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Abstract

Relating Energy Use to Economic Complexity

Stephen Richard Bond, MESE.R.

The Univesity of Texas at Austin, 2015

Supervisor:Carey W. King

Energy is a fundamental requirement for the development of any complex human
system. One prevalent view suggests that societal development is a direct result of
increased energy use, such that progress occurs mainly during times whelusa cfurp
energy is available. Alternately, anthropologist Joseph Tainter posits that human systems
increase in complexity as a means of solving social problems, which requires additional
energy use. Tainterds theor y, reseurcae ase, hast i mp |
significant implications for longerm economic sustainability. This thesis is an attempt to
provide support, or show a |l ack thereof, f
concept of entropy, in the context of information the@ysed as an indicator of economic
complexity. Economic inpubutput tables for 40 countries from the World Input Output
Database are used to calculate these metrics, on an annual basis between 1995 and 2011.
Several model boundaries, on both the glohdl@untry scales, are used to select the data
for these calculations. The results are compared to energy consumption and production
data from thdJ.S. Energy Information Administratioffhis thesis presents the results of
this comparison in the context gfuant i f ying Tainterés theory

energy and complexity.
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Chapter One: Introduction

Societies and economies, like any system, require energy to arise andHigiveguality
energy resources, in the proper technological context, allow useful work to be done at scales far
greater than would be feasible with human labor alone. The substitution of energy and capital for
labor has made great leaps forward possinhel fundamentally altered the structure of human
society on several occasions over the course of history. While the importance of energy to any
human system cannot be overstated, the nature of the relationship between energy availability and
societal progess is complex and the subject of frequent debatendsttime scale we would
concern ourselves with, fossil fuels are undeniably a limited resource, and one that carries
significant risk with its use at current levels. As the more easily accessibleftad sources
become exhausted and further use entails both rising extraction costs and diminishing resource
guality, questions naturally arise about societal and economic sustainability. Does a dwindling
resource necessitate a declining society, ot@etmology substitute for energy, ensuring an-ever

brighter future for humankind?

ENERGY AS A GROWTH-LIMITING FACTOR

There has long been a debate over the nafutee relationship betweensaurce use and
the economy Energy consumption is likely a sigicant driver of economic growth, particularly
in developed nationfChontanawat et al., 200830 the question is of the utmost importance.
While some believe human ingenuitydathe power of markets create an indefinitely sustainable
economic system, others believe collapse is an inevitable outcome of usitgnearable
resources for the production of energy.

Classical economistgpically modeled the economy as a set of ksowith corresponding
inflows and outflowgBoulding, 1973)In an economy at equilibrium, inflows balanced outflows,
aided by the pricelemand mechanism, and the economic system could persist indefinitely.

Neoclassical economists view natural resources similarly to any other factwodiction;



substitution of capital and improvements@chnologyare theorized to make up for a dwindling
resourcegStiglitz, 1980)

Numerous objections to this optimistic amdk have been raised throughout history.
Thomas MalthugMalthus, 1798)raised the specter of a population outgrowing its resources,
effectively providing an initial challenge tbe idea that a state could progress without likdre
recently, the Limits to Growth report to The Club of Rofleadows et al., 1972resented the
results of an effort to model the interaction between human and natural systems. The results of the
simulation indicated the possibility that exponential economic andlaiopn growth could lead
to global collapsevithin a centuy. Even at current rates of use itlsar thatfossil fueldeposits
must eentually be exhaustedr, more likely,reach a state where the cost of their extraction
outweigh the benefits of theirse Since fossil fuels provide approximately 85% of thelwdro s
energy, limits to their availability, and the implications of those limits on economic grelald

be carefully considere@@enka, 2002)

COMPETING VIEWS ON PROGRESS

One prevalent view of human history suggests dbaindant energy ihe primary driver
of economic growti{Schurr, 1984)and that the complexity of econonsgstems evolves when
there is a surplus of available energy. This is to say that compis»atgharacteristic of human
societies that we seek to increase, and which can only increase when energy is available in
guantities beyond those required by the taxijsorganizational structure.

There are searal theoreticalissues with thisview. Operating from a Malthusian
perspective, BouldingBoulding, 1955)formulated the Dismal Theorem and the Utterly Dismal

Theorem

If the only check to population is misery, the population will grow unisl miserable
enough to check its growth. This is the Dismal Theorem. Furthermore, if the only check
to population is misery, the result of any improvement is ultimately to enable a larger
population than before to live in misery, so that reseurg@ovement actually increases
the sum of misery. This is the Utterly Dismal Theorem.



The Utterly Dismal Theorem suggests that any available energy surplasevituallybe depleted

by increases in populationather than facilitating economgrowth and increses in economic
complexity.A growing population would require increasing net energy production on a per capita
basis for surplus energy to be the driver of economic complexity.

The rebound féect, or Jevos 6 P a acts dnocrngert with the Dismal Theordo
compound the problem; increases in efficiency tend to be offset by increases in consuBapitn.
economic principle suggests that increased energy or material efficiency must initially cause a
decrease in overall consumption, but that decreaséeailito a drop in price and a corresponding
increase in consumptiaover time(Jevons, 1865)This increase in consumption mbg larger
than the original resource savings, and may have a macroeconomic impact beyond the particular
sector it originates ir(Polimeni and Polimeni, 2006)This presents a serious roadidom
technologydriven schemes to reduce overall consumption of limited reso(kéestt, 2005) It
is worth noting thatite reboundféect has an analogue the history of laboriA consensus reitg
that -6habongé innovations did not saincreasingabour
population and employmefi¥ladlener and Alcott, 2008), ehmunt #eet may be seen as
a special case of thettdrly Dismal Theorem.

In combination, the Utterly Dismal Theorem and rebound effect provide a powerful
argumentagainst the idea that economic complexity arises in response to energy abundance,
suggesting that such abundance would be more than counterbalanced by increased consumption,
whether per capita or groggloreover,subsistence societies would have had tidsurpluses
only with additional labor. Complexity for its own sake makes little sense, especially when that
complexity must be the result of additional physical labor.

The anthropologist Joseph Tainter suggests that, rather than energy surpluses driving
socioculturaBnd economic o mp | e x i t vy, Acompl exity most commo
and compels increase in resource &nter,2011) . Si nce soci al probl ems
would suggest that increased resource use is similarly compulsory. The implications of this idea

for longterm economic sustainability are significalit.complexity must increase, so must

3



resource use, leaving resource conservation as a nonsensical and ineffective means to ensure
sustainability. Moreover, priebased conservation measures will be similarly ineffective over a
long enough period.

Tai nt eryi$ certainli arapelling, and critical to our economic path forward if true,
but it is largely based on historical and qualitative analysis. Quantitative substantiation of the
theory, based on modern data, is highly desirable. This thesis is largéigraptdao provide such
support, or show a lack thereof.

To begin the quantitative analysis of a qualitative hypothesis, appropriate metrics that relate
postul ates to conclusions mu st be adopted. S
complexityincreases in response to the necessity of solving social problems, and that this requires
additional energy use. This is an explicit statement about causation, rather than simply correlation,
so simply showing that complexity and energy use are relateld wdeful, is not tantamount to
confirmation. Thankfully, Tainter goes further and states that energy surpluses only very rarely
drive increases in complexity, so an absence of correlation between surplus and complexity would
be of some importance.

Accodi ng to Tainter, ACompl exity is general/l
size of a society, the number and distinctiveness of its parts, the variety of specialized social roles
that it incorporates, the number of distinct social personalitiesept, and the variety of
mechani sms for organizing t h¢Taier, 1990)Ioequalityc o her e
and heterogeneity are fundamental components of comp(&téy, 1977)Societies that exhibit
greater inequality and heterogeneity are more economically and structurally differentiated, which
corresponds to greater complexity.

There are avarietyofwas t o quantify complexity, but T
suggests that the most useful metric will be one that indicates heterogeneity or structural
complexity, and is larger when a system contains a number of pselefendent subystems.

As will be discussed bew, entropyin the context of information theofprms the basis abne

such measure.



ENTROPY

In a general sense, entropy can be thought of as a measurerd@édisorandomness in a
system. Entropy is a concept with roots in thernmaghyics and statistical mechanics, which has
been applied to numerous other fields of inquiry through mathematical ar{®@®gge, 1980)

While it is useful to understand the original concept of entropy glgedo physicsit is not clear

that theconcept retains all of itmeaningwhen applied tather fields though some researchers

have based large bodies of work on the idea that it @ogss, 1997) The following discussion

of physical or thermoghamic entropy should serve mairityshed some light on how the term is
defined mathematically. The divergence between the characteristics of physical entropy and those
of the concept as it will be used for analysis is thesis will be made explicit when necessary for
clarity.

Physicé entropy is typically described in relation to a body of gas in a sealed container,
divided in two, with all of the gas on one side of the divider. If the divider were to disappear, the
gas would move to occupy the entire container. While we could diigstate with a high degree
of certainty that all of the particles in the gas could be found on one side of the divider, we would
only be able to say that they could be found somewhere in the whole container once the divider
was removed. With the divideemoved, the entropy of the system has increased and our
uncertainty about the position of the gas particles has increased. From this example, we can see
that the physical concept of entropy is associated with uncertainty. Further, processes that yield
increased entropy of this sort are irreversible.

Boltzmann expressed entropy as

Y UL aé Qw
(1)
where S is the entropy, Witise thermodynamic probability, or the number of possible microstates
associated witla particular system macrostate, and K is an arbitrary cor(&atitn, 1972) The

concepts omacrostates and microstates are fundamental to this aefjrahd can be understood



by thinking of, for example, a series of three switches. Each switch can be in one of two states: on
or off. Without identifying specifically which switches ava and which are off, stating that two
switches are on and one id of to identify the macrostate. Stating that the first switch is off and
the next two are on is to identify the microstdte other words, the macrostate identifies the
number of elementsf a system in each possible state, while the microstate idertifestates of
each specific elemeniiote that several microstates can produce the same macrostate: the first
switch can be off, the second switch can be off, or the third switch can b&hof$, the
thermodynamic probability, W, can be formally expeskby:

0A

© T EDA

(2)
where N is the number of system elements (particles, switches, etc.), m is the number of possible

stateg(two, in the case of the switch examplahd Nis the number of elements in the ith state

(Bonchev and Rouvray, 2003)

| NFORMATION THEORY

ClaudeShannor{Shannon, 1948)n developing a mathematical theory of communication,

proposed the definition of entropy most relevant to the topic of this thesis

O 0 0aédQ
(3)

wherepi is the probabilitysame event will occur, and K is again an arbitrary constant. This measure

of entropy is mathematically dent i c al to the expectation assdc
with pi as the probability that a particular microstate is responsible for a known taéerdhe

maximum possible value of H occurs when all events are equiprof@aatien, 1972) and is

expressed as:



O 1T
(4)

wheremis the number of possible outcomes foranev@mt.annondés f or mul a ef f e«
the uncertainty, or indeterminacy, of a particular systglanowicz, 1997) In the case where
probabilities are equal for all eventsjstimpossible to predict which event will occur with any
accuracy, and the system is maximally indetermin&m@mewhat nointuitively, this same
situation isalsosaid to have the highest informatioantent. In a system where all outcomes are
known a priori, resolution of the events yields no new information, whereas resolution of
equi probable events yields the greatest possi
measure of uncertainty, which he called entropy, measures how much is expecaddaméd
about a question when all that is known is a set of probab((ifr#sus and Mclrvine, 1979) .

As mentioned abové, her e are some notable ways in wh
f rom Sh atropy.dBy thesSeammd Law of Thermodynamics, the entropyctidsedsystem
can only increase, so any process that increases erntrogych a systens fundamentally
irreversible. This is, of course, notnecessdrily u e f or Sh an n o n@gababidites r op vy ;
for the events in a system may change such that the Shannon entropy decreases over time.
However Nicholas GeorgeseRoegenGeorgesctRoegen, 1971argued that the Second Law of
Thermodynamics, or Entropy Law, applies to economics in much the same way it does to physics.
According to GeorgeseRoegen, low entropy resources allow for economic growth, and are
converted to higher entropy resources once used. In this fashion, assuming the Earth is a relatively
closed system, inherently finite energy and material resources become unusable, and growth
ceases. Thi s isxsoncepobimgndérgy gaintvhere highdain systemd result from
the use of abundant, higjuality resources in the proper technological con{@&sinter et al.,
2003) The common reply to the notion of the Entropy Law as a limiting factor on economic growth
is to note that the Earth is not a @dssystem and that, in fact, it constantly receives a great deal

of solar energy as an exogenous input.



ULaNowicz B8 M ETRICS

Robert E.Ulanowicz et al(Ulanowicz et al., 2009use the fundamental concepts of
Information Theoryto derive a set of metrics pertaining to the performance and stability of a
system Specifically, Ulanowicz analyzed the movementafton between various species in an
ecosystem, but the metrics he proposed could be used to describe any system that consists of a
network of nodes, with some flow between those nofes.om Shannonds theor em,

the indeterminacy of a particulavent, p as:

Q@i Ig
(5)

It is apparent that aenp; is close to 0, and the event is almost centaitto occur,h; is closer to
0. Whenpi is close to 1 and the event is almost certain to obcisragain close to 0. Larger values
of hi are yielded by intermediate valuesmf with a maximum value at p of €. Ulanowicz
interpretsh; as the capacity of an event to change a system. Extremely common events and
extremely rare events are both uely to change a systeomver time as the system is likely
stabilized for common occurrences, and rare occurrences, though they may individually hold great
influence, do not occur often enougdthe aggregate indeterminacy for an entire systéns the
sum of individuahival ues, which has the same form as St
be viewed as the capacity of the entire system to undergo change.

