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{md621,se321}@cam.ac.uk

Abstract. Eco-efficiency is defined as the concept of doing more with less; in
other words, creating goods and services while preserving natural resources and
reducing waste and pollution during manufacturing. This paper presents a toolkit
for eco-efficiency at factory level: the Factory Resource and Energy Efficiency
(FREE) toolkit. It contains five key elements; (1) see waste, (2) find solutions,
(3) set targets, (4) assess yourself, and (5) create good habits. The FREE toolkit
contains a range of games, tools and methods mapped against these five elements
to integrate sustainability into factory activities. This paper presents the toolkit
structure and an example of the journey for eco-efficiency.
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1 Introduction

While factories are a source of economic and social value, they are also viewed as a
cause of environmental problems. The emergence of concepts such as eco-efficiency,
cleaner production, and industrial ecology [1,2,3] challenges this negative view of man-
ufacturing. These concepts promote a radical change in perception of the role of indus-
try from causing environmental degradation to becoming a driver for sustainability.
They bring together men, money, machines and materials into more efficient configu-
rations to support the transformation of our society towards sustainability [4]. This pa-
per focuses on eco-efficiency. It aims to reduce material and energy intensity, increase
service intensity of goods and services, reduce dispersion of toxic materials, improve
recyclability, use renewable resources, and extend product life [3].

Factories are a key determining factor of the efficiency with which resources are
converted into products and services. However, environmental performance variation
of up to 400% has been observed between factories producing similar products with
similar technology [5]. This occurs at different levels, from variation across industry
sectors to variation across the processes within a single factory (Fig. 1).
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Fig. 1. Environmental performance variation at different levels
(Hllustration by Aanand Davé)

This research adopts a positive view of the role of industry in moving towards sus-
tainability. The Factory Resource and Energy Efficiency (FREE) toolkit presented here
seeks to promote eco-efficiency practices in factories. Eco-efficiency is defined as “do-
ing more with less” as applied at factory level; in other words, creating goods and ser-
vices while preserving natural resources and reducing waste and pollution during man-
ufacturing. The following sections describe the toolkit structure and an example of its
use with a generic sequence for getting started with eco-efficiency.

2 The Toolkit Structure

This paper presents the interim results of the Eco-Efficiency Grand Challenge — Envi-
ronmental Performance Variation (EPV project) conducted by the EPSRC Centre for
Innovative Manufacturing in Industrial Sustainability [6]. The EPV project aims to im-
prove the overall sustainability of manufacturing by reducing environmental perfor-
mance variation between factories and help elevate (future) factory sustainability per-
formance. To address performance variation, a series of tools for factory eco-efficiency,
ranging from games to advanced modelling techniques, were collected. This collection
of tools forms the FREE toolkit presented in this paper. It aims to support the integration
of eco-efficiency into daily activities. The toolkit is structured around five key ele-
ments. Each element is described below with a guiding question and associated activi-
ties for eco-efficiency.



See waste. What is your waste worth?

In this first part of the toolkit, users learn to identify and value waste. This stage may
seem trivial but companies often overlook their waste as they are part of “normal prac-
tice”; because the manufacturing operations are up and running, it is typically assumed
that there is no need to improve the operations. However, proactive companies argue
that there are always improvements to be made if we look for them, whichever level of
performance you have. The more advanced the company is, the more challenging it
becomes to see waste as the most obvious will be eliminated first. Once eco-efficiency
activities are undertaken, waste which was previously ignored is made visible. After
improvement, i.e. reduced or eliminated waste, the new state of operations becomes the
new “normal practice”, revealing previous practice to be “bad practice” as it was waste-
ful. Maintaining a good level of performance after improvement can be challenging;
how to create good habits is addressed in the fifth element.

Find solutions. How can you remedy it?

The second element is concerned with reducing and eliminating the waste previously
identified. This is done by providing users with concrete examples of eco-efficiency
practices so that they may take action. The tools in this category include an improve-
ment hierarchy with tactics for sustainable manufacturing and a library of good prac-
tices. Actions promoted by these tools can be quick wins to gain momentum, or more
advanced solutions requiring data collection and analysis before improvements can be
implemented. Quick wins are actions which can be readily taken and generate immedi-
ate savings, such as repairing leaks. More advanced approaches are likely to require
more data for modelling and simulation.

Set targets. What’s the size of the prize?

