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Abstract

A lack of consensus on the definition of eco-efficiency and consecutively the way to
calculate eco-efficiency in production activities has provided space for various quantifying
efforts in the literature. Based on cases of environmental performance benchmarking the
authors describe an approach to capture eco-efficiency as a systemic quality with
transferable properties across manufacturers. A review of the benchmarking literature is
performed on environmental performance measurement and management practices with
special focus on case study comparisons between industrial processes and production
activities. The authors identify cases studies that demonstrate environmental performance
variations in production’s environmental output and, following a resource-based view of the
production system, design a framework that qualitatively addresses eco-efficiency in terms
of capabilities and practices currently implemented in manufacturing. Initial research data
from the framework use, suggest that there is a need for companies to understand their
strengths and weaknesses and develop their practices for eco-efficiency further. Examples
of self-assessment on the suggested framework are provided from two companies.
Manufacturers are interested in identifying gaps in efficiency and developing new
capabilities. The proposed framework is designed to facilitate horizontal dissemination of
practices that are found to improve eco-efficiency.

Keywords: Eco-efficiency, capabilities, maturity, assessment, sustainable
manufacturing

1. Introduction

A collection of open interviews with practitioners in various companies [1]
indicates an emerging issue of variation in environmental performance between
production sites. The metrics of variation are usually in the form of normalised data
or key performance indicators (KPIs) that a company is interested in monitoring or
benchmarking such as energy consumption per production unit or time unit [2].
This comparison is consistent with the benchmarking that [3] refers to as an
applied way of using eco-efficiency calculations.

However, comparability of cases between different companies can be an issue,
as companies tend to modify indicators to suit their individual needs [4]. Cases
where the authors constructed KPI’s for research purposes can also be identified
[5], whereas in parallel, numerical methodologies such as Data Envelopment
Analysis have been used to evaluate a system’s environmental performance [6].
This study discusses on the cases on environmental benchmarking and the
potential for research and improvements that it unveils. Moreover, by taking a
qualitative approach, the authors try to understand the pathway for improved eco-
efficiency in production and suggest a theoretical framework testing in case study
research.
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2. Background and related work

The cases on environmental performance variation presented here have been
divided into three clusters with respect to the scope of the research undertaken or
the potential impact. The first cluster comments more on the technical
improvements and product design impacts on environmental output as well as the
relative benchmarking traced in the literature. The second cluster is driven by
variations that are more relevant to the intangible agents of environmental
performance. Finally, the third cluster discusses on the possibilities to improve the
system’s environmental output by considering re-configurations. These three
clusters will guide the development of a research tool (next section) for case study
and action research.

2.1 Cleaner production projects

Kliopova and Staniskis, make a cross-sectorial analysis of the Lithuanian
industries on the savings potential from implemented Cleaner Production (CP)
projects [7]. This is a benchmarking opportunity on eco-efficiency from a savings
view that acknowledges the effect (however small) of good housekeeping rules on
the savings potential (no-investment or technological improvement required).

A case study in a beer brewery demonstrates the production manager’s alarm
for underperformance after reviewing international benchmarking figures on energy
and water demand (twice as high) for beer breweries worldwide. Additionally, the
authors highlight the momentum and motivation that the indicators’ benchmarking
generated which led improvement actions to take place with a long-lasting effect
[8].

2.2 Extended improvement mechanisms and capabilities

The dissemination of improvements potential and achievements is highly
desirable for every company and consortiums such as the Carbon Disclosure
Project can facilitate such actions. Within this scope, Dell reported a 436%
improvement in two years via the Carbon Disclosure Project by sourcing 26% of
electricity from renewable sources worldwide [9]. Geffen and Rothenberg provide
insight through interviews on the beneficial collaboration in environmental
performance with the company suppliers. Variation in normalised data of emissions
is up to 300% for a particular process within 3 car manufacturers that has been
attributed to the different suppliers [10].

Furthermore, evidence of variations in waste produced has been significantly
correlated to the process knowledge and amount of time spent on improvement by
managers and team leaders [11]. This is a signal for improvements at process level
that are not obvious to managers with limited knowledge of the production
processes.

