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ABSTRACT

As awareness of the current unsustainable state of our sowetases, it has become evident
that immediate action is needed to change this state. Many of the eabbbginges that threaten
the long-term survival of humans and of other species have anthropagegms. Industry’s
impact and its role in mitigating these impacts is the fatuauch discussion and debate. Two
industries that are working to deal with these issues are itttngrand paper industries. The
environmental impacts associated with the entire life-cyclepagfer are significant, yet the
socially redeeming value of the content printed can be equaligraficant. A curious paradox
is that advances in information and communication technology (1&g long been predicted
to lead to a reduction in media use, resulting in the so-cpliedrless officebut this has not
been the case. Until recently, the observed trends worldwide deatertsiat in most countries
paper consumption has been on the rise, however in some developed coueiteids some
suggestion that this trend may be reversing. The work of Sellen amei{2002) provides a
gualitative explanation of why paper consumption is on the rise. Noesthehere is little
research that develops quantitative models to explain paper consumatiems. This thesis
leverages Sellen and Harper’s qualitative models to develop ansggteamics model to explain
the effects and interactions between ICT, dfferdancesof paper angaper-liketechnologies,
and knowledge work flows. Specifically, the Bass Diffusion technobmpption model and the
path dependence patterns of behavior are modified in an attempprtmuee the paper
consumption patterns observed in the United States (US). Sensitiglyys& through the use of
a fractional factorial experiment has been performed to idetitdymost influential model
parameters to set the model parameters at values thatpestant US data. An assessment of
the system dynamic model’s utility based on a publically avialguantitative study of the
amount of original information that is produced and stored each yadgoigresented in this
study. The thesis will close with recommendations to improventhaéel and for future research
work.
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1. INTRODUCTION

Chapter 1 gives a short description of the motivators for understapding media paper
consumption patterns through a system dynamics approach. Thisrchaptentroduces the

main environmental problems related to the production, consumption, and fpaisal of

printing and writing paper. Next, historical trends for paper pagerboard production and
consumption, worldwide and for the United States are presented, Bystem Dynamics is
introduced as a powerful methodology and technique that can help to pesessonsumption
patterns in a holistic manner. Subsequently, the problem statemenhetogéh the research
objectives and the novel contribution of this thesis is presented angshbsic Finally, an outline

of the thesis structure is presented and concludes Chapter 1.

1.1  MOTIVATION TO UNDERSTAND PRINT MEDIA PAPER CONSUMPTION PATTERNS
The adoption of sustainable practices and the respect and wiséneteral and human capital
cannot be delayed any more. Many of the ecological changemitgatt affect the survival of
humans and millions of other species are from anthropogenic origai$Clr., 2009). This
means that the solutions to build a better today and tomorrow ahe inahds of those who
created the problems in the first place, in our own hands. Changeew#iquired of everyone
and needs to come from many sources: from all types of coagpand business, from the
general public, and from the government. Nowhere is this motieatrthan in developing
countries where the paradigm for development has yet to be definednot written in stone
that the path to a higher standard of living will require the envirotehand social impacts that

are typically attributed to the economies that are currently consideredpledel



Along these lines, economic growth should no longer be the only nmetreasure progress and
standard of living. The often unaccounted effects on our natural and huméal eapi the
ability of a nation to sustain healthy progress over time alge tabe taken into account. The
importance of measuring progress through these three vectanso(eg, environment and
society) is becoming more obvious and is drawing institutions’, the government’s agehtral
public’s attention into the search of new ways to embrace susi@ait@velopment. Not only it is
ethical to respect our natural resources, but it is alsossageto remain competitive in the

market.

For this reason, in recent years, an increasing number of coopsraave started to focus on
their business practices that effect the environment and nranpudlicly advertising their
efforts targeted towards ecological sustainability and so@apansibility. Whether their
objective is to reduce costs through ecological efficiency, cajfgoeen” markets, improve their
image, or establish better community relations (Shrivastava, 18@pprations have come to
realize that when they operate efficiently, it's not jushatter of eco-image; it's about making
money (Amory Lovins, 2007). Examples of corporations that are taking twk \Wath
sustainability initiatives are Nike, with theatd sneaker take badnd recycling program, Coca
Cola with their100% bottle recyclingcampaign (Veleva, 2008), Dell who became the first
computer maker in the United States to take back its end-afdifgputers (Veleva, 2008), and
Wal-Mart with their ambitiousSustainable Product IndefWalmart, 2010). Two specific
industries that are working to deal with sustainability isswieghe printing and paper industries.
The environmental impacts associated with the entire lifeeogthbaper are significant, yet the

socially redeeming value of the content printed can be equally as significant.



Figure 1-1 shows the typical phases of the lifecycle of papelupts. The paper cycle typically
begins in the forest where fiber for paper and paperboard production igexkfracn wood. The
fiber is then transported to the pulp mills where it is prepdoe paper and paperboard
production. After paper and paperboard is produced, it continues to the stonvehase in
which the paper and paperboard is transformed depending on thed desateuse, such as
packaging, sanitary, or periodical uses. The use phase followsn dhd case of printing and
writing paper (PW paper hereafter), printing processes mightptace. For the end-of-life of
paper products, several strategies may take place: papdrecsent to a landfill, incinerated,
used for composting, or recycled. For recycling end-of-life exjias, waste paper is collected,
sorted, and separated from non paper contaminants. After thereddiber is processed it can
be used for papermaking. Depending on the quality of the final pagertitees of virgin pulp
may be added. However, some paper products, such as newsprint aigatedrmaterials can

be made from 100% recycled paper.



verting
(eg packaging, periodicals,
sanitary products)

Figure 1-1.The Paper Cycle (Maryanne Grieg-Gran, 1997)
Contrary to expectations of a paperless office, the consumption aégpantd writing paper has

significantly increased as humanity’s economy and population continue to grow.

With paper consumption on the rise, the environmental problems or negativtenmental
externalities associated with every stage of the paper ¢ietyas also increased. The negative
environmental externalities of the paper cycle include probletatedesuch as deforestation,
toxic pollution, excessive water and high-energy consumption, solite wasduction, and air
pollution. For instance, 42 percent of the industrial wood harvest isasedke paper and even
though current harvest of pulp for paper products is in its majisaty managed forests, as
demand rises, pressure on unmanaged forests is likely to mqf\@del, 1998, updated June
2001). Within the forest products industry, the pulp and paper industry usesc8atpe the

energy consumed by the forest products industry (EIA, 2000), and the N2&@&facturing



Consumption Survey conducted by the Energy Information Associatithkedahe industry as a
whole the third largest industrial consumer of energy, only behingddatieleum and chemicals

industry (EIA, 2006).

The paper industry also generates large volumes of wastewater that megéfieats fresh water
resources (Abbasi & Abbassi, 2004). For example, liquid efflueats mills include a whole
range of organic, toxic, and chlorinated organic matter that adyeaffetts water quality and
can be lethal to fish (WRI, 1998, updated June 2001). Paper accounts for 38t pklandfill
waste, and paper and paperboard are included within the products thatjacted to increase
faster than population until 2010 (EPA, 2008). The significance of thegative externalities
increases, as the demand for paper products increasesl,aandeds the natural reservoirs of

dilution and assimilative capacities become exhausted (Ayres & EnE@89).

Regardless of the negative externalities, the inherent valueeali by paper products can be
equally or even more significant. The pulp and paper industry is an emp@tonomic agent,
and paper products make a vital contribution to education, communicatiaksgirg, and

health care (Maryanne Grieg-Gran, 1997).

Consequently, when considering the sustainability of paper consumptienmust not only
factor in the negative impacts, but one must also consider the nbhetdee delivered by it,

discussed further in the following sections.

1.1.1 HiSTORICAL PAPER CONSUMPTION PATTERNS
Advances in Information and Communication Technologies (ICTs), alongitwitapid spread
throughout the world have created new and revolutionary ways to comme,isicae, and have

access to vast amounts of information. For this reason, it weectexi, and actually it still is,



that ICTs would have substituted, if not all at least in gredt thaa use of paper by this time;

however, this hasn’t been the case.

Contrary to these predictions, according to data from Earth Tr@@d8), instead of going
paperless, world paper consumption per capita experienced exponentitl, gab least from
1962 to 2005 (WRI, 2008), which translated to an increase in paper cormuimpta factor of
20 last century meaning that it tripled in a period of 30 yereos) the 70s to the ends of 2000s

(WRI, 1998, updated June 2001).

Figure 1-2 and 1-3 are a good representation of the recent sta@pef and paperboard
production and consumption worldwide. Specifically, figure 1-2 shows the ambpaper and
paperboard produced by country, while figure 1-3 compares per cowamtey ponsumption vs.
GDP. The size of the bubble in both figures indicates the aot@unt of paper that is being
produced and consumed in each country respectively. The color of the bubligerenl1-3

indicates the change in paper consumption from 2000 to 2005.
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Figure 1-2. Total Paper and Paperboard Consumption Per Capita by Country (Marin, 2003 published in 2006)
In figure 1-2 and 1-®ne can observhow the U.S., and developed countiiegenere, are the
greatestproducers and consumers paper and paperboard, although figure 1-3 for the
majority of the developed countries the bubbllight blue color suggestthat paper and
paperboarcconsumption might bstarting to decrease. Howeverhile pape and paperboard
use is decreasing in many developed countriese tler many places in the world where pe
use is still on the rise, such as Cl, South America (Fairfield, 200&nd developing countrie
in general For instance, Chinealthough with one of the lowest GDPs, constitutes of the
greater paper and paperboard consumers, consuntpibmcreaseby at least 20 percent in

five year period, from 2000 to 200!
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Figure 1-3. Total Paper & Paperboard Consumption vs. GDP (Fairfield, 2008)
Even though the datbor these two figure accounts for all types of papand paperboard,

including packaging and sanitary materiioffice PW paper consumption constitutes at leas
percent of total paper consumpi (AFPA, 2000).

How Much Information? 2003 study that attempts to measure how much informas yearly
produced worldwidéLyman & Varian, 200z, also contains several interesting facts alpaper

consumption worldwide and in the U..

0 Inhabitants in North America consume 11, 916 sloégtaper each (24 reams).

least half of this paper is used in printers angiers to produce office docume.

0 The single largest component of print meflow is office documen.



U.S. companies are estimated to produce a total of more than 4 hittbival

pages each year, equivalent to 1, 400 terabytes.

The U.S. print information flow is dominated by office documents, umlike for
global data, the second most prevalent source of print information isnass-

market periodicals, but books.

Developing countries have proportionally higher information being createthss

distribution channels like magazines and newspapers than in books.

Nearly 500 billion copies are produced on copies in the U.S. and neatlyliab

copies are produced on copiers, printers, and multi-function machines.

Figure 1-4 depicts the trends of produced and imported graphic fmapseet US
PW paper demand. Also, in this plot one can see how, for the Unaézs Spaper
consumption showed increasing trends from the 1960s to around middle 1990s but i

suggesting that paper consumption might be starting to level off.



United States Printing and Writing Paper Produced and Imported
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Figure 1-4. United States Printing and Writing Paper Produced and Imported (FAOSTAT, 2009)

Contrary to notions of a paperless office in the late 80s and ®@s]ythe consumption of office
paper has grown substantially in the recent years (Lyman & Varian, Zh@@)ent factors have
fueled paper consumption, but many agree that advances in ICTs, arfidad|yeadvances in
interconnectivity and print technology (Sellen & Harper, 2002), are thne factors that have

influenced this behavior.

Another key factor that has fueled paper consumption is the Hattour society has been
gradually turned into a “knowledge based society”, in which we are fila@ly to work in an
office, where we not only have to process efficiently information, but aésdecinformation and

knowledge (Nonaka, 1994).

Sellen and Harper (2001), discuss how knowledge workers do their job andeyoternd to use
the media in which they produce, store and transmit information. They focusedcsfigdifithe

characteristics (or affordances) of paper that make possbigin human actions such as note
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taking, spatial lay out, collaborative work, etc. A summary of thegpter Paper in Knowledge
Work from the bookThe Paperless Officby Sellen and Harper (2002) is provided in the

literature chapter of this thesis.

Our knowledge based society is thirsty for information and uses pagdCTs as the media to
produce, modify, and consume it. The increasing consumption of PW paper asd tae
frustrated hope of the substitution of this medium by digital tecigiesd, explain how difficult it

is to predict the behavior of such complex systems.

However, the historical data presented and the trends of paper coisuimgée not gone
unnoticed to several entities that recognize the environmental pblkdated to the paper
cycle, and are constantly in the research and development of daltenore efficient practices
to mitigate the negative environmental and social impact of the pgpke. For instance, paper
recycling is a practice that has been highly encouraged by paper yglosinagers, consumers,
and regulators (AFPA, 2000) to alleviate some of the previoustgdsiaroblems. Paper
recycling has many benefits: it reduces deforestation, helgave water, and reduces energy
consumption (EIA, 2008). However, paper recycling does not constitute thosdly itself. To
illustrate the case, it is well known that one of the drawbacksapér recycling is that paper
pulp can only be recycled a finite number of times before it degraand there are significant
costs and energy use associated with the reverse logistiecovered paper, such as the
collection, sorting, and transportation activities of the wasterp@ean-Energy-ldeas, 2008),

just to mention a few.

Given the dynamic nature of the paper cycle, mainly charaetety the hard to quantify

consumer behavior, it is hard to predict accurately the trends Hisasdctor will perform.
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Traditional methods have been useful to convey a better understandpapef and pulp
production and wastepaper management, as it will be explained furttres literature review
chapter of this thesis. However, none of them have attempted torett@ainain problem: why
paper consumption has grown exponentially in the last decades andlghef rICTs and

knowledge workflows in this behavior. A method to assess holistically iisue, one that
considers the main stakeholders of the system along with theradtibns, was investigated.
System dynamics emerged as a potential and powerful techniquedrstand problems in a
holistic manner and uncover the causes the potential implicationsnohgrand writing paper

consumption.

1.1.2 THE NEED FOR A SYSTEM DYNAMICS APPROACH
As discussed previously, the paper industry as a natural resour@sbs dmemodity, has a
history of environmental impacts such as the traditionally higgrgy requirements associated
with the paper lifecycle (Sundin, Svensson, McLaren, & Jackson, 2002).
Because of the dynamic nature of this system, one cannot saxypbet that the usage of PW
paper will soon disappear, and with it, all the environmental, sacgleconomic problems that

come with the print media lifecycle.

By the same token, it is necessary to understand how paper consupaitesns have behaved
in the past and how they are currently behaving in order to detehramehese trends might
evolve in the future, and to determine how changes to the systertreaship more sustainable
consumption patterns. This study is strongly motivated by therduchallenges the print, paper,
and ICT industry face regarding adopting sustainable practicetharichpact these industries

have on the economic, social and environmental sector.
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The analysis tool chosen to conduct this study is System Dyn&&i)s because SD thinking
can help analyze the system in a holistic way and consequently, heg$s #s behavior of the
paper, print, and ICT industry to guide sustainable change. SD iswkinthimodeling and
simulation methodology that was specifically developed to support thg studlynamic
behavior in complex systems (Hjorth & Bagheri, 2006) such as the onessksl in this
document. The opinion of the researcher is that this methodology eefsrése most accurate
way to identify feedback processes and loops in the PW paper consumsygtem. This is
attributed to the fact that “one feature that is common to atesys is that a system’s structure

determines the system behavior” (Hjorth & Bagheri, 2006).

1.2  PROBLEM STATEMENT

As was explained previously, there is a clear need for morairsaiste practices in our society
and in our economy. The paper, printing, and communication industriesviaslex are good
candidates for developing more sustainable practices, becauséntnégirseously deliver great
benefits to the society and create many negative impactselhs Many of these negative
impacts reside in the life cycle of paper, yet paper also presents aruogyaiven that the root
resource is a renewable. Thus, there is a great deal dfiméurthering our understanding of
paper consumption patterns. The literature review of this thesipt@ha) will explain how
both, academics and industry practitioners alike, appreciatésshes discussed above even
when there has been very little in the way of quantitatieeleting of paper consumption

patterns.

It has been argued that a clear implication of the higHdexfdPW paper consumption is that the

burdens placed on the environment continue to grow and threaten to cause ctaipe=di
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consequences. Therefore, the general public and policy makers pustidocheices and more
sustainable media to manage information. Technology designers, PWppaghecers, the print
and ICT industry, and policy makers need a clear understandinghatf wfluences paper
consumption and the potential implications of the penetration of ditexndigital technology
that is aimed to substitute PW paper. The method must draw from engineetiatggcssystem

dynamics approach, and the environment.

Environmental issues combined with a system dynamics vievergideering research address
the complex problem of analyzing PW paper consumption patterns intordaderstand what
designers and policy makers need to take into account to develop techs@ndipolicies that
alleviate the environmental impact of the paper cycle. Many otfeghods have been used to
understand the impact of the paper industry but are not directlyl usetomprehensively
understand the role of all the pertinent stakeholders in the PW papsungption system.
Pulling together the role of these diverse parties is comgticatit must be accomplished to

understand the system under study and reach a solution.

1.3 RESEARCH OBJECTIVES
The main goal of this work is to develop a system dynamics modetglain current and past
paper consumption as a function of time. In particular, the observedf tsfown in 1-3, 1-4,
and 1-5 which one might have expected to decrease due to ICT developkmetitermore, this
study intends to identify the key leverage points that could eventealll to decreased paper

consumption.

The purpose of this study can be summarized as follow:
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First, it is aimed to develop a “simple enough”, flexible, and ceimgmsive SD model that helps
to understand current and past paper consumption behavior as a functioe.oflisnsecond
objective of this study is to identify the key leverage points toatld eventually lead to
decreased paper consumption in the future. The third objective isltbupuia base against

which different alternative assumptions can be compared.

1.4  OUTLINE OF THESIS
The previous section presented the importance of analyzing primtthgvating (PW) paper
consumption patterns through a holistic approach as a first stejwéctlte PW paper industry

towards sustainable development. The remainder structure of this thesis igedganiollows:

Chapter 2 presents a review of the literature related to the paper and ICT industry to
provide the background and basis for this study. In this chapter, thamedeof the addressed
problem to sustainability and sustainable development is discusséde&zach works that
focus on the environmental impact of the paper cycle and the impodaaddressing this type
of issues in a holistic manner are also discussed. This chapidudes with a summary of the
chapterPaper in Knowledge Workrom Sellen and Harper's (2002) bodlhe Myth of the

Paperless Officeln chapter 3 the problem statement, and research objectives dighis are

presented.

Chapter 3 is devoted to describing the research methodology théblieased to conduct this
study. The research activities described in this chapter aed bas the general research

procedure described by Sterman (2000).

