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ABSTRACT

Advances in digital technology and the growth of networks are revolutionizing human
activity. The Internet has been championed as a new tool for environmental improvement.
Much controversy exists as to whether this claim is accurate or misleading. Given that digital
libraries are a growing application of information technology, their environmental impacts
deserve scrutiny.

In particular, the impact of digital libraries on energy consumption is not known. This study
focused on the energy performance of an electronic journal collection. For comparison, life
cycle models were developed for collections in digital and traditional formats. The basis for
analysis was the amount of information in a typical scientific journal article, or 0.97 hours of
onscreen reading time. Digital system elements such as servers, routers, laser printers, and
computer workstations were modeled. Journal production, storage, binding, interlibrary loan,
and photocopying were examined for the traditional system. Building-related infrastructure,
office paper, and transportation to the library were analyzed for both cases. In all, the study
reflected nearly 30 model elements, 90 input variables, and numerous fixed parameters.

Five primary scenarios were constructed to consider increasing levels of complexity. At first,
only one reading per article was assumed. Later cases involved 1,000 readings and various
combinations of laser printing, photocopying, and personal transportation. Energy consumed
by the digital collection ranged between 4.10 MJ to 216 MJ. The traditional system realized
burdens from 0.55 MJ up to 525 MJ. Four significant effects were uncovered. First, energy
consumption was highly influenced by the number of readings of a journal article. Second,
networking infrastructure by itself had a relatively small effect on total energy consumed by
the digital system. Third, when personal transportation was considered, its effects tended to
dominate. Finally, the impact of making personal copies varied. Photocopying always
increased energy consumption, while laser printing actually saved energy when it substituted
for onscreen reading.

This study was intended to provide librarians, administrators, and policy-makers with
knowledge that could be applied to the responsible design and management of digital library
systems. By including these results with other criteria, more informed decisions can be made
regarding the acquisition of library materials and management of related infrastructure.
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1 INTRODUCTION

1.1 Origins of this Study

1.1.1 The Internet and its Impacts

As of November 26, 2001, Internet penetration had reached over 174 million users in the

United States alone (http://www.netsizer.com). This figure was virtually nil ten years ago.

Now it continues to climb smartly and shows no sign of slowing down. Technological

advances have made information processing far faster and cheaper than ever before. As a

result, explosive growth of information technology (IT) has enabled everything from

electronic commerce to mobile communications. Evidence of this continuing shift abounds.

Personal computers are as common as TVs, “dot com” is in the lexicon, and Wall Street blue

chips are named Microsoft, Intel, and Sun.

These remarkable developments have depended on improvements in both hardware and

software. But, there is more to this story than technology alone. IT is relatively old.

Networking has been the critical new factor. It enables computer-processed information to be

disseminated and used on a scale never before imagined1. According to a well-established

mathematical concept known as the network effect, the level of a network’s activity grows

much faster than the number of its nodes. Given the rapid proliferation of the Internet,

consequences for human society due to the network effect may be staggering.

What are the long-term consequences of this tremendous shift? Digital technologies have

been recognized for their potential to reduce poverty, foster relationships, and improve

environmental conditions. At the same time, there will surely be negative unintended

consequences associated with the global deployment of networks. For example, the spread of

Internet-based shopping could accelerate individual consumption. Early research into these

issues has included energy analyses to gauge environmental impacts. Researchers at

Lawrence Berkeley National Laboratory and elsewhere have examined direct energy burdens

for a variety of IT systems. Among the conclusions has been the recognition that the scope of

analysis should be expanded to include indirect energy consumption of networks. The

                                                          
1 Popularity of networked communications has certainly been influenced by simultaneous growth and
improvement in databases and other repositories of information. Better content attracts people to the Web.
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present study was undertaken within this growing body of research on energy-related

impacts.

1.1.2 Focus on Digital Libraries

Given the enormous complexity of IT-enabled networks, it was necessary to narrow the focus

of investigation to a manageable scope. The first research task was to identify an appropriate

topic of study. The search was limited to areas involving the application of IT to information

management and networking. Libraries seemed a logical choice. Indeed, they have been

poised for some time to leverage networked information technology. Near the end of World

War II, Vannevar Bush (1945) published a seminal paper that identified emerging problems

associated with information storage and retrieval. He recognized that growth in human

knowledge was outpacing society’s ability to collect, organize, and apply it. From this

observation, he boldly envisioned future library systems that would archive information

reliably and provide quick access to it. Although microcomputing was still years away,

Bush’s prescient concept was remarkably close to the Worldwide Web in terms of

functionality and performance. As he clearly foresaw half a century ago, library systems and

information networks go hand in glove. Therefore, digital libraries (DL) were chosen as the

focus of this research.

Fortuitously, the University of Michigan (UM) is home to a major digital library research and

development program. It has been at the forefront of many projects, and was one of only six

libraries invited to participate in 1994 in the Digital Library Initiatives program, sponsored

by the Federal government. The present study drew heavily on local UMDL expertise. In

particular, two members of the research team are appointees at the University Library and

School of Information. They were instrumental in refining the scope of this project. Based on

their input, it was decided to focus the investigation on Shapiro Science Library’s electronic

journal collection.
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1.2 Importance of this Topic

1.2.1 Impact of Disruptive Technologies

“The digital era unfolding before us is essentially uncharted and by its very nature not

controllable (Este 2001). History has shown repeatedly that disruptive technologies do not

follow predicted paths of evolution. Railroads, automobiles, and electric power are all

examples of new ideas that created enormous side effects. Many of these effects went

unrecognized until decades beyond the period of transition (Mandel 1999). Given that

technological innovations always interact with complex social structures in unexpected ways

(Guedon 1994). It is important to study them to expose unintended consequences early.

1.2.2 Growth of Digital Libraries and E-Journals

Libraries are predicted to be a powerful force in the emerging world of electronic information

(Browning 1993). Digital libraries in particular will provide the basis for a broad set of

distributed activities including cooperative research, distance learning, e- commerce, and

entertainment. Because of the future role of digital libraries as major hubs in network

environments, their potential impacts deserve to be studied.

Electronic journals (e-journals) represent a significant portion of the digital library domain.

Four thousand scholarly journal titles were available in electronic form as of 1999 (Tenopir

and King 2000), and all indicators of their usage are steadily rising (Luther 2000). This can

be explained in large part new capabilities that are enabled by digital media. In some cases,

enhancements to traditional publications have been developed. These include imbedded data

files, video attachments, and links to cited material. At the same time, entirely new modes of

publishing have been created. For example, an e-print service at Los Alamos National

Laboratory provides high energy physics manuscripts much faster than is possible with

conventional publishing cycles. Given the growing importance of e-journals within digital

libraries, it is appropriate to focus attention on their environmental effects.
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1.3 Method of Inquiry

Selection of methodology was driven by the particular needs of this study. Communication

networks and digital libraries are complex systems that are best examined from an holistic

perspective. Therefore, a systems-based, case study approach was considered appropriate.

Life cycle assessment (LCA) provided an existing framework for such an investigation. LCA

is the primary analytical tool of industrial ecology, a field constituting the systematic analysis

of material and energy flows at any scale. It is particularly useful for exposing  unintended

consequences and delivering counter-intuitive insights.

The research design included a life cycle energy comparison between electronic and

traditional journal collections. This provided context for understanding results for the digital

system. LCA lends itself quite well to comparative investigations because it uses a functional

unit (FU) as the basis of study. In this case, the FU was defined as the amount of information

contained in a single scientific journal article. More specifically, it reflected the process of a

person reading an article one time.

To conduct a FU comparison of two journal collections, system boundaries were defined for

digital and traditional libraries. Life cycle diagrams were then developed for both library

systems (see Figures 6-2 and 6-3). Working from these diagrams, models were constructed to

describe system elements separately and together. This process utilized a number of fixed

parameters and nearly ninety input variables.

Using the two system models, five main scenarios were analyzed, each depending on a

different set of assumptions and input values. Main effects of the system elements were

demonstrated from these basic scenarios. In a second analysis, Scenario 4 was adopted as a

baseline for testing the model’s sensitivity to changes in a number of key input variables.
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1.4 Organization of this Report

The report is divided into nine sections.

This section discusses the study’s wider context and importance.

Section 2 provides background information about digital libraries and electronic journals.

Section 3 assesses previous literature related to: (1) environmental performance of
information technology, and (2) the development of digital libraries.

Section 4 introduces the research question and discusses the importance of answering it.

Section 5 covers general research methodology, as well as specific investigative tools.

Section 6 discusses the study’s purpose and scope in light of the research question and
adopted methodology.

Section 7 describes the modeling process and gives results for individual system elements.

Section 8 presents overall results for the combined models and examines their sensitivity to
various inputs.

Section 9 provides conclusions, recommendations, and possibilities for future research.

Appendices A – C  and E – P present spreadsheet models that were used to develop the model
elements discussed in Section 7.

Appendix D gives a brief introduction to the structure and operation of networks.
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2 A BRIEF REVIEW OF DIGITAL LIBRARIES AND E-JOURNALS

This section briefly introduces two topics that are central to this study. Its purpose is to

present basic terminology and concepts. Readers who are already familiar with digital

libraries and electronic journals should feel comfortable moving directly to Section 3.

2.1 What is a Digital Library?

2.1.1 Defining the Concept

The term digital library has been around since the early 1990’s, but no conclusive definition

exists. Librarians, administrators, publishers, authors, IT staff, and producers of hardware

and software – all seem to have adopted it for their use. Despite the lack of positive

consensus, most experts agree on what a digital library is not. For example, the Internet is not

an archetypal digital library as enthusiasts often claim. This comparison ignores critical

library functions beyond providing access to content. Another misuse of the term is for

electronic indexing, a service that has been around for many years. A digital library is more

than an automated collection of traditional resources. Digital is synonymous with computer

readable, implying that the content itself can be manipulated and sent over networks (Noerr

2000).

Digital libraries are often viewed as a blend of old and new elements. Core library activities

such as selection, acquisition, storage, preservation, and user assistance will remain central,

but they will be accomplished in different ways (Hitchingham 1996). Moreover, digital

libraries will likely hold content in both traditional and digital formats. The two media will

not be mutually exclusive; digital libraries will add to existing collections, not replace them

altogether (Kuny and Cleveland 1996).

To provide context for this study, one of the many available definitions of the term digital

library was adopted. In his recent text on the subject, Arms (2000) defines it as follows:

A managed collection of information, with associated services, where the

information is stored in digital formats and accessible over a network.
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This study also adopted the notion that, “digital libraries are embedded in complex social

systems, comprising librarians, engineers, funders, scholars, and general users.” (Kilker and

Gay 1998)

2.1.2 Digital Library Advantages

Before examining the benefits of digital libraries, it is helpful to understand some of the main

differences between digital and traditional library systems. Table 2-1 presents a brief

comparison by Atkins (1998).

TABLE 2-1 CHARACTERISTICS OF TWO LIBRARY SYSTEMS

Traditional Library Digital Library

Crisp chunks of printed information Inter-linked, multi-media objects

Centralized control and few access locations Wide distribution

One-way, loosely coupled interaction Two-way, tight and fast interaction

One-way search Symmetric search (producer to consumer)

Keeping these differences in mind, advantages of digital libraries include:

• Geographical separation is no longer a barrier to access. Specialized collections that only

exist at certain facilities can be made available to a much larger audience of users.

• Continuous access to library resources. Access is no longer constrained to regular

business hours, and one piece of material can be used by multiple patrons simultaneously.

• Digital collections require less building infrastructure than traditional ones. This is of

particular interest to university administrators and librarians that must manage severe

space shortages and capital expenditures associated with new construction.

• Multimedia formats including audio and video offer new opportunities for presentation

and user interaction. A recent example is the Survivors of the Shoah project, a collection

of videotaped interviews and transcripts of several thousand Holocaust survivors.

• Search functions are more powerful. Text in digitized documents can be fully searched.

Also, metadata (descriptive information applied to digital objects) enables a common
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access mechanism with respect to objects having different structural characteristics.

(Harter 1997).

• By clicking a stream of hypertext links, a patron can easily pursue a theme of interest

across a variety of online resources.

• "Knowledge centers" can be created that connect people with similar interests. Scholars

can host ongoing debates and researchers can collaborate on data analysis.

• Supplementary resources can be attached to publications. For example, large data sets

that cannot be included in print are easily provided as electronic files.

• Personalized automatic notification. Readers can be alerted by email when articles

associated with certain topics or authors are published. Such filtering services help

navigate the immense ocean of information more effectively.

2.1.3 Digital Library Limitations

Critics have identified the following limitations of digital libraries:

• Technological change is a social process. Many digital library implementations have not

fully recognized that people adapt differently to new technology. Categories of users vary

in their information-seeking behavior and expertise (Kibirige and DePalo 2000). Beyond

this, library patrons lacking computer knowledge or access may become disenfranchised.

• Questionable archival integrity. Digital storage is easy, digital preservation is not.

Concerns have been raised that vast amounts of information are being lost due to: 1)

obsolete formats and platforms, and 2) limited life spans of digital storage media (Brand

1999). This problem has been portrayed as a crisis for modern civilization.

• Challenge of maintaining durability. Many online resources, particularly on the

Worldwide Web, exist for short periods of time and then disappear or are renamed.

Maintaining links to these materials is a challenging task. The goal has been to develop

technology that accomplishes this automatically (Mogge 1999). Another threat to

durability stems from content providers failing to migrate resources to new systems.
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2.2 What is an Electronic Journal?

2.2.1 Defining the Concept

Defining the term electronic journal is problematic because it subsumes many types of

documents. It is helpful to first consider the notion of journal. Hinton (2000) describes a

journal as the primary source of information through which new research is shared with a

community. Furthermore, a journal need not imply a physical product, but rather a publishing

and acquisition concept. In this sense it is an advance promise by a publisher to publish a

certain volume of material over a period of time and with predictable frequency. It is

acquired by advance purchase (through a subscription). This non-physical concept of a

journal is quite flexible with regard to format. Therefore, it is a useful point of departure for

thinking about e-journals.

Lancaster (1995) describes the evolution of electronic journals in six stages:

1. Computing is used to produce a better print-based journal.

2. Print-based journal is made available in digital format.

3. Electronic-only journal is published (using print-based design).

4. Interaction and collaboration between author and readers.

5. Multimedia content is added.

6. Combination of interaction and multimedia (Steps 4 and 5).

By describing such a broad difference in functionalities, Lancaster demonstrates the

difficulty in adopting a single definition for e-journals. Moreover, his list is not meant to

imply a necessary progression in development. For instance, not all publications would

benefit from being interactive or filled with links to video content. To ensure a meaningful

comparison between digital and traditional journal collections, this study limited its

definition of e-journal to the second stage in Lancaster’s schema (print-based journals

available in digital format).
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2.2.2 Electronic Journal Advantages

In addition to the general benefits of digital libraries that were previously identified, e-

journals provide the following advantages:

• Digital documents can employ multimedia to communicate a variety of data more clearly.

Examples abound such as: surgeons manipulating virtual body parts; rotatable 3D images

of protein molecules (Leslie 1994), and astronomers watching videos of binary pulsars

(Taubes 1996).

• E-journals can ease the burden of space on libraries. The sheer volume of scholarly

output has already surpassed shelf capacities (Leslie 1994), and digital collections offer

one possible solution to this crisis. Of course this advantage is contingent on the extent to

which traditional materials are eliminated after digital collections are introduced.

• Digital media enable greater interaction between people, suggesting the metaphor of a

permanent online seminar (Guedon 1994). Distinctions between authors, publishers, and

editors could begin to blur as collaboration increases. One outcome predicted by Harnad

would involve academics providing ongoing feedback on their colleagues’ work in

formative stages (Leslie 1994).

• Hypertext linking software can trace a stream of ideas from one resource to the next.

Features already exist that provide direct links to cited material in journal articles. This

will surely improve the efficiency of scholars in some areas of research.

• E-journals can greatly reduce the time between article submission and publication. While

not all activities can be shortened, some journal cycles have decreased by more than

several months (Buckholtz 1999). Publishing times can also be reduced by de-coupling

journal issues and making articles available separately (Mogge 1999).
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• With e-journals, the concept of an issue can evolve into bundled groups of articles for

individual users. Building on this idea, libraries could subscribe to concepts in addition to

journal titles.

2.2.3 Electronic Journal Limitations

Potential weaknesses of e-journals include the following:

• E-journals that feature non-traditional publishing conventions risk not being considered

as sources of legitimate scholarship. In contrast, this has not been a problem for e-

journals that merely replicate traditional publications in digital format.

• Long-term access and archival integrity are still open issues. Publishers buy and sell

journals and can certainly go out of business. In such an environment where journal

ownership can change or disappear, no responsibility has been assigned to ensure that

archives will be maintained indefinitely (McKay 1999). Also, access to previous issues is

not guaranteed to parties that cancel their subscriptions.

• For periodicals that exist in both traditional and digital formats, the e-journal version is

often missing elements of front matter such as announcements and letters to the editor.

This material is valuable to many readers.

• Despite new opportunities for presenting multimedia formats, e-journals are currently

limited in their ability to display high resolution graphic material.
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3 REVIEW OF LITERATURE

The objective of this section is to examine the thinking and research that has been done on

topics relevant to the current study. First, an investigation into the literature of information

technology and computer networking is undertaken. Second, the body of work related to

digital library research and development is explored. Ultimately, this section seeks to identify

the extent to which environmental aspects have been treated in either of these two literatures.

3.1 Environmental Aspects of IT and Computer Networking

The Internet is an array of interconnected networks, each comprised of computing and

communication equipment such as routers, switches, servers, and clients. Related energy

burdens fall into one of three categories. First, devices and support equipment consume

electricity during use. Second, energy burdens are associated with equipment production and

disposition. Third, network environments introduce a host of indirect energy effects related to

efficiency gains and substitutions throughout the wider economy. This section surveys the

most important in each of these three areas.

3.1.1 Direct Impacts of IT Equipment (Usage Electricity)

3.1.1.1 Macro-level Research

A limited body of work has examined network-related electricity consumption on a broad,

national scale. Perhaps the most widely known study of IT electricity use was reported in a

Forbes article entitled Dig More Coal – the PCs are Coming (Mills and Huber 1999). The

article summarizes Mills’s controversial report, funded by the Greening Earth Society2,

which concluded that operating Internet-related hardware uses a significant and growing

amount of energy – nearly 8% of U.S. electricity consumption. While the report has drawn

harsh criticism for dubious assumptions and inaccurate data, it can be credited with thrusting

the issue into public discourse. Most notable among the critics have been researchers at the

Lawrence Berkeley National Laboratory’s (LBNL) Energy End-Use Forecasting Group led

by Jonathon Koomey. With support from U.S. EPA, they tested Mills’s assumptions and

                                                          
2 The Greening Earth Society is a research and publicity arm of the Western Fuels Association, an advocacy
group for fossil fuel interests. The Society promotes the purported benefits of rising atmospheric CO2 and
global warming.
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calculations and arrived at a much smaller result for energy consumed by the Internet’s

electronic infrastructure. They argued their rebuttal in a technical memo, claiming that

Mills’s results were overstated by at least a factor of eight (Koomey et al. 1999).

Subsequently, Mills defended his analysis at a congressional hearing on impacts of the

information economy. In response to this testimony, the LNBL group published another

report that further critiqued Mills’s results (Koomey 2000). It concluded that electricity used

for the operation and production of all office, telecommunications, and network equipment in

this country is about 3% of total U.S electricity consumption as compared with Mills’s figure

of 13%. The report was based on work published by LBNL that same year, a comprehensive

assessment of electricity consumption related to the use of office computing and networking

equipment in all sectors (Kawamoto et al. 2000). It concluded that operating this equipment

required 2% of U.S. electricity, only 5% of which was devoted to powering the networking

infrastructure. Also, it identified enormous potential savings if power management features3

were more widely used. A previous comprehensive assessment published in 1995 focused

only on office equipment in the commercial sector (Koomey et al. 1995). It did not cover

networking devices because the Internet had not yet achieved widespread use. Both

assessments relied on broad assumptions about market penetration, equipment power ratings,

and usage patterns.

These studies and others are part of ongoing research at LBNL to examine resource use of

computing and networking. A particular strength of this program is the ability to analyze

earlier predictions in light of more current results. For example, electricity consumption

reported in the 2000 comprehensive assessment deviated from the 1995 prediction by nearly

15%. The most significant cause for this gap was found to be more computers being left on

overnight than expected. Such retrospective analysis can help to clarify modeling

assumptions and identify appropriate pressure points for future policy.

                                                          
3 Power management features shift electronic equipment to a low power mode following periods of inactivity.
People often disable these features to avoid the delay caused by equipment warm-up.
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3.1.1.2 Micro-level Research

Besides research examining Internet-driven electricity consumption on a national scale, other

work has focused on smaller networking environments. In 1999, LBNL published an internal

memo (Nordman 1999) that reported electricity used by its network hardware including

switches, routers, and servers. It yielded a burden of 130 kWh/year/person for the LBNL

facility. This study was limited in scope and did not consider such details as space

conditioning equipment. Nevertheless, it successfully developed a model-based framework

that can be applied to other computing networks of varying size.

Building on Nordman’s work, Mitchell-Jackson (2001) undertook a thesis project to describe

the energy intensity of data centers4. Her purpose was to assess the accuracy of popular

estimates that put the energy intensity of such facilities as high as 100 Watts/ft2. In her

analysis, Mitchell-Jackson considered computing devices, auxiliary equipment such as

uninterruptable power supplies and power distribution units, HVAC equipment, and lighting.

Using data from metering records and energy bills, she estimated data center energy intensity

at about 40 Watts/ft2. This study reduced the uncertainty about data center electricity use by

identifying inaccurate assumptions used in previous estimates. While results were based on a

number of other assumptions, these were clearly defined throughout the analysis.

Other projects have surveyed electricity consumption of IT-related equipment in specific

settings. Students at Bethel College conducted a typical study (Kistler 2000). They

investigated twenty-three Macintosh 6500 computers on campus by collecting metering data

for all power modes (Active, Sleep, and Off). The researchers concluded that administrators

could realize annual savings of $600 by fully utilizing existing power management features.

They communicated this financial benefit and the obvious environmental implications to

school policy makers.

Clearly, IT-related electricity consumption has been examined at both macro and micro

levels. Larger scale studies have produced initial estimates of energy needed to operate the

                                                          
4 Data centers are facilities designed to house computer equipment in support of information and
communication networks. These facilities provide secure, controlled environments that maintain temperature
and humidity at optimum levels for the equipment.
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Internet relative to other sectors of the U.S. economy. Smaller scale investigations have

studied the same question from the perspective of more limited networks. Although this body

of research is small, it has increased our understanding of electricity requirements associated

with the actual use of IT equipment. The following section will highlight inquiries that have

expanded the scope of investigation to consider burdens associated with all life cycle phases.

3.1.2 Direct Impacts of IT Equipment (Total Life Cycle Burdens)

3.1.2.1 Non-Use Burdens of Computer Equipment

A growing body of work has examined environmental burdens associated with the entire life

cycle of computers. Much of it has focused on toxic materials used in production and the fate

of these materials at end-of-life. According to Bergman (1999), manufacturing a typical

desktop computer requires 700 pounds of chemicals (half of which are hazardous) and 2,800

gallons of water. Dumping the same computer would add about 55 pounds of solid waste to a

landfill.

In 1982, the Silicon Valley Toxins Coalition (SVTC) was formed in response to substantial

groundwater contamination associated with semiconductor manufacturing in California. As

part of its Clean Computer Campaign, SVTC has published a number of reports including

Just Say No to E-Waste (SVTC 1999) about the hazards of computer disposal and initiatives

to promote take-back, re-use, and recycling policies. Other programs have focused on water

conservation and environmental justice issues. While SVTC is primarily a public advocacy

and watchdog group that does emphasize original research, it has helped to expose

environmental aspects of all life cycle phases within the IT sector that have since been

examined by others.

The U.S. EPA's Common Sense initiative was an early attempt at understanding IT end-of-

life management. In conjunction with the National Safety Council, it examined recycling

behavior related to computing devices, monitors, peripherals, and telecommunication

equipment. According to its final report (EPA 1999), only 6% of computers are recycled. The

rest end up in storage, landfills, or incinerators. The study noted that realizing the huge
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opportunity for electronics recycling will depend on consumer participation. Furthermore,

shrinking electronics marketing and product development cycles exacerbate the disposition

problem by forcing operable equipment into early retirement.

The inquiries into production and disposition-related burdens of IT hardware have helped

expand relevant system boundaries beyond the use phase. They suggest the value of

conducting even more detailed examinations of particular computing and networking

devices.

3.1.2.2 Equipment LCAs

A limited number of detailed equipment examinations have already occurred using life cycle

assessment (LCA) methodology. The task of applying LCA to computer hardware is

challenging given the large and complex supply chains associated with IT manufacturing.

Some electronic devices require thousands of components that are globally sourced. This can

quickly complicate a model; therefore, only a limited number of these studies have been

undertaken.

The Microelectronics and Computer Technology Corporation conducted the first major life

cycle study of computer production (MCC 1993). It identified environmental burdens

associated with a typical desktop workstation, not including materials processing. Among the

results, MCC reported that 8,300 MJ is consumed to produce one unit. Another study for the

company NEC found manufacturing-related greenhouse gas emissions of 128 kg/CO2

equivalents for a desktop machine (Tekawa et al. 1997). This leads to an energy burden of

approximately 1,100 MJ per unit after applying an average emissions factor for electricity

production in Japan. Clearly, different studies have yielded a wide range of results for energy

consumption in computer manufacturing, which points to the complexity involved in these

investigations.

LCA methodology has also been applied to desktop monitors. The University of Tennessee’s

Center for Clean Products and Clean Technologies conducted the Computer Display Project

with funding from U.S EPA. In cooperation with members of the electronics industry, the
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researchers compared liquid crystal display (LCD) and cathode ray tube (CRT) technologies.

Among preliminary findings, the CRT was found to produce nearly six times the overall

energy burden as the LCD (UTenn 2000).

Although sparse, this limited body of LCA work has provided useful information about

environmental impacts of computing devices. In particular, it has begun to uncover life cycle

burdens that are not readily apparent. On the other hand, these studies are based on

significant assumptions that lead to a wide range of results. The causes of these discrepancies

ought to be investigated, and more data related to equipment disposition should be generated.

Finally, this research has only addressed direct, equipment-related effects. They have left a

multitude of indirect effects unexplored.

3.1.3 Indirect Impacts on the Environment

3.1.3.1 Formative Thinking about Indirect Effects

One criticism of Mills’s energy analysis (1999) is that it ignores Internet-enabled structural

changes and substitutions in the economy that might actually save more energy than is

consumed by the network infrastructure. This argument is based on the observation that the

Internet is a complex, dynamic system. When it is viewed in a larger societal context,

secondary effects could emerge that would be quite significant. This is especially true given

the basic principle of networks that activity level grows much faster than the rate at which

new stations are added (the network effect).

One of the earliest efforts to understand the complex linkages between information society

and the environment was described in a report to the European Commission in 1995. Using

workshop discussions and written contributions from individual members, the Group on

Sustainability and the Information Society focused on identifying how information and

communication technologies might facilitate or degrade sustainable development. The report

was quite general and offered only recommendations for future work. Nonetheless, it

collected viewpoints from a broad range of experts and began to develop a framework of

research needs on which other investigators could build (EC 1995).
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A number of scientists and writers have speculated about indirect, secondary effects of the

Internet. Some have weighed in with opinion pieces and thought experiments about these

issues. Among the earliest to do so was Cohen (1999), who postulates that electronic

commerce (e-commerce), in addition to rearranging the relationship between producer and

consumer, is altering processes in manufacturing, distribution, and product design. Among

potential benefits, he lists reduced packaging from online advertising, more efficient delivery

routes, better consumer information about green products, materials reuse through auctions,

and smart products that could stimulate dematerialization. However, Cohen warns that such

outcomes are not guaranteed and that negative results associated with online purchasing,

increased printing, and global e-commerce are also possible. Allenby (1999) supports the

notion that indirect changes to industrial and commercial practices and institutions could

produce the most significant effects of the Internet. He also agrees that these effects could be

positive or negative for the environment. For example, he suggests that e-commerce might

cut waste, but also stimulate personal consumption. Rejeski (1999) has also considered the

uncertainty surrounding IT-related effects on consumption. Moreover, he has identified other

potential indirect effects associated with freight logistics, global of e-commerce, and

environmentally conscious purchasing that could be facilitated by access to better

information, a point that has also been identified by Wood-Lewis (1998).

Researchers at Worldwatch Institute also predict that the most profound environmental

impacts of IT will probably result from indirect effects. In the organization’s State of the

World 2000 report, O’Meara (2000) identifies three possible effects: (1) influence on product

life cycles; (2) environmental monitoring and modeling; and (3) networking for sustainable

development. She also suggests that the rise in per capita consumption of printing and

writing paper in industrial countries over the last decade is linked to increased use of IT

resources. Others echo this last claim. In a paper industry study conducted by the Boston

Consulting Group, a recent trend toward more individual printing is reported, although this

finding is not explicitly tied to an environmental impact (Cody 1999).

Cowe (2000) suggests indirect, Internet-related benefits including energy savings, reduced

waste, and dematerialization of certain products. Among potential negatives, he lists greater
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overall consumption, more vehicle miles traveled, and continued degradation of town centers

with dire consequences for land use.

All of these thinkers correctly perceive the inherent complexity of the Internet. They

understand that the impacts – whether on economy, society, or the biosphere – are not just

related to production and operation of the IT infrastructure, but to secondary effects and

hidden feedback mechanisms. However, while these positions may appear prudent and well-

reasoned, they are mostly suppositions based on anecdotal evidence. As such, they are

valuable contributions to the extent that they identify pertinent issues for further research

aimed at better understanding complex linkages.

3.1.3.2 Structural Change and Efficiency Improvements

A groundbreaking attempt to quantify secondary energy effects of the Internet was

undertaken by the Center for Energy and Climate Solutions. In a seminal paper, Romm

(1999) identified the striking trend that U.S. energy intensity had been improving over the

past decade even as the economy experienced explosive growth. He and his colleagues

asserted that growth in the “soft” IT sector, combined with efficiency improvements across

the entire economy enabled by IT, have been largely responsible for this positive

development. While acknowledging that current data is incomplete, the researchers

constructed some rough scenarios and looked at resulting effects for three major sectors in

the economy: buildings, manufacturing, and transportation. The report postulated a number

of individual positive and negative effects on the environment, but concluded that the

Internet will reduce total energy consumption throughout the economy. It was stressed that

these conclusions were only tentative and that more data should be collected to recognize

actual trends.

Building on Romm’s work, scientists with U.S EPA and LBNL collaborated to test the

energy  significance of structural changes in the economy due to widespread use of IT.

Specifically, they modeled three changes: (1) reduced production of paper and cement

products; (2) changes in vehicle miles traveled; and (3) further improvements in overall

energy intensity (Laitner et al. 2000). The researchers created these scenarios by adjusting
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the Annual Energy Outlook 2000 forecast (EIA 1999) while making assumptions for each of

their three cases. Based on the scenarios tested, it was found that carbon emissions could be

reduced by 44 million tons of carbon by 2010 compared to the original EIA forecast. Studies

of this kind are useful because potential energy effects can be modeled using a range of input

values in lieu of historical data that do not yet exist. By moving beyond these three scenarios

to consider a variety of activities within the economy, a broader picture will begin to emerge

relating network environments and overall energy consumption. Furthermore, as the authors

note, substitution effects should be explored in addition to structural changes.

A project called Digital Futures looked at indirect effects by examining how e-commerce

and sustainable development might complement or conflict with one another. It was managed

by Forum for the Future and was supported by three national governments, eight think tanks,

and fourteen private firms (Bilefsky 2000). Beginning in February 2000, investigators spent a

year studying the digital revolution’s social and environmental opportunities within eight

research themes. The project’s goal was to predict impacts of e-commerce over the next

decade on energy use, the environment, land use planning, transportation, and social

relationships. Examples of potential environmental benefits identified include the emergence

of intangible products, less business-related warehousing and transportation, and greener

consumption enabled by better access to product information. Negative effects for the

environment were also identified, especially regarding personal transportation and freight

patterns driven by new modes of commercial activity (Wilsdon and Miller 2001). The report,

which was high-level and qualitative in nature, acknowledged that the validity of its

predictions may not be known for many years until changes in consumer behavior and other

phenomena have been accurately measured (Cowe 2000).

3.1.3.3 Specific Cases

Other projects have identified potential indirect effects of the Internet and have stimulated

important discussion on these topics within the research community. An early effort to focus

attention on a specific example was an article published in IEEE Spectrum (Matthews et al.

2000), which described the effect of a single online shopping event, the release of the much-

anticipated children’s book Harry Potter and the Goblet of Fire. In order to stock bookstores
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for the highly publicized release, Amazon.com partnered with Federal Express to deliver

more than 250,000 copies of the book. This mass shipment required 100 aircraft and 9,000

delivery trucks. Using this case study, the authors explained that environmental impact would

be positive only if the total impact of delivering the book using e-commerce logistics was

less than the impact of conventional bookstore distribution. They highlighted the need to

consider warehouse storage, transportation trade-offs, and packaging differences. While

falling short of conducting a detailed energy comparison of both systems, they stressed the

importance of conducting such comparisons for other activities such as online grocers vs.

traditional grocery stores.

A limited body of work has begun to explore indirect effects in specific cases using

quantitative methods. Caudill et al. (2000) explored the environmental impacts of e-

commerce on electronic products using life cycle methods. Specifically, they conducted a

case study of a desktop computer. Using a traditional product life cycle as a baseline, they

constructed two alternative scenarios to represent varying levels to which e-commerce might

change energy consumption in manufacturing, distribution, delivery, and reuse/recovery.

Based on the two scenarios, they calculated upper and lower impact limits. Overall energy

consumption decreased by 11% using truck freight with the more aggressive e-commerce

scenario. Using air freight with the more moderate scenario increased energy burden by 9%.

Although the scenarios were based on admittedly broad assumptions, this study succeeded in

quantifying secondary effects associated by the Internet for a specific case. Further studies

can build on these results by testing the existing model with more accurate assumptions, and

by applying the same methodology to other systems.

Similar LCA methods were applied in a pair of studies (Zurkirch and Reichart 2000) that

were reported in the journal Greener Management International. In the first study, relative

environmental impacts of email versus traditional postal service were quantified. Models for

both systems were developed from individual modules. Among the findings, it was

discovered that peripheral activities such as printing, scanning, and writing often generate

more burden than actual data transfer itself. Some of the scenarios resulted in the email
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system causing more harm to the environment. Results were reported using two indicators,

EcoScarcity and Ecoindicator 99.

In the second study, a phone directory was compared across four media: paper, CD-ROM,

Internet, and Teleguide5. It was found that relative environmental burdens depend heavily on

the frequency of use. For example, the online directory performs better than paper and CD-

ROM only for low volumes of use. With higher volumes, the fixed burdens associated with

paper and CD-ROM production are more widely distributed and the impact per use is much

less. Additionally, results for the online cases depended on whether a paper copy of the

information is printed from the online version.

All three of these LCA studies are excellent models for future work. They build upon the

foundation of earlier conceptual work that treated network-related systems broadly and

qualitatively. By narrowing the focus to smaller systems with recognizable boundaries,

Caudill et al., Zurkirch, and Reichart were able to impose more specific assumptions, leading

to more realistic scenarios and results. These results have begun to demonstrate

quantitatively what many have been postulating; namely, indirect and peripheral effects of

the IT infrastructure can have relatively significant impacts on the environment. In addition,

these studies make a valuable comparison between digital scenarios and traditional ones.

This suggests opportunity for other investigations using a similar level of focus on a variety

of different network-related systems.

3.2 Design and Development of Digital Libraries

The literature review’s focus now turns to a specific class of IT-enabled system, namely the

digital library. This investigation of digital library literature covers three areas: 1) general

literature on DL issues; 2) developmental research; and 3) systems-based approaches. The

goal is to determine the extent to which environmental aspects are addressed in these three

areas. It should be noted at the outset that operating costs of facilities, such as electricity and

heat, are frequently budgeted at the university level and are not managed by library units. Not

                                                          
5 Teleguide is a small electronic device found in public telephone booths in Switzerland.
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surprisingly, organizations tend to spend little effort measuring things for which they are not

accountable. This truism provides some useful context for the following analysis.

3.2.1 General Literature on Digital Library Issues

3.2.1.1 Broad-based Overviews

Although the digital library is a rather new concept, a number of pertinent issues have

already been identified. Concurrently, a growing body of literature has attempted to

categorize and discuss these topics. Lesk (1997) produced the first textbook on the subject.

