con-
text of natural hazards.

In addition to the unique interdisciplinary contributions of this
study, it offers advances in the state-of-the-art in several of its indi-
vidual disciplines. These include the refinement of the systems
approach to vulnerability analysis, the mapping of census data
into geographical units delineated by lifeline service areas, the
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integration of lifeline resiliency measures into the formal estima-
tion of direct losses, the establishment of a methodology for
estimating indirect losses that eliminates double-counting, the re-
formulation of the lifeline loss problem into an optimization
framework, and the systematic study of how the lifelines disrup-
tions affect emergency response organizations.

BACKGROUND

The failure and disruption of electric power systems during
earthquakes can be devastating and costly. Although the costs to
repair these systems have been relatively small compared to other
damaged structures, such as buildings and transportation struc-
tures, the indirect impacts resulting from their failure can be far
more catastrophic. For example, the inability to supply power to
water distribution systems during fires has led to conflagration of
large urban areas, e.g., the Oakland Fires. In addition, many busi-
nesses can fail if power is not restored in a timely manner.

Only recently have secondary effects resulting from lifeline
disruption been considered seriously. Part of the reason for this
slow development has been the lack of empirical data with which
to validate analytical or theoretical predictions of secondary or
indirect loss. Another reason for this lack of development has
been that indirect loss assessment requires a multidisciplinary ef-
fort. Engineers and social scientists must work together to develop
models to assess economic and social impacts. Until recently,
engineers have not completely understood the measures or di-
mensions used by social scientists to quantify socioeconomic
impact. By the same token, social scientists have not completely
communicated to the engineers the importance of quantifying ef-
fects, other than direct damage, to lifelines.

As the previous discussion explains, the current effort is one
of the first attempts at bringing engineers and social scientists to-
gether to focus on this important problem. Because research tasks
have been defined within a larger project scope, it has been pos-
sible to link various analytic capabilities to resolve these complex
issues. Although much progress has been made in this study, more
work is needed to deliver a methodology and tools that can be
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used by utility company owners and operators in their everyday
operations. In addition, only some of the potential applications of
indirect loss estimation are explored in the last section of this re-
port, which deals with policy implications.

In order to provide some perspective on where this study fits
in the overall evolution of lifeline engineering, a discussion of the
history of lifeline earthquake engineering in the U.S. is provided.
This is followed by a discussion of important federal initiatives to
improve the seismic performance of lifelines.

1.1.1 BRIEF HISTORY OF LIFELINE EARTHRUAKE
DEVELOPMENTS IN THE UNITED STATES

“As does a human body, a city has lifelines. In the body,
they provide for the supply and the flow of energy, information
and water by means of the alimentary, vascular and neurologi-
cal systems. In the city they provide for the supply and the
flow of people, goods, information, energy and water by means
of the transportation, communication, energy and water sys-
tems.

The failure to function of one of the lifelines, or its severe
impairment, brings on injury or death to the human body and
damage or disaster to the city. Knowledge of the risk of such
failures is a stimulus for preventive measures. The acceptable
level of risk is established by the individual for his body and by
the citizenry for the city.”

— C. Martin Duke (1972)

Although the importance of lifelines to community welfare
has long been understood, it was not until the 1971 San Fernando
earthquake that we fully understood the extent of their vulner-
abilities, particularly during natural disasters. As stated by Professor
C. Martin Duke, the founder of lifeline earthquake engineering in
the U.S., “the function of lifeline earthquake engineering is to pro-
vide reliable lifeline systems and components which will perform
their functions in and after earthquakes and will protect property
and human activity against lifeline and earthquake hazards.” Af-
ter the San Fernando event, it was recognized that this function
had not fully been performed.
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As a result of this earthquake, lifeline engineering profession-
als in the U.S. set a general goal to raise the state of the art
internationally to the equivalent of that which prevailed for earth-
quake resistive buildings at that time. This goal will have been
achieved “when a comprehensive set of standards of lifeline per-
formance in earthquakes [will] have been established and have
been proved out in future earthquakes.” The time frame for this
general goal was set at 30 years from the San Fernando earth-
quake.

It is now roughly 26 years after the San Fernando earthquake,
and standards still are not in place for most lifelines. Although a
comprehensive plan has been developed for adopting lifeline stan-
dards, it has had little momentum behind it, and as a result, many
of our lifeline systems remain vulnerable to earthquake damage.
In order to improve this situation, demonstration studies must be
performed to illustrate the full scope of effects and impacts that
may result from the failure and disruption of these systems, and
the benefits that accrue from the implementation of cost-effective
mitigation activities. This monograph addresses some of these
issues and also helps to put into perspective the importance of
considering the indirect and other broader impacts associated with
the disruption of lifeline service. It is hoped that this information
will be used to help achieve the goals set forth immediately after
the San Fernando earthquake by those pioneers in lifeline earth-
quake engineering.

The following chronology summarizes some of the more im-
portant milestones in lifeline earthquake engineering and related
topics in the U.S. (see also Eguchi, 1997). The major impetus to
examine seismic design procedures for lifeline facilities really be-
gan with the 1971 San Fernando earthquake. Even though there
had been prior earthquakes in the U.S., which had highlighted the
importance of lifeline systems after major disasters (e.g., the 1906
San Francisco earthquake), the San Fernando event was the first
earthquake to promulgate changes in design and construction.

Year Milestone

1971 San Fernando Earthquake (M6.4)

Significant damage to all lifeline systems. Start of
long-term research program to study the effects of earth-
quakes on all lifeline systems (mostly National Science
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1974

1985

1986

1989

Foundation funding). Many changes to
lifeline seismic design and construction initiated
by this event.

The Technical Council on Lifeline Earthquake
Engineering (TCLEE)

Formed to address general issues regarding the
state-of-the-art and practice of lifeline earthquake
engineering in the U.S. TCLEE has sponsored four
major conferences on lifeline earthquake engineering;
endowed the C. Martin Duke Lifeline Earth-
quake Engineering Award; and has published nu-
merous monographs, design guideline documents, and
special reports on lifeline earthquake engineering.

Building Seismic Safety Council (BSSC) Lifeline
Workshop

Led to an action plan for abating seismic hazards. The
workshop had recommendations in four ar-
eas: public policy, legal and financial strategies;
information transfer and dissemination; emergency plan-
ning; and scientific and engineering knowl-

edge.

National Center for Earthquake Engineering
Research(NCEER)

Formed to address socioeconomic issues related
to the seismic performance of lifeline systems
through a multi-year grant to the State University
of New York at Buffalo. This Center has brought
together researchers from many different technical dis-
ciplines to focus on multi-dimensional issues
(e.g., socioeconomic impacts caused by
thedisruption of lifeline service).

Loma Prieta Earthquake (M7.1)

Reaffirmed need to assess and improve seismic
design and construction procedures for all lifeline fa-
cilities. Particular attention was given to the perfor-
mance of highway bridge structures.
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1990

1990

1990

1991

1991

Port of Los Angeles (POLA) Seismic Workshop

Developed a set of guidelines to be used by the
port to address seismic design issues in the design and
construction of new landfill areas within the
port. This workshop reflected the culmination of
many months of preparation and meetings among sci-
entists, engineers and policymakers.

Public Law 101-614 (Reauthorization of the
National Earthquake Hazards Reduction Program)

Required the Director of the Federal Emergency
Management Agency, in consultation with the
National Institute of Standards and Technology, to sub-
mit to Congress a plan for developing and
adopting seismic design and construction standards for
all lifelines.

Iben Browning Prediction for a New Madrid
Earthquake

Prediction triggered many midwestern utilities to
quickly anchor critical electric power equipment
in the anticipation of a large New Madrid earth-
quake.

Lifeline Standards Workshop

Workshop obtained comments and suggestions for re-
vising draft plans prepared in response to Public Law
101-614, examining lifeline issues, and iden-
tified priorities for various standard development
and research activities.

Workshop sponsored by the National Science
Foundation and the National Communications
System

One of first workshops to focus on the effects of
earthquakes on communication lifeline systems.
This workshop was followed by a second meeting in
1992 to discuss different approaches to com-
munication lifeline modeling.
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1994

1995

1995

1995

1997

Northridge Earthquake (M6.7)

Performance of lifelines significantly improved
compared to prior earthquakes in this region (e.g., 1971
San Fernando earthquake). However, concern con-
tinued over the performance of highway bridges
structures.

Standardized Emergency Management Systems
(SEMS)

Required all municipal agencies in California, in-
cluding lifeline operators, to develop standardized emer-
gency response plans. This requirement was, in large
part, motivated by the poor performance
of water supply systems during the 1991 Oakland Hills
fires in California.

G7 Bilateral Meeting between Japan and the U.S.

Resulted in the commitment from both countries
to work together to better prepare for natural di-
sasters. This meeting has led to many U.S.-Japan
research initiatives, including several that deal
exclusively with lifeline performance. The 1994
Northridge and 1995 Kobe earthquakes were the
key motivating factors in this development.

NIST/FEMA Lifeline Standards Development Plan

Plan encourages the voluntary adoption of seismic de-
sign and construction standards for all public
and private lifelines.

Deregulation of the Natural Cas and Electric
Power Industries

Deregulation may have multiple impacts on cur-
rent and future earthquake hazard mitigation pro-
gram. Increased competition leads to more utility ser-
vice providers in the market, thereby lowering
prices and increasing system redundancies. How-
ever, competitive pressures may limit the amount
of money that a utility will spend to reduce future sys-
tem vulnerabilities or to improve overall sys-
tem reliability.
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1.1.2 FEDERAL AND INDUSTRY LIFELINE
INITIATIVES

The federal government has historically played a major role in
facilitating research and seismic evaluation programs for lifelines.
With the reauthorization of the National Earthquake Hazards Re-
duction Program, Congress mandated that the Federal Emergency
Management Agency (FEMA), in consultation with the National
Institute of Standards and Technology (NIST), develop a plan for
assembling and adopting national seismic design standards for all
lifelines, public and private. This resulted in the formulation of
the FEMA Report, Plan for Developing and Adopting Seismic De-
sign Guidelines and Standards for Lifelines. A major feature of this
plan is the recommendation that public and private partnerships
be developed in order to effect implementation. As key elements
of the plan, several pilot projects will be conducted to demon-
strate the cost-effectiveness of various mitigation strategies. Overall,
this plan will be consistent with FEMA’s new initiative for an im-
proved hazard mitigation strategy.

OVERVIEW

Chapter 2 introduces the Memphis economy in terms of its
history and current structure. It also portrays the role of electricity
lifelines in sustaining economic activity in all sectors. The impor-
tance of economic interdependence is made clear and serves as
the basis for choosing the modeling approach of Interindustry
Analysis.” The core of this approach is an “Input-Output Table,” a
matrix of all purchases and sales among economic sectors in Mem-
phis in a given year. The chapter concludes with an illustration of
electricity lifeline “multipliers” derived from this table, which pro-
vide insight into indirect impacts of electricity disruption.

Chapter 3 provides an introduction to the Memphis electricity
system as operated by the Memphis Light, Gas and Water Divi-
sion (MLGW) of the City. A Geographic Information System is
used to provide a two-dimensional depiction of this network, which
is divided into 36 electric power service areas (EPSAs) for further
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analysis. The reliability of the Memphis electricity lifeline net-
work during the occurrence of earthquakes is analyzed using Monte
Carlo methods. This chapter presents the results of simulations of
disruptions based on data on seismicity and data on engineering
characteristics of electricity substations. The results summarize
the vulnerability of the system to earthquakes ranging in magni-
tude of M6.5 to M7.5.

Chapter 4 provides more details of the Geographic Informa-
tion System (GIS) used in the various aspects of the study. GIS
imparts a spatial dimension to the Memphis economy by differen-
tiating sectoral electricity demand in each EPSA so, in effect, the
EPSAs become subregional economies. This is done by mapping
U.S. Census Bureau data relating to employment by place of work
onto EPSA configurations. This work would have taken weeks by
conventional methods, as opposed to the expeditious approach of
overlaying Census boundaries and EPSA boundaries.

Chapter 5 summarizes the results of a survey of individual
business response to earthquake hazards. It indicates how vulner-
able businesses in the Memphis area might be if a major earthquake
were to take place. The evaluation is performed and measured in
terms of building type and lifeline dependency. It also identifies
the “resiliency” in the economy, which arises from various coping
strategies. These include mitigation measures, such as reinforcing
buildings and having backup power in place, as well as various
response strategies, such as relocating business activities.

Chapter 6 discusses the various aspects of estimating the di-
rect economic impacts of a major earthquake. The analysis
combines reliability data, economic data, lifeline network, and
resiliency data in each EPSA to translate earthquake-induced elec-
tricity lifeline disruptions into sectoral economic losses. The
analysis translates simulation results of Chapter 3 for a scenario
M?7.5 earthquake into sectoral production losses in each of the
EPSAs based on their employment opposition generated by the
GIS results in Chapter 4. The measures of business resiliency from
Chapter 5 are incorporated as well. The analysis in Chapter 6 also
shows that direct production losses are not a constant factor of
physical damages but depend on the timing of restoration.

Chapter 7 details the estimation of total regional impacts.
Direct economic losses estimated in Chapter 6 are fed into an
Input-Output table to show how lifeline disruptions ripple through
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the rest of the Shelby County economy. Thus, in addition to the
more obvious direct effects, there are successive rounds of up-
stream indirect impacts on suppliers of a given business and
downstream impacts on its customers. Also, the chapter provides
a lead-in to policy formation. Rather than cutting back electricity
usage on a proportional, or across-the-board manner, a linear pro-
gramming analysis is used to indicate how economic losses can
be significantly reduced by reallocating electricity across sectors
and by rearranging the time pattern of recovery among substa-
tions.

Chapter 8 shows how the direct and indirect impacts estimated
in Chapters 6 and 7 spread beyond Shelby County to outer rings of
the Memphis metropolitan area and beyond to the United States
as a whole. Moreover, a methodology is presented, based on the
concept of a Social Accounting Matrix, to perform impact analy-
ses at the census tract level. The chapter provides a broad
framework for policy-making with regard to electricity lifeline and
other crucial goods and services in a regional economy hit by an
earthquake, including a generalization of the optimization model
presented in Chapter 7.

Chapter 9 summarizes the major points of previous chapters
that have policy relevance. It crystallizes several important policy
implications of the analysis that can save lives, income, and jobs.
The chapter also presents a policy formulation model to delineate
the essence of earthquake risk problems, devise risk management
solutions, identify the most effective participants to reduce earth-
quake risk, develop appropriate mechanisms for action, and
acquire the necessary financial base and knowledge base to con-
tinue priority research and to translate it into effective policies.
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MODELING THE
MEMPHIS ECcONOMY

BY ADAM ROSE AND PHILIP A. 5ZCZESNIAK

The city of Memphis is located in the southwest corner of the
state of Tennessee on the banks of the Mississippi River. Directly
to the south of the city is the state of Mississippi and across the
Mississippi River to the west is the state of Arkansas. The city is
spread out over 295.5 square miles of a relatively flat landscape
and is classified within the five county Memphis Metropolitan Sta-
tistical Area (MSA) (3,013 square miles), which is comprised of
three counties in Tennessee (Shelby County, Fayette County, and
Tipton); one county in Mississippi (De Soto), and one county in
Arkansas (Crittenden). The average annual temperature in the city
is 62° Fahrenheit and because it is located in the middle of the
“Sun Belt,” Memphis averages more sunny days each year than
Miami.

In 1995, the population of Memphis was 865,000. Between
1990 and 1995, the overall population grew by 27,100 or 3.2%.
In 1990, the Census Bureau ranked Memphis as the 43rd most
populous city in the U.S. Also in 1990, the racial make-up of the
city was 55.1% white, 43.6% black, 0.9% Hispanic, and 0.4%
other (U.S. Bureau of the Census, 1997).

HISTORY

Memphis was founded in 1819 by three prominent
Nashvillians: General Andrew Jackson, General James Winches-
ter, and Judge John Overton, upon land that became part of the
United States in 1797. Over the next forty years the city grew by
a steady influx of Africans, Germans, French, and Irish. Although
its late origin averted all but damage to its natural setting from the
New Madrid earthquakes of 1811-12, it suffered a human tragedy
in 1838 when the native tribe of Chickasaw Indians was forced



out of the city and onto the “Trail of Tears” to other parts of the
United States.

By the 1860s, Memphis was the sixth-largest city in the South
and became known as the “Capital of the Mid-South.” This status
made Memphis a focal point for Union strategies during the Civil
War. However, Memphis was not well prepared for war, and thus
in 1862 the city was easily overrun by the Union army. Because
there was not much fighting in Memphis, the city did not endure
the devastation that many other cities throughout the South suf-
fered during the war.

Between 1860 and 1900, Memphis was primarily involved
with helping to rebuild the South. During this period, Memphis
began to grow as a distribution center. However, there were two
setbacks to the overall growth of the city. In 1872 and 1878,
yellow fever epidemics devastated the city, killing more than 5,000
people and sending nearly half of the city’s population of 50,000
to seek safety elsewhere.

By the turn of the century, Memphis started showing signs that
it had overcome its problems of the previous decades. Among
some of the accomplishments of which the residents could boast
were: 1) the first bridge erected over the Mississippi River south of
St. Louis; 2) 100 miles of trolley car tracks throughout the city; 3)
a web of electric lines to practically every home and business
(provided by the Memphis Power and Light Company); and 4) a
population of over 100,000 residents, making it the third-largest
city in the South.

Between 1910 and 1950, Memphis continued to gradually
grow by the guidance of E. H. Crump. He served as mayor of the
city from 1910 to 1915 and remained actively involved in eco-
nomic development throughout his lifetime. The Crump
administration is largely credited with putting Memphis on firm
financial footing (Memphis Area Chamber of Commerce, 1994).

MAJOR SECTORS OF
THE MEMPHIS ECONOMY

In the second half of the twentieth century, Memphis has con-
tinued to build upon its solid heritage. For example, the city
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currently has one of the Nation’s largest medical facilities; has
become the Nation’s leading distribution centers; and, due in great
part to the success of Elvis Presley and the “blues” musicians on
Beale Street, has become one of the Nation’s premier entertain-
ment centers.

Agriculture and related industries are a cornerstone of the
Memphis economy. Although tobacco is the leading cash crop in
the State of Tennessee, cotton is “king” in and around Memphis.
Since Memphis is at the regional trading center for cotton farmers
fromTennessee, Arkansas, Mississippi, Missouri, Kentucky, andAla-
bama, it is the largest spot cotton market in the world. The cotton
brokerage houses alone bring in over $3 billion in gross revenues
annually to the city. In addition, Memphis is a major trading cen-
ter for soybeans and hardwoods. Well-known food product
companies, such as Kellogg, Beatrice/Hunt-Wesson, Kraft, and
Archer Daniels Midland, are all large local employers.

With respect to the construction sector, recently there have
been a number of large projects in the city. Two noteworthy ones
include the $62 million 20,500-seat Pyramid sports and enter-
tainment arena and the $56 million David Taylor Naval Research
Center. Other projects include a new high rise national head-
quarters for AutoZone and a new IRS service center comprised of
five buildings that cover more than one million square feet.

In the manufacturing sector, there are over 1,000 plants found
in the city. The sector was recently bolstered by an investment by
Coors of $110 million for the retrofit of the former Stroh Brewing
Company plant. A sampling of other recent relocations or expan-
sions of existing businesses include Birmingham Steel Corporation,
Toshiba America Information Systems, Sharp, Mazda, WESCO di-
vision of Westinghouse, International Paper, and Fisher-Price.

Memphis has made great strides towards becoming a national
leader in transportation and distribution. For example, Walt Disney,
Williams Sonoma, and Nike have all located major warehousing
and distribution operations in Memphis. Serving these and other
interests is the Memphis International Airport, which recently be-
came the number one cargo airport in the world due in great part
to being the Federal Express hub.

Memphis is also at the crossroads of several utility lifelines.
These include oil pipelines, gas pipelines, and electricity trans-
mission lines that serve not only the city, but are key to national
networks. Electricity is supplied by the Memphis Light, Gas, and
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Water Division of the Tennessee Valley Authority under a distribu-
tor contract.

Health care services also significantly contribute to the over-
all economy. Among the larger hospitals in Memphis are Baptist
Memorial Hospital and St. Jude Children’s Research Hospital.
Baptist Memorial Hospital is the nation’s largest private hospital
with a staff of about 6,000. St. Jude Children’s Research Hospital
and the University of Tennessee-Memphis Medical School bring
in more than $62 million annually in federal research funds.

Each year, many tourists come to see the many attractions in
and around the city of Memphis. For example, in sports, the Lib-
erty Bowl at the Fairgrounds has 63,000 seats. In addition, the
city has been the setting for the filming of several motion pictures,
most recently, “The Firm” and “The Client,” both based on best-
selling novels by John Grisham. Furthermore, some of the more
prominent entertainers have included B. B. King, Jerry Lee Lewis,
and Elvis Presley, whose Graceland Estate alone draws nearly
700,000 people each year.

The military is also a major employer in the region. The Mem-
phis Naval Air Station at Millington employs about 12,000 people.
Like many military bases across the country, the Memphis Naval
Air Station has been threatened with closure. Recently, the base
training command contingent has been replaced by staff from the
Bureau of Naval Personnel (Memphis Area Chamber of Commerce,
1994).

Overall, the largest sectoral grouping in Memphis in 1994 was
services, which accounted for 25.9% of earnings and 28.9% of
employment; trade, 19.5% and 24.4%; government, 16.1% and
15.4%; transportation, 13.4% and 10.0%; and manufacturing,
12.7% and 9.1%. While earnings have increased for every sector
in the economy over the period 1990 to 1994, employment has
not. The government sector has accounted for the greatest loss of
jobs with a decrease of 3,880. Mining has experienced the great-
est percentage loss with a decrease of 21.1%. Sectors that have
shown the most growth are transportation, 15.1%; services, 12.0%;
agriculture, 10.8%; and retail trade, 4.4% (U.S. Bureau of Eco-
nomic Analysis, 1996).
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EcoNDOMIC INDICATORS

Since the nationwide recession in 1991, the economy of Mem-
phis has grown at a rate above the average for the nation. Overall
growth has taken place in employment, personal income, and
earnings by industry. Memphis has benefited from an economic
expansion that has characterized the entire Southeast since the
end of the 1991 recession. Sectors that have driven this growth
include transportation, agriculture, retail trade, and services (see
Table 2.1).

W Table 2.1 Employment Percentage Growth, 1990-1994

Industry Memphis Tennessee
Transportation 15.1% 15.6%
Services 12.0% 18.6%
Agriculture 10.8% -5.4%
Retail Trade 4.4% 10.7%
F.I.R.E. 0.5% 1.3%
Construction 0.1% 10.9%
Wholesale Trade -1.3% 6.1%
Manufacturing -2.6% 4.2%
Government -4.3% 4.1%
Mining -21.1% -21.4%
Overall 4.4% 9.0%

U.S. Bureau of Economic Analysis, 1996

Accompanying the expansion in the economy has been an
increase in employment. Between 1990 and 1994, overall em-
ployment has grown, though there was a brief setback during the
1991 recession (see Figure 2.1). While employment grew by 7,223
new jobs in 1990 in Memphis, the 1991 recession eroded that
figure by 6,985. Since 1991, the economy has recovered those
lost jobs and added new ones. Between 1991 and 1994, employ-
ment in Memphis grew from 530,993 to 561,605, an overall rate
of 5.8%. Since that time, total employment has continued to grow,
and the unemployment rate for the last quarter of 1996 was a low
4.1% (Federal Reserve Bank of Atlanta, 1997).

Between 1990 and 1994, total personal income in Memphis
grew from $15,460 million to $19,375 million. This represents an
increase of $3,915 million, or 25.3%. In 1994, Memphis ranked
first in total personal income in the state of Tennessee, accounting
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for 19.2% of the total of $100,656 million. Tennessee ranked
20th in the nation and accounted for 1.8% of the national total of
$5,592,000 million.
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W Figure 2.1 Overall Employment Growth W Figure 2.2 Per Capita Personal Income

Between 1990 and 1994, per capita personal income for Mem-
phis grew from $18,674 to $22,592. This represents an increase
of $3,918, or 21%. Although Memphis’ total personal income
ranked first in the state in 1994, its per capita personal income
ranked only third. In 1994, this value was about $3,000 higher
than the average of $19,450 for the entire state and about $900
higher than the national average of $21,696. Figure 2.2 shows
how per capita personal income has steadily grown for both Mem-
phis and the state of Tennessee (U.S. Bureau of Economic Analysis,
1996).

EcoNOMIC INTERDEPENDENCE
AND INTERINDUSTRY ANALYSIS

When measuring the impact that a particular sector has on a
region’s economy, it is important to look beyond its direct role and
to also examine the extent to which it stimulates other sectors.
No economic enterprise stands alone, but rather is dependent on
other businesses as suppliers or customers. These, in turn, depend
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on suppliers and customers of their own. The sum total of these
business relations are a multiple of a given sector’s direct activity,
hence the term “multiplier effect.” Another term, which captures
these relationships, but from another perspective, is “ripple ef-
fect,” which conjures up the successive waves of broader activity
following an initial stimulus.

An Input-Output (I-O) table is a valuable tool that provides
insights into economic interdependence. The table is composed
of a set of accounts representing purchases (or inputs) and sales
(or output) between all of the sectors of the economy. Official
versions of these tables at the national level, prepared by the U.S.
Department of Commerce, are based on an extensive collection
of data from nearly all U.S. business establishments.

These accounts can serve as the foundation for more formal
models, the most basic of which assume a linear relationship be-
tween inputs and the outputs they are used to produce. These
structural models enable us to trace linkages between sectors and
to estimate the economy-wide impacts of changes in activity in
any one sector, such as electricity.

Input-Output analysis was pioneered in the 1930s by Profes-
sor Wassily Leontief. Since that time, Leontief and hundreds of
other researchers have extended I-O theory, constructed tables for
countries and regions around the world, and used these tables to
perform a broad range of economic impact analyses. 1-O analysis
is considered such an important achievement that Leontief was
awarded the Nobel Prize in Economics in 1973 (see Leontief, 1986;
Miller and Blair, 1985; and Rose and Miernyk, 1989 for further
insight into Input-Output analysis).

In addition to the official U.S. I-O table, based on U.S. De-
partment of Commerce censuses of business establishments, tables
have been constructed for many regions of the U.S., based on
adjustments of national data and/or a regional sample of firms
within a region. The former set of regional Input-Output tables,
those based on adjusted national coefficients, has been called non-
survey |-O tables, and the latter, based on expensive sampling of
firms within a region, has been called survey-based I-O tables.
There are five widely-used, non-survey based regional I-O tables
in the United States (Brucker et al., 1987). Among them is the
Impact Analysis for Planning System, or IMPLAN (1993), devel-
oped by the U.S. Forest Service in conjunction with several other
government agencies including the Federal Emergency Manage-
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ment Agency. IMPLAN consists of national and regional eco-
nomic data bases and methodologies to construct small area [-O
tables and to apply them in impact studies. In this monograph,
the IMPLAN I-O tables generated for the Shelby County economy,
the nine-county metropolitan area, and the remainder of the U.S.
were used to examine the local and wide-ranging impacts of a
New Madrid earthquake.

The IMPLAN system is currently benchmarked to 1992. Given
the enormous amount of data collection and reconciliation that
goes into constructing an I-O model, there is typically a consider-
able lag between the year in which data are gathered and the date
of availability of the table. The authors are satisfied that one of the
best available models was utilized, and that any errors in estimat-
ing industry impacts are likely to be small." Although the economy
has grown, the structural relationships (ratios of input to outputs)
upon which 1-O models are based, have been found to be rela-
tively stable over short time periods (3-8 years) (see Conway, 1980;
Afrasiabi and Casler, 1991).

An input-output model typically determines the supply re-
sponse to a given change in demand. It can also be adapted to an
“allocation,” or supply side, version to analyze the impacts on
production of a supply shortage (see, e.g., Davis and Salkin, 1984;
Oosterhaven, 1988; Rose and Allison, 1989). However, in both
cases, the I-O approach represents a mechanistic response of fixed
input requirements or marketing patterns. An alternative is to uti-
lize a model that allows for a reallocation of resources in pursuit
of a societable objective, such as maximizing gross regional prod-
uct (GRP). In the context of lifeline disruptions associated with
earthquakes, this problem could be reformulated as the realloca-
tion of scarce electricity so as to minimize loss of GRP or
employment.