Chapter 4 discusses the dynamic hypothesis that representsdbecher’'s theory of how the
problem arose. A model for paper consumption, together with the subsgaté causal loop
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diagrams that describe how the relevant organizations of thensysteract, is also presented.
This chapter also focuses on the development of a system dgnsimidation model to explain
print media paper consumption patterns. The model represents trectiotes of three main
subsystems: information access, authoring work production, and informatinsumption
subsystem. The methodology and details of how each subsystemadlated and populated is
also explained in this chapter. The resulting behavior of a basaf the model is presented and
discussed. Finally, real data from the base year 2002 is use@tmitet to compare the model

results with real data.

Chapter 5 discusses the methodology that was used to test the gragpenption SD model. A
fractional factorial design of experiments is presented asstifaegy of experimentation
conducted to discover how the model parameters should be set up tovadaicdity between
the SD model results and real trends, and replicate the r@alnddte most accurate possible
way. The results of a test run of the model, based on the indiglhtesulted from the design of

experiments, are presented and compared with the data from the 2002 scenario.

Chapter 6 summarizes the main research points and lessons learttad wmdsearch, and

identifies potential areas for future work.
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1.5 SUMMARY
As discussed previously, this study is motivated by the obsémgeshse in the demand of PW
paper and the subsequent environmental burden related to the papeAlktigolegh ICTs have
substituted paper in many of its roles, in many cases tleegoanplementary goods that fuel the
consumption of paper. Our increasing knowledge based society is ranaotival factor that

needs to be accounted when explaining PW paper consumption patterns.

The overall goal of this study is to provide a systematic uratedstg of why paper
consumption trends have behaved in the observed manner, by not only determining whigh are t
key factors that have influenced this behavior, but also how thesesfanteract between each
other. This type of understanding is valuable for designers to unttei relationship of ICTs

and paper, and what type of technology could eventually lead to a skecireapaper

consumption.

This research uses system dynamics as a powerful methodolapdtess the interactions
between the printing, paper consumption, and ICTs. Thus far, ther@amgnémpirical study in

the literature aimed at understanding the interactions of these factors and their implications
to sustainability. The following chapters of this thesis presemt this new knowledge was

created.
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2. LITERATURE REVIEW

The significant impact of the PW paper lifecycle to the envirariraad society makes it a topic
of great interest. Consequently, an important phase of this studyweadval review of the
literature related to the sustainability of the PW papereciytlorder to identify the areas where

further research is required.

This literature review is organized around three main areatirsaisle development, paper
consumption, and system dynamics. A summary about the role of pagrowledge work
activities as described by Abigail Sellen and Richard Harpeheir book The Myth of the

Paperless offic€2002) is also included in this chapter.

To understand the relevance of this study to sustainabilityiose2.1 of this review of the
literature summarizes important concepts about sustainabilitysasthinable development.
Section 2.2 contains a summary of past studies that have been condwstbetr to understand
the paper cycle impacts. These past studies demonstrate the pobicern for the
environmental, social and economic impact of the paper industry. Mareo this section are
presented various studies that address the role of ICTs in paper ptiosur8ection 2.3 of this
literature review will present several studies that desdrdye system thinking can be used to
model complex problems and approach sustainability issues. Fimagction 2.4, key insights
from the chaptePaper in Knowledge Wory Sellen and Harper (2002) are discussed in order
to understand why paper is still predominant in all activitie$ tmeolve interpretation and

production of information.
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2.1  SUSTAINABLE DEVELOPMENT
This study is strongly motivated by the current unsustairgtbte of paper consumption. Thus,
one of the main objectives of this research is to understand wiid teedappen in order to
enable a decrease in paper consumption to alleviate the burdenHarth&s ecosystems. To
translate this objective into specific research aims,imhportant to understand what sustainable

development means.

Sustainable development is a very dynamic and broad conceptsadeéfinition is highly
dependent on the context in which it is used. While sustainable deexlbpas become a topic
of great interest recently, its original discussions carrdikéd back almost 40 years, back in
1971. The core of this concept, although with a different label, “Equiliiy was discussed in
several books by a group of system dynamicists lead by theepion¢he area Jay Forrester
(Randers, 2000). In these books, Forrester and associates presegecetbions of what they
called “The World Model” to describe their observations about the pibgmik unsustainable
growth and the Earth’s carrying capacity. They concludedthigaéxponential growth in the use
of our planet Earth’s finite resources could ultimately lead to thepletion and hence to the
overshoot and collapse of the world socio-economic system (SygtemicsOrganization,
2009a). However, the ideas presented by Forrester et al. gagstdnce and skepticism within

the scientific community.

The concept was then formally discussed in 1972 in the United nsaGonference on the
human environment (also known as the Stockholm Conference). The defofitsustainable
development emerged for the first time as the “means atirgaldevelopmental needs of all

people without sacrificing the earth's capacity to sustagf (EPA, 2009). However, it wasn'’t
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until 1987 after the Report of the World Commission on Environment and @eweht “Our
Common Future” (also known as the Brundtland Report) that the termpapasarized (Lumley
& Armstrong, 2004). According to the Brundtland report, Sustainable Dewent is the
“development that meets the needs of the present without compronhisirapility of future
generations to meet their own needs” (UnitedNations, 1987). This coooephued to be
discussed in subsequent “world meetings” such as “The Earth Sulnetdiin Rio de Janeiro in

1992, and the second Earth Summit held in Johannesburg in 2002 (EPA, 2009).

Ever since, sustainable development has been recognized as a doah&r development in
many parts of the world; however, it is hard to tell wherystesn, community, city, region,

country, and even the world is on a sustainable path or developnuase(B1999). Assessing
sustainability problems is a hard task because it depends on thet dcontich the problem is

being defined and on the established sustainability goals ussmimpare the unsustainability
degree of the system under study. Sustainability problems ae @mplex, because
sustainability is a dynamic concept: the world is in constantgehand sustainability must allow
and sustain such change. To be able to recognize the presence oe alisgrstainability in a

system, proper indicators are needed to provide information of wherstdte of the system
stands with respect to the established sustainability gBaksel, 1999). Integrative indicators
and frameworks used in sustainable-based assessments of sydésmes,significant role in

providing information to guide policy making and decisions at a#lkewf society. Examples of
sustainable-based indicators, methods, and tools are the tradiifer@jcle assessment of
products and processes, material flow analyses (MFA), geeecalomy and demographic

models, biogeochemistry and climate models, multi-criteriayaaa] human and sustainable
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development indicators, and scenario tools such as system dynaadetng and simulation

(Videira, Antunes, Santos, Lopes, & Tavares, 2009).

When it comes to assessing the sustainability of PW paper consnmatterns, it is vital to do
so in a holistic manner identifying and understanding the crifeadlback that shapes the
behavior of the system under study. According to Bossel (1999), ansyste@pproach requires
“a process of aggregation and condensation of available informatidrthe directed search for
missing information needed for a comprehensive description of thensy3this process of
systems analysis is guided by the particular task, and the é&agevland experience of the
analysts. It requires choice and selection at every stagecuspect and self-critical approach
by analysts is essential. It should be coupled with independesmsniay others with different
points of view, representing in particular the interests of thosemdypobe affected by policy
decisions. The result of this effort is some kind of a model—a mentalel, a verbal
description, or a more formal mathematical or computer model. Todelms then used to

identify indicators providing essential information about the system” (Bd<3@9).

This study attempts to precisely understand through a holistic apptieagatterns of paper
consumption in the United States. Modeling past and current paper coisupgiterns and
incorporating the key players in the system that have influenise & paper consumption, will

yield a better understanding on how to move towards more sustainable consumption patterns.

2.2 PAPER CONSUMPTION

The paper industry has been often in the public eye becauseatrfedsly mentioned impacts.
For instance, the IIED conducted an independent study on the environnesotabmic and

social terms of each stage of the paper cycle. These intesigyeevealed many areas of debate
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between different stakeholders. In addition, this study concludedithaugh there have been
significant improvements in the paper industry, there are séhsawhere there is scope for
future improvement; for example, although there has been significggrovement in the

environmental impacts of the paper industry, little attention bas lgiven to the social impacts

(Maryanne Grieg-Gran, 1997).

Ruth and Harrington (1998) tested a series of scenarios in andynaodel to determine the
future profile of fiber and energy use of the pulp and paper industrother objective of this
study was to determine how fast technological change would haveuo iacorder to reduce
energy use if production rates continue to increase (Ruth &rg#on, 1998). The conclusions
drawn from this study suggest that to lower total energy consompt 2020, future annual
increases in energy efficiency have to be almost two tinsebigh as the reported energy

efficiency of the period of 1972-1992 (Ruth & Harrington, 1998).

Motivated by the importance of the paper and pulp sector to theoey, in addition to the
increasing public concern about the negative impact of every efatjee paper cycle to the
environment, Sundin and colleagues conducted a Material and Energy Ridysi& (MEFA)
for the United Kingdom (U.K.) for the period of 1986 to 1997. The purposbkeostudy was
twofold: first the study aimed to determine the annual energyinEments associated with
consumption of paper in the U.K. based on the results of the MEFAsetuhd, the study
intended to test different assumptions, under different scenarioghemdjh a system quasi-
dynamic (“quasi” because it does not includes significant tige) lapproach to determine under
what conditions the energy consumption associated with the papenugtiebe stabilized. The

results of the analysis suggests that in order to achievgndicant reduction in the energy
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requirements of the paper and pulp sector, efforts to control consmmgriowth of paper

products must take place (Sundin et al., 2002).

Jones, Seville, and Meadows (2002) also expressed their concern on thimghagiey focusing
upstream in the paper’s supply chain, in the sawmill industry. $nvtbirk Jones and colleagues
explored, using a system dynamics model, the forest resourceadhtyinhe goal of the study
was to “model, understand and disseminate understanding of commosligmsy (Jones,
Seville, & Meadows, 2002).

These studies underline the need of developing clean technologextute the dependence on
natural resources and the total energy consumption in the paper Algde.these authors
recognize the need of modeling the dynamics of the industry tr hettlerstand what could be

its future economic, social, and environmental impact.

As stated before, progress in ICTs has created a curioute agddmaut whether advances in digital
technology will substitute in the near future the need of papegurieting and writing. To that
effect, Sellen and Harper conducted a number of case studest tbdir hypothesis that paper
will remain as the lead medium for quite some time. To beti@am the dominance of paper in
most activities that involve knowledge work, the authors use the tédfordances”.
Affordances refers to the fact that the physical propediemn object make possible different
functions for the person perceiving or using that object (Selldta&er, 2002). The authors
concluded that digital technologies will continue to grow and could cepbaper in different
roles, but they will only support in a large scale these roldgssigners look at paper use for
guidance to create paper-like technology (Sellen & Harper, 2002).

York (2006) also discusses the paradox of the paperless office lpadoqit to the Jevons
Paradox. The Jevons paradox, states that “the development of a substindtural resources
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IS sometimes associated with an increase in consumption of seatrece”. The author uses this
paradox to compare and explain the increase in print paper consumpdidhearole of ICTs
fueling this behavior, calling it “The Paperless Office Paraddrk, 2006). York explained
how the prominent practice for reducing the consumption of a parti@daurce is to develop
substitutes for it. This way the Paperless Office Paradox gotinthe fact that one should not
assume that the development of substitutes for a natural resmopceyements in efficiency,
and/or relying on technology alone to solve our problems will leadedwction in consumption

of that resource ceteris paribus (York, 2006).

Frank Cost (2005) discusses in his bddle New Medium of Priftow there will soon be few
scenarios where print and web will stand apart from each @dtbeording to Cost, print media
and digital products are already tied together. In many casgsnmedia products are packaged
with a variety of other forms of digital media. For examplgtlteoks publishers often include
digital media products such as software programs, video game$aitcan be used to justify
higher prices for printed products, but that have no value if sold selyaf€ost, 2005).
Additionally, he compares the four major media: radio, TV, print andnetdo conclude that
the enduring value of print, in relationship with the internetgiiesater competitor), is tied to its
materiality. Moreover when print primarily serves as a mediafimommunication, its value is

largely determined by human response (Cost, 2005).

All these authors agree that advances in ICTs have createdea of possibilities that have
contributed significantly to economic growth. ICT tools have given aesscto a huge amount
of information and have defied barriers of distance and time conggqmtople all around the
world. On the other hand, advances in ICTs, and specifically in interctonitye and print
technology (Sellen & Harper, 2002), have also fueled consumption. IG€&snioa only fueled
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consumption of paper, but also of electronic devices that are desmgheste a short shelf life
and are commonly substituted after a relatively short periodnoé for newer and more
sophisticated versions. If one of the premises of ICTs is to conttibatsignificant reduction of
print media in general, then cleaner digital technologies that ggosustainable and better
options over paper must be co-developed with better print technoboglesew print media that

solve the characteristic problems of the paper cycle and does not create side effe

2.3 SysTeM DYNAMICS

Understanding paper consumption is a complex issue. A comprehensieensyapproach to
understand paper consumption patterns is essential for effectiggodatiaking with regards to
global sustainability, since industrial, social, and ecologigsiesns are closely linked (Fiksel,
2006). Yet, understanding PW paper consumption patterns and assessing thenpacésl of

policy and technology choices in order to reduce paper consumption cerstgrgat challenge.
One technique that can yield at least a partial but signtfioaderstanding of the dynamic
behavior of this system, enabling a more integrated approach tansyatelysis, beneficial

intervention, and improvement of resilienc&igstem Dynamics Modelirigiksel, 2006).

John D. Sterman, a lead authority in the field, defines SD agspguive and set of conceptual
tools that enable us to understand the structure and dynamics ofegosystems”(Sterman,
2000). Also, “system dynamics is a rigorous modeling method that enableo build formal
computer simulations of complex systems and use them to designeffenrtive policies and
organizations”(Sterman, 2000). The concept of “System” is definedMbgdows and
Colleagues as “an interconnected set of elements that is cdyeveganized around some

purpose [...Systems]can exhibit dynamic, adaptive, goal-seeking, seleprieg and
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evolutionary behavior” (Meadows, Meadows, & Randers, 1992). However, altlsystgmis
the word to describe all types of situationgedbackis the different descriptor here
(SystemDynamicsOrganization, 2009b). Feedback, or the effect an’sevetgut has on the
present or future state of the same event, along with stock$oanstfuctures, time delays and
nonlinearities determine the dynamics of a system, andrnons this feedback and interactions

among the components of a system that most complex behaviors arise (Sterman, 2000)

A number of research groups are using SD to explore the environmedtalocial impact of
different industries including the paper industry. In fact, SD caappéed in the environmental
and energy management field, as a tool to build platforms to hestimipact of policy
intervention and the introduction and diffusion of new technologies. The Rarfjarate
Simulation Model is one example of this type of applications. Remggaa model that has been
constructed using SD tools so that the users can see the patihah dioxide (CO2) emissions
from specified regions over the next century. The model cagsuthe concentration of CO2 in
the atmosphere, global mean surface temperature, and sea iseveksulting from these
emissions (Jones et al., 2008). The Pangaea, offers decision maleys@adetermine if they
are on track towards their goals, and if they are not, they canvdiswhat additional measures

and on what time scale would be sufficient to meet those goals (Jones et al., 2008).

Georgiadis and Besiou used feedback loop concepts and SD methodologresetd a model
of a “single product closed-loop supply chain with design for the envinohifi2fE) and
recycling activities that operates under pressure of environmegalations” (Georgiadis &
Besiou, 2008). Prototypes of SD have also been developed to explain howftumeces the
use and consequences of tobacco in New Zealand to depict the impataystem dynamics
for public policy analysis (Cavana & Clifford, 2006).
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Another application of SD is the one linked to Project Managemen} (Bfn called “Project
Dynamics”). SD tools and characteristics have proven to be ssfat¢o improve PM mainly
because project performance and conditions evolve over time and mémgohave nonlinear
relationships (Lyneis & Ford, 2007). However, despite the hundreds of ajgpisgcaf SD in

PM, it is a relatively unknown field probably because of thegatlications of this literature in

PM journals (Lyneis & Ford, 2007).

Goncalves and colleagues investigated the feedback between supplyperformance and
demand variability (Gongalves, Hines, & Sterman, 2005). Bushi and gawdé® reviewed
applications of SD in logistics and Supply Chain Management (Bhudavé&lagi, 2004). Taylor
and Ford focused on tipping point feedback structures’ impacts in producbpieesit projects
(Taylor & Ford, 2006). Wolstenholme presented various examples fropetgsnal consulting
experience where he applies structural archetypes (problém@tygres with solution archetypes)
to understand organizational boundaries. The purpose of Wolstenholme’s stsidg assist

people more widely and constructively with the use of archetypes” (Wolsteeh?0f3).

SD can also be useful to address many types of business proStenmmsan in his book Business
Dynamics: System Thinking and Modeling for a Complex Wtsl a series of examples of
policy resistance real life cases. In this list of exasypgBterman specifically mentions the paper
consumption paradox as case of policy resistance. Quoting Stermbonidtion Technology

has not enabled the ‘paperless office’- paper consumption per capita is upigigt2000).

The value of SD lies in the fact that it helps us see the bigrpiand how problems arise from

the interactions of different forces. SD can be applied to viytaaly discipline and it is a very
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intuitive tool that makes full patterns clearer and helps to urstetghe forces that must be

mastered to improve the studied system (Senge, 2006).

2.4 PAPER IN KNOWLEDGE WORK
In the chaptePaper in Knowledge Worlkkom the bookThe Myth of the Paperless Offjcgellen
and Harper (2000) share their findings regarding the role of pap@owledge work. To draw
their conclusions, the authors conducted an in-depth case study of @#igevelased workplace,
specifically the International Monetary Fund (IMF) located instWagton DC. Their purpose
was to explain qualitatively why paper is the dominant mediursufiport activities such as
authoring work, reviewing the work of others, thinking and planning, collaeratork, and
delivery of reports. In this chapter the authors argue that #rerseveral complex reasons that
make paper the persistent medium to analyze and produce informatiamwledge work
activities. One important conclusion is that the knowledge workers the IMF continued to
use paper because the functionalities of the technologies &iterttapaper, at least in the time,

didn’t support important aspects of their work.

In order to better understand the key role of knowledge workers in papsumption it is
important to understand what the authors mean by knowledge work. The antroaigce this
chapter explaining why, contrary to past generations, “workerteaselikely to be using their
hands and more likely to be using their minds to monitor, manage, anal|detrflow of
information” (pg. 51). Consequently, the media (paper, digital/electrdeigces, and the
knowledge workers themselves) with which knowledge workers store anbudistinformation

are key components to their work.
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The authors chose the IMF to conduct their study to better unui@rttte role of paper in
knowledge work activities for two main reasons: first, “it is krenige centered and document
intensive”; and second, “staff members have all the technaleyywant to support their work”
(pg. 55). The authors used a series of combined methods (ethnographic anecbtingues) to
capture the behavior and patterns of document use across akmiféativities for a group of

workers in the IMF.

