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Abstract. Climate change and unsecured energy supply are topics that become
increasingly important in today’s society. Although renewable energy
technologies may be a long-term solution, more efficient energy use potentially
makes a high and economic contribution to the given challenges in the short
term. New CO2 regulations, rising energy prices and environmentally aware
customers make energy efficient manufacturing a priority topic on the agenda
of industrial companies. This paper focuses on drives for industrial companies
to become more energy efficient in their manufacturing processes by integrating
energy efficiency performance information and communication technology
(ICT) in production management systems. Based on an EU roadmapping
project, the paper analyzes which management tools and concepts support
manufacturing companies to successfully implement energy efficiency
improvement measures. By integrating energy efficiency performance criteria
in ICT systems, decision-makers in industrial companies will be supplied with
real-time and accurate information enabling them to make more effective
business decisions.
Keywords: Energy Efficient Manufacturing, Information and Communication
Technology, Production Management.

1 Introduction
Climate change and unsecured energy supply are topics that are becoming
increasingly important in today’s society and economy. Using the available energy
more efficiently is one approach in meeting rising energy needs [1]. Furthermore,
energy efficiency helps in preventing fossil fuel depletion, enhancing a nation's
energy security, and preventing further deterioration of environmental quality [2].
With its share of 33% of final energy consumption, the manufacturing industry is one
of the main energy consumers and the largest emitter of CO2 emissions [3]. Not only
from a policy and society perspective does energy efficiency hold great benefits,
there are also numerous advantages from an industrial perspective in becoming more
energy efficient in manufacturing processes. There are three main reasons for
companies to implement energy efficiency improvements: rising energy prices, new
environmental regulations with their associated cost for emissions, and customers

changing their purchasing behavior with regard to environmentally benign products
and services. In the energy-intensive manufacturing industries (e.g., steel, cement,
pulp and paper, chemicals), energy costs can represent up to 60% of operating costs
[4].
Moreover, energy efficiency is an important pillar of sustainable business
strategies. The move towards sustainability comes with many benefits for industrial
companies. Willard [5] suggests seven major benefits from adopting a sustainability
business strategy for industrial companies: (a) easier hiring of the best talent, (b)
higher retention of top talent, (c) increasing employee productivity, (d) reduced
expenses in manufacturing, (e) reduced expenses at commercial sites, (f) increased
revenue/market share, and (g) reduced risk and easier financing. Examples in
literature and practice show that although the manufacturing sector has made
continuous improvements in energy efficiency over the last years, “the economic
energy efficiency potential in the industrial sector is far from being exhausted” [6].
Moreover, some researchers in the field of energy efficiency suggest that there are
productivity benefits that can be associated with energy efficiency improvement
measures [7, 8, 9]. These non-energy benefits could be, for example, lower
maintenance costs, increased production yield, safer working conditions and many
others. Worell et al. [10] argue that additional productivity benefits should be
included in an economic assessment of the potential of energy efficiency
improvements.
This paper focuses on the integration of energy efficiency performance criteria into
production management systems as an enabler for companies to become more energy
efficient in their manufacturing process. As IT infrastructure is increasing drastically
since the 80’s [11] appropriate ICT systems in manufacturing are significant drivers
for successful businesses. Based on a EU funded roadmapping project this paper
analyses which ICT related management approaches and concepts need to be adapted
by companies in order to successfully implement energy efficiency improvement
measures. In this paper we want to highlight the most important and promising
research areas for utilizing ICT for energy efficient manufacturing.
1.1 Initial Background and Problem Definition
As mentioned before, there are several reasons and incentives for industrial
companies to implement energy efficiency improvements in their manufacturing
process. Nevertheless, several studies show that even profitable investments in energy
efficiency are sometimes not undertaken by companies, and that there exists a gap
between potential and actual energy saving measures (e.g., [6, 12, 13, 14.). The
“energy efficiency gap” debate focuses on the reasons why profitable investments to
reduce energy consumption are not realized in companies. One reason may be that in
many companies, particularly small and medium-sized companies, investments except for buildings and infrastructure - are decided on according to payback periods
instead of internal interest rate calculations [15]. Unrealistic high implicit discount
rates in standard investment models are one of the reasons that profitable energy
efficiency technologies are not implemented ([12, 15]). Moreover, energy investment
costs include “difficult-to-measure components, such as transaction costs, monitoring

