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Prologue 

This report is the result of my master project, which I carried out for Oce 
Technologies B.V. in Venlo (Oce). I am glad I have been given the opportunity to 
extend my view on doing business to a broader context: sustainability. 

It is my personal feeling that only a good balance is sustainable in all kinds of 
systems. And people, as a form of life, but also as economic entities, need this 
balance. Although the Earth has proven flexible in the matters of balance, it seems 
that we have developed an amount of control over this balance, and therefore a 
responsibility towards it. I hope this research can contribute in fulfilling this 
responsibility. 

As an industrial engineer, working in an R&D environment with many 'technicians' 
was a valuable experience. During my studies, I have often taken the product as a 
basis. But I have experienced during my internship at Oce that many of the aspects 
that we as industrial engineers work on are influenced to a larger extent during the 
research and development phase. 

As said, both topic and environment shaped my research. I enjoyed both aspects, 
and would like to thank my company mentor Paul Hilkens and my university mentors 
Han van Kasteren and Henk van der Veeken for sharing their experience and 
expertise in these - and other - fields. 

Gijs van Heijster 

PS. The lion's share of this paper is made of recycled material, in duplex, and in 
black and white. I hope the reasons will become clear while reading this report. 
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Summary 

Situation 
Sustainability has become one of those buzzwords in business. Investors, customers 
and goverriments ask increasing responsibility from companies towards society and 
the environment. However, not all stakeholders translate the sustainability of a 
company into the same set of responsibilities. 

Especially when it comes to the development of products, there is currently little 
guideline as to what is sustainable. There are some generally accepted topics like 
hazardous substances and energy consumption, but the overall picture is lacking. 

This research is performed at Oce Technologies B.V. in Venlo (Oce). The general 
philosophy of Oce towards sustainability is to serve the interests of all stakeholders in 
a balanced way. This can also be seen at a product level. Discussion with customers, 
competitors, with research institutes and with governments makes Oce aware of the 
norm and trend developments in the field of product sustainability. This knowledge is 
used when defining a new project. 

Research definition 
Science is also considered a stakeholder. Moreover, science gives an indication of 
future stakeholder interests and provides support for making decisions. This research 
seeks to find a scientific approach towards sustainable product development and an 
evaluation method to quantify progress. At the same time, the evaluation method 
should provide a guideline for making choices and setting priorities based on 
sustainability. The research definition is as follows: 

Define product sustainability and determine how social, environmental and economic 
aspects interact. Give recommendations based on a case study at Oce 
Technologies. 

The following theoretical research questions follow from this project definition: 
• How is the sustainability of a product measured? 
• In what way do social, environmental and economic aspects interact? 

Theory 
A general definition of sustainability that forms the theoretical starting point has been 
given by WECD in 1987: 'Meeting the needs of the present without compromising the 
ability of future generations to meet their own needs.' According to WECD, 
sustainability requires development in social, environmental and economic terms 
(people, planet and profit). 

Recent literature still supports the idea that sustainability is based on people, planet 
and profit and that progress should be measured in these same dimensions. Another 
question is what aspects influence sustainability in these three dimensions. To 
identify these aspects, a framework from McDonough and Braungart is used. They 
emphasize the need to improve aspects that are purely related to one dimension and 
aspects that r~present a combination of two dime~1sions. From the combination of 
insights follows the used framework for sustainable product development. The 
application for a copier/printer is given in .the figure below. The location of each 
aspect in the circle, in relation to the location of the dimensions of the sustainability 
triangle, indicates the driving factor behind the aspect. In effect, the location is also 
an indicator for which dimensions will be influenced by improving an aspect. 
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Measuring progress in product sustainability should be done in three dimensions. 
The three measuring methods together should represent all topics related to 
sustainable product development. 

To measure the environmental aspects, Life Cycle Assessment (LCA) is used. LCA 
provides an integral environmental scoring system for a product over its entire life 
cycle: from an inventory of inputs and outputs, the impact of these flows on a set of 
impact categories can be calculated. The eco-indicator is the chosen LCA method in 
this research, because of its imaginative power and alignment with general norms. 
The eco-indicator is a damage-oriented approach. Based on inputs and outputs, it 
calculates the damage to 'Human Health', 'Ecosystems' and 'Resources'. From these 
damages, the eco-indicator generates a single weighted score, ecopoints. 

Economic performance is measured in Life Cycle Costs (LCC). No product value 
indicators can be added in the economic dimension, as this is not known in 
quantitative terms. Life Cycle Costs consist of internal and external costs. External 
costs such as cleaning costs that a company does not yet have to finance, are not 
included, mainly because data are still very uncertain and because the actual costs 
should represent the company's economic driver. Internal costs include conventional 
costs such as labor and material, and hidden flows such as waste disposal. Life 
Cycle Costs are expressed in the present value of these costs. This means that 
inflation is added to the currently available values and cost of capital is discounted. 

The people dimension is meatiured in People Friendliness. This friendliness is 
determined by functionality, usability and customer health. Generally it can be said 
that the functions of a product should provide maximum support, that the functionality 
has to be available in an easy way and that the customer may not suffer health 
damage from using the product. Each of the three categories in the people dimension 
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is divided into three subcategories. The single score of people friendliness is 
determined by a balanced average score of the nine chosen indicators. 

Implementation 

Sustainable 
Development People 

Planet Function, 
Life cycle Usability& 

assessement Customer health 
(Ecopoints) (Balanced score) 

Figure. Assessment framework 

Assessments of similar products will reveal similar areas of interest, especially if 
products in the same product family are regarded. There are two moments during the 
development of a new product at which an assessment is most useful: 
• Before project definition. This assessment determines the state of an existing 

machine compared to its competitors. It can be seen which aspects require 
improvement and it has to be determined on what points to distinguish. Especially 
the people aspects should receive a lot of attention in this assessment. 

• Just before the engineering phase. At that point, it can be seen what progress is 
realized. From this point forward, most choices in the people section have been 
made and design choices can be based on the minimum negative eco-efficiency. 
Negative eco-efficiency is defined as the product of life cycle costs and ecopoints. 

At other moments, these assessments can be used as a basis for priority setting. 

Life Cycle 
In this research, an assessment is performed for the planet and profit dimension. The 
life cycle includes three phases: production, use and end-of-use. 
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Figure. Life cycle of a copier/printer 
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In the production phase, all steps until the placement of a machine are considered. 
This includes the delivery of a product through different links in the supply chain. The 
use phase is defined by four inputs: paper, electricity, toner and service 
maintenance. In the end-of-use phase, a fraction of the printer population is returned 
to an asset recovery plant. The other machines are disposed directly by the 
customer. Usable parts are retrieved from the returned machine and used in new 
machines at the highest possible product level. 

The sphere of influence of Oce is confined by the dotted line. All impacts during the 
life cycle are related to a functional unit: the kilo print. The kilo print allows 
comparison of different products. 

Assessment 
The biggest impact is generated by paper, both in ecopoints and in life cycle costs. 
The damage to the environment by paper is caused by energy requirements in 
production and by the felling of trees. Although energy consumption is often regarded 
as the most damaging aspect to the environment of an energy-using product, it takes 
much more energy to produce paper than to print on paper. Moreover, energy 
consumption does not contribute significantly to the life cycle costs. Paper does. 
Reducing paper therefore deserves a lot of attention. It is currently important that 
duplex printing is promoted and that a machine can handle at least light 60-gram 
paper and recycled paper. On the longer term it may be important for Oce to invest in 
non-paper solutions. 

So paper is the most damaging factor. But although other aspects are secondary, 
they are not unimportant. Especially because Oce has more influence on the product 
itself than on the use of paper. Other important life cycle contributions are energy 
consumption during use, machine parts, service impact and transport. There are a 
number of ways to improve these aspects. The following targets can provide a 
guideline for design: 
• Increase productivity. Besides writing off the machine over a larger number of 

prints, higher productivity benefits energy consumption and maintenance 
requirements. In addition to technical requirements this also means machines 
should be placed where they can draw more print volume. 

• Reduce part numbers and weight. Reduction means savings, both in costs as in 
environmental resources. Additionally, weight reduction means a lower heat 
capacity and therefore lower energy consumption. 

• Close material cycles: a long product life, and machine re-use, is the primary goal 
on this aspect. The machine will then be written off over more prints. If the 
demand side allows re-use of modules after they are returned from a customer, 
this should be continued at Oce. Re-use is beneficial in environmental and in 
economic terms. Recycling materials, and also using recycled materials, is 
environmentally friendly, but neutral concerning costs. Because sustainable 
development means development in all dimensions, recycled material is preferred 
if this is technically feasible. 

• Reduce energy consumption. This is especially beneficial for the environment. 
But as energy consumption receives a lot of attention from customers and 
government, it is also an important selling point. 
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1 Introduction 

Mankind has developed some degree of control over the planet. This control must 
not be translated into a right to consume, but into a responsibility to manage. Only in 
this way can we make the living environment more s•Jstainable. 'Meeting the needs 
of the present without compromising the ability of future generations to meet their 
own needs.' This is the general definition that is given to the term sustainability 
[WECD, 1987]. 

Figure 1. Responsibility to planet earth 

Oce Technologies B.V. (Oce, appendix A) satisfies one of those needs: the ability to 
manage documents. These days, printed-paper is a widely accepted document form. 
Printing paper, however, has a significant impact on the environment, both on a local 
and a global level. This environmental impact has to be managed and reduced where 
possible. 

Making green printers therefore seems like a noble goal. But it is no use if people 
don't buy the product, because it is too expensive, or because it does not have 
enough functionality: environmentally less friendly product will then dominate the 
market. So the wanted balance has to cover the three sustainability aspects: people, 
planet and profit. Preferably, solutions are sought that improve these aspects at the 
same time. The goal of this research is to find the contributing design aspects and to 
improve to the sustainability of Oce products. 

This report is structured in the following way: in chapter 2, the research is defined 
more specifically in the context of Oce. Chapter 3 presents a theoretical framework 
for measuring and improving sustainability. Chapter 4 introduces the concrete field in 
which this framework is applied and presents the boundaries of this study. In chapter 
5 the general and case results are given and discussed. Chapter 6 shows the areas 
of improvement. And finally, chapter 7 concludes thi~ report. 
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2 Problem definition 

, The sustainability of printers/copiers is an important issue within Oce and within the 
copying and printing markets in general. Investors demand corporate responsibility; 
laws and norms are continuously being sharpened; and clients show a growing 
interest in sustainable products. 

2. 1 Current process 

Oce wants to contribute to a sustainable society. Therefore, it has to earn it's 'license 
to operate' by contributing to the fulfillment of society's needs, without compromising 
to the same needs in the future. This means that Oc~ has to take responsibility to 
strive for the most stringent norms and be able to show its efforts and results in 
improving sustainability. 

2.1.1 General approach towards sustainability 
The Oce philosophy is that it wants to serve the interests of all stakeholders in a 
balanced way. While investors require profit and responsibility, the public does not 
want any negative effect on the environment. That interests can differ even within 
this environmental priority is shown in Table 1. From a customer point of view, 
energy use and hazardous substances are important; governments prioritize 
hazardous substances and recyclability. 

Table 1. Environmental priorities of a product per stakeholder [Boks et al. 20031 

1 =high priority Energy Hazardous Materials Packaging Recycla-
substances bili 

Customer 1 2 3 4 5 
Trade 1 2 3 5 4 
Science 1 5 2 4 3 
Government 3 1 5 4 2 
Policies 

All stakeholder interests are represented in the Oce sustainability report: they form 
the input for indicators in the sustainability dimensions people, planet and profit. The 
feedback loop that is created by producing this report is used as a tool to contribute 
to a sustainable business in a structured way. 

2.1.2 Oce products 
Discussion with customers, competitors, with research institutes and with 
governments makes Oce aware of the norm and trend developments in the field of 
product sustainability. This knowledge is used when defining a new project. For 
example, if the stakeholder focus is going to be on energy consumption in the user 
phase, this will be reflected in future projects. 

Among others, Oce has performed studies in the field of energy use, noise 
production, emissions and re-use. Cost price is stressed in each development project 
and life cycle costs have also been treated. But how much does energy use 
contribute to the total environmental impact? And what other costs besides 
production costs are relevant from a design point of view? One of the leading 
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concepts in all Oce products is reliability. Products and components are designed to 
have a long life span, require little service, and even to have a second life. Although 
this design principle supports goals in terms of the total cost of ownership, it is also a 
very environmentally friendly attitude. But how friendly? 

As resources are becoming scarcer, they will become more expensive. Furthermore, 
governments require companies to internalize costs for environmental and health 
impact (such as global warming) to a growing extent. These developments indicate a 
stronger link between economic, social and environmental impacts. So sustainability 
is becoming an increasingly important issue in product development. But it is not 
known what a sustainable product is. 

2.2 Developing sustainable products 

In order to develop sustainable products, a general attitude towards sustainable 
development in products has to be adopted. It is therefore necessary, in the first 
place, to be able to evaluate what effect design choices have on sustainability. 

The aim of this project is to find a way to evaluate overall sustainability of a product 
from a scientific point of view. An integral evaluation method for product sustainability 
has to be found, that includes both the whole life cycle and all aspects of product 
sustainability. The insight that is gained from performing such an evaluation should 
provide a guideline for product design. 

2.3 Research definition 

Define product sustainability and determine how social, environmental and economic 
aspects interact. Give recommendations based on a case study at Oce 
Technologies. 

The following theoretical research questions follow from this project definition: 
• How is the sustainability of a product measured? 
• In what way do social, environmental and economic aspects interact? 

The research definition and questions can be translated into the following 
deliverables: 
• Develop a framework to measure product sustainability 
• Model the relevant life cycle stages and processes for an office printer 
• Make an inventory of the sustainability aspects during this life cycle 
• Give a clear overview of the impacts 
• Give feedback on product design based on the insights 

10 
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3 Measuring product sustainability (Framework) 

3.1 Literature review 

This review describes some of the most recently used models for measuring 
sustainability, with relevance regarding this project. A systematic overview was 
created by [Sikdar, 2003], who describes four system types for which sustainability is 
relevant; the highest system level being global concerns, the lowest level being 
specific technologies. He states that there is a responsibility for engineers to work on 
sustainability on the lower levels by product and process design in order to contribute 
to the higher levels of sustainability. He suggests that it is most important to improve 
the three dimensional aspects. These include energy and material use and pollutant 
dispersion, as they have impact on all sustainability dimensions. Each of the levels 
defined by Sikdar has some cases in which sustainability has been evaluated. 

Figure2. 

Planet 

Profit 

Sustainable 
Development 

People 

All research considers three sustainability dimensions 

• [Telos, 2002] At the regional level, Telos developed a three-dimensional balance, 
each dimension showing the capital that represents one of the sustainability 
dimensions. The capitals are divided into stocks that have their own indicator. 
Examples of indicators are: the amount of heavy metals in the 'ground water' 
stock and feeling of safety in the 'living environment' stock. The capital balance 
indicates that sustainable improvement is only possible if there is development in 
all dimensions. 