The conclusions of this study can be summarized in five general categories:

o Authoring Work Most of the drafting and editing of documents are made
electronically. However, in most cases paper was used in coungtith online
editing. The reason for this is that because the authoring warkealy in all cases
co-authored, paper constituted a great medium to support the irdegodtithe
different reports and drafts. For instance, paper can be spreawh dhée desktop
making the reports easily accessible. The authors remarked dacthiat “even
when knowledge workers had multiple windows opened on their personal
computers, these were mainly used for electronic cutting andhgpasbt for the
back-and-forth cross-referencing of other materials during dgfiroring work” (pg.

61).

0 Reviewing the Work of Other$his knowledge work activity was found to be an
almost entirely paper-based process. Knowledge workers reviewothkeotvothers,
and they prefer to use paper for this activity because of tigéthty and flexibility

characteristic of paper. The individuals preferred paper beoabse they are
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reviewing the work of others they like to mark up, make annotaodscomment

on the report .

Thinking Planning and Document Organizaticthe authors’ observations in this
category can be summarized by the fact that “paper is impanafthinking,
planning and document organization activities] because it makesmation

accessible and tangible and gives it a persistent presence” (pg. 63).

Collaborative Work in the case study, paper was found to be essential to support
collaborative work because it supports what the authors call the “soetdlanisms”
(pg. 66) that occurs during collaborative work and face-to-face mgsetSome of
the aspects that make paper the ideal medium to carry out pleisotyactivities
include its physicality, and the fact that with paper the worlemald have
discussions carried on, in parallel with marking up and examining pdrthe

report..

Delivery of reports-Although hand delivery of documents was not a frequent
activity in the IMF, when it occurred, the affordances of paperegla significant
role. Whenever a major report was completed, the workers wantedrtedbeed in

the point of delivery of those documents..

With these findings Sellen and Harper concluded that paper isuseli in many of the

knowledge work phases, not because they resist changing to altetealinelogy, but because

alternative technology can’'t afford the actions paper does. Althelggttronic and digital

technologies also play a key role in knowledge work, they haven'tdd@derto substitute paper

and its affordances. In some cases digital technologies replaaese of paper, but more often
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than not, both media are used in conjunction and in many cases resulimgncreased use of

paper.

2.5 SUMMARY

The review of the literature for this thesis reveals tha&t importance of analyzing paper
consumption patterns and its sustainability has been recognizedry industry and academic
practitioners. Different arguments of why a system and hol&gtigroach should be used to
understand paper consumption patterns where presented to provide theotb#sts delected
research methodology which is described in following chapters. Ini@ddihe review of the
literature reveals that although paper consumption and its negati®nmental impacts have
been well recognized by many, there isn’t any studydhatirically addresses the relationships
between paper consumption, advances in ICTs and print technology, andettie ef our
increasing knowledge based society. This literature review sevethe background for the

novel research contribution of this thesis in the field described in the follolwapmjers.
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3. RESEARCH METHODOLOGY

In this chapter the modeling steps that were followed to congtrsigstem dynamics simulation
model of print media paper consumption patterns are described. Thengatdeps are based on
the ones outlined by Sterman (2002). A process map of the modelpsyistalso presented to

summarize the overall activities that were completed.
As it is outlined by Donella Meadows in her artiflancing with System(@002):

“Systems cannot be predicted, they can be envisioned and brought into
living; systems cannot be controlled, but they can be designed and
redesigned. We can't surge forward with certainty into a world of no
surprises, but we can expect surprises and learn from them and even profit
from them. We can't impose our will upon a system; we can listen to what
the system tells us, and discover how its properties and our values can
work together to bring forth something much better than could ever be

produced by our will alone” (Meadows, 2002)

Along the same lines, Sterman (2002) argues that modelingeisti@mely creative process and
that there is no formal procedure one can follow that guaranteessséid modeling of the
results. However, he continues explaining, that all successful emsdellow a disciplined
procedure that can be divided into five stages: (1) problem artmulai2) formulation of
dynamic hypothesis, (3) formulation of a simulation model, (4)ngstnd (5) policy design and

evaluation (Sterman, 2000). The research methodology for this thegifoontes on the four

32



first steps. Policy design and evaluation are proposed for futurk. ieach phase can be

described as follows:

3.1 PHASE ONE- PROBLEM ARTICULATION
This phase constitutes the most important step in the modelingsprdoethis phase the key
variables and concepts that must be considered, as well as ¢hbaiimon, historical behavior
of the key concepts and variables are determined. It is impootaméntion that for a model to
be useful, “it must address a specific problem and must sinmptifer than attempt to mirror the

entire system in detail” (Sterman, 2000).

3.2  PHASE TWO- FORMULATION OF DYNAMIC HYPOTHESIS
The next step of the modeling process involves the development of angvdheory that
accounts for the already identified problematic behavior (Sterman, .200@ dynamic
hypothesis explains the behavior of the system as a result of eodsggpes of interactions
between the main stakeholders of the system. A dynamic hymothasprovisional explanation,
meaning that it is subjected to change or abandonment as théerisodaderstanding of the
system evolves, and it is dynamic because it must explainottecause of the problematic
behavior in terms of the underlying feedback and stock and flowtwteuof the system

(Sterman, 2000).

3.3  PHASE THREE- FORMULATION OF THE SIMULATION MODEL
Once the dynamic hypothesis has been articulated, modelers hage ttus hypothesis to find
the potential flaws it might have. This step involves the traosiati the conceptual explanation
of the problem to stock and flow structures, with equations, conditionssiatex and

assumptions (Sterman, 2000).
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3.4  PHASE FOUR- TESTING (VALIDATION OF THE MODEL)
According to Sterman (2002) testing is a continuous effort thah®@g soon the first equation
is written (Sterman, 2000). In this phase the results of the moeletaanpared to reference
modes, the robustness of the model under extreme conditions is testednaitivity analysis

might be conducted to test the model under different scenarios and assumptionsn(S2600).

3.5 PHASE FIVE- PoLICY DESIGN AND EVALUATION
Once a valid model is constructed and tested it can be used tm @demigevaluate policy
intervention and the effects of technological development to desigavahaate the creation of

new strategies, structures and decision rules (Sterman, 2000).

3.6 SUMMARY
Although the above described modeling steps shouldn’t be seen as at¢eofstrict and rigid
activities, they can serve as general guidance for the inmpartesiderations that have to be
accounted for when developing a system dynamics model. Figure @+tlgg a closed-loop
road map for the modeling steps that were conducted in this ¢ceseased on the modeling
steps outlined by Sterman (2000). Phase one of this methodology wadyattiscussed in
chapter 2 of this document; phases two, three, and four are cadstisibed in chapters 4 and

5; phase five was not explored in this work but is proposed for potential future work.
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4. MODEL DEVELOPMENT

This chapter is devoted to the detailed description of the dynaypimthesis of the problem
under study. First, a full description of the developed dynamic hypsttseprovided; then, a
subsystem diagram is presented in order to provide an overview @ferel architecture of the
system; later, the complete causal loop diagram (CLD) isepted and a description of the
decisions and assumptions that were made to construct the théodsigeam are also

discussed. A brief discussion of the limitations of CLDs anddbpd that were omitted is also
presented. In Chapter 4, the details of the formal print mediar pagnsumption patterns’
simulation model are also discussed. This model was developed intordest the initial

dynamic hypothesis and the developed theoretical and conceptual modepar@meeters,

equations, and initial conditions of the model are fully discussed ircliaigter. The resulting

behavior of a model’base runis presented and then compared with 2002 real data.

4.1 DYNAMIC HYPOTHESIS
A dynamic hypothesis is a working theory of how the problem arosern{@n, 2000).
Discussions of the possible causes of the increase in PW paper ptinsusme typically related
to the effect that ICTs play in consumer behavior. Also, asageud by Sellen and Harper
(2002), the increase in knowledge-based work and the prominent role thapfaasein those

workflow are other factors that have fueled the consumption of papem(8gHarper, 2002).

Paper consumption in the United States is starting to shovit thaty be leveling off. This is a
trend that is also observable in other developed countries (Fhir2@08). Figure 4-1 depicts

this trend, showing how per capita consumption of paper and paperboané fdnited States
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increased from 1960 to end of the1990s, and how by the beginnings of 2080¢c@asumption

looks to be leveling off.

U.S. Total Printing & Writing Paper Consumption
30,000,000

25,000,000 /\/_,‘w
20,000,000 /v
15,000,000

10,000,000 /'/\'/'J

metric tons

5,000,000

1959 1969 1979 1989 1999 2009 2019

Year

Figure 4-1. United States Total Printing & Writing Paper Consumption (FAOSTAT, 2009)

Based on this type of statistical data and on the ICT pregrasrent wisdom might suggest that
at least in developed countries total paper consumption is stéstidgcrease. However, the
dynamic hypothesis of this study states that, because of endogerolbsdk loops, even if
paper consumption decreases, is not likely that it will go down taisable levels, at least not
until the appropriate technologies, forestry practices, and polceges place (which are out of
the scope of this study). The endogenous factors that influenceqmuagsemmption include, but
are not limited to, the actions PW paper makes possible becaus$e diaracteristics in
knowledge work environments and the increasing amount of informatiorsaddag individuals

that need the affordances of PW paper. If PW paper consumptiemgatan be replicated, then
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what will happen if nothing changes in the system can be projexgedell as what changes may
promote sustainable development.

In addition, this thesis hypothesizes that in order for PW p@apkrse dominance, alternative
technology that meets the affordances paper, but that also lesvdhegaffordances that digital
technologies already meet, must be developed and become accéssthie majority of

population. Only then per capita and total paper consumption will start to skecrea

4.2  PAPER CONSUMPTION MODEL
Given the intertwined and interdependent nature of the problem, theldwgrathesis of this
study is that a system thinking approach will help to tacklgetitemplexities by uncovering the
main stakeholders and the critical feedbacks that governs theofthe system. A quantitative
model of the system under study will give useful insights of wieaids to happen to enable a
transition to more sustainable paper consumption patterns. Moreover, tandiexg paper
consumption patterns and the role of ICTs could help inform design#érs innovation process
for more sustainable alternative paper-like technologies. Therefids study is conducted on
the basis of SD principles. The SD simulation model of paper consumpditterns has been
developed in theisee system thinking for education and research softwatella ©

(http://www.iseesystems.com/ (2009)).

In order to provide an overview of the overall architecture of tls¢esy, to guide the more
complex causal loop diagram (CLD) and stock and flow diagram X $falel construction, a

subsystem diagram was built and is presented in figure 4-2.
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Figure 4-2. Subsystem Diagram for the Paper Consumption SD Model

This Subsystem iagram communicat the number and type of different relevant orgainiret
in the system of interegBterman, 200(. The red squares in this diagram represent the
sectors thatwill be developed in further detail in the CLD ai®&FD. The yellow square
represent the subsystems that are considered eougjgn The white ones show the mar
dynamics that are not being considered within thenidaries of this work. The diagram a

shows the direction of the flow of information, gisoand materie
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4.2.1 SUBSYSTEMS DESCRIPTION

A. ICT Dynamicsthis subsystem is considered exogenous. Therefore, the type afidyna
that occur in the entire lifecycle and development of ICTs jpgucad in a single index.
The description of this ICT index is described in full detail ictisa 4.3.1. Progress in
ICTs provide newer and more sophisticated media to access, enaaad) produce
information in a more friendly and efficient manner.

B. Information Accessonce a person has access to ICTs (internet and personal canputer
that person has access to a vast amount of information availabke limdiexable World
Wide Web (IWWW}. This subsystem captures the relationships between ICTs and the
amount of information a person accesses.

C. Knowledge Workflowsthis variable, considered exogenous, represents the amount of
relevant information that is used to produce new information. The amowtce$sed
information is filtered after it has been processed on ther€ift stages of a knowledge
work-flow (such as thinking, planning, reading, and reviewing, el as collaborative
work).

D. Authoring Work Productionhere, the relationship between ICTs, the amount of accessed
information, and the amount of produced information is captured. It is adstimat all
the authoring information is produced digitally. The amount of inftionahat is drafted
and edited when producing new documents are captured in this subsystem.

E. Information Consumption:the accessed relevant information and the produced
information can be subsequently managed in a digital or print versios.slihsystem

attempts to capture how the decision of the medium to consume the information is made.

! Indexable is the part of the WWW that is of free access to everyone, it does not require password or payment
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F. Paper Industry:this omitted subsystem would have captured all the pertinent dgmami
related to the production of printing and writing paper.
G. Print Industry: this omitted subsystem would have captured the main dynamicaréat

typical of print manufactures and shops.

Once the subsystem diagram is developed, a causal loop diagramlubteatds the main

relationships of the relevant stakeholder of each subsystem can be developed.

4.3  CAUsAL Loop DIAGRAM (CLD)
Causal loop diagrams (CLD) are one of the tools for system thinkibDs give a qualitative
and heuristic depiction that captures our mental model of the cadseffact relationship
between the main stakeholders in the system. According to Stéantausal diagram consists
of variables connected by arrows denoting the causal influencesgathe variables. The
important feedback loops are also identified in the diagranrittaie, 2000). The variables are
connected by arrowgausal linkswhich are denoted by a positive (+) or negative (-) polarity
depending on the effect of the independent variable on the dependent \&rthableelationship.
Sterman also explains that a “positive link means that if theecancreases the effect increases
above what it would have otherwise been and if the cause decreasstechdecreases below
what it would otherwise have been (Sterman, 2000)”. On the other hamelydtive link means
that if the cause increases the effect decreases belowtwaild otherwise have been and, if
the cause decreases, the effect increases above what it weeldtharwise beén(Sterman,
2000). Feedback loops arise from the relationship of these variablesramt@oted as R (for
reinforcing loops) and B (for balancing loopsiese relationships are meant to inform the
modeler whatwould happen, instead of whatill happen, if the variables change (Sterman,

2002).
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The CLD for paper consumption patterns is based on the developmenh aiféae considered
endogenous subsystems presented in figure 4-2 (red squares). To becaplere the feedback
that arises from the interaction of the main stakeholders bf fdrsystem, first a brain storm to
identify the key variables that should be included was conductediolfbwing is a list of the

determined essential variables that should be considered in the system.

4.3.1 IDENTIFYING KEY VARIABLES

The provided description of the problem and the presented subsysteanmdegggests several
variables important in a model of paper consumption patterns (units agumneeare given in

parenthesis):

Web pages access rate: the rate at which total number of web pages is accessed byddgmvl

workers (number of web pages per year)

Original Information production rate: the rate at which new information is produced

(Megabytes of new information per year)

Demand for a medium to display information: amount of paper reproducible information

needing the affordances of paper to be consumed, analyzed or managed (Megabytes)

Preference of reading from paper or digital display: amount of information that is preferred to

be consumed in paper or digital display (Megabytes)

I|CT development index: this index tracks the level of access and intensity of us€d.1The
ICT development index by the Information Telecommunication Union (P009) was adapted
and used to measure a country’s ICT development in one single mméng&ionless quantity

that goes from O to 10 each year). The original index includes tlmaviiogj sub-indices that
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were calculated by summing up the weighted values of the indcatduded in the respective

subgroup; the indicators included in each sub-index were given equal weights (ITU, 2009).

The ICT Accesssub-index includes indicators to provide information on the available ICT

infrastructure and individuals’ access to ICT (ITU, 2009). This indicator isuned by:

o Fixed telephone lines per 100 inhabitants: “Fixed telephone lines tefesiephone
lines connecting a subscriber’s terminal equipment to the public switelegzhone
network (PSTN) and which have a dedicated port on a telephone exchange” (ITU,

2009).

0 Mobile cellular telephone subscriptions per 100 inhabitants.

o International internet bandwidth per Internet user.

o Proportion of households with a computer.

o Proportion of households with internet access at home.

ThelCT Usesub-index is measured by:

0 Internet users per 100 inhabitants.

o Fixed broadband internet subscribers per 100 inhabitants.

0 Mobile broadband subscriptions per 100 inhabitants.

ThelCT skillssub-index, which includes:

0 Adult literacy rate.
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0 Secondary gross enrolment ratio.

o Tertiary gross enrolment ratio.

Table 4-1 provides a description for each sub-index and indicator augdadithe definition

provided by the ITU (2009).

As mentioned above, the ICT development index for the U.S. was ddappest include the
indicators of each sub-index that are relevant to this studye BaBlshows how the new ICT

development index for the U.S. was recalculated

The modifiedICT Accesssub-index, for the purpose of this study, is just measured by the
proportion of households with a computard theproportion of households with internet access
indicators. The reason to exclude the indicafowsd telephone lines per 100 inhabitants and
mobile and cellular telephone subscriptions per 100 inhabitaistghat this study is mainly
concerned on the effects the internet and personal computers have orublowformation that

can be printed is accessed, and how much of that accessed tidorimactually printed. The

indicatorinternational internet bandwidth per internet useasis excluded due to lack of data.

The modifiedICT Usesub-index is just measured Iternet users per 100 inhabitants and
broadband users per 100 inhabitan@he indicatorMobile broadband subscriptions per 100
inhabitantsis not included given the fact that, although with the introduction oftspmnes
people can access the internet and navigate in the web, justldraantion of the population
owns a smart phone and the information accessed via this mediuarelig printed. The
modified ICT Skillsindicator only includesexondary gross enrolmenatio andtertiary gross

enrolment ratioThe remaining indicators were excluded due to lack of data.
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Table 4-1. Description for the ICT Development Index Indicators (ITU, 2009)

Indicator

Definition

Fixed telephone lines per
100 inhabitants

“Fixed telephone lines refer to telephone linesnsmting a subscriber’s terminal
equipment to the public switched telephone netwB&TN) and which have a
dedicated port on a telephone exchange.” (ITU, 2009

Mabile cellular telephone
subscriptions per 100
inhabitants

“Number of subscriptions to a public mobile telepbaervice using cellular
technology, which provides access to the Publia&wd Telephone Network
(PSTN).” (ITU, 2009)

International inter net
bandwidth per Internet
user

“Refer to the capacity that backbone operatorsigeoto carry Internet traffic. this
variable is measured in bits per second (per Ietarsers).” (ITU, 2009)

Proportion of households
with a computer

“A computer refers to a desktop or a laptop computhis variable does not include
equipment with some embedded computing abilitiet st mobile cellular phones,
personal digital assistants or TV sets.” (ITU, 2009

Proportion of households
with inter net access at
home

The Internet is a world-wide public computer netkvdt provides access to a numb
of communication services including the World Witleb and carries e-mail, news
entertainment and data files, irrespective of thdak used (not assumed to be only
via a computer — it may also be by mobile phonejy@mmachine, digital TV etc.).
Access can be via a fixed or mobile network.” (ITA009).