Since flows from one node to another are ingd| it is useful to describe the entropy lohse

on the joint probabilitypj, that an amount of some medium will flow from ndd® nodej.

Ul anowicz calls this the Aaverage mutual <cons

& QR oaé e
i ndls
(6)

wherepi. is the prolability that flow from node occurs to any nodig andp;is the probability that

nodej receives flow from any nodeFurther, Ulanowicz defineSc ondi t i onal entr op

8



(7)

such thaty is the divergence of the described system from a state where all probabilities are
independent.
These metrics can be formulated in terms of flow quantity, instead of flow probability, with
some fairly simple substitutions. For some mxati flows, T, let Tj be the flow from noda to
nodej, Ti. be the total flow out of node T be the total flow into nodg andT. be the sum of all
flows in the system, or fAtot al system through

represented as rafi of these quantities:

Y,
N

Y Y
n N ng ng N
(8)

Substituting these relationshigbe entropy metrics can be written as:

N A {
-—a €
TR
(9)

S0 Yo, X%
(V) —a € .
: % Es\é

(10)
e Y
vl K 5%;7—
-8 5 Y

(11)

Ulanowicz argues thdii s a systembs fAcapacgagi tari evo)
that its two componentXandy, r epresent what is fAregular, or
wh at i s Airregul ar, di sorderl vy, i ncohlgrent,

(Ulanowicz et al., 2009Moreover, both X ang are required elements of a robust system.



Multiplying each of these metrics by the total system throughput yields three additional
metrics, fAcapacityo (C) [f)whehgivea balter sensg af thed séale, a n ¢

of the system in question:

0 "¥O 0 "¥o % ¥

(12)

Capacity represents the ability of a system to evolve and develop, and is the sum of ascendency
and reserve. Ascendency is the ability of a system to maintain itself as a cohesive whole, while
reserve is a measure of its ability to reawtuhanticipated changes. A balance of the tw
characteristics is required fdhe longterm stability of a system. Systems that have low
ascendency have fAneither the extent of actiuvi
while systems withouh d equat e reserves are fAprone to coll
di st ur(UWamawiczebdal., 209).

Ul anowiczd6s metrics are defined for cl ose
outputs are present. They can be corrected to describe open sydttethe addition of the term
described by Equation 11, where the new total system throughput is defined by equation 12.
YR LYk ¥ ¥

- z — 0§ O——
¥ ¥ ¥ Y

(13)

(14)

The ascendancy and reserve metrics are modified simply through addition of the. t8imce
capacity is the sum of these two terms, twice the qua@tity added to express open system
capacity.

6 06 ¢U0 O 0 U0 % % U
(15)
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Two additional metrics based on the main Ulanowicz metrics are potentially useful for this
analysis (Ulanowicz, 2002; Zorach and Ulanowicz, 2003he number of rolesn, andthe

effective connectivitym, can be expressed as:

(16)

(17)

The number of roles is a measure of the average number of transfers an input goes through in a
system before it becomes an output. Effective connectivity describes the average number of links
per node in a network.
The normalized average mutual constraint is known as the relative entropy:
G —

I Td&

(18)

wherea is the numbr of flows in the system, arldg(a) represents the maximum entropy, or
information content, corresponding to equiprobability or equal magnitude for eacfGhiin,

1972) The relative entropy metric includes information about both the divergence of the flows in
the system from equiprobability and from independence. On its own, X contains no information
about its maximum value, and is defined for rathl, positive numbers. Normalizing X to the
maximum entropy value for the system produces a useful scaled metric that contains, implicitly,

information about the size of the system in question.

INPUT-OUTPUT ANALYSIS

Ul anowi czds f or muitrapy allonnfar the deter@ihatiom of sguménary e
statistics describing the complexity of a network of flowsputoutput tables, of the type

described by Wassily Leonti¢feontief, 1986) represent one such network of flows suitable for

11



this kind of analysis. In general, an inguttput table consistof rows of producers and columns

of consumers, with table entries that correspond to the amgpidally reported as a monetary
valueof a particular producer 6s pr odu cdditionhlat a
columns contain dataifdinal sales to government and private consumers.

Inputoutput tables contain a higavel view of the structure of an economgnd the
information entropy concept provides a useful way to summarize this strudturealizing the
individual flows represated in an inpubutput table to the total flow throughout the system allows
for the applicati on oRNum&dusworkers tage used inforrmghon c o
entropy in concert with inpututput tables for a variety of applications, including the
determination of optimal industry group aggregation, and interpolation of missing time series data

(Theil and Urbe, 1967; Batten, 1983)

COMPLEXITY

S h a n n iofarmaiia entropy has been employed in numerous fields lzesses for the
guantitative representation of complexityBonchev and Rouvray, 2003; Mowshowitz and
Dehmer, 2012)As discussed previously, information entropy is a measure of the information
content, andi The compl exity of an object such as a
equivdent to itsinformation content Ayres, 1998)Conceptually, this is fairly simple; computer
code that executes a more complex function typically requires more lines of code and a manual to
assemble a more complicated piece of machinery requires more individual instructions. Higher
information contentlescribes a more complex system.

Ul anowi cz 6s afeatmeworkte mgoerthmrougldyadescribe the complexity of
a systemThe aggregate indeterminacy, H, of a system is the maximum information content for
the system, given the known flows. It asssecomplete independence for all flows. The average
mutual constraint, X, is bivariate measure of the entropy,roeasure of the interdependence of
the flows(Theil, 1967) The conditional entropyy, is the difference between the two, and is a

measure of the syst e mod sindgpendece.gMhiteche indeterminacyc o mp |

12
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is a measure of a hypothetical state, the average mutual constraint, #mdughpuiscaled
counterpart ascendancy, are likely more accurate representations of the actual system state.

Ulanowicz states:

Briefly, the majorattributes of more developed ecosystem networks are a larger number
of species, higher degree of cycling within the system, increased efficiency of the
components, and greater specialization ofcthraponentsEach of these properties is
capable of incresing the ascendancy of the network. More compartmentalization leads to
a higher entropy, thus raising the upped bound on the ascend&ecgscendancy

reaches its upper limit under the ideal conditions when the medium is cycled around a
single loop with o lossegUlanowicz and Hirata, 1984)

As an indicator ofliversity, efficiency, specialization, and compartmentalization, ascendancy, or
its unweighted counterpart average mutual constraint, would seem to be an ideal indicator of
overall system complexity. Other workers have noted that the DNA of more conmgbaxsms

can be classified as having higher conditional entropy vé{satin, 1972)

Further, it is apparent the number of roles and connectivityeigsyhtem, as calculated by
equationsl4 and 15, represent distinct el emelncteasesaf a S
either measure may represent an increase in complexity,a complex system requires both
gualities. Systeswith maximum connectity between very few roles, or many unconnected roles
cannot be thought of as complex. Maximum connectivity occurs when all flows in a system are
equiprobable, and the aggregate system indeterminacy and conditional eatpoatyofis/ and
8) are equal tahe maximum information entropy for the system. In this case, mutual constraint
(equation9) is zero and there is only one effective role in the system. Conversely, the maximum
number of roles exist in a system where all flows are independent, and conditional entropy is zero.
This yields a system where nodes are effectively connected to only one other neitleerin
extremecase the complexity of thesystem describes conceptially somewhat ambiguous
system composed entirely of unique nodes connected in series can in some ways be considered
rather simple, as little information is required to describe its structure. However, describing the

constituents of the systemaquiresmore information than it would if some nodes occupied the
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same roles. Thus, maximal link density or number of roles represent neither maximal overall

complexity nor minimal overall complexity.

UNITS

Un-weighted Ulanowicz metrics i, and X are express@dunits determined by the base
of the logarithm used in their calculation. For this analysis,-basdogarithms are used, so results
are in bits. A bit i's the Ai nf dUanoavicz, 1097) | nher
Weighted meics C,f, and A are equal to the wreighted metrics multiplied by total system
throughput, so they are expressed in ddiigs. As an absolute measure, these units are

meaningless, but will function for comparison of models and data in time series.
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Chapter Two: Data and Methods

DATA

The main data for this thesis are from the World Ij@aitput Database (WIOD), a
synthesis of natimal inputoutput tables into @me series of tables representing industyy
industry trade for the worl{Timmer et al., 2012)TheWorld InputOutput TablegWIOT) that
comprise much of the WIOD are constructed from national Stigpéy Tables or InpuDutput
Tables, United Nations National Accounts industrial output and consumption data, and
international trade data. National data sources are indicatgapendix A It should be noted that,
while The WIOD contains data on a yearlsks, data is only available at irregular intervals for
many of the included countries. In the case of missing data, National Accounts statistics are used
for interpolation. Further, harmonization of data sources to a common standard involved a
combinationof product and industry classification, aggregation by product and industry, and
adjustments based on reference year and price concept.

The WIOD includeswWIOTs for each year from 199% 2011. Data are included for
products in35 industries, produced asdnsumed by 40 countries. The countries selected are 27
members of the European Union and 13 other major nations throughout the world, that collectively
account for more than 85 percent of the global Gross Domestic Pr@dloncher et al., 2012)

These countries, along with the 1SO 31b@lpha3 country codes they are listed under in the

WIOD, are identified infable 1below.
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European Union North America Asia and Pacific
Austria (AUT) Germany (DEU) Netherlands (NLD) Canada (CAN) China (CHN)
Belgium (BEL)  Greece (GRC) Poland (POL) United StategUSA) | India (IND)
Bulgaria (BGR) Hungary (HUN) Portugal(PRT) Mexico (MEX) Japan (JPN)
Cyprus (CYP) Ireland (IRL) Romania (ROU) South Korea (KOR
Czech Republic

(CZE) Italy (ITA) Slovak Republic (SVK) | South America Australia (AUS)
Denmark (DNK) Latvia (LVA) Slovenia (SVN) Brazil (BRA) Taiwan (TWN)
Estonia(EST) Lithuania (LTU) Spain (ESP) Turkey (TUR)
Finland (FIN) Luxembarrg (LUX) Sweden (SWE) Indonesia (IDN)
France (FRA) Malta (MLT) United Kingdom (GBR) Russia (RUS)

Table 1 List of countries in WIOD, with ISO 31@6alpha3 country codes

The WIOD also includes data for the Rest of the World (RoW), which is modeled due to
insufficient data sources for many of the countries not explicitly included in the WIOD. Imports
and exports for the RoW are derivessidually, and & inputoutput struture is modeled as that
of an average developing country.

The industries included in the WIOD are listedTiable 2 Theses 35 industries are
aggregated from 59 products present in the supgdytables used in the creation of each WIOT.
Though they are thresult of aggregation, use of the WIOT data requires the assumption that each

industry produces only one unique product.
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NACE WIOT
Code | Description of Industry Column
AtB Agriculture, Hunting, Forestry and Fishing cl
C Mining and Quarrying c2
15t16 Food, Beverages and Tobacco c3
17t18 Textiles and Textile Products c4
19 Leather, Leather and Footwear c5
20 Wood and Products of Wood and Cork c6
21t22 Pulp, Paper, Paper , Printing and Publishing c7
23 Coke, Refined Petroleum and Nuclear Fuel c8
24 Chemicals and Chemical Products c9
25 Rubber and Plastics cl0
26 Other NonrMetallic Mineral cll
27t28 Basic Metals and Fabricated Metal cl2
29 Machinery, Nec c13
30t33 Electrical and Optical Equipment cl4a
34135 Transport Equipment cl5
36t37 Manufacturing, Nec; Recycling cl6
E Electricity, Gas and Water Supply cl7
F Construction cl8
50 Sale, Maintenance and Repair of Motor Vehicles and Motorcycles; Retail Sale of cl9
51 Wholesale Trade and Commission Trade, Except of Motor Vehiulellotorcycles c20
52 Retail Trade, Except of Motor Vehicles and Motorcycles; Repair of Household Go c21
H Hotels and Restaurants c22
60 Inland Transport c23
61 Water Transport c24
62 Air Transport c25
63 Other Supporting and Auxiliary Transp8udtivities; Activities of Travel Agencies c26
64 Post and Telecommunications c27
J Financial Intermediation c28
70 Real Estate Activities c29
71t74 Renting of M&Eq and Other Business Activities c30
L Public Admin and Defence; Compulsory Sdéatiurity c31
M Education c32
N Health and Social Work c33
(0] Other Community, Social and Personal Services c34
P Private Households with Employed Persons c35

Table 2 List of industries in WIOD, with Nomenclature of Economic Activities (NACE) codes
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The general structure of a WIOT can be sedrignire 1 Rows indicate producers, while
columns indicate consumers, both by industry and country. A cell in the table represents the value
of the products flowing from a producer to a consumer. Industrydigstny flow is considered
intermediate use, where products from one industry are used to create the products of another.

Final use is also included in the table, as purchases by private and government consumers.

Country A Country B JRest of World] Country A | Country B JRest of Wr::-rl(ll
Intermediate | Intermediate | Intermediate Final Final Final
Industry Industry Industry domestic domestic domestic Total
> Intermediate | Intermediate | Intermediate Final use oflFinal use b Final use by
@ use of use by B of | use by RoW . 1 RoW of Output
Country A 3 . domestic |B of exportsy .
-] domestic exports from | of exports exports from || in A
= output from A
= output A from A A
ntermediate | Intermediate | Intermediate inal use |_. inal use
> | di | di 1 di Final Final use of Final by
Countrv B % | use by A of use of use by RoW by A of domestic RoW of Output
Yy ‘E exports from domestic of exports exports output exports from in B
= B output from B from B B
= Intermediate | Intermediate | Intermediate | Final use Final bl Einal f
Restof World & || use by A of | use by B of use of by A of inat use byp rina use. o Output
3 . B of exports] domestic |.
(RoW) @ |exports from | exports from domestic exports in RoW
£ from RoW output
= RoW RoW output from RoW
Value added | Value added | Value added
Output in A | Outputin B Putput in RoV

Figure 1 General structure of a World Ing-Output Tablefrom Timmer (2012)

Payments for labor, capital, and government are included at the bottom of the intermediate
use section of the table. Summing over a column associated with a particular industry in a
particular country will yield the samresult as summing over the row associated with that industry.
It is fundamental to the conceptofaninpuit put t abl e that the total
equals the total cost of the resources it procured to make that output.