Practical Digital Libraries: Books, Bytes, and Bucks provides an overview of relevant

technologies, planning decisions, and economic structures affecting digital libraries. A great

deal of explanation is aimed at the technical specifics of collecting, distributing, and using

the full range of digital media (text, images, audio, and video). There is also discussion of

policy issues, current research projects, and future prospects for libraries. Environmental

impacts are neglected.

The most recent overview text is Digital Libraries by Arms (2000). It is an updated survey of

the entire field that attempts to cover many areas of expertise including library science,

publishing, and networking technology. Topics such as economic and legal issues, access

management, archiving, metadata searching, and innovation are treated. Arms raises a variety

of questions about possible impacts of digital libraries and acknowledges that many of these

remain unanswered. None of the impacts he identifies are explicitly related to environmental

performance. There is a brief discussion of building construction as related to archiving, and

a case study on Harvard’s renovation of Langdell Hall, but neither is tied directly to resource

use or energy consumption.

Buckley et al. (1999) provides a general bibliographic overview of major digital library

topics. Their focus is on the most relevant issues associated with electronic publishing of

scholarly journals, a subject closely related to digital libraries. Without repeating the content

of the paper, it can be noted that over forty references to other works are cited across five

topics: (1) Access; (2) Pricing; (3) Cataloging and Indexing; (4) Archiving; and (5)
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Licensing. Nowhere are environmental aspects mentioned in this survey of the most relevant

electronic publishing issues. As with other broad-based overviews of digital library topics,

environmental aspects are absent from this literature.

3.2.1.2 Professional Journals

Several online journals have been launched to promote discussion on issues related to digital

libraries. In addition, a number of existing journals have addressed DL topics.

D-Lib

The D-Lib Forum, a group that supports people who are working to create and apply digital

library technologies globally, publishes this online journal. Articles in D-Lib

(http://www.dlib.org/) cover a range of topics, with many focusing on development of

standards for networking infrastructure, remote database interaction, and bibliographic

information. Montgomery (2000) contributed one article of particular interest. It examines

the impact of digital collections on library operating costs at Drexel University. After the

transition to a nearly all-digital journal collection, dramatic changes were observed in staff

workload, space requirements, and equipment and supply needs. This study did not draw the

obvious connection between resource use and environmental impacts, but it suggests an

opportunity to explore this linkage in future research.

International Journal of Digital Libraries

Similar to D-Lib, IJDL (http://link.springer.de/link/service/journals/00799/) provides articles

on a wide variety of practical issues related to building digital collections and user services.

Among issues commonly addressed are the production and management of digital

information, design of interoperable networks, data security and privacy, and effective

business processes for managing digital libraries.

Journal of Electronic Publishing

JEP (http://www.press.umich.edu/jep/) is published by the University of Michigan Press and

is directed toward a wide audience that comprises publishers, librarians, scholars, and

authors. Its focus is not limited to digital libraries; it covers electronic book and journal
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publishing in the professional, scientific, and academic communities. Usual topics include

web design, server management, and pricing issues. Although JEP does handle larger policy

questions, it neglects issues related to resource use and the environment.

Other Library-Related Periodicals

Traditional journals such as Library Hi Tech, Library Trends, Journal of Information

Science, Journal of Academic Librarianship, and Information Technology and Libraries also

include content on DL-related issues. Only two articles were found from these sources that

touch on issues somewhat related to environmental performance.

In an issue of Information Technology and Libraries, Hart et al. (2001) address resource use

associated with laser printing, a topic relevant to digital libraries. College students at Penn

State Erie were studied to understand their printing behaviors and associated attitudes.

Subjects reported active use of library printers, and identified the full-text article as the most

frequently printed type of document. An expected finding confirmed that laser printing is

price elastic – most students would reduce printing activity if usage fees were introduced.

The examination of resource use in this study was mainly in terms of financial burden, but an

obvious connection can be made to environmental impacts.

Also, an indirect reference to transportation energy burden was made in Library Trends.

Massey-Burzio (1999) observed user-specific benefits of reading a Polish manuscript online

instead of making a trip to Warsaw. Again, the connection to environmental performance is

not explicitly drawn, but clear.

3.2.1.3 Practical Advice – Handbooks for Librarians

A third category within the general digital library literature is specifically aimed at people in

the “real world” who must plan and implement digital collections in existing libraries.

Certainly, there is some material overlap here with the broad overview literature and

professional journals. Nevertheless, it is useful to mention several recent works apart from

the previous two categories. Reviewing their subject matter can provide a feel for the extent

to which front-line librarians consider the environmental aspects of their profession.
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In Digital Library Toolkit from Sun Microsystems, Noerr (2000) presents guidelines for a

wide audience of information professionals in academic and public libraries, museums, and

government agencies. He addresses the development, management, and distribution of digital

material from a technologically optimistic perspective, portraying DLs as serving new

audiences with non-traditional needs. This is consistent with the interests of the sponsor, a

major producer of computing and networking hardware. The Toolkit moves in chronological

order from assessing organizational needs, through implementation steps, to future DL

trends. Besides covering the obvious technical requirements, issues include persuasion of

others to undertake DL projects, pre-implementation planning, financial costs, information

sources, delivery, intellectual property, and cataloguing.

Developing and Managing Electronic Journal Collections: A How-to-Do-It Manual for

Librarians (Curtis et al. 2000) purports to provide all the information needed to properly

develop and maintain a collection of e-journals. Topics highlighted include selection criteria,

technology requirements, licensing and legal issues, ordering, cataloging and access, and user

services.

Huber (2000) surveys online features most relevant to library users in Electronic Journal

Publishers: A Reference Librarian’s Guide. This guide is more limited in scope than the

previous two. It essentially catalogues the online offerings of major e-journal publishers.

All three guides are representative of the sources available to information professionals who

must decide whether to include digital collections, or who are already implementing them.

Such people face immediate pressures and constraints, and they demand the kind of practical

information currently offered in handbooks, manuals, and toolkits. Given its lack of

immediate relevancy to practitioners, it is not surprising that environmental performance is

ignored in the how-to operational literature.

3.2.2 Developmental Research

The amount of research and practical development of digital libraries has grown

tremendously over the past decade. A number of projects have focused on building digital
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collections and making them accessible to various user communities. Indeed, the best way to

develop effective DL systems and understand how they will behave in a global information

environment is to build and use them (Schatz and Chen 1999). This includes both small,

individual projects and large-scale, multi-year testbeds that are accessible by library patrons.

Many research programs and initiatives have already been established, including three major

ones that are described below.

Digital Library Initiatives (DLI)

Under DLI, the U.S. government is sponsoring an extensive amount of research into

technology and implementation strategies for digital libraries.

Phase I (1994-1998) funded six projects to focus on the development of underlying

technologies for data collection, storage, searching, and retrieval. Teams were based at

UC Berkeley, UC Santa Barbara, Carnegie Mellon, University of Illinois, University of

Michigan, and Stanford. (www.dli1.nsf.gov)

Phase II (1999-2003) currently involves nearly sixty projects, which are moving beyond

technical issues to identify broader social, behavioral, and economic effects in a variety

of real-world settings. This is a positive step toward understanding digital libraries as

complex systems within even larger complex systems. (www.dli2.nsf.gov)

Digital Library Federation (DLF)

Established in 1995, DLF is a consortium of nearly 25 leading research libraries that have

pooled their resources on projects and services that they need but cannot develop

individually. It is currently active in six areas of research: (1) Developing technologies and

system architectures; (2) Developing digital collections and services; (3) Developing user-

support services; (4) Digital preservation and archiving; (5) Identifying standards and best

practices for management; (6) Gaining a better understanding of the digital library's

institutional roles.

Joint NSF-EU Digital Library Research Agenda for the Future

This international collaboration focused on setting the course for future research efforts.

Participants were organized into five working groups. These groups dealt with the following
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issues: intellectual property and economics, content sources, interoperability, bibliographic

records, and multilingual access. The final report, issued in 1998, acknowledged that new

paradigms are required to understand the complex interactions between distributed digital

libraries and their subsystems. To this end, the report recommended greater collaboration

across disciplines and geography.

The three programs described here represent the vast majority in terms of research topics and

goals. Evidently, environmental performance is not on the current radar screen of digital

library research and development. However, there has been at least one call to investigate

such issues. In a paper entitled Digital Libraries and Sustainable Development?, Spink

(1995) assesses the relationship between these two emerging concepts. She notes that modern

industrial society is associated with a host of problems including natural resource depletion

and environmental degradation. In presenting two opposing views of sustainable

development6, she openly questions the role that digital libraries should play in either case.

The discussion is concerned primarily with information availability and use in developing

countries, and how IT could be used to support sustainable development. While energy and

environmental performance per se receive only brief mention relative to social aspects of

sustainability, Spink clearly implies that all elements of sustainable development are linked

to emerging global information systems, which include digital libraries. She issues a direct

call to examine this complex relationship more closely.

3.2.3 Systems-Based Approaches

Systems approaches are quite useful in conducting environmental analyses. Therefore, this

section describes previous efforts to apply a systems perspective to libraries. It then

investigates an LCA framework of the service sector that could be used to study digital

libraries.

                                                          
6 (1) Neoclassical view – promotes sustainable development through responsible economic growth spurred by
technological innovation; and (2) Cognitive Order view – sees locally-based, collective social action as the only
viable path to global sustainability.
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3.2.3.1 Libraries as Systems

Marcum (2001) recently noted the infrequency with which the library is considered as a

system, made of sub-systems, and belonging to a larger system. She argues that the

interconnections between a wide mix of library components should be treated in a more

holistic manner. These components include such things as facilities, technological

infrastructure, staff, management, users, suppliers, functional processes, and overall goals.

In an earlier article, a systems-based approach to evaluating digital libraries is promoted

(Saracevic 2000), and a well-developed methodology is provided for doing so. First, it is

stated that a digital library system – like any other system – interacts with a set of external

environments. Then a series of guiding questions are posed: What are the system boundaries?

What should be included and excluded? On what environment or context should the

evaluation concentrate? What performance objectives should be used as criteria? While the

article limits these criteria to measures of operational performance and cost efficiency,

obvious parallels to environmental LCA methodology can be drawn. This suggests that using

such an approach to investigate digital libraries would be legitimate.

3.2.3.2 Life Cycle Study – Service Sector

No environmental life cycle study of a library system, either digital or traditional, has been

identified in the literature. However, one LCA was found that has relevance to this topic.

Rosenblum et al. (2000) examined environmental impacts of service-oriented industries. The

researchers used an economic input-output model to estimate the environmental effects

throughout the supply chains of four non-Internet service sectors. While emissions and

wastes per individual provider were small, the potential for large, sector-wide impacts was

noted. Also, e-commerce was mentioned as an emerging service domain that should be

studied. Implicit here is the validity of using LCA to study other Internet-related service

sectors. Therefore, insofar as a digital library is a service-based activity, LCA is a useful

framework for studying its environmental aspects.

Salzman (1999) supports the call to study environmental aspects of services. He cautions

against assuming that such activities are clean merely because they do not involve
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manufacturing. Pointing to a correlation between rise of services and increased resource

consumption, he argues that services can actually complement traditional production factors,

not just substitute for them. Salzman further recommends a three-part classification scheme

for service industries by nature of environmental impact: (1) smokestack services with high

impact per facility; (2) cumulative services, such as fast food restaurants; and (3) leverage

services that act as fulcrums to leverage environmental impacts upstream and downstream. It

would seem that a digital library most closely resembles a leverage service. Using this kind

of framework could be useful in planning life cycle studies and creating policies to attenuate

environmental burdens.
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4 RESEARCH QUESTION

The purpose of this section is to examine the current research topic in light of information

presented in the literature review. An argument is made for the legitimacy and value of an

environmental study focused on digital libraries. First, a research question is stated. Then this

question is justified by showing that it remains unanswered by previous work. Finally, the

value and importance of answering this question is discussed.

4.1 Statement of the Question

A comparative investigation is often useful in assessing environmental performance. This

underlying approach is formally stated for this study in the following research question:

4.2 Legitimacy of the Question

The aim here is to demonstrate that the research question stated above has not been

previously answered. Using information presented in Section 3, it is argued that more

scrutiny of IT-enabled systems regarding environmental performance is still needed.

Moreover, it is demonstrated that an environmental investigation of digital libraries is

appropriate, but has not yet been conducted.

4.2.1 Environmental Aspects of IT and Computer Networking

4.2.1.1 Previous Research – Direct Effects of IT Equipment

A growing body of research has examined IT-related electricity consumption on a broad,

macro level. Much of this work has been done at Lawrence Berkeley National Laboratory

(LBNL). Major studies there include two comprehensive assessments of office and

networking equipment [(Koomey et al. 1995), (Kawamoto et al. 2000)] and formal critiques

What is the relative life cycle energy consumption of digital and traditional
library systems, specifically with regard to journal collections?
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of Mills’s controversial report7 [(Koomey et al. 1999), (Koomey 2000)]. These and other

studies have begun to describe the electricity requirements of the Internet and related

information systems within the U.S. While they have yielded valuable insights regarding the

overall scope of energy consumption, they are not designed to address results for specific

cases.

Other studies have begun to address the direct energy effects of more focused cases. For

example, Nordman’s (1999) investigation of LBNL’s computer network quantified electricity

consumption per year per employee at that facility. Among limiting assumptions, space

conditioning equipment was excluded from the analysis. Mitchell-Jackson later incorporated

this factor and others into her energy analysis of data centers. Yet another energy case study

was conducted on computer classrooms at Bethel College (Kistler 2000). Small-scale,

specific case studies such as these have led to meaningful insights about the building blocks

of larger networking and computing systems. However, they leave unanswered the question

about energy and environmental burdens throughout the entire equipment life cycle.

Beginning in the 1980’s, the Silicon Valley Toxics Coalition (SVTC) made efforts to

publicize the negative environmental and health burdens associated with computer

production and disposition. Growing awareness of these issues prompted research of

electronics end-of-life (EOL) management, such as the U.S. EPA’s Common Sense initiative.

In addition, a limited number of LCA studies have been done on IT-related equipment

including computers and monitors. While adding valuable knowledge about the full scope of

equipment burdens from production through EOL, none of this work explores the enormous

range of indirect, secondary effects associated with IT and networking systems.

4.2.1.2 Previous Research – Indirect Effects of IT Equipment

Early thinkers including Rejeski, Cohen, and Allenby led the way in supposing how Internet-

related effects might be manifested in the future. All of them envision multiple scenarios and

agree that the net consequence, whether positive or negative, cannot be known without a

                                                          
7 Mark Mills prepared a report, The Internet Begins with Coal, for the Greening Earth Society in 1999. Many of
his assumptions and results were subsequently questioned as being inaccurate.
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deeper understanding of the complexities involved. They urge more research aimed at

identifying complex relationships and secondary effects. In response, attempts have been

made to forge a research agenda. The New York Academy of Sciences hosted a Joint

Symposium on E-Commerce and the Environment in October 2000. In addition, the last three

BELL conferences8 have addressed research needs related to these topics. Members of these

sessions have recognized the inherent complexity involved and the need for a holistic

research approach.

One of the first steps to quantify complex, indirect effects of the Internet examined structural

change and efficiency improvements in the U.S. economy. Romm (1999) constructed rough

scenarios involving building, manufacturing, and transportation sectors. His tentative results

suggest that the Internet likely saves more energy than it consumes directly, but that more

evidence is needed to test this hypothesis. (Laitner et al. 2000) took a step in this direction by

modeling three specific changes in the economy: (1) reduced production of paper and cement

products; (2) changes in vehicle miles traveled; and (3) further improvements in overall

energy intensity. Findings seemed to confirm that the Internet enables significant structural

and efficiency gains. Still, Laitner et al. identified the need to expand upon their work to

examine indirect effects of a wide range of specific cases in order to establish a broader

picture of overall energy consumption.

Three LCA studies that address indirect effects of specific cases have been identified.

Caudill et al. (2000) explored the environmental impacts of e-commerce on electronic

products. Zurkirch and Reichart (2001) studied two different IT-enabled networks: internal

email and an online phone directory. Results of these studies have shown that environmental

burdens of indirect – even peripheral – processes can indeed be quite significant. They also

prove the value of conducting comparative investigations in order to provide context for the

analysis of relative burdens.

                                                          
8 The annual Business, Environmental, Learning, and Leadership (BELL) conference is
organized by the World Resources Institute (WRI). It addresses how business schools can
prepare future managers to pursue strategies that narrow the digital divide, foster
microeconomic activity among the poor, increase industrial efficiency, and create new tools.
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4.2.1.3 Further Research Needs

Environmental aspects of Internet-related equipment and systems have already been

examined. Research has varied in scale (macro to micro) and scope of effects (direct and

indirect). All of these perspectives are necessary and important for grasping such a complex

topic. However, despite the value of extant results, the amount of research to date is

insufficient. As one report noted, “…this analysis and many others raise more questions than

they answer.” (Laitner et al. 2000). Only after studying a variety of other cases and scenarios

can a clearer picture of broad, complex interactions be assembled. One such case study could

involve a digital library system.

4.2.2 Design and Development of Digital Libraries

Because digital libraries are network-enabled systems, it is appropriate to examine their

environmental aspects. The body of DL literature presented in Section 3 is analyzed here for

evidence that any such research has previously occurred.

4.2.2.1 General Literature and Previous Research

The general DL literature can be categorized into overview texts and bibliographies,

professional journals, and handbooks. Neither of the two primary texts written to date [(Lesk

1997),  (Arms 2000)] references energy consumption or resource depletion. Most discussion

covers technology, system performance, economics, law, and policy. Similarly, a

bibliographic overview of major DL topics is limited to the following five areas: (1) Access;

(2) Pricing; (3) Cataloging and Indexing; (4) Archiving; and (5) Licensing (Buckley et al.

1999). None of the professional journals examined address environmental aspects explicitly.

Several articles that touch on resource consumption were identified [(Montgomery 2000),

(Hart et al. 2001), (Massey-Burzio 1999)]. However, none make the obvious link to

environmental impacts of any kind. Finally, no document from the practical advice category

of general DL literature mentions energy consumption or resource depletion.

Of the numerous research efforts related to the design and development of digital libraries,

none were identified that address environmental issues on any level. One notable paper

(Spink 1995) did urge an investigation into the role of digital libraries vis-a-vis sustainable
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development, but no such study has been conducted. Plainly, no research to date has

examined the environmental aspects of digital libraries.

4.2.2.2 Further Research Needs

As previously stated, the environmental aspects of a variety of network-related systems

should be examined. A digital library represents one such system. Therefore, studying its

environmental aspects is an appropriate endeavor. No evidence has been found to suggest

that this research has been conducted.

The original research question presumes a comparative study between digital and traditional

library systems. Information was provided in Section 4.2.1.2 suggesting that comparative

studies between digital and analogue systems have been successfully applied in other

research areas.

4.3 Importance of the Question

It has been established that no previous environmental study of digital libraries has been

conducted. The following discussion addresses the importance of understanding network-

related effects, and why it is worthwhile to focus an investigation on digital libraries.

4.3.1 Why Study Environmental Aspects of the Internet?

Society finds itself in the midst of a productive shift so profound that it will rival the

industrial revolution in the impact on future generations. The potential reach of the Internet

and other information networks is vast. Entire new sectors of the economy have already been

created; none of the existing ones will remain unchanged. These systems are exceedingly

complex and tightly coupled. They are characterized by random interactions, complex

feedback loops, and non-linear discontinuities (Rejeski 1999). Given humanity’s present

ability to drive major geo-chemical cycles of Earth (Vitousek 1997), the unintended

consequences of an immense, complicated information network could be enormous.

To address this concern, it is vital to examine the effects of information systems using a

variety of methodologies. Many perspectives will be necessary to begin sketching a rough
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picture of the interconnections and complexities. By doing this early, it may be possible to

influence design and development before counterproductive standards and policies become

entrenched. Research results could suggest ways to leverage positive secondary effects, while

mitigating negative ones.

Over five hundred years ago, Gutenberg ignited the first information revolution. It stimulated

the development of a multitude of new products and services and entirely new modes of

behavior. The current generation should be humbled by this historic precedent and should

work to gather as much knowledge as possible. Therefore, it is prudent to invest in greater

understanding of network-related environmental aspects now, especially given our present

ability to alter Earth’s natural systems so quickly and permanently.

4.3.2 Why Focus on Digital Libraries?

Insofar as digital libraries are Internet-related systems, Section 4.3.1 provides reasons why

they are legitimate topics of study. They represent potentially large and important elements

within the global information system. Browning (1993) predicts that libraries will be a

powerful force in the emerging world of electronic information. Furthermore, journals

comprise about 70% of the average academic library’s budget for materials (Luther 2000)

and have been already been offered in digital form on a wide basis. Journal collections, in

particular, are worthy of study here. In addition, libraries are service-based activities.

Salzman (1999) and others have called for serious consideration of the service sector’s

environmental impacts.

Understanding the environmental performance of digital libraries can also be valuable for

organizational decision-making. For example, a potential choice may someday exist between

building a new facility to house old print material, or developing a long-term digital storage

network. If the financial decision is not clear-cut, then knowledge about relative

environmental performance may help to decide the issue. Similarly, such knowledge could be

applied to journal procurement decisions when digital and paper formats are both being

considered. There is yet another benefit to the organization. Any detailed, systems-based
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analysis can uncover other problems or opportunities that lie undetected beneath the complex

interconnections characteristic of any large enterprise.

Finally, certain stakeholders often wish to know about environmental performance issues. It

could be argued that society in general is a legitimate stakeholder to any organization as large

as a major research library. Internal groups within most universities are putting increasing

pressure on their institutions to improve environmental performance. SustainUM at the

University of Michigan is but one example.
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5 INTRODUCTION TO METHODS

This section explains the conceptual framework and analytical approach for the current

study. Relationships between the major constructs are first identified. Then the strategy of

using a systems-oriented, case study approach is introduced. Finally, life cycle assessment

(LCA) methodology is discussed as an appropriate research tactic.

5.1 Conceptual Framework

First, a hypothesis was developed from the research question presented in Section 4. The

very term digital brings to mind images of electronic devices drawing power from the wall

continuously. Therefore, it is natural to assume that a digital journal collection would

consume more energy than its traditional counterpart. This prediction was fashioned into a

formally-stated hypothesis that directly addressed the research question: “A digital library

system consumes more life cycle energy than a traditional library system, specifically with

regard to journal collections.” A study was then designed to test the truth of this hypothesis;

Figure 5-1 shows the main relationship that was examined.

FIGURE 5-1 CONCEPTUAL FRAMEWORK: CONSTRUCTS AND VARIABLES

In Figure 5-1, major constructs are shown as balloons. The leading construct on the

Independent Side (Library System Type) was developed from the hypothesis statement,

INDEPENDENT  VARIABLES DEPENDENT  VARIABLES

Energy
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Behavioral
Elements

Structural
Elements

Library
System Type
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T
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which implies a direct comparison between digital and traditional systems. A square labeled

D/T symbolizes the dual variable that represents choice of system type. The “manipulation”

is achieved simply by selecting either one of these two systems. Both types encompass a

multitude of elements that contribute to energy consumption throughout the life cycle of the

system. These elements were collected into two categories: structural and behavioral. After

the system type has been selected, the structural and behavioral elements associated with it

are automatically determined. The downward arrow pointing away from Library System Type

in Figure 5-1 illustrates this determinant relationship. In one sense, the bottom two

independent constructs could be considered dependent on the top one. However, the

convention used here places them together on the Independent side of the main relationship,

as shown in the diagram.

Structural elements are physical components and processes that are determined by

technology, organizational policies, and norms. Structural elements include things as journal

printing, computer production, and building infrastructure. By contrast, behavioral elements

represent individual characteristics and choices made by library patrons. Examples include

propensity to photocopy, travel distance to the library, and reading speed. Certainly structural

elements can influence behavioral elements and vice versa. For example, poor lighting

conditions may cause a patron to print an e-journal article instead of trying to read it

onscreen. Such secondary interactions were beyond the scope of this project and were

excluded from the analysis. Returning to Figure 5-1, the square symbols beneath Structural

Elements and Behavioral Elements represent variables used to operationalize these two

constructs. Indeed, many more variables were used than are shown in the diagram. All of

these are discussed in detail throughout Section 7.

The Dependent Side of Figure 5-1 features one construct, Energy Consumption. This variable

represents all energy consumed throughout the digital or traditional system’s life cycle. The

square symbol attached to this construct represents the sum of various energy calculations

performed using structural and behavioral variables from the Independent Side. All of these

quantitative processes are captured in the diagram by the two bold arrows pointing to the

Dependent Side.
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Figure 5-1 is a qualitative tool for helping to understand the complex relationship between

energy consumption of both library systems. Building on this foundation, a study design was

constructed to explore the nature and magnitude of this relationship more deeply. The

following section addresses the task of selecting a general investigative approach, or research

strategy.

5.2 Research Strategy

Any successful design effort begins with clearly understanding the needs and goals of the

project. This certainly holds true for planning a research investigation. The guiding

requirement in this study was to capture the complex, interconnected nature of modern

library systems. Digital and traditional systems alike encompass numerous steps and

processes related to the transfer of information to the end user. Consequently, a holistic,

systems-based approach is most suitable. Marcum (2001) notes with disapproval how

infrequently the library has been considered from a systems perspective. Saracevic (2000),

who promotes a systems-based approach in evaluating digital libraries, echoes her critique.

The conclusions of both scholars affirm the decision to apply a systems framework in this

study.

A second overriding requirement was to examine a particular set of activities in detail. This

goal reflected results from the literature review that demonstrate a need for more research on

specific cases regarding IT and the environment. This suggests a case study approach, which

has the characteristics of being empirical and particular in one context, yet able to be

generalized at a later time (Robson 1999). Also, case studies are useful when boundaries are

unclear, such as when studying a subject that is not well defined or is still evolving. This is

certainly true of digital libraries.

Therefore, based on the needs and goals of the research question and conceptual framework,

a systems-based, case study approach was chosen for this investigation. The next task was to

identify a particular investigative tool consistent with this approach.
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5.3 Research Tactics

Life cycle assessment (LCA) has already proven itself to be a useful tool for examining

impacts of particular cases from a systems perspective. Its potential for studying

environmental aspects of Internet-related systems has already been noted (Allenby 1999).

Moreover, LCA has been applied successfully in several such cases [(Caudill et al. 2000);

(Zurkirch and Reichart 2001)]. This suggests the value of using LCA methodology for

investigating digital and traditional library systems.

LCA is a primary analytical tool of industrial ecology, which constitutes the systematic

analysis of global, regional and local material and energy flows that are associated with

products, processes, economic sectors, municipalities, and other complex systems. LCA

methods were initially developed over three decades ago to compare alternatives within

relatively simple product systems, such as beverage containers and diapers, from an

environmental perspective. These methods have been further refined in order to consider

more sophisticated product and process systems, including automobiles and commercial

buildings. LCA seeks to quantify environmental aspects such as energy consumption,

materials consumption, air pollutant emissions, waterborne effluents, and solid waste

generation. Using these results, ecological and human impacts can then be evaluated. Efforts

to formalize LCA methodology have included coverage within the ISO 14000 series of

environmental management standards.

5.3.1 LCA Principles

Figure 5-2 shows a generic product system comprising six life cycle stages. These stages

represent a sequence of steps or processes that begin with raw material processing and end

with product disposition. Each stage experiences inputs of materials (M) and energy (E), and

outputs of waste (W) and product. Also pictured in the diagram are various disposition

options (reuse, remanufacturing, and recycling) that might occur prior to end-of-life disposal.

Figure 5-2 is meant to depict the life cycle of a physical product that would be manufactured

at an industrial facility. However, the underlying framework of identifying distinct life cycle

stages and quantifying associated environmental burdens can be applied to virtually any
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process, service, or enterprise. Each life cycle diagram is unique, but the approach is

universal.

FIGURE 5-2  LIFE CYCLE OF A GENERIC PRODUCT SYSTEM9

There are four parts to a traditional LCA investigation. Although the current study was

limited to the first and second parts, all are briefly described here:

Goal Definition and Scope. First, the purpose of the LCA study must be clarified. It is

important to consider for whom the results are intended. Meeting the needs and expectations

of these stakeholders will help define the project’s success. After clarifying the purpose, the

scope must be defined. This includes selecting system boundaries, determining which

components to include, and clearly defining major assumptions related to these decisions.

This information is then captured on a life cycle diagram, similar to Figure 5-2. It is

appropriate at this stage to identify the types of inputs and outputs to consider in the study.

Finally, the unit of analysis must be carefully chosen. This is particularly critical when

comparing different systems in the same study. For results to be meaningful, systems must be

examined on the basis of a common function.

Inventory Analysis. The second part of any LCA investigation involves developing a model

to quantify resource inputs and outputs for each process in the life cycle diagram. When

building this model, it is necessary to specify data requirements and identify sources for this

                                                          
9 This diagram was developed by the Center for Sustainable Systems at the University of Michigan (see
http://css.snre.umich.edu/index.html ).
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data. This is an iterative process. System boundaries might need adjustment due to difficulty

in finding input data, or unexpected preliminary findings that call for more attention.

Sensitivity analysis is another key component of the inventory analysis. This process

involves testing the impact of various input data on the overall results.

Impact Assessment. This part has three components: (1) Classification – input/output data

are sorted into homogenous stress categories (e.g., greenhouse gas emissions and ozone

depletion potential) within larger impact categories (e.g., human health, ecological health,

resource depletion); (2) Characterization – contributions of various inputs/outputs in different

impact categories are quantified; and (3) Evaluation – the total impact is assessed and

different impacts are weighted relative to one another.

Interpretation of Results.  Finally, results from the inventory analysis and impact

assessment are interpreted with respect to the initial goals of the study. This process is

subjective by nature, but should be founded on quantitative analysis from the earlier stages. If

unintended consequences regarding the system are identified, they are explained at this point.

It is also appropriate to make recommendations for improvement to decision-makers

regarding design or policy issues, and to identify future areas for research.

5.3.2 LCA Benefits

The LCA approach is beneficial for the following specific reasons:

§ Adopting a holistic perspective contributes to understanding complex relationships. This

is particularly valuable for systems that are still evolving, such as digital libraries.

§ Examining the entire life cycle can expose significant burdens that go unseen by most

people.

§ Results for different systems can be more easily compared, provided that evaluation is

conducted on the basis of equivalent function.

§ Life cycle models can be built in modular fashion by considering individual elements

separately and then combining the results. This allows for a variety of data types and

sources to be utilized in the same study.
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§ The sensitivity of results to changes in data quality and assumptions can be tested by

adjusting input values in the life cycle model.

5.3.3 LCA Limitations

There are inherent weaknesses associated with any investigative tool. LCA limitations that

must be managed include:

§ A thorough, complete LCA can require significant time and resources. Both of these are

usually constrained. It is important to define the scope accordingly. The current study

was conducted within the context and confines of a Masters thesis project.

§ Some people argue that LCA studies can miss the broader picture by being too focused.

This may be true depending on where system boundaries are drawn. The researcher must

always choose boundaries that reflect the purpose of the study.

§ Impact categories and mechanisms are not well understood. For example, it is extremely

difficult to translate a pound of pollutants released to the environment into real effects on

ecological and human health. Models of pollutant fate, transport, and toxicity are limited.

§ There is a subjective element to LCA, particularly in boundary definition and results

interpretation. Certainly it is important to make all modeling assumptions transparent.
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6 GOAL DEFINITION AND SCOPE

6.1 Purpose of this Study

The primary goal of this study was to answer the research question posed in Section Four:

“What is the relative life cycle energy consumption of digital and traditional library systems,

specifically with regard to journal collections?” Using LCA methods, the intent was to

uncover first order energy burdens of systems that had never undergone this type of analysis

before.

In answering the original research question, another important purpose was served; namely,

to provide decision-makers with useful information about library-related environmental

aspects. Efforts to develop digital libraries have neglected environmental performance as an

important design criterion. One reason for this inattention may be a simple lack of knowledge

about the issues, especially considering the number of other topic areas to consider in digital

library development. The present study was intended to help close this knowledge gap by

providing information about energy consumption to professionals who design and manage

digital libraries and their infrastructures. This audience includes librarians, IT staff, and

university administrators. Of particular interest would be findings that expose unintended

consequences and provide counter-intuitive insights into the energy performance of library

systems. Certainly no LCA study can be considered exhaustive, and it is not intended for the

results of this one to be definitive on the topic of library-related energy consumption. Rather

findings should to be used in concert with data generated from other sources and methods to

assemble a more holistic understanding of how complex library systems consume energy

resources.

Beyond informing library professionals and managers, this study is intended to fulfill a wider

purpose. There have been only a handful of previous studies looking at network energy

consumption. The current investigation is intended to add to this growing body of knowledge

for one network-related case that has not been examined. By comparing results from many

such case studies, it will be possible to discern overall trends and patterns in energy

performance of networks. As the Internet is increasingly deployed across the globe, it is
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critical to understand the impacts of this complex phenomenon on the biosphere. The current

study was designed to elucidate one small aspect of this larger question.

6.2 Scope of Research

This study can be characterized as a comparative energy inventory of two library systems.

Standard LCA methods were applied in modeling and conducting an inventory analysis. Due

to constraints of time and resources, an impact assessment was beyond the scope and was not

undertaken. Similar constraints limited the focus to energy consumption. Other ecological

and human health-related burdens were not addressed. Still, energy consumption is a useful

proxy for significant impact categories such as GHG emissions and resource depletion of

fossil fuels. No systematic attempt was made to distinguish between various types of energy.

A limitation of this approach is that less benign sources of energy were given equal weight

with alternative sources and renewables. However, the correlation between general energy

consumption and environmental impact should be relatively high because the majority of

energy comes from non-renewable sources, particularly coal and oil (Kerr 1999).

The three proceeding subsections address specific issues related to life cycle stages, spatial

and temporal boundaries, and general assumptions and exclusions.

6.2.1 Life Cycle Stages

Every LCA involves a time-based analysis across several life cycle stages. For a

conventional product manufactured in a plant, typical stages might include raw material

acquisition; material processing; component production; product assembly; use, maintenance,

and repair; reuse and recycling, and final disposition. However, this typology is quite flexible

and can be tailored to meet specific research needs. The current study adopted a schema that

recognizes three life cycle stages: Upstream, Use, and Downstream (see Figure 6-1).

FIGURE 6-1  THREE-STAGE LIFE CYCLE FRAMEWORK

Upstream
Stage

Use
Stage

Downstream
Stage
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Using a three-stage framework simplified the comparison between two different and complex

systems. The traditional library system includes product-focused elements related to

manufacturing and using a paper journal. In contrast, the digital system resembles a service-

based model, which is difficult to render into conventional LCA stages. Limiting the

description of life cycle stages to three broad categories eliminated the confusion of matching

together many sub-processes from dissimilar systems. Of course, the system boundary

remains the same, so overall results are not affected by this choice.

6.2.2 Spatial and Temporal Boundaries

Both system models (digital and traditional) primarily reflect North America, and the Shapiro

Science Library at the University of Michigan in particular. Occasionally, data was taken

from studies conducted outside the United States. For example, some of the information

about computer production and disposition is from Japan. Also, the manufacture of IT

equipment is quite complex and global in nature, so material sourcing must be assumed as

boundless for all equipment that was modeled. Primary energy calculations reflect average

U.S. electricity production and grid efficiency. The Use Phase boundary for both systems

includes the local campus served by the UM Library. A regional geographical encompassing

the U.S. Midwest was considered for the delivery of equipment, products, and supplies to the

University.

This study covers the period 2001-2010. A ten-year timeframe balances two competing

needs. First, it is sufficiently long to expose main effects related to the allocation of

infrastructure for both systems. Second, it is short enough to minimize unrealistic

predictions, given the rapid pace of technological change and the uncertainty associated with

it. The purpose was not to create a long-term forecasting tool, but rather to yield insight into

current energy consumption patterns. Current and recent information technology was

assumed in the analysis. Much of the LCA equipment data was dated mid to late 1990s.

Because the digital model was based on continuous operation of server equipment, data

storage technology was artificially improved at the five-year point. This reflects anticipated

advances in memory capacity and power rating for servers.
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6.2.3 General Assumptions and Exclusions

Conducting an exhaustive LCA is virtually impossible. Describing and modeling a system as

complex as a functioning library, whether digital or traditional, is subject to limitations.

These include time and resource constraints, imperfect understanding of system dynamics,

and limited useful data. To address these issues, numerous assumptions and idealizations

were made. Many of these are specific to particular elements of the model and are explained

throughout Section 7, the Inventory Analysis. Assumptions and modeling exclusions of a

more general nature are identified below.

General assumptions and exclusions:

§ The focus is limited to journal collections, not books or other resource materials. In

particular, scientific scholarly journals are considered.

§ Document creation and publishing for the digital and traditional systems are assumed to

be identical up to the point of production and distribution. Many people have noted that

activities common to both systems represent at least two-thirds of total publishing costs

(Simoni 2001). Therefore, both models begin after authoring, reviewing, and editing have

taken place.