• [Krajnc, 2005] At company level, Kranjc et al. developed the sustainability index. 
The principles are similar. Indicators in the three dimensions are taken at 
company level (e.g. energy consumption, emissions, accidents and profit). 
Indicator scores can be normalized with regional, world or company history data; 
and then weighted by a company panel in order to get a single sustainability 
index. The disadvantage of one overall scoring is that weighting between the 
three aspects is subjective and that insight into the interaction between the 
aspects is lost. The advantage is that is triggers discussion about the relative 
importance of the aspects. 

• [Schmidt 2004] While operational definitions of sustainability provide guidance, 
the actual evaluation of sustainability for a specific product or service has proven 
challenging. Schmidt et al. developed a method known as SEEbalance. This 
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method is applicable to both products and processes. There is no difference in 
methodology compared to the other levels. Biggest difference is that the 
economic dimension is translated into a 'Total cost of ownership' model. No other 
accurate indicators are available, especially in the product development phase. 
Another aspect of measuring sustainability at product level is that all impacts are 
related to a functional unit, an amount of the function that a product fulfills. This 
way, impacts in the different life cycle phases can be compared. 

Important input for the framework structure was taken from [McDonough et al., 2002). 
They emphasized the necessity of including interaction areas between dimensions, 
so all sustainability aspects can be placed in one framework. In an intelligent system 
all pure dimensions of sustainability (environment, economy and equity) are 
considered, as well as the interaction areas. 

3.2 Framework 

As mentioned in the previous section, little research has been done in measuring 
sustainability at product level. Insights of all mentioned sources are therefore 
combined in the chosen framework. 

Figure 3. 

Planet 

Sustainable 
Development 

People 

Framework for sustainable products 

Most of the structuring of design aspects was taken from McDonough et al. This 
results in the framework for sustainable product development as shown in Figure 3. 
With this structure all the subjects in sustainable development of products can be 
identified. The more a design topic in the circle is situated near a corner of the 
triangle, the more the incentive of such developments will come from the 
corresponding sustainability dimension. The location also gives an indication of which 
sustainability dimension will be influenced. The italic words value and resources 
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divide the figure into two sides: the topics on the right side create the value of a 
product, while the topics on the left side represent the required resources for a 
product. 

The evaluation framework is based on the balance between social, environmental 
and economic aspects as described by Telos and Krajnc. With their methods it is 
possible to show the progress and interaction between the sustainability dimensions. 
The methods to evaluate the score in the different dimensions are presented in 
sections 3.3 to 3.5. It is important that the evaluation covers as many of the topics 
related to sustainable development as possible. 

Finally, from BASF the functional unit and total cost aspects are deducted. At the 
product level, especially in the development phase, the economic dimension cannot 
be measured in terms of return or value. Therefore total costs are taken. The 
functional unit is required to compare different phases of the life cycle, as will be 
further explained in section 4.1. 

3.3 Environmental indicators (Planet) 

Measuring environmental performance has been done in a structured way since the 
early nineties. Input-output analysis is the basis for environmental accounting at all 
levels (country, region, company or technology). It measures material and energy 
inputs and outputs. Life Cycle Assessment (LCA) has been developed to process 
these data into usable units. 

3.3.1 Environmental life cycle assessment 
The main goal of LCA is to provide an integral environmental scoring system for a 
product (or company) over its entire life cycle, by providing a set of impact 
categories. These categories cover the most important environmental issues. (An 
overview of these environmental themes and the phases in LCA are given in 
appendix B.1 ). Each environmental theme has a reference material that contributes 
to the considered theme. Equivalence scores to these materials are known for most 
substances (source: e.g. CML). For example, methane is eleven times as strong a 
greenhouse gas as its reference material carbon dioxide. The scoring in one impact 
category is the total equivalence score to one kilogram of the reference material. This 
score is usually normalized against global or regional data to get insight in the 
relative contributions of a specific product or process in its environment. 

3.3.2 Impact assessment methods 
There are several LCA methods that have different impact categories. A number of 
criteria determine a good method in this project: 
• Completeness: this is a minimum requirement. The categories have to include the 

most important environmental themes, and not focus on one topic like global 
warming. 

• Imaginative power: it is important that the persons dealing with the results have a 
feeling with the impact categories. This way there will be higher acceptance of 
what the impact actually is; and there can be discussion about the importance of 
the categories. 

• Past assessments: showing development is clearest if different projects have 
similar methods. 
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• Up-to-date information: new insights are better integrated in up-to-date methods. 

Furthermore, global data better represent the current situation. 

Three methods are given in the table below, with a short explanation of their 
attributes. The methods are selected, because they are most often used in the 
available literature (e.g. [Heijnungs et al. 2004], [Mettier et al. 2004], [Ricoh 2006] 
and [TOO, 2004]). 

Classification 
CML 

Eco-indicator 

EPS 

Table 2. Classification methods 

Ex lanation 
• Problem-oriented approach. 
• Characterization and normalization are updated in 2001. 
• Generally high impact on remarkable impact category (marine aquatic 

ecotoxicity) 

• 

• 
• 
• 
• 
• 

• 
• 
• 
• 

Grouping and professional weighting sets are not available 

Damage oriented approach . 
Up-to-date normalization data . 
Impact categories are human health, ecosystem quality and resources . 
Available in three versions to limit uncertainty of the model. 
Oce has given input to the creation of this method . 

Damage oriented strategy . 
No normalization option . 
Willingness to pay to restore damage is the measure . 
Categories are aggregated into human health, ecosystem production 
capacity, abiotic stock resource, biodiversity and cultural and 
recreational values (this last category is not included in software). 

Looking at the selection criteria imaginative power and representation, Eco-indicator 
and EPS have the best impact categories. Human health, ecosystem and resources 
(and biodiversity) are aspects a regular person can identify with. Expression of the 
environmental performance in a single scoring is also a powerful tool. 

Although EPS has much imaginative power, it is not in line with the ISO (14.000) 
standards and therefore only useful as a development tool. No normalization data are 
available either. Furthermore, Oce has used the Eco-indicator in past projects. 
Finally, because Oce has contributed to the Eco-indicator, this method is considered 
best practice. 

3.3.3 Eco-indicator 
The structure of the eco-indicator is given in Figure 4. It can be seen there are three 
impact categories. All subcategories have equal indicators: 
• Damage to human health, . which is expressed in 'disability adjusted life years' 

(DALY), the physical burden that humans suffer from the dispersion of 
substances. 

• Damage to ecosystems, which is expressed in 'potential fraction of species 
disappeared' (PDF). It is an indicator for the en··ironmental load and evaluates 
the effected areas. 

• 'Surplus energy requirements' (SER) is the indicator for damage to resources. 
Scarce resources will appear in lower fractions in ore. It will therefore require 
more energy to extract pure materials from this ore. 
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There has been a lot of discussion about the absolute and relative environmental 
impact of different substances. However, the discussions did not result in agreement 
between the experts. Therefore, three different ways of calculating the effects have 
been introduced for the eco-indicator: egalitarian, hierarchist and individualist 
(appendix B.2.2). The hierarchical version is most accepted. In this version, 
substances are only included if there is considerable consensus about their effect. 
Furthermore, it is assumed that environmental damages such as flooding can be 
avoided by good management and that it is difficult to substitute fossil fuels. 

It can also be seen in the figure, that the impact categories are commonly integrated 
into one single scoring. In terms of overall sustainability, it is good to have a limited 
number of targets that represent the product in the broadest possible way. Weighting 
the environmental indicators into one indicator is therefore a useful step in this case. 
The resulting single unit after weighting is called 'ecopoints'. 

Although the company itself can do the weighting step, there are some standard 
weighting sets available. They are also divided into an individualist, hierarchist and 
egalitarian version. In addition, an overall average case is added. Generally, the 
hierarchist version and average weighting sets are taken, because they are best 
accepted both politically and scientifically [Huisman, 2003]. 

Result: the hierarchical version of the Eco-indicator with average weighting 
sets is the overall environmental indicator, given in ecopoints (Pt) per kilo print 
(k). 

3.3.4 EuP 

Currently the European Union !s also developing a framework for LCA [EU, 2007]. 
Because this tool will probably be used for new laws, it is good to streamline the used 
tools with the new EU tooling. Most important is that inputs are similar, because the 
impact assessment is not time consuming. A disadvantage of the free EU tooling is 
that it does not aggregate different aspects, so prioritizing for product design is not 
possible. The inputs that EuP requires are indicated in appendix B.3. 
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3.4 Economic indicator (Profit dimension) 

As mentioned in section 3.2, only cost data are available in the product development 
phase: the impact of design changes on the economic product value is not known. 
Lower costs will allow a lower price for the customer if the same margin is used. This 
way market share can be increased. Increased market share is important to increase 
the overall profitability of a company. Or lower costs will cause a higher margin, 
directly contributing to profitability of the given service. In these ways, a lower cost 
price contributes to the economic performance. 

Life cycle costing (LCC) takes into account all relevant costs during the entire life 
cycle. So assembly costs are considered as well as running costs and future savings 
from returned machines. Environmental costing (EC) provides insight into costs 
associated with the environment. Many of the environmental changes show financial 
benefits in the later phases of the life cycle. The insights of EC can be used in LCC. 
Potential environmental savings are shown in Table 3. 

Environmental 
savin 
Using less material 

Using 'lighter' 
material 

Less energy 
consumption 
during use 

Design for re-use 

Market share 

Employee 
productivity 

Tax savings 

Cleaning cost 
savings 

Table 3. Potential environmental savings 

Explanation 

The extraction as well as the disposal of materials puts a burden on 
the environment. Besides, material represents a large percentage of 
the cost price. Other material related costs are labor, transport and 
energy. 

Lighter material is often less expensive. Especially heavy metals put 
high burdens on the environment. Light materials are also more 
easily moved. 

The customer often makes these costs. So the customer has to be 
aware of electricity costs in order to justify a potentially higher 
product price, for example for isolation. 

Re-use results in purchasing cost savings for future products. 
These cost savings have to outweigh the costs of return transport 
and dismantling. 

Especially governments set high norms to the products they 
purchase. Satisfying certain norms is essential in this market. Green 
products also raise the overall image of a company, potentially 
leading to higher sales in general. 

Absenteeism represents high costs for a company. Through 
emissions and accidents, a product can cause absenteeism. 
Furthermore, accidents lead to claims if responsibility is shown. 

Subsidies or tax savings are sometimes addressed to 
environmentally friendly products or processes. 

Toxic substances from direct emissions or through emissions from 
energy production need to be cleaned. Governments often pay for 
these activities. But companies are increasingly held responsible. 
An example is the Kyoto protocol. 
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3.4.1 Life Cycle Costs 
This section gives an overview of the sorts of costs that will be included in the life 
cycle cost model for a copier/printer. Life cycle costs can be divided into internal and 
external costs. 

1. The internal costs can be divided into two subcategories: 
• Conventional costs include labor, material, transportation, and equipment. 
• Hidden flows include disposal waste, waste clean up. 

2. The external costs are costs for which the company is responsible, but for which 
it does not have to pay. An example is cleaning of polluted water. Governments 
are stimulating internalization of these costs on the basis of the 'polluter pays 
principle'. However, cost data are currently highly uncertain [Antheaume, 2004]. 
Furthermore, the model for sustainability is meant to show a consideration 
between economic and environmental impact. The data represented in external 
costs are environmental instead of economic impacts. Therefore external costs 
are not included in the life cycle cost model. 

3.4.2 Present value 
For the impact of costs, it is relevant when a transaction takes place. To include this 
time dependency [Brown, 1979], life cycle costs will be represented as a present 
value. 
• Future payments will allow the use of this money for other purposes in the period 

until this transaction. It is assumed that with this capital, returns can be generated 
equal to company standards. Therefore, future costs are discounted with this 
standard 'cost of capital'. 

• Absolute costs, on the other hand, will be higher in the future, because of 
inflation. So the inflation rate 'e' (escalation) is included in the cash flows. Inflation 
rates may vary for different sorts of costs. For example, energy costs are 
expected to rise more than costs of labor. The used inflation rates are given in 
appendix C.1. 

The present value 'PV' will have the following shape: 

PV = lifefcle lnvestment1 (1 + lnflation1nvestment )
1 +Materials, (1 +Inflation Materials )

1 
••• etc. 

1=0 (1 +Capital_ Costs) 1 

Product data of the entire generation of products are included in the LCC model. This 
way capital investments can be allocated. The costs are evenly distributed among 
the range of products in the generation to get the costs per machine (and eventually 
per kilo print). 

Result: The present value of the life cycle costs (PV) per kilo print (k) is the 
overall economic indicator. 
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3.5 Social indicators (People) 

When measuring sustainability performance, social indicators are generally taken at 
company level. All stakeholders together form the social context of the business. 
Considering product design, the following stakeholders are important: users, buyers, 
service technicians and IT-support. 

The basic principle that is used here for defining the 'people' aspects is therefore the 
extent to which a product is 'people-friendly' for these stakeholders. This means that 
the involved stakeholders should experience added value from the product, without 
suffering any health effects. 

For copiers/printers, the people score is determined by a combination of function and 
usability. But a product looses its friendliness if it can cause damage to human 
health; so customer health is taken as a third category for user friendliness. These 
categories were determined through Quality Function Deploym1=mt [Xie et al, 2003]. 
But although this method is taken as a basis for the analysis (appendix B.6), its 
structure is not applied. This is because QFD involves a lot more than what is 
needed for this research. 

The three categories are further explained in the following paragraphs. It should be 
observed that the mentioned human health in this section is the health of people 
directly surrounding the product, as opposed to human health in the 'planet section', 
which is about health on a global scale. 

3.5.1 Function 
Functionality of a product says something of what the product can do: which 
functions it supports. In copier/printers this functionality is indicated by: 
• The (potential) input and output: measured in the range of options 
• Speed of the output: measured in productivity 
• Quality of the output: measured in terms of print quality and reliability. 

3.5.2 Usability 
As mentioned in the previous paragraph, added value evolves around two aspects: 
function and usability. Usability is defined as the way a user experiences a product. 
In Figure 5, usability is explained. Three areas of expertise (graphic, product and 
interaction design) influence the three different ways of experiencing a product 
(image, ergonomics and mental models). 

All the aspects of usability interact. The order shown in the figure is the order in 
which the indicators have the least interaction when measured. (For example, a bad 
experience when performing a print job may influence the image). Usability scoring is 
further explained in appendix B.4. 
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The title customer health refers to the direct local impact of a product on the 
customer health. This includes product safety, noise, heat, smell, and toxic 
emissions. The table below shows these health and safety issues with an explanation 
of the application in a printer. The eventual indicators in this area have to fulfill a 
number of criteria: 
• Transparency and simplicity 
• Quantitative 
• Data availability 

Health 
as ect 
Smell 

Emissions 

Safety 

Noise 

Table 4. Potential customer health indicators 

Explanation 

Smell is generated by em1ss1ons such as VOC and ozone. Ozone 
additionally can cause 'building sickness'. Emission of ozone seems to be 
the best available indicator for smell. 