Energy consumptigrenergyproduction emissions, and populatiolataused in this thesis
are from the U.S. Energy Information Administratidmnual data fronil995 through 2011 are
used for comparison to calculated complexity metrics. Time series plots of total primegy ene

consumption and production, in qudlilsh BTU, are shown in Figure 2.
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Global Total Energy Consumption and Production
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Figure 2 Time series of global total energy consumption and production from 1995 to 2011

Figures 3 and 4 showotal primary energy production by WIOD country. The RoW world
values were obtained by subtracting the sum of the production for the WIOD countries from the

total global production shown in Figure 2.

Total Primary Energy Production by Country
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Figure 3 Time series of total primary energy prodion for top producing countries and rest of
world from 1995 to 2011
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Total Primary Energy Production by Country
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Figure 4: Time series of total primary energy production for mid and low producing countries
from 1995 to 2011

Figures 5 and 6 show total primary energy consumption by WIOD countryinAtie value for

the rest of the world is calculated.
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Total Primary Energy Consumption by Country
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Figure 5 Time series of total primarynergy consumptiofor top producing countries and rest
of world from 1995 to 2011

Total Primary Energy Consumption by Country
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Figure 6: Time series of total primary energy consumption for mid anghioducing countries
from 1995 to 2011
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Figure 7 showdJ otal Primary Energy Consumption per capita. Canada, Luxembourg, and
the United States consistently have the highest per capita consumption, at values exceeding 300
million BTU per aptecossomption is consistanfysthe fpwest ofcall WIOD

nations, at values between 12 and 20 million BTU per person.

Total Primary Energy Consumption Per Capita
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Figure 7: Time series of total primary energy consumption per capita from 1995 to 2011

Figures 8 and $how net total primary energy quuction normalized to total energy
production (production minus consumption, divided by production) for each co@ypyus,
Malta, Estonia, and Luxembourg are excluded from these figures, since they typically have no
production, or production values kv as to produce very large negative numbers. Additionally,

Figure 9 excludes countries with net consumption values greater than three times their total energy
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production, as to allow better visual distinction between the bulk of countries with lessextre

values. Ireland, Taiwan, Italy, Spain, Japan, South Korea, Latvia, and Portugal have the most

negative normalized net production values. Australia, Catadanesia, Mexico, Russia, and the

rest of the world (RoW) are net producers for every year fi®@®d to 2011. Th&nited Kingdom

moved from being a net producer to a net consumer in 2004, and Denmark went from being a net

consumer to a net producer in 1999.

Net Production as Percent of Total Production
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Figure 8: Time series afet primary energy production normalized to total primary energy
productionfrom 1995 to 2011Cyprus, Estonia, Malta and Luxembourg excluded.
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Net Production as Percent of Total Production
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Figure 9: Time series of net primary energy production normalized to total primary energy

production from 1995 to 201No countries with net consumption greater than 3
timestheir production are shown.

The data from the Energy Information Administration cover significantly more countries
than areexplicitly included in to WIOD. On average The WIOD countrigst counting the RoW,
account for 81 percent of global total primary energy consumptior6@percent of global total
energy productin. Figure 10s a time series showing the change in the percent of consumption
and production accounted for by the WIOD countries. A gemeedeasing trend can be seen in
the consumption statistic, which means that countries not explicitly included in the WIOD are
consuming an increasing percentage of the wor

increasing trend in the RoW energynsumption seen in figures above.
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Share of Energy Consumption and Production by WIOD
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Figure 10: Time serie®f percent of total global production and consumption accounted for by
WIOD countriesfrom 1995 to 2011

METHODS

Ulanowicz metrics were calculated from WIOT data with a series of MATLAB scripts.
These scripts are includedAppendix C Each script is fundamentally a tool to select the pertinent
cells from the raw WIOT data in Microsoft Excel table format, and calculate the metrics on a cell
by-cell basisThey differ primarily in the cells theyetect. Thedata model of interest determines
the desired cellSix models are considered in this analyElseese models are summarized in Table

3 and described in detail below.
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Model Name Data Included ReportingLevel Calculation Method
OpenGlobal All intermediate flows World All data treated as endogenous
Closed Global Allintermediate, final use, World All data treated as endogenous
and value added flows
Global Input All intermediate, final use, Valueadded treated as exogenous inpul
World . .
Output and value added flows Final use treated as exogenous input
Open Domestic Only domeﬂs(;ilt\:lsmtermedlate Country All data treated as endogenous
. | Domestic intermediate, final
Closed Domestic Country All data treatedas endogenous
use, and value added flows
Domestic Input | Domestic intermediate, final Value added treated as exogenous inp
Country . .
Output use, and value added flows Final use treated as exogenous input

Table 3 List of models used for analysis of WIOT data

The most basic model includes the intermediate flow datasdr country in the WIOD
and the rest of theavld (RoW). Only flows from industry to industry are cmtesed endogenous
in this case. This model is considered open, since there are flows hatesh¢hat could be

considered exogenous in other analy3&é& Ulanowicz metrics are calculated at the global level.

The data uses in this model are indicated in Figure 11.

Figure 11 Data used (highlighted in blue) for open global model analysis.
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Country A Country B Rest of World Country A Country B Rest of World | Total
1 12 13 1411 12 13 14{11 12 13 14 Final Use Final Use Final Use Output
Industry 1 i
Intermediate Intermediate Intermediate Final Useof | Final Useby: Final Use by
Industry 2 .i Use by Country . Output
Country A Use of Domesti B of Exports Use by RoW o Domestic Country B of | RoW of Exportg from A
Industry 3 Product f pA Exports from B| Product Exports from A from B
Industry 4 LIx]
Industry 1 | Intermediate
Intermediate | Intermediate Final Useby | Final Useof | Final Use by
Industry 2 | Use by Country; . . Output
Country B A of Exports Use of Domesti¢ Use by Row of Country A of Domestic RoW of Exports from B
Industry 3 f FI)B Product Exports from B| Exports from B Product from B
Industry 4 IR
Industry 1 | |ntermediate | Intermediate T Final Use by | Final Use by Final Use of | outout
Rest of Industry 2 | Use by Country, Use by Country .| Country Aof | Country B of ) P
Use of Domesti Domestic from
World  ndustry 3 A of Exports B of Exports Exports from | Exports from
f RoW f ROW Product ROW ROW Product RoW
Industry 4 rom Ro rom Ro o} o}
Value Added | Value Added | Value Added
Total Output | Total Output Total Output




Moving from an open model to a more closed model involves the consideration of final
use and value added quantitias shown in Figure 12Vith a few exceptions, this model makes
use of all of the available data. Changes in inventory and purchases alwoaut included, as
they may sum to negative numbers and produce unusable results. Moreover, they account for only
a very small fraction of total system throughput, and it is unclear where they could be accounted
for elsewhere, were corrections to be mad®sed models that include government andapeiv
spendingallow closer correlation between monetary value of products and the embodied energy

of those products, suggesting enebgged valuatiofCostanza, 1980; Costanza and Herendeen,

1984)

Figure 12 Data used (highlighted iblue) for closed global model analysis.

Country A Country B Rest of World Country A Country B Rest of World | Total
I 12 13 1411 12 13 1411 12 13 14 Final Use Final Use Final Use Output
Industry 1 Intermediate
Intermediate Intermediate Final Use of | Final Useby | Final Use by
Industry 2 .i Use by Country; . Output
Country A Use of Domesti B of Exports Use by RoW o Domestic Country B of | RoW of Exportg from A
Industry 3 Product § ’; Exports from B| Product Exports from A from B
Industry 4 Iy
Industry 1 | |ntermediate
Industry 2 | Use by Countr Intermediate | Intermediate Final Use by | Final Use of | Final Use by Outout
Country B y A of)IlEx orts y Use of Domesti¢ Use by Row of Country A of Domestic RoW of Exportg frors B
Industry 3 fi % Product Exports from B| Exports from B Product from B
Industry 4 e
Industry 1 | |ntermediate | Intermediate ) Final Use by | Final Use by :
Intermediate Final Use of | Output
Rest of Industry 2 | Use by Country, Use by Country .| Country Aof . Country B of .
Use of Domesti Domestic from
World  |ndustry 3 A of Exports B of Exports Exports from | Exports from
from RoW from RoW RS RowW RoW LR TS Row
Industry 4
Value Added | Value Added | Value Added
Total Output | Total Output Total Output

Figure 13 shows the data used for the global hopiput model. All data are used in this
model, but only interndiate flows are considered endogenous. Added value flows are condensed
into one node per industry pesuntry and incorporated as exogenous inputs. Final use values are
similarly considered as exogenous outputs. Inputs and outputs are incorporated into complexity

metrics through equatialB.
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Country A Country B Rest of World Country A Country B Rest of World | Total
11 12 13 14711 12 13 14111 12 13 14 Final Use Final Use Final Use Output
Industry 1 Intermedi
Intermediate ermediate Intermediate Final Use of | Final Useby | Final Use by
Industry 2 .1 Use by Country, . Output
Country A Use of Domesti B of Exports Use by RoW o Domestic Country B of | RoW of Exports from A
Industry 3 Product f pA Exports from B| Product Exports from A from B
Industry 4 el
Industry 1 | |ntermediate
Industry 2 | Use by Countr Intermediate | Intermediate Final Use by | Final Useof | Final Use by Outout
Country B y A of)IIEx orts ¥ Use of Domesti¢ Use by RoW ol Country A of Domestic RoW of Exportg frors B
Industry 3 f 73 Product Exports from B| Exports from B Product from B
Industry 4 A1
Industry 1 | |ntermediate | Intermediate I Final Use by | Final Use by Final Use of | Outout
Rest of Industry 2 | Use by Country. Use by Country .| Country Aof | Country B of ) P
Use of Domesti Domestic from
World  |ndustry 3 A of Exports B of Exports Exports from | Exports from
" ROW f RoW Product ROW RoW Product RowW
Industry 4 rom Ro rom Ro (o} 0
Value Added | Value Added | Value Added
Total Output | Total Output Total Output

Figure 13 Data usedor globalinputoutputmodel analysisintermediate flows are highlighted
in blue. Data included as exogenous inputs and outputs are in green and yellow,
respectively.
Figure 14shows the WIOT data used for the open domestic model. In this model, only
national intermediate uselues are selealeand usedEach country is considered individually

instead of being aggregated into a set of global mefrlus data represent only the monetary value

of outputs from the industries of a country used as inputs to industries from the same country.

Figure 14 Data used (highlighted in blue) for open domestic model analM&sics are
calculated for each country.

28

Country A Country B Rest of World Country A Country B Rest of World | Total
1712 13 147112 12 13 14411 12 13 14 Final Use Final Use Final Use Output
Industry 1 Intermediate
Intermediate Intermediate Final Use of | Final Useby | Final Use by
Industry 2 .i Use by Country . Output
Country A Use of Domesti B of Exports Use by RoW o Domestic Country B of | RoW of Exportg from A
Industry 3 Product fi I:\ Exports from B Product Exports from A from B
Industry 4 rom
Industry 1 | |ntermediate
rmediate | Intermediate Final Useby | Final Useof | Final Use by
Industry 2 | Use by Country . . Output
Country B A of Exports Use oNQomesti¢ Use by Row ol Country A of Domestic RoW of Exportg from B
Industry 3 f pB Prod Exports from B| Exports from B Product from B
Industry 4 rom
Industry 1 | |ntermediate | Intermediate Mermediate | [N Useby | FinalUseby . | O
Rest of Industry 2 | Use by Country Use by Country; .| Country Aof | Country B of . P
Use olWomesti Domestic from
World  |ndustry 3 A of Exports B of Exports Exports from | Exports from
from RoW from RoW Produtt RoW RowW Product Row
Industry 4
Value Added | Value Added | Value Added
Total Output | Total Output Total Output




Figure 15shows the data used for the closed domestic model analysis. Again, final use and
value added data are included, but only witeath countrylnventory change and purchases
abroad data are once again excluded for the reasons describedAdlbase of domestic product

is endogenous for the closed domestic model.

Country A Country B Rest of World Country A Country B Rest of World | Total
1712 13 147112 12 13 14411 12 13 14 Final Use Final Use Final Use Output

Industry 1 Intermediate

Industry 2 Intermediate Use by Countr Intermediate Final Use of | Final Useby: Final Use by Outout
Country A y Use of Domesti B of}I/Ex orts b Use by RoW o Domestic Country B of | RoW of Exportg frorsA

Industry 3 Product fi IZ Exports from B Product Exports from A from B

Industry 4 rom

Industry 1 | Intermediate

Industry 2 | Use by Countr IMNgrmediate | Intermediate Final Use by Final Use by Outout
Country B Y y Use olQomesti¢ Use by Row ol Country A of RoW of Exportg P

Industry 3 A of Exports from B

f B Prod Exports from B| Exports from B from B
Industry 4 rom
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Figure 15: Data used (highlighted in blue) for closed domestic rhadelysis.Metrics are
calculated for each country.

