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Abstract

Hybrid lightweight parts aim at improving the economical and ecological performance of automobiles by reducing weight and, consequently,
CO:2 emissions. The environmental advantageousness requires careful attention during the car’s design phase to prevent problem shifting from
use phase into production. Due to the degree of novelty of hybrid components, reliable data about energy and resource demands in production is
not yet available. This work presents a multi-level simulation framework for coupling models from different disciplines in order to derive LCA-
relevant data. Exemplarily, a discrete-event process chain simulation is connected with a physical process model for a forming process.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 2015

Keywords: Multi-level simulation; Energy efficiency; Hybrid lightweight design

1. Introduction

Automobiles enable individual mobility and are important
means of transport worldwide. Automobile markets, especially
in developing countries, are steadily growing and so are the
related environmental impacts [1]. These impacts occur during
each phase of the automobile’s life cycle from the raw material
extraction over manufacturing, use phase, to the end-of-life.
Lightweight design is an approach to lower the vehicles’ fuel
consumption during its use phase which results in less
emissions and/or an extended range being especially important
for battery electric vehicles [2, 3].

Hybrid components are an approach to bring lightweight
materials such as carbon fiber reinforced plastics (CFRP) into
cars for the mass market. However, their ecological rucksack
from material production exceeds the environmental impacts of
conventional materials. The actual component manufacturing
imposes an extra share of CO; equivalents to the vehicle. These
negative impacts need to be compensated during the vehicles’
use phase by a lower fuel consumption in order to reach the
ecological break even [4] (see Figure 1).

As the energy and resource demand in manufacturing is
largely defined in the upstream product design phase [5],

knowledge about future demands needs to be made available at
this early stage for decision support. Due to the high degree of
innovation, the required environmental data is not yet available
in life cycle inventory (LCI) databases which prevents valid life
cycle assessments (LCA) for components and vehicles. As a
result, the ecological advantageousness of hybrid components
over their life cycle cannot be ensured.

Product development already requires the close cooperation
of experts from product design, manufacturing and life cycle
evaluation in order to identify the ecological, economical and
technical optimum. Each expert employs specific software
tools and generates data and models such as

environmental
impact [CO,™] . =" ..-lightweight vehicle

- = conventional vehicle

-
“*™ break-even point

Sl [ | T Higher environmental impact from
- raw material production and
- manufacturing.

usage [kr;]

Fig. 1. Environmental impact of manufacturing
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CAD models during product design or energy and material
flow models for production planning.

To overcome the aforementioned LCI data shortage, the
proposition is to employ existing models from different levels
of the manufacturing domain and to integrate them for LCI data
prediction. This multi-level modeling is exemplarily conducted
in the so-called Life Cycle Design and Engineering Laboratory
at the Open Hybrid LabFactory (OHLF) which will be outlined
in this paper.

2. Background
2.1. Hybrid lightweight design

In a vehicle, the engine works against the total drag force,
which consists of the rolling friction, the force to accelerate, the
upward slope resistance, and the aerodynamic drag. The first
three parameters are influenced by the mass of the vehicle [6].
Thus, weight reduction is a key measure for car developers to
reduce fuel consumption in the first place and to enable a
downsizing spiral: Lighter cars require smaller engines which
again reduce the vehicle weight [7].

One approach for weight reduction is material lightweight
design. Classic materials like steel are substituted by materials
such as aluminum or carbon fibre reinforced plastics, which
allow the same part functionality at a lower part weight. Figure
2 shows the immense weight saving potential of new materials
such as CFRP compared to state-of-the-art lightweight
materials such as aluminum and conventional steel
constructions. On the downside, the global warming potential
(GWP) of CFRP is 17.5 kg CO®™ per kg of material [8] which
is significantly higher than the respective figures for aluminum
(11.5 kg CO*) and steel (2.8 kg CO,*) [9]. Parts solely made
from CFRP reach their ecological break-even point in cars after
85,000 to 13,000 km [10] which can exceed the vehicle’s
lifetime. An intelligent combination of these different materials
in hybrid components thus makes sense from both an
environmental and technical point of view.