There are strict norms to the emissions of toxic substances and the 
exposure to users. Decreased productivity and increased absenteeism may 
result from these emissions. They include small particles, ozone and VOC. 
Ozone is already treated with 'smell' . After that, particle emission is probably 
the most relevant and also receives most public attention. 

Safety is subdivided into fire-safety and contact with warm, electric and 
sharp parts. Customer and service operator injuries should be avoided at all 
cost. 

It can be said that the louder the sound, the more annoying for the user. 
Some sounds are considered more irritating and 'peak sound' is different 
from 'continuous sound'. The 'average sound pressure level' (Lpa) is the 
best available indicator, and should be considered in stand-by as well as 
running mode. 
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Toxic emissions, smell and sound pressure can be quantified (appendix 8.5), they 
are relevant, and straightforward. Therefore, these three indicators are included. This 
excludes safety. Safety cannot be differentiated. The guidelines in development are 
such that no unsafe situation is allowed. It is therefore of no use as in indicator. 

3.5.4 Balanced average score 
Summarizing section 3.5, nine indicators are selected. These are given in the figure 
below, with an example scoring for each indicator. 

People-friendly design 

Productivity 

Noise Options 

Figure 6. Example of scoring in the people dimension 

Result: A balanced average score (BAS) of the nine indicators that represent 
function, usability and human health is the overall social indicator. 
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3.6 Measurement framework 

Sustainable 
Development People 

Planet Function, 
Life cycle Usability& 

assessement Customer health 
(Ecopoints) (Balanced score) 

Figure 7. Measuring framework product sustainability 

A summary of the sections 3.3 to 3.5 is given in Figure 7. When looking at the basic 
framework presented in section 3.2, all aspects of sustainable products have been 
covered in the evaluation methods for the three dimensions. This is shown in Figure 
8. The most important 'lacking' aspect is product value in the economic indicator. 
Methods like Quality Function Deployment give insight into the most important value 
creators. But knowing the impact of changes in design on the economic product 
value in advance is still a utopia for product developers. 

Sustainable 
Material Development 
Cycles 

Materials 

Planet People 

Global 
Emissions 

Figure 8. Framework coverage 
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3.6.1 Sustainable development 
With the presented measurement framework it can be seen what materials or 
processes have the most impact; so it can be deducted what areas deserve the most 
attention. The progress can be shown in a diagram. This progress can be called 
sustainable development if all dimensions show progress. An example is shown in 
the figure below, in which all dimensions are expanded. 

' ,-
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' 
' 

Lower life cyde costs 
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' 
' 

' 
' 

Sustainable 
development 

Product x 
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Lower environmental impact Higher 'people friendliness' 

Figure 9. Sustainable product development 

3.6.2 Eco-efficiency 
When it comes to decision making in product development, not all dimensions may 
be represented in the choice. A product should add value for its users, while limiting 
the costs. Product value is mostly created by the interaction between profit and 
people. And the required value and following product characteristics are determined 
at the beginning of a project for the most part. 

So especially in the later engineering phases of development, people aspects may 
not be (significantly) influenced. When it comes to decision-making in these phases, 
the combination of LCA and LCC, eco-efficiency [Huppus, 2005], is the best 
indicator for sustainability. 

In the product case, Eco is translated as Damage reduction to the environment (to 
human health, ecosystem and resources) . Efficiency is translated into costs per kilo 
print. When a product is good, both costs and damage are reduced: negative eco
efficiency is to be minimized. This negative eco-efficiency for the product case is best 
expressed as the product of Present Value (PV) and Ecopoints (Pt) per kilo print (k). 

u . ,1+. . Pt PV 
1vegatzve_eco-eJJZCzency = kxk 
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For example: 
• Printing a kilo print on a certain system could cause two ecopoints of 

environmental damage and cost two euro per kilo print. The resulting negative 
eco-efficiency is four. 

• Another system causes 1,5 ecopoints of damage and costs two euro. The 
resulting negative eco-efficiency is three, or %=75% of the previous system. 
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4 Life cycle definition 
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Machine£ 

Configuration 
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+Part Processing 
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Electricity 

Paper 

Figure 10. Copier/printer life cycle overview 

This chapter outlines the inventory phase. This means the relevant mass- and energy 
flows are defined. Three phases in the product life cycle are considered: production, 
use and end-of-use. This excludes the development phase of a product. This is 
because the study is about the influence of choices in the development phase on the 
remainder of the life cycle. It does therefore not support the question if a new product 
should be developed or not; that decision is taken as an input. 
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Figure 10 shows the life cycle of a printer. The assessed product is a black and white 
office printer. The basis for the life cycle is the primary process of a printer, which is 
shown vertically. It can be seen that it takes a number of steps before a machine is 
completed. The arrow between each step represents a transport flow. Those 
transport flows may represent more than one link in the actual transport chain. 
Examples are the flow between part manufacturing and servicing, and the flow from 
printing to processing (they involve shipping, trucking, cross-docking). Other inputs 
for printing besides a printer are paper, toner and service. 

Indicated by the backward loop in the overview is the re-use on three levels: entire 
machines, modules and parts. Materials are also recycled, but not by Oce. 

4. 1 Functional unit 

As mentioned in section 3.2, impact of different life cycles phases can be related to a 
functional unit. In this case, for the office environment, the user requirement is 
printed-paper. It seems logical to take the print as the basis for the functional unit. 
The functional unit will then be a certain amount of prints, considering a user mix of 
A3 and A4 format and different sorts of paper. This mix is included in the unit 'kilo 
print', an equivalent to 1000 images printed on A4. The impact of the production 
phase is divided by the number of kilo prints in a life cycle. By taking the print as a 
basis, it is also possible to compare different machines in their performance. 

4.2 Cut-off rules 

The Oce influence is indicated by the dotted line in Figure 1 O. But for the different 
dimensions of sustainability, different cut-off decisions apply. The following criteria 
are used: 

• Data availability: Data have to be available or easily collected through contact 
persons within the organization. A purchase price hides the different supplier 
costs, whereas information about environmental impact of supplier processes is 
available (e.g. input material, required energy for processing, scrap during 
extraction). Upchain information will therefore be more detailed for the planet 
aspects than for costs. 

• Link to product design: The model is meant to give feedback on Oce product 
design. Some processes are hardly influenced by this design. Examples are 
marketing and sales costs: improvement of image can decrease the sales efforts, 
but this change is indicated by increased usability and not by decreased 
marketing and sales costs. Another aspect is power generation: the product 
design will not influence the power source of Oce machines in the use phase. 
Therefore, an average case is taken for electricity. 

• Limited impact: Some processes could be specified in more detail. Distribution, 
for example, will not only involve Asia, Europe and USA. However, these markets 
do represent over 90% of the sales. Specifying other areas, instead of 
extrapolating the given market to a sum of 100%, would cause an explosion in 
data requirements and would not make the outcome significantly more accurate. 
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4.3 Production 

The production phase includes the steps from raw materials until installation. In a 
complex product (as a print system is), many steps are required in the supply chain. 
An overview of the physical movement of masses is given in appendix C.2.3. The 
following steps in the production phase are considered. 

Production 
hase 

Extraction 

Parts 
Manufacturing 

Modules and 
assembly 

Distribution 

Table 5. Specification of the production phase 

LCC 

• Costs are specified at a 
higher level (part costs) 

• Part costs (appendix C.2.1) 
• Transport 
• Tooling (Moulds) 

• Labor 

• Tooling 

• Transport 

• Production overhead 

• Transport 

LCA 

• Virgin/recycled material 
(Appendix C.2.2) 

• Energy tor the extraction process 

• Scrap 

• Energy use 

• Production waste 
• Transport (including 

infrastructure and transport 
mode). 

• Only transport is considered 
(energy requirements are not 
above office level and tooling 
impact is also low.) 

• Transport 

An overview of the machine, its materials and the allocation of transport loads is 
given in appendix C.2. Transport costs are based on container prices. The costs are 
allocated on the basis of packaging volume of a part, module or machine. In the LCA 
model, impact is allocated on the basis of mass and distance (ton kilometer, tkm). 

4.4 Use 

The output of the production phase, an installed machine, is also one of the inputs in 
the use phase. Other use phase inputs are paper, toner and power. Maintenance is 
also required to keep the system running during its lifetime. The output consists of 
printed-paper, as well as a used machine after its lifetime. 

Some of the costs in the use phase are made by the customer directly. Because 
there is a different incentive for these costs, it is good to specify them. The costs 
made by the customer in relation to a printer are paper, electricity, IT, and operation. 
All other presented costs are included in the lease contracts. 

On the last two subjects, IT and operation, no data are available. Usability does give 
an indication of 'Jperation costs, but many more asp~cts are related to these costs. 
Paper is not shown in the Base Case, because it would limit the insight of other 
contributions (Figure 12). Electricity is the only customer cost left in the overview, and 
will be displayed together with other (environmental) costs. 
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Table 6. Specification of the use phase 

In ut LCC LCA 
Paper • Paper costs are based on • Pulp material 

market prices (Oce is not the • Pulp production 
standard supplier of paper in • Paper production 
the office environment). 

• Duplex rate of 70% 

Toner • Toner production costs (Oce • Toner material (appendix C.3.4) 
data, and a standard sheet • Production energy (further data 
cover rate of 6%). are not available but not thought to 

• Investment in the toner be significant.) 
production facility (a product 
line uses a significant portion of 
the factory output.) 

Power • Electricity costs (European • Electricity requirements based on 
business prices, based on Oce TEC (appendix C.3.1 ). European 
and ECN data) power generation is taken as an 

average case. 

Maintenance • Labor costs service operator. • Service kilometers. (Average 
(appendix • Spare parts (with an additional distances per visit are taken) 
C.3) 20% logistic costs) • Spare parts material. 

• Standard costs (arrival costs). • Spare parts distribution 

• Key operator maintenance 
(KOM): Parts a customer 
changes himself. 

4.5 End of use 

The final step in the life cycle is the end-of-use phase (data in appendix C.4). 
Systems are processed so they can be re-used at as high a level as possible. There . 
are several concrete scenarios in the end-of-use phase within Oce. Because the 
Base Case printer will start a new line of products, none of the given scenarios is 
applicable as an input to the print system. However, it is to be expected that the 
product will have subsequent generations. 
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0 

Production .., 

Use of machine 

4 

Remanufac
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Factory .., 
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Figure 11. Printer life cycle and end-of-use 
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Table 7. Specification of the end-of-use phase 

LCC 
A contract period is often extended 
without, or with limited repair activity. 
Neither economic, nor technical life is 
actually ended by such activity and is 
therefore considered extended use. 

One product type is processed in a 
production line. The product is 
upgraded to the new standards, using 
as much 'old machine' as possible. 
This 'old' material provides opportunity 
savings for new material. The costs in 
the end-of-use phase include both 
transport and labor. 

Disassembled fractions are used at 
the highest possible level. Functions 
or modules may still be used in 
subsequent generations of products. 
This too provides opportunity savings. 
Returns for rest material are also 
included, but they are very low, even 
when material is sorted. 

LCA 
Replaced parts are treated in 
the same way as spare parts. 
Transport in this context is not 
treated. 

'Old' material typically includes 
the engine. Scarce and 
expensive materials are used 
in the engine. The return rate 
of machines and the re-used 
fractions are considered. The 
environmental investment for 
re-use is transport. 

High-level re-use requires 
relatively little investment 
besides transport. The rest 
material is sold to a recycler. It 
is assumed that a large portion 
of this material recycled (up to 
90% of the mass). 

The complete present value model resulting from the previous paragraphs looks as 
follows: 

PV = Ufef cle 10 +(M 1 +D1 +~ +T1 +K1 -R1 )(1+eM) 1 +(L1 +01 +S1 )(l+eL) 1 +E1 (1+eE)1 

t=O (1 + d)
1 

Table 8. Explanation of terms in the formula 

S mbol Ex lanation S mbol Ex lanation 
PV Present value 0 Other production costs 
D Delivery p Paper 
E Electricity costs (During use) R Re-use (transport, labor, returns) 
I Investment (machinery and s Service costs (parts, labor and 

tooling) standard costs 
K Key Operator Maintenance T Toner (toner, bottles, factory) 
L Labor (assembly, modules) d Discount rate 
M Materials (part costs) e Escalation/inflation rate (of Energy, 

Materials and Labor) 
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5 Impact assessment 

The Base Case represents the most probable future life cycle of an office printer in 
terms of materials, sizing, distribution network, and end-of-use scenario, given the 
current research and development activity. General and phase specific data of this 
case are indicated in appendix C. The case is also compared to existing systems, 
and to alternative applications of the same printer. 

5. 1 Base case 

5.1.1 LCA 

450 

400 

350 

300 

200 
c: 

150 E 

50 

0 -
-50 

-100 

-150 
Paper Sectricity Ellission Recyclin Toner Service A'inter KOM 

, rredium g Paper 
m Human Health D Ecosystem Quality l:llEll] Resources 

Analyzing 1 p life cycle 'A'inting (Office 75ppm)'; Method: Eco-indicator 99 (H) V2.03 I Europe B 99 HIA I sin 

Figure 12. Environmental impact per kilo print (output categories: appendix D.1.1) 

As can be seen in Figure 12, paper causes most damage to the environment. The 
most important gain from recycling is achieved by not having to fell more trees, which 
is expressed in the damage reduction to ecosystem quality. But recycled paper does 
not save any energy compared to making new paper. The effects of using recycled 
paper as an input are shown in appendix D.1.1. Furthermore, paperweight is 
indicative for the damage to the environment. Light paper therefore reduces this 
damage considerably. 

Although paper has the highest impact, the Base Case is defined without paper to 
improve the insight in other processes. Excluding paper, other important 
contributions are electricity, toner (resin) and transport (the latter both in delivery and 
service). This is shown in Figure 13. 

Power generation causes much damage to resources (fossil fuels). The emissions 
caused by power generation also contribute significantly to the damage human 
health (especially generation by coal). 
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Most damage done to the to ecosystems is done by the materials in the assembly: 
especially heavy metals cause this damage. Often these are scarce minerals at the 
same time (for example copper), indicated by increased damage to resources 
(Surplus Energy Requirements). 

The most damaging factor in toner is resin, which is made of fossil fuels. Finally, 
transport kilometers cause the environmental impact of service. A more extensive 
overview of the Base Case is given in appendix D.1 .1. 
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Figure 13. Environmental impact assessment base case 

5.1.2 LCC 
The total present value per kilo print in the Base Case, specified in Figure 14, is 1,80 
Euro. A complete overview of the associated costs is given in appendix D.1.5. A kilo 
print of paper, with an estimated duplex rate of 70%, costs about four euro. So in the 
life cycle costs, paper is dominant too. 

All costs in the graph below except electricity are included in the 'click price', the 
price that a customer pays to Oce for printing. So there is no reason to display the life 
cycle costs from a different stakeholder perspective. But it has to be reminded that by 
including all costs in the lease contracts, Oce takes the risk of investing in the printer. 
It can be seen that part costs are dominant in the life cycle costs. The number of 
parts and the total weight of parts are two important drivers of the total part costs. 
Furthermore, the post 'Rest production' is proportionally linked to the part costs. So 
the described risk is significant. To reduce this risk, a minimum print volume is 
agreed. But still, a high print volume per printer is desirable. 

