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Introduction

With a history of product stewardship and a Design for
Environment (DfE) program, Hewlett-Packard’s Imaging and
Printing Group (IPG) has robust systems for ensuring its printing
products meet or exceed regulatory and market access
requirements in worldwide markets. However, the world
increasingly views product environmental impacts as something
that requires continuous improvement rather than point
compliance. A continuous improvement focus requires a new
measurement that communicates the environmental footprint of
printing. Measurements or metrics are necessary to facilitate
establishment of new product and portfolio performance goals,
enable design, track progress, and support communication to
internal and external customers and stakeholders.

Lifecycle carbon footprint is an estimate of the greenhouse
gas emissions associated with part or all of a product’s lifecycle.
It is an acute example of a metric where market interest has
progressed ahead of accepted standardized measures. Due to the
current and expected increasing interest, HP’s product and
technology development teams needed a tool to routinely assess
carbon footprint with a minimum of prior training.

Developing a functional and sufficiently representative
assessment tool required that we balance a number of different
objectives, including

e  scientific rigor

e  broad applicability across a diverse portfolio

e caseof use

e alignment with existing standards of practice

Balancing these objectives required a variety of strategies and
trade-offs. Those decisions and their implications are the subject
of this paper.

Notes on carbon footprint

A carbon footprint is an estimate of the greenhouse gas
emissions associated with part or all of a product’s lifecycle. The
quality of a product carbon footprint figure can range from a crude
estimate to one resulting from an expensive and detailed study for
a particular product.

It is important to note that these estimates and studies are just
models of the system carbon footprint. Like all models, carbon
footprint models are only a convenient approximation of reality.
The degree of accuracy with which the model represents a
product’s actual carbon footprint depends on the scope of the
model, and the appropriateness and quality of its data and
assumptions. There is no single generally accepted definition of
“proper” carbon footprint modeling procedures, although efforts to
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standardize this definition are underway (i.e. PAS 2050, ISO
14067, GHG Product Protocol).

Carbon footprints are typically expressed as a global warming
potential (GWP) which implies that all the relevant greenhouse gas
emissions have been accounted for (like methane and nitrous
oxide) and that each gas’s potency and persistency has been
normalized against carbon dioxide for either a 20, 100, or 500 year
timeframe. When the phrase “carbon footprint” or the label
“C0O2¢” (carbon dioxide equivalent) appears in this paper, it refers
to a GWP over a 100 year timeframe.

Development Methods

The first step in tool development was interviews of a
sampling of the envisioned users in marketing, design, and
stewardship to understand what they wanted in a metric. Based on
this feedback, the team defined the following project goal: Provide
product designers (in the broadest possible sense of the word) with
a business decision support tool that allows them to understand the
carbon footprint implications of their decisions and the
opportunities for improvement. In pursuit of the goal stated above,
our team broke the printer and cartridge mass into 32 different, but
commonly used materials.

The team also developed an energy estimator that allows the
user to change several key hardware and firmware parameters and
compute a new lifecycle energy estimate. The team then linked all
of this together into a “metrics tool”. To use the metrics tool, the
user must enter basic information about the printer system,
including the masses for 32 unique materials, the image yields for
the consumables, the expected life and duty cycle, whether or not
the printer has a duplexer, the speed of the device, and details
about its energy consumption.

When done, the user gets the following metrics in return:

e  An estimate for the total system lifecycle CO2e, and a
breakdown of such for the printer, consumables, paper,
and electricity (energy consumption is also reported as a
metric).

e  An estimate of system CO2e per image printed and a
graph of where this result stands compared to other
possible monthly image print levels.

System inputs have several notable omissions—including
materials: ink, toner; processing: assembly, end-of life disposal;
and logistics past the assembly factory gate. These omissions
affect the representativeness of the assessment. However, prior
assessments [1] indicated that these lifecycle impact sources had
little impact compared with other sources. Thus these
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simplifications enhanced ease of use, while maintaining the
accuracy necessary for internal purposes.