The domestic inpubutput model is shown in Figure 16. Added value flows are condensed
into one node per industry per country and incorporated as exogenous inputs. Final use values are
similarly consideed as exogenous outpugsdditionally, intermediate use by other countries of
products from the country of interest is included in the output value. Intermediate use of products
from other countries is considered in the input. Thus, where the domestiarapelosed models
describe the economy of each country strictly based on domestic flows, the domestnipptit

model is the same as the global irputput model, but broken down by country.
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Figure 16 Data used fodomestic inpubutputmodel analysisintermediate flows are
highlighted in blue. Data included as exogenous inputs and outputs are in green
and yellow, respectively. Metrics are calculated for each country.

The MATLAB scripts used for this analysis accomplish the selectitimediows required
for each model by looping through the entire WIOT and setting any flows that do not meet the
selection criteria to zero. For instance, the open international trade model requires that no
intermediatedomeste, final useor value addedidws are included. To exclude the final use and
value added data, the initial import of the data is restricted to the intermediate use tal8ecells.
there are 35 industries represented in the WIOT per countrjyse of the domestic is
accomplisheavith a loop that selects the intersection of the first 35 columns and 35 rows, then the
intersection of rows and columns 36 through 70, and so on. Once selected, these flows are set to
zero.

Once the unnecessary flows are set to zero, another portibea BfATLAB script loops
through each cell in the modified matrix and calculates the portion of each Ulanowicz metric
contributed by that particular celising equations 9 through 12aMes of zeroare ignored, since
the logarithm of zero is undefined. tims way, the previolg excluded values are not used in the
calculations, since they have been set to zero. A running sum of the calculated values is kept in

memory, which yields the final Ulanowicz metrics once the entatix has been looped through.

30



The final metrics are then written out to a text file for plotting, interpretation, and further
calculations.

Additional calculationsincluding those for relative entropy, number of roles, and effective
connectivity,are carried out iR, a statistical ppgramming languagén addition R scripts were

used inthe creation of plots for comparison of complexity metrics to energy data.
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Chapter Three: Results

TIME SERIES RESULTS

Ulanowicz metrics were plotted by year for each mdéigurel7 showstimesseres plots
of weighted metrics Cf,, and A, for both open and closed global models. A steady increase in
value can be seen for all metrics between 2002 and 2008. A decrease is apparent between 2008
and 2009, with values increasing after tfidte results for the open model are lower than those for
the closed modeResults for the global inpidutput model are between those for the open and
closed models, but much closer to those for the open model. For the weighted metrics, the
differences beveen models are largely explained by differences in total system throughput.

Throughput is significantly higher for the closed model.

Global Ulanowicz Metrics
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Figure 17 Time series of weightddlanowicz metrics for operjosed and inputoutputglobal
models.
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Time series plat of the uaweightedUlanowicz metrics, Hy and X, shown irFigure 18
indicate a rather different trend. The values change very little over the entire time period covered
by the WOD, with the exception ddlight decreases between 2008 and 2009 evideit &ndy .

Unlike the weighted results, the open model results are larger than the closed modelesults.
inputoutput metrics are consistently the lowest. This is likely due to the relatively high system

throughput and comparatively smajistem.

Global Ulanowicz Metrics
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Figure 18 Time series of umveighted Ulanowicz metrics for opariosed and inputoutput
global models.

Figures 19through 36 show theweightedUlanowicz metrics in time series fapen
closed and inputoutputdomestic modelsThe United States, China, Japan, and rest of the world
consistently have the highest weighted metrics among the non European Union countries for both

closed and open models. With the exception of Japan, the metrics for those coungees aky

increasng from 1995 to 2001. Germany, Italy, France, Spain, and the United Kingdom have the
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highest values among the European Union countries. For all countries, open model values are
lower than closed model valuéishe sequence of countries from high metriarealto low metric

values is generally preserved, regardldgh® metric or model. The relationship between China

and the United States is a notable and recurring exception; for each thetopenand input
outputmodel valus for China surpass thoskthe United States toward the end of the time series

In the closednodel, The United States metrics are the highest for the entire time $hagwmint

where the Chinese metrics overtake those foltiged States typically occurs later for the input

output model than it does for the open model.

Domestic Capacity Metric for NorEU Countries
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Figure 19: Open model domestic capacity (C) time series forEammpean Union countries
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Domestic Capacity Metric for NaelU Countries (closed model)
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Figure 2Q Closed model domestic capacity (C) time series forfumopean Union countries

Domestic Capacity Metric for NorEU Countries (I/O model)
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Figure 21 Inputoutputmodel domestic capacity (C) time series for BEoinopean Union
countries
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Domestic Capacity Metric for EU Countries
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Figure 22 Open model domestic capacity (C) time series for European Union countries

Domestic Capacity Metric for EU Countries (closed model)
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Figure 23 Closed model domestic capacity (C) time series for European Union countries
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Domestic Capacity Metric for EU Countries (I/O model)
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Figure 24 Input-outputmodel domestic capacity (C) time series for European Union countries

Domestic Reserve Metric for NofEU Countries
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Figure 25 Open model domestic reserv® {ime series for non European Union countries
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Domestic Reserve Metric for NdflJ Countries (closed model)
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Figure 26 Closed model domestic reserv@ {ime series for no&uropean Union countries

Domestic Reserve Metric for NorEU Countries (I/O model)
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Figure 27 Inputoutputmodel domestic reservé)(time series for non European Union
countries
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Domestic Reserve Metric for EU Countries
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Figure 28 Open model domestic reserv® {ime series for European Union countries

Domestic Reserve Metric for EU Countries (closed model)
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Figure 29 Closed model domestic reser/@ {ime series for European Union countries
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Domestic Reserve Metric for EU Countries (I1/O model)
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Figure 3Q Inputoutputmodel domestic reservé)(time series for European Union countries

Domestic Ascendancy Metric for NoiEU Countries
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Figure 31 Open model domestic aswdancy (A) time series for n&uropean Union countries
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Domestic Ascendancy Metric for NoiEU Countries (closed

model)
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Figure 32 Closed modetliomestic asendancy (A) time series for n&uropean Union countries

Domestic Ascendancy Metric for NoiEU Countries (1/0
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Figure 33 Inputoutputmodel domestic asadancy (A) time series for n&uropean Union
countries
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Domestic Ascendancy Metric for EU Countries
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Figure 34 Open model domestic ascendancy (A) time series for European Union esuntri

Domestic Ascendancy Metric for EU Countries (closed model)
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Figure 3: Closed model domestic ascendancy (A) time series for European Union countries
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Domestic Ascendancy Metric for EU Countries (I/O model)
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Figure 36 Input—ou_tputmodel domestic ascendancy (A) time series for European Union
countries

Figures 37through56 show the urweighted Ulanowicz metrics in time series for open
and closed domestic modelsew clear and consistent trends are observable. Metrics for
Luxembourg tend to be significantly low#ran those foother European Union countries, and
decreasingoetween 1995 and 2007Cyprus, Greece, Ireland, and Malta typically have lower
aggregate indeterminacy and conditional entropy values theouatries but Luxembourg. These
same countries generally have relatively high mutual constraint values, contpactder

European Union countries, but this is not consistent for the three models.
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Domestic (H) Metric for NorEU Countries (/O model)
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Figure 39 Inputoutputmodel aggregate indeterminacy (H) time series for Boropean Union
countries
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Figure 40 Open model aggregate indeterminacy (H) time series for European Union countries
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Domestic (H) Metric for EU Countries (no LUX)(open model)
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Figure 41 Open model aggregatadeteminacy (H) time series for ndauropean Union
countries, excluding Luxembourg

Domestic (H) Metric for EU Countries (closed model)
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Figure 42 Closed model aggregate indeterminacy (H) time series for European Union countries
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Domestic (H) Metric for EU Countries (I/O model)
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Figure 43 Inputoutputmodel aggregate indetermacy (H) time series fdEuropean Union
countries
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Domestic (- ) Metric for Non-EU Countries (closed model)
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Figure 45 Closed model conditional entropy X time series for non European Union countries
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Figure 46 Input-outputmodel conditional entropy/) time series for noBuropean Union
countries
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Domestic (- ) Metric for EU Countries (open model)

AUT BEL BGR CYP CZE DEU DNK ESP EST
—FIN FRA ——GBR——GRC HUN IRL ITA LTU LUX
LVA MLT NLD POL PRT ROU SVK SVN SWE

e —

7.5 — —_—

——— —————————

7 —— e e e —
6.5 — e — M
L N s~
IRL
4.5
4
35

1994 1996 1998 2000 2002 2004 2006 2008 2010

2012

Figure 47 Open model conditional entropy) time series for European Union countries

Domestic (- ) Metric for EU Countries (no LUX)(open model)
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Figure 48: Open model conditional entropy) time series for European Union countries,

excluding Luxembourg
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Domestic (- ) Metric for EU Countries (closed model)
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Figure 49 Closed model conditional entropy X time series for European Union countries

Domestic @ ) Metric for EU Countries (I/O model)
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Figure 5Q Inputoutputmodel conditional entropyA) time series for European Union countries

50



Domestic (X) Metric for NorEU Countries (open model)
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Figure 51 Open model average mutuadnstraint (X) time series for nd&uropean Union
countries

Domestic (X) Metric for NorEU Countries (closed model)
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Figure 52 Closed model average mutual constraint (X) time series for non European Union
countries
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Domestic (X) Metric for NorEU Countries (I/O model)
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Figure 53 Inputoutputmodel average mutual constraint (X) time series for non European
Union countries

Domestic (X) Metric for EU Countries (open model)
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Figure 5. Open model average mutual constraint (X) time series for European Union countries
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Domestic (X) Metric for EU Countries (closed model)

—AUT —BEL —BGR —CYP ——CZE DEU DNK
—ESP ——EST ——FIN FRA  ——GBR ——GRC HUN
—IRL —ITA —LTU ——LUX LVA MLT NLD
—pPOL —PRT —ROU ——SVK ——SVN ——SWE
13
GRC
IRL CYP
1.2

= =

2 —
= S i += P e —
1 = —_— —_——
e N\
POL
0.9
0.8

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012

Figure %: Closed model average mutual constraint (X) time series for European Union
countries

Domestic (X) Metric for EU Countries (I/O model)
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Figure 56 Input-outputmodel average mutual constraint (X) time series for European Union
countries
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Chapter Four: Discussionof Results

GLOBAL MODEL RESULTS

The primary aim of this thesis is to explore the relationship between total energy
consumption and economic complexiBlotting total primary energy consumption against the
calculated complexity metrics would seem a reasonable way to begin such an explEigiies.

57 shows plots of total primary energy consumptiang ai nst Ul an cscendangys c ap
and reserve macs. In all cases, there appears to be arlydogarithmic relationship betwedine

two variablesResults of Pearson product moment cotiehatesting are show in Table # is

apparent from these statistics that correlation is improved when thsettog of the metricss

used, though correlation is strong and significant in all cases. Capaditgserve uniformly show

stronger correlation than ascendancy, andripetouputmodel yields stronger correlation than

the other models. Apparent logamic correlation may simply be an artifact of a combination of

strictly linear trends; after 2002, capacity and ascendancy increase at a greater rate than they did
before 2002. A decrease in capacity and ascendancy can be seen between 2008 and Y009, likel

correspondingtothe Gr eat Recessi ono.
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Model Variable 1 Variable 2 | Correlation Coefficient| Significance
C 0.9732155 5.50E11
A 0.9699941 1.28E10
: Phi 0.9743945 3.93E11
Consumption
logC 0.9871781 2.28E13
logA 0.9835762 1.45E12
Global Open logPhi 0.9884706 1.03E13
C 0.9642649 4.65E10
A 0.9604635 9.82E10
. Phi 0.9657168 3.42E10
logConsumption
logC 0.9826879 2.14E12
logA 0.9783031 1.15E11
logPhi 0.9843438 1.01E12
C 0.9732155 5.50E11
A 0.9699941 1.28E10
: Phi 0.9763212 2.20E11
Consumption
logC 0.9871781 2.28E13
logA 0.9835762 1.45E12
Global Closed logPhi 0.9882527 1.19E13
C 0.9665187 2.87E10
A 0.9625455 6.59E10
. Phi 0.967817 2.14E10
logConsumption
logC 0.9826879 2.14E12
logA 0.9783031 1.15E11
logPhi 0.9839103 1.24E12
C 0.9738853 4.55E11
A 0.9705984 1.10E10
: Phi 0.9750963 3.20E11
Consumption
logC 0.9875288 1.85E13
logA 0.9844478 9.62E13
Global Input logPhi 0.9886105 9.42E14
Output C 0.96498 4.01E10
A 0.9610907 8.73E10
. Phi 0.9664546 2.92E10
logConsumption
logC 0.9830177 1.85E12
logA 0.9792383 8.28E12
logPhi 0.9844007 9.85E13

Table 4

Pear sonds

product

mo m e-values forocornelatibnadsti
betweerenergy consumption and weighted Ulanowicz test metrics, and log values

of the sameRelatively high correlation values are highlighted
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Figure 57 Plots ofcapacity(C), ascendancy (A), and reserye {s. total primary energy
consumption for all global models
Though strong correlation is apparent between total primary energy consumption and the
weighted Ulanowicz metrics, this is likely due to a confoundigable. As can be seen in Figure
58, there is also a strong relationship between total primary energy consumption and total system

throughput, which is a large component of the weighted Ulanowicz metrics.
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Figure 38: Plots of total system throughpug. total primary energy consumptitor all global
models

For the global models, this same impact can be seen in the time series data (Figures 17 and
18), where the weighted metrics show a trend that is not apparent iredginied metrics. The
magntude of total system throughput overwhelms the much smalleveighted metrics, and
imparts trends that are accounted for strictly by changes in the magnitude of the economy, not in
its underlying structure. While this sort of information may be usefulofber analyses, the
complexity of the relationships within the global economy is of greater concern for this analysis.