The ecological performance of hybrid lightweight
components based on CFRP depends on the amounts used of
each material as well as the embodied energy from raw material
production and component manufacturing. The impact from
manufacturing strongly depends on the selection of
technologies. Figure 3 illustrates that there are various process
technologies, process stages as well as types, and materials.
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Fig. 2. Weight saving potentials for vehicles through material substitution
while maintaining mechanical property, adapted from [8]
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Inputs in the final processing are either raw materials, produced
composites or pre-assembled work pieces (preforms) which are
created during the in-between processing stages [11].
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Fig. 3. Chart for structuring process chains, adapted from [Dréder2014]

As a consequence of this structure with different possible
value streams for hybrid components, product and production
planners have to evaluate each possible combination of
materials, required processes stages and process technologies
regarding economic and ecological objectives and constraints.
For this evaluation, planners create and use models or
simulation approaches as decision support.

2.2. Multi-level modeling and simulation

Simulation is a method for analyzing the behavior of a real-
world system over time. A simulation model represents the
elements of the system and the relationships of these elements.
In simulation runs, the model is used to replicate the system’s
behavior and to generate results which can be transferred to the
real system. Multi-level modeling and simulation describes the
integrated representation and analysis of system elements from
different levels of a system. A multi-level perspective can be
realized by modeling different system elements within one
model (model integration) or by coupling different models via
interfaces. Multi-level modeling can also be realized within co-
simulation approaches which couple simulation models of sub-
system in order to realize an complete system simulation [12].
In contrast to an integrated model, each system element can be
modeled in a different software program. That means, that co-
simulation has important advantages [13]:

Each system element can be modeled and simulated with
the best suitable software,

e existing models can be re-used in order to reduce modeling
effort, and

¢ single models can be replaced or modified without
corrupting the entire system simulation.

There are various examples of multi-level approaches in the
context of manufacturing systems. Overviews of simulation
approaches for analyzing processes and the interactions
between machines and processes for mechanical processing
(e.g. grinding) can be found in [12, 14]. These approaches aim
at an integrated analysis of structural machine behavior and the
effects on processes, and vice versa. An approach for analyzing
interactions between processes and process chains is presented
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in [15]. Thiede et al. developed a process chain simulation
including different machine states and compressed air and
steam generation [16]. This allows the integrated evaluation of
the machine, process chain and technical building services
(TBS) level. The research project ENOPA (Energy Efficiency
through optimized coordination of production and TBS), aimed
at the prediction of energy demands by coupling TBS and
building models with a process chain simulation [17]. With a
similar goal, Bleicher et al. presented a co-simulation
environment for the optimization of energy efficiency in
manufacturing systems. They combined models of machines,
the energy system and the factory building shell with the help
of middleware software [18].

3. Life cycle design through multi-level simulation

The advantages of multi-level modeling and simulation can
only be realized if valid models and accurate data are available
for each sub-system of interest. This means that it is important
for experts from different disciplines to work closely. In the
case of the development and manufacturing of hybrid
lightweight parts, experts from product design and
manufacturing have to collaborate to create combined
simulation models and to collect required data.

The OHLF (http://open-hybrid-labfactory.de/) is a public
private partnership for the development and manufacturing of
hybrid components suitable for mass production. In the OHLF,
the aforementioned collaboration of different disciplines is
realized within the Life Cycle Design and Engineering
Laboratory. The concept behind this lab will be presented in
the next section.

