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Abstract: Modern factory planning requires a holistic perspective taking economic as well as envi-
ronmental sustainability over the entire factory life cycle into account. As a complex socio-technical
system, the factory life cycle consists of multiple life cycles of the inherent factory elements. A
holistic understanding of the individual life cycles and their interdependencies is missing for both
planning and operation of a factory. Therefore, the goal is to develop a system understanding about
life cycle-oriented factory planning and to analyze the contribution of relevant factory elements to
the sustainability of a factory. As a result, a knowledge base for life cycle costing and assessment of
the entire factory is established using an impact path model. The qualitative model supports factory
planners in deriving planning measures for the sustainable design of a factory and in determining
data requirements for the quantitative evaluation of the economic and environmental sustainability
of a factory. It shows that the production and logistics concepts essentially define the sustainability
potential during planning, while the resulting life cycle behavior of the process facilities and workers
is responsible for the majority of costs and environmental impacts of a factory. Factory planners
must therefore become aware of the implications of planning decisions on factory operation when
developing concepts in the future.

Keywords: factory planning; factory life cycle; factory elements; factory environment; life cycle
costing; life cycle assessment

1. Introduction

Profitability has always been considered as a meta-target of factories, ensuring the
competitiveness and long-term success of manufacturing companies [1]. However, in light
of limited natural resources and the threat of climate change, factories must increasingly
focus on environmental sustainability as well [2]. The manufacturing sector is responsible
for approximately 25% of the CO2 emissions worldwide and has to become CO2-neutral
by 2035 at the latest in order to avoid irreversible tipping points in the climate system [3-5].
Factory planning designs a factory based on entrepreneurial specifications, and thereby
needs to play a key role in operationalizing the concept of sustainability, addressing both
economic and environmental targets over the factory life cycle. A majority of the costs
and impacts are determined in factory planning, but they are not activated until use stage,
and effect chains often cannot be traced back to design decisions from factory planning [6].
For example, the acquisition costs of machine tools account for about 20% of the life cycle
costs, while the costs for operation represent 80% of the total life cycle costs [7]. A life
cycle-oriented system configuration can reduce total costs by about one-third over the
lifetime of the machine. In particular, unplanned operating costs are reduced by 80% [6,8].
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However, a machine tool is only a single element of a factory, which is embedded in
process chains, a building structure, and supported by technical building services (TBS),
storage and transport facilities. The prevailing structures and interrelationships in a factory
system are numerous and multifaceted, which is why a factory is also defined as a complex
socio-technical system [9]. The life cycle costs and environmental impacts of a factory result
from the dynamic interaction between the system elements with their individual life cycles,
whose life cycle lengths and behavior are influenced by disturbances and change drivers in
factory operation. In order to establish life cycle costing (LCC) and life cycle assessment
(LCA) in factory planning, a quantitative life cycle model (LC-model) is envisioned for
modeling, forecasting and design of the entire factory with its inherent factory elements
so that the economic and environmental sustainability of factory configurations over
the factory life cycle can be evaluated. However, a main challenge is to understand the
impact path in relation to outcome values in order to support life cycle-oriented decision
making in factory planning. With this regard, a model-based understanding is required
that builds the basis for setting situations into context, deriving measures and evaluating
solution approaches [10]. Preliminary work showed that there is a lack of such model-based
approaches for factory systems [11-14].

Against this background, the goal is to develop a generic impact path model of a
factory system in order to equip factory planners with a knowledge base for economic and
environmental life cycle evaluation of factory systems. The paper is structured as follow: In
Section 2, the relevant background and state of research is presented. As LCC and LCA have
not become an integral part of factory planning yet, the necessary system understanding
about life cycle-oriented planning of factory configurations is established first, in Section 3,
so that the impact paths in relation to the outcome values can be uncovered in Section 4 as
one of the main results of this paper. The paper concludes with a case study demonstrating
the transfer of the conceptual results into practice in Section 5 as a basis for a brief discussion
in Section 6 as well as a conclusion in Section 7.

2. Background and State of Research

A factory is a place where products are produced and, therefore, value is created [15].
Value creation in a factory is based on the combination of the different production factors,
such as equipment, material, energy, information and personnel [16]. The equipment
forms the technical basis for the operational performance. Personