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Abstract. Energy and resource efficiency requires more suitable approaches to 
be consistently implemented in industry. Factories are more complex systems 
than residential or commercial buildings; in industrial domain, improvements 
for energy efficiency require measures that are difficult to be identified and that 
vary from building to manufacturing processes fields. This paper presents a 
comprehensive approach to systematically address industrial energy efficiency 
improvement. The approach has been developed and tested at a European roll-
ing stock manufacturer. Insights from the pilot case presented confirm that this 
holistic view helps properly address energy efficiency in industrial domain. 
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1 Introduction 

Manufacturing is one of the main consumers of global primary energy consumption 
and producer of related emissions. Improvement of energy efficiency in factories is a 
key driver to support the achievement of European 20/20/20 goals. Hence, industry 
has to rethink current approaches about design and management of manufacturing 
systems, to take a significant step towards energy efficient factories.  

However the task is challenging, since factories are complex systems made of in-
teracting elements such as people, production assets, material handling equipment, 
building service equipment, etc. A holistic approach which, moving away from local 
optimization, considers the factory as a whole has been developed within EMC²-
Factory, an on-going FP7-European Research project (www.emc2-factory.eu).  

To show its industrial applicability, the approach has been tested in a real case, a 
European rolling stock factory several measures to improve energy efficiency have 
been identified and developed, of which the most relevant and impactful are presented 
in this paper.  

The approach is briefly introduced in section 2; section 3 and 4 describe the pilot 
case and the identified measures; section 5 includes final conclusions. 
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2 Approach Adopted 

EMC²-Factory project aims at developing new solutions for planning and operating 
eco-efficient factories, as well as using existing methods and tools combining them in 
a more effective way. An integrated view has been adopted in the project to prevent 
problem shifting due to the mentioned complex system interconnections, e.g. from 
production to technical building services. This integrated view fully considers all the 
components in a factory and their reciprocal influence on each other. Solutions (both 
developed within EMC²-Factory and available externally) for this variety of fields are 
very diverse and end up in a high-number of alternatives that the decision maker can 
choose. Moreover, since factories are significantly different for every specific case, 
this complicates the decision making for energy efficiency improvement in the indi-
vidual industrial case.  

Hence, a method to identify the case-specific measures has been developed. This 
method, of which details are published in [1], helps the user to systematically address 
the most impactful measures and optimize energy efficiency and lean production for 
the overall factory system by selection of appropriate solutions for a specific discrete 
production environment. Solutions, in this context, are for instance technologies, or-
ganizational principles and frameworks or software tools developed in the EMC²-
Factory project by all partners, in addition to existing and established approaches 
from academia and industry. The methodology was tested against the pilot described 
in the following chapter – an existing Siemens AG rail car factory. The methodology 
is based on two phases with six sequential process steps. A numerically ranked set of 
applicable solutions is derived by narrowing down possible solutions from a larger set 
and thus improving the proposed ranking stepwise. 

In the first phase, the user specifies preferences for certain types of solutions by 
specifying criteria values that differentiate between solution elements. Criteria are e.g. 
the applicable factory level, the life cycle phase or the problem solving phase. Each 
criterion is then numerically weighted against one another by the user.  

In the second phase, a hierarchical, class-based factory model is set up, mainly de-
scribing the physical elements of a factory. This model is used in the extended energy 
value stream analysis (EEVSA) [2] to store the properties of the physical elements 
required for deriving the values of the EEVSA. The main goal of the EEVSA is to 
map the total energy consumption of a factory to individual process chains/value-
streams, taking all peripheral systems into account. Based on the KPIs coming from 
the EEVSA, a set of certain Energy Drivers can be ranked in order to differentiate 
sources for the total energy consumption of processes. In the next step the ranked 
Energy Drivers are mapped to the so-called Design Parameters, returning a ranked set 
of these. Design Parameters are levers of a factory that can usually be utilized to im-
prove energy efficiency or lean performance (e.g. factory layout, long-term produc-
tion schedule, machine control). Since the correlation between Design Parameters and 
the solutions can be numerically approximated, these solutions can be ranked in a 
subsequent mapping step by matrix multiplication. The ranked solutions are then 
selected for application in a final step, using Total Cost of Ownership (TCO) method-
ology and cross-impact analysis.  
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3 Pilot Case Description and Motivation 

