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Management of companies and enterprises (55)
Administrative and support services (561)
Waste management and remediation services (562)
Educational services (61)
Ambulatory health care services (621)
Hospitals (622)
Nursing and residential care facilities (623)
Social assistance (624)
Performing arts, spectator sports, museums, and related activities (711AS)
Amusements, gambling, and recreation industries (713)
Accommodation (721)
Food services and drinking places (722)
Other services, except government (81)
Federal general government (defense) (GFGD)
Federal general government (nondefense) (GFGN)
Federal government enterprises (GFE)
State and local general government (GSLG)
State and local government enterprises (GSLE)
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Annual severe weather-induced power outages result in devastating damages to people
and industries. The damages of severe weather-induced power outages cause billions of dollars
of economic loss among industries within the U.S. economic system. Building the resilience of
the utility industry in regard to electricity is significant to reduce the risk of power outages
caused by extreme environmental disasters. This in turn would minimize economic loss among
industries in the economic system and improve the security of the utility industry.
The existing framework for assessing the impact of extreme weather associated with
power outages lacks efficient methods and mechanisms. Therefore, a better understanding of the
societal and economic loss from severe weather-induced power outages could be gained from a
new framework that assesses the costs and benefits of the investments made in the utility
industry with reference to the electricity services. In other words, there is no effective assessment
model to measure the economic loss caused and the reliability standards impacted by extreme
environmental disasters.
To address this gap, this research has developed an assessment model and framework to
measure cascading economic impacts in terms of gross domestic product (GDP) loss due to
severe weather-induced power outages. The major objectives of this research were to (1) identify
physical correlations between different industries within an economic system, (2) define
deterministic relationships through the values of interconnectedness and interdependency
between 71 industries, (3) complete probabilistic estimation of economic impacts using historical
economic data spanning from 1997 to 2016, and (4) develop an assessment model that can be
used in the future to measure economic loss in terms of gross domestic product (GDP) across 71
industries.
Above all, this research conducted an analysis of the database of the U.S. Bureau of
Economic Analysis database, which was released in November 2017. Information from the
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database about the U.S economic system, consisting 71 industries, served as the fundamental
data. An interconnectedness matrix and interdependency matrix covering the 71 industries over
20 years were developed using a normalized make matrix and a normalized use matrix. The
interconnectedness and interdependency matrices created with this research modeled
interconnectedness and interdependency, respectively, between the 71 industries. The models,
representing one of the results of this research, are called “A matrix” and “A* matrix” and show
the interconnectedness and interdependency between the 71 industries from 1997 to 2016. This
research conducted analyses of patterns, trends, and relationships on a national level using U.S.
economic data from the utility Industry’s point of view and completed an assessment of
economic impact in terms of GDP loss suffered from inoperability (1%~50%) of the utility
Industry due to power outages within the U.S. economic system.
Finally, a simulation model was developed to estimate economic loss in terms of GDP
due to the ripple effect of severe weather-induced power outages. The several steps involved in
this process included (1) defining the inoperability of the utility industry as the direct
inoperability to cause GDP loss in the primary stage of economic impact from severe weatherinduced power outages, (2) identifying the top three industries most affected from the
inoperability of the utility industry as the indirect inoperability to cause GDP loss in the
secondary stage of economic impact, (3) identifying the top nine industries most affected from
the inoperability of the utility industry as the induced inoperability to cause GDP loss in the
tertiary stage of economic impact, and (4) assessing the economic loss of the ripple effect in
terms of GDP loss due to the value of interdependency between industries for the future
predictions.
Therefore, this assessment model will provide a framework to measure economic impacts
in terms of GDP loss from the inoperability (1%~50%) of the utility industry due to severe
weather-induced power outages. This novel approach of proposing a method to estimate the
economic costs of the risks associated with severe weather-induced power outages will also help
provide a framework for investment strategy selection based on reduced economic loss in a poststrategy implementation scenario that can be compared to the traditional practice.
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1. INTRODUCTION
The utility industry forms the heart of our social system and provides core goods and
services for continuous government operations, multiple businesses, construction services,
national and economic safety, and public health services. The utility industry encompasses those
crucial systems that underpin the most indispensable functions of government, management, and
business. Thus, strengthening its security and resilience is of utmost significance. The Bureau of
Economic Analysis defines the utility industry to include electric power generation, natural gas,
water, and sewage that are also considered as lifeline systems [29-31,113].
The successful and stable operation of the utility industry is contingent upon several factors:
•

First, the planned high resiliency for the utility system will help in a prompt recovery
from or resistance to severe weather events and extreme environmental disasters.

•

Second, the crisis management ability built into the utility system will help in a situation
where some parts of the utility system fail; in such cases, utility service in their entirety
will not collapse, so some utility service will still be provided.

•

Third, because electric utility services cannot be stored, planning must ensure that the
supply from the utility industry continuously matches the demand for the utility industry.
[5-6, 8-10,48]

Of all the other crucial industry types, namely, legal services, housing services, transportation,
and broadcasting and telecommunications, the utility industry is considered the most significant
one because it is expected to provide services even if all the other industry types are severely
damaged [5-6, 8-10,48]
1.1 Background and Needs
Perturbation in the utility industry adversely affects our social system, environment,
administrative and support services, transportation, etc. In other words, utility industry
perturbations can have a devastating economic impact and societal influence. When severe
weather events disrupt the electric power system, a perturbation occurs on the utility industry’s
supply side. This occurrence also covers the power outages in our social system. Power Outages
caused by severe weather events greatly affect one or more economic system.
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The following points regarding supply side perturbation in the electric utility industry
should be considered: (1) cascading failure within the interdependent industries due to power
outage/disruption and (2) how severe weather-induced power outages cause economic losses in
other industries. In other words, other systems or industries are also affected by such
perturbations because of the values of interconnectedness and interdependence that exist between
the utility industry and all other crucial industries.
Some recent massive power outages include (1) the West Coast power outage in 1982
that affected 2 million people on the coast of the Western United States, (2) the Western North
America power outage in 1996 that affected 4 million people in six states, (3) the North Central
United States power outage in 1998 that caused power failure for around 19 hours, (4) the
Northeast power outage in 2003 that affected 45 million people in eight states and was the
second most widespread power outage in history, (5) the Southwest power outage in 2011 that
affected 2.7 million Americans and caused power failure for about 12 hours, (6) the Derecho
power outage in 2012 that impacted 4.2 million people across 11 states and the District of
Columbia, and (7) the massive power outage due to Hurricane Sandy in 2012 that affected 24
states and caused an estimated $18 billion in damages to New York alone. These major severe
weather-induced power outages highlight the extent to which our society depends on reliable
utility service systems.
1.2 Research Thesis
The existing frameworks to assess the costs and benefits of strategic investments in the
utility services system have undervalued the societal and economic costs related to severe
weather-induced power outages. [5-6, 8-10,48] To account for these gaps, this research proposes
an assessment model and framework to measure cascading economic impacts in terms of gross
domestic product (GDP) loss due to such power outages. The figure 1.1 shows the overall
procedure for this research.
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Figure 1. 1 Overall research produce

The thesis of this research is that a novel method to estimate economic losses due to the
severe weather-induced power outages will provide a new framework for assessing the costs and
benefits of strategic investments in the utility industry and make it possible to minimize the
economic impacts of power outages.
1.3 Objective of Research
The paramount aim of the research is to develop a framework and associated models to
estimate the cascading economic impacts within interdependent industries that have suffered
from severe weather-induced power outages. The quantifiable objectives of this research are as
follows.
•

Detailed objective 1: Develop the research framework

•

Detailed objective 2: Develop an interconnectedness matrix (“A Matrix”) and an
interdependency matrix (“A* Matrix”)

•

Detailed objective 3: Assess patterns, trends, and relationships in the national database of
the U.S. economy to identify interconnectedness and interdependency between 71
industries and predict future outcomes

•

Detailed objective 4: Assess economic loss in terms of GDP due to severe weatherinduced power outages
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1.4 Scope of Research
This thesis focuses on evaluating the cascading economic impacts due to severe weatherinduced power outages. Furthermore, this research utilizes the input–output data from the U.S.
Bureau of Economic Analysis (BEA) that indicates industrial economic relationships and
interdependencies between industries within the U.S. economic system at the national level. The
historical input–output data from the make and use matrices for 20 years (1997–2016) is utilized
to evaluate the cascading economic impacts. It should be noted that the BEA definition of the
utility industry includes electric power generation, natural gas, water, and sewage. The BEA data
at the national level for the utility industry comprises of approximately 69.8% input from the
electric power generation, transmission, and distribution industry, 27.8% input from the natural
gas distribution industry, and 2.4% input from the water, sewage, and other systems industry.
However, this data is not subdivided into these categories for all 20 years (1997–2016) except for
2007. Therefore, this research considers perturbation in the electric utility industry (i.e., electric
power generation, transmission, and distribution) to be reflected in the overall perturbation in the
utility industry as documented by BEA. Furthermore, this research has utilized the national level
BEA datasets to understand the impacts of severe weather-induced power outages. BEA provides
regional multipliers to the national level datasets that would be used to the extended the
outcomes of this research in the future to understand regional economic impacts due to severe
weather-induced power outages.
This research considers the assessment of cascading economic impacts caused by severe
weather-induced power outages in the United States to determine strategies to make the electric
power utility system more resilient. Furthermore, this thesis focuses on measuring economic
impacts in terms of GDP loss owing to failure propagation (weather- and climate-induced
failure) within 71 interdependent industries due to the loss of electric power.
This thesis helps in understanding the patterns, trends, and relationships in the national
database for the U.S. economy to identify interconnectedness between71 industries and predict
future outcomes. The technical coefficient of the interdependency matrix (A* matrix) for
estimating inoperability is measured through analysis of the matrix’s structural elements. The
patterns, trends, and relationships for the values of interdependency from 1997 to 2016 reveal
that there were some fluctuations in correlations between individual industries, but overall the
values of interdependency did not seem to reflect radical changes. Thus, this research focuses on
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analyzing utility systems at a national level and considers the economic loss that is likely to
occur from utility supply problems across all 71 industries.
1.5 Research Methodology
This shows the research methodology of this thesis in the figure 1.2.

Figure 1. 2 Research methodology of this research
The quantifiable research methodology can be laid out as follows.
•

Module 1: A year-based A matrix assessment (input–output), a technical coefficient
matrix for 20 years (1997 to 2016)

•

Module 2: A year-based interdependency matrix (A* matrix) for 20 years (1997 to 2016)

•

Module 3: Assessment of inoperability using A* matrix to evaluate (i) economic impact
due to perturbation on demand side and (ii) economic impact due to perturbation on
supply side

•

Module 4: Loss value assessment in terms of GDP (e)
o Measurement of economic losses from electric power industry failure using the A
matrix and A* matrix featuring 71 industries
o Ranking of each industry from the most affected industry to the least affected one
§

Perturbation on the demand-side (C*)
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§
•

Perturbation on the supply-side (q)

Module 5: Economic loss estimation with simulations
o Verification and validation: Verification and validation of the assessment model for
estimating cascading economic losses will be performed by simulating different
scenarios.

Figure 1. 3 Specific purposes of the research modules
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1.6 Expected Outcomes
The expected outcome of this research is to develop an assessment framework for
measuring economic loss in terms of GDP due to the inoperability (1%~50%) of the utility
industry from the severe weather-induced power outages. This outcome will help provide a
framework for investment strategy selection based on reduced economic loss in a post-strategy
implementation scenario that can be compared to the traditional practice. Moreover, application
of the assessment framework will evaluate the accuracy of economic loss in terms of the GDP
that is associated with the major power outages caused by severe weather events. The new
framework will aid in creating a paradigm shift in the current state of the practice regarding
assessment methods.
1.7 Thesis Organization
This thesis is organized into six chapters. Chapter 1 introduces the background, research
objectives, research thesis, research scope, and the research methodology.
Chapter 2 provides a background information on the diverse assessment elements that
contribute to economic loss resulting from the utility industry’s failure in order to assess
economic loss through analysis of the interconnected and interdependent industries associated
with such power outage events. This chapter also sheds light on the different elements in the
economic impacts related to the inoperability of the utility industries by looking at 71 industries
within the U.S. economic system. In addition, Chapter 2 discusses the various approaches and
techniques used for economic assessment such as Leontief's input–output model, the
inoperability input–output model, and the dynamic input–output inoperability model and
explores previous research on economic recovery from and economic resilience to disasters.
Moreover, a literature review is conducted to identify other types of models that are used to
analyze the cascading economic impacts.
Chapter 3 helps in understanding the patterns and properties of the utility systems
associated with the severe weather-induced power outages. This chapter introduces the patterns,
trends, and relationships in the national database for the U.S. economy to identify
interconnectedness between 71 industries and predict future outcomes. The analysis of the
interconnectedness matrix (A matrix) consists of four major phases: (1) understanding the make
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matrix and the coefficients of production in national economies, (2) understanding the use matrix
and the coefficients of consumption in national economies, (3) developing an input–output
model and a technical coefficient matrix (A matrix) for 71 industries spanning from 1997 to
2016, and (4) assessing the patterns, trends, and relationships for the U.S. economy on a national
level from the utility industry's point of view.
Chapter 4 describes the results from the analysis that help in understanding the
assessment of economic loss value in terms of GDP due to the severe weather-induced power
outages. The chapter also describes the outcomes from the assessment and analysis that make it
possible to figure out the patterns and properties of interconnectedness and interdependency
between 71 industries affected by the utility industry's failure.
Chapter 5 presents the case study for economic loss estimation and illustrates the
scenario-based analysis of a national-level of perturbation of the utility industry on the supplyside. Finally, Chapter 6 includes a summary and conclusion of the research, study limitations,
study contributions, and recommendations for future research.
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2. LITERATURE REVIEW
The frequency and intensity of severe weather-induced power outages is increasing and
results in devastating damage to people and industries. A recent report has indicated that the
damage from such power outages has resulted in billions of dollars of economic loss among
industries within the U.S. economic system. Severe weather and climate events are one of the
leading causes of large-scale power outages in the United States.
This chapter presents a brief description of previous research relevant to developing an
assessment model for measuring cascading economic impacts due to severe weather-induced
power outages. The different sections involved cover the following topics: (1) economic impacts
due to severe weather-induced power outages, (2) Leontief’s Input–Output Model for measuring
economic impacts, (3) a Leontief-based input–output inoperability model, (4) a dynamic input–
output inoperability model, and (5) previous research on economic recovery from and economic
resilience to disasters.
2.1 Economic Impacts due to Severe Weather-Induced Power Outages
An electric power system is a critical infrastructure of the nation that provides the
essential and vital services and serves as the cornerstone of the economic safety, public health,
security, business, and government operations of the nation [5-6, 8-10, 48]. In the era of
technology and the fourth industrial revolution, the Internet of Things, artificial intelligence, the
Internet and wireless services and communication systems have made society dependent on
state-of-the-art electronic devices that are increasingly using an increasing amount of electricity.
Thus, our society is becoming increasingly reliant on the electricity, which implies that
disruption to electricity services and sustained power outages will result in bigger economic and
societal losses [17–19, 33–34].
Power outages and power quality instability in the power sector costs the U. S. economy
on an average over $80 billion with highest up to $188 billion. According to the historical
analysis of U.S. outages, 66 occurrences of over 100 MW dropped and 41 occurrences of over
50,000 consumers affected happened during 1991–1995, and 76 occurrences of over 100 MW
dropped, and 58 occurrences of over 50,000 consumers affected happened during 1996–2000,
and 140 occurrences of over 100 MW dropped and 92 occurrences of over 50,000 consumers
affected happened during 2000–2005. North American Electric Reliability Corp. data shows that
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these trends above will persist in the coming decades. The outage data largely covers
interruptions mostly caused by extreme or severe weather [1, 2, 21–26]. Taking these effects
above into consideration, severe weather-induced power outages will cause economic impacts to
our society and industries, which means that we should pay attention to the problem and provide
solutions [35, 36].
Japan has an average of 4 minutes of electrical service interruption each year due to
power outages. By contrast, in the United States, the power outages totaled 92 minutes per year
in the Midwest and 214 minutes per year in the Northeast [1, 27–31]. This fact demonstrates that
managing appropriate rescue strategies and taking appropriate rescue actions can reduce the
economic loss due to power outages. Given the fact that electricity service interruptions cause
economic losses of dozens of billions each year, this fact has implications for the significance of
a sustainable power supply’s ability to enhance and support societal and economic value [3, 32].
A direct economic loss would be the direct change of production and demand due to
tangible damage to production facilities from power outages perturbations, and an indirect
economic loss would be the damage other infrastructures suffer due to the damage of the power
infrastructure based on infrastructure relationships [14]. To recover and reconstruct the
infrastructures damaged from power outages due to power outages caused by extreme or severe
weather, both direct and indirect economic losses need to be measured in a regional and
interregional context [14, 37–39].
Direct and indirect components of outage costs will vary based upon the types of
industries and customers in the structure of an economy. Electricity users in industrial,
commercial, and agricultural firms will see increased direct economic loss that may include
restart costs, opportunity costs of idle resources, and health and safety effects, and spoilage and
damage costs [40, 41]. Indirect economic loss may include costs on consumers if an impacted
firm supplies final goods or other firms that are supplied by the impacted firm, and health- and
safety- related externalities. Residential electricity users will likely suffer from direct economic
losses such as lost leisure time, inconvenience, stress, spoilage, property damage, and health and
safety effects. Meanwhile, indirect economic loss will include costs to other households and
firms. For electricity users on the level of infrastructure and public services, the direct economic
loss will be the opportunity cost of idle resources, spoilage, and damage. Indirect economic loss
for this category includes costs to public users of the impacted services and institutions, and
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potential health and safety effects due to social costs stemming from looting and vandalism
[15,16].
2.2 Leontief’s Input-Output Model for Measuring Economic Impacts
Input–output models originate from the Tableau Economique published by Francois
Quesnay, which means the model’s earliest documented beginnings track back to the 1750s.
Quesnay’s work provided a diagrammatic representation of the process of tracking expenditures
and sales through an economic system. Decades later, Leon Walras tried to develop a general
equilibrium model using an economic modeling technique to simultaneously solve the demand
and supply conditions of interdependent economic sectors [4, 42–46].
2.2.1 The theoretical framework and the input–output table
In 1936, Wassily Leontief developed the theoretical framework for the economic input–
output model and leveraged the input–output tables for the U.S. economy from the years 1919 to
1929; this was followed by his book on the input–output structure of the U.S. economy in 1951
[4, 47–52].

Figure 2. 1 The theoretical framework and input-output table for the U.S. economy [4]

More than a century after the Input–output model’s earliest documentation, the input–
output framework has been extended to deal explicitly with topics such as interregional flows of
tourism, products, employment associated with industrial production, environmental pollution,

12
energy consumption, and regional water resources systems. The dynamic Leontief model and the
nonlinear Leontief model have also been studied. A volume on more recent research has been
compiled by Lahr and Dietzenbacher [4, 17–20].
Leontief’s economic input–output model makes several assumptions. First, the economic
system is assumed to consist of a group of n interacting sectors or industries, where each industry
produces one product. Second, the model considers an equilibrium competitive economy with
constant coefficients for a fixed unit of time. Thus, it is a year-based matrix. Third, the model
assumes that the inputs of both the goods and resources required to produce any commodity are
proportional to the output of that commodity [5, 8, 11, 53]
2.2.2 The interconnectedness of the input–output model
The figure below represents the interconnectedness and interdependence of the input–
output model across various economic sectors. It is a simple representation of the relevant inputoutput model assuming there are only three industries (i.e., subsystem A, subsystem B, and
subsystem C) in the economic system.

Figure 2. 2 Interconnectedness of the input–output model across the various economic sectors [5]
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The input source from outside the economic system of the input–output model is
expressed as a resource input, and the loss in the intermediate input in the model is expressed as
wastes and pollutants. As a result, the final product is produced through this series of processes
and the interconnectedness and interdependence of the input–output model across the various
economic sectors. It can be seen that the sum of “Direct Supply of Goods or Services” and
“Intermediate Input of Goods or Services (Indirect Supply)” is “Final Demand of Goods or
Services”.
Leontief’s economic input-output model considers the interconnectedness and
interdependencies across the various economic sectors and thus enables us to estimate how the
changes in the production of one sector might affect the other sectors. Using this theory as a
basis, Haimes and Jiang (2001) developed a Leontief-based infrastructure input–output model to
represent the complex interdependence between critical infrastructure systems. [5, 54, 57].
The infrastructure input–output model presents a framework to evaluate how the
inoperability of one infrastructure system can affect the other interdependent infrastructure
systems in the network. There exists an inoperability input–output model, a dynamic input–
output model, a regional input–output modeling system, and so on when it comes to previous
research work related to this framework. Moreover, researchers have proposed viewing the
generic Leontief-based model as a first-order approximation of a general model and have tried to
study the dynamics of the risk of inoperability among infrastructures with using a Leontief-based
dynamic model [5].
There are some previous studies, such as the ones that produced the inoperability input–
output model, dynamic input–output model, regional input–output modeling system, and so on,
that also deal with the principles of input–output and decomposition analysis. Analysis of
interdependency is the process of identifying, assessing and managing risks arising from the
interconnected infrastructures and industry sectors. Santos and Haimes (2004) created a
framework for describing how perturbations are able to propagate within an economic system
because of interconnectedness and interdependence [6, 58-61].
BEA data from the U.S. Department of Commerce provided test beds for the applications
of the proposed framework. To be specific, Santos and Haimes (2004) demonstrated the
possibility of estimating the economic impact of supply and demand perturbations to nationallevel U.S. sectors with using input–output matrices. Their study implies that a ranking of the
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affected subsystems according to their vulnerability to perturbations originating from one sector
can serve as a significant input to risk management [6, 55, 56]. Santos and Haimes (2004)
highlight the significance of using interdependency analysis to identify, assess, and manage the
vulnerable factors of the systems or infrastructures that will be the fundamental components for
critical risk management and policy-making concerns [6, 62–66].
2.2.3 Schematic diagram of the input–output model
The figure below shows a schematic diagram of the input–output model for various
economic systems. Overall, the inputs of resources such as natural resources, subterranean
resources, and undeveloped resources are used in the economic system to produce economic
value, and the outputs of the subsystems produce their products through the respective systems
from the inputs of the subsystems.

Figure 2. 3 A Schematic diagram of the input–output model for various economic systems

Put simply, xj means that the output of jth goods or services in the total economic system
and rj indicates the input of ith resource for the total economic system. xkj means that the output
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of kth goods or services is used in the production of jth good or services. rij indicates that the
input of ith resource is used in the production of jth goods. These are expressed as seen in the
figure and the notations below.
2.2.4 Notation of the output of jth goods or services and input of ith resource
The figure below presents an event that supposes there is only one economic system
made of three subsystems. Namely, subsystem A is the power plant industry, subsystem B is the
transportation industry, and subsystem C is the retail sales industry. XA indicates the output of
Ath goods or services. XB indicates the output of Bth goods or services. XC indicates the output of
Cth goods or services.

Figure 2. 4 Output of jth goods or services and input of ith resource

The notation for this event in the figure 2.4 can be described as follows:
•

xj is the output (for the total economy) of jth goods, j = 1, 2, …, n;

•

rj is the input (for the total economy) of ith resource, i = 1, 2, …, m;

•

xkj is the amount of kth goods used in the production of jth goods;

•

rij is the amount of the ith resource input used in the production of jth goods.
Moreover, CA presents the final consumption of industry A’s output. CB presents the final

consumption of industry B’s output. CB presents the final consumption of industry C’s output.
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The inputs and outputs of each subsystem are denoted as Xij. For instance, XAC is the proportion
of industry C’s output that is the intermediate consumption of industry A. XCB is the proportion
of industry B’s output that is the intermediate consumption of industry C. In other words, XAC is
the proportion of the retail sales industry’s output that is the intermediate consumption of the
power plant industry. XCB is the proportion of the transportation industry’s output that is the
intermediate consumption of the retail sales industry.
Therefore, the output of Ath goods or services (XA) is the sum of the proportion of the
power plant industry’s output that is the intermediate consumption of the power plant industry
(XAA), the proportion of the transportation industry’s output that is the intermediate consumption
of the power plant industry (XAB), the proportion of the retail sales industry’s output that is the
intermediate consumption of the power plant industry (XAC), and the final consumption of
industry A’s output (CA).
The relevant notation in the figure 2.3 is defined as follows:
•

XA is the total output of industry A;

•

XB is the total output of industry B;

•

XC is the total output of industry C;

•

CA is the final consumption of industry A’s output;

•

CB is the final consumption of industry B’s output;

•

CC is the final consumption of industry C’s output;

•

XAA (aAA) is the proportion of industry A’s output that is the intermediate consumption of
industry A;

•

XAB (aAB) is the proportion of industry B’s output that is the intermediate consumption of
industry A;

•

XAC (aAC) is the proportion of industry C’s output that is the intermediate consumption of
industry A;

•

XBA (aBA) is the proportion of industry A’s output that is the intermediate consumption of
industry B;

•

XBB (aBB) is the proportion of industry B’s output that is the intermediate consumption of
industry B;

•

XBC (aBC) is the proportion of industry C’s output that is the intermediate consumption of
industry B;
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•

XCA (aCA) is the proportion of industry A’s output that is the intermediate consumption of
industry C;

•

XCB (aCB) is the proportion of industry B’s output that is the intermediate consumption of
industry C;

•

XCC (aCC) is the proportion of industry C’s output that is the intermediate consumption of
industry C.

2.3 The Leontief-Based Input–Output Inoperability Model
2.3.1 Essential elements of the Leontief-based input–output model
A Leontief-based input–output inoperability model was developed in an attempt to assess
and manage not only interdependence between infrastructures but also the risks stemming from
the initial perturbations. Equilibrium signifies the time-dependent evolution of the economic
system after the inoperability has passed and the economic system has reached a time-invariant,
static state in terms of its inoperability. Therefore, total risk can be defined and discussed after
the economic system has reached the equilibrium state [7, 67–72].
There are two essential elements in the Leontief-based input–output inoperability model
for risk management. The first element is the interconnectedness and interdependence present
across the economic system. This interconnectedness and interdependence is represented by the
interdependency matrix. The second essential element is the perturbation that triggers the initial
inoperability. These two elements define the Leontief-based input–output risk model [73–77].
2.3.2 Comparison of the inoperability input–output model and Leontief’s input–output model
The inoperability input–output model has several characteristics that can be described as
follows. It is used to conduct interconnectedness and interdependency analysis for various
infrastructures. Where the outputs include risks of inoperability that can be activated by power
outages due to severe weather, the model is considered a system consisting of n critical complex
that features interconnected and interdependent infrastructures. Inoperability is defined as the
inability of the system to perform its intended functions. Perturbation refers to a change in the
final demand in relation to the as-planned final demand. Interconnectedness and interdependency
refer to the inoperability contribution of one sector to another sector [81–86].
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Table2. 1 Comparison of the Inoperability Input–Output Model and Leontief’s Input–Output
Model

Anderson, Santos, and Haimes (2003) suggest that the inoperability input–output model
quantifies economic losses for specific inoperability levels by using information from data such
as input–output tables and sector-specific reports. They point out that an inoperability of the
power sector may result from various types of disasters. This happens in the economy, which is
dependent on electric power for most aspects of life. The perturbations of electric power can
have severe effects and can impair the functioning of other critical infrastructure [10].
Furthermore, the inoperability input–output model has been used to measure the financial and
inoperability effects between infrastructures. This model is a valuable tool when conducting an
ex post analysis of blackouts to identify critical sectors and calculate impacts in terms of both
inoperability and economic loss [10, 78–80].
Crowther and Haimes (2005) demonstrate the importance of interdependencies by
applying the inoperability input-output model to risk assessment and management. [8]. They
present three illustrative case studies in their research. The first case study is about calculating
the cascading impact of risk assessment, and the second case study uses the inoperability input–
output model to assess the effects of risk management policy, illustrating both the supply and
demand sides of the inoperability input–output model. The model was used to calculate
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significant impact from attacks and recommends implementation of risk management policies in
large-scale economic systems [8].
The general us of interdependency analysis is illustrated in the last case study using the
inoperability input–output model with sector models for risk management trade-off analysis. The
study evaluated risk management options against multiple objectives [8]. By integrating the costs
of a recovery model of the power sector derived from open-source data with the inoperability
input–output model, the researchers calculated a Pareto-optimal frontier of solutions in the final
case study. This allows decision maker to justify optimal rescue actions in a quantitative manner
that might lead to quicker recoveries but at a higher cost. Also, it has implications that may allow
comparison of various risk management options and the associated multiple objectives [8, 87–
89].
Santos, Haimes, and Yacov (2003) present a framework for modeling how demand-based
inoperability can propagate and proliferate through a system of interconnected infrastructures by
using the principles of input–output and decomposition analysis [11]. The demand reduction
inoperability input–output model was used to account for the adverse impact of reductions on the
consumption of the goods/services of a perturbed sector [11].
2.3.3 Applications of interdependency analysis
The application of interdependency analysis on the field of finance has been explored in
proposed portfolio selection models. One of the proposed portfolio selection models was a
hybrid of the Markowitz mean-variance method and the partitioned multiobjective risk method in
which the underlying asset interdependencies are implied in the covariance of the historical asset
returns. The other proposed portfolio selection model used the BEA’s industry-by-industry
input–output matrices to gain additional insights on the relationships between portfolio assets
[11, 91].
A study conducted by Crowther, Haimes, and Taub (2007) assessed and accounted for
some of the major impacts of Hurricanes Katrina and Rita to demonstrate the use of inoperability
input–output model and its use in strategic preparedness decisions. The results highlight the
application of the inoperability input–output model in effective decision-making for developing a
preparedness strategy [12, 90].
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2.4 The Dynamic Input–Output Inoperability Model
2.4.1 Introduction to the dynamic input–output inoperability model
The inoperability input–output model that is based on Leontief’s input–output model
analyzes how the economic system of interdependent subsystems is adversely affected from
initial perturbations to other subsystems due to natural disasters. As an extension to the static
inoperability input–output model, the dynamic input–output inoperability model deserves its own
discussion [9, 92–95].
The dynamic input–output inoperability model introduced industry resilience coefficients
to measure the efficacy of various sectors’ risk management options and thus stands in contrast
to most traditional dynamic input–output models [9].
The development of the dynamic input–output inoperability model, as an extension of the
inoperability input–output model, has been discussed in a number of studies. The dynamics of
the economic sector are illustrated when there is a demand-reduction perturbation due to power
outages caused by extreme or severe weather [9]. The use of dynamic input–output inoperability
model addresses two categories of dynamic scenarios that include demand reduction and the
recovery of sectors from perturbations. The consequences of risk are quantified by using the
inoperability and economic loss, thereby providing the required metrics for risk management [9,
96–99].
2.4.2 The modeling capability demonstrated by the inoperability input–output model
Lian, Haimes, Yacov, Santos, and Joost (2006) demonstrate that the inclusion of
uncertainty analysis improves the modeling capability of the inoperability input-output model. In
this study, the researchers describe the uncertainty associated with the behavior of disruptive
events, and their effect on the inoperability input–output model. The dynamic inoperability
input–output model parameters was addressed with probability distributions in place of scenariospecific parameters [13]. Whereas, the uncertainty in the interactions between interdependent
sectors was addressed by integrating the dynamic inoperability input–output model and the
uncertainty sensitivity index method [13, 100].
Although the current and existing inoperability input–output model and dynamic
inoperability input–output model approaches are unable to model inventory policies, it may be
possible to further develop the dynamic inoperability input–output model that would allow for
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preparedness options including inventory policies that would help in delaying inoperability
following a disruptive event [13, 101, 102].
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2.5 Previous Research on Economic Recovery from and Economic Resilience to Disasters
This section describes a brief description of previous research on economic recovery
from and economic resilience to disasters. The table below describes efforts that have been made
to measure economic resilience from a societal and environmental perspective, to define
economic resilience to disasters, to complete a quantitative assessment with dynamic economic
recovery from disasters, and to investigate the economic impacts of a California tsunami [103–
112].