A modeling framework that can perform such analyses is lin-
ear programming (LP) or mathematical (MP) in general. LP involves
the maximization of an additive objective function subject to a set
of linear constraints (see, e.g., Baumol, 1980; Rose and Benavides,
1997). Infact, an I-O model can be transformed into an LP format
by specifying an objective function subject to the technological
constraints of economic sector production structures and con-
straints relating to the availabilities of primary factors of production
(labor, capital, and natural resources). This can be extended to
include additional constraints for produced goods and services,
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including electricity. Such an analysis will be performed in Chap-
ter 7.2

Interindustry models were chosen for this analysis because of
their ability to reflect the structure of a regional economy in great
detail, to trace economic interdependence by calculating indirect
effects of lifeline disruptions, and to identify an optimal emer-
gency response. The use of these models to estimate the regional
impact of natural hazards dates back to the work of Cochrane
(1974). Several standard input-output impact analyses of earth-
quakes have been performed over the past two decades (see, e.g.,
Wilson, 1982). More recently, several advances have been made
in this approach in relation to earthquake damage in general and
lifelines in particular. Kawashima and Kanoh (1990), Cole (this
volume), and Gordon and Richardson (1995) have constructed
multiregional 1-O models to perform analyses of general earth-
quake impacts. Cole (1995) has also performed such an analysis
at the neighborhood (census tract) level. Cochrane (1997) has
recently developed an expert system using IMPLAN input-output
data and a set of supply-demand balancing algorithms intended
to yield ballpark impact estimates. Aspects of import adjustments
in I-O models applied to estimating earthquake impacts were first
suggested by Boisvert (1992).

Cochrane’s (1974) original work was a linear programming
formulation for the economy as a whole, as was a model outlined
by Rose (1981) to minimize losses from a utility lifeline disruption
by reallocating resources across sectors. Both models were simple
formulations of maximizing Gross Regional Product subject to only
the most rudimentary constraints—constant production technol-
ogy and limits on primary factors of production. The conceptual
models presented by Rose and Benavides (1997) include adjust-
ments in [-O coefficients (including imports), consideration of
excess production capacity, minimum final demand requirements
for necessities, reallocation of resources over time, and the incor-
poration of risk (the latter in a “chance-constrained” programming
formulation). A recent paper by Cole (1995) utilizes a program-
ming extension of a social accounting matrix to examine the
implications of alternative welfare criteria, including giving greater
weight to certain socioeconomic or interest groups (see Chapter
8).

Of the above research, only Boisvert (1992), Cole (1995), and
Rose and Benavides (1997) have explicitly examined the impacts
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of lifeline disruptions. This monograph advances the state-of-the-
art in several ways. First, for the first time, engineering features of
electric utility lifelines and their linkage to the economy are incor-
porated into interindustry studies. Second, neglected features of
[-O impact analysis relating to the estimation of indirect effects,
general input supply bottlenecks, the resiliency of production tech-
nology to electricity curtailments, and spatial (subregional)
differentials in electricity use/availability are clarified. Finally, a
formal optimization model is offered that incorporates the above
features to examine potential policies to alter the restoration pat-
tern of electricity utility network components across subregions,
in addition to the more conventional reallocation of electricity
across sectors.?

MEMPHIS INPUT-OUTPUT MODEL

The core of the economic model is a 21-sector input-output
transactions table for Shelby County, Tennessee (the heart of the
Memphis metropolitan area), which is presented in Table 2.2. The
table was derived from the IMPLAN system (1993).

The 1-O table contains a set of double-entry accounts. Each
row represents the sales of the sector listed at the left to all other
sectors, whose identities are given by the corresponding sector
numbers along the top margin (column headings). Each column
represents the purchases by a given sector from all other sectors in
the region, as well as purchases of imports and primary factors
(capital and labor listed in the value-added row), and final de-
mand (comprised of consumption, investment, government
expenditures, and exports). For example, the table indicates that
in 1991 the electric utilities sector (sector 10) sold $1.6 million
and $16.6 million, respectively, to intermediate sectors agricul-
ture (Sector 1) and retail trade (Sector 14), as well as $78.7 million
to residential customers (personal consumption). Total gross out-
put (sales) of electricity in Shelby County in 1991 was $216.9
million.

The 1-O table used herein is an intraregional requirements
version, i.e., the entries in rows and columns 1-21 represent only
those goods produced in the region that are also consumed there.
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This excludes exports (which are part of final demand) and im-
ports (presented in a lower row of the table). For the purpose of
exposition, an exception was made for electricity, which is gener-
ated entirely outside the region by TVA.* To illustrate the key role
of electricity, it is separated from the aggregated set of imports and
included within the transactions table (intraregional commodity
flows), but it is not actually part of the total regional intermediate
input subtotal.

The I-O table provides insight into the general structure of
Shelby County. It reflects the fact that Memphis is both a major
commercial center and a major manufacturing center. Total gross
outputin 1991 was $66.9 billion, with the major contributors being:
transportation, $4.2 billion; other nondurable manufacturing, $4.1
billion; and finance, insurance, and real estate (F1.R.E.), $3.9 bil-
lion. The county is rather self-sufficient, with imports of $7.8 billion.
In addition, a large amount of production flows out of the economy,
with exports totaling $15.1 billion.

REGIONAL ANALYSIS OF THE
ROLE OF UTILITY LIFELINES

The structure of an Input-Output table enables the “multiplier”
impacts to be determined on the economy from a change in final
demand in any particular sector. In Table 2.3, these multiplier
effects are shown as the sum of direct, indirect, and induced ef-
fects on each sector of the Shelby County economy.> An example
of the use of these multipliers would be to analyze the impact of a
decrease in final demand for durable manufacturing goods by $100
million, which would result in a total gross output loss throughout
the county economy of $182 million.

Returning to the Input-Output table, it is possible to specifi-
cally evaluate how utility lifelines (electric utilities, natural gas
distribution services, and water and sanitary services) contribute
directly to total gross output but also to the total multiplier effect.
Table 2.4 contains the direct utility input coefficients, i.e., the
amount of direct inputs needed per dollar of output. Table 2.5
contains the total (direct, indirect, and induced) inputs from pub-
lic utilities for each sector.® For example, Table 2.4 shows that the
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direct inputs from the electricity sector per dollar of output of du-
rable manufacturing is $0.0127. Table 2.5 adds indirect and
induced linkages to the direct inputs. Once again, looking at the
durable manufacturing sector, the total of various rounds of inputs
from electric utilities is $0.0166 per dollar of output. Part of the
difference of $0.0039 for this sector is accounted for by the elec-
tricity used by the direct and indirect suppliers to the manufacturing
sector, such as transportation and services, while the rest is attrib-
utable to electricity purchased by households from income earned
from manufacturing and its direct and indirect suppliers.

Wl Table 2.3 Output Multipliers in Shelby County

Sector Direct Indirect Induced Total
Effects Effects Effects (Multipliery
Agriculture 1.0000 0.6702 0.2292 1.8994
Mining 1.0000 0.4711 0.3159 1.7870
Construction 1.0000 0.6524 0.3177 1.9701
Food Products 1.0000 0.6295 0.2022 1.8317
Other Nondurable | 1.0000 0.3954 0.2168 1.6122
Manufacturing
Durable 1.0000 0.5248 0.2970 1.8218
Manufacturing
Petroleum 1.0000 0.0847 0.0547 1.1394
Refining
Transportation 1.0000 0.6471 0.3675 2.0145
Communication 1.0000 0.4237 0.2770 1.7007
Electric Utilities 1.0000 0.0000 0.0000 1.0000
Gas Dist. Services | 1.0000 0.0845 0.1005 1.1850
Water and 1.0000 0.7147 0.2824 1.9970
Sanitary Services
Wholesale Trade | 1.0000 0.4701 0.5144 1.9845
Retail Trade 1.0000 0.5393 0.4061 1.9453
F.I.R.E. 1.0000 0.3601 0.1967 1.5569
Personal Services | 1.0000 0.5017 0.4306 1.9322
Business, Repair, | 1.0000 0.5909 0.3903 1.9813
and Professional
Services
Entertainment and | 1.0000 0.6776 0.3390 2.0166
Rec. Services
Health Services 1.0000 0.6531 0.5291 2.1822
Education Services | 1.0000 0.7554 0.4851 2.2406
Government 1.0000 0.6178 0.6319 2.2496

a. The multiplier is the sum of direct, indirect, and induced effects divided by the direct effects.
IMPLAN, 1993
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W Table 2.4 Direct Utility Coefficients

Sector Electric Gas Distribution Water and
Utilities Services Sanitary
Services
Agriculture 0.0079 0.0004 0.0019
Mining 0.0126 0.0001 0.0017
Construction 0.0019 0.0001 0.0005
Food Products 0.0047 0.0006 0.0006
Other Nondurable 0.0051 0.0003 0.0025
Manufacturing
Durable 0.0127 0.0003 0.0006
Manufacturing
Petroleum 0.0007 0.0001 0.0002
Refining
Transportation 0.0022 0.0000 0.0003
Communication 0.0004 0.0000 0.0006
Electric Utilities 0.0000 0.0000 0.0000
Gas Dist. Services 0.0037 0.0000 0.0000
Water and 0.0007 0.0048 0.0477
Sanitary Services
Wholesale Trade 0.0007 0.0000 0.0000
Retail Trade 0.0057 0.0001 0.0002
F.I.R.E. 0.0004 0.0000 0.0002
Personal Services 0.0048 0.0002 0.0004
Business, Repair, 0.0017 0.0001 0.0002
and Professional
Services
Entertainment and 0.0041 0.0001 0.0002
Rec. Services
Health Services 0.0023 0.0001 0.0001
Education Services 0.0034 0.0003 0.0002
Government 0.0041 0.0012 0.0000
Household 0.0064 0.0001 0.0017
IMPLAN, 1993
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W Table 2.5 Total Utility Coefficients

Sector Electric Gas Distribution Water and
Utilities Services Sanitary
Services
Agriculture 0.0116 0.0006 0.0028
Mining 0.0163 0.0002 0.0026
Construction 0.0060 0.0002 0.0013
Food Products 0.0081 0.0008 0.0015
Other Nondurable 0.0077 0.0005 0.0033
Manufacturing
Durable 0.0166 0.0005 0.0015
Manufacturing
Petroleum 0.0013 0.0001 0.0003
Refining
Transportation 0.0061 0.0002 0.0012
Communication 0.0033 0.0001 0.0012
Electric Utilities 0.0000 0.0000 0.0000
Gas Dist. Services 0.0046 0.0000 0.0002
Water and 0.0048 0.0052 0.0510
Sanitary Services
Wholesale Trade 0.0053 0.0002 0.0011
Retail Trade 0.0098 0.0003 0.0011
F.I.R.E. 0.0025 0.0001 0.0007
Personal Services 0.0089 0.0003 0.0014
Business, Repair, 0.0059 0.0003 0.0011
and Professional
Services
Entertainment and 0.0082 0.0003 0.0011
Rec. Services
Health Services 0.0077 0.0003 0.0014
Education Services 0.0085 0.0005 0.0013
Government 0.0099 0.0014 0.0014
Household 0.0108 0.0003 0.0025
IMPLAN, 1993
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CoONCLUSION

When the New Madrid earthquakes took place in 1811-12,
Memphis and its surroundings were relatively unpopulated, and
the event caused little actual damage over and above the destruc-
tion of some aspects of the natural setting. The New Madrid Seismic
Zone is now heavily populated, with the city of Memphis near its
center. The city is an example of the advances of modern society,
which makes its damage potential very high. Moreover, modern
economies are characterized by high degrees of specialization,
efficient location patterns, tightly wound production processes,
and sophisticated human tastes. This means that the Memphis
economy is, as is any major city in the industrialized world, highly
interdependent and streamlined. A shock to a fundamental as-
pect of the system, such as an electricity lifeline, potentially affects
every sector directly when it has its power source interrupted, but
also indirectly when its suppliers and customers must curtail some
or all of their activity as well. The streamlining of modern econo-
mies is an efficient strategy that is especially well represented in
networks, but the lack of redundancy also heightens vulnerability,
as the cutting of one link can bring down the entire system (not
only the electricity network but the entire economy).

This chapter has introduced the major features of the Mem-
phis economy and presented an approach referred to as
interindustry analysis, which is especially adept at modeling eco-
nomic interdependence and its repercussions. Input-output models
have been widely used in natural hazard studies and are espe-
cially accessible not only to economists but planners and engineers.
In the chapters to follow, some of the major contributions of this
monograph are the utilization of an I-O model as a data organiz-
ing framework for economic and engineering considerations of
earthquakes, the refinement of the tool to overcome some of its
inappropriate applications in the past, and its extension into a
mathematical programming format to examine the damage re-
duction possibilities of the reallocation of scarce lifeline resources.
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NOTES

. A major alternative is RIMS Il (U.S. Bureau of Economic Analysis,

1997).

. In technical terms, both I-O and LP are part of a field of economics

called “activity analysis,” which is the examination of production in
terms of linear combinations of inputs and outputs. 1-O is a simple
activity analysis in which there is no choice of production alternatives
(each good is produced by only a single production technique), while
LP is an optimizing solution algorithm to an activity analysis problem
where a choice of technique exists or when an objective function is
specified. In relation to terminology, I-O is obviously an example of
“interindustry” analysis, and so is LP when it is applied to the economy
as a whole (as opposed to a single business enterprise).

. This discussion of methodologies has focused on region-wide impacts,

with an emphasis on the indirect. A major contribution has recently
been made by West and Lenze (1994) detailing how to estimate direct
regional economic losses from natural hazards by piecing together
primary and secondary data; however, their study omits considerations
peculiar to lifeline losses.

. Itis also the case that a small proportion of electricity (less than 5%) is

generated by small independent power producers (usually involving
cogeneration). These are vulnerable to earthquakes, and in some parts
of the U.S. have had good earthquake safety records. They are not
separately identified in this analysis, but the model framework is suf-
ficiently general to do so if warranted for purposes of accuracy.

. The IMPLAN multipliers we used are known as Type Il multipliers. In

general, a multiplier is a ratio of total impacts divided by direct im-
pacts. Versions of multipliers differ according to the calculation of
total impacts. Type | multipliers only include indirect impacts (inter-
industry demands) and are rarely used because they omit a major
component of economic interdependence. Type Il multipliers include
indirect effects and induced effects (those stemming from income pay-
ments and their expenditure).

. The total energy coefficients are derived by premultiplying the set of

direct energy use coefficients by the Leontief Inverse (I-A)", where the
A matrix is the set of direct requirements of each input in the produc-
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tion of the corresponding output (i.e., each Table 2.3 entry in rows 1-
21, as well as the household income portion of the value added row

divided by its column sum).

The views expressed in this paper are solely the authors’and do not nec-
essarily reflect the views of the Bureau of Economic Analysis or the U.S.
Department of Commerce.
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SEISMIC PERFORMANGCE OF
ELECTRIC POWER SYSTEMS

BY MASANOBU S5HINOZUKA
AND HOWARD H. M. HWANG

The most significant recent development in earthquake engi-
neering is the recognition that traditional approaches cannot meet
the growing public demand for better seismic disaster mitigation
strategies to minimize human and property losses resulting from
earthquakes. Traditional earthquake engineering, throughout this
century, concentrated on the development of improved structural
materials, and on more sophisticated methods of seismic analy-
sis, design and construction. Obviously, further development in
this direction is desirable and important, particularly in view of
the significant physical damage sustained by buildings, bridges
and other structures from the January 17, 1995 Hyogo-ken Nanbu
(Kobe) earthquake. There are, however, a number of socioeco-
nomic considerations that are equally, if not more important in
the context of seismic disaster mitigation. These socioeconomic
considerations are an integral part of the seismic hazard mitiga-
tion effort. Dealing primarily with public infrastructure systems,
particularly with electric systems, the economic loss consists of
direct and indirect losses. The direct loss includes the cost of
repair and restoration, the loss of business revenue on the part of
the owner of the system, and the economic loss suffered by the
industries in the region from the direct interruption of the service
by the system. The indirect loss results, in part, from the eco-
nomic loss suffered by various industrial sectors not directly affected
by the service interruption of the system, but whose suppliers or
customers were disrupted. Indirect loss must also include the
impact of human casualty in some form, though this is a matter of
controversy at this time.

In this chapter, seismically induced degradation of system func-
tion is evaluated for Memphis Light, Gas and Water (MLGW)
Division’s electric power system. This evaluation provides the foun-



dation for the ensuing estimation of the economic loss suffered by
the regional industries in the Memphis area from the seismically
induced service interruption of the electric power transmission
system. In this respect, it is mentioned that the interruption of the
power supply will in turn induce malfunction of the MLGW'’s water
delivery system (Shinozuka et al., 1994) aggravating further the
extent of post-earthquake human suffering and economic losses.
The analytical model of the electric system used is not an exact
model of the Memphis system due to the unavailability of com-
plete information, although the model is expected to represent its
approximate physical characteristics. In this regard, caution must
be exercised if the numerical results are to be used for deriving
specific technical and operational recommendations for the Mem-
phis system.

ELECTRIC POWER SYSTEM

3.1.1 CONDITIONS FOR SYSTEM FAILURE

MLGW's electric power transmission network is depicted in
Figure 3.1. It transmits electric power provided by the Tennessee
Valley Authority (TVA) through gate stations to 45 substations in

N : 7
Gate Station A
@ 23kv Substation ‘ i :_..'-..' S
[ O] 12kv Substation 3 P W,

M 500 kv TVA Transmission Line
M 161kv Transmission Line :‘.-." .......
[/\/] 115kv Transmission line
M 23kv Underground Cable )

M Figure 3.1 MLGW's Electric Power Transmission Network
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the network consisting of 500 kv, 16l kv, 115 kv and 23 kv trans-
mission lines and gate, 23 kv and 12 kv substations. The 500 kv
line and gate stations are operated by TVA, and other transmission
lines and substations by MLGW. Each substation is associated
with a service area, and usually one service area is served by only
one substation with two exceptions.

In analyzing the functional reliability of each substation, the
following modes of failure are usually taken into consideration:
(1) loss of connectivity, (2) failure of substation’s critical compo-
nents, and (3) power imbalance. Each of these failure modes is
addressed in the following subsections from the viewpoint of the
ensuing reliability analysis of the MLGW' electric power trans-
mission system.

With respect to the loss of connectivity, it is noted that most of
the transmission lines of the MLGW system are aerially supported
by transmission towers. While by no means does this imply that
the transmission lines are completely free from seismic vulner-
ability, it is assumed in this study that they are, primarily for the
purpose of analytical simplicity. Further study on this issue, par-
ticularly on the seismic vulnerability of transmission towers, needs
to be carried out.

3.1.2 SUBSTATION M oOoDEL

An electric substation consists of several electric nodes sub-
jected to various values of voltage and connected to each other
through transformers to reduce the voltage and/or distribute power
to the service areas. Each electric node consists of many types of
electric equipment such as buses, circuit breakers, and discon-
nect switches. The schematic diagram of an actual MLGW
substation is depicted in Figure 3.2. Among the equipment, buses,
circuit breakers and disconnect switches are seismically the most
vulnerable, as observed during the 1971 San Fernando, 1989 Loma
Prieta and 1994 Northridge earthquakes (Benuska, 1990; Hall,
1994; Goltz, 1994). Figure 3.3 shows the damaged equipment of
Moss Landing 500 kv switchyard at the Loma Prieta earthquake
(Benuska, 1990). As shown in the figure, most of the live-tank
circuit breakers and disconnect switches were damaged. The physi-
cal damage thus sustained by the system produced corresponding
system malfunction that required concentrated repair and restora-
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tion effort to make them operational again. However, in spite of
the damage, the system performed reasonably well during these
earthquakes. Two factors played a significant role in this respect.
First, the high voltage power transmission network is designed to-
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pologically with a sufficient
degree of redundancy in
transmission circuits. Sec-
ond, substations are also
designed with a sufficient
degree of internal redun-
dancy. Actual equipment
configuration in a node is so
complicated that it defies a
rigorous modeling. There-
fore, a simplified but
essentially accurate con-
figuration as shown in
Figure 3.4 is employed. In
Figure 3.4, if only one cir-
cuit breaker CB 11 s
damaged due to an earth-
quake, the node is still
functional because all the
lines remain connected to
each other. However, if CB
11 and CB 13 are damaged
simultaneously, Line A and

Line B are disconnected from the node, thus the function of the
node is impaired. Table 3.1 partially shows the line status result-
ing from a combination (among a possible 32) of the switch status
at Position | in order to judge whether or not the corresponding
mode of line connectivity still functions. In this study, it is as-
sumed that buses and circuit breakers can be broken due to

earthquake ground motion.

Il Table 3.1 Status Table of Position 1

Damaged Status of Switches Line Status
Bus 1 CB Line CB Line CB Bus Line | Line
11 A 12 B 13 A B
0 0 0 0 0 0 0
0 1 1 0 0 1 0
0 1 0 1 0 1 1
0 0 1 1 0 0 1
1 0 0 0 1 1 1
0 1 1 1 0 1 1
1 1 0 0 0 0 0
1 0 1 0 0 1 0
1 0 0 1 0 1 1
1 1 1 0 0 1 0
0: Operational  1: Not Operational
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Utilizing the results of the previous studies by Shinozuka et
al., (1989) and Ang et al., (1992), the fragility curve F (a) for a
circuit breaker is chosen to be a log-normal distribution function
with the median and coefficient of variation equal to 0.45g and
0.38, respectively. This curve is also assumed to be applicable to
bus fragility for the purpose of analytical simplicity.

3.1.3 MONTE CARLO SIMULATION

The damaged state is simulated based on Peak Ground Accel-
eration (PGA) values which are computed at 424 sites in Shelby
County, under a scenario earthquake of moment magnitude M =
7.5 with the epicenter located at Marked Tree in Arkansas, one of
the epicenters of the New Madrid Seismic Zones (see Figure 3.5).
These PGA values are spatially interpolated so that they can be
overlaid with the network.
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M Figure 3.5 New Madrid Seismic Zone
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Utilizing the Geographical Information System (GIS) capabil-
ity existing at the University of Southern California (ESRI, 1988;
Burrough, 1986; and Sato et al., 1991), the map of the electric
transmission network is overlaid with the map of PGA identifying
the PGA value associated with each substation. The fragility curve
for the equipment (buses and circuit breakers) can then be used to
simulate the state of equipment damage involving the equipment
in all the nodes at all the substations of the transmission system.
For each damage state, the connectivity and flow analyses are
performed with the aid of a computer code IPFLOW developed
and distributed by Electric Power Research Institute (EPRI, 1992).

Loss of connectivity occurs when the node of interest survives
the corresponding PGA, but is isolated from all the generating
nodes because of the malfunction of at least one of the nodes on
each and every possible path between this node and any of the
generating nodes. Hence, the loss of connectivity with respect to
a particular node can be confirmed on each damage state by actu-
ally verifying the loss of connectivity with respect to all the paths
that would otherwise establish the desired connectivity. The loss
of connectivity is primarily due to the possible equipment failure
not only at the node of interest but also all other nodes in the
network.

As to the abnormal power flow, it is noted that the electric
power transmission system is highly sensitive to the power bal-
ance and ordinarily some criteria are used to judge whether or not
the node continues to function immediately after internal and ex-
ternal disturbances. Two kinds of criteria are employed at each
node for the abnormal power flow: power imbalance and abnor-
mal voltage. When some nodes in the network are damaged due
to an earthquake, the total generating power becomes greater or
less than the total demanding power. For a normal condition, the
power balance between generating the demanding power is in a
certain tolerance range. Actually, the total generating power must
be between 1.0 and 1.05 times the total demanding power for
normal operation even accounting for power transmission loss.

If this condition is not satisfied, the operator of the electric
system must either reduce or increase the generating power to
keep the balance of power. However, in some cases, supply can-
not catch up with demand because the generating system is unable
to respond so quickly. In this case, it is assumed that the generat-
ing power of each power plant cannot be quickly increased or
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reduced by more than 20% of the current generating power. When
the power balance cannot be maintained even after increasing or
reducing the generating power, the system will be down. This
kind of outage is defined as a power imbalance. This situation,
however, never materialized in this analysis.

As for the abnormal voltage, voltage magnitude at each node
can be obtained by power flow analysis. Then, if the ratio of the
voltage of the damaged system to the intact system is out of a
tolerable range (plus/minus 20% of the voltage for the intact sys-
tem), it is assumed that the node is subjected to an abnormal voltage
and fails.

Each node which makes up a substation has a different func-
tion. Some function as a power receiving node that receives the
high voltage power from the high voltage transmission line and
transfer the power to the lower voltage nodes through transform-
ers. On the other hand, some function as a power distribution
node that distribute the power to the service area. In this study, if
the distribution node fails or is isolated from the network, or re-
ceives an abnormal power flow, the service area is assumed to be
blacked out. Appropriate modification can be made to estimate
the probability of malfunction of the service area served by more
than one node.

For the Monte Carlo simulation, random numbers uniformly
distributed between 0 and 1 are generated for every circuit breaker
and bus in all nodes. The equipment is considered to be broken,
when the random number is less than the value of failure prob-
ability (fragility) for each piece of equipment under the given PGA
value.

Each substation is examined with respect to its possible mal-
function under these three modes of failure for each simulated
damage state. In the present study, a sample of size 100 (N = 100)
is considered for the Monte Carlo analysis. The probability P, of
malfunction of a particular substation m is then estimated as N_/
N = N_/100 where N _is the number of simulated damage states
in which the substation m malfunctions in at least one of the three
modes. On the basis of the flow analysis performed on the net-
work in 100 simulated damage states, the ratio of the average
electric power output (real-power in MW) of the damaged net-
work to that associated with the intact network is computed and
plotted in Figures 3.6 through 3.8 under the scenario earthquake
epicentered at Marked Tree with M = 6.5, 7.0 and 7.5, respec-
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tively. The ratio is a convenient measure to show the degradation
of the system performance due to the earthquake. The average is
taken over the entire sample of 100.

It is observed that the average power output still maintains
almost the same level as the pre-earthquake condition for the M =
6.5 and M = 7.0 events, although the average facility failure rate
at the M = 7.0 event is about four times that of the M = 6.5 event.
This is considered to be the result of the redundancy effect of the
electric system. However, with respect to the M = 7.5 event, the
average output power falls to 50% of the level of the pre-earth-
quake condition, with the average facility failure rate of the M =
7.5 event also being about four times that of the M = 7.0 event. It
is reasonable to conclude then that the redundancy is exhausted
at this rate of facility failure.

In this study, the effect of emergency operations is not taken
into account. Emergency operations are usually implemented by
substation personnel in an effort to maintain the state of power
balance within the criteria, taking advantage of the decline in de-
mand. Since this operation involves human-system interaction
under emergency conditions, it is difficult to construct analytical
models at this time and hence its effect is not evaluated. There-
fore, the actual power supply in the M = 7.5 event as shown in
Figure 3.8 is probably conservative.
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CoNCLUSION

This chapter simulated the MLGW's electric power transmis-
sion system and demonstrated an analytical method by which the
probability of electric power interruption for each service area
can be computed. Special features of the analysis are: (1) essen-
tial use of GIS integrated with systems analysis performed on the
power system; (2) the redundancy that exists in each node within
a substation; and (3) the use of industry standard computer code
IPFLOW for evaluation of power imbalance. These features repre-
sent significant advances in the seismic performance analysis
methodology to estimate direct economic loss suffered by regional
industries from the seismically induced interruption of electricity.
Such direct loss estimates can also be obtained in a similar fash-
ion for the interruption of other lifelines.
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SPATIAL ANALYSIS
TECHNIQUES FOR LINKING
PHYSICAL DAMAGE TO
EcoNOMIC FUNCTIONS

BY STEVEN P. FRENGCH

Until recently, earthquake infrastructure damage models pro-
duced results that characterized the earthquake impact in purely
physical terms. For examples of these types of models, see Davis
et al. (1982a and 1982b); Applied Technology Council (1985);
O’Rourke and Russell (1991); and Shinozuka et al. (1992). Risk
Management Software and California Universities for Research in
Earthquake Engineering provide an excellent review of damage
modeling techniques in NIBS, 1994. The most simplistic of these
models typically characterized damage in terms of breaks per ki-
lometer in the distribution network. More sophisticated models
were developed to estimate the length of time required for service
to be restored. While this type of information was an important
step forward in modeling the impact of an earthquake on infra-
structure systems, it was still not sufficient to understand economic
impacts because there was not a clear linkage between the physi-
cal system and the economic sectors affected by service interruption
of these systems.