The selected pilot case is a Siemens AG rolling stock manufacturing site located in 
Vienna. It produces rail vehicles of stainless steel or of aluminium for Metros, 
Coaches and Light Rail. Several processes are there performed, such as machining, 
grinding, joining, coating, and final assembly in a shop floor area of 63000 m². Before 
this research activity started, the site already addressed the topic of energy and re-
source efficiency with different projects on building renovation (insulation, ventila-
tion systems, etc.), a new surface treatment center, and product design improvement 
from product life cycle perspective (e.g. lighter materials to consume less energy 
during the use phase of the trains, use of recyclable material), however the holistic 
factory perspective adopted in this project was not yet part of the considerations. 

In order to show impact of the developed approach on energy efficiency, the pilot 
has been focused on a single building of the site. In this building, the main train com-
ponents such as undercarriages, roofs and sides of a train car are manually grinded 
and manually and/or automatically welded. Moreover in the same building two ma-
chining centres are available for pre- and post-welding processes. With an area ca. 
4500 m², the building was chosen for three reasons: 

• Representative: It includes typical manufacturing processes of train production; 
• Relevant: It shows complex material flow and interaction among processes; 
• Challenging: It was recently improved from energy perspective such as air heat 

exchangers, building insulation, and air doors. Hence, further improvement re-
quires going beyond state-of-the-art technologies and approaches. 

4 Overview of Measures Analysed 

For the investigated building and the affected part of the metro car’s value stream, the 
solution finding process was applied as described in chapter two. First the as-is analy-
sis has been performed gathering both energy and production-related information.  
 

 

Fig. 1. Representation of energy sankey diagram performed for the pilot case 
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Based on one-time measurements, several shop floor visits and available produc-
tion data the required information to set up the hierarchic factory model and to derive 
the extended energy value stream could be acquired. The total energy consumption of 
the building (visualized as an Energy Sankey diagram in Fig. 1), indicated high con-
sumption of peripheral hardware like lighting, heating and ventilation among others.  

Using the results of the EEVSA, the solution finding process was performed with 
several iteration loops. Each iteration loop was defined with different user preferences 
according to the momentary step in the problem solving process and the related focus 
of application (e.g. analysis vs. solution phase, process vs. process-chain perspective). 
Fig. 2 depicts the results of an exemplary iteration loop, targeting the analysis phase 
and the value stream process utilizing the biggest electrical consumer.  

 

Fig. 2. Results of exemplary iteration cycle of solution finder 

After several iterations, the solution finder indicated the biggest potential for ener-
gy management, production planning, alternative welding-technologies and layout. 

4.1 Energy Transparency and Management System 

As one of the common principles in engineering, knowledge gained from transpar-
ency is often seen as a prerequisite for improvement. Following this maxim, as a first 
step certain relevant production entities have been energetically measured using one-
time measurements. First insights on energy consumption and distribution were used 
as input for the solution finder [3]. 