3.1. Life Cycle Design and Engineering Laboratory

In the OHLF, many partners from industry and research
collaborate with the goal to find product concepts, design
guidelines as well as efficient process technologies and process
chains for high quality and environmental friendly hybrid
lightweight components for mass production. Since the goal of
hybrid lightweight components is the reduction of
environmental impacts over a vehicle’s life cycle, it is
necessary to consider the intended use cases and related
expected environmental impacts in the early stage of product
planning and design. In this context it is important to establish
a transdisciplinary product development process. The involved
disciplines are product planning, product design, design
evaluation, process and machine planning, manufacturing
system planning, life cycle assessment and life cycle costing.
Each discipline uses different methods, tools and data sources
for their specific tasks, which have to be able to be used
collaboratively. A close collaboration and extensive
information exchange between the involved disciplines is
indispensible. Figure 4 presents the concept of the Life Cycle
Design and Engineering Laboratory with the disciplines,
methods, tools, and data sources.
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Fig. 4. Concept of Life Cycle Design and Engineering Laboratory

Data for life cycle evaluation comes from LCI databases,
which are employed to cover the upstream processes in the
supply chain. Furthermore, collected are more detailed data for
the in-house processes. For example, the shop floor is equipped
with sensors to record production data such as dynamic
electrical load profiles. This, however, is only possible, if the
machines are already available at the shop floor. If this is not
the case, theoretical or empirical model or dynamic simulation
models of machinery are used to predict production data. In
order to create a holistic model for the prediction of life cycle
impacts, data and knowledge from different disciplines have to
be prepared and modeled to be used collaboratively. However,
the development of one big model for life cycle impact
prediction results in an enormous workload and holds the risk
of omitting relevant expert knowledge which has priory been
included in the specific model. Instead, the key to reliable
integration with little effort is the coupling of existing models.
For this purpose, developers and planners need to know which
interfaces and connections have to be established and which
variables have to be exchanged between models. This requires
a framework for structuring different (simulation) models.

3.2. Multi-level simulation framework for manufacturing

The goal of the framework is to support production planners
in defining required models of manufacturing system elements
and to consider required interfaces for inputs from and outputs
to other models. The included models are mainly from the
disciplines product design, process and machine planning and
production system planning. Inputs to the product design come
from product planning and the determined results are inputs to
the life cycle evaluation.

The elements of manufacturing systems can be allocated to
different hierarchical levels of the manufacturing systems.
Concepts for describing the hierarchy of manufacturing
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systems are presented in various publications (e.g.
[16, 19, 20]). According to these similar concepts, the elements
can be grouped into the levels single processes, process chains,
technical building services, and the building shell. Another way
of structuring manufacturing systems is proposed by
introducing the levels micro, meso and macro [21], whereas
macro refers to the whole factory, meso to groups of elements
such as process chains and micro to single machines, processes
and individual work pieces. Derived from these concepts was
the framework for multi-level modeling and simulation that
structures model types for relevant manufacturing system
elements and shows interfaces as well as relevant variables for
data exchange (see Figure 5).

The micro level contains models of processes and machines.
Machines perform processes and have different states (e.qg. idle,
processing). A related process model provides for example the
calculated processing time. The meso level contains the process
chain model as well as product models describing the
characteristics and required processes for each product type.
The process chain model receives the energy consumptions for
different states, the TBS demands and other relevant
parameters (e.g. heat emissions) from machine models. This
information is used to calculate the load profiles and energy
demands for the entire process chain as well as the embodied
energy per product, which can be written to the product model.
Process models can send information about the product
properties to the product model. The macro level contains the
models for TBS equipment such as compressed air generation
or coolant supply as well as the building model representing the
factory building shell and different zones within the building.
The process chain model exchanges data with TBS models
such as demand and supply as well as energy demands.
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Fig. 5. Framework for multi-level modeling and simulation

Furthermore, the process chain model provides the aggregated
heat emissions from the machines (e.g. ovens) to the building
model which in turn sends the temperature for each zone and
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the energy demand of the building equipment (e.g. heating and
cooling units).

This framework includes all relevant models needed for
creating a holistic manufacturing model for predicting the
energy demands from the production of a specific component.
These models can be realized in specific software tools or
integrated within larger models. For example, machine models
representing different states could be integrated within a
process chain model. Finally it should be noted that it is not
necessary to create all described models but the framework also
can provide guidance about how to combine only few specific
models. The next section gives an example of combining a
process chain model with a process model.