In parallel, Xerox draws attention by benchmarking the environmental
performance in the factory between similar products with different design principles
(modular vs non-modular). Modularity and re-manufacturing design improve
consumptions by almost a factor of 2 to 3 [12].

2.3 Wider re-configurations and long-term planning

Interviews with CEOs on the use of indicators for decision-making, performed
on behalf of 1ISD, as a management option, reveal the lack of consistency in this
practice [4]. This has particular implications when trying to benchmark
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environmental performance in a sector. On the other end, Holton et al., discusses
on four case studies of industrial sustainability management in the concrete
industry where management systems and continuous improvement culture (rather
than measurement and indicators) are found to be very important in moving
towards sustainable industrial systems [13]. This is lifing some burden from the
indicators based management since these companies have found that cultural
driven performance improvements have much wider (e.g. building stakeholder’s
confidence) and long-lasting effects.

Systems reconfiguration as mean of delivering environmental improvements is
the case for OneSteel as well [14]. The company makes a stepwise improvement
in energy consumption through system reconfiguration, introducing a new energy
service department in the production plant that regulates energy demands. In this
case, the new energy department regulates the energy flows between other
processes or business units in the facility.

2.4 Eco-efficiency drivers

More than working on improvements on environmental performance with
measurable results (i.e. reduced CO2 emissions) the authors explore the case of
improvements on eco-efficiency (taking into account financial improvements
achievable). Kuosmanen and Kortenlainen perform eco-efficiency benchmarking
and define eco-efficiency as “economic value added per environmental damage
incurred”. This definition emphasizes the trade-off between economic and
environmental aspects of production activities, giving equal emphasis to both [6].
Both financial and environmental impacts have to be quantified in one term
respectively [15] and furthermore, Figge and Hann discuss on the implications that
this concept brings on prioritization of actions to improve performance [16].

The analysis so far, demonstrates that there is considerable interest amongst
practitioners in case studies to benchmark their environmental output and justify
their improvement actions in financial terms. In this section, the authors discuss
main drivers for eco-efficiency and the types of assessment that other authors
have applied in order to appraise production systems. Building up on that
information, the authors present in the following section a qualitative approach for
eco-efficiency assessment.

2.4.1. Inter-organizational collaborations

Inter-organizational collaborations boost environmental performance [17]. This
is a systems’ evaluation that suggests benefits from an open collaboration platform
to improve on sustainability. This point has also been addressed with measurable
effects in the automotive industry [10].

2.4.2 Pro-activity

Findings indicate that environmental proactivity is positively related to
operational performance, organizational learning, environmental performance,
stakeholder satisfaction and financial performance. Moreover, the mediating role of
stakeholder satisfaction is also supported by the data even though the mediating
role of environmental performance and the moderating role of types of technologies
are not supported with findings [18]. Additionally, early timing in adopting
environmental practices is contributing to eco-efficiency by lowering costs of
compliance and minimizes disruption of the production process. The firm also
gains competitive advantage in production costs through the learning curve effect.
The hypothesis however of early timing in environmental actions has been found to
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have a significant effect on cost savings only at high-level complementary assets
[19].

2.4.3 Lean practices and tactics

Lean manufacturing has been referenced as an accelerator of environmental
performance in manufacturing [20]. The model of lean manufacturing that Toyota
introduced to the industry has gained the respect of the manufacturing community
and is regarded one of the most valuable approaches in resources and systems
optimization. In terms of eco-efficiency it would be difficult to separate the
contribution of lean management on environmental performance, even though
studies on lean manufacturing and environmental performance exist and show a
positive correlation [21].

Other specialised techniques like Kaizen events [22] or 6R [23], have been
implemented in many cases to enhance productivity and firm performance. Material
or energy efficiency as an outcome of quality and production improvements is a
win-win for environmental targets therefore these practices cannot be ignored. The
authors assume that more environmental benefits could be reaped when
environmental targets become inseparable from the production targets [24].

