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Abstract. During the planning phase of the build up or overhaul of factories a
large share of the life cycle spanning impact of such production facilities is de-
termined. Furthermore it is very hard to evaluate the impact of possible meas-
ures for improvement, resulting Total Cost of Ownership (TCO) and environ-
mental impacts of factory systems. Against this background this paper presents
an integrated life cycle analysis approach for a streamlined economical and en-
vironmental life cycle assessment of factory systems. The approach gets applied
while using two interacting tools for a) energy efficiency evaluation of pneu-
matic systems and b) life cycle evaluation of factory systems.

Keywords: life cycle evaluation, total cost of ownership, streamlined LCA, fac-
tory evaluation, sustainable manufacturing.

1 Introduction

When planning projects for new or overhauled factories are started, there is a high
degree of freedom about the configuration of the machines, the technical building
services (TBS) and the building shell. Also most of the later costs as well as environ-
mental impacts (esp. for the use and disposal phase of the factory) get determined at
this stage. However, most of the information for a severe quantification of the finan-
cial and environmental impacts of planning alternatives are not available so that
wrong decisions can be taken easily. Especially when it comes to add-on measures to
reduce the environmental impact, often the budget restrictions impede the implemen-
tation as the TCO and financial benefits as well as the environmental improvements
cannot be estimated sufficiently. This problem will be solved by applying a Life Cy-
cle Evaluation (LCE) Approach, which becomes manifest in the LCE Tool [1]. This
tool gets applied in combination with a specific tool for the evaluation of pneumatic
and electrical actuator systems to calculate the economical and environmental impact
of alternative system designs and improvement measures.



2 Theoretical background

Holistic system comprehension and factory elements

In contrast to many approaches, which divide the factory planning process into se-
quences and induce a sequential planning of factory elements (e.g. [2]), this paper
introduces a holistic system comprehension of factories, in which all factory elements
are of equal importance. This is because in industrial environments all factory ele-
ments influence each other regarding the overall resource consumption. The intro-
duced evaluation approach focuses on the factory system and its subsystems [3] [4]:

e production equipment: processes/machines/value adding process chains

e technical building services: responsible for providing production conditions

and energy as well as media (e.g. compressed air)

e  building shell: physical boundary of the factory system and to the outside
However, their individual design and control involves diverse disciplines which im-
pedes a synergetic planning of the factory system. Thus, methods to overcome those
interdisciplinary challenges are a proper way towards more sustainable solutions.

Life cycle evaluation

Life cycle evaluation (LCE) in the context of this paper addresses the evaluation of
financial (Total Cost of Ownership, TCO) and environmental impacts (CO,eq.) which
result from physical flows during all life cycle phases of the factory system.

TCO is a selected perspective on life cycle costing (LCC), which considers all eco-
nomically relevant monetary flows over the life cycle of products. Therewith, LCC
allows analysing trade-offs between life cycle phases and supports to derive solutions
from a comprehensive perspective [5]. Diverse frameworks for LCC in form of stan-
dards, norms or guidelines have been developed (e.g. VDMA 34160, VDI 2884, DIN
EN 60300). TCO focuses solely on the operator/user perspective of the considered
object and all the costs that occur during the course of ownership. To ease application,
software based tools which also differ in terms of scope, field of application and gen-
eral functionalities have been developed (e.g. [6]). However, those solutions tend to
be quite specific for selected applications and less considering systems as a whole [1].

The calculation of environmental impacts can be done via Life Cycle Assessments
(LCA). LCA focuses mainly on environmental impacts throughout a product’s life
cycle from raw material acquisition through production, use and end-of life treatment.
It builds upon Life Cycle Inventories (LCI), which sum up the physical flows along
the life cycle of a product [7]. From a product perspective the incorporated materials
are usually well known and easy to assess in LCAs. However, the additional physical
(energy/media) flows which occur during the manufacturing phase especially within a
factory system are often hard to assess and demand for supporting tools (see also [1]).

3 Factory life cycle evaluation approach

Architecture of the approach and tool

All calculations and evaluations within the LCE approach are based on life cycle in-
ventories (cumulated physical input and output flows) of the focused system, which
can be a system element like an assembly line (see Fig. 1).
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Fig. 1. Architecture of the life cycle evaluation approach

These flows are based on resource consumption profiles which are taken from data
sheets and (simulated) forecasts of the factory’s operation modes. During the use
phase of the factory also the utilization, shift models, downtimes, etc. are used to
calculate the overall physical flows. Every factory element gets described as a set of
parameters with physical units. All evaluation is done by transforming the physical
flow data into financial or environmental impacts by multiplying it with cost factors
as well as environmental impact factors (e.g. CO,eq.). This calculation gets supported
through an Excel based tool, which supports the main parameterization of the individ-
ual factory system model through default templates of factory elements. Therefore the
modelling and evaluation of alternative strategic factory settings gets facilitated for
quick assessments in an early stage of the planning process. Fig. 2 shows an overview
over the elements of the LCE Tool. Through these elements (user interface, reporting
sheets, etc.) the usability gets enhanced. (For a deeper inside in the LCE tool and its
data bases e.g. for environmental impacts of the building shell please see [1].)
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Fig. 2: Overview over the elements of the Life Cycle Evaluation Tool
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Tool interaction for enhanced evaluation options