Authors

Title of the paper Key words

continued on next page

Defining and
Defining resilience across
measuring
disciplines, Economic
economic
Adam Rose
resilience, Measuring
2017
resilience from a
author
economic resilience,
societal,
Human development &
environmental and
resilience
security perspective

Year

Methodology used

To measure economic
resilience in terms of
Empirical analysis,
temporal, spatial,
risk management, Cosocietal, environmental
benefits, Economic
and scale dimensions,
framework
it illustrates their
economic framework.

Objective

Gap / limitation of the study

To advance integrated disaster
Human development risk management, it seems that
& resilience, Defining futher efforts will be needed
resilience across such as exploring uncovered and
disciplines, Economic newly emerging phenomena,
resilience, Measuring developing new methodologies,
economic resilience engaging in proactive field
studies.

Findings / summary

Published in Abstract

Dixon P, Rimmer M (2016) Economic
implications of terrorism risk assessment
scenarios: a
dynamic computable general equilibrium
analysis. Report to the U.S. Department of
Homeland
Security, forthcoming
In order to analyze resilence, this paper presents an
Drogaris G (1993) Learning from major accidents
economic framework in relation to societal,
involving dangerous substances. Saf Sci
environmental, and personal security perspectives.
16(2):89–113
It has been explored major dimensions of resilence
Giesecke JA, Burns WJ, Barrett A, Bayrak E, Rose
for human development. With providing a
A, Slovic P, Suher M (2012) Assessment of the
Singaproe:
definition of economic resilience and an
regional economic impacts of catastrophic
Springer
operational metric, it presents how it can be
events: CGE analysis of resource loss and behavapplied for private and public decision making. It
ioral effects of an RDD attack scenario. Risk Anal
examines the measurement of ecnomic resilience
32(4):583–600
and the relationship between resilience and several
Wisner B (2016) Vulnerability as concept, model,
concepts. it is also examined the time-path of
metric and tool. In: Cutter S (ed) Oxford research
resilience and the recovery process of it.
encyclopedia of natural hazard science. Oxford
University Press, New York. Online only: http://
naturalhazardscience.oxfordre.com/view/10.1093
/acrefore/9780199389407.001.0001/
acrefore-9780199389407-e-25
Wisner B, Gaillard JC (2009) An introduction to
neglected disasters. Jàmbá: J Dis Risk Studs
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2.6 Investigation of available datasets for assessing economic impacts
2.6.1 The overview of IMPLAN’s datasets
IMPLAN is a model developed in the mid-70s by the USDA Forest Service. It was
developed in response to the National Forest Management Act of 1976, the Forest and
Rangeland Renewable Resources Planning Act of 1974, and the National Environmental Policy
Act of 1974. IMPLAN’s annual datasets include areas as small as a single county [115]. This
model is commercially available through the ‘IMPLAN’ company as economic impact datasets
and analytical software. They have provided the economic data needs of academics,
governments, economic developers, corporations, nonprofits, and consultants for several
decades.
IMPLAN is a data system that is widely accepted. It has been used by many professions in
private, government, and academia. It is known to be well-built, easy to learn, user friendly,
easily modifiable, and popular [116, 119]. IMPLAN’s annual datasets offer a limited set of data
for zip code, county, and local areas in the United States.
The following steps should be taken to build an annual dataset of IMPLAN;
(1) Collecting data from various sources
(2) Converting data to consistent sector planning and year
(3) Controlling novel formatted data for newly known data and sources
(4) Identifying uncertainties to maintain the accuracy
(5) Estimating the missing components
2.6.2 The components and meanings of IMPLAN’s datasets
There are various components of IMPLAN. For instance, a dataset that describes the
local region can be divided into the following categories: output, employment, value-added, data
year, population, households, land area, Shannon-Weaver Diversity Index, industry-specific data,
state and local government education, state and local government investment, federal defense,
capital, foreign exports, foreign imports, trade flows, domestic import, domestic export, etc.
[115, 117-119]. The various components are defined as:
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Components

Meanings

Output

The value of Industry production in producer prices.

Employment

Annual average full- and part-time jobs including both wage and
salary workers and proprietors.

Value-added

Value-added consists of Proprietor Income, Other Property Income,
Employee Compensation, and Taxes on Production

Data year

The economic make up of a study region's economy for a specific
calendar year

Population

The number of residents

Households

The number of households

Land area

The squares miles of land area

Shannon-Weaver

A measure of the region's diversity across the various IMPLAN

Diversity Index

sectors

Industry-specific data

The number of industries for which data is available is based on the
current sectoring scheme.

State and local

The operational spending pattern of all levels of public education

government education
State and local

Capital goods expenditures and new construction by all levels

government
investment
Federal defense

Operational Spending Pattern of defense agencies such as military
services and Coast Guard

Capital

New construction and capital goods expenditures by all private
investors

Foreign exports

The export of goods and services

Foreign imports

The import of goods and services

Trade flows

County-to-county trade flows for each commodity

Domestic import

Goods and services imported from other U.S. counties

Domestic export

Goods and services exported to other U.S. counties

29
2.6.3 Comparison between IMPLAN and BEA’s datasets
U.S. Bureau of Economic Analysis also provides available datasets for assessing
economic impacts that includes make and use matrices covering 71 industries from 1997 to
2016. Whereas IMPLAN provides a detailed industry group of up to 536 industries by region
from 2001 to 2016. Figure 2.5 illustrates the differences between IMPLAN and BEA datasets.
Further details about the BEA datasets are discussed in chapter 3.
IMPLAN dataset is a private source that needs to be purchased, but BEA dataset is a
public source that is readily available. When it comes to BEA dataset, it is a significant benefit to
obtain reliable resource without cost. Moreover, BEA handles the broader dataset than IMPLAN.

Figure 2. 5 The comparison between IMPLAN and BEA datasets
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Figure 2. 6 Value Added and Final Demand Use between IMPLAN and BEA datasets

Figure 2.6 shows how Value Added and Final Demand Use between IMPLAN and BEA
datasets differ. It can be realized that BEA deals with more items with regards to the value added
and final demand use than IMPLAN. BEA dataset was found to be more relevant in developing
interconnectedness and interdependency matrices for this research.
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2.7 Summary
This chapter described how economic impacts due to severe weather-induced power
outages are resulting in larger economic and societal losses. It also summarized different
instances of electrical service interruptions based on power outage data in the utility industry.
The schematic diagram of the input–output model, the theoretical framework of the
input–output table, and the essential elements of the Leontief-based input–output model as
published in the literature were also described in this chapter. Discussions centered on
comparison of the inoperability input–output model and Leontief’s input–output model,
applications of interdependency analysis, and risk assessment and management through
application of the inoperability input–output model.
The chapter ends with a brief description of previous research on economic recovery
from and economic resilience to disasters and the investigation of available datasets for assessing
economic impacts. This chapter also provided a discussion regarding the point of departure and
perspective of the research documented in this thesis, which focuses on developing an
assessment model for measuring cascading economic impacts due to severe weather-induced
power outages.
The next chapter illustrates the methodology for data collection and the development of
the economic impact assessment model (Module 1, 2).

32

3. USING PATTERNS, TRENDS, AND RELATIONSHIPS IN THE
NATIONAL DATABASE OF THE U.S. ECONOMY TO IDENTIFY
INTERCONNECTEDNESS BETWEEN 71 INDUSTRIES AND PREDICT
FUTURE OUTCOMES
Chapter 1 and 2 illustrated in detail the basis of this research (Phase 1, Fig 1.2). This
chapter illustrates data collection (Phase 2) and Module 1 and 2 of Phase 3. Module 1 relates to
the development of the Year-based A Matrix (input-output), also known as a technical
coefficient matrix, for 20 years. While Module 2 relates to the development of the Year-based
A* Matrix, also known as an interdependency matrix, for 20 years.
The following paragraphs illustrate the methodology and the results for (1) a normalized
make matrix and the coefficients of production in national economies, (2) a normalized use
matrix and the coefficients of consumption in national economies, (3) an overall procedure for
the technical coefficient matrix and an input–output model covering 71 industries from 1997 to
2016, and (4) the patterns, trends, and relationships displayed in A matrix covering data from
1997 to 2016.
The normalized make matrix and the normalized use matrix are developed for the
creation of the technical coefficient matrix covering 71 industries over the course of 20 years.
The normalized make matrix indicates the industry-by-commodity matrix. The normalized use
matrix refers to the commodity-by-industry matrix. With these two matrices as a starting point,
the interconnectedness matrix is developed as explained in the following sections. Also, this
study assesses values of interconnectedness and interdependency from the utility industry's point
of view. Meaningful results are obtained from analysis of the annual variation of the technical
coefficient matrix on the demand and the supply sides between the utility industry and all other
industries.
3.1 The Bureau of Economic Analysis database
This research utilizes the U.S. BEA database that was released in November 2017
covering data for 71 industries from 1997 to 2016. This dataset was a result of the redefinition
exercise conducted by BEA where several industry categories were redefined [114]. The input–
output tables for the 71 industries provided by the BEA database show how they are
interconnected and interdependent. These input–output accounts display how the industries make
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inputs to and use outputs from one another. Furthermore, the tables provide detailed information
regarding the flow of goods and services, how GDP is produced, and the relevant industries’
production processes.
The input–output tables for the 71 industries are presented as a set of Make and Use
tables. The Make table represents “industry-by-commodity” and describes 71 commodities that
are produced by the 71 industries. The Use table presents “commodity-by-industry” and
describes the inputs to an industry’s production and the 71 commodities that are consumed by
the final users of the 71 industries.
The structural elements of the make table are rows of 71 industries, columns of 71
commodities, total industry output, and total commodity input. The structural elements of the use
table are rows of 71 commodities, columns of 71 industries, total commodity output, exogenous
commodity demand, value added, and total industry input.
In general, the BEA input–output tables are available at three levels of detail, which are
sector, summary, and detailed. However, because detailed data was only available from the 2007
Economic Census, input–output tables at the detailed level are only available for the year 2007.
Therefore, this study uses the BEA input–output tables at the level that covers 71 industry groups
from 1997 to 2016.
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The following figure provides a sample Make and Use Table with a three-subsystem
scenario for explaining how it works of them.

Figure 3.1 Sample make and use table with a three-subsystem scenario

The following table 3.1 and table 3.2 provides the names of the 71 industries according to
their input–output codes in the make and use tables.
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Table 3.1 Input–Output Code of 71 Industries (Part 1)
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Table 3.2 Input–Output Code of 71 Industries (Part 2)

37
3.2 The Make Matrix and Coefficients of Production in National Economies
The Make matrix (V) presents the amount of money for individual products that are
produced as commodities (C1, C2, C3, …) and the industries (I1, I2, I3, …) that make them.
Each factor of the make matrix is measured in millions of dollars.
3.2.1 Basic structure of the make matrix (V)
The make matrix is an industry-by-commodity matrix. Namely, the make matrix is
denoted as Vij and presents ith industry’s output of jth commodity. If presenting the U.S.
economic system consisting of 71 industries and 71 commodities, the total industry output of ith
industry (Xi) can be expressed as follows.
Xi = Vi1 + Vi2 + Vi3 + ... + Vi71 = åVij …… (1)
When denoting X as the vector (71 by 1) of total industry output, the make matrix (V) as
the array of numbers (71 by 71) of the industry-by-commodity matrix, and å as a summation
vector, the make matrix form can be expressed as follows.
X = åV …… (2)
3.2.2 Structural elements of the make matrix (V)
As shown in the figure 3.2, the make matrix (V) is also a commodities-produced-byindustries matrix. More specifically, the make matrix (V) presents the amounts of different
commodities (C1, C2, C3, …) in the columns that are produced by the industries (I1, I2, I3, …)
in the rows. Total industry output (X) shows the sum along a row of the make matrix (V). To be
more specific, it presents a collection matrix (71 by 1) of the value of all commodities produced
by a specific industry.
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Figure 3.2 Structural elements of the make matrix

Supposing the U.S. economic system consists of 71 industries and 71 commodities, the
factors of the fundamental form of the make matrix (V) and the total commodity input vector (yT)
can be expressed as follows.
𝑉(1,1)
⎡
.
⎢
⋮
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⎢
⎣𝑉(71,1)

. ⋯
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. ⋯
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V(1,71)
⎤
.
⎥
⋮
⎥…… (3)
.
⎥
𝑉(71,71)⎦

yT = [𝑦1 = åV(i, 1) … 𝑦𝑗 = åV(i, j) … 𝑦71 = åV(i, 71)]…… (4)
(where 𝑦1 = åV(i, 1) = V(1,1) + V(2,1)+…+V(70,1)+V(71,1);
𝑦2 = åV(i, 2) = V(1,2) + V(2,2)+…+V(70,2)+V(71,2);…,
⋮
𝑦71 = åV(i, 71) = V(1,71) + V(2,71)+…+V(70,71)+V(71,71))
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Figure 3.3 Structural elements of the make matrix when supposing an economic system with
three commodities and three industries

Figure 3.3 shows a Make matrix (V) that considers an economic system that comprises of
only three industries and three commodities. The total industry output of the first industry (X1) is
a summation of the first industry’s output of the first commodity (V11), the first industry’s output
of the second commodity (V12), and the first industry’s output of the third commodity (V13). The
total industry output of the second industry (X2) is a summation of the second industry’s output
of the first commodity (V21), the second industry’s output of the second commodity (V22), and the
second industry’s output of the third commodity (V23). The total industry output of the third
industry (X3) is a summation of the third industry’s output of the first commodity (V31), the third
industry’s output of the second commodity (V32), and the third industry’s output of the third
commodity (V33).
The total commodity input of the first industry (y1) is a summation of the first industry’s
output of the first commodity (V11), the second industry’s output of the first commodity (V21),
and the third industry’s output of the first commodity (V31). The total commodity input of the
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second industry (y2) is a summation of the first industry’s output of the second commodity (V12),
the second industry’s output of the second commodity (V22), and the third industry’s output of
the second commodity (V32). The total commodity input of the third industry (y3) is a summation
of the first industry’s output of the third commodity (V13), the second industry’s output of the
third commodity (V23), and the third industry’s output of the third commodity (V33).
Considering an economic system with three commodities and three industries, this
content can be expressed in the make matrix (V) as follows.
𝑉(1,1) V(1,2) V(1,3)
𝑋1
𝑉 = > V(2,1) V(2,2) V(2,3) @ = A𝑋2C…… (5)
𝑉(3,1) V(3,2) 𝑉(3,3)
𝑋3
yT = [

𝑋1
DA𝑋2C
𝑋3

𝑦1

𝑦2

𝑦3 ]…… (6)

𝑉 (1,1) + 𝑉 (1,2) + 𝑉(1,3)
= >𝑉 (2,1) + 𝑉 (2,2) + 𝑉(2,3)@F…… (7)
𝑉 (3,1) + 𝑉 (3,2) + 𝑉(3,3)

The dotted lines in the make matrix (V) mean that not all the different columns of
commodities (C1, C2, C3, …) are produced by all the rows of industries (I1, I2, I3, …). Some
columns of commodities cannot be produced by some rows of industries. Thus, the outcome
might be zero.
3.2.3 Structural elements of the normalized make matrix (V^)
As shown in the figure above, the normalized make matrix (V^) can be signified by
dividing each factor of the make matrix (V) by the sum of the respective column.
V^ = V[𝑑𝑖𝑎𝑔(𝑦)]-1… (8)
y(1,1)
0
⋯
⎡
0
𝑦(2,2) 0
⎢
0
⋱
𝑑𝑖𝑎𝑔(𝑦) = ⎢ ⋮
0
0
0
⎢
⎣ 0
0
⋯

0
0
⎤
0
0
⎥
0
⋮
⎥…… (9)
𝑦(70,70)
0
⎥
0
𝑦(71,71)⎦
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Figure 3.4 Economic input–output accounts in terms of the make matrix (V)
The figure above presents the make matrix (V) using an economic input–output account.
Basically, the make matrix (V) is an industry-by-commodity matrix. It can also be described as a
commodities-produced-by-industries matrix. The total industry output (X) and total commodity
input (yT) are listed in the structure of the make matrix (V).
3.2.4 Baseline transactions of a three-subsystem make matrix (V)
The figure below presents the make matrix (V) if supposing an economic system consists
of three industries (utility (22), construction (23), and wholesale trade (42)) and three
commodities (utility (22), construction (23), and wholesale trade (42)).
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Figure 3.5 Example of the make matrix (V) when supposing an economic system with three
commodities and three industries

The total industry output ($28000M) of the utility (22) industry is a summation of the
utility (22) industry’s output of the utility (22) commodity ($27900M), the utility (22) industry’s
output of the construction (23) commodity ($100M), and the utility (22) industry’s output of the
wholesale trade (42) commodity ($0M).
The total industry output ($58000M) of the construction (23) industry is a summation of
the construction (23) industry’s output of the utility (22) commodity ($0M), the construction (23)
industry’s output of the construction (23) commodity ($58000M), and the construction (23)
industry’s output of the wholesale trade (42) commodity ($0M).
The total industry output ($193000M) of the wholesale trade (42) industry is a
summation of the wholesale trade (42) industry’s output of the utility (22) commodity ($0M), the
wholesale trade (42) industry’s output of the construction (23) commodity ($0M), and the
wholesale trade (42) industry’s output of the wholesale trade (42) commodity ($193000M).
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The total commodity input ($27900M) of the utility (22) industry is a summation of the
utility (22) industry’s output of the utility (22) commodity ($27900M), the construction (23)
industry’s output of the utility (22) commodity ($0M), and the wholesale trade (42) industry’s
output of the utility (22) commodity ($0M).
The total commodity input ($58100M) of the construction (23) industry is a summation
of the utility (22) industry’s output of the construction (23) commodity ($100M), the
construction (23) industry’s output of the construction (23) commodity ($58000M), and the
wholesale trade (42) industry’s output of the construction (23) commodity ($0M).
The total commodity input ($193000M) of the wholesale trade (42) industry is a
summation of the utility (22) industry’s output of the wholesale trade (42) commodity ($0M), the
construction (23) industry’s output of the wholesale trade (42) commodity ($0M), and the
wholesale trade (42) industry’s output of the wholesale trade (42) commodity ($193000M).
3.2.5 Baseline transactions of the normalized make matrix (V^)
The normalized make matrix (V^) can be expressed by dividing each factor of the make
matrix (V) by the total commodity input (yT).
The figure below presents the normalized make matrix (V^) if supposing an economic
system consists of three industries (utility (22), construction (23), and wholesale trade (42)) and
three commodities (utility (22), construction (23), and wholesale trade (42)).
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Figure 3.6 Baseline transactions of a three-subsystem normalized make matrix (V^)

The utility (22) industry’s output of the utility (22) commodity ($27900M), the
construction (23) industry’s output of the utility (22) commodity ($0M), and the wholesale trade
(42) industry’s output of the utility (22) commodity ($0M) are divided by the total commodity
input ($27900M) of the utility (22) industry. Thus, the normalized make matrix (V^) of the utility
(22) commodity can be expressed by dividing each factor of the utility (22) commodity by the
total commodity input of the utility (22) commodity. As a result, the utility (22) industry’s output
of the utility (22) commodity is going to be 1.000000000. The construction (23) industry’s
output of the utility (22) commodity is going to be 0. The wholesale trade (42) industry’s output
of the utility (22) commodity is going to be 0.
The utility (22) industry’s output of the construction (23) commodity ($100M), the
construction (23) industry’s output of the construction (23) commodity ($58000M), and the
wholesale trade (42) industry’s output of the construction (23) commodity ($0M) are divided by
the total commodity input ($58100M) of the construction (23) industry. Thus, the normalized
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make matrix (V^) of the construction (23) commodity can be expressed by dividing each factor
of the construction (23) commodity by the total commodity input of the construction (23)
commodity. As a result, the utility (22) industry’s output of the construction (23) commodity is
going to be 0.001721170. The construction (23) industry’s output of the construction (23)
commodity is going to be 0.998278830. The wholesale trade (42) industry’s output of the
construction (23) commodity is going to be 0.
The utility (22) industry’s output of the wholesale trade (42) commodity ($0M), the
construction (23) industry’s output of the wholesale trade (42) commodity ($0M), and the
wholesale trade (42) industry’s output of the wholesale trade (42) commodity ($193000M) are
divided by the total commodity input ($193000M) of the wholesale trade (42) industry. Thus, the
normalized make matrix (V^) of the wholesale trade (42) commodity can be expressed by
dividing each factor of the wholesale trade (42) commodity by the total commodity input of the
wholesale trade (42) commodity. As a result, the utility (22) industry’s output of the wholesale
trade (42) commodity is going to be 0. The construction (23) industry’s output of the wholesale
trade (42) commodity is going to be 0. The wholesale trade (42) industry’s output of the
wholesale trade (42) commodity is going to be 1.00000000.
3.3 The Use Matrix and Coefficients of Consumption in National Economies
The use matrix (U) presents the amount of money for individual products that are
consumed as commodities (C1, C2, C3, …) by the industries (I1, I2, I3, …) that use them. Each
element of the use matrix is measured in millions of dollars.
3.3.1 Basic structure of the use matrix (U)
The use matrix is a commodity-by-industry matrix. Namely, the use matrix is denoted as
Uij and presents jth industry’s consumption of ith commodity. If presenting the U.S. economic
system as consisting of 71 commodities and 71 industries, the total commodity output of ith
commodity (Yi) can be expressed as follows.
Yi = Ui1 + Ui2 + Ui3 + ... + Ui71 = å Uij …… (10)
In addition to the details mentioned above, there is exogenous demand (e) in the
economic system. This presents the amount of commodity uses other than those intermediate
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consumptions by industries. Therefore, the total commodity output of ith commodity (Yi) and the
exogenous demand (ei) can be expressed as follows.
Yi = Ui1 + Ui2 + Ui3 + ... + Ui71 + ei = å Uij + ei …… (11)
(Examples of the exogenous demand(e))
F010- Personal consumption expenditures
F02S- Nonresidential private fixed investment in structures
F02E- Nonresidential private fixed investment in equipment
F030- Change in private inventories
F040- Exports of goods and services
F050- Imports of goods and services
:
:
F10C- State and local: Consumption expenditures
3.3.2 Structural elements of the use matrix (U)
When denoting Y as the vector (71 by 1) of the total commodity output, the use matrix
(U) as the array of numbers (71 by 71) of the commodity-by-industry matrix, and å as a
summation vector, the use matrix form can be expressed as follows.
Y = åU + e …… (12)
As shown in the figure below, the use matrix (U) is a commodities-consumed-byindustries matrix. More specifically, the use matrix (U) presents the amounts of different
commodities (C1, C2, C3, …) in rows consumed by the industries (I1, I2, I3, …) in columns.
The total commodity output (Y) shows the sum along a row of the use matrix (U) and the
corresponding exogenous commodity demand (e).

47

Figure 3.7 Structural elements of the use matrix

To be more specific, the use matrix presents a collection matrix (71 by 1) of the value of
all commodities consumed by a particular industry. In other words, it includes the sum of the
value of all the intermediate industry consumptions and exogenous commodity demand.
Additionally, there is another factor, value added (ZT), in the use matrix. The value added (ZT)
presents the amount of inputs other than commodities.
(Examples of the value added (ZT))
V001- Compensation of employees
V002- Taxes on production and imports, less subsidies
V003- Gross operating surplus
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If supposing the U.S. economic system consists of 71 industries and 71 commodities, the
factors of the fundamental form of the use matrix (U) and the total industry input vector (XT) can
be expressed as follows.
𝑈(1,1)
⎡
.
⎢
⋮
𝑈= ⎢
.
⎢
⎣𝑈(71,1)

.
.
.
.
.

⋯
.
⋱
.
⋯

.
.
.
.
.

U(1,71)
⎤
.
⎥
⋮
⎥…… (13)
.
⎥
𝑈(71,71)⎦

XT = [𝑥1 = åU(1, i) … 𝑥𝑗 = åU(i, j) … 𝑥71 = åU(71, i)]…… (14)
(where 𝑥1 = åU(i, 1) = U(1,1) + U(2,1)+…+U(70,1)+U(71,1);
𝑥2 = åU(i, 2) = U(1,2) + U(2,2)+…+U(70,2)+U(71,2);…,
⋮
𝑥71 = åU(i, 71) = U(1,71) + U(2,71)+…+U(70,71)+U(71,71))

Figure 3.8 Structural elements of the use matrix when supposing an economic system with three
commodities and three industries
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Figure 3.8 shows a use matrix (U) that considers an economic system that comprises of
only three industries and three commodities. The total commodity output of the first commodity
(Y1) is a summation of the first commodity’s output from the first industry (U11), the first
commodity’s output from the second industry (U12), the first commodity’s output from the third
industry (U13), and the exogenous commodity demand (e1) in the first industry. The total
commodity output of second commodity (Y2) is a summation of the second commodity’s output
from the first industry (U21), the second commodity’s output from the second industry (U22), the
second commodity’s output from the third industry (U23), and the exogenous commodity demand
(e2) in the second industry. The total commodity output of the third commodity (Y3) is a
summation of the third commodity’s output from the first industry (U31), the third commodity’s
output from the second industry (U32), the third commodity’s output from the third industry
(U33), and the exogenous commodity demand (e3) in the third industry.
In the use matrix (U), value added (ZT) presents the amount of inputs other than the
commodities. Therefore, value added in ith industry is denoted as zi.
The total industry input of the first industry (X1) is a summation of the first commodity’s
output from the first industry (U11), the second commodity’s output from the first industry (U21),
the third commodity’s output from the first industry (U31), and the value added in first industry
(z1). The total industry input of the second industry (X2) is a summation of the first commodity’s
output from the second industry (U12), the second commodity’s output from the second industry
(U22), the third commodity’s output from the second industry (U32), and the value added in the
first industry (z2). The total industry input of the third industry (X3) is a summation of the first
commodity’s output from the third industry (U13), the second commodity’s output from the third
industry (U23), the third commodity’s output from the third industry (U33), and the value added in
the first industry (z3).
Considering an economic system with three industries and three commodities, this
content can be expressed in the use matrix (U) as follows.
𝑈(1,1)
𝑈 = >U(2,1)
𝑈(3,1)
zT = [

U(1,2) U(1,3)
𝑒1
𝑌1
U(2,2) U(2,3)@ + A𝑒2C = A𝑌2C…… (15)
U(3,2) 𝑈(3,3)
𝑒3
𝑌3
𝑧1

𝑧2

𝑧3 ]…… (16)

50
xT = [

𝑌1
DA𝑌2C
𝑌3

𝑥1

𝑥2

𝑥3 ]…… (17)

𝑈(1,1) + 𝑈(1,2) + 𝑈(1,3)
𝑒1
= >𝑈(2,1) + 𝑈(2,2) + 𝑈(2,3)@ + A𝑒2CF…… (18)
𝑒3
𝑈(3,1) + 𝑈(3,2) + 𝑈(3,3)

There are no dotted lines in the use matrix (U). This means that all the different rows of
commodities (C1, C2, C3, …) are consumed by all the columns of industries (I1, I2, I3, …). All
rows of commodities have been consumed by all columns of industries based on the BEA’s
historical database.
3.3.3 Structural elements of the normalized use matrix (U^)
As shown in the figure 3.8, the normalized use matrix (U^) can be signified by dividing
each factor of the use matrix (U) by the sum of the respective column.
U^ = U[𝑑𝑖𝑎𝑔(𝑥)]-1… (19)
x(1,1)
0
⋯
⎡
0
𝑥(2,2) 0
⎢
⋮
0
⋱
𝑑𝑖𝑎𝑔(𝑥) = ⎢
0
0
⎢ 0
⎣ 0
0
⋯

0
0
⎤
0
0
⎥
0
⋮
⎥…… (20)
𝑥(70,70)
0
⎥
0
𝑥(71,71)⎦
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Figure 3.9 Economic input–output accounts in terms of the use matrix (U)

The figure 3.9 presents the use matrix (U) using an economic input–output account.
Basically, the use matrix (U) is a commodity-by-industry matrix. It can also be described as a
commodities-consumed-by-industries matrix. The total commodity output (Y), exogenous
demand (e), value added (zT), and total industry input (xT) are included in the structure of the use
matrix (U).
3.3.4 Baseline transactions of a three-subsystem use matrix (U)
The figure 3.10 shows the use matrix (U) if supposing an economic system consists of
three commodities (utility (22), construction (23), and wholesale trade (42)) and three industries
(utility (22), construction (23), and wholesale trade (42)).
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Figure 3.10 Examples of the use matrix when supposing an economic system with three
commodities and three industries
The total commodity output ($27900M) of the utility (22) commodity is a summation of
the utility (22) commodity’s output from the utility (22) industry ($5200M), the utility (22)
commodity’s output from the construction (23) industry ($3300M), the utility (22) commodity’s
output from the wholesale trade (42) industry ($6800M), and the total final uses ($12600M) in
the utility (22) industry.
The total commodity output ($58100M) of the construction (23) commodity is a
summation of the construction (23) commodity’s output from the utility (22) industry ($7300M),
the construction (23) commodity’s output from the construction (23) industry ($200M), the
construction (23) commodity’s output from the wholesale trade (42) industry ($1500M), and the
total final uses ($49100M) in the construction (23) industry.
The total commodity output ($193000M) of the wholesale trade (42) commodity is a
summation of the wholesale trade (42) commodity’s output from the utility (22) industry
($5200M), the wholesale trade (42) commodity’s output from the construction (23) industry
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($51000M), the wholesale trade (42) commodity’s output from the wholesale trade (42) industry
($28000M), and the total final uses ($108800M) in the wholesale trade (42) industry.
The total industry input ($28000M) of the utility (22) industry is a summation of the
utility (22) commodity’s output from the utility (22) industry ($5200M), the construction (23)
commodity’s output from the utility (22) industry ($7300M), the wholesale trade (42)
commodity’s output from the utility (22) industry ($5200M), and the value added ($10300M) in
the utility (22) industry.
The total industry input ($58000M) of the construction (23) industry is a summation of
the utility (22) commodity’s output from the construction (23) industry ($3300M), the
construction (23) commodity’s output from the construction (23) industry ($200M), the
wholesale trade (42) commodity’s output from the construction (23) industry ($51000M)), and
the value added ($3500M) in the utility (22) industry.
The total industry input ($193000M) of the wholesale trade (42) industry is a summation
of the utility (22) commodity’s output from the wholesale trade (42) industry ($6800M), the
construction (23) commodity’s output from the wholesale trade (42) industry ($1500M), the
wholesale trade (42) commodity’s output from the wholesale trade (42) industry ($28000M), and
the value added ($156700M) in the utility (22) industry.
3.3.5 Baseline transactions of the normalized use matrix (U^)
The normalized use matrix (U^) can be expressed by dividing each factor of the use
matrix (U) by the total industry input (xT).