Internet usersper 100
inhabitants

“While more and more countries capture the numbbémternet users through
household surveys, data are estimated for manytgesinusually based on the
number of Internet subscribers and the prevalendeapularity of public or shared
Internet access.” (ITU, 2009).

Fixed broadband inter net
subscribers per 100
inhabitants

“Refer to subscriptions to high-speed access éat 256 kbit/s) to the public Interng
(a TCP/IP connection).” (ITU, 2009)

—

M obile broadband
subscriptions per 100
inhabitants

“Refer to subscriptions to mobile cellular networtith access to data

communications (e.g. the Internet) at broadbanddpégreater than or equal to 256

Kbit/s in one or both directions).” (ITU, 2009)

Adult literacy rate

“Adult literacy rate is defined as the percentagpeagfulation aged 15 years and ov
who can both read and write with understandingaatsimple statement on his/her
everyday life. Adult illiteracy is defined as therpentage of the population aged 15
years and over who cannot both read and write witterstanding a short simple
statement on his/her everyday life.” [(UIS) asdibe (ITU, 2009)]

Er

Gross enrolment ratio
(secondary and tertiary)

“Total enrolment in a specific level of educatioegardless of age, expressed as a
percentage of the eligible official school-age gapan corresponding to the same

level of education in a given school-year.” [(UE) cited in (ITU, 2009)]
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Table 4-2. United States ICT Development Index Calculations (ITU, 2009)

Indicators Ideal Value 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
ICT Access(ntia)
proportion of
a households with 100 42,10 46,55 51.00 56.20 59.00 61.80 6820 6820 7020 7420 75.00
computers
proportion of
b households with 100 2620 33.85 4150 5040 52.00 54.70 5821 61.71 6246 6320 67.00
internet access
ICT Use
Internet users
c per 100 100 30.09 35.85 43.08 49.08 5879 61.70 64.76 67.97 6893 71.83 70.59
inhabitants
broadband users
d per 100 60 0.25 0.97 2.46 4.40 6.76 9.34 12.46 1588 19.80 22.74 25.35
inhabitants
ICT Skills
Secondary Gross 88.10 9500 94.00 9400 93.00 9400 9400 9400 9400 94.00  94.00
Enrolment ratio
Tertiary gross 100 7260 73.00 69.00 70.00 80.00 82.00 82.00 82.00 82.00 82.00 82.00
enrolment ratio
ICT Access Formula Weight
proportion of
71 households with ~ a/100 0.5 0.21 0.23 0.26 0.28 0.30 0.31 0.34 0.34 0.35 0.37 0.38
computers
proportion of
72 households with  b/100 0.5 0.13 0.17 0.21 0.25 0.26 0.27 0.29 0.31 0.31 0.32 0.34
internet access
ICT Use
Internet users
z3  per 100 ¢/100*weight 0.5 0.15 0.18 0.22 0.25 0.29 0.31 0.32 0.34 0.34 0.36 0.35
inhabitants
broadband users
74 per 100 d/60*weight 0.5 0.00 0.01 0.02 0.04 0.06 0.08 0.10 0.13 0.17 0.19 0.21
inhabitants
ICT Skills
secondary Gross . 4\ eight 050 044 048 047 047 047 047 047 047 047 047 047
Enrolment ratio
Tertiary gross. f/100*weight 050 036 037 035 035 040 041 041 041 041 041 041
enrolment ratio
ICT access sub-index .
) z1+22*weight 0.40
0.14 0.16 0.19 0.21 0.22 0.23 0.25 0.26 0.27 0.27 0.28
ICT use sub-index .
z3+z4*weight 0.40
(M)
0.06 0.07 0.09 0.11 0.14 0.15 0.17 0.19 0.20 0.22 0.23
ICT skills sub-index .
25+26*weight 0.20
(N)
0.16 0.17 0.16 0.16 0.17 0.18 0.18 0.18 0.18 0.18 0.18

ICT Development
Index

(M+N+L)*10
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This set of variables provided the starting point for conceptualizafi the feedback structure of
the system. Other variables where identified when the constiuct the CLD and SFD was

exercised and are described in the respective sections of this document.

4.3.2 COMPLETE SYSTEM CLD
The CLD conceptual tool aided in the problem mapping, and in the idetifice# the system’s
main feedback loops. The paper consumption CLD revealed six feedibayk that are
represented in figure 4-3. The complete system CLD, featureshalancing loops and four

reinforcing loops.

The CLD for paper consumption patterns contains information of the thaén subsystems that
were identified in the subsystem diagram (figure 4-2): the irdtion access subsystem, the

authoring work production subsystem, and the information consumption subsystem.

4.3.2.1 INFORMATION ACCESS SUBSYSTEM CLD

One of the hypotheses of this study is that advances in interconnectivity are onmairthe
contributors to the rise in paper consumption. Advances in interconnectivity, togéther w
cheaper connectivity and increases in network bandwidth have enabled people vadiring
amount of information to their desktop (Sellen & Harper, 2002). In other words, people have
much more access to paper reproducible information than before that could be angiagctuall
printed. The dynamics that arise from the interaction of the growth rate oft¢neat and
progress of ICTs, and how much relevant and printable information is accessed badgeow

workers, are captured in this part of the CLD.
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Figure 4-3. Paper Consumption Patterns Complete Causal Loop Diagram (CLD)
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The Information Access Subsystem CLD and subsequent SFD wereethddsked on the Bass
Diffusion Model (BDM hereafter). Frank Bass (1969) developed a madeahé diffusion of
innovations that captures the positive and negative feedback that tafeatioption of new
technologies (Sterman, 2000). The BDM is very useful to explain howgriheth of new
technologies (in our case the growth of the IWWW occurs, anpedifically addresses the start
up problem of the birth of the initial adopters of the new techno(&grman, 2000). When
growth processes begin, positive feedbacks that only depend on thH&edn$i@se of the
technology are absent or weak because there are no or just feveradapher important
feedbacks, produced by several channels of awareness, are the ones thag¢ stienatkiption of
the technology (Sterman, 2000). In the BDM, the channels of awarecks$e word of mouth
and related feedback effects, as well as advertising, mep@atse and direct sales efforts
feedback effects that depend on the size of the adopting populatiomg8t€000). Figure 4-4

depicts the basic set up for the BDM.
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Figure 4-4. The Bass Diffusion Model (Sterman, 2000)
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In figure 4-4 the total adoption rate is the sum of adoptions megudlom word of mouth and

adoptions resulting from advertising and any other external influef8tesman, 2000). The

equations for the BDM, using the terminology on figure 4-4, are:

AR = Adoption from Advertising + Adoption from Word of Mouth
Adoption from Advertising = aP

And,

Adoption from Word of Mouth = ciPA/N

(4-1)

(4-2)

(4-3)

In our PW paper consumption model, Web Pages (WPs) would be analogoeistexhnology”

that has the potential to be adopted by a selected population of knowledges. Knowledge

workers will access WPs to do research on a specific subgefihd general information, for

leisure, or for any other reason. The access rate at which knewhextgers come into contact
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with WPs (in the BDM, this variable is equivalent to the contat# (c)) will depend on the
average amount of unigue searches, the total number of WPs (smepasential adopters (P)
variable in the BDM), and the probability that a WP once accdsseld to another one (the

same as the adoption fraction variable (i) in the BDM).

The negative or balancing loop of the BDM, that in this case woulttdee the stock that
contains the number of susceptible web pages, is ignored in this mbdekason why this loop
is ignored is based on the fact that once a WP is accessidsitnot mean that it cannot be
accessed again. Table 4-3 provides a list of the all of thafiddntariables for this subsystem
with a brief description for each one of them. The mathemdtcalulations for each variable

are discussed in the SFD section and presented in Table 4-6.

Figure 4-5 depicts the CLD for this part of the system. iflbatified reinforcing feedback loop
explains how the amount of WPs in the IWNWW increases as monaniation is shared and
distributed digitally. WPs are accessed, as the unique seancteete from the knowledge
workers hits a specific WP, and the probability of accessing andtReaifter accessing previous

one, increases as well (reinforcing loop).

2 Unique Searches is the number of different searches made by an internet user
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Table 4-3. Information Access Subsystem Variables Description

Variable

Description

Amt of info distributed digitally

Susceptible WPs in the IWWW

Probability one WP leads to another

Total population of WPs

WPs access rate
Total unique searches

Number of knowledge workers

ICT index

Number of accessed WPs

Demand of a medium to consume informat

Total amount of information in mega byt
that is shared and distributed digitally. J
the information shared and distributed on v
pages is considered

Number of Web Pages from the Inde
World Wide Web that have the potential
being accessed
Probability that after entering one page,
user goes to another page related

LISt
/eb

Xable

of

the
to

something in the content of the web page

accessed

Number of web pages in the IWWW

Rate at which WPs are accessed

Average number of actual searches run on
internet.

total number of knowledge workers that :
online searching for information for their jok

ITU's ICT development index (more detg
in section 5.3.1)

Total number of web pages that are acce
per year, given a number of unique searc
number of knowledge workers online looki
for information in the web, and the IQ
development index

dbemand of medium (digital or physical)
display/manage/consume the relevant dig
information

the

nre

ils

5sed

Nes,

9
T

ol

o}
ital
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Amt of info distributed

digitally
. /\
Susceptible WPs Number of
in the IWWW acc+ess rate Accessed WPs
Probab Total unique
one WP leads sefirc+hes
to another j \QICT index
Number of
Knowledge workers +
Total Demand of medium to
population consume information

of WPs

Figure 4-5. Information Access Loop

Given the lack of data for some of the exogenous variables, seaigafsk loops were omitted
on purpose. Specifically, the feedback loops that govern ICTs’ antVWaN’s growth rate are
not included given the fact that modeling these dynamics reprasay complex problem by
themselves. Consequently, given the lack of data to further quaediyatnodel these loops in
the SFD, the ICT and IWWW variables were considered exogenoubkisAtoint it is good to
remember that an effective modeling process, attempts to medsl defined problem instead

of the whole system (Sterman, 2000).

The drawback of this decision is that this subsystem could be caewsioleersimplified. Further
details on how this qualitative representation of the model wadarathsnto a stock and flow

structure will be given in the “Paper Consumption quantitative SD model” (seefpn 4
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4.3.2.2  AUTHORING WORK PRODUCTION SUBSYSTEM CLD
This part of the CLD captures the main feedback loop of how origif@nnation is produced
by knowledge workers. There are two main concepts to be understood thefonental model
that is represented in this sector is presented and discussed.tWbesoncepts arénowledge
andLearning.Knowledge is intangible, it is a concept that, like gravity, one case®tut just
experience its effects (Hunt, 2003). Knowledge can be tacit oicegxplacit or implicit
knowledge which is based on common sense, is “...the know-how and judgment tlegt com
from experience, intuition, tricks, [and] rules of thumb” (O'dell & Jackson €@y on the other
hand, explicit knowledge “is the one that comes in form of books and do®jmédnite paper,
data bases and online policy manuals” (O'dell & Jackson GrayRoa)process of acquiring and
retaining knowledge itearning (Hunt, 2003pnd it is the interaction between tacit knowledge

and explicit knowledge that creatkearning (Nonaka, 1994).

The hypothesis behind this part of the system is that the more a person learnsethis woner
potential is to create new information. Along the same lines, the greateptioit éxowledge a
person is exposed to, in addition with the level of tacit knowledge of that person, thegileate

be the rate of original authoring work production.

The identified variables for this subsystem are presented in4ahldhe capacity a knowledge
worker has to create original knowledge or information, in other wdrdggher potential to
challenge, modify or improve existent knowledge, or his/her potergiatréate original
knowledge, will be influenced depending on how much implicit and exMretwledge that
person has been exposed to. The more contact and access peopleithagentent and

technology, the more likely they are to modify that content or create new content.
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Table 4-4. Information Production Subsystem Variables Description

Variable

Description

Amt of consumed info

Level of acquired implicit and explicit knowledge

Potential to create original info or knowledge

Amt of original paper reprod info created

Amount of information that is accessed and

consumed (information that can be read
modified in printed or digital format)

Amount of new information learned by the

knowledge worker

Capacity that the knowledge worker has
create original information. The more cont
and access people have with content
technology, the more likely they are to mod
that content or create new content

Total amount original paper reproducil
information that is produced

or

to
hCt
and

ify

IS

Figure 4-6 depicts the main reinforcing feedback loop that clesizes the dynamics of this

system. It is important to note that the variabdst of info distributed digitally, Susceptible

WPs in the IWWW, WPs access rate, Demand of medium to consume inféurabdr of

accessed WPare the same ones from the Information Access subsystem, agtbriheare

described in table 4-3. How these two subsystems are connectedatzsebed in the complete

CLD on figure 4-6.
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+  WPs =T Demand of medium to
access rate consuErne information
Number of
cessed WPS

Figure 4-6. Information Production Loop

4.3.2.3 INFORMATION CONSUMPTION SUBSYSTEM CLD
Once information is accessed and determined to be relevant, memdeme or manage that
accessed information. They make annotations on and from the accdssedtion, they read it,
cross-refer to it, print it, modify it, and review it, justmention a few activities. Similarly, once
original information has been produced, the need for a medium, dgitaint, to distribute
that information arises. The decision of which medium is to consurdestoibute the relevant
information is determined depending on the functionality and the affedasfceach medium,

paper or digital.

The development of the Information Consumption Subsystem CLD was bagmthciples of

Path dependence theoandnetwork effectsThere are many systems, in the human and natural
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world, that exhibits path dependence and lock in patterns of behavionéste2000), and it is

assumed in this study that the PW paper consumption system is one of them.

Path dependence, as defined by Sterman (2000), is “a pattern of behavioch the ultimate
equilibrium depends on the initial conditions and random shocks as the &ysilwes [...] once
a dominant design or standard has emerged, the cost of switching bguoimesgive, so the
equilibrium is self-reinforcing: the system has locked ine(®tan, 2000). The key explanatory
variable in this type of behavior is the presence of networktsfi@arnes, Gartland, & Stack).
Besanko et al. (2004), as cited in Barnes et al. (2004), staté€trsumers often place higher
value on a product if other consumers also use it. When this occupsptheet is said to display
network effect”. Consequently, compatibility and network effects bpmstuct attractiveness

and thus expand the total size of the market (Sterman, 2000).

In our PW paper consumption model, network effect principles cantbelmderstand how
advances in interconnectivity and print technology have made the siymef computers and
printers more attractive and thus have led more and more peopledcabeess to a larger

volume of information which can be printed at a low cost in their jobs or homes.

Also, paper can then be seen as a technology that is locked-in, principally beevassthe first
one to emerge and is a relatively accessible and easy-to- use teghhatag)so because so far
alternative technologies haven’t been able to dominate the role of paper im @etitaties for
the already discussed affordances of paper. Paper is a relatively clieeyaigyg that, in
contrast to alternative digital technologies, does not need any sophisticasttuicture to be

used.

57



The simple structure for a simple model of network effects attd gegpendence developed by
Sterman (2000) is used as a basis in this work to develop a modelkghains the battle of
dominance between paper and digital technologies. This type of nsodeskful to explain
typical standard formation of new products where the utilitythef product depends on its
installed base and the network of users (Sterman, 2000). Figush@wé the CLD of this type

of structure developed by Sterman (2000).

Figure 4-7 provides the basic structure to capture the feedbpidaltyf systems where the
attractiveness of a product based on a given standard depends dalledibsise, and where the
market share depends on the relative attractiveness of theveretmmpetitive standards
(Sterman, 2000). The model presented in figure 4-7, only includes the basis positive
feedback, represented through the installed base of each product. deteemninants of
attractiveness such as price, availability, quality, serfeagures, are excluded from this model
on purpose for the sake of simplicity.

The model can be written as follows:

Installed Base of Producti =

INTEGRAL(sales of product i, Initial installed base of Product i) (4-6)
Sales of Product i = Total Demand * Market Share Product i (4-7)
Adoption from Word of Mouth = ciPA/N (4-8)
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Figure 4-7: Structure for Simple Model of Network Effects (Sterman, 2000)

In the formulation for thévlarket Share several constraints must be met: market share should
increase as the attractiveness of the firm’s product increases, andsdagd¢he attractiveness of
the competitors’ products rises; also, market share must be bouettezeb 0 and 100%, and

the total market share must be equal to 100% (Sterman, 2000).
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Then, market share can be formulated as:

Attractiveness of Product i

Market Share Product i = (4-9)

Total Atrractiveness of All Products

Total Attractiveness of All Products = }j_,; Attractiveness of Product j (4-10)

Attractiveness in this simple model only depends on two factorEfteet of Compatibility on
Attractiveness (network effect) and the effect of all otfsmtors of attractiveness (assumed
exogenous).

Attractiveness of Product = Effect of Compatibility on Attractiveness of Producti X

Effect of Other Factors on Attractiveness of Product i (4-11)

The larger the installed base of the product being considered imtdsl, the greater the
attractiveness of that product. In the following formulation for tffedE of Compatibility on
Attractiveness of product i, attractiveness rises exponendéiglthe installed base grows relative
to the Threshold for Compatibility Effects. The threshold is airsgdactor that represents the

size of the installed base above which network effect become significamhé®t, 2000).