Service costs also represent a large fraction of the present value of life cycle costs. 
The number of visits is dependent on the print volume: a higher print volume is 
relatively favorable (appendix C.3.2). Service costs consist mostly of costs for service 
technicians. However, part costs also have a significant contribution to service costs; 
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and this significance is increased by the fact that service parts include very high 
logistic costs. 

Re-use shows a relatively low contribution compared to part costs, especially 
because the potential savings are discounted to about 20% of the absolute value 
after seven years. Furthermore, not all machines are returned to the Asset Recovery 
(60%, appendix C.4) and only certain parts of the machine are useful after the first 
machine life. Nevertheless, the returns of re-use outweigh the costs. 
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Figure 14. Life Cycle Costs base case 

5.1.3 People friendly design 
Because the actual assessment is not performed, a real score is not possible. An 
example that may represent the current situation is given in section 5.2. Traditionally 
Oce has put a lot of effort in making their products usable. Particular attention is 
given to mental models. Furthermore, the Oce print procedure has low ozone and 
other chemical emissions. Therefore, Oce printers are considered friendly to their 
direct environment. Because no quantitative assessment is done, the people aspects 
will not be further discussed. 

5.2 Developments 

Developments in paper use are actually most important. Some action has already 
been taken in this area: duplex printing has become the default mode; and it is 
possible to print two pages on one sheet image of paper. 

To show the development of the product, four cases are compared in the figure 
below. Kelvin represents an Oce machine that is still used in office environments. 
Low volume Office, Office 75 ppm and print room are all versions of the Base Case 
Printer (75 ppm is the actual Base Case). The low volume variant is added, because 
in many office environments the volume that is linked to 75 ppm through TEC is not 
reached. The print room variant is another application of the printer, with a maximum 
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speed op 120 ppm. A maximum lifetime of five million prints is taken as a technical 
restriction. This limit only influences the life years of the print room variant. 

Save paper, electricity and materials have the highest impact on the environment. 
When the base case printer is compared to its predecessors, a lot of effort has been 
put in reducing energy use during the use ph::lse, in reducing the number of 
maintenance visits, and in reducing volume and weight of the machine. Increased 
print volume will increase the number of prints to which the damage of an assembly 
is allocated. 
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Figure 15. Development of ecopoints per kilo print (excluding paper) 

This has resulted in a significant improvement in terms of 'planet' impact, as can be 
seen in the figure. More specific results are displayed in appendix D.1.2. Part of the 
improvement is caused by an increase in output volume, as mentioned. However, the 
low volume office version of the Base Case Printer has a lower print output (30 kilo 
print per month) than the Kelvin printer (38 kilo print per month). So the new 
technology that structurally reduces the energy requirements has enabled most of 
the reduction. A correction to the improvement has to be made: the materials in the 
base case printer do not yet contain the function of scanning and finishing. If impact 
were proportional to the weight, this would increase the ecopoints with 4,5 mPt for 
the Base Case Printer. So all Base Case solutions would still perform better than the 
Kelvin machine. 

Life cycle costs are also significantly reduced in the new printers. Part of this 
improvement can be attributed to less and lighter material. The application of 
plastics, which <:nables integration of parts, reduc~'3 the number of parts in the 
machine. Furthermore, sourcing in the Far East reduces purchasing prices. In the 
use phase, KOM (key operator maintenance) reduces the number of technician visits 
for maintenance; and finally, the higher volume printers require relatively less 
maintenance (appendix C.3.2). The result is illustrated in the graph below. 

32 



b~6; 
···~ ... 

Sustainable Product Development TU/e 

LCC 
4 

3,5 

3 -c 2,5 ·;::: 
a. 11111 End-of-use 
.2 2 
S2 1,5 

oUse -0 D Production ... 
:I 
w 

0,5 

0 

-0,5 Kelvin Office LV Base Print room 

Figure 16. Development of life cycle costs 

It is expected that people-friendliness has slightly improved in the Base Case. 
Especially image and mental models receive a lot of attention. Increased print speed 
will allow higher productivity, and the options are upgraded to benchmark standards. 
A lighter construction may lead to decreased lifetime or reliability, although this is not 
necessarily true. 
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The overall sustainable development of the different products is indicated in the 
figure below. The scale of the axes is chosen in such way that all machines fit in the 
range. This does not mean that a machine with 150 mPt (Milli ecopoints) per kilo print 
is necessarily an environmentally bad one, but in this case it is bad compared to 
other applications. 

As can be seen, the new printer has a better score in all dimensions and for all 
applications of its engine. This even holds for the one with a lower output volume 
than the Kelvin/Ithaca printer. It is interesting to observe that there are no cross-
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sections at all. So apparently, it is quite natural to improve in all sustainability 
dimensions at once; and that no trade-off is necessary. 
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Figure 18. Sustainable development Oce DDS products 

5.3 Case studies 

The case studies presented in this section are an application of the presented 
methods for relevant design aspects in the Base Case Printer. 

5.3.1 Heat re-use module 

The heat re-use module transfers heat from paper output to paper input. This way 
less energy (and power) is required to make prints. This results in lower electricity 
consumption and in a higher possible speed on low power networks. On the other 
hand, producing this module requires an amount of material and energy, and it 
increases maintenance requirements (Heat exchange sheets are included as KOM 
articles and it is assumed that one extra CM visit is necessary). The results are given 
in Figure 19 and Figure 20. They show the (environmental) savings and costs caused 
solely by the heat re-use module. 
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Figure 19. Life Cycle contribution of the heat re-use module to ecopoints. 

It can be seen that the heat re-use module provides environmental benefits 
(uncertainty analysis in appendix D.2.1 ). The energy savings outweigh the additional 
assembly material and service requirements. The savings represent about 2,5% of 
the total environmental impact. 

As can be seen below, the costs of the heat re-use module outweigh the savings 
gained by the reduction of energy requirements. Especially if an extra service visit is 
required, the costs are relatively high. This is because the energy costs are not 
dominant in the life cycle costs. With the extra service visit, the life cycle costs are 
increased by 2,5%. 
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Figure20. Contribution to Life cycle costs per kilo print of the heat re-use module 
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In Figure 21 an overview of all dimensions is shown. One of the key performance 
indicators of the Base Case Printer is high speed on a low power network. It is 
therefore assumed that an increase in functionality will be seen. It can be seen that 
there is relatively equal progression in ecopoints (and usability, product value) as 
there is increase in life cycle costs. Although no absolute conclusion can be drawn 
for the sustainability of the heat re-use module, it seems to be a sustainable 
development. 
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Figure 21. Sustainable development using a heat re-use module 

5.3.2 Toner packaging 
Because toner is used on a large scale, it is useful to consider the design of toner 
bottles. Currently it is questioned if larger bottles should be used. Relatively less 
material is needed for large bottles; and the air ratio (volume percentage air in a 
bottle, needed for flowing of toner) can be lower in larger bottles. A relative factor 1,2 
more toner can be carried in larger bottles because of this lower air ratio. It is 
assumed that the general processes remain the same. For example, in both 
situations toner bottles are designed for disposal with household waste. 

Figure22. 
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Bigger bottles reduce the amount of material for a bottle per kilogram toner (caused 
by relatively lower surface area for large bottles). Doubling the content halves the 
number of required caps per kilogram of toner. Finally, container volume limits the 
amount of toner that goes in it. More toner can be carried in a container in larger 
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bottles, because of a lower air ratio. The results of using less 'bottle material', less 
transport volume and less bottle caps are indicated in Figure 22 and Figure 23. 

No statement is made on difference in people friendliness of the two solutions. The 
people aspects involved are probably less refilling of the toner bulk on the one hand 
and heavy mixing on the other. Because the people aspect is left out of the analysis, 
eco-efficiency is the best measure. 
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Figure23. Life cycle costs of toner bottles 

The reduction of bottle material and transport per kilo print causes the major 
decrease in ecopoints (a total of 25%), while the reduction in caps causes the main 
drop in life cycle costs (34% in total). The resulting negative .eco-efficiency is (100-
34) X (100-25) = 50%. This means an improvement of 50% in negative eco-efficiency 
when using larger bottles. 

5.4 Uncertainty and sensitivity 

Some distinction has to be made between uncertainty and sensitivity. Uncertainty in 
this section is about the uncertainty in both database numbers and 'project values' 
(e.g. the targeted amounts of material and electricity). With sensitivity the impact of 
the choices within this research are measured. 

5.4.1 Uncertainty 

Because the considered product is still under development, a lot of data are still 
uncertain . . Some uncertainty is therefore included in the input processes. They 
include: 

• Energy use. The typical energy requirements (TEC) of the machine are not 
known in detail, for example because the isolation design is not finished and 
because the gears are not specified. The TEC value is varied b.etween eight and 
ten kWh per week. 

• Lifetime: Historically, Oce printers have had a long lifetime, averaging about 
seven years. Given the rapid developments and shorter contract periods, this 
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average is slightly adjusted to 6,6 years, with a uniform variation between 6 and 
7.2 years 

• Part costs: A very important step in this project is cost price engineering. This is 
an ongoing process during development. There is still a gap between current 
estimates and the target cost price. Functional risk is included to limit the risk if 
targets appear to be too sharp. 

• Service rates (CM-rate): The targets for service rates are set low. Although it is 
thought to be a feasible goal, it has to be kept in mind that things may turn out 
different. A uniform variation of 20% from the mean value is taken on both sides. 

• Sales: investment in especially tooling is relatively more expensive if less 
products are sold. Because it cannot be predicted what market shifts are going to 
take place and what products competitors are going to develop, uncertainty has 
to be included. 

• As mentioned, the environmental impact assessment calculations contain 
uncertainty: for example the amount of crude oil that is required to produce one 
unit of resin (raw material for toner). The uncertainty data concerning these data 
are taken from the SimaPro database (the used LCA tool) . 

Summed up, these uncertainties cause a coefficient of variation (standard deviation 
divided by the mean) of 11,5% in the ecopoints. The output data in the uncertainty 
analysis for the environmental assessment are given in appendix D.1.1. 

Table 9. Uncertainty data Life cycle costs 

Assum tion Variation LCC % Deviation LCC 
Life time -10% + 0,09 Euro/k +5,0% 
Part cost +10% + 0,09 Euro/k +5,0% 
CM rate +10% + 0,07 Euro/k +3,9% 
Sales vo!ume -10% + 0,01 Euro/k +0,6% 
Energy use +10% + 0,01 Euro/k +0,6% 

From the table it can be seen that lifetime and part costs have a significant impact on 
the costs per kilo print. This is because production costs are a dominant cost factor in 
the life cycle. Sales and energy use do not have a big impact on the costs per kilo 
print and are therefore unimportant inputs for the cost price calculation. 

5.4.2 Sensitivity 

• Discount rates: Oce 'cost of capital' verses interest rate (appendix D.1.4). 
Because not all life cycle costs are Oce costs, and because not all costs are 
investments, it is to be questioned if using a 15% discount rate is good. When 
using interest rates, especially re-use becomes much more attractive. 

• Impact assei::sment method (LCA): EPS makes the difference between old and 
new printers bigger, especially because metals such as copper are considered 
more important (appendix D.1 .3); and a great reduction in copper use is 
established in the new engine. CML and other assessment methods show the 
same proportions as eco-indicator. 
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• Plastics: More plastics may be used in the eventual Base Case Product. Applying 

more plastics is done purely from a cost point of view. Using plastics reduces 
costs because it enables a better integration of parts, thereby reducing the 
number of parts or the number of process steps. Less material weight also 
reduces the environmental impact, and reduces heat capacity (which is positive 
for the energy in the use phase). On the other hand plastic, especially 
engineering plastics, have a higher impact on the environment per unit weight 
than steel. And the lifetime and recyclability is significantly better for steel. No 
general conclusion can be drawn if plastic or steel is better: this has to be 
observed per case. 

• Disassembly in Europe: Disassembly in Europe would increase the hourly rate 
from 3 Euro to 40 Euro per hour. Still, re-use would provide a business case, but 
would potentially be less profitable. 

• Market: In the base case it is assumed that 50% of the market is in Europe, 40% 
in the USA and 10% in Asia. In practice, Oce is active in many more countries 
(e.g. Australia, Africa and South America). The question is if these markets 
influence average travel distances or prices. The markets in USA and Europe, 
together representing about 90% of the anticipated market, are furthest away 
from the production location. Specifying the last 10% would therefore only lower 
the average distance. Trips from Asia to Europe and USA also have the highest 
capacity limit, making them expensive. On the other hand, they are consolidated 
lines. It is expected that the base tariffs would be lower, but the actual price would 
be similar. 

• Location: The country where printing takes place has a lot of influence on certain 
impacts. Especially the impact of power generation varies considerably among 
countries. Where 1 MJ in Switzerland represents 1,5 ecopoints (mPt), this is 12,5 
ecopoints (mPt) .for 1 MJ in Italy. The European average composition of power 
generation is taken, because it also compares to USA and Canada. Production in 
Far East countries is still considered less clean than production in Europe (and 
USA), but the differences are presently not known. At least more coal is used in 
the Far East, which particularly causes much damage to human health. 

5.5 Discussion of results 

The environmental contributions correspond to general scientific research in energy 
using products, although the case shows that differences between electricity and 
other contributions are not so big as generally stated. In the following paragraphs, the 
contributions in the different phases are discussed. 

5.5.1 Production 
Part costs appear to be the most important factor during the production phase. They 
also represent a high contribution to the ecopoints in the assembly. A choice for Far 
East suppliers is logical from this point of view: sourcing in the far east provides an 
opportunity to save purchasing costs of parts, while it does not mean an increase in 
ecopoints. All production costs other than part costs are directly related to these part 
costs: More parts cause more labor, more transport and more overhead costs. 

Another important aspect is delivery. Intercontinental transport has high costs 
caused by the involved capital; but environmental impact is limited because it is 
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distributed among the immense amounts of containers per shipment. In the life cycle 
costs, part costs were dominant, so from this point of view Far East production is 
preferable. Environmental impact is not significantly increased by the increased 
transport requirements, so producing in the Far East also seems an eco-efficient 
solution (although it has to be reminded that no data are available on the differences 
between environmental impact of production processes in Europe and the Far East). 
It would be even better if sales were increased in Asia. 

So intercontinental transport is expensive, but causes no big environmental burden. 
The costs of transport by truck, on the other hand, are limited; but the environmental 
impact is high. In relation to design it can be concluded that the small and light 
construction of the base case printer is an advantage: environmental improvement is 
gained by reduction in truck requirements, and a cost reduction is achieved by a 
reduction in intercontinental transport requirements (appendix D.2.3). 

5.5.2 Use 
Paper represents the dominant costs and damages during the life cycle. The printer 
company has limited influence on the use of paper: the decisions in this field are still 
up to the customer. But eventually customers will understand the implications of the 
use of paper. And because current development projects will introduce printers that 
will be in the market for many years, action is required. 