Our team chose a “Process” life cycle assessment (LCA)
based approach to model the GHG contributions for each print
system component. Specifically, each component is modeled with
secondary (i.e. “generic”) data. The metrics tool converts the
electricity consumed by the printer into a carbon footprint via
electricity emissions factors in the form of “x kg of CO2e per kWh
at the end user”. As per the process approach, the metrics tool
converts the 32 printer and cartridge material masses, as well as
paper, to a carbon footprint using life cycle inventory information
from the ecoinvent database [2].

The ecoinvent material processes are converted into CO2e
emissions factors using the IPCC 2007 characterization factors for
the global warming potential of air emission [3]. The equation
below summarizes the process approach. In this equation, GWP
stands for the product’s lifecycle global warming potential, the €
represents an emission factor, the M is the mass of the material,
and the 1-a is the fraction of pages saved by duplexing.
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The end result is an emission factor in the form of “x kg of
CO2e¢ per kg of material”. The electricity emissions factors our
metrics tool employs are from 2005 and are published by the
World Resource Institute [4]. The handling of paper is critical to
the results of our tool given its importance to the end result. At this
time, our paper factors do not take into account either the net
sequestration or emission of CO2 by the fiber source (forest), or
the release of greenhouse gases at the end-of-life (from
incineration, acrobic or anaerobic decomposition). Paper is an area
of our metrics tool that is under constant improvement.

Discussion

The carbon footprint of a product is not a physical property
that can be directly measured. Instead, it is a model that is built
from many pieces of primary and estimated data, such as the CO2e
emissions for the manufacture of a microprocessor. These pieces
of data are then integrated using system level assumptions such as
customer behavior. A tension then naturally arises between the
level of modeling detail and the accuracy of the result.

To help our metrics package find the right balance between
these poles, the team is enlisting four tactics. First, our team has
already worked with an external party to review our tool to make
sure it achieves its goal, and will continue to do so. Second, our
team is staying abreast of all relevant standards that exist or are
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emerging in this space. Third, our team is engaging a broad
community of internal users and experts to help identify problems
and improvement opportunities. To this end, the assumptions and
calculations are highly transparent to the user. Fourth, the data
upon which the metrics are built must be continuously improved
and audited. “Improvement” means making data available that is
as close to the component being modeled in terms of supplier,
location, and point in time as required by the modeling goal.

Initial assessments of the tool indicate it can produce
assessments with an acceptable level of training and data
collection. Adoption by the design community is accelerating. In
addition to providing system-level assessments, the tool, as a result
of its electronic format, has proven to be useful for sensitivity
analyses and scenario assessments. We expect continued
refinements, broader adoption, and increased use in developing
product level goals and competitive differentiation.

We see two key areas where industry and academia will need
to collaborate to make tools like ours more effective and useful.
First, we recommend these stakeholders work together to create
and maintain “product category rules” (PCRs) that are an agreed
on set of assumptions about scope and usage. These PCRs would
allow everyone to benefit from the lessons learned in these areas
and would pave the way to externally comparability of the results.
Second, these stakeholders will need to design and implement a
solution to improve the data used by carbon footprint tools.
Ultimately, we see the measurement of product carbon footprints
as way to enable sound supply chain energy and carbon
management and encourage product innovation.

References

[1] Stobbe, Lutz, et al. “EuP Preparatory Studies ‘Imaging Equipment” (Lot
4)” Task 1 though 8 Final Reports. Fraunhofer IZM. Berlin, Germany.
2007 -2008

[2] ecoinvent Centre (2007), ecoinvent data v2.0. ecoinvent reports No.1-
25, Swiss Centre for Life Cycle Inventories, Diibendorf, 2007

[3] Climate Change 2007. IPCC Fourth Assessment Report. The Physical
Science Basis

[4] Indirect CO2 Emissions from Purchased Electricity. Version 3.0.
December 2007. Developed by World Resources Institute (WRI)

Author Biography

Jason Ord received his BS (1994) and MS (2006) in mechanical
engineering and systems & control from the University of Michigan. He
has been the Environmental Life Cycle Assessment program manager
in HP's Imaging and Printing Group for the past two years. His job is to
identify, prioritize, & communicate environmental improvement
opportunities for products. Jason has worked for HP since 1995 as a
manufacturing and R&D engineer.