Effect of Compatibility on Attractiveness of Producti =

Installed Base of Product i
Threshold for Compatibility Effects

EXP [Sensitivity of Attractiveness to Installed Base X ( )] (4-11)

Based on this simple structure the battle of dominance of dagiglpaper, and the important
feedback loops of network effects of both technologies was modeledard seen in figure 4-
8. The CLD of this subsystem describes the important feedback lobpaformation
consumption. This subsystem represents how the affordances ofapdpeigital, in addition to
network effects of each technology take place and influence comrtianicaedium choice

decisions.
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Figure 4-8. Information Consumption Loops

Figure 4-8 shows how the total market share for information ineseas the quantity of
accessed relevant and paper reproducible information, and conseghentierhand for a
medium to display that information, increases as well. The twdoreing feedback loops
describe the positive effect the familiarity of using etathnology, the affordances, and effect
of other factors on attractiveness of each technology have on thHestnshare for each
technology. Effects of other factors on attractiveness includes, gwvailability, quality, service,
features and so on (Sterman, 2000). The two balancing loops illustrate how maskébisbach
technology (paper and digital) decreases as total attraetiseaf using both technologies
increases. Table 4-5 provides the list of variables for tharrdtion Consumption Subsystem

used in the CLD. A description for each variable is also provided.
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Variable

Table 4-5. Information Consumption Sector Variables

Description

Familiarity using digital
technologies to consume info

Amt of info consumed in
digital format

Market share for digital
display

Attractiveness of using digital
technologies

Affordances of digital
technologies

Effect of other factors on
attract of digital tech

Total attractiveness
Market share for paper
Amt of printed information

Familiarity of using paper to
consume info

Attractiveness of using paper
technologies

Affordances of paper

Effect of other factors on
attract of paper

4.4

Level familiarity a knowledge worker has with using digital media. The

larger this level, the greater the preference or attractiveness of usiag di

display media is
Total amount of digital displayed paper reproducible information

Percentage of the market share of Digital Display (this percentage
increases as the attractiveness Digital Display technologies algo does

Attractiveness of consuming the information digitally which is a produ
the network effect of digital display, and the effect of all other factors g
attractiveness (aggregated effects of price, features, availaaiiyso on)

Human actions that are enabled by using digital technologies such as

Ct of

remote access, access to a vast amount of information, editing tools, and so

on
Aggregated effects of price, features, availability etc on the atteaess
of using digital display media

Sum of the attractiveness levels of printing and digital display

Percentage of the market share of Printing (testpge decreases as t
attractiveness of the competitor's product rises)

Total amount of printed Paper Reproducible Information (PRI)

Level familiarity a knowledge worker has with paper. The larger this le
the greater the preference or attractiveness of using printed informatiq

Attractiveness of printing is the product of the network effect and the &
of all other factors of attractiveness (aggregated effects of pricerdsa
availability)

Human actions that are enabled with the use of PW paper, such as
annotation, spatial layout, tangibility and so on

Aggregated effects of price, features, availability etc on the aveaess
of using PW paper

vel,
n

ffect

LIMITATIONS OF CLDS AND OMITTED LOOPS

The CLD helped to understand the basic dynamics and feedback lotps mfoblem under

study. However, CLDs have several limitations. The two ceotiatepts of system theory are:
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first, stock and flow structures; second, feedback loops. However, stddloa structures can’t
be captured in causal loop diagrams, not to mention that some loops capecideed in more
detail (Sterman, 2000). Omitted dynamics and feedbacks are codsiebergenous in this
model. Specifically, the ICT development index and the IWWW groath are two variables

that are considered exogenous in the modeling process.

The next step in this study involved the mathematical traoslaif the identified dynamic
structure and feedback loops in the CLD. The quantitative model inchigleicant stock and
flow structures that are not distinguished in the CLD. Some ofoibyeslidentified in the CLD
are constructed in more detail in the Stock and Flow Diagram)(8Forder to translate the

subjective description of our heuristic mental models into an algorithmic one.

The previous sections of this chapter described in detail the dymammothesis of this research.
Also, a theoretical system dynamics model for PW paper consampising CLD as a system
thinking tool, was developed and described. The following sections ofrityer describe how

the theoretical model developed in this chapter was translated to an engpiecal

4.5 PAPER CONSUMPTION QUANTITATIVE SD MODEL
Modeling paper consumption is a complex and dynamic problem whicHeisteal by the
decisions and behaviors of various stakeholders. The subsystem diagae 4f2) and the
CLD (figure 4-3) helped to identify the key stakeholders of gstesn and the main feedback
loops that characterize its dynamic behavior. However, tleggesentations are qualitative and
conceptual models with certain limitations (discussed in section 4ddrder to quantitatively

understand the dynamics of this system, these qualitative refatses were converted into a
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guantitative model. The focus of this chapter is to translate thgsanics into stock and flow
structures. Stocks characterize the state of the systenenadhte information that constitute the
basis for action and decisions (Sterman, 2000).

The paper consumption model contains the three identified and previousigsgidsubsystems:
the information access, authoring work production, and information consumptibsystems.
As discussed previously in section 4-9, the remaining sectors identified in tlysteubsliagram
are either omitted or considered exogenous. Figure 4-9 summariz&syttetocks for each

subsystem.

. 2-Authoring Work 3-Information
1-Information Access - :
Production Consumption
(" ) Threshold for compatibility
Amount of susceptible web effects for paper
pages in the IWWW U.S. amount of original
paper reproducible Threshold for compatibility
information stored in hard effects for digital
Amount of accessed web disks - -
pages Amount of printed pages in
\ y metric tons

Figure 4-9. Paper Consumption SD Model Subsystems and Important Stocks
The main stocks of the information access subsystem are twiirsthene tracks the amount of
pages that can be accessed in the IWW, and the second one tracksbiee of WPs that are
actually accessed by a knowledge work population. This first sigeinsys modeled based on the
BDM. The second subsystem, authoring work production, represents the amaangircdl
textual information that is stored in hard disks in the U.S. Thernm#ton consumption
subsystem includes the stocks threshold for compatibility effewmtspdper, threshold for
compatibility effects for digital display, and the amount of pdnpages measured in metric
tons. This last subsystem is modeled following principles of netwfbektetheory, and path
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dependence patterns of behavior also discussed in Sterman (2000). Mdegithg) for each

specific model are fully discussed in sections 4.5.1, 4.5.2, and 4.5.3.

4.5.1 INFORMATION ACCESS SUBSYSTEM SFD
The information access subsystem tracks the amount of suscétislen the IWWW and the
actual number of WPs that are accessed by the total popubthtimmowledge workers per year.
This sector was modeled based on principles of the epidemic and tionoddfusion (Bass
diffusion model) S-shaped growth patterns described by Sterman &&teB000) which is
explained in section 4.3.2.1. Figure 4-10 depicts the stock and flow stroctime subsystem as

simulated in Stella.

While this subsystem captures the basic process of how WHmeiaige accessed, it contains
many simple and restrictive assumptions. First, this subsysteomes that the IWWW grows
exponentially. Second, the population of WPs is assumed to be homogahow&#s are
assumed to be accessed at the same rate. For examplegl anstveorking web page, such as
Facebook, Twitter and social blogs, is assumed to be accestezl s#me rate as a research
electronic journal, when in fact this is not the case. Also, tllideindoes not take into account
the Deep Weh which is estimated to be at least 400 to 550 times largerthiegaSurface Web
(Lyman & Varian, 2003). For instance, private WPs that requgsstration and log in (such as
user name and passwords or some sort of subscription to accegs)t arethe Deep Web and
are thus not considered in this model. The omission of the Deep Welk mdtel is based on
the complexity in quantifying the content in this part of the wehson why there aren’t any

accurate estimations of the approximate size of it.

> Deep Web: database driven websites that create web pages on demand; Surface Web: fixed web

pagesLyman, P., & Varian, H. R. 2003. HOW MUCH INFORMATION 20037?: School of Information
Management and Systems at the University of California at Berkeley.
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Figure 4-10. Information Access Subsystem: Stock and Flow Structure

Tables 4-6 and 4-7 are the Model Boundary Chart for this subsystem. Thesentdbtisthe
full description, the type of variable (stock, flow, converters, or graph), tti@ value, and the

equations.
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Table 4-6. Model Boundary Chart: Stocks with Inflows and Outflows for the Information Access Subsystem

STOCKS WITH INFLOWS AND OUTFLOWS

Type

Name

Equation

Initial
Value

Description

STOCK Number of Number of Susceptible s of the IWWW(t - dt) + 1 Number in million of WPs from
susceptibles | (IWWW Growth rate + s flow - obsolescence the Indexable World Wide Web
of the rate of s) * dt that have the potential of
IWWW being accessed

INFLOWS = if IWWW growth counter<1994) then
(Number of Susceptible s of the Per year compound growth for
IWWW IWWW*0.0002) else(if(1994<IWWW growth N/a the Amount of Susceptible s of
growth rate counter<2018) then(Number of Susceptible s of the Indexable World Wide Web
the IWWW#*0.02) else(Number of Susceptible s (IWWW) stock
of the IWWW*0.005))
- * -
OUTFLOWS | Obsolescenc | =IWWW Growth rate*Obsolescence Fraction N/a Rate in which WPs get obsolete
erate of s of s

STOCK Total
number of s =Total Number of s viewed each year(t - dt) + ( 0 Total number of s viewed per
viewed each | access rate2 - outflowl) * dt year
year

INFLOWS =Total Unique Searches*probab one page
leads to another*Total Number of WP Wos viewed rate in million per
Access rate2 | viewed*(1-(Total Number of WP N/A ezr P
viewed/(Number of Susceptible WPs of the v
IWWW-+Total Number of WP viewed)))
OUTFLOWS Outflow that drains the stock
Outflowl = total number of s viwed each year N/A total number <')f.s viewed each
year, to keep it in a per year
basis

STOCK Total = Total Number of WP viewed(t - dt) + (wp view T.otal nu.mbe?r.of w.eb Pages
Number of ratel) * dt 1 viewed in million in the whole
WP viewed time horizon

INFLOW Wp view ratel = WPs view rate Web pages view in million per
year

STOCK = amt of relevant Mb viewed(t - dt) + (relevant
Amt of

PRI MB from WP Access Rate - outflow2) * dt Total Megabytes of relevant
relevant Mb . 0 . h .
. INIT amt of relevant Mb viewed = 0 information viewed per year
viewed
INFLOW = Total Number of WPs viewed each year*avg .
relevant PRI " . Relevant paper reproducible
MB from WP Mb per WP*percentage of PRI in the N/A (printable) Mega bytes from
IWWW *Probability information is relevant P L ga by
Access Rate wps in million per year
OUTFLOW outflow? — amt of relevant Mb viewed N/A Outflow that drains the stock

Amt of relevant Mb viewed
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Table 4-7. Model Boundary Chart: Unattached Variables for the Information Access Subsystem

UNATTACHED VARIABLES
Type Name Equation Initial Description
Value
CONVERTER IWWW growth = counter(1979,2050) N/A Year counter
counter
GRAPH Obsolescence = GRAPH(TIME)= (1970, 0.00), (1978, 0.00), (1986, 0.00), (1994, Until 1994 obsolescence rate is
Fraction of WPs 0.00), (2002, 0.00), (2010, 0.00), (2018, 0.00), (2026, 0.0175), zero. Then, the ratio at which
(2034, 0.0825), (2042, 0.21), (2050, 0.5) WPs get obsolete per year
N/A . .
increases (until 1/2) as the
number of new wps per year
also increases
GRAPH Total knowledge Total number of knowledge
workers = GRAPH(TIME)= (1970, 37.0), (1971, 39.0), (1972, 41.0), (1973, workers that are online
searching for 43.0), (1974, 45.0), (1975, 46.0), (1976, 48.0), (1977, 51.0), (1978, searching for information for
info in the web 53.0), (1979, 55.0), (1980, 57.0), (1981, 59.0), (1982, 61.0), (1983, their job, in million per year
63.0), (1984, 65.0), (1985, 67.0), (1986, 69.0), (1987, 71.0), (1988, N/A
74.0), (1989, 76.0), (1990, 78.0), (1991, 80.0), (1992, 82.0), (1993,
84.0), (1994, 86.0), (1995, 88.0), (1996, 90.0), (1997, 93.0), (1998,
95.0), (1999, 98.0), (2000, 101), (2001, 103), (2002, 105), (2003,
108), (2004, 109), (2005, 112), (2006, 115), (2007, 118)
GRAPH ICT Development
index = GRAPH(TIME)= (1970, 0.101), (1971, 0.401), (1972, 0.501),
(1973, 0.601), (1974, 0.601), (1975, 0.601), (1976, 0.601), (1977, ITU's new ICT Development
0.701), (1978, 0.751), (1979, 0.901), (1980, 0.951), (1981, 0.951), Index (IDI) compares
(1982, 0.95), (1983, 1.10), (1984, 1.10), (1985, 1.15), (1986, 1.15), developments in information
(1987, 1.15), (1988, 1.15), (1989, 1.20), (1990, 1.20), (1991, 1.20), | N/A and communication
(1992, 1.20), (1993, 1.30), (1994, 1.30), (1995, 1.40), (1996, 1.70), technologies (ICT) in 154
(1997, 2.20), (1998, 3.58), (1999, 4.04), (2000, 4.42), (2001, 4.90), countries over a five-year period
(2002, 5.35), (2003, 5.64), (2004, 6.00), (2005, 6.25), (2006, 6.45), from 2002 to 2007.
(2007, 6.70), (2008, 6.86), (2009, 7.55), (2010, 10.0)
CONVERTER Total Unique = Total KWs searching for info in the web*ICT Development N/A Average number of actual
Searches index searches run on the internet
CONVERTER Probability that after entering
probability one one page, the user goes to
page leads to =random(0.05,0.10) another page related to
another something in the content of the
web page accessed.
CONVERTER avg Mb per WP =normal((33100/9800),1) N/A ;\;ZLage Megabytes per web
CONVERTER Percentage of paper
reproducible information in the
percentage of Indexable World Wide Web
PRI in the N/A 14 (IWWW). This includes:
IWWW Microsoft Excel, Word, and
Power Point, Files, Text, Adobe
PDF, Other listed files
CONVERTER .Probablll.ty . Probability the information
information is =normal(0.33,0.1) N/A . .
viewed is relevant to the user
relevant
CONVERTER Demand of Demand of medium (digital or
) = (amt of relevant Mb viewed +US prod\tion of org PRI stored in physical) to consume the
medium to * N/A ) L
display info PC DD per year)*0.30 relevant information in
Megabytes per year
CLOUD TO Total number of web pages that
CLoub = Total Unique Searches*probab one page leads to are accessed ;?er year, given a
FLow another*Total Number of WP viewed*(1-(Total Number of WP number of unique searches,
WPs viewed rate N/A number of knowledge workers

viewed/(Number of Susceptible WPs of the IWWW-+Total
Number of WP viewed)))

online looking for information in
the web, and the ICT
development index in that year
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4.5.2 AUTHORING WORK PRODUCTION SUBSYSTEM SFD
The Authoring Work Production Subsystem (figure 4-11) models the amooatoihformation
that is being produced and distributed each year by knowledge workesector was modeled
independently of the information access subsystem based on theeptieatis order to create a
digital document, the knowledge worker does not necessarily have to becteohte the
internet. Excel spread sheets and documents in MS Word are amlexainthe type of
documents a knowledge worker is likely to produce in a knowledge workoament (such as
office, schools and so on). The authored information is assumed to be praddcedited in an
electronic device, e.g. a personal computer, and the decision of wtethstribute it digitally

or in paper format is made in th#dormation Consumptiosubsystem.

A limitation of this subsystem is that it does not take into accthnamount of pages that are
printed in several stages of the knowledge work-flows. Collaborationteert work for
instance, are very common in knowledge work and paper is often thergudedealytic resource

to draft and manage information while these activities are taking plattenS Harper, 2002).
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Us authdring work prodction rate

US prod\tion of org PRI
stored in PC DD per year

amt of authorjihg work

. outflow3
authoring work growth rate

T ]

authoring work growth percentage

Figure 4-11. Information Production Stock and Flow Structure

The following section describes the Information Consumption Subsystem SFD.
Tables 4-8 and 4-9 are the Model Boundary Chart for this subsystem. Thesentdbtesthe
full description, the type of variable (stock, flow, converters, or graph), tha wadue, and the

equation.
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Table 4-8. Model Boundary Chart: Stocks with Inflows and Outflows for the Authoring Work Production Subsystem

STOCKS WITH INFLOWS AND OUTFLOWS

Type Name Equation Initial Description
Value
STOCK US prod\tion United States production of
of org PRI | = US prod\tion of org PRI stored in PC DD per original Paper Reproducible
stored in PC | year(t - dt) + (Us authoring work production 1 Information (PRI) stored in PC
DD per | rate - outflow3) * dt disk drives in Megabytes per
year(t) year
INFLOWS | Us authoring

work . = amt of authoring work produced N/A .US authoring work production
production in Megabytes per year
rate

OUTFLOWS outflow that drains the stock

outflow3 = US prod\tion of org PRI stored in PC US prod\tion of org PRI stored
Outflow 3 DD per year P ’ N/A in P’zi DD per year,gto keep it in
a per year basis
STOCK = amt of authoring work produced after 2006(t
amt of ) «
authoring - d) + (authoring wor.k growth rate) * dt Total amt of authoring work
work INIT amt of authoring work produced after 6000 produced
2006 = 6000
produced
INFLOWS al;trrllog:ogwth = amt of authoring work produced*authoring N/A Total amt of authoring work

work growth percentage produced per year

rate

Table 4-9. Unattached Variables for the Authoring Work Production Subsystem

UNATTACHED VARIABLES
Type Name Equation Description
GRAPH ) = GRAPH(TIME)= (1970, 0.00), (1978, 0.0075), .
Authoring Growth  rate at  which
work growth (1586, 0.21), (1994, 0.05), (2002, 0.0175), N/A authoring  work production

(2010, 0.01), (2018, 0.0075), (2026, 0.005),

percentage | 1,034, 0.005), (2042, 0.0075), (2050, 0.01)

increases per year
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4.5.3 INFORMATION CONSUMPTION SUBSYSTEM

As already discussed in section 4.3.2t% information Consumption Subsystem is based on
principles of Path dependence theory and network effects. FiglRaldpicts the stock and flow

structure of this subsystem as simulated in Stella.

There are three key stocks that this sector tracks: thetfis are the stockhreshold for

compatibility effects of papgerand the stockthreshold for compatibility effects of digital
technologiesThe third stock this included in this subsystem tracks the amoum¢tot tons of

printed paper The stocks threshold for compatibility effects represenatheunt in Megabytes
(Mb) of the installed base of paper and digital above which nkteffects, for a technology to
dominate, become important. The threshold for compatibility effectsafper starts with a small
amount of Mb compared to the threshold for compatibility effectdifptal, and increases while
the threshold of compatibility effects for digital decreases twee with the advent of newer

paper-likedigital technology.
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Figure 4-12: Stock and Flow Structure of the Information Consumption Sector
The variabledemand of a medium to display informatienfed by the variablemount of
relevant information accessdbm the Information Access Subsystamd the variablamount
of original produced informatiofrom theAuthoring Work Production Subsystentne variables
preference of reading in papandpreference of reading in digital displaye influenced by the
scale of thehreshold for compatibility effects of papgndthreshold for compatibility effects of

digital respectively. That is, the smaller the threshold for compayikelitects for paper, the
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stronger will be the network effect and therefore, the gredtebe the preference to use paper,
and vice versa. A critical feedback in the system is the omesemed by the network effect on
the attractiveness of each technology. The more familiar an indiviglwath one technology,
the more attractive it will be for that person to continue usingtétanology. The market share
for each technology increases as its attractiveness on the prsgiscand decreases when the

opposite happens.