§ Scholarly information is limited to text and standard graphics such as tables, graphs, and

pictures. Digital media enable new modes of communication such as rotatable 3-D

images, audio and video footage, and hypertext linking. These are ignored in the present

study in order to make an equivalent comparison between digital and traditional systems.

§ With rare exceptions, the concept of a purely traditional or digital library is an artificial

construction. Nearly all research libraries today are hybrid systems that include elements

of both. Indeed, many serials at the University of Michigan are currently obtained in

digital and paper formats. Nevertheless, pure systems were modeled for this study.

Benefits were twofold. First, the modeling effort was greatly simplified. Second, main

effects of energy consumption were easier to discern.

§ MIRLYN, the University Library’s bibliographic search system, was in place prior to the

introduction of electronic serials to the collection. In fact, the original card catalog
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became “dead” in 1988. Computer usage dedicated to MIRLYN searching is assumed to

be identical for digital and traditional systems, and is therefore excluded from the

analysis.

§ Network transmission infrastructure is not considered. Sufficient data was unavailable for

determining the embodied energy of copper wiring and optical fiber.

§ Satellite-based networks are not considered. Altitudes of geo-synchronous

communication satellites are so high as to cause unacceptable signal delays that degrade

network performance (Ogden 2001).

§ Only desktop workstations are considered for online reading. While laptop computers are

becoming more ubiquitous, most library computer stations connected to networks are still

desktop models.

§ While external storage devices (e.g., disk array, magnetic tape, CD-ROM) can be used

for primary data storage, only internal storage of e-journal files is considered. According

to a major producer of server equipment, it is routine to store journal files in this manner

(Holland 2001). In addition, the CD-ROM format is considered an interim technology as

progress is made toward more interactive documents (Myers 2001).

§ Redundant backup files were not considered, although a sensitivity test on server

operating power can be used to represent the effect of using additional storage devices.

§ Long-term storage of paper journals is not considered. The Buhr warehousing facility

currently handles this function for the University of Michigan and additional storage

space will be secured in the future. However, the study only covers a period of ten years,

and it is assumed that the average journal would remain active in the library system

during that period.

§ User options for the Digital Library System are limited to online viewing and/or laser

printing. Downloading material to a workstation, external drive, or central storage file

was not considered.
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6.3 Functional Unit

LCA studies are based on a functional unit (FU) of analysis, meaning that a system’s impact

is measured according to some aspect of its functionality. This unit must be clearly defined at

the outset, particularly for comparative studies such as this one. If this does not happen, then

a legitimate comparison between two dissimilar systems will be difficult to make. To

establish a legitimate comparison between digital and traditional libraries, it was helpful to

reflect on the function of library systems in general. In essence, libraries exist to collect,

preserve, and convey knowledge to a community of users. This investigation focused on

scientific scholarly journals, and a single article was identified as the fundamental unit of

information to study. More specifically, the actual process of a person reading the article one

time defined the FU.

For the traditional system, length of the average scientific journal article is 11.7 pages

(Tenopir and King 2000). Because this figure was calculated from a number of different

journals, a standard-sized 8.5” x 11” publication was assumed. This FU of information was

represented in the digital system as the file size of an equivalent e-journal article. First, a

random sample of five scientific e-journal articles was selected. Using total file size,

kilobytes (kB) per page was calculated for each one, assuming Portable Document Format.

These results were then averaged and multipied by 11.7 to determine kB per article.

Sensitivity of results to using different formats was tested by calculating kB per article in

HTML format for the same sample of articles. Table 6-1 presents these results for file size.

TABLE 6-1  FU FILE SIZE (DIGITAL LIBRARY SYSTEM)

File Size (kB) Pages Images kB/page File Size (kB) kB/page
"Cooperative Radiometric Chemosensors: Pinwheel Receptors with an 
Integrated Fluorescence System"

J. Raker and T.E. Glass
Journal of Organic Chemistry, Vol. 66, No. 20, October 5, 2001

"ldhc  Expression in Non-germ Cell Nuclei Is Repressed by NF-I Binding"
P. Jethanandani and E. Goldberg

Journal of Biological Chemistry, Vol. 276, No. 38, September 21, 2001
"A Method for Determining the Star Formation History of a Mixed Stellar 
Population"

J. Harris and D. Zaritsky
The Astrolophysical Journal Supplement Series, Vol. 36, No. 1, September 2001
"Microbial Community Composition and Ecology of an Acidic Aquatic 
Environment: The Tinto River, Spain"

A.I. Lopez-Archilla and R. Amils
Microbial Ecology, Vol. 41, No. 1, 2001

"Early History of the Carthage-Colton Shear Zone, Grenville Province, 
Northwest Adirondacks, New York (U.S.A.)

M.M. Streepey, K. Mezger, E.L. Johnson, and B.A. van der Pluijm
The Journal of Geology, Vol. 109, No. 4, July 2001

Average File Size (per page): 130  kB/page 177  kB/page

Average File Size (per FU): 1524  kB/FU 2075  kB/FU

9 60 1820 137

16549

790 13.25

23361348

24 476 8014 509

7.5481

7496 15.75

2091567646

Source
PDF HTML

131 7.5 11 17 68 9
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6.4 System Descriptions

In accordance with ISO 14000 LCA methods, separate life cycle models were developed for

the digital and traditional library systems. These are presented in Figures 6-2 and 6-3.

Boundaries were identified and individual model elements were defined. Details of each

element are explained in detail throughout Section 7, the Inventory Analysis. The remainder

of this section provides an overview of both systems.

6.4.1 Digital Library System

Figure 6-2 depicts the boundaries and model elements for the digital system over the three

life cycle phases. The digital model begins in the Upstream Phase immediately following

document creation and publishing. Each box in the diagram represents a separate model

element, and hatched lines depict optional activities that depend on personal choice. Model

elements are briefly described below.

6.4.1.1 Upstream Phase

An e-journal article begins life as data stored on a server that would typically be located

some distance away at a commercial publisher, aggregator, or university. Server hardware

consumes electricity continuously (Data Storage). Additional energy is associated with

manufacturing the equipment (Server Production) and its end-of-life (EOL) management

(Server Disposition). All of the server’s own life cycle burdens are allocated to the Upstream

Phase because they all contribute to data storage of the FU.

6.4.1.2 Use Phase

When a library patron wishes to access an e-journal article, the data file is sent from the

server to the user through a communications network (File Transfer). Each piece of

networking equipment has life cycle burdens associated with it. These are aggregated in the

model (Network Equipment Production, Network Equipment Disposition).

After the article is downloaded, it is read at a desktop computer station (Onscreen Viewing).

Other burdens allocated to this activity include making the computer (Client PC Production)

and EOL management (Client PC Disposition).
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FIGURE 6-2 DIGITAL LIBRARY SYSTEM LIFE CYCLE DIAGRAM
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Depending on whether digital access is on-site or remote, the digital library system consumes

building energy (Facility Infrastructure) and vehicle energy (Personal Transportation).

Finally, the Use Phase may include making a private copy of the information contained in the

article (Laser Printing). Energy is consumed to manufacture the printer and supplies (Printer

Production) and to dispose of them (Printer Disposition). Office paper must also be

manufactured (Office Paper Production). It is important to note that laser printing can

substitute for online reading in addition to complementing it. Substitution occurs when e-

journal article is immediately printed without reading it on the computer.

6.4.1.3 Downstream Phase

The FU is a particular amount of information that must be represented in some format. If the

e-journal article is only read onscreen, then it essentially disappears at the library after the

user is finished with it (although the original file still exists on the server). In this case, there

would be no energy burden assigned to the Downstream Phase. However, a tangible artifact

of the information does remain if the article is printed. After it is no longer needed, the

printed copy will be discarded (Office Paper Disposition).

6.4.2 Traditional Library System

Figure 6-3 depicts the boundaries and model elements for the traditional system over its three

life cycle phases. Like the digital model, the traditional one begins in the Upstream Phase

immediately following document creation and publishing. Each box in the diagram

represents a model element, and hatched lines depict optional activities that depend on

personal choice. Model elements are briefly explained below.

6.4.2.1 Upstream Phase

A traditional article takes a printed journal issue as its context. Each issue must be

constructed from raw materials (Paper Production, Ink Production), printed and assembled

(Journal Printing Operations), and shipped to the library (Journal Delivery). The associated

energy burdens are allocated to individual articles based on relative mass.
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FIGURE 6-3 TRADITIONAL LIBRARY SYSTEM LIFE CYCLE DIAGRAM
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6.4.2.2 Use Phase
After receipt at the library, each new journal issue is processed and managed thereafter.

(Collection Storage). Building-related functions support these activities (Facility

Infrastructure).

After traveling to the library (Personal Transportation), the patron locates the journal, pulls

it from the stacks, and reads the article (Retrieval and Viewing). Because the library does not

own subscriptions to all existing serial titles, a percentage of articles must be retrieved from

outside sources  (Interlibrary Loan)10.

After spending a year or two in the collection, most journals are prepared for binding and

shipped to a commercial bindery. Here separate issues are bound together into a single

volume and are then returned to the library stacks (Binding).

Duplication (Photocopying) is an optional process that determined by individual needs and

behavior. Associated burdens include making the copier and supplies (Copier Production)

and eventually disposing of them (Copier Disposition). Copying paper must also be provided

(Office Paper Production).

6.4.2.3 Downstream Phase

If a personal copy of the article is made, then the information exists in physical form beyond

the journal issue itself. When the photocopy is discarded, the energy burden is assigned to the

Downstream Phase (Office Paper Disposition). Although the journal itself is made of paper,

its disposition was not included in the analysis. Current UM Library policy is to hold paper

journals indefinitely.

Primary energy consumption was calculated for individual model elements in both systems.

Section 7 describes the pertinent variables, relationships, and assumptions.

                                                          
10 Digital libraries also do not hold subscriptions for all existing titles. However, they can obtain borrowed
material using the same networking technology as for material that it receives through subscription. Therefore,
it is unnecessary to model Interlibrary Loan for the digital system.
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7 INVENTORY ANALYSIS

The purpose of this section is to describe the process of accumulating information on inputs

and outputs associated with the spreadsheet model. First, model elements of the Digital

Library System (see Figure 6-2) are discussed sequentially, and then the Traditional Library

System (see Figure 6-3) is covered in the same manner. For some model elements, the

discussion begins with introductory material to clarify the overall sub-system being modeled.

All elements include information about model description, data sources and quality, and

uncertainties and limitations encountered in developing this Inventory Analysis.

Only data related to the calculation of energy consumption was used. Information regarding

other environmental impacts, even when available, was ignored. This is not to suggest that

non-energy impacts are unimportant in any way. Rather it was not within the scope of this

study to consider them. Criteria for including data within the model varied by model element.

Some of the more commonly used criteria included:

• Relative importance to the overall theoretical model (energy consumption of libraries)

• Availability of data

• Relative impact on the particular model element

• Scope of study (time and resource constraints forced decisions about managing the

development of the overall model)

For the most part, secondary data sources were used, although primary sources were also

employed. Data sources included topical literature, existing life cycle studies, databases

related to energy consumption, and personal interviews and observation. The discussion for

each model element more clearly defines the data sources used and the relative quality (such

as precision, completeness, consistency, and age). Allocation procedures have also been

included within each model element discussion. In cases where data were unavailable,

assumptions were made and clearly identified.

The Model Inputs spreadsheet in Appendix A shows all input variables that are adjustable in

the model.
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7.1 Digital Library System

This section describes the modeling process for model elements in the Digital Library

System (see Figure 6-2 for the system diagram).

7.1.1 Document Creation

Diagrams for both library systems (Figures 6-2 and 6-3) show this model element in the

Upstream Phase. It includes a number of critical activities involving many specialists

engaged in authoring, filtering, reviewing, and selecting scholarly information. (Rowley

2000). Because most of these processes are common to both systems, they have been

universally excluded from the analysis. Indeed, it is widely known that well over two-thirds

of journal publishing costs are identical for both systems up to the point of delivery. By not

focusing effort on these common processes, more attention could be paid on activities that

are truly different between the two systems. Identifying the Document Creation model

element servers to put both systems in context.

7.1.2 Server Computer and Data Storage

The digital equivalent of shelf-based storage for paper journals is storage on a server

computer. As the term suggests, it “serves” data to user workstations called clients. Servers

tend to be powerful computers that have large amounts of storage space, adequate main

memory to run searching applications, and ability to communicate with a network (Noerr

2000). Different types of organizations can maintain journal-related servers. These groups

include commercial aggregators acting as subscription agents, publishers, learned societies,

and university libraries and presses (McKay 1999). For this study, such differences in server

management were considered transparent with respect to energy consumption. In all of these

situations, computer equipment and support facilities would be similar.

7.1.2.1 Model Description

While the server does play a role in transferring data to the client during file access, the

relative time spent in this mode is small in comparison to the data storage function.

Therefore, as Figure 6-2 shows, all server-related energy burdens were assigned to the
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Upstream Phase of the Digital Library System. Three activities were modeled with respect to

server equipment: 1) data storage; 2) server production; and 3) server disposition.

7.1.2.1.1 Data Storage

The model spreadsheet for this element is provided in Appendix B. Assuming a ten-year time

horizon and an equipment design life of five years, two server computers were assumed to

operate consecutively. It was further assumed that journal files are stored internally on the

equipment’s hard disk drive. Given these conditions, energy consumption due to data storage

was determined in five steps:

1. Calculate total server energy over ten years.

Machine 1: Years 1-5

According to Holland (2001), the Sun 3500 Enterprise Server would be an appropriate

choice for internal storage of electronic journal files. The manufacturer’s power rating for

this server model is 484 Watts. Assuming that the equipment operates continuously at

this power rating, total lifetime energy consumption is:

EnergyTotal(Y1-Y5) = (0.484 kW) x (5 years) x (8760 hours/year)

= 21,199 kWh

Machine 2: Years 6-10

To reflect expected improvements in design, the second server’s power rating was

reduced by 25%:

EnergyTotal(Y6-Y10) = (0.363 kW) x (5 years) x (8760 hours/year)

= 15,899 kWh

2. Determine the memory required for storing the FU data file.

Table 6-1 reports the digital equivalence of a typical journal article in Portable Document

Format to be 1,524 kB. Beyond this, additional space is required for support functions

associated with the file. Table 7-1 presents Noerr’s (2000) scheme for calculating total

storage requirements.
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TABLE 7-1 STORAGE SPACE FOR THE FU DATA FILE

Function Calculation Rule Storage Requirement

Raw data file --- 1.524 MB

Structural overhead 20% of raw data 0.305 MB

Indexing overhead 100% of raw data 1.524 MB

Bibliographic overhead --- 0.002 MB

Redundant array storage 33% of current subtotal 1.107 MB

Total storage space 4.462 MB

3. Identify the equipment’s total storage capacity. A standard Sun Enterprise 3500 server

has a 16,000 MB of data storage capacity. This amount was doubled to 32,000 MB for

the second machine in years 6-10.

4. Determine allocation ratios for both machines. Using FU memory requirements and

storage capacity for both servers, allocation ratios were calculated for the two 5-year

periods:

RatioYears1-5 = (4.462 MB) / (16,000 MB)

= 0.00028

RatioYears6-10  = (4.462 MB) / (32,000 MB)

 = 0.00014

5. Calculate FU energy for both machines.

Machine 1: Years 1-5

Storage energy allocated to the first server:

EnergyServer1 = (0.00028) x (21,199 kWh)

= 5.91 kWh

Next, this electricity consumption was converted into primary energy using a power

efficiency factor:

EnergyPrimary1 = (5.91 kWh / 0.30) x (3.6 MJ/kWh)

= 70.9 MJ
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Finally, a factor was applied to account for auxiliary energy associated with support

and HVAC equipment. Based on a previous study, support equipment consumes 1.06

times the actual computing energy (Mitchell-Jackson 2001):

EnergyAdjusted1 = (70.9 MJ) + [(1.06) x (70.9 MJ)]

= 146 MJ/FU

Machine 2: Years 6-10

The same series of calculations was made for the second server:

EnergyServer2 = (0.00014) x (15,899 kWh)

= 2.22 kWh

EnergyPrimary2 = (2.22 kWh / 0.30) x (3.6 MJ/kWh)

= 26.6 MJ

EnergyAdjusted2 = (26.6 MJ) + [(1.06) x (26.6 MJ)]

= 54.8 MJ/FU

7.1.2.1.2 Server Production

Life cycle energy data for production of actual server equipment was not available. Instead,

production data for a desktop computer system was used. It was scaled up using the relative

power consumption of server and desktop power ratings:

EnergyTotal, Prod = (8,300 MJ/desktop) x (484 Watts / 150 Watts)

= 26,781 MJ

Assuming the same production energy for both servers, it was assigned over the ten-year

period according to the previous allocation scheme:

EnergyFU,Prod = (0.00028 + 0.00014) x (26,781 MJ)

= 11.2 MJ/FU

7.1.2.1.3 Server Disposition

The method for assigning production burden was used to determine the energy consumption

of disposition. It was assumed that all computers are eventually sent to a landfill. End-of-life

data related to landfill processing of a desktop system was used in place of production data:
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EnergyTotal Disp = (14.7 MJ/desktop) x (484 Watts / 150 Watts)

= 47.4 MJ

EnergyFU,Disp = (0.00028 + 0.00014) x (47.4 MJ)

= 0.02 MJ/FU

7.1.2.1.4 Total Server-related Energy Consumption

Total energy consumption for storing one journal article file over ten years was calculated by

adding the individual components:

EnergyTotal = EnergyStorage + EnergyProduction + EnergyDisposition

= 146 MJ + 54.8 MJ + 11.2 MJ + 0.02 MJ

= 212 MJ/FU

7.1.2.2 Data Sources and Quality

§ Server power rating and storage capacity were taken from the company web site of the

manufacturer, Sun Microsystems, and is therefore considered to be of good quality.

Being entered directly into the Model Inputs spreadsheet (see Appendix A), these values

were adjustable in order to test the effect of using other models of server equipment.

Nameplate power ratings for electronics usually include factors of safety and can be

considered upper bounds for actual power draw.

§ The scheme for calculating total storage capacity for a server file came from Dr. Peter

Noerr, a private consultant and leading expert in the design of digital library systems. Dr.

Noerr is also the author of a digital library manual that was commissioned by Sun

Microsystems.

§ The support and auxiliary energy factor of [(1.06) x (storage energy)] was adopted from

Mitchell-Jackson (2001). Her recent analysis determined total energy consumption of a

typical Internet data center; it was supported by researchers at the Lawrence Berkeley

National Laboratory.
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§ Computer production energy was taken from a study conducted by the Microelectronics

and Computer Technology Corporation (MCC 1993). That analysis considered 72% of

the materials by weight in a desktop computer system, including semiconductors, printed

wiring boards, and display. Given the age of this data, its quality can only be considered

fair. Sensitivity of results to changes in this parameter was tested and is reported in

Section 8.

§ Data on computer disposition energy is sparse. For this study, landfill-related burden was

taken from an analysis by Miyamoto et al., as reported by Williams and Sasaki (2001).

The total burden of 14.7 MJ is the sum of 13.8 MJ for logistics, and 0.9 MJ for actual

processing at the landfill site. This data is originally from Japan and could not be verified

in the original language, so its quality is suspect. Any error stemming from this

uncertainty is not expected to be large; the EOL energy data is several orders of

magnitude lower than production energy data, and is therefore negligible.

7.1.2.3 Limitations and Uncertainties

§ The assumption that storage capacity doubles after five years is extremely conservative.

Others have estimated much more drastic improvement. According to the U.S.

Department of Commerce, the capacity of hard-disk drives is actually doubling every

nine months. Sensitivity of results to this parameter were tested and reported in Section 8

(DOC 2000).

§ FU file size was assumed constant over the entire ten-year time horizon. As new features

such as multi-media and imbedded data files are added to electronic serial publications,

storage requirements would certainly rise. However, this study assumes equivalent

articles in paper and digital formats, and so constant file size is a reasonable

approximation for this FU.

§ Using relative power rating to scale production and disposition energy burdens is crude,

but it provides a method to estimate parameters for which no data exists. The logic

behind this method is related to a significant portion of production energy being devoted
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to the manufacture of semiconductor chips. Higher power computers tend to have more

storage space, which in turn requires more energy-intensive chips.

§ This analysis assumed that all server computers are eventually disposed of in landfills.

While other modes of end-of-life management do exist, relevant data is largely

unavailable. Any uncertainty associated with this assumption is not expected to have a

large impact on final results as the ratio of production to disposition energy was greater

than 500:1.

§ Some servers may be equipped with power management features that reduce energy

consumption of hard disk drives and the central processing unit (CPU) during periods of

inactivity. For this study, it was assumed that the server maintains files for a variety of

digital resources that are accessed globally. Given these circumstances, any period of

complete inactivity would likely be short even though low traffic levels would certainly

be experienced.

§ Storage energy was allocated on the basis of file size, concentrating on the energy used to

read data from the disk. In reality, popular files (or pieces of files) could be cached within

the disk subsystem, which would tend to reduce the read and transfer penalty (Noerr

2001). However, Palms (2001) notes that cached information may also be stored on the

client machine. This would incur no marginal energy burden for library workstations that

are used strictly for online reading. Besides, the access pattern for most scholarly journal

articles is such that well-traveled information routes would not be recognized for most

articles on the server, so a relatively small amount of information would be cached

anyway.

§ Assigning a 5-year design life to both servers was a simplifying assumption. In reality,

major components would probably degrade at different rates. Electronics tend to last

longer than disk drives and could be replaced less often. However, Noerr (2000)

confirmed that five years is a reasonable assumption, given a controlled environment and

regular maintenance.
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7.1.3 Computer Network

After being summoned from the server, a FU data file must travel through a communications

network to be received at the client workstation. In this study, this network becomes relevant

only when an e-journal article is requested and sent to the library patron. Therefore, all

network-related energy burdens have been assigned to the digital library’s Use Phase (see

Figure 6-2).

7.1.3.1 Model Description

Three components of energy consumption were modeled: (1) data transfer, (2) network

equipment production, and (3) equipment disposition. See Appendix C includes the model

spreadsheet.

7.1.3.1.1 Data Transfer

Figure 7-1 shows a typical pathway between an e-journal host server and a digital library

client workstation. The following terminology is useful for understanding the diagram11:

Local Area Network (LAN)  A network that connects computers within a building or group

of buildings. The University of Michigan Library’s computer network may be considered a

LAN.

Point of Presence (PoP)  An access point to the Internet that is located at the edge of an

Internet service provider’s own network.

Network Access Point (NAP)  A junction that handles large traffic volumes. NAPs act as

hubs on the Internet where major trunk lines intersect. They are often located near large

population centers.

Internet Backbone  High-capacity trunk lines that carry the majority of Internet traffic.

With these definitions in mind, consider a data packet from an e-journal file (Appendix D

provides a brief introduction on data packets and how they are sent through the Internet). The

                                                          
11 Adapted from definitions found at http://www.webopedia.com.
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packet emerges from the server’s LAN in Figure 7-1 and arrives at the nearest PoP. Next, it

experiences a number of “hops” through various routers on the backbone. After being

directed through a NAP, the packet completes its journey by following a similar path in

reverse to a client located at the digital library. In the diagram, communication links vary in

thickness to reflect different volumes of data traffic. An important implication of this tiered

network structure is that routing equipment is not homogenous. The most powerful and

sophisticated routers are found at or near NAPs. Routers closer to LANs experience far less

traffic, so they tend to be slower and require less power (Hillig 2001). These differences were

represented in the model.

This section describes the modeling of all but two of the devices shown in Figure 7-1; the

server is covered in Section 7.2.2 and the client is discussed in Section 7.2.4. Energy

consumption related to data transfer through networking equipment was calculated using

seven steps:

1. Determine the total amount of data transferred.

As explained in Appendix D, a file is divided into data packets before being

transferred over a network. Each packet contains control data that specifies the final

destination of the packet. Therefore, total data transfer associated with the file is

greater than the actual file size of the content. To calculate total amount of data

transferred, several variables were defined: 1) File size – data contained in the content

of the e-journal article; 2) Packet size – standard amount of data contained in a single

packet; and 3) Control data – data added to the original file as address information.

The file size of 1,524 kilobytes (kB) that was calculated in Section 6.3 provided the

initial value here. Standard sizes for a packet and control information are 1.024 kB

and 0.128 kB respectively (http://www.webopedia.com 2001). All three of these

parameters can be adjusted using the Model Inputs spreadsheet (see Appendix A).

The total number of packets required for sending the article was found by dividing

file size by the amount of content-related data sent with each packet:
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FIGURE 7-1 TYPICAL NETWORKING ROUTE THROUGH THE INTERNET
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Number of packets = [(1,524 kB/article) / (1.024 kB – 0.128 kb)]

= 1,701 packets/article

Total amount of data transfer was then determined:

Total data transfer = (1,701 packets/article) x (1.024 kB/packet)

= 1,742 kB

2. Estimate number of hops through the network.

The number of hops, or routing changes, experienced by the packets can be quite

variable. In fact, due to the Internet’s dynamic nature, it would not be unusual for

packets within the same file to arrive via different routes. Nevertheless, routing

algorithms tend to prescribe the most efficient path available, so variations between

the same two stations would not be great. A traceroute, like that shown in Figure 7.2,

can be used to identify the exact number of required hops between a client and any

other station on the Internet at any given time. Traceroute programs are used to check

network status and can be generated from any computer connected to the Internet12.

FIGURE 7-2 TRACEROUTE BETWEEN UNIVERSITY OF MICHIGAN AND STANFORD UNIVERSITY

                                                          
12 Figure 7.2 was generated using http://www.wallnet.com/tr.html.

traceroute to www.LB-A.stanford.edu (171.64.14.238), 30 hops max, 40 byte packets
 1  gatekeeper (206.42.160.1)  1 ms  2 ms  1 ms

2  net99 (206.84.225.29)  24 ms  23 ms  24 ms
 3  206.185.220.9 (206.185.220.9)  30 ms  25 ms  37 ms
 4  a6-0-20.vienna1-nbr2.bbnplanet.net (4.24.144.109)  30 ms  34 ms  43 ms
 5  p4-0.washdc3-br2.bbnplanet.net (4.0.1.97)  26 ms  26 ms  26 ms
 6  so-2-0-0.washdc3-nbr2.bbnplanet.net (4.24.10.57)  29 ms  26 ms  38 ms
 7  p9-0.phlapa1-br2.bbnplanet.net (4.24.10.186)  28 ms  27 ms  30 ms
 8  p15-0.phlapa1-br1.bbnplanet.net (4.24.10.89)  48 ms  25 ms  26 ms
 9  p9-0.iplvin1-br1.bbnplanet.net (4.24.10.182)  45 ms  58 ms  52 ms

10  so-6-0-0.chcgil2-br1.bbnplanet.net (4.24.9.57)  47 ms  73 ms  44 ms
11  p1-0.chcgil2-cr11.bbnplanet.net (4.24.6.22)  56 ms  48 ms  44 ms
12  p7-1.paloalto-nbr1.bbnplanet.net (4.24.6.98)  95 ms  94 ms  102 ms
13  p4-0.paloalto-nbr2.bbnplanet.net (4.0.5.66)  104 ms  388 ms  254 ms
14  p0-0-0.paloalto-cr18.bbnplanet.net (4.0.3.86)  267 ms  114 ms  123 ms
15  sunet-gateway.stanford.edu (198.31.10.1)  116 ms  107 ms  98 ms
16  * * *
17  * * *
www4.Stanford.EDU (171.64.14.238)  96 ms  100 ms  99 ms
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Even though paths can change due to traffic congestion and equipment outages,

traceroutes are usually consistent between the same two machines. Figure 7.2 shows

the route followed by a test message sent from the University of Michigan to Stanford

University in California. Each line on the traceroute represents one router through

which the message traveled. The symbol (***) means that a particular router was

called but failed to respond, so the packet was sent to the next available router.

Traceroutes identify the IP address of each router and three separate measurements of

round trip travel time (in milliseconds) between the client and that router. It should be

noted that these times also include delays in queue, so they do not reflect actual signal

speed. To prevent undelivered messages from clogging the system, router hops are

generally limited to thirty-one (Hillig email 2001).

Based on Figure 7.2, this model assumed a pathway of fifteen routers, which is the

amount shown in Figure 7.1. Other assumptions included:

§ Data packets from the same message travel identical pathways.

§ The routing path is sufficiently long to require passage through a NAP.

In addition to routers that forward traffic through networks and sub-networks, one

hub and one switch were assumed at either end of the pathway. These represent

standard network connection gear. Hubs connect computers to other devices in a

LAN. They enable equipment to be added and removed without bringing down the

network. Switches are devices that link telephone lines and trunks. At the University

of Michigan, switches connect client computers to the nearest outgoing router (Olsen

2001).

So, initial quantities for the model were set at 15 routers, 2 switches, and 2 hubs, but

these variables are adjustable using the Model Inputs spreadsheet.

3. Select appropriate equipment models and get parameters for power rating (in Watts) and

data flow capacity (in megabytes/second, or MB/s).
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Cisco is one of the dominant manufacturers of routing and switching equipment.

Product information was taken directly from the company’s web site. Models were

selected by using sales information to match equipment parameters to performance

requirements at different parts of the network. The largest machines were chosen for

backbone routers (see Figure 7-1); smaller devices were identified for use at locations

away from major trunk lines. All parameters are adjustable using the Model Inputs

spreadsheet in Appendix C.

4. Estimate levels of equipment utilization.

Utilization, which is average data throughput as a percentage of total capacity, was

used to allocate the energy burden of network devices. Internet equipment is under-

utilized by design. While voice circuits can be operated at 90% capacity, data traffic

tends to occur in bursts, being idle for periods and saturated during peak hours.

Routing and switching equipment, which must be sized for peak capacity, is therefore

under-utilized on average. Initial assumptions about utilization were based on several

facts. The University of Michigan’s network is run at about 30% capacity (Hillig,

2001). Also, average utilization increases nearer to the backbone because the speed of

links determines capacity (Ogden 2001), but it rarely rises above 50% (Snavely

2001).

Initial values for equipment utilizations ranged between 20% and 50%. They are

adjustable using the Model Inputs spreadsheet.

5. Calculate total energy consumption of networking equipment.

For each type of switch, hub, and router, the spreadsheet calculated energy

consumption in units of kWh per MB according to the following relationship:

      EnergyDevice       = [(Power rating) / (Traffic capacity)] x [Utilization]

             = [kW] / [(MB/second) x (3600 seconds/hour)] x [Utilization]

           = kWh/MB
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This result presents total energy consumption on the basis of average traffic flow

experienced by each device. It is based on two assumptions. First, network equipment

draws power continuously (Olsen 2001). Second, traffic level is distributed evenly

across time. The relationship used here simply provided an alternate convention for

allocating fixed energy burden to a discrete amount of transferred data.

6. Allocate energy to the FU for each piece of networking equipment.

Because network equipment draws power regardless of instantaneous traffic flow,

determining marginal energy cost associated with a discrete chunk of data is

problematic. Instead, energy burden for each device was allocated using the ratio of

file size to total traffic volume over a given period of time:

EnergyFU Portion =  (kWh/MB) x (File Size)

The relationship was applied for all routers, switches, and hubs. Results were then

added to yield total electricity consumption per FU of 0.000028 kWh/FU.

7. Adjust electricity burden for grid efficiency and load of auxiliary equipment.

Primary energy was calculated by applying a grid efficiency factor from the Model

Inputs spreadsheet to the earlier result. In addition, auxiliary equipment load was

represented by an amount equal to 1.06 of the combined routing load (Mitchell-

Jackson 2001). It represents all devices such as uninterruptable power supplies (UPS)

and ventilation and cooling equipment that support networking devices in controlled

environments. The resulting energy for associated with data transfer was 0.00069

MJ/FU.

7.1.3.1.2 Network Production and Disposition

Burdens related to the production and disposition of routers, hubs, and switches were

calculated using the approach taken for servers (see Section 7.2.2). First, energy data for the

manufacture and landfill disposal of a desktop computer system were adjusted with relative

power ratings for each type of equipment. Results for each type were then multiplied by

equipment quantities to yield total production and disposition energy for the entire FU
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networking path. Finally, total energy was allocated using the previous ratios and an assumed

standard design life of 5 years:

EnergyFU,Prod = (ETotal,Prod) x [(FU file size) / (MB/sec)] x [(5 years) x (31.5 Msec/year)]

EnergyFU,Disp = (ETotal,Disp) x [(FU file size) / (MB/sec)] x [(5 years) x (31.5 Msec/year)]

This relationship was calculated in the model spreadsheet using data for each type of

networking equipment. Results yielded FU production energy of 0.035 MJ/FU and FU

disposition energy of 0.000063 MJ/FU.

7.1.3.1.3 Total Energy Consumption

Total network-related energy consumption was calculated by adding the individual

components:

EnergyFU, Total = EData Transfer + EProduction + EDisposition

= 0.00069 MJ + 0.035 MJ + 0.000063 MJ

= 0.036 MJ/FU

7.1.3.2 Data Sources and Quality

§ FU file size was determined from the analysis presented in Section 7.1.2.1.1.

§ Standard sizes for packet and control data were obtained from on online source,

(webopedia). It is a general information resource for Internet-related topics.

§ Traceroute data was used to estimate the number of routing hops in the model. This

information is developed automatically and is quite exact. It is considered to be of

excellent quality.

§ General information about network architecture and utilization rates was drawn from a

number of personal interviews with support staff at University of Michigan’s Library and

Information Technology and Communications department, and at the MichNet group.
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Useful background material was also drawn from a standard text on data and computer

communications (Stallings 1994).

§ Equipment model information, power ratings, and data flow capacities were obtained

from the manufacturer’s web site (www.cisco.com). These data are recent and are

considered to be of good quality.

§ The factor for auxiliary equipment load was found in Mitchell-Jackson’s thesis (2001).

Her study is the most recent and comprehensive analysis of data support centers.

7.1.3.3 Limitations and Uncertainties

§ Modeling the Internet is essentially shooting at a moving target. Technological changes

occur so quickly that any in-depth study must be considered a snapshot today that may

not be completely valid tomorrow. This analysis has used product information that was

available as of late 2001. Results will change to the extent that performance parameters

evolve in the future.

§ Traceroutes only provide information about routers, not switches or hubs. A data packet

leaving the University of Michigan’s network can traverse from one to four of these other

devices (Hillig 2001). This analysis assumed two – one hub and one switch. Assumptions

related to the quantity of each type of equipment can be adjusted. A sensitivity test was

conducted on them and is reported in Section 8.

§ Network distance (number of router hops) corresponds loosely with geographical

distance. The number of routers is expected to vary depending on proximity of client and

server. The associated uncertainty with regard to energy consumption is greatly reduced

because Internet hops are automatically capped at thirty-one. This provides a useful upper

bound for the analysis.

§ There is some uncertainty associated with the energy load of auxiliary and support

equipment. Differences arise due to building age, extent to which network computer
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space is shared with other functions, and size of the computing facility. This study

assumed that networking equipment is maintained in a typical data storage center, a space

designed specifically for the purpose of managing sensitive electronic equipment. In

addition, production and disposition energy of auxiliary equipment was not considered in

this analysis.

§ Only hard links were considered. Satellite connections are seldom used for high-speed

Internet. Even at the speed of light, transmission distances created by geo-synchronous

orbits of 23,000 miles create too much delay for effective interactive communication

(Ogden 2001). Wireless devices were excluded due to scope limitations. In general, these

devices would use more energy than hard connections because signals are multi-

directional, not propagated down a dedicated path (Mills and Huber 1999).

§ Energy attenuation experienced in all communication lines (Ethernet, copper cable,

optical fiber, etc.) has been completely excluded from this analysis. Any error resulting

from this assumption will be reduced to the extent that newer, more efficient lines are

utilized.

§ Beyond routing and switching equipment, communication networks include a number of

various filters and amplifiers. These were omitted from the analysis due to difficulty in

assessing the quantity of these devices. They consume far less energy than other network

equipment, so this assumption was not expected to change results significantly.

§ E-journal data transfers begin with an initial request message to establish the connection

between client and server. This was excluded because the amount of data exchanged is

far smaller than the actual file size. In addition, it was assumed that the article file is

immediately cached on the client machine, so no additional transfer occurs beyond

sending the file once.

§ Standard grid efficiency was assumed for all pieces of networking equipment. This is not

accurate to the extent that the devices are regionally dispersed. For example, electricity
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generated in the Northwestern U.S. is associated with a greater portion of hydropower

than the Midwest, which relies much more on coal as an energy fuel. Sensitivity to the

grid efficiency factor was tested and is reported in Section 8.

7.1.4 Client Workstation

After information has been transferred over the network, the client workstation, so called

because it the server computer’s “customer”, displays the journal article for the patron’s use.

In this study, the client is defined as a desktop computer with standard peripherals (CRT

monitor, keyboard, and mouse) that is powerful enough to provide good display and

networking performance.