In 1989, the National Research Council suggested that earth-
quake damage modeling needed to go beyond physical damage
to capture the social and economic impacts of earthquakes. For
the past decade, social scientists have been developing models
that estimate the impact of an earthquake or other natural hazard
on the social and economic functions of a city or a region. As
discussed in Chapter 2, most of these models have been based on
regional input-output models that define the linkages between
economic sectors (see, for example, Applied Technology Council,
1991; and Rose et al., 1997.) In this project, the physical damage
to the electric system serves as the input to the economic model-
ing. Combining the two historically independent modeling efforts
promises to provide a more comprehensive and more accurate
picture of the true impacts of an earthquake on a regional economy.



This type of economic modeling can help decision makers under-
stand the full effects of an earthquake on their city or region. It
can also help emergency response planners and utility operators
allocate response resources in the most effective manner and set
priorities for hazard mitigation programs.

This chapter describes how the spatial analysis capabilities of
Geographic Information Systems (GIS) are important in modeling
the economic impact of electric power system damage. Similar
approaches are possible for the whole array of lifeline systems,
including water, sewer, telecommunications and transportation.
A Geographic Information System provides a number of features
that are important to the damage modeling process. Since infra-
structure systems consist of complex networks containing many
components with varying degrees of fragility, the Geographic In-
formation System’s ability to store and manipulate large amounts
of spatial as well as attribute information is helpful. The GIS uses
a relational database to store characteristics of system compo-
nents that are important in determining their response to ground
shaking and other earthquake-induced effects. Unlike individual
buildings, infrastructure systems are networks that are spread over
wide areas that include a variety of geotechnical conditions. These
differences in site conditions mean that different parts of the net-
work are likely to experience differential ground shaking effects.
It is critical to be able to associate the appropriate parts of the
network with the corresponding geology and level of ground mo-
tion. The GIS provides the spatial analysis tools needed to combine
site specific geotechnical information with system characteristics
based on location. Most of these capabilities are well known and
will not be reiterated here.

What is unique is the way in which the GIS was used to estab-
lish the linkage between economic sectors and physical damage
to the electric power system. There are several ways in which the
overlay or proximity functions of a GIS can be used to link eco-
nomic activities or service populations to specific parts of the
infrastructure system based on location. At the most elementary
level, firms and employees can be associated with service areas
for which changes in service can be estimated. A more refined
level of analysis uses proximity analysis to associate service popu-
lations or economic activities with individual system components,
such as substations or distribution lines. (For an example of this
type of analysis applied to a water system, see French and Jia,
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1997.) An even more precise approach would use address match-
ing techniques to tie specific economic activities to individual
systems components.

In this particular research, the first approach was selected as
the most appropriate given the level of damage information avail-
able concerning the electric power system. This research utilizes
the spatial aggregation techniques of the GIS to bridge the physi-
cal damage models and the economic loss models. It does so by
linking small area employment information with electric power
service areas. Figure 4.1 shows the conceptual approach used to
link physical damage to economic impact.

Infrastructure
Damage Model

Economic Model

Spatial
Relationship (Small Area Employment

(Interruption by
by Economic Sector)

Electric Power Service
Area)

M Figure 4.1 Conceptual Framework for Linking Lifeline Damage to Economic Impact

DESCRIBING THE
LocAL EcoONOMY

Most economic loss models characterize the size and impor-
tance of economic sectors using measures of economic output.
When aggregate output measures are not available, employment
is often used as a surrogate for the firm’s output or production. As
part of the NCEER research effort, Rose and his colleagues have
developed an input-output model to estimate the interindustry
impacts of damage to the electric power system operated by the
Memphis Light, Gas and Water division of the City of Memphis
(Rose et al., 1997). The IMPLAN input-output model contains
employment in various economic sectors for Shelby County as a
basis for determining the interindustry linkages in the local
economy. Since the electric power lifeline model produces loca-
tion specific damage information, it was necessary to find a data
set that describes the sub-county location of employment in vari-
ous economic sectors.
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The Census Transportation Planning Package (CTPP) provides
the best available inventory of employees by their work location.
This data set was developed to support transportation planning
through a joint effort of the Bureau of the Census and the U.S.
Department of Transportation to support metropolitan transporta-
tion planning (U.S. Bureau of the Census, 1991). The CTPP data
was used for Shelby County to tabulate the number of employees
in each of 18 economic sectors that are compatible with the
IMPLAN model. These economic sectors and their corresponding
Standard Industrial Classification (SIC) codes are shown in Table
4.1.

Il Table 4.1 Economic Sectors

Group # Economic Sector Two-digit SIC
1 Agriculture, Forestry, and Fishing 01, 02, 08, 09
2 Mining 10, 12-14
3 Construction 15-17
4 Nondurable Manufacturing 20-23, 26,27
5 Durable Manufacturing 24,25, 28-39
6 Transportation 40-47
7 Communication/Utilities 48, 49
8 Wholesale Trade 50, 51
9 Retail Trade 52-59
10 F.I.R.E. 60-67
11 Business and Repair Services 73,75,76
12 Personal Services 70, 72
13 Entertainment Services 78,79
14 Health Services 80
15 Educational Services 82
16 Other Professional Services 81, 83, 84, 86-88
17 Public Administration 91-97
18 Armed Forces

This data set does not provide the geographic location of indi-
vidual firms for privacy reasons. The location of the CTPP
employment data is provided by aggregating the data to small geo-
graphic areas called Traffic Analysis Zones (TAZ's). Shelby County
is divided into 618 traffic analysis zones that cover its entire area.
The number of employees for each economic sector for each zone
is reported in tabular form. Figure 4.2 shows the Shelby County
TAZ'’s and the total number of employees that work in each. Simi-
lar data are available for employment within each economic sector.
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SPATIAL ANALYSIS

To make the link between the electric power damage models
and the economic models, a relationship between the TAZ's and
the electric power service areas was developed based on loca-
tion. Several steps were required to establish this relationship: (1)
36 electric power service areas were digitized from a map pro-
vided by the Memphis Light, Gas and Water; (2) electric power
service area boundaries were overlayed on the TAZ’s; and (3) em-
ployment data was aggregated from the TAZ's to the larger electric
power service areas. This employment by economic sector for each
electric power service area was then used to estimate the direct
and indirect economic impacts of power disruption caused by an
earthquake.

As can be seen in Figure 4.3, each electric power service area
contains between 8 and 15 TAZ'’s. The electric power zone bound-
aries are not completely congruent with the underlying TAZ
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boundaries. For those TAZ's that are split between electric power
service areas, their employment was apportioned between the two
based on the area of the TAZ in each. This apportioning method
assumes a uniform distribution of employment within each TAZ.
Without more detailed data on firm location and more specific
information of the distribution of damage over the electric distri-
bution system, this is the best assumption that can be made and
provides the best method of allocating employment to each ser-
vice area. Using this method, employment in 18 economic sectors
was estimated for electric power service area. Figure 4.4 shows
the total employment for each electric power service zone. Simi-
lar data is available for each of the 18 economic sectors. The
employment data provide the basis for estimating the economic
impacts of an earthquake using the IMPLAN [-O model.

CONCLUSION

The spatial analysis techniques available in a GIS provide a
mechanism for linking the formerly separate physical and eco-
nomic modeling efforts using a technique known as a spatial relate.
Output or employment information is generally not available for
electric power service areas, thus the economic impact of the in-
terruption of electric power could not be readily estimated.
Input-output models such as IMPLAN are aspatial, so they cannot
account for the spatial distribution of damage to network systems,
such as the Memphis electric power system. The overlay capabili-
ties of the GIS provide a way to create employment data for each
electric power service area. Once the data are in hand, it is a
relatively straightforward matter to estimate the direct and indi-
rect economic impacts of damage to the electric system using
standard input-output techniques.

This approach is applicable to a wide range of social and eco-
nomic impact applications. While some of the employment data
must be estimated due to the incongruence of the TAZ's and the
electric power service areas, the error likely to result from this
problem is certainly acceptable given the uncertainties that exist
throughout the earthquake damage modeling process.
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EARTHQRQUAKE VULNERABILITY
AND EMERGENDCY
PREPAREDNESS AMONG
BUSINESSES

BY KATHLEEN J. TIERNEY AND
JAMES M. DAHLHAMER

To be effective, earthquake loss reduction policies must be
based on an understanding of the range of impacts earthquakes
produce. These impacts include not only deaths, injuries, and
direct physical damage to the built environment, but also indirect
impacts, including losses resulting from economic disruption. Sev-
eral other chapters in this monograph have focused on how
earthquake-induced electrical power service interruptions are likely
to affect overall economic activity and different economic sectors
in the Greater Memphis area. This chapter looks more specifi-
cally at the vulnerability of businesses in Memphis and Shelby
County to physical damage and lifeline service interruption. It
also explores the extent to which business owners are concerned
about the earthquake problem and taking steps to avoid damage
and disruption.

Despite their obvious economic and social importance, until
recently there has been little systematic research focusing specifi-
cally on business vulnerability to disasters. However, several
studies have documented the serious damage U.S. disasters have
done to commercial districts. The downtown business district of
Xenia, Ohio, for example, was devastated by a tornado in 1974.
Coalinga, California virtually lost its downtown shopping area in
the 1983 earthquake; in 1989, the Loma Prieta earthquake seri-
ously damaged the downtown business districts of Santa Cruz and
Watsonville. In 1992, Hurricane Andrew devastated businesses
and business districts in southern Dade County, Florida.

The potential for negative economic impacts is clear in such
cases. When business district damage is extensive, communities
are forced to deal with a range of recovery-related problems, in-
cluding potential declines in property and sales tax revenues,
threats to long-term business district viability, the potential loss of



important businesses, concerns that customers will go elsewhere
for goods and services, and the need to undertake complex recon-
struction and redevelopment projects. Disaster-related business
closures can put people out of work and make it difficult for com-
munity residents to obtain the goods and services they need.

Experiencing a disaster can also have consequences for indi-
vidual businesses. Disasters typically cause business interruption,
either through direct damage to business properties or through
the disruption of lifeline services. Being forced to shut down for
even a short period of time can result in significant losses for some
businesses. Businesses that are destroyed or damaged in a disas-
ter must bear the costs associated with reconstruction; those that
are forced to relocate may not be as successful in their new loca-
tions. The kinds of government grants that are made available to
homeowners suffering disaster losses, such as the Federal Emer-
gency ManagementAgency’s Individual and Family Grant Program,
are not available to businesses. The principal governmentally-spon-
sored recovery program for businesses, operated by the Small
Business Administration, is a loan program, which means that
businesses cannot use that form of aid without taking on addi-
tional debt.

The small but growing literature on disasters and businesses
suggests that disasters may have differential effects on different
types of businesses; while some may be relatively unaffected or
even better off after experiencing a disaster, others may decline.
Durkin’s work (1984) on businesses that were affected by the 1983
Coalinga earthquake, for example, suggests that businesses that
are only marginally profitable, that lease rather than own their
business space, that are heavily dependent on foot traffic, and that
lose expensive inventories may fare worse than other businesses
in the aftermath of a disaster.

Kroll et al. (1991), in their study of the impact of the Loma
Prieta earthquake on small businesses in Oakland and Santa Cruz,
found that businesses in the trade and service sector were most
vulnerable to disruption in that event, and that smaller firms suf-
fered proportionately greater losses than larger ones. In contrast,
some businesses, such as those involved in construction, reported
being better off following the earthquake.

Alesch et al. (1993) argue that small businesses suffer dispro-
portionately following disasters, for several reasons. They typically
have lower financial reserves to draw upon, and they tend to op-
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erate in single locations, so that serious damage can put them
completely out of business. Small businesses tend to be less con-
cerned about risk management than larger businesses; they are
less likely to be insured, and they have less money to invest in
mitigation and preparedness.

Gordon et al. (1995), who studied the business impacts of the
Northridge earthquake, found that 80% of the businesses in their
sample experienced some degree of earthquake-related business
interruption. They estimated that the aggregate business interrup-
tion losses incurred in that event were just under $6 billion,
accounting for approximately 23% of the total dollar losses result-
ing from the earthquake, which they estimated at around $26.1
billion.

Other studies suggest business outcomes following disasters
may be related to the access they have to certain recovery-related
resources. Dahlhamer (1992), in an analysis of the loan decision-
making process for 309 businesses in four Southern California
communities that were affected by the Whittier Narrows earth-
quake, found that proprietor characteristics, business
characteristics, and community location were associated with the
ability to obtain Small Business Association (SBA) assistance, as
well as with the loan terms offered. Dahlhamer’s data indicate
that the SBA uses standards similar to those of commercial lenders
in making decisions about whether to grant loans and what inter-
est rates to charge, and that certain types of businesses may be at
a disadvantage in attempting to obtain SBA funds.

Several years ago, the Disaster Research Center (DRC) began
carrying out research in order to shed light on business vulner-
ability to disasters, how disaster-related damage and disruption
affect business operations, and business mitigation and prepared-
ness practices. Following the devastating floods that struck the
Midwest in 1993, DRC studied the ways in which flooding and
flood-induced lifeline service interruptions affected the operations
of businesses in Des Moines and Polk County, which were hard-
hit by the flooding. That study found that approximately 40% of
the businesses surveyed were forced to close down for at least
some time during the flooding. Rates of business closure were
highest for large manufacturing and construction firms and large
companies offering business and professional services. Only about
20% of the businesses that closed did so because of actual physi-
cal flooding of the property. More frequently, they couldn’t do
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business because of loss of water, electricity, sewer and waste water
services, and because customers and employees lost access to the
business. Compared with flood damage, the loss of critical life-
line services was a much more important cause of business closure,
affecting a significantly larger number of businesses.

The floods appear to have had slight but discernable impacts,
both positive and negative, on businesses in Des Moines. Ap-
proximately one year after the floods, 70% of the businesses had
recovered to pre-disaster levels, 18% were better off, and 12%
were worse off than just prior to the flooding. (For more detailed
discussions of the Des Moines survey, see Tierney, Nigg, and
Dahlhamer, 1996 and Tierney, 1997b).

A similar DRC study on businesses in Los Angeles and Santa
Monica, California after the 1994 Northridge earthquake found
that physical damage and lifeline service loss were widespread in
the impact area. Just over half (56%) of businesses in the two
study communities were directly damaged by the earthquake, 61%
lost electricity, and 54% lost phone service for some period of
time, although lifeline service interruption following the earth-
quake was less extensive and lengthy than lifeline disruption in
the Midwest floods. Of the businesses surveyed, 56% closed for
some period of time as a result of the earthquake. In general,
small businesses were more likely to close than larger ones. The
most common reasons why businesses closed were the need to
clean up damage, loss of electricity, the inability of employees to
come to work, loss of phone service, and damage at owners” homes
that took precedence over damage at the business.

At the time the survey was conducted, approximately 18
months after the earthquake, about half of the businesses surveyed
rated their well-being as comparable to what it had been before
the earthquake. One-fourth of the businesses reported being bet-
ter off, while for a comparable number, business had declined.
Larger firms were more likely to have recovered, while businesses
located in high-shaking-intensity areas and businesses that expe-
rienced operational problems following the earthquake (e.g.,
difficulty delivering or obtaining supplies, loss of customers) were
more likely to report being worse off. (For a more detailed discus-
sion of these findings, see Tierney, 1997a; Tierney and Dahlhamer,
1997; and Dahlhamer andTierney, 1997; Dahlhamer andTierney,
forthcoming).
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MEMPHIS/SHELBY
COUNTY USINESS SURVEY

In 1993, as part of NCEER’s coordinated Memphis/Shelby
County seismic risk assessment project, DRC conducted a study
on earthquake hazard awareness, perceived vulnerability to earth-
quake-induced lifeline service interruption, and disaster
preparedness among proprietors of a representative sample of
businesses in Memphis and Shelby County, Tennessee. In the first
stage of the sampling design, the 27,197 businesses in Shelby
County were aggregated by Standard Industrial Codes (SIC) into
five business sectors: wholesale and retail sales; manufacturing,
construction, and contracting; business and professional services;
finance, insurance, and real estate (F.I.R.E.); and other businesses
(agriculture, forestry, and fishing; mining; transportation, commu-
nication, and public utilities). In the second stage of the design,
small (those with less than twenty employees) and large (those
with twenty employees or more) businesses were randomly se-
lected within each of the five sectors.

The survey instrument developed for the study was an 11-page
mail questionnaire containing items on business characteristics;
owners’ perceptions of the short- and longer-term risk of earth-
quakes in the Memphis area; ratings on the extent to which
businesses rely on various lifeline services, along with assessments
of the length of time businesses could operate without those ser-
vices; and questions on the extent to which businesses had
undertaken mitigation and preparedness measures to contain and
manage disaster-related damage and disruption.

A total of 1,840 businesses were randomly selected to partici-
pate in the study. Following a modified version of Dillman’s (1978)
“total design method,” an initial mailing was sent to those busi-
nesses in early June, 1993. Survey participants who did not respond
within three weeks were sent a reminder postcard, which was
followed one month later by a second mailing of the question-
naire to non-respondents. Follow-up phone calls, timed to coincide
with the second mailing, were made to businesses that had not
yet replied to the survey. A total of 737 questionnaires were re-
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ceived, for a 40% response rate, which was adequate for under-
taking the necessary statistical analyses.

Table 5.1 contains general
information on the businesses
Median Length of 14 Years in the Memphis/shelby County
Time in Business sample. At the time of the sur-
vey, the median age of the
Individual Firm 69% blfISlnesseS was ,14 years.
Franchise/Chain 319% Slightly over two-thirds were in-
dividual firms, and 63% leased,
Own Space 179, rather than owned, the business
Lease Space 63% property. The study methodol-
ogy was designed to target large

as well as small firms, and the
Number of Employees
Mean 60 mean number of employees for
Median 6 businesses in the sample was
60. However, the median busi-
ness size was six employees, indicating that the small businesses
in the sample were generally very small.

This chapter discusses survey findings on business vulnerabil-
ity to earthquake-induced disruption and on business mitigation
and preparedness activity. To begin addressing questions of differ-
ential business vulnerability, sectoral and size differences are
emphasized in the discussion.

[l Table 5.1 Business Characteristics

BUSINESS VULNERABILITY

The survey attempted to assess business vulnerability to earth-
quake-related damage and disruption in several ways. First, to
determine levels of exposure to physical damage, information on
the types of buildings in which businesses of different types are
located was obtained. Second, business dependency on major
lifeline services and the ways in which lifeline service loss would
affect business operations was assessed. Third, estimates from
business owners on how long they could afford to be shut down
without incurring financial losses were obtained. Finally, busi-
ness owners were asked to provide their subjective ratings of the
likelihood of future earthquakes and their probable consequences.
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5.2.1 BuiLDING TYPE AND BUSINESS
LocATION

The relationship between the degree of structural damage a
building sustains and post-earthquake business functionality is not
linear. Obviously, if a building collapses completely or even par-
tially in an earthquake, the businesses it houses are also likely to
incur very severe damage and loss of functionality. However, the
reverse is not the case: even if buildings survive an earthquake
with minor or no structural damage, businesses in those structures
can still suffer severe losses due to nonstructural damage, damage
to contents and inventory, lifeline service interruption, or other
causes. As the Des Moines case discussed above indicates, life-
line loss alone is sufficient to render businesses inoperable, even
without physical damage. Thus it is difficult to make inferences
about business impacts on the basis of data on building types.
Nevertheless, other things being equal, businesses that are located
in hazardous types of buildings, such as unreinforced masonry
buildings, generally face higher risks because of the danger of
building collapse and serious structural damage. This assumption
seems particularly valid for Memphis, since the community has
adopted no provisions for retrofitting these types of structures.

Other analyses in this monograph have focused mainly on
how power system damage and subsequent service interruption
will affect economic activity in the Greater Memphis region. How-
ever, since respondents in this study were asked to provide
information on the type of building housing their businesses, some
conclusions can be drawn about their vulnerability to structural
damage. Several building types, including wood frame, brick,
concrete, and steel were listed in the survey questionnaire. On
the assumption that masonry buildings are most at risk for col-
lapse and severe damage, structures were classified into two
categories, “brick” and “other.”

As shown in Table 5.2, 24% of the businesses in the sample
reported being located in brick buildings. Small service firms (33%)
were the most likely to be housed in brick structures, followed by
small businesses in the F.I.R.E.(31%) and manufacturing and con-
struction sectors (30%). While 21% of the small wholesale and
retail trade businesses were housed in brick buildings, only 5% of
the large businesses in this sector were located in those types of
structures.
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W Table 5.2 Percent of Businesses in Brick Versus T-test results indicated
“Other” Buildi by T d Size of Busi .
er Bulldings by Type and Size of BUSINESS — that small businesses are

(in %) 2 ;
significantly more likely to
Type and Size of Business Brick Other be housed n masonry
structures than their larger
Wholesale and Retail Trad L2
el (et e 206 | 794 counterparts. No signifi-
Large (N=38) 53| 947 cant relationships were
Manufacturing and Construction found between economic
Small (N=67) 29.9 70.1 . .
Large (N=30) 167 | 833 sector and the bUI|dlng
Business and Professional Services types n Wthh bUSlneSSQS
Small (N=153) 333 | 667 P
e s 33 87 were located. Small busi
nesses, regardless of type,
Finance, Insurance, and Real Estate . .
small (N=75) 307 | 693 are disproportionately lo-
torge (N=22) 136 ) 8od cated in buildings that have
Other 1 il _
o et | 73o a hlgher probabll.lty of col
Large (N=34) 88 | 912 lapsing or sustaining severe
All Businesses (N=696) 243 | 757 structural damage in an
earthquake.

These findings are consistent with other research indicating
that a substantial proportion of the nonresidential building stock
in Memphis is highly vulnerable to earthquake damage. Jones and
Malik (1996), using tax assessors’ records, estimate that about
12,000 of the approximately 21,800 commercial and industrial
buildings in Memphis and Shelby County are masonry, and that
those structures account for about 45% of the total commercial
and industrial building area. This study, which focuses on busi-
nesses, rather than buildings, makes it possible to locate specific
types of businesses and economic activities in particular types of
structures. Although this monograph concentrates on lifeline dam-
age and its economic impacts, physical damage to structures
housing businesses will clearly be a very important source of di-
rect and indirect economic loss in future New Madrid events.

5.2.2 LIFELINE DEPENDENRLCY

Survey respondents were asked to rate the importance of five
lifeline services — electricity, water, natural gas, sewers and waste-
water treatment, and telephone services — to their ability to do
business. A four-point scale, ranging from “Very important” to
“Not important at all” was used.
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Table 5.3 summarizes ITabIe‘5.3 _Importance of Utilities to Business
. Operations (in %)
those Importance assess-

ments. A large majority of Utility Very | Imp.| Not | Not
business respondents Imp. Very | Imp.
Imp. | at All

rated electrical and tele-
phone services as very

r . Electricity 82.1 14.3 3.3 0.3
important to their opera-
. Water 27.1 | 33.4 31.3 8.2
tions (82% and 78%,
respectively) and Only a Natural Gas' 18.4 | 28.7 | 39.5 13.4
7
very small number rated Wastewater Treatment | 22.6 | 31.6 | 32.6 | 13.3
these lifelines as unimpor- Telephone 278 11751 32 | 15

tant. Water, wastewater
treatment, and natural gas
were also seen as important by Memphis businesses, but by a
much less substantial margin.

Next, size and sectoral variations in the need for electricity
and telephones (the two most critical lifeline services) were re-
viewed (see Table 5.4). Large businesses in the F.I.R.E. sector
assigned the highest importance ratings to electricity; in fact, there

a. Asked only of businesses using natural gas.

W Table 5.4 Importance of Electricity by Type and Size of
Business (in %)

Type and Size Very | Imp. | Not | Not
of Business Imp. Very | Imp.
Imp. | at
All

Wholesale and Retail Trade

Small (N=148) 79.7 | 15,5 | 4.7 0.0

Large (N=41) 87.8 | 12.2 | 0.0 0.0
Manufacturing and Construction

Small (N=71) 73.2 1 19.7 | 4.2 2.8

Large (N=29) 86.2 | 13.8 | 0.0 0.0
Business and Professional Services

Small (N=152) 88.8 86| 2.6 0.0

Large (N=56) 83.9 | 16.1 0.0 0.0

Finance, Insurance,
and Real Estate

Small (N=79) 823|139 ]| 3.8 0.0

Large (N=24) 100.0 0.0 | 0.0 0.0
Other

Small (N=70) 67.1 257 71 0.0

Large (N=30) 76.7 | 16.7 | 6.7 | 0.0

All Businesses (N=722) 82.1 | 143 3.3 0.3
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M Table 5.5 Importance of Telephones by Type and Size of Business

(in %)
Type and Size Very | Imp. | Not | Not
of Business Imp. Very | Imp.
Imp. at
All

Wholesale and Retail Trade

Small (N=148) 77.0 16.2 4.1 2.7
Large (N=41) 75.6 14.6 7.3 2.4
Manufacturing and Construction

Small (N=70) 75.7 | 20.0 1.4 2.9
Large (N=29) 759 | 20.7 0.0 3.4

Business and Professional Services
Small (N=152) 78.3 16.4 4.6 0.7
Large (N=56) 71.4 | 23.2 3.6 1.8

Finance, Insurance, and Real Estate
Small (N=79) 83.5 16.5 0.0 0.0
Large (N=21) 75.0 | 20.8 4.2 0.0

Other

Small (N=70) 80.0 | 18.6 1.4 0.0
Large (N=30) 90.0 | 10.0 0.0 0.0
All Businesses (N=721) 77.8 | 17.5 3.2 1.5

were no businesses in this group that did not consider electricity
very important. In general, large businesses were more likely than
small ones to consider electricity very important for their opera-
tions; small service-oriented businesses, 89% of which considered
electricity very important, are an exception to this pattern.

Just over three-quarters of the sample judged telephone ser-
vice to be very important to their business activities. This lifeline
was rated as highest in importance by large businesses in the “other”
category; small businesses in that category and in the FI.R.E. sec-
tor also tended to see phones as crucial for their ability to do
business (Table 5.5).

A related question in the survey asked how long firms could
stay in operation if they lost any of the five lifeline services. Again,
electricity was considered by respondents to be most critical for
their ability to do business, with 59% reporting that loss of electri-
cal power would cause them to shut down immediately. Telephone
services were also seen as crucial for staying in business; the me-
dian length of time business owners said they could operate without
phones was four hours. Owners believed they could stay open
longer (about two days) without water or wastewater services and
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reported bemg least l Table 5.6 Median Number of Hours Businesses Could
Operate with Lifeline Loss

dependent on natural
gas (see Table 5.6). Lifeline Median Number

In other analyses Service of Hours
using data on lifeline
importance, Nigg
(19954, 1 995b) found Water 48
that size and sector
were unrelated to re-
liance on electrical Wastewater Treatment 48
power; businesses
universally consider
this service critical.
There was some variation in the assessed criticality of phone ser-
vice, with small businesses in the wholesale and retail trade sector
indicating they could stay open longer than other businesses if
phone service were lost. Small businesses considered themselves
significantly less dependent on water service than their larger coun-
terparts, and service-oriented businesses reported greater reliance
on sewer and wastewater treatment services.

These data provide a basis for ranking lifeline services in terms
of their importance for continued business activity. Owners view
electrical power and telephone service as crucial by both criteria
discussed above—assessed importance for operations and the po-
tential impact of service loss. Most cannot envision remaining
open for any appreciable period without those services. An earth-
quake causing extensive damage to electrical and telephone
transmission or distribution systems serving the Memphis area
would thus have an immediate and substantial negative impact
on economic activity.