Figure 59 shows the relationships betwetatial system throughput and the-weighted
Ulanowicz metrics:aggregate system indetermiya(H), average mutuatonstraint X), and
conditional entropy ). This effectively shows the relationship between an increasing amount of
money in the economy, and economic complexity under the assumption of coffiplete
independenceThere should be noonfounding variable accounting for the relationship between

these two variables.
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Figure 59 Plots of aggregate system indeterminacy (H), average mutual constraint (X), and
conditional entropy ¥) vs. total system throughpidar all global models

The first observation that should be addressed in rel&igigure 60 is that the metric
values ardarger for the open nuels tharfor the close@nd inputoutputmodels. The open models
do not contain final demand or value added, so they are smadlsype, and the higher value may
seem counterintuitiveHHowever, when the nature of the complexity metrics is considered, the

apparent inversion sees to make sens¥alue added dollar amounts tend to be significantly larger
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than other single flows, commignabove 50 percent of total output for an industife
contribution of each table cell to H is:
0 Yaed

b (19)
whereTij is the flow represented in the cell, afdis the total system throughputhis fundion
has its maximumvalue ate?, which coresponds to a probability of approximately 0.37.
Probabilities greater thahis yieldincreasingly smaller numbeis. a table of over 2 million cells,
it is extremely unlikely that any one cellll have a value even remotely close to 37 percent of the
total system throughput, so it is safe to say that, in this case, higher flows yield highlees.
The WIOT tables are mainly filled with numbers that correspond to very small probabilities,
relative to those contributed by the few large numbers included in the value addddhomgh a
few relatively large numberare added when moving from apen to closed model, the
overwhelming majority of addeftow values ardetween zero and on€he addion of the large
values increases the total system throughput significantly, so all of the probabilities are now
reduced. Essentially, the lower metric value is a result of the vast majority of the flows now
contributing a decreasdgvalue to the totaietric. Conceptually, thisiow makes senseadding
a small set of high probability flows, and significantly lowering the probabilities of the other flows
makes the system more determinate, and decreases its information content.

Nearly linear trends ar@pparent irthe plots in Figure 60 for the closed and inputput
models, particularly between the years 2002 and 2008. This period corresponds to a consistent rise
in both total system throughput and increases in all metrics. Ulanowicz metric valded ten
decrease between 1995 and 2002, while total system throughput increased slightly. Between 2008
and 2009, the effect of the Great Recession is readily appaotaltsystem throughput decreases
slightly, and metric values generally drop significanBor the closed and inpoutput modelsH

values drop to levels seen around 2005, jardlues drop to levels near those2003. Curiously,
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the X metric for 2009 is higher than in 2008 for the closed model, and no great decrease is seen for
the inputoutput model. Trends for the open model are, in a very general sense, similar to those
seen for the other models, but their magnitudes are distorted. The validity of the open model for
assessing trends like those in Figure 60 is questionable, as it exalgdgificant portion of the

flows contained in each WIOT.

Table 5shows results of Pearson product moment correlation testing foel&t®mship
between the umweightedUlanowicz metrics and total primary energy consumption for the global
models.Correlation is strong and significant for all closed and iwquiput metrics. No correlation
is apparent between consumption aneuaghted metrics for the open modehe open model is
unique in this analysis in that it does not takeaages, taxegr final consumption into account.
These transactions make up a significant portion of the total system throughput for the world, so
it is perhaps not surprising that their exclusion yie&dsilts inconsistent with those from the other
models. Costanza 918 0 ) found that the doll ar wvalue of
strongly with the combined direct and embodied energy consumed in the production of that output

when labor and government expenses were considered. The results here support thgse find

Model Variable 1 Variable 2 Correlation Coefficient | Significance

H 0.1996281 4.42E01

Global Open Consumption X 0.2991808 2.43E01
Psi 0.02307037 9.30E01

H 0.8904384 1.67E06

Global Closed Consumption X 0.8209065 5.38E05
Psi 0.815103 6.72E05

H 0.9337863 4.34E08

Global InputOutput | Consumption X 0.9120181 3.43E07
Psi 0.8827151 2.72E06

Table5 Pearsondés product mo me-values orocormelatibnadsti on c o e
between energy consumption ameweightedUlanowicz test metrics

These resultsnesh well with what can be seen in the plots of totally primary energy

consumption versus the uveighted Ulanowicz metrics, shown in Figure 61. As with the plots in
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Figure 60, a nearly linear relationship can be desween the two variables for the closed and
input-output models, particularly for thémetrics. Trends similar to those in the relations between

the unweighted metrics and total system throughput are once again apparent when the metrics are
compared t@nergy consumptio steady increase in both consumption and metric values is seen
for years 2002 through 2008. Between 2008 and 2009, consumption decreased slightl, while

andX decrease more significantly.
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Figure 6Q Plots of aggregate systemdeterminacy (H), average mutual constraint (X), and
conditional entropy ¥) vs. total primary energy consumptitor all global models
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substatially, X drops very little or increases, depending on the model used to calculate the metric.
This lends credence to the idea that the conditional entpgfyu nct i ons as &t syst e
adapt to novel situations. Durintbe Great Recession, it appears that the greater decregse in

made up the largest portion of the overall decrease in overall system complexity, as measured by

H, effectively buffering the system and allowing for minimal disruption to overall system
organzation, measured b¥One potent i al d r a wneightel mditrios islHata n o wi
they contain no information about their magnitude in any absolute sense, as their maximum values
are not indicated. Normalizing the metrics to their maximum valuesleslated by equation 4,

should yield additional information about the magnitude of the metric within a defined range.
Normalizing average mutual constrainth@ maximum information entropy for the system, as in
equation 18, gives a quantity known &e telative entropy. This value is plotted against total
primary energy consumption in Figure 61. While the values of the relative entropy metric may
contain more useful information, the general trends are of course identical to those seen for non
normalizd metric. Further, it is not clear that all metrics should be normalized by the same value.

The average mutual constraint has its maximum value at half of the maximum information entropy,

meaning that the  maximum relative  entropy  value  would be 0.5
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Ul anowi cz6s metrics each describe a di f fe

equations 14 and 1Xandy foomt he basi s by which timé& fdrewnmbdry

can be calculated for the system. The number of roles can be thought of as a measure of system
hierarchy, and the link density can be thought of as its connectedness. Righosvé the number

of roles plotted against link density for eacblgl model.
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+¢2%6’/+2°°7 ) +2007 2008 +
+2005—»2008 é N 54 +2007
8 o + 2006

1
~
+
N
8

+2003
+ +2005 S

+ % / +2005 2010

+2004

+2004

Link Density
215
1
+\
160
1
+
~
2
80
1

+2003 + + 2009

210
1
156 158

+
154
1
%\
N
8

00 e
+,2001 + 1996 ~ +1999
y Q0 Ve )/( VHoos- +1997

+1999

205
1
+
=]
5
152
1

+2f +1995 +1995
T T T T T T T T T T T T T T T

150 155 160 165 170 7.0 72 74 76 78 80 52 54 56 58 6.0

Number of Roles Number of Roles Number of Roles

Figure 62 Plots ofeffective connectivity (nws. number of roles (ridr all global models

Between 2002 and 2008, a strong linear trend is again apparent. In this case, both link
density and the number of roles are increasing consistently for the closed aruliipotiinodels.
Between 2008 and 2009, the number of roles decreases only sligthtliyealink density drops to
levels equivalent to those seen between 2003 and 2004. By 2011, the link density has recovered
somewhatThis suggestthat the global economy dealt with the shock of the Great Recession by
decreasing connectivity, rather thaninimizing specialization and removing levels of hierarchy
in production.

It is perhaps noteworthy that the strongest linear trend noted in all of the above plots occurs
for the years between 2002 and 2008. This may correspond to a genodeasingenergy cost
share, which is thportion of global Gross Domestic Proddedicatedo the production of energy

(King; Maxwell). According to Tainter, systems dependant upon leyaen energy supplies
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require greater organization and eiéincy, and new levels of hierarchy to function effectively
(Tainter et al., 2003)Given the decreasing gain of the global energy supply between 2002 and
2008, the consistent increase in all of the information entropy based metrics makes sense as an
increase in egomic complexityAlternately, it is possible that the steadily increasing global total
system throughput and total energy consumption during these years led directly to the increases in
connectivity and hierarchy. In this case increased globalizationdwtaue been a response to a

positive condition rather than a negative one.

DOMESTIC MODEL RESULTS

Additional information on the relationship between energy use and complexity can be
gleaned from the domestic model resufigiures 8, 64 and & are scatr plots of the number of
roles versus the link density for each country for each {a points from countries that are net
producers of energy are highlighted in r8datter plots for each year, and scatter plots with each
country highlighted, are aluded in Appendix Cln figures & and &, the plots for the open and
closed modelshe points generally cluster along a linear trend that roughly connects the maximum
observed values for each variable. Countries that fall outside this cluster catlgberadentified
in the time series data as well. For instancepfien modetata for Luxembourg clustéogether
at low link density and low levels of hierarchy. Data for countries that are net energy producers
appear to cluster more tightly along ttenter of the general trend line than data from countries

that are net consumers of energy. The significance of this is unclear.
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Domestic Open Model
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Figure 63: Scatter plot of effective connectivity (ws) number of roles (ngach year for each
country, calculated for thepen model. Net producers are plotted in.red
Maximum n and m valgeare35.
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Domestic Closed Model
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Figure 64 Scatter plot of effective connectivity (ms) number of roles (ngach year for each
country, calculated for the closed model. Net producers are plotted.in red
Maximum n and m valgeare38.

The scatter plot shown in Figure 64, made using the H4opiut model results, shows a
much different trend than the plots for the other two domestic models. The data points generally
cluster along a line with a positiveope, rather than along a line with a negative slope. In this case,
countries with a larger number of roles also have greater link density. The slope of the general
trend is greater than one, such that a country with 0.2 additional roles has a link ithexisgy
higher by approximately 1.

In the case of both the open and closed domestic models, imports and exports are not

included, while they are considered as exogenous inputs and outputs for theuipoatmodel.
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The open and closed models represaiy the economic activity happening within the borders of

a county, andher scatter plots show a trend of substitution between hierarchy and connectivity.

In this case, countries with a relatively low number of roles have a relatively high link dandity,

vice versa. This likely indicates that, during the time period covered by the WIOD, the overall
compl exity of an individual countryds econom)
countries, rather than by changes within its borders. Duringyeghes covered by the WIOD,

significant globalization occurred, so this is not an unexpected result.

Domestic Input/Output Model
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Chapter Five: Conclusions

CONCLUSIONS

This thesis is largely an exploration of the relationship between economic complexity and
energy consumption, with an eye towardelJgsh Tai nter 6s theory that
compulsory. If this theory is correct, the inevitable occurrence of social problems necessitates ever
increasingener gy consumption, and ideas about sust a
theory is an explicit statement of causation, where complexity is not simply a byproduct of growth
but a requirement for to continued existence of a society. In this way, energy conservation becomes
a fruitless endeavor, and even technologies that improvgyeegiciency do not change the long
term outlook.

Energy use is reasonably straightforward to measure, but economic complexity is a
somewhat ambiguous concept. In his efforts to quantitatively describe ecosystems as networks,
Robert Ulanowicz devised arges of information entropy based metrics that prove useful as
measures of some of the many facets of compleXitgse metrics lend themselves well to the
analysis of economic data in the form of irjoutput tables. The World Inp@utput Database
contans such tables constructed for the global economy, for the years 1995 through 2011.

Applying Ul anowiczds metrics t-Outputiablesdat a ¢
yields valuable insight into the structure of the global economy, and provides atdessriptive
measures for comparison to energy use. Ul anow,i
reserve, tend to provide more information about the scale of the economy than about its
fundamental structure and organization, sewmaighted meics are considered more accurate
measures of complexity. When calculated using closed andaopoat corrected models, these
metrics corelate strongly to energy use. Since there is also a strong relationship between total
system throughput and energgeylit is difficult to determine exactly what that correlation reflects.

Two notable trends are apparent in the complexity results for the global closed and input
output models; a steady increase in both energy use and complexity occurred between 2002 and

2008, and a marked decrease in complexity occurred between 2008 and@t200@nd between
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2002 and 2008 is coincident with a period of increasing energy cost share. It is unclear whether
complexity increased in response to rising energy costs, omfsgt a result of increases in
globalization and overall spending. The drop between 2008 and 2009 is clearly coincident with
the Great Recessiott.is perhaps interesting to note that the complexity metrics for this period
reflect a greater drop in connedty than in hierarchy, suggesting that global economy dealt with
the shock of the Great Recession by decreasing connectivity, rather than minimizing specialization
and removing levels of hierarchy in production.

When complexity metrics are calculated be hational level, additional relationships are
apparent. It appears that countries have similar overall levels of internal complexity, differing
mainly in their relative levels of internal hierarchy and connectivity. Growth in overall complexity
has occued largely as result of trade and globalization for the time period stidBegroducers
of energy appear to cluster along the center of each general trend line, but the reason for this is not
clear at this time.