54

Figure 3.11 Baseline transactions of a three-subsystem normalized use matrix (U^)
The figure above presents the normalized use matrix (U^) if supposing the U.S. economic
system consists of three commodities (utility (22), construction (23), and wholesale trade (42))
and three industries (utility (22), construction (23), and wholesale trade (42)).
The utility (22) commodity’s output from the utility (22) industry ($5200M), the
construction (23) commodity’s output from the utility (22) industry ($7300M), the wholesale
trade (42) commodity’s output from the utility (22) industry ($5200M), and the value added
($10300M) in the utility (22) industry are divided by the total industry input ($28000M) of the
utility (22) industry. Thus, the normalized use matrix (U^) of the utility (22) industry can be
expressed by dividing each factor of the utility (22) industry by the total industry input of the
utility (22) industry. As a result, the utility (22) commodity’s output from the utility (22) industry
is going to be 0.185714286. The construction (23) commodity’s output from the utility (22)
industry is going to be 0.260714286. The wholesale trade (42) commodity’s output from the
utility (22) industry is going to be 0.185714286. The value added of the utility (22) industry is
going to be 0.367857143.
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The utility (22) commodity’s output from the construction (23) industry ($3300M), the
construction (23) commodity’s output from the construction (23) industry ($200M), the
wholesale trade (42) commodity’s output from the construction (23) industry ($51000M), and
the value added ($3500M) in the construction (23) industry are divided by the total industry
input ($58000M) of the construction (23) industry. Thus, the normalized use matrix (U^) of the
construction (23) industry can be expressed by dividing each factor of the construction (23)
industry by the total industry input of the construction (23) industry. As a result, the utility (22)
commodity’s output from the construction (23) industry is going to be 0.056896552. The
construction (23) commodity’s output from the construction (23) industry is going to be
0.003448276. The wholesale trade (42) commodity’s output from the construction (23) industry
is going to be 0.879310345. The value added of the construction (23) industry is going to be
0.060344828.
The utility (22) commodity’s output from the wholesale trade (42) industry ($6800M),
the construction (23) commodity’s output from the wholesale trade (42) industry ($1500M), the
wholesale trade (42) commodity’s output from the wholesale trade (42) industry ($28000M), and
the value added ($156700M) in the wholesale trade (42) industry are divided by the total
industry input ($193000M) of the wholesale trade (42) industry. Thus, the normalized use matrix
(U^) of the wholesale trade (42) industry can be expressed by dividing each factor of the
wholesale trade (42) industry by the total industry input of the wholesale trade (42) industry. As
a result, the utility (22) commodity’s output from the wholesale trade (42) industry is going to be
0.035233161. The construction (23) commodity’s output from the wholesale trade (42) industry
is going to be 0.007772021. The wholesale trade (42) commodity’s output from the wholesale
trade (42) industry is going to be 0.145077720. The value added of the wholesale trade (42)
industry is going to be 0.811917098.
3.4 The Input–Output Model and Technical Coefficient Matrix (A Matrix) for 71
Industries from 1997 to 2016
3.4.1 Industry-by-industry A matrix and related term definitions
The input–output model created by this research is a model for the interconnectivity
between 71 industries. The entire United States economic system is divided into 71 industries.

56
The model as a result of this research is expressed by the A matrix, which shows the
interconnectedness between 71 industries from 1997 to 2016. In other words, the U.S. economic
system, which is composed of 71 industries, has been analyzed over a period of 20 years in the A
matrix. Furthermore, this matrix shows the interconnectivity that exists between these industries.
This technical coefficient matrix, represented as A matrix, consists of 71 rows of industries and
71 columns of industries.
This technical coefficient matrix is the product of the normalized make matrix (V^) of the
71 industries and the normalized use matrix (U^) of the 71 industries as follows.
𝑉UU
⎡ .
⎢
𝑉^ = ⎢ ⋮
⎢ .
⎣𝑉VUU
𝑈(1,1)
⎡
.
⎢
⋮
𝑈^ = ⎢
.
⎢
⎣𝑈(71,1)
𝐴(1,1)
⎡
.
⎢
⋮
𝐴= ⎢
.
⎢
⎣𝐴(71,1)

.
.
.
.
.

⋯
.
⋱
.
⋯

.
.
.
.
.

. ⋯
. .
. ⋱
. .
. ⋯
. ⋯
. .
. ⋱
. .
. ⋯

𝑉UVU
. ⎤
⎥
⋮ ⎥…… (21)
. ⎥
𝑉VUVU ⎦

. U(1,71)
⎤
.
.
⎥
.
⋮
⎥…… (22)
.
.
⎥
. 𝑈(71,71)⎦
. A(1,71)
⎤
.
.
⎥
.
⋮
⎥…… (23)
.
.
⎥
. 𝐴(71,71)⎦

A = V^ * U^…… (24)
The definitions of each element of the normalized make matrix and the normalized use
matrix can be summarized as follows [114].
•

Normalized make matrix (V^): The amounts of the different commodities in the columns
produced by the industries in the rows

•

Normalized use matrix (U^): The amounts of the different commodities in the rows
consumed by the industries in the columns
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•

Total industry output (X): The value of all commodities produced by a particular industry

•

Total commodity output (Y): The value of all the intermediate industry consumptions and
exogenous demands

•

Exogenous commodity demand (e): The amount of commodity uses other than the
intermediate consumptions by industries

•

Value added (zT): The amount of industry inputs other than commodities

3.4.2 The overall procedure for A matrix
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Figure 3.12 The key point diagram for A matrix (interconnectedness matrix)
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If looking at the elements of the input part of Fig 3.12, there are three elements that
should be highlighted: the total industry output (X) element from the input–output make data and
the total commodity output (Y) and exogenous commodity demand (e) elements from the input–
output use data.

Above all, first equation above shows that the product of the normalized make matrix and
the normalized use matrix is the input–output model A matrix. The normalized make matrix is an
industry-by-commodity matrix, and the normalized use matrix is a commodity-by-industry
matrix. Therefore, the input–output model A matrix is an industry-by-industry matrix. First
equation for these elements can be summarized as follows.
𝐴(1,1)
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.
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⋮
⎢
.
⎢
⎣𝐴(71,1)
𝑉(1,1)
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⎥ ⎢
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The second equation shows the correlation between the final consumption of industry
output, the normalized make matrix, and the exogenous commodity demand. It presents how the
final consumption of industry output is the product of the normalized make matrix and the
exogenous commodity demand. The second equation for these elements can be summarized as
follows.
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The third equation shows the correlations between the total industry output, the
normalized make matrix, and the total commodity output. It presents how the total industry
output is the product of the normalized make matrix and the total commodity output. The third
equation for these elements can be summarized as follows.
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⎥
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⋮
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⎥
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The fourth equation shows the correlations between the total commodity output, the
normalized make matrix, the total industry output, and the exogenous commodity demand. It
presents the product of the normalized use matrix and the total industry output. After that, the
sum of the product above and the exogenous commodity demand yields the total commodity
output. The fourth equation for these elements can be summarized as follows.
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The fifth equation shows the correlations between the normalized make matrix, the total
commodity output, the total industry output, the normalized use matrix, and the exogenous
commodity demand. It presents how the equation includes the product of the normalized make
matrix, the normalized use matrix, and the total industry output as well as the product of the
normalized make matrix and the exogenous commodity demand. In addition to that, there is the
product of the normalized make matrix and the total commodity output.
Taking all these elements into consideration, the sum of the first two combined products
matches the product of the normalized make matrix and the total commodity output. Thus, the
fifth equation for these elements can be summarized as follows.
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The sixth equation shows the correlations between the total industry output, the input–
output model A matrix, and the final consumption of the industry output.
To review, the first equation indicates that the product of the normalized make matrix and
the normalized use matrix is the input–output model A matrix. The second equation indicates
that the final consumption of the industry output is the product of the normalized make matrix
and the exogenous commodity demand. The third equation indicates that the total industry output
is the product of the normalized make matrix and the total commodity output. These are
summarized by simple equations and are expressed as follows.
First Equation:

A = V^ * U^

Second Equation: C = V^ * e
Third Equation:

X = V^ * y

Figure 3.13 Correlations between equations 5 and 6 and equations 1, 2, and 3
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Equation 6 presents the product of the input–output model A matrix and the total industry
output. After that, the sum of the product above and the final consumption of the industry output
yields the total industry output of the input–output model A matrix. Equation 6 for these
elements can be summarized as follows.
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3.4.3 A diagram of A matrix
Each of these elements consists of parts of the equation in the procedure for A matrix.
Each equation serves as new elements of the following equations’ outputs. The following figure
is a diagram of A matrix with detailed examples.
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Figure 3.14 A diagram of A matrix (interconnectedness matrix)

The diagram above shows the detailed procedure and proof process for A matrix. Here,
we will look at the details of the procedure and the process of certification. The details of the
first equation are as follows.
First equation: A = V^ * U^
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^

^

𝐴(1,1) A(1,2) A(1,3)
𝑉(1,1) V(1,2) V(1,3)
𝑈(1,1) U(1,2) U(1,3)
>A(2,1) A(2,2) A(2,3)@ = > V(2,1) V(2,2) V(2,3) @ ∗ > U(2,1) U(2,2) U(2,3)@
𝐴(3,1) A(3,2) 𝐴(3,3)
𝑉(3,1) V(3,2) 𝑉(3,3)
𝑈(3,1) U(3,2) 𝑈(3,3)
3.4.4 A three-subsystem scenario for the technical coefficient matrix (A)
The normalized make matrix (V^) indicates the industry-by-commodity matrix. The
normalized make matrix (V^) presents the normalized matrix if supposing the U.S. economic
system consists of the utility, construction, and wholesale trade industries and utility,
construction, and wholesale trade commodities. The normalized use matrix (U^) indicates the

commodity-by-industry matrix. The normalized use matrix (U^) presents the normalized matrix
if supposing the U.S. economic system consists of utility, construction, and wholesale trade
commodities and the utility, construction, and wholesale trade industries. Thus, A matrix, the
product of these two matrices, represents an industry-by-industry matrix. The technical
coefficient matrix presents the A matrix (A) if supposing the U.S. economic system consists of
the utility, construction, and wholesale trade industries and the utility, construction, and
wholesale trade industries.

Figure 3.15 Baseline transactions for a three-subsystem scenario for the technical coefficient
matrix (A)
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The normalized make matrix (V^) of the utility commodity is expressed by dividing each
factor of the utility commodity by the total commodity input of the utility commodity. Therefore,
V11, V21, and V31 are defined as follows. The utility industry’s output of the utility commodity is
V11 (1.000000000). The construction industry’s output of the utility commodity is V21 (0). The
wholesale trade industry’s output of the utility commodity is V31 (0).
The normalized make matrix (V^) of the construction commodity is expressed by
dividing each factor of the construction commodity by the total commodity input of the
construction commodity. Therefore, V12, V22, and V32 are defined as follows. The utility
industry’s output of the construction commodity is V12 (0.001721170). The construction
industry’s output of the construction commodity is V22 (0.998278830). The wholesale trade
industry’s output of the construction commodity is V32 (0).
The normalized make matrix (V^) of the wholesale trade commodity is expressed by
dividing each factor of the wholesale trade commodity by the total commodity input of the
wholesale trade commodity. Therefore, V13, V23, and V33 are defined as follows. The utility
industry’s output of the wholesale trade commodity is V13 (0). The construction industry’s output
of the wholesale trade commodity is V23 (0). The wholesale trade industry’s output of the
wholesale trade commodity is V33 (1.00000000).
The normalized use matrix (U^) of the utility industry is expressed by dividing each
factor of the utility industry by the total industry input of the utility industry. Therefore, U11, U21,
and U31 are defined as follows. The utility commodity’s output from the utility industry is U11
(0.185714286). The construction commodity’s output from the utility industry is U21
(0.260714286). The wholesale trade commodity’s output from the utility industry is U31
(0.185714286).
The normalized use matrix (U^) of the construction industry is expressed by dividing
each factor of the construction industry by the total industry input of the construction industry.
Therefore, U12, U22, and U32 are defined as follows. The utility commodity’s output from the
construction industry is U12 (0.056896552). The construction commodity’s output from the
construction industry is U22 (0.003448276). The wholesale trade commodity’s output from the
construction industry is U32 (0.879310345).
The normalized use matrix (U^) of the wholesale trade industry is expressed by dividing
each factor of the wholesale trade industry by the total industry input of the wholesale trade
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industry. Therefore, U13, U23, and U33 are defined as follows. The utility commodity’s output
from the wholesale trade industry is U13 (0.035233161). The construction commodity’s output
from the wholesale trade industry is U23 (0.007772021). The wholesale trade commodity’s
output from the wholesale trade industry is U33 (0.145077720).
Taking all these elements above into account, the technical coefficient matrix (A) is
expressed by multiplying each factor of the normalized make matrix (V^) by each factor of the
normalized use matrix (U^).
The utility industry’s output from the utility industry’s input (A11) is the sum of the
product of the utility industry’s output of the utility commodity (V11) and the utility commodity’s
output from the utility industry (U11), the product of the utility industry’s output of the
construction commodity (V12) and the construction commodity’s output from the utility industry
(U21), and the product of the utility industry’s output of the wholesale trade commodity (V13) and
the wholesale trade commodity’s output from the utility industry (U31). Therefore, the utility
industry’s output from the utility industry’s input (A11) is expressed as follows.
A11 = V11U11 + V12U21 + V13U31…… (25)
The utility industry’s output from the utility industry’s input is A11 (0.186163019).
The construction industry’s output from the utility industry’s input (A12) is the sum of the
product of the utility industry’s output of the utility commodity (V11) and the utility commodity’s
output from the construction industry (U12), the product of the utility industry’s output of the
construction commodity (V12) and the construction commodity’s output from the construction
industry (U22), and the product of the utility industry’s output of the wholesale trade commodity
(V13) and the wholesale trade commodity’s output from the construction industry (U32).
Therefore, the construction industry’s output from the utility industry’s input (A12) is expressed
as follows.
A12 = V11U12 + V12U22 + V13U32…… (26)
The construction industry’s output from the utility industry’s input is A12 (0.056902487).
The wholesale trade industry’s output from the utility industry’s input (A13) is the sum of
the product of the utility industry’s output of the utility commodity (V11) and the utility
commodity’s output from the wholesale trade industry (U13), the product of the utility industry’s
output of the construction commodity (V12) and the construction commodity’s output from the
wholesale trade industry (U23), and the product of the utility industry’s output of the wholesale
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trade commodity (V13) and the wholesale trade commodity’s output from the wholesale trade
industry (U33). Therefore, the wholesale trade industry’s output from the utility industry’s input
(A13) is expressed as follows.
A13 = V11U13 + V12U22 + V13U33…… (27)
The wholesale trade industry’s output from the utility industry’s input is A13 (0.035246538).
The utility industry’s output from the construction industry’s input (A21) is the sum of the
product of the construction industry’s output of the utility commodity (V21) and the utility
commodity’s output from the utility industry (U11), the product of the construction industry’s
output of the construction commodity (V22) and the construction commodity’s output from the
utility industry (U21), and the product of the construction industry’s output of the wholesale trade
commodity (V23) and the wholesale trade commodity’s output from the utility industry (U31).
Therefore, the utility industry’s output from the construction industry’s input (A21) is expressed
as follows.
A21 = V21U11 + V22U21 + V23U31…… (28)
The utility industry’s output from the Construction industry’s input is A21 (0.260265552).
The construction industry’s output from the construction industry’s input (A22) is the sum
of the product of the construction industry’s output of the utility commodity (V21) and the utility
commodity’s output from the construction industry (U12), the product of the construction
industry’s output of the construction commodity (V22) and the construction commodity’s output
from the construction industry (U22), and the product of the construction industry’s output of the
wholesale trade commodity (V23) and the wholesale trade commodity’s output from the
construction industry (U32). Therefore, the construction industry’s output from the construction
industry’s input (A22) is expressed as follows.
A22 = V21U12 + V22U22 + V23U32…… (29)
The construction industry’s output from the construction industry’s input is A22 (0.003442341).
The wholesale trade industry’s output from the construction industry’s input (A23) is the
sum of the product of the construction industry’s output of the utility commodity (V21) and the
utility commodity’s output from the wholesale trade industry (U13), the product of the
construction industry’s output of the construction commodity (V22) and the construction
commodity’s output from the wholesale trade industry (U23), and the product of the construction
industry’s output of the wholesale trade commodity (V23) and the wholesale trade commodity’s
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output from the wholesale trade industry (U33). Therefore, the wholesale trade industry’s output
from the construction industry’s input (A23) is expressed as follows.
A23 = V21U13 + V22U23 + V23U33…… (30)
The wholesale trade industry’s output from the construction industry’s input is A23
(0.007758644).
The utility industry’s output from the wholesale trade industry’s input (A31) is the sum of
the product of the wholesale trade industry’s output of the utility commodity (V31) and the utility
commodity’s output from the utility industry (U11), the product of the wholesale trade industry’s
output of the construction commodity (V32) and the construction commodity’s output from the
utility industry (U21), and the product of the wholesale trade industry’s output of the wholesale
trade commodity (V33) and the wholesale trade commodity’s output from the utility industry
(U31). Therefore, the utility industry’s output from the wholesale trade industry’s input (A31) is
expressed as follows.
A31 = V31U11 + V32U21 + V33U31…… (31)
The utility industry’s output from the wholesale trade industry’s input is A31 (0.185714286).
The construction industry’s output from the wholesale trade industry’s input (A32) is the
sum of the product of the wholesale trade industry’s output of the utility commodity (V31) and the
utility commodity’s output from the construction industry (U12), the product of the wholesale
trade industry’s output of the construction commodity (V32) and the construction commodity’s
output from the construction industry (U22), and the product of the wholesale trade industry’s
output of the wholesale trade commodity (V33) and the wholesale trade commodity’s output from
the construction industry (U32). Therefore, the construction industry’s output from the wholesale
trade industry’s input (A32) is expressed as follows.
A32 = V31U12 + V32U22 + V33U32…… (32)
The construction industry’s output from the wholesale trade industry’s input is A32
(0.879310340).
The wholesale trade industry’s output from the wholesale trade industry’s input (A33) is
the sum of the product of the wholesale trade industry’s output of the utility commodity (V31) and
the utility commodity’s output from the wholesale trade industry (U13), the product of the
wholesale trade industry’s output of the construction commodity (V32) and the construction
commodity’s output from the wholesale trade industry (U23), and the product of the wholesale

70
trade industry’s output of the wholesale trade commodity (V33) and the wholesale trade
commodity’s output from the wholesale trade industry (U33). Therefore, the wholesale trade
industry’s output from the wholesale trade industry’s input (A33) is expressed as follows.
A32 = V31U12 + V32U22 + V33U32…… (33)
The wholesale trade industry’s output from the wholesale trade industry’s input is A33
(0.145077720).
3.4.5 A three-subsystem scenario for the final industry consumption (C)
The final industry consumption is the product of the normalized make matrix and the
exogenous commodity demand. The details of the second equation are as follows.
Second equation: C = V^ * e
^

𝐶(1,1)
𝑉(1,1) V(1,2) V(1,3)
𝑒(1,1)
> C(2,1) @ = > V(2,1) V(2,2) V(2,3) @ ∗ >e(2,1)@
𝐶(3,1)
𝑉(3,1) V(3,2) 𝑉(3,3)
𝑒(3,1)

Figure 3.16 Baseline transactions of a three-subsystem scenario for the final industry
consumption (C)
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A three-subsystem scenario for the final industry consumption presents a matrix (three by
one) if supposing the U.S. economic system consists of the utility, construction, and wholesale
trade industries. The matrix of the three-subsystem scenario for the final industry consumption
(three by one) is the product of the normalized make matrix (three by three) and the exogenous
commodity demand (three by one).
The final industry consumption (C) of the utility industry is denoted as C1 (12685). The
final industry consumption (C) of the construction industry is denoted as C2 (49015). The final
industry consumption (C) of the wholesale trade industry is denoted as C3 (108800). The
exogenous commodity demand (e) of the utility industry is denoted as e1 (12600). The
exogenous commodity demand (e) of the construction industry is denoted as e2 (49100). The
exogenous commodity demand (e) of the wholesale trade industry is denoted as e3 (108800).
The final industry consumption of the utility industry (C1) is the sum of the product of the
utility industry’s output of the utility commodity (V11) and the exogenous commodity demand of
the utility industry (e1), the product of the utility industry’s output of the construction commodity
(V12) and the exogenous commodity demand of the construction industry (e2), and the product of
the utility industry’s output of the wholesale trade commodity (V13) and the exogenous
commodity demand of the wholesale trade industry (e3). Therefore, the final industry
consumption of the utility industry (C1) is expressed as follows.
C1 = V11 e1 + V12 e2 + V13 e3…… (34)
The final industry consumption of the utility industry is C1 (12685).
The final industry consumption of the construction industry (C2) is the sum of the product
of the construction industry’s output of the utility commodity (V21) and the exogenous
commodity demand of the utility industry (e1), the product of the construction industry’s output
of the construction commodity (V22) and the exogenous commodity demand of the construction
industry (e2), and the product of the construction industry’s output of the wholesale trade
commodity (V23) and the exogenous commodity demand of the wholesale trade industry (e3).
Therefore, the final industry consumption of the construction industry (C2) is expressed as
follows.
C2 = V21 e1 + V22 e2 + V23 e3…… (35)
The final industry consumption of the construction industry is C2 (49015).
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The final industry consumption of the wholesale trade industry (C3) is the sum of the
product of the wholesale trade industry’s output of the utility commodity (V31) and the
exogenous commodity demand of the utility industry (e1), the product of the wholesale trade
industry’s output of the construction commodity (V32) and the exogenous commodity demand of
the construction industry (e2), and the product of the wholesale trade industry’s output of the
wholesale trade commodity (V33) and the exogenous commodity demand of the wholesale trade
industry (e3). Therefore, the final industry consumption of the wholesale trade industry is
expressed as follows.
C3 = V31 e1 + V32 e2 + V33 e3…… (36)
The final industry consumption of the wholesale trade industry is C3 (108800).
3.4.6 A three-subsystem scenario for the total industry output (X)
The total industry output is the product of the normalized make matrix and the total
commodity output. The details of the third equation are as follows.
Third equation: X = V^ * y
^

𝑋(1,1)
𝑉(1,1) V(1,2) V(1,3)
𝑦(1,1)
> X(2,1) @ = > V(2,1) V(2,2) V(2,3)@ ∗ > y(2,1) @
𝑋(3,1)
𝑉(3,1) V(3,2) 𝑉(3,3)
𝑦(3,1)
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Figure 3.17 Baseline transactions of a three-subsystem scenario for the total industry output (X)
A three-subsystem scenario for the total industry output presents a matrix (three by one)
if supposing an economic system consists of the utility, construction, and wholesale trade
industries. The matrix of the three-subsystem scenario for the total industry output (three by one)
is the product of the normalized make matrix (three by three) and the total commodity output
(three by one).
The total industry output (X) of the utility industry is denoted as X1 (28000). The total
industry output (X) of the construction industry is denoted as X2 (58000). The total industry
output (X) of the wholesale trade industry is denoted as X3 (193000). The total commodity output
(Y) of the utility industry is denoted as Y1 (27900). The total commodity output (Y) of the
construction industry is denoted as Y2 (58100). The total commodity output (Y) of the wholesale
trade industry is denoted as Y3 (193000).
The total industry output of the utility industry (X1) is the sum of the product of the utility
industry’s output of the utility commodity (V11) and the total commodity output of the utility
industry (Y1), the product of the utility industry’s output of the construction commodity (V12) and
the total commodity output of the construction industry (Y2), and the product of the utility
industry’s output of the wholesale trade commodity (V13) and the total commodity output of the
wholesale trade industry (Y3). Therefore, the total industry output of the utility industry (X1) is
expressed as follows.
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X1 = V11 y1 + V12 y2 + V13 y3…… (37)
The total industry output of the utility industry is X1 (28000).
The total industry output of the construction industry (X2) is the sum of the product of the
construction industry’s output of the utility commodity (V21) and the total commodity output of
the utility industry (Y1), the product of the construction industry’s output of the construction
commodity (V22) and the total commodity output of the construction industry (Y2), and the
product of the construction industry’s output of the wholesale trade commodity (V23) and the
total commodity output of the wholesale trade industry (Y3). Therefore, the total industry output
of the construction industry (X2) is expressed as follows.
X2 = V21 y1 + V22 y2 + V23 y3…… (38)
The total industry output of the construction industry is X2 (58000).
The total industry output of the wholesale trade industry (X3) is the sum of the product of
the wholesale trade industry’s output of the utility commodity (V31) and the total commodity
output of the utility industry (Y1), the product of the wholesale trade industry’s output of the
construction commodity (V32) and the total commodity output of the construction industry (Y2),
and the product of the wholesale trade industry’s output of the wholesale trade commodity (V33)
and the total commodity output of the wholesale trade industry (Y3). Therefore, the total industry
output of the wholesale trade industry (X3) is expressed as follows.
X3= V31 y1 + V32 y2 + V33 y3…… (39)
The total industry output of the wholesale trade industry is X3 (193000).
3.4.7 A three-subsystem scenario for the total commodity output (Y)
The total commodity output is the product of the normalized use matrix and the total
industry output, and then the sum of this product and the exogenous commodity demand. The
details of the fourth equation are as follows.
Fourth equation: Y = U^ * X + e
^

𝑌(1,1)
𝑈(1,1) U(1,2) U(1,3)
𝑋(1,1)
𝑒(1,1)
> Y(2,1)@ = > U(2,1) U(2,2) U(2,3)@ ∗ > X(2,1) @ + >e(2,1)@
𝑌(3,1)
𝑈(3,1) U(3,2) 𝑈(3,3)
𝑋(3,1)
𝑒(3,1)
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Figure 3.18 Baseline transactions of a three-subsystem scenario for the total commodity output
(Y)
A three-subsystem scenario for the total commodity output presents a matrix (three by
one) if supposing the U.S. economic system consists of the utility, construction, and wholesale
trade industries. The matrix of the three-subsystem scenario for the total commodity output
(three by one) is the product of the normalized use matrix (three by three) and the total industry
output (three by one), and then the sum of this product and the exogenous commodity demand
(three by one).
The total commodity output (Y) of the utility industry is denoted as Y1 (27900). The total
commodity output (Y) of the construction industry is denoted as Y2 (58100). The total commodity
output (Y) of the wholesale trade industry is denoted as Y3 (193000). The total industry output
(X) of the utility industry is denoted as X1 (28000). The total industry output (X) of the
construction industry is denoted as X2 (58000). The total industry output (X) of the wholesale
trade industry is denoted as X3 (193000). The exogenous commodity demand (e) of the utility
industry is denoted as e1 (12600). The exogenous commodity demand (e) of the construction
industry is denoted as e2 (49100). The exogenous commodity demand (e) of the wholesale trade
industry is denoted as e3 (108800).
The total commodity output of the utility industry (Y1) is the sum of the product of the
utility commodity’s output from the utility industry (U11) and the total industry output of utility
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industry (X1), the product of the utility commodity’s output from the construction industry (U12)
and the total industry output of the construction industry (X2), the product of the utility
commodity’s output from the wholesale industry (U13) and the total industry output of the
wholesale trade industry (X3), and the exogenous commodity demand of the utility industry (e1).
Therefore, the total commodity output of the utility industry (Y1) is expressed as follows.
Y1 = U11 X1 + U12 X2 + U13 X3 + e1…… (40)
The total commodity output of the utility industry is Y1 (27900).
The total commodity output of the construction industry (Y2) is the sum of the product of
the construction commodity’s output from the utility industry (U21) and the total industry output
of the utility industry (X1), the product of the construction commodity’s output from the
construction industry (U22) and the total industry output of the construction industry (X2), the
product of the construction commodity’s output from the wholesale trade industry (U23) and the
total industry output of the wholesale trade industry (X3), and the exogenous commodity demand
of the construction industry (e2). Therefore, the total commodity output of the construction
industry (Y2) is expressed as follows.
Y2 = U21 X1 + U22 X2 + U23 X3 + e2…… (41)
The total commodity output of the construction industry is Y2 (58100).
The total commodity output of the wholesale trade industry (Y3) is the sum of the product
of the wholesale trade commodity’s output from the utility industry (U31) and the total industry
output of the utility industry (X1), the product of the wholesale trade commodity’s output from
the construction industry (U32) and the total industry output of the construction industry (X2), the
product of the wholesale trade commodity’s output from the wholesale trade industry (U33) and
the total industry output of the wholesale trade industry (X3), and the exogenous commodity
demand of the wholesale trade industry (e3). Therefore, the total commodity output of the
wholesale trade industry (Y3) is expressed as follows.
Y3 = U31 X1 + U32 X2 + U33 X3 + e3…… (42)
The total commodity output of the wholesale trade industry is Y3 (193000).
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3.4.8 A three-subsystem scenario for the technical coefficient matrix (A matrix)
The total industry output is the product of the technical coefficient matrix and the total
industry output, and then the sum of this product and the final industry consumption. The details
of the fifth equation and the sixth equation are as follows.
Fifth equation: V^y =V^U^X +V^ e
^