7.1.4.1 Model Description

The role of a digital library is to provide access to material in a digital format. In the

Upstream Phase of the system, an e-journal article resides on the server. The client becomes

relevant to the system only when a library patron wishes to view the article. For LCA results

to be meaningful, burdens should be assigned to appropriate life cycle phases. Therefore, all

burdens associated with the client (its use, production, and disposition) were assigned to the

digital system’s Use Phase (see Figure 6-2). Each of these burdens is discussed below.

Appendix E provides the model spreadsheet used for this analysis.

7.1.4.1.1 Onscreen Viewing

Viewing Electricity. This model calculated operating electricity using power and time

parameters for the client. Power required to operate the system was estimated at 152 W13.

Tenopir and King (2000) report the reading time for the average scientific journal article to

be 0.97 hours, which was assumed as the initial value. Both the power and time variables are

adjustable using the Model Inputs spreadsheet (see Appendix A). From these data, direct

electricity associated with reading an e-journal article was calculated:

ElectricityViewing = (152 Watts) x 0.97 hours/FU
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= 0.146 kWh/FU

Overhead Electricity. If the client were continuously in use, then the previous result would

sufficiently describe total FU operating burden. However, it is much more likely that the

device would experience periods of inactivity during which it is still be powered and waiting

for use. Electricity consumed under this circumstance must be allocated to tasks performed

during active periods. A straightforward method is to allot this overhead electricity based on

activity time. Table 7-2 provides power and time variables used in this analysis, all of which

can be adjusted using the Model Inputs spreadsheet.

TABLE 7-2 CLIENT WORKSTATION ENERGY PARAMETERS

Operating Mode Power (Watts) Hours/Day kWh/Day

Active 150 10 1.50

Sleep 15 6 0.09

Off 1 8 0.008

Energy Star establishes criteria for power management features that enable computers to

revert to low-power modes after a time delay. Time variables in Table 7-2 reflect initial

assumptions for the duration spent in each power mode each day. Client use in libraries is

highly variable, depending on time of day, progression through the semester, and per capita

machines on campus. The spreadsheet calculated energy in each mode using power and time

factors. Results in Table 7-2 show that total overhead (inactive) electricity consumption is

0.098 kWh/day. This was allocated to the FU based on the ratio of FU reading time to total

activity time as follows:

ElectricityOH = (0.098 kWh/day) x [(0.97 hours/FU) / (10 hours/day)]

= 0.0095 kWh/FU

Total Operating Electricity. Adding the FU electricity components for viewing and overhead

yielded total electricity consumption associated with onscreen viewing:

                                                                                                                                                                                   
13 The sum of two components: 40 Watts for a 500 MHz Pentium III CPU (Koomey et al., 1999) and 112 Watts
for a CRT 17” monitor (U. of Tennessee, 2001).
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ElectricityFU = 0.146 kWh + 0.0095 kWh

= 0.155 kWh/FU

Applying a grid efficiency factor from the Model Inputs spreadsheet yielded total primary

energy per FU:

EnergyFU = [(0.155 kWh/FU) / (0.30)] x (3.6 MJ/kWh)

= 1.86 MJ/FU

7.1.4.1.2 Client Production

MCC (1993) reports desktop computer production energy as 8,300 MJ/computer. This

energy was allocated to the FU using a time-based burden factor. Assuming a 2-year

equipment design life, total activity time for a client is:

Total Activity Time = (10 hours/day) x (365 days/year) x (2 years)

= 7,300 hours

Therefore, the FU burden factor is:

Burden Factor = (0.97 hours) / (7,300 hours)

= 0.00013

Applying this factor to client production energy yielded FU production burden:

EnergyFU = (8,300 MJ) x (0.00013)

= 1.1 MJ/FU

7.1.4.1.3 CW Disposition Stage

Disposition energy was calculated using the previous burden factor. Williams and Sasaki

(2001) report landfill processing energy for a desktop computer system to be 14.7 MJ. This

was allocated to the FU as follows:

EnergyFU = (14.7 MJ) x (0.00013)

= 0.002 MJ/FU
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7.1.4.1.4 Total Client Energy Consumption

Energy for all three components were added to yield total client-related energy consumption:

EnergyFU = 1.86 MJ + 1.1 MJ + 0.002 MJ

= 2.96 MJ/FU

7.1.4.2 Data Sources and Quality

§ Power management parameters (power and time) were verified using the Energy Star

program web site. This data is assumed to be of good quality. However, the classes of

different computer systems tend to vary. For example, portable models tend to draw

much less power than standard desktop systems. Only desktop computers were

considered in this study because of their prevalence in most current library network

environments.

§ Article reading time was taken from the most comprehensive work to date on journal

usage trends (Tenopir and King 2000). While the methodologies used for this source

appear sound, journal characteristics can vary greatly and any average value obtained

should be treated with healthy skepticism. Therefore, sensitivity of results to this

parameter (journal reading time) was tested and is reported in Section 8.

§ Computer production energy was taken from a study conducted by the Microelectronics

and Computer Technology Corporation (MCC 1993). That analysis considered 72% of

the materials by weight in a desktop computer system, including semiconductors, printed

wiring boards, and display. Given the age of this data, its quality can only be considered

fair. Sensitivity of results to changes in this parameter was tested and is reported in

Section 8.

§ Data on computer disposition energy is sparse. For this study, landfill-related burden was

taken from an analysis by Miyamoto et al., as reported by Williams and Sasaki (2001).

The total burden of 14.7 MJ is the sum of 13.8 MJ for logistics, and 0.9 MJ for actual

processing at the landfill site. This data is originally from Japan and could not be verified

in the original language, so its quality is suspect. Any error stemming from this
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uncertainty is not expected to be large; the EOL energy data is several orders of

magnitude lower than production energy data, and is therefore negligible.

7.1.4.3 Limitations and Uncertainties

§ Reading time per journal article is subject to a number of factors including screen

resolution, ability to concentrate, length of article, size of text, etc. While the initial

assumption of 0.97 hours per article may be realistic in some cases, it may be quite

inaccurate for others. In addition, any differential in digital reading time and traditional

reading time would introduce error by due to a skewed comparison of the two systems.

§ Energy Star specifies that some computers enter Deep Sleep mode after an inactive

period of one hour. This additional (and sometimes optional) criterion was excluded from

this analysis to simplify the model.

§ As technology improves, computer power ratings will decrease over time. This study

assumes a ten-year time horizon, so this issue is pertinent. To test the sensitivity of results

to changes in power variables, they were adjusted by a factor of 0.5; these results are

reported in Section 8.

§ A common design life was assumed for all components of the client computer system.

This simplification is not expected to cause a significant error in results.

7.1.5 Building Infrastructure

Energy consumption related to building infrastructure was modeled for both library systems.

The case for the traditional system is discussed in Section 7.2.6.

7.1.5.1 Model Description

For the digital library in this study, computer workstations replace journal storage in

traditional stacks. These workstations occupy building space that must be conditioned and lit.

Additional space is devoted to social learning activities, which include group collaboration

(Lynch 2000) and reference service (Kuny and Cleveland 1996), as well as library support
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functions. Energy burden associated with this non-workstation space was allocated to the FU.

The model spreadsheet for this element is provided in Appendix F.

First, building energy intensity was determined. University utility records provided an

average  value of 196 MJ/sqft/year for the Shapiro Science Library in 1995-6 (UM 1996).

Next, the direct footprint associated with a FU was estimated. This was defined as the area

occupied while using a client workstation at the library. A value of 6 sqft. was chosen to

reflect the desk space for the computer/monitor/peripherals, and the associated seating area.

The direct footprint was then adjusted using a space ratio, which is defined as the ratio of

direct footprint to total library floor space. It accounts for non-reading areas associated with

support and administrative activities. An initial value of 0.35 was assumed. This is identical

to the space ratio calculated for the Traditional Library System, and is explained further in

Section 7.2.6. Applying the space ratio yielded the total amount of floor space that should be

allocated to each client workstation in the library:

Floor spaceClient = (6 sqft) / (0.35)

= 17.14 sqft

Energy burden was calculated using building energy intensity:

Building EnergyClient = (17.14 sqft) x (196 MJ/sqft/year)

= 3354 MJ/year

= 9.2 MJ/day

This figure represents the building-related energy required to support a client workstation

each day. Allocating this to a FU was accomplished by applying a factor equal to daily

Active Mode duration:

Building EnergyFU = (9.2 MJ/day) x (0.97 hours / 10 hours)

= 0.89 MJ/FU
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7.1.5.2 Data Sources and Quality

§ Building energy intensity for Shapiro Science Library was taken from a report compiled

by the Center for Sustainable Systems. It contains performance data taken directly from

the University’s physical plant and is considered to be of good quality. This data is five

years old and therefore does not reflect any changes in plant performance since 1996.

§ The space ratio parameter represents the ratio of computer-related floor space to total

library floor space. The initial value of 0.35 was borrowed directly from the Traditional

Library System’s Infrastructure model, and is further explained in Section 7.2.6.

§ Time parameters associated with journal reading and daily computer use were taken

directly from the Client Workstation model (see Section 7.1.4)

7.1.5.3 Limitations and Uncertainties

§ Energy intensity of an existing building environment, the Shapiro Science Library, was

assumed for the digital library. In fact, Shapiro already provides computer workstations

for using electronic resources, and so this assumption for energy intensity is realistic.

§ By using average annual data for energy intensity, it was not possible to consider the

effects of seasonal variations on energy consumption. On the Ann Arbor campus,

electrical air conditioning equipment is generally used during summer, while lower

quality steam heat is used during winter. From this, one could surmise that more primary

energy would be consumed in summer months. But this cannot be confirmed without

seasonal data.

§ Effect of electronics on heating and cooling loads was not analyzed due to lack of

seasonal energy data. In particular, computer and laser printing equipment would be

expected to generate heating credit in winter, and extra cooling load in summer,

depending on climate zone. Error introduced by this exclusion is not expected to be

significant.
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The space ratio parameter is highly contingent. Support space per computer footprint is

expected to vary with such factors as management practices, user preferences, and building

age. Recognizing the potential for variability in this parameter, it was tested with regard to

the model’s robustness. Results of this test are discussed in Section 8.

7.1.6 Laser Printing (Printer Device)

Delivery of the FU has been achieved when the e-journal article appears onscreen for use. At

this point, the patron may choose to generate a hardcopy by printing the article. While this

process is optional in terms of providing the reader with information, it represents additional

energy burden that must be assigned to the FU. The impact from laser printing e-journal

articles has the potential to be quite significant due to sheer volume of printing traffic.

According to Hart et al. (2001), most research libraries now consider laser printing to be a

fundamental service. According to survey results from the study, the most frequently printed

type of document is the full-text article.

The technology of laser printing is very similar to digital photocopying. A brief description

of that process’s technology can be found in Section 7.2.9.1.

7.1.6.1 Model Description

This section covers the modeling of energy consumption associated with printer operation,

and production and disposition of the laser printer, spare parts, and consumables. Office

paper production represents additional burden associated with laser printing and is described

separately in Section 7.1.7. The present discussion is limited to equipment-related processes.

For the related model spreadsheet, see Appendix G.

7.1.6.1.1 Laser Printer Operation

This subsection explains the process for quantifying direct and overhead electricity

consumption for laser printing.

Direct Electricity

Electrical energy consumed during actual printing is given by the basic relationship:
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ElectricityPrinting  =  (FU Printing Time) x (Active Power Level)

Manufacturer’s power rating for a Hewlett-Packard Laserjet 4100 in Active Mode 450 Watts

(HP 2001).

FU printing time was determined from data on rated printer speed and FU length. The HP

4100 prints at a continuous rate of 25 images/minute, which is equivalent to 1500

images/hour (HP 2001). At this point, several terms must be precisely defined:

Image.  The basic unit of service in portable printing, representing one side of a sheet

of paper.

Sheet.  A piece of letter-sized office paper. In simplex (single-sided) printing, one

image is printed per sheet. In duplex (double-sided) printing, two images are printed

per sheet.

Page.  The unit of measure for scholarly journal articles. In this study, the FU is

equivalent to 11.7 standard-sized pages.

FU length is a critical parameter that defines the number of images that must be printed to

produce a hard copy of the journal article. First, 11.7 pages was rounded up to12 pages

because partial sheets cannot be used for laser printing. If an e-journal article is printed full-

size, then FU length (measured in printed images) is simply equal to the number of pages per

article. The model also enables the choice of half-size printing, shown in Figure 7-3. This

selection can be made on the Model Inputs spreadsheet (see Appendix A). Full-size printing

was initially assumed.

        Full-Size Printing  Half-Size Printing

FIGURE 7-3 FULL-SIZE VS. HALF-SIZE LASER PRINTING
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The issue of single-sided versus double-sided printing is extraneous because it was assumed

that printing energy per image is the same regardless. However, it does affect the amount of

office paper used. See Section 7.1.7 for further discussion of this issue.

Assuming 12 images per article, FU printing time was calculated:

FU Time  =  (12 Images/FU) / (1500 images/hour)

    =  0.008 hours/FU

Direct electricity could then determined:

ElectricityPrinting =  (0.008 hours/FU) x (0.45 kW)

=  0.0036 kWh/FU

Overhead Electricity

During periods of inactivity, laser printers continue to consume power in Standby14 and

Sleep15 Modes. This overhead energy burden must be allocated to print jobs as follows:

ElectricityOH  =  (Total Overhead Electricity) x (Allocation Factor)

To calculate total overhead, Standby power and Sleep power can be multiplied by time spent

in each of these two modes. U.S. Department of Energy’s Energy Star program requires

standard printers to enter Sleep Mode of not more than 30 Watts after a maximum 30 minute

delay (EPA 2001). Hewlett-Packard’s LaserJet 4100 achieves such a low power level in

Standby Mode (17 Watts) that it meets Energy Star criteria without the additional Sleep

Mode (Marfisi 2001).

Table 7.3 shows the three power levels for the Laserjet 4100. It also includes time

assumptions used to calculate energy consumption in each power mode. All of the power and

time variables are adjustable using the Model Inputs spreadsheet. To estimate time in Active

Mode, daily printing traffic (initially set at 1000 prints/day) was divided by rated printer

                                                          
14 Standby Mode is the condition that exists between jobs when equipment is waiting to print.
15 Sleep Mode is the condition that exists when equipment is not producing hard copy output and is consuming
less power than when in Standby Mode.
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speed (1500 images/hour). This yielded 0.67 hours, which is the total daily duration that the

device is actually printing copies.

TABLE 7-3 ENERGY VARIABLES FOR LASER PRINTING (HP LASERJET 4100)

Operating

Mode Power Daily Duration

Daily

Energy Consumption

Active 450 Watts 0.67 Hours 0.30 KWh

Standby 17 Watts 19.09 Hours 0.32 KWh

    Off 0 Watts 4.25 Hours 0.00 KWh

Off Mode duration was estimated using data from the UM Library’s web site (2001) on hours

of operation at the Shapiro Science Library. Table 7-4 shows the annual number of days that

the facility is open, and for how long each day.

TABLE 7-4 ANNUAL OPERATING SCHEDULE, SHAPIRO SCIENCE LIBRARY

Daily Operating Hours Number of Days Annual Operating Hours

24 9 216

21 260 5460

18 65 1170

16 14 224

14 10 140

0 7 0

Totals 365 7210

Variability due to holidays, exams, and schedule changes for summer semester is reflected in

Table 7-4. Modeling such a pattern in detail was unnecessary and beyond the scope of this

project. Instead, a constant value for daily operation was estimated by assuming 365 days per

year:

(7210 hours/year) / (365 days/year)  =  19.75 hours/day
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It is assumed that library staff members keep printers turned off when the library is closed.

Because the library is open 19.75 hours/day, duration in Off Mode is simply 4.25 hours/day.

Using this result, Standby Mode duration was calculated:

[24 hours/day – 0.67 hours/printing – 4.25 hours/off] = 19.09 hours

Finally, energy values given in Table 7-3 were generated from the power and time

parameters. Total overhead electricity was observed to be 0.32 kWh.

To assign the appropriate portion of this overhead burden to the FU, an allocation factor was

developed based on the number of images printed:

Allocation Factor  =  (FU Length) / (Daily Printing Traffic)

=  (12 images) / (1000 images)

=  0.012

Applying this factor yielded:

ElectricityOH =  (FU Burden Factor) x (Total Overhead Electricity)

=  (0.012) x (0.032 kWh)

=  0.0038 kWh/FU

Interestingly, this is nearly equal to printing electricity.

Total Printing Energy

Adding direct and overhead portions led to total electricity per FU:

ElectricityTotal     =  ElectricityPrinting + ElectricityOH

    =  0.0036 kWh + 0.0038 kWh

    =  0.0074 kWh/FU

This figure represents the electricity consumed by printing equipment at the library. To

determine primary energy, a grid efficiency factor was applied:

EnergyPrinting =  (ElectricityTotal) / (Grid Efficiency Factor)
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   =  [(0.0074 kWh) / (0.30)] x (3.6 MJ/kWh)

   =  0.090 MJ/FU

7.1.6.1.2 Laser Printer Production Energy

Life cycle production data for laser printers is scarce. Instead, photocopier data was adapted

for this part of the model from Section 7.2.9.2.2. It was applied to laser printers based on

relative mass, the logic being that laser printers and digital photocopiers share much of the

same duplicating technology.

Kerr (1999) reports the production-related energy of a Xerox DC 265 copier system as

74,806 MJ. This amount reflects raw materials, component production, assembly, and

transportation for the copier, spare parts, and consumables such as replacement toner. The

data was scaled down for a HP LaserJet 4100 laser printer using mass data from Kerr and

HP:

HP 4100 Production Energy =  (74,806 MJ) x (17.2 kg / 246 kg)

=  5230 MJ/printer

Production energy for a the laser printer was allocated to the FU using the following burden

factor:

Burden Factor  =  (FU Printing Time) / (Total Printing Time)

FU Printing Time of 0.008 hours was calculated earlier. Total Printing Time was found using

daily Active Mode duration (0.67 hours/day) and equipment design life. According to Marfisi

(2001), the LaserJet 4100 model can last indefinitely if properly maintained. While this may

be true, it is more realistic to assume that library laser printers see extremely heavy duty and

would need to be replaced periodically. The DC 265 copier’s design life of five years was

used as the initial assumption here:

Burden Factor  =  (0.008 hours) / [(0.67 hours/day) x (365 days/year) x (5 years)]

        =  0.0000066 
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Applying the burden factor to production energy per printer yielded:

EnergyProd =  (0.0000066) x (5230 MJ)

=  0.034 MJ/FU

7.1.6.1.3 Laser Printer Disposition Energy

Photocopier data from Section 7.2.9.2.3 was also used to model printer disposition energy in

two pieces: 1) EOL transportation; and 2) landfill processing.

EOL Transportation

From Kerr (1999), energy required to transport a non-remanufactured DC 265 to a waste

handling facility is 535 MJ. Applying the previous mass ratio yielded EOL transportation

energy for a LaserJet 4100 printer:

HP 4100 Transportation Energy =  (535 MJ) x (17.2 kg / 246 kg)

  =  37.4 MJ

Applying the burden factor:

EnergyTransport =  (0.0000066) x (37.4 MJ)

=  0.000246 MJ

Landfill Processing

The energy required to process a DC 265 copier in a landfill was estimated in Section

7.2.9.2.3 as 7.2 MJ. Again, the previous mass ratio was applied:

HP 4100 Landfill Energy  =  (7.2 MJ) x (17.2 kg / 246 kg)

     = 0.50 MJ

Application of the burden factor yielded:

EnergyLandfill =  (0.0000066) x (0.5) MJ

=  0.0000033 MJ

Total disposition energy is therefore:
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EnergyDisp =  EnergyTransportation + EnergyLandfill

=  0.00025 MJ/FU

7.1.6.1.4 Total Laser Printer Energy Consumption

Total energy consumption by the laser printer system was determined by adding the three

components:

EnergyFU =  EnergyPrinting + EnergyProd + EnergyDisp

=  0.090 MJ + 0.034 MJ + 0.00025 MJ

=  0.124 MJ/FU

Finally, the Printing Ratio variable was applied to reflect the percentage of e-journals that are

actually printed by library patrons. It assumes a value of 0.00 to 1.00, and can be adjusted

using the Model Inputs spreadsheet. An initial value of 0.75 was assumed, leading to:

EnergyFU(Adjusted) =  (0.60) x (0.124 MJ)

=  0.074 MJ/FU

7.1.6.2 Data Sources and Quality

§ Two sources provided product information regarding the HP LaserJet 4100 printer. Sales

representative David Marfisi provided power ratings and design life. The company web

site was accessed for rated printing speed and product weight. The information provided

by both of these sources is considered to be of excellent quality (HP 2001).

§ The Energy Star program web site was used to obtain program criteria for standard size

laser printers. In addition, it was used to corroborate the power level in Standby Mode as

provided by Hewlett-Packard. Energy Star information is founded on considerable

research and is considered to be good quality (EPA 2001).

§ Hours of operation for the Shapiro Science Library were taken from two websites:

1. www.lib.umich.edu/libinfo/hourlist.html

2. www.umich.edu/~scilib/hours
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The information from both is considered to be of excellent quality.

§ The report by Kerr (199) provided high level data on the production and EOL

transportation of photocopiers. Although the study considered LCA results for

remanufacturing and non-remanufacturing cases, only non-remanfacturing data was

applied to the laser printer model. Further discussion about the scope and merits of this

data source is provided in Section 7.2.9.3.

§ Data on landfill disposition of electronics was borrowed from a Japanese study that was

reported in Williams and Sasaki (2001). See Section 7.1.4.2 for further discussion of this

data source.

7.1.6.3 Limitations and Uncertainties

§ The initial Printing Ratio value was not based on actual usage data, but rather on

anecdotal evidence and personal experience. The sensitivity of results to changes in this

variable was tested and is reported in Section 8.

§ Production and disposition data were assigned to the laser printer based on its mass

relative to a particular photocopier model. Such an approach is realistic only to the extent

that laser printers and copiers are similar in composition and density. Laser printing and

digital copying do share much of the same technology, including similar components

related to image reproduction and electrical charging. However, the sizes of these critical

components probably do not differ in exact proportion to total product masses. The

resulting error is difficult to quantify without conducting tear-down studies of both pieces

of equipment.

§ Photocopier data from Kerr (1999) reflects consumable replacements for copiers, not

laser printers. Most significantly, toner cartridges for laser printers are generally self-

contained, modular units that are comprised not only of replacement toner, but of the

photosensitive drum and associated components as well. In a copier, these imaging

components are often built into the equipment. As a result, applying copier data to laser
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printers could have understated production energy because the imaging components for

laser printers would have to be manufactured and delivered more frequently.

§ Toner cartridge recycling was not explicitly addressed in this study. To understand the

magnitude of possible error, a composition analysis was conducted. A toner cartridge (HP

LaserJet Model 92298A) was disassembled and weighed. Table 7-5 shows total mass of

the product system to be 1.60 kg.

TABLE 7-5 MASS COMPOSITION OF MODEL 92298A TONER CARTRIDGE

Material Mass (kg)

Toner Cartridge

     Plastic 0.49

     Metal 0.46

     Glass 0.17

     Toner 0.09

Cartridge Subtotal 1.21

Packaging 0.39

  NOTE: Synthetic rubber accounts for < 1% of mass.

For comparison, the amount per unit being diverted from landfills due to recycling was

calculated. According to Hewlett-Packard, the company has recycled 39 million LaserJet

cartridges since 1992, thus diverting 50,000 tons from landfills (HP 2001). This is

equivalent to 0.18 kg per toner cartridge, or 11.3% of total product mass. To the extent

that HP’s data is accurate, the amount of material per unit diverted from landfills is not

dramatic and the assumption of no recycling should not introduce significant error. This

is especially true in light of the fact that disposition energy was found to account for only

0.3% of total printer-related energy consumption).

§ This study examined the energy effect of remote access to digital material. The

assumption was made that identical printing equipment would be available at the remote

location. Two points limit this simplification. First, laser printers purchased for personal
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use might draw less power than institutional models. Also, the logistics of supplying

spare parts and consumables such as toner cartridges would differ with location.

7.1.7 Laser Printing (Office Paper)

Besides the laser printer itself, office paper is the other main component of the laser printing

sub-system.

7.1.7.1 Model Description

As shown in Figure 7.4, activities related to office paper are assigned to two phases of the

Digital Library System. The model spreadsheet used to calculate the resulting energy burdens

is provided in Appendix H.

FIGURE 7-4 OFFICE PAPER ACTIVITIES WITHIN THE DIGITAL LIBRARY SYSTEM

7.1.7.1.1 Use Phase (Office Paper Production)

Energy data related to the production of office paper was found for two levels of recycled

content. These values are 36.3 mmBtu/ton (0% recycled content) and 19.1 mmBtu/ton (100%

recycled content). To choose one or the other, a variable was included in the Model Inputs

spreadsheet (see Appendix A). To use this energy data, the mass of a journal article print-out

had to be determined. This was accomplished in three steps:

1. Find the mass of one sheet of office paper.

Bond weight of 20 pounds was initially assigned using the Model Inputs spreadsheet.

This refers to the weight of 500 standard sheets of paper. In the case of office stock, a

standard sheet measures 17” x 22”. There are four letter-size sheets per standard

Office Paper
Production

Laser
Printing

Office Paper
Disposition

USE PHASE DOWNSTREAM PHASE
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sheet, so 2,000 letter-size sheets weigh 20 pounds (mydesignprimer 2001). Therefore,

the mass of one letter-size sheet is:

MassSheet = (20 lbs) / (2,000 letter-size sheets)

= 0.01 lbs/sheet

= 0.0045 kg/sheet

2. Determine the number of sheets per article.

Tenopir and King (2000) reported the length of the average scientific journal article

to be 11.7 pages. Assuming letter-size pages, a library patron would have to print 12

images to make a personal duplicate of the article. Double-sided printing was used as

the default, therefore, 6 sheets are actually required for laser printing.

3. Calculate FU mass by multiplying the two previous factors.

MassFU = (0.0045 kg/sheet) x (6 sheets/FU)

= 0.027 kg/FU

Selection of 0% recycled content yielded the following FU production energy:

EnergyFU      = [(0.027 kg/FU) x (36.3 mmBtu/ton) / (907.2 kg/ton)] x [1055 MJ/mmBtu]

        = 1.15 MJ/FU

The model element for Office Paper Production also includes logistics from the production

facility to campus. Mode of delivery was assumed to be a fully loaded tractor trailer

operating over a distance of 500 miles, which is an adjustable variable using the Model

Inputs spreadsheet. Gaines et al. (1998) provide vehicle energy intensity data of 25,000

Btu/mile. Energy consumed during the entire delivery trip was calculated:

EnergyTrip = (Distance) x (Truck energy intensity)

= (500 miles) x (25,000 Btu/mile)

= 12,500,000 Btu/trip
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This energy burden was allocated using the ratio of FU mass to truck payload, a parameter

taken from Clayton et al. (1996):

EnergyFU = (EnergyTrip) x (MassFU / MassPayload)

= [(12.5 mmBtu/trip) x (1055 MJ/mmBtu)] x [(0.027 kg)/(16,420 kg)]

= 0.022 MJ/FU

Total Use Phase printing energy was then calculated:

EnergyUse Phase = EnergyFU, Production + EnergyFU, Logistics

= 1.15 MJ/FU + 0.022 MJ/FU

= 1.17 MJ/FU

Finally, a variable called Printing Ratio was applied using the Model Inputs spreadsheet.

This variable represents the fact that library patrons do not always print e-journal articles. It

assumes a value between zero (laser printing is never used) and unity (laser printing is

always used). Printing Ratio was initially set at 0.75, implying that three-fourths of the

energy burden for one article should be allocated to the FU as follows:

EnergyUse Phase (Adjusted) = (0.75) x (1.17 MJ/FU)

= 0.88 MJ/FU

7.1.7.1.2 Downstream Phase (Office Paper Disposition)

End-of-life (EOL) management of office paper is the only model element in the Downstream

Phase of the Digital Library System (see discussion in Section 6.4.1.3). Municipal Solid

Waste (MSW) management options for Ann Arbor, which encompasses UM, are limited to

landfill disposition and recycling. Therefore, only these two cases were considered. It was

assumed that all office paper is either recycled or sent to landfill. The calculations follow:

1. All office paper is sent to a landfill.

This disposal option consumes energy for collection activities and landfill processing.

Landfill disposal data for municipal solid waste (MSW) was used to determine energy

consumption per FU:
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MSW Landfill Energy Intensity = 527,500 Btu/ton

FU Mass = 0.027 kg/FU

EnergyFU   = (527.5 kBtu/ton) x (ton/907.2 kg) x (0.027 kg/FU) x 0.001055 MJ/Btu)

                 = 0.017 MJ/FU

As in the Laser Printer model, the Printing Ratio variable was applied as an

adjustment:

EnergyFU (adjusted) = (0.75) x (0.017 MJ/FU)

= 0.013 MJ/FU

2. All office paper is eventually recycled.

Recycling decreases the amount of solid waste entering landfills and reduces

production requirements of raw materials. This analysis followed standard LCA

methodology dealing with recycled products (EPA 1993). Specifically, the Digital

Library System receives no actual credit for diverting paper from landfills to be

recycled. This benefit is realized at the production facility and shows up as lower

production burden for the next reincarnation of the recycled content. By recycling

office paper, the library simply eliminates the burden associated with landfill

processing. Therefore, disposition energy consumption would be zero:

EnergyFU = 0 MJ/FU

Because it is the University of Michigan’s policy to recycle institutional office paper,

the recycling case was adopted as the initial assumption. The landfill case can be

represented in the model by adjusting the appropriate variable in the Model Inputs

spreadsheet.

7.1.7.2 Data Sources and Quality

§ Paper production data was taken from a U.S. EPA draft report of manufacturing data sets

(EPA 2000). It is a compilation of life cycle burdens associated with a variety of

materials that contribute to municipal solid waste. Collaborators included three respected
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LCA practitioners (Research Triangle Institute, Franklin Associates, and Roy F. Weston).

Pertinent energy data tables have been reproduced in Appendix H of this report.

§ Tractor trailer payload data was taken from a truck inventory and use survey conducted

by the U.S. Department of Transportation (Clayton et al. 1996).

§ Transportation Energy intensity data was estimated from Figure 4 in a heavy vehicle

LCA conducted by Argonne National Laboratory and the U.S. Department of Energy

(Gaines et al. 1998). It used input data from Argonne’s Greenhouse Gases, Regulated

Emissions, and Energy Use in Transportation (GREET) model.

§ Data for landfill processing energy was acquired from a report published by Keep

America Beautiful, Inc. and conducted by Franklin Associates, Ltd. It represents energy

consumption related to the collection vehicle and landfill equipment for handling MSW

(Franklin 2000).

7.1.7.3 Limitations and Uncertainties

§ This model was based on the assumption that library laser printers are always operative

and loaded with paper and toner. Any patron wishing make a printed copy may do so.

Because this scenario is not always valid, its impact on final results can be assessed by

adjusting the Print Ratio variable. Selecting a lower value for this variable would imply

that articles are printed less often, whether due to user choice or equipment problems.

§ The initial assumption of double-sided printing can be adjusted using the Model Inputs

spreadsheet. Obviously, this would double the energy burden associated with paper

production. Results of this sensitivity test are reported in Section 8.

§ Paper production data (EPA 2000) reflected manufacturing of product to the point of one-

ton paper rolls. Processes associated with cutting these rolls into sheets, stacking, and

packaging them were excluded from the data set; therefore, they are not represented in

this analysis. These excluded processes are less energy intensive compared with upstream
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activities related to breaking down raw materials, heating, mixing, rinsing, rolling, and

drying. See Section 7.2.2.1 for a basic introduction on the process of paper

manufacturing.

§ Energy burden associated with pre-use storage of office paper at the library was

excluded. Due to high throughput, the period of storage is negligible. Also not considered

were burdens from upstream warehouse storage, and local delivery logistics.

§ This model assumes that all office paper is either recycled or processed in a landfill. The

impact of this assumption on results was not expected to be significant, given the

relatively small FU burden associated with the landfill. A sensitivity test was conducted

to confirm this prediction. Results are presented in Section 8.

§ Landfill energy credits associated with captured methane were not considered in this

analysis, nor were credits related to incineration of MSW. While incineration accounts

for about 15% of MSW management in the U.S. (EPA), it is not an EOL option for the

Ann Arbor community.

§ Data for landfill processing energy was only available for aggregated MSW. Given that

paper waste typically represents a large portion of MSW, the error introduced by equating

paper and MSW is not expected to be significant.

7.1.8 Personal Transportation

Energy consumption associated with library-related travel is considered in this section. The

mode of transport is assumed to be automotive. The decision not to drive to the library can be

represented simply by excluding this model element from the combined analysis.
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7.1.8.1 Model Description

The spreadsheet model for personal transportation is provided in Appendix I. Three input

variables were used for this model element: Distance, Reading Time, and Total Activity Time.

All are adjustable using the Model Inputs spreadsheet in Appendix A.

Distance refers to vehicle miles traveled during the trip that includes a visit to the library. It

was initially assumed to be 10 miles.

Life cycle energy data was found for a mid-size car. According to the U.S. Automotive

Materials Partnership (1999), one car consumes 995,090 MJ of life cycle energy over the

course of 120,000 miles. This data was combined with distance to yield total trip-related

energy consumption:

EnergyTrip = (995,090 MJ/120,000 miles) x (10 miles/trip)

= 82.9 MJ/trip

Certainly, the trip may not be undertaken just to read one journal article. Indeed, it is

generally expected to involve non-library activities. Perhaps the patron also attends class,

works at a part-time job, or engages in personal errands. A simple time ratio was used to

allocate total trip energy to the FU. This ratio involved the two time variables, Reading Time

and Total Activity Time, which is the total duration of all activities enabled by the trip

(initially assumed to be 6 hours). FU energy was calculated as follows:

EnergyFU = (EnergyTrip) x [(TimeFU) / (TimeActivity)]

= (82.9 MJ/trip) x [(0.97 hours) / (6.0 hours)]

= 13.4 MJ/FU

7.1.8.2 Data Sources and Quality

§ Life cycle energy data came from the U.S. Automotive Material Partnership (U.S. AMP)

report Life Cycle Inventory Analysis of a Generic Vehicle, written in partnership with

Ecobalance and the Center for Sustainable Systems. The project considered a standard,

mid-size automobile in the United States. Also considered:
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1. Seven automobile systems and 17 subsystems

2. Over 70 types of materials

3. Combined average fuel economy of 23 mpg

4. Useful life of 11 years, assuming120,000 miles

5. Passenger load of 6 people

This report was developed by recognized LCA practitioners and was reviewed by peers

(review comments are included with the report). It is considered the most comprehensive

and accurate LCA conducted on automobiles to date.

§ Reading Time was taken directly from the Client Workstation model (see Section

7.1.4.1.1). Distance and total activity time were assigned initial values based on personal

experience and observation.

7.1.8.3 Limitations and Uncertainties

Limiting assumptions are classified as being either (1) data-related, or (2) model-related.

U.S. AMP data:

§ The generic vehicle may not reflect ownership patterns of typical library patrons.

§ Exclusions from the use phase included infrastructure, delivery to the dealership, sales,

and vehicle storage.

Modeling assumptions:

§ Cars do not represent the only mode of motorized transport. However, motorcycles,

buses, and other forms were excluded primarily due to a lack of life cycle energy data.

Perhaps their effects could be crudely estimated by adjusting the results of this section

with a vehicle mass ratio.

§ For the purpose of this study, one occupant is assumed. But, more the additional of

passengers could be modeled by adjusting the mileage allocation factor. No difference

related to weight of occupants is recognized.

§ Reading time was assumed to be identical for the Traditional and Digital systems. All

input factors, including this one, can be easily tested using sensitivity analysis.
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7.2 Traditional Library System

Model elements for the traditional library system are fully described in this section. The

order of discussion follows the flow of Upstream activities to Downstream activities, as

shown in Figure 6-3. Separate results are provided for each model element. Combined results

for the traditional and digital systems are presented in Section 8.

7.2.1 Document Creation

See Section 7.1.1 for a discussion of this model element.

7.2.2 Journal Paper Production

Paper is quite literally the backbone of a traditional library’s journal collection and is the first

model element to be considered. Before discussing specific components of this subsystem, a

brief introduction to paper manufacturing is presented.

7.2.2.1 Introduction to Pulp and Paper Production

Figure 7-5 shows major steps in the production of commercial printing paper (IPST 2000).

Each is explained below.

FIGURE 7-5 STANDARD PAPER-MAKING PROCESS
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1. Timber harvesting, delivery, and preparation.  Raw material in the form of felled trees is

shipped to the paper mill by truck or rail. After these logs are soaked in water and

debarked, they are fed into a chipper.