Additionally, businesses generally cannot tolerate loss of wa-
ter or wastewater treatment service for longer than about two days
without being forced to close. Since restoration times for these
lifelines could be lengthy following a major earthquake in the
New Madrid area, their loss could also have major negative eco-
nomic effects.

Data from this section of the survey were used by other NCEER
investigators to quantify potential regional economic impacts of a
New Madrid earthquake event. In Chapter 6, Stephanie Chang
used the data to calculate measures of business lifeline depen-
dency and resiliency for Memphis/Shelby County businesses. Those

Electricity 0

Natural Gas 120

Telephones 4
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data were then combined with French’s GIS-based data on em-
ployment patterns within the county’s electric power service areas
(see Chapter 4), data on the spatial distribution of electric lifeline
service disruption, and projections on probable restoration times
derived from research on recent events, to estimate the direct eco-
nomic impacts of electric power disruption and restoration.

5.2.3 PERCEPTIONS OF THE EARTHQRUAKE
THREAT

M Table 5.7 Perceived Earthquake Probabilities (in %) To assess the ex-

tent to which

Year(s) Very Likely Not Not earthquakes were per-
Likely Very Likely

ceived as a problem
within the business
community, respon-
30 25.7 44.4 26.3 3.6 dents were asked to
rate the probability of
a damaging earth-
1 17 | 186 | 543 | 255 | quake striking the
Memphis/Shelby
County area within the
next year, the next ten years, and the next thirty years, using a
four-point scale. As Table 5.7 indicates, owners generally did not
believe a damaging earthquake was likely within the coming year;
although about one-fifth of the sample viewed such an event as
likely or very likely, the majority rated such an event as not very
likely or not likely at all. However, perceptions of the risk began
to shift as longer time-frames were considered. The sample was
about evenly split between respondents who thought a damaging
earthquake was likely or very likely in the next ten years and those
who didn’t think an earthquake was probable. The proportion of
those considering an earthquake likely or very likely rose further,
to about 70%, for the thirty-year time window. Based on these
data, it appears that business proprietors were moderately con-
cerned about the earthquake hazard in the Memphis area. While
they didn’t consider the threat of a damaging earthquake imma-
nent—i.e., something that could occur within the next year—they
did assess the probability in the next one to three decades as rela-

Likely | atAll

10 9.5 42.7 41.3 6.4
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tively high. Subsequent analyses indicated that these risk percep-
tions were not related either to business size or business type.

BUSINESS PREPAREDNESS

5.3.1 ADOPTION OF PREPAREDNESS
MEASURES

One of the main objectives of the survey was to assess the
extent to which businesses were engaging in activities designed to
reduce losses and enhance emergency response capability in the
event of an earthquake. Respondents were asked to fill out a miti-
gation and preparedness checklist containing both general
emergency preparedness and earthquake-specific items; included
in the list were activities such as having the building structurally
assessed, providing emergency training for employees, bracing
shelves and other equipment, stockpiling first aid kits and emer-
gency supplies, having backup power, and having a business
recovery plan.

Table 5.8 summarizes owners’ reports on the extent to which
they had implemented these measures at their businesses. The
more frequently-adopted measures were those geared toward gen-
eral preparedness, rather than those that are earthquake-specific.
For example, over half the businesses in the sample had obtained
first aid kits or extra medical supplies (60%) and had learned first
aid (51%). A moderate proportion of the businesses surveyed had
stored extra office supplies (30%) and fuel or batteries (22%) for
use in the event of an earthquake. A comparable percentage had
purchased business interruption insurance (30%). Activities un-
dertaken by only a small fraction of the businesses in the sample
include holding earthquake training programs for employees (11%),
having the business property assessed for structural safety (11%),
conducting earthquake drills or exercises (9%), and making ar-
rangements to move the business to an alternative location in the
event of a damaging earthquake (9%).

Interestingly, a sizeable percentage of the sample had purchased
earthquake insurance (41%) and attended meetings or received
written information on earthquake preparedness (40%). These
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Il Table 5.8 Business Preparedness Activities (in %)

Preparedness Activity Have Done
Obtained a First Aid Kit 60
Learned First Aid 51
Purchased Earthquake Insurance 41
Attended Meetings or 40
Received Written Information
Stored Office Supplies 34
Talked with Employees About 30
What to Do in Earthquake
Purchased Business Interruption Insurance 30
Stored Fuel or Batteries 22
Developed a Business Emergency Plan 22
Braced Shelves and Equipment 17
Obtained an Emergency Generator 15
Stored Food or Water 14
Developed a Business Recovery Plan 13
Held Earthquake Training 11

Programs for Employees

Had Engineer Assess Structural 11
Safety of Building

Made Arrangements to Relocate 9
Business in Case of an Earthquake

Conducted Earthquake Drills 9
or Exercises with Employees

relatively high levels of information-gathering and insurance cov-
erage can probably be explained in part by increases in earthquake
awareness in the Central U.S. resulting from the 1990 Iben Brown-
ing earthquake prediction. During the late summer and fall of
that year, the entire New Madrid region was bombarded with earth-
quake-related information; numerous organizations, including the
Central U.S. Earthquake Consortium (CUSEC), the Red Cross, and
the Federal Emergency ManagementAgency, conducted prepared-
ness campaigns in Memphis and other Central U.S. communities.
A DRC survey conducted in Memphis and Shelby County in the
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fall of 1990, just prior to the December 3 “prediction” date, re-
vealed that community residents had been extensively involved in
seeking and sharing information about earthquakes (Tierney, 1994).
This concern evidently carried over into their business-related
activities.

While the number of businesses that engaged in some of the
preparedness measures asked about was relatively large, overall
the business community in Memphis/Shelby County was not well-
prepared for earthquakes at the time of the survey. Only two of the
seventeen activities on the checklist — obtaining a first aid kit and
learning first aid — had been carried out by more than half of the
firms in the sample; the mean number of preparedness activities
undertaken by businesses was four, and the median was three.
Fifteen percent of the sample had not engaged in even one of the
preparedness activities listed, and an additional 10% had engaged
in only one. These data suggest that while business owners in the
Memphis/Shelby County area know about the hazard and see a
damaging earthquake as likely in the next 10-30 years, they are
actually doing little to prepare for a future damaging earthquake.

To put things into perspective, these findings on business pre-
paredness don’t differ appreciably from what has been observed
in other communities. In Southern California, where earthquake
experience is much more extensive, most businesses had done
little to prepare for earthquakes prior to the Northridge earthquake,
and even after that event improvements in preparedness were quite
small. Like their counterparts in Memphis, Southern California
businesses also tended to favor the more generalized and less ex-
pensive types of preparedness activities, like stocking first aid
equipment, as opposed to undertaking earthquake-specific and
more costly loss reduction measures (Dahlhamer and Reshaur,
1996; Tierney and Dahlhamer, 1997).

5.3.2 EXPLAINING BUSINESS PREPAREDNESS

To identify factors associated with business willingness to pre-
pare for earthquakes and other disasters, several models were
tested; the one discussed here expands a model developed and
analyzed earlier by Dahlhamer and D’Souza (1997). Included in
the model are: (1) business characteristics, specifically the age of
the business, whether the business is an individual firm or a fran-
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chise or part of a chain, whether the business property is owned
or leased, business size (i.e., the number of full-time employees),
the financial condition of the business, as assessed by the busi-
ness owner, and business sector; (2) owners’ perceptions of the
likelihood of a future damaging earthquake; (3) an index of own-
ers’ assessments of the importance of four lifeline services
(electricity, telephones, water, and sewer and wastewater) for busi-
ness operations'; and (4) previous disaster experience. The
dependent variable in the analysis, business preparedness, con-
sisted of an index of the 17 preparedness items listed in Table 5.8.

Regression analysis was used to test the model. As shown in
Table 5.9, the overall model was significant (F=11.4901). The
adjusted R? is .1931, indicating that the model explains approxi-
mately 19% of the variance in preparedness.

Four of the model variables were significantly related to busi-
ness disaster preparedness. Size was by far the strongest predictor
of preparedness levels; larger businesses were significantly more
likely to engage in preparedness activities than their smaller coun-
terparts. This is consistent with previous research on business
disaster preparedness (Drabek, 1991, 1994a, 1994b; Quarantelli
et al., 1979). Size may be indicative of business financial well-
being?, or may make it more likely that a firm will have resources
to support preparedness activity. Conversely, smaller firms may
simply lack the resources or staff to devote to preparedness activi-
ties. Mileti et. al., (1993), for example, note that large firms are
more likely to have staff who are specifically assigned disaster
preparedness tasks.

Owners of business properties were significantly more likely
than lessees to undertake loss reduction measures. This finding is
consistent with research on households, which indicates that
homeowners are better prepared than renters (Turner, Nigg, and
Paz, 1986). Compared to those who lease, building owners may
see themselves as having more to lose in the event of a disaster.
Owners may also have access to more financial resources than
renters for undertaking preparedness activities. Finally, they may
be able to undertake to a wider range of preparedness activities;
for example, they can have an engineer structurally assess the
building housing the business, while renters would be highly un-
likely to do so.

Business type is also significantly related to preparedness. Busi-
nesses in the F.I.R.E. sector were significantly more likely to engage
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M Table 5.9 Regression Coefficients and Standard Errors for Business Preparedness
Model

Independent Standard Unstandard- | Standardized
Variables Errors ized Coefficients
Coefficients

Business Characteristics

Age of Business .0768 .0901 .0504
Individual Firm or Franchise .3202 -.3716 -.0486
Own or Lease .3059 1.0763 .1486°

Number of Full-Time Employees 1106 .5400 2265°
Financial Condition 1826 .1898 .0433
Wholesale/Retail 4274 -.4129 -.0537
Manufacturing/Construction 5167 -.2121 -.0206
Business/Professional Services 4533 .3309 .0432
Finance/Insurance/Real Estate 5377 1.6370 .1508°

Risk Perception

Likelihood of an Earthquake .3421 1.5364 .1803°
Utility Importance

Utility Importance .0762 1472 .0816
Disaster Experience

Previous Disaster Experience 4465 7721 .0701

R? 2115

Adjusted R? 1931

F-Value 11.4901°

a. p<.01 b. p<.001

in preparedness activities than other businesses. Although this sur-
vey can't directly shed light on why is the case, it is possible that
outreach efforts have targeted this sector more than others. For
example, the Central United States Earthquake Consortium
(CUSEC) has paid considerable attention to potential earthquake
impacts on the FI.R.E. sector. Some other investigators have also
found sectoral differences in preparedness levels (see, for example,
Drabek, 1991, 1995; Mileti et al., 1993).

Finally, risk perception, or owners’ estimates of the likelihood
of a future damaging earthquake, was also significantly related to
preparedness. Those who saw the likelihood of a future damaging
earthquake as high were significantly more likely to engage in
preparedness activities than those who were less concerned about
the earthquake problem.

The variables in the model that were unrelated to business
preparedness included the age of the business, owners’ ratings of
the importance of utilities for business operations, the company’s
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status as an individual firm or a franchise, owners’ assessments of
the financial condition of the business, and previous disaster ex-
perience. The finding regarding disaster experience is surprising,
since other studies (e.g., Drabek 1994a, 1994b; Mileti, etal., 1993)
have found that businesses that have gone through one or more
disasters are more likely to prepare.

CoONCLUSION

Memphis businesses are clearly vulnerable to earthquake-in-
duced disruption; this vulnerability stems in part from the types of
buildings in which they are housed and from their dependence on
lifeline services that are susceptible to earthquake damage. Nearly
one-fourth of the businesses surveyed are located in masonry build-
ings; this pattern alone suggests high levels of exposure to potential
earthquake damage. Business operations are critically dependent
on electrical power; more than half the businesses in the survey
indicated that they would be forced to shut down immediately if
they were to lose electricity. Telephone service is also viewed as
extremely important by Memphis firms; the loss of this service
would also be felt immediately by business operators. Although
services such as water and wastewater treatment are considered
somewhat less important, the loss of those services would have a
detrimental impact within a relatively short period of time—ap-
proximately 48 hours. A major New Madrid earthquake has the
potential for causing extensive lifeline service disruption in the
Memphis area.The survey data indicate that such disruption would
almost immediately result in significant business interruption losses.

Business owners in the Memphis area are aware of the earth-
quake problem, and while they do not see the threat of a damaging
earthquake as immanent, they do consider the potential for such
an event over the next three decades to be significant. This moder-
ately high level of concern is attributable in part to the heightened
public curiosity and large-scale public awareness and education
campaigns that resulted from the 1990 Iben Browning New Madrid
prediction scare. The data also show that awareness of the earth-
quake problem is important for explaining actions taken with
respect to the hazard. Belief in the probability of a future damag-
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ing earthquake is high among those who are willing to engage in
preparedness activities. However, consistent with the disaster lit-
erature, hazard awareness alone wasn’t sufficient to explain
preparedness.

Despite moderately high risk perceptions, Memphis businesses
generally have not been enthusiastic about adopting hazard miti-
gation and preparedness measures. While some businesses show
a slight inclination to prepare by taking one or two minimal steps,
such as keeping first aid supplies on hand or having employees
learn first aid, they are highly unlikely to engage in more compre-
hensive preparedness efforts.

The survey data also point to factors that are associated both
with earthquake vulnerability and with levels of preparedness
among Memphis businesses. Business size is one such factor.
Small businesses are more likely than their larger counterparts to
be located in masonry buildings, the kinds of structures that are
particularly vulnerable to major earthquake damage. At the same
time, small businesses are less likely than large ones to undertake
preparedness activities. Survey findings regarding the importance
of size are consistent with other research, as well as with DRC’s
recent study on the Northridge earthquake (Tierney, 1997a), which
suggest that small businesses were especially vulnerable to disas-
ter-related losses and disruption in that event. Sector also turned
out to be important for preparedness in Memphis; firms in the
F1.R.E. sector were most likely to have taken steps to prepare for
earthquakes and other disasters. Owners of business properties
were more likely to adopt preparedness measures than renters,
indicating that building ownership creates additional incentives
for loss reduction.

Finally, the Memphis data suggest that the commonly-used
approach to encouraging earthquake and general disaster prepared-
ness among businesses, which emphasizes public awareness and
education but stops short of using stronger incentives, is achiev-
ing little. Lack of awareness is not the main barrier to hazard
reduction. The Memphis survey respondents knew about the
region’s earthquake problem, but for most business owners that
awareness did not translate into action. To encourage broader
adoption of loss reduction measures, such measures must be made
attractive to and affordable for the business community. Busi-
nesses must also understand that their economic survival may well
hinge on the extent to which they are able to cope with disasters
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and their impacts. Recognizing this need, the Central U. S. Earth-
quake Consortium, theTennesseeValley Authority, and other groups
have been actively supporting the work of the Memphis Business
Emergency Preparedness Council (BEPC), a private-sector organi-
zation whose objective is to address the physical and economic
vulnerability of Memphis area businesses to earthquakes and other
disasters (CUSEC, 1997). Organizations like BEPC have an im-
portant role to play, since the evidence from Memphis and other
communities shows that currently businesses are far from sold on
the need for reducing disaster losses.
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NOTES

1. Assessments of the importance of natural gas were not included in the

index since only one-third of the businesses in the sample reported
using this lifeline service.

2. Financial soundness alone is not sufficient to stimulate preparedness,
however; in the current model, business financial condition was found
to be unrelated to preparedness levels.
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DIRECT EcoNOMICG
IMPACTS

BY S5TEPHANIE E. CHANG

This chapter focuses on the estimation of the direct economic
impacts that result when earthquake-related lifeline service dis-
ruption impedes normal economic activity. First, an overview of
concepts, current methodologies, and issues is provided. A new
methodology, developed as part of the NCEER coordinated study
of the seismic vulnerability of lifelines in the Memphis area, is
then presented. The crux of this methodology involves a synthesis
of engineering assessment of lifeline network reliability (Chapter
3) with socioeconomic analysis of lifeline usage (Chapter 5) and
urban development patterns (Chapters 2, 4, 7 and 8). Estimation
of direct impacts associated with electricity disruption is presented
as a case study. The conclusion discusses the significance of the
methodological developments, potential applications, and areas
for further research.

ScorPE OF DIRECT EcoNOMID
IMPACTS

The definition of direct versus indirect economic impacts pre-
sents a common source of confusion, as the terms have
unfortunately been used in different ways by different researchers.
Furthermore, the definitions also depend to some degree on the
context of the problem, in particular, whether the context is the
impact of lifeline disruption, buildings damage, or total losses due
to an earthquake. For present purposes, the basic concept used
by Boisvert (1992) and Cochrane (in NRC, 1992) is applied.

Direct losses include losses of plant and equipment which
stem directly from the physical damage plus any associated



loss of employment. The indirect losses in GRP result from the
multiplier or ripple effect throughout the economy due to sup-
ply bottlenecks and reduced demand as a result of the direct
losses. (Boisvert, p.223)

This concept is also utilized in the standardized loss methodology
currently being developed for the National Institute of Building
Sciences (NIBS) (RMS, 1997). The definition suggests that direct
losses are those which occur as an immediate consequence of
physical damage at the site of production. The implication is that
direct economic losses are suffered by the users of this damaged
plant or equipment, while indirect losses are suffered by others as
a result of reduced economic transactions.

In the case of lifelines, the application of this concept requires
some clarification because lifelines provide essential services to
many sectors of the economy and generally consist of networks
that service many sites of production. Consider an example where
an earthquake causes damage to several electric power substa-
tions. This causes a blackout to several parts of a city and forces
the temporary suspension of various business activities. Techni-
cally, the user of the damaged facilities (i.e., the substations) is the
electric utility company itself, which clearly suffers some direct
economic losses. Ambiguity arises, however, because the users of
the electricity service (i.e., the customers) in the blackout areas
can also be said to have suffered direct economic losses as a result
of the electricity disruption at the site of production. Their busi-
ness interruption losses do not result from “multiplier” or “ripple”
effects. This is illustrated by continuing the example, whereby
business interruption in the blackout areas reduces production of
a certain good. Businesses in the unaffected areas which require
this good in their production process are forced to reduce their
activities as a result of this supply bottleneck (assuming they are
unable to import a substitute within a short period of time). These
latter businesses thus suffer indirect losses resulting from direct
losses incurred in the blackout areas.

In the present context of earthquake-induced lifeline damage,
direct economic losses are therefore considered to include pro-
duction losses in various economic sectors attributable to electricity
outage at their production site. It should be noted that this defini-
tion differs from that used in some other studies, including most
notably the Applied Technology Council (1991) report ATC-25,
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Seismic Vulnerability and Impact of Disruption on Lifelines in the
Conterminous United States. In ATC-25, “direct” losses are con-
fined to repair costs. Business interruption losses imposed on
lifeline users are defined as “indirect” economic losses. Losses
due to reverberations of “indirect” losses throughout the economy
are considered “secondary” losses. ATC-25's “direct” and “indi-
rect” losses are both considered to be “direct” losses under the
definition used in this study, while ATC-25’s “secondary” losses
are defined as “indirect” impacts here.

A further point of clarification is required with regard to im-
pacts on sectors other than private businesses. While it is true that
households and governments will also suffer property damage and
attendant losses in a natural disaster, these losses are not evalu-
ated in the current approach to direct loss estimation. This approach
is based on the need to avoid double-counting losses, as empha-
sized by Cochrane:

... the level of economic activity can be measured by
counting expenditures, or incomes, but not both. Income ...
must be equivalent to value of the products produced. This is
because the price of a product reflects all the costs incurred in
its creation, which in this case is the sum of wages, interest,
and profits. This simple result provides an important loss-ac-
counting guide: damage assessments should focus on incomes
lost or spending lost, but not both. Either should yield the same
result. (NRC, p.101)

Since losses to household income can also be counted as reduc-
tions in wages paid from business production, they should not be
counted in addition to business interruption losses. Similarly, losses
to government revenue include reduced corporate and personal
income taxes and should not be counted in addition to business
interruption losses.

Finally, a clarification is required regarding the distinction
between direct damage and direct economic losses. Direct dam-
age includes repair costs or, alternatively, the replacement value
of damaged plant and equipment. These are losses to a region’s
capital stock or assets. Direct economic losses derive from lost
production (or equivalently, lost income) resulting from this physi-
cal damage. These constitute reductions in the region’s flow of
income or Gross Regional Product (GRP). This chapter focuses on
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the estimation of direct economic losses, rather than direct dam-
age.

The economic impact of earthquakes and other natural disas-
ters has been gaining attention in recent years, and many
methodological improvements have been made with respect to
estimating the direct and indirect regional economic losses be-
yond the costs of repairing physical damage. However, only a
few studies have specifically addressed lifeline disruption impact.
Furthermore, most of these studies have focused on estimating
indirect, rather than direct, economic impacts. For example, studies
such as Boisvert, 1992; Gordon and Richardson, 1992; Rose and
Benavides, 1993 and the NIBS project (RMS, 1997) do not actu-
ally provide a methodology for estimating direct economic losses
associated with lifeline disruption. Such a methodology therefore
remains an important missing link in the complete loss estimation
procedure.

ATC-25 constitutes perhaps the principal reference for esti-
mating direct economic impacts of lifeline disruption in earthquake
disasters. The ATC-25 methodology assumes a simple proportional
relationship between the extent of lifeline service disruption and
the extent of ensuing production losses. Specifically, for a par-
ticular lifeline i and industry j, ATC-25 provides an “importance
factor” [;; . This importance factor is based on expert judgment
and derives from data in another reference report by the Applied
Technology Council (1985), ATC-13: Earthquake Damage Evalua-
tion Data for California. These importance factors indicate the
percent of production that would be lost if lifeline service were
completely disrupted. For example, an importance factor of 0.75
would indicate that in the event of complete utility service disrup-
tion, 75% of normal production would be lost due to reduced
productive capacity. ATC-25 further assumes that the first 5% of
utility service interruption can be absorbed without loss, presum-
ably due to excess capacity, substitution possibilities, or other forms
of resiliency. Going from 5 to 100% lifeline service disruption,
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losses decrease proportionally from 0% to the maximum indicated
by the importance factor.

The importance factors reflect the extent to which different
industries are dependent upon different lifelines. It is not neces-
sarily the case that 100% disruption of a particular lifeline leads
to 100% loss of economic output because a particular industry
may depend upon the lifeline only to a limited degree. Thus the
average value of the importance factor for electricity across all
sectors is 0.86, while the average for natural gas is 0.32. This
indicates that industries are generally much more dependent upon
electricity than upon natural gas. For the electricity lifeline alone,
the importance factor ranges from 0.30 for the transportation and
warehousing industry to 1.00 for industries such as petroleum re-
fining. The economic impact of earthquake-induced lifeline service
disruption in an urban area may therefore vary significantly de-
pending upon the particular industry and lifeline under
consideration.

In addition to ATC-25, other studies have also provided meth-
odologies for estimating direct economic losses from lifeline
disruption. For example, Eguchi et al., 1992 focused on evaluat-
ing energy systems, specifically natural gas, electricity, and
petroleum. Using data from the Department of Energy, the study
estimated energy usage factors indicating dependency on differ-
ent energy sources for various states in the Midwestern U.S. For a
scenario earthquake in the New Madrid Seismic Zone, restoration
time factors are calculated based on ATC-13. Economic losses
from energy service disruption for each industry in a state are cal-
culated by combining the lifeline restoration factors with the energy
use factors. Industry losses are combined by weighting them with
their share of the regional economy (in terms of value added), and
results are summed across states in the affected area to obtain the
total direct economic loss (which are referred to in that study as
“indirect” losses). Thus unlike ATC-25, Eguchi et al., 1992 does
not rely upon importance factors determined by expert judgment.
In addition, the spatial dimension of lifeline disruption and resto-
ration is explicitly recognized insofar as geographic subareas (i.e.,
states) comprising the impacted region are analyzed separately.
However, the estimation procedure is an approximate one intended
to produce order-of-magnitude rather than accurate results.
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CONCEPTUAL FRAMEWORK

This chapter presents a general methodology for evaluating
the direct economic losses caused by seismically-induced disrup-
tion of lifeline service in an urban area. The ATC-25 methodology
and issues identified in Eguchi et al., 1992 provide a basis for the
conceptual framework. However, several improvements or re-
finements are developed. In particular, emphasis is placed on
utilization of empirical data for the specific study area and evalu-
ation of loss distribution within a geographic information system
(GIS) context. An earlier version of this methodology was pre-
sented in Chang et al., 1995.

The basic premise of the improvements and refinements is that
direct economic losses will depend very much upon specific lo-
cal engineering and socioeconomic conditions. First, as shown in
Chapter 3 on system performance, the disruption to lifeline ser-
vice caused by an earthquake is likely to be uneven across the
impacted area. Furthermore, as seen in Chapter 4 on GIS repre-
sentation, the distribution of pre-earthquake economic activity is
also uneven across the impacted area. The pattern of concentra-
tion will also differ from industry to industry. Thus the physical
extent of lifeline service disruption region-wide will vary across
industries. Furthermore, the economic impact of this service dis-
ruption will be determined by how dependent a particular industry
is on that lifeline. To take into account all of these factors, the
methodology consists of four steps: (1) development of a lifeline
usage or dependency model on an industry basis, (2) estimation
of the spatial distribution of economic activity throughout the ur-
ban area, (3) estimation of lifeline service restoration, and (4)
assessment of direct losses through evaluation of the spatial coin-
cidence of economic activity with lifeline service disruption over
time.
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CASE STUDY: ELECTRICITY
DISRUPTION IN NMS&EZ
EARTHQUAKE

The direct economic impact methodology is developed here
in the context of the Memphis/Shelby County case study. How-
ever, the methodology is general and applicable to other lifelines
and other seismically vulnerable regions of the country.

6.4.1 BUSINESS RESILIENGCY TO
LIFELINE DISRUPTION

A simple lifeline usage model is developed based on the ATC-
25 methodology. However, three improvements are made: first,
rather than applying expert-based “importance” factors that are
meant to reflect conditions in California, these factors are empiri-
cally calibrated with data from the study region. This data derives
from the NCEER study of business vulnerability in Shelby County
conducted by researchers at the Disaster Research Center (DRC)
at the University of Delaware (see Chapter 5). In addition, the
time element is explicitly recognized to take into account the re-
covery timepath after the disaster. By incorporating the time
element, alternative recovery strategies can be addressed in terms
of their potential for reducing total economic loss. Finally, the
spatial dimension of lifeline service disruption and economic im-
pact is considered through use of GIS information. This not only
addresses an important source of differential impact between in-
dustries but also allows for more sophisticated analysis of the
economic implications of alternative recovery strategies.

Based on ATC-25, a simple usage-based loss model is pro-
posed as follows:

s - 077
" 095
=0 if dj <005

7 =005 if d;>005 6.1)
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where /,;t(Os l;t <1)is the direct economic loss from lifeline i dis-
ruption for industry j in service area s in time period t after the
disaster, r(0<ry <1 is a “resiliency” factor, and d (0 <d; <Vis
the percent of lifeline service disruption. Economic loss is ex-
pressed relative to normal economic production levels. As in
ATC-25, it is assumed that the first 5% of lifeline service disrup-
tion can be absorbed without economic loss. Alternatively, without

this 5% assumption, the loss model can be written as:
[ = (=) (6.2)

As in ATC-25, it is assumed that economic loss increases in
proportion to extent of lifeline service disruption up to some maxi-
mum. InATC-25, the “importance” factor / indicated the maximum
percent of production loss that would be associated with com-
plete lifeline disruption. Here, a “resiliency” factor r is defined as
the percent of remaining production in the event of complete life-
line outage, or equivalently, one minus /. This resiliency factor is
specific to lifeline i and industry j and reflects lifeline usage char-
acteristics and dependency.

Resiliency factors are calibrated from results of the DRC sur-
vey of businesses in Shelby County. Specifically, businesses were
asked, “How long could your business operate without electric-
ity?” and similarly for other lifelines. The responses were classified
according to major industry. For each industry, a cumulative dis-
tribution of temporary business closures was inferred according
to the duration of lifeline disruption by week. It was assumed that
output is uniform across establishments in an industry, so that the
closure of x percent of businesses at any time represents a pro-
duction loss of x percent in that industry. The percent of business
closures at a given point in time can then be assumed to represent
1=1;¢, the percent loss of output in that industry due to complete
lifeline disruption.