Although the affordances of paper and digital technologies are tatalnderstand paper
consumption and are captured in the qualitative CLD, they were natigy@imulated in the
SFD. It is important to remember that paper afford several huaotons such as grasping,
carrying, folding, and writing (Sellen & Harper, 2002) while tibdevices affords others such
as immediate and remote access to huge amount of informatiorss @ocea diverse set of
experiences, not to mention that they have made possible new forndglofjue and
communication (Conole & Dyke). Most of these characteristiesar subjective and qualitative
in nature to model in a quantitative manner, which makes it difficulsimulate, test, and
validate them (Barlas, 1996). For the varialslessitivity of attractiveness to amount of printed
pagesand sensitivity of attractiveness to amount of digital displayed paties greater the
sensitivity, which is a dimensionless number that goes from 1 to 26hénper and steeper the
logistic curve that represents the growth of the market sifirbe, and the more rapidly share

approaches its extreme values as installed base varies.

Tables 4-10 and 4-11 are the Model Boundary Chart for this subsystese fables include the
full description, the type of variable (stock, flow, converters, oplgyathe initial value, and the
equations. The following section provides a description of how thelaiion model was

populated.
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Table 4-10. Model Boundary Chart: Stocks with Inflows and Outflows for the Information Consumption Subsystem

STOCKS WITH INFLOWS AND OUTFLOWS

Type

Name

Equation

Initial

Description

Value

STOCK Threshold Scaling factor that represents
for S =Threshold of compatibility effects for paper(t th.e s!ze of the |nst.a||ed base of
compatibility | dt) + (Paper Threshold Cgrowth rate) * dt 45 printing above which network
effects of P g effects become important
paper (Megabytes per year)

INFLOWS Paper =Demand of medium to display Compound growth rate at
p info+(Threshold of compatibility effects for which the threshold of
Threshold N/A -
paper*(CGROWTH(Paper threshold growth compatibility effects for paper
Cgrowth rate .
frac))) increases

STOCK Scaling factor that represents
Threshold of the size of the installed base of
compatibility | =Threshold of compatibility effects for DD 30000 Digital Display above which
effects for techn(t - dt) + (DD threshold Cgrowth rate) * dt network effects become
DD techn important (Megabytes per

year)
INFLOWS DD threshold Cgrowth rate = Demand of Compound growth rate at
DD threshold | medium to display info+((CGROWTH(DD N/A which the threshold of
Cgrowth rate | threshold growth frac))*Threshold of compatibility effects for digital
compatibility effects for DD techn) display increases
STOCK Total amt of = total amt of printed PRI(t - dt) + (printing Total amount of printed
rinted PRI rate) * dt 200 Megabytes of Paper
P Reproducible Information (PRI)
INFLOW _ =demand of medium to display info*market .Prlnted rfeproduable
Printing rate . N/A information rate (megabytes
share printing
per year)
STOCK Total amt of Total amount of digital
DD PRI = total amt of DD PRI(t - dt) + (DD rate) * dt 1 displayed Megabytes of paper
reproducible information
INFLOW = Demand of medium to display info*market Digital Displayed PRI rate
DD rate .. . N/A
share digital display (Megabytes per year)

STOCK N:ibnz.:d = Mb of printed paper(t - dt) + (Mb print rate - 0 Total amount of printed Mega
P print outflow) * dt Bytes of information per year
paper

INFLOWS | Mb print = Demand of medium to display info*market N/A Rate at which information is
rate share printing printed per year
OUTFLOWS Outflow that drains the stock
Print outflow | =mb of printed paper N/A Mb of printed paper to keep it
in a per year basis

STOCK Z‘?rrilrc\t?dns = metric tons of printed paper(t - dt) + (print 0 Total amount of printed paper

paper(t) rate - printing outflow) * dt in metric tons per year
INFLOWS . = (mb of printed paper/avg mb capacity of a number of sheets of paper per
Print rate M ) X N/a
sheet of paper)*metric tons equivalency year
OUTFLOWS Printin Outflow that drains the stock
outflovsg/ = metric tons of printed paper n/a metric tons of printed paper to

keep it in a per year basis
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Table 4-11. Unattached Variables for the Information Consumption Subsystem

UNATTACHED VARIABLES
Type Name Equation Initial Value Description

GRAPH Paper = GRAPH(TIME)= (1970, 0.00),
threshold (1975, 1.00), (1980, 4.50),
growth frac gggg: ;;g;: gggg: iig;: N/A Rate at which the threshold of paper will be increasing

(2005, 55.0), (2010, 73.5),
(2015, 89.5), (2020, 100)

CONVERTER Demand of | =(amt of relevant Mb Demand of medium (digital or physical) to
medium to | viewed+US prod\tion of org PRI N/A display/manage/consume the relevant information in Megabytes
display info | stored in PC DD per year)*0.30 per year

GRAPH = GRAPH(TIME)= (1970, 30.0),

DD (1975, 30.0), (1980, 30.0),
threshold 8322: 5033: gggg: ;31(2);: N/A Rate at which the threshold of digital display will be increasing
growthfrac | 505, 3.90), (2010, 2.70),

(2015, 1.35), (2020, 1.20)

CONVERTER Market
share = attractiveness of dd/total N/a Percentage of the market share of digital display (this percentage
digital attractiveness of display info increases as the attractiveness digital display technologies rises)
display

CONVERTER L\f\zl;l;et = attractiveness of printing/total N/a Percentage of the market share of printing (this percentage
printing attractiveness of display info decreases as the attractiveness of the competitor's product rises)

CONVERTER Total
ZZZrz(;tlven d_dit:tr:rztc“t/i?/r;isess?i)f printing N/a Sum of the attractiveness levels of printing and digital display
display info

CONVERTER Attractiveness of digital display which is the product of the
Attractiven - network effect of digital display and the effect of all other factors
ess of DD = preference of reading in DD N/A of attractiveness (aggregated effects of price, features,

availability)

CONVERTER Attractiven - Attractiveness of printing is the product of the network effect
ess of = prefference of reading in N/a and the effect of all other factors of attractiveness (aggregated
printing paper effects of price, features, availability)

CONVERTER - EXP(.SenS|t|V|ty of Preference of reading in digital display is the effect of
Preference Attractiveness to amt of DD L . L R
of reading WP*(total amt of DD N/A compatibility of attra.ct.l\./eness of digital display that captures the
) - network and compatibility effects: the larger the installed base,
in DD PRI/Threshold of compatibility the greater the preference or attractiveness of digital display

effects for DD techn))

CONVERTER - exp(s.ensmwty of . Preference of reading in paper is the effect of compatibility of
Prefference | attractiveness to amt of printed R e

X . attractiveness of printing that captures the network and
of reading pages*(total amt of printed N/a . )
in paper pri/threshold of compatibility compatibility effects:.the larger the |.nstalled base, the greater the
preference or attractiveness of printing
effects for paper))

CONVERTER z;:-nmtlwty Sensitivity of attractiveness to the installed base (printed paper
Attractiven reproducible information).
ess to amt N/A 15 The greater this sensitivity (which is a dimensionless number),

. the sharper and steeper the logistic curve, and the more rapidly
of printed . . .
pages share approaches its extreme values as installed base varies

CONVERTER Sensitivity Sensitivity of attractiveness to the installed base (digital displayed
of paper reproducible information).

Attractiven N/A 1 The greater this sensitivity (which is a dimensionless number),
ess toamt the sharper and steeper the logistic curve, and the more rapidly
of DD WP share approaches its extreme values as installed base varies

CONVERTER Avg MB
:as;:.'zlc;iyo?f =2/1000 N/A Average mega bytes capacity of a sheet of paper
paper

CONVERTER Zqiti:/lzlteonr:/ =4.08233133*107(-6)*10"6 N/a Equivalency to convert Mb of printed paper into metric tons
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4.6 POPULATING THE MODEL
This section discusses the different sources of data thatusereto populate the model. In
addition, the assumptions and decisions that were made for thoseesndiddre data was not

available are discussed in this section.

One of the goals of the model is to explain the role that &) had on past and current paper
consumption patterns and behavior. However, for the simulation model atfectieree specific

outcomes that are of special interest:

o How the market share for paper and digital technologies vaviastime and when
the crossover point for both market shares is likely to occur. Thisnform if a
total substitution of paper for digital technologies can happen andsifpossible,

when it will likely occur if nothing changes in the system.

o If a peak in paper consumption is possible. Of special intesedsd® how dramatic
this peak might be depending on how the parameters vary. In additen, t
possibilities of paper consumption peaking and leveling off at aicelevel, or
reaching a peak to then start decreasing until it is conhpletstituted by digital

technologies are investigated.

o0 The numerical value of the paper consumption peak. This value will iffommfar
away current paper consumption is from the calculated peak valus. cahi

theoretically tell if paper consumption is already reaching a peak.

The assumptions and decisions made, as well as the sources batlatast used to populate the

variables in the model were:
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The model uses United States data. This was the most available free data.

The time horizon goes from 1970-2050. This way important feedback rikas a

with the time and delays can be captured.

The growth of IWWW is very dynamic. The internet began inlabe 80s, however,
the actual commercialization and exploitation of the WWW begarctar early in
1994 with the release of the Mosaic web browser (Kogut, 2004). réB&894, for
this model the growth rate of the IWWW is assumed to be zero. iTeassumed

to double every 5 years.

Information is accessed and produced digitally.

Paper starts fully dominating the information market share.Harotords it starts
with 100 percent market share while digital display marketesistarts with O

percent.

The threshold for compatibility effects of paper is assumed to tyesweall in the
first decades before the commercialization of the internetr 4094, it is assumed
to start decreasing. The opposite is assumed for the threshotmbrigratibility

effects of digital devices.

The parameter sensitivity of attractiveness to amount of prpagds and sensitivity
of attractiveness to amount of digital displayed web pages$astar that goes from
1 to 20 and controls the strength of the network effect. Itasaamed a value of 15
for sensitivity of attractiveness of paper and 1 for sensitieftyattractiveness to

digital initially.
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o The affordances of paper and digital devices are not includde i®FD. In other
words, although these factors are a central concept in this,tlypeen their
qualitative nature and the difficulty in modeling them quantitagivilere are only

described qualitatively in the CLD.

o Although it is a very interest point of discussion, the sustaitalofithe alternative

technology to paper is not considered as a factor of preference.

4.7 SUMMARY

This chapter presented a theoretical and empirical model of/skens under study. Three main
subsystems to be included in the model were identifidfdrmation Access, Authoring Work
Production, and Information Consumpti@ubsystems. The key variables for the theoretical
model were identified and described. Then, the CLD for each debsysas generated and the
principles of the Bass Diffusion Model and Path Dependence Theoexpésined by Sterman
(2000), where used to develop theformation Creationand Information Consumption
subsystem respectively. Finally, a discussion of the limitatddrGLD and omitted loops were

discussed.

Furthermore, description of the stock and flow diagram of the pradia paper consumption
patterns was developed and described. For each of the three identifsydtems a description
of the stocks and variables was provided. The assumptions, decisiongyaid data that was
used to populate the model were also discussed. Once the modebpudated based on the
available data and the researcher’'s assumptions and decisBase &urand Test Rurof the

model were generated. Both runs are compared against real avdd&bler the year 2002 and

are presented in Chapter 5.
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5. TESTING

This section describes the results of the first run of the nisadd on the initial decisions and
assumptions. We call this first run the “Base Run”. Then, a “SieB@02” is developed based
on available real data. This data is used to create a testriecat a specific point in time to
check the order of magnitude of the model results. The section continues disdhessasylis of
a performed experiment (or sensitivity analysis) to test niost influential and sensitive
parameters of the model. Finally, based on the results fromigiypsanalysis, aTest Runis

developed and compared with both, Bese Rurand theScenario 2002

5.1 BASE RUN RESULTING BEHAVIOR

Figure 5-1 shows the base run results for paper consumption belawioi 970 to 2050 using
the initial assumptions of the modeler. The results indicatealtfaugh paper consumption
slightly decreases from 1990 to 2009, a drastic peak in paper consumetier occurs. On the

contrary, after 1994 paper consumption continues increasing, at least until 2050.

Total Printing & Writing Paper Consumption
45000000
40000000 4_/“’/\",
35000000
€ 30000000 //
£ 25000000 7~
£ 20000000 7
€ 15000000 7/ base run
10000000 ~/
5000000
0 /-,
1969 1989 2009 2029 2049
year

Figure 5-1. Base Run: Total Printed Paper Consumption
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Because one of the assumptions is that all accessed and prodwrethtioh has a digital
origin, it only makes sense to compare the model results galldata after 1994, when greater
proportion of the population actually started to have internet acetss in turn, made the
ownership of personal computers more attractive. Figure 5-2 depictamparison of both

trends; the ones resulting from the simulation against the real ones.

Total Printing & Writing Paper Consumption

29000000
27000000
25000000

23000000 M

21000000 base run
19000000

17000000
15000000

metric tons

real data

1993 1995 1997 1999 2001 2003 2005 2007

year

Figure 5-2. Printed Paper Consumption, Base Run vs. Real Data
After 1994, the real data’s curve seems to be flattening,hndd@o explain why current wisdom
suggests that paper consumption might have been starting to levdsafthe model results’
curve has a similar shape to the real one for the samdréime. Although the curve does not fit
the real one exactly, it can be argued that the base run curvesafgpba a good approximation

for paper consumption patterns from 1994 to 2007.

Under the assumptions discussed in section 4.6, the market shaW¥y foader starts with 100
percent of the market share of information consumption. As showgurefb-3, PW paper starts

with 100 percent of the market share and digital display with Gepexf the market share but
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then both market shares meet around 2010 to continue sharing equal portrensotdl market

share. Neither one of the markets appear to dominate after 2010.

Base Run: Paper vs. Digital information consumption

market share
1
0.8 \

: \
= 0.6
()
S >=
é 0.4 / Printing & Writing Paper
0.2 / Digital Display
0
1970 1990 2010 2030 2050
Year

Figure 5-3. Base Run: Paper vs. Digital Information Consumption Market Share
In order to test the model market share results, an understandvayvahe real market share
distribution for paper vs. digital devices, was needed. The next sd@mrsses how the market

share for the year 2002 (the only year for which most of the mdahawa was available) was

calculated.

5.2  SCENARIO 2002
In this section how the market share for the year 2002 was calculateduss#id. This was done
in order to have a base line comparison for the Base and Test Run results.
Annually, on average per capita paper consumption for the U.S. is 11,%16 gshpaper, and at
least half of this paper is used in printers and copiers to prodfice dbcuments (Lyman &
Varian, 2003). Assuming that one sheet of printing and writing papeghtg¢ approximately

0.009 pounds, and knowing that one metric ton is equivalent to 2,204.62 Ibs, it céimbé&eds
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that annually, an average knowledge worker consumes at least@40li024 metric tons of PW
paper used in office documents. Using the conversion of 6 GB of datagbec ton of paper
(Lyman & Varian, 2003), a knowledge worker in the U.S. is estimatedrnsumes on average
0.147 GB, or the same as 150.5 MB of printed information each year.

Based on data from tigureau of Labor StatistioStatistics) and froniHow much information?
2003 (Lyman & Varian, 2003he knowledge workers population with internet access for 2002
was estimated to be 60,961,570. In order to calculate the total amopnhtefl information
consumed by the knowledge work population in 2002, the total number of knowledkersv
was multiplied by the average amount of printed information each kdgelworker consumes.
The total amount of printed information by knowledge workers with netelaccess was

estimated to be approximately 8, 621 Terabytes (calculated based on(Lyrmeiag&, \2003)).

In order to calculate the amount of information that was consumdédligign 2002 the same
formula that was used in the model to calculateatineunt of WPs viewed raf@able 4-6 was
used, but this time using real data. This formula is the BDM Adogtom Word of Mouth (Eq.

4-4).WPs viewed ratevas estimated to be 2,308 Terabytes

W Ps viewed rate = Total Unique Searches X probability one page leads to another x

Total Number of WP viewed )
(Number of Susceptible WPs of the IWWW+Total Number of WP viewed)

Total Number of WP viewed X (1 —
(5-1)

Then,

Total Unique Searches =
Total KW population X ICT Development Index (5-2)
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The total KW population was estimated to be 61 million. The numbeérrésalted for the

Unique Searchesalculations was 119,043 x 1076 per yr.

Probability one page leads to anothgas assumed to be 0.5. This number was picked assuming
that every time a KW enters a specific WP, he or she will be likely to gwtber related WP at

least half of the times.

The Total number of WP viewddr 2002 was calculated to be 629 M. Considering that KWs
represent only a fraction of the total internet users that a8b&s, the assumption that 20% of

the total amount of susceptible WPs was viewed was made.

The number of susceptible WPs of the IWWM5 calculated to be 3,143 M for the year 2002.
This number was estimated fromtp://www.worldwidewebsize.com/ (2009) assuming the

IWWW doubles every 5 years.

Total market share of information =

Total amount of printed information + Total accessed web pages (5-3)

Thetotal market share of informationas estimated to be 11,269 Tb
To calculate the market share of information for printing and digital diggjagtion 5-4 was

used:

. . Total t of printed inf
Market Share Printing = L (5-4)

(Total accessed WPs +total amt of printed information )

And,

Total amount of digital display (5 5)
(Total accessed WPs +total amt of printed information )

Market Share Digital Display =
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The resulting market share of information for printing for the year 2002 was 8di{penoe for
digital display 20 percent. These numbers, although very rough estimatesjecarggneral

idea of how much digital information could have been accessed electronically in 2002.

The market share results from the base run of the model cabseeved in figure 5-3. The
market share (MS) distribution resulted from the simulation mddé&rs greatly from the

estimated results for 2002. The results suggest that the MB0@rwas of 59% for printing and
writing paper, and 41% for digital devices vs. the real data thia¢svere estimated to be 80%

and 20% respectively.

In conclusion, the base run of the model, based on the initial assunygtiblesmodeler, fits in a
good manner the historical trends for paper consumption from 1994 to 2007, $utfiewell
the estimated MS distribution for the 2002 snapshot. A formal mesrhaniunderstand how the
assumed values should be set up was needed. Design of Experimateniiéied as a powerful
approach to identify the most influential model parameterstttheanodel parameters at values

that best represent U.S. data.

5.3  TESTING AND DESIGN OF EXPERIMENTS
Experimentation and testing is a vital part of the scientifiermineering method (Montgomery,
2005). In addition, through experimentation the performance and robustness exspsoand
systems can be studied and assessed. In this section, the détai fractional factorial

experiment are described.