While this thesis does not providgory evi dence in support of or
it does begin to shed some light on the relationship between economic complexity and energy use.
The complexity metrics described here may be of more use as economic descriptive statistics than

they arefor comparison to other variables.
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Appendices

APPENDIX A: DATA USED IN CREATION OF WORLD INPUT-OUTPUT TABLES

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

SUT SUT | sOT
{(106¢* (233c* | (233c*
Australia 106i) 53i) 53i)
SUT SUT SUT | SUT | SUT | SUT | SUT | SOT | SOT
{58c * (58c * (soc* | (s9c* | (58c* | (5@c* | (59¢* | (5%c* | (S9c*
Austria 55i) 5j) 55i) 5i) 55i) 55i) 5i) sgiy | 5
SUT SUT SUT | SUT | SOT | SUT | SOT | SOT
{58c* {59c * soc* | (59c* | (5%c* | (59c* | (59¢* | (58c*
Belgium 5gi) 5aj) 55i) 59j) 5i) 59i) 5j) 5ai)

50T | SOT | SUT | SOT | SOT | SOt | SOT
{110c* | (110¢* | (110c* | (110c* | (110c* | {(110c* | (110c*
Brazil 55i) 55i) 55i) 55i) 55i) 55i) 55i)

SUT | SUT | SUT | SOT | ST
(5ac* | (59¢+ | (5me* | (59c+ | (59c+

Bulgaria 59i) 53i) 59i) 58i) 59i)
sSUT SUT SUT SUT SUT SUT SUT SUT SUT SUT
(BP) (BP) (BP) (BP) (BP) (BP) (BP) (BP) (BP) (BP)
(473c*1 | (473c*1 | (473c*1 | (473c*1 | (473c*1| (473c*1 | (473c*1 | (473c*1| (473c*1 | (473c*1
Canada 22i) 22i) 22i) 22i) 221) 22i) 22i) 22i) 22) 22i)
SUTIPR SUT({PR SUT(PR
) (40c* J(42c * ) (42c*
40i) & 42i) & 42i) &
IO{PR) IO{PR) IO({PR)
(124c~ (122¢c* (135¢c*
China 124¢) 122¢) 135c)

0T | SUT | SUT | SOT | SOT | SUT | SOT
(5ac* | (59c* | (59e* | (59c+ | (5%¢* | (59c* | (S@ct

Cyprus* 59i) 5gi) 55i) 59i) 59i) 55i) 55i)
SUT | SUT | SOT | SUT | SUT | SOT | SOT | SOT | SOT | SOT | SOt
Czech (58c* | (59c* | (59c* | (59c* | (59c* | (59c* | (59c* | (59c* | (59¢* | (59¢* | (5@t
Republic 59i) 55i) 5j) 5gi) 55i) 57) 55i) 55i) 5i) 5gi) 5gi)
S0T SUT | SUT | SOT | SOUT | SOT | SOT [ 50T
(58c * (s9c* | (59c* | (59c* | (58c* | (59¢* | (58c* | (59¢*
Denmark 55i) 55i) 5oi) 5i) 59i) 5j) 53i) 5gi)
SUT SUT | SUT | SUT | SUT | SUT | SOT | SUT | SOT
(58c * (soc* | (s9c* | (58c* | (5mc* | (59¢* | (58c* | (S9c* | (s@c*
Estonia 59j) 55i) 59i) 54i) 59i) 5i) 59i) 58i) 58i)

SUT | SUT | SOT | SUT | SUT | SOT | SOT | SOT | SOT | SOT | ST | SOT
(58c* | (59c* | (59c* | (59c* | (59c* | (59c* | (59c* | (59c* | (59¢* | (59¢* | (5@c* | (59c*

Finland 55i) 55i) 50i) 5gi) 55i) 59i) 55i) 55i) 5i) sgiy | 58 55i)
S0T 0T | SUT | SUT | SOT | SOT | SUT | SOT | SOT | SUT | SO0T
{58c * (S9c* | (59c* | (S%c* | (S%c* | (59c* | (59c* | (59¢* | (59c* | (SGc* | (S9c*
France 59i) 54j) 5gi) 55i) 59j) 55i) 53i) 59i) sgi) | 580 55i)
SUT SUT | SUT | SUT | SUT | SUT | SUT | SOUT | SOT | SUT | SOT
{58c * (5ac* | (59c* | (S@c* | (59¢* | (59¢c* | (5@c* | (59¢* | (5%¢* | (Smct | (59c*
Germany 59i) 59j) 59i) 55i) 59i) 55i) 59i) 5i) D 5gi)

SUT | SOT | SUT | SOT | SOT | SOT | SOT
(59c* | (59c* | (59c* | (59c* | (59¢c* | (59c* | (59c*

Greece 53i) 59i) 55i) 55i) 53i) 55i) 591)
SUT SUT SUT SUT SUT SUT sSUT
(59c* | (58c* (S8c* | (59c* | (S8c™* [ (SBc* | (59c*
Hungary 5491) 59i) 59i) 59i) 59i) 55i) 591)
SUT(FC SUT(FC SUT(FC
1115 * }i(130c * J(130c*
India 11351) 130i) 1301)
10 (17 2¢| 10 {175¢ 10 (175¢c
Indonesia * 172c) * 175¢) * 175¢c)
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1995 1996 1997 1998 1995 2000 2001 2002 2003 2004 2005 2006 2007
s5UT s5uUT sSUT suT
{(39c* | (59c* | (59c* (S9c*
Ireland 55i) 24i) 55i) 59i)
sSUT B suT s5UT suT s5UT s5uUT sSUT sSuT s5uT suT
(S9c* | (S9c* | (59c* | (S9c* | (59c* | (59c* | (S9c* | (59c* | (S59c* | (S9c* | (59c*
Italy 55i) 55i) 53i) 2491) 55i) 55i) 24i) 55i) 28i) 59i) 59i)
I0{PR) IQ(PR)
(108 * (108i *
Japan 108i) 108i)
IO{FPR) I0(PR) IO{PR)
(402c*4 (404c*4 (403c*4
Korea D2i) 041) 031)
Latvia
sSuT s5UT SuUT s5uUT s5uT
(S9c * (S8c™ (59c* | (39c* | (59c*
Lithuania 58i) S8i) 58i) 559i) 59i)
sSUT sSuT suUT s5UT sSuUT s5UT SuUT sSuUT SuUT s5uUT s5uT s5UT
(59 * | (5%c* | (59c* | (S9¢* | (59c* | (5%c¢* | (59c¢* | (59e¢* | (S9c¢c* | (S9¢* | (59c¢* | (S9c*
Luxembourg 55i) 528i) 559i) S8i) 55i) 39i) 58i) 559i) 58i) 559i) 59i) 59i)
sSUT suT
{50c* | (59¢*
Malta 59i) 54i)
sSuT
(79c*
Mexico 791)
sSUT E suT s5UT suT sSUT s5uUT =y sSuT sSuT suT SUT
(59c* | (S%c* | (39c* | (S9c* | (59c* | (59c* | (S9c* | (59c* | (S59c* | (S9c* | (59c* | (59c*
Hetherlands 55i) 58i) 53i) 591) 59i) 59i) 59i) 59i) 548i) 59i) 59i) 55i)
sSuT suT s5UT suT suT
(59c* | (59c* | (59c* | (S9c* (S9c*
Poland 54i) 59i) 549i1) 55i) 59i)
sSUT SuT suT s5UT suT s5UT s5uUT sSUT sSuT s5uT suT 5UT
(59c* [ (S9c* | (39c* | (S9c* | (59c* | (59c* | (S9c* | (59c* | (S59c* | (S9c* | (59c* | (S9c*
Portugal 55i) 281) 53i) 2491) 55i) 291) 24i) 55i) 28i) 59i) 59i) 38i)
sSUT sSuT sSuT s5uT sSUT
(39c* (59c* | (S9c™ | (59c* | (S9c*
Romania 59i) 280) 59i) 59i) 39i)
=
(110c
Russia *59i)
sSuUT E suT sSuUT suT sSUT sSuT sSuT SuT sSuT sSuT s5UT
Slovak (59c* | (S9c* | (59c* | (S9c* | (S9c* | (59c* | (S9c* | (59c* | (S9c* | (S9c¢c* | (59c* | (S9c*
Republic 55i) 58i) 59i) S81) 550) 291) 280 59i) 58i) 59i) 59i) 38i)
sSUT sSuT sSuT SuT sSuT sSuT s5UT
(39c* | (59¢* | (59¢* | (S9c* | (S9c* | (59c* | (59c*
Slovenia 39i) 280 59i) 58i) 59i) 59i) 38i)
sSuUT E suT sSuUT suT sSUT sSuT sSuT SuT sSuT sSuT s5UT
(59c* | (S%c* | (59c* | (S9c* | (59%* | (5%c* | (59c* | (59c¢* | (S9c* | (S9c* | (59c¢* | (S9c*
Spain 59i) 58i) 59i) S8) 55i) 59i) 2490 59i) 58i) 59i) 59i) 38i)
sSUT sSuUT suT sUT suT sSUT s5uUT =y sSuUT s5uT suT s5UT
(59c* | (5%c* | (S9c* | (S9c™ | (59%c* | (59c* | (59c* | (59c* | (S9c* | (S9c* | (59c* | (59c*
Sweden 25i) 58i) 53i) 549i1) 55i) 59i) 59i) 55i) 58i) 55i) 59i) 55i)
[#] 10 [[=]
{596c*1 (610c*1 (354c™
Taiwan B0i) B0i) B)
SUT(PR
i SUT suT
(97c*5Ti (9Tc*aTi {59c*59i
Turkey 1 ] )
sSUT sSuUT suT sUT suT sSUT s5uUT =y sSuUT
United (59c* | (5%c* | (59c* | (S9c* | (59%* | (5%c* | (59c* | (59c* | (S9c*
Kingdom 25i) 58i) 53i) 59i) 55i) 55i) 59i) 55i) 58i)
SUT(PR| SUT(PR | SUT(PR|SUT(PR | SUT(PR | SUT(PR| SUT(PR | SUT(PR | SUT(PR | SUT{PR | SUT(PR
J{130c*| )(66c*|)(6Bc*|)(66c*|)(B6c*|)(BBCc™|)(6Bc*|)(B6c™|)(6B6c™|)(66c™|) (66"
USA 130i0) 65i) 65i) 65i) B5i) B65i) B5i) B5i) B35} 6:51) B5i)
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APPENDIX B: MATLAB ScRIPTS USED FOR CALCULATION OF ULANOWICZ METRICS

Global Open Model

%Stephen Bond

%Feb 24 2015

%Global Metrics, Open Model

%

%This code calculates Ulanowicz metrics for the global open model
%case, from WIOT Excel tables for each year.

clear
clc

%Set working directory
directory = uigetdir();
cd(directory)

%Get all the Excel files in the working directory
files =dir(  "*.xIsx’' );

%Matrix for storing results
metrics = zeros(length(files),7);

%lInitiate counter that increases for every file, used for getting metrics
%into output table

counter = 1;
%Loop through Excel files in directory and load into cell tables
for file = files'

T = xIsread(file.name, 'E7:BCI1441' ); %inter -industry flows

%Get years for results matrix
rawyear = file.name(5:6);
numyear = str2num(rawyeatr);
if  numyear<50

year = sprintf( '20%s" , rawyear);
else

year = sprintf( '"19%s' , rawyear);
end %end if statement for year assignment

%Get number of rows and columns

metrics(counter,1) = str2num(year);

numrows = size(T,1);

numcols = size(T,2);

TST = sum(sum(T)); %Total syste  m throughput (sum of all of flows)

%Set initial variable metrics to zero.

Cc=0;
Phi =0;
A=0;
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%Loop through entires in WIOT table
for 1= 21l:numrows
for j=1:numcols
%Log(0)is not defined, so only calculate if flow is greater
%than O
if  T(,j)>0
%Ulanowicz Capacity
C=C - T(i,j)*log2(T(i,))/TST);
%Ulanowicz Reserve
Phi = Phi - T(i,))*log2(T(i,j)*2/(sum(T(i,:))*sum(T(:,j))));
%Ulanowicz Ascendency
A=A+ T(0))*log2(T(,j)*TST/(sum(T(i,:))*sum(T(:,)))));

%If flow is zero, metrics remain the same
else

%Ulanowicz Capacity

C=C+0;

%Ulanowicz Reserve

Phi = Phi +0;

%Ulanowicz Ascendency

A=A+0;

end %end if statement
end %end loop through columns
end %end loop through rows

%Ulanowicz metrics scaled to TST

H = C/TST;
Psi = Phi/TST;
X = A/TST,;

%Add metrics to results matrix and sort on date column
metrics(counter,2) = C;

metrics(counter,3) = Phi;

metrics(counter,4) = A;

metrics(counter,5) = H;

metrics(counter,6) = Psi;

metrics(counter,7) = X;

metsort = sortrows(metrics);

%Increase counter
counter = counter+1;

end %end loop through files

%Write metrics to a .csv file in the working directory
header={ ‘'Year' ,'C' ,'Phi" ,'A" ,'H" ,'Psi" ,'X }
metricsout = [header; num2cell(metsort)];

numoutcols = size(metricsout,2);

fid = fopen( 'GlobalOpen_Output.csv' , W)
headerrpt = repmat( '%s," ,1,numoutcols - 1);
metricrpt = repmat( '%f," ,1,numoutcols - 1);
fprintf(fid,[headerrpt, '%s\ n' ],metricsout{1,});

for g=2:size(metricsout,1)
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fprintf(fid,[metricrpt, '%f \ n' ],metricsout{q,:});
end
fclose(fid);

Global Closed Model

%Stephen Bond

%Feb 24 2015

%Global Metrics, Open Model

%

%

%This script calculates Ulanowicz metrics for the global open
%model case, from WIOT Excel tables for each year.

clear
cle

%Set working directory - this should be a directory with only the WIOT
%Excel files
%cd('/Users/StephenBond/Dropbox/Academic/Thesis/Workspace/International’)
directory = uigetdir();

cd(directory)

%Get all the Excel files in the working directory
files = dir( * xIsx' );

%List all countries in WIOT files and set number of countries as a variable
country={ 'AUS' ,'AUT' , 'BEL' ,'BGR', 'BRA' ,'CAN','CHN','CYP' ,b'CZE' ,'DEU','DNK', 'E
SP', 'EST' , 'FIN' | 'FRA' , ...