This element aims to encourage users to set ambitious targets by understanding the
scale of the potential benefits. For instance, companies attempting to reduce their en-
ergy consumption typically start by proposing small targets of 5%. However, improve-
ments made by other companies show that savings of 20-80% are achievable [4]. It also
shows that eco-efficiency activities are not about small, marginal improvements but can
result in radical improvements if integrated into daily activities. Setting ambitious tar-
gets can encourage companies to view eco-efficiency as an approach for factory oper-
ations as opposed to an add-on on top of “normal practice”.

Assess yourself. Where are you now?

The fourth element of the toolkit focuses on assessing current levels of performance
through qualitative and quantitative methods. Quantitative assessment tools include key
performance indicators (KPIs) and modelling tools. These quantitative methods pro-
vide a strong basis for target setting as suggested in the previous section. Assessment
tools can also be qualitative and do not require any data collection. They can be used
to aid understanding of eco-efficiency, identify strengths and weaknesses of the com-
pany in various dimensions of eco-efficiency, as well as identify areas with the best
potential for improvements.



Create good habits. Where to from here?

The final element of the toolkit aims to systematise eco-efficiency improvement ac-
tivities. Tools in this section include training programmes, modelling tools and system-
atic use of indicators to track and further improve performance. Training is required to
integrate eco-efficiency into daily activities and empower employees to seek and make
resource efficiency improvements. By making eco-efficiency a work habit, it can be
fully integrated into the factory operations on a daily basis and scale up the impact.
Eco-efficiency cannot be considered as a one-time activity as it may result in only tem-
porary improvement with the performance going back to pre-improvement levels as
good practices are not maintained. This section of the toolkit is key to turning eco-
efficiency good practices into standard practice.

3 An Example of the Journey to Eco-Efficiency

This section presents a collection of tools and a recommended sequence (Fig. 2) to get
started with eco-efficiency. The journey and tools are mapped against the five elements
of the FREE toolKkit to provide structure and clarity. The tools presented here can help
understanding, assessing and improving environmental performance with a step-wise
approach. The sequence proposed is not necessarily the most appropriate for all com-
panies but it is a generic one which will generate results. The FREE toolkit can also be
used to develop a customised approach to eco-efficiency with more advanced tools.

GETTING Understand Decide to use it  Allocate roles and Learn to
STARTED eco-efficiency  in your company responsibilities see waste

0--0--0--0--0,

©

' Set
targets
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- 0- - o'
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Fig. 2. Recommended sequence for getting started with eco-efficiency

Before implementing eco-efficiency, basic understanding of the concept and what it
means in practice is required (step 1). This can be achieved with educational tools such
as training and guide books [3,7,8]. These tools allow the company to see that becoming
more eco-efficient is feasible and have significant benefits. This can lead to the com-
pany deciding to implement eco-efficiency in its operations (step 2). Responsibility



then needs to be allocated so that designated people can lead the eco-efficiency activi-
ties (step 3).

Next, the company needs to learn to see waste (step 4) by looking at operations
through a new lens to make waste visible. At this stage, low hanging-fruit and quick
wins help gain momentum and engage more people in looking for improvements (step
5). One approach to identify immediate savings is to take a tour of the production fa-
cilities during non-operating hours and identify leaks or any equipment running which
should be switched off. This exercise can be described as a “factory sensory experi-
ence” as it is guided by sound, smell, temperature, etc. The exercise can be enhanced
through the use of technology (e.g. thermographic camera, electromagnetic and ultra-
sonic flow meter). Another exercise adopted by some companies is a collaborative
treasure hunt. This exercise brings together experts from different factories to perform
a walkthrough of the facilities and identify improvement opportunities [9]. Those ex-
perts may come from other companies and other industrial sectors. It allows knowledge
and good practices to be transferred.

Further learning about good practices can be done through analysing documented
cases [10] and databases [11] of best practices. Those information sources may be over-
whelming as they contain a large number of examples and thus it is challenging to find
specific, relevant information for a given company [12]. To simplify access to examples
of sustainable manufacturing practices (step 6), a list of strategies and tactics [12] have
been developed to support effective learning and ease access to specific solutions (Fig.
3).