Maintenance also represents high costs as well as environmental impact. The costs 
are largely labor costs. The environmental impact on the other hand, is generated to 
a large extent by the kilometers of the service. Driving factor for maintenance impact 
is the number of services required, although a smart design can also reduce the 
costs of service parts and the mean time to repair (MTIR). Key Operator 
Maintenance (KOM) and Fleet Management (which enables service from a distance) 
tools are two good examples of progression in this field, because they should both 
limit the number of customer visits (CM rate). 

In an earlier LCA done by Oce [Schonewille, 1997], 'service' had significantly more 
impact than this research shows (even more than electricity). There are two 
important reasons for the reduction: 
• The first one is simply a reduction in the Corrective Maintenance rate (CM-rate) 

by a factor 1,4 per year (which means a much higher factor per kilo print, as print 
volume is significantly increased in the new machines). 

• The second reason is a reduction in service kilometers per visit from 85 km to 25 
km. The 25 km are given by the service team and tested for USA, Germany and 
the Netherlands. Only Germany showed an average distance of over 25 km. 

It is remarkable that electricity contributes so little to the life cycle costs, while 
contributing so much to the environmental damage. The dimensions planet and profit 
are not in balance. The number of people leaving their computers, television and light 
on unattended is illustrating. The electricity is paid for even when it does not provide 
convenience. Although energy prices are rapidly increasing, it will take a while before 
energy becomes an economic driver in the considered printer market. In time, 
sustainable energy sources (wind, sun ... ) may return the balance. 

The higher speed of new printers has a positive effect on costs and environmental 
impact per kilo print: 

• A printer requires service without printing. While the number of services in a 
year is less than proportional to the print volume of the system, the print 
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volume is more than proportional to print speed. This indicates that relatively 
(per print) less service is necessary for high-speed printers. 

• Because high-speed printers will print a higher volume, more print jobs will be 
combined. Due to this, the heat of the engine is used more efficiently. The 
printer will therefore use relatively less electricity. 

• Higher speed printer will often be located further from the user. The customer 
is than better protected against emissions; and furthermore, it is 
ergonomically better for a customer to get out of the chair once in a while, 
although there are limits to the distance. 
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Figure24. Cartoon efficiency 

This makes it seem that printing more and faster is better. But paper is too dominant 
to draw this conclusion. What can be concluded is that using few printers to produce 
high volumes is better. A trend to more decentralized printing is therefore bad from a 
sustainability point of view. 

5.5.3 End-of-use 
Life span has a very direct link to print volume during the life cycle. Because part 
costs represent the highest costs during the life cycle, the costs per kilo print are 
strongly affected by lifetime. This is revealed in Table 9. A shorter life span could be 
caused by a change in demand. This would also reduce the chances for successful 
remanufacturing. If this change is foreseen, more focus should be put on material 
recycling instead of design for re-use. From a LCC perspective, this would be a 
negative development. From an LCA perspective, this change is justified if significant 
improvements are made in paper use or energy in the use phase. 

Given the fact that part costs outweigh transport and labor costs, it is logical that re
use (machines, modules and parts) is profitable. In environmental terms, keeping the 
material on the same level in the technical cycle is the most important. Mixing 
material (in a land fill or by recycling) or burning materials reduces the potential of 
material. But there is little impact difference between recycling pure materials and 
re-using materials: re-use generally requires extra transport, while recycling requires 
an extra process step. So recycling is important for the planet aspect, but hardly 
generates returns. And re-use is beneficial in both terms. The restricting factor for 
applying re-use should be sought in the possibility to market the 're-use products'. 
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6 Improvement 

In this chapter an outline is made on how to use the methods and results within the 
organization, and what areas of improvement are currently relevant following the 
assessment. 

6. 1 General policy 

For sustainable development, goals should be defined for all the dimensions of 
sustainability. The framework in chapter 3 (Figure 3) shows the aspects of 
sustainability in product development that can contribute to achieving these goals. It 
can be derived that developments in the upper area of the framework are traditionally 
driven by companies. Developments in the lower parts of the circle (Materials to 
Equity) are often driven by governments. The direct company benefit of these 
aspects is less straightfol"V'iard. The EuP directive could become somewhat different 
from regular norms, as it includes scientific inputs (LCA). 

So when developing a product, a statement can be made about all the fields in the 
'design circle' (Figure 3). By performing an impact assessm~11t it can be identified 
what aspects require most attention. Attacking the processes that contribute most to 
the damage and value will have the most potential for increasing performance. The 
increased performance, as well as the approach, can be used for sustainability 
reporting. 
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goal setting ~ 

Figure25. Structural development 

In the drawing above, this approach is displayed. Verifying the assessment method is 
also included. In this research, for example, nine people indicators are taken without 
any weighting difference. In the future it may be chosen (for example through QFD), 
that weighting is necessary. Although this can be incorporated in the method, some 
caution has to be taken: comparing results with earlier research should be done with 
similar assessment methods in order to get objective results. 

6.1.1 Official sustainability reporting 
The approach towards sustainability presented in this research and the results from 
the assessment can be used for official reporting. The LCA results are also useful for 
ISO 14000. But has to be reminded that the weighting step is not allowed in official 
reporting, because it adds a personal priority. 
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6.1.2 Develop material database 
Most of the required steps in the assessment are not time consuming, if the following 
data are available (or are regularly produced during the development of a product): 
• Part and tooling costs 
• Expected sales volumes in different markets 
• TEC, product weight and product volume 

One peace of data should be added: the (material) composition of the machine. 
· Collecting this data by interviewing engineers requires a lot of time. Collecting these 
data from a database where engineers fill out the used materials saves a lot of time 
for the collection. It should be considered if the extra time required from engineers 
outweighs the time saving from data collection. 

6.1.3 Balance 
Sustainable development is about finding a good balance between the sustainability 
dimensions. Development should take place in all three dimensions. This also means 
that improvements in one dimension may not cause damage in another dimension. 
As is the general statement of Oce towards sustainability, a balance should also be 
sought between different stakeholders. Stakeholders will not accept a decrease in 
one dimension. 

6.1.4 Training 
Whereas the presented measurement framework provides a . good insight into 
sustainability aspects, it provides 'lagging indicators' [Fiksel, 1999]. Sustainable 
development also requires leading aspects. The active use of the insight for priority 
setting in Figure 25 could be one leading indicator. Training is another one. The 
insights from the assessments and the relation to the design of products should be 
communicated to developers and engineers. Additional training to keep up with 
developments, such as the use of new materials, should be supported. 

6.2 Product concept (Priority) 

From the assessment it could be seen that the most important improvement area is 
paper use. Consulting the sustainability framework brings us to a number of potential 
improvement areas. Paper reduction (material reduction) and enabling more paper 
re-use/recycling (material cycles) are the most obvious ones. Some applications are 
given (the improvements are not necessarily related to the design of a copier/printer 
itself). 

6.2.1 Paper solutions 

• Customers have to develop a conscience that paper is both expensive and puts 
a lot of pressure on the environment. Duplex printing should be the default 
printing-mode. 'Two pages per sheet' is also possible in many situations, 
although the reading may be too tiring. In addition, printing two pages on a sheet 
would half the revenues for Oce. So changing customer behavior towards duplex 
printing seems the first and best thing Oce can do. It has to be observed that this 
is rather a behavior than a technological issue. 
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• Furthermore, a shift to lighter paper, as is used more often in Japan, would be 

good. The machine has to be able to handle those lighter paper sheets. But this 
too is not only a question of technical feasibility; thicker paper is more convenient. 
So for official reports, thicker paper will still be used. Memos and e-mails can be 
printed on thin paper. Given the range of printing applications, this also means 
that is has to be easy to select a paper tray from which to take paper. 
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Figure26. Recycled paper applications in the USA [NEEDP, 2006) 

• Increasing the portion of recycled paper. Recycled paper reduces the 
environmental damage of printing considerably. On the other hand, recycled 
paper causes more pollution inside the machine, so the machine has to be more 
resilient. But most of the current printers are already able to handle recycled 
paper. The actual reason for the lack of use of recycled paper is probably that it is 
too expensive. Through market laws and processes required to make recycled 
paper, it is still at least as expensive as virgin paper. So it is not a question of 
printing technology but the use by customers, that is the most important 
restriction. Substitution of newsprint (Figure 26) by Internet sources and 
electronic paper may change prices of recycled paper, making it more attractive 
for buyers. 

• Substitution, or another form of paper, is another possibility: fully recyclable 
paper like DuraBook [McDonough, 2002], electronic paper and reprintable paper 
are some of the future options that could be regarded for the management of 
documents. 

So there are quite some opportunities regarding paper. But they are hardly 
opportunities that can be pursued by developing a copier/printer. Furthermore, Oce 
does not make much profit by selling paper, but rather by selling prints. And that 
makes other aspects important. 

6.2.2 Material cycles 
Oce has a tradition of developing machines with a long life span and attention for 
material cycles. The market is often more limiting for this life span than the technical 
aspects. The attitude of making a long technical life is very sustainable, if 'old' 
products are stil ~ wanted. This requires incremental in '.provement in the machines. To 
be able to do develop these incremental improvements, modular design is very 
important. Especially software, interface and appearance require easy separate 
development. 
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An important area of improvement is the use of recycled material. Taking care that 
material is recycled is good, but stimulating demand for recycled material on the 
other hand is currently even more important. One could argue that it is the 
responsibility of material suppliers to deliver secondary material with equal function, 
but an active approach from manufacturers is still desirable. 

6.3 Construction 

Topics to improve sustainability can be found in the sustainability framework (Figure 
3). Many of these topics correspond to the norms for eco-design that already exist 
within Oce (RES 4649). But eco-design does not cover sustainable design entirely. In 
construction terms, especially guidelines for cost reduction are lacking. The following 
topics can be identified. A complete overview scheme is given in appendix E. 

• Functionality and usability: The required functionality is already specified 
before the engineering phase. Realization has become the most important issue. 
This means that in principle additional functionality is not allowed if it causes a 
(environmental) cost increase or requires extra time. 

• Global emissions: Global emissions in the life cycle of the copier are expressed 
in the different 'human health' and 'ecosystem quality' categories. They are 
predominantly caused by the emissions from power generation. So reducing 
energy consumption in the use phase is most important. 

• Material cycles: End-of-life design is very difficult due to costs, functional 
requirements, reliability, safety regulations, marketing constraints, limited 
development times and supply chain aspects [Huisman 2003, pg. 222]. Most 
important is reducing disassembly time (especially with remanufacturing in 'high 
salary' countries) and enabling plastic recycling. The environmental impact is also 
reduced by the use of recycled material. If it is not more expensive and satisfies 
both the characteristics and needs for availability, recycled material is preferred. 

• Energy reduction: Use materials with low heat capacity. Much of the energy in a 
copier/printer is used to warm-up the engine. Generally it can be said, that the 
lower the density, the lower the heat capacity. 

• Cost reduction: Driving factors for part costs are the number of parts and the 
price per part. A reduction of the number of parts can be achieved by the 
integration of different functions. The shape freedom of plastics improves this 
potential. The costs per part are caused in the first place by the amount of 
material and the number of process steps. Plastics can often be shaped in one 
process, injection moulding. Tooling costs also play a role: for easy shapes in 
steel no investment in tooling needs to be made. Steel is therefore used because 
of its characteristics, or because it is the cheapest option due to the limited 
number of process steps. 

The general optimization factor during the engineering phase is eco-efficiency. The 
negative eco-efficiency, as specified in paragraph 3.6.2, has to be minimized. 
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7 Cone I us ions 

7. 1 Structure sustainable development 

Sustainable product development is development in three dimensions of 
sustainability: people, planet and profit. Different stakeholders do not allow progress 
in one dimension to negatively influence other dimensions. 

Measuring progress of product sustainability is done in the same three dimensions: 
• Planet: environmental impact is measured through life cycle assessment (LCA). 

The eco-indicator per kilo print (Pt/k) represents an aggregate measure for all 
planet aspects. 

• Profit: the economic dimension is measured with the Present Value (PV) of life 
cycle costs (LCC) per kilo print (PV/k). Although this does not cover the value 
aspects of profit, it is the best available economic indicator. 

• People: this dimension is evaluated with 'people friendliness'. Function, usability 
and customer health make up this friendliness, and the unit is a Balanced 
Average Score (BAS) of these three people aspects. 

Expressing the contribution of all relevant processes during the life cycle in three 
dimensions as just described, gives insight in the interaction between social, 
environmental and economic aspects. 

7 .1.1 Implementation 
The guidelines given in section 6.1 give an integrated approach towards sustainable 
product development. An assessment of the three dimensions has to be performed 
regularly to find bottlenecks, set priorities and to report the progress that is being 
made. For each development project of a new product, there are two moments at 
which this assessment is most useful: 
• Before project definition. This assessment determines the state of an existing 

machine compared to its competitors. It can be seen which aspects require 
improvement and it has to be determined on what points to distinguish. 
Benchmark and selling points indicate in which technologies to invest. 

• Just before the engineering phase. The moment product space is allocated, it can 
be seen what progress is realized, and the final targets are clear. From this point 
forward, decisions in design can be based on eco-efficiency (PV/k X Pt /k). 

A requirement for easy assessment is the availability of material data. As the 
European Union will demand a similar assessment for all products, the data have to 
be available in the future. This makes the suggested assessment, that gives more 
insight in priorities, easily executable. 

7.2 Assessment 

7.2.1 Paper 
In this research both the environmental and economic aspects of printing on an office 
copier/printer were assessed. Paper contributes most to the environmental damage 
(92%) and costs (69%) during the life cycle. From a sustainability point of view, 
solutions to reduce this impact therefore deserve most attention. On the short term 
this means promoting duplex printing, and developing products that are robust 
concerning light and recycled paper. On the longer term this means that Oce has to 
invest in non-paper solutions. 
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7 .2.2 Life cycle without paper 
Since paper use is not a product-related aspect, other topics need to be identified as 
well. The given numbers for the life cycle of printing a kilo print on a Base Case 
printer exclude paper. The environmental impact is 35,5 mPt and the present value of 
LCC is 1,80 Euro. This is a reduction of 48% in ecopoints and 46% in present value 
compared to the market equivalent. The new print room version performs even better 
in both areas, while the low volume office application performs a bit worse, but still 
much better than the market equivalent. Most environmental gain is achieved by a 
new energy saving technology; costs are tackled mostly by reduction of part costs 
and service requirements. The main contributions in the new printer are as follows: 

• Energy consumption during use counts 37% of Pt, but only 2% of PV. 
• The parts in a machine cause respectively 30% of Pt (especially bulk materials 

and electronics) and 34% of PV. 
• Service impact (10% of Pt and 35% of PV) is considerable. Gas from service cars 

causes the main environmental impact, whereas expensive labor represents the 
most important costs. 

• Oceanic transport is relatively expensive and truck transport is environmentally 
unfriendly. 

7.2.3 Current optimization 
Increasing machine productivity is beneficial for the amount of part material, energy, 
maintenance and transport that is used per kilo print. It is therefore very important in 
both environmental and economic terms to optimize product fleets, by allowing many 
prints to be drawn to a machine. 