𝑉(1,1) V(1,2) V(1,3)
𝑦(1,1)
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^
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Figure 3.19 A three-subsystem scenario for the technical coefficient matrix (A matrix)

A three-subsystem scenario for the total industry output shows a matrix (three by one) if
supposing the U.S. economic system consists of the utility, construction, and wholesale trade
industries. The matrix of a three-subsystem scenario for the total industry output (three by one) is
the product of the technical coefficient matrix (three by three) and the total industry output (three
by one), and then the sum of this product and the final industry consumption (three by one).
The total industry output (X) of the utility industry is denoted as X1 (28000). The total
industry output (X) of the construction industry is denoted as X2 (58000). The total industry
output (X) of the wholesale trade industry is denoted as X3 (193000). The final industry
consumption (C) of the utility industry is denoted as C1 (12685). The final industry consumption
(C) of the construction industry is denoted as C2 (49015). The final industry consumption (C) of
the wholesale trade industry is denoted as C3 (108800).
The total industry output of the utility industry (X1) is the sum of the product of the utility
industry’s output from the utility industry’s input (A11) and the total industry output of the utility
industry (X1), the product of the construction industry’s output from the utility industry’s input
(A12) and the total industry output of the construction industry (X2), the product of the wholesale
trade industry’s output from the utility industry’s input (A13) and the total industry output of the
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wholesale trade industry (X3), and the final industry consumption of the utility industry (C1).
Therefore, the total industry output of the utility industry (X1) is expressed as follows.
X1 = A11 X1 + A12 X2 + A13 X3 + C1…… (43)
The total industry output of the utility industry is X1 (28000).
The total industry output of the construction industry (X2) is the sum of the product of the
utility industry’s output from the construction industry’s input (A21) and the total industry output
of the utility industry (X1), the product of the construction industry’s output from the
construction industry’s input (A22) and the total industry output of the construction industry (X2),
the product of the wholesale trade industry’s output from the construction industry’s input (A23)
and the total industry output of the wholesale trade industry (X3), and the final industry
consumption of the construction industry (C2). Therefore, the total industry output of the
construction industry (X2) is expressed as follows.
X2 = A21 X1 + A22 X2 + A23 X3 + C2…… (44)
The total industry output of the construction industry is X2 (58000).
The total industry output of the wholesale trade industry (X3) is the sum of the product of
the utility industry’s output from the wholesale trade industry’s input (A31) and the total industry
output of the utility industry (X1), the product of the construction industry’s output from the
wholesale trade industry’s input (A32) and the total industry output of the construction industry
(X2), the product of the wholesale trade industry’s output from the wholesale trade industry’s
input (A33) and the total industry output of the wholesale trade industry (X3), and the final
industry consumption of the wholesale trade industry (C3). Therefore, the total industry output of
the wholesale trade industry (X3) is expressed as follows.
X3 = A31 X1 + A32 X2 + A33 X3 + C3…… (45)
The total industry output of the wholesale trade industry is X3 (193000).
3.5. Analyses of Patterns, Trends, and Relationships of A Matrix on a National Level for
the U.S. Economy from the Utility Industry’s Point of View
3.5.1 Components of A Matrix from 1997 to 2016
A matrix consisting of 5,041 values of interconnectedness was defined to consider 71
industries on the supply side and 71 industries on the demand side. A matrix, an
interconnectedness matrix, for 20 years was defined for the period spanning from 1997 to 2016.
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Analysis of values for each point of interconnectivity reveals that some values of
interconnectedness between the industries in A matrix fluctuated a great deal and some values of
interconnectedness between the industries in A matrix remained unchanged from 1997 to 2016.

Figure 3.20 A matrix (71 industries by 71 industries) for 20 years

Distributions or variances of the interconnectedness value over 20 years are presented in
A matrix. Since these values of interconnectedness are created by the normalized make matrix
and the normalized use matrix, the maximum value of interconnectedness is 1 and the minimum
value of interconnectedness is 0. That is, the range of the interconnectedness value of A matrix is
0 < aij <1.
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Figure 3.21 The interconnectedness value (71 industries by 71 industries) from 1997 to 2016

The trends, patterns, and relationships of the 5,041 values for interconnectedness in the
matrix covering 71 industries by 71 industries have been analyzed in terms of the utility industry.
The scope of this study is to analyze the correlations of the utility industry with 71 industries
based on the utility industry. The correlation between the utility industry and the 71 industries
can be analyzed on the demand and supply sides.
3.5.2 The demand side of the utility industry in A matrix from 1997 to 2016
The figure below shows the correlation in A matrix between the utility industry and 71
industries on the demand side from 2005 to 2010. Each industry from the most affected to the
least affected one is ranked against the utility industry. For instance, the value of
interconnectedness between the utility industry and the pipeline transportation industry in 2009 is
0.2489, the value of interconnectedness between the utility industry and the oil and gas
extraction industry in 2009 is 0.1744, and the value of interconnectedness between the utility
industry and the mining, except oil and gas, industry in 2009 is 0.0577. This means that
$0.2489M of the pipeline transportation industry, $0.1744M of the oil and gas extraction
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industry, and $0.0577M of the mining, except oil and gas, industry was consumed to produce the
$1M value of the utility industry.

Figure 3.22 Each industry from the most affected to the least affected in A matrix

The most affected industry in relation to the utility industry measured by the
interconnectedness value is the pipeline transportation industry from 2005 to 2010. The value of
interconnectedness between the utility industry and the pipeline transportation industry on the
demand side was 0.1988 in 2005, 0.2104 in 2006, 0.2091 in 2007, 0.2427 in 2008, 0.2488 in
2009, and 0.2354 in 2010.
The second most affected industry in relation to the utility industry measured by the
interconnectedness value is the oil and gas extraction industry from 2005 to 2010. The value of
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interconnectedness between the utility industry and the oil and gas extraction industry on the
demand side was 0.1947 in 2005, 0.1774 in 2006, 0.1714 in 2007, 0.1776 in 2008, 0.1744 in
2009, and 0.1557 in 2010.
The third most affected industry in relation to the utility industry measured by the
interconnectedness value is the mining, except oil and gas, industry from 2005 to 2010. The
value of interconnectedness between the utility industry and the mining, except oil and gas,
industry on the demand side was 0.0330 in 2005, 0.0391 in 2006, 0.0450 in 2007, 0.0437 in
2008, 0.0576 in 2009, and 0.0556 in 2010.
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Table 3.3 A Matrix’s Rankings Based on the Utility Industry, from the Most Affected Industry to
the Least Affected in 2009 and 2010
Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

IOCode
486
211
212
482
487OS
324
5411
521CI
561
493
GSLE
514
562
22
483
GFE
481
213
721
325
333
5415
ORE
42
5412OP
23
532RL
523
484
485
722
327
511
332
711AS
513
4A0
61
323
81
334
441
713
524
322
326
315AL
3364OT
335
339
GSLG
313TT
445
3361MV
337
GFGN
452
GFGD
55
331
321
311FT
622
113FF
621
HS
512
525
623
624
111CA

22

22

Utilities

Utilities

Industry's Name
2009' A Matrix
Pipeline transportation
0.248869292
Oil and gas extraction
0.17442384
Mining, except oil and gas
0.057675247
Rail transportation
0.027068878
Other transportation and support activities
0.019807385
Petroleum and coal products
0.018157685
Legal services
0.01038151
Federal Reserve banks, credit intermediation, and related activities
0.007639132
Administrative and support services
0.005418347
Warehousing and storage
0.004946383
State and local government enterprises
0.00474255
Data processing, internet publishing, and other information0.004700327
services
Waste management and remediation services
0.003919239
Utilities
0.003710579
Water transportation
0.00331115
Federal government enterprises
0.003169085
Air transportation
0.002665658
Support activities for mining
0.002517971
Accommodation
0.00246969
Chemical products
0.002402903
Machinery
0.002286023
Computer systems design and related services
0.002201817
Other Real Estate
0.002159197
Wholesale trade
0.002071518
Miscellaneous professional, scientific, and technical services0.001905614
Construction
0.001816714
Rental and leasing services and lessors of intangible assets0.001813294
Securities, commodity contracts, and investments
0.001542556
Truck transportation
0.001420354
Transit and ground passenger transportation
0.001351469
Food services and drinking places
0.001240835
Nonmetallic mineral products
0.001150816
Publishing industries, except internet (includes software) 0.000991918
Fabricated metal products
0.0008274
Performing arts, spectator sports, museums, and related activities
0.000732156
Broadcasting and telecommunications
0.000677186
Other retail
0.000663103
Educational services
0.000636966
Printing and related support activities
0.000617668
Other services, except government
0.000560189
Computer and electronic products
0.000507411
Motor vehicle and parts dealers
0.000466413
Amusements, gambling, and recreation industries
0.000425728
Insurance carriers and related activities
0.000411015
Paper products
0.000350622
Plastics and rubber products
0.000261001
Apparel and leather and allied products
0.000249592
Other transportation equipment
0.000247018
Electrical equipment, appliances, and components
0.000245813
Miscellaneous manufacturing
0.000196748
State and local general government
0.000179199
Textile mills and textile product mills
0.000163447
Food and beverage stores
0.000157605
Motor vehicles, bodies and trailers, and parts
0.000134156
Furniture and related products
0.000114791
Federal general government (nondefense)
9.54584E-05
General merchandise stores
7.29341E-05
Federal general government (defense)
6.42512E-05
Management of companies and enterprises
5.67965E-05
Primary metals
5.29982E-05
Wood products
5.07634E-05
Food and beverage and tobacco products
3.24927E-05
Hospitals
3.15036E-05
Forestry, fishing, and related activities
2.09967E-05
Ambulatory health care services
1.78065E-05
Housing Services
1.63011E-05
Motion picture and sound recording industries
1.33804E-05
Funds, trusts, and other financial vehicles
5.68088E-06
Nursing and residential care facilities
5.33532E-06
Social assistance
2.60975E-06
Farms
3.86527E-10

Rank
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

IOCode
486
211
212
482
324
5411
521CI
487OS
561
562
514
493
GSLE
GFE
483
481
721
5415
23
532RL
5412OP
22
325
213
333
ORE
523
42
485
711AS
327
722
484
511
332
61
513
323
81
334
322
4A0
713
441
326
335
524
3364OT
GSLG
339
313TT
445
3361MV
315AL
GFGN
452
337
GFGD
55
331
622
321
113FF
311FT
621
HS
512
525
623
624
111CA

Industry's Name
Pipeline transportation
Oil and gas extraction
Mining, except oil and gas
Rail transportation
Petroleum and coal products
Legal services
Federal Reserve banks, credit intermediation, and related activities
Other transportation and support activities
Administrative and support services
Waste management and remediation services
Data processing, internet publishing, and other information services
Warehousing and storage
State and local government enterprises
Federal government enterprises
Water transportation
Air transportation
Accommodation
Computer systems design and related services
Construction
Rental and leasing services and lessors of intangible assets
Miscellaneous professional, scientific, and technical services
Utilities
Chemical products
Support activities for mining
Machinery
Other Real Estate
Securities, commodity contracts, and investments
Wholesale trade
Transit and ground passenger transportation
Performing arts, spectator sports, museums, and related activities
Nonmetallic mineral products
Food services and drinking places
Truck transportation
Publishing industries, except internet (includes software)
Fabricated metal products
Educational services
Broadcasting and telecommunications
Printing and related support activities
Other services, except government
Computer and electronic products
Paper products
Other retail
Amusements, gambling, and recreation industries
Motor vehicle and parts dealers
Plastics and rubber products
Electrical equipment, appliances, and components
Insurance carriers and related activities
Other transportation equipment
State and local general government
Miscellaneous manufacturing
Textile mills and textile product mills
Food and beverage stores
Motor vehicles, bodies and trailers, and parts
Apparel and leather and allied products
Federal general government (nondefense)
General merchandise stores
Furniture and related products
Federal general government (defense)
Management of companies and enterprises
Primary metals
Hospitals
Wood products
Forestry, fishing, and related activities
Food and beverage and tobacco products
Ambulatory health care services
Housing Services
Motion picture and sound recording industries
Funds, trusts, and other financial vehicles
Nursing and residential care facilities
Social assistance
Farms

2010' A Matrix
0.235467977
0.155768186
0.055688117
0.030149149
0.016797211
0.012778179
0.010148757
0.009059091
0.007732835
0.006634328
0.005244702
0.004022581
0.003979198
0.003619964
0.003534042
0.003202122
0.003169783
0.003158
0.002834112
0.002831988
0.002620699
0.002615566
0.002604879
0.00259014
0.002404119
0.002310558
0.002071204
0.001901511
0.001675335
0.001600343
0.001572752
0.001518342
0.0014929
0.0013566
0.001072456
0.000885743
0.000872171
0.000810403
0.000754105
0.000741028
0.000658954
0.000593161
0.000530934
0.000478578
0.000419758
0.000398883
0.000336559
0.00028857
0.000257035
0.000221989
0.000198075
0.000196814
0.000183609
0.000149847
0.000124001
0.000103282
9.56751E-05
8.56265E-05
7.82826E-05
5.753E-05
4.44004E-05
3.99131E-05
3.94825E-05
3.59992E-05
2.4356E-05
1.81163E-05
1.73624E-05
7.49093E-06
6.57413E-06
4.46258E-06
1.39119E-06
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The table above shows the values of interconnectedness between the utility industry and
71 industries, and A matrix’s ranking lists the industries from those most affected to the least
affected. It can be seen that the pipeline transportation industry was the one most related to the
utility industry out of the 71 industries in 2009 and 2010.
The 20 industries most closely related to the utility industry in 2009 include the pipeline
transportation industry (486); the oil and gas extraction industry (211); the mining, except oil and
gas, industry (212); the rail transportation industry (482); the other transportation and support
activities industry (487OS); the petroleum and coal products industry (324); the legal services
industry (5411); the federal reserve banks, credit intermediation, and related activities industry
(521CI); the administrative and support services industry (561); the warehousing and storage
industry (493); the state and local government enterprises industry (GSLE); the data processing,
Internet publishing, and other information services industry (514); the waste management and
remediation services industry (562); the utilities industry (22); the water transportation industry
(483); the federal government enterprises industry (GFE); the air transportation industry (481);
the support activities for mining industry (213); the accommodation industry (721); and the
chemical products industry (325).
The 20 industries most closely related to the utility industry in 2010 include the pipeline
transportation industry (486); the oil and gas extraction industry (211); the mining, except oil and
gas, industry (212); the rail transportation industry (482); the petroleum and coal products
industry (324); the legal services industry (5411); the federal reserve banks, credit
intermediation, and related activities industry (521CI); the other transportation and support
activities industry (487OS); the administrative and support services industry (561); the waste
management and remediation services industry (562); the data processing, Internet publishing,
and other information services industry (514); the warehousing and storage industry (493); the
state and local government enterprises industry (GSLE); the federal government enterprises
industry (GFE); the water transportation industry (483); the air transportation industry (481); the
accommodation industry (721); the computer systems design and related services industry
(5415); the construction industry (23); and the rental and leasing services and lessors of
intangible assets industry (532RL).
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Figure 3.23 The demand side of the utility industry in A matrix from 1997 to 2016

The figure above shows the correlations in A matrix between the utility industry and 71
industries on the demand side from 1997 to 2016. The most affected industry on the demand side
is the pipeline transportation industry from 1997 to 2016. The second most affected industry on
the demand side is the oil and gas extraction industry from 1997 to 2016. The third most affected
industry on the demand side is the mining, except oil and gas, industry from 1997 to 2016.
Except for three industries (the pipeline transportation industry (486), the oil and gas
extraction industry (211), and the mining, except oil and gas, industry (212)), the rest of the
industries from 1997 to 2016 can be interpreted as having little to do with the utility industry
(22). In other words, these other industries only have some correlations with the utility industry
(22).
3.5.3 Annual variation of the technical coefficient matrix (A matrix) on the demand side between
the utility industry and all other industries
Figure 3.24 shows the annual variation of the technical coefficient matrix (A matrix) on
the demand side across 71 industries from 1997 to 2016. The following figures show the detail
information that includes ‘Top’, ‘Middle’, and ‘Bottom’ of figure 3.24.
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Figure 3.24 Annual variation of the technical coefficient matrix (A matrix) on the demand side
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Figure 3.24 ~ continued
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Figure 3.24 ~ continued
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Figure 3.24 ~ continued
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The pipeline transportation industry (486) was the most interconnected one to the utility
industry on the demand side in the technical coefficient matrix (A matrix) from 1997 to 2016.
The graph about the annual variation of the technical coefficient matrix shows the annual value
of interconnectedness for the pipeline transportation industry (486) was an upward curve from
1997 to 1998, and this curve hit its lowest point in 2000 and 2001. Since then, the annual value
for that industry rose, showed a declining trend in 2009 and 2010, and then rose again from 2010
to 2016.
The oil and gas extraction industry (211) was the second most affected one on the
demand side in the technical coefficient matrix (A matrix) from 1997 to 2016. The graph about
the annual variation of the technical coefficient matrix shows the annual value of
interconnectedness for the oil and gas extraction industry was an upward curve from 1997 to
1998, and this curve hit a declining trend in 2000 and 2002. Since then, the annual value for that
industry increased from 2002 to 2005. However, its trend decreased from 2005 to 2012. After
that, it rose again from 2012 to 2016.
The mining, except oil and gas, industry was the third most affected one on the demand
side in the technical coefficient matrix (A matrix) from 1997 to 2016. The graph about the
annual variation of the technical coefficient matrix shows the annual value of interconnectedness
for the mining, except oil and gas, industry was an upward curve from 1997 to 2001, and this
curve hit a declining trend from 2001 to 2005. There have been some fluctuations since 2005, but
the annual value for the industry continued to rise from 2006 to 2016.
Except for three industries (the pipeline transportation industry (486), the oil and gas
extraction industry (211), and the mining, except oil and gas, industry (212)), the rest of the
industries from 1997 to 2016 had interconnectedness values with the utility industry of less than
0.05. This means that there was no decreasing or increasing trend between the rest of the
industries and the utility industry from 1997 to 2016.
3.5.4 The supply side of the utility industry in A matrix from 1997 to 2016
The figure below shows the correlations in A matrix between the utility industry and 71
industries on the supply side from 1997 to 2016.

92

Figure 3.25 The supply side of the utility industry in A matrix from 1997 to 2016
The most affected industry on the supply side is the other real estate industry from 1997
to 2016. The second most affected industry on the supply side is the educational services
industry from 1997 to 2016. The third most affected industry on the supply side is the transit and
ground passenger transportation industry from 1997 to 2016.
3.5.5 Annual variation of the technical coefficient matrix (A matrix) on the supply side between
the utility industry and all other industries
Figure 3.26 shows the annual variation of the technical coefficient matrix (A matrix) on
the supply side across 71 industries from 1997 to 2016. The following figures show the detail
information that includes ‘Top’, ‘Middle’, and ‘Bottom’ of figure 3.26.
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Figure 3.26 Annual variation of the technical coefficient matrix (A matrix) on the supply side
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Figure 3.26 ~ continued
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Figure 3.26 ~ continued
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Figure 3.26 ~ continued
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The other real estate industry (ORE) was the most interconnected one to the utility
industry on the supply side in the technical coefficient matrix (A matrix) from 1997 to 2016. The
graph about the annual variation of the technical coefficient matrix shows the annual value of
interconnectedness for the other real estate industry (ORE) had a downward curve from 1997 to
2002 and reached its lowest point in 1999 and 2002. Since then, the annual value for the industry
rose before hitting a declining trend in 2007, 2009, and 2012. Then it rose again from 2012 to
2016.
The educational services industry (61) was the second most affected one on the supply
side in the technical coefficient matrix (A matrix) from 1997 to 2016. The graph about the
annual variation of the technical coefficient matrix shows the annual value of interconnectedness
for the educational services industry had a downward curve from 1997 to 2000 and reached its
lowest point in 2000. Since then, the annual value for the industry increased from 2000 to 2005.
However, the trend decreased again from 2005 to 2007. After that, the annual value rose again
from 2007 to 2014.
The transit and ground passenger industry (485) was the third most affected one on the
supply side in the technical coefficient matrix (A matrix) from 2013 to 2016. Moreover, the
warehousing and storage industry (493) was the fourth most affected one on the supply side in
the technical coefficient matrix (A matrix) from 2013 to 2016. However, the values of
interconnectedness for these industries were fairly low from 1997 to 2016.
Except for two industries (the other real estate industry (ORE) and the educational
services industry (61)), the rest of the industries from 1997 to 2016 had an interconnectedness
value of less than 0.02 with the utility industry on the supply side in A matrix.
There were many fluctuations in the correlations between the utility industry and the rest
of the industries beginning in 1997, but there was only a little bit of interconnectedness between
the rest of the industries and the utility industry from 1997 to 2016.
3.5.6 Patterns, trends, and relationships in A Matrix from 1997 to 2016
The 3-D graphs (figure 3.27) show the patterns, trends, and relationships in A Matrix
from 1997 to 2016.
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Figure 3.27 Patterns, trends, and relationships in A Matrix in 1997, 2007, and 2016

Figure 3.27 ~ continued
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Figure 3.27 ~ continued

The x-axis shows the 71 industries on the demand side of the economic system, the y-axis
shows the 71 industries on the supply side of the economic system, and the z-axis shows the
values of the technical coefficients for the correlations between the 71 industries.
When it comes to analyzing the patterns, trends, and correlations of A Matrix in the years
1997, 2007, and 2016, the patterns for the interconnectedness values show some fluctuations in
an individual industry’s correlations, but overall the values of interconnectedness do not seem to
reflect radical changes.
The 3-D graphs below present the patterns, trends, and relationships for
interconnectedness between the 71 industries across 20 years. It can be interpreted that there
were no wild fluctuations in the values of interconnectedness from 1997 to 2016.
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Figure 3.28 Patterns, trends, and relationships in A Matrix from 1997 to 2016
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Figure 3.28 ~ continued
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3.6 Summary
This chapter presented an analysis of the patterns, trends, and relationships found from
the national database on the U.S. economy to identify interconnectedness between industries and
predict future outcomes.
To summarize, the analysis consisted of four major phases: (1) understanding the make
matrix and coefficients of production in national economies, (2) understanding the use matrix
and coefficients of consumption in national economies, (3) developing an input–output model
and a technical coefficient matrix (A matrix) for 71 industries from 1997 to 2016, and (4)
assessing the patterns, trends, and relationships on a national level for the U.S. economy from the
utility industry’s point of view.
Finally, this chapter also provided 3-D graphs that present the patterns, trends, and
relationships concerning interconnectedness between 71 industries from 1997 to 2016. It could
be interpreted that there were no wild fluctuations in the values of interconnectedness across 20
years.
The next chapter illustrates the assessment of inoperability using A* matrix to evaluate
economic impact due to perturbation on demand- and supply-side (Module 3) and the economic
loss assessment in terms of GDP (Module 4).
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4. ASSESSMENT OF THE ECONOMIC LOSSES IN TERMS OF GROSS
DOMESTIC PRODUCT DUE TO SEVERE WEATHER-INDUCED
POWER OUTAGES
Chapter 3 illustrated the methodology for data collection (Phase 2, Fig 1.2) and the
development of the economic impact assessment model (Module 1, 2). This chapter illustrates
Module 3 and 4 of Phase 3. Module 3 relates to the assessment of inoperability using A* matrix
and Module 4 relates to the economic loss assessment in terms of GDP.
Severe weather and climate events are among the leading causes of large-scale power
outages in the United States. The increased intensity of extreme weather and frequency of
climate events due to dramatic changes in climate will likely increase power outage risks.
Annual severe weather-induced power outages can result in devastating damages to people and
industries. This chapter presents an assessment of economic impact in terms of GDP loss due to
severe weather-induced power outages. The following sections discuss (1) structural elements of
the interdependency matrix, (2) the inoperability input–output model and interdependency matrix
for 71 industries spanning from 1997 to 2016, (3) the linkage of the inoperability vector to severe
weather-induced power outages and economic impact, (4) perturbation on the demand- and
supply sides for assessment of economic impact, (5) an assessment of economic impact in terms
of the GDP loss resulting from the inoperability of the utility industry due to power outages, and
(6) the chapter’s results as a whole.
4.1 Structural Elements of the Interdependency Matrix (A* Matrix)
The interdependency matrix (A* matrix) for inoperability is related to the technical
coefficient matrix (A matrix) and the vector of the as-planned productions of an industry. The
interdependency matrix for inoperability refers to the inoperability’s contribution from one
industry to another industry.
The direct inoperability of an industry is affected by an external intervention that causes
the indirect inoperability of related industries. Also, this indirect inoperability generates an
induced inoperability in those related industries. In other words, the inoperability of an industry
affects the inoperability of all other industries that are highly correlated with one another within
the economic system. The inoperability of one industry causes the inoperability of other
industries depending on their prioritization.
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The inoperability input–output model created by this research shows the interdependency
between 71 industries. It has already been established that the United States economic system
can be divided into 71 industries. The inoperability input–output model as a result of this
research is expressed by A* matrix, which shows the interdependency between 71 industries
spanning from 1997 to 2016. In other words, analysis from the previous chapter looked at the US
economic system, composed of 71 industries, over the course of 20 years to yield the
interdependency matrix (A* matrix). Furthermore, this matrix shows the interdependency
between all industries. This interdependency matrix, called A* matrix, consists of 71 rows of
industries and 71 columns of industries.
4.1.1 The technical coefficient of the interdependency matrix
∗
The technical coefficient of the interdependency matrix (𝑎_`
) can be expressed as

follows:
∗
𝑎_`
=

abc dc
db

…… (46)

where 𝑎_` is the technical coefficient of A matrix, 𝑥_ is the as-planned total production of
industry i, and 𝑥` is the as-planned total production of industry j.
𝐴∗ =

(𝑡𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝐴 𝑚𝑎𝑡𝑟𝑖𝑥 ∗ 𝑎𝑠 𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝑡𝑜𝑡𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦 𝑗
𝑎𝑠 𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝑡𝑜𝑡𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 𝑜𝑓 𝑖𝑛𝑑𝑢𝑠𝑡𝑟𝑦 𝑖
A* = [diag (x)-1] [A] [diag (x)] …… (47)
U

∗

𝐴 (1,1)
⎡
.
⎢
⋮
⎢
.
⎢
⎣𝐴∗ (71,1)
𝐴(1,1)
⎡
.
⎢
⋮
⎢
.
⎢
⎣𝐴(71,1)

. ⋯
. .
. ⋱
. .
. ⋯
.
.
.
.
.

⋯
.
⋱
.
⋯

.
.
.
.
.

⎡d(U,U)
𝐴 (1,71)
⎤
⎢ 0
.
⎥ ⎢
⋮
⎥=⎢ ⋮
.
⎥ ⎢ .
𝐴∗ (71,71)⎦ ⎢
⎣ 0
∗

0

⋯

.

.
.

.

⋱ d(_,_)

.
.

.
.

.
⋯

.
0

⎤
. ⎥
⎥
⋮ ⎥*
0 ⎥
⎥
U
d(VU,VU) ⎦

.
.
.
.
0

0
⎤
.
⎥
⋮
⎥
0
⎥
𝑥(71,71)⎦

U

𝑥(1,1) 0
⋯
. A(1,71)
⎡
⎤
.
.
0
.
.
⎥ ⎢
.
⋮
⋮
.
x(i,
i) ⋱
⎥*⎢
.
.
.
.
⎥ ⎢ .
. 𝐴(71,71)⎦ ⎣ 0
.
⋯

0

105
It should be noted that 𝑎_` is the proportion of industry i’s input to industry j with respect to the
total production of industry j.

Figure 4.1 Each element of the interdependency matrix (A* matrix) for inoperability

If supposing that we have the technical coefficient of A matrix, the as-planned total
output of industry A, and the as-planned total output of industry B, the technical coefficient of A
matrix can be denoted as 𝑎qr , the as-planned total output of industry A can be denoted as 𝑥r , and
the as-planned total output of industry B can be denoted as 𝑥q . If supposing that the technical
coefficient of A matrix is 0.200, the as-planned total output of industry A is 1000, and the asplanned total output of industry B is 2000, the technical coefficient of the interdependency
∗
matrix (𝑎_`
) is going to be 0.100.