Table 6.1 compares these survey-based resiliency factors with
the expert-based estimates provided inATC-25 for electricity. These
factors represent an average over the first month after the disaster
and are presented for nine major industries comprising the private
sector of the economy. Factors from the two sources are generally
consistent. In some industries (notably agriculture, mining, con-
struction and TCU) the differences are quite great; however, as
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these do not represent M Table 6.1 Resiliency Factors for Electricity by Industry

major sectors of the Industry ATC-25 Survey-based
Memphis economy, the Agriculture 050 015
H Mining 0.10 0.33
differences are not a comining P o
source of great concern. Manufacturing 0.02 0.04
. . TCU." 0.45 0.15
Slmllar Comparlsons fOf Wholesale Trade 0.10 0.06
water and natural gas RetaiITralde 0.10 0.08
. . . FILRE.® 0.10 0.07
lifelines can be found in Services 0.16 0.07

Chang et al', 1995. In a Transportation, Communications, and Utilities
general, the factors differ b. Finance, Insurance, and Real Estate

quite significantly in the case of these other lifelines. As with
electric power, where significant differences occur, in general the
expert-based estimates overestimate resiliency — and hence un-
derestimate impact — as compared with the empirical data.

The similarities and differences may be partly explained by
variations in lifeline usage across regions of the country. In par-
ticular, natural gas usage and dependency is probably greater in
the Midwest than in California. Electricity dependency, on the
other hand, is generally very high in any region of the country. In
addition, the types of businesses comprising a particular industry
may vary interregionally. There is also the possibility that expert
judgment on lifeline dependency does not coincide very closely
with the opinions of business operators. It should be kept in mind
that while business operators may have a better sense of lifeline
dependency in Shelby County, their opinions probably do not re-
flect actual earthquake experience.

According to the survey-based factors in Table 6.1, the manu-
facturing industry is the most dependent upon electricity in the
sense of having the least resiliency to electricity outage. Whole-
sale and retail trade, FIRE and the services industries are also highly
dependent upon electricity. Mining would appear to be the least
dependent industry; however, as the resiliency factor was estimated
from a very small sample (three businesses), this calibration may
not be very reliable.

It should be noted that the resiliency factors are considered
independently for each lifeline and do not account for other earth-
quake impacts such as damage to buildings and other structures.
It would be incorrect to sum losses from Equation 6.1 for electric-
ity, water, and natural gas without accounting for some redundancy
in their impacts. However, in the current study, only electricity is
evaluated.
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In contrast to ATC-25, the current methodology models changes
in the resiliency factor over time. That is, as lifeline service dis-
ruption is sustained over a period of weeks, some of the initial
resiliency “cushion” would be gradually worn away. Stored en-
ergy reserves, as an example, may be depleted. On the other
hand, it is also possible that in the course of the recovery process,
resiliency may increase due, for example, to businesses setting up
new temporary electric generators. In general, however, the resil-
iency factor is expected to decrease over time. This is schematically
illustrated in Figure 6.1. The y-intercept of the solid line, r,, indi-
cates the resiliency factor immediately after the disaster; one week
later, resiliency decreases to r,.

Production
A
100%|

Week 0 —_

¥ Week 1

el I

I
Percent Availability of Electricity 95% 100%

M Figure 6.1 Impact of Electricity Disruption on Production

To summarize, the resiliency factor r serves to modify the
impact of lifeline service disruption. If it is assumed that the first
5% of disruption cannot be absorbed without loss, then a resil-
iency factor of O indicates that industry; has no flexibility in dealing
with lifeline (e.g., electricity) loss; for example, 70% disruption in
electricity would lead to 70% loss in production. A resiliency
factor of 0.1 would mean that 70% disruption of electricity would
lead to 63% loss in production. Over the course of the repair and
restoration period, in a particular service area s, both the disrup-
tion factor d and the resiliency factor r are expected to decrease.
These produce opposite effects, so that the net impact on the loss
factor / in Equations 6.1 and 6.2 may be either an increase or
decrease at any point in time.
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6 .4.2 LOCATION OF ECONOMID
ACTIVITY

For a given lifeline such as electricity, the loss model repre-
sented by Equation 6.1 (or alternatively 6.2) indicates the direct
economic impact for a particular industry j in a particular service
areas. Total direct economic impact depends upon the locational
distribution of economic activity among all service areas in the
impacted region. At time t, the total direct economic impact for
industry j can be evaluated as a weighted sum over all service
areas:

Z%W 6.3)

XS
where w’ =—L

J .
j
Li(0<L; <7)is the percent loss of production in industry j, [j; is
the loss factor defined in equatlon 6.1 (or 6.2), X represents out-
put, and the area weights w; are indicated by the share of industry
j production accounted for by area s. Total direct economic loss
for the impacted region in dollar terms (AX,) is then:

AX =y Ly X

where X; is the normal production level for industry j.

In the current application, this estimation of total direct eco-
nomic impact requires information on the distribution of
pre-earthquake economic activity among Shelby County’s elec-
tric power service areas (EPSAs) for each industry. Analysis
described in Chapter 4 (GIS Analysis) produced results in terms of
pre-earthquake employment in different industries by EPSA. For
convenience, it can be assumed that there is uniform labor pro-
ductivity within each industry so that each employee accounts for
the same amount of output. With this assumption, the GIS data-
base on employment can also be interpreted as a representation
of output distributed across EPSAs in the county for each industry
and can be utilized directly for inferring the weights in Equation
6.3.
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Note that Equation 6.4 assumes that there is no inter-area prod-
uct substitution following the earthquake. In an actual disaster, to
some extent, producers in less heavily impacted EPSAs could “make
up for” losses in more heavily impacted areas, for instance by
making use of excess capacity or working overtime. The extent to
which this is possible will depend upon a number of factors, in-
cluding length of power disruption, concentration of businesses in
the industry, specialization of businesses in each area, extent of
building and other lifeline damage, and condition of the local trans-
portation network. For example, retail trade stores for clothing are
spread throughout the impacted area and losses in one EPSA could
be made up for by additional sales in another. On the other hand,
specialized manufacturing businesses making a particular machine
tool have little potential for inter-area product substitution. While
such substitutions are very difficult to take into account, their po-
tential suggests that the loss results from the following analysis
can be considered an upper bound estimate.

6.4.3 LIFELINE SERVICE DISRUPTION
AND RESTORATION

The model also requires information on the disruption of elec-
tric power in various service areas over time. For the scenario
earthquake considered in this study, information on initial service
disruption is available from the reliability analysis in Chapter 3.
However, lifeline performance is only evaluated for the immedi-
ate post-earthquake situation. Further assessment will be needed
to estimate recovery timepaths across the affected area.

The restoration of electric power is modeled on the basis of
three main assumptions deriving from experience in past earth-
quakes. First, restoration proceeds from areas of least to areas of
heaviest damage. This assumption is based on observations from
disasters such as the Northridge and Great Hanshin (Kobe) earth-
quakes (LADWP, 1994; Chang and Taylor, 1995). Second,
restoration proceeds nonlinearly, with most customers having
power restored quickly and proportionally fewer customers being
restored as time elapses. The restoration curve can be approxi-
mated with the following functional form:

R=1-e™ (6.5)
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where R is the percentage of customers with power restored, e is
the base of the natural logarithm, t is a time index, and b and c are
constants. Based on data from the 1994 Northridge earthquake
(LADPW, 1994), b is estimated to be 2.75, where t is measured in
days. In this base case, c is taken to be 1. Third, it is assumed that
the restoration curve in Equation 6.5 can be scaled to other disas-
ters through the parameter c. This scaling is based on the estimated
time to complete restoration of the system. In the Northridge earth-
quake, restoration was essentially completed in four days; in the
much more devastating Memphis scenario, a rough approxima-
tion of fifteen weeks was used based on results from ATC-25. In
other words, it is assumed that post-earthquake restoration of elec-
tricity service proceeds according to a general pattern or restoration
curve that can be described by Equation 6.5. While the shape of
the restoration curve is assumed to be consistent across earth-
quake events, the actual restoration timeframe may vary.
Restoration times in the various electric power service areas
(EPSAs) can then be inferred. The restoration of service across the
county can be modeled as a step function approximating Equa-
tion 6.5, where each step represents restoration of service to an
individual EPSA. This is illustrated in Figure 6.2. The order in
which EPSAs are
Percent of customers represented in this
with electricity restored step function iS
determined by the
1% degree of initial
| I i
damage, since itis
I 5 assumed that ser-
C. I vice is restored

A

sequentially from
areas of least to
; : : > .| greatest damage.
T T, Ts T, The ”height” of
each step repre-
sents the share of
customers that can be found in the associated EPSA. The share of
customers can be approximated by the proportion of jobs the area
contains. The “width” of each step is determined by the shape of
the overall restoration curve. In Figure 6.2, for hypothetical ser-
vice areas 1 to 4 ordered from least to heaviest damage, shares of

MFigure 6.2 Schematic Diagram of Restoration Curve
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the total number of customers with electricity disrupted are re-
spectively C, through C,. Based on the restoration curve for the
county, the restoration times for each service area are respectively
t, through t,.

In the Memphis study, results from the reliability analysis in
Chapter 3 were used to group the EPSAs into “impact zones” ac-
cording to the degree of initial damage, as indicated by the reported
average ratio of available electric power. These groups, ranging
from 1 (least damage) to 6 (greatest damage), are shown in Table
6.2.

W Table 6.2 Characteristics of Impact Zones

Zone Elec. Number Percent of Restoration
Availability | of EPSAs | Employment | Timeframe
"Ratio"
1 0.5-1.0 17 55.9% 1 week
2 0.4-0.5 6 13.8% 2 weeks
3 0.3-04 5 10.7% 2 weeks
4 0.2-03 3 2.9% 2 weeks
5 0.1-0.2 4 14.1% 5 weeks
6 0.0-0.1 1 2.5% 15 weeks

It should be noted that to be consistent with the reliability
analysis, electricity disruption is assumed to derive from failure of
equipment at transmission substations. Compared to other com-
ponents of electric power systems such as power lines and
distribution substations, these are the most time-consuming to re-
pair after an earthquake and are therefore typically a controlling
factor in the restoration of the entire system. For this reason, the
functionality of transmission substations can be used to represent
the availability of electric power in a given area.

6.4.4 DETERMINISTIC VS. PROBABILISTIC
ANALYSIS

The methodology described up to this point is a deterministic
one. In other words, it pertains to the evaluation of a scenario of
lifeline service disruption. However, the methodology can be
readily extended to accommodate a probabilistic approach. This
can be achieved through developing a direct linkage with the re-
liability analysis described in Chapter 3. In particular, the reliability
results include estimates of average post-earthquake availability
of electricity by electric power service area. These estimates are
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based upon Monte Carlo simulation analysis, in which the par-
ticular earthquake event is repeatedly simulated to produce a series
of lifeline disruption realizations. Each of these simulations evalu-
ates the probability of malfunction of nodes within a particular
transmission substation serving that EPSA and the ensuing reduc-
tion in electric power levels. Each Monte Carlo realization can be
interpreted as a “scenario” whose impact can be evaluated ac-
cording to the direct economic loss methodology outlined above.
In other words, each of the Monte Carlo simulations can be car-
ried through to the point of evaluating the economic impact of
lifeline disruption. The series of simulations can then be com-
bined to yield a probabilistic estimate of economic loss.

In the application developed here, a hybrid rather than fully
probabilistic approach was used for ease of exposition. To reduce
the number of calculations required, the average disruption over
the 100 Monte Carlo simulation cases was applied directly to es-
timate the associated average direct economic loss in the initial
period. This is mathematically equivalent to estimating direct eco-
nomic losses for each of the Monte Carlo simulation realizations
and taking the average over these losses. The equivalence derives
from the linear relationships assumed in the model and can be
verified with a simple numerical example.

However, this equivalence holds only in the initial time pe-
riod after the disaster, before any restoration has been completed.
The restoration model described above suggests that the restora-
tion timepath for a particular EPSA would differ between the
simulation cases because of variations in both the absolute amount
of electric service disruption and the relative severity of this dis-
ruption as compared with other EPSAs. In this sense, the restoration
timepath estimated for the “average” case does not represent res-
toration in any one of the actual simulations.

However, utilization of the average electricity availability fig-
ures rather than each of the underlying simulation results
individually can be justified on several grounds. First, the primary
purpose of this study was to develop and demonstrate a method-
ology for estimating direct losses. In addition, the direct economic
loss results should be compatible with the methodology for esti-
mating the associated indirect economic losses. Estimating indirect
losses for each of the 100 Monte Carlo simulations would have
involved an excessive amount of effort and resources, as can be
appreciated from reviewing the following chapter. Furthermore,
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the loss-minimizing optimization methodology developed as part
of the indirect loss estimation project is best applied within a de-
terministic or case-study context rather than in probabilistic terms.

The preceding discussion suggests that the results of this study
should be interpreted rather carefully. Because the analysis is not
fully probabilistic, the resulting estimates of direct economic im-
pacts should not be interpreted as expected values of direct losses
in a literal sense. On the other hand, because the results do not
correspond to any one lifeline disruption scenario or even to an
average over several scenarios (taking into account the restoration
timepath effect), they are not strictly deterministic outcomes, ei-
ther. This difficulty can be resolved by keeping in mind that the
purpose of this exercise is to demonstrate a methodology. In this
context, the resulting estimates of direct loss can be considered as
deterministic outcomes of a particular scenario. The same would
apply to results from the indirect loss estimation.

The meaning of the direct economic loss estimates clearly
depends upon the interpretation of the systems reliability results
and the assumptions made above. For example, in the present
case study, the reliability results indicate a probabilistic average of
the percent of electric service disruption in a given service area.
In other cases, reliability analysis may indicate the probability of
either having or not having service. That is, there may be no inter-
mediate damage states corresponding to partial lifeline service
availability. In this case, the loss factor would be

lje = B (dy) Wy + (1= () (6.6

where P*(d.)is the probability of lifeline i disruption in area s at
time t and r is the resiliency factor defined earlier. If the recovery
timepath were assumed to be the same across all areas, for ex-
ample,

Pi(d;) =P(f<d,->m1—§> 6.7)

where BJ(d,)is the initial probability of disruption and T is the
amount of time to full recovery, then the associated direct eco-
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nomic loss estimates would represent expected values of economic
loss in a probabilistic sense.

6.4.5 REsSULTS

Results for the Memphis case study are presented here for the
methodology described in Equations 6.1 and 6.3. As an illustra-
tion, the pre- and post-earthquake production patterns for the
manufacturing industry are shown in Figure 6.3. Production in
each EPSA is shown relative to the pre-earthquake County total.
The comparison clearly demonstrates the effect of lifeline disrup-
tion patterns throughout the county. Recall that electricity
disruption was most severe in the northwestern quadrant of the
county.

Pre-Eq. Production
(% of County Normal)

. over 6%
[] 4to6%

[]2to4%

[ ] under2%

Post-Eq. Production
(% of County Normal)

. over 6%
[] 4to6%
[]2to4%
[ ] under2%

W Figure 6.3 Pre-and Post-Earthquake Production, Manufacturing Industry
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Table 6.3 shows the estimated post-earthquake production lev-
els at selected weeks after the earthquake. Post-earthquake
production is shown as a percent of normal output. Recall that
full restoration of electricity service was assumed to require fif-
teen weeks, based on results in ATC-25. To facilitate comparison
across different sectors of the economy, results are presented for
the standard nine-industry classification that corresponds to one-
digit Standard Industrial Classification (SIC) codes.

W Table 6.3 Post-Earthquake Production by Industry and Week After Disaster (in %)

Week | Agr. | Min. | Con. | Mfg. | T.C.U. | Whs. | Ret. | ELR.E. | Svc. | Total

0 62 80 61 49 61 53 53 51 50 53
1 77 69 73 66 72 70 73 69 66 69
2 96 89 93 89 95 96 96 87 91 92
5 99 100 99 98 100 100 | 100 100 100 99

14 99 100 99 98 100 100 | 100 100 100 99

Initial direct impact is quite severe across all industries in the
economy. Initial losses (week 0) range from a low of 20% in the
mining industry to 51% in the manufacturing industry. Most in-
dustries, however, initially suffer a 40-50% loss in production due
to electricity disruption. However, with the assumed restoration
pattern shown in Table 6.2, recovery proceeds more rapidly for
some industries than for others. The mining industry, for example,
recovers only 9% of production in the first two weeks after the
disaster while the services industry recovers 41%. Overall, con-
sidering both the degree and duration of impact, the manufacturing
and services industries suffer the greatest losses.

Results of the direct loss estimation procedure described above
can be applied to assess the indirect losses as described in the
following chapter. Note, however, that the actual direct loss esti-
mates used in that chapter differ slightly from those presented in
Table 6.3. This is because the latter use loss factors from Equation
6.1 while the former use factors from Equation 6.2.

CoNCLUSION

This chapter has presented a methodology for assessing direct
economic losses caused by lifeline disruption in earthquake di-
sasters. This methodology synthesizes results from engineering
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systems reliability analysis and socioeconomic investigation that
were presented in previous chapters. The results consist of esti-
mates of reduced post-earthquake levels of economic production
in major industries over the course of the immediate impact and
recovery periods. These results can be applied directly in the indi-
rect loss estimation methodology described in the following
chapter.

As illustrated in the case study application to Memphis, this
methodology provides several significant advances over existing
loss assessment techniques. First, it extends direct loss estimation
to consider both the temporal and spatial dimensions of the loss
and recovery process. For example, in addition to evaluating the
immediate total impact on an affected region, the methodology
considers how this impact is distributed across different areas within
the region. Thus it is able to take advantage of systems engineer-
ing analysis that indicates how lifeline service disruption varies
across the impacted region. In addition, it considers how the eco-
nomic impact is reduced over the course of the recovery process,
specifically in relation to a likely pattern of service restoration.
Furthermore, economic impact is evaluated according to both the
extent of lifeline service disruption and its duration. Differences
between industries or sectors are considered in terms of their life-
line usage patterns and their resiliency to lifeline disruption.

Consideration of temporal, spatial, and sectoral dimensions of
impact is important for several reasons. First, it improves the ac-
curacy of the methodology and the reliability of the results. This
also has benefits for estimating the associated indirect losses. Sec-
ond, it provides a means for taking into account various dimensions
of local economic conditions. In the Memphis case study, for
example, local information was used to calibrate business resil-
iency to lifeline disruption, as well as the distribution of economic
activity at risk throughout Shelby County. Third, these dimensions
serve to establish the link between systems engineering analysis
and macroeconomic analysis. Finally, by incorporating these di-
mensions, the loss estimation methodology can evaluate an
extended set of policy tools for application to loss reduction. These
include both post-disaster recovery strategies and pre-disaster plan-
ning, such as the prioritization of lifeline network restoration and
mitigation.

In addition, the methodology developed here provides a basis
for evaluating economic impact within a probabilistic rather than
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a deterministic framework. Existing methodologies evaluate eco-
nomic impact in deterministic terms. The discussion in this chapter
establishes a preliminary method for utilizing engineering reli-
ability results to analyze the associated economic losses in
probabilistic terms. (For reasons presented earlier, however, a
hybrid rather than fully probabilistic approach was actually imple-
mented in the Memphis case study.) A probability-based approach
can potentially be important for quantifying the uncertainty asso-
ciated with estimates of economic loss.

In view of the preceding discussion, several important areas
for further research can be identified. The direct economic loss
methodology should be improved with more refined models and
further empirical calibration. In particular, the accuracy of the
proportional impact assumption in the loss factor model (Equa-
tions 6.1 and 6.2) should be examined. The models should also
be tested against actual earthquake experiences such as Northridge
and Kobe. In addition, the development of a probabilistic frame-
work for estimating economic losses should be explored further.
Particular attention should be paid to quantifying the uncertainty
associated with the loss estimates. Sensitivity analysis could also
be very useful for identifying both a range of probable losses and
the most influential factors determining impact. Further applica-
tions of the methodology can be developed for other types of
lifelines, other regions, and other natural disaster events. Another
particularly important area for further research consists of the in-
teraction between impacts from different types of lifeline disruption
(e.g, evaluating losses when both electricity and water are un-
available), as well as between impacts from lifeline disruption and
structural damage. GIS technology may be very useful in facilitat-
ing analysis of these interactions.  Finally, attention should be
paid to developing the methodology as a loss reduction tool for
informing pre-disaster mitigation and post-disaster recovery deci-
sions.
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REGIONAL ECcCONOMIC
IMPACTS

BY ADAM ROSE AND JUAN BENAVIDES

The purpose of this chapter is to present and apply a method-
ology for evaluating the economic impact of a catastrophic
earthquake on the Memphis economy, with special reference to
indirect losses stemming from a disruption of electricity services.
Electricity is one of several utilities termed “lifelines” because of
their crucial role in maintaining social and economic systems and
because of their network characteristics, which make them espe-
cially vulnerable to disruption from natural disasters. Although
losses from earthquakes are often measured in terms of property
damage resulting from the actual ground shaking, the emphasis in
this chapter is on the subsequent loss of production of goods and
services by businesses directly cut off from electricity service and
by businesses indirectly affected because their suppliers or cus-
tomers are without power.

This chapter builds on the work of several researchers whose
results have been presented in previous chapters. This includes
the input-output table representation of the Memphis economy
presented in Chapter 2, the electricity lifeline vulnerability analy-
sis of Chapter 3, the GIS mapping of sectoral employment into
Electric Power Service Areas in Chapter 4, the analysis of business
resiliency in Chapter 5, and the estimates of direct lifeline disrup-
tion losses in Chapter 6. Subsequent chapters will build on this
analysis, to help further demonstrate the capabilities and poten-
tial of a multidisciplinary effort to understand key aspects of
earthquake events and to improve society’s ability to cope with
them.

In Section 7.1, a methodology is presented to estimate total
regional economic losses when electricity lifeline services are cut
back proportionately across all users as a result of a 7.5 M earth-
quake in the New Madrid Seismic Zone. A methodology to
estimate the optimal reallocation of scarce electricity resources is



presented in Section 7.2. A base case simulation indicates the
potential production loss over a 15-week recovery period could
amount to as much as 7% of Gross Regional Product. Realloca-
tion of scarce electricity across sectors could reduce the impacts
by almost 70%. Additionally, an improved restoration pattern of
electricity transmission substations across subareas could reduce
losses by more than 80%.

The analytical framework used to perform this analysis is in-
terindustry economics, which includes input-output analysis, social
accounting matrices, and linear programming (see also Chapter
2). These methods are able to show how the loss of production in
one sector transmits itself to other sectors through a series of mul-
tiplier effects. The state-of-the-art of these tools is advanced by
showing how information on business preparedness and resiliency
can be incorporated into a basic input-output framework. A fur-
ther advance is to show how a linear programming extension of
input-output analysis can be used to evaluate alternative policies
for rationing scarce lifeline resources. Although the attention of
the study is confined to the Memphis area, these methodological
contributions are readily generalizable to other contexts."

ESTIMATION O F TOTAL
REGIONAL IMPADCTS
7.1.1 INPUT-OUTPUT IMPACT

ANALYSIS

Indirect impacts can be estimated from the direct effects pre-
sented in the previous chapter by using input-output impact
analysis. Assuming no resiliency adjustments for the moment,
electricity lifeline disruptions due to earthquakes can be trans-
lated into potential output reductions in each sector as follows:

AXj=ZZd;W/5~7/ (7.1)
s
where

jG=1,..,21): economic sectors
s(s=1,...,36): electricity service areas
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Xj: gross output of sector j for the entire region

d:: loss factor for electricity disruption by service
areas, 0<d;, <1

w/5~: fraction of sector j output produced in region s,

S —

2w =1
S

X;: gross output of sector j in area s before the
earthquake

However, for inclusion into an input-output model, the gross
output changes must be converted into final demand changes be-
cause the latter are the conduits through which external shocks
are transmitted. A decrease in electricity availability, d,, trans-
lates into a change in final demand sector, AY;, as follows:

AY; =(1=A)DX = (I = A)dwW* X (i=1,... 21);(5=1,... 36) (7.2)

where the symbols represent entire vectors (all sectors) and where
A is a row vector of A, the matrix of technical coefficients, aj,
representing the value of direct input i needed to produce one
dollar of output .2

Then, the standard 1-O impact formula was utilized to deter-
mine total output impacts: AX =(/=A)"'AY. Had the original
vector of AX;'s been used in place of the AY;'s on the right-hand
side of the standard I-O impact equation, an electricity demand
level reduction larger than the disruption level caused by the earth-
quake would have been obtained (the percentage difference being
equivalent to the weighted average of the sectoral multipliers).
This would mean that the available electricity would be
underutilized in the region, a nonsensical outcome for earthquake
disruptions of more than a few days, where firms have time to
modify their supplier and customer linkages so as to utilize all
available resources. Thus, there may be no indirect effects of the
utility lifeline disruption over and above the initial estimate of
electricity curtailments in each sector and the corresponding gross
output reductions. What may appear to be indirect effects are
essentially part of the simultaneous direct impacts of electricity
disruptions in all industries. “Indirect” effects are artificially cre-
ated, for computational purposes, because measured impacts are
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scaled back into final demand effects (which are not equivalent to
direct impacts) first and then run through the I-O model. This is
done so that the basic I-O approach can be established to build
upon for the more complex cases described below.

True indirect effects arise when electricity disruptions in some
sectors are much higher than in other sectors and cause supply
input bottlenecks other than for electricity. This can happen when
a sector is heavily concentrated in one subregion that is especially
hard-hit by an earthquake. The computation of this effect takes
note that underlying the I-O model is the concept of the fixed-
coefficient production function, i.e., output is dependent on the
most limited input.® First, the initial vector of gross output losses
due to the earthquake is examined to identify the sector with the
largest potential output reduction, which in effect becomes the
constraining input to other sectors. Then, all of the other X's are
adjusted to the constraining sector’s output reduction level. Of
course, the constraining sector would be verified to ensure that it
was really crucial to production. For example, if the entertain-
ment or personal services sectors had the largest potential output
reductions due to an electricity disruption, the analysis would pro-
ceed to the sector with the next highest AX;. Effectively, the d;
for the constraining sector is used in Equation 7.3 for all sectors
(except those non-crucial ones passed over).*

Resiliency bears on the computations in two ways. First, it
affects the initial estimates of output reduction in each sector. Let
rej represent the resiliency of sector j to electricity disruption, where
0<ry <1. Then 1-r, represents an “importance factor” that in-
dicates the dependence of sector j on electricity. For example, an
importance factor of 0.9 means that every 10% decrease in elec-
tricity available leads to a 9% decrease in a given sector’s output.
Second, it means less electricity is needed per unit of output (be-
cause of conservation potential, back-up power sources, etc.) and
thus requires a decrease in the electricity input coefficient, which
is denoted by a;. Thus, a modified matrix, A" is substituted for
A by multiplying the electricity input coefficient in each sector,
e; , by its corresponding 1-r; factor.’

These two effects are combined to modify Equation 7.2 as fol-
lows:

B, =(I= A= r)dgw’ X (1=1..21); (s = 1..36) (7.2a)
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Thus far, the time dimensions of the analysis have not been
explicit. As noted in the previous section, resiliency will change
(usually decrease) over time. In addition, there will be a differen-
tial time path of restoration across electricity service areas. The
aforementioned impact equations are, of course, still applicable,
but they have to be run for several distinct time periods associated
with parameter changes.