'GBR' , 'GRC' , 'HUN' ,'IDN' ,'IND' ,'IRL" ,'ITA" ,'JPN' ,'KOR','LTU' ,'LUX' ,'LVA' ,'MEX'
, 'MLT' ,'NLD' , 'POL' , 'PRT' , 'ROU', 'RUS', ...

'SVK' ,'SVN' , 'SWE', 'TUR' , 'TWN', 'USA' , 'RoW' };

countries = length(country);

%NMatrix for storing results
metrics = zeros(length(files),7);

%lnitiate counter
counter = 1;

%Loop through WIOT files
for file = files'
T = xlIsread(file.name, 'E7:BKF1448' ); %Read Excel file into matrix
%Get years for results output
rawyear = file.name(5:6);
numyear = str2num(rawyeatr);
if  numyear<50

year = sprintf( '20%s" , rawyear);
else
year = sprintf( '19%s' , rawyear);
end %end if statement for year assignmen t
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T(1436,) =[]; %Remove subtotal row to avoid double counting

T(1439,) =]; %Remove spending abroad row - sums to negative number

%Add WIOT year to first column of results matrix

metrics(counter,1) = str2num(year);

numrows = size(T,1);

numcols = size(T,2);

TST = sum(sum(T)); %Total system throughput (sum of all of flows)

%Loop through countries and set each capital formation and inventory
%change column to 0. They will not be included in calculation
%sum to negative values
for I=1:countries;
formation = (I*4)+1435+(] -1);
changes = (I*5)+1435;
T(:,formation)=[0];
T(:,changes)=[0];
end %End data removal loop

%Set initial variable metrics to zero.

c=0;
Phi = 0;
A=0;

%Loop through entires in WIOT table
for i=2l:numrows
for j=21:numcols
%Log(0)is not defined, so only calculate if flow is greater
%than O
if  T(,))>0
%Ulanowicz Capacity
C=C - T(i,j*log2(T(i,))/TST);
%Ulanowicz Reserve
Phi=Phi - T(i,j)*log2(T(i,j)*2/sum(T(,:),2)/sum(T(:,j),1));
%Ulanowicz Ascendency
A=A+ T(,j))*log2(T(i,j)*TST/sum(T(i,:),2)/sum(T(:,j),1));

%If flow is zero, metrics remain the same
else
%Ulanowicz Capacity
C=C+0;
%Ulanowicz Reserve
Phi = Phi + 0;
%Ulanowicz Ascendency
A=A+0;
end %end if statement
end %end loop through columns
end %end loop through rows

%Ulanowicz metrics scaled to TST

H = C/TST;
Psi = Phi/TST,;
X = AITST;

%Add metrics to results matrix and sort by year
metrics(counter,2) = C;
metrics(counter,3) = Phi;
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metrics(counter,4) = A;
metrics(counter,5) = H;
metrics(c  ounter,6) = Psi;
metrics(counter,7) = X;
metsort = sortrows(metrics);

%Ilncrease counter
counter = counter+1;
end %end loop through files

%Write metrics to a .csv file in the working directory
header={ ‘'Year' ,'C' ,'Phi" ,'A" ,'H" ,'Psi" ,'X }
metricsout = [header; num2cell(metsort)];

numoutcols = size(metricsout,2);

fid = fopen( 'GlobalClosed_Output.csv' , W)
headerrpt = repmat( '%s," ,1,numoutcols - 1);
metricrpt = repmat( '%f," ,1,numoutcols - 1);
fprintf(fid,[headerrpt, '%s\ n' ],metricsou  t{1,:});
for g=2:size(metricsout,1)

fprintf(fid,[metricrpt, '%f \ n' ],metricsout{q,:});
end
fclose(fid);

Global Input-Output Model

%Stephen Bond

%Mar 21 2015

%Global Metrics, Input - Output Model

%

%

%This script calculates Ulanowicz metrics for the glob al case,
%treating value added as inputs and final demand as outputs.

%Extracts data from WIOT Excel tables for each year.

clear
clc

%Set working directory - this should be a directory with only the WIOT
%Excel files
%cd('/Users/StephenBond/Dropbox/Academic/Thesis/Workspace/International’)
directory = uigetdir();

cd(directory)

%Get all the Excel files in the working directory
files = dir( * XIsx' );

%List all countries in WIOT files and set number of countries as a variable

country={ 'AUS' ,'AUT' ,'BEL' ,'BGR', 'BRA' ,'CAN',f 'CHN','CYP' ,6 'CZE' ,'DEU', ..
'DNK' , 'ESP' , 'EST' , 'FIN' , 'FRA' , 'GBR', 'GRC', 'HUN','IDN' ,'IND" ,'IRL" , ...
ITA" ,'JPN' ,'KOR','LTU' ,'LUX" ,'LVA' ,'MEX','MLT' ,'NLD' ,'POL' ,'PRT', ...
'ROU' , 'RUS' |, 'SVK' ,'SVN' ,'SWE', 'TUR' , " TWN', 'USA' , 'RoW' };

countries = length(country);
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%NMatrix for storing results
metrics = zeros(length(files),7);

%lnitiate counter
counter = 1;

%Loop through WIOT files
for file = files'
%Read intermediate values into matrix

TT = xlIsread(file.name, 'E7:BCIl1441" );

%Read input values into matrix

|_raw = xIsread(file.name, 'E1443:BCl11448' );

%Read output values into matrix

O_raw = xlIsread(file.name, 'BCJ7:BKF1441" );

%ocollapse input and output matrices into vectors of sums

| = sum(l_raw, 1);
O =sum(O_raw, 2);

%Get years for results output
rawyear = file.name(5:6);
numyear = str2num(rawyeatr);
if  numyear<50

year = sprintf( '20%s' , rawyear);
else

year = sprin tf( '19%s' , rawyear);
end %end if statement for year assignment

%Set initial variable metrics to zero.
Cc=0;

Phi = 0;

A=0;

00 =0;

%Handle negatives in input by zeroing out negative and
%adding it's opposite to relevant output
for p = l:length(l)
if I(p)<O0
O(p) = O(p)+abs(I(p));
I(p) = 0;

I(p) = 1(p);

else

end
end

%Handle negatives in output by zeroing out negative and
%adding it's opposite to relevant input
for g = 1l:length(O)
if 0O(q)<0
I(q) = I(q)+abs(O(q));
O(q) = 0;

O(a) = O(a);

else

end
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end

%Calculate open system add - on from inputs
for m = l:length(l)
if I(m)==
00 =00;
else
00 = 00- I(m)*log2(I(m)/(I(M)+sum(TT(:,m))));
end
end
%Calculate open system add - on from outputs
for n=1l:length(O)
if  O(n)==
00 =00;
else
00 = 00- O(n)*log2(O(nN)/(O(n)+sum(TT(n,:))));
end
end

%Add inputs and outputs to intermediate matrix
T=[TTO;
| 0];

%Add WIOT year to first column of results matrix
metrics(counter,1) = str2num(year);

%Runs through only intermediate flows, but uses all for TST
numrows = size(TT,1);

numcols = size(TT,2);

TST = sum(sum(TT)) + sum(l); %Total system throughput

%Loop intermediate through entries in WIOT table
for i=21:numrows
for j=21:numcols
%Log(0)is not defined, so only calculate if flow is greater
%than O
if  T(,)>0
%Ulanowicz Capacity
C= C - T(i,))*log2(T(i,j)/TST);
%Ulanowicz Reserve
Phi=Phi - T(i,j)*log2(T(i,j)*2/sum(T(i,:),2)/sum(T(:,j),1));
%Ulanowicz Ascendency
A=A+ T(0,j)*log2(T(,j)*TST/sum(T(i,:),2)/sum(T(:,j),1));

%lIf flow is zero, metrics remain the same
else
%Ulanowicz Capacity
C=C+0;
%Ulanowicz R eserve
Phi = Phi +0;
%Ulanowicz Ascendency
A=A+0;
end %end if statement
end %end loop through columns
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end %end loop through rows

%Add open model corrections to metrics

C=C+2*00;

Phi = Phi + OO;

A=A+ 00;

%Unscaled Ulanowicz metrics
H = C/TST;

Psi = Phi/TST;

X = A/TST,;

%Add metrics to results matrix and sort by year
metrics(counter,2) = C;

metrics(counter,3) = Ph i;
metrics(counter,4) = A,

metrics(counter,5) = H;

metrics(counter,6) = Psi;

metrics(counter,7) = X;

metsort = sortrows(metrics);

%Increase counter
counter = counter+1;
end %end loop through files

%Write metrics to a .csv file in the working directory
header={ ‘'Year' ,'C' ,'Phi" ,'A" ,'H" ,'Psi" ,'X' }
metricsout = [header; num2cell(metsort)];

numoutcols = size(metricsout,2);

fid = fopen( '‘Global_1O_Output.csv' , W),
headerrpt = repmat( '%s," ,1,numoutcols -1);
metricrpt = repmat( '%f,' ,1,numoutcols - 1);
fprintf(fid,[headerrpt, '%s\ n' ],metricsout{1,:});
for q=2:size(metricsout,1)

fprintf(fid,[metricrpt, '%f \ n' ],metricsout{q,:});
end
fclose(fid);

Domestic Open Model

%Stephen Bond

%March 1 2015

%Domestic Open Metrics

%

%

%This code calculates Ulanowicz metrics for each country
%from WIOT Excel tables for each year.

clear
clc
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%Set working directory
%cd('/Users/StephenBond/Dropbox/Academic/Thesis/Workspace/International’)
directory = uigetdir();

cd(directory);

%List all countries in WIOT files and set number of countries as a variable

country={ 'AUS' ,'AUT' ,'BEL' ,'BGR', 'BRA' ,'CAN','CHN','CYP' , 'CZE' , 'DEU'
SP', 'EST' , 'FIN' , 'FRA' , ...

'GBR' , 'GRC' , 'HUN' , 'IDN' ,'IND' ,'IRL" ,'ITA" ,'JPN' ,'KOR','LTU' ,'LUX' ,'LVA' , 'MEX
, 'MLT" , 'NLD' , 'POL' , 'PRT' , 'ROU', 'RUS' , ...

'SVK' ,'SVN' , 'SWE', 'TUR' , ' TWN', 'USA' , 'RoW' };

countries = length(country);

, DNK' | 'E

%Loop through Excel files in directory and load into cell tables
files = dir( * XxIsx' );

%lnitialize counter
counter = 1;

%create results matri ces for each metric
metrics_C = zeros(length(files), countries);
metrics_Phi = zeros(length(files), countries);
metrics_A = zeros(length(files), countries);
metrics_H = zeros(length(files), countries);
metrics_Psi = zeros(length(files), countries);
metrics_X = zeros(length(files), countries);

%Iloop through Excel files in directory and load into cell tables
for file = files'
T = xIsread(file.name, 'E7:BCI1441" ),
%Get years for results output
rawyear = file.name(5:6);
numyear = str2num  (rawyear);
if  numyear<50
year = sprintf( '20%s' , rawyear);
else
year = sprintf( '"19%s' , rawyear);
end %end if statement for year assignment

%add WIOT year to first column of each results matrix
metrics_C(counter,1) = str2num(year);
metrics_Phi(counter,1) = str2num(year);
metrics_A(counter,1) = str2num(year);
metrics_H(counter,1) = str2num(year);
metrics_Psi(counter,1) = str2num(year);
metrics_X(counter,1) = str2num(year);

%Loop through coun  tries and define row and column boundaries for each
for 1= 1:countries

domesticmin = (| - 1)*35+1;

domesticmax = *35;

%create matrix with only domestic flows

subT = T(domesticmin:domesticmax, domesticmin:domesticmax);

numrows = size(subT,1);

numcols = size(subT,2);
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TST = sum(sum(subT));

%Set initial variable metrics to zero.
C=0;
hi =0;

0;

S

XUTUI>T

oll oo i

3

%Loop through entires in WIOT table
for 1= 21l:numrows
for j=21l:numcols
%Log(0)is not defined, so only calculate if flow is greater
%than O
if  subT(i,j)>0
%Ulanowicz Capacity
C=C - subT(i,j)*log2(subT(i,j)/TST);
%Ulanowicz Reserve
Phi = Phi -
subT(i,j)*log2(subT(i,j)*2/sum(subT(i,:),2)/sum(subT(:,j),1));
%Ulanowicz As cendency
A=A+
subT(i,j)*log2(subT(i,j)*TST/sum(subT(i,:),2)/sum(subT(:,j),1));

%If flow is zero, metrics remain the same

else
%Ulanowicz Capacity
C=C+0;
%Ulanowicz Reserve
Phi = Phi +0;
%Ulanowicz Ascendency
A=A+0;

end %end if statement

end %end loop through col umns
end %end loop through rows

%Ulanowicz metrics scaled to TST

H = C/TST;
Psi = Phi/TST;
X = A/TST,;

%Add metrics to results matrix
metrics_C(counter, I+1) = C;
metrics_Phi(  counter, |+1) = Phi;
metrics_A(counter, 1+1) = A;
metrics_H(counter, [+1) = H;
metrics_Psi(counter, I+1) = Psi;
metrics_X(counter, 1+1) = X;

end %end loop through countries

%increase counter
counter = counter+1;

end %end loop through files
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%Write metrics to a .csv file in the working directory
metricslist = {metrics_C, metrics_Phi, metrics_A, metrics_H, metrics_Psi,

metrics_X};

metricsnames = { 'metrics_C' , 'metrics_Phi' , 'metrics_A' , 'metrics_H' ,
'metrics_Psi' , 'metrics_X' h

header = horzcat( 'Year' ,country);

for w=1:length(metricslist)

metric = metricslist(w);
metsort = sortrows(metric{1});
metricsout = [header; num2cell(metsort)];

numoutcols = size(metr icsout,2);
fname = sprintf( 'Domestic_%s.csV' ,metricsnames{w});
fid = fopen(fname, w');
headerrpt = repmat( '%s," ,1,numoutcols - 1);
metricrpt = repmat( '%f," ,1,numoutcols - 1);
fprintf(fid,[headerrpt, '%s\ n' ],metricsout{1,:});
for g=2:size(metr icsout,1)
fprintf(fid,[metricrpt, '%f \ n" ],metricsout{q,:});

end
fclose(fid);

end

Domestic Closed Model

%Stephen Bond

%March 31 2015

%Domestic Metrics - Closed Model

%

%

%This code calculates Ulanowicz metrics for each country

%from WIOT Excel tables for each year. This version includes final use and
%value added

clear
clc

%Set working directory
%cd('/Users/StephenBond/Dropbox/Academic/Thesis/Workspace/International’)
directory = uigetdir();

cd(directory);

%lList all countries in WIOT files and set number of countries as a variable

country={ 'AUS' ,'AUT' , 'BEL' , 'BGR', 'BRA' ,'CAN','CHN','CYP' ,'CZE' ,'DEU','DNK',
'ESP' |, 'EST' , 'FIN' , 'FRA' , ...

