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h i g h l i g h t s

�We propose a 7-step methodology to develop firm-tailored energy-related KPIs (e-KPIs).
� We provide a practical guide for companies to identify their most important e-KPIs.
� e-KPIs support identification of energy efficiency improvement areas in production.
� The method employs an action plan for achieving energy saving targets.
� The paper strengthens theoretical base for energy-based decision making in manufacturing.
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a b s t r a c t

Measuring energy efficiency performance of equipments, processes and factories is the first step to effec-
tive energy management in production. Thus, enabled energy-related information allows the assessment
of the progress of manufacturing companies toward their energy efficiency goals. In that respect, the
study addresses this challenge where current industrial approaches lack the means and appropriate per-
formance indicators to compare energy-use profiles of machines and processes, and for the comparison of
their energy efficiency performance to that of competitors’. Focusing on this challenge, the main objective
of the paper is to present a method which supports manufacturing companies in the development of
energy-based performance indicators. For this purpose, we provide a 7-step method to develop
production-tailored and energy-related key performance indicators (e-KPIs). These indicators allow the
interpretation of cause-effect relationships and therefore support companies in their operative deci-
sion-making process. Consequently, the proposed method supports the identification of weaknesses
and areas for energy efficiency improvements related to the management of production and operations.
The study therefore aims to strengthen the theoretical base necessary to support energy-based decision
making in manufacturing industries.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The revolution in industry has come along from pure cost to
quality and productivity efficiencies and is in the transition toward
environmental performance efficiency [1–3]. Closely related to
significant improvements in environmental and economic terms,
the energy efficiency topic has become important as a field that
concerns businesses worldwide, going beyond traditional
energy-intensive industries such as the steel, cement, and chemical
industries [4,5]. Over the last few years, policies and private

households have also been stirred up by energy efficiency topics
due to emergent media coverage and drivers such as climate
change, scarcity of resources and rising energy prices ([6–9].

Energy efficiency, in the theme of sustainable corporate
behavior, is seen as a lever for global competitiveness in the future
[10–12]. Manufacturing accounts for 37% of primary energy use
worldwide [13], and for 40% of electricity consumption in Europe
[14]. Accordingly, policymakers and industry are beginning to
prioritize the topic on their agenda [15], examples include the
development of the ISO 50001 Energy Management Standard and
the Europe 2020 Strategy that aims at achieving 20 percent reduc-
tion in overall energy use by 2020 compared to the 2005 baseline
[16]. Consequently, avoiding energy waste through energy-aware
and optimized production is of utmost importance to cope with
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increased global competitiveness and adverse environmental
impacts. Improving firms’ technological and business processes
as well as structures and infrastructures have become crucial in
order to adequately address these challenges [17–19]. Guided by
this paradigm shift, it becomes essential to adopt a continuous
improvement process for using energy resources more efficiently.

Energy-related information allows the assessment of optimiza-
tion and improvement potential of energy efficiency measures.
Hence it becomes important to provide knowledge that highlights
the overall state of the factory and its performance regarding
energy consumption. In this regard, performance indicators serve
as a measure to decide whether a system is working as it is
designed for and helps define progress toward a pre-set target.
This enables better monitoring and control of energy consumption
which is of utmost important both for current and future enter-
prises to improve energy efficiency in production [20].

While absolute values and aggregated measures like energy
consumption per year or per product or similar measures provide
an overview on the status quo, it fails to provide decision-making
support, transparency and clear identification of action items.
Decision-makers in production require tailored energy-related
Key Performance Indicators (e-KPIs) in order to (i) identify firm-
specific energy drivers in their production system, (ii) make the
energy behavior profile of the production system transparent,
(iii) recognize cause-effect-relationships, (iv) prepare actions for
improvement measures, and (v) communicate status quo ade-
quately with other inter- and intra-functional areas. Thus, the main
objective of the study is to present a method which supports com-
panies independently from the sector or product to develop firm-
tailored energy-related KPIs.

The proposed e-KPI method serves as a successful example on
how to transfer scientific and research knowledge into industrial
value. First, it serves as a practical guide for companies to identify
and integrate their most important e-KPIs in the steering and
reporting system. Second, the method is developed based on the
current state-of-the-art in the field of energy-efficient production
engineering by backing each step of the procedure with scientifi-
cally valid formulas, diagrams and approaches.