One-time measurements are sufficient for providing a basic knowledge on the con-
sumption in a steady application, but in a dynamic environment like present in pro-
duction continuous monitoring is required to detect shortages. Beyond developing 
transparency, actual management of energy consumption becomes possible, leading to 
the decision to implement an Energy Management System (EMS) for the investigated 
building. The system consists of several measuring points for electrical energy and 
pressurized air. Using an industrial PC, measured consumptions are monitored auto-
matically in real time, generating signals for control measures like machine standby 
opportunities or air leakage detection. The architecture (Fig. 3) is designed for later 
enhancements, e.g. automated interventions in those cases, or for being integrated in 
an overall, factory-wide Energy Management System as required, e.g. by ISO 50001 
or by future integration in Smart Grid environment. 
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Fig. 3. Energy Management System - concept 

4.2 Production Planning Tool 

Depending on the range and the complexity of the goods produced production plan-
ning can be a difficult task. Presumably that is one of the reasons why most contribu-
tions from scientific literature and scheduling principles applied in practice often just 
focus on single economic aspects like the adherence to delivery dates or the minimi-
zation of the make-span. Yet, production planning is a highly multi-objective task, in 
general. If, for instance, it is not accounted for potentials to improve energy efficiency 
during the planning process, these potentials will not be tapped in the production exe-
cution phase, either.  

In the following some examples for levers are provided to include the aspect of en-
ergy efficiency into the production planning process: 

• A minimization of non-value-adding work (e.g. setup and transportation ac-
tivities) helps to avoid the wasting of time and energy. Additionally it re-
duces the logistic complexity of the production process. 

• An appropriate choice of the utilized production machines and modes can 
help to reduce the energy cost without harming other planning objectives 
(e.g. if alternative machines are available or velocity can be regulated). 

• Load balancing and the minimization of peak loads can contribute to signifi-
cantly lower energy costs, if peak-load is charged and the production process 
is very energy intensive. 

• A smart production organization (e.g. synchronization of individual shift sys-
tems) can help to reduce energy costs related to TBS like air conditioning, 
lighting, heating and exhaustion systems, etc.  

• The anticipation of applied control strategies (which e.g. decide if and when 
machines are switched off during idle periods) can lead to a smoother course 
of production and therefore contribute to improve energy efficiency. 

Based on this list of levers and the circumstances in the industrial pilot case, a multi-
criteria production planning software tool was developed and implemented within the 
EMC²-Factory project. With the help of that tool production planners can now simul-
taneously optimize the production process with respect to different KPIs like adher-
ence to delivery dates or the energy consumption. Tradeoffs between these KPIs can 
now be quantified by calculating and evaluating not just one single solution but a set 
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of alternative non-dominated schedules. The algorithmic approach is based on a 
multi-start priority rule based schedule construction heuristic. For details on the algo-
rithmic concept that has been realized in the software tool see [4].  

4.3 Alternative Welding Technologies 

In a factory, the total energy consumption is significantly higher than the actual en-
ergy required for the main, value adding manufacturing steps. One reason for this is 
the effectiveness of the processes as well as secondary processes that are required to 
perform the core process. Furthermore, a complete process chain includes several pre- 
and post-processes consuming energy themselves, e.g. milling a work piece as prepa-
ration for a joining process. Additionally large variety of secondary energy consumers 
is required, including maintenance and transport operations and technical building 
services (TBS) [5]. 

All of these pre-, post- and secondary processes are consuming energy only for 
enabling the actual value adding manufacturing steps. Consequently, in the design of 
a process chain, it is not sufficient to focus on the main steps only, but rather to inves-
tigate energetic demands more comprehensive to achieve an overall optimum. 

For doing so, process designers need to have the possibility to compare alternative 
process chains by providing an indicator, including the energy demand of all relevant 
primary and secondary consumers. This key element has been developed as a process-
dependent, normative energy indicator. Focussing on welding processes as the preva-
lent manufacturing process in the rail car industry, the specific energy demand per 
welded length is used. The indicator was defined as the accumulated energy over all 
considered process states and the whole production sequence, divided by the total 
length of weld created in that time [6]. Dominant factors influencing the indicator are 
found within the areas of: 

• A particular process technology (e.g. GMAW or FSW); 
• Particular process parameters for the observed work piece; 
• Auxiliary systems implemented in the observed manufacturing equipment; 
• Amount of non-productive time and associated energy demand on the equipment; 
• Organizational influence by equipment’s productive - non-productive time ratio; 
• Organizational influence through the load of the equipment. 