2. Pulping.  Lignin, the substance that holds wood together, must be separated from

cellulose fibers used in paper. The kraft process removes lignin with sodium hydroxide

and sodium sulfate under heat and pressure. Wood chips are mixed with these chemicals

(white liquor) in a digester. The lignin is dissolved and cellulose fibers are released as

pulp. The pulp is rinsed and the used chemicals (black liquor) are recycled. Mechanical

pulping offers a chemical-free alternative to the kraft process, but it does not remove as

much of the lignin.

3. Bleaching.  The lignin-free pulp is still too dark to be used in most grades of paper. It is

bleached with one of several agents such as chlorine, chlorine dioxide, ozone, and

peroxide. Chlorine works best and damages fibers least, but results in dioxin as a

byproduct.

4. Refining.  The pulp is then beaten with a series of rotating metal knives to break down the

individual cellulose fibers even further. This helps ensure that they will stick together in

the paper web.

5. Sheet Forming.  Refined pulp is rinsed and diluted with water, and combined with fillers

such as clay or talc. The watery mixture is pumped into a paper machine where cellulose

fibers are trapped on a moving belt of wire mesh. This paper web is then pressed by

rollers to remove much of the remaining water.

6. Coating, Drying, and Calendering.  The sheet now undergoes an alternating series of

coating and steam-heated drying. Coatings can include various pigments and materials to

give it a higher gloss. Finally, the sheet is pressed smooth in a set of polished metal

rollers, called a calender, and collected on a take-up roll.

7. Cutting and packaging.  The finished roll is either shipped directly to a printer or cut into

sheets, boxed, and wrapped.

Using this basic information as a point of departure, development of the model is described

next. The model spreadsheet is provided in Appendix J.
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7.2.2.2 Model Description and Results

Life cycle energy data for production of one-ton paper rolls was used for this model (EPA

2001). In particular, magazine stock was used to simulate journal paper. The primary

modeling task was to scale down the data using the mass of a FU. The actual data sets have

are reproduced in Appendix J.

To calculate the FU mass, four parameters were defined:

1. Sheet size.16  Refers to the frontal surface area of the bound issue. Most scientific

journals are produced in one of several standard sizes; regular letter size (8.5” x 11”)

is common and was assumed here.

2. Bond weight.  An industry term that refers to the weight, in pounds, of 500 standard

units of paper. A bond weight of 30 lbs. for coated book grade paper is suitable for

journals and is used here. This variable is adjustable using the Model Inputs

spreadsheet in Appendix A.

3. Unit size.  Size of standard paper units varies with type and grade of paper. Many

printing grades come in standard units of 17 inches by 22 inches. So, four letter-size

sheets are produced from one standard unit of this paper.

4. Sheets per article. Tenopir and King (2000) studied trends in scholarly journal

publishing and determined the average length of a scientific article to be 11.7 pages,

or 5.85 double-sided sheets per article.

Additional burden arises from the existence of non-article material in journals including

the cover, table of contents, letters to the editor, conference announcements, and so forth.

Because accurate information on the amount of this material in journals is not readily

available, the assumptions listed in Table 7-6 were used. Each of these four elements can

be adjusted using the Model Inputs spreadsheet.

                                                          
16 In this study, the term ‘sheet’ means a single piece of paper; the term ‘page’ means one
side of one sheet. So, there are two pages per sheet.



102

TABLE 7-6 NON-ARTICLE MATERIAL IN A JOURNAL ISSUE

Description Pages/Issue Sheets/Issue

( 0.5 x Pages)

  Journal cover 4.0 2.0

  Table of contents 1.0 0.5

  Letters to the editor 2.0 1.0

  Announcements, etc. 2.0 1.0

  Total 4.5

A scheme to allocate this “front matter” to each article in the journal was based on the

number of FU equivalents within an average journal issue. Tenopir and King (2000)

report data that leads to an average of 14.8 articles per journal issue. Rounding this up to

15 (another variable that can be adjusted in the Model Inputs spreadsheet), the burden of

non-article material allocated to a FU was calculated:

Non-article Paper Burden = (1/15) x (4.5 sheets per FU)

= 0.3 sheets per FU

This yielded a total number of sheets per FU of:

5.85 article sheets + 0.3 non-article sheets  =  6.15 sheets 

Having defined all necessary parameters, FU mass was calculated using the following

relationships:

Standard Unit Mass  =  (30 lbs / 500 units) x (kg / 2.2 lbs)  =  0.027 kg

Sheet Mass  =  (0.027 kg) / (17” x 22”) / (8.5” x 11”)  =  0.007 kg

FU Mass = (0.007 kg) x (6.15 sheets per FU)  =  0.042 kg per FU

Finally, 0.042 kg was multiplied by the mass-specific data from EPA to yield energy

consumption per FU, which included two options, 0% recycled content and 10% recycled

content. The Model Inputs spreadsheet provides a mechanism for choosing between these



103

two options. Given this energy data and the FU mass, the model spreadsheet returned the

following results:

Production Energy (0% recycled content) = 1.55 MJ/FU

Production Energy (10% recycled content) = 1.50 MJ/FU

Using paper made with 10% recycled content leads to a 3% energy improvement.

7.2.2.3 Data Sources and Quality

§ The U.S. EPA lifecycle inventory results for magazine paper (2000) were compiled from

two secondary sources by a research team that included Research Triangle Institute,

Franklin Associates, and Roy F. Weston. The team combined magazine pulp production

data from EDF with fuels pre-combustion and emissions data from Franklin Associates.

This enabled an accurate accounting of pre-combustion energy related to process fuels

and electric energy fuels used in actual pulp and paper production. The EDF study was

based on a survey of North American paper mills using secondary sources. Because the

accuracy of this information is difficult to determine, the EPA report rates the quality of

data in its virgin and recycled magazine paper profiles as average.

§ Standard information about bond weight and unit size for paper is readily available from

a number of industry sources. Data consistency among these sources, and the worldwide

adoption of ISO-defined paper metrics, suggest that the data is highly credible.

§ Tenopir and King (2000) examined 6,771 scholarly journals published in the U.S. in

1995. Data used to calculate averages for article length and number of articles per issue

are acknowledged to vary significantly between scientific disciplines. For the present

research, these results provided a baseline for the model.

7.2.2.4 Limitations and Uncertainties

§ Magazine Paper.  Scientific journals can vary by grade of paper on which they are

printed. The use of different grades arises from several factors. One is economic cost. For
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example, small academic societies that self-publish scholarly information often have

limited resources; they may opt for cheaper paper as a way to cut expenses. Another

factor is professional image. Journals are physical artifacts that evoke emotions when

seen and handled. Higher quality paper can contribute an air of prestige and legitimacy in

support of a journal’s reputation. Finally, performance requirements influence the grade

used. Heavier, acid-free paper endures longer and enables the use of more intricate

graphics for printed images.

§ Cover sheet material.  Cover material is usually somewhat heavier than grades used for

internal sheets. Heavier material offers protection to the contents and an attractive

presentation. In this study, the cover paper grade was assumed to be identical to that of

the articles themselves. Fifteen articles per journal issue leads to an allocation of 0.13

cover sheets per FU. This represents 2.2% of the article’s mass, so any error introduced

by this simplification is not expected to have a significant impact on results.

§ Recycling rates.  The EPA report only provides production data for two levels of recycled

content, 0% and 10%. Using these data to extrapolate results for higher rates of recycling

would be inaccurate because the manufacturing process is sufficiently different when

recycled content is added to the pulp mixture. This imposes a limit on the range of

sensitivity testing on recycling rates that can be done for this element.

§ Web vs. Sheet.  The EPA data are given for one-ton rolls of paper. Similar rolls, called

webs, are used in high-volume printing runs. Only a relatively small number of scholarly

journals would have distributions so large as to justify web-fed printing on a typical

basis. The printing process typically employed for most scientific journals would be

sheet-fed. In this case, the energy used to cut a large paper roll down to sheets has not

been modeled, though it is not expected to be significant relative to energy used for

pulping and paper-making.
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7.2.3 Journal Printing Operations

Printing is the next major step in the production of a traditional scholarly journal. More

correctly, it is a series of steps beginning with pre-press setup and ending with post-press

finishing activities. Before discussing this model element, a brief introduction to commercial

printing is covered.

7.2.3.1 Introduction to Commercial Printing Operations

There are four traditional printing methods still in use today (desktoppub.about.com, 2001).

All four methods work by transferring the printable image onto an intermediate surface,

typically metal plates. The surface is then inked and the image is reproduced onto the product

surface. Differences arise from varying image transfer techniques (Energetics, 1994). The

four traditional methods are:

1. Offset lithography.  This method employs two image transfer steps. First, the image is

copied from a metal plate onto a rubber or plastic blanket cylinder. Second, the image is

transferred from the blanket to the paper. Offset is the most common of the four methods

and can be used in many applications including journal printing.

2. Gravure. Images are electro-mechanically engraved into a copper cylinder surface. Ink is

applied to the cylinder so that it only remains in depressed image areas. Paper pressed

against the cylinder picks up this ink. Gravure printing offers good quality and durability,

but is somewhat more expensive than the other methods.

3. Flexography. Chemically treated plates are exposed and etched to produce raised images

that transfer ink to the printing surface. Ink that is applied to nonabsorbent product

surfaces will solidify when solvents are removed. This makes Flexography useful for

printing on packaging material. It is relatively expensive, but growing in popularity.

4. Screen-printing. This method employs a porous polyester mesh instead of metal plates

wrapped around a cylinder. The mesh is stretched over a frame and a stencil of the image

is positioned. Ink is then drawn through open areas of the screen. This method works well

on a variety of materials including fabric, metals, plastics, and glass.
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All traditional printing methods share three sequential stages: Pre-press, Press, and Post-

press. Figure 7-6 shows the activities within each stage for offset lithography, the printing

process assumed for this study.

FIGURE 7-6  OFFSET LITHOGRAPHY PROCESS

Step 1) Photographing and Developing.  Text and graphics images are transferred to film by

traditional photography or scanned directly from a computer file. The film is developed,

fixed, and washed. Images are then transferred to thin metal plates that are chemically treated

to attract oil-based ink onto image areas.

Step 2) Proof Checking.  Layout and colors are checked on proof sheets before setting up a

production run.

Step 3) Plate Processing.  The image is transferred to the printing surface, typically a thin

metal plate. There are various methods to accomplish this transfer including photochemical

exposure, chemical etching, or mechanical etching.
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Step 4) Makeready.  In the final step before actual printing, plates are attached to a cylinder

and the setup is tested.

Step 5) Printing.  Offset lithography is based on the principle that water and oil do not mix.

As the plate cylinder rotates, it is covered with a water-based solution and then with ink (see

Figure 7-7). The plate has already been chemically treated to accept ink only on the image

portion of the surface. The water-based solution adheres to the non-image portion. The inked

image is then transferred to the blanket cylinder, then to the paper. For normal color printing,

there are four consecutive printing stations, one for each base color.

FIGURE 7.7  OFFSET LITHOGRAPHY PRINTING17

Step 6) Binding and Finishing.  If heatset ink is used, then the paper travels next through

dryers to set the ink in the paper matrix. Printed sheets are then collated into individual

issues, bound, and packaged for shipping.

Newer electronic printing technologies augment or even replace the traditional methods.

They are rapidly gaining acceptance in the marketplace. Two common examples are

computer-to-plate and digital printing. Computer-to-plate utilizes printing plates that can be

exposed directly from digital data; this eliminates the need for photosensitive film

development. Digital printing is more similar to color photocopying than traditional printing.

It uses plateless imaging systems that can reproduce data directly from a computer file. It is

                                                          
17 Image adapted from http://www.mydesignprimer.com/printing/50010.html.
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currently feasible only for smaller runs. In general, the growing trend toward electronic

printing methods is making Pre-press activities less energy intensive (Juntunen and Lindqvist

1995).

7.2.3.2 Model Description and Results

The Journal Printing model is straightforward. See Appendix K for the model spreadsheet.

An existing life cycle study on printed communications provided mass-normalized data for

several categories of printed material (Juntunen and Lindqvist 1995). One of these was a

magazine and it was used to represent a scientific journal in this study. The data included

energy consumption associated with printing one tonne of product. The energy burden for

printing a magazine is 1.15 MWh/tonne. This variable is adjustable using the Model Inputs

spreadsheet. From Section 7.2.2.2, FU mass was calculated to be 0.042 kg. Combining these

variables with conversion factors yields:

Printing Energy  =  0.173 MJ/FU

The energy burden associated with printing a journal article appears to be an order of

magnitude less than energy embedded within the paper itself.

7.2.3.3 Data Sources and Quality

§ The 1995 LCA study defined boundaries to include inputs and outputs of the printing

process itself. All printing activities, from Pre-press to Post-press, were considered. The

LCA also included facility requirements such as lighting and HVAC, while the

production of printing equipment was excluded. Also omitted were burdens associated

with raw material production and transportation of materials and products. Juntunen &

Lindqvist (1995) contributed to a Finnish national research program on the graphic arts.

Scope and boundaries were selected according to data availability and resource

constraints. Data was collected from the printing industry in two phases, beginning in

1993. First, a preliminary inventory was constructed. It was followed up with a more

detailed survey of a sample of Finnish graphics arts firms. LCA results reportedly agree

with field measurements within the industry. This would suggest data of good quality.

However, a discrepancy was found that raises some caution. Average energy
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consumption across all product categories was reported to be 1.34 MWh/tonne.

Distribution of this amount is further reported to be 0.69 MWh/tonne for electricity, 0.55

MWh/tonne for remote heat, and 0.70 MWh/tonne for oil. Clearly, these sum to 1.94

MWh/tonne, not 1.34 MWh/tonne. Whether this discrepancy is due to a misprint, unclear

communication, or incorrect data is not known.

§ Issues related to data quality of the FU mass are discussed in Section 7.2.2.3.

7.2.3.4 Limitations and Uncertainties

§ Ink Production. A printed journal article has two major components: paper and ink. Paper

was modeled in the previous section using comprehensive production data from EPA.

Similar data for ink was not available. Therefore, ink production was excluded from the

analysis. To determine the effect of this decision on final results, consider the relative

amount of ink in the final product. Juntunen & Lindqvist (1995) estimate 42.65 kg of ink

and 1210 kg of paper per tonne of printed material. Therefore, energy consumption is not

captured for 3.5% of the material.

§ Finland vs. United States. The model in this study used printing data from a Finnish

LCA. There are certainly differences between the printing industries in Europe and North

America. For example, paper material does not normally ship as far in Scandinavia as in

the U.S. There are also differences in energy mixes and grid efficiencies between the two

locations.

§ Pre-press Activities. The industry-wide trend toward electronic printing introduces

greater variability in energy use. Pre-press activities have been most affected, with

changes enabling lower energy intensities in this stage of the printing process compared

with more traditional industry methods. These differences were not considered due to a

lack of data.
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7.2.4 Journal Delivery

7.2.4.1 Model Description and Results

The final activity associated with the Upstream Phase involves delivery of the printed journal

to the library facility. The model spreadsheet is provided in Appendix L. Several main

assumptions were made to keep the model manageable:

§ Direct shipping.  The journal is sent directly from the printer to the library. No

intermediate warehousing is used along the logistics path.

§ Transportation pattern.  A single truck is used for the duration of the trip.

§ Equipment.  The freight truck is a heavy duty, Class 8 tractor-trailer.

Model variables included 1) Hauling Distance; 2) Payload Weight; and 3) FU Mass. All

three variables can be modified using the Model Inputs spreadsheet and are described here:

1. Hauling Distance between the printing firm and library varies. Only one reference in the

literature to any such distance was found in (Dalhielm & Axelsson 1995). It estimated the

mean transport distance from the printing firm to the local consumer to be 1200 km (746

miles). This value was used as the initial assumption here, although it is adjusted in the

Model Inputs spreadsheet.

2. Payload Weight was estimated for a typical Class 8 configuration. An earlier study

conducted by the Department of Transportation reported average payload weight of long-

haul trucks to be 36,200 pounds (Clayton et al. 1996)

3. FU Mass is the same variable originally defined in Section 7.2.2.2.

The other major input to this model was energy consumption data taken from previous LCA

research on heavy vehicles (Gaines et al. 1998). First, total trip energy was calculated:
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EnergyTrip = (25,000 Btu/mile) x (746 miles) x (0.001055 MJ/Btu)

= 19,676 MJ/trip

Total energy was allocated to the FU as follows:

EnergyFU = (19,676 MJ/trip) x [(0.042 kg/FU) / (36,200 lbs/payload)]

= 0.05 MJ/FU

This result suggests that delivery energy consumption is roughly half the energy consumed in

printing the journal article.

7.2.4.2 Data Sources and Quality

§ Life cycle data on energy and emissions were taken from a report entitled, Life-Cycle

Analysis of Heavy Duty Vehicles (Gaines et al. 1998). Sponsored by the U.S. DOE’s

Office of Heavy Vehicle Technologies, the study was conducted by researchers at

Argonne National Laboratory’s Center for Transportation Research. Vehicle

manufacturing and disposal phases were modeled with information from internal studies

done at Argonne. System boundaries included production and recycling of the truck;

extraction, processing and transportation of the diesel fuel; and vehicle operation and

maintenance. Fuel impacts in the study were taken from the U.S. Department of Energy’s

GREET (Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation)

model.

§ Information on truck and payload weight came from a report by the U.S. Department of

Transportation (Clayton et al. 1996). It was based on survey research covering inventory

and use patterns of heavy duty freight vehicles. Paper products were acknowledged in the

study as being one of the top seven commodity categories carried, so these results are

fairly representative for hauling printed material.

§ Data found in a Swedish study (Dalhielm & Axelsson 1995) provided the initial

assumption for Hauling Distance.
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§ See Section 7.2.2.3 for further discussion on the FU mass data.

7.2.4.3 Limitations and Uncertainties

§ Vehicle type. Printing firms or hauling companies can choose between several different

sizes of delivery vehicles. Pertinent selection factors would include total trip distance,

numbers of journal copies and customers, and freight mix. Smaller trucks consume less

energy per mile, but smaller payloads result in higher mass fraction burdens for

individual units of product. Without considering data for other vehicles, the outcome of

these competing trends cannot be known.

§ Direct shipping.  Journal logistics can either be direct or involve intermediate storage at

distribution centers. Given the tremendous volume of material held in these facilities and

relatively low energy intensity per footprint, energy burden associated with brief storage

of a journal article is expected to be quite small. Therefore, warehousing was excluded

from the analysis.

§ Full Loading.  A final assumption is that the truck leaves the plant fully loaded and

remains so until the journal is delivered to the library. While freight carriers would prefer

this situation for financial reasons, it is not always operationally feasible. Less than

maximum payload would tend to increase the FU burden factor.

7.2.5 Collection Storage; Retrieval and Viewing

Both of these model elements appear in Figure 6-3, the traditional system diagram. Neither

has been modeled independently. Rather, any activities attributable to them have been

included within the Facility Infrastructure and Binding model element descriptions. They are

shown separately in Figure 6-3 for system clarification only.
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7.2.6 Building Infrastructure

7.2.6.1 Model Description

The building energy intensity factor used for the digital system was derived from results

presented in this section. However, this parameter (196 MJ/sqft/year) was applied differently

in both cases. Judging from the parameter’s units, area and time factors were needed. In the

digital case, floor space was taken as the computer footprint and duration was assumed to be

FU reading time. In contrast, the traditional case uses article shelf area for floor space and the

study’s ten-year time horizon for duration. The ten-year duration is necessary to capture the

opportunity cost of having a portion of shelf space always occupied by the journal article. For

the traditional system, building energy is included in the Use Phase because journal storage

and use are concurrent activities.

The spreadsheet model for this element is provided in Appendix I. First, article shelf space

was calculated by multiplying the cross section of a vertical sheet of paper by the number of

sheets per article:

Shelf Area  = [(8.5” wide) x (0.005” thick) x (6 sheets/article) / (144 sqin/sqft)]

        = 0.0018 sqft/article

There is a significant amount of uncertainty associated with scaling this factor to the level of

an entire journal collection. For example, it considers neither the non-article material

contained in scholarly journals nor empty shelf space between titles. So, a factor of two was

applied as an adjustment:

AreaArticle = 2 x (0.0018 sqft/article)

= 0.0035 sqft/article

Space ratio was then determined. Using a map of Shapiro Science Library’s third floor, space

dimensions were estimated to determine the ratio of journal shelving space to total floor

space. The result of 0.35, which was used as the initial assumption in this model, indicates

that nearly two units of floor space are devoted to non-storage activities for every unit of
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shelving space. Applying this ratio to the shelf space result yielded the total amount of space

allocated to a journal article in the traditional collection:

AreaArticle = (0.0035 sqft/article) / (0.35)

= 0.01 sqft/article

Next, the adjusted FU area was combined with building energy intensity to get the energy

burden associated with a FU:

EnergyArticle = (0.01 sqft/article) x (196 MJ/sqft/year)

= 1.98 MJ/year/article

Recognizing that there are six shelves per stack at Shapiro, the FU energy burden was

reduced by the same factor:

EnergyAdjusted = (1.98 MJ/year) / (6 shelves per stack)

= 0.33 MJ/year/article (adjusted)

Finally, the ten-year storage period was incorporated into the analysis to capture opportunity

cost of the occupied shelf space:

EnergyFU = (0.33 MJ/year/article) x (10 years)

= 3.30 MJ/FU

This result is for one article at a single library. In Section 8, complexity is added to the model

by simulating multiple journal copies at multiple libraries.

7.2.6.2 Data Sources and Quality

§ Building energy intensity for Shapiro Science Library was taken from a report compiled

by the Center for Sustainble Systems. It contains performance data taken directly from

the University’s physical plant and is considered to be of good quality. This data is five

years old and therefore does not reflect any changes in plant performance since 1996.
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§ Sheet thickness was determined by dividing the thickness of a stack of standard office

paper by the quantity of sheets. This data is assumed to be of good quality.

§ Area dimensions used to calculate the space ratio were estimated from a floor plan

supplied by the Shapiro Science Library. Although the space was not actually measured,

the floor plan provided a reasonable representation of Shapiro’s third floor journal

collection.

7.2.6.3 Limitations and Uncertainties

§ This analysis assumes one copy of the journal article per library. If this assumption were

relaxed, the infrastructure burden would have to be multiplied by a factor equal to the

number of copies available at the facility.

§ Every article in the journal collection has been assigned equal storage burden regardless

of usage frequency. This simplification recognizes the opportunity cost associated with

shelf space. In effect, each journal title has been penalized for taking up space that could

be occupied by an alternate periodical.

§ Although binding material requires additional shelf space, it was not considered directly

in this analysis. Part of the resulting error of this exclusion is assumed to be reflected in

the factor of 2 that was used as an adjustment to the sqft/article parameter. Moreover, the

period of time during which the article is removed for binding was ignored. It is short

compared to the overall storage period of ten years.

§ All building energy was allocated based on journal-related activities. This is appropriate

for the Shapiro Library’s third floor, which is primarily devoted to the library’s journal

collection
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7.2.7 Interlibrary Loan

Interlibrary loan (ILL) is a service that borrows materials from other institutions when not

available locally. In the case of periodicals, individual articles can be photocopied at a

partnering library and sent to the requesting institution. This study assumed traditional

delivery by standard mail service, although new distribution methods such a facsimile are

also available.

7.2.7.1 Model Description

This study considered the photocopying and logistics activities associated with ILL. Details

of the spreadsheet model for this element are provided in Appendix M. The modeling process

included three stages:

1. Frequency of Service

The number of ILL requests for periodical material is small relative to total journal-related

reading volume at a major research library. Therefore, energy consumption associated with

one ILL event should be allocated to a FU based on the ratio of ILL requests to total reading

volume. At the University of Michigan, approximately 33,000 pieces of material are

requested from other libraries each year. About half of these are borrowed (e.g., books) and

half are sent as copies (Beaubien 2001). For simplicity, all copied materials were assumed to

be journal articles. This information yielded the number of articles borrowed daily:

Daily ILL Articles = (0.5) x (33,000 items/year) x (365 days/year)

= 45.2 items/day

The total number of articles read per day at the University of Michigan was estimated at

5,000. The ratio of ILL articles to total articles was then calculated:

ILL Frequency Factor = (45 ILL articles/day) / (5,000 total articles/day)

  = 0.009

This factor was later applied to energy burdens associated with photocopying and logistics.
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2. Photocopying

Results for this activity were taken directly from the Photocopier and Copier Paper model

elements. From Section 7.2.9.2, copier energy due to operation, production, and disposition

is 0.54 MJ/article. From Section 7.2.10.1, paper production energy is 2.30 MJ/article. The

sum of these burdens was adjusted for frequency of ILL use:

EnergyFU = (0.009) x [(0.54 MJ) + (2.30 MJ)]

= 0.026 MJ/FU

3. Logistics

Libraries tend to borrow materials from other collections in the same region, so standard mail

shipment by tractor-trailer was assumed. Local delivery was excluded from the analysis

because distance from post office to library is comparatively negligible in context of the

entire logistics chain. Using available data for transportation energy, and assuming a delivery

distance of 200 miles, energy burden for the entire trip was found:

EnergyTotal = (25,000 Btu/mile) x (200 miles/trip) x (0.001055 MJ/Btu)

= 5,275 MJ/trip

A portion of this burden was allocated to delivering one article using data for standard

payload and article mass:

EnergyArticle = (5,275 MJ/trip) x [(0.054 kg/article) / (16,420 kg/trip)]

= 0.017 MJ/article

This result was adjusted for ILL frequency:

EnergyFU = (0.009) x (0.017 MJ/article)

= 0.00016 MJ/FU

Compared to photocopying, logistics consumes a negligible amount of energy, and total ILL

energy burden is 0.026 MJ/FU.
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7.2.7.2 Data Sources and Quality

§ Anne Beaubien, a librarian working in technical and access services, provided estimates

about annual ILL activity at the University of Michigan that were used to generate

assumptions for this model.

§ For information on data sources and quality related to copier paper production and mass,

see Section 7.2.9.3.

§ For information on data sources and quality related to photocopier equipment, see

Section 7.2.10.2.

§ Tractor-trailer payload data was taken from a truck inventory and use survey conducted

by the U.S. Department of Transportation (Clayton et al. 1996).

§ Transportation Energy intensity data was estimated from Figure 4 in a heavy vehicle

LCA conducted by Argonne National Laboratory and the U.S. Department of Energy

(Gaines et al. 1998). It used input data from Argonne’s Greenhouse Gases, Regulated

Emissions, and Energy Use in Transportation (GREET) model.

7.2.7.3 Limitations and Uncertainties

§ The parameter of 5,000 total article readings per day had to be estimated. The University

of Michigan’s campus population includes over 4,300 faculty and nearly 35,000 students

(UM 2001). Five thousand readings are equivalent to about one article per eight people

each day.

§ Single-sided copying was assumed for this model. If double-sided copying were used

instead, ILL energy consumption would be effectively doubled due to the large relative

impact of paper production on overall energy for this model element. However, this

amount would be quite small compared with other elements in the Traditional System

after applying the ILL frequency factor.
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§ Postal freight was assumed to be via a fully loaded tractor-trailer. Given that regional

libraries often engage in ILL, such shipments would utilize established mail truck routes

within the region. It was further assumed that mail trucks would be loaded in both

directions, so energy associated with empty trips need not be allocated to the FU. There is

significant uncertainty regarding logistics parameters of this model element. But, initial

results indicate that logistics energy consumption is far below that for copying and paper

production.

§ Copyright restrictions do exist regarding availability of material through ILL. For

example, there are often restrictions on periodical volumes less than five years old.

However, this would seem to affect digital and traditional subscriptions equally.

§ There is some evidence that benefits associated with electronic media (e.g., speed of

delivery) can spur greater use of ILL services in the Digital Library System. If so, the FU

comparison between the two systems would not be strictly equivalent because more

articles might be read in digital versus traditional format. Therefore, more energy would

have to be allocated there. The extent to which digital media stimulate greater use of

journal materials is a topic that deserves further analysis.

7.2.8 Journal Binding

Following a regular cycle, libraries send loose issues of scholarly journals to be bound into

hardcover volumes. This serves several purposes. It prevents the loss of individual issues,

assists in their preservation, and permits easier use of periodical materials by library patrons.

Much of the background information and data for this section of the report was obtained

while touring an actual bindery operation and interviewing one of its executives.18 The great

majority of this firm’s customers are colleges and universities, so scholarly journal binding

represents a large share of its business. Major steps in the binding process include

preparation, delivery to a commercial bindery, actual binding activities, and shipment back to

the library. These steps are briefly described below.
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7.2.8.1 Introduction to the Binding Process

Step 1. Preparation.  Library staff members prepare journal issues by organizing them

into prospective volumes (monthly, quarterly, yearly, etc.), determining each

volume’s required thickness, and specifying information to be stamped onto the

spine. They prepare a binding slip that communicates all of these details to the

bindery.

Step 2. Inbound Shipment.  Unbound volumes are picked up at the library and taken

to the bindery. To achieve economy of scale, many volumes are normally transported

at once. Most delivery runs occur weekly or biweekly to established customers.

Step 3. Measurement.  At the bindery, workers begin processing journal issues by

pulling staples and checking the correct order of material. Accurate measurements of

height, width, and spine thickness are taken automatically and stored in system

software.

Step 4. Page Attachment.  Individual issues are combined into volume cores using

one of several methods. Adhesives may be involved, but scientific journals are often

sewn together instead. Sewing can be used for issues that were either stapled or

attached with flat-back spines.

Step 5. Milling.  The back edge of each volume core is trimmed for an even surface.

It is also notched to provide more holding area for the binding glue.

Step 6. Cover Sizing.  Specially-coated cotton cloth is cut to one of six standard sizes.

Step 7. Milling (optional).  The three exposed sides of the volume core are trimmed

to provide an even surface. This step is optional depending on the customer’s

preference.

Step 8. Board Sizing.  Using a jig, front and back cover pieces, and a spine strip are

all cut to appropriate sizes. These pieces are made from a chipboard material.

                                                                                                                                                                                   
18 ICI Binding Corporation, Binding Unlimited, Inc. in Lansing, MI.
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Step 9. Stamping.  Spine information is automatically stamped onto the cloth outer

cover.

Step 10. Case Construction. Cloth outer cover, board pieces, and spine are glued

together and hand-trimmed to form the case.

Step 11. Final Assembly.  The case and volume core are glued together. The hinge is

set with a heat press.

Step 12. Outbound Shipment.  Bound volumes are returned to the library’s collection.

Binding is considered a light industry, and is relatively mature and labor-intensive. Except

for several pieces of sophisticated control equipment, much of the machinery in the toured

plant consists of standard, air-operated hand presses. Space conditioning includes installed

air conditioning and natural gas heating.

7.2.8.2 Model Description

Binding-related energy within the Traditional Library System was determined to be the sum

of three components:

§ Plant-related energy consumption (process and overhead).

§ Energy content of chipboard binding materials.

§ Transportation energy associated with inbound and outbound delivery.

Each of these is discussed in turn. See Appendix N for the spreadsheet model.

7.2.8.2.1 Plant-related Energy Consumption

A top-down approach was used to calculate this portion for two reasons. Energy data for all

pieces of bindery equipment were either limited or non-existent. Also, useful plant-level

information (floor space and annual production volume) was identified during the tour and

interview. This information was combined with an estimate for the building’s energy

intensity to yield a value for plant-related energy per unit19.

                                                          
19 A unit is considered to be one bound volume of scholarly journal issues.
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Energy intensity data for the binding industry per se was unavailable. Because binding is a

labor-intensive industry using many small presses, Energy Use Intensity (EUI) for another

light industry was applied as a proxy. The instrument sector (SIC 3800 – 3900) was selected

for its comparatively low EUI among several industries studied by Akbari et al. (1991).

Energy Use Intensity =  20 kWh/ft2 (Electricity)  +  40 kBtu/ft2 (Natural Gas)

=  72 MJ/ft2  +  14.1 MJ/ft2

This electricity-to-gas ratio of approximately 5:1 seems appropriate given that most of the

energy used in binding powers electric air compressors to drive equipment. Next, energy

intensity was combined with plant floor space of 10,000 ft2 (Brennaman 2001) to yield

annual building energy:

Annual building energy  =  720,000 MJ  +  140,639 MJ

Next, allocation of annual building energy to a FU occurred in two parts:

1. Annual energy was divided by annual production of 250,000 units (Brennaman

2001)

Annual building energy per unit  =  2.88 MJ/Unit  +  0.56 MJ/Unit

2. A FU ratio was computed from initial assumptions of 6 bimonthly issues per

volume

and 15 articles per issue. Both of these values can be adjusted using the Model

Inputs spreadsheet in Appendix A.)

 Plant-related Energy per FU =  (2.88 MJ/Unit  + 0.56 MJ/Unit) x (1/6) x (1/15)

  =   0.038 MJ/FU 

7.2.8.2.2 Energy Content of Binding Materials

The energy content of binding materials was modeled using specific (mass-normalized)

energy data for linerboard (EPA 2000). Energy consumed to produce one short ton of

linerboard from virgin material was identified as:

Combustion Process Energy  =  25.6 million Btu



123

Pre-combustion Process Energy  =  0.05 million Btu

Combustion Transportation Energy  =  1.28 million Btu

Pre-combustion Transportation Energy  =  0.019 million Btu

Here, pre-combustion refers to upstream energy burdens associated with processing and fuels

and delivering them to final point of use. Mass of binding materials for one volume was

determined from actual measurement:

Mass of Front Board  =  159.0 g

Mass of Back Board  =  159.0 g

Mass of Spine Board  =  4.0 g

These masses were based on a typical journal size. According to one industry expert, the

frontal area of scholarly journals varies greatly, but that 8.5” x 11.0” is a typical size

(Brennaman 2001). This size was assumed here, leading to the following result for mass:

Mass of Binding Materials  =  (2 x 159.0 grams) + (4.0 grams) = 322 grams

Combining mass and specific energy data, and applying appropriate conversion factors,

yielded:

Production Energy per Bound Volume  =  9554.6 Btu

Finally, applying the previous FU ratio and additional conversion factors resulted in:

Production Energy per FU  =   0.112 MJ per FU

7.2.8.2.3 Inbound and outbound delivery

Logistics energy consumption was modeled using several assumptions:

§ Delivery vehicles are light duty trucks.

§ Customers are regional (mostly outside the local area).

§ Inbound and outbound loads contain identical compositions.
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§ Vehicles are never empty; trucks return to the bindery with new loads after delivering

finished product to customers.

To calculate energy per inbound delivery trip, the GREET 1.5 model was used to provide

fuel consumption for a level-two light duty truck (LDT2) of 7,290 Btu per mile.

Inbound delivery trip distance was estimated. Given that most shipments occur regionally, an

initial value of 300 miles between the library and bindery was assumed. This value can be

adjusted using the Model Inputs spreadsheet in Appendix A. Fuel consumption and distance

were then multiplied:

Total Energy per Inbound Trip  =  (7,290 Btu/mile) x (300 miles)

  =  2,187,000 Btu/Trip

  =  2307.4 MJ/Trip

Next, the total energy was allocated to a FU in two steps:

(1) Total Energy per Trip was divided by number of units per load. Units per Load is

a variable that can be adjusted using the Model Inputs spreadsheet. Brennaman

(2001) stated that loads may vary between 100 and 2800 units. An initial value of

1,500 was assumed.

Energy per Unit  =  1.54 MJ/Unit

(2) The previous FU ratio of [(1/6) x (1/15)] articles per volume was applied.

Inbound Delivery Energy per FU  =   0.017 MJ/FU

Finally, it was reasoned that energy consumption for the outbound trip to the library would

be equivalent to energy consumption for the inbound trip, given the assumption stated above.

Outbound Delivery Energy per FU  =   0.017 MJ/FU

7.2.8.2.4 Total Binding-Related Energy

Total Binding Energy per FU =  (0.038 + 0.112 + 0.017 + 0.017) MJ/FU

=   0.184 MJ/FJ
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7.2.8.3 Data Sources and Quality

§ Plant-level data was provided by Charles Brennaman, Vice President of ICI Binding

Corporation, an affiliate of Binding Unlimited, Inc. located in Lansing, Michigan. During

an interview and subsequent bindery tour, Mr. Brennaman shared a number of facts and

anecdotes about the industry in general, and his firm in particular. The resulting

information is considered to be of high quality.

§ A report published in 1991 by the Lawrence Berkeley Laboratory (Akbari et al. 1991)

was consulted for energy intensity data in light industry. Covering small and medium-

sized, non-intensive industrial firms, it was intended to shed light on emerging energy use

trends in California at the time. The report analyzed information from several different

sources.