Tim Strecker received his PhD in chemical engineering from
Washington State University (1994). He has worked in various aspects of
digital printing at Hewlett-Packard since 1996. Most recently his research
has focused on life cycle assessments of commercial and industrial printing
systems and implementation of environmental metrics for product and
technology development.

Technical Program and Proceedings 103



	Introductory Materials
	Copyright
	Table of Contents
	Conference Committees
	IS&T Board of Directors
	Welcome to NIP26
	Conference Sponsors
	Welcome to Digital Fabrication 2010
	Week At-a-Glance
	Hilton Austin Floor Plans
	Conference Exhibitors
	Special Events
	Conference Sponsors
	IS&T Corporate Members

	Technical Papers Program Schedule
	Plenary Talks
	Chwalek, Kodak's Stream Inkjet Technology...pg.1
	Joo, Commercialization of Inkjet Printing...pg.151
	Schneider, Visual Information...pg.152
	Iwamoto, Appearance Analysis Research on Surface...pg.329
	Hopkinson, Printing in the Third Dimension...pg.581

	Advanced and Novel Imaging Systems
	Dusser, News Applications for Laser...*
	Li, Pulse Control Characteristics of Jumping...pg.2
	Dusser, Color Reading of Nanostructured...*
	Leal-Ayala, Paper Re-Use: Toner-Print Removal...pg.6

	Ink Jet Printing: Processes
	Hoath, Effects of Fluid Viscosity on Drop-on-Demand...pg.10
	Castrejon-Pita, Influence of Nozzle Defects...pg.14
	Kwon, In Situ Measurement of Instantaneous...pg.18
	Hoath, Jet Diameters and Velocity Profiles...pg.23
	Wang, Qualifying Printhead-Ink Combinations...pg.28
	Mace, Tonejet: A Multitude of Digital Printing...pg.32
	Cahill, The State of Inkjet Printheads...pg.36

	Printing Technologies: Technical Reviews and Notes
	Schulze-Hagenest, Toner-Based Digital Color...pg.40
	Dispoto, Future Color Technologies for Digital...pg.43
	Nossent, Ink Jet Technology in Textile Finishing...pg.48

	Toner-based Printing: Materials
	Ashizawa, Crystalline Polyester for Low Energy...pg.49
	Kawasaki, Development of High Abrasion Resistance...pg.53
	Kenkler, Hole and Electron Transport..*
	Carroll, Modified Pigments for Chemically Prepared...pg.57
	Kyrlidis, Comparison of Fumed and Colloidal...pg.61
	Iimura, Preparation of Colored Core-Shell Particles...pg.65
	Chen, The Influence of the Toner Reverse-Charge...pg.70
	Ryu, Eco-Friendly Prepared Chemical Toner...pg.73
	Kim, Polyester-Based Chemical Toner with Low Level...pg.77
	Tsunemi, Toner Charge Control with Externally-Added...pg.81

	Design for Environmental Sustainability
	Sobotka, The Gap Between Environmental...pg.85
	Ng, Pilot-Scale Recycling of HP-Indigo Printed...pg.88
	Kariniemi, Evaluating Environmental Sustainability...pg.92
	Strecker, Environmental Life Cycle Assessment...pg.97
	Ord, Developing a Tool for Routine Carbon...pg.102
	Fischer, Advances in Deinking and Deinkability...pg.104
	Ueda, Attempts to Improve the Deinkability...pg.107
	Bhattacharyya, Effect of Surfactant Chemistry...pg.112
	Mittelstadt, High-Quality Deinked Pulps...pg.117