2.5 Assessment options for eco-efficiency

This section identifies benchmarking cases of eco-efficiency assessment in a
two-fold approach: quantitatively and qualitatively. Examples of appraisal on
environmental output and eco-efficiency in production systems that are based on
measurements are presented and are followed by cases of qualitative
assessments. The authors consider that these two pathways for eco-efficiency
assessment should converge in findings when applied in the same system.

a) Quantitative approach and indicators based assessment

Following the reasoning described above, Van Passel et al., make a distinction,
based on their panel data calculations on opportunity costs and sustainable value,
between front-runners and laggards in the dairy sector and relate the differences
with financial and non-financial factors [25]. Within this sector, the estimated
savings on energy, water and acid have been calculated as 30/%, 20% and 90%
respectively with implementations that are generally neither advanced nor
particularly high-tech when seen from an engineering perspective [26].

Nagel benchmarks the energy and material flow indices of 25 printed board
production facilities and proposes that insight in the energy and mass balances can
result to improved environmental impact as well as a straightforward business case
[27]. Most of the companies are unaware of their resource flows and speculatively
underperform on environmental aspects. Variations in energy, mass and emissions
are presented but not in a straightforward way. More light in that area is provided
by Saidur et al., that try to identify savings potential by mapping the energy flows in
paper industry and relative examples of calculations are also provided [28].

b) Qualitative approaches

Labuschagne et al., discussed on the possible assessment methods and
concluded that a qualitative route for assessment could be an option when
incorporating sustainability performance aspects into decision-making and propose
a 5 level cascading framework with arising issues on sustainability and operations
in production [29].
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Sardinha et al., present results from a benchmarking study on the
environmental or sustainability reports of 23 companies of the real estate sector in
the UK. The comparison is divided in 4 main themes: External results (indicator for
the formal recognition of the company’s peers), internal results (indicator of
disclosure on the company activities), Management processes (indicator of
management processes to improve CSR), Learning and innovation (indicator for
learning and innovation processes). The variation the authors describe is drawn on
a 1-8 scale with information drawn from the sustainability reports [30].

Similarly, Baumgartner and Ebner introduce a framework for benchmarking
CSR strategies with a clear orientation to environmental performance activities.
The theoretical framework is generic but the idea of qualitative comparisons is
evident in this study as well [31].

The authors have chosen to follow a qualitative methodology to approach eco-
efficiency. This approach is represented in this study by a theoretical framework
that is meant to simulate basic flows within a production or operations facility (i.e.
energy, materials, waste). Qualitative research into eco-efficiency is relatively
limited in the literature as different authors within this field view the production
facility in various angles and methods (i.e. surveys, interviews, etc) while
quantitative models are more specific in methods available.

3. Framework development: Capability Assessment Grid for Eco-efficiency
(C.A.G.E)

The authors have developed a theoretical model to capture the behavior of
practices that control basic flows (dimensions) within the production facilities. In the
following sections the authors dissect this framework and provide evidence to
support its structure.

3.1 Scales and dimensions of application

This study presents the development of a maturity grid, that intents to interpret
the variations observed in terms of actions that occurred and capabilities that
various companies have developed in order to improve on environmental
performance and eco-efficiency. In figure 1 the authors present the CAGE
framework. Three different colors represent the 3 scales of operations and
management and the color contours represent the maturity level (light color = level
1, dark color = level 5). The grid is initially populated with examples drawn from
literature (examples are provided in table 1) in order to demonstrate the type of
information that is expected to populate this grid from research.

The first scale focuses in the resources (dimensions of performance: of energy,
materials, water, waste, equipment and human factor input) in a single process
within a production facility. An example can be the paint-shop in automotive
production [10] or a batch reactor [32].

The second scale is the production floor, alternatively the sum of all production
processes [33, 34] and the dimensions from the previous level (flows or process
areas for improvement) are represented by the management systems for energy,
materials etc. Figure 2, represents the resource management dimension in this
scale as an example of the available options in practices that are found in
literature. The logic behind the allocation of practices in maturity levels is described
in the following section 3.2.

Similarly, the third scale represents the view of the production facility as a
business unit from a top management perspective. Environmental accounting [24,
35] and decisions on product design affecting rework or remanufacturing [12] are
issues usually guided by top-management decisions.
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For each scale of management, five maturity levels have been introduced. The
capability levels qualitatively measure how well a company performs on eco-
efficiency. The capability levels were adapted from CMMI literature [36] (figure 3,
left).

Figure 1. Overview of the Capability assessment grid for eco-efficiency (CAGE).
The reader can distinguish the 3 scales of management and the color gradients
representing the 5 maturity levels’ progression.