4.1.2 The vector of perturbation for the final industry consumption (C*)
Another factor to take into consideration is the vector of perturbation for the final
industry consumption (C*). The perturbation of the final industry consumption (C*) is defined as
a decrease in the final demand, normalized according to the as-planned production. The
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perturbation for the final industry consumption refers to a change in the final demand in relation
to the as-planned final demand.
The vector of perturbation for the final industry consumption (C*) can be expressed as
follows:
𝑐∗ =

(s ^ts ~ )
d^

…… (48)

where 𝑐 ^ is the as-planned final demand, 𝑐 ~ is the reduced level of the final demand, and 𝑥 ^ is
the as-planned total production.
(𝑎𝑠 𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝑓𝑖𝑛𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 − 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑓𝑖𝑛𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑
𝑎𝑠 𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑐∗ =

C* = [diag (x)-1] [𝐶 ^ − 𝐶 ~ ] …… (49)
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Figure 4.2 The vector of perturbation for the final industry consumption (C*)
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If supposing that we have the as-planned final demand, the reduced level of final demand,
and the as-planned total production, the as-planned final demand can be denoted as 𝑐 ^ , the
reduced level of final demand can be denoted as 𝑐 ~ , and the as-planned total production can be
denoted as 𝑥 ^ .
If supposing that the as-planned final demand is 500, the reduced level of final demand is
300, and the as-planned total production is 1000, the vector of perturbation for the final industry
consumption (C*) is going to be 0.20. If supposing that the as-planned final demand is 1100, the
reduced level of final demand is 1100, and the as-planned total production is 2000, the vector of
perturbation for the final industry consumption (C*) is going to be 0. If supposing that the asplanned final demand is 2000, the reduced level of final demand is 2000, and the as-planned total
production is 3000, the vector of perturbation for the final industry consumption (C*) is going to
be 0.
4.1.3 The vector of inoperability (q) in the interdependency matrix
Another factor to consider is the vector of inoperability (q) in the interdependency matrix.
The vector of inoperability is defined as the inability of the industry to perform its intended
functions. Economic loss will be the difference between the as-planned production and the
reduced level of production. The difference is a deviation from the as-planned production. The
limits for the vector of inoperability are 0 <= q <= 1 (0 is as-usual operation and 1 is fully
incapable of production).
The vector of inoperability (q) in the interdependency matrix can be expressed as
follows:
𝑞 =

(d ^td ~ )
d^

…… (50)

where 𝑞 is the vector of inoperability, 𝑥 ^ is the as-planned total production, and 𝑥 ~ is the
reduced level of production.
𝑞 =

(𝑎𝑠 𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝑡𝑜𝑡𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 − 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑎𝑠 𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝑡𝑜𝑡𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡
q = [diag (x)-1] [𝑥 ^ − 𝑥 ~] …… (51)
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Figure 4.3 The vector of inoperability (q) in the interdependency matrix

If supposing that we have the vector of inoperability, the as-planned total production, and
the reduced level of production, the vector of inoperability can be denoted as 𝑞, the as-planned
total production can be denoted as 𝑥 ^ , and the reduced level of production can be denoted as 𝑥 ~ .
If supposing that the as-planned total production is 1000, the reduced level of production
is 762, and the as-planned total production is 1000, the vector of inoperability (q) is going to be
0.238. If supposing that the as-planned total production is 2000, the reduced level of production
is 1929, and the as-planned total production is 2000, the vector of inoperability (q) is going to be
0.036. If supposing that the as-planned total production is 3000, the reduced level of production
is 2907, and the as-planned total production is 3000, the vector of inoperability (q) is going to be
0.031.
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4.1.4 Definition of the risk of inoperability (q)
The definition of inoperability and the associated risk of each industry are needed when
the new framework is applied to study a specific economic system. The figure below describes
the definition of the risk of inoperability, which consists of the probability of inoperability and
the degree of inoperability.

Figure 4.4 Definition of the risk of inoperability (q)

In this framework, the percentage of the inoperability of an industry is used as the risk
metric. The risk of inoperability can take diverse forms depending on the structure of the
economic system.
The scope of inoperability is defined from 1 percent to 50 percent, and in this research,
the inoperability indicates the reduction in the electricity supply because of power outages. After
determining the interconnectedness matrix (A matrix) and interdependency matrix (A* matrix)
spanning from 1997 to 2016, the inoperability is able to be clearly defined.
4.1.5 Comparison of A matrix and A* matrix
The figure below shows a comparison of the interconnectedness matrix (A matrix) and
interdependency matrix (A* matrix).
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Figure 4.5 Comparison of A matrix and A* matrix

The input–output model in this research presents the product of the input–output model A
matrix (A) and the total industry output (X). After that, the sum of the product above (AX) and the
final consumption (C) of the industry’s output yields the total industry output (X) of the input–
output model A matrix. The input–output model for these elements can be summarized as
follows.
𝑋(1,1)
𝐴(1,1)
⎡
⎤
⎡
.
.
⎢
⎥
⎢
⋮
⋮
⎢
⎥ = ⎢
.
.
⎢
⎥
⎢
⎣𝑋(71,1)⎦
⎣𝐴(71,1)

. ⋯
. .
. ⋱
. .
. ⋯

. A(1,71)
𝑋(1,1)
𝐶(1,1)
⎤
⎡
⎤
⎡
⎤
.
.
.
.
⎥ ⎢
⎥
⎢
⎥
.
⋮
⋮
⋮
⎥ * ⎢
⎥ + ⎢
⎥
.
.
.
.
⎥ ⎢
⎥
⎢
⎥
. 𝐴(71,71)⎦ ⎣𝑋(71,1)⎦
⎣𝐶(71,1)⎦

General principles that apply to the determination of the interconnectedness matrix (A
matrix) are described as follows. First, we have to define the boundary conditions of each
industry and the level of resolution. The physical boundary conditions are very significant to
identify the physical correlations between all the different industries. The 71 industries of the
economic system are used as the physical boundary conditions in this research. Second, we have
to identify physical correlations between the 71 industries. If the value of interconnectedness (aij)
is 0, there is no physical correlation between industry i and industry j. Third, we have to define
the deterministic relationships between the 71 industries. Their correlations are defined through
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the normalized make matrix and the normalized use matrix. If the value of interconnectedness
(aij) is 0.50, there is a 50% correlation between industry i and industry j. If the value of
interconnectedness (aij) is 1.00, there is 100% correlation between industry i and industry j.
The inoperability input–output model developed in this research presents the product of
the inoperability input–output model A* matrix’ (A*) and the vector of inoperability (q). After
that, the sum of the product above (A*q) and the reduction in the final consumption (C*) of the
industry’s output yields the vector of inoperability (q) of the inoperability input–output model
A* matrix (A*). The inoperability input–output model for these elements can be summarized as
follows.
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In this research, the perturbation on the demand side from external interventions indicates
the reduction in demand (C*), and the perturbation on the supply side from external interventions
refers to the inoperability of the utility industry (q). The inoperability of all the other industries
can be determined through the inoperability input–output model from the perturbation on the
demand side. Furthermore, the reduction in the final consumption of the other industries can be
determined through the inoperability input–output model from the perturbation on the supply
side.
4.2 The Inoperability Input–Output Model and Interdependency Matrix (A* Matrix) for 71
Industries Spanning from 1997 to 2016
4.2.1 Components of A* matrix spanning from 1997 to 2016
A* matrix, consisting of 5,041 values of interdependency, was completed considering 71
industries on the supply and demand sides. A* matrix, an interdependency matrix, covers a
period of 20 years from 1997 to 2016. Analysis of interdependency values for the 20 years
reveals that some values of interdependency between industries in A* matrix had significant
fluctuation while other values of interdependency remained unchanged from 1997 to 2016.
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Figure 4.6 A* matrix (71 industries by 71 industries) for 20 years

One of A* matrix’s components, the inoperability, refers to when 100% operability
cannot be achieved due to external interference that affects the as-planned total production of the
industry. The unit of inoperability (q) is a percentage (%). Inoperability (q) represents a value
between 0 and 1. That is, the range of the inoperability vector (q) in A* matrix is 0 < q <1.
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Figure 4.7 Literal meaning of inoperability 0 and inoperability 1

In terms of the inoperability vector (q) of the utility industry, the value of 0% (0) means a
flawless or a business-as-usual operation, and the value of 100% (1) means the utility industry
sector has become fully incapable of production. In other words, if 10% inoperability (q) of the
utility industry occurs, then 10% of the total output will be reduced, and only 90% of the total
output can be produced. Also, if 30% inoperability (q) of the utility industry occurs, then 30% of
the total output will be reduced, and only 70% of the total output can be produced.
4.2.2 The demand side of the utility industry in A* matrix from 1997 to 2016
The figure below shows the correlation in A* matrix (the interdependency matrix)
between the utility industry and 71 industries on the demand side from 2005 to 2010. The
interdependency matrix for measuring inoperability can be ranked based on how the utility
industry affects the other industries.
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Figure 4.8 Each industry from the most affected industry to the least affected in A* matrix

Each industry from the most affected to the least affected one is ranked based on the
utility industry. For instance, the value of interdependency between the utility industry and the
pipeline transportation industry in 2009 was 4.0413, the value of interdependency between the
utility industry and the oil and gas extraction industry in 2009 was 0.3036, and the value of
interdependency between the utility industry and the mining, except oil and gas, industry in 2009
was 0.2151. This means that $4.0413M of the pipeline transportation industry, $0.3036M of the
oil and gas extraction industry, and $0.2151M of the mining, except oil and gas, industry was
affected by a perturbation of $1M in the utility industry.
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The most affected industry based on the utility industry measured by the interdependency
value is the pipeline transportation industry from 2005 to 2010. The value of interdependency
between the utility industry and the pipeline transportation industry on the demand side was
3.5361 in 2005, 3.5403 in 2006, 3.5412 in 2007, 4.0524 in 2008, 4.0413 in 2009, and 3.8630 in
2010. The second most affected industry based on the utility industry measured by the
interdependency value is the oil and gas extraction industry from 2005 to 2010. The value of
interdependency between the utility industry and the oil and gas extraction industry on the
demand side was 0.3050 in 2005, 0.2685 in 2006, 0.2558 in 2007, 0.2203 in 2008, 0.3036 in
2009, and 0.2277 in 2010. The third most affected industry based on the utility industry
measured by the interdependency value is the mining, except oil and gas, industry from 2005 to
2010. The value of interdependency between the utility industry and the mining, except oil and
gas industry, on the demand side was 0.1611 in 2005, 0.1616 in 2006, 0.1906 in 2007, 0.1840 in
2008, 0.2151 in 2009, and 0.2055 in 2010.
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Table 4.1 A* Matrix’s Rankings Based on the Utility Industry, from the Most Affected Industry
to the Least affected in 2009 and 2010
2009' A* Matrix
Rank

IOCode

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

486
211
212
482
487OS
493
483
562
213
324
5411
514
GFE
485
481
GSLE
315AL
721
327
521CI
561
22
5415
333
323
532RL
484
711AS
325
713
523
313TT
511
441
ORE
332
61
335
722
322
337
42
5412OP
23
326
334
339
81
513
4A0
3364OT
445
321
524
113FF
3361MV
452
331
GFGN
55
512
GFGD
GSLG
525
622
311FT
623
621
624
HS
111CA

2009'

2010' A* Matrix

Industries/Industries

22

Name

Utilities

Pipeline transportation
4.041294272
Oil and gas extraction
0.303588873
Mining, except oil and gas
0.215122851
Rail transportation
0.190303479
Other transportation and support activities
0.048437852
Warehousing and storage
0.027090208
Water transportation
0.026187804
Waste management and remediation services
0.020681443
Support activities for mining
0.018704869
Petroleum and coal products
0.014744757
Legal services
0.014619927
Data processing, internet publishing, and other information services
0.013813431
Federal government enterprises
0.012826868
Transit and ground passenger transportation
0.011652068
Air transportation
0.007611226
State and local government enterprises
0.007591325
Apparel and leather and allied products
0.005476926
Accommodation
0.005388114
Nonmetallic mineral products
0.005037129
Federal Reserve banks, credit intermediation, and related activities
0.004310839
Administrative and support services
0.00377672
Utilities
0.003710579
Computer systems design and related services
0.003219915
Machinery
0.003128542
Printing and related support activities
0.002870579
Rental and leasing services and lessors of intangible assets
0.002834978
Truck transportation
0.002370856
Performing arts, spectator sports, museums, and related activities0.002154965
Chemical products
0.001502206
Amusements, gambling, and recreation industries
0.001495034
Securities, commodity contracts, and investments
0.001490048
Textile mills and textile product mills
0.001379503
Publishing industries, except internet (includes software)
0.001347232
Motor vehicle and parts dealers
0.001184731
Other Real Estate
0.001157114
Fabricated metal products
0.001148631
Educational services
0.000957149
Electrical equipment, appliances, and components
0.000939479
Food services and drinking places
0.00092606
Paper products
0.000852974
Furniture and related products
0.000747846
Wholesale trade
0.000738383
Miscellaneous professional, scientific, and technical services
0.000737237
Construction
0.000648565
Plastics and rubber products
0.000611396
Computer and electronic products
0.000558846
Miscellaneous manufacturing
0.000512756
Other services, except government
0.000414567
Broadcasting and telecommunications
0.000399127
Other retail
0.000385985
Other transportation equipment
0.000384472
Food and beverage stores
0.000319736
Wood products
0.000306632
Insurance carriers and related activities
0.000241539
Forestry, fishing, and related activities
0.000200552
Motor vehicles, bodies and trailers, and parts
0.000163186
General merchandise stores
0.000136039
Primary metals
0.000124286
Federal general government (nondefense)
0.000108802
Management of companies and enterprises
5.32351E-05
Motion picture and sound recording industries
4.13575E-05
Federal general government (defense)
3.92906E-05
State and local general government
3.64462E-05
Funds, trusts, and other financial vehicles
2.22975E-05
Hospitals
2.0342E-05
Food and beverage and tobacco products
1.6323E-05
Nursing and residential care facilities
1.11284E-05
Ambulatory health care services
8.91693E-06
Social assistance
6.80224E-06
Housing Services
3.98817E-06
Farms
4.99575E-10

Rank

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

IOCode

486
211
212
482
562
483
487OS
493
5411
213
GFE
514
485
324
481
721
327
GSLE
521CI
561
711AS
5415
532RL
323
315AL
333
22
484
523
511
713
313TT
322
335
325
332
61
ORE
722
23
5412OP
441
326
334
337
42
339
81
513
3364OT
445
113FF
4A0
321
524
452
3361MV
GFGN
331
55
GSLG
512
GFGD
622
525
311FT
623
621
624
HS
111CA

2010'

Industries/Industries

22

Name

Utilities

Pipeline transportation
3.863039584
Oil and gas extraction
0.227707523
Mining, except oil and gas
0.205500069
Rail transportation
0.190618248
Waste management and remediation services
0.033996565
Water transportation
0.027710727
Other transportation and support activities
0.022737129
Warehousing and storage
0.022312834
Legal services
0.019317332
Support activities for mining
0.018621305
Federal government enterprises
0.015980586
Data processing, internet publishing, and other information services
0.015733104
Transit and ground passenger transportation
0.015475344
Petroleum and coal products
0.011821315
Air transportation
0.00882715
Accommodation
0.00750566
Nonmetallic mineral products
0.007335654
State and local government enterprises
0.006709799
Federal Reserve banks, credit intermediation, and related activities
0.006470634
Administrative and support services
0.00556295
Performing arts, spectator sports, museums, and related activities
0.005125946
Computer systems design and related services
0.004612465
Rental and leasing services and lessors of intangible assets 0.004498701
Printing and related support activities
0.004109814
Apparel and leather and allied products
0.003410887
Machinery
0.003220944
Utilities
0.002615566
Truck transportation
0.002494322
Securities, commodity contracts, and investments
0.002096399
Publishing industries, except internet (includes software) 0.001992985
Amusements, gambling, and recreation industries
0.001989013
Textile mills and textile product mills
0.001681802
Paper products
0.001653731
Electrical equipment, appliances, and components
0.00155922
Chemical products
0.001543016
Fabricated metal products
0.001539397
Educational services
0.001342197
Other Real Estate
0.001284558
Food services and drinking places
0.001190708
Construction
0.001190233
Miscellaneous professional, scientific, and technical services 0.001067947
Motor vehicle and parts dealers
0.000980781
Plastics and rubber products
0.000960382
Computer and electronic products
0.000851062
Furniture and related products
0.000703716
Wholesale trade
0.000642581
Miscellaneous manufacturing
0.000609144
Other services, except government
0.000591798
Broadcasting and telecommunications
0.000534921
Other transportation equipment
0.000492539
Food and beverage stores
0.000419033
Forestry, fishing, and related activities
0.000375663
Other retail
0.000356063
Wood products
0.000240549
Insurance carriers and related activities
0.000203758
General merchandise stores
0.00020191
Motor vehicles, bodies and trailers, and parts
0.000183948
Federal general government (nondefense)
0.000140611
Primary metals
0.000104048
Management of companies and enterprises
7.41469E-05
State and local general government
5.60372E-05
Motion picture and sound recording industries
5.40346E-05
Federal general government (defense)
5.35753E-05
Hospitals
3.01462E-05
Funds, trusts, and other financial vehicles
2.96974E-05
Food and beverage and tobacco products
1.89539E-05
Nursing and residential care facilities
1.43325E-05
Ambulatory health care services
1.28089E-05
Social assistance
1.20893E-05
Housing Services
4.7783E-06
Farms
1.79468E-06
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The table above shows the interdependency values between the utility industry and 71
industries and A* matrix’s rankings of the most affected industry to the least affected based on
the utility industry. It can be seen that the industry most related to the utility industry among the
71 industries is the pipeline transportation industry in 2009 and 2010.
The 20 industries most closely interdependent with the utility industry in 2009 include
the pipeline transportation industry (486); the oil and gas extraction industry (211); the mining,
except oil and gas, industry (212); the rail transportation industry (482), the other transportation
and support activities industry (487OS); the warehousing and storage industry (493); the water
transportation industry (483); the waste management and remediation services industry (562);
the support activities for mining industry (213); the petroleum and coal products industry (324);
the legal services industry (5411); the data processing, Internet publishing, and other information
services industry (514); the federal government enterprises industry (GFE); the transit and
ground passenger transportation industry (485); the air transportation industry (481); the state
and local government enterprises industry (GSLE); the apparel and leather and allied products
industry (315AL); the accommodation industry (721); the nonmetallic mineral products industry
(327); and the federal reserve banks, credit intermediation, and related activities industry
(521CI).
The 20 industries most closely interdependent with the utility industry in 2010 include
the pipeline transportation industry (486); the oil and gas extraction industry (211); the mining,
except oil and gas, industry (212); the rail transportation industry (482); the waste management
and remediation services industry (562); the water transportation industry (483); the other
transportation and support activities industry (487OS); the warehousing and storage industry
(493); the legal services industry (5411); the support activities for mining industry (213); the
federal government enterprises industry (GFE); the data processing, Internet publishing, and
other information services industry (514); the transit and ground passenger transportation
industry (485); the petroleum and coal products industry (324); the air transportation industry
(481); the accommodation industry (721); the nonmetallic mineral products industry (327); the
state and local government enterprises industry (GSLE); the federal reserve banks, credit
intermediation, and related activities industry (521CI); and the administrative and support
services industry (561).
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Figure 4.9 The demand side of the utility Industry in A* matrix from 1997 to 2016

The figure above shows the correlation in the interdependency matrix (A* matrix)
between the utility industry and 71 industries on the demand side from 1997 to 2016. The most
affected industry from 1997 to 2016 based on the demand side of the utility industry in A*
matrix is the pipeline transportation industry. The second most affected industry from 1997 to
2016 based on the demand side of the utility industry in A* matrix is the oil and gas extraction
industry. The third most affected industry from 1997 to 2016 based on the demand side of the
utility industry in A* matrix is the mining, except oil and gas, industry.
In A* matrix, except for three industries (the pipeline transportation industry (486), the
oil and gas extraction industry (211), and the mining, except oil and gas, industry (212)), the rest
of the industries from 1997 to 2016 can be interpreted as having little to do with the utility
industry (22). In other words, different interdependencies exist between industries in an
economic system. The difference between the A matrix and the A* matrix shows that the values
of interdependency are much greater than the values of interconnectedness.
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4.2.3 Annual variation of the interdependency matrix (A* matrix) on the demand side between
the utility industry and all other industries
Figure 4.10 shows the annual variation of the interdependency matrix (A* matrix) on the
demand side across 71 industries from 1997 to 2016. The following figures show the detail
information that includes ‘Top’, ‘Middle’, and ‘Bottom’ of figure 4.10.
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Figure 4.10 Annual variation of the interdependency matrix (A* matrix) on the demand side
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Figure 4.10 ~ continued
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Figure 4.10 ~ continued
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Figure 4.10 ~ continued
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This shows the annual variation of A* matrix on the demand side between the utility
industry and 71 industries. The industry most interdependent with the utility industry on the
demand side is the pipeline transportation industry (486) in the interdependency matrix (A*
matrix) spanning from 1997 to 2016. The graph about the annual variation of the
interdependency matrix shows the pipeline transportation industry’s annual value of
interdependency was an upward curve from 1997 to 2001 and reached its lowest point in 2002.
Since then, the industry’s annual value rose from 2002 to 2010 and then showed a declining
trend from 2010 to 2016.
The second most affected industry based on the utility industry on the demand side is the
oil and gas extraction industry (211) in the interdependency matrix (A* matrix) spanning from
1997 to 2016. The graph about the annual variation of the interdependency matrix shows the oil
and gas extraction industry’s annual value of interdependency was an upward curve from 1997 to
1998 and had a declining trend in 2002. Since then, the industry’s annual value decreased from
2002 to 2014. After that, it showed a rising trend again from 2014 to 2016.
The third most affected industry based on the utility industry on the demand side is the
mining, except oil and gas, industry (212) in the interdependency matrix (A* matrix) spanning
from 1997 to 2016. The graph about the annual variation of the interdependency matrix shows
the mining, except oil and gas, industry’s annual value of interdependency was an upward curve
from 1997 to 2001 and reached its highest point in 2001. Since then, the industry’s annual value
showed a declining trend from 2001 to 2005. After that, there were no big changes despite some
fluctuations from 2005 to 2016.
The fourth most affected industry based on the utility industry on the demand side is the
rail transportation industry (482) in the interdependency matrix (A* matrix) spanning from 1997
to 2016. Except for four industries (the pipeline transportation industry (486); the oil and gas
extraction industry (211); the mining, except oil and gas, industry (212); and the rail
transportation industry (482)), the rest of the industries from 1997 to 2016 had annual
interdependency values of less than 0.1 based on the utility industry. This can be interpreted to
mean that there were no decreasing or increasing trends between the rest of the industries and the
utility industry from 1997 to 2016.
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4.2.4 The supply side of the utility industry in A* matrix from 1997 to 2016
The figure below shows the correlation in A* matrix between the utility industry and 71
industries on the supply side from 1997 to 2016. The most affected industry from 1997 to 2016
based on the supply side of the utility industry in A* matrix is the other real estate industry. The
second most affected industry from 1997 to 2016 based on the supply side of the utility industry
in A* matrix is the state and local general government industry. The third most affected industry
from 1997 to 2016 based on the supply side of the utility industry in A* matrix is the educational
services industry. The fourth most affected industry from 1997 to 2016 based on the supply side
of the utility industry in A* matrix is the hospitals industry.

Figure 4.11 The supply side of the utility Industry in A* matrix from 1997 to 2016

The difference between the A matrix and the A* matrix shows that the values of
interdependency are slightly greater than the values of interconnectedness. It can also be seen
that different industries are represented between the value of interconnectedness on the supply
side and the value of interdependency on the supply side.
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4.2.5 Annual variation of the interdependency matrix (A* matrix) on the supply side between the
utility industry and all other industries
Figure 4.12 shows the annual variation of the interdependency matrix (A* matrix) on the
supply side across 71 industries from 1997 to 2016. The following figures show the detail
information that includes ‘Top’, ‘Middle’, and ‘Bottom’ of figure 4.12.
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Figure 4.12 Annual variation of the interdependency matrix (A* matrix) on the supply side
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Figure 4.12 ~ continued
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Figure 4.12 ~ continued
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Figure 4.12 ~ continued
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This shows the annual variation of A* matrix on the supply side between the utility
industry and 71 industries. The industry most interdependent with the utility industry on the
supply side is the other real estate industry (ORE) in the interdependency matrix (A* matrix)
spanning from 1997 to 2016. The graph about the annual variation of the interdependency matrix
showed the other real estate industry’s (ORE) annual value of interdependency was a downward
curve from 1998 to 2001 and reached its lowest point in 2001. Since then, the industry’s annual
value rose and then showed a declining trend from 2006 to 2008. Then it showed a rising trend
again from 2008 to 2016.
The second most affected industry based on the utility industry on the supply side is the
state and local general government industry (GSLG) in the interdependency matrix (A* matrix)
spanning from 1997 to 2016. The graph about the annual variation of the interdependency matrix
showed the state and local general government industry’s (GSLG) annual value of
interdependency was an upward curve from 1997 to 2001 and reached its lowest point in 2001.
Since then, the industry’s annual value decreased from 2001 to 2004. However, after that, its
value increased from 2004 to 2016.
The third most affected industry based on the utility industry on the supply side is the
educational services industry (61) in the interdependency matrix (A* matrix) spanning from
2008 to 2016. Moreover, the fourth most affected industry based on the utility industry on the
supply side is the hospitals industry (622) in the interdependency matrix (A* matrix) spanning
from 2008 to 2016. However, the values of interdependency of these industries was fairly low
from 1997 to 2016.
Except for two industries (the other real estate industry (ORE) and the state and local
general government industry (GSLG)) the rest of the industries from 1997 to 2016 had
interdependency values of less than 0.02 based on the supply side of the utility industry in A*
matrix.
There were many fluctuations in the interdependencies between the utility industry and
the rest of the industries beginning in 1997, but these fluctuations can be interpreted as meaning
there was only a little interdependency due to the low numerical values (less than 0.02) between
the utility industry and the rest of the industries from 1997 to 2016.
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4.2.6 Patterns, trends, and relationships in A* matrix from 1997 to 2016
The 3-D graphs (figure 4.13) show the patterns, trends, and relationships in A* Matrix
from 1997 to 2016.

Figure 4.13 Patterns, trends, and relationships in A* matrix for 1997, 2007, and 2016

Figure 4.13 ~ continued
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Figure 4.13 ~ continued
The x-axis shows the 71 industries on the demand side of the economic system, the y-axis
shows the 71 industries on the supply side of the economic system, and the z-axis shows the
interdependency values for correlations between the 71 industries.
When it comes to analyzing the patterns, trends, and correlations of A* Matrix in 1997,
2007, and 2016, the interdependency values show some fluctuation for individual industry’s
correlations, but overall the values of interdependency do not seem to reflect radical changes.
The 3-D graphs below present the patterns, trends, and relationship for the
interdependency values of 71 industries over a period of 20 years. It can be seen that there were
no wild fluctuations in the values of interdependency from 1997 to 2016.
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Figure 4.14 Patterns, trends, and relationships in A* matrix from 1997 to 2016
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Figure 4.14 ~ continued

One noteworthy result from this research is that the highest value of interdependency
between the 71 industries from 1997 to 2016 is the correlation between the utility industry (22)
and the pipeline transportation industry (486). This represents the highest vertex in the graph of
A* matrix.
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4.3 The Linkage of the Inoperability Vector to Severe Weather-Induced Power Outages and
Economic Impact
When the utility industry becomes inoperable from severe weather-induced power
outages, the degree of each industry’s economic loss can be measured based on the
interconnectedness and interdependency between industries within the economic system.

Figure 4.15 The vector of inoperability between severe weather-induced power outages and
economic impact

The vector of inoperability (q), which is one element of the inoperability input–output
model, can be represented as a key chain in this research. Economic impact was measured by the
GDP loss. The scope of inoperability (q) of the utility industry ranges from 1% to 50%, and the
inoperability (q) of the utility industry indicates the reduction in the utility industry’s supply due
to severe weather-induced power outages.
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Figure 4.16 The vector of inoperability (q) as a key chain for measuring economic loss

The vector of inoperability (q) of the utility industry is defined as the inability of the
utility industry to perform its intended functions. The limits for the vector of inoperability of the
utility industry are 0 and 1. If the vector of inoperability (q) of the utility industry is 0, it
indicates a business-as-usual operation of the utility industry. If the vector of inoperability (q) of
the utility industry is 1, it indicates that production is fully incapable in the utility industry.
If the utility industry becomes partially incapable of production due to severe weatherinduced power outages, it causes the economic impact of GDP loss among the industries within
the economic system.
On the flip side, if the vector of inoperability (q) of the utility industry is recovered by a
government investment, it can affect the recovery from the economic impact of GDP loss among
industries within the economic system. Therefore, the figure above presents how the vector of
inoperability (q) of the utility industry serves as a key chain for measuring economic loss.

138
4.4 Perturbation on the Demand Side for Assessment of Economic Impact in Terms of
Gross Domestic Product Loss
4.4.1 Perturbation on the demand side for assessment of economic impact
The figure below shows perturbation on the demand side for assessment of economic
impact in terms of GDP loss. As previously discussed, the perturbation of the final industry
consumption (C*) is defined as a decrease in the final demand, normalized according to the asplanned production. The perturbation on the final industry consumption refers to a change in the
final demand in relation to the as-planned final demand.