	Process Materials and Substrates
	Delaney, Inkjet Printing of Functional Ionogels...pg.121
	Novak, Direct Print of Metal Nanoparticle Inks...pg.124
	Novak, Printing Nanoparticle Copper Ink...pg.126
	Natsuki, Preparation of Silver Nanoparticles...pg.127
	Blom, Mask-Less Patterning Technology...pg.131

	Printed Electronics: Processes
	Hanel, Laser Scribing of ITO and Organic Solar...pg.135
	Buttner, Laser Printing of Conductive Silver...pg.139
	Shin, Self-Patterned Metal Electrodes...pg.143
	Pabst, Inkjet Printing and Argon Plasma Sintering...pg.146
	Martensson, Rethinking Jettable Fluids...pg.150

	Inkjet Printing: Materials
	Shakhnovich, Pigment Yellow 1 - a Viable...pg.156
	Nauka, X-Ray Photoelectron Spectroscopy...pg.159
	Kamei, Azo or Hydrazone Structure in Azo Pigments...pg.163
	Shibata, Four Crystal-Structures Derived from...pg.167
	Zhao, Directional Self-Cleaning Surface Design...pg.171
	Cernigliaro, Development of Ultra Clean...pg.174
	Sarma, Improving the Performance Properties...pg.178
	Tauber, Improved Dispersibility of Surface...pg.181
	Shibata, Characterization of Yellow Pyrazolyl...pg.185
	Fu, Preparation of Nanoscale Waterborne Disperse...pg.189
	Granados, Ink-Jet Printing for Ceramic...pg.194
	Madaras, Sensient's S.M.A.R.T. 4000 Technology...pg.198
	Fu, Preparation and Properties of Encapsulated...pg.202
	Chen, High Light Fastness Disazo Dyes...pg.206

	Toner-based Printing: Processes
	Habermann, Investigations in the Influence...pg.208
	Kawamoto, Doctor Process of Toner Layer...pg.213
	Kweon, Discrete Element Method Simulation...pg.216
	Lee, Dielectric Constant of Ink Layer on HP-Indigo...pg.221
	Karunanayak, Triboelectrification of Toner...pg.225
	Whitney, Toner Adhesion Measurement...pg.229
	Nakayama, Analysis of a Blade Cleaning System...pg.234
	Asami, The Horizontal Banding Image Related...pg.238

	Print and Image Quality
	Qiao, Registration Error Measurement...pg.243
	Bhurchandi, Optimization of Cartridge Life...pg.247
	Lundberg, Improved Print Quality by Surface...pg.251
	Rong, Print Quality Comparison Between Kodak...pg.256
	Ramesh, Print Noise Diagnoses through Correlation...pg.260
	Otsuhata, Experimental Study on the Optical...pg.263
	Eid, A Document Scanner Equalization Technique...pg.267
	Yang, Effect of Gloss and Colorant Mass on Color...pg.271
	Ha, The Robust Design of Subjective Quality...pg.275
	Corrall, Effect of Print Resolution in Single-Pass...pg.278

	Digital Fabrication Processes
	A-Alamry, Flow-Induced Polymer Degradation...pg.284
	Yan, Drop on Demand Inkjet Drop Formation...pg.288
	Soltman, Methodology for Inkjet Printing...pg.292
	Tada, Micro-Film Formation by Multi-Nozzle...pg.297
	Betton, The Effects of Corona Treatment on Impact...pg.301
	Li, Conductive Copper and Nickel Lines...pg.305
	Ohlund, The Importance of Surface Characteristics...pg.309
	O'Reilly, Aerosol Jet® Material Deposition...pg.314
	Reinhold, Inkjet Printing of Phase-Change...pg.319
	Chen, Inert Piezoelectric Inkjet Print Head...pg.323
	Buskirk, Production Digital Fabrication System...pg.324