Process areas
(dimensions of performance)
A

Scales of management

Figure 2. Magnification on the grid’s resource dimension on 2" scale of
management (levels 1 to 5, from left to right) for readability
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Having set the framework approach and basic structure, the authors have a
more targeted audience for applying this maturity grid in case study research with
manufacturers. The process scale can be populated with information of practices
from maintenance engineers, operators and shift supervisors. The production floor
scale can be populated from interviews with production managers and planners,
whereas the third scale on top-management can be addressed to CEOs or board
members. This segregation of management levels helps identify basic dimensions
or interview questions. This design property (dimensions) addresses key
environmental attributes for eco-efficiency at process level (i.e. energy
consumption, material consumption, process waste, etc.) and based on literature
tries to escalate these dimensions on the production floor and manufacturing
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strategy level. The authors provide samples of literature that informs the CAGE
dimensions in table 1.

Table 1. Content contributions for the maturity grid
Relative dimension and contribution in CAGE

Process level, material efficiency: Proposed set of 3D metrics. Selecting the
more-sustainable process by comparing process alternatives [37]
Process level, energy efficiency: Identifying more sustainable technologies [38]
Process level, water efficiency: Methodology to compare alternative options [39]
Process level, equipment efficiency: Implementing good practices according to
competence [26]
Process level to production level scaling. Use for calculations: Calculating
process eco-efficiency and scaling to production floor [32]
Production level, type of approach: Qualitative benchmarking of capabilities [38]
Production/top-management level, type of approach: Link the production level to
top-management initiatives [39]
Production level, type of approach: Qualitative benchmarking of capabilities [40]
Top-management level: Ideas for implementation at corporate level, motivation
for change [41]
Production/top-management KPI level: Learning on the indicators used [42]
Production level: Examples for best practices (qualitative approach) [43]
Top-management level for designers: Implications for strategy on product design
and production eco-efficiency [40]

3.2 Adaptation of maturity levels for eco-efficiency research

The concept of growing maturity, as described by Maier et al., [41], underpins
the potential for growing capabilities and improvements on eco-efficiency. From
levels 1 to 3, the authors assumes that, manufactures are trying to improve their
system within a first loop learning approach [42]. Improvements require monitoring
of various processes and can involve a level of technological intervention that could
range from 10 to 70% (more is possible depending on the particular dimension i.e.
energy, water, materials etc.).

In order to move to maturity levels 4 and 5 the manufacturers would have to
work within a second loop thinking and questioning of their current strategy and
practices, and seek for opportunities through collaborations and wider system
thinking. The interaction of the processes has to be explored further and more
attention is given to cross-functionality of operations [43] and horizontal
involvement of personnel in improvement initiatives.

Figure 3. Levels of maturity in CMMI (left) and CAGE adaptation (right)
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4, Research application to-date and discussion
4.1 Research approach

The design principles, presented in the previous section, are related to the
research methodology and the type of data that will be collected (not numerical).
The authors are taking a resource-based view of the production [44] and focus in
the tangible and intangible resources and firm’s capabilities in order to explain
variability in environmental performance. This view adds value to the originality of
the study, as the literature on eco-efficiency is mainly concentrated in assessment
through measurable key performance indicators and performance calculations [43,
44].

4.2 Application in research
a) Self-assessment methodology and case study research

Interested industrial practitioners are approached initially with a pre-assessment
form (scaled 1-5) and a short description of the project and they are asked to
provide a rapid assessment of their maturity level in environmental management.
An example of this pre-assessment is presented in figure 3. The researcher can
use this information to understand the environmental performance profile of the
manufacturer and relate this information to company details (size, revenue, etc).
This approach facilitates a faster engagement of the researcher with the
interviewee and can generate more discussion on the areas that the interviewee
thinks require attention.

The interviewees are then presented with the grid in large-scale print out to
create focus on the types of practices of interest and they are asked to discuss
about their operational practices to improve on environmental performance. The
data collected populate the grid; they are assessed by the authors and are
allocated in maturity levels. The allocation is performed according to the
sophistication and understanding of the system demonstrated by the interviewees
in respect to the behavior discussed earlier on double loop learning (figure 2).