costs, administrative costs, and adjustment costs” [16]. The most important barriers
for investments in energy-saving technologies may be “other more attractive
investment opportunities, incomplete depreciation of the existing capital stock” [13],
and not important enough energy costs.
Some studies have also identified the low status of energy management as a barrier
to energy efficiency [17]. The most important paradoxes and problems associated
with the development and implementation of Total Quality Environmental
Management (TQEM) systems are, among others: a strong bias in favor of ignorance
at the highest management levels of the firms, a real concern as to whether customers
are willing to pay the added costs associated with having something that is
environmentally friendly, fear of negative returns, lack of appropriate measures and
tools for capturing the environmental impact (see [18]).
In this paper we argue that ICT holds a high potential for companies to overcome
some of the barriers responsible for the energy efficiency gap. By making information
available and energy saving and financial savings from energy efficiency investments
transparent, by reducing complexity, or by automatically controlling the production
process with regard to energy efficiency, ICT is a major enabler for energy efficient
manufacturing.
1.2 Objectives of the Paper
This paper demonstrates that integration of energy efficiency performance criteria in
ICT systems is a highly relevant topic for manufacturing companies nowadays. The
IT infrastructure of industrial companies consists of many different systems.
Enterprise Resource Planning (ERP) Systems, Manufacturing Execution Systems
(MES), Supply Chain Management systems (SCM), Customer Relationship
Management (CRM), and Product Lifecycle Management (PLM) are important ICT
tools and have a high impact on business processes [19]. Moreover, measurement and
control systems are an integral part of the manufacturing system.
This paper highlights the need for future research in the area of ICT enabling
energy efficiency in manufacturing processes. First, it demonstrates that this research
area is highly relevant. Second, the paper gives more details on the concepts and tools
necessary for integrating energy efficiency Key Performance Indicators (KPIs) into
production management systems. It concludes with a discussion and outlook on future
collaborative research activities.

2 Methodology
This research is based on the results of the EU funded project IMS2020, which has
the objective of supporting future manufacturing environments by building a roadmap
and highlighting the main milestones for future research activities needed to achieve a
desired vision for manufacturing systems. IMS2020 is embedded in the global
activities of the Intelligent Manufacturing Systems (IMS) initiative. IMS is a platform
for global collaborative research and experience exchange. At the time of writing this
paper Japan, Korea, Europe (EU incl. Norway, and Switzerland), and the United

States are participating in the IMS initiative. IMS2020 focuses on five research areas,
the so-called Key Area Topics (KAT), namely Sustainable Manufacturing, Energy
Efficient Manufacturing, Key Technologies, Standards and Education. The paper at
hand is based on the results of this project in the area of Energy Efficient
Manufacturing (EEM). In order to identify the needs and challenges of industrial
companies a thorough state-of-the-art analysis was conducted. In parallel, 106
interviews, an online survey with 261 participants, and several workshops were
conducted in order to gather experience in the field of EEM and to gain up-to-date
information about trends in this area. The identified topics were consolidated to 62
research topics and sent again to industrial and academic experts to evaluate their
relevance in a second online survey with 356 participants. The development of the
roadmaps has been supported by collaborative tools shared with all the Roadmapping
Support Group, a growing community that, at the moment, counts 254 participants
from 108 mainly industrial organizations.