'GBR' , 'GRC' , 'HUN' , 'IDN' ,'IND' ,'IRL" ,'ITA" ,'JPN' ,'KOR','LTU' ,'LUX' ,'LVA' , 'MEX'
, 'MLT' , 'NLD' , 'POL' , 'PRT" , 'ROU', 'RUS' , ...

'SVK' ,'SVN' , 'SWE', "TUR' , 'TWN', 'USA' , 'RoW' };

countries = length(country);
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%Loop through Excel files in directory and load into cell tables
files = dir( * xlsx' );

%lnitialize counter
counter = 1;

%create results matrices for each metric
metrics_C = zeros(length(files), countries);
metrics_Phi = zeros(length(files), countries);
metrics_A = zeros(length(files), countries);
metrics_H = zeros(length(files), countries);
metrics_Psi = zeros(length(files), countries);
metrics_X = zeros(length(f iles), countries);

%loop through Excel files in directory and load into cell tables
for file = files'

T = xIsread(file.name, 'E7:BKF1448" );

%Get years for results output

rawyear = file.name(5:6);

numyear = str2Znum(rawyear);

if numyear< 50

year = sprintf( '20%s' , rawyear);
else
year = sprintf( '"19%s' , rawyear);
end %end if statement for year assignment
T(1436,)) =[I; %Remove subtotal row to avoid double counting
T(1439,) =]; %Remove spending abroad row - sums to negative number

%add WIOT year to first column of each results matrix
metrics_C(counter,1) = str2num(year);
metrics_Phi(counter,1) = str2num(year);
metrics_A(counter,1) = str2num(year);
metrics_H(counter,1) = str2num(year);
metrics_Psi(counter,1) = str2num(year);
metrics_X(counter,1) = str2num(year);

%Loop through countries and define row and column boundaries for each
for | =1:countries

%Loop through cou  ntries and set each capital formation and inventory

%change column to 0. They will not be included in calculations, as

they

%sum to negative values

%formation = (I*4)+1435+(] -1);

changes = (I*5)+1435;

%T(:,formation) =[0];

T(:,changes)=[0];

%Create boundaries for country I's data, both intermediate and

%final use

domesticmin = (| - 1)*35+1;
domesticmax = I*35;

finalmin = (I - 1)*5+1436;

finalmax = [*5+1435;
%create matrices for intermediate and final use data
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finalT = T(domesticmin:domesticmax, finalmin:finalmax);
domT = T(domesticmin:domesticmax, domesticmin:domesticmax);
%add in Value Added data

valTdom = T(1436:1440, domesti cmin:domesticmax);
valTfin = T(1436:1440, finalmin:finalmax);

valTcat = horzcat(valTdom, valTfin);

%concatenate into one matrix

parT = horzcat(domT, finalT);

subT = vertcat(parT, valTcat);

numrows = size(subT,1);

numcols = size(subT,2);

TST = sum(sum(subT));

%Set initial variable metrics to zero.
C=0;
hi=0;

’

0;

’

S

XUI>DT

oll oo i

%Loop through entires in WIOT table
for i=21:numrows
for j=21:numcols
%Log(0)is not defined, so only calculate if flow is greater
%than O
if  subT(i,j)>0
%Ulanowicz Capacity
C=C - subT(i,j)*log2(subT(i,j)/TST);
%Ulanowicz Reserve
Phi = Phi -
subT(i,j)*log2(subT(i,j)*2/sum(subT(i,:),2)/sum(subT(:,j),1));
%Jlanowicz Ascendency
A=A+
subT(i,j)*log2(subT(i,j))*TST/sum(subT(i,:),2)/sum(subT(:,j),1));

%If flow is zero, metrics remain the same
else
%Ulanowicz Capacity
C=C+0;
%Ulanowicz Reserve
Phi = Phi +0;
%Ulanowicz Ascendency
A=A+0;
end %end if statement
end %end loop through columns
end %end loop through rows

%Ulanowicz metrics scaled to TST

H = C/TST;
Psi = Phi/TST;
X =A/TST;

%Add metrics to results matrix
metrics_C(counter, I+1) = C;
metrics_Phi(counter, 1+1) = Phi;
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metrics_A(counter, I1+1) = A;
metrics_H(counter, [+1) = H;
metrics_Psi(counter, [+1) = Psi;
metrics_X(counter, 1+1) = X;
end %end loop through countries

%increase counter
counter = counter+1;

end %end loop through files

%Write metrics to a .csv file in the working directory
metricslist = {metrics_C, metrics_Phi, metrics_A, metrics_H, metrics_Psi,

metrics_X};

metricsnames = { 'metrics_ C' , 'metrics_Phi' , 'met rics_ A" ,
'metrics_Psi' , 'metrics_X' h

header = horzcat( 'Year' ,country);

for w=1:length(metricslist)

metric = metricslist(w);

metsort = sortrows(metric{1});

metricsout = [header; num2cell(metsort)];
numoutcols = size(metricsout,2);

fname = sprintf( '‘DomesticClosed_%s.csV' ,metricsnames{w});
fid = fopen(fname, W),
headerrpt = repmat( '%s," ,1,numoutcols - 1);
metricrpt = repmat( '%f," ,1,numoutcols - 1);
fprintf(fid,[headerrpt, %s\ n' ],metrics  out{1,:});
for q=2:size(metricsout,1)
fprintf(fid,[metricrpt, '%f \ n' ],metricsout{q,:});
end
fclose(fid);
end

Domestic Input-Output Model

%Stephen Bond

%April 22 2015

%Domestic Metrics - Input Output Model

%

%

%This script calculates Ulanowicz metrics for the domestic case,
%treating value added as inputs and final demand as outputs.

%Extracts data from WIOT Excel tables for each year and calulates for
%each country

clear
clc

%Set working directory
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%cd('/Users/StephenBond/Dropbox/Academic/Thesis/Workspace/International')
directory = uigetdir();
cd(directory);

%List all countries in WIOT files and set number of countries as a variable

country={ 'AUS' ,'AUT' , 'BEL' ,'BGR', 'BRA' ,'CAN','CHN','CYP' ,'CZE' ,'DEU', ...
'DNK' , 'ESP' , 'EST' , 'FIN' , 'FRA' ,'GBR', 'GRC', 'HUN','IDN' ,'IND" ,'IRL" , ...
ITA" ,'JPN' ,'KOR','LTU" ,'LUX' ,'LVA' ,'MEX','MLT"' ,'NLD' ,'POL' ,'PRT", ...
'ROU' , 'RUS' , 'SVK' ,'SVN' , 'SWE', 'TUR' , TWN', 'USA' , 'RoW' };

countries = length(country);

%Loop through Excel files in directory and load into cell tables
files = dir( * XxIsx' );

%lnitialize counter
counter = 1;

%create results matrices for each metric
metrics_C = zeros(length(files), countries);
metrics_Phi = zeros(length(files), countries);
metrics_A = zeros(length(files), countries);
metrics_H = zeros(length(files), countries);
metrics_Psi = zeros(length(files), countries);
metrics_X = zeros(length(files), countries);

%loop through Excel files in directory and load into cell tables
for file = files'
%Read all values into matrix
TT = xlsread(file.name, 'E7:BKF1448"' );
TT(1436, :)=[];

%Get years for results output
rawyear = file.name(5:6);
numyear = str2num(rawyeatr);
if  numyear<50

year = sprintf( '20%s' , rawyear);
else

year = sprintf( '"19%s' , rawyear);
end %end if statement for year assignment

%add WIOT year to first column of each results matrix
metrics_C(counter,1) = str2num(year);
metrics_Phi(counter,1) = str2num(year);
metrics_A(counter,1) = str2num(year);
metrics_H(counter,1) = str2num(year);
metrics_Psi(counter,1) = str2num(year);
metrics_X(counter,1) = str2num(year);

%Loop through countries and defin e row and column boundaries for each
for 1= 1:countries
domesticmin = (I - 1)*35+1;

domesticmax = I*35;

O_raw = TT(domesticmin:domesticmax,:);
|_raw = TT(:, domesticmin:domesticmax);
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O_raw(:, domesticmin:domesticmax)=[];
|_raw(domesticmin:domesticmax,:)=[];

%ocollapse input and output matrices into vectors of sums
| = sum(l_raw, 1);
O =sum(O_raw, 2);

%Handle negatives in inp ut by zeroing out negative and
%adding it's opposite to relevant output
for p = l:length(l)

if I(p)<O0
O(p) = O(p)+abs(I(p));
I(p) = 0O;

else
I(p) = 1(p);

end

end

%Handle negatives in output by zeroing out negative and
%adding it's opposite to relevant input
for q = 1l:length(O)
if O(g)<O0
I(q) = I(q)+abs(O(q));
O(q) = 0;

O(a) = O(a);

else

end
end

%create matrix with only domestic flows and corresponding 1/0
subTT = TT(domesticmin:domesticmax, domesticmin:domesticmax);
subT = [subTT O;

1 0];

%Runs through only intermediate flows, but uses all for TST
numrows = size(subTT,1);

numcols = size(subTT,2);

TST = sum(sum(subTT)) + sum(l);

%Set initial variable metrics to zero.

C=0;

Phi = 0;

A=0;

H=0;

Psi = 0;

X=0;

00 =0;

%Calculate open system add - on from inputs

for m = 1:length(l)
if I(m)==

00 =00;

else

OO0 = 00- I(m)*log2(I(m)/(I(m)+sum(subTT(:,m))));
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end

end
%Calculate open system add - on from outputs
for n=1:length(O)
if O(n)==
00 =00;
else
00 = 00- O(n)*log2(O(n)/(O(n)+sum(subTT(n,))));
end
end

%Loop through entires in WIOT table
for i=21:numrows
for j=21l:numcols
%Log(0)is not defined, so only calculate if flow is greater
%than O
if  subT(i,j)>0
%Ulanowicz Capacity
C=C - subT(i,j)*log2(subT(i,j)/TST);
%Ulanowicz Reserve
Phi=P hi -
subT(i,j)*log2(subT(i,j)*2/sum(subT(i,:),2)/sum(subT(:,j),1));
%Ulanowicz Ascendency
A=A+
subT(i,j)*log2(subT(i,j))*TST/sum(subT(i,:),2)/sum(subT(:,j),1));

%If flow is zer 0, metrics remain the same
else
%Ulanowicz Capacity
C=C+0;
%Ulanowicz Reserve
Phi = Phi +0;
%Ulanowicz Ascendency
A=A+0;
end %end if statement
end %end loop through columns
end %end loop through rows

%Add open model corrections to metrics

C=C+2*00;
Phi = Phi + OO;
A=A+ 00;

%Ulanowicz metrics scaled to TST

H = C/TST;
Psi = Phi/TST;
X =A/TST,

%Add metrics to results matrix
metrics_C(counter, [+1) = C;
metrics_Phi(counter, 1+1) = Phi;
metrics_A(c ounter, I+1) = A;
metrics_H(counter, [+1) = H;
metrics_Psi(counter, I+1) = Psi;
metrics_X(counter, I+1) = X;
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end %end loop through countries

%increase counter
counter = counter+1;

end %end loop through files

%Write metrics to a .csv file in the working directory
metricslist = {metrics_C, metrics_Phi, metrics_A, metrics_H, metrics_Psi,

metrics_X};

metricsnames = { 'metrics_C' , 'metrics_Phi' , 'metrics_A' , 'metrics_H' ,
'metrics_Psi' , 'metrics_X' h

header = horzcat( 'Year' ,country);

for w=1:length(metricslist)

metric = metricslist(w);

metsort = sortrows(metric{1});

metricsout = [header; num2cell(metsort)];
numoutcols = size(metricsout,2);

fname = sprintf( ‘Domestic_IO_%s.csV' ,metricsnames{w});
fid = fopen(fname, w');
headerrpt = repmat( '%s," ,1,numoutcols - 1);
metricrpt = repmat( ‘%f," ,1,numoutcols - 1);
fprintf(fid,[headerrpt, '%s\ n' ],metricsout{1,:});
for q=2:size(metricsout,1)
fprintf(fid,[metricrpt, '%f \ n' ] ,metricsout{q,:});
end
fclose(fid);
end

APPENDIX C: ADDITIONAL PLOTS

The plots included below are scatter plotefféctive connectivity (m) vs. number of roles,(n)
similar to those in Figure®83, 64, and 6, but representing individual years antrees.Plots for

metrics calculated by closed and iqowitput models are included.
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All Countries by Year i Input-Output Model
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All Countries by Year i Closed Model
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All Years, Individual Countries Highlighted 1 Input-Output Model
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All Years, Individual Countries Highlighted i Closed Model
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Link Density
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