Reduction of the number of parts and weight has a positive effect on the amount of 
part material, energy (through heat capacity), and transport (sizing) that is required 
per kilo print. Although the incentive will be economic, reduction is also important in 
environmental terms. 

Given this insight, optimizing the productivity per unit weight of machine provides a 
good guideline for sustainable development in the current office printers. 

Other areas of interest are: 
• Long product life: The costs of parts and transport benefit from a long product life, 

because the product is written off by more prints. 
• Re-use: re-using modules in upcoming generations is beneficial both in 

environmental and economic terms. When feasible from a demand point of view, 
this should be continued at Oce. 

• Recycling materials, and also using recycled materials, is environmentally 
friendly, but neutral concerning costs. If technologically neutral, recycled material 
is preferred. 

• Service rate: A reduction in service rate will mainly benefit the life cycle costs. 
Service from a distance and maintenance by the user are two good examples of 
progression on this point. 

• Energy Consumption: Energy costs are relatively low. However, this topic 
currently receives a lot of public and government attention, so low energy 
consumption is a good selling point. 
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Epilogue 

The central theme in this research has been the development of a printer. 
Sustainability has also been regarded from this perspective. But sustainability is most 
certainly also a societal issue, from which Oce's product approach cannot be 
detached. 

As could be seen in the results of this research, paper is by far the most damaging 
factor in the printing industry. This poses the real societal issue in this context: is 

· printing on paper sustainable? There will definitely be a demand for displayed 
information, so the document needs of the future will not decline. And currently paper 
is the most comfortable solution for document management. 

This printed-paper puts pressure on two environmental themes, namely the depletion 
of fossil fuels caused by the production phase and land use by deforesting in the 
extraction phase. If the current amounts of paper and the current processes will be 
continued, this means that a lot of primeval forest area is going to disappear and that 
a lot of damage will be done to resources and human health. Derived from 'Trias 
Energetica', there are three part solutions to this problem: 

• Reduction: reduce the amount of prints. Because the information needs are not 
expected to decline, alternative solutions for document management have to be 
offered. Alternative solutions for document management include software 
solutions as well as electronic paper. For Oce, reduction means that it has to 
invest in these alternative solutions or that a focus is needed on market share 
and high value added markets. 

• Efficiency: producing equal amounts of prints with less 'forest and energy'. 
Reduction of paperweight is one solution; duplex printing is also important; 
recycling paper is another part solution, although this will only decrease the 
burden on ecosystems. And finally, the process of producing paper has to be 
optimized. Many of these solutions in efficiency are already technically available; 
they require awareness and infrastructure. 

• Sustainable solutions: Sustainable solutions are fully recyclable materials or 
processes fed by sustainable sources. Sustainable forestry, production forest to 
feed the printing market, provides a solution. No primeval forest has to be felled 
when using production forest. Making and maintaining production forests requires 
space and time. 

The results of these part solutions could be as follows: less paper will be used with 
even less - and eventually sustainable - resources, while maintaining or even 
expanding the document management standards. The three part solutions cannot be 
seen separately. Sustainable forestry already covers part of the industry, but the 
current paper demand is such that production forest probably cannot cover all 
demand. Besides, paper coming from this forest is still more expensive than paper 
from virgin forest. 

Therefore, one possible scenario is that a scarce model is awaited. When primeval 
forest becomes scarce, the costs of its paper will become higher. But primeval forest 
being scarce is a threat to the biodiversity of ecosystems. And that is why 
intervention of industry and politics is required. 
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A Company description 

A.1 Oce NV 

Oce NV (further named Oce) offers her clients solutions for managing documents. 
This includ9s production, presentation, distribu!!on and management of document 
streams. Oce aiMs at the professional market. This means that Oce's most important 
customers are companies in the industrial and graphical sectors and office 
environments. Oce is an international company operating in all continents. Last 
year's turnover was about three billion euros. 

A.1.1 Products 
Oce has two strategic business units: Wide Format Printing Systems (WFPS) and 
Digital Document Solutions (DDS). As the name implies, WFPS products are able to 
make large high quality prints. Applications are for example posters and building 
plans. 

The DDS machines are divided into high, medium and low volume printers. High 
volume (>120 ppm, prints per minute) applications include book printing, printing of 
official documents (driver licenses) and bank transcriptions. Medium and high volume 
printers (70-120 ppm) can be found mainly in print rooms. Low to medium volume 
printers (30-75 ppm) are typically found in office environments. Low volume printers 
(<30 ppm) are the desktop printers or laser printers, which can be seen in office 
environments as well as at home (SOHO, small office and home printer). Oce does 
not develop this last category herself. 

The main Oce DDS machines are medium to high volume black and white printer. 
However, the market for color printing is growing steadily. Color printing is currently 
still relatively expensive. Therefore, Oce develops and sells machines for both black 
and white and color applications. It is expected that there will be a market for both 
applications for numerous years to come. The environment where this project takes 
place focuses on medium to high volume, black and white, printing solutions. 

A.1.2 Locations 
Oce's headquarters are situated in Venlo. Its largest development department is also 
located in this city, as is Asset recovery and a significant amount of production. Asset 
recovery is the place where used machines are processed, after which machines, 
parts, or materials are reused. 

The national operating companies are responsible for marketing, sales, distribution 
and service at the national level. In the Netherlands this operating company is 
located in 's Hertogenbosch. Combined, Oce NL and Oce Venlo employ 4000 out of 
24.000 employees. Only the United States has more Oce employees: about 10.000. 

A.1.3 11o~arket 

Because Oce sells her products through the direct national sales and service 
organizations, Oce has up-to-date market information and it can respond quickly to 
changes in the market. Generally the sales and service organizations manage their 
own placed machines. Customers pay per print and in the contract a minimum 
number of prints is agreed on. Service is included in these user contracts. 
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An advantage of the ownership of placed machine is that a take back system is 
easier to achieve. Oce has managed to set up a successful remanufacturing facility, 
where old machines are upgraded and sold again. 

A.1.4 Competition 
Oce's most important competitors, especially for office applications, are Far East 
multinationals like Canon and Fuji. They are active in many other markets than 
document systems and have over ten times the turnover Oce has. They tend to 
target markets with large quantities of machines such as office and desktop printers. 
Oce focuses on specific markets. Knowledge of these markets and development of 
specific products gives Oce a competitive advantage, although competitors are 
developing rapidly. 

A.1.5 Strategy 
Oce has determined a strategy for several time frames. These are indicated in the 
following table. 

Time frame 
Short term (1-3 years) 

Middle term (3-5 years) 

Long term (over 5 years) 

Table 1 . Oce strategy 

Strate 
Strengthen the leading position and confirm growth and 
profitability. During the upcoming years, the economy (and also 
the market for document management) is expected to grow. Oce 
has to take its share of this growth. 

Ensuring and strengthening the position in specified grow 
markets. Oce wants to grow in their strategic markets and will not 
focus on growth in all sectors. 

Foster position in document management. Oce wants to find 
integral solutions in document management. The market is 
increasingly asking for those solutions. 

A.2 Oce Research & Development (R&D) 

Oce operates in a technology driven environment. There is a high level of innovation 
in the market. Every competitor owns protected technologies. Every technology has 
its own advantage and that keeps the competitive edge in the market and makes 
product development unique for every. 

To defend and expand market share requires high investment in research and 
development. About 7% of Oce's turnover is allocated to R&D. R&D is responsible 
for developing new technologies and machines to safeguard Oce's continuity. 

Oce does not develop all products it sells. As mentioned, Oce focuses on specific 
markets, especially regarding product development. But because customers demand 
a broad product portfolio and do not want to deal with more than one supplier, 
products are acquired from partners. 
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A.2.1 Characteristics 
Oce printers are known for their robustness, reliability and productivity. Robustness 
means that the machines are able to work in many different environments, settings, 
with various kinds of media. Even in extreme conditions, the machines are able to 
deliver good quality. The productivity is not only caused by a high printing speed, but 
is also attributable to reliability and smart user solutions. A number of machines 
received design prices for user-friendliness. 

An important recent patent is the 'Oce Gemini instant duplex technology', that allows 
printing both sides of a sheet simultaneously. With this technology, printing speed is 
doubled. The resulting machine is the world's fastest duplex printer. 
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B Methods explanation 

B. 1 Life cycle assessment 

In 1992 the CML (Institute of environmental sciences in Leiden) developed the 
method called environmental life cycle assessment (LCA). As the name implies, the 
whole life cycle, in this case of a product, is assessed. It is a way to obtain an 
overview of the impact a product or process has on the global environment. 

Performing a life cycle assessment involves nine phases: 
1. Choice of the method. Eco-indicator, the selected method in this report, is one of 

the methods. Different methods have different indicators/themes. 
2. Defining the goal of the assessment. Why does the product/process need to be 

assessed? Another activity in this phase is the selection of a functional unit. 
3. Modeling the life cycle that is to be assessed: present the processes within the 

life cycle that are going to be relevant. A graphic representation can be made. 
4. Collection of the data. Data are required fro example about the materials in the 

product, the use of energy, maintenance and the distribution. 
5. Defining the life cycle: make the cut-off criteria explicit, so it can be seen which 

processes to add to the life cycle and which not to. 
6. Data processing: Combine the relevant data and the chosen method. 

Characterization factors determine the impact of the different substances to the 
different environmental themes. An example of the characterization factors of 
global warming is given. 

Table 2. Characterization factors. environmental impact category Global Warming 

C02 1 HCFC-124 440 
N20 270 HCFC-22 1600 
CFC ( hard) 7100 CFC-13 13000 
CFC (soft) 1600 Dichloromethane 15 
Halon-1211 4900 HF -125 3400 
Halon-1301 4900 CH4 ( methane ) 11 

Tetrachloromethane 1300 Tri chloromethane 25 
1, 1, 1-trichloroethane 100 CFC- 14 4500 
HCFC-1 23 90 CFC-116 6200 

7. Impact analysis: the scores in each category (theme) have to be summed up to 
get the impact of a product in a certain environmental theme. 

8. Evaluation of the scores: comparing the scores in the different categories gives 
an idea of the 'problem areas' of the product. This evaluation can be done by 
weighting the. themes based on their importance. This can be done with standard 
weighting sets, or through discussion. 

9. Presenting the bottlenecks and eventually improving the environmental impact of 
a product. 
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B.2 Eco-indicator 

B.2.1 Environmental themes in eco-indicator 
The eco-indicator method identifies ten environmental themes. Each of these themes 
contributes to one of the three damage categories in the eco-indicator method: 
damage to human health, damage to ecosystems and damage to resources. The 
damage category is indicated in the table. 

Table 3. Environmental themes in the eco-indicator method 

Theme 

Carcinogens 

Respiratory 
organics and 
in organics 

Climate change 

Radiation 

Ozone layer 
depletion 

Ecotoxicity 

Acidification/ 
Eutrophication 

Land use 

Minerals 

Fossil fuels 

Examples 
Substances 
Chromium, 
Nickel 

Particulate 
matter, Nitrate, 
Sulphate 

C02, Methane 

Tritium,' Carbon-
14, Krypton 

CFC's, halons 

Cadmium, Zinc, 
Copper 

S02, PO, NH3 

Explanation 

Score (DALY, Disability adjusted life years) is based on 
the probability of cancer at 1 micro gram/m3 caused by 
emissions of heavy metals to air. 

Emissions causing respiratory effects. The seriousness 
and duration of the illness are indicators for the effect 
(DALY). 

Of all the effects of global warming, exposure to thermal 
extremes, vectors and infective parasites, and people 
displacement by rising sea levels are included in the 
calculation (DALY). 

Fatal, non-fatal cancer and severe heredity effects 
caused by ionizing substances are calculated (DALY) in 
this category. 

Depletion of the ozone layer can cause damage to skin, 
eyes and immune system and the effect is weighted 
(DALY) against the effect of 1 % depletion over a year. 

These are ecotoxic substances to water, air and soil 
causing damage to organisms living in soil and water 
(PAF, Potentially Affected Fraction). 

Damage (PDF, Potentially disappeared fraction) to the 
vascular plant population caused by acidifying 
substances emitted to the air. 

Land cover damage caused by conversion or 
occupation of land, expressed in PDF. 

Surplus energy requirements (SER) for the extraction of 
one more unit of minerals or ore. 

Surplus energy required for the extraction of one more 
unit of fossil fuels due to exhaustion . 
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8.2.2 Eco-indicator versions 
There has been a lot of discussion about the absolute and relative environmental 
impact of different substances. However, the discussions did not result in agreement 
between the experts. Therefore, three different ways of accounting effects have been 
introduced for the eco-indicator: egalitarian, hierarchist and individualist. The general 
difference between the accounting methods is the timeframe and proven effects. 
(Goedkoop et al.). The three versions are: 
• The hierarchical version, which is the most accepted. Substances are only 

included in this version if there is considerable consensus about their effect. It is 
assumed that environmental damages, such as flooding, can be avoided by good 
management. And finally, fossil fuels are hard to substitute. 

• Egalitarian. All potentially hazardous substances. are accounted for. Some of 
these are not proved to be of influence. Additionally, it is assumed that fossil 
resources cannot be replaced. All impact categories are given the same 
importance in weighting. 

• Individualist. Substances are included only if there is complete proof regarding 
their effect. Furthermore, damages are believed to be recoverable by the 
introduction of new technology and economic development. Fossil cannot be 
depleted and are therefore left out of the assessment. 

8.3 EuP Inputs and outputs 

The EuP input spreadsheet contains six sections: 

• Material extraction and production: The materials in the machine and the 
production process that is necessary to get a pure fraction of material. In practice, 
only the materials in the machine have to be specified, as the tooling takes a 
standard scenario for the extraction of materials. 

• Manufacturing: The production process of part manufacturing: what processes 
are used to give the materials their shape. Standard processes are taken for 
materials (such as injection moulding for most plastics), so no input is actually 
required from the manufacturer about production processes. 

• Distribution: The burden of distribution is related to the volume of a product. No 
other specific data are asked. 

• Use phase: energy use per year and product life in years is required (This can be 
based on the TEC value). Also, the amount of consumables per year is asked for: 
paper and toner can be specified. 

• End..:of-life: the fraction of products that is not returned and the scenario for the 
end-of-life phase have to be defined: percentage re-used, recycled and burned. 

• General product data: the product life in years, the number of sales and the 
number of products in stock (on the market) have to be given, as well as sales, 
product price and consumables price. 