4. Application

The concept of multi-level modeling and simulation is
exemplarily applied to the manufacturing of two different
semi-finished products. The study serves as decision support,
if either an aluminum sheet (Part 1) or an organic sheet (CFRP
preform, Part 2) is more appropriate as basis for a hybrid
component. Both sheets have a size of 500 mm x 800 mm and
are deep-drawn by 150 mm. Part 1 has a thickness of 2 mm and
Part 2 of 1 mm.

Main comparison criteria are the energy demands of the
manufacturing processes and the lead time. Both sheets pass
through a similar process chain from cutting (machining
center), over forming (hydraulic press), to drilling. The
differences between the two parts are the following: Part 1
requires higher forming pressures and cutting forces which also
result in longer process times. Part 2 requires an additional
heating process prior to forming. The two process chains are
illustrated in Figure 6.

The energy demands and lead times should be evaluated in
a multi-level process chain model which combines existing
process models with a superordinate material flow simulation.
The next sub-sections exemplarily describe the process chain
model, the forming process model, and simulation results.

CNC machining center oven hydraulic press

s, [ -
CFK part i | i i illi
(Partg? —{ cutting '— pre-heating —I forming H drilling }—-

drilling machine

Fig. 6. Process chain of both parts under survey
4.1. Process chain simulation model

According to the framework for multi-level modeling, the
process chain model has to represent the required process
sequence for both product types and it has to exchange start and
stop signals with machine models. Since different hybrid
lightweight parts may have a different set of processes, the flow
of products through the available machines has to be flexible in
order to simulate different products/jobs at the same time. The
simulation model is realized within the software AnyLogic®
which is a hybrid simulation environment allowing to combine
discrete event, dynamic systems and agent based simulation. In
the process chain model, machines can be placed on a virtual
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shop floor and the routing can be defined for products or jobs.
Figure 7 shows a screenshot of the process chain of Part 2
which consists of four machines. The grey boxes represent the
parts in progress.

o
o /1g

Fig. 7. Screenshot: Process chain model with four machines

The parts are individual objects (agents) which travel from
machine to machine. The times of the movements are
adjustable as they present the logistic processes as well as the
setup times. The machines are also modeled as objects which
have their individual behavior and states. In AnyLogic®,
elements from the enterprise library are used for modeling the
product flow through the machine and a state chart is used for
representing operational states such as off, ramp-up, idle and
processing. Figure 8 shows a simplified generic machine
model. These models do not represent the components of a
machine or the physical effects during processing. These
aspects are modeled within separate process models.
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Fig. 8. Machine object model: Top: Enterprise library elements for buffering
and processing of product entities; Bottom: Operational states of the machine.

4.2. Process model for forming process

As an example, presented is a model for a forming process
using a hydraulic press. Large hydraulic presses are often
employed for forming metal sheets and organic sheets. To
predict the energy demand for the forming processes of
different machine types and products, a parameter-based
consumption model has been developed in
MATLAB®/Simulink®. This model can be configured
according to real press specification sand calculate the resulting
energy demands. Figure 9 shows the model’s in- and outputs as
well as the most relevant components and energy flows
according to [22].

The model has originally been developed for the purpose of
dimensioning a new hydraulic press to be purchased. In a
bottom-up approach, modeled were the consumption behaviors
of the major components of a typical hydraulic press based on

physical effects and aggregated on a system level. Apart from
its original purpose, this model can also be employed for the
derivation of improvement potentials regarding energy demand
because it reflects the influencing parameters, their
interactions, and the main consumers. Moreover, it can be
utilized to calculate the specific energy input into one part
which is an important factor for product life cycle assessments.
In this study, the model is parameterized to depict the behavior
of a 25,000 kN press with a maximum output of 0.8 MW
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Fig. 9. In- and outputs of press model as well as model components and
energy flows according to [22].