§ The present study focused on report data taken from the PG&E Energy Utilization Audit

Industrial Database, which considered facilities of at least 2000 ft2 and 20 operating

hours/week. Mixed facilities were ignored. Data were culled into five representative light

industries: meat packing, frozen fruits, electronics, motor vehicles, and control

instruments. The resulting Instruments Sector (SIC 3800-3900), which had the lowest

energy intensity of the five examples, was used to represent commercial binding. The

resulting data is a decade old and considered of average quality.

§ Primary data were collected for the mass of binding materials. A standard laboratory

scale accurate to within 0.1 gram was used. This data is considered to be of excellent

quality.

§ GREET 1.5 is a spreadsheet model developed for the U.S. Department of Energy by

Michael Wang at Argonne National Laboratory. It allows for a number of different

variables to be adjusted within certain parameters. For the present study, default values

were used to determine fuel consumption for a standard LDT2 vehicle. This is

representative of the type of vehicle that Brennaman (2001) identified for ICI Binding
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Corporation. GREET 1.5 is considered to be among the most detailed models of the

environmental effects of vehicles; the data is assumed to be of good quality.

7.2.8.4 Limitations and Uncertainty

§ Plant-related energy data is valid only to the degree that energy intensity of instrument

manufacturing is similar to commercial binding. According to Brennaman (2001),

binding is considered to be light production, as is instrument manufacturing. Also, the

data came from measurements in Northern California. Climatic differences between

Northern California and mid-Michigan suggest that building-related energy intensity in

Lansing might be noticeably different. Finally, the energy data is ten years old. Because

binding is a mature industry that has not changed much over the last decade, time-varying

factors, such as marginal efficiency improvements made since 1991, are not expected to

have a significant impact.

§ Annual production data of 250,000 units yields an average that reflects no product

variability. In reality, commercial binderies process a range of journal types and sizes,

and non-journal materials such as books, atlases, and sheet music. Each of these items is

associated with a unique energy requirement that is not reflected in this model.

§ Fuel consumption data taken from GREET 1.5 depends only on distance within each

vehicle type. Therefore, actual differences in efficiency arising from varying load masses

were not captured.

§ Chipboard binding material was assumed to be linerboard. Actual content of the

chipboard could not be precisely determined, and linerboard provided the closest material

for which production energy data were available.

§ The mass of the outer cover cloth was determined to be 37.2 grams, about one tenth that

of chipboard components. However, the cloth piece’s energy content was neglected in

this model. Mass-specific production energy data for cotton cloth was not available.
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Energy content of packaging associated with binding materials and products was neglected in

this study.

7.2.9 Photocopying (Copier Device)

Photocopying is redundant. It merely duplicates what already exists – information stored on a

paper medium. Still, library patrons make photocopies for a number of reasons. A personal

copy can be removed from the library for use at a more convenient time or place. It can be

marked and annotated without disrupting other readers’ ability to use the information. And, it

can be easily archived for later review. Beyond these obvious benefits, access to copying

equipment is easy and relatively inexpensive. This section covers the modeling and energy

results associated with the photocopier itself. Burdens for copier paper are addressed in

Section 7.2.10 of this report. Before discussing the model in detail, the photocopying process

is briefly explained.

7.2.9.1 Introduction to the Photocopying Process

A copier is essentially built around a photosensitive drum. An image of the original is

focused onto this drum using a bright light and lens. Through subsequent steps, the image is

ultimately transferred to paper. Major steps, provided by Goldwasser (1998), include:

1. First, a high positive voltage is applied to the drum’s surface.

2. A lamp and mirror move along the original document and focus the image onto the drum.

Because the drum’s circumference is much smaller than the length of a printed page, only

a narrow strip of the image is transferred at one time. Where reflected light hits the drum

surface, electrostatic resistance drops. Those areas on the drum surface lose their charge.

3. As the drum rotates, the charged image strip moves past the developer unit that contains a

mixture of developer (magnetic particles) and toner (ink particles). Toner is drawn to the

unexposed areas of the drum, representing dark parts of the original.

4. The drum continues to rotate and comes in contact with the paper. A high voltage is

applied to the back of the paper, and toner is drawn to it from the drum.

5. The toner-laden paper is transferred to the fuser, where heat and pressure embed ink

particles into the paper fibers.
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6. Excess toner is removed from the drum as it rotates past a blade made of rubber or

plastic.

7. The cleaned drum is fully exposed to light to remove any remaining charge from the

drum surface and to prepare it for the next charge. Steps 1-7 are continuously repeated

until the entire original is duplicated, strip by strip.

The process described here is for analogue (light lens) copiers. Many copiers are now digital,

being very similar to analogue models except that images are electronically scanned and

stored. Either way, the associated energy consumption is not trivial. Photocopying requires a

number of moving components and the generation of light, heat, and electrical charges.

7.2.9.2 Model Description

All activities related to photocopying have been allocated to the Use Phase of the Traditional

Library System (see Figure 6-3). Appendix O contains the Photocopier Model spreadsheet

that was used in building this part of the model. Data was identified for the following three

copier elements: 1) photocopier operation; 2) production; and 3) disposition. Each is

discussed below.

7.2.9.2.1 Photocopier Operation

Direct Copying Energy

Energy consumption per single copying event is the product of Run Mode power and event

duration. For this study, Run Mode power was assumed to be 708 Watts (Xerox 2001). Event

duration was calculated as the inverse of rated copier speed, which was assumed to be 30

copies per minute, or 1800 copies per hour (EPA 2001). Both of these parameters are for the

Xerox DC 230 copier and can be adjusted using the Model Inputs spreadsheet. Initial values

yielded:

Electricity per Copy =  (0.708 kW) / (1800 copies/hour)

=  0.00039 kWh/Copy
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Next, the number of copying events per FU was determined by estimating the number of

journal pages per article. In Section 7.2.2.2, average journal article length was reported as

11.7 pages. Obviously, this parameter must be rounded up to 12 pages for photocopying.

Optical reduction enables two images to be reproduced onto one letter-size page. This

situation was built into the Model Inputs spreadsheet, allowing a choice between no optical

reduction or half-size reduction. Optical reduction was not assumed in the initial model.

Therefore, the number of copies needed per FU was 1220. Of course, it is entirely possible

that a library patron would choose to copy the same journal article more than once. This

would require a further adjustment in number of copies per FU. For this study, it was

assumed that only single copies are made.

Combining previous factors, direct copying electricity per FU was calculated:

ElectricityFU,Direct =  (0.00039 kWh/Copy) x (12 Copies/FU)

=   0.0047 kWh/FU

Overhead Copying Energy

During periods of inactivity, the fuser unit must be kept warm to minimize delays in

initiating the next copying sequence, so Photocopiers continue to consume energy when not

actually making copies. The resulting overhead energy must be allocated such that this

burden is assigned to copying events on the basis of relative usage. For this analysis, total

daily consumption of overhead energy was first calculated. Table 7-7 gives initial

assumptions for power and time variables, which are all adjustable using the Model Inputs

spreadsheet. The presence of four modes (Run, Standby, Low, Off) reflects Energy Star

program requirements for power management of photocopiers.

TABLE 7-7 ENERGY VARIABLES FOR XEROX MODEL DC 230 COPIER

Power Mode Power Level Daily Duration Energy Consumption

Run 708 Watts 0.56 Hours 0.39 kWh

Standby 180 Watts 2 Hours 0.36 kWh

Low 75 Watts 8 Hours 0.60 kWh

Off 1 Watts 13.44 Hours 0.013 kWh

                                                          
20 Single-sided vs. double-sided copying (simplex and duplex) is considered irrelevant for this part of the model
because it does not effect the number of copying events, and therefore direct electricity usage. Simplex vs.
duplex copying  is addressed in Section 7.2.10.1 of this report, which deals with Copier Paper.
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Power level variables in Table 7-7 reflect actual values for the Xerox Model DC 220 copier

(Xerox 2001). Daily duration values were determined in three steps.

First, duration in Run Mode was calculated:

Run Mode Duration =  (1/Rated Copier Speed) x  (Daily Copying Traffic)

Daily Copying Traffic, which represents copies per machine per day, was initially assigned a

value of 1000 in the Model Inputs spreadsheet. It lead to the following value for duration in

run mode:

Run Mode Duration =  (1 hour/1800 copies) x (1000 copies)

=  0.56 hours/day

Next, duration for Standby and Low power modes were estimated. In theory, both of these

values could be precisely fixed by modeling an entire day of copying activity and the

associated off-line periods. The extreme complexity involved in capturing the detail of so

many separate, random events was beyond the scope of this study. Instead, aggregate values

for Standby and Low power duration periods were estimated based on Energy Star program

requirements. Copiers must automatically shift to Standby Mode after 15 minutes of

inactivity, and to Low Mode after an additional delay of 60 minutes. Initial delay values of 2

hours and 8 hours reflect the ratio of these two variables. In order to test the effect of this

initial assumption, which might overstate time spent in Low Power mode, these values are

adjustable using the Model Inputs spreadsheet.

Finally, the spreadsheet model automatically calculated duration in Off Mode:

Off Mode Duration =  (24 hours) – (0.56 hours + 2 hours + 8 hours)

=  13.44 hours

Using values for duration and power, overhead electricity consumption was then calculated

for each mode. These results, which are provided in Table 7-7, add to:
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ElectricityOH =  0.36 kWh/day + 0.60 kWh/day + 0.013 kWh/day

=  0.97 kWh/day

To this result, a FU allocation factor based on number of copies was applied:

ElectricityFU,OH = [(12 copies/FU) / (1000 copies/day)] x (0.97 kWh/day)

= 0.012 kWh/FU

FU Copying Energy

Overall electricity related to photocopying was taken as the sum of direct and overhead

energy:

ElectricityFU = 0.0047 kWh + 0.012 kWh

= 0.0164 kWh

This represents the amount of electricity consumed at the point of use. Finding the primary

energy associated with this electricity required the application of a grid efficiency factor:

EnergyFU =  [(0.0164 kWh) / (0.30)] x (3.6 MJ/kWh)

   =   0.20 MJ

7.2.9.2.2 Copier Production

Production data was taken from a life cycle study sponsored by Fuji Xerox Australia (Kerr

1999). It examined the environmental aspects of remanufacturing for two photocopier

models. Data for one of these, the Xerox DC 265, was used in the present study. The DC 265

is a medium to high volume black and white digital copier, typical of what might be found in

a university library. Its modular design faciliates disassembly, making remanufacturing a

viable option for this copier. The study reported DC 265 production data for two cases: with

and without remanufacturing. Both scenarios were modeled here. A toggle cell in the Model

Inputs spreadsheet enables the selection of either data. Table 7-8 provides a synopsis of these

data for both scenarios.
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TABLE 7-8 XEROX DC 265 LIFE CYCLE PRODUCTION ENERGY

Copier

Equipment

Spares and

Consumables

Remanufacturing

Process

Total Prod. Energy

per Copier

W/out Remanf. 22,184  MJ 52,622  MJ 0  MJ 74,806  MJ

With Remanuf. 23,074  MJ 5,459  MJ 13,143  MJ 41,676  MJ

The Copier Equipment field in Table 7-8 includes initial production activities for the copier

itself, while Spares and Consumables covers spare parts and replacement products such as

toner, developer, and fuser oil. Both categories contain the following processes:

The Remanufacturing Process field identifies energy consumed in product return shipment,

freight of remanufacturing input materials, and actual remanufacturing activities. When

added to the previous two fields in Table 7-8, the result is total production energy per copier.

To determine the FU portion of this total production energy, an allocation factor was

calculated:

Allocation Factor = (FU time) / (total run time over lifespan)

FU Time = (12 copies/article) / (1800 copies/hour)

    = 0.0067 hours

Total Run Time = (design life) x (daily duration) x (days per year)

= (5 years)21 x (0.56 hours/day) x (350 days/year)22

= 980 hours

Therefore,

FU Production Energy = (0.0067 hours / 980 hours) x (74,806 MJ/copier)

  = 0.51 MJ  (without remanufacturing) 

                                                          
21 Useful life of the Xerox DC 265 copier was given as 5 years (Kerr 1999).

§ Raw materials acquisition
§ Component manufacturing
§ Assembly

§ Associated freight to FXA
§ Associated freight to customers
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FU Production Energy = (0.0067 hours / 980 hours) x (41,676 MJ/copier)

  = 0.29 MJ  (with remanufacturing)

7.2.9.2.3 Copier Disposition

End-of-life (EOL) management for copiers begins with shipment to a waste handler. Energy

data for this activity was found for the Xerox DC 265 in (Kerr 1999):

EnergyFreight  = 535 MJ/copier  (without remanufacturing)

EnergyFreight  = 92 MJ/copier  (with remanufacturing)

The difference between these values reflects recovery of spare parts during remanufacturing,

prior to disposal of the remaining components. It was assumed that copiers are limited to one

remanufacturing cycle before disposal. At the final location, photocopiers can experience one

of several fates. These include landfill disposal, incineration, and long-term storage. Data

regarding computer disposal in landfills was available as a proxy for photocopiers, so only

landfill processing was assumed in the current study.

Landfill disposal energy for a desktop computer system of 0.9 MJ (Williams and Sasaki,

2001) was scaled up for a copier using relative mass. Caudill et al. (2000) reports the mass of

a standard desktop computer system to be 30.9 kg, while Kerr (1999) lists the mass of a

Xerox DC 265 to be 246 kg. These values led to the following result:

EnergyLandfill =  (246 kg / 30.9 kg) x (0.9 MJ)

= 7.2 MJ/copier

Applying the same allocation factor as before to obtain FU energy,

FU EOL Energy  =  (0.0067 hours / 980 hours) x (535 MJ/copier + 7.2 MJ/copier)

  =  0.0037 MJ  (without remanufacturing)

     

                                                                                                                                                                                   
22 Assumes that copier is available for use 350 days per year.
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FU EOL Energy  =  (0.0067 hours / 980 hours) x (92 MJ/copier + 7.2 MJ/copier)

  = 0.00068 MJ  (with remanufacturing)

7.2.9.2.4 Total Copier Energy Consumption

Results for the three copier elements were combined to yield total FU energy:

EnergyFU =  EnergyCopying + EnergyProd + EnergyDisp

=  0.71 MJ  (without remanufacturing)

=  0.49 MJ  (with remanufacturing)

Finally, a Copying Ratio variable was applied that estimates the frequency that copies are

made. It ranges from 0.00 to 1.00 and is adjustable using the Model Inputs spreadsheet. An

initial value of 0.75 was assumed. It implies that photocopying occurs three-fourths of the

time. Therefore, the same factor should be reflected in the FU energy consumption:

Adjusted FU Energy=  0.54 MJ  (without remanufacturing)

Adjusted FU Energy=  0.36 MJ  (with remanufacturing)

7.2.9.3 Data Sources and Quality

§ Information on power requirements for the Xerox DC 265 was unavailable from the

manufacturer. In its place, power data for the Xerox DC 220/230/420 product series were

used. The source was Product Safety Data Sheet # 0791, revised on January 10, 2001. It

is considered current and accurate.

§ The Energy Star web site provided two pieces of data for this study:

1. Rated copier speed for the DC 230 was taken from an online document entitled

Energy Star Labeled Copiers – Qualifying Products List. The information was dated

April 21, 1999. It is considered current and accurate.

2. Product specifications regarding automatic delay periods for copiers were also

obtained from the program web site, which is an official communication mode with

the public about Energy Star issues.
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§ The report by Kerr (1999) was completed as a Masters Thesis at the International

Institute for Industrial Environmental Economics, Lund University, Sweden. It was a case

study at Fuji Xerox Australia (FXA) that compared the environmental aspects of four

product life cycles:

Without Remanufacturing With Remanufacturing

The comparison was made along five parameters including energy consumption using

Sima Pro 4.0 LCA software. The system was comprised of the copier and

components; packaging; and transportation between manufacturer, assembler, FXA,

customer, and waste handler. Waste treatment and disposal were not included, nor

were intermediate storage and capital equipment. Scope of investigation was wide,

but results cannot be considered of high quality for two reasons. First, the study relied

on substantial estimation. Indeed, it was only intended to serve as a simplified LCA

that provided indications, not precise measurements. In addition, detailed calculations

were omitted from the report due to confidentiality requirements. This prevented

validation of the methods used to obtain results.

Another way to judge the validity of energy data from this source is by comparison

with another product system. Table 7-9 shows a comparison between Kerr’s energy

data and that for a mid-size automobile (U.S. AMP 1999).

TABLE 7-9 COMPARISON OF ENERGY RESULTS FOR AUTOMOBILES AND PHOTOCOPIERS

Materials,

Production,

and Repair

Ratio of

Copier/Auto End-of-Life

Ratio of

Copier/Auto

Automobile 141,848  MJ --- 2,164  MJ ---

Copier (w/o reman) 74,805  MJ 52.7% 535  MJ 24.7%

Copier (w/ reman) 41,676  MJ 29.4% 92  MJ 4.3%

¬ Xerox DC 265 copier

 Xerox 5100 copier

® Xerox DC 265 copier

¯ Xerox 5100 copier
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Given that a mid-size car weighs about 1500 kg, the relative mass of these two

systems is:

Mass Ratio = (246 kg) / (1500 kg)

= 0.16

To the extent that energy intensity is similar in both systems, the copier data appears

to overstate energy burdens (or possibly the automobile data is understated).

§ Williams and Sasaki (2001) introduce a method to compare various end-of-life strategies

for personal computers. A thorough review of existing literature on this topic is provided.

Quantitative data on landfill energy is acknowledged to be scarce and only one study was

identified. It reported landfill-related energy for disposing of PCs, which share some

similarity in content to current digital photocopiers. The cited study was conducted by

MTI in Japan based on information from the Electronics Industry Association of Japan.

The report is only available in Japanese, so validation of results was not possible.

Because the data cannot be verified, and was provided through a secondary source, its

quality must be considered low.

§ This study by Caudill et al. examined environmental aspects of e-commerce as applied to

computer manufacturing. It was used to obtain mass data for a desktop PC system.

Masses for the following imbedded materials were reported: plastic, CRT glass,

aluminum, steel, copper, and circuit boards. The quality of this mass data is considered to

be average.

7.2.9.4 Limitations and Uncertainties

§ Adequate data on production, remanufacturing, and disposition was available only for the

Xerox DC 265. Because this particular copier is no longer being made, accurate

information about its power requirements was not found. As a substitute, electricity

consumption by the Xerox DC 230 was modeled instead. The DC 230 is somewhat

slower than the DC 265, but both machines are digital models within the same general
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product family. Therefore, the use of separate data for two copiers was not expected to

affect results appreciably.

§ The model assumes that any patron wishing to photocopy a journal article can find a

working copier nearby. It is entirely possible that some equipment would be inoperable

due to maintenance or repairs, or shortage of supplies such as paper and toner. In this

case, the model would overestimate the amount of copying activity.

§ The initial Copying Ratio variable of 0.75 was not based on actual copying patterns, but

on anecdotal evidence and personal experience.

§ Model inputs reflect information from multiple regions. Copier use was based on

electricity generation in North America. Production, freight, and remanufacturing

scenarios were taken from Australia. Landfill disposal data came from Japan. Lack of

geographic consistency was driven by data availability.

§ Important assumptions concerning copier end-of-life include:

1. The disposition model only considered landfilling and ignored other end-of-life

options such as recycling, incineration, and long-term storage.

2. Landfill process energy for personal computers was scaled up for copiers using

relative mass. This is realistic insofar as the content of computers and copiers is

similar in material type and proportion.

3. In applying the PC landfill factor, mass of a remanufactured copier was considered

identical to mass of a non-remanufactured copier. Although both versions are DC

265, it is possible that more of the remanufactured version would first have been

stripped for spare parts.

These EOL assumptions introduce a certain level of uncertainty into the results. The

impact is thought to be relatively small. Total disposition energy was found to represent

only 0.2% to 0.7% of total production-related energy.
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7.2.10 Photocopying (Office Paper)

Besides the photocopier itself, office paper is the other main component of the photocopying

sub-system.

7.2.10.1 Model Description

As shown in Figure 7.8, office paper energy burden is assigned to two different phases of the

Traditional Library System: Use and Downstream. Because the model assumes identical

office paper for copying and laser printing, this section only covers material that is different

from that presented in Section 7.1.7. The essential differences are the adjustments in FU

mass that reflect single-sided copying as opposed to double-sided printing. The spreadsheet

for this part of the Traditional Library model is provided in Appendix P.

FIGURE 7-8 OFFICE PAPER ACTIVITIES WITHIN THE TRADITIONAL LIBRARY SYSTEM

7.2.10.1.1 Use Phase (Office Paper Production)

FU mass for laser printing was doubled to account for single-sided photocopying (twelve

letter-size sheets instead of six):

MassFU = (2) x (0.027 kg/FU)

= 0.054 kg/FU

Assuming 0% recycled content, FU energy burden was calculated using production data

presented in Section 7.1.7.1.1:

EnergyFU      = [(0.054 kg/FU) x (36.3 mmBtu/ton) / (907.2 kg/ton)] x [1055 MJ/mmBtu]

        = 2.30 MJ/FU

Office Paper
Production

Photocopying Office Paper
Disposition

USE PHASE DOWNSTREAM PHASE
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Logistics energy was calculated in the same manner described for laser printing paper in

Section 7.1.7.1.1:

EnergyFU = (EnergyTrip) x (MassFU / MassPayload)

= [(12.5 mmBtu/trip) x (1055 MJ/mmBtu)] x [(0.054 kg/(16,420 kg)]

= 0.044 MJ/FU

Adding energy components for paper production and logistics yielded total energy

consumption for Office Paper Production:

EnergyUse = EnergyFU, Production + EnergyFU, Logistics

= 2.30 MJ/FU + 0.044 MJ/FU

= 2.34 MJ/FU

Finally, a variable called Copying Ratio was applied using the Model Inputs spreadsheet.

This variable represents the fact that library patrons do not always photocopy journal articles.

It assumes a value between zero (copying is never used) and unity (copying is always used).

Copying Ratio was initially set at 0.75, implying that three-fourths of the energy burden for

one article should be allocated to the FU as follows:

EnergyUse = (0.75) x (2.34 MJ/FU)

= 1.76 MJ/FU

7.2.10.1.2 Downstream Phase (Office Paper Disposition)

Again, results from Section 7.1.7.1.2 were adjusted by doubling the FU mass to reflect

single-sided printing. Energy burdens associated with both EOL activities are as follows:

1. All office paper is eventually processed in a landfill.

This disposal option consumes energy for collection activities and landfill processing.

Landfill disposal data for municipal solid waste (MSW) was used to determine energy

consumption per FU:
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MSW Landfill Energy Intensity = 527,500 Btu/ton

FU Mass = 0.054 kg/FU

   EnergyFU = (527.5 kBtu/ton) x (ton/907.2 kg) x (0.054 kg/FU) x 0.001055 MJ/Btu)

= 0.033 MJ/FU

As in the Laser Printer model, the Printing Ratio variable was applied as an

adjustment:

EnergyFU (adjusted) = (0.75) x (0.033 MJ/FU)

= 0.025 MJ/FU

 2. All office paper is eventually recycled.

As discussed in Section 7.1.7.1.2, the library simply eliminates landfill energy burden

by recycling. Therefore,

 EnergyFU = 0 MJ/FU

Because it is the University of Michigan’s policy to recycle institutional office paper,

the recycling case was adopted as the initial assumption. The landfill case can be

represented in the model by adjusting the appropriate variable in Appendix A.

7.2.10.2 Data Sources and Quality

The data sources used in this analysis are all discussed in Section 7.1.7.2.

7.2.10.3 Limitations and Uncertainties

Iissues relating to limitations and uncertainties of this analysis are covered in Section 7.1.7.3.

7.2.11 Personal Transportation

This involves a patron’s travel to and from the campus library facility. This is an optional

element that is common to both library systems. See Section 7.1.8 for a description of this

model element.
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8 RESULTS AND SENSITIVITY ANALYSES

As explained in Section 7, energy consumption was determined separately for each element

in the Inventory Analysis. Next, elements were linked in a spreadsheet model to generate

comprehensive energy results for the digital and traditional library systems. These results

were examined in two steps. First, main effects were identified in a series of five basic

scenarios. Sensitivity analyses were then conducted to test the model’s robustness to

variations in input data.

8.1 Examination of Main Effects

Five primary scenarios were constructed to examine main effects. Each scenario was built on

a core set of model elements that are essential for reading a journal article in either system.

These include all elements except laser printing, photocopying, and personal transportation.

In all five cases, the traditional system was assumed to include 100 copies of the paper

journal and 100 library facilities (one journal copy per library). To ensure an equivalent

comparison between the digital and traditional systems, 100 digital libraries were also

assumed, suggesting the equivalence of subscription prices. Having user populations of

similar size makes it more likely that journal articles would be accessed in both systems at

the same rate. This is necessary for making the comparison useful.

TABLE 8-1 DESCRIPTION OF MAIN FIVE SCENARIOS

Scenario

1

Scenario

2

Scenario

3

Scenario

4

Scenario

5

Readings/Article 1 1000 1000 1000 1000

Laser Printing 8 8 4 4 4

D
ig

it
al

S
ys

te
m

Transportation 8 8 8 4 8

Readings/Article 1 1000 1000 1000 1000

Photocopying 8 8 4 4 4

T
ra

d
it

io
n

al

S
ys

te
m

Transportation 8 8 8 4 4

8 Element is Not Considered 4 Element is Considered
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The five scenarios were developed in order of complexity. Table 8-1 summarizes differences

between them, assuming all other factors remain constant. Descriptions of each scenario are

presented below.

8.1.1 Scenario One

The first scenario considered the core model without laser printing, photocopying, or

personal transportation. In addition, it was assumed that the journal article is read only one

time in its published life. While this may seem unrealistic, it provides a useful point of

departure for analyzing the other scenarios. Results for Scenario 1 are presented in Table 8-2

and Figure 8-1.

Table 8-2 lists energy consumption for each model element separately. Adjusted subtotals are

provided for each life cycle phase. Grey fields indicate burdens that are allocated based on

the number of readings per article. These particular burdens are fixed energy costs associated

with delivering journal content. In the digital system, the server must consume a given

amount of energy to store the data regardless of how many people access it. Similarly, the

paper journal’s production, delivery, storage, and binding all must occur, regardless of total

readings. Adjusted subtotals in Table 8-2 reflect the allocation of these sunk costs based on

readings per article.

TABLE 8-2  SCENARIO 1 ENERGY RESULTS

DIGITAL LIBRARY SYSTEM TRADITIONAL LIBRARY SYSTEM
UPSTREAM PHASE UPSTREAM PHASE

Server 212 Journal Paper 1.55

Journal Printing 0.173

Journal Delivery 0.050

Upstream (adjusted) 212 Upstream (Adjusted) 177

USE PHASE USE PHASE

Network 0.036 Building Infrastructure 3.30

Client 2.96 Binding 0.184

Building Infrastructure 0.89 Document Delivery 0.026

Transportation 0 Transportation 0

Printer 0 Copier 0

Printer Paper Production 0 Copier Paper Production 0

Use (Adjusted) 3.89 Use (Adjusted) 348

DOWNSTREAM PHASE DOWNSTREAM PHASE

Printer Paper Disposition 0 Copier Paper Disposition 0

Total Digital Energy 216  MJ Total Traditional Energy 525  MJ
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FIGURE 8-1  SCENARIO 1 RESULTS BY LIFE CYCLE PHASE

Assuming one reading per article, server storage energy over the ten-year period is assigned

entirely to the FU. This Upstream burden is clearly the main effect of the digital system, as

shown in Figure 8-1. In the equivalent traditional system, 100 copies of the journal article

were produced (Upstream), stored in stacks for ten years, and bound (Use). All of this burden

must be allocated to the traditional system’s FU. Based on these results, the traditional

system is nearly two and a half times more energy intensive than the digital system for low

reading volumes.

8.1.2 Scenario Two

In Scenario Two, the number of readings per article was increased to 1000 while holding all

other factors from Scenario 1 constant. This figure’s validity is supported by research that

found the number of readings for the average scientific journal article to be 900 (Tenopir and

King 2000). Two additional assumptions:

§ Every reading event occurs via a library journal collection. Individual subscriptions were

not considered.

§ Distribution of readings is even across all library facilities. This assumption enables the

fixed traditional burdens to be allocated in a straightforward, proportional manner.

Results for Scenario Two are presented in Table 8-3 and Figure 8-2.
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TABLE 8-3  SCENARIO 2 ENERGY RESULTS

FIGURE 8-2  SCENARIO 2 RESULTS BY LIFE CYCLE PHASE

Clearly, the dominant burdens from Scenario 1 have now been reduced by a factor of 1000,

which is the adjusted number of readings per article. This is consistent with the definition of

a FU, which is the process of reading the journal article one time. Online reading burden in

the digital system remains unchanged, and is now the main effect. It comprises life cycle

DIGITAL LIBRARY SYSTEM TRADITIONAL LIBRARY SYSTEM
UPSTREAM PHASE UPSTREAM PHASE

Server 212 Journal Paper 1.55

Journal Printing 0.173

Journal Delivery 0.050

Upstream (adjusted) 0.21 Upstream (Adjusted) 0.18

USE PHASE USE PHASE

Network 0.036 Building Infrastructure 3.30

Client 2.96 Binding 0.184

Building Infrastructure 0.89 Document Delivery 0.026

Transportation 0 Transportation 0

Printer 0 Copier 0

Printer Paper Production 0 Copier Paper Production 0

Use (Adjusted) 3.89 Use (Adjusted) 0.37

DOWNSTREAM PHASE DOWNSTREAM PHASE

Printer Paper Disposition 0 Copier Paper Disposition 0

Total Digital Energy 4.10  MJ Total Traditional Energy 0.55  MJ

0.00

0.50

1.00

1.50

2.00

2.50
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3.50

4.00

4.50
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Digital Trad
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energy consumption by the client workstation, all of which is assigned to the Use Phase

according to the digital system diagram (Figure 6-2).

All three of the remaining scenarios in Section 8.1 continue to assume 1000 readings per

article and 100 paper journal copies.

8.1.3 Scenario Three

The next layer of complexity was added by incorporating model elements for laser printing

and photocopying. Results for this scenario are given in Table 8-4 and Figure 8-3.

TABLE 8-4 SCENARIO 3 ENERGY RESULTS

DIGITAL LIBRARY SYSTEM TRADITIONAL LIBRARY SYSTEM
UPSTREAM PHASE UPSTREAM PHASE

Server 212 Journal Paper 1.55

Journal Printing 0.173

Journal Delivery 0.050

Upstream (adjusted) 0.21 Upstream (Adjusted) 0.18

USE PHASE USE PHASE

Network 0.036 Building Infrastructure 3.30

Client 2.96 Binding 0.184

Building Infrastructure 0.89 Document Delivery 0.026

Transportation 0 Transportation 0

Printer 0.093 Copier 0.54

Printer Paper Production 0.88 Copier Paper Production 1.76

Use (Adjusted) 4.87 Use (Adjusted) 2.67

DOWNSTREAM PHASE DOWNSTREAM PHASE

Printer Paper Disposition 0 Copier Paper Disposition 0

Total Digital Energy 5.08  MJ Total Traditional Energy 2.84  MJ
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FIGURE 8-3  SCENARIO 3 RESULTS BY LIFE CYCLE PHASE

office paper is recycled after use. Therefore, neither system is charged with landfill process

burden. This case holds true for the last two scenarios, but will be altered for sensitivity

testing later.

8.1.4 Scenario Four

Personal transportation was the final model element added to the analysis. Travel burden was

assigned equally to both systems. Results for Scenario 4 are presented in Table 8-5 and

Figure 8-4.

TABLE 8-5  SCENARIO 4 ENERGY RESULTS

DIGITAL LIBRARY SYSTEM TRADITIONAL LIBRARY SYSTEM
UPSTREAM PHASE UPSTREAM PHASE

Server 212 Journal Paper 1.55

Journal Printing 0.173

Journal Delivery 0.050

Upstream (adjusted) 0.21 Upstream (Adjusted) 0.18

USE PHASE USE PHASE

Network 0.036 Building Infrastructure 3.30

Client 2.96 Binding 0.184

Building Infrastructure 0.89 Document Delivery 0.026

Transportation 13.4 Transportation 13.4

Printer 0.093 Copier 0.54

Printer Paper Production 0.88 Copier Paper Production 1.76

Use (Adjusted) 18.27 Use (Adjusted) 16.07

DOWNSTREAM PHASE DOWNSTREAM PHASE

Printer Paper Disposition 0 Copier Paper Disposition 0

Total Digital Energy 18.48  MJ Total Traditional Energy 16.25  MJ

0.00

1.00

2.00

3.00

4.00

5.00

6.00

Up Use Down

MJ

Digital Trad



147

FIGURE 8-4 SCENARIO 4 RESULTS BY LIFE CYCLE PHASE

Given this newest mix of assumptions and parameters, transportation energy clearly dwarfs

all other effects. Because it affects both systems equally, the actual gap in energy

consumption remains unchanged from Scenario 3. Nevertheless, the ratio of total energy

consumption for both systems is now closer to unity because transportation makes other

model elements less significant.

8.1.5 Scenario Five

Scenario 4 included all model elements, so no new ones were added in Scenario 5. Instead,

the digital transportation burden was eliminated to simulate online reading by remote access.

Equipment and infrastructure burdens for the remote site (e.g., client and printer models,

building energy consumption, etc.) were assumed to be identical to those for the library.

Basically, this scenario involves a comparison between the digital system from Scenario 3

and the traditional system from Scenario 4. Results are provided in Table 8-6 and Figure 8-5.
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TABLE 8-6  SCENARIO 5 ENERGY RESULTS

FIGURE 8-5  SCENARIO 5 RESULTS BY LIFE CYCLE PHASE

By eliminating automobile travel, the digital system in Scenario 5 now has a clear advantage

in terms of energy consumption.

DIGITAL LIBRARY SYSTEM TRADITIONAL LIBRARY SYSTEM
UPSTREAM PHASE UPSTREAM PHASE

Server 212 Journal Paper 1.55

Journal Printing 0.173

Journal Delivery 0.050

Upstream (adjusted) 0.21 Upstream (Adjusted) 0.18

USE PHASE USE PHASE

Network 0.036 Building Infrastructure 3.30

Client 2.96 Binding 0.184

Building Infrastructure 0.89 Document Delivery 0.026

Transportation 0 Transportation 13.4

Printer 0.093 Copier 0.54

Printer Paper Production 0.88 Copier Paper Production 1.76

Use (Adjusted) 4.87 Use (Adjusted) 16.07

DOWNSTREAM PHASE DOWNSTREAM PHASE

Printer Paper Disposition 0 Copier Paper Disposition 0

Total Digital Energy 5.08  MJ Total Traditional Energy 16.25  MJ
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8.1.6 Direct Comparison of Scenarios 1 – 5

To see the relative sizes of main effects, it is meaningful to compare results from all five

scenarios on a common scale. In Figure 8-6, the dominant effects associated with one reading

per article (Scenario 1) are clearly apparent.

Figure 8-6  Comparison of Total Energy Consumption (Scenarios 1 – 5)

In Figure 8-7, Scenario 1 has been excluded to compare the other four scenarios on a more

relevant basis. Reviewing the progression of model complexity from left to right, one can see

the successive impacts of copying and printing (Scenario 3), personal transportation

(Scenario 4), and remote digital access (Scenario 5).

FIGURE 8-7  COMPARISON OF TOTAL ENERGY CONSUMPTION (SCENARIOS 2 – 5)

0

100

200

300

400

500

600

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

MJ

Digital Trad

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

18.00

20.00

Scenario 2 Scenario 3 Scenario 4 Scenario 5

MJ

Digital Trad



150

8.2 Sensitivity of Results to Input Variations

While the model comprises numerous parameters and nearly 90 input variables, the five main

scenarios are all based on limited sets of assumptions. By adjusting input factors and

examining the effects, many of these assumptions were tested. Such a process can expose

weaknesses or limitations in the model. It can also assess the effects of data uncertainty on

final results. If the model is robust to input changes associated with minor variables, then its

validity is strengthened. Guided by the main effects identified in Section 8.1, twenty-five

variables were selected on which to conduct a series of sensitivity analyses.

Results of sensitivity testing are presented in tables below, one for each separate input

adjustment. To facilitate comparison, results for a baseline case are also included with each

test group. To keep the process manageable, one standard baseline was used throughout.

Scenario 4 was adopted as the baseline because it includes the effects of all model elements.

As before, 1000 readings per article and 100 paper journal copies were assumed. On the

right-hand side of each table, ratios are provided that show change in with respect to the

baseline. These ratios are labeled with a delta symbol (? ).

8.2.1 Readings per Article; Number of Journal Copies

Both of these variables drive the allocation of fixed cost burdens in the model. In this

analysis, sensitivity to changes in both were examined separately. Readings per Article was

tested first using five values, holding Number of Journal Copies constant at 100. Then

Number of Copies was tested at three different values, holding Readings per Article constant

at 1000.