7.1 .2 ANALYSIS O F SIMULATION
RESULTS

The basic I-O impact model from Chapter 2 was applied to
the direct disruption estimates of Chapter 4, and simulations with
and without input bottleneck effects were performed. Note that
the analysis has not been able to include all of the factors affect-
ing regional economic losses. First, there is likely to be significant
damage to buildings, so that even with immediate restoration of
electricity services, the economy would not likely revert to baseline
production levels. Second, other lifeline services are also likely
to be disrupted, and one needs to guard against double-counting.®
The most extensive damage should be attributed to a “bottleneck”
utility lifeline (in a manner analogous to the analysis of bottleneck
economic sectors). Resiliency was probably understated by omit-
ting its prospects with regard to the bottlenecked sector and by
ignoring the possibility of importing more crucial goods and ser-
vices. In addition, many sectors can make up lost production by
working overtime shifts after electricity is restored. Finally, a short-
ened disruption period due to temporary repair measures was not
considered. On the other hand, losses have been underestimated
by not having data on transmission line and distribution line dis-
ruptions. In addition, damage to electric power can cause other
types of losses such as gas line explosions and fires, as well as
hampering fire fighting and other emergency responses. Overall,
many of these factors offset each other, but it can be surmised that
the loss estimates herein are definitely in the high-end range. Note
also that the methodology can readily incorporate most of these
omitted factors when data become available or can do so with
some minor adjustments, as in the case of imports (see e.g.,
Boisvert, 1992 and Cochrane, 1997). Natural disaster impacts
involve extreme complexities, which cannot be fully understood
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or modeled empirically at this time. Still, insight into an impor-
tant piece of the puzzle can be provided.

Preliminary data used in these simulations are presented in
the first four columns of each of Table 7.1 and Tables Appendix
7.A1-A4. Note that the final demand and output data are mea-
sured on a weekly basis. The changes in gross output
(“X1—Reduction”) column entries differ from table to table (pe-
riod to period) because of restoration and resiliency changes over
time.

For example, during the first week (Week 0), there was a maxi-
mum disruption for Shelby County (no EPSA had service restored).
As shown inTable 7.1, the bottleneck sector is petroleum refining,
which is highly concentrated in an EPSA that suffers the most se-
vere disruption in the county. It is also a sector with a minimum
of resiliency with respect to electricity inputs. For the simulation
“Without Bottleneck” effects, gross output losses are the same as
the (Direct) X1—Reduction (as discussed in the previous section)
and amount to a total of 49.55% ($329 million) of baseline pro-
duction in Shelby County. Bottleneck effects raise this disruption
to 78.71%. Thus, the true indirect effect duringWeek 0 is 29.16%
of gross output. Note also that the final demand numbers in this
and other tables are not just the mechanism to initiate the I-O
simulations, but also represent a measure of changes in gross re-
gional product (GRP).

Simulation results for additional distinct time periods are pre-
sented in Tables 7.AT-A4 and contain some interesting insights.
In comparison to Week 0, the Week 1 impacts “Without Bottle-
necks” are less than the Week 0 impacts, but the simulations “With
Bottlenecks” are greater, because of the potential for the bottle-
neck effect to worsen as resiliency deteriorates over time. Of
course, the results signal the wisdom of choosing a new restora-
tion time path, one that favors the EPSA in which the bottleneck
occurs. This will be discussed at greater length in Section 7.2.

Non-bottleneck output reductions are reduced even further
for the Weeks 2-3 results (see Table 7.A3), though the bottleneck
results are the same as in Table 7.A1. Negative changes in final
demand appear in Table 7.A2 stemming from enhanced produc-
tion levels in various sectors that are not fully synchronized with
intermediate output requirements, thus leaving more of the prod-
uct available for final use.
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The bottleneck tightens slightly inWeek 4. However, in Weeks
5-15, when power has been totally restored in all but one EPSA,
the bottleneck sector changes to nondurable manufacturing. The
bottleneck effects are still five times larger than the non-bottle-
neck results, but they amount to only a 3.70% reduction in gross
output.

The results for the entire 15-week disruption period are pre-
sented inTable 7.2. Note that for this presentation, the final demand
and gross output figures are on an annual basis because that is the
standard time span for measuring economic changes. The results
for the “W/O Bottleneck” case are an overall reduction final de-
mand and gross output of 1.90% and 2.28%, respectively. The
hardest hit sector in absolute terms is finance, insurance, and real
estate (F.I.R.E.), with an output (sales) reduction of nearly $100
million (over and above property damage stemming from the earth-
quake). For the bottleneck simulations, the reductions in final
demand and gross output are 6.97% and 8.95%, respectively. This
means that indirect effects overall are 6.31% of gross output, or
$2.2 billion. Overall, the bottleneck effects are almost four times
the direct (and standard total) electricity disruption effects them-
selves.

Note that the choice of a 15-week restoration period is some-
what arbitrary (see Chapter 6), and that the impacts would have to
be adjusted for other patterns. However, the methodology is suf-
ficiently general to do this. Moreover, the interested reader could
use the results presented in Tables 7.A1 to A4 to come up with
rough estimates for alternative time periods. Finally, a major dif-
ference between stock and flow losses should be emphasized.
Unlike building damages, output losses are directly dependent on
the length of the restoration period.

OPTIMAL RATIONING aF
S CARCE ELECTRICITY
7.2.1 LINEAR PROGRAMMING

In the previous section, the economic impact of across-the-
board cutbacks (proportional rationing) of electricity to each sector
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in a given electric power service area (EPSA) was simulated. The
alternative of differential rationing of available electricity is now
considered to minimize total economic losses from an earthquake.
Two simulations will be performed: 1) reallocation of electricity
across sectors and subregions with the previous restoration pat-
tern and 2) reallocation with an optimized restoration pattern.
This problem can be formulated as one of maximizing gross
regional product given constrained electricity availability, con-
strained supplies of primary factors of production, and fixed
technology. The equations are:

max ZY/ (7.3)
J

subject to
Y == A)X; (i,j=1..21) (7.4a)
S ag XS+ VS <X (s=1...36) (7.4b)
J
zXf- =X (j=1...21) (7.4c)
N
Yo <VYe (s=1...36) (7.4d)
X5 <X (s=1...36) (7.4€)

(j=1..21)
Y. 2aCc (c=4,7-9,19-21)  (7.4f)
Y? 2BCe (s=1...36) (7.4g)
Xj,Xe20 (7.4h)
where

ijj=1...21) economic sectors

s(s=1...36) electricity service areas

c: necessities

e: index of the electricity sector

A final demand of electricity in area s after
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Yo final demand of electricity in area s before
the earthquake

X total electricity available in area s after an
earthquake
Ce,Ce: personal consumption levels for necessi-

ties for the region and electricity by area
before the earthquake

a,p: desired minimum levels of personal con-
sumption for necessities and electricity by area
after the earthquake

and other variables are as previously defined.

The objective function maximizes the sum of the final demands
over all sectors (equal to Gross Regional Product).” Equation 7.4a
reflects the input-output technology matrix. Equation 7.4b speci-
fies limitations on electricity availability in each serving area, s.
Equation 7.4c sums sectoral gross outputs across all serving areas
so the problem can be solved in an economy-wide context. Equa-
tion 7.4d imposes limits on electricity availability to final demand.
Equation 7.4e limits the gross output of each sector in each serv-
ing area to not exceed its pre-earthquake level. Given that there
are 36 serving areas and 21 sectors, Equation set 7.4e is com-
posed of 756 individual equations!® Equations 7.4f and 7.4g
guarantee minimum levels of necessities (including electricity) for
households. Equation 7.4h is simply the non-negativity condi-
tions of an LP problem. The LP model minimizes losses by
allocating scarce electricity in such a way as to favor those sectors
that yield the highest contribution to GRP per unit of direct plus
indirect use of electricity.

Several critical assumptions underlie the implementation of
the model. In the absence of further information, it can only be
assumed that productive capacity in each sector was fully utilized
in Shelby County. That means that it is not possible for any sector
to produce output flows during the recovery period larger than
those before the event. Note that given the absence of data at this
time, no capacity reductions have been inserted which would stem
from damaged factories, for example. The model, however, is
sufficiently general to allow for excess capacity or capacity re-
ductions when data are available.

Employment data serve as the proxy for output in all sectors
except electricity. MLGW does not have spatial billing informa-
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tion, and peak load information by service area had to be used.
As noted above, the fraction of the peak load by area before the
earthquake was used as a proxy of the correspondent fraction of
utilization of electricity.

Household consumption of electricity by area is assumed to
be bounded from above by the pre-earthquake final demand level.
With the information at hand, the vector of final demand of elec-
tricity by area is unknown and cannot be consistently estimated
as the difference between total utilization by area—computed using
peak load information—and total intermediate consumption—
computed combining technical coefficients of electricity use from
the A matrix and output by area. Data come from three different
sources, and the combination of simplifying assumptions lead to
inconsistencies such as negative figures for final demand in heavily
industrialized areas. Thus, the preliminary matrix of electricity
flows by sector and area (including final demand as a sector) add
to the totals given by the I-O information, but do not match total
utilization of electricity by area. This rectangular matrix of elec-
tricity flows by area and sector is balanced by use of the RAS
(biproportional matrix balancing) method (Bacharach, 1970).°

To impart greater realism into the model, lower bounds were
added for personal consumption in sectors that are crucial during
emergency management—necessities, as in Rose and Benavides
(1997). These sectors are food, petroleum refining, transporta-
tion, communication, natural gas, water, health, education, and
government. Given the area-specificity of personal consumption
of electricity (i.e., residential use of electricity cannot be trans-
ported across subregions), the corresponding lower bounds for
this commodity are area-specific.

7.2.2 ANALYSIS OF SIMULATION
REsSULTS

Gross Regional Product in Shelby County was $27.6 billion in
1991, or $529.9 million per week. For the first week after an
earthquake of M = 7.5 intensity, the weighted average availability
factor for electricity across service areas is predicted to be reduced
to 49.6% for the county as a whole, with an equivalent reduction
in total gross output; inclusion of bottleneck effects increases losses
to 78.7% (recall Table 7.1). In contrast, the linear programming
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model of electricity reallocation generates a total gross output re-
duction of $89.5 million during Week 0, a 13.5% reduction from
baseline, and a final demand (Gross Regional Product) reduction
of $66.2 million, a 12.5% reduction (see columns 3 and 4 of Table
7.3). Unlike the basically proportional decrease in electricity use
across sectors in the I-O impact analysis of the preceding section,
the benefit of the differential allocation is reflected in the fact that
a reduction of $1 in electricity translates into only a $0.25 (12.5%
+49.6% x $1) reduction in Gross Regional Product.

Table 7.3 summarizes the recovery path of total gross output
and Gross Regional Product that follows from the restoration pat-
tern described in the previous chapters across EPSAs over the course
of fifteen weeks. In general, the recovery path is monotonically
increasing for most sectors. However, some major sectoral reallo-
cations do occur. For example, comparing column 4 of Table 7.4
with column 7 of Table 7.2, it can be seen that electricity is shifted
away from agriculture, food products, and durable manufacturing
in favor of other sectors during Week 0. Note also that the
unfavored sectors change over time as nondurable manufacturing
and retail trade take on that role in Week 1.

In terms of personal consumption, the solution guarantees that
households in each service area will receive at least 20% of the
pre-earthquake level of electricity consumption at the instant of
the earthquake. Services classified as necessities during an emer-
gency are ensured 70% of the pre-earthquake level of personal
consumption during Week 0 as well. These service levels im-
prove as electricity availability increases.!

Total economic impacts of an electric utility lifeline disrup-
tion following a catastrophic earthquake in Shelby County under
conditions of electricity reallocation are presented in Table 7.4,
along with baseline levels and the results of other simulations.
Overall, on a 52-week basis, final demand (GRP) and gross output
are reduced by 0.59% and 0.62%, respectively (see columns 5
and 6), in contrast to corresponding losses of 1.90% and 2.28%
under the (“Without Bottleneck”) proportional reduction case (see
columns 3 and 4). Moreover, even with the sectoral reallocation,
output levels are higher for each sector than under that case with
three minor exceptions. Overall, the improvement is 69% in final
demand and 73% in gross output compared with the simulation
of a proportional reduction of electricity across sectors.
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The restoration of electricity service in each EPSA has thus far
followed a reasonable rule—those substations with the lowest prob-
ability or extent of damage are restored first. This implicitly
maximizes the amount of electricity restored per unit of repair
dollar. However, some EPSAs potentially contribute more to GRP
per unit of electricity than others, and this is a superior basis for
identifying restoration priorities.

The optimal restoration pattern was simulated by using the
shadow prices that stem from the dual of the LP solution referred
to above. These shadow prices have the usual economic interpre-
tation that Gross Regional Product would grow by the amount of
the shadow price if one additional unit of electricity were avail-
able in the corresponding area and were utilized by the sector
with the highest contribution to GRP (directly and indirectly) per
unit of electricity.

Shadow prices for each week of the original LP simulation are
presented inTable 7.A5. (These shadow prices represent the value
of electricity when it is efficiently allocated.) In Week 1, restora-
tion in EPSAs are substituted with the highest shadow prices in the
original LP, but not exceeding the total megawatts of restored power
(or repair dollars) of the original simulation."" This involves shift-
ing efforts from EPSAs 1, 43, 64, and 72 to EPSAs 2, 4, and 13.
This has the effect of yielding a restoration of GRP to 99.97% of
baseline by Weeks 2/3 (in contrast to 98.05% in the original LP
simulation and 91.96% in the I-O simulations of Section 7.1).

The timepaths for the three different types of responses are
presented in Figure 7.1 and clearly depict the superiority of real-
locating electricity both across sectors and across areas. The very
nature of the strict concavity (i.e., it increases at a decreasing rate)

--=-- LP (Opt. Realloc. & Restor.)
— === LP (Opt. Reallocation)
— 1-O (Proportional)

GRP (Million Dollars)

15000 : | | |

T T
Week 0 Week 1 Week 2-3 Week 4 Week 5-14
Time

M Figure 7.1 Economic Recovery in Shelby County Under Alternative Responses
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of the optimal recovery/restoration timepath is another indicator
of its capability to optimize resource use over time. The shadow
prices of the new LP simulation are in general lower than the
shadow prices corresponding to the original LP solution. This is
the dual expression of the result that society is better off in terms
of GRP (the primal objective function). Note also that in the origi-
nal LP, shadow prices increase in several areas between Weeks 0
and 1, which indicates that restoration is not optimal in the dy-
namic sense.'

The results on a sector-by-sector basis of the optimal restora-
tion LP are also presented in the last two columns of Table 7.3.
Note that some significant sector reallocations do take place in
that the gross output of business and professional services is lower
in the spatial/sectoral reallocation simulations than in the pure
sectoral reallocation case.’ Overall, final demand and gross out-
put losses can be reduced to 0.35% and 0.58% of annual baseline
levels. The GRP improvement is only 0.24%, or $66 million and
only a modest improvement over the first LP case.. However, it is
not difficult to imagine cases where this gap is likely to be much
higher. Not taking advantage of these and the previously discussed
reallocation opportunities results in losses as devastating as if the
earthquake actually toppled the buildings in which the lost pro-
duction would have originated.

7.2.3 PoLIcyYy IMPLIGCATIONS

Currently, in the electric utility industry, earthquake recovery
plans are at a rudimentary stage with respect to economic criteria.
Network managers’ experience is limited to less sophisticated
prioritization schemes for cases of brownouts or blackouts that do
not require maintenance or restoration but orderly switching ma-
neuvers. Given the short duration of the usual restoration efforts,
typical contingency plans or algorithms are prioritized according
to ease of restoration or size of subarea outage (equivalent to the
direct impact on output), regardless of location. This would be
clearly suboptimal as illustrated by the simulations.

The challenge for utilities such as MLGW is to implement a
policy instrument to help attain a socially optimal outcome, which
has been defined as minimizing Gross Regional Product losses.
Implementation requires a mechanism to allocate scarce electric-
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ity supplies combining optimal pricing information (as given by
the shadow prices) with a feasible form of load management.

Priority electricity service can be provided by a number of
means. In the basic interruptible service contract, or market, al-
ternative, each customer subscribes to a particular level of capacity
before the earthquake. The customer pays an interruptibility pre-
mium, or capacity charge, for this amount and a usage fee for
each unit actually consumed. If usage exceeds subscribed capac-
ity, a circuit breaker, for example, could activate, curtailing
additional consumption. Because customers differ according to
their willingness to pay for electricity, those with a stronger de-
mand would ideally buy larger fuse sizes. The utility has two roles
in this scheme: to set usage and fuse prices so as to optimize re-
source allocation, and to guarantee enough capacity to meet the
total required by customers’ selections of fuse size. Load man-
agement is achieved by a decentralized system in which consumers
ration themselves.'

In contrast to the above examples of price rationing, an alter-
native approach that gains significance as the size and duration of
the disruption increases, is direct quantity rationing. This is some-
times overlooked as an option because of the technological features
of electricity lifelines, i.e., unlike water, where the flow can be
reduced, electric power is either on or off. Power system shut-off
to individual customers is not always feasible, but there are other
mechanisms. A good example stems from a recent response to
the extreme winter in the eastern United States. In late January
1994, in Pennsylvania, utilities instituted rolling blackouts. In ad-
dition, the governor issued a decree (at the request of the utilities)
closing state government offices and requiring nonessential in-
dustry to close down until the emergency was over."

Overall rationing need not be heavy-handed; instead, it can
be based on market incentives, such as pricing. However, policy-
makers still need to overcome the problem that occurs when
customers make choices according to their own private costs and
ignore social costs of disruptions, thus leading to market failure
(see, e.g., Rose and Benavides, 1997). The use of shadow prices
derived from a social cost optimizing methodology in place of
interruptibility assessments made by individual firms under con-
ditions of myopia (i.e., inability to calculate the general equilibrium
ramifications of its actions) would be a first step. It may take a
system of taxes/subsidies to induce firms to use them, however. It
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is also worthwhile to consider a combination of policy instruments,
as, for example, the use of rationing for highest priority custom-
ers, such as hospitals and government emergency service
departments, and pricing methods for the remainder of the
economy.

CoONCLUSION

A methodology for estimating the regional economic losses
from earthquake damaged electric utility lifelines has been devel-
oped and applied. It is shown that ordinary input-output impact
analysis would overestimate losses for simple cases and underes-
timate them when production bottlenecks occur elsewhere in the
economy. It was also shown how losses could be reduced more
than threefold by reallocating scarce electricity according to the
results of a specially designed linear programming model and how
losses could be reduced fourfold by optimizing the sequence of
recovery of electricity substations according to the time trend of
the LP model shadow prices. Given the probabilistic nature of the
vunerability estimates of previous chapters and various additional
uncertainties introduced in this one, the results are only intended
as illustrative.

The models and results should be especially useful to econo-
mists, planners, and engineers in making decisions on mitigation
measures and implementing recovery policies. Although the analy-
sis was applied to an earthquake in Memphis, Tennessee, it can be
readily generalized to other regions and to other types of natural
hazards.
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NOTES

20

The approach taken herein is that of interindustry analysis (see the
brief review in Chapter 2). Other approaches to estimating eco-
nomic impacts of disasters are found in the literature. Regional
econometric models, for example, have been successfully applied to
various aspects of actual and simulated disaster impacts by Chang
(1983), Ellson et al. (1984), and Guimaraes et al. (1993). However,
this approach does not lend itself readily to tracing the linkage be-
tween lifelines and the regional macroeconomy. The analysis
presented here differs from most of the econometric studies and some
of the interindustry studies in that it simulates the impacts of a hypo-
thetical event, as opposed to estimating the impacts of an actual
disaster or of the reconstruction spending in its aftermath. The meth-
odology is sufficiently general, however, to undertake both an ex
ante and ex post impact analysis, as well as optimal planning. In the
ex post context, actual data on lifeline outages can be used instead
of engineering simulation data (see Rose and Lim, 1997).

The computations are performed with an [-O table closed with re-
spectto (i.e., including) households. Those familiar with I-O analysis
may find Equation 7.2 a bit unusual at first glance. The typical con-
version of any individual sector’s gross output into final demand is
done by dividing the former by the element b, a diagonal term of
the closed Leontief Inverse (see, e.g., Miller and Blair, 1985). How-
ever, when more than one element is adjusted, there are interaction
effects in the ensuing computations. Therefore, the row vector
(I=A)is used.

Note, there is strong disagreement about the realism of the fixed
coefficient production function in general, but strong agreement of
its relevance in the very short-run, such as the timespan of electricity
outages stemming from earthquakes.

Note that the alternative is to use a supply-side input-output analysis
(see, e.g., Davis and Salkin, 1984, for an application to water short-
ages). However, given the dispute over the conceptual soundness
and accuracy of this approach (see, e.g., Oosterhaven, 1988; Rose
and Allison, 1989), we have chosen to follow the less complicated
procedure above.
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In the short term, backup power, conservation, and similar responses
require only an adjustment in the o .; . For the case of substitution of
other fuels for electricity, there would be a need to adjust other tech-
nical coefficients as well.

The methodology does take into account some, although not all,
interactions between lifelines. For example, electricity is needed to
pump water, and the model is able to provide a rough estimate of the
ensuing direct losses to water lifeline capability and subsequent in-
direct effects for normal use. However, there are some extraordinary
circumstances the model cannot account for, e.g., lack of power for
pumping water may force the evacuation of upper floors of tall build-
ings, which cannot be protected from fire, thereby causing still further
business disruptions.

For examples of other welfare criteria that might be used as the basis
for allocating scarce lifeline resources, see Cole (1995). Note also
that the constraints in the model also guarantee necessary amounts
of basic necessities such as food and health services.

The specification of these equations is expedited by the formatting
conventions of the General Algebraic Modeling System (GAMS) Soft-
ware (Brooke et al., 1988) which was used for the simulations.

Each RAS iteration consists of first multiplying each row by the ratio
of the desired and the current row totals, and then multiplying each
column by the ratio of the desired and the current column totals.
After each iteration, a decision was made to go ahead or to stop by
checking the precision in the row totals. Under mild conditions (such
as non-negativity of the initial table figures), the method converged
quite rapidly to the desired precision. In essence, the RAS method
enabled us to estimate the pre-earthquake vector of final demand of
electricity by area, yi, and the matrix of technical coefficients of
electricity by sector j and area s, a$;. These coefficients are found
after dividing the balanced matrix of electricity input flows by output
in each sector and area. The deviations between elements of the
matrix of ag; and the counterpart a7 elements were minor.

These results can be contrasted with the implications of the 2-sector,
2-factor Rybczynski Theorem (see e.g., Silberberg, 1990). Theorem
establishes that if the endowment of some resource (electricity) in-
creases, the industry that uses that resource most intensively will
increase its output while the other industry will decrease its output.
In the case study, increments in electricity availability were accom-
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12.

13.

14.
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panied by output additions in sectors that use electricity more inten-
sively. However, output reductions were found only temporarily in
Government. This is a typical interindustry effect: output from other
industries (in turn inputs to other industries) increase as electricity
availability improves. In the majority of the cases, increments in
electricity were sufficient to generate an increase in output for all
sectors. The exception reflects trade-offs in EPSAs where Govern-
ment must compete with sectors using electricity most intensively, in
the presence of uneven input increments.

For simplicity, a fixed total time to fully restore electricity in the re-
gion, a linear repair intensity, and equivalent restoration efforts by
MW were assumed. This is equivalent to repairing a constant amount
of MWs per week. Those MW are denominated in “repair dollars.”
With that in mind, the policy is: at each period, devote your efforts to
restore those electricity power areas that yield the highest shadow
price of electricity, such that the repaired MWs at each period do not
add up to more than the repair intensity.

The shadow prices can take on three distinct sets of values: A =1,
indicating that the availability of one more dollar of electricity is
being used for intermediate goods production; A =1, implying the
area is fully using its productive capacity and on additional unit of
electricity goes directly to final demand; and A =0, indicating that
the area is being provided with the pre-earthquake electricity ser-
vices and thus this input is not locally scarce.

The small incremental improvement of the second LP simulation may
be surprising at first glance. This is partly due to the spatial configu-
ration of the MLGW electricity network. But more generally, it is
due to the fact that the sectoral reallocations for the first LP simula-
tions implicitly capitalize on most of the spatial reallocation
possibilities of the problem at hand. It was expected that the substa-
tion restoration simulations would be more prominent in regions with
less sectoral adjustment flexibilities, i.e., regions with less uniformly
distributed sectors spatially or those with few sectors.

This scheme, however, must be supplemented by a contingent rule
that will be put into operation when a supply shock reduces capacity
beyond the rated fuse sizes of all customers. A simple and realistic
modification to this scheme would be to introduce a load control
strategy in which a customer continues to self-ration by purchasing a
fuse, but the fuses can be activated by the electric utility when a
capacity shortage occurs. In practice, however, customers wish to
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“insure” some base level of power supply during the emergency.
This would require a more complex design (Wilson, 1989), where
the customer pays a premium depending on priority class. In gen-
eral, the optimal allocation of electricity is more complicated than
for water, probably the resource for which there has been the most
advances in theory and practice in emergency situations (i.e., drought),
as opposed to local distribution disruptions associated with earth-
quakes (see, e.g., Howitt et al., 1992; Zarnikau, 1994). Also, the
allocation of water to meet broad social objectives is part of standard
practice, in part, due to its common property resource characteris-
tics. Both market and centrally administered rationing are found.
Generally speaking, electricity lifeline and disaster managers can
learn from these experiences.

The small incremental improvement of the second LP simulation may
be surprising at first glance. This is partly due to the spatial configu-
ration of the MLGW electricity network. But more generally, it is
due to the fact that the sectoral reallocations of the first LP simula-
tions implicitly capitalize on most of the spatial reallocation
possibilities of the problem at hand. It was expected that the substa-
tion restoration simulations would be more prominent in regions with
less sectoral adjustment flexibilities, i.e., regions with less uniformly
distributed sectors spatially or those with fewer sectors.
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DECISION SUPPORT FOR
CALAMITY PREPAREDNESS:
SOCIOECONOMIC AND
INTERREGIONAL IMPACTS

BY 5AM COLE

Natural disasters have their most severe impacts on isolated
localities and small and impoverished communities. In the United
States, natural disasters are a national problem, experienced at
the local level (Berke and Beatley, 1992). For example, a major
disaster like the “500-year” Midwest floods of 1993 had minimal
impact at the national or even at the state level, yet many small
communities may never be able to recover (Schnorbus et al., 1994).
As a fraction of annual income or even normal business cycle
swings, even Hurricane Andrew had modest impact on Dade
County, Florida—yet South Dade County and Homestead were
devastated. This specificity of the impacts demands that appropri-
ate models of relatively small districts be available.

Disasters often impact most severely on poor and marginal
populations (Ebert, 1982). In many cases, this can be traced to
poverty and inappropriate development, such as inferior infrastruc-
ture or housing, or limited insurance and other defensive resources
(Cuny, 1983). For similar reasons, disasters tend to impact small
businesses more severely than large enterprises. Ideally, a model
should describe the situation of these groups and activities explic-
itly, as well as their links with the wider economy and community.

Even when they are not impacted directly, people and busi-
nesses may be affected through damage to lifelines such as water
supply or roads, or through indirect effects such as the loss of
livelihood or markets. Even in aggregate, the indirect effects on a
community are often far larger than the direct effects (Eguchi et
al., 1993). Therefore, models need to be economy-wide, so as to
account for all sectors of an economy and all segments of a popu-
lation (see, e.g., NRC, 1992).

In general, the smaller a community, the greater will be the
importance of its linkages to neighboring districts, and the more
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vulnerable it will be to damage to lifelines, such as power and
water supplies, or transport and other communications. Moreover,
the smaller a community the greater will be the spill-over effects
to other communities, the more likely it is that neighbors also will
be impacted directly by the disaster, or that feedback effects through
their economies will be important (Brookshire and McKee, 1992).
Thus, models must have an explicit account of a locality’s links to
its neighbors and the world beyond, and in many cases models
must be multi-regional.

Disasters affect populations for an extended period of time.
Most disasters and recovery activities operate on a variety of time
scales that are characteristic of the physical, social, economic,
and technological systems involved. As far as possible, it is neces-
sary to represent these within a model, through the manner in
which the impacts are calculated. Ultimately, the analysis of di-
sasters presents an almost intractable network problem. Even so,
one vital aspect of recovery programs or pro-active measures is to
recognize that the vulnerability of the locality to disasters can be
reduced through the application of various systems principles to
the physical, economic, and social aspects of disaster prepared-
ness (Shinozuka et al., 1995).