Figure 4.17 Perturbation on the demand side for assessment of economic impact
The perturbation on the demand side indicates a situation where the demand for
electricity services from the utility industry between all the other industries is reduced. These
correlations of the matrix represented by matrix organizational structures consist of 71 rows of
industries and 71 columns of industries.
4.4.2 The procedure for perturbation on the demand side
The components of this procedure for perturbation on the demand side are the vector of
perturbation of the final industry consumption (C*), the interdependency matrix (A*), and the
vector of inoperability (q). The components in this process are used as follows.
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First, the vector of perturbation of the final industry consumption (C*) in the
interdependency matrix for 71 industries can be expressed as follows.
𝑐∗ =

(s ^ts ~ )
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C* = [diag (x)-1] [𝐶 ^ − 𝐶 ~ ] …… (53)
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Second, the interdependency matrix (A*) for 71 industries can be expressed as follows.
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A* = [diag (x)-1 A] [diag (x)] …… (55)
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Third, the vector of inoperability (q) in the interdependency matrix for 71 industries can
be expressed as follows.
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𝑞 =
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The vector of inoperability (q) in the interdependency matrix can be calculated from the
perturbation on the demand side for the assessment of economic impact in terms of GDP loss
through the following steps.
Step 1: C* = (I – A*) q
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The vector of inoperability (q) in the interdependency matrix for 71 industries can be
obtained through the steps listed above. These procedures show the perturbation on the demand
side for the assessment of economic impact in terms of GDP loss.
4.5 Perturbation on the Supply Side for the Assessment of Economic Impact in Terms of
Gross Domestic Product Loss
4.5.1 Perturbation on the supply side for the assessment of economic impact
The figure below shows perturbation on the supply side for the assessment of economic
impact in terms of GDP loss. As previously discussed, the vector of inoperability (q) is defined
as the inability of the industry to perform its intended functions. Economic loss from the vector
of inoperability (q) means the difference between the as-planned production and a reduced level
of production. The limits for the vector of inoperability for an industry ranges from the condition
of a business-as-usual operation to the condition of being fully incapable of production.
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Figure 4.18 Perturbation on the supply side for the assessment of economic impact

The perturbation on the supply side indicates a situation where the supply of electricity
services from the utility industry to all other industries decreases. These correlations of the
matrix are represented by matrix organizational structures consisting of 71 rows of industries and
71 columns of industries.
4.5.2 The procedure for perturbation on the supply side
The components of this procedure for perturbation on the supply side are the normalized
make matrix (V^), the total final uses (e or GDP), the interdependency matrix (A*), and the
vector of inoperability (q). The components in this process are used as follows.
First, the normalized make matrix (V^) can be expressed by dividing each factor of the
make matrix (V) by the total commodity input (yT) as follows.
V^ = V[diag(y)]-1…… (58)
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Second, the final consumption of the industry’s output (C) is the product of the
normalized make matrix (V^) and the exogenous commodity demand (e). Thus, the total final
uses (e or GDP) among the 71 industries can be expressed as follows.
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Third, the interdependency matrix (A*) for the 71 industries can be expressed as follows.
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Fourth, the vector of inoperability (q) in the interdependency matrix for the 71 industries
can be expressed as follows.
𝑞 =

(𝑥 ^ − 𝑥 ~ )
𝑥^

q = [diag (x)-1] [𝑥 ^ − 𝑥 ~]
U

⎡d(U,U) 0
𝑞(1,1)
⎡
⎤
⎢ 0
.
.
⎢
⎢
⎥
.
⎢ ⋮
⎥ = ⎢ ⋮
.
⎢
⎥
⎢ .
.
⎢
⎣𝑞(71,1)⎦
.
⎣ 0

⋯
.

U

⋱ d(_,_)
.
⋯

.

0

⎤
𝑥 ^ − 𝑥 ~ (1,1)
⎤
.
. ⎥ ⎡
.
⎥ ⎢
⎥
.
⋮ ⎥ * ⎢
⋮
⎥
.
⎥
.
0 ⎥ ⎢ ^
⎥ ⎣𝑥 − 𝑥 ~ (71,1)⎦
U
0 d(VU,VU)⎦

The total final uses (e or GDP) can be calculated from the perturbation on the supply side
for the assessment of economic impact in terms of GDP loss through the following steps.
Step 1: A*q + V^ e = q
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4.6 Assessment of Economic Impact in Terms of Gross Domestic Product Loss from the
Inoperability of the Utility Industry due to Power Outages
4.6.1 Comparison between perturbation on the demand and supply sides
The figure below shows the comparison between perturbation on the demand and supply
sides. When it comes to demand-side perturbation (C*), the perturbation on the demand side
from external interventions indicates a reduction in demand (C*) as the starting point of the
perturbation. The inoperability of all other industries can be determined through the inoperability
input–output model and the value of interdependency (A* matrix) from the perturbation on the
demand side. These reduced values of inoperability for all the other industries can be measured
by the loss in total production of the industries.

147

Figure 4.19 Comparison between perturbation on the demand and supply sides

As for supply-side perturbation (q), the perturbation on the supply side from external
interventions refers to the inoperability of the utility industry (q) as the starting point of the
perturbation. The reduction in the final consumption of all the other industries can be determined
through the inoperability input–output model and the value of interdependency (A* matrix) from
the perturbation on the supply side. These reduced values of final consumption for all the other
industries can be measured by the GDP loss of the industries.
The study conducted analyses of patterns, trends, and relationships of the U.S. economy
at a national level from the utility industry’s point of view and completed an assessment of
economic impact in terms of GDP loss resulting from the inoperability of the utility industry
(1%~50%) due to severe weather-induced power outages. The inoperability of the utility
industry (1%~50%) has been assumed in this study.
According to the historical data regarding major power outage events in the continental
U.S from Jan 2000 to July 2016, the longest power outage duration was 49320 mins. It was in
2004 year. The power outage start date was July 6, 2004 and the power outage restoration date
was Aug 9, 2004. If assuming that the utility industry produces electricity at the same rate (every
minute), 49320 mins means 9.384% inoperability. If there are several power outage events in a
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year, it can be 20%, 30%... 50% inoperability. Therefore, 1%~50% inoperability has been
assumed in this research.
Therefore, the severe weather-induced power outages refer to perturbation on the supply
side, and this research developed an assessment model and framework to measure cascading
economic impacts in terms of GDP loss due to severe weather-induced power outages.
4.6.2 Gross domestic product loss of the pipeline transportation industry (486)
The following sections will show economic impact in terms of GDP loss due to
perturbation on the supply side that causes the inoperability (1%~50%) of the utility industry. As
previously discussed, the perturbation on the supply side indicates a situation where the supply
of electricity services from the utility industry to all other industries decreases.

(Note: refer to Appendix D for this figure in larger font)
Figure 4.20 Gross domestic product loss of the pipeline transportation industry (486) due to the
inoperability (1%~50%) of the utility industry (22)

The figure above shows the degree of the pipeline transportation industry’s (486) GDP
loss due to the inoperability (1%~50%) of the utility industry (22) from 1997 to 2016. The most
affected industry due to the inoperability (1%~50%) of the utility industry (22) from perturbation
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on the supply side is the pipeline transportation industry (486) in terms of GDP loss from 1997 to
2016. The x-axis shows the inoperability of the utility industry (22) from 1% to 50%, and the yaxis shows the economic impact in terms of the pipeline transportation industry’s (486) GDP
loss.
Table 4.2 Gross Domestic Product Loss of the Pipeline Transportation Industry (486) Depending
on the Inoperability (10%, 20%, 30%, 40%, and 50%) of the Utility Industry (22)

The table above shows the GDP loss of the pipeline transportation industry (486)
depending on 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry (22).
When 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry occurred from
power outages, the range of the pipeline transportation industry’s GDP loss was from -26.18% in
2002 to -40.90% in 2008, -52.36% in 2002 to -81.80% in 2008, -78.54% in 2002 to -122.71% in
2008, -104.72% in 2002 to -163.61% in 2008, and -130.90% in 2002 to -204.51% in 2008,
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respectively. It is important to note that negative GDP in a particular sector greater than certain
percentage would be considered catastrophic and probably infeasible as pointed out in the shaded
portions of Table 4.2.
Table 4.3 Rankings by Rate of the Pipeline Transportation Industry’s (486) Gross Domestic
Product Loss and Trendline Equations
Rank in rate of
GDP loss (486)

Year

Trendline Equation

1

2008

y = -0.0409x -2E-15

2

2009

y = -0.0407x

3

2010

y = -0.039x-9E-16

4

2007

y = -0.0358x-1E-15

5

2006

y = -0.0357x-4E-16

6

2005

y = -0.0356x-1E-15

7

2011

y = -0.0353x+4E-16

8

2001

y = -0.0339x+9E-16

9

2014

y = -0.0339x+1E-15

10

2015

y = -0.0332x+9E-16

11

2013

y = -0.0324x

12

2012

y = -0.0317x-9E-16

13

2016

y = -0.0314x+1E-15

14

2004

y = -0.0302x+4E-16

15

1998

y = -0.0295x+4E-16

16

2003

y = -0.0286x-4E-16

17

2000

y = -0.0284x+4E-16

18

1997

y = -0.0283x+1E-15

19

1999

y = -0.028x+9E-16

20

2002

y = -0.0262x

x: q of utility,
y: GDP loss of Pipeline transportation industry (486)
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The table above presents rankings by the rate of the pipeline transportation industry’s
(486) GDP loss and trendline equations for those rates. It shows that 2002 was the year with the
lowest GDP loss for the pipeline transportation industry (486) and that the year 2008 had the
highest GDP loss for the pipeline transportation industry (486).
4.6.3 Gross domestic product loss of the oil and gas extraction industry (211)
The figure below shows the degree of the oil and gas extraction industry’s (211) GDP
loss due to the inoperability (1%~50%) of the utility industry (22) from 1997 to 2016.

(Note: refer to Appendix D for this figure in larger font)
Figure 4.21 Gross domestic product loss of the oil and gas extraction industry (211) due to the
inoperability (1%~50%) of the utility industry (22)

The second most affected industry due to the inoperability (1%~50%) of the utility industry
(22) from perturbation on the supply side is the oil and gas extraction industry (211) in terms of
GDP loss from 1997 to 2016. The x-axis shows the inoperability of the utility industry (22) from
1% to 50%, and the y-axis shows the economic impact of the oil and gas extraction industry’s GDP
loss (211).
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Table 4.4 Gross Domestic Product Loss of the Oil and Gas Extraction Industry (211) Depending
on the Inoperability (10%, 20%, 30%, 40%, and 50%) of the Utility Industry (22)

The table above shows the GDP loss of the oil and gas extraction industry (211)
depending on 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry (22).
When 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry occurred from
power outages, the range of the oil and gas extraction industry’s GDP loss was from -8.06% in
1998 to -0.91% in 2012, -16.12% in 1998 to -1.83% in 2012, -24.18% in 1998 to -2.74% in
2012, -32.25% in 1998 to -3.66% in 2012, and -40.31% in 1998 to -4.57% in 2012, respectively.
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Table 4.5 Rankings by Rate of the Oil and Gas Extraction Industry’s (211) Gross Domestic
Product Loss and Trendline Equations
Rank in rate of
GDP loss (211)

Year

Trendline Equation

1

1998

y = -0.0081x +1E-16

2

1999

y = -0.0062x

3

2001

y = -0.005x+1E-16

4

1997

y = -0.0048x

5

2002

y = -0.0042x

6

2003

y = -0.0037x

7

2000

y = -0.0036x

8

2004

y = -0.0033x-1E-16

9

2005

y = -0.0031x-6E-17

10

2009

y = -0.0030x

11

2006

y = -0.0027x

12

2007

y = -0.0026x

13

2016

y = -0.0026x

14

2010

y = -0.0023x +3E-17

15

2008

y = -0.0022x +3E-17

16

2015

y = -0.0021x

17

2011

y = -0.0014x +3E-17

18

2014

y = -0.0011x -3E-17

19

2013

y = -0.0009x -3E-17

20

2012

y = -0.0009x

x: q of utility,
y: GDP loss of Oil and gas extraction industry (211)
The table 4.5 presents rankings by the rate of the oil and gas extraction industry’s GDP
loss (211) and trendline equations for those rates. It shows that 2012 was the year with the lowest
GDP loss for the oil and gas extraction industry (211) and that the year 1998 had the highest
GDP loss for the oil and gas extraction industry (211).
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4.6.4 Gross domestic product loss of the state and local government enterprises industry (GSLE)
The figure 4.22 shows the degree of the state and local government enterprises industry’s
(GSLE) GDP loss due to the inoperability (1%~50%) of the utility industry (22) from 1997 to
2016.

(Note: refer to Appendix D for this figure in larger font)
Figure 4.22 Gross domestic product loss of the state and local government enterprises industry
(GSLE) due to the inoperability (1%~50%) of the utility industry (22)

The third most affected industry due to the inoperability (1%~50%) of the utility industry
(22) from perturbation on the supply side is the state and local government enterprises industry
(GSLE) in terms of GDP loss from 1997 to 2016. The x-axis shows the inoperability of the
utility industry (22) from 1% to 50%, and the y-axis shows the economic impact of the state and
local government enterprises industry’s (GSLE) GDP loss.
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Table 4.6 Gross Domestic Prroduct Loss of the State and Local Government Enterprises Industry
(GSLE) Depending on the Inoperability (10%, 20%, 30%, 40%, and 50%) of the Utility Industry
(22)

The table above shows the state and local government enterprises industry’s (GSLE)
GDP loss depending on 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry (22).
When 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry occurred from
power outages, the range of the state and local government enterprises industry’s GDP loss was
from -4.45% in 1997 to -3.81% in 2015, -8.90% in 1997 to -7.61% in 2015, -13.34% in 1997 to 11.42% in 2015, -17.79% in 1997 to -15.22% in 2015, and -22.24% in 1997 to -19.03% in 2015,
respectively.
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Table 4.7 Rankings by Rate of the State and Local Government Enterprises Industry’s (GSLE)
Gross Domestic Product Loss and Trendline Equations
Rank in rate of
GDP loss (GSLE)

Year

Trendline Equation

1

1997

y = -0.0044x

2

1998

y = -0.0044x+1E-16

3

1999

y = -0.0043x+3E-16

4

2000

y = -0.0042x

5

2001

y = -0.0041x+1E-16

6

2008

y = -0.0039x-2E-16

7

2002

y = -0.0039x-1E-16

8

2009

y = -0.0039x-1E-16

9

2007

y = -0.0039x+1E-16

10

2006

y = -0.0039x+2E-16

11

2003

y = -0.0039x+6E-17

12

2010

y = -0.0039x

13

2005

y = -0.0038x+6E-17

14

2014

y = -0.0038x-6E-17

15

2011

y = -0.0038x

16

2004

y = -0.0038x+2E-16

17

2013

y = -0.0038x+6E-17

18

2012

y = -0.0038x-6E-17

19

2016

y = -0.0038x+6E-17

20

2015

y = -0.0038x+6E-17

x: q of utility,
y: GDP loss of State and local government enterprises industry (GSLE)
The table above presents rankings by the rate of the state and local government
enterprises industry’s (GSLE) GDP loss and trendline equation for those rates. It shows that
2015 was the year with the lowest GDP loss for the state and local government enterprises
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industry (GSLE) and that the year 1997 had the highest GDP loss for the state and local
government enterprises industry (GSLE).
4.6.5 Gross domestic product loss of the mining, except oil and gas, industry (212)
The figure below shows the degree of the mining, except oil and gas, industry’s GDP loss
(212) due to the inoperability (1%~50%) of the utility industry (22) from 1997 to 2016.

(Note: refer to Appendix D for this figure in larger font)
Figure 4.23 Gross domestic product loss of the mining, except oil and gas industry (212) due to
the inoperability (1%~50%) of the utility industry (22)

The fourth most affected industry due to the inoperability (1%~50%) of the utility
industry (22) from perturbation on the supply side is the mining, except oil and gas, industry
(212) in terms of GDP loss from 1997 to 2016. The x-axis shows the inoperability of the utility
industry (22) from 1% to 50%, and the y-axis shows the economic impact of the mining, except
oil and gas, industry’s (212) GDP loss.
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Table 4.8 Gross Domestic Product Loss of the Mining, Except Oil and Gas Industry (212)
Depending on the Inoperability (10%, 20%, 30%, 40%, and 50%) of the Utility Industry (22)

The table above shows the GDP loss of the mining, except oil and gas, industry (212)
depending on 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry (22).
When 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry occurred from
power outages, the range of the mining, except oil and gas, industry’s GDP loss was from 4.77% in 2001 to -1.13% in 2004, -9.55% in 2001 to -2.25% in 2004, -14.32% in 2001 to -3.38%
in 2004, -19.10% in 2001 to -4.51% in 2004, and -23.87% in 2001 to -5.63% in 2004,
respectively.
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Table 4.9 Rankings by Rate of the Mining, Except Oil and Gas Industry’s (212) Gross Domestic
Product Loss and Trendline Equations
Rank in rate of
GDP loss (212)

Year

Trendline Equation

1

2001

y = -0.0048x

2

2000

y = -0.0033x-6E-17

3

1999

y = -0.0033x+6E-17

4

1998

y = -0.0025x

5

2002

y = -0.0023x-6E-17

6

2009

y = -0.0022x

7

2015

y = -0.0021x

8

2016

y = -0.0021x

9

2010

y = -0.0021x

10

2014

y = -0.0021x

11

1997

y = -0.0020x+3E-17

12

2007

y = -0.0019x+3E-17

13

2008

y = -0.0018x

14

2006

y = -0.0016x+3E-17

15

2005

y = -0.0016x

16

2013

y = -0.0016x

17

2011

y = -0.0015x-3E-17

18

2003

y = -0.0015x-3E-17

19

2012

y = -0.0013x-6E-17

20

2004

y = -0.0011x-1E-17

x: q of utility,
y: GDP loss of Mining, except oil and gas industry (212)
The table above presents rankings by the rate of the mining, except oil and gas, industry’s
(212) GDP loss and trendline equations for those rates. It shows that 2004 was the year with the
lowest GDP loss for the mining, except oil and gas, industry (212) and that the year 2001 had the
highest GDP loss for the mining, except oil and gas, industry (212).
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4.6.6 Gross domestic product loss of the rail transportation industry (482)
The figure below shows the degree of the rail transportation industry’s (482) GDP loss
due to the inoperability (1%~50%) of the utility industry (22) from 1997 to 2016.

(Note: refer to Appendix D for this figure in larger font)
Figure 4.24 Gross domestic product loss of the rail transportation industry (482) due to the
inoperability (1%~50%) of the utility industry (22)

The fifth most affected industry due to the inoperability (1%~50%) of the utility industry
(22) from perturbation on the supply side is the rail transportation industry (482) in terms of
GDP loss from 1997 to 2016. The x-axis shows the inoperability of the utility industry (22) from
1% to 50%, and the y-axis shows the economic impact of the rail transportation industry’s (482)
GDP loss.
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Table 4.10 Gross Domestic Product Loss of the Rail Transportation Industry (482) Depending on
the Inoperability (10%, 20%, 30%, 40%, and 50%) of the Utility Industry (22)

The table above shows the GDP loss of the rail transportation industry (482) depending
on 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry (22).
When 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry occurred from
power outages, the range of the rail transportation industry’s GDP loss was from -3.21% in 2001
to -1.05% in 2004, -6.42% in 2001 to -2.11% in 2004, -9.63% in 2001 to -3.16% in 2004, 12.84% in 2001 to -4.21% in 2004, and -16.06% in 2001 to -5.26% in 2004, respectively.
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Table 4.11 Rankings by Rate of the Rail Transportation Industry’s (482) Gross Domestic Product
Loss and Trendline Equations
Rank in rate of
GDP loss (482)

Year

Trendline Equation

1

2001

y = -0.0032x-6E-17

2

2000

y = -0.0024x

3

1999

y = -0.0022x-6E-17

4

2009

y = -0.0019x-6E-17

5

2010

y = -0.0019x-3E-17

6

1998

y = -0.0018x

7

2007

y = -0.0017x

8

2008

y = -0.0016x-6E-17

9

2002

y = -0.0016x

10

2006

y = -0.0016x+1E-16

11

2005

y = -0.0016x+3E-17

12

1997

y = -0.0015x

13

2014

y = -0.0015x

14

2011

y = -0.0014x-3E-17

15

2015

y = -0.0014x

16

2013

y = -0.0014x+3E-17

17

2016

y = -0.0013x

18

2012

y = -0.0012x-1E-17

19

2003

y = -0.0012x

20

2004

y = -0.0011x-3E-17

x: q of utility,
y: GDP loss of Rail transportation industry (482)
The table above presents rankings by the rate of the rail transportation industry’s (482)
GDP loss and trendline equations for those rates. It shows that 2004 was the year with the lowest
GDP loss for the rail transportation industry (482) and that the year 2001 had the highest GDP
loss for the rail transportation industry (482).
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4.6.7 The pipeline transportation industry’s (486) 100% gross domestic product loss in 2009 and
2010
The figure below shows the pipeline transportation industry’s (486) 100% GDP loss in
2009 due to the inoperability (q = 24.543%) of the utility industry (22). The assessment model
developed by this study allowed us to predict the following economic loss. When inoperability (q
= 24.543%) of the utility industry (22) occurred, the pipeline transportation industry (486)
reached 100% GDP loss in 2009.
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(Note: refer to Appendix D for this figure in larger font)
Figure 4.25 The pipeline transportation industry’s (486) 100% gross domestic product loss in
2009 due to the inoperability (q = 24.543%) of the utility industry (22)

If 24% inoperability of the utility industry (22) occurred, the GDP loss of the pipeline
transportation industry (486) would be 96.98%. Also, if 25% inoperability of the utility industry
(22) occurred, the GDP loss of the pipeline transportation industry (486) would be 101.02%.
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(Note: refer to Appendix D for this figure in larger font)
Figure 4.26 The pipeline transportation industry’s (486) 100% gross domestic product loss in
2010 due to the inoperability (q = 25.670%) of the utility industry (22)
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The figure above shows the pipeline transportation industry’s (486) 100% GDP loss in
2010 due to the inoperability (q = 25.670%) of the utility industry (22). The assessment model
developed by this study allowed us to predict the following economic loss. When inoperability (q
= 25.670%) of the utility industry (22) occurred, the pipeline transportation industry (486)
reached 100% GDP loss in 2010.
If 25% inoperability of the utility industry (22) occurred, the GDP loss of the pipeline
transportation industry (486) would be 97.39%. Also, if 26% inoperability of the utility industry
(22) occurred, the GDP loss of the pipeline transportation industry (486) would be 101.28%.
4.7 Summary
This chapter presented an assessment of economic impact in terms of GDP loss due to
severe weather-induced power outages through analysis of the interdependency matrix.
The technical coefficient of the interdependency matrix for estimating inoperability was
measured through the analysis of structural elements of the interdependency matrix. The
patterns, trends, and relationships of the values of interdependency from 1997 to 2016 revealed
that there were some fluctuations in individual industry’s correlations, but the overall values of
interdependency did not seem to reflect radical changes.
Moreover, the vector of inoperability (q), which is one element of the inoperability input–
output model, can be represented as a key chain in this study. The scope of the inoperability (q)
of the utility industry was defined from 1% to 50%, and the inoperability (q) of the utility
industry indicated a reduction in the utility industry’s supply due to severe weather-induced
power outages. The severe weather-induced power outages refer to perturbation on the supply
side, and this research developed an assessment model and framework to measure cascading
economic impacts in terms of GDP loss due to severe weather-induced power outages.
It was observed that the industry most affected by the inoperability (1%~50%) of the utility
industry from perturbation on the supply side was the pipeline transportation industry, and the
second most affected industry due to the inoperability (1%~50%) of the utility industry was the
oil and gas extraction industry. The third most affected industry due to the inoperability
(1%~50%) of the utility industry was the state and local government enterprises industry. Also,
the pipeline transportation industry was observed to suffer 100% GDP loss due to the
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inoperability of the utility industry (q = 24.543% in 2009 and q = 25.670% in 2010). The next
chapter illustrates economic loss estimation with simulations to verify the assessment model
(Module 5).
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5. CASE STUDY FOR ECONOMIC LOSSES ESTIMATION:
SIMULATION AND APPLICATION TO SEVERE WEATHER-INDUCED
POWER OUTAGES
This chapter 4 illustrated the assessment of inoperability using A* matrix (Module 3) and
the economic loss assessment in terms of GDP (Module 4). This chapter illustrates Module 5 of
Phase 3. Module 5 relates to the economic loss estimation with simulations to verify the
assessment model.
The following paragraphs illustrate the methodology and the results for (1) GDP loss due
to direct inoperability in the primary stage of economic impact (level 1), (2) the secondary stage
of economic impact as an indirect inoperability that causes GDP loss, (3) GDP loss due to
indirect inoperability in the secondary stage of economic impact (level 2), (4) the tertiary stage of
economic impact as an induced inoperability that causes GDP loss, (5) GDP loss due to induced
inoperability in the tertiary stage of economic impact (level 3), (6) the ripple effect in terms of
GDP loss from level 1 to level 3.
The assessment model of economic impact is developed to measure the ripple effect in
terms of GDP loss due to the severe weather-induced power outages in the United States.
5.1 Gross Domestic Product Loss due to Direct Inoperability in the Primary Stage of
Economic Impact (Level 1)
The figure below shows total GDP loss due to the inoperability of the utility industry (22)
in the primary stage (level 1). In this study, the inoperability of the utility industry (22) because
of severe weather-induced power outages is defined as the direct inoperability in the primary
stage of economic impact. Also, the primary stage of economic impact is defined as “level 1.”
The x-axis shows the inoperability (1%~50%) of the utility industry (22), and the y-axis shows
the total GDP loss of the 71 industries.
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(Note: refer to Appendix D for this figure in larger font)
Figure 5.1 Total gross domestic product loss due to the inoperability of the utility industry (22)
in the primary stage (level 1)

Figure 5.1 shows the total gross domestic product in the primary stage due to the
inoperability of the utility industry. The total GDP loss from 10%, 20%, 30%, 40%, and 50%
inoperability of the utility industry were -29.35%, -58.69%, -88.04%, -117.39%, and -146.74%
in the primary stage of economic impact (level 1), respectively. As discussed in chapter 4 (Table
4.2), negative GDP in a particular sector greater than certain percentage would be considered
catastrophic and probably infeasible as pointed out in Figure 5.1.
5.2 The Secondary Stage of Economic Impact as an Indirect Inoperability That Causes
Gross Domestic Product Loss
5.2.1 The primary and secondary stages of economic impact
The figure below shows the primary stage of economic impact (level 1) and the
secondary stage of economic impact (level 2). As previously discussed, from 1997 to 2016, most
of the industries, except for the other real estate industry (ORE), the state and local general
government industry (GSLG), the educational services industry (61) can be interpreted as having
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little to do with the utility industry (22) in A* matrix. In other words, strong correlations appear
to exist only between the utility industry (22) and some industries in the economic system.
Hence, only the three industries most relevant to the utility industry are considered in the
secondary stage of economic impact as an indirect inoperability that causes GDP loss through
prioritization in the interdependency matrix (A* matrix).

Figure 5.2 The primary stage of economic impact (level 1) and the secondary stage of economic
impact (level 2)

In other words, indirect inoperability in the secondary stage of economic impact is
affected by the direct inoperability of the utility industry in the primary stage of economic impact
through prioritization in the interdependency matrix. The three industries considered in the
secondary stage of economic impact are as follows.
5.2.2 The supply side of the utility industry (22) in A* matrix from 1997 to 2016
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The figure below shows the correlations in A* matrix between the utility industry and 71
industries on the supply side from 1997 to 2016. The other real estate industry is the most
affected by the utility industry from 1997 to 2016 on the supply side in A* matrix.

Figure 5.3 The supply side of the utility industry in A* matrix from 1997 to 2016

The state and local general government industry is the second most affected by the utility
industry from 1997 to 2016 on the supply side in A* matrix. The educational services industry is
the third most affected by the utility industry from 1997 to 2016 on the supply side in A* matrix.
Hence, the other real estate industry, the state and local general government industry, and the
educational services industry are the three industries considered in the secondary stage of
economic impact. The inoperability values of these three industries are taken as the indirect
inoperability that causes GDP loss in the secondary stage of economic impact.
5.3 Gross Domestic Product Loss due to Indirect Inoperability in the Secondary Stage of
Economic Impact (Level 2)
5.3.1 Total gross domestic product loss due to the inoperability of the utility industry (22) in the
secondary stage
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The figure below shows the total GDP loss due to the inoperability of the utility industry
(22) in the secondary stage (level 2). As previously discussed, the inoperability of the other real
estate industry (ORE), the state and local general government industry (GSLG), and the
educational services industry (61) is defined as the indirect inoperability in the secondary stage
of economic impact in this study due to the industries’ high levels of interdependency with the
utility industry. Also, the secondary stage of economic impact is defined as “level 2.” The x-axis
shows the inoperability (5%~50%) of the utility industry (22) and the three other industries (the
other real estate industry (ORE), the state and local general government industry (GSLG), and
the educational services industry (61)), and the y-axis shows the total GDP loss of the 71
industries. Furthermore, the figure 5.4 shows that supply-side perturbation of the utility industry
in Level 1 affects the inoperability of three industries (ORE, GSLG, and 61) in Level 2, based on
the values of interdependency between them.