The rest of the paper is structured as follows: The next section
provides a theoretical background on energy efficiency in produc-
tion engineering, then goes on to describe derived gaps and indus-
try needs, and answers how we address these issues. Then, we
present the research methodology which incorporates empirical
and axiomatic approaches to support validity of results. The fol-
lowing section describes the e-KPI method, while the subsequent
sections explain the inclusion in the corporate decision-making
process. Finally, we end the paper by highlighting important find-
ings and research limitations, and conclude by providing an out-
look for future research.

2. Literature review

Performance indicators play a significant role in evaluating the
efficiency and effectiveness of manufacturing systems for a target
performance area (e.g. cost, sustainability, energy efficiency). In
the last decade, efforts in the academia and industry shifted
toward achieving energy efficiency in manufacturing. In this
context, many scholars discussed energy efficiency measures, stan-
dards, labeling regulations, metrics and performance measurement
on national and policy level (e.g. [21,6,7,22–27]). On a more
disaggregated level, studies focused on modeling energy
consumption (e.g. [28,29]), and a varied set of approaches have
been developed for improving energy efficiency performances in
production from machine tool to plant (i.e. an array of machine
tools and processes) level. For instance, Hu et al. [30], He et al.

[31] and Devoldere et al. [32] focused on improving energy effi-
ciency on machine tool level.

There is a similar situation for manufacturing at production sys-
tem and factory level where several heterogeneous solutions have
been offered regarding energy consumption and efficiency (e.g.
[33,17,34–36]). Other recent studies proposed techniques and
tools for energy management (e.g. [37–40]). Monitoring and con-
trol approaches as a part of energy management were addressed
in several articles (e.g. [41]), aiming at the development of
appropriate methods for improving energy performances in
manufacturing.

The US Environmental Protection Agency introduced the
ENERGY STAR industry program, promoting indicators as an effec-
tive lever to measure energy-based performances [42]. Later, Boyd
et al. [43] described the importance of these indicators for bench-
marking plant energy consumption. Feng and Joung [44] proposed
a sustainable manufacturing measurement infrastructure and
Tanaka [45] explored different ways to measure energy efficiency
performance. Additionally, Aguirre et al. [46] proposed metrics
called ‘energy-production signatures’ for diagnosis of energy
inefficiencies and benchmarking of energy-related performances
of manufacturing plants. Later, Zhou et al. [47] developed an
approach for monitoring energy efficiency trends over time in a
country and for comparing the economy-wide energy efficiency
performance among countries.

Based on an analysis of relevant literature and industry, Bunse
et al. [48] highlighted the importance of energy-related production
performance indicators as a key need of the manufacturing indus-
try for identifying inefficiencies within a plant’s energy consump-
tion, particularly placing emphasis on the improvement potential
at the machine tool level. In this context, Vikhorev et al. [49] pro-
vided a decision support framework for the monitoring and man-
agement of energy consumption in a factory, focusing on the
energy used by productive resources. However, that particular
paper by Vikhorev et al. [49] focused solely on the energy aspects
and thus lacked a consideration of synergies and trade-offs with
other production performance indicators. In another recent study,
Aramcharoen and Mativenga [50] identified critical energy states
for machining components to support energy consumption analy-
sis of machines and work pieces.

The review of the pertinent literature reveals that both acade-
mia and industry still lack approaches and tools to better under-
stand the energy consumption behavior and inefficiencies of
machine tools, particularly with a focus on synergies and trade-offs
with other production management decisions (e.g. quality, mainte-
nance, production planning, etc.).

This study is built upon the research gaps derived in May et al.
[20] which carried out a comprehensive review of the literature on
energy-related key performance indicators and May et al. [51]
which analyzed the industrial needs toward energy efficient manu-
facturing. Thus, based on insights from the aforementioned two
previous studies of the authors, Table 1 highlights the research
gaps and industrial needs addressed in this study. The table also
explains how these gaps are addressed in the research work, thus
presenting progress beyond the published literature on KPIs for
energy efficiency.

3. Research methodology

The development of methodologies and approaches which are
specifically designed to support decision-making processes can
suffer from a mutual relationship of academic and practical strin-
gency: (i) the approach is scientifically rigid, but difficult to apply
in practice (the practice gap) or (ii) the approach is applicable in
practice but scientifically not underpinned (the research gap). To
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