As the LCE approach demands reliable input data (e.g. technical behaviour of ma-
chines), it has to incorporate data from other tools. Especially in planning stages,
when real consumption profiles of factory elements are not accessible, tools which
simulate element or system behaviour become relevant. Furthermore the LCE Tool



only considers factory elements down to the level of detail of machines, TBS or build-
ing shells. It cannot consider the behaviour of components (at acceptable effort). E.g.
the behaviour of pneumatic components and resulting loads for compressors illustrate
the resulting interplay of detailed machine component behaviour and the resource
consumption of factory elements. Fig 3 visualizes an exemplary interplay of tools as it
will be applied in the calse study, which will be described afterwards.
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Fig. 3. Tool interplay and information flow

Supporting tool for the evaluation and optimization of pneumatic actuation sys-
tems

The LCE Tool benefits from an application of tools like the Life Cycle Cost Calcula-
tor (L3C-Tool, Festo AG & Co. KG), which can model actuation systems at a very
high level of detail regarding single (pneumatic as well as electrical) actuation opera-
tions, resulting compressed air and electricity consumption (see Fig. 3). The L3C-
Tool enables the right dimensioning of air compressors and the evaluation of im-
provement measures to the system of actuators, valves and tubes (see Fig. 4) [8].
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Fig. 4. Dimensioning of pneumatic system and calculation of compressed air demand
in L3C-Tool (screenshot) [8]

A major advantage of the L3C-Tool is its ability to conduct transparent and compre-
hensible energy consumption calculations. This allows a direct cost comparison of
different factory design options. Hence, this tool addresses the following main func-
tionalities:

e Modelling of systems on component level and aggregation to machine level

e Calculation of energy costs and investment costs

e Performance of break-even analyses between different system configurations
The L3C tool also aims at identifying energy efficiency improvements, while quanti-
fying energy saving potential, payback time for investments and maintenance costs.
Thus, decision makers can carry out an energy diagnosis of configuration alternatives
with little effort. Further information about the L3C-Tool can be found in [8] and [9].



4 Case study: Optimized planning of car body welding line
through improved compressed air systems

Case description and evaluation scenarios

The LCE and the L3C analyze a car body welding line, focussing on pneumatic and
electrical actuators synergistically. The case is fictional, but the used data represents a
realistic behaviour of a possible manufacturing line. The impacts of sample measures
are analyzed, which get translated into financial and environmental KPIs through the
LCE Tool. The car body welding line consists of different actuators within the manu-
facturing application, a compressor station and a building shell (exemplarily: Fig. 5).
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Fig. 5. Conceptual sketch of the analysed system, regarding the three factory elements (Festo
AG & Co. KG)

As main improvement measure an optimization of the pneumatic components reduces
the compressed air consumption of the system. Thus, the compressor can be resized
compared to the standard setting with a conventional compressor. In order to highlight
the broader evaluation potential of the LCE Tool further possible improvement meas-
ures will be evaluated exemplarily as well. Due to simplification reasons only the
consumption of electricity has an influence on the environmental impact of the fac-
tory’s use phase. Furthermore, the building shell only creates emissions during its
setup and disposal phase. The evaluation time horizon is 30 years of use phase plus a
setup and disposal of the factory. Tab. 1 introduces a selection of parameters, which
describes the base scenario, and the parameter changes of improvement measures.

Base scenario: Automotive car body welding line
A car body welding line is used as reference. The model consists of a selection of the machines of the
manufacturing line, the TBS (compressor station) and a sample building shell. The compressor capacity
meets the demand of a car body factory as figured out with the L3C-tool. For the building shell a prede-
fined reference factory has been used [1]. The following model parameters have been used besides others:
= General: Annual operating hours: 4800 h; European electricity mix, price increase 1%/a
= Manufacturing line: Process power: 69.1 kW; lifetime: 72000 h; maintenance interval/expenses:
4800h/~30ke€; Investment: ~830 k€
= Compressor: Process power: 171 kW; lifetime: 24000 h; maintenance interval/expenses: 4800h/~19
k€; investment: ~94 k€
" Building shell: Aerated concrete walls, no windows; lifetime: 165000 h; maintenance inter-
val/expenses: 4800h/~33 k€; investment: ~650 k€

Scenario 1: Alternative shift model
Application of an alternative shift model that might occur due to changing demands or the introduc-
tion of measures for improved working conditions.

= Applied parameter changes: 2 shifts (3200 working hours) instead of three shifts

" Sensitivity analysis: +/- 10% working hours

Orga. measures

Scenario 2: Alternative energy mix
Substitution of the European Electricity mix with certified renewable electricity supplies.