The CAGE has been designed to facilitate empirical investigation of current
practices and capabilities that industry can adopt in order to improve on eco-
efficiency. In figure 6 the authors demonstrate evidence of its early use from two
initial case study interviews with the production manager from a leading optics
manufacturer in the UK and the quality manager from a leading food production
company in Greece. The practitioners filled the forms (1-5 scale) and will be
involved in case study research in this project. The data from these case studies
have been anonymised as requested from the participants, as they contain
sensitive information for the manufacturing operations.

The interview data are assessed by the authors and allocated on the maturity
grid and further related to practices demonstrated in literature in terms of the
underlying capabilities that promote and support eco-efficiency practices. This
allocation is subject to continuous improvement as more cases are collected and
studied. In the following example of applying the framework the allocation of
practices along the maturity levels is provided by the practitioners.

b) Industrial workshop with practitioners

C.A.G.E. has been also designed and is soon being tested in a workshop
environment. The self-assessment form is presented to the workshop delegates
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and is meant to create focus on the practices currently running in the factory. At the
day of the workshop, the researchers are performing two exercises. The first one is

(i=m)
|

Figure 4. Early empirical evidence of the CAGE applicability between two
manufacturers (blue for optics, red for food manufacturer)

a collection of practices exercise in two columns for current or scheduled and
future or stretch practices that they implement in their factories along the
dimensions of C.A.G.E. The delegates are writing down this information in
repositionable notes. The second exercise is about allocating these notes into a
gradient of five levels of performance (business as usual to leading performance).
This is an interactive process where the delegates are free to discuss with each
other on the best sequence that the practices follow along the framework
dimensions. At the same time they are requested to keep notes of the
organizational capabilities that they think are important in each level to help the
system move forward in terms of performance. At the end of the session the
delegates are presenting their notes of recorded capabilities to each other and the
researcher is responsible for collecting all this data as well as the key messages of
the discussion in the end about organizational capabilities. The goal is, having
repeated the workshop a few times, to populate the maturity grid with a gradient of
practices and a list of capabilities that promote eco-efficiency.

5. Conclusions and future work

The authors have demonstrated a conceptual self-assessment framework for
qualitative benchmarking of production facilities on eco-efficiency. The framework
is designed to managers understand how high their system performs in terms of
environmental output and from that point on, identify improvement steps for eco-
efficiency with respect to a set of capabilities that promote eco-efficiency. The
framework is designed and populated with data drawn from the literature on
capabilities and practices that have been found to improve the eco-efficiency ratio.

In the authors view, eco-efficiency can become a systemic property rather than
a production target. It can be an internal function or a specific set of capabilities
that continually improve the system’s environmental performance. On that note, the
authors argue that these systemic capabilities can be grouped in levels of maturity
and account for the system’s behaviour and capabilities in driving improvements.
The potential for improvement in terms of eco-efficiency by definition grows as the
production capabilities mature. A five level maturity grid to represent the basic
dimensions of eco-efficiency in factories is presented. One of the key concepts in
this representation is that, as production capabilities grow in terms of controlling
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environmental output, system improvements are not being driven by externalities
(such as legal obligations and market pressures). There is a turning point in this
framework, where system re-configuration is internally driven and eco-efficiency is
peaking while the foundations for continuous improvement are starting setting in
place (maturity level 3 to 4 and onwards).

Moreover, the framework is designed as a maturity grid to be applied for
research across three scales of management (process, production floor and
manufacturing strategy) and can easily be converted into a qualitative
benchmarking platform for operational purposes in factories. The logic for this
conversion is:

* To facilitate application for research into the maturity profiles across various
cases studies

* Help managers apply and study the gaps and opportunities in their system
either between their own production sites or within a sector.

* Examine the alignment of maturity along three scales of management.

The potential uses of this framework extend from empirical data collection on
eco-efficiency capabilities and practices to a benchmarking platform for production
facilities. The research goals that the authors will be covering along this agenda
have been identified as:

i) Empirically and qualitatively assess the eco-efficiency profiles of various types
of industries and populate the CAGE with data on practices and capabilities
(case studies and workshops)

i) Refine the framework as a tool for action research and help production
managers make informed decisions on eco-efficiency and improvements in the
factory and prioritise actions.
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