(Note: refer to Appendix D for this figure in larger font)
Figure 5.4 Total gross domestic product loss due to the inoperability of the utility industry (22)
in the secondary stage (level 2)

The figure 5.4 shows the total gross domestic product in the secondary stage due to the
inoperability of the utility industry. The blue lines indicate the total GDP loss in the primary
stage (level1). The total GDP loss from 10%, 20%, 30%, 40%, and 50% inoperability of the
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utility industry were -29.35%, -58.69%, -88.04%, -117.39%, and -146.74% in the primary stage
of economic impact (level 1), respectively.
In addition, the orange lines refer to the total GDP loss in the secondary stage (level2).
The total GDP loss from 10%, 20%, 30%, 40%, and 50% inoperability of the utility industry
were -37.87%, -72.19%, -121.35%, -159.54%, and -190.52% in the secondary stage of economic
impact (level 2), respectively. This indicates cumulative GDP losses of level 1 and 2.
5.3.2 Necessity of the tertiary stage of economic impact
The graph above shows that there were significant differences between total GDP loss in
the primary stage of economic impact (level 1) and secondary stage of economic impact (level
2). There was a large gap in total GDP loss between the two stages of economic impact.
Therefore, it would be meaningful to examine the GDP loss in the next stage of economic
impact, which is the tertiary stage of economic impact.
5.4 The Tertiary Stage of Economic Impact as an Induced Inoperability That Causes Gross
Domestic Product Loss
5.4.1 The primary, secondary, and tertiary stages of economic impact
The figure below shows the primary, secondary, and tertiary stages of economic impact
(levels 1, 2, and 3). As previously discussed, except for three industries (the other real estate
industry (ORE), the state and local general government industry (GSLG), and the educational
services industry (61)), the rest of the industries from 1997 to 2016 can be interpreted as having
little to do with the utility industry (22) in A* matrix.
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Figure 5.5 The primary, secondary and the tertiary stages of economic impact (level 1, 2, and 3)

Thus, only these three industries that are most relevant to the utility industry and included
in the secondary stage have been considered to determine the relevant industries in the tertiary
stage of economic impact that will represent the induced inoperability, which causes GDP loss
through prioritization in the interdependency matrix (A* matrix). Recall that the three industries
most affected by the inoperability of the utility industry were taken as the indirect inoperability
that causes GDP loss in the secondary stage of economic impact. In a similar way, the nine
industries most affected by the inoperability of the three industries in the secondary stage are
taken as the induced inoperability that causes GDP loss in the tertiary stage of economic impact.
In other words, the induced inoperability in the tertiary stage of economic impact results
from the indirect inoperability of the other real estate industry (ORE), the state and local general
government industry (GSLG), and the educational services industry (61) from the secondary
stage of economic impact through prioritization in the interdependency matrix. The nine
industries in the tertiary stage of economic impact in the graph above can be defined as follows.
It is important to note that industries
Ø Level 1: The primary stage of economic impact
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o A: Utility industry (22)
Ø Level 2: The secondary stage of economic impact
o B: Other real estate industry (ORE)
o C: State and local general government industry (GSLG)
o D: Educational services industry (61)
Ø Level 3: The tertiary stage of economic impact
o B-1: Other real estate industry (ORE)
o B-2: Ambulatory health care services industry (621)
o B-3: State and local general government industry (GSLG)
o C-1: State and local general government industry (GSLG)
o C-2: Other real estate industry (ORE)
o C-3: Ambulatory health care services industry (621)
o D-1: State and local general government industry (GSLG)
o D-2: Other retail industry (4A0)
o D-3: Educational services industry (61)
5.4.2 The supply side of the other real estate industry in A* matrix from 1997 to 2016
The figure below shows the correlations in A* matrix between the other real estate
industry and 71 industries on the supply side from 1997 to 2016. The other real estate industry is
the most affected by the other real estate industry from 1997 to 2016 on the supply side in A*
matrix. The ambulatory health care services industry is the second most affected by the other real
estate industry from 1997 to 2016 on the supply side in A* matrix. The state and local general
government industry is the third most affected by the other real estate industry from 1997 to
2016 on the supply side in A* matrix.
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Figure 5.6 The supply side of the other real estate industry in A* matrix from 1997 to 2016

5.4.3 The supply side of the state and local general government industry in A* matrix from 1997
to 2016
The figure below shows the correlations in A* matrix between the state and local general
government industry and 71 industries on the supply side from 1997 to 2016. The state and local
general government industry is the most affected by the state and local general government
industry from 1997 to 2016 on the supply side in A* matrix. The other real estate industry is the
second most affected by the state and local general government industry from 1997 to 2016 on
the supply side in A* matrix. The ambulatory health care services industry is the third most
affected by the state and local general government industry from 1997 to 2016 on the supply side
in A* matrix.
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Figure 5.7 The supply side of the state and local general government industry in A* matrix from
1997 to 2016

5.4.4 The supply side of the educational services industry in A* matrix from 1997 to 2016
The figure below shows the correlations in A* matrix between the educational services
industry and 71 industries on the supply side from 1997 to 2016. The state and local general
government industry is the most affected by the educational services industry from 1997 to 2016
on the supply side in A* matrix. The other retail industry is the second most affected by the
educational services industry from 1997 to 2016 on the supply side in A* matrix. The
educational services industry is the third most affected by the educational services industry from
1997 to 2016 on the supply side in A* matrix.
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Figure 5.8 The supply side of the educational services industry in A* matrix from 1997 to 2016

5.5 Gross Domestic Product Loss due to Induced Inoperability in the Tertiary Stage of
Economic Impact (Level 3)
5.5.1 Total gross domestic product loss due to the inoperability of the utility industry (22) in the
tertiary stage
The figure below shows the total GDP loss due to the inoperability of the utility industry
(22) from the primary stage (level 1) to the tertiary stage (level 3). The inoperability of three
industries (listed from most to least affected; the other real estate industry (ORE), the state and
local general government industry (GSLG), and the educational services industry (61)) due to
their interdependency values with the utility industry can be defined as the indirect inoperability
in the secondary stage of economic impact.
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(Note: refer to Appendix D for this figure in larger font)
Figure 5.9 Total gross domestic product loss due to the inoperability of the utility industry (22)
in the tertiary stage (level 3)
Moreover, the inoperability of nine industries (listed from most to least affected with
some repeated items; the other real estate industry (ORE), the ambulatory health care services
industry (621), the state and local general government industry (GSLG), the state and local
general government industry (GSLG), the other real estate industry (ORE), the ambulatory health
care services industry (621), the state and local general government industry (GSLG), the other
retail industry (4A0), and the educational services industry (61)), due to their interdependency
values with the utility industry and the three industries in the secondary stage, can be defined as
the induced inoperability in the tertiary stage of economic impact.
In other words, in this study, the primary stage of economic impact is called level 1 and
represents GDP loss due to direct inoperability. The secondary stage of economic impact is
called level 2 and represents GDP loss due to indirect inoperability. The tertiary stage of
economic impact is called level 3 and represents GDP loss due to induced inoperability.
Furthermore, the figure 5.9 shows that supply-side perturbation of the utility industry in
Level 1 affects the inoperability of ORE, GSLG, 61’s industries, in Level 2. Again, respective
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industries in Level 2 have an impact on the inoperability of three industries associated with them
in Level 3.

Figure 5.10 Gross domestic product loss due to direct, indirect, and induced inoperability

The x-axis shows the inoperability (1%~50%) of the utility industry (22) in level 1, the
three industries in level 2 (listed from most to least affected; the other real estate industry (ORE),
the state and local general government industry (GSLG), and the educational services industry
(61)), and the nine industries in level 3 (listed from most to least affected with some repeated
items; the other real estate industry (ORE), the ambulatory health care services industry (621),
the state and local general government industry (GSLG), the state and local general government
industry (GSLG), the other real estate industry (ORE), the ambulatory health care services
industry (621), the state and local general government industry (GSLG), the other retail industry
(4A0), and the educational services industry (61)). The y-axis shows the total GDP loss of the 71
industries across levels 1, 2, and 3.
The total GDP loss from 10% inoperability was -29.35% in the primary stage of
economic impact (level 1), -37.87% in the secondary stage of economic impact (level 2), and 36.69% in the tertiary stage of economic impact (level 3). The total GDP loss from 20%
inoperability was -58.69% in the primary stage of economic impact (level 1), -72.19% in the
secondary stage of economic impact (level 2), and -79.27% in the tertiary stage of economic
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impact (level 3). The total GDP loss from 30% inoperability was -88.04% in the primary stage of
economic impact (level 1), -121.35% in the secondary stage of economic impact (level 2), and 121.50% in the tertiary stage of economic impact (level 3). The total GDP loss from 40%
inoperability was -117.39% in the primary stage of economic impact (level 1), -159.54% in the
secondary stage of economic impact (level 2), and -154.15% in the tertiary stage of economic
impact (level 3). The total GDP loss from 50% inoperability was -146.74% in the primary stage
of economic impact (level 1), -190.52% in the secondary stage of economic impact (level 2), and
-196.34% in the tertiary stage of economic impact (level 3).
Table 5.1 The Primary, Secondary, and Tertiary Stages of Economic Impact and Trendline
Equations
Ripple

Level

Trendline Equation

1

L1

y = -0.1467x+6E-16

2

L1~L2

y = -0.1965x+0.0212

3

L1~L2~L3

y = -0.1985x+0.0121

Effect

x: q of the industries (5%~50%)
y: Total GDP loss of 71 industries
5.5.2 Necessity of the quaternary and subsequent stages of economic impact
As seen in the graph above, there were significant differences between the trendlines for
total GDP loss in the primary stage of economic impact (level 1) and secondary stage of
economic impact (level 2). This means there was a large gap in the total GDP loss between these
two stages (levels 1 and 2) of economic impact. However, there were no significant differences
between the trendlines for the total GDP loss in the secondary stage of economic impact (level 2)
and tertiary stage of economic impact (level 3). Thus, there was no large gap in the total GDP
loss between these two stages (levels 2 and 3) of economic impact.
It seems likely that there will not be a significant gap in the total GDP loss between the
tertiary stage of economic impact and quaternary stage of economic impact or any subsequent
stages of economic impact. In other words, it would be worthless to examine the total GDP loss
of the quaternary stage of economic impact or any subsequent stages of economic impact. In
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conclusion, this study assumes that the total GDP loss from level 4 and beyond will represent
marginal losses.
5.5.3 The primary, secondary, and tertiary stages of economic impact due to the inoperability
(1%~50%) of the utility industry
The figure below shows the primary, secondary, and tertiary stages of economic impact
(levels 1, 2, and 3) on the relevant industries due to the inoperability (1%~50%) of the utility
industry.

Figure 5.11 The primary, secondary, and tertiary stages of economic impact (levels 1, 2, and 3)
due to the inoperability (1%~50%) of the utility industry

To sum up, level 1 indicates the primary stage of economic impact from the inoperability
of the utility industry on the supply side due to severe weather-induced power outages. In this
study, it is assumed that the inoperability of the utility industry (22) on the supply side ranges
from 1% to 50%. Level 2 presents the secondary stage of economic impact based on the three
industries on the demand side most relevant to the utility industry on supply side due to the
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interdependency values between the industries from 1997 to 2016. The A* value comes from the
interdependency matrix, which shows the interdependency between one industry and another.
The three industries on the demand side most relevant to the utility industry on the supply side in
the secondary stage of economic impact are the other real estate industry (ORE), the state and
local general government industry (GSLG), and the educational services industry (61). Level 3
indicates the tertiary stage of economic impact based on the nine industries on the demand side
most relevant to the three industries on the supply side that were in the secondary stage of
economic impact. This was determined using the interdependency values between the industries
from 1997 to 2016. The nine industries on the demand side in level 3 most relevant to the three
industries on the supply side in level 2 are (listed with some repeated items) the other real estate
industry (ORE), the ambulatory health care services industry (621), the state and local general
government industry (GSLG), the state and local general government industry (GSLG), the other
real estate industry (ORE), the ambulatory health care services industry (621), the state and local
general government industry (GSLG), the other retail industry (4A0), and the educational
services industry (61).
5.5.4 Total gross domestic product loss as a sum of levels 1, 2, and 3
The figure below shows the total GDP loss as a sum of the losses from levels 1, 2, and 3.
This shows the far-reaching consequences of weather-induced power outages and how they
spread. In this study, these results are called as the “ripple effect” in terms of the GDP loss.
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Figure 5.12 Total gross domestic product loss as a sum of levels 1, 2, and 3

Estimation of economic loss for simulation and application to severe weather-induced
power outages is developed as a case study using the ripple effect in terms of GDP loss. The
steps involved in this process include (1) defining the inoperability of the utility industry as the
GDP loss due to direct inoperability in the primary stage of economic impact from severe
weather-induced power outages, (2) identifying the three industries most affected by the
inoperability of the utility industry and using them to represent the GDP loss due to indirect
inoperability in the secondary stage of economic impact, and (3) identifying the nine industries
most affected by the inoperability of the utility industry and using them to represent the GDP
loss due to induced inoperability in the tertiary stage of economic impact.
As a final step, for future predictions, the following sections will assess the economic loss
through the ripple effect in terms of the GDP loss that results from the interdependency between
industries.
5.6 The Ripple Effect in Terms of Gross Domestic Product Loss from Level 1 to Level 3
5.6.1 The ripple effect of each stage of economic impact
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The ripple effect starts from the inoperability of the utility industry due to severe
weather-induced power outages. This translates to perturbation on the supply side that causes the
inoperability of the utility industry and then affects 71 industries within the U.S. economic
system. The range of the inoperability of the utility industry ranges from 1% to 50% in this
study.

Figure 5.13 Industries in level 1, and the primary stage of economic impact

The figure above shows the inoperability of the utility industry (22) due to severe
weather-induced power outages; the utility industry is placed among 71 industries. The
inoperability of the utility industry (22) is defined as the direct inoperability in the primary stage
of economic impact due to severe weather-induced power outages.
The only industry highlighted in level 1 is the utility industry (22). It appears among 71
industries within the U.S. economic system. The figure above can be described as follows.
Ø Direct inoperability: Level 1, the primary stage of economic impact
o A: Utility industry (22)
The value of inoperability for the utility industry is considered the direct inoperability that causes
GDP loss in the primary stage of economic impact.
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The inoperability of the utility industry (1%~50%) has an impact on industries
interrelated with the utility industry and these relationships are influenced by the values of
interdependency between the 71 industries within the U.S. economic system. The three industries
most interrelated to the utility industry are also the most relevant to the utility industry. The other
real estate industry, the state and local general government industry, and the educational services
industry are the three industries in the secondary stage of economic impact and are described as
follows.

Figure 5.14 Industries in level 2, and the secondary stage of economic impact

The figure above shows the inoperability of the industries in levels 1 and 2 due to severe
weather-induced power outages; the industries in levels 1 and 2 are placed among 71 industries.
The inoperability of the industries in levels 1 and 2 is defined as the indirect inoperability in the
secondary stage of economic impact due to severe weather-induced power outages.
Industries in level 2 include the other real estate industry (ORE), the state and local
general government industry (GSLG), and the educational services industry (61). They appear
among the 71 industries within the U.S. economic system. The figure above can be described as
follows.
Ø Indirect inoperability: Level 2, the secondary stage of economic impact
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o B: Other real estate industry (ORE)
o C: State and local general government industry (GSLG)
o D: Educational services industry (61)
The values of inoperability for these three industries are considered the indirect inoperability that
causes GDP loss through prioritization in the interdependency matrix (A* matrix) in the
secondary stage of economic impact.
The inoperability of these three interrelated industries in level 2 has an impact on their
interrelated industries in level 3 depending on the interdependency values between the 71
industries within the U.S. economic system. As previously discussed, the top nine interrelated
industries in level 3 are the most relevant to the other real estate industry (ORE), the state and
local general government industry (GSLG), and the educational services industry (61) in level 2.
Thus, the other real estate industry (ORE), the ambulatory health care services industry (621),
the state and local general government industry (GSLG), the educational services industry (61),
the other retail industry (4A0), and so on are the nine industries in the tertiary stage of economic
impact and are described as follows.

Figure 5.15 Industries in level 3, and the tertiary stage of economic impact
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The figure above shows the inoperability of the industries in levels 1, 2, and 3 due to
severe weather-induced power outages; the industries in levels 1, 2, and 3 are placed among 71
industries. The inoperability of the industries in levels 1, 2, and 3 is defined as the induced
inoperability in the tertiary stage of economic impact due to severe weather-induced power
outages.
The industries in level 3 include the other real estate industry (ORE), the ambulatory
health care services industry (621), the state and local general government industry (GSLG), the
educational services industry (61), the other retail industry (4A0), and so on. They appear among
the 71 industries within the U.S. economic system. The figure above can be described as follows.
Ø Induced inoperability: Level 3, the tertiary stage of economic impact
o B-1: Other real estate industry (ORE)
o B-2: Ambulatory health care services industry (621)
o B-3: State and local general government industry (GSLG)
o C-1: State and local general government industry (GSLG)
o C-2: Other real estate industry (ORE)
o C-3: Ambulatory health care services industry (621)
o D-1: State and local general government industry (GSLG)
o D-2: Other retail industry (4A0)
o D-3: Educational services industry (61)
The values of inoperability for these nine industries are considered the induced inoperability that
causes GDP loss through prioritization in the interdependency matrix (A* matrix) in the tertiary
stage of economic impact.
The inoperability of these nine interrelated industries in level 3 has an impact on their
interrelated industries in level 2 depending on the interdependency values between the 71
industries within the U.S. economic system. As previously discussed, these nine industries were
the ones most affected by the inoperability of the three industries in the secondary stage, so this
inoperability influences the induced inoperability that causes GDP loss in the tertiary stage of
economic impact.
Furthermore, this ripple effect features the other real estate industry (ORE) in level 2 and
the other real industry (ORE) in level 3. The ripple effect also includes the state and local general
government industry (GSLG) in level 2 and the state and local general government industry
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(GSLG) in level 3 and the educational services industry (61) in level 2 and the educational
services industry (61) in level 3.
In the relationship between the other real estate industry (ORE) in level 2 and the other
real industry (ORE) in level 3, the industry at level 2 is presented as a supplier, and the industry
in level 3 is presented as a demander. Similarly, in the relationship between the state and local
general government industry (GSLG) level 2 and the state and local general government industry
(GSLG) in level 3, the industry in level 2 is presented as a supplier, and the industry in level 3 is
presented as a demander.
Looking at the other relationships, one exists between the other real estate industry
(ORE) in level 2 and the state and local general government industry (GSLG) in level 3. There is
also a relationship between the state and local general government industry (GSLG) in level 2
and the other real estate industry (ORE) in level 3.
In the relationship between the other real estate industry (ORE) in level 2 and the state
and local general government industry (GSLG) in level 3, the industry (ORE) in level 2 is
presented as a supplier, and the industry (GSLG) in level 3 is presented as a demander. On the
flip side, in the relationship between the state and local general government industry (GSLG) in
level 2 and the other real estate industry (ORE) in level 3, the industry (GSLG) in level 2 is
presented as a supplier, and the industry (ORE) in level 3 is presented as a demander. Therefore,
the suppliers and demanders can be different industries depending on their levels.
For subsequent stages of economic impact, the interrelated industries from level 4 and
beyond would be those most relevant to the nine interrelated industries in level 3.
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Figure 5.16 Industries from level 4 and beyond and the marginal loss of economic impact

The figure above shows the inoperability of the industries from level 4 and beyond due to
severe weather-induced power outages; these industries in level 4 and beyond are placed among
71 industries. As previously discussed, it is assumed that the values for the GDP loss due to the
inoperability of industries in level 4 and beyond would amount to a marginal loss. Thus, the
ripple effect in terms of GDP loss for level 4 and beyond will not be considered in this study.
5.6.2 Maximum and minimum interdependency values
The values of interdependency between two industries change each year from 1997 to
2016. That is, the interdependency values are diverse, and it is possible to identify the minimum
and maximum values.
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Figure 5.17 Maximum and minimum interdependency values from1997 to 2016

The figure above shows the maximum and minimum values of interdependency from
1997 to 2016. The range of the interdependency values between the industries for 20 years can
be determined from the interdependency matrix (A* matrix).
Table 5.2 Interdependency Values for Industries from Level 1 to Level 3 from1997 to 2016
(Note: refer to Appendix D for this table in larger font)
IOCode
22
22-ORE
22-GSLG
22-61
22-ORE-ORE
22-ORE-621
22-ORE-GSLG
22-GSLG-GSLG
22-GSLG-ORE
22-GSLG-621
22--61-GSLG
22-61-4A0
22-61-61

(L1) Inoperability of Utilities (1%~50%)
(L2) Inoperability of Other Real Estate
(L2) Inoperability of State and Local general government
(L2) Inoperability of Educational Services
(L3) Inoperability of Other Real Estate
(L3) Inoperability of Ambulatory health care services
(L3) Inoperability of State and Local general government
(L3) Inoperability of State and Local general government
(L3) Inoperability of Other Real Estate
(L3) Inoperability of Ambulatory health care services
(L3) Inoperability of State and Local general government
(L3) Inoperability of Other retail
(L3) Inoperability of Educational Services
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q
IOCode
22
ORE
GSLG
61
22-ORE-ORE
22-ORE-621
22-ORE-GSLG
22-GSLG-GSLG
22-GSLG-ORE
22-GSLG-621
22--61-GSLG
22-61-4A0
22-61-61

(L1)Inoperability of Utilities (1%~50%)
(L2)Inoperability of Other Real Estate
(L2)Inoperability of State and Local general governemnt
(L2)Inoperability of Educatoinal Services
(L3)Inoperability of Other Real Estate
(L3)Inoperability of Ambulatory health care services
(L3)Inoperability of State and Local general government
(L3)Inoperability of State and Local general government
(L3)Inoperability of Other Real Estate
(L3)Inoperability of Ambulatory health care services
(L3)Inoperability of State and Local general government
(L3)Inoperability of Other retail
(L3)Inoperability of Educational Services
q

IOCode
22
ORE
GSLG
61
22-ORE-ORE
22-ORE-621
22-ORE-GSLG
22-GSLG-GSLG
22-GSLG-ORE
22-GSLG-621
22--61-GSLG
22-61-4A0
22-61-61

(L1)Inoperability of Utilities (1%~50%)
(L2)Inoperability of Other Real Estate
(L2)Inoperability of State and Local general governemnt
(L2)Inoperability of Educatoinal Services
(L3)Inoperability of Other Real Estate
(L3)Inoperability of Ambulatory health care services
(L3)Inoperability of State and Local general government
(L3)Inoperability of State and Local general government
(L3)Inoperability of Other Real Estate
(L3)Inoperability of Ambulatory health care services
(L3)Inoperability of State and Local general government
(L3)Inoperability of Other retail
(L3)Inoperability of Educational Services

Interdependency Value
1997' 1998' 1999' 2000'

2001'

2002'

2003'

2004'

2005'

2006'

0.0431532
0.03425891
0.01167189
0.05531804
0.05004959
0.03856457
0.00204786
0.00039963
0.00051065
0.12132534
0.06210672
0.01169147

0.03025826
0.03182138
0.00699575
0.042825
0.04468633
0.03553742
0.0018423
0.00023373
0.00046606
0.09643003
0.03168235
0.0069015

0.03928133
0.05710378
0.01219539
0.04371266
0.04102063
0.0277952
0.00177566
0.0002800
0.00047295
0.08568367
0.02289661
0.00654805

0.0477148
0.06338201
0.01299943
0.04585663
0.04284176
0.02844295
0.00185148
0.00036876
0.0004706
0.10075141
0.02048314
0.00758087

0.06778458
0.06490158
0.01215982
0.04669269
0.04186342
0.02584136
0.00163134
0.00052068
0.00045525
0.07485511
0.02269166
0.0083878

0.08784836
0.05397213
0.01129896
0.04854916
0.04093281
0.02385766
0.0015819
0.00068907
0.00043269
0.07436441
0.02110713
0.01084539

0.09560643
0.04994484
0.01083617
0.05167974
0.04455703
0.0268507
0.00172169
0.00067449
0.00040303
0.09179681
0.0182857
0.01214269

Interdependency Value
2007' 2008' 2009' 2010'

2011'

2012'

2013'

2014'

2015'

2016'

0.08058942
0.04266937
0.00913319
0.05842544
0.0490319
0.03266449
0.00171883
0.00054504
0.00038091
0.0942152
0.0145407
0.01289115

0.10522752
0.05974269
0.01990838
0.05033114
0.06097741
0.04763849
0.00198332
0.00048398
0.00045792
0.09851337
0.02838644
0.01433208

0.10655567
0.06606915
0.02100442
0.05822999
0.05942414
0.04504277
0.00204423
0.00058706
0.0004588
0.10143168
0.03270478
0.01327073

0.11206291
0.06354974
0.06268625
0.00016006
0.05662742
0.04219789
0.00205853
0.00063138
0.00045634
0.09953347
0.03691171
0.01441564

0.11359178
0.06564302
0.02073252
0.07047194
0.04950749
0.03552823
0.0021425
0.00071491
0.00045942
0.10364046
0.04351319
0.01424854

0.14131642
0.06498573
0.02151429
0.05242464
0.01704823
0.03269553
0.00224504
0.0007009
0.00047502
0.10572474
0.04795738
0.01459705

0.15230009
0.07127385
0.02265484
0.07060732
0.05084209
0.02969905
0.00222862
0.00070358
0.00046621
0.10461401
0.04854376
0.01435211

0.04472432
0.04371497
0.01296792
0.05962942
0.0467177
0.0354469
0.00191524
0.00039364
0.00050178
0.10820089
0.05278636
0.01088414

0.07110057
0.04745671
0.01209942
0.06195907
0.0560603
0.04262782
0.00163923
0.00048173
0.00037625
0.09235697
0.01300812
0.01290914

0.03149643
0.03885491
0.00842997
0.0412989
0.04380604
0.03613611
0.00180554
0.00025037
0.00047204
0.09642146
0.03434406
0.0080205

0.07771711
0.0681647
0.01645244
0.06433599
0.06526861
0.04556
0.00176167
0.00046758
0.00038393
0.09452006
0.01548862
0.01216403

0.03131223
0.03593465
0.00675248
0.03628092
0.0440959
0.03729073
0.00187519
0.00023763
0.00046338
0.10173775
0.04310601
0.00617796

0.09803819
0.05847251
0.01679598
0.05071601
0.06187292
0.04327635
0.00186516
0.00045037
0.00043332
0.09402422
0.02116739
0.01284146

The table above shows the range of interdependency values for industries from level 1 to
level 3. The maximum and minimum values of interdependency from 1997 to 2016 can be found
in the table above.
The specific ranges for maximum and minimum interdependency values for industries
from level 1 to level 3 are as follows.
o Level 1 ~ Level 2 from 1997 to 2016
o 22 ~ ORE
0.0302582645109088 (minimum) ~ 0.152300092231981 (maximum)
o 22 ~ GSLG
0.0318213809631139 (minimum) ~ 0.0712738490658857 (maximum)
o 22 ~ 61
0.00675248493384299 (minimum) ~ 0.0226548382137215 (maximum)
o Level 2 ~ Level 3 from 1997 to 2016
o 22 ~ ORE ~ ORE
0.000160057762177482 (minimum) ~ 0.0706073181919574 (maximum)
o 22 ~ ORE ~ 621
0.017048227375257 (minimum) ~ 0.0652686061884547 (maximum)
o 22 ~ ORE ~ GSLG
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0.0238576605308871 (minimum) ~ 0.0476384857373501 (maximum)
o 22 ~ GSLG ~ GSLG
0.001581900196401 (minimum) ~ 0.002245044315796 (maximum)
o 22 ~ GSLG ~ ORE
0.00023373355537 (minimum) ~ 0.000714907463716 (maximum)
o 22 ~ GSLG ~ 621
0.0003762457171 (minimum) ~ 0.000510648487866 (maximum)
o 22 ~ 61 ~ GSLG
0.074364408476089 (minimum) ~ 0.121325338062936 (maximum)
o 22 ~ 61 ~ 4A0
0.0130081219234448 (minimum) ~ 0.0621067221334045 (maximum)
o 22 ~ 61 ~ 61
0.00617796195166375 (minimum) ~ 0.0145970474630357 (maximum)
5.6.3 Gross domestic product loss due to direct, indirect, and induced inoperability based on
1000-times simulation per year
The figure 5.18 shows the GDP loss due to direct, indirect, and induced inoperability
based on 1000-times simulation per year.

Figure 5.18 Gross domestic product loss due to direct, indirect, and induced inoperability based
on 1000-times simulation
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At level 1, the direct inoperability of the utility industry is assumed to range from 1% to
50%. As a result, the GDP loss due to direct inoperability can be measured randomly between
1% inoperability and 50% inoperability, and it can be expressed as the “GDP Loss of Direct
Inoperability.”
At level 2, the indirect inoperability of the secondary stage of economic impact is
determined by the interdependency values of industries spanning from 1997 to 2016. As a result,
the GDP loss due to indirect inoperability can be measured randomly between the maximum and
minimum interdependency values between the interrelated industries, and it can be expressed as
the “GDP Loss of Indirect Inoperability.”
At level 3, the induced inoperability of the tertiary stage of economic impact is
determined by the interdependency values between industries spanning from 1997 to 2016. As a
result, the GDP loss due to the induced inoperability can be measured randomly between the
maximum and minimum interdependency values between the interrelated industries, and it can
be expressed as the “GDP Loss of Induced Inoperability.”
In other words, during simulation, interdependency values between the interrelated
industries are selected randomly between the maximum and minimum among 20
interdependency values from 1997 to 2016. Furthermore, when it comes to 'GDP loss', it is a
change in value when compared to the condition of 0% inoperability of the utility industry.
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Figure 5.19 The ripple effect in terms of gross domestic product loss from level 1 to level 3

The figure above comprehensively shows the ripple effect in terms of GDP loss from the
primary stage of economic impact to the tertiary stage of economic impact after 1000 simulations
per year. Estimation of economic loss due to severe weather-induced power outages based on
1000 simulations per year was completed using the ripple effect in terms of GDP loss.
There are several steps to measure economic loss based on 1000 simulations, and they are
described as follows. First, the inoperability of the utility industry (22) is defined as the GDP loss
due to direct inoperability in the primary stage of economic impact from severe weather-induced
power outages. Second, the three industries most affected by the inoperability of the utility
industry (22) are identified and used to represent the GDP loss due to indirect inoperability in the
secondary stage of economic impact. Third, the nine industries most affected by the inoperability
of the utility industry (22) are identified and used to represent the GDP loss due to induced
inoperability in the tertiary stage of economic impact. Fourth, there is an assessment of economic
loss through the ripple effect in terms of GDP loss due to the interdependency values between 71
industries. Fifth, for future predictions, there is an assessment of the ripple effect in terms of
GDP loss from the primary stage of economic impact to the tertiary stage of economic impact
after 1000 simulations per year.
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Figure 5.20 Gross domestic product loss due to inoperability (1% ~ 50%) based on 1000-times
simulation

The figure above shows 1000 simulations of GDP loss due to the inoperability
(1%~50%) of industries for the year 2016.
The maximum and minimum values of the total GDP loss due to 10% inoperability were
-36.93% and -40.51%, respectively. The maximum and minimum values of the total GDP loss
due to 20% inoperability were -74.75% and -82.73%, respectively. The maximum and minimum
values of the total GDP loss due to 30% inoperability were -109.61% and -123.17%,
respectively. The maximum and minimum values of the total GDP loss due to 40% inoperability
were -149.35% and -163.44%, respectively. The maximum and minimum values of the total
GDP loss due to 50% inoperability were -184.51% and -209.45%, respectively. In other words,
the total GDP loss due to 10% inoperability ranged from -36.93% to -40.51%, the total GDP loss
due to 20% inoperability ranged from -74.75% to -82.73%, the total GDP loss due to 30%
inoperability ranged from -109.61% to -123.17%, the total GDP loss due to 40% inoperability
ranged from -149.35% to -163.44%, %, the total GDP loss due to 50% inoperability ranged from
-184.51% to -209.45%, respectively. These findings confirm that the graph above can be used to
identify the ranges of GDP loss in the 1000-times simulation for the year 2016.
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Taking all the above into consideration, the annual values of interdependency between
the industries are different and thus change the range of GDP loss for the industries from 1997 to
2016 as follows.