4.3. Coupled modeling approach

For this case study, the hydraulic press model was coupled
with the process chain model. This is achieved by transferring
the MATLAB® model to a java file which can be executed by
AnyLogic®. AnyLogic® sets the product and machine specific
parameters to the MATLAB® model, pauses the simulation,
and receives the results when the calculation is finished.

4.4, Simulation results

For each part type, simulated was the manufacturing of a
batch of 50 parts. All machines were turned on at the beginning
of the simulation run and stayed on until the batch was finished.
The buffer size of each machine is assumed to be ten. During a
simulation run, the electrical load profiles and the resulting
energy demands are determined for all machines. The indirect
energy demands (e.g. for compressed air) are neglected so far.
Figure 10 presents the results of two simulation runs for Part 1
and Part 2 respectively. The Figure reveals that the power
demand in average is much higher for Part 1 compared to Part
2. Also the peak loads during the manufacturing of Part 1 are
three times as high (660 kW compared to 220 kW). The peaks
are in both cases caused by the hydraulic press. In direct
comparison to the forming process, all other processes could
almost be neglected.

The causes for these high overall power demands are the
required pressures for the forming operation. Part 2 is
preheated and thus requires a significantly lower pressure.
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Fig. 10. Results: Power load profiles for both batches for Part 1 and 2.

The total energy consumption of the manufacturing of the
batch of Part 1 is 92.73 kWh and almost twice as high as for
Part 2 (48.73 kwWh). This can be explained by the higher power
demands but also by the longer lead time. The longer
processing time for the cutting of aluminum results in a longer
required tact time. This reduces the utilization of the following
processes and causes higher energy demands during machine
idle states and longer waiting times of parts in buffers. As a
result, the lead time of Part 1 is longer compared to Part 2
(58.87 and 39.45 min). Table 1 summarizes the results.

Table 1. Exemplary results of simulation runs

Key performance indicators Part 1 (alu) Part 2 (CFRP)
Lead time of 100 parts [min] 58.87 39.45
Energy demand of processes [kWh] 92.73 48.83
Peak load [kW] 660 220

From a theoretical perspective, in this case the
manufacturing of Part 2 is relatively less energy intensive and
requires less time. These results, however, depend on the
assumptions regarding process and machine parameters, the
processing times and the forming process model.

5. Conclusion and outlook

The comprehensive framework for multi-level modeling
and simulation of manufacturing systems has been applied to a
specific modeling case. Existing models of different disciplines
realized in AnyLogic® (process chain) and MATLAB® (single
process) have successfully been coupled to compare the
environmental impacts of two product design alternatives. It
was exemplarily shown for the manufacturing domain how
combined models can be used in order to predict performance
indicators. However, the results rely on various assumptions
and should be understood as a demonstration of possible
applications. An important next task is the validation of the
process models using real machines and product designs.
Furthermore, the developed models will be used for testing the
sensitivity of parameters as well as different process chain
configurations (e.g. buffer sizes).

The developed concept provides the foundation for a
comprehensive consideration of all relevant product life cycle
data from material flow in production to energy and resource
demand in the product design phase. In the future, the multi-
level modeling approach can be employed to integrate even
more expert-specific models in order to create a holistic
understanding of the linkage between product design
characteristics and environmental impacts. For example, of
huge interest is the connection of the multi-level simulation
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approach with models of the automobile use phase and end of
life recycling process models.

References

[1] Sims R et al. Transport. In: Climate Change 2014: Mitigation of Climate
Change. Contribution of Working Group 111 to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge
United Kingdom and New York, USA: University Press; 2014.

[2] Krinke S. Implementing Life Cycle Engineering efficiently into
Automotive Industry Processes, CIRP Int Conf Life Cycle Eng. 2011.

[3] Herrmann C, Dettmer T, Egede P, Halubeck P. How to assess the
environmental performance of electric vehicles? Int. Conference on
Sustainable Manufacturing: Issues, Trends and Practices, Pilani; 2011.