The approach introduced was applied in the Siemens plant to investigate alternative 
welding processes. Essential results are that within welding processes for aluminium, 
Friction Stir Welding (FSW) has an advantage over Gas-Metal-Arc Welding 
(GMAW) regarding its energy demand of the main process and even more for sec-
ondary consumptions - mainly caused by the fume emission of GMAW and the re-
quired exhaust systems - emphasizing the need to explicitly consider these in process 
chain design. However, a short term change of process chains for existing products is 
difficult to realize due to reasons of approved designs and processes, etc. Anyways, 
now the data is available to consider this advantage for future product designs. 
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4.4 Layout Reconfiguration 

The production system layout is of special interest for an energy efficient design of 
buildings. A production system is the surface organization and the area where produc-
tion environment conditions (e.g. illumination, temperature) interact with the equip-
ment. While general planning guidelines (e.g. minimal floor load zones) are state of 
the art in planning, the planning of elements like layout, TBS and disposal infrastruc-
ture across interfaces requires to enforce communication, collaboration and a faster 
decision making. Additional multidisciplinary experts need to provide knowledge and 
analytical methods together if the planning activity is properly designed. 

A workshop-based green layout planning method was developed to position ma-
chines and equipment with environmental aspects in mind (for details see [7]). Con-
cerning the pilot case three alternative layouts were developed that can be beneficial: 

• Separation of welding and machining: Welding and machining of metal parts re-
quires filtering and exhaust ventilation of a different kind. If welding and machining 
operations would be locally separated smaller and better designed TBS for one spe-
cific function could be used. A local decentralized exhaust system would be another 
option to avoid a central TBS system completely. Security and process barriers 
caused by electrical conductibility of car bodies make this an unrealistic option. 

• Isolated preheating zone for car body: Because of quality reasons the car body 
needs to have a certain temperature to be processed so a preheating time up to 24 
hours can be necessary in the facility. Therefore additional heat will be supplied 
through the radiators. Preheating next to surface treatment to use waste heat from 
there would make the heating system consume less energy and reuse otherwise 
wasted thermal sources.  

• Discrete milling area: Despite local chip disposal, coolant system and workplace 
lighting the two milling centers are on the both outsides of the building with ma-
chining and welding operations. If the milling would be separated, there would be 
no exhaust and TBS system required. Additional transport way and handling effort 
has to be considered for the production planning.  

Since cost for a building and TBS change are disproportionately high the implications 
have to be considered in the future building (re-)planning of the site. Nevertheless 
they are general principles, whose implications from environmental side can be easily 
identified through layer evaluation (for details on this approach see [8]).  

5 Discussion and Conclusions 

The proposed approach started from creating transparency with an energy management 
system and covered different areas normally assessed only for production-related per-
formance (production planning, substitution of processes and layout reconfiguration). 
The solutions highlighted from the approach are highly interdisciplinary and they ad-
dress the challenge of energy efficiency from different perspectives.  
Two transversal remarks came out from testing the approach: 
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1. To address energy efficiency, the complete system made of production machines, 
processes, TBS, and building shell has to be analysed as entity. For example, the im-
provement of the direct energy requirement for welding process (local optimization), 
can have less impact than the reduction of energy for auxiliary systems (fume ex-
haust) or to the substitution of process technologies to avoid fumes. 

2. Although countless measures for energy efficiency improvement are available, 
each case has specific features and issues that can be almost unique. An approach 
that helps to structure the problem and focus on the most impactful measures is a 
promising approach to extend and facilitate decision making when implementing 
energy efficiency measures in industrial domain. 

Since industrial decision-making is driven by cost-benefits analysis, the presented 
approach should include economical analysis to be smoothly accepted by decision-
makers. This aspect is already under consideration and will be integrated in the ap-
proach within future developments. 
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