7 
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Table 4. EuP environmental output categories 

Main life c cle indicators 

Total Energy (GER) 
of which, electricity 
Water (procP.ss)* 
Waste, non-hazJ l~ndfill* 
Waste, hazardous/ incinerated* 

Emissions (Air) 
Greenhouse Gases in GWP100 
Acidifying agents (AP) 
Volatile Org. Compounds (VOC) 
Persistent Org. Pollutants (POP) 
Heavy Metals (HM) 
PAHs 
Particulat'=' Matter (PM, dust) 

Emissions (Water) 
Heavy Metals (HM) 
Eutrophication (EP) 

unit 

PJ 
lWh 
mln.m3 
kt on 
kt on 

mtC02eq. 
kt S02eq. 
kt 
g i-Teq. 
ton Ni eq. 
ton Ni eq. 
kt 

ton Hg/20 
kt P04 

*=caution: low accuracy for production phase 

Table 5. Life cycle cost items in EuP method 

Item 

Product price 
Installation/ acquisition costs (if any) 
Fuel (gas, oil, wood) 
Electricity 
Water 
Aux. 1 : Office paper 
Aux. 2 :Toner 
Aux.3:None 
Repair & maintenance costs 

Total 

Life cycle costs Total consumer 
sin le roduct ex enditure 

TU/e 

min.€ 
min.€ 
min.€ 
min.€ 
min.€ 
min.€ 
min.€ 
min.€ 
min.€ 

min.€ 

Output items are given in million Euros. A distinction is made between the costs of a 
single product and the total expenses of customers (the sum of products). 
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8.4 Usability tests 

Usability contributes to the positive experience of a product. But ease of use also 
contributes to the productivity of the machine through quick job start-up and little 
downtime. Within Oce, the framework for usability looks as in Figure 1 and is based 
on the tasks of different design teams: product design, graphic design and interaction 
design. The interactions between these tasks determine the features that make 
usability: image, ergonomics/ semantics and mental models. Usability is therefore 
measured in these three aspects. 

B.4.1 Image 

Figure2. 

/ 
Image 

(1) 

( 
Graphic 
design 

Product 
design 

Ergonomics/ 
Semantics (3) 

\ 
Interaction 

design 

Mental models (2) 

Figure 1. Usability framework 

Producti\A3 

- Product 1 

-Product2 

Functional 

Representation of core values of the product at first sight 

Image is the starting point of user experience and therefore contributes directly to the 
value of a product. A product has a good image if the company values are presented 
and recognized. It is therefore important to indicate before developing the product, 
which values it should present. For the Base Case this is already determined by an 
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R&D panel. Some of these values are presented in the diagram above. A Likert scale 
can assist in scoring the product for these values: a person has to evaluate the 
product from a picture, and say to what extent the product has the presented values. 
A choice may be made to present more than just these core values, to cover the 
targeted values. A radar diagram shows the balanced score of the values. The 
average score is the indicator for image. 

B.4.2 Mental models 
Mental models describe the way functionality of a product is experienced. The user 
has to be able to find the required function easily. The mental model score can be 
measured in two ways: by observation of a user doing a set of tasks (and for 
measure the time to finish these jobs for example), or by asking the user about his or 
her experience after performing a set of tasks. Such questions are represented in 
paragraph B.4.4. 

Tasks that can be thought of: 
• Make a single copy 
• E-mail a hard-copy document to a specific person 
• Make a representative hard-copy of a digital document 
• Print a document stapled in duplex, taking paper from tray 1 

After performing these tasks, the user is asked to give an op1mon of some 
statements. The answers should be given on a five point Likert scale as in paragraph 
B.4.4. Some example statements: 
• I thought the system was easy to use. 
• I thought the function could be found quickly 
• I felt safe performing the tasks 
• I thought the different functions were well integrated. 

B.4.3 Ergonomics/Semantics 
Ergonomics and semantics look at the more physical use of the product. For example 
that force should not be put far from the gravity centre of the body (stretched arms or 
bended back). Also, actions concerning moving parts in the machine should be 
logical. For instance, it has to be clear how a paper tray can be loaded and a user 
has to be confident it is safe at a certain moment to perform such a task. 

Tasks that can be thought of are: 
• Reload tray 1 I Refill toner 
• Use automatic document feeder to make copies and take out the output 
• Solve paper jam 
• Change the groove cleaner/ Heat exchange sheet (only for Key operators) 
• Change drum (only for service technician) 

The following statements can be used to make a scoring: 
• I thought the tasks were within good range 
• I thought the system presented the required handling in a logical way 
• I felt safe performing the given tasks 
• I thought the jobs could be easily handled. 

10 
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8.4.4 Alternative usability tests: Quick and dirty usability testing (SUS) 
An alternative for measuring usability is an integrated approach, using a quick-scan 
of usability. This would replace the evaluation methods in paragraph B.4.1 to B.4.4. 
Random users do a set of tasks and their experience is evaluated on the basis of ten 
statements on the tasks (given below) [Brook, 1996]. The disadvantage is that not all 
elements of usability as defined by Oce are captured with this method. 

11 
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8.5 Customer health 

, Users of a printer, but also people in the direct environment, can be affected by a 
printer in several ways. The effects in the following three paragraphs are included. 

B.5.1 Particle emissions 
Dust in the air, caused by particle emission, can cause respiratory problems. Dust 
concentration is measured in continuous operation without ventilation during an hour: 
for the black and white office product that is currently being sold, this is 0,01 mg/m3. 
The norm, Blue Angel [RAL, 2005], is 0.075 mg/m3. So emission levels of particles 
are over seven times as low as the norms; norms, that are already quite sharp. With 
this emission level, Oce machines operate far below the levels of competing 
machines. This can be attributed to a printing procedure with direct transfers. 

B.5.2 Smell 
Different substances may cause smell. In a copier/printer, ozone is the substance 
that mostly causes smell. On top of this smell, high concentrations of ozone (and 
particles) can also cause 'sick building syndrome'. Although sick building syndrome 
cannot be solely attributed to emission from printers, it is a proven contribution. 

The ozone emission in one of the predecessors of the base case copier is 0,01 
mg/min. Random operating conditions are taken to get this emission. Peak 
concentration of ozone in these conditions is 0,003 mg/m3. The scent limit is 0,04 
mg/m3 during the lifetime and 0,01 at installation. This means emission of ozone for 
the given Oce system is far below the norm levels in Blue Angel. 

B.5.3 Sound pressure 
Noise causes direct annoyance in a working environment. Some sounds are 
considered more annoying than others; particularly high tones. Peak sound pressure 
causes another form of burden than continuous pressure. 

The norms for sound pressure in Oce products are linked to Blue Angel. Standby 
mode requirement is a sound pressure below 50 dB. The running mode requirement 
is a pressure below 70 dB. Sound pressure for eventual engine is not yet available. If 
the same levels as in the previous office model are achieved, the sound pressure is 
below the norm level; and average compared with other competitors. 

12 
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B.6 Alternative people assessment: QFD and the House of Quality 

An alternative for the people assessment as described in this report is the use of 
Quality (QFD). Although it is not applied to full extent in this research, an 
investigating study has been performed. The idea of QFD is that it determines the 
assets of a product that customers find important, and that it links those assets to 
technical requirements. 

A presentation form for the first step in QFD is the 'House of Quality', which is 
pictured on the next page. On the left . one finds the customer requirements. The 
assets are compared to competitor products on the right. In the vertical direction, the 
product requirements are found that can fulfill the customer requirements. On top is 
the roof of the house of quality, defining the correlation between product 
requirements. From all these data, the most important steps are made: setting the 
targets for new machines. The details of QFD are explained in [Xie, 2003]. 

As can be seen in the figure, the house of quality can be used to define the same 
categories as were presented in the people model of this research. A useful addition 
of QFD for the people model is the weighting of the different factors. This additional 
step would bring the people assessment closer to the method that is used for planet 
and profit, as the different categories are combined in a single score that represents 
the targets of the company. 

A drawback of QFD, however, is that it is always done compared to competitors. For 
example five products are compared and put in order of liking for each category 
(attribute). This way more distinction can be made between products. But the 
assessment is purely relative and gives no insight into what customers really want: if 
the product score is 1, this does not necessarily mean that a customer requires 
progress on this product asset. 
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C Data inputs 

C. 1 General data 

The general data in the base case are gathered through interviews and taken from 
Oce documents. Because it concerns a non-finished machine, data are still subject to 
change. The presented data, however, are the most likely future data for this 
moment. 

As ect 
Speed 
Volume 
Contract period 

Table 6. 

Life time (including direct re-use) 
Failure rate 
Standard service costs 
Labor costs service 
Average service distance 
Labor costs Malaysia 
Cost of capital 
Inflation level 
Total machine weight 

Markets 
WeeklyTEC 

Base case assumptions 

Assum tion 
75 prints per minute (ppm) 
56 kilo print per month (from TEC, paragraph C.3.1) 
3 years 
6,6 years (6 years market average) 
3,75 (paragraph C.3.2) 
50 euro/visit 
75 euro/hour, 56.25 euro/visit 
25 km 
3 euro/hour 
15% 
Determined per input/output (3% to 7%) 
210 kg (including Document Feeder and Scanner, 
excluding Finisher) 
50% Europe, 40% USA, 10% Asia 
9000 Wh/week 

Inflation levels are not steady throughout the years. General inflation levels often 
fluctuate around 2,5%. But this is an inflation level for household expenses, and they 
are not in line with the expenses considered in the life cycle of a product. Especially 
energy prices are rising more rapidly, with a peak rise of 10% during last year. The 
price levels of material and transport show a strong correlation with energy (oil) 
prices. 

Table 7. Used inflation level 

Cash flow Inflation 
Material costs 5% 
Direct labor 3% 
Overhead costs 3% 
Transport 5% 
Energy 7% 
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C.2 Production 

C.2.1 Production costs 
The production costs are taken from the project overview. This means that not the 
target, but the actual estimate for the moment, is taken. Although the target costs are 
lower, there is no guarantee that this target will be achieved. Costs are easily 
adjusted in the models. Tooling costs are predominantly matrix costs. 

Modules 
Cold process 
DIP drum additionals 
DIP drum 
Warm process 
Process PPH 
Paper path cooling 
Heat re-use 
Process frame 
Embedded control 
Wiring 
Supplies 
Controller 
Scanner 
ADF 
Finisher 
Covers 
User Interface 
PIM 
Total 

Other roduction costs 
Functional risk 
End test 
Packaging 
Licenses 
Overhead costs 
Labor costs functions 
Labor costs assembly 
Total 

Table 8. Parts and tooling costs 

Costs Toolin 
281 
113 
691 
505 
190 

2.000.000 
0 

100.000 
1.500.000 

900.000 
35.000 

200.000 
380.000 
200.000 
100.000 
200.000 
200.000 
100.000 

10.000 
230.000 
530.000 
330.000 

27 
150 
100 
264 
160 
125 
220 
259 
233 
653 
130 
130 
638 

4869 
1.950.000 
8.965.000 

Table 9. Other production costs 

Costs 
420 

0 
60 
54 

281 
53 

3 
871 

Toolin 
500.000 
400.000 

10.000 

910.000 

Functional risk is a margin that is applied before the end of the development phase to cover 
possible additional requirements. 

C.2.2 Layout and Materials 
The material data are collected mainly through extraction from the designer tool for 
engineers. This means that the volume of each single part had to be sought. Of a 
large proportion of the machine, the material and exact shape was not yet 
determined. An educated guess was made for the choice of material for each part. 
The responsible engineers checked the choices for the most important parts. These 
steps were very time consuming. 
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Steel and steel plate (with zinc coating) is taken as the default material. Default 
material for plastics appl ications is PC+ABS. Pulleys and gear wheels are actually 
made of POM (+PTFE), but this material was not available in the material database. 
The total machine weight of 180 kg (excluding ADF/Scanner and Finisher) is 
relatively close the final weight estimate. This would indicate that there will be no big 
shift to lighter materials. 

Table 10. Materials in Base Case Printer specified per function 

Materials Warm Cold PPH Covers Frame Electr. Motors Total r 
Steel 5898 5617 19.981 46.000 6.158 83.654 
Steel plate 9076 3943 32.959 4.973 50.951 
PC+ ABS 230 384 14.579 12.266 557 388 28.403 
Aluminum 3089 4482 29 865 8.464 
Stainless steel 1526 184 2.347 4.058 
Copper 370 14 97 1.558 825 2.865 
POM+Teflon 164 1.234 630 33 2.061 
Sinter 1998 1.998 
PE 156 567 648 1.371 
Epoxy 840 840 
PUR 715 4 719 
PVC 713 713 
Rubber 485 50 535 
FeNdB 409 409 
Silicones 96 266 362 
Glass 163 163 
PPS 149 149 

The table above shows the most important materials in the base case copier/printer, 
specified per function: 
• Warm indicates the warm process, where the image is pressed on paper. 
• Cold represents the cold process, the place where the image is created. 
• PPH is the paper-handling module, including paper input. 
• Covers are the external covers. 
• The frame is the carcass that supports the machine. 
• Electr. represents the electronics, wiring and printed circuit boards (PCB). 
• Motors are the drive of the machine, both main drive and local motors. 

The warm and cold process combined is the process engine. For many components 
the material is not yet fixed, so differences may still occur. The total mass of the 
materials in the table is 181 kg. The same modules had a mass of 183 kg in one of 
the prototypes. A summary of the data is given in the figure below. It can be seen 
that the machine contains a large portion of steel and steel plate: more than 70%. 
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Materials in Base Case Printer 

Stainless steel 
2% 

Alurrinum 

15% 

Figure 4. Materials in the Base Case Printer, fraction based on weight 
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C.2.3 Delivery 

Figure 5. Distribution network Base Case 

The distribution network is characterized by the central link in the supply chain in 
Penang. Parts from all suppliers converge in this assembly location. From that point 
forward, the completed machines are distributed to the different markets through 
configuration centers. Optionals (finisher, large capacity tray, booklet maker), 
however, are not taken through the assembly location. Optionals are bought from a 
partner that produces all optionals. From their assembly location, optionals are taken 
directly to the configuration centers. From the configuration centers, the products are 
distributed to customers via a cross-dock, which is generally a national operating 
company. 
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Table 11. World shipping distances 

Rotterdam XPS China Flex Penan 
* 16000 12000 

* 4000 
* 

* 

Table 12. Container prices intercontinental transport 

TU/e 

vs 
7000 

11000 
6000 15000 

* 
* 

Container prices 
shi in 

Rotterdam XPS China Flex Penang Singapore Japan VS 

Rotterdam 
XPS China 
Flex Penang 
Singapore 
Japan 
vs 

* 
3500 
3000 

750 

1000 
* 800 

800 * 

1000 
1500 

1000 - 1500 
3000 

2000 3500 
* 

* 
* 

The con~ainer prices are an estimate of the actuai prices, based on estimates made 
by the purchasing department and the packaging and transport workgroup of Oce 
R&D. Consolidation and steady transport agreements can impact the transport costs 
significantly, lowering the costs of transport per container. 

Table 13. Full truck prices and distances in Europe 

Destinations Euro e 
Veghel 
Belgium 
France 
Germany 
Italy 
Spain 
UK 

Price from Venlo 
170 
324 
650 
313 

1538 
1347 
872 

Distance from Venlo 
63 

190 
480 
200 
900 

1400 
510 

Transport costs for copiers/printers and modules are based on the relative load of a 
container. In the base case, 24 machines (or 15 with optionals included) fit in a 
container. The impact of modules/parts is based on weight. The same load 
opportunities are taken as for whole machines: a better use of loading space is 
possible because of smaller packages. But on the other hand, module transport 
requires relatively more packaging. The loading capacity for printers and parts is 
therefore considered equal. 