Although the average number of readings per scientific journal article is 900, the range is

quite large. Very obscure journals may only attract a handful of experts, while mainstream

scientific periodicals such as Science and Nature are available to millions of readers. To

simulate this variation, Readings per Article was tested at five orders of magnitude. Based on

the comparison of results from Scenarios 1 and 2, it was expected that both systems would be

sensitive to this variable. Results in Table 8-7 show that energy consumption falls

dramatically as the number of readings rises, reflecting that major fixed burdens are
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distributed more widely. Equivalency between the two systems is reached at about 100

readings per article. Beyond this point, improvements in energy burden relative to other

model elements diminish rapidly.

Number of Journal Copies was tested at values of 1, 100, and 1000. Results in Table 8-8

show that digital energy consumption is unaffected by changes in this variable. Although the

number of facilities with digital access is assumed to rise with this variable, server equipment

does not distinguish between readers at different locations. In contrast, traditional energy

consumption does increase with Number of Copies because more journals are produced and

managed at a greater number of library facilities. However, the strength of the effect depends

on the ratio [Number of Copies / Readings per Article], and sensitivity is dampened at 1000

readings per article. This is demonstrated in the slow growth of total traditional energy

consumption in Table 8-8.

TABLE 8-7 SENSITIVITY RESULTS FOR READINGS/ARTICLE

TABLE 8-8 SENSITIVITY RESULTS FOR NUMBER OF COPIES

Readings: 1 (Scenario 1) Readings: 10

Up Use Down Total Up Use Down Total
Digital 212 18.27 0 230 11.5 Digital 21.1 18.27 0 39.5 1.14

Trad 177 365 0 541 32.3 Trad 17.7 50.6 0 68.3 3.20

Readings: 100 Readings: 1,000 (Scenario 4)

Up Use Down Total Up Use Down Total
Digital 2.12 18.27 0 20.39 0.10 Digital 0.21 18.27 0 18.48 0.00

Trad 1.77 19.22 0 20.98 0.29 Trad 0.18 16.07 0 16.25 0.00

Readings: 10,000

Up Use Down Total
Digital 0.02 18.27 0 18.29 -0.01

Trad 0.02 15.76 0 15.78 -0.03

Energy Burden (MJ) Energy Burden (MJ)

Energy Burden (MJ) Energy Burden (MJ)

Energy Burden (MJ)

Copies: 1 Copies: 100 (Scenario 4)

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0.00 Digital 0.21 18.27 0 18.48 0

Trad 0.0018 15.73 0 15.73 -0.03 Trad 0.18 16.07 0 16.25 0

Copies: 1,000

Up Use Down Total
Digital 0.21 18.27 0 18.48 0.00

Trad 1.77 19.21 0 20.98 0.29

Energy Burden (MJ) Energy Burden (MJ)

Energy Burden (MJ)
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8.2.2 Article Length

This construct is represented by several variables in the model related to paper content of the

traditional article, paper content of copies and prints, electronic file size, online reading time,

and allocation of network energy burdens. Reading time and file size are assumed to be

proportional to article length. Varying article length can also serve as a proxy for testing

other journal paper variables such as bond weight, number of articles per issue, and amount

of front matter per article. As expected, energy consumption by both systems is highly

sensitive to article length.

TABLE 8-9 SENSITIVITY RESULTS FOR ARTICLE LENGTH

8.2.3 Journal Paper Recycling Content

Paper production data contained two choices of recycling content for journal paper: 0% and

10%. Because 90% of the material in both varieties is common, the sensitivity results were

not expected to be significant. Actual results confirmed this prediction, demonstrating that

switching to 10% recycled content yielded only a 0.1% improvement.

Table 8-10 Sensitivity Results for Journal Paper Recycling

8.2.4 Server Memory

Rapid evolution of digital technology makes it prudent to examine the effect of improved

storage capacity of server equipment. For this test, the initial memory capacity was doubled.

Recall that the model incorporates two different servers over ten years, and the memory

capacity of the second server is already assigned a value twice that of the first. This

sensitivity test led to an improvement of 1% for the digital system.

Journal Paper Recycling: 0% (Scenario 4) Journal Paper Recycling: 10%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 18.27 0 18.48 0.00

Trad 0.18 16.07 0 16.25 0 Trad 0.17 16.07 0 16.25 0.00

Energy Burden (MJ) Energy Burden (MJ)

Article Length: 100% (Scenario 4) Article Length: 50% (5.85 pgs,762 kb, 0.49 hrs)
Energy Burden (MJ) Energy Burden (MJ)

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.11 15.84 0 9.24 -0.50

Trad 0.18 16.07 0 16.25 0 Trad 0.09 14.75 0 8.24 -0.50

Article Length: 200% (23.4 pgs, 3048 kb, 1.94 hrs)
Energy Burden (MJ)

Up Use Down Total
Digital 0.42 23.14 0 36.97 1.00

Trad 0.35 18.72 0 32.47 1.00
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TABLE 8-11 SENSITIVITY RESULTS FOR SERVER MEMORY

8.2.5 Server Power Rating

For this analysis, server power was reduced by a factor of two. Such an improvement

represents the natural progression of digital technology. It can also serve as a proxy for

alternative external storage devices that use less power than a typical server computer.

Halving the power rating produced a 1% improvement for the digital system.

TABLE 8-12 SENSITIVITY RESULTS FOR SERVER POWER RATING

8.2.6 Client Power Rating

Similarly, the power rating of the client computer was also reduced by 50%. The effect on

overall digital energy consumption was a 5% reduction. It is logical that the same

improvement ratio in power performance for clients and servers would have different impacts

on the model. Storage-related server energy is amassed over a ten-year period, but it

represents only a small portion of server activity and is spread across 1000 separate readings.

In contrast, all of the energy savings for the client during online reading is assigned to the

single FU, so impact on the overall system is greater.

TABLE 8-13 SENSITIVITY RESULTS FOR CLIENT POWER RATING

Server Memory: 16,000 MB (Scenario 4) Server Memory: 32,000 MB

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.11 18.27 0 18.38 -0.01

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.07 0 16.25 0.00

Energy Burden (MJ) Energy Burden (MJ)

Server Power Rating: 484 W (Scenario 4) Server Power Rating: 242 W

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.11 18.27 0 18.38 -0.01

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.07 0 16.25 0.00

Energy Burden (MJ) Energy Burden (MJ)

Client Power Rating: 100% (Scenario 4) Client Power Rating: 50%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.22 17.38 0 17.60 -0.05

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.07 0 16.25 0.00

Energy Burden (MJ) Energy Burden (MJ)
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8.2.7 Client Daily Usage Duration

This variable represents the total time that a client workstation is in use each day. Two

extremes were tested. First, it was assumed that reading the FU accounts for all of the active

use that day. In this case, all overhead electricity burden in standby mode must be assigned to

the digital system. Indeed, the result is a drastic deterioration in energy performance by 79%.

Most of this reflects a much greater allocation of computer production burden to the FU than

in the baseline scenario. In the second case, the computer is used for the entire 19.75 hours

that the library is open to patrons. The result is a 6% energy improvement because less of the

production burden is assigned to the FU.

TABLE 8-14 SENSITIVITY RESULTS FOR CLIENT DAILY USAGE DURATION

8.2.8 Client Production Energy

Computer production data used in this study contains known limitations and is nearly eight

years old. Given this uncertainty, the model was tested for sensitivity to this data. This is

especially prudent because it was also applied in the server and network model elements.

Doubling the initial value yielded a 6% higher energy burden for the digital system. When

halved, the data produced an improvement of 3%.

TABLE 8-15 SENSITIVITY RESULTS FOR CLIENT PRODUCTION ENERGY

Active Duration: 10 hours/day (Scenario 4) Client Active Duration: 1.22 hours/day

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 32.77 0 33.02 0.79

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.07 0 16.25 0.00

Client Active Duration: 19.75 hours/day

Up Use Down Total
Digital 0.21 17.17 0 17.39 -0.06

Trad 0.18 16.07 0 16.25 0.00

Energy Burden (MJ)Energy Burden (MJ)

Energy Burden (MJ)

Production Energy: 8,300 MJ (Scenario 4) Client Production Energy: 4,150 MJ

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 17.70 0 17.91 -0.03

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.07 0 16.25 0.00

Client Production Energy: 16,600 MJ

Up Use Down Total
Digital 0.22 19.41 0 19.63 0.06

Trad 0.18 16.07 0 16.25 0.00

Energy Burden (MJ)

Energy Burden (MJ)Energy Burden (MJ)
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8.2.9 Network: Number of Routers, Equipment Power, Utilization

IT networks by nature are difficult to model. Two chunks of information sent over the

Internet between the same two computers are likely to follow different paths, even if they are

from a common file. The effect of such inherent uncertainty on final results should be

examined. Three tests on network-related variables were conducted. First, the number of

Internet backbone routers was adjusted by 50% and 200%. The upper range approached the

established limit of 31 router hops on the Internet. Next, utilization of network equipment

was changed by the same two factors. Finally, equipment power ratings were reduced by

50% to simulate technological improvements. In none of these cases did the effect on overall

results measure more than 0.2%. This is consistent with findings from earlier scenarios that

indicated very small network-related effects on energy consumption.

TABLE 8-16 SENSITIVITY RESULTS FOR NUMBER OF ROUTERS

TABLE 8-17 SENSITIVITY RESULTS FOR NETWORK EQUIPMENT POWER

TABLE 8-18 SENSITIVITY RESULTS FOR NETWORK EQUIPMENT UTILIZATION

Network Routers: 100% (Scenario 4) Number of Network Routers: 50%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 18.27 0 18.48 0.00

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.07 0 16.25 0.00

Number of Network Routers: 200%

Up Use Down Total
Digital 0.21 18.27 0 18.49 0.001

Trad 0.18 16.07 0 16.25 0.00

Energy Burden (MJ)Energy Burden (MJ)

Energy Burden (MJ)

Network Equipment Power: 100% (Scenario 4) Network Equipment Power Ratings: 50%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 18.25 0 18.47 -0.001

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.07 0 16.25 0.00

Energy Burden (MJ) Energy Burden (MJ)

Network Utilization: 100% (Scenario 4) Network Utilization: 50%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 18.31 0 18.52 0.002

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.07 0 16.25 0.00

Network Utilization: 200%

Up Use Down Total
Digital 0.21 18.25 0 18.47 -0.001

Trad 0.18 16.07 0 16.25 0.00

Energy Burden (MJ)Energy Burden (MJ)

Energy Burden (MJ)
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8.2.10 Duplication Ratios

The first in a series of tests on photocopying and laser printing was an examination of

printing and copying ratios. Ranging from zero to unity, these ratios capture the probability

that a journal article is actually printed or copied. Original values of 0.75 were assumed for

both systems. Testing occurred on two extreme cases; namely, that duplication never

happens, or always happens. The digital system improved by 4% and deteriorated by 1%, and

the traditional system changed by 12% and 4% respectively. The greater effect on the

traditional system is due to higher operating energy of the photocopier compared to a laser

printer. Also, copying is assumed to be single-sided while printing is double-sided, so paper

amount varies by a factor of two.

TABLE 8-19 SENSITIVITY RESULTS FOR DUPLICATION RATIOS

8.2.11 Simplex vs. Duplex Duplication

The next logical analysis involved single-sided vs. double-sided copying and printing. When

laser printing was tested in simplex mode, the digital system’s energy consumption increased

by nearly 4%. Copying in duplex mode reduced the traditional system’s burden by a similar

amount.

TABLE 8-20 SENSITIVITY RESULTS FOR SIMPLEX VS. DUPLEX

Ratios: 0.75 and 0.75 (Scenario 4) Copying and Printing Ratios: 0.00 and 0.00

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 17.30 0 17.51 -0.05

Trad 0.18 16.07 0 16.25 0 Trad 0.18 13.78 0 13.95 -0.14

Copying and Printing Ratios: 1.00 and 1.00

Up Use Down Total
Digital 0.21 18.60 0 18.81 0.02

Trad 0.18 16.84 0 17.02 0.05

Energy Burden (MJ)Energy Burden (MJ)

Energy Burden (MJ)

Single-sided Copying and Printing Double-sided Copying and Printing

Up Use Down Total Up Use Down Total
Digital 0.21 19.15 0 19.36 0.05 Digital 0.21 18.27 0 18.48 0.00

Trad 0.18 16.07 0 16.25 0.00 Trad 0.18 15.18 0 15.36 -0.05

Energy Burden (MJ) Energy Burden (MJ)
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8.2.12 Office Paper Recycled Content

Office paper data included production values for 0% and 100% recycled content. When

recycled paper was tested, the digital system improved by 2% and the traditional system

improved by 5%. Given that twice the amount of printing paper is used for photocopying, it

is expected that the traditional system would experience about twice the amount of

improvement as the digital system (keeping in mind that total baseline energy consumption is

comparable for both systems).

TABLE 8-21 SENSITIVITY RESULTS FOR OFFICE PAPER RECYCLED CONTENT

8.2.13 Recycling versus Landfill Processing
This analysis removes the original assumption that all office paper is eventually recycled.

Instead, landfill collection and processing energy for MSW has been applied for both

systems. As Table 8-22 shows, this is reflected in the appearance of Downstream burdens,

both of which are negligible. The model’s robustness in light of this adjustment supports the

validity of using the all-recycling assumption. It is interesting to note that the test also

demonstrates the benefit of using double-sided versus single-sided duplication. Duplex laser

printing produces half the paper burden as simplex photocopying.

TABLE 8-22 SENSITIVITY RESULTS FOR RECYCLING VS. LANDFILL

8.2.14 Daily Copying and Printing Traffic

Copying and printing traffic affects allocation of equipment production and disposition

burdens to the FU. Starting from an initial value of 1000 duplications per day for both

systems, the parameter was adjusted to 500 and 2000. Digital system energy consumption

rose 0.3% and fell 0.2%. The traditional system’s energy performance rose 3.1% and fell

Office Paper Recycling: 0% (Scenario 4) Office Paper Recycling: 100%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 17.86 0 18.07 -0.02

Trad 0.18 16.07 0 16.25 0 Trad 0.18 15.25 0 15.42 -0.05

Energy Burden (MJ) Energy Burden (MJ)

Discarded Office Paper is Recycled (Scenario 4) Discarded Office Paper is sent to Landfill

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0.0 Digital 0.21 18.27 0.017 18.50 0.001

Trad 0.18 16.07 0 16.25 0.0 Trad 0.18 16.07 0.033 16.28 0.002

Energy Burden (MJ)Energy Burden (MJ)
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1.6%. Effects on the traditional system were greater because there is more imbedded energy

in a copier than a laser printer.

TABLE 8-23 SENSITIVITY RESULTS FOR DUPLICATION TRAFFIC

8.2.15 Copier and Printer Power Ratings

The active and standby power of duplication equipment was reduced by 50%. Digital energy

consumption remained virtually unchanged, while the traditional system improved by 1%.

This finding is driven by the fact that photocopiers use more operating power than laser

printers.

TABLE 8-24 SENSITIVITY RESULTS FOR COPIER AND PRINTER POWER RATINGS

8.2.16 Copier and Printer Production/Disposition Energy

There was a significant amount of uncertainty surrounding data for copier production and

disposition. Because the same data was used to model the laser printer, it was prudent to

conduct a sensitivity test on these variables. Original values were adjusted by 50% and

200%. The digital system improved by 0.1% and deteriorated by 0.2%. Traditional energy

consumption followed by 1% and 2% respectively. Again, the traditional model’s greater

sensitivity stems from the larger burden associated with copiers. Moreover, additional

relative burden is allocated to the traditional system by virtue of more copies than prints,

which is the basis for allocation.

Daily Traffic: 1000 (Scenario 4) Daily Printer and Copier Traffic: 500

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 18.33 0 18.55 0.004

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.57 0 16.75 0.031

Daily Printer and Copier Traffic: 2000

Up Use Down Total
Digital 0.21 18.24 0 18.45 -0.002

Trad 0.18 15.83 0 16.00 -0.015

Energy Burden (MJ)

Energy Burden (MJ)Energy Burden (MJ)

Printer and Copier Power: 100% (Scenario 4) Printer and Copier Power Ratings: 50%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.22 17.38 0 18.45 -0.002

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.00 0 16.18 -0.005

Energy Burden (MJ) Energy Burden (MJ)
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TABLE 8-25 SENSITIVITY RESULTS FOR DUPLICATION EQUIPMENT PRODUCTION/DISPOSITION

8.2.17 Copier Remanufacturing

Data for the remanufacture of copier equipment was utilized in the model. Its effect on

overall results was tested. Using a remanufactured copier saved 1% in digital energy burden.

TABLE 8-26 SENSITIVITY RESULTS FOR COPIER REMANUFACTURING

8.2.18 Design Life of Electronic Equipment

Design life directly impacts the allocation of production and disposition burdens. This

variable was tested for all electronic equipment together using values of 50% and 200%. The

digital system (server, client, laser printer) experienced changes in energy consumption of

+6% and –3%. The traditional system (photocopier) saw changes of +2% and –1%. The

digital model incorporates more allocated burden from electronic equipment; therefore, it

experienced a greater impact from this test.

TABLE 8-27 SENSITIVITY RESULTS FOR EQUIPMENT DESIGN LIFE

Copier Remanufacturing: NO (Scenario 4) Copier Remanufacturing: YES

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 18.27 0 18.48 0.00

Trad 0.18 16.07 0 16.25 0 Trad 0.18 15.90 0 16.08 -0.01

Energy Burden (MJ) Energy Burden (MJ)

Design Life: 100% (Scenario 4) Electronic Equipment Design Life: 50%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 19.44 0 19.65 0.06

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.46 0 16.64 0.02

Electronic Equipment Design Life: 200%

Up Use Down Total
Digital 0.21 17.69 0 17.90 -0.03

Trad 0.18 15.88 0 16.06 -0.01

Energy Burden (MJ)Energy Burden (MJ)

Energy Burden (MJ)

Copier Prod/Disp Energy: 100% (Scenario 4) Copier Prod/Disp Energy: 50%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 18.26 0 18.47 -0.001

Trad 0.18 16.07 0 16.25 0 Trad 0.18 15.88 0 16.06 -0.01

Copier Prod/Disp Energy: 200%

Up Use Down Total
Digital 0.21 18.30 0 18.51 0.002

Trad 0.18 16.46 0 16.64 0.02

Energy Burden (MJ)

Energy Burden (MJ)

Energy Burden (MJ)
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8.2.19 Digital Space Ratio

Required floor space was directly measured for the traditional system and found to be 0.35

(in dimensionless units of article sqft per overhead sqft). This value was initially assumed for

the digital system. The variable was tested with two alternate scenarios. For the extreme case

of 1.00, no additional floor space is required beyond the client workstation’s own footprint.

This reduced the digital system’s energy burden by 3%. For a space ratio of 0.20, the

workstation requires overhead space equal to five times its footprint. Energy consumption

deteriorated by 4%. This test can also serve as a proxy for examining remote access, which

currently assumes identical facility burden at the alternate location. These results suggest that

introducing a more realistic facility parameter for a home, dorm room, or office would have a

noticeable, but not dramatic, effect.

TABLE 8-28 SENSITIVITY RESULTS FOR DIGITAL SPACE RATIO

8.2.20 Power Grid Efficiency

This variable was used to calculate primary energy associated with electricity used to operate

electronic devices in both systems. Because it was applied to all model elements with

electronic equipment, sensitivity to this variable was expected to be significant. It was

adjusted to values of 0.10 and 0.50. Understandably, the effect on the digital system was

greater. Energy performance deteriorated by 23% and an improved by 5%. The traditional

system followed with 2% and 0.4% respectively. Both systems appear to be less sensitive to

the case of higher grid efficiency. This can be explained in terms of diminishing returns that

are eventually limited by the performance of other model elements.

Digital Space Ratio: 0.35 (Scenario 4) Digital Space Ratio: 0.20

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 18.94 0 19.15 0.04

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.07 0 16.25 0.00

Digital Space Ratio: 1.00

Up Use Down Total
Digital 0.21 17.69 0 17.90 -0.03

Trad 0.18 16.07 0 16.25 0.00

Energy Burden (MJ)

Energy Burden (MJ)Energy Burden (MJ)
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TABLE 8-29 SENSITIVITY RESULTS FOR POWER GRID EFFICIENCY

8.2.21 Personal Transportation Parameters

Judging from the difference in results for Scenarios 3 and 4, transportation clearly has a

dominant effect on the energy consumption of both systems. Three transportation-related

variables were tested. The initial distance of 10 miles was adjusted to values of 5 and 20.

Similarly, the mileage allocation factor of 0.5 was reset to 0.1 and 1.0. Vehicle fuel

efficiency was also improved by 25%. Tables 8-30 through 8-32 show the expected drastic

effects to the energy performance of both systems.

TABLE 8-30 SENSITIVITY RESULTS FOR TRANSPORTATION DISTANCE

TABLE 8-31 SENSITIVITY RESULTS FOR MILEAGE ALLOCATION FACTOR

Grid Efficiency: 30% (Scenario 4) Grid Efficiency: 10%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.61 22.13 0 22.74 0.23

Trad 0.18 16.07 0 16.25 0 Trad 0.18 16.37 0 16.55 0.02

Grid Efficiency: 50%

Up Use Down Total
Digital 0.13 17.50 0 17.63 -0.05

Trad 0.18 16.01 0 16.19 -0.004

Energy Burden (MJ)Energy Burden (MJ)

Energy Burden (MJ)

Transport Distance: 10 miles (Scenario 4) Personal Transport Distance: 5 miles

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 11.57 0 11.78 -0.36

Trad 0.18 16.07 0 16.25 0 Trad 0.18 9.37 0 9.55 -0.41

Personal Transport Distance: 20 miles

Up Use Down Total
Digital 0.21 31.68 0 31.89 0.73

Trad 0.18 29.48 0 29.66 0.83

Energy Burden (MJ)Energy Burden (MJ)

Energy Burden (MJ)

Mileage Factor: 0.50 (Scenario 4) Mileage Allocation Factor: 0.10

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 7.55 0 7.76 -0.58

Trad 0.18 16.07 0 16.25 0 Trad 0.18 5.35 0 5.53 -0.66

Mileage Allocation Factor: 1.00

Up Use Down Total
Digital 0.21 31.68 0 31.89 0.73

Trad 0.18 29.48 0 29.66 0.83

Energy Burden (MJ)Energy Burden (MJ)

Energy Burden (MJ)
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TABLE 8-32 SENSITIVITY RESULTS FOR VEHICLE FUEL EFFICIENCY

Vehicle Efficiency: 100% (Scenario 4) Vehicle Efficiency: 75%

Up Use Down Total Up Use Down Total
Digital 0.21 18.27 0 18.48 0 Digital 0.21 15.40 0 15.13 -0.18

Trad 0.18 16.07 0 16.25 0 Trad 0.18 13.21 0 12.90 -0.21

Energy Burden (MJ)Energy Burden (MJ)
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9 CONCLUSIONS AND RECOMMENDATIONS

This research project focused on one major question: “What is the relative life cycle energy

consumption of digital and traditional library systems, specifically with regard to journal

collections?” Research findings were intended to provide digital library professionals with

useful knowledge about the energy performance of library systems. Of particular interest

were potential unintended consequences and counter-intuitive insights. In addition, this

project was to furnish another case study analysis to the growing body of knowledge about

Internet-related energy patterns. To interpret results and assess contributions of this work, the

study should be considered in light of these initial goals. This section presents clear evidence

that all purposes identified here were successfully achieved.

9.1 Conclusions

This section provides insights gleaned from analysis of results and the modeling process in

general. They must be considered within the context of the study. In particular, they depend

on assumptions and input values used in Scenarios 1-5, and on sensitivity testing around a

single baseline case (Scenario 4). Using one baseline kept the analysis and communication of

results manageable. Testing against other baselines would yield different results, but the

essential character of the model would not change.

1. Relative energy consumption is highly contingent.

A life cycle model was developed to quantify energy consumption of digital and traditional

journal collections. Results indicate that burdens varied greatly depending on scenario

assumptions and input values. Figures 8-6 and 8-7, which compare the five main scenarios

directly, clearly illustrate this conclusion. Such a pattern is not surprising, given the

complexity of the systems under investigation. In all, nearly 30 model elements, 90 input

variables, and numerous other parameters were used in this analysis.

2. Fixed-cost allocation is a critical factor in energy consumption.

Allocation of fixed costs is the most important factor in FU energy consumption. Storage

energy associated with server equipment is the only fixed cost in the digital system. The

traditional system includes several: journal production and shipment, building infrastructure,
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and binding. In the model, these burdens are allocated to the FU according to the number of

readings per article. Therefore, energy consumption per functional unit in both systems is

relatively high for articles that are seldom read. Furthermore, allocation of fixed costs in the

traditional system is also driven by the number of journal copies. Only when the ratio of

copies to readings is low, as in Scenarios 2-5, can the traditional system compete with the

digital one in terms of energy performance.

Corollary: If the FU allocation of fixed costs is small, then variables associated with

these model elements are muted. As a result, improving the energy performance of

servers, journal production, freight, binding, and infrastructure will have a small

impact on overall energy consumption when reading volumes are higher.

3. Transportation burden is significant.

Not surprisingly, energy consumption by transportation dominates in situations where fixed-

cost allocations are small. Significant drivers can be grouped into two categories:

technological and behavioral. Technological aspects are vehicle fuel efficiency and mode of

transport. Behavioral elements include distance traveled and patterns of activity bundling.

This study also yielded insight into the potential benefit of accessing electronic journals from

an alternate location. Remote access was shown to have a significant effect, which stems

directly from eliminating energy burden due to transportation.

4. Laser printing an article can save energy.

Energy consumption of photocopying and laser printing was found to be less significant than

expected. Most of the associated burden is due to office paper production. Nevertheless,

choosing to photocopy always increases total energy consumption of the traditional system.

Assessing the impact of laser printing is more complicated. If an e-journal article is read

online in addition to printing, then printing causes total energy burden to increase. However,

results from the study show that energy is actually saved by printing the article first and then

reading it off-line. This holds true even for single-sided printing.
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While interesting, this finding must be examined in context. First, the comparison between

online reading and laser printing depends on a number of variables including client power

rating, computer production energy, and reading time. Significant changes to any of these

could alter the comparison. In addition, results of this study are only valid for energy

consumption. The printing-only option might be less attractive in terms of other

environmental impacts. For example, office paper production generates a number of

emissions and effluents, and causes significant water depletion and habitat loss.

One final insight about photocopying and laser printing: switching to office paper made with

100% recycled content produced a small but noticeable improvement in energy consumption

for both systems.

5. Network-related energy consumption is negligible.

Compared to other elements in the model, networking equipment generates a small energy

burden. This finding is important because it informs the current debate about the Internet’s

energy demand within the wider economy. This study provides evidence against the

argument that networking infrastructure per se drastically alters energy consumption

patterns. Instead, the model indicates that network energy by itself is not a significant

component of total energy consumption (even for a service-based, computer-enabled system

such as a digital library). No conclusion can be drawn from this about the absolute value of

energy consumed by the Internet. Instead, the implication is that the proportion of Internet

energy to total energy demand is not large.

6. Utilization of the client computer is important.

Energy consumption for online reading is influenced by the allocation of overhead electricity

and computer production burden. Allocating these burdens depends on daily usage traffic.

Analysis of the time variable for daily duration in active power mode shows that total energy

is very sensitive to this input, and the client should be operated at maximum capacity. In

other words, the computer should be in constant use while the library is open to patrons in

order to minimize burden per FU.
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Care must be taken when interpreting this finding. For the specific FU and systems defined,

100% utilization leads to lower energy consumption per unit. Overhead and production

burdens in this case are spread very thin. But, a different picture emerges if the unit of

investigation becomes the set of all computers in the library. Now, maximum capacity can

have either positive or negative results. Overall energy consumption would increase if

maximum capacity were achieved for every machine because all standby power would be

replaced by active power. Or, maximum capacity on some computers could result in lower

demand at other machines, allowing them to be removed altogether. The situation is

complex. Any conclusion will be influenced by the definition of system boundary, FU, and

modeling assumptions.

9.2 Recommendations

These recommendations generally follow from insights discussed in Section 9.1. As

previously mentioned, all LCA studies are limited in scope and model performance. The

suggestions presented here are not intended to be comprehensive with regard to all possible

cases. They must be considered with results from other studies, and in concert with a variety

of other criteria related to digital library design and management.

1. Choose digital format for low-traffic journals.

For articles with low readership, fixed cost allocation per FU is high. Although this holds

true for both library systems, the traditional burden in this case is nearly twice as large as the

digital one. This finding supports the practice of using digital storage for materials that are

seldom read. Interestingly, Tenopir and King (1998) have argued from a financial perspective

that electronic journals are better suited to serving smaller, niche markets. Such a natural

alignment of economic incentive and improved energy performance should be recognized

and clearly communicated to librarians, administrators, and publishers.

Storing low-volume files on external devices that use less energy than server equipment can

further reduce digital storage burden. Such a move would also impact important performance

parameters such as speed of access to information. Therefore, decisions about internal vs.

external storage must consider factors beyond energy consumption alone.
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Corollary 1: Level of readership for particular journals is often difficult to discern.

More effective ways of collecting and organizing usage data on electronic serials

should be developed. As Luther (2000) suggests, it may be possible to establish

average levels of use for different areas or user groups if better information is

available.

Corollary 2: It might seem beneficial to increase utilization of extant journals in order

to reduce the FU burden. However, other elements must be considered before making

this recommendation. Greater journal use might lead to unintended consequences

such as increased transportation and duplication burdens. The potential for these

outcomes should be examined.

Corollary 3: Fixed cost burdens can be limited in traditional systems by reducing the

number of under-utilized journal copies. One approach is to develop “collective

collections” that are shared by a consortium of libraries. Moving the information

between member institutions could occur by interlibrary loan, which was determined

to be less energy intensive than journal production and storage. Of course, other

issues such as service level and archival integrity would also have to be considered in

this decision.

2. Limit transportation-related energy consumption.

Transportation energy consumption can be addressed in terms of its technological and

behavioral components. Technology can be improved by developing more efficient vehicles.

Relevant behavior and policy factors include choice of residence and urban planning;

personal decisions related to bundling and scheduling car-related activities; and choice of

transport mode. Living closer to the library, combining campus trips with errands, and riding

a bike can all reduce transportation energy consumption.

Related to transportation is the issue of reading e-journals from another location. Remote

access can significantly improve energy burden of the digital system. Contingencies do exist.

For example, the benefit will not be as great if access occurs away from home at an alternate
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location than still requires transportation. Even when energy consumption is clearly lower,

remote access is not recommended in all cases. This study focused only on relative energy

consumption and ignored performance aspects of library systems. There are many factors

other than energy profile to consider when deciding on a trip to the library. Certain materials

and reference expertise are only available at the campus facility. Digital substitutes for many

of these critical functions and resources do not exist. Libraries also create intangible benefits

related to community-building, social networks, and entertainment that require a patron’s

physical presence. Decisions about remote access should involve all of these factors.

3. Reduce burdens from photocopying and laser printing.

Photocopying and laser printing energy burdens are not dominant, but they are noticeable.

Both activities are optional and subject to personal choice, making them relatively easy to

influence. Therefore, it is appropriate to consider them.

Changing the technology is one approach to reducing energy consumption. Several examples

include:

§ Hybrid libraries with both digital and traditional elements can purchase multi-function

devices. These incorporate the functions of copiers and printers while drawing less power

then two separate machines.

§ The model in this study demonstrated that using remanufactured copiers greatly reduces

equipment production burden. Purchasing choices should capture this benefit.

Other approaches to reducing energy consumption involve behavioral changes:

§ Encourage double-sided copying and printing. Keep equipment properly maintained to

make this option available.

§ Discourage wasteful photocopying and the practice of printing articles that will also be

read online. Economic incentives may be particularly useful because student printing in

libraries has been shown to be price elastic (Hart et al.2001). Much of the printing at the

University of Michigan is still free. Because printing fees must be consistent between IT
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Communication Services and the University Library, any strategy to change fee structure

must be negotiated across these departments.

§ Develop policies that support the purchase of paper with recycled content as this was

shown to have a noticeable impact on total energy consumption.

4. Optimize the utilization of client workstations.

FU burden falls as client utilization increases (wider distribution of production burdens). This

seems to imply that all demand for library computers should be consolidated and moved onto

a minimum number of machines that are operated constantly. However, this simplified

approach is problematic. It completely ignores performance criteria such as service level,

queue times, and disgruntled patrons who cannot find open terminals. In addition, library

traffic patterns are highly variable and reach peak volumes only at certain times each

semester.

Creative policies should be developed that recognize all of these factors. For example, it is

unnecessary to have every workstation available all of the time. Established traffic patterns

could guide decisions about scheduling which computers to turn off throughout the day or

school year. The lesson here is to use knowledge about multiple constraints smartly to

develop flexible policies that can be adjusted to reflect changing realities.

Client energy consumption can also be reduced by purchasing low-power computer models,

and by designing monitors and workstations that reduce eye strain and back pain, and thus

reduce average reading times.

9.3 Suggestions for Future Research

This study has made important and useful contributions to the field of LCA research. It

represents the first attempt to quantify life cycle energy burdens of digital and traditional

library systems. Furthermore, it established a framework for modeling the energy

consumption associated with communication networks. As with any LCA, it was not an

exhaustive or comprehensive investigation. In some respects, more questions were raised
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than answered. These questions suggest points of departure for future research projects and

are presented below.

1. Refine the current study.

Digital and traditional libraries are extremely complex systems. The scope of this study was

limited to inventorying the energy consumption of journal collections, so many topic areas

are still open for examination. A few of these include:

§ Conduct an impact assessment using the existing energy inventory to glean insight into

global warming potential, ozone depletion potential, and other impact categories. Also,

additional inventories could be developed using the same system and FU for other

environmental burdens such as air emissions, water effluent, and solid waste.

§ Examine the effects of emerging digital functions and capabilities. This study assumed

functional equivalency for digital and traditional systems. However, digital formats

enable completely new modes of communication with no traditional analogs. There is a

need to explore how these new functions might interact to change energy demand up or

down.

§ Investigate energy consumption of hybrid library systems. Some have predicted that

libraries will not simply replace older media with digital media, but will continue to

collect material in both formats (Kuny an Cleveland 1996). Results from this study,

which considered digital and traditional systems separately, can provide a starting point

for examining hybrid library systems.

§ Explore behavioral and economic incentives and disincentives that shape the decisions

related to location of activity, types of devices, duplication, etc. Use the resulting

knowledge to better estimate behavior-related variables and parameters in the model.

2. Explore the effects of remote access.

Remote access seems very attractive from an energy perspective, but unintended

consequences such as increased suburban sprawl might develop as people become less

connected with physical spaces. It will be important to investigate potential feedback
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mechanisms as remote data traffic increases. Findings would be useful for studying other

domains including e-commerce and service sector in general.

3. Apply methodology to other networking systems.

A new methodology was developed for quantifying energy consumption of communication

networks involving routers and switching equipment. It could easily be applied to network

systems of any scale, provided that reasonable data is available for the networking

equipment. The ultimate question about the size of Internet energy burden is still open.