	High Speed Ink Jet
	Drury, Approaches to High Speed Inkjet Printing...pg.332
	Abello, The Scalable Pipeline Architecture Behind...pg.336
	Mizes, High Speed Xerox Inkjet Technology...pg.340
	Halwawala, Imaging Considerations for Single-Pass...pg.344
	Ishikura, Improvement of Image Quality...pg.349

	Modeling of Printing and Related Processes
	Hoath, Improved Models for Drop-on-Demand...pg.353
	Heil, Parameter Analysis of Droplet Impact...pg.356
	Fang, Computer Simulation Research on Batik Crack...pg.361
	Ecer, Modeling of Mixing of Toners with DEM...pg.365
	Simske, Factors in a Security Printing & Imaging...pg.368
	Zeng, Lean Print Manufacturing: Operations...pg.372
	Lin, Content-Driven Neural Network Design...pg.376
	Kella, Model based Printer Linearization...pg.379
	Lin, Multi-Level Simulation of Digital PSPs...pg.382

	Image Permanence
	Salesin, Short-Term High Humidity Bleed...pg.386
	Miller, Fade Stability of Color Photographic...pg.390
	Wu, The Effects of Lamination on Image Quality...pg.395
	Lindstrom, A Comparison of Image Permanence...pg.400
	Cui, Light Fastness Comparison of Xerography...pg.404
	Comstock, Influence of Dry Time on Ozone...pg.408
	Comstock, Influence of Temperature in Xenon...pg.412
	Comstock, Impact of Light Exposure...pg.415
	Comstock, Improved Dark Storage Test Method...pg.420
	Hoarau, A Novel Sensor to Visually Track Fading...pg.423
	Comstock, Validity of Dark Storage Test Method...pg.426
	Comstock, Image Permanence Test Chamber...pg.430

	Color Science/Image Processing
	Ha, The Effects of Perceptual Based Image Gloss...pg.435
	Chen, Research on the Halftoning Method to Achieve...pg.439
	Li, Methods and Mechanisms of Expanding...pg.443
	Uematsu, A New Hypothesis and its Verification...pg.447
	Recker, A Distributed Low-Cost RIP for Digital...pg.451
	Qiao, Optimal Noise Management Method for a Robust...pg.455
	Nystrom, Microscopic Color Measurements...pg.459
	Zhang, Global Optimized Multiscale Tobacco Leaves...pg.463

	Fusing, Curing, and Drying
	Shaw, Smoothed-Particle Hydrodynamic Simulations...pg.466
	Eichhorn, Carbon Nanotube Filled Composite...pg.470
	Oko, Imbibition of Picoliter Water Droplets...pg.475
	Barton, The Mechanics of Geometric Stripping...pg.479
	Lavrykov, Thermal Performance of Copy Papers...pg.483

	Media for Digital Printing
	Chen, Study on the Process of Infiltration for Ink...pg.489
	Schaffer, Allessan® APT &mdash; A Versatile...pg.492
	Stoffel, Media Influence on Print Performance...pg.496
	Bhattacharyyya, Adhesion in LEP and its...pg.499
	Batz-Sohn, Speed of Ink Absorption on Modified...pg.503
	Gong, Application of Nano Pigments in Inkjet Paper...pg.507

	Electronic Paper and Paper-like Displays
	Yanaka, Integral Photography Using Color...pg.512
	Hasegawa, Influence of Dye Concentration...pg.516
	Kumara, Effects of Triboelectrical Charge...pg.520
	Kim, Nanopatterned Polythiophenes Films...pg.523
	Nakayama, Usability Evaluation of Paper/PC/e-Paper...pg.526
	Inoue, Consideration of Short-Term Memory...pg.529
	James, Dyed Polymeric Microparticle Colloid...pg.533