Table 14. Optionals attachment ratio and weight 

Base Case, 0 tionals Attachment ratio Wei ht 
Staple finisher 50 85% 60kg 
Staple finisher 1 no 5% 60kg 
Booklet maker 5% 65kg 
Z fold & punch 10% 38kg 
Post insert unit 5% 5kg 
Punch Kit 5% 3kg 
Shifter 5% 15kg 
LCTA4 10% 53kg 
LCTA3 5% 53kg 
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So the costs are allocated based on the proportion of container costs. But there is 
another important aspect: the markets have very different distribution properties: a 
container that stays in Malaysia costs much less than a container that has to be 
shipped to the USA and delivered to a customer on the east coast in the USA. The 
average distances and prices are taken, based on the market share per continent 
(per every one machin€, how many kilograms are transported to Europe: 40% of 
about 200 kg is 80 kg). 

Table 15. Allocation of load and costs (relative load for everv machine placed) 

From To K Mode Load tkm Costs 

Penang CC Asia 18 0 0 
Penang Rotterdam 89 Boat 1062 71 
Penang CC USA 71 Boat 1062 66 
KMBT CC Asia 7 Boat 28 2 
KMBT Rotterdam 35 Boat 561 33 
KMBT CC USA 28 Boat 309 23 
Penang Warehouse 8,85 Air 119 17,7 

CC USA Warehouse 50 Truck 130 44 
CC Europe Cross-dock/opco 71 Truck 37 17 
CC Asia Cross-dock 18 Boat 71 5 

Opco Europe/ Asia Customer 106,2 Truck 27 75 
Warehouse USA Customer 70,8 Truck 35 100 
cc Customer 177 Truck 62 

Total transport costs 492 
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C.3 Use 

C.3.1 Electricity: TEC requirements 
TEC is an abbreviation for 'typical energy consumption' and is an estimate for the 
amount of energy a product will consume during its use. TEC gives directions for 
measuring the amount of energy use given a certain product and print speed. The 
print volume is exponentially linked to the print speed, as is shown in the table below. 
For the applications in the base case, all print speeds represent 32 print jobs per day. 
Hence only the job size is adjusted. 

Table 16. Print speed vs. print volume and energy use based on TEC norm 

Ppm 
75 
90 
105 
120 

kprint/month 
56 
81 

110 
144 

WeeklyTEC 
9000Wh 

10700Wh 
13000 Wh 
19000 Wh 

TEC stands for Typical Energy Requirements, and it provides a set of jobs that 
should be representative for most of the copiers/printers in use, given product speed. 
The set of jobs in the test in done in the following manner: 

: Job1 

Mode 

T!me 5+ vadah!e 60 15 
(min.) 

5 

Figure 6. 

Job2 i Job3 

7 

TEC test procedure 

15 

8 

variable 5+ 
(($p~~f$ 

on.t;.~ 

9 iO 

The TEC value is determined through the jobs one to four and the ready/sleep mode 
and auto/off mode. 
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C.3.2 Service rate 

Table 17. Maintenance per year in the base case 

Consumables 
TTF 
Conveyor belt 
Wax cleaner 
Clutches (4 pieces) 
DIP cooling 
TTF cleaner 
Total 

Cost Lifetime MTTF 
40 1500 2,23 
15 1500 2,23 
22 1000 1,49 

2000 2,98 
40 1000 1,49 
14 400 0,60 

FN 
0,45 
0,45 
0,67 
0,34 
0,67 
1,68 
4,26 

TU/e 

As can be seen in the table above, the estimate of the number of service calls per 
year (CM-rate) is just above 4 for the base case. A target is set for the low volume 
office application: 2,5 calls/year. The relation between print volume and failure rate is 
presented in Figure 7. Data in this figure are failure data of currently installed 
machines. The target value of 2,5 for the low volume office application would relate to 
a CM-rate of 3,75 in the bases case. Given the current estimates in Table 17, this 
seems like a reasonable target. The CM-rate for the print room application will then 
be 5,25. 

Volume vs. Failure rate 

12,0 

10,0 --1---------------~---------=::--

8,0 1-------:=---!!irn---:==~E---::;:;"'~:::= 
6,0 

4,0 -1----
2,0 

0,0 

Ok-1 Ok 1 Ok- 20k- 30k- 40k- 50k- 60k- 70k- 80k- 90k- > 1 OOk 
20k 30k 40k 50k 60k 70k 80k 90k 100k 

Print volume per month 

Figure 7. Failure rate vs. volume 

C.3.3 KOM articles 
An operator from the customer does Key Operator Maintenance (KOM). The labor 
delivered to perform the maintenance does not add to the contract costs. The most 
important costs for these articles are part costs and logistic costs. For KOM and other 
service articles, 40% is added to the manufacturing costs to get a representative cost 
estimate at the customer. About 20% of these costs include logistic costs and the 
other 20% are other overhead costs. Because overhead costs are not considered 
during this study, they are also neglected for the service articles: 20% of the 
manufacturing costs is therefore added. 
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Table 18. Costs and lifetime of the currently identified KOM articles 

KOM items 
Separation rolls (PIM) 
'Groove cleaner 
Heat exchange sheets 

C.3.4 Toner 

Toner com osition 

Costs Lifetime 
2 500 
3 450 
5 500 

Table 19. Toner composition 

Polyester Resin 
Iron oxide 
Carbon & silica 

50% 
47% (70% iron, 30% oxygen) 

3% 

TU/e 

The standard cover ratio for toner on a printed-paper sheet is 6%. From this fact it 
can be conducted that with one kilogram of toner 40.000 prints can be made. 

Table 20. Toner production process data 

1000 kWh 
350 kg/hour 

40 kprint/kg 
0,071 kWh/kprint 
0,025 kg/kprint 

Oce produces toners itself. The energy characteristics of the production process are 
given in the table above. It is assumed that toner is packed in one-kilogram 
packaging. The transport characteristics are given in the table below. 

Table 21 . Toner packaging 

Toner packaging (1 kg toner) 
Toner packaging 1 kg toner 
Cartons 
Transport 

C.3.5 Paper 

1 euro/kg 
0, 1 kg/bottle 
0,4 kg/2 bottles 

300 bottles per pallet 

40 k/kg 
0,0025 kg/k 

30 pallets/container 

About 5% of the paper used in offices these days is recycled paper. If duplex printing 
would be default, 70% of the prints would be duplex. The other 30% would contain 
single prints and special documents. 
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C.4 End-of-use 

_ Supply-+ Use 
To general 

- End-of-contract--.. Test at Opco f--- processor_____. 
(+- 40%) 

j~--- Directly recovered --------< 

---·--~~~:- -------------·-_ ::::'~~-°-~:I:~-~~-~~,~--- -----------·---·- ---.·-··-··-··-··-··-··-·3-··-··-··- ·-··-··-End-of-use 
life span+- f.'i.5 years 

Recycler 

~ 

Into new machine 
(+-20% weight, 35% value) 

Modules/Parts 
to 

~Production facility 

Recycling i.-

Landfill ~ 

(+- 60%) 

Reman/FPNM r.---

Strip 

Figure 8. End-of-life scenario Base case 

Operating Companies transfer machines to Asset Recovery they are too old or 
damaged to repair at the national workshop and when the machine still has enough 
quality for an upgrade program. 

It is difficult to say with certainty which percentage of products currently returns in this 
way: new machines are potentially the best representation for potential of new 
machines. But they are too often still being sold, so mutation in population is not 
accurate. That is why an old type is the best reference in this case. The Oce 3045 
family is the most densely populated machine that is not sold anymore. 

Table 22. Returned machines 3045 between May '05 and May '06 

Analo ue T e Obsolete Po ulation '05 Po ulation '06 Mutation Returned 
Oce 3045fam 3045 2008 16828 11720 -5108 3203 
(MV segment) 3046 2008 1011 745 -266 164 

3055 2007 1486 1092 -394 189 
total 19325 13557 -5768 3556 62% 

Weight and value of materials used in Reman/FPNM programs as indicated in Figure 
8 are based on the use of the entire process engine (warm and cold process) in the 
upgraded machine. The required time to process one machine in a Reman/FPNM 
program is estimated to be 40 hours. 
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D Impact assessment (Results) 

D.1 LCA 

D.1.1 Be!>e Case 

450 

400 

350 

300 

a: 250-
E 

200 

150 

100 

50 

o~· --
Paper Paper (rec, de-ink) Paper (rec.) 

l!llm Hum:m Health D Ecosystem Quality Ir ! Resources 

Figure 9. Ecopoints per kilo print with recycled paper 

TU/e 

It can be seen that, even while using only recycled paper, the impact of paper 
remains dominant (impact of 1 kilo print is over 200 mPoints, while the sum of other 
processes in the base case is about 40). An important difference, though, may be 
observed: while virgin paper represents 470 mPt, recycled paper 'only' has 380 or 
220 mPoints, depending on the type of recycled paper. The most energy-consuming 
step in paper production, making paper out of pulp, still has to be done. This is why 
the resource requirements (fossil fuels) remain the same. 

But the improvement of recycled paper is achieved by a reduction in damage to 
human health and ecosystem quality. The damage to human health for virgin paper 
is caused by the use of energy, by transport and by emission of particles. The 
damage to ecosystem is caused by cutting trees and therefore by the use of land. 
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25 
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Figure 10. Damage of printing one kilo print in the Base Case 

Paper 
Electricity 
Emission 
Paper recycling 
Toner 
Service 
Printer 
KOM 

Table 23. Output categories LCA 

Paper input, mix per kilo print 
Energy consumption during use 
Direct emissions from the printer 
Big portion of paper is recycled 
Material, production, bottles and distribution of toner 
Parts material, distribution, service cars 
Materials, production, distribution and end-of-use scenario 
Key operator maintenance parts and distribution 
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Damage contributions in the base case (without paper) 

Indicated in the figure above are the contributions of ecopoints in the base case. An 
example: 100% of the damage done by printing comes from the top contribution. The 
toner does 21% of the total damage. This damage consists of toner material, 
shipments (boat and truck) and electricity. A short remark: electricity for toner 
manufacturing cannot be found back in the scheme, because it contributes less than 
6% to the total damage of printing. The same holds for shipment of toner, but the 
same unit process is used as for the transport of raw materials and the distribution of 
machines. This sum is higher than 6%. A specific unit process is taken for electricity 
for toner production, because it is known that this process takes place in the 
Netherlands. 
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Single score 
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method: Eco-indicator 99 (H) V2.03 I Europe El 99 I-VA, confidence interval: 95 

Figure 13. Uncertainty analysis in the Base Case 

The uncertainty analyses were performed through Monte Carlo Analysis, included in 
the SimaPro tooling. In this analysis, a random number was taken from the given 
probability distributions. Combining all these numbers generates a single value. This 
process is repeated many times. The outcome of all these values is shown in the 
graph above. 
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Development 

Paper Bectricity Errission Recycling Toner Printer 
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m Human Health 
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D Ecosystem Quality ll!ilfil Resources 

TU/e 

Service 

Analyzing 1 p life cycle 'Printing (Kelvin)'; Method: Eco-indicator 99 (H) V2.03 I Europe El 99 I-VA I single scor 

Figure 14. Environmental impact of the Kelvin printer 

The figure above shows the environmental impact of the Kelvin printer. It can be 
seen that relatively a lot of this impact is caused by energy use. Especially standby 
use was very high in this printer. 
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Figure 15. Environmental impact of the base case printer in a print room situation 
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The environmental impact of the Base Case printer in a print room situation is shown 
in the figure above. It can be seen that there is relatively less contribution from 
electricity and service. Energy is used more efficiently through a better combination 
of jobs. Service is already required without printing. The more volume is printed 
during a period, the less service is required. 
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Analyzing 1 p life cycle 'A'inting (Low volume) '; Method: Eco-indicator 99 (H) V2.03 / B..lrope B 99 !-VA I sing! 

Figure 16. Environmental impact of the Base Case Printer in a low volume office 
situation 

The environmental impact of the Base Case Printer in a low volume office situation is 
shown in the figure above. It reveals that there is a relative high contribution of the 
assembly. This is logical, as the impact of this assembly is divided among less kilo 
prints. 
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Single score 
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Figure 17. Uncertainty analysis development (Ecopoints Kelvin minus Base case) 

The uncertainty analysis in Figure 17 shows that with very high certainty it can be 
said that printing on the Base Case printer (75 ppm) is environmentally preferable 
above printing on a Kelvin printer. 
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Figure 18. Base case assessment eco-indicator egalitarian version 
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In the figure above, a different version of the eco-indicator is shown: the egalitarian 
version. There is relatively little difference between the results in this version and the 
hierarchist version. The proportions between the categories are also equal. 
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Analyzing 1 p life cycle 'Printing (Office 75ppm)'; 11/ethod: EPS 2000 V2.02 I EPS I single score 

Figure 19. Environmental impact in the base case, with the EPS method 

The impact in the base case with the EPS impact assessment method is pictured in 
the figure above. It is remarkable that the contribution of the assembly is high. 
Considering the fundamentals of the EPS method, this is logical: generation of 
electricity causes damage to human health, but energy is not a very scarce resource. 
Metals and oil, the base materials for the assembly, are both scarcer. 

The CML method shows the same priorities as the eco-indicator, but the main impact 
is classified in different categories. This classification can be seen in the figure below. 
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Figure20. Life cycle assessment base case using the CML method. 

Sensitivity discount rate 

Oce uses a cost of capital of 15%. If interest rates are used instead, phases after 
production become relatively more important. Priority in LCC would change: service 
and production become equally important. Re-use and toner are also in balance. 

Sensitivity Discount Rate 
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Figure21. Sensitivity of the Discount Rate for LCC 

D.1.5 LCC 

m15% 

133,50% 

The present value of life cycle costs per year is given in the following overview. 
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D.2 Cases 

D.2.1 Heat exchange 

Single score 
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Figure22. Uncertainty analysis of contribution of the heat exchange unit 

1,94 

The uncertainty analysis reveals that with very high certainty the environr.1ental 
impact of a copier is better with a heat exchange unit than without. 
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D.2.2 Transport optimization 

Transport represents a significant portion of the impact both in costs and on the 
environment. From a design point of view, it is therefore important to make a 
machine (and parts) with favorable dimensions. Generally it can be said that smaller 
is better. Huwever, using the available space in a container is also important, as is 
shown in this case. 

The dimensions of the machine are 0,80m X 1,05m X 1, 17m. This means that with 
packaging, the optimum load will allow 24 machines in a container. The width of the 
machine (0,8m) cannot be reduced such that with a different loading direction, 30 
machines would fit. 

... 2,34m 

... 1.osm.., 

Front view (high cube) 

Figure23. Loading potential of a high cube container 

Adding the document feeder (ADF), however, is a relatively easy handling. Because 
there is room under the wing of the machine (figure), the ADF could be assembled 
later, mnking the temporary height 1,02m. This way, stacking in a high cube 
container is possible. This would allow for 48 machines to fit in a container. Per 
machine this would lower the transport costs by over 60 euro, easily covering the 
extra assembly costs. 
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