5.3.1 GOAL OF THE EXPERIMENT
The goal this experiment is to test the parameters of tleerbasmodel and determine the level
of influence that these parameters have on three response warigbldée year in which a peak
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in PW paper consumption occurs, 2) The value of a peak in paper consuraptid@), The year
in which the market shares for digital and paper cross. Furtihherm second objective is to
discover how the parameters should be set up to reduce variabitgdmethe system dynamics

model results and real trends, to replicate the real data in the most apossalide way.

The strategy of experimentation selected for this study tawasonduct a fractional factorial
experiment to test the variables of interest. A fractionabfed experiment “is a variation of the
basic factorial design in which only a subset of the runs are (geaitgomery, 2005). Factorial

designs have several advantages: they are more efficient than etim@teaperiments, they are
necessary when interactions may be present, and they alloweheadfh factor to be estimated
at several levels of the other factors (Montgomery, 2005). The effdct in a factorial design
indicates the change in response produced by a change in theflékel primary factors of

interest being tested (Montgomery, 2005).

5.3.2 PARAMETERS OF INTEREST
Several factors of the system can be considered in the DOEvbhowhe following exogenous

variables are of primary interest:

o ICT development indexXhis variable is crucial given the critical role ICTs play

paper consumption.

o Paper threshold growth fractionThis variable controls the level at which the
threshold for compatibility effects of paper increases with theerat of alternative
technology. Because this value is assumed, it would be interestsgpthow the

results change when this parameter is varied.
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o Digital display threshold growth fractionThis variable controls the level at which
the threshold for compatibility effects of digital devices desmeawith the advent of

newer technologies. Same rationale asPthger threshold growth fractiovariable.

0 Sensitivity of attractiveness to amount of printed pages and Sensitivity of
attractiveness to amount of digital displayédhe effect of these parameters are of
special interest because they control how fast market shareaapps its extreme

values, and because the assumed value is based on the researcher’s mdntal mode

o Percentage of paper reproducible content in the IWVINi6 variable represents the
assumed percentage of the IWWW content that is printable, stattextral.
Because the percentage of paper reproducible content in the weinveasumed
value, it is of special interest to investigate how the residilthe model vary when

this parameter increases or decreases.

o Size of the knowledge workers populatidhis parameter is also interesting given
the fact that our society has been increasingly turning into a kdgelbased one

for the past decades.

Once the critical parameters were identified, the experimentalndesig performed. Results are

given in section 5.3.3.

5.3.3 EXPERIMENTAL DESIGN
The experiment was designed using the statistical softi@redata analysis Minitab ®
(http://www.minitab.com/en-US/default.aspx). From the above identsgsen variables, which

yields a 2 design, each factor was varied in two extreme levels: &ighlow, to observe its
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effect on the response variables. A the one-half resolution Viidradesign containing®2= 64
runs was decidedhe experimental matrix with the run order and combination ofdeeeleach
parameter can be found in Appendix 1. The results of the experimgedisaussed in detail in

the following section.

5.3.4 TESTING AND DESIGN OF EXPERIMENT RESULTS

For each response variable a main effect plot was generagede b-4 shows the main effects
plot for the paper consumption peak yeafigure 5-5 depictsthe peak value of paper
consumptiopand figure 5-6 shows the one for & crossover yearAn important observation
is that some of the results fall outside the time horizon. In stases the Peak never occurs
within the time horizon so an extremely far away peak year agsumed in these cases, for
instance, the year 2100 was assumed for peaks that seemed to newver thecnear horizon. In
other cases, even when the peak year is not obvious on the plots, thesugyest that the
crossover will happen near the year 2050. In these cases theagdeegided with a best-guess

approximation.
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Figure 5-4. Main Effects Plot for Peak Year in Paper Consumption

The main effects plot for th@aper consumption peak yi (figure 54) depicts the level of effe

of eachparameter in the outcome as follo

(0]

ICT Development Ind: this parameter does not have a major € on the response

variable.

Paper threshold growth fractio a low value for this factor moves the peak yeal

in time, a high value brinithe peak closer in time.

Digital threshold growth fractior This parameter has an even greater effect tha
previous and following one in the response outcofnw value in this paramet:

means that the threshold for compatibility effeaftgligital will grow at a significant
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lower rate and a high value means the opposite. Low value resulsonar peak;

high value results in a more distant peak.

0 Sansitivity for amount of printed papea low value for this parameter translates into
a weaker network effect. Paper consumption peaks sooner with thmgiar set to

low.

o0 Sensitivity for amount of digital displayetthis parameter does not have an important

effect on the value on the response variable.

o Knowledge workers populatiohis parameter does not have a significant effect on

the response variable.

o Percentage of paper reproducible information (PRI) in IWN& parameter does

not have a significant effect on the response variable.

The main effects plot for theeak value of paper consumptiffigure 5-5) also depicts the level

of effect of each parameter for this outcome:
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Figure 5-5. Main Effects Plot for Peak Value of Paper Consumption

ICT Development Inde this parameter does not have a major effect. Howyéhis
parameter has a major effect in this responsehlarthan in the paper consurion

peak year response varial

Paper threshold growth fractio a low value for this factoincreases the valtof

the peak. Aigh valuedecreases the value of the peak.

Digital threshold growth fractior Low value results imower amount for the valu

of the peakhigh value resul in the opposite.

Sensitivity for amount of printed paj: the value of the papeprsumption peak i

lower with this parameter set to lcand vice versa.
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o0 Sensitivity for amount of digital displayethis parameter does not have a major

effect on the value of the paper consumption peak.

o Knowledge workers populatiorthis parameter does not have a considerable effect

on the value of the paper consumption peak.

o Percentage of paper reproducible information (PRI) in IWN& parameter does

not have an important effect on the value of the paper consumption peak.

Note that the same previously discussed parameters resulteding t@e major effect on the
paper consumption peatesponse variable value. However, for this response variable, the
parameters show to have a greater effect than in the pre@spsnse as can be observed in

figure 5-5.

For theMS crossover yearesponse outcome, just the paper threshold growth fraction and the
sensitivity for attractiveness on printing have a significafgtcef The effect happens in the same
direction as in the previous response outcomes. Figure 5-6 illugtragesresults and below is a

description for each parameter:
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ICT Development Index: this parameter does not lzan&jor effec.

Paper threshold growth fraction: this parameterdatrong effect on the year tt
the MS crossoveoccur:. A low value for this factor moves tleeossove MS year

far in time, a high value brin it closer.

Digital threshold growth fraction: a low vie for this parameter translates ir

sooner MSrossove; a high value results in a more distant one.

Sensitivityfor amount of printed paper: this parameter doédave a major effe.
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o0 Sensitivity for amount of digital displayed: this parameter doeshagé a strong

effect on the value on the response variable.

o Knowledge workers population: this parameter does not have adffeeit on the

response variable.

0 Percentage of paper reproducible information (PRI) in IWWW: thiampater does

not have a major effect on the response variable.

In summary, in order to accelerate the peak in paper consungsttbthe MS crossover, and
control the peak value, threshold paper growth fraction needs to be $&jh and digital the
digital threshold growth fraction needs to be set up low. Also,ghsitsvity parameter needs to

be set up low. Prototype plots for each response outcome of the 64 runs are given in Appendix

5.3.5 TEeST RUN RESULTING BEHAVIOR
Leveraging the insights from the DOE analysis a test runcaastructed to fit better real paper
consumption trends and the estimated 2002 MS distribution. Figure 5-7 gteonesw curve for
total paper consumption in the U.S. from 1970 to 2050 in which, as in theRBaseesults, a
drastic decrease in paper consumption does not appear to happenthattsalected time

horizon.
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Figure 5-7. Total Printed Paper Consumption Test Run Results

Comparing the real data vs. the test run curve for paper consumptipme(Fi-8), it can be

observed that the new curve does not perfectly matches the real one.
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Figure 5-8. Total Printed Paper Consumption: Test Run vs. Real Data
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Figure 5-9 shows the new results for the information market slstréoution. In 2002 the test

run MS distribution resulted in 80% for printing and writing paper and 20% for digitedese

Test Run: Paper vs. Digital information consumption
market share

0.8
= 0.6
o
g 0.4 = Printing & Writing Paper
0.2 / == Digital Display
0
1970 1990 2010 2030 2050

Year

Figure 5-9. Paper vs. Digital Information Consumption Market Share Test Run Results

Again, the results do not match exactly the real estimationg bahibe argued that the DOE
insights helped in getting a better and more accurate approximatiesulis to real data, at least
for the market share results. Setting the parameters baskd msights from the DOE resulted

in less variability between real data and the ones from the simulation model.
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5.4 SUMMARY

Based on the one-half fraction design of experiments the parartieterssulted to influence the
most the value of the three response variaplear in which a peak in PW paper consumption
occurs,value of a peak in paper consumpti@mndyear in which the market shares for digital
and paper crossyre thethreshold paper growth fractigmligital threshold growth fractionand

sensitivityparameters.

This chapter showed that, based on the insights gained from thevagrsnalysis, a better
approximation to real data was achieved. The sensitivity sisaljonfirmed that the most
influential parameters are the ones responsible for the netwadtsefh the system. It can be
concluded that in order to reduce PW paper consumption and PW papersharketlternative
technology that affords in a more efficient way the actions pafierds, but that also affords
other different and exciting possibilities must take place, ighcaiveat that a decrease in paper
consumption does not necessarily means a lower impact to the envirorimesrder to
minimize PW paper consumption’s impact to the environment, both, prirmohgligital cleaner

technologies must be co-developed such that they don’t cause negative side effect
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6. CONCLUSIONS AND FUTURE WORK

This chapter summarizes the research conducted and the key obsesriradt resulted from this
study. In addition, opportunities for future work and improvement are ditsmssed. These
research opportunities would contribute to a larger research doeh us to understand the
characteristics of new alternative technology in order to dser@aper consumption, and to

improve the environmental impact of information medium consumption.

This study motivated the importance of analyzing PW paper consunjmiterns through a
holistic approach as a first step to drive it towards a moreisable state. Technology
designers, PW paper producers, the print and ICT industry, and policyswaded to have a
clear understanding of what influences paper consumption and the @oitaptications of the

penetration of alternative digital technologies that are intbridesubstitute PW paper. This

understanding can be used to guide their designs, decisions, and trade-offs.

A review of the literature revealed that although paper consumptih i negative
environmental impacts have been well recognized by many, thargap in the literature in the
sense that no study has so far been conducted that analyadditgsses the relationships
between PW paper consumption, advances in ICTs and print technologheagifiects of the
increased role that knowledge work plays in our society. From thrstlire review, system
dynamics modeling emerged as a powerful tool to analyze and watktbe dynamics of the
PW paper consumption.

The research methodology conducted in this study, was based on thenghstigds outlined by
Sterman (2000). Also, it was argued that even though these modeling steps shousielert bs a

template, they can serve as general guideline for the modeling process.
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The dynamic hypothesis of this thesis stated that becauselofenous feedback loops, even if
PW paper consumption decreases, it is not likely that it wil@en to sustainable levels. Three
subsystem,Information Access, Authoring Work Production, and Information Consumption
subsystems, were identified and developed to understand the critieahitg of the system and
test the dynamic hypothesis. Also, the key variables of themmywere identified and described,
and the CLD for each subsystem was generated based on the gsirafiphe Bass Diffusion

Model and Path Dependence Theory.

Moreover, a stock and flow diagram for the print media paper congumyatterns system was
developed and populated based on real data and initial assumptions, whiell iesaBaseand
Test Runof the model. Sensitivity analysis through the use of a one-ladfidnal factorial
experiment was performed to identify the most influential mpdeameters to set the model
parameters at values that best represented US data. An appiaxitoaeal data was achieved

based on the insights gained from the sensitivity analysis.

A simple and flexible system dynamics model was built tlzat be used to test different
assumptions and hypotheses. . Through exercising the model and through sensatisig the
main parameters that influence paper consumption were ideragi¢ite ones most responsible
for the network effects. These are theeshold paper growth fractiqmligital threshold growth
fraction, andsensitivityparameters. This suggests that in order for alternative digahhology
to dominate and break society’s lock-in to paper, there must be ewtivedf diffusion of green
alternative paper-like technologies. These insights stressete to develop green technology
that meets the affordances of PW paper, in order to reduce PWcpagamption and PW paper
market share. However, a decrease in paper consumption does nsanlgcesean a lower
impact to the environment.
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An important challenge for sustainability is how to shift from ustginable patterns of
consumption to more sustainable ones. Different strategies and cdorsratstrategies can be
used to promote more sustainable consumption patterns. For instance, dgv@iaumuct
service systems, also called functional sales, to maximeatilization of goods, can help us to
move from our current consumption model to a service one, in which thgofurthat the
product provides is emphasized rather than the product itself. Also, gotn@uraf innovative
green products, such as alternative paper-like technologies that igreedes have a minimal or
at least lower impact to the environment on every stage of lifegycle, can also help to
alleviate the burdens placed on the Earth’s ecosystem whendgtesse products replace the

consumption of non-green ones.

However, one of the most critical needs of sustainability isetlesign of cultural structure and
habits such that everyone becomes conscious of the implications obrm@mgption and their
individual decisions, so that they can move toward sustainable halitshoices when they find
themselves in “unsustainable patterns of addiction” (EHRENFELD, 2B608)Yhese challenges
to be overcome, an “epidemic” of green innovation driven by educatoilisy pobkers, the

government, and the industry, needs to take place.

This research has shown that historic trends of PW paper consumptibe caplicated using
system dynamics. However, it should be stressed that in orderotlel how PW paper
consumption trends might evolve in the future, a more endogenous stfciseemodel should

be considered, although a more endogenous structure would add complexity to the model.

The insights generated from this study could be used to visudiyehe demand for PW paper

has been growing as opposed to what has been predicted. This stthpWwasthe effects that

100



the exponential growth of available and easy-to-access infamndtas had on PW paper
consumption. Even when the ratio of digital to hard copy consumed infomtss increased,

because the total amount of accessed information has alsasedrehe volume of consumed
paper has also increased. This is due largely to the facPWapaper is still the preferred
medium for several knowledge work activities. However, paradoxialgn when advances in
ICTs are one of the most important factors that have fueledpBpeér consumption, as the
advent on ICTs permits more affordances, new digitalaper-liketechnology could potentially

lead to a decrease in paper consumption.

As discussed previously, insights from this study are only the first stepsd®wa bigger goal. In

order to accomplish this goal, future work should be targeted to:

0 Work on a more sophisticated and endogenous structure for the model aadkor br
the system into several individual subsystems and then connectriteem larger
one. For instance, creating a system dynamics model that expheinsle of
progress in ICTs has had on how information is created, accessedistitulited
could be used to understand how these dynamics influence PW paper camsumpt

behavior.

0 The sustainability of each technology as a factor that carowe the attractiveness
of each medium should be taken into account for future work. ICTs are séen as
a greener technology over paper just because they have a shiwenfrwaste
production (paper is discarded much faster and easier than er BGtance). This
belief and the fact that green technology alternatives to paigét e developed

could start leading people to consume less paper, as the awgavénes ecological
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footprint increases. On the other hand, if new and greener paper and print teghnolog
and practices are developed and marketed, paper consumption could continue

increasing. Both scenarios should be considered for future work.

0 As it was argued in this study, one story is for developed dgesrdnd a different
one is for developing ones. Paper consumption is a global problem that bleould
treated as that, global. Understanding what behavior models asgbleo for
developing countries, whether they will continue the same patterranstimption
of developed nations or whether they will leap frog to newer teogres and the
effects that will have on their paper consumption patterns woulof b@erest to

study.

Although the results of this study are preliminary, they can helptdrt learning about the
system in a holistic manner, which will lead to better resalgl can guide us towards
sustainable development. Donella Meadows explains it in an exquigiteemin one of her
articles: “while we are waiting for perfection, fisheriage collapsing, greenhouse gases are
accumulating, species are disappearing, soils are erodiregtdaare overcut, and people are
suffering. So it is important to get some preliminary indicatart there and into use, the best we

can do at the moment” (Meadows, 1998).