Figure 5.21 Gross domestic product loss from 1997 to 2001 based on 1000-times simulation

Figure 5.22 Gross domestic product loss from 2002 to 2006 based on 1000-times simulation
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Figure 5.23 Gross domestic product loss from 2007 to 2011 based on 1000-times simulation

Figure 5.24 Gross domestic product loss from 2012 to 2016 based on 1000-times simulation
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As seen above, the ranges of the total GDP loss for the industries from 1997 to 2016
using the annual values of interdependency between the industries have been measured based on
1000 simulations per year.
The equations and R-squared values provided on the charts covering the years 1997 to
2016 can be found through the following regression analysis.
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5.6.4 Gross domestic product loss from 1997 to 2016 based on 20,000-times simulation (20
years * 1000)

Figure 5.25 Equations and R-squared values based on 1000-times simulation covering the years
1997 to 2016

The figure 5.26 presents annual GDP loss from the primary stage of economic impact to
the tertiary stage of economic impact after 1000 simulations from 1997 to 2016. As a result, it
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can be seen that the maximum value of GDP loss occurred in 2009, and the minimum value of
GDP loss occurred in 2002.

Figure 5.26 Total gross domestic product loss for 20 years based on 20,000-times simulation (20
years * 1000)

As a final result of this study, the graph above can be obtained by combining the results
of a regression analysis performed for the 20-year period. The graph above shows a 20,000-times
simulation (20 years * 1000) of total GDP loss due to severe weather-induced power outages for
a period of 20 years. This shows that it is possible to measure the range of total GDP loss based
on different degrees of inoperability (1%~50%).
In other words, for more detail information, after finding out the outcomes of regression
trendline from the graphs of the 20-year period, they have been combined into one graph.
Therefore, it shows 20,000-times simulation of total GDP loss for 20 years in the graph. The xaxis indicates the inoperability (1%~50%) of the utility industry, and the y-axis refers to total
gross domestic product loss of 71 industries in the U.S. economic system.
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Table 5.3 The Range of Total Gross Domestic Product Loss from 1997 to 2016
Inoperability(%)

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2009

2010

2011

2012

2013

2014

2015

2016

1

-3.72%

-4.13%

-3.89%

-3.85%

-5.12%

-3.35%

-3.33%

-3.58%

-4.53%

-4.21%

-4.68%

-5.53%

-5.37%

-5.05%

-4.00%

-3.73%

-3.64%

-3.87%

-3.86%

-4.04%

2

-7.38%

-8.28%

-7.81%

-7.68%

-10.12%

-6.93%

-7.00%

-7.30%

-9.03%

-8.59%

-9.18%

-10.56%

2008

-10.48%

-9.89%

-8.11%

-7.31%

-7.37%

-7.87%

-7.93%

-7.94%

3

-11.04%

-12.43%

-11.73%

-11.51%

-15.12%

-10.51%

-10.67%

-11.02%

-13.53%

-12.97%

-13.68%

-15.59%

-15.59%

-14.73%

-12.22%

-10.89%

-11.10%

-11.87%

-12.00%

-11.84%

4

-14.70%

-16.58%

-15.65%

-15.34%

-20.12%

-14.09%

-14.34%

-14.74%

-18.03%

-17.35%

-18.18%

-20.62%

-20.70%

-19.57%

-16.33%

-14.47%

-14.83%

-15.87%

-16.07%

-15.74%

5

-18.36%

-20.73%

-19.57%

-19.17%

-25.12%

-17.67%

-18.01%

-18.46%

-22.53%

-21.73%

-22.68%

-25.65%

-25.81%

-24.41%

-20.44%

-18.05%

-18.56%

-19.87%

-20.14%

-19.64%

6

-22.02%

-24.88%

-23.49%

-23.00%

-30.12%

-21.25%

-21.68%

-22.18%

-27.03%

-26.11%

-27.18%

-30.68%

-30.92%

-29.25%

-24.55%

-21.63%

-22.29%

-23.87%

-24.21%

-23.54%

7

-25.68%

-29.03%

-27.41%

-26.83%

-35.12%

-24.83%

-25.35%

-25.90%

-31.53%

-30.49%

-31.68%

-35.71%

-36.03%

-34.09%

-28.66%

-25.21%

-26.02%

-27.87%

-28.28%

-27.44%

8

-29.34%

-33.18%

-31.33%

-30.66%

-40.12%

-28.41%

-29.02%

-29.62%

-36.03%

-34.87%

-36.18%

-40.74%

-41.14%

-38.93%

-32.77%

-28.79%

-29.75%

-31.87%

-32.35%

-31.34%

9

-33.00%

-37.33%

-35.25%

-34.49%

-45.12%

-31.99%

-32.69%

-33.34%

-40.53%

-39.25%

-40.68%

-45.77%

-46.25%

-43.77%

-36.88%

-32.37%

-33.48%

-35.87%

-36.42%

-35.24%

10

-36.66%

-41.48%

-39.17%

-38.32%

-50.12%

-35.57%

-36.36%

-37.06%

-45.03%

-43.63%

-45.18%

-50.80%

-51.36%

-48.61%

-40.99%

-35.95%

-37.21%

-39.87%

-40.49%

-39.14%

11

-40.32%

-45.63%

-43.09%

-42.15%

-55.12%

-39.15%

-40.03%

-40.78%

-49.53%

-48.01%

-49.68%

-55.83%

-56.47%

-53.45%

-45.10%

-39.53%

-40.94%

-43.87%

-44.56%

-43.04%

12

-43.98%

-49.78%

-47.01%

-45.98%

-60.12%

-42.73%

-43.70%

-44.50%

-54.03%

-52.39%

-54.18%

-60.86%

-61.58%

-58.29%

-49.21%

-43.11%

-44.67%

-47.87%

-48.63%

-46.94%

13

-47.64%

-53.93%

-50.93%

-49.81%

-65.12%

-46.31%

-47.37%

-48.22%

-58.53%

-56.77%

-58.68%

-65.89%

-66.69%

-63.13%

-53.32%

-46.69%

-48.40%

-51.87%

-52.70%

-50.84%

14

-51.30%

-58.08%

-54.85%

-53.64%

-70.12%

-49.89%

-51.04%

-51.94%

-63.03%

-61.15%

-63.18%

-70.92%

-71.80%

-67.97%

-57.43%

-50.27%

-52.13%

-55.87%

-56.77%

-54.74%

15

-54.96%

-62.23%

-58.77%

-57.47%

-75.12%

-53.47%

-54.71%

-55.66%

-67.53%

-65.53%

-67.68%

-75.95%

-76.91%

-72.81%

-61.54%

-53.85%

-55.86%

-59.87%

-60.84%

-58.64%

16

-58.62%

-66.38%

-62.69%

-61.30%

-80.12%

-57.05%

-58.38%

-59.38%

-72.03%

-69.91%

-72.18%

-80.98%

-82.02%

-77.65%

-65.65%

-57.43%

-59.59%

-63.87%

-64.91%

-62.54%

17

-62.28%

-70.53%

-66.61%

-65.13%

-85.12%

-60.63%

-62.05%

-63.10%

-76.53%

-74.29%

-76.68%

-86.01%

-87.13%

-82.49%

-69.76%

-61.01%

-63.32%

-67.87%

-68.98%

-66.44%

18

-65.94%

-74.68%

-70.53%

-68.96%

-90.12%

-64.21%

-65.72%

-66.82%

-81.03%

-78.67%

-81.18%

-91.04%

-92.24%

-87.33%

-73.87%

-64.59%

-67.05%

-71.87%

-73.05%

-70.34%

19

-69.60%

-78.83%

-74.45%

-72.79%

-95.12%

-67.79%

-69.39%

-70.54%

-85.53%

-83.05%

-85.68%

-96.07%

-97.35%

-92.17%

-77.98%

-68.17%

-70.78%

-75.87%

-77.12%

-74.24%

20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

-73.26%
-76.92%
-80.58%
-84.24%
-87.90%
-91.56%
-95.22%
-98.88%
-102.54%
-106.20%
-109.86%
-113.52%
-117.18%
-120.84%
-124.50%
-128.16%
-131.82%
-135.48%
-139.14%
-142.80%
-146.46%
-150.12%
-153.78%
-157.44%
-161.10%
-164.76%
-168.42%
-172.08%
-175.74%
-179.40%
-183.06%

-82.98%
-87.13%
-91.28%
-95.43%
-99.58%
-103.73%
-107.88%
-112.03%
-116.18%
-120.33%
-124.48%
-128.63%
-132.78%
-136.93%
-141.08%
-145.23%
-149.38%
-153.53%
-157.68%
-161.83%
-165.98%
-170.13%
-174.28%
-178.43%
-182.58%
-186.73%
-190.88%
-195.03%
-199.18%
-203.33%
-207.48%

-78.37%
-82.29%
-86.21%
-90.13%
-94.05%
-97.97%
-101.89%
-105.81%
-109.73%
-113.65%
-117.57%
-121.49%
-125.41%
-129.33%
-133.25%
-137.17%
-141.09%
-145.01%
-148.93%
-152.85%
-156.77%
-160.69%
-164.61%
-168.53%
-172.45%
-176.37%
-180.29%
-184.21%
-188.13%
-192.05%
-195.97%

-76.62%
-80.45%
-84.28%
-88.11%
-91.94%
-95.77%
-99.60%
-103.43%
-107.26%
-111.09%
-114.92%
-118.75%
-122.58%
-126.41%
-130.24%
-134.07%
-137.90%
-141.73%
-145.56%
-149.39%
-153.22%
-157.05%
-160.88%
-164.71%
-168.54%
-172.37%
-176.20%
-180.03%
-183.86%
-187.69%
-191.52%

-100.12%
-105.12%
-110.12%
-115.12%
-120.12%
-125.12%
-130.12%
-135.12%
-140.12%
-145.12%
-150.12%
-155.12%
-160.12%
-165.12%
-170.12%
-175.12%
-180.12%
-185.12%
-190.12%
-195.12%
-200.12%
-205.12%
-210.12%
-215.12%
-220.12%
-225.12%
-230.12%
-235.12%
-240.12%
-245.12%
-250.12%

-71.37%
-74.95%
-78.53%
-82.11%
-85.69%
-89.27%
-92.85%
-96.43%
-100.01%
-103.59%
-107.17%
-110.75%
-114.33%
-117.91%
-121.49%
-125.07%
-128.65%
-132.23%
-135.81%
-139.39%
-142.97%
-146.55%
-150.13%
-153.71%
-157.29%
-160.87%
-164.45%
-168.03%
-171.61%
-175.19%
-178.77%

-73.06%
-76.73%
-80.40%
-84.07%
-87.74%
-91.41%
-95.08%
-98.75%
-102.42%
-106.09%
-109.76%
-113.43%
-117.10%
-120.77%
-124.44%
-128.11%
-131.78%
-135.45%
-139.12%
-142.79%
-146.46%
-150.13%
-153.80%
-157.47%
-161.14%
-164.81%
-168.48%
-172.15%
-175.82%
-179.49%
-183.16%

-74.26%
-77.98%
-81.70%
-85.42%
-89.14%
-92.86%
-96.58%
-100.30%
-104.02%
-107.74%
-111.46%
-115.18%
-118.90%
-122.62%
-126.34%
-130.06%
-133.78%
-137.50%
-141.22%
-144.94%
-148.66%
-152.38%
-156.10%
-159.82%
-163.54%
-167.26%
-170.98%
-174.70%
-178.42%
-182.14%
-185.86%

-90.03%
-94.53%
-99.03%
-103.53%
-108.03%
-112.53%
-117.03%
-121.53%
-126.03%
-130.53%
-135.03%
-139.53%
-144.03%
-148.53%
-153.03%
-157.53%
-162.03%
-166.53%
-171.03%
-175.53%
-180.03%
-184.53%
-189.03%
-193.53%
-198.03%
-202.53%
-207.03%
-211.53%
-216.03%
-220.53%
-225.03%

-87.43%
-91.81%
-96.19%
-100.57%
-104.95%
-109.33%
-113.71%
-118.09%
-122.47%
-126.85%
-131.23%
-135.61%
-139.99%
-144.37%
-148.75%
-153.13%
-157.51%
-161.89%
-166.27%
-170.65%
-175.03%
-179.41%
-183.79%
-188.17%
-192.55%
-196.93%
-201.31%
-205.69%
-210.07%
-214.45%
-218.83%

-90.18%
-94.68%
-99.18%
-103.68%
-108.18%
-112.68%
-117.18%
-121.68%
-126.18%
-130.68%
-135.18%
-139.68%
-144.18%
-148.68%
-153.18%
-157.68%
-162.18%
-166.68%
-171.18%
-175.68%
-180.18%
-184.68%
-189.18%
-193.68%
-198.18%
-202.68%
-207.18%
-211.68%
-216.18%
-220.68%
-225.18%

-101.10%
-106.13%
-111.16%
-116.19%
-121.22%
-126.25%
-131.28%
-136.31%
-141.34%
-146.37%
-151.40%
-156.43%
-161.46%
-166.49%
-171.52%
-176.55%
-181.58%
-186.61%
-191.64%
-196.67%
-201.70%
-206.73%
-211.76%
-216.79%
-221.82%
-226.85%
-231.88%
-236.91%
-241.94%
-246.97%
-252.00%

-102.46%
-107.57%
-112.68%
-117.79%
-122.90%
-128.01%
-133.12%
-138.23%
-143.34%
-148.45%
-153.56%
-158.67%
-163.78%
-168.89%
-174.00%
-179.11%
-184.22%
-189.33%
-194.44%
-199.55%
-204.66%
-209.77%
-214.88%
-219.99%
-225.10%
-230.21%
-235.32%
-240.43%
-245.54%
-250.65%
-255.76%

-97.01%
-101.85%
-106.69%
-111.53%
-116.37%
-121.21%
-126.05%
-130.89%
-135.73%
-140.57%
-145.41%
-150.25%
-155.09%
-159.93%
-164.77%
-169.61%
-174.45%
-179.29%
-184.13%
-188.97%
-193.81%
-198.65%
-203.49%
-208.33%
-213.17%
-218.01%
-222.85%
-227.69%
-232.53%
-237.37%
-242.21%

-82.09%
-86.20%
-90.31%
-94.42%
-98.53%
-102.64%
-106.75%
-110.86%
-114.97%
-119.08%
-123.19%
-127.30%
-131.41%
-135.52%
-139.63%
-143.74%
-147.85%
-151.96%
-156.07%
-160.18%
-164.29%
-168.40%
-172.51%
-176.62%
-180.73%
-184.84%
-188.95%
-193.06%
-197.17%
-201.28%
-205.39%

-71.75%
-75.33%
-78.91%
-82.49%
-86.07%
-89.65%
-93.23%
-96.81%
-100.39%
-103.97%
-107.55%
-111.13%
-114.71%
-118.29%
-121.87%
-125.45%
-129.03%
-132.61%
-136.19%
-139.77%
-143.35%
-146.93%
-150.51%
-154.09%
-157.67%
-161.25%
-164.83%
-168.41%
-171.99%
-175.57%
-179.15%

-74.51%
-78.24%
-81.97%
-85.70%
-89.43%
-93.16%
-96.89%
-100.62%
-104.35%
-108.08%
-111.81%
-115.54%
-119.27%
-123.00%
-126.73%
-130.46%
-134.19%
-137.92%
-141.65%
-145.38%
-149.11%
-152.84%
-156.57%
-160.30%
-164.03%
-167.76%
-171.49%
-175.22%
-178.95%
-182.68%
-186.41%

-79.87%
-83.87%
-87.87%
-91.87%
-95.87%
-99.87%
-103.87%
-107.87%
-111.87%
-115.87%
-119.87%
-123.87%
-127.87%
-131.87%
-135.87%
-139.87%
-143.87%
-147.87%
-151.87%
-155.87%
-159.87%
-163.87%
-167.87%
-171.87%
-175.87%
-179.87%
-183.87%
-187.87%
-191.87%
-195.87%
-199.87%

-81.19%
-85.26%
-89.33%
-93.40%
-97.47%
-101.54%
-105.61%
-109.68%
-113.75%
-117.82%
-121.89%
-125.96%
-130.03%
-134.10%
-138.17%
-142.24%
-146.31%
-150.38%
-154.45%
-158.52%
-162.59%
-166.66%
-170.73%
-174.80%
-178.87%
-182.94%
-187.01%
-191.08%
-195.15%
-199.22%
-203.29%

-78.14%
-82.04%
-85.94%
-89.84%
-93.74%
-97.64%
-101.54%
-105.44%
-109.34%
-113.24%
-117.14%
-121.04%
-124.94%
-128.84%
-132.74%
-136.64%
-140.54%
-144.44%
-148.34%
-152.24%
-156.14%
-160.04%
-163.94%
-167.84%
-171.74%
-175.64%
-179.54%
-183.44%
-187.34%
-191.24%
-195.14%

The table above shows the ranges of total GDP loss due to the inoperability of industries
from severe weather-induced power outages. The maximum and minimum values of the total
GDP loss due to 10% inoperability from 1997 to 2016 were -35.57% and -51.36%, respectively.
The maximum and minimum values of the total GDP loss due to 20% inoperability from 1997 to
2016 were -71.37% and -102.46%, respectively. The maximum and minimum values of the total
GDP loss due to 30% inoperability from 1997 to 2016 were -107.17% and -153.56%,
respectively. The maximum and minimum values of the total GDP loss due to 40% inoperability
from 1997 to 2016 were -142.97% and -204.66%, respectively. The maximum and minimum
values of the total GDP loss due to 50% inoperability from 1997 to 2016 were -178.77% and 255.76%, respectively. Thus, the table and graph above can be used to identify the ranges of
GDP loss after 20,000-times simulation covering the years 1997 to 2016.
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Figure 5.27 Total gross domestic product loss due to 10%, 20%, 30%, 40%, and 50%
inoperability spanning 20 years

The graph above shows the total GDP loss due to 10%, 20%, 30%, 40%, and 50%
inoperability from 1997 to 2016. The patterns and trends for the total GDP loss are similar to the
patterns and trends in A* matrix (the interdependency matrix) from 1997 to 2016.
As seen above, there were two big fluctuations across the 20 years. There was one
between 2000 and 2001 and another between 2008 and 2009. These two big fluctuations caused
the largest GDP losses from 1997 to 2016. The Year 2000 problem (also known as the Y2K
problem or the millennium bug) occurred between 2000 and 2001, and the global financial crisis
occurred between 2008 and 2009. The impact of these two events is consistent with the two large
fluctuations in the graph above.
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5.7 Summary
In this chapter, the assessment model of economic impact was developed to measure the
ripple effect in terms of GDP loss due to severe weather-induced power outages in the United
States. The ripple effect to measure total GDP loss was developed using a multistage approach to
analyzing economic impacts. Values from the interdependency matrix for industries interrelated
to the utility industry were used to develop the model.
Assumptions made from the economic analysis of marginal loss were also summarized in
this section. It was observed that there will be no significant gap in total GDP loss between the
tertiary stage of economic impact and quaternary and subsequent stages of economic impact. In
other words, it would be worthless to examine the total GDP loss of the quaternary stage of
economic impact and beyond. Accordingly, it can be assumed that total GDP loss from level 4
and beyond will be marginal.
Observations were made regarding the range of interdependency values from the primary
stage of economic impact to the tertiary stage of economic impact. The maximum and minimum
values of interdependency from 1997 to 2016 were also highlighted in the analysis. Moreover,
the three industries most affected by the inoperability of the utility industry were identified and
used to represent the GDP loss due to indirect inoperability in the secondary stage of economic
impact. Similarly, the nine industries most affected by the inoperability of the utility industry
were identified and used to represent the GDP loss due to induced inoperability in the tertiary
stage of economic impact.
As a final result of this study, the range of GDP loss depending on inoperability (1%~50%)
was obtained by combining the results of a regression analysis covering a 20-year period. This
chapter also presented the range of total GDP loss based on the degree of inoperability (1%~50%)
estimated from a 20,000 times simulation. The summary and conclusions of this research is
discussed in the next chapter.
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6. SUMMARY AND CONCLUSIONS
The utility industry has close ties to our society and is the cornerstone of our lives. Thus,
its resilience and security should be ensured. Moreover, strengthening the utility industry’s
security is of utmost significance. Increased risk of the inoperability of the utility industry due to
increased instances of severe weather ultimately leads to increased risk of economic, physical,
and societal costs. When the risk of power outages due to severe weather increases, the intensity
and frequency of any power outages may also be affected. In fact, annual severe weather-induced
power outages result in devastating consequences for hundreds of millions of people in the
United States. Furthermore, the damages of severe weather-induced power outages result in tens
of billions of dollars of economic loss among industries within the U.S. economic system. It is
estimated that power outages and power instability in the utility industry cost the United States
economy over $80 billion a year and up to $188 billion annually. In other words, on average, it
means that it costs over $80 billion a year, and it costs up to $188 billion on a particular year.
6.1. Overall Summary and Conclusions
This study identified various problems related to the existing framework for measuring
the economic impacts of extreme weather associated with power outages. This framework has
led to undervaluation of the economic loss suffered from severe weather-induced power outages.
First, there is no effective assessment framework to measure economic loss resulting from and
reliability standards impacted by extreme environmental disasters. Second, the existing
framework for assessing the impact of extreme weather associated with power outages lacks
efficient methods and mechanisms. Third, there is no established framework for assessing
economic impacts in terms of GDP loss due to severe weather-induced power outages. Fourth,
no existing framework assesses the costs and benefits of investments made in the utility industry
related to electricity services. To account for these gaps, this study proposed an assessment
model and framework to measure cascading economic impacts in terms of GDP loss due to
severe weather-induced power outages.
The economic impact assessment model in terms of GDP loss proposed in this research
was developed through five different modules that covered the following tasks:
1. Developing a year-based input–output A matrix (the technical coefficient matrix)
consisting of 71 industries and spanning from 1997 to 2016
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2. Analyzing the patterns and trends of A matrix (the technical coefficient matrix) with
regard to the utility industry (22) to establish the importance of the research and help
define the scope of the study
3. Developing a year-based assessment for inoperability called A* matrix (the
interdependency matrix) consisting of 71 industries from 1997 to 2016
4. Developing a framework that estimates economic impact in terms of GDP loss due to
unserved supply of the utility industry and the risk of major power outages
5. Identifying a case study and establishing an assessment model for measuring economic
impact in terms of GDP loss
In module 1, the BEA database was used as the starting point. Data was pulled from the
industry input–output accounts, which included a summary-level make table before redefinitions
spanning from 1997 to 2016. Using this database, a technical coefficient matrix consisting of
5,041 values of interconnectedness was completed by considering 71 industries on the supply
side and 71 industries on the demand side. Some of these interconnectedness values spanning
from 1997 to 2016 for relationships between industries in A matrix fluctuated a great deal while
others remained unchanged over the 20 years. Each industry was ranked from the most affected
to the least affected by the utility industry. This helped in figuring out that the pipeline
transportation industry was the most affected by the utility industry in terms of
interconnectedness from 1997 to 2016.
In module 2, this analysis focused on the patterns, trends, and relationships in A matrix
from 1997 to 2016. The values of interconnectedness showed some fluctuations in an individual
industry’s correlations, but overall the values of interconnectedness did not seem to reflect
radical changes. This module helped show that there were no wild fluctuations in the values of
interconnectedness from 1997 to 2016. The trends and patterns analysis reveals that there were
some fluctuations in the correlations between the utility industry and the rest of the industries
beginning in 1997, but the interconnectedness values for most of the industries and the utility
industry from 1997 to 2016 were low. This analysis also yielded the values of interconnectedness
between the utility industry and 71 industries and a ranking based on A matrix to show the
industries most and least affected by the utility industry.
In module 3, the discussion was centered on how the interdependency matrix for
inoperability is related to the technical coefficient matrix and the vector of the as-planned
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productions of an industry. By using the technical coefficient matrix, an interdependency matrix
for inoperability was completed considering 71 industries on the supply side and 71 industries on
the demand side. The matrix presents 5,041 values of interdependency overall. Some of the
values of interdependency from 1997 to 2016 among industries in A matrix show a high level of
fluctuation, but some values of interdependency among industries in A* matrix remain
unchanged over the 20 years. These interdependency values highlight some fluctuations in an
individual industry’s correlations, but overall the values of interdependency did not seem to
reflect radical changes. This module also helped demonstrate that there were no wild fluctuations
in the values of interdependency from 1997 to 2016.
In module 4, a framework was developed to estimate the economic impact in terms of
GDP loss because of unserved supply of the utility industry due to severe weather-induced power
outages. In other words, the severe weather-induced power outages caused perturbation on the
supply side, and an assessment model and framework was developed to measure cascading
economic impacts in terms of GDP loss due to severe weather-induced power outages. A
discussion followed about how the vector of inoperability, which is one element of the
inoperability input–output model, serves as a key chain and point of consideration. This module
also explained how the scope of the inoperability of the utility industry was defined as ranging
from 1% to 50%, and the inoperability of the utility industry indicated the reduction in the utility
industry’s supply due to severe weather-induced power outages.
In module 5, the entire assessment model was established and described using
simulations and a case study application. The assessment model developed in this research is
considered a simulation approach. In other words, the assessment model of economic impact was
developed to measure the ripple effect in terms of GDP loss due to severe weather-induced
power outages in the United States. The ripple effect for measuring total GDP loss was
developed using a multistage approach to economic impact. The values of the interdependency
matrix for industries interrelated with the utility industry were used to assess the economic
impact through the ripple effect in terms of GDP loss. The final outcome of this phase was the
estimation of economic loss for simulation and application to severe weather-induced power
outages.
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6.2. Limitations of This Research
This research conducted an analysis of the BEA database, which was released in
November 2017. In order to circumvent various issues regarding the credibility of a database,
this research resorted to using information that was publicly available.
The major limitation of this research arises from the composition of the utility industry
data. The BEA database provides a detailed data set at the national and state level for 389
industries in the year 2007 only. Based on the BEA database’s detailed-level information on the
utility industry, the industry itself consists of the electric power generation, transmission, and
distribution industry (221100); the natural gas distribution industry (221200); and the water,
sewage, and other systems industry (221300).
In 2007, the total industry output of the utility industry was $438,229M (100%). The total
industry output of the electric power generation, transmission, and distribution industry was
$306,100M (69.8%). The total industry output of the natural gas distribution industry was
$121,614M (27.8%). The total industry output of the water, sewage, and other systems industry
was $10,515M (2.4%). Therefore, to consider the electric power generation, transmission, and
distribution industry (221100) on its own, all the values for the utility industry should be
converted to values that are about 70% of the whole industry.
Again, the detailed-level database for the national and state levels was available only for
the year 2007. Using a database with detailed-level information for multiple years and
confirming the database’s reliability would improve the quality of the research results.
By considering the national data it is an assumption in this research that the severe
weather-induced power outage could be happening anywhere in the country with corresponding
impact on the GDP at the national level. However, multipliers are available from the BEA that
can be used to convert the national data to a region-specific data. It is intended to apply the
results of this research along with the regional data to determine economic loss due to the severe
weather-induced power outage in a specific region.
6.3. Contributions of This Research
The overall major contribution of this research was the development of an assessment
framework for measuring economic impact in terms of GDP due to the inoperability (1%~50%)
of the utility industry from severe weather-induced power outages. The novel research approach
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of measuring the power-outage-induced economic impact in terms of GDP loss will help in
creating a paradigm shift in the current state of practice for assessment methods.
Moreover, this novel approach to estimating the economic costs of the risks of severe
weather-induced power outages helps provide a framework for investment strategy selection
based on reduced economic loss in a post-strategy implementation scenario that can be compared
to the traditional practice. Application of this assessment framework can more accurately
evaluate economic impact in terms of GDP loss resulting from major power outages that are
caused by severe weather events. The ultimate outcome of this research is that it can lead to the
development of strategic investments that would be aimed at minimizing weather-related risks in
the future, thereby building the utility industry’s resilience.
While the kernel framework of this research is applicable to scenario-based economic
assessment and the creation of optimal strategic investments to guard against the inoperability of
the utility industry, the framework is also applicable to other industries such as the primary
metals industry, hospitals industry, construction industry, computer systems industry, and so on.
6.4. Recommendations for Future Research
In conclusion, this assessment model provides a framework to measure economic impacts
in terms of GDP loss caused by the inoperability (1%~50%) of the utility industry due to severe
weather-induced power outages. This novel approach of proposing a method to estimate the
economic costs of the risks of severe weather-induced power outages helps provide a framework
for investment strategy selection based on reduced economic loss in a post-strategy
implementation scenario that can be compared to the traditional practice.
However, this research did not consider property damage incurred as a result of damages
to the utility infrastructure in the face of severe weather events. Relevant databases on this topic
are maintained and collected by the private and public utility companies that own the utility
infrastructure system. Restricted access to these types of databases hinders the inclusion of
property damage as an economic loss in the strategic investment process. Thus, gaining access to
these types of databases would improve the quality of future research. As discussed under
limitation, it is intended to apply the results of this research along with the regional data (as
obtained from BEA data at the national level and the region-specific multipliers) to determine
economic loss due to the severe weather-induced power outage in a specific region. Also, the
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outcome of this research would lead to the development of strategic investments that are able to
minimize the risks due to severe weather-induced power outages as well as to improve overall
resilience of the utility industry.
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