= Applied changes: Usage of the Swiss renewable energy mix (0.0098715 kg CO2eq/kWh instead
0f 0.559 kg CO2eq/kWh; price increase about 0.0015 €/kWh [10] [11]

" Sensitivity analysis: +/- 10% energy price

Scenario 3: Improved pneumatic components and system design, based on the rec-
ommendations from the L3C-Tool
Improving the compressed air system is a lever for decreasing energy cost in production [12] [8].
Overall system design (up to 9%), leakage detection (up to 20%) or more efficient compressors (up
to 15%) can reduce the energy consumption significantly [12] [13]. For Sc. 3 a smaller compressor
is installed due to improved pneumatic components, a more advanced system design and leakage
detection. The total investment is assumed to remain constant as the measure’s implementation
costs equalize the reduced compressor investment. The impact on the whole factory gets assessed.
= Applied changes: Air compressor: 33% less electrical power input (115 kW instead of 171 kW)
" Sensitivity analysis: +/- 10% electrical power input of air compressor

Technical measures

Scenario 4: Energy efficient drives
By increasing the energy efficiency of drives (e.g. according to the IEC 60034-30 standard) from
class IE1 to IE3 efficiency increases of about 10% can be achieved [14].
= Applied changes: Drives: 10 % less electrical power input (62.2 kW instead of 69.1 kW for the
considered section of the body welding line); Machine investment costs: +10%
" Sensitivity analysis: +/- 10% electrical power input of production machines

Tab. 1. Scenario description

Results

The car body manufacturing scenario could be modeled successfully within the Festo
L3C-tool and the LCE-tool. Even though the LCE tool allows a separate simulation of
the factory, the cumulated input data out of the L3C-tool enhanced a flawless applica-
tion. Four scenarios have been applied in order to test the flexibility of the LCE-tool
and the sensitivity of its results. For that matter the TCO and the greenhouse gas
emissions (kg CO,eq) have been evaluated (see Fig. 6 and Fig. 7.). An additional
sensitivity analysis for Sc. 3 has been carried out (see Fig. 8).
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Fig. 6. Scenario evaluation results from LCE Tool, Total Cost of Ownership
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Fig. 7. Scenario evaluation results from LCE Tool, environmental impact (1000 t CO,eq.)



The evaluated organizational measures include the change of the shift model (Scl)
and the use of a certified renewable energy mix (Sc2). Whereas the reduced working
hours result in lower TCO (-19%) and greenhouse gas emissions (-26%), it has to be
considered that the factory output would decrease simultaneously, not regarding addi-
tional efforts (e.g. ramp up and shutdown times). The change of the used electricity
mix shows slightly higher TCO. The calculated carbon emissions decrease by 99%.

Variations in the installed compressor capacity (Sc3) and the use of more efficient
electric drives (Sc4) have been discussed as technical measures. Based on the L3C-
tool application and its optimization on component level, the use of a compressor with
33% less power demand becomes possible. This decreases the TCO by 11% and the
carbon emissions by 22% (Sc3). Only marginal savings (2% TCO and 3% carbon
emissions) could be achieved in Sc4. Based on these results, Sc. 3 has been selected
to evaluate the influences of relevant input parameters on the TCO in more detail. A
sensitivity analysis varies the compressor’s electrical process power, changes energy
prices as well as compressor lifetimes (Fig. 8). Increased compressor lifetimes are
assumed due to the improved pneumatic system design.

115,0%

110,0% —
8 105,0% //7/ —— Compressor power
= 100,0%

% Electricity Price
—— / —— Compressor lifetime
-25% -20% -15% -10% -5% Base 5% 10% 15% 20% 25%
Sc.

95,0%
90,0%

Fig. 8. Sensitivity analysis for TCO regarding variations of electricity price, compressor life-
time and compressor power

Varying process power and energy prices show linear sensitivity effects. A larger
influence can be observed for energy prices due to their influence on the factory sys-
tem. The compressor lifetime shows a staircase-shaped course. This effect is induced
by investments that become necessary for replacing compressors after their use phase.

5 Summary

This paper presented an approach for a rapid life cycle evaluation regarding the eco-
nomic (TCO) and environmental (CO,eq.) impact of factory systems. This approach
has been applied to a sample case of a car body welding line. In order also to assess
the effect of changes in the configuration of its pneumatic actuation system, the spe-
cialized L3C-Tool was used and an optimized dimensioning of the air compressor set
could be derived. The life cycle spanning effect of a variation of this factory system
element has been evaluated as one improvement scenario via the LCE Tool. The ef-
fect of this measure has been compared to other technical as well as organizational
improvement measures. By doing so the potential of an interaction of these tools was
illustrated. As a result and according to the previously introduced holistic system
comprehension of factories factory planning representatives should jointly assess the
economical and environmental impacts of factory configuration options already at an
early planning stage and under equal consideration of all factory elements.
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