3 Integrating Energy Efficiency Performance Criteria into ICT of
Production Management Systems
In the area of EEM, 11 research topics were identified. They were clustered into four
research areas called: “Energy Sources for Factories”, “Efficient Production
Processes”, “Energy Utilization in Collaborative Frameworks” and “Management and
Control of Energy Consumption” [20]. The second most important research topic
within the Key Area Topic EEM with a mean relevance of 3.03 (where 1 means “very
low relevance” and 4 means “very high relevance”) was the research topic
“Integrating Energy Efficiency Performance Criteria into ICT production
management systems”. Moreover, around 80% of the participants stated that they are
interested in collaborative research regarding this topic, now or in the future.
In the interviews with industry representatives it became evident that most of the
present production planning and control systems do not integrate energy efficiency as
a relevant performance criterion. ICT plays an enabling role for energy efficiency
improvements – either as a tool to help companies track their energy consumption and
identify areas where savings can be made, or as the basis for more efficient
production concepts and techniques. An enhanced framework for managing and
optimizing energy efficiency in manufacturing processes needs to be developed and
implemented in enterprise production information systems, as depicted in table 1,
which shows some examples of industrial needs mentioned in the interviews.
Research should aim at extending the scope of MES, ERP, and SCM software to
achieve energy efficiency goals. MES deliver information that enables the
optimization of production processes from order receipt until outgoing goods [21]. As
MES enable production managers and the process owner to understand how resources
are used in the production process, they hold a significant potential for enhancing
energy efficiency in production. Thus, a framework should be developed with the aim
of showing how MES can be enhanced towards energy efficiency performance and
how it can be implemented software-wise. A study from Rockwell Automation states:
“As control systems and MESs increase the amount of information available to

manufacturers, data management will become a more important part of ensuring that
sustainability goals are met” [21]. Based on proper performance indicators and
guiding management principles, MES are an important tool. For enhancing MES
towards energy efficiency there are three important key technology areas: 1. Sensor
technology for monitoring and transmitting production asset performance, 2. Software
for the evaluation of performance data, 3. Management concepts to derive appropriate
improvement strategies.
Table 1. Examples for research areas where ICT acts as enabler of EEM in order to coordinate
actions and increase the benefits of energy efficiency improvement activities (based on
interviews with representatives of manufacturing companies)

Examples for research areas where ICT acts as enabler of EEM (based on interviews)
Plant-wide solutions for energy efficiency and process integration.
Full and dynamic integration of information from the shop-floor to top-floor (e.g. integration
with MES).
Open Information Systems for small and medium sized companies (SMEs), enhancing
functionalities of ERP/SCM/CRM software for an effective and efficient integration into whole
Supply Chain.
Development of ubiquitous information platform which visualize manufacturing processes
holistically.
Making key business processes more transparent and visible throughout the company’s
environment and include technologies as voice recognition, RFID tagging.
PLM systems to manage dynamically and in real-time all necessary information in order to
make better and quicker management decisions
Standardization of data down broken to the shop-floor may result in a new generation of interorganizational platforms for the exchange of data between ERP-Systems.

MES typically have interfaces to the automation and control systems and to ERP
systems [21]. Modern ERP systems incorporate the resource planning and business
processes of the entire company. Improving the shop floor scheduling and planning of
the EPR system contributes to increased energy efficiency. ERP systems often have
an interface to SCM modules for providing data for network optimization. The
optimization that is performed by these software tools should also take into
consideration the implications in terms of energy efficiency. Fig. 1 highlights
important elements to be considered, when enhancing ICT production management
systems towards energy efficiency.
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Fig. 1. Important elements for ICT enabling energy efficient manufacturing (adapted from
[22]).

By setting up production information systems towards EEM, decision makers will
be provided with relevant information about impacts on energy performances due to
production planning and business decisions. Hence more energy-aware and effective
decisions can be taken, improving the enterprise performances in terms of energy
efficiency. Individual IT-solutions can play a central role for increasing energy
efficiency in many sectors [23]. Virtualization tools and digital manufacturing
engineering require further improvement in order to assist organizations in reducing
their expenditures for energy and emissions ([24, 25]). Information technology has the
potential to help manage and control the energy consumption in the industrial and
public sector. A study by McKinsey reveals that the global market potential for
energy management-IT-solutions will be around 15 billion EUR in the year 2020.
This correlates with an annual growth of 14% from the year 2008 [23]. The European
Commission also highlighted the relevance of ICT for energy efficiency in
manufacturing, especially focusing on the potentials of intelligent controls, sensor and
actuator networks, smart components and systems, asset monitoring systems, and
advanced scheduling algorithms [26].
A report by the climate group on behalf of the Global eSustainability Initiative
(GeSI) states that the ICT sector can be expected to be responsible for 1.43 GtCO2
emissions in the year 2020 (about 3% of global CO2 emissions in a business-as-usual
scenario), while ICT as an enabler can also lead to CO2 emission reduction of about
7.8 GtCO2 emissions by 2020 [27]. For achieving this reduction in energy
consumption and CO2 emissions ICT driven manufacturing systems and optimization
in logistics networks will be critical factors. The development of EEM oriented IT
solutions requires the integration of various production levels - from shop floor to
management level. Moreover, the definition of suitable performance indicators is a
basic requirement for an ICT enabled management of energy efficiency. In [28] a
selection of energy efficiency KPIs can be found, which are implemented in