[4] Schénemann M, Egede P, Schmidt C, Herrmann C. Automotive Life Cycle
Engineering — Trade-offs between electric mobility and lightweight design.
In: Advanced Vehicle Structures and Infrastructure for China (AVSIC),
Institut fiir Konstruktionstechnik; 2014. p. 44-52.

[5] Herrmann C. Ganzheitliches Life Cycle Management. Springer-Verlag
Berlin Heidelberg. 2010. p. 275-294.

[6] Braess HH, Seiffert U (Ed.). Vieweg Handbuch Kraftfahrzeugtechnik
[Vieweg Handbook for Automotive Technology]. Vieweg+Teubner
Verlag; 2013.

[7] Trautwein T, Henn S, Rother K. Weight Spiral — Adjusting Lever in Vehicle
Engineering. ATZ worldwide eMagazines Edition; 2011. p. 113.

[8] Friedrich HE (Ed.), Leichtbau in der Fahrzeugtechnik [Lightweight in
automotive engineering] , Wiesbaden : Springer Vieweg; 2013.

[9] Hammond G, Jones C. Inventory of Carbon & Energy (ICE), 2008,
available online: http://web.mit.edu/2.813/www/readings/ICE.pdf

[10] Duflou JR, De Moor J, Verpoest |, Dewulf W. Environmental impact
analysis of composite use in car manufacturing. CIRP Ann - Manuf
Technol. 2009; 58(1):9-12.

[11] Droder K, Herrmann C, Raatz A, GroRe T, Schénemann M, Ldchte C.
Symbiosis of plastics and metals: integrated manufacturing of functional
lightweight structures in high-volume production. Kunststoffe im
Automobilbau. Mannheim; 2014. p. 31-44.

[12] Brecher C, Esser M, Witt S. Interaction of manufacturing process and
machine tool. CIRP Ann - Manuf Technol. 2009 Jan;58(2):588-607.

[13] Kossel R, Tegethoff W, Bodmann M, Lemke N. Simulation of complex
systems using Modelica and tool coupling. Modelica. 2006. p. 485-90.
[14] Aurich JC, Biermann D, Blum H, Brecher C, Carstensen C, Denkena B,
etal. Modelling and simulation of process: machine interaction in grinding.

Prod Eng. 2008 Nov 15;3(1):111-20.

[15] Colledani M, Tolio T. Integrated process and system modelling for the
design of material recycling systems. CIRP Ann - Manuf Technol. CIRP;
2013;62(1):447-52.

[16] Thiede S. Energy Efficiency in Manufacturing Systems. Berlin,
Heidelberg: Springer Berlin Heidelberg; 2012.

[17] Hesselbach J, Herrmann C, Detzer R, Martin L, Thiede S, Liidemann B.
Energy Efficiency through optimized coordination of production and
technical building services. LCE 2008 - 15th CIRP Int Conf Life Cycle
Eng. 2008.

[18] Bleicher F, Duer F, Leobner I, Kovacic I, Heinzl B, Kastner W. Co-
simulation environment for optimizing energy efficiency in production
systems. CIRP Ann - Manuf Technol. CIRP; 2014;63(1):441-4.

[19] Heinemann T, Thiede S, Herrmann C, Kara S. A Hierarchical Evaluation
Scheme for Industrial Process Chains: Aluminum Die Casting. CIRP Int
Conf Life Cycle Eng. 2012.

[20] Verl A, Westkamper E, Abele E, Dietmair A, Schlechtendahl J, Friedrich
J, et al. Architecture for Multilevel Monitoring and Control of Energy
Consumption. 18th CIRP Int Conf Life Cycle Eng; 2011.

[21] Nylund H, Andersson PH. Simulation of service-oriented and distributed
manufacturing systems. Robot Comput Integr Manuf. Elsevier; 2010
Dec;26(6):622-8.

[22] Wagener H-W, Pahl K-J. Mechanische und hydraulische Pressen —
Energiebilanz und Wirkungsgrad (p. 149): Dusseldorf VDI-Verlag; 1992.