Recovery needs to be situated within the overall development
process (Jones, 1981; Aysan et al., 1989). While the immediate
priority must be to attend to the life-threatening consequences of
the disaster (such as medical and shelter needs), it is also neces-
sary to plan for an economic recovery which provides an
opportunity to improve the quality of development if the hardship
from future disasters is to be reduced (see, e.g., Kreimer and
Munasinghe, 1990). In the past, victims and places often have
been disadvantaged even further by deficient recovery programs.
For this reason, disasters are best viewed as part of the develop-
ment process, providing opportunities, as well as tragedy. A model
based on this perspective must bring together relevant social and
economic categories, so that both the damage caused by the di-
saster, and the proposed recovery strategy, can be assessed in the
context of the long-term goals and institutional structures of the
community.

Since natural disasters typically take place with rather little
specific warning, planning tools should be adaptable to the situa-
tion of any community and type of damage, and should become
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available as soon as possible after the disaster, so that they can be
used to evaluate alternative proposals for recovery, before irre-
versible commitments are made. Even after a disaster has occurred,
there remains considerable uncertainty as to the extent of damage
or the most appropriate recovery strategy, the model should be
updatable and flexible, so as to respond to evolving community
needs.

Thus, the need to provide analysis quickly, to provide models
for small localities, describing specific sectors or lifelines, and
particular types of household or community suggests a rather high
level of empirical detail and technical sophistication. This con-
flicts with several practicalities, such as the availability of data,
the understanding of complex systems, and the needs of the plan-
ning process. The last cannot be ignored since, when the separation
between the modeling and policy making becomes too great, the
modeling loses much of its potential use (United Nations, 1994).
While many expert and other decision support systems have been
developed in an attempt to bridge this gap (see, e.g., Harris and
Batty, 1993), they have yet to confront the empirical and institu-
tional chaos and complexity of much disaster planning. Even
though the above is an incomplete list of the challenges for ad-
dressing the consequences of major natural disasters, it presents a
formidable task for economic modeling.

M ODELING ECcCONOMIEC
DI S ASTERS

The Social Accounting Matrix (SAM) used in this chapter is an
extension of input-output analysis (see, e.g., Pyatt and Roe, 1977)
to include more detailed institutional accounts such as household
groups and external trading partners. SAMs are widely recom-
mended as the core empirical device for national, regional and
local planning (United Nations, 1994). Input-output models have
been applied at the national or regional level for disaster assess-
ment, with some recent efforts at the county level and small
territories and islands (see Chapter 2, as well as Cole, 1993; 1995).
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Social accounting models have the particular advantage that,
given the requisite data, both the supply and the demand sides of
the economy can be described as a network that can be mapped
onto its physical and social counterparts. Because the nodes in
the input-output tables represent localized production and con-
sumption activities and the links show the flow of goods and
services, such tables are especially appropriate for representing
production, exchange, and consumption activities. This is neces-
sary to describe and evaluate the consequences of specific types
of damage in a useful fashion. The potential contribution of the
methods adopted in this chapter is that it extends the possibilities
for constructing detailed input-output type models for small lo-
calities, and for introducing fairly complex disaster and
reconstruction scenarios, taking account of changes in the inter-
nal structure of the economy and its external links.

Most economic transactions depend directly on physical life-
line systems, for example, purchases of power and water by
businesses and households, the trucking of goods between indus-
trial areas and to markets, the flow of information within and
without the region via telecommunication links. The impacts of
earthquakes on lifeline systems involves not only earthquake re-
sistant constructions of individual components but also system
recovery with the aid of network redundancy, back-up facilities,
and restoration work, that are to be followed by reconstruction
and improvement for any future earthquake (Shinozuka et al.,
1995). Because the nodes in the input-output tables represent lo-
calized production and consumption activities and the links show
flow of goods and services, such tables are especially appropriate
for representing production, exchange, and consumption activi-
ties.

CONS
MANY-REGION AGC

In order to address the complexity of the consequences of
natural disasters, it is necessary to question some of the assump-
tions behind conventional input-output models, and to reformulate
the construction and solution of these models. This is especially
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so when there is a complex of events arising from the partial fail-
ure of several activities, resulting in a more general failure of the
economic network as a whole.

The earlier considerations place a very demanding set of re-
quirements for model construction, especially when it is recognized
that data at a small spatial scale are often restricted (for confiden-
tiality and other reasons), and information on the direct effects of
disasters are usually incomplete and collected in an ad-hoc fash-
ion. On the other hand, the damage caused by a major natural
disaster can affect the structure of an economy in dramatic ways
(through the loss of entire industries or lifeline systems) so that
even a model which captures the key features and linkages within
an area’s economy, before and after a disaster, and allows the broad
outlines of a reconstruction strategy to be developed, can be use-
ful. To this extent, the requirements on precision for the model
may be somewhat less than for conventional economic impact
calculations. Thus, the initial goal has been to make possible the
rapid construction of a first-cut social accounts-based impact model
for any locality within the United States, using readily available
data, while providing for the subsequent improvement and exten-
sion of the model, to sub-county localities.

8.2.1 DEVELOPMENT OF THE MODEL

Paradoxically, to develop the requisite analytic procedures for
even a single county, it was necessary to first construct a detailed
county-level many-region model of the entire United States. While
this may appear a somewhat convoluted procedure, it provides
the parameters necessary to estimate models for smaller, sub-county
localities, and transactions between counties across the entire
United States, providing indirect estimates of information that are
otherwise not readily available. For the present exercise, a new
national social accounting matrix has been assembled by com-
bining two tables for the years 1982 (Hanson and Robinson, 1991;
Reinert and Roland-Holst, 1992). This resulting matrix includes
nine production sectors and seven factor and final demand cat-
egories with households divided by source of income: wages
income, transfer payments, and rent.! The organization of the data
in the United States and the addition of bilateral flows for the
local-level social accounts are shown inTable 8.1.The table shows
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the expenditures (in columns) and receipts (in rows) for each group
of economic actors, industry, services, factors, households, gov-
ernment, and rest-of-the-world. The multi-county tables include
bilateral flows of these same items with neighboring counties (or
localities), and with blocs of counties, states, and regions.

The basic techniques used to construct the county-level model
are as follows. First, total supply and demand for each commodity
and factor of production are estimated for every county and by
scaling the accounts in the United States table using data from the
U.S. Department of Commerce (1995). Second, the resulting sup-
ply-demand imbalances of each county are used to estimate the
parameters of a spatial allocation model for each activity (Sen and
Smith, 1995), and to provide bilateral interregional trade matri-
ces. Third, these flows are combined with the scaled regional
matrices to give the many-region social accounts. Finally, the ac-
counts are aggregated so as to highlight the locality of immediate
interest within an overall matrix of manageable size.

8.2.2 REPRESENTATION AS A VIRTUAL
GI1S-BASED MODEL

The main principles of the approach have been piloted in ear-
lier phases of the project (Cole et al., 1993; 1996b). Whereas these
pilot studies required considerable “hands-on” treatment using
some specially collected data, the present approach is largely au-
tomatic or mechanical using national data sets available in digitized
form (e.g., on CD-ROM) with data handling and presentation ma-
nipulated through Geographic Information System (GIS)
techniques, and using generalizable algorithms to scale and solve
the models (Miller and Blair, 1985). This procedure is elaborated
in Cole et al., (1993) and Cole (1992, 1996a).

Creating such a system in a GIS-like environment presents a
major challenge. In principle, every locality described in the model
is connected to every other through structure, time, and space—
changing any variable in one region affects every variable in all
other regions. Even though specific secular locality-to-locality
impacts across large distances may be small (say, the impact of an
earthquake in Memphis, Tennessee on Buffalo, New York), the
combined effects onto entire regions or the nation of a local event
are not. Representing these interregional impacts is also a chal-
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lenge since most GIS deal well only with variations in structure,
and do not deal well with time varying and place-to-place flows.
Moreover, since many data are missing or must be estimated, there
remains a question of how the empirical model, and the metadata
that describe it, should be organized. Last, for real-world applica-
tions, the system should be manipulated via a relatively
straightforward Decision Support System (DSS) interface (see Cole,
1996a).

A model of the transactions between the 3,000 counties of the
United States, each with up to 20 activities per region could re-
quire a matrix with 36x10° (a table covering several football fields!).

GIS Data (CD-ROM) _ Locations National Data (CD-ROM)  Economy
AreaData" | AreaCoo" AreaData" | AreaCoo" AreaData" | AreaCoo" AtreaData" | AreaCoo"
Tennessee\AreaBloc" Mississippi\AreaBloc" Arkansas\AreaBloc" States\AreaBloc"
BlocData | DATA US-BUILD | DATA
MISSISSIPPI VALLEY Revise US SAM [
Combined Data Base NIPA Accounts

BlocDist MODEL BlocScale | MODEL US-SAM DATA

|| Inter-Area Links

e.g. Travel Times Supply & Demand by United States

Bridges, Thruway Commodity and Area Social Accounts
BlocGrav | MODEL
Inter-Area Spatial
Location Model

BlockEvent | DATA BlocAgg ZOOM BlocComb | ZOOM

Post-Event Direct Agregates Inter-area Agregates Local

Damage Aseessment Transactions Social Accounts

Lifelines

- Power BlocSAM | ZOOM

- Water

- Transport Final Many-Region

- Other Social Accounts

Sectors

- Business Blocimp | ZOOM 1 D

- Households P Survey Data

- Public Services Calculates Total |:| Data Manipulation

- Other Impacts by Area P

‘ I:l Model Assumptions
Impact Assessment |:| Program Call

WFigure 8.1 Flow Diagram for Mississippi Valley Model Programs
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To deal with this vast amount of data, the system is organized as a
“virtual model” whereby the many-region accounts are condensed
to a set of basic data associated with each locality and a set of
estimated parameters which allow selected local accounts to be
re-constructed and solved as required. Thus, the system is designed
to focus in on the segment of the matrix that describes the disaster
area, in much the same way that a GIS system allows us to zoom
a particular locality. A key task has been to devise appropriate
estimation, and aggregation rules for this process, and a practical
GIS interface.

The empirical implementation of model construction and ap-
plication is carried out through a series of computer programs
(see Cole, 1996a). The procedure falls into several steps, each com-
prising a group of macros (ie., computer program) for data
preparation, model estimation, model assembly, and model solu-
tion.? This is summarized by the flow diagram in Figure 8.1. With
this approach, the blocs of counties and states may be superim-
posed on the radial transportation networks which are ubiquitous
in U.S. cities, or modified to correspond to other systems, so that
the regional clusters correspond to nodes on the lifeline network.
The selection of the target county, and neighbors, is automated
via a GIS interface such as that shown in Figure 8.2.

United States - State Groups

SHELBY, TENNESSEE

|Search || Next || Range ||Counties|

M Figure 8.2 Interface for Selection of Target Locality and Aggregation of Neighbors
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MODEL S OLUTION

The social accounts provide a county-by-county pre-disaster
picture of the network of domestic transactions and flows to and
from neighboring regions. In a multi-region system, economic trans-
actions spill over into neighboring regions and also feed back into
the original economy. In the event of a disaster, some of the nodes
and links in this many-region economic network are damaged,
while others may take up the slack during the recovery. Because
of this, the round-by-round process of spillover and feedback is
disrupted and diminished. The method of solution used attempts
to capture this process in a generalizable way.

8.3.1 DISTRIBUTED DISRUPTIONS,
TRANSACTION COSTS AND UNCERTAINTY

The solution assumes that, even under normal circumstances,
some proportion of transactions will be delayed unacceptably.
Indeed, most economic actors attempt to reduce losses by main-
taining buffer stocks, or concentrating their business in nearby
markets. During a “disaster” — almost by definition — the pro-
portion of failed transactions is increased beyond the capability of
the normal system to cushion their livelihood. Thus, their eco-
nomic losses increase dramatically.

The technique for solving the model rests on a time-depen-
dent approach for conceptualizing input-output tables (Cole, 1988).
The first important notion here is that the network of activities in
any economy sets up a ‘round-by-round” process that distributes
income throughout the economy (see e.g. Miller and Blair, 1985).
Thus, a change anywhere in the economy is magnified and trans-
mitted throughout the community (and in some measure,
throughout the world). This is the basis of the multiplier effect, that
underlies all input-output type calculations, and provides an es-
pecially useful way of conceptualizing the propagation of events
through structure, time, and space. The second underlying idea is
that all economic processes involve a characteristic transaction
lag — reflecting the time taken to design, finance, transport or
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produce goods, or simply to adjust to new circumstances (see ten
Raa, 1986; Cole, 1988).

Typically, input output models are used to simulate events that
are relatively simple compared to the circumstances of a major
disaster. Nonetheless, many changes may be simulated by “map-
ping” details of a disaster and the proposed recovery strategy onto
the social accounts in an appropriate manner. Damage is intro-
duced into the model via an Event Accounting Matrix (EAM) that
records the intensity of the impacts on each activity and transac-
tion and the response (or recovery rate) of each activity or
transaction (see Cole et al., 1993).*

M MPHIS-M
\V4 O
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8.4.1 MEMPHIS REGION

The Mississippi Valley, centered on Memphis, Tennessee, pro-
vides the example in this chapter. The Memphis metropolitan region
lies at the intersection of three States — Tennessee, Mississippi,
and Arkansas. Given the great distance to the nearest cities of
comparable size, Memphis might be considered the metropolitan
center for as many as one hundred counties. The largest county,
Shelby, contains about 80% of the region’s business and popula-
tion within counties which are proximate to Memphis. Memphis
itself accounts for about 20% of the Shelby economy. The next
largest nearby counties are De Soto in Mississippi and Mississippi
in Arkansas, each with about 4% of the region’s economy (U.S.
Department of Commerce, 1994).

Table 8.2 compares the size, economic structure and income
distribution across the counties of the region. It shows that service
and lifeline sectors are concentrated in Shelby (19 and 53% of the
county’s total income). Shelby is a transportation center for the
region. Other counties display a concentration of manufacturing
activities (73% in Lauderdale, and 60% in Tipton, Tennessee), or
agricultural activities (26% in Tunica, Mississippi). These varia-
tions, which are the result of many factors, indicate a good deal of
trade between the counties. Similarly, in the counties adjacent to
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Shelby, the share of production in the region as a whole is typi-
cally about half their share of household income, indicating a high
level of commuting into Memphis. The composition of household
income also varies across counties, for example, the share of wage
income in Tunica is relatively low (reflecting its depressed rural
economy), while Shelby is an employment and entrepreneurial
center. Such data provide the empirical basis for the virtual model.

8.4.2 MEMPHIS ACCOUNTS

The method described earlier is used to estimate a 50 county
and cluster model focused on the Memphis region economy. This
gives the transactions between the various production and house-
holds within the city of Memphis, and Shelby, and Crittenden
counties, and between these localities and surrounding counties
and states to be used in the impact calculations. Thirty individual
counties in Arkansas, Mississippi and Tennessee, that are in the
vicinity of Memphis are treated individually. The blocs of counties
and states are superimposed on the transportation networks which
in Memphis are roughly East-West and North-South.The final table
is then focused on particular counties, or groups of counties, in
this case those in the vicinity of Memphis.

The result is shown in Table 8.3, the county table for Shelby
remains in full detail (i.e. with the same domestic transactions
displayed as for the consolidated United States accounts shown
earlier). The accounts for the immediate neighbor counties —
Tipton, Fayette, and Lauderdale also in Tennessee; Crittenden and
Mississippi in Arkansas; and De Soto, Marshall, Tate, and Tunica
in Mississippi — are each consolidated to show only their aggre-
gate domestic accounts and their imports from and exports to
Shelby for each commodity and factor. Regional imports and ex-
ports are aggregated so that exports from production sectors are
individual commodities, and imports to production sectors and to
final demand are bundles of commodities.

The table shows the estimated flows of income through com-
muting and lifeline-related activities between the counties in the
vicinity of Memphis. The data along the diagonal show transac-
tions within the counties. For example, local wage and lifeline
transactions within Shelby are $11,007 million and $3,354 mil-
lion, respectively. The estimates for commuting show that all
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counties provide a net flow of labor to Shelby. For example, com-
muters from Crittenden earn $83 million in Shelby county, while
only $29 million comes from commuting from Shelby to
Crittenden. In general, the smaller counties, and those closest to
Memphis have the highest level of commuting. For example, al-
most as many residents of Tunica commute to Shelby, as live and
work inTunica. For lifeline activities (predominantly transport, but
including communication, and utilities combined), the flow is re-
versed and Shelby is a net exporter. In general, the smaller the
region, the greater will be the mismatches between demand and
supply of commodities and factors.

APPLICATION OF THE
DECISION SUPPORT SYSTEM

8.5.1 EVENT ACCOUNTING MATRIX

The damage sustained during the disaster, and also the subse-
quent recovery measures are introduced into the model via an
Event Accounting Matrix (EAM), which maps the estimates of the
direct economic onto the pre-disaster social accounts. Hypotheti-
cal events have been used to construct lifeline vulnerability
functions and estimates of likely direct and indirect damage to the
regional economy (e.g. NEHRP, 1992). In particular, most of the
electricity supplied to these counties comes from the Tennessee
Valley Authority (TVA) via a number of gate stations via transmis-
sion lines. The series of fragility models for the Memphis region to
assess the vulnerability of the electricity lifeline systems as a result
of substation failure, power imbalance, or loss of connectivity pre-
sented in Chapter 3 are embodied in the estimates of direct damage
presented in Chapter 6 and utilized to estimate indirect impacts in
Shelby County alone in Chapter 7.

8.5.2 B ASE S CENARIO
These damage estimates are allocated to the sectors described

in the multi-county model to provide the “base scenario” given in
the Event Accounting Matrix (EAM) shown in Table 8.4. This pro-
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vides information on the intensity of the impacts to each activity
and the time taken to recover.

In the base scenario, it is assumed that damage to the various
production activities in neighboring counties Tipton and Fayette
(in Tennessee), Crittenden and Mississippi (in Arkansas), De Soto
and Marshall (in Mississippi), is proportionately the same as in
Shelby County. The scenario provides an assessment of the “status
quo” response of the Memphis area economy to a disruption of
electricity supply. The total economic impact on each activity is
determined as the short-term (direct) curtailment of its activities,
plus the subsequent indirect loss arising from downstream effects
as the initial disturbance begins to affect the entire regional
economy.

The results are shown in the graphs of Figure 8.3. The first set
of graphs show the direct effects spread over roughly the same
time-frame as in Chapters 6 and 7, with the shut-down beginning
in late-1994 and extending into 1995. The graphs on the follow-
ing page show the total impacts when indirect effects, and spillover
into adjacent counties and regions are taken into account. Within
Shelby County, the indirect effects on production and households
are comparable in size to the direct impacts. Moreover, because
of transaction lags, the indirect effects continue to be felt well
after the initial (direct) production losses have been restored.

Shelby Production Activities Shelby Households and Institutions
Annual Events (Direct) Annual Events (Direct)
-= AgForFish
126 | 5 Mining 126
108 -a- Construction 108 = Labor = Property = Transfer HH
2 Non-Durable Manufacturing * Wage HH % RentHH % Govermment
90 | * Durable Manufacturing 90 | = Capital
- TranComUtilities
72 | -= Trade 72
= FIRE
54 | _a Services 54
36 36
18 18
0 0,
1990 1993 1996 1999 2002 1990 1993 1996 1999 2002
Total Impacts (Cumulative) Total Impacts (Cumulative)
126 126
108 108
920 90
72 72
54 54
36 36
18 18
0 R 0
1990 1993 1996 1999 2002 1990 1993 1996 1999 2002

M Figure 8.3 Directand Indirect Consequences of a Power Cutback (Base Scenario)
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Crittenden Production Activities

Crittenden Households and Institutions

Annual Events (Total)

-= Mining
25| ™ Construction
"~ | = Non-Durable Manufacturing
-* Durable Manufacturing
* TransComUltilities
* Trade
1.5 | -= FIRE
-= Services

0

—r—r—r—T—* T
1990 1993 1996 1999 2002

Annual Events (Total)

3
25 = Labor = Property = Transfer HH
2 | WageHH  Rent HH - Government|
|-= Capital
2
1.5

0
1990 1993 1996 1999 2002

Total Impacts (Cumulative)

0.5

0
1990 1993 1996 1999 2002

Total Impacts (Cumulative)

0
1990 1993 1996 1999 2002

Neighboring Counties (Totals)

Other Counties and Regions (Totals)

Annual Events (Total)

- Tipton, Tennessee

- Crittenden, Arkansas

= De Soto, Mississippi
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% Mississippi, Arkansas,

% Marshall, Mississippi
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= Tunica, Mississippi Benton, Mississippi

8
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6
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4

=)
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80 |-=-USAKent,
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O+ rrrrrrrorrroa
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M Figure 8.3 Direct and Indirect Consequences of a Power Cutback (Base Scenario)
(continued)
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8.5.3 INCOME DISTRIBUTION A N D
INTERREGIONAL IMPACTS

Table 8.5 shows the total impacts for all activities — busi-
nesses, factors, institutions, households and government — in the
Shelby and Crittenden counties accumulated to the year 2005. It
is seen that, even though the two economies experience propor-
tionately the same initial shocks, the total impact, after all multiplier
effects are accounted for, differ markedly. With the mining sector,
for example, the initial shock in both counties is 2.3% of annual
output, but rises to 4.8% in Shelby, but only 2.6% in the smaller
Crittenden economy. The loss of household income to households
in Crittenden is also somewhat less than in Shelby, partly because
of the differences in size and structure of the two economies, and
because of the pattern of commuting between them. The table
also shows that the loss in wage income to workers is somewhat
less than the loss in net profits to businesses. This pattern is not
fully reflected in the shares of income loss by wage and rent to
households because a considerable portion of rent and transfer
income comes from well outside the Shelby area (via investments,
retirement funds, and state and federal government), and this cush-
ions the local impact.

The consolidated impacts for each county and regional bloc
are shown in Table 8.6. It is seen that in absolute terms there is
considerable spill over into neighboring counties, and even to dis-
tant regions of the United States. While this is not a “disaster” (it is
indeed relatively insignificant) for these distant regions, it still im-
plies a considerable loss to the nation as a whole (as large as the
loss to Shelby County itself). Arguably, this spill over effect should
be taken into consideration in any cost-benefit of disaster pre-
paredness measures. This is not least because the spillover from a
large county such as Shelby onto its smaller immediate neighbors
can also be comparable to the impacts of events within the small
county.

This base scenario illustrates some implications of the Mem-
phis model for income distribution, and inter-county phenomena.
In practice, these impacts would be considered in the context of
other events, for example, the failure of water supply and trans-
portation lifelines also caused by the earthquake, as well as the
appropriate policy responses (such as federal aid to victims).
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W Table 8.6 Direct and Total Impacts by Locality and Region (all dollar figures in

millions)
Sector/Locality Total Direct | Share Total Share
Output Loss of Loss of
Output Output
Shelby TN $95,524 | $529.9 0.6% | $1,634.0 1.7%
Tipton TN 2,228 12.4 0.6% 268 | 1.2%
Crittenden AR 3,332 25.9 0.8% 55.3 1.7%
De Soto MS 4,900 38.1 0.8% 84.1 1.7%
Fayette TN 1,550 12.0 0.8% 23.5 1.5%
Mississippi AR 5,469 42.5 0.8% 89.1 1.6%
Marshall MS 1,336 10.4 0.8% 19.2 1.4%
Lauderdale TN/ 1,036,470 123.4 | 0.01%
Haywood TN
Tate MS/St. Francis AR 218,678 74.2 1 0.03%
Tunica MS/Benton MS 160,787 58.7 | 0.04%
MS, OK 677,824 69.6 | 0.01%
Kent KY 250,730 30.6 | 0.01%
AL, GA 839,169 714 | 0.01%
LA 587,638 32.5 0.01%
TN (Cart., Cock., 1,986,166 7.4 0.00%
Gree., Hamb.)
HI, TX 1,204,215 95.5 | 0.01%
CT, DE, FL, IL, IN 9,462,701 346.1 0.00%
AK, AZ, CA, CO, IA 10,583,205 159.7 | 0.00%
Total USA 27,121,921 | 671.1 0.0% | 3,001.1| 0.01%

Note: Total output is income of all activities

8.5.4 REALLOCATION OF RESOURCES

Depending on the precise details of the local lifeline system,
there will always be some discretion exercised as to which parts
of the power network will be repaired first, or how the available
capacity will be allocated. The model may be used to illustrate
how different priorities with respect to the allocation of supply
might reduce the cost of a disaster to the community as a whole,
and how this will affect specific communities and industries (see
Cole, 1995). With this Memphis example, there is the possibility,
for example, of re-directing the remaining electricity supply, or
reinstating supply in such a way as to reduce the overall economic
losses to the wider community as in Chapter 7. Such optimal
reallocation of supplies is also possible with the multi-region so-
cial accounts (see Cole, 1995).

Table 8.5 compares the results of an optimal allocation with
the base (non-optimal) allocation described above for Shelby and
Crittenden counties. For the alternative scenario, the total short-
fall in (the value of) electricity supplied to Shelby and Crittenden
counties over the period of the cutbacks is reallocated so as to
minimize total accumulated loss in value added (Gross Regional
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Product) to the region. To achieve this, the reallocation reduces
cutbacks to sectors which have a high total (direct plus indirect)
income loss for a given total power loss. In this example, all ac-
tivities are constrained not to expand production above their
pre-disaster level. Without going into detail, it is clear that there
are some considerable reductions in the overall impact compared
to the base scenario. There are also substantial shifts in the direct
and indirect losses for the various production activities and insti-
tutions, which may be traced to their varying composition of inputs
(especially electricity). For a given activity, these shifts are some-
times in different directions between the two counties. For example,
the direct loss to nondurable manufacturing increases from $99 to
$119 million in Shelby, but reduces from $2.3 to $1.8 million in
Crittenden. Thus, the reallocation has quite different implications
for industries in the two counties. It also has different consequences
for households so that the losses to households in Shelby are re-
duced to about 50% from base scenario, while losses in Crittenden
are reduced only by 20%.

INT

EGRATION INTO POLICY
MAKIN

G

These calculations illustrate a number of important points about
policy-oriented models. Not least is that, while significant overall
savings are possible, economic factors are likely to be impacted
unevenly. Even a fairly innocuous goal such as reducing losses to
community-wide value added is not in the interests of all indi-
vidual industries or communities. From a policy perspective, the
last conclusion emphasizes that strategies chosen to deal with any
untoward and disastrous incident is inevitably a matter of negotia-
tion between the affected parties. In the example used in this
chapter, an overarching question is, if the community loses a given
amount of electricity supply how might the cutbacks be distrib-
uted in order to minimize the ensuing impacts to selected interests
in a mutually acceptable manner? The aim is to provide a “cost-
benefit” analysis that can deal with the tradeoffs between economic
and non-economic welfare, and the competing needs of various
interest groups and communities (see e.g., Layard, 1980).
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Certainly, it is important to consider a range of alternative re-
covery strategies, responses, and scenarios, so that critical tradeoffs
and choices for different interest groups can be identified, and so
facilitate negotiated compromises. Ideally, interests should be
weighted to establish some broadly acceptable allocation, recog-
nizing that there are several difficulties in balancing economic
and non-economic utilities across competing interest groups. It is
argued in Cole (1995) that most contingency evaluation should be
treated as a multi-criteria assessment rather than a cost-benefit
analysis (van der Veen et al., 1994). It should be said that while
economists have devised these methods to assess the impon-
derables associated with more sustained environmental hazards,
these methods may be less useful for the situation of sudden disas-
ters. Sudden disasters present some major problems because of
their uniqueness, the difficulty in assembling data, the complexity
of the institutions, the modus operandi of actors involved in nego-
tiation, and so on. For this reason, it is necessary to consider how
models such as those described in this chapter might be employed
to best effect.

8.6.1 DECISION SUPPORT SYSTEMS
VERSUS EXPERT SYSTEMS

The way in which the social accounting model and the event
matrix might be used to aid decisions depends on the precise ap-
plication. To explore this, it is useful to distinguish between two
types of application in “well defined” and “poorly defined” or
“chaotic” situations.