manufacturing companies, especially in the energy-intensive industries. Two typical
indicators are the energy intensity (EI) and the specific energy consumption (SEC). EI
is called an economic indicator as it is derived from economic terms. In contrast, the
SEC relates to physical units per tonne of product and is thus called a physical
indicator.
When integrating energy performance in ICT systems for production management,
a special attention has to be given to the interface between the different systems. MES
and ERP systems, for example, should be linked in order to integrate the financial
perspective and the dynamics of the shop floor (e.g., machine utilization and
downtime). Lee suggests that this link “is hindered by the lack of integrated
information coming from and flowing to control systems on the plant floor” [19].
There are also limitations of ERP systems to be utilized for SCM planning and
optimization. Current ERP are not sufficient in their modularity, openness and
flexibility for supporting SCM across multiple enterprises [29]. Besides the software
and tool development, education and training of employees and an enterprise culture
with the flexibility of local dynamic decision-making are critical factors for the
successful implementation of new production management ICT solutions and tools
[19].
In the discussion about enhancing ICT systems towards supporting EEM special
attention has to be given to the fact, that ICT systems are not only enablers for energy
efficiency but are also main consumers of energy. ICT systems are responsible for the
same amount of CO2 emissions as global air travel due to the increase in power
required for rising data rates and growing market penetration of ICT solutions [30].
Moreover, due to the rebound effect - that refers to an effective increase of energy
consumption as a consequence of increasing energy efficiency and the associated
decrease in energy price – the overall effect of increasing energy efficiency through
enhanced ICT systems is very difficult to assess [31]. Hilty et al. [32] identified
positive and negative environmental impacts from ICT on different levels (first,
second and third order effects). Yi and Thomas [33] reviewed existing literature and
research projects on the environmental impact of ICT and concluded “that traditional
assessment approaches are insufficient to accommodate the digital technology
revolution and cannot accommodate the challenge of measuring the impacts of ICT
on environmental sustainability” [33].

4 Discussion and Conclusion
Adapted ICT systems for energy efficiency may enhance a company’s IT
infrastructure to support strategies striving for sustainable business activities. By
making relevant production and process data transparent and available to decisionmakers in real time, energy efficiency improvements would be supported in various
ways: On the one hand, benefits and financial savings from energy efficiency
improvements may gain visibility, mitigating barriers to energy efficiency
improvements. On the other hand, ERP and MES systems allow for more energy
efficient production processes by specifically controlling the processes with regard to
energy efficiency. However, to accomplish latter suitable energy efficiency, KPIs

have to be defined and integrated into these systems. In this area also standardization
activities are required to allow for benchmarks. Further, new interfaces for solutions
from different providers need to be established. Concluding, we suggest, that future
research should aim at enablers, such as concepts and tools, supporting the integration
of energy efficiency performance criteria into ICT systems for production
management.
In order to develop new energy management systems, the sensors and control
devices require attention as well as the KPIs and the techno-human interfaces. With
this, energy efficiency can become an integral part of the manufacturing systems and
can be represented in the ICT systems. In future research projects, enhanced
frameworks for managing and optimizing energy efficiency need to be developed and
implemented in enterprise planning and control information systems. Furthermore,
investigation on the overall effect of enhancing ICT with regard to energy efficiency
performance indicators, especially taking into consideration the rebound effect, may
be undertaken.
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