TACTICS IMPROVEMENT STRATEGIES PRACTICES

Generic rules for resource efficiency Actions for resource efficiency

* Switch off equipment during non-production

* Use stand-by mode during inter-shift

* Eliminate conveyor belts and gravity feeds instead

* Use mechanical cleaning to avoid the use of detergent

+ Eliminate unnecessary equipment or process to avoid
resource use completely Pré on
* Switch off equipment when not in use

« Fix leaks in steam and compressed air network

* Good housekeeping, maintenance and repair . « Insulate bare equipment to reduce heat losses
* Sort./Freat waste to re.tam orincrease its value aste reductio « Separate waste to enable recycling
* Optimise layout to avoid losses * Redesign material flow to minimize mass transfer

* Keep equipment clean and floor space clear

* Minimise demand and increase efficiency * Lower compressed air pressure to minimum required
« Optimise production schedule and start-up procedures Resource use « Use maximum temperature allowed for cold storage
* Match demand and supply level to reach best efficiency o « Install controller on electric motors

point of use of equipment / systems reduction « Heat water during off-peak periods
+ Convert waste into resource to close the logp * Reuse cutting fluid after separating from swarf
* Look for compatible waste output and dephand Reuse of waste * Cascade reuse of water in multi-stage cleaning process
* Understand reuse opportunity by understanding * Recover was heat from equipment to pre-heat

where and when waste flows are generated as resource combustion air and boiler feedwater

* Replace cutting tools to reduce energy input & waste heat

2. 2 « Substitute cutting fluid to enable reuse
SUbStItUtlon « Install optimum motors for peak operating efficiency
* Replace obsolete equipment with newer technology

* Replace resource input or technology
(renewable and non-toxic)
* Change the way the function is achieved to
allow larger scale improvemen

Fig. 3. Improvement strategies, tactics and examples of practices for sustainable manufacturing



The next step proposed is to start using resource saving targets (step 7). By under-
standing the size of the prize, companies can set ambitious targets and make eco-effi-
ciency a competitive activity in the company. Non-financial rewards and recognition
have been identified as drivers for employee motivation, creativity and empowerment
[13]. Understanding the size of the prize will help scale up the impact of eco-efficiency
activities across the factory.

At this stage, qualitative assessment tools (step 8) can help identify areas of strength
and weakness with no data collection required. Tools such as the Capability Assessment
Grid for Eco-efficiency (CAGE) framework and the RAMP tool [15,16] provide a basis
for such qualitative assessment of companies’ maturity in various dimensions of eco-
efficiency. These assessments rely on the user’s existing knowledge about the company
in terms of resource management and environmental management system in place. In
addition, these tools can be used for internal and external benchmarking (step 9). When
used internally in a company, benchmarking enables intra- and inter-factory learning
by transferring knowledge and practices from high to low performing areas.

While a qualitative assessment can help understand current level of maturity for eco-
efficiency, a more quantitative assessment is needed to identify areas with the greatest
opportunities for improvement, i.e. where most resources are being consumed and
waste generated. A quantitative analysis can be supported by converting factory data
into KPIs (step 10). Typical KPIs include energy, water, waste, and air emissions [4].
Factory modelling can help further the quantitative analysis and support the identifica-
tion of improvements in a more systematic manner (step 11). Various modelling tech-
niques can be used depending on the granularity of data available and the intended
purpose of the factory model [17,18]. More advanced factory modelling techniques are
particularly powerful to identify system-wide improvements [17,19].

4 Conclusions

This paper introduced the FREE toolkit with examples of tools for eco-efficiency.
The proposed journey to get started with eco-efficiency games and tools includes a
selection of tools readily implementable. These tools are engaging, simple, and easy to
use as they require little (if any) data. This helps overcome the first barriers to eco-
efficiency (steps 1 to 3 in Fig. 2).

The examples provided are: collaborative treasure hunt and other factory games to
identify areas of improvement, qualitative self-assessment tools to identify areas of
strengths and weaknesses, good practices for sustainable manufacturing, and tools for
making sense of factory data and developing performance indicators.

Most of the tools presented in this paper will play a role across multiple elements of
the toolkit as they can address multiple aspects of eco-efficiency. For instance, a factory
modelling tool can be used to quantify current performance as well as simulate the
effect of scheduling or technological change on energy performance. Another example
is using benchmarking tools to assess current performance and set targets.



The five elements of the FREE toolkit can also provide a framework for companies
to develop their own approach to eco-efficiency. As companies make progress and bet-
ter understand how eco-efficiency fits into their activities, they can customise their
journey using the five elements of the FREE toolkit to match their specific needs.
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