The first application approximates the circumstances of Mem-
phis as a research laboratory for disaster preparedness. The second
corresponds to the type of situation for which the modeling sys-
tem developed here ultimately is designed to contribute. These
distinctions dictate the type of modeling system that might be use-
fully employed, emphasize the balance between quantitative and
qualitative representation, and the degree to which problems are
well, or ill-defined, and thus the extent to which they can be mod-
eled in a mechanical fashion (see, e.g., Harris and Batty, 1993;
Choi and Kim, 1992). It should be said that the promise of expert
systems based on concepts of artificial intelligence has proved
hard to realize and, even for well defined situations, the literature
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increasingly speaks of decision support systems rather than expert
systems (Guariso and Werthner, 1991). While the approach of this
project falls into the generally accepted definition of aiming to
help a community do for itself what otherwise experts might be
asked to do (see, e.g., Borri, et al., 1994), this nevertheless leaves
open many issues of system interface design and mode of applica-
tion.

The two types of application — well-defined and chaotic —
also map closely onto the distinction made in other investigative
sciences such as anthropology between the emic and the etic per-
spectives (i.e. the local views of a community versus the outside
analysis of the development agencies or researchers). As Dyer
(1995) and others have argued the “culture of response” is derived
from the intersection of these perspectives, and this is critical for
determining the overall outcomes of the recovery process. The
internal process is dictated by the immediate felt needs and shared
cultural values of the impacted community, while the external re-
sponse comes from any outside agencies (such as the Federal
Emergency Management Agency) that are mandated to mitigate
the effects of a disaster.®

In chaotic situations, there is much evidence that very sophis-
ticated models are quite unacceptable in some policy making
situations (United Nations, 1994). This second type of situation
therefore appears to demand a reduced decision support system
— one that is quite open to public scrutiny and modification.Thus,
even though the manner in which the model is derived may be
fairly sophisticated, it must have the ring of truth about it for the
local community. To be effective, it must be possible for local groups
to be highly involved, and to see that their interests are accounted
for properly. Such lessons are clear from the work of authors such
as Cuny (1983), Pantelic (1989), and Dynes and Tierney (1994).
The challenge remains to bring the more elaborate but (hopefully)
better-specified models such as those described here out of the
research mode and transform them into effective aids for disaster
preparedness and recovery, and fulfill the hope long expressed by
Jones (1981, 1989), Aysan et al., (1989), and others, that natural
disasters, however painful, can be used to stimulate positive de-
velopments in the community.
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NOTES

This provides the basis for later transforming into social categories of
households who are most at risk from disasters. For example, in the
pilot studies mentioned earlier, households have been sub-divided,
by minority status, gender, and age (Cole, 1994), and by residence
and kinship networks (Cole, 1993; Cole, 1996b).

The procedures are developed in Visual Basic for Excel (see Cole,
1997).

In Cole (1988) it is shown that a general approximation to solution of
the calculation of time-lagged economic impacts is given by the
modified Leontief inverse. For the linear case (i.e. a diagonal trans-
action matrix), this reduces to the Shinozuka et al. (1995) fragility
equation used in Rose et al. (1997, and Chapter 7 of this mono-
graph), and Bates’ (1994) method for analysis of travel time reliability.
The manner in which the equation might be adapted to the situation
when an economy collapses progressively as a consequence of a
very large disturbance, and the properties of the solution when clus-
ters of counties are aggregated together, are discussed in Cole (1997).

A similar method has been proposed by Boisvert (1992).

The manner in which these interact is still a matter of debate. Oliver-
Smith (1995), for example, notes that neither rational choice theory,
nor the resource mobilization approach, both of which underlie the
research model developed here, can account for the social and emo-
tional conditions following a disaster.
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IMPLICATIONS FOR EFFECTIVE
LIFELINE RISK REDUCGTION
POLICY FORMULATION

AND IMPLEMENTATION

BY LAURIE A. JOHNSON AND
RONALD T. EGUCHI

Reducing the potential loss of property and lives, or the risk,
of future damaging events, is the primary motivation for most earth-
quake hazards research. Resulting risk reduction policies and
actions are also the principal measures of effectiveness for research
programs, products and practices (Nigg, 1988). Unfortunately, as
succinct as the objectives for effective earthquake risk reduction
may seem, the process leading from scientific innovation to risk
reduction policy formulation and implementation is extraordinar-
ily complex.

Petak (1993) defines risk management as “concerned with the
actions necessary to mitigate or control the risk” and that these
actions “derive from a decision process that results in the policies
that establish a level of acceptable risk for the community or orga-
nization.” Clarke (1989) defines the process of determining the
level of acceptable risk as having five key steps: “defining the
problem, assessing the consequences, ordering the alternatives,
constructing acceptable risk assessments, and accepting the risk”
(including implementing measures to achieve the acceptable level).
Therefore, acceptable risk is as much a political issue as it is a
scientific issue.

To many in the research field, earthquake knowledge genera-
tion is described with terms like “scientific breakthrough” and
“product development” — those milestones leading to advances
in the state-of-knowledge. These efforts often focus on advancing
aspects of risk analysis (e.g. hazard characterization, vulnerability
analyses, and risk assessment). But, comprehensive risk manage-
ment must include more than risk analysis and knowledge
generation in order to affect change, or, in this case, influence risk
reduction policymaking (Petak, 1993). It must also include knowl-
edge development to apply effective risk reduction practices (e.g.
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technology transfer, education, and training) as well as empower-
ment to formulate, adopt, implement and sustain practices and
policies that make our communities safer from earthquakes
(Cassaro et al., 1995; CUSEC, 1993).

In the area of lifeline earthquake risk reduction, recent discus-
sions within the Technical Council on Lifeline Earthquake
Engineering (TCLEE) of the American Society of Civil Engineers
(ASCE) have suggested that the gap between the lifelines technical
and policymaking communities is significantly greater than many
other areas of the earthquake community (Taylor, 1996). There-
fore, investigators in this study have been handed an even greater
challenge, and likewise a greater opportunity, to envision the bridge
that leads from innovation to policy implementation.

This chapter attempts to help build this bridge by focusing on
the policy implications of the engineering and socioeconomic
analyses of earthquake-induced electric power disruption in Mem-
phis, particularly as they relate to earthquake risk reduction for
lifelines systems. In the first part of this chapter, some of the sig-
nificant additions to the existing knowledge base for lifeline risk
reduction, resulting from this study, are examined. They are:

e Substantial advances in accessing the indirect losses on af-
fected service users for consideration in future performance
design criteria for electric power systems.

e Advances in assessing optimum strategies for service restora-
tion following a major disaster.

e Advances in defining the resiliency factors to estimate eco-
nomic losses over time.

In the second half of the chapter, beyond the knowledge ad-
vances resulting from this study, the problem definition, potential
solutions, participants, opportunities for choice, and institutional
capacities that may lead to better lifeline risk reduction policies
and actions in the central U.S. and beyond are considered.
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STUDY IMPLICATIONS

1. Substantial advances in assessing the indirect losses on
affected service users for consideration in future performance
design criteria for electric power systems.

The performance of electric power systems is generally mea-
sured by the repair costs resulting from actual disasters. In these
measurements, the indirect losses, associated with factors such as
utility outages, outage time, or the effects on dependent businesses
are largely ignored. This is primarily due to the lack of statistical
data or actuarial experience to quantify these impacts. The meth-
ods outlined in this report provide a way of simulating these
impacts. Whether or not these measurements or methods can be
reasonably implemented by the electric utility industry and pub-
lic officials responsible for disaster management is not yet certain.

In order to understand the significance of indirect losses in
measuring the performance of electric power systems, several
comparisons are made in Table 9.1. This table reproduces the
results of the direct and indirect loss calculations made in Chapter
7. In addition, information on the estimated repair costs to the
Memphis Light, Gas, and Water (MLGW) electric power system in
the same New Madrid earthquake scenario have been added us-
ing data from a related NCEER report (Chang et. al., 1996).

The total repair cost shown in Table 9.1 was derived from data
produced by Chang et al. (1996). This report also uses a M 7.5
earthquake near Marked Tree, Arkansas to simulate the effects on
the MLGW electric power system. In addition to electric power,
this study also investigated the impact on water and natural gas
distribution systems. The results of the Chang report indicate that
repair costs to major substations in a large New Madrid earth-
quake could be as high as $400 million. Most of this damage
would occur in major gate stations ($366.5 million or roughly
91% of the total repair cost). Additional damage would occur to
lower voltage (23 kv and 12 kv) substations — approximately $35
million.!

The direct and indirect economic losses as computed in Table
9.1 were taken from Table 7.2. Direct losses were interpreted as
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M Table 9.1 Repair Costs and Associated Direct and Indirect Economic
Losses Due to the Failure and Disruption of Electric Power Service
in a Large New Madrid Earthquake

Industry Baseline | Estimated | Post-EQ Post-EQ
Sector Gross Repair Direct Indirect
By Output Costs Losses - Losses -
SIC Code (mil $) (mil $) Gross Gross
Output Output
Terms Terms
(mil $) (mil $)
Agriculture 203 4 14
Mining 40 1 3
Construction 2,456 46 165
Mfg. 9,174 263 526
T.C.U. 4,930 79 344
Wholesale 2,140 39 145
Retail 2,911 53 198
FLR.E. 3,941 95 243
Services 5,477 125 346
Government 3,229 82 196
Total 34,501 401" 787 2,180

“Estimated repair costs taken from Chang et al., 1996.

those associated with gross output losses that consider no bottle-
neck effect. In other words, each economic sector is assumed to
be impacted only by a disruption of electric power service and
not additionally by supply input bottlenecks from other sectors.
Indirect losses are then calculated by subtracting these “non-bottle-
neck” losses from those gross output losses that do account for
bottleneck effects. These indirect losses model the so called “mul-
tiplier” or “ripple” effects.

As Chapter 6 (Direct Economic Impacts) points out, calculat-
ing indirect losses can be difficult, partly caused by the many
assumptions required to execute the methodology. Resiliency or
importance factors are needed, for example, in order to quantify
the dependencies businesses have on electric power service. As
Chapter 5 (SocioeconomicAnalysis of Lifeline Usage) notes, these
dependencies can vary widely depending on the type and size of
the business. Future studies should focus on the sensitivity of
indirect losses on changes in input parameters and assumptions.

A comparison of the various losses in Table 9.1 shows that
indirect losses are approximately five times larger than expected
repair costs and about 2.5 times larger than direct losses. More
importantly, the combined total of direct and indirect losses are
about seven times larger than expected repair costs. This ratio is
significant since, in most earthquakes, the only economic loss data

158 CHAPTER 9



generally reported by electric power utility companies are the to-
tal repair costs. Therefore, the full economic impact of electric
power failure and disruption is, in general, grossly understated. In
fact, accounting for regional losses (i.e., beyond Shelby County)
would add to the totals given in Table 9.1 (see discussion of met-
ropolitan losses in Chapter 8), thus increasing the total impact of
the earthquake well beyond repair costs.

Chapter 8 essentially expands spatially and temporally much
of the analysis in Chapter 7. The decision support system com-
prises several components:

e Social Accounting Matrices for the Memphis metropolitan area
counties as well as the U.S. as a whole. This allows for the
analysis of impacts upon various segments of society, espe-
cially different income classes and racial/ethnic groups.

e A GIS overlay system so that the county-level data can be
reconfigured to any geographic area.

e Asetof impact algorithms that can determine the indirect im-
pacts from an earthquake both spatially and temporally, i.e.,
for any county grouping and to include lags and impacts (other
models to date typically assume all impacts take place within
a fixed time period, most typically a year). Also, this lag struc-
ture can be applied to the pace of recovery.

e An optimization routine that allows for the specification of
alternative objective functions for minimizing losses through
the reallocation of scarce resources (e.g., it allows for differ-
ential weighting of various stakeholders). This framework is
more general than that of Chapter 7 in terms of the number of
objectives, but not as detailed in terms of factoring in lifeline
system considerations.

The terminology in Chapter 8 of a “decision support system” ap-
proach is for sophisticated users and allows for the maximum
flexibility and range of outputs. It is intended as an aid to deci-
sion-making and not a substitute. It emphasizes the use of
professional judgement in specifying model objectives, data and
policies. This is in contrast with an “expert system,” which is usu-
ally quite rigid and intended to provide the answer.
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2. Advances in assessing optimum strategies for service res-
toration and allocation following a major disaster.

Chapter 7 provides some insights into how the procedures
developed in this study could be used to optimally ration scarce
electricity after a disaster, and to determine more effective restora-
tion patterns or strategies. The results show that indirect losses
can be reduced three-fold if scarce electricity is reallocated ac-
cording to a specially designed linear programming model, and
four-fold if an optimizing algorithm is employed for determining
the best sequence for bringing back on-line damaged substations.
As stated earlier in this section, whether these algorithms can be
effectively incorporated within the framework of an existing elec-
tric power utility’s program is another issue. The fact that these
algorithms have a significant effect in reducing potential losses to
dependent businesses, however, should provide enough impetus
for policymakers to at least explore the merit of using these meth-
ods in post-disaster applications.

At the end of Chapter 7, several methods for implementing
these algorithms were introduced. One method of rationing pro-
poses that electric power utilities could establish a contingent
contract with customers, whereby the availability of service after
a major earthquake would be tied to a premium and usage fee.
By negotiating before the event, customers would agree to the fee
they would pay for priority service after an earthquake. In imple-
menting such a policy and program, utilities could maximize their
capacity to provide service to the larger area or region. Other
forms of rationing could include “rolling blackouts,” that allow
customers to share residual power in the service region, and other
pricing structures that charge higher fees for greater usages.

It is unclear how such rationing strategies might work to dis-
tribute power after a major earthquake. These rationing methods
presume that the power distribution system will remain intact to
carry electricity to customers, which contradicts the system vul-
nerabilities underscored by recent earthquakes. Transmission and
distribution substations have historically been the weak link in
power distribution. Therefore, any optimization algorithm for al-
locating residual power needs to consider additional scenarios
with certain key components missing.
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3. Advances in defining the resiliency factors to estimate eco-
nomic losses over time.

Chapter 5 summarizes the results of an extensive survey of
Memphis businesses and it substantially advances our understand-
ing of business dependencies on utility services. The resulting
data provides important information which can be used to cali-
brate resiliency? factors that are largely based on expert opinion
(ATC-25, 1991). As currently defined, these factors lack: 1) the
ability to model specific lifeline dependencies within a region, 2)
the ability to recognize the recovery time path after a disaster, and
3) the spatial dimension of lifeline service disruption and eco-
nomic impact.

In this study, indirect loss analyses have been expanded by
developing resiliency factors which account for the three attributes
identified above. These new factors allow a more explicit defini-
tion of lifeline dependency by quantifying the length of time a
business can operate without utility service. This information can
be important to businesses in general by defining the minimum
requirements for continued operations. If this data are known,
and if some assessment of utility outage can be provided, then
businesses can develop individual emergency response plans that
offer alternatives for dealing with utility company service disrup-
tions. Chapter 6 discusses the potential benefits of this type of
planning.

With the application of these new resiliency factors in Mem-
phis, efforts to enhance this kind of information in other parts of
the country may be more likely. This study illustrates the signifi-
cance of incorporating local data about business dependencies
into loss estimates. It is particularly important for agriculture,
mining, construction and transportation, communications and util-
ity industries. Therefore, any effort to improve the reliability of this
data would be meaningful.
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TOWARDS EFFECTIVE LIFELINE RISK
REDUCTION POLICY FORMULATION
AND IMPLEMENTATION

Based on interviews with representatives of six major utilities,
Taylor (1996) notes two significant barriers to lifeline risk reduc-
tion policy implementation as: 1) the importance of private utilities,
and the comparative lack of reasons for federal interest in the seis-
mic performance of these utilities; and, 2) the multi-jurisdictional
nature of lifeline networks, involving local, regional, state, and
federal jurisdictions. In contrast, seismic building codes, retrofit
programs, and land use plans are typically adopted by only one
jurisdiction. But in spite of the many constraints challenging life-
line risk reduction policymaking, successful policies and practices
have been implemented.

The second half of this chapter synthesizes significant aspects
of public policy research in with anecdotal insights gained from
current lifelines industry practices as an opportunity for formulat-
ing and implementing more effective lifelines risk reduction policies
and practices in the central U.S. and beyond.

9.2.1 PoLicy FORMULATION MODEL

An organization decisionmaking model, referred to as the “gar-
bage can model of organizational choice” has been adopted by
several hazards researchers to describe the public policy formula-
tion process. As Petak (1993) notes, the garbage can name derives
from the recognition that “decisionmakers are frequently con-
fronted with numerous simple and complex problems, multiple
solution alternatives and choice opportunities.” Therefore, under
this model, four essential ingredients that must exist in order for
decisions or policies to be made are problems, solutions, partici-
pants, and an opportunity. Mittler (1989) suggests that a fifth
ingredient — institutional capacity — must also exist in order for
policy to reach the issue agenda and be adopted. The following
sections consider how these five ingredients mixed with knowl-
edge advances resulting from this study can lead to more effective
lifelines risk reduction policies and practices.
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1. Achieving an appropriate risk reduction policy requires a
clear and precise explanation of the problems being considered.

Earthquake risk estimation provides helpful information for
developing a greater understanding of the expected losses, and
therefore establishes a frame of reference in which policymakers
can weigh specific risks (Petak, 1993). This study enhances the
understanding of two important problems: 1) improving the un-
derstanding of the seismic risk in the central U.S., and 2) illustrating
potential deficiencies in current seismic performance design cri-
teria for electric power systems.

While the probability of a large central U.S. earthquake con-
tinues to be a subject for scientific controversy and debate, the
potentially overwhelming economic impacts (both regionally and
nationally) can not be ignored. To an experienced utility operator
or engineer, the information in this study is probably at best, pro-
vocative food for thought. Utility companies should not be
expected to make a decision to review their acceptable risk poli-
cies or to implement a risk reduction action based on this
information alone. However, this study provides compelling evi-
dence for considering a long-term risk management strategy to
reduce the earthquake vulnerability of Memphis’ electric power
system, and appropriate next steps might be to consider the con-
sequences of additional earthquake scenarios.

The relative loss data in Table 9.1 may also be useful for utili-
ties, in defining earthquake risk reduction policy, by establishing
more appropriate and acceptable performance criteria for electric
power systems. A number of recent technical documents (includ-
ing the FEMA/NIST Plan for Developing and Adopting Seismic
Design Guidelines and Standards for Lifelines) underscore the im-
portance of examining lifeline performance from a broader range
of impacts, beyond repair costs.

On a relative scale, repair costs (as indicated by Table 9.1)
account for a small percentage of the economic impacts associ-
ated with the failure and disruption of electric power systems. If
an assessment of acceptable performance is based solely on these
costs, then earthquake risk reduction measures may overly em-
phasize seismic design criteria for critical equipment and could
ignore opportunities to improve operational procedures that may
also account for large reductions in potential losses to affected
users. A more detailed analysis of the indirect effects could pro-
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vide an added impetus to electric power utilities and regulating
agencies to explore other measures for reducing expected down-
times and/or improving restoration efforts.

2. Viable solutions are needed to translate policies on ac-
ceptable levels of earthquake risk into meaningful risk
management strategies with specific actions, milestones, and
budgets.

Generally speaking, mitigation involves programs or activities
that will: 1) reduce the probability and/or intensity of an event, 2)
reduce the vulnerability of structures, contents and process sys-
tems to the forces caused by an event, and/or 3) reduce the exposure
of people and property to an event (Petak, 1993). The loss estima-
tion methodologies utilized in this study, relied on local information
on businesses and the economy to calibrate business resiliency to
lifeline disruption and to identify the pattern of economic activity
at risk throughout Shelby County. A number of viable solutions
for loss reduction policy formulation, including post-disaster re-
covery strategies and pre-disaster planning, have also been
proposed.

This study provides a number of operational strategies which
might reduce potential losses to customers. These strategies are
based on innovative techniques to optimally allocate limited post-
earthquake service capacities or improve restoration times to more
economically important businesses. The self rationing alternative
suggests that customers pay a non-interruptibility premium, to
ensure a certain level of capacity before the earthquake, and, if
possible, in its aftermath. This allows the utility to optimize re-
source allocations by setting usage prices and also to guarantee
enough capacity to manage the systems’ load. The direct quantity
rationing alternative proposes using rolling blackouts for non-es-
sential industries or similar means to directly control the temporal
and spatial distribution of power restoration.

A more effective restoration scheme, based on economic fac-
tors, provides many opportunities for reducing both the short- and
long-term losses caused by earthquake-damaged electric power
systems. Studies have shown that long-term recovery can be en-
hanced if the right set of decisions are made in the early stages of
an earthquake disaster. Many businesses can operate for short
periods of time without electric power service, however, extended
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outages can lead to business failures and closures. Using these
models, utilities have an opportunity to join with other agencies
in establishing restoration priorities, and therefore provide a more
coordinated, multi-agency recovery effort. For small communi-
ties, this is a straightforward task, particularly where one business
is responsible for the region’s primary economy. For larger urban
areas, however, this may be more difficult and would require a
more sophisticated approach.

In addition to electric power utilities and affected business
owners, insurance companies might also be interested in the re-
sulting methods to quantify indirect losses. There may be a market
demand for insurance riders that cover business interruption losses,
resulting from direct damage to the facility or building, or external
factors, such as loss of electric power service. This coverage is not
generally offered because of the lacking actuarial experience to
assess risk and appropriate premiums. The methods developed in
this study could be used to calculate the potential magnitude of
these losses and then used in establishing a credible insurance
structure. As a result, insurance companies might be better able
to offer business interruption coverage on a broader and less re-
strictive basis.

3. Identifying and mobilizing internal “champions” for earth-
quake risk reduction is essential for policy formulation and
implementation.

Broadly speaking, effective earthquake risk reduction requires
the participation of scientists, engineers, and policy makers (Nigg,
1988; Petak, 1993). More specifically, in lifeline earthquake risk
reduction, a highly diverse and specialized group of lifelines and
systems research engineers, engineering seismologists, utility own-
ers and operators, facilities engineers and managers, emergency
managers, regulators, insurers, and government officials, are es-
sential.

Furthermore, recent studies have illustrated the value of view-
ing research utilization not as a linear process in which knowledge
producers simply inform users (Michaels, 1992; Cassaro et al.,
1995; Taylor, 1996), but rather, as a more iterative and interactive
process, involving “information networks” with diverse groups of
participants having similar concerns.
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With regard to this study, some particularly relevant target
networks are TCLEE and the Earthquake Engineering Research In-
stitute (EERI) for lifeline engineering design and construction
professionals, electric power industry associations for utility own-
ers and operators, and insurance associations for risk managers of
key insurance companies. The following section identifies some
of the current federal, multi-state and regional initiatives which
offer key opportunities for influencing existing risk reduction policy
networks in the central U.S.

Finally, with regard to advocacy concerns, the Memphis busi-
ness survey data described in Chapter 5 suggest that “the current
approach to encouraging earthquake and general disaster prepared-
ness among businesses, which emphasizes public awareness and
education, is achieving little.” The chapter also suggests that in
order to achieve more widespread adoption of loss reduction
measures, new policy implementation strategies must make such
measures attractive to and affordable for the business community.

4. Good people, with good solutions to clearly defined prob-
lems, may be able to formulate effective risk reduction policies.
Policy adoption, however, can not occur without an opportunity
for political choice or action.

According to Taylor (1996), landmark seismic evaluation pro-
grams have been instrumental in placing earthquake issues on the
utility companies agendas. Furthermore, a key influencing fea-
ture of the lifeline success stories is the place lifeline earthquake
risk issues typically hold as “standing issues” (not always pressing
but always present) on the political agendas of utility companies
and other policymakers. In a sense, they are part of the constant
attention paid to lifelines by policymakers. In contrast, many other
seismic issues have difficulty getting on the agenda at all, or of
gaining the attention of policymakers. Based on these insights,
the window of opportunity for lifeline seismic risk reduction may
be more widely and consistently opened, than it might be in other
parts of the earthquake community. Some potential opportunities
relevant to this study include:

* Individual companies. In 1994 and 1995, the Central U.S.

Earthquake Consortium, with support from the Department of
Energy, developed and conducted a technical, hands-on two
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year program for senior electric utility managers in the seven
CUSEC states. As participants in the program, each utility car-
ried out a vulnerability assessment of their respective facilities
and systems, developed a utility policy on acceptable levels
of risk, and developed a mitigation plan and implementation
strategy for their utility (Palmer and Shaifer, 1995).

Industry sector initiative. The Tennessee Valley Public Power
Association (TVPPA) represents electric utility distributors in
the Tennessee Valley Authority regions. TVPPA has developed
a Model Emergency Response Plan for Utilities and has con-
ducted relevant training sessions and workshops in emergency
planning, training, and information exchange for electric utili-
ties in the regions. Participants at the 1995 Annual Meeting of
the Central U.S. Earthquake Consortium (CUSEC, 1995) rec-
ommended that the Department of Energy, CUSEC and TVPPA
collaborate to develop and implement a comprehensive emer-
gency preparedness program with practical, cost-effective steps
for federal, state, local, and utility officials to take to address
predictable post-disaster problems and expedite service resto-
ration. Restoration optimization strategies resulting from this
study could be particularly useful to this effort.

Multi-state, multi-industry initiatives. Two multi-industry ini-
tiatives are noteworthy. The first is located in the central U.S.
and the second in California.

a. The Central U.S. Earthquake Consortium is currently in
the midst of a three-year program to develop a multi-
state, multi-industry strategy for managing and coordi-
nating the large-scale energy emergency response and
disaster recovery operations in the aftermath of a cata-
strophic earthquake in the New Madrid Seismic Zone.
A key element of the strategy is the creation of an emer-
gency industry regional support team with designated
officials specifically tasked to improve coordination of
governmental and energy industry response and recov-
ery operations, as well as to improve support to decision
making for priority service restoration and system recon-
struction (CUSEC, 1995).

b. The Inter-utility Seismic Working Group is an ad hoc

committee initially formed of earthquake specialists for
the major gas and electric power utilities in California,
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and now including utility representatives from the Pacific
Northwest and elsewhere. Group members have collabo-
rated to develop a common policy statement for earthquake
vulnerability reduction with the ultimate goal of reaching
and maintaining an acceptable level of earthquake risk (Sav-
age, 1995). Each utility is responsible for preparing and
implementing a long-term seismic safety plan which com-
plies with the policy statement and is based on current
knowledge, technical capabilities and industry practices.

5. For the model to be complete, institutions must also have
the necessary resources to formulate, adopt and effectively imple-
ment risk reduction policies.

The institutions capable of formulating, adopting, implement-
ing and sustaining the risk reduction practices and policies
suggested in this study, must have the necessary knowledge devel-
opment (e.g. technology transfer, education, and training) as well
as empowerment. The investigators involved in this study have
taken some important first steps in enhancing knowledge devel-
opment by involving MLGW staff in the process, and
communicating study results in professional journals and at pro-
fessional meetings and other regional conferences. Itis important
to recognize, however, that institutional empowerment may not
be possible without additional resources, including financial sup-
port for workshops and hands-on training. Professional
associations, such as TCLEE, ASCE, and EERI, as well as federal
and regional agencies, such as the Federal Emergency Manage-
mentAgency, National Institute of Building Standards, and CUSEC,
can play an important role in providing these empowerment re-
sources.

CoONCLUSION

Clearly, the results of this study do not provide a final solution
for reducing the economic consequences of a potential New
Madrid earthquake. For the first time, however, there is now a
more complete listing of the critical models and methodologies
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needed for taking a more comprehensive view of the potential
economic losses resulting from an earthquake-induced, regional
electric power disruption. Likewise, there is also a better under-
standing of how these results might lead to more effective lifeline
risk reduction policies and practices.
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NOTES

1. As a means of comparison, repair costs to Los Angeles area electric
power systems (i.e., the Los Angeles Department of Water and Power
and the Southern California Edison Company) during the recent 1994
Northridge earthquake totaled about $180 million. A large portion
of this repair cost was derived from damage to nine high-voltage
(230kv and 500 kv) substations.

2. Resiliency is defined here as the amount of production capability
left after complete disruption of lifeline service. In general, these
resiliency factors are specific to particular lifelines and industries.
These factors, when compared to the length of time a particular life-
line service is disrupted, can be used to estimate potential business
interruption losses.
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