This study was an effort to build better understanding about a system thaenasaditionally a
theme of controversy and debate. Only a few studies, howeverpbauetargeted to formally
understand the printing and writing paper consumption and its relapomstii ICTs in a
holistic manner. The intention of the present study was to contrbaystematic analysis of a

PW paper consumption system and create knowledge about its ptaseminsl possible future
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behavior. Knowing where we are and how we got here brings us jusivénalfo our overall

goal: determining where we want to go, and what efforts are needed herget t
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Appendix 1: Factorial Design of Experiment and Value for the
Response Variables

Paper Digital metric tons peal.( Yalue
Run lcr Threshold  Threshold  Sensitivity  Sensitivity <noWledge percentage s printed million
No. Dev?lopment Growth Growth e Digital Workers of PRl in crossovers el metrlf: tons
index Frac Frac population Iwww year - of printed
paper

1 - o - o - - + 2043 2047  429885.354
2 + o = - - - - 2043 2049 476579.375
3 - + - - - - - 1983 2047 298955.997
4 + e - o = - + 1983 2048 306595.446
5 - - + - - - - 2100 2100 1330897.34
6 + - + - - - + 2100 2100 1356371.22
7 - + + - - - + 1984 2100 1116505.2
8 + + + - - - - 1983 2100 1114121.89
9 = - - + - - - 2100 2100 2216930.9
10 + - - + - - + 2100 2100 2216930.9
11 . + . + - - + 1989 2049  303814.912
12 + + - + - - - 1989 2048 308775.7
13 - . + + - - + 2100 2100  2229358.67
14 + - + + - - - 2100 2100 2225090.2
15 - + + + - - - 1991 2100  1109755.44
16 + + + + - - + 1990 2100 1132842.52
17 - - - . + - . 2041 2047  229359.915
18 + - - - + - + 2041 2046 243454.946
19 - + - - + = + 1981 2046  155359.595
20 + + - - + - - 1983 2045 155321.932
21 - - + - + - + 2100 2100 1338217.83
22 + - + - + - - 2100 2100 1335662.28
23 - + + - + - - 1983 2100 1109667.91
24 + + + - + - + 1984 2100 1132101.81
25 - - . + + . + 2100 2100  2228604.11
26 + - - + + - - 2100 2100 2225265.62
27 - + - + + = = 1990 2045  155475.006
28 + + - + + - + 2100 2100 2216466.83
29 - . + + + = . 2100 2100  2260470.18
30 + - + + + - + 2100 2100 2260470.18
31 - + + + + - + 1990 2100 1116115.78
32 + + + + + - - 1990 2100 2225706.05
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Paper Digital metric tons peal.< Yalue
Run cr Threshold Threshold Sensitivity  Sensitivity LG percent:.:lge ms printed ml!llon
No. Dev.elopment Growth Growth i Digital Worke.rs of PRI in crossovers e e metrlf: tons
index Frac Frac population IWWW year . of printed
paper
33 - = = - - + - 2043 2048  476436.843
34 + 5 = - - + + 1970 20050  766147.218
35 - + - . - + + 1983 2047  291053.764
36 + + - - - + - 1972 2049 363863.85
37 = - + - - + + 2100 2100  1336517.83
38 + - + - - + - 2100 2100  1343909.94
39 . + + = . + - 1984 2100 1114294.9
40 + + + - - + + 1971 2100 1162874
41 s - - + - + + 2100 2100  2263262.69
42 + = - + - + - 2100 2100  2238006.62
43 s + - + - + - 1990 2048  306624.748
44 + + - + - + + 1984 2050 500616.945
45 = - + + - + - 2100 2100  2226546.27
46 + - + + - + + 2100 2100  2317799.73
47 - + + + - + + 1990 2100  1134029.03
48 + + + + - + - 1990 2100  1121402.68
49 = s = - + + + 2041 2046  242899.748
50 + = = - + + - 1971 2047  290901.863
51 . + . . + + - 1982 2046  154941.874
52 + + - - + + + 1971 2047  269537.846
53 - - + - + + - 2100 2100  1335998.34
54 + - + - + + + 1978 2100  1389382.11
55 - + + - + + + 1983 2100  1134146.95
56 + + + - + + - 1981 2100  1119261.83
57 s - - + + + - 2100 2100  2226799.33
58 + = - + + + + 2100 2100  2319310.98
59 - + - + + + + 1990 2045  152974.903
60 + + - + + + - 1984 2046  172993.475
61 - - + + + + + 2100 2100 2267727.2
62 + - + + + + - 2100 2100  2239043.74
63 - + + + + + = 1990 2100  1114543.28
64 + + + + + + + 1985 2100  1159772.07
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APPENDIX 2: SENSITIVITY ANALYSIS RESULTS PLOTS

Run 1

ﬂ 1: market share printing

2: market share digital display

1:] 1
2: ™1,
-1 1 S—
1:
2:] z /
2
_r—"_'_’_
A——2 2
T
2 \
Vs
//’
1:] o
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:32 PM  Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 5e+011.
1: 2.5e+011
1: o1 1 1 ]
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:32 PM  Thu, Nov 19, 2009
a=s ? Untitled
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Run 2:

ﬂ 1: market share printing

2: market share digital display

1:] 1
2: a
1\
\_‘*“-‘-1
. =1
1:
2:] i //
2
/ 2
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 12:34 PM  Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: D L
1: 2.5e+011
1: o1 1 1 =t
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 12:34 PM  Thu, Nov 19, 2009
a=s° ? Untitled
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Run 3

ﬂ 1: market share printing 2: market share digital display
1:] 1
2: \\

1
1: — —2 =2
1:]
2: 0

1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:36 PM Thu, Nov 19, 2009
a=s ? Untitled

ﬂ 1: metric tons of paper

s 4e+011.
s P e e
1 A 1 1 —1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:36 PM  Thu, Nov 19, 2009
a=s ? Untitled
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Run 4

ﬂ 1: market share printing

2: market share digital display

1:] 1
2:
11
1: — — —_—t
2:] L 2 b2 . L
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:38 PM  Thu, Nov 19, 2009
a=s° ? Untitled
ﬂ 1: metric tons of paper
1: 4e+011. -
1: 2 € [
1: o1 1 1 -1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:38 PM  Thu, Nov 19, 2009
a=s ? Untitled
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Run 5

ﬂ 1: market share printing

1:] 1
2: ™1,
"‘-\H‘&_l
' Tl ———
1:
2:] a4
e
/ ——2 2
L
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 12:41 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 2e+012. 1
1: o I |
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 12:41 PM Thu, Nov 19, 2009
a=s ? Untitled

2: market share digital display
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Run 6:

ﬂ 1: market share printing

1:] 1
2: \l
1.\
\‘-‘K‘\h—l
t _‘_h_l_b*'ﬁ"b—-—._.__
1:
2:] a4
_,_4-—"—"_"_'_'-
/”f-'—'_Z —_2—"—'_'__'_’2
7 2
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 12:42 PM Thu, Nov 19, 2009
a=s° ? Untitled
ﬂ 1: metric tons of paper
1 2e+012.=
1 =0 | [
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:42 PM  Thu, Nov 19, 2009
a=s ? Untitled

2: market share digital display

113



Run 7:

ﬂ 1: market share printing 2: market share digital display
1:] 1
2: \
1
i 1 12 L
2:] i 2
1:]
2: 0

ﬂ 1: metric tons of paper

b 2e+012. 4
! T
1: 0-:1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:44 PM  Thu, Nov 19, 2009
da=s ? Untitled
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Run 8:

ﬂ 1: market share printing

2: market share digital display

1:] 1
2:
11
1: — — e—
2:] 1 5 1—2 1 1
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 12:47 PM  Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 2e+012. =
1: o I
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 12:47 PM  Thu, Nov 19, 2009
a=s ? Untitled

115



Sensi9:

ﬂ 1: market share printing

2: market share digital display

1:] 1=—1: 1 1 1
2:
1:
2:] a4
1r] , , 5
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 12:54 PM Thu, Nov 19, 2009
da=s ? Untitled
ﬂ 1: metric tons of paper
1: 3e+012. -
1 BT 1 [ S
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:54 PM  Thu, Nov 19, 2009
a=s° ? Untitled
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Run 10:

ﬂ 1: market share printing 2: market share digital display

1:] 11 1 1 1

2:

1:

2:] a4

1r] ; ) ; .

2: 0

1970.00 1990.00 2010.00 2030.00 2050.00

Page 1 Y ears 12:58 PM Thu, Nov 19, 2009

a=s ? Untitled

ﬂ 1: metric tons of paper

1 3e+012.7
I e e e [ I
1: 0-:1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 12:58 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 11:

ﬂ 1: market share printing

2: market share digital display

1:] 171
2:
1: — —2 =2
2:] 1 1—2 1 1
2
1:] ;
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:00 PM Thu, Nov 19, 2009
a=s° ? Untitled
ﬂ 1: metric tons of paper
1: 4e+011. =
1: 0
1 A 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 1:00 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 12:

ﬂ 1: market share printing

2: market share digital display

l:] 171
2:
ds fe— —
2:] 1 1—2 1
2
1:] ,3
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:04 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1 T I
£
3
1: 2e+011.9
1: o i 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:04 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 13:

ﬂ 1: market share printing 2: market share digital display

1:] 11 1 1 1

2:

1:

2:] a4

1r] ; ) ; .

2: 0

1970.00 1990.00 2010.00 2030.00 2050.00

Page 1 Y ears 1:08 PM Thu, Nov 19, 2009

a=s ? Untitled

ﬂ 1: metric tons of paper

1 3e+012.7
I B B .
1: 0-:1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 1:08 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 14:

ﬂ 1: market share printing 2: market share digital display

1:] 11 1 1 1

2:

1:

2:] a4

1r] ; ) ) .

2: 0

1970.00 1990.00 2010.00 2030.00 2050.00

Page 1 Y ears 1:11 PM Thu, Nov 19, 2009

a=s ? Untitled

ﬂ 1: metric tons of paper

i 3e+012.7
1 Lbesdl2 e
1: 0-:1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 111 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 15:

ﬂ 1: market share printing

2: market share digital display

1:] 1=1
2:
ds fe— — Je—
2:] 1 1—2 1 1
2
1:] ;
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:13 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 2e+012. =
1: o I
1: o1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:13 PM  Thu, Nov 19, 2009
a=s ? Untitled
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Run 16:

ﬂ 1: market share printing

2: market share digital display

1:] 1=—1:
2:

1: — — e—

2:] 1 1—2 1 1

2
1:] t‘
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:15 PM Thu, Nov 19, 2009
a=s ? Untitled

ﬂ 1: metric tons of paper

1 2e+012.7
1 L0124
1: 0-:1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 1:15PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 17:

ﬂ 1: market share printing

1:] 1
2: ™1,
\\.__h‘__l 1 _‘_‘_‘-*l
1:
2:] a4
| 2
// e —— |
L
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:20 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 3e+011. =
1: T L I [ B S
1
1: o1 1 1 —
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:20 PM  Thu, Nov 19, 2009
a=s ? Untitled

2: market share digital display
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Run 18:

ﬂ 1: market share printing

i

6

Page 1

1:

1:

Page 1

2: market share digital display

1
l.\\
\-.__‘_H_ 1 1 _‘_‘_‘_‘l
1
_’_’_’_’_____,.az
b — e 2
T 2
0
1970.00 1990.00 2010.00 2030.00 2050.00
Y ears 1:21 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
3e+011. =
S Y R
.__,_F"‘l
o1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Years 1:21 PM Thu, Nov 19, 2009
Untitled

e/ ?
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Run 19:

ﬂ 1: market share printing

2: market share digital display

1:] 1
2: \\
1
1: —
2:] 1 5 1—2
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:23 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1 e L I [
£%
1: le+011.4
_ﬁ—'—”’l
1: 01 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:23 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 20:

ﬂ 1: market share printing

2: market share digital display

1:] 1
2:
4.1
2
1: — —2 =
2:] 1 -~ 12 1 1
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:26 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 2e+011.=
1: B Y S
."1
1: 01 1 1 —"
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 1:26 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 21:

ﬂ 1: market share printing

1:] 1
2. "1
\“"‘*—1
' Tl ————
1:
2:] a4
Lo
/-'_’_2 |
L7
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:29 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1 2e+012.=
1 =0 [
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 1:29 PM Thu, Nov 19, 2009
a=s ? Untitled

2: market share digital display
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Run 22:

ﬂ 1: market share printing

1: 1
2: ™~
1,
N\\"‘*-*—l
' Tl ———
1:
2:] a4
_,—F—’_’_'_’_F
/ e L —1
1:] /
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:31 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1 2e+012.=
1 =0 [
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 1:31 PM Thu, Nov 19, 2009
a=s° ? Untitled

2: market share digital display
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Run 23:

ﬂ 1: market share printing 2: market share digital display
1:] 1
2: \\

1
ds fe— — Je—
2:] 1 5 12 1 1
1:]
2: 0

1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:43 PM Thu, Nov 19, 2009
a=s° ? Untitled

ﬂ 1: metric tons of paper

1 26+012.7
1 1e+012,
1: 0-:1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 1:43PM Thu, Nov 19, 2009
a=s° ? Untitled
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Run 24:

ﬂ 1: market share printing

2: market share digital display

1:] 1
2:
=11
ds fe— — Je—
2:] 1 : 1—2 1 1
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:46 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 2e+012. =
1: o
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:46 PM Thu, Nov 19, 2009
a=s° ? Untitled
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Run 25:

ﬂ 1: market share printing 2: market share digital display

l:] 171 1 1 1

2:

1:

2:] a4

1r] ; ) ; )
2: 0

ﬂ 1: metric tons of paper

i 3e+012.7
I T T e e
1: 0-:1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 1:51PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 26:

ﬂ 1: market share printing

2: market share digital display

1:] 1=—1: 1 1 1
2:
1:
2:] a4
1r] , 5 , 5
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:53 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 3e+012. -
1 BT 1 e
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:53 PM Thu, Nov 19, 2009
a=s° ? Untitled
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Run 28:

ﬂ 1: market share printing

2: market share digital display

1:] 11
2:
R 2
1: — — e
2:] 1 12 1 1
2
1:] /
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 1:55 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 2e+011.=
1: B Y S
."1
1: o1 1 1 ——mal
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 1:55 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 29:

ﬂ 1: market share printing 2: market share digital display

1:] 11 1 1 1

2:

1:

2:] a4

1:] . 5 % 5

2: 0

1970.00 1990.00 2010.00 2030.00 2050.00

Page 1 Y ears 2:00 PM Thu, Nov 19, 2009

a=s ? Untitled

ﬂ 1: metric tons of paper

b 3e+012. 1
Nt B e e [ ——
1: 0-:1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 2:00PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 30:

ﬂ 1: market share printing

2

6

Page 1

1:

1:

Page 1

1=1 1 1 1
1
0 - 5
1970.00 1990.00 2010.00 2030.00 2050.00
Y ears 2:02 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
3e+012. =
T I
o1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Y ears 2:02 PM Thu, Nov 19, 2009
Untitled

2: market share digital display

e/ ?
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Run 31:

ﬂ 1: market share printing

2: market share digital display

1:] 1=-1
2:
ds fr— — Je—
2:] 1 1 1 1
2
1:] /
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 2:04 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 2e+012. =
1: o I [
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 2:04 PM Thu, Nov 19, 2009
a=s° ? Untitled
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Run 32:

ﬂ 1: market share printing

2: market share digital display

1:] 121
2:
ds fr— — Je—
2:] 1 1 1 1
2
1:] y;
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 2:07 PM Thu, Nov 19, 2009
a=s° ? Untitled
ﬂ 1: metric tons of paper
1: 2e+012. =
1: o [
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 2:07 PM  Thu, Nov 19, 2009
a=s ? Untitled
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Run 33:

ﬂ 1: market share printing

2: market share digital display

1:] 1
2: "1
\\-\M_l
L I
1:
2:] z /
2
/_,,_»—z-——z—'—'—*’
/ 2
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 3:07 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 5e+011. =
1: 7T 0 e [ Y S
1: o1 1 1 T
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 3:07 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 34:

ﬂ 1: market share printing

2: market share digital display

1:] 1
2:
f\‘ {
2 _J_’_,_,—F'-‘_'_'_'_l -1
\//dl
%] i \_‘_‘_‘_
ZH—M 2'/
-._,_2—’_,_4——'—"—'_
1
1:]
2: 0
ﬂ 1: metric tons of paper
1: 8e+011. =
1: L e S
1: o1 1 1 —1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:13 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 35:

ﬂ 1: market share printing 2: market share digital display
1:] 1
2:
1
1: —
2:] L % b2
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 3:16 PM Thu, Nov 19, 2009
a=s ? Untitled

ﬂ 1: metric tons of paper

qlg 4e+011.7
qlg T B
1: o1 1 1 ]
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:16 PM Thu, Nov 19, 2009
a=s° ? Untitled
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Run 36:

ﬂ 1: market share printing 2: market share digital display
1:] 1
2:
2
1 ]ef_ T — — —_2
> 1 12 1 1
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 3:18 PM Thu, Nov 19, 2009
a=s ? Untitled

ﬂ 1: metric tons of paper

qlg 4e+011.m
qlg T B e
1: o1 1 1 =T
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:18 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 37:

ﬂ 1: market share printing

i

il

Page 1

1:

1:

Page 1

1
™1,
\\h‘“—l
' _‘_‘_dl_‘_‘_h‘—-—\____
1
__.2——"—’_’_'_'_F
/ 2 22— |
/ 2
0
1970.00 1990.00 2010.00 2030.00 2050.00
Y ears 3:23 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
2e+012. =
o L [
o1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Years 3:23 PM Thu, Nov 19, 2009
Untitled

2: market share digital display

a=s ?
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Run 38:

ﬂ 1: market share printing

2: market share digital display

2:
1 1 —l
1:
2: 1
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 3:26 PM Thu, Nov 19, 2009
=/ 7 Untitled
]
ﬂ 1: metric tons of paper
1: 2e+012. =
1: le+012.4
1: o1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:26 PM  Thu, Nov 19, 2009
a=s ? Untitled
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Run 39:

ﬂ 1: market share printing 2: market share digital display
1:] 1
2: \

1
1: — — e—
2:] 1 5 12 1 1
1:]
2: 0

1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:29 PM Thu, Nov 19, 2009
a=s° ? Untitled

ﬂ 1: metric tons of paper

i 26+012.7
1 let012.
1: 0-:1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:20 PM Thu, Nov 19, 2009
a=s ? Untitled
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Run 40:

ﬂ 1: market share printing

2: market share digital display

1:] 1
2:

1: 2\\_ — — e—
2:] 1 1—2 1 1
1
1:]
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:32 PM  Thu, Nov 19, 2009
a=s° ? Untitled
ﬂ 1: metric tons of paper
1: S L [
1: le+012.4
1: 01 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 3:32 PM Thu, Nov 19, 2009
a=s ? Untitled

146



Run 41:

ﬂ 1: market share printing

2: market share digital display

1:] 11 1 1 1
2:
1:
2:] a4
1:] 5 5 5 5
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:36 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 3e+012. =
1 S B R Y &
1: o1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:36 PM  Thu, Nov 19, 2009
a=s° ? Untitled
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Run 42:

ﬂ 1: market share printing

2: market share digital display

1:] 1=-1 1 1 1
2:
1:
2:] a4
1:] 5 5 5
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:39 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 3e+012.=
1 S R
1: o1 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Years 3:39 PM  Thu, Nov 19, 2009
a=s° ? Untitled
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Run 43:

ﬂ 1: market share printing

2: market share digital display

1:] 11
2:
1: —_— — =2
2:] 1 1—2 1 1
2
1:] ;
2: 0
1970.00 1990.00 2010.00 2030.00 2050.00
Page 1 Y ears 3:43 PM Thu, Nov 19, 2009
a=s ? Untitled
ﬂ 1: metric tons of paper
1: 4e+011. =
1: L
1 A 5 1 1 1
1970.00 1990.00 2010.00 2030.00 2050.00
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APPENDIX 3: ANALYSIS OF VARIANCE (ANOVA)

Anal ysis of
uni ts)

Sour ce

Mai n Effects

2-Wy Interactions
3-Way Interactions
Resi dual Error

Tot al

Anal ysis of Variance for
(coded units)

Sour ce

Main Effects

2-Wy Interactions
3-Way Interactions
Resi dual Error

Tot al

Anal ysi s of
print (coded
Sour ce

Main Effects

2-Wy Interactions
3-Way Interactions
Resi dual Error

Tot al

for M5 crossroads year

Vari ance
DF Seq SS Adj SS Adj M5 F
7 147496 147496 21070.8 *
21 29464 29464 1403.0 *
35 15605 15605 445.9 *
0 * * *
63 192565

3(->('>(-'U

DF Seq SS Adj SS Adj MBS F P
7 34752038 34752038 4964577 * *
21 106027457 106027457 5048927 * *
35 177081979 177081979 5059485 * *

0 * * *
63 317861475

Variance for peak value
uni ts)

DF Seq SS Adj SS Adj MBS
7 2.65930E+25 2.65930E+25 3.79901E+24
21 8.85832E+24 8.85832E+24 4.21825E+23
35 3.25376E+24 3. 25376E+24 9. 29646E+22
0 * * *
63 3.87051E+25

metric

3(->('>(-'U

(coded

nmetric tons printed paper peak

tons of
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