Studying a variety of other networks in this way can increase the number of reference points,

from which a clearer picture might begin to emerge on this issue.
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Appendix A  Model Input Variables

DIGITAL LIBRARY SYSTEM

Host Server Variables
Equipment Type Quantity Units

Rated Power 484 Watts

Internal Memory Capacity 16,000 MB

Equipment Design Life 5 years

E-Journal Article File Size 1524 kB

Typical Packet Size 1024 bytes

Control Data per Packet 128 bytes

Communications Network Variables
Equipment Type Qty Make / Model Power Capacity Utilitization

(Watts) (MB/sec) (0 < U < 1)
Hubs 2 Cisco 800 20 10 0.20

Switches 2 Cisco Catalyst 1700 30 10 0.30

LAN Routers 2 Cisco 3620 60 25 0.40

PoP Routers 4 Cisco 7505 600 1,067 0.40

Backbone Routers 3 Cisco 10008 600 51,200 0.50

NAP Routers 6 Cisco 12016 1,617 80,000 0.50

Client Workstation Variables
Variable Description Quantity Units

Reading Time (one article)  0.97 hours

Power - Active Mode 150 Watts

Power - Sleep Mode 15 Watts

Power - Off Mode 1 Watts

Duration - Active Mode 10 hours

Duration - Sleep Mode 6 hours

Duration - Off Mode 8 hours

Design Life 2 years

Production Energy 8,300 MJ

Disposition Energy 14.7 MJ
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Laser Printer Variables
Variable Description Quantity Units

Rated Printer Speed 25 images / minute

Full-size Images (1) or Half-size Images (2) 1 pages/image

Daily Printing Traffic 1000 pages/day

Power in Active Mode 450 Watts

Power in Standby/Sleep Mode 17 Watts

Power in Off Mode 0 Watts

Daily Duration in Off Mode 4 hours/day

Design Life 5 years

Printing Ratio (0 < PR < 1) 0.75 ---

Printer Paper Variables
Variable Description Quantity Units

Simplex (1 side/sheet) or Duplex (2 sides/sheet) 2 Sides per Sheet

GENERAL PARAMETERS

Variable Description Quantity Units

Power Grid Efficiency (0.0 < PGE < 1.0) 0.30 ---

Readings per Article 1,000 Readings

Number of Paper Journal Copies 100 Copies
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TRADITIONAL LIBRARY SYSTEM

Journal Paper Variables
Variable Description Quantity Units

Bond Weight 30 Pounds

Recycled Content (0% or 10%) 0 %

Journal Article Length 11.7 Pages

Articles per Issue 15 Articles / Issue

Cover 2.0 Sheets / Issue

Table of Contents 0.5 Sheets / Issue

Letters to the Editor 1.0 Sheets / Issue

Conference Announcments, etc. 1.0 Sheets / Issue

Journal Printing Variables
Variable Description Quantity Units

Specific Energy of Printed Products 1.15 MWh/tonne

Journal Delivery Variables
Variable Description Quantity Units

Delivery distance 746 Miles

Vehicle load 36,200 Pounds

USPS modes… air, truck, etc.
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Photocopier Variables
Variable Description Quantity Units

Rated Copier Speed 30 Copies / Minute

Pages per Copy 1 Images

Power - Run Mode 708 Watts

Power - Standby Mode 180 Watts

Power - Low Mode 75 Watts

Power - Off Mode 1 Watts

Duration - Standby Mode 2 Hours

Duration - Low Mode 8 Hours

Daily Copying Traffic 1000 Copies / Day

Remanufacturing 2 1 = YES          2 = NO

Design Life 5 Years

Copying Ratio 0.75 ---

Copier Paper Variables
Variable Description Quantity Units

Bond Weight 20 Pounds

Sheet Thickness 0.005 Inches

Recycled Content 0 Percent

Simplex (1) or Duplex (2) 1 Sides per Sheet

Delivery Distance 500 Miles

Personal Transporation Variables
Variable Description Quantity Units

Total Trip Distance  10.0 Miles

Mileage Allocation Factor (0.0 < MAF < 1.0)  0.5 ratio <= 1.0

Library Activity Time 3.0 hours
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Journal Binding Variables
Variable Description Quantity Units

Issues per Volume 6 Issues

Delivery: Units per Load 1,500 Units per Volume

Delivery Circuit Distance 300 Miles
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Appendix B  Server Model Spreadsheet

SERVER STORAGE ENERGY

Total Energy Consumption: Years 1-5 Total Energy Consumption: Years 6-10
Rated Power: 0.484  kW Rated Power: 0.363  kW

Design Life: 5  years Design Life: 5  years

Annual Energy: 4240  kWh/year Annual Energy: 3180  kWh/year

Lifetime Energy: 21,199  kWh/life Lifetime Energy: 15,899  kWh/life

Total Amount of Required Storage
FU File Size: 1.524  MB Bibliographic Overhead: 0.002  MB

Structural Overhead: 0.305  MB Redundant Array Storage: 1.107  MB

Indexing Overhead: 1.524  MB Total FU File Size: 4.462  MB

Server Storage Capacity: Years 1-5 Server Storage Capacity: Years 6-10
16,000  MB 32,000  MB

FU / Storage Ratio: Years 1-5 FU / Storage Ratio: Years 6-10
FU Ratio: 0.00028 FU Ratio: 0.00014

FU Energy Consumption: Years 1-5 FU Energy Consumption: Years 6-10
FU Energy: 5.91  kWh/FU FU Energy: 2.22  kWh/FU

Primary FU Energy: 70.9  MJ/FU Primary FU Energy: 26.6  MJ/FU

Auxiliary Equipment: 75.2  MJ/FU Auxiliary Equipment: 28.2  MJ/FU

Adjusted FU Energy: 146  MJ/FU Adjusted FU Energy: 54.8  MJ/FU

Total Adjusted FU Energy: 200.9  MJ/FU

SERVER PRODUCTION ENERGY

PC Production Energy: 8,300  MJ Server Production Energy: 26,781  MJ

PC Power Rating: 150  Watts FU Production Energy: 11.20  MJ/FU

Server Power Rating: 484  Watts

SERVER DISPOSITION ENERGY

PC Disposition Energy: 14.7  MJ Server Disposition Energy: 47.4  MJ

PC Power Rating: 150  Watts FU Disposition Energy: 0.020  MJ/FU

Server Power Rating: 484  Watts

TOTAL SERVER-RELATED ENERGY 212.2  MJ/FU
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Appendix C  Computer Network Model Spreadsheet

NETWORK OPERATING ENERGY

Amount of Data Transferred:
FU File Size: 1,524  kB/FU Packet Quantity: 1,701  packets

Packet Size: 1.024  kB/packet Total Data Transfer: 1,742  kB/FU

Control Data: 0.128  kB/control data

Hubs 2 Cisco 800 10 0.20 2 20 0.0000056 0.0000097

Switches 2 Cisco Catalyst 1700 10 0.30 3 30 0.0000056 0.0000097

LAN Routers 2 Cisco 3620 25 0.40 10 60 0.0000033 0.0000058

PoP Routers 4 Cisco 7505 1,067 0.40 427 600 0.0000016 0.0000027

Backbone Routers 3 Cisco 10008 51,200 0.50 25,600 600 0.000000020 0.000000034

NAP Routers 6 Cisco 12016 80,000 0.50 40,000 1,617 0.000000067 0.000000117

Total Operating Energy per FU: 0.000028  kWh/FU

Primary Operating Energy: 0.00034  MJ/FU

Auxiliary Operating Energy: 0.00036  MJ/FU

Adjusted Operating per FU: 0.00069  MJ/FU

EQUIPMENT PRODUCTION AND DISPOSITION ENERGY

PC Prod Energy: 8,300  MJ

PC Disp Energy: 14.7  MJ

PC Power Rating: 150  Watts

Design Life: 5  years

Hubs 2 Cisco 800 20 2,213 0.0122 4 0.0000216

Switches 2 Cisco Catalyst 1700 30 3,320 0.0122 6 0.0000216

LAN Routers 2 Cisco 3620 60 6,640 0.0073 12 0.0000130

PoP Routers 4 Cisco 7505 600 132,800 0.0034 235 0.0000061

Backbone Routers 3 Cisco 10008 600 99,600 0.0000 176 0.0000001

NAP Routers 6 Cisco 12016 1,617 536,844 0.0001 951 0.0000003

Total Allocated Production Energy: 0.035  MJ/FU

Total Allocated Disposition Energy: 0.000063  MJ/FU

TOTAL NETWORK-RELATED ENERGY 0.036  MJ/FU

Equipment Type Quantity Make / Model
Average 

Utilization 
(0 < U < 1)

Capacity 
(MB/sec)

Average Data 
Traffic 

(MB/sec)

Energy per Data 
Unit (kWh/MB)

Allocated 
Disposition 

Energy (MJ/FU)

Energy per 
FU (kWh/FU)

Power 
(Watts)

Total Prod 
Energy (MJ)

Allocated 
Production 

Energy 
(MJ/FU)

Total Disp 
Energy 

(MJ)

Equipment Type Qty Make / Model
Power 
(Watts)
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Appendix D  Basic Structure and Operation of Networks

Switched Networks
The simplest method for communicating between multiple devices is to use direct
connections between them. This works well for small numbers of nodes that are located close
together. However, complications arise as separation distances grow and the number of nodes
increases. For N nodes, N(N-1)/2 links are required. Clearly, expenses for installation and
maintenance of connecting links, which increase with N2, can quickly become very large
(Stallings, 1991). Figure X.1 illustrates the nature of this complexity. For a system of only
eight nodes, twenty-eight direct connections are required.

Figure X.1 Eight Nodes with Twenty-eight Connections

Linking a large number of nodes can be greatly facilitated by using a switched
communications network (Stallings, 1991). Figure X.2 illustrates such a network that is
comprised of workstations ( ¡ ) and routers ( o ), which are devices that direct the flow of
data. Had direct connections been used here, twenty-eight links would have been needed to
guarantee service between any two nodes, such as A and B. In a switched network, however,
routers act as trunks through which workstations send and receive information. It this case,
any two nodes can communicate with only nine physical links.

Figure X.2 Simple Switched Network

As the number of workstations proliferates, complexity can be managed by linking networks
to other networks through additional routers. Indeed, the Internet (a term derived from inter-
networking) can be described as a network of networks. This concept is depicted in Figure
X.3.

B

A
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Figure X.3 The Internet: a Network of Networks

In Internet diagrams, clouds are often used to symbolize individual networks. These
imaginary boundaries are quite arbitrary and are chosen according to the level of detail
desired. In Figure X.3 for example, a single cloud could have been used to represent the
combined left and middle sub-networks. To achieve clarity, many detailed features have been
left out of the diagram. For instance, workstations are normally connected to networks
through devices such as hubs and switches. These have not been shown.

Multiplexing and Data Packets
Inter-networking greatly streamlines the infrastructure, but it introduces an important
problem. Large numbers of nodes must share fewer connections. One solution is to queue up
messages and send them in sequence along dedicated pathways through the network. During
each transmission, none of the dedicated links would be available to other traffic. This would
cause extremely long delays. A better solution, called multiplexing, is to share line capacity
by sending parts of different messages along the same path simultaneously. While slower
than a system of direct connections, multiplexing is much faster than sending messages
individually from a queue.

In multiplexing, each message is split into chunks called packets. These are sent through the
network separately, sometimes along different routes, and are recombined at the destination.
To ensure that a packet ends up at the correct endpoint, control information is attached to it.
This includes the sender’s address, the receiver’s address, and the packet’s order within the
larger message (Stallings, 1991). Figure X.4 shows a message divided into three packets.

Figure X.4 Message Divided into Three Packets

Message

Data

Control
InformationPacket
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Optimum packet size is automatically determined by balancing two constraints. If packets are
small and numerous, then greater overlapping is possible and transmission times will be
faster. However, additional packets require proportionately more control information. This
results in larger file sizes and slower transmission times (Stallings, 1991). Optimum packet
sizes of about one kilobyte are typical on the Internet (source, 19XX).

Routing
Routers are dedicated computers that control the flow of data through the Internet. Located at
nodes, they communicate with other routers to guide packets to their destinations. Routing
decisions are based on algorithms that maximize network efficiency while providing
alternate paths around outages and congestion. The following list explains the process of
routing a packet between two workstations on different networks23:

1. Originating workstation assigns an Internet Protocol address to the packet and recognizes
that its destination is on a different network.

2. Packet travels through the network to the first router.

3. Router examines the packet’s control information.

4. Using onboard routing tables that are continuously updated, one of four scenarios is
identified:
§ Destination is directly attached to the router’s own network
§ Destination is attached to the network of a router to which this router is connected
§ Destination is located more than one router hop away
§ Destination is unknown; packet is returned with an error message

5. Router sends packet to the next node. It may further segment the packet before doing so.

6. Steps 3-5 are repeated at each router until the packet reaches its destination.

The Internet resembles a series of highways – no dedicated circuits. (Andy Palmer)

                                                          
23 Adapted from a similar list in (Stallings, 1991).
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Appendix E  Client Workstation Model Spreadsheet

CLIENT OPERATING ENERGY

Active 150 Watts 10 hours 1.50 kWh
Sleep 15 Watts 6 hours 0.09 kWh

Off 1 Watts 8 hours 0.008 kWh

FU Reading Time: 0.97  hours/FU

Viewing Electricity: 0.146  kWh/FU

Overhead Ratio: 0.097

Overhead Electricity: 0.010  kWh/FU

Total Use Electricity: 0.155  kWh/FU

Primary Energy: 1.86  MJ/FU

CLIENT PRODUCTION ENERGY

Design Life: 2  years

FU Burden Factor: 0.00013

Total Production Energy: 8,300  MJ

FU Production Energy: 1.10  MJ/FU

CLIENT DISPOSITION ENERGY

Total Disposition Energy: 14.7  MJ

FU Disposition Energy: 0.0020  MJ/FU

TOTAL CLIENT-RELATED ENERGY

2.96  MJ/FU

Operating Mode Power Daily Usage Pattern
Daily Energy 
Consumption
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Appendix F  Building Infrastructure Model Spreadsheet

DIGITAL LIBRARY SYSTEM

Building Energy Intensity: 195.67  MJ/sqft/year

Client Workstation Footprint: 6  sqft

Space Ratio: 0.35

Adjusted Client Workstation Footprint: 17.14  sqft

Annual Energy Consumption per Workstation: 3,354  MJ/year

Daily Energy Consumption per Workstation: 9.2  MJ/day

FU Reading Time: 0.97  hours

Client Workstation Daily Duration: 10.0  hours

Total Infrastructure Energy per FU: 0.89  MJ/FU

TRADITIONAL LIBRARY SYSTEM

Building Energy Intensity: 195.67  MJ/sqft/year

Article Footprint: 0.0035  sqft

Space Ratio: 0.35

Adjusted Footprint per Article Footprint: 0.0101  sqft

Annual Energy Consumption per Article Footprint: 1.98  MJ/year

Shelves per Stack: 6

Annual Energy Consumption per Article: 0.33  MJ/year

Time Horizon of Study: 10  years

Total Infrastructure Energy per FU: 3.30  MJ/FU

ENERGY INTENSITY DATA FOR SHAPIRO SCIENCE LIBRARY

Library/Museum 227 Shapiro Library 175,068 17.05 2,984,909

0.127 22,234 0.00 185,461.15 195.67
From Center for Sustainable Systems Primer:
Metric Data Sample for Environmental Performance, Energy Usage and Efficiency (Table IVa)
Sample On-site Energy Use/Efficiency Metrics for General Fund Buildings on Ann Arbor Campus, FY 1995-1996

Electricity 
(kWh/sqft)

Electricity 
(kWh)

Steam (MLB/sqft)
Steam 
(MLB)

Natural Gas 
(CCU/sqft)

Total Energy 
(Btu/sqft)

Total Energy 
(MJ/sqft)

Building 
Classification

Building 
Number Building Name

Utility Area 
(sqft)
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Appendix G  Laser Printer Model Spreadsheet

PRINTER OPERATING ENERGY

Direct Printing Electricity
Rated Printer Speed: 25  images/minute Pages per Image: 1  pages/image

Electricity per Image: 0.00030  kWh/image Images per FU: 12  images/FU

Pages per FU: 12  pages/FU Electricity per FU: 0.0036  kWh/FU

Indirect (Overhead) Printing Electricity
Daily Printing Traffic: 1000  Images

Run 450  Watts 0.67  hours 0.30  kWh
Standby/Sleep 17  Watts 19.09  hours 0.32  kWh

Off 0  Watts 4.25  hours 0  kWh

Overhead Ratio: 0.012

Electricity per FU: 0.0039  kWh/FU

Total Printer Operating Energy
FU Primary Energy: 0.090  MJ/FU

PRINTER PRODUCTION ENERGY

25,163,704 24,985,127 74,806 5,241 0.034

DC 265 Mass: 246  kg/copier FU Time: 0.008  hours

HP 4100 Mass: 17.2  kg/printer Design Life: 5  years

Total Operating Time: 1217  hours

Burden Factor: 0.0000066

PRINTER DISPOSITION ENERGY

178,577 535 37.5 0.000246 0.0000033 0.00025

PC Landfill Energy: 0.9  MJ/PC HP 4100 LaserJet Landfill Energy: 0.50  MJ/Printer

PC Mass: 30.9  kg/PC FU Landfill Energy: 0.0000033  MJ/FU

TOTAL PRINTER-RELATED ENERGY 0.125  MJ/FU

0.093  MJ/FU
(Adjusted with Laser Printing Ratio variable)

Total Production and 
Disposition

Total 
Production

Production 
per Copier

HP LaserJet 4100 Printer Energy 
(MJ)

Production per 
Printer

Production per 
FU

Xerox DC 265 Copier Energy (MJ)

Operating Mode Power Daily Usage Pattern Daily Energy Consumption

Landfill Energy 
(per FU)

Total EOL 
(Per FU)

HP LaserJet 4100 Energy (MJ)

Total EOL Transp
EOL Transp 
(Per Copier)

EOL Transp    
(Per Printer)

EOL Transp   (Per 
FU)

Xerox DC 265 Energy (MJ)
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Appendix H  Laser Printer Office Paper Model Spreadsheet

PRODUCTION ENERGY

Bond Weight: 20   lbs Printing Events per FU: 12  copies/FU

Mass per Sheet: 0.0045   kg/sheet Sheets per FU: 6  sheets/FU

Mass per FU: 0.027   kg/FU

Recycled Content: 0  Percent Specific Energy: 36.3  mmBtu/ton

FU Production Energy: 1.15  MJ/FU

LOGISTICS ENERGY (POST-PRODUCTION DELIVERY)

Delivery Distance: 500  miles Vehicle Payload: 36,200  lbs/load

FU Load Fraction: 0.0000017

Adapted from information provided in (Gaines et al. 1998)

Total Energy 25,000 12,500,000 20.7 0.022
Petroleum Energy 21,000 10,500,000 17.4 0.0184

*Estimated from Figure 4

TOTAL ENERGY ASSIGNED TO THE USE PHASE 1.17  MJ/FU

FU Energy Adjusted for Copying Ration: 0.88  MJ/FU

DISPOSITION ENERGY

Case 1: 100% of Paper is Recycled FU Disposition Energy: 0  MJ/FU

Case 2: 100% of Paper is Processed in a Landfill MSW Energy Intensity: 527.5  kBtu/ton

FU Mass: 0.027  kg/FU

FU Disposition Energy: 0.017  MJ/FU

TOTAL ENERGY ASSIGNED TO THE DOWNSTREAM PHASE 0.000  MJ/FU

FU Energy Adjusted for Copying Ration: 0.00  MJ/FU

MJ/FU or 
kg/FU

Burden Category
Btu/mile or 
grams/mile*

Btu/trip or 
grams/trip

Btu/FU or 
grams/FU
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Appendix I  Personal Transportation Model Spreadsheet

Total Trip Distance: 10.0  miles

FU Reading Time: 0.97  hours

Total Activity Time: 6.0  hours Transportation Burden Factor: 0.16

Energy Reminder
E (HHV) Total Energy MJ 995,090 85,509 39,894 851,078 16,445 2,164 8.29 13.41
E (HHV) Fossil Energy MJ 988,881 81,677 39,088 849,894 16,075 2,147 8.24 13.32
E (HHV) Non-Fossil Energy MJ 6,212 3,833 806 1,184 373 16 0.05 0.08
E (HHV) Process Energy MJ 957,859 67,447 37,407 843,904 8,355 746 7.98 12.90
E (HHV) Feedstock Energy MJ 25,963 16,667 961 319 8,016 0.22 0.35
E (HHV) Transp. Energy MJ 11,271 1,397 1,527 6,854 75 1,418 0.094 0.152

Adapted from Table 66: LCI of Generic Vehicle (Outflows and Energy Use)
U.S. Automotive Materials Partnership, Life Cycle Inventory Analysis of a Generic Vehicle , May 21, 1999.

FU Portion 
(per trip)

 Based on Funtional Unit = 120,000 miles

Environmental Flow Units
Generic 
Vehicle

Mat'ls 
Prod.

Mfg and 
Assy Fuel Use

Maint and 
Repair EOL

Generic 
Vehicle 

(per mile)
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Appendix J  Journal Paper Model Spreadsheet

Functional Unit Mass
Bond Weight: 30  lbs Article Sheets per FU; 5.85  Sheets/FU

Weight per Sheet: 0.015  lbs Non-article Sheets per FU: 0.3  Sheets/FU

Mass per Sheet: 0.007  kg Total sheets per FU: 6.15  Sheets/FU

Mass of FU: 0.042  kg/FU

Information adapted from U.S. EPA Paper Production Data:

Comb. Process Energy
Electricity 7.98E+02 kWh 8.38E+00 mmBtu 1.05E-02 mmBtu/kWh

Natural Gas 6.87E+03 cu ft 7.08E+00 mmBtu 1.03E-03 mmBtu/cu ft
LPG gal 0.00E+00 mmBtu 9.55E-02 mmBtu/gal
Coal 4.95E+02 lb 5.54E+00 mmBtu 1.12E-02 mmBtu/lb

Distillate Oil gal 0.00E+00 mmBtu 1.39E-01 mmBtu/gal
Residual Oil 1.73E+01 gal 2.60E+00 mmBtu 1.50E-01 mmBtu/gal

Gasoline gal 0.00E+00 mmBtu 1.25E-01 mmBtu/gal
Diesel gal 0.00E+00 mmBtu 1.39E-01 mmBtu/gal
Wood 2.16E+06 Btu 2.16E+00 mmBtu 1.00E-06 mmBtu/Btu

Black Liquor 5.84E+06 Btu 5.84E+00 mmBtu 1.00E-06 mmBtu/Btu
Sub-total for 0% Recycled Content: 1.46E-03 mmBtu/FU

Electricity 7.88E+02 kWh 8.27E+00 mmBtu 1.05E-02 mmBtu/kWh
Natural Gas 6.79E+03 cu ft 6.99E+00 mmBtu 1.03E-03 mmBtu/cu ft

LPG gal 0.00E+00 mmBtu 9.55E-02 mmBtu/gal
Coal 4.89E+02 lb 5.48E+00 mmBtu 1.12E-02 mmBtu/lb

Distillate Oil gal 0.00E+00 mmBtu 1.39E-01 mmBtu/gal
Residual Oil 1.71E+01 gal 2.57E+00 mmBtu 1.50E-01 mmBtu/gal

Gasoline gal 0.00E+00 mmBtu 1.25E-01 mmBtu/gal
Diesel gal 0.00E+00 mmBtu 1.39E-01 mmBtu/gal
Wood 1.97E+06 Btu 1.97E+00 mmBtu 1.00E-06 mmBtu/Btu

Black Liquor 5.33E+06 Btu 5.33E+00 mmBtu 1.00E-06 mmBtu/Btu
Sub-total for 10% Recycled Content: 1.41E-03 mmBtu/FU
Precomb. Process Energy

Natural Gas 8.16E+02 cu ft 1.06E-01 mmBtu 1.30E-04 mmBtu/cu ft
Residual Oil 8.28E-01 gal 1.74E-02 mmBtu 2.10E-02 mmBtu/gal
Distillate Oil 6.61E-01 gal 1.28E-02 mmBtu 1.93E-02 mmBtu/gal

Gasoline 3.58E-01 gal 5.87E-03 mmBtu 1.64E-02 mmBtu/gal
LPG 2.27E-02 gal 2.75E-04 mmBtu 1.21E-02 mmBtu/gal
Coal 8.49E+00 lb 2.21E-03 mmBtu 2.60E-04 mmBtu/lb

Nuclear 3.37E-05 lb U238 1.71E-03 mmBtu 5.06E+01 mmBtu/lb
Hydropower 5.34E+03 Btu 5.34E-03 mmBtu 1.00E-06 mmBtu/Btu

Other 4.73E+03 Btu 4.73E-03 mmBtu 1.00E-06 mmBtu/Btu
Sub-total for 0% Recycled Content: 7.21E-06 mmBtu/FU

Natural Gas 8.06E+02 cu ft 1.05E-01 mmBtu 1.30E-04 mmBtu/cu ft
Residual Oil 8.18E-01 gal 1.72E-02 mmBtu 2.10E-02 mmBtu/gal
Distillate Oil 6.53E-01 gal 1.26E-02 mmBtu 1.93E-02 mmBtu/gal

Gasoline 3.54E-01 gal 5.81E-03 mmBtu 1.64E-02 mmBtu/gal
LPG 2.24E-02 gal 2.71E-04 mmBtu 1.21E-02 mmBtu/gal
Coal 8.38E+00 lb 2.18E-03 mmBtu 2.60E-04 mmBtu/lb

Nuclear 3.33E-05 lb U238 1.68E-03 mmBtu 5.06E+01 mmBtu/lb
Hydropower 5.27E+03 Btu 5.27E-03 mmBtu 1.00E-06 mmBtu/Btu

Other 4.67E+03 Btu 4.67E-03 mmBtu 1.00E-06 mmBtu/Btu
Sub-total for 10% Recycled Content: 7.12E-06 mmBtu/FU
Adapted from Tables 5.6-1 and 5.6-2
Peer Review Draft of U.S. EPA Manufacturing Data Sets, May 2000.

TOTAL PRODUCTION ENERGY 0.00146  mmBtu/FU 1.55  MJ/FU

Energy of Material Resource Conversion Factors
Fuel Units    (per 

ton)
Millions of BTU's     (per 

ton)
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Appendix K  Journal Printing Model Spreadsheet

Specific Energy: 1.15  MWh/tonne

Mass of FU: 0.042  kg/FU

Energy per FU: 0.048  kWh/FU

0.173  MJ/FU

Miscellaneous Data on Environmental Burdens from Printing:

Table 1, Juntunen & Lindqvist (1995), Distribution of Material Consumption (Magazines)
Material Quantity Unit per tonne

Paper 1.21 tonne
Printing ink - black 5.52 kg
Printing ink - color 37.12 kg

Plate 3.25 kg
Plastic materials 1.42 kg

Fountain solution add. 0.51 liters
Isopropanol 5.92 liters

Washing 5.3 liters
Developers 2.85 liters

Fixers 1.75 liters
Water* 2000 liters

* Data from p. 115; uses of water inlude chemical dilution, washing, air humidification, and

household/sanitary purposes.

Table 2, Juntunen and Lindqvist (1995), Average Waste Materials (All Products)
Material Quantity Range Unit per tonne

Printed waste 111.3 (63.7 - 193.7) kg
White waste 44.4 (3.5 - 83.0) kg
Paper and board waste 34 (5.0 - 89.2) kg
City waste to disposal 23.3 (10.7 - 37.6) kg
Wooden transport pallets 28.8 (0.1 - 45.0) kg
Other paper and board waste 10.2 (1.0 - 34.1) kg
Plastic and manuf. waste 8.7 (0.01 - 41.5) kg
Aluminum printing plates 4.4 (0.6 - 15.2) kg
Organic solutions 2.7 (2.2 - 3.1) kg
Food waste from personnel 1.8 (0.1 - 7.5) kg
Spoil water with solvents 1.3 (0.2 - 4.4) kg
Ink rests with cloths 1.2 (0.2 - 5.0) kg
Light sensitive materials 1.2 (0.3 - 2.0) kg
Developers and refreshers 0.9 (0.1 - 2.2) kg
Fixing agents 0.6 (0.1 - 1.5) kg
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Appendix L  Journal Delivery Model Spreadsheet

Vehicle Load: 36,200  lbs/load

FU Mass: 0.042  kg/FU

FU Load Fraction: 0.0000025

Delivery Distance: 746  miles/trip

Adapted from information provided in (Clayton et al., 1996)

Burden Category
Btu/mile or 
grams/mile*

Btu/trip or 
grams/trip

Btu/FU or 
grams/FU

MJ/FU or 
kg/FU

Total Energy 25,000 18,650,000 47.5 0.050
Petroleum Energy 21,000 15,666,000 39.9 0.0421

PM10 0.500 373 0.00095 0.00000095
GHG (CO2 equiv.) 2,000 1,492,000 3.80 0.00380

NOx 13.8 10,295 0.0262 0.0000262
SOx 0.820 612 0.00156 0.00000156

*Estimated from Figures 4.1 - 4.6
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Appendix M  Interlibrary Loan Model Spreadsheet

FREQUENCY OF DOCUMENT DELIVERY SERVICE

Annual Items Borrowed: 33,000  Items/year

Annual Articles Borrowed: 16,500  Articles/year

Daily Articles Borrowed: 45  Articles/day

Daily Articles Read: 5,000  Articles/day

Ratio of Total Articles Borrowed: 0.009

PHOTOCOPYING ENERGY

Copier-Related Energy: 0.54  MJ/FU

Paper Production Energy: 2.30  MJ/FU

Total Photocopying Energy: 2.84  MJ/FU

Adjusted Photocopying Energy: 0.026  MJ/FU

LOGISTICS ENERGY:

Mass of Article: 0.054  kg/article Truck Payload: 16,420  kg/load

Truck Payload: 36,200  lbs/load Mass Ratio: 0.0000033

Delivery Distance: 200  miles Energy Intensity: 25,000  Btu/mile

Logistics Energy: 16.57  Btu/delivery Logistics Energy: 0.0175  MJ/delivery

Logistics Energy: 0.000158  MJ/FU

TOTAL ENERGY RELATED TO DOCUMENT DELIVERY

Total FU Energy: 0.026  MJ/FU
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Appendix N  Journal Binding Model Spreadsheet

BINDERY OPERATING ENERGY

Plant-level Data
Bound Units per Year: 250,000  volumes Plant Floorspace: 10,000  sqft

Annual Electricity Consumption
20  kWh/sqft

72  MJ/sqft 720,000  MJ 2.88  MJ/volume

Annual Natural Gas Consumption
40  kBtu/sqft

14.1  MJ/sqft 140,639  MJ 0.56  MJ/volume

Total Bindery Operating Energy (per volume) 3.44  MJ/volume

Total Bindery Operating Energy (per FU)
Articles per Issue:  15

Issues per Volume:  6

FU Ratio:  0.011 Bindery Operating Energy: 0.038  MJ/FU

BINDING MATERIAL PRODUCTION ENERGY
Mass of Volume Cover:  159.0  grams

Mass of Volume Spine:  4.0  grams Material Production Energy: 0.112  MJ/FU

INBOUND LOGISTICS ENERGY
Fuel Consumption:  7,290 Btu/mile

Distance:  300  Miles/trip

Energy per Load:  2,187,000  Btu/load

2307.4  MJ/load

Volumes per Load: 1,500  Volumes/load 0.017  MJ/FU

OUTBOUND LOGISTICIS ENERGY 0.017  MJ/FU

TOTAL BINDING-RELATED ENERGY CONSUMPTION 0.184  MJ/FU
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Information from U.S. EPA Peer Review Draft of Manufacturing Data Sets, May 2000.
Adapted from Table 5.2-2, Production of One Ton of Virgin Liner.

Combustion Process Energy:

Electricity 3.74
Natural Gas 1.81

LPG 0.00017
Coal 4.18

Distillate Oil 0.0045
Residual Oil 0.13

Gasoline 0.00031
Diesel 0.30
Wood 15.4

25.6 9074.1 100.82 0.106

Precombusion Process Energy:

Natural Gas 0.04
Residual Oil 0.007
Distillate Oil 0.002

Gasoline 0.0020
LPG 0.00012
Coal 0.0000037

Nuclear 0.0014
Hydropower 0.0002

Other 0.00020
0.05 18.8 0.21 0.00022

Combustion Transportation Energy:

Combination Truck 1.14
Rail 0.14

Barge 0.00159
Ocean Freighter 0.00004

Pipeline - Natural Gas 0.000046
Pipeline - Petroleum Products 0.0000021

1.28 454.9 5.05 0.00533

Precombustion Transportation Energy:

Natural Gas 0.014
Residual Oil 0.003
Distillate Oil 0.0006

Gasoline 0.0007
LPG 0.000058
Coal 0.00000072

Nuclear 0.0005
Hydropower 0.000077

Other 0.000068
0.019 6.7 0.07 0.00008

Total Energy:  0.112  MJ/FU

Million Btu 
per Ton

Million Btu 
per Ton

Million Btu 
per Ton

Million Btu 
per Ton

Btu per 
Volume

Btu per 
FU

Btu per 
Volume

Btu per 
FU

Btu per 
Volume

Btu per 
FU

Btu per 
Volume

Btu per 
FU

MJ per  
FU

MJ per  
FU

MJ per  
FU

MJ per  
FU
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Appendix O  Photocopier Model Spreadsheet

PHOTOCOPIER OPERATING ENERGY

Direct Copier Operating Energy
Rated Copier Speed: 30  Copies/min Pages per Article: 12  Images/FU

Energy per Copy: 0.00039  kWh/copy Copies per Article: 12  Copies/FU

FU Direct Electricity: 0.0047  kWh/FU

Indirect (Overhead) Copier Operating Energy

Run 708    Watts 0.56 hr 0.39 kWh
Standby 180    Watts 2 hr 0.36 kWh

Low 75    Watts 8 hr 0.60 kWh
Off 1    Watts 13.44 hr 0.013 kWh

Daily Copying Traffic: 1000  Copies/day

Overhead Ratio: 0.012 FU Indirect Electricity: 0.012  kWh/FU

Total Copier Operating Energy
Total FU Electricity: 0.016  kWh/FU

Total FU Primary Energy: 0.055  kWh/FU 0.20  MJ/FU

COPIER PRODUCTION ENERGY

Production Energy (Copier Equipment): 22,184  MJ/copier

Production Energy (Spares and Consumables): 52,622  MJ/copier

Remanufacturing Energy: 0  MJ/copier

Total Production + Remanufacturing Energy: 74,806  MJ/copier

Design Life: 5  years FU Burden Factor: 0.0000069

FU Energy (Production + Remanufacturing): 0.51  MJ/FU

COPIER DISPOSITION ENERGY

EOL Logistics Energy: 535  MJ/copier PC Landfill Process Energy: 0.9  MJ/PC

Copier Mass: 246  kg/copier Copier Landfill Process Energy: 7.2  MJ/copier

PC Desktop Mass: 30.9  kg/PC Total Copier Disposition Energy: 542  MJ/copier

FU Energy (EOL Logistics + Landfill): 0.0037  MJ/FU

TOTAL ENERGY CONSUMPTION

FU Copying Energy: 0.71  MJ/FU Adjusted FU Copying Energy: 0.54  MJ/FU

Operating Mode Power Daily Usage Pattern Energy Consumption



201

Energy Data for Xerox DC 265 Photocopier
Adapted from Tables 5.3 and 5.4 (Kerr, 1999)

Materials and Freight to Freight to FU Per
Components Assembly FXA Customers Subtotal Copier

No Remanuf 6,658,800 2,270 454,713 293,698 7,409,481 22,184
Remanuf 3,874,500 1,320 260,625 293,698 4,430,143 23,074

Materials and Freight to Freight to FU Per
Components FXA Customers Subtotal Copier

No Remanuf 3,446,309 13,963,876 165,461 17,575,646 52,622
Remanuf 165,900 716,799 165,461 1,048,160 5,459

Freight of Freight of Reman FU Per
Return Equip Reman Inputs Precesses Subtotal Copier

No Remanuf
Remanuf 178,752 1,871,093 473,600 2,523,445 13,143

EOL FU
Freight Subtotal Per Copier

No Remanuf 178,577 178,577 535
Remanuf 17,751 17,751 92

NOTES: 

(1)  In her study, Kerr (1999) defined a FU as equal to 12 million copies over no more than ten years. She estimated the
number of DC 265 copiers required to provide this function to be 334 (without remanuf) and 192 (with remanuf).

(2)  Lower overall energy for the remanufacturing case is due to avoided manufacturing and assembly of additional
copiers, spares and consumables, and the associated freight.

Disposition Energy (MJ)

Remanufacturing Energy (MJ)

Production Energy of Spares and Consumables (MJ)

Production Energy for Copier Equipment (MJ)
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Appendix P  Copier Paper Model Spreadsheet

PRODUCTION ENERGY

Bond Weight: 20   lbs Copies per FU: 12  copies/FU

Mass per Sheet: 0.0045   kg/sheet Sheets per FU: 12  sheets/FU

Mass per FU: 0.054   kg/FU

Recycled Content: 0  Percent Specific Energy: 36.3  mmBtu/ton

FU Production Energy: 2.30  MJ/FU

LOGISTICS ENERGY (POST PRODUCTION DELIVERY)

Delivery Distance: 500  miles Vehicle Payload: 36,200  lbs/load

FU Load Fraction: 0.0000033

Adapted from information provided in (Gaines et al. 1998)

Burden Category
Btu/mile or 
grams/mile*

Btu/trip or 
grams/trip

Btu/FU or 
grams/FU

MJ/FU or 
kg/FU

Total Energy 25,000 12,500,000 41.4 0.044
Petroleum Energy 21,000 10,500,000 34.8 0.0367

*Estimated from Figures 4

TOTAL ENERGY ASSIGNED TO THE USE PHASE
2.34  MJ/FU

FU Energy Adjusted for Copying Ration: 1.76  MJ/FU

DISPOSITION ENERGY

Case 1: 100% of Paper is Recycled FU Disposition Energy: 0  MJ/FU

Case 2: 100% of Paper is Processed in a Landfill MSW Energy Intensity: 527.5  kBtu/ton

FU Mass: 0.054  kg/FU

FU Disposition Energy: 0.033  MJ/FU

TOTAL ENERGY ASSIGNED TO THE DOWNSTREAM PHASE 0.000  MJ/FU

FU Energy Adjusted for Copying Ration: 0.00  MJ/FU
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