	2- and 3-D Functional Printing
	Hammerschmidt, Complete Digital Fabrication...pg.538
	Stanic, Permanence and Color Stability in 3D...pg.541
	Huson, The Digital Fabrication of Ceramics...pg.545
	Jones, Additive Manufacturing by...pg.549

	Digital Biofabrication
	McCallum, Rapid Deposition of Hydrogel Layers...pg.554
	Hayes, Fabrication of Biomedical Components...pg.558
	Umezu, Gelatin Patterning Utilizing...pg.561
	Tirella, PAM2 System: Engineering Complex Shaped...pg.564
	Guttler, Electro Photography ("Laser Printing")...pg.567
	Tirella, Importance of Cell-Substrate Impact...pg.571
	Rodriguez-Devora, Fabrication of Miniature Drug...pg.574
	Limem, Inkjet Printing of Self-Assembled Hydrogels...pg.578

	Hardware for Printing Inspection Authentication and Forensics
	Adams, High Resolution Imaging for Forensics...pg.582
	Hodgson, Technologies for Identity Document...pg.587
	Eick, Methods for Producing Covert Barcodes...pg.591
	Davidson, The Impact of Digital Print...pg.594

	Security and Forensic Printing
	Vans, Impact of Scrambling on Barcode Entropy...pg.597
	Ulichney, Encoding Information in Clustered-Dot...pg.602
	Hayward, Employing Botanical DNA to Forensically...pg.606
	Simske, Security On-Ramp for Variable Data...pg.612
	Herlaar, Searching for Discriminating Features...pg.616
	Metters, Using Printing Technologies...pg.621
	Aronoff, Determining Printer and Scanner...pg.626

	Printing Systems Engineering/Optimization
	Kipman, Automated Inkjet Print Head Sustainability...pg.632
	Whitney, Measurement of Diode to Diode Spacing...pg.635
	Seo, New Induction Heating Technology and System...pg.638
	Miyoshi, Optimization of Dies for the Magnetic...pg.642
	Boley, Print Mask Design for Maximum...pg.646

	Digital Packaging
	Heilmann, The Use of Inkjet in Packaging...pg.652
	Fleming, Development of In-Line Printing Press...pg.657

	Textile and Fabric Printing
	Ali, Direct Inkjet Single Sided Hydrophobic...pg.663
	Malandraki, Inkjet Printing of Fluorine-Free...pg.667
	Agrawal, Digitally Finished Cyclodextrin Based...pg.670
	Christie, Digital Inkjet Dyeing and Printing...pg.673
	Jaworski, Inkjet Printing on Textiles: Software...pg.676
	Ushiku, Fabric Coating and Printing Conjoined...pg.680
	Namwamba, Effect of Padding Parameters...pg.684
	Rybicki, Antibacterial Finishing of Flat Textiles...pg.688

	Thermal Printing
	Taniguchi, Development of New Multi-Purpose...pg.693
	Terao, Development of Power Saving Thermal...pg.697
	Sakamoto, Development of High Efficiency Thermal...pg.701
	Shima, Stability and Tinctorial Strength...pg.705
	Tian, Color Performance of Cotton...*

	Printed Electronics: Devices
	Hayes, Direct Write Opportunities in Printed...pg.709
	El Asaleh, Printed Electronics and E-paper...pg.710
	Bibelriether, Print the Printed Circuit Board...pg.715
	Marjanovic, Digital Fabrication of Oxide...pg.720
	Lim, Inkjet Printing Approach to Fabrication...pg.723
	Mager, On-Line Monitoring and Feedback Control...pg.726
	Pique, Printing of Electronic Nanoinks...pg.730
	Zipperer, Roll-to-Roll Printed Electronics...pg.734
	Kim, Printable Indium Oxide Thin-Film Transistor...pg.737
	Ren, Inkjet Technology for Large-Area OLED...pg.740
	Hecker, Roadmap for Organic and Printed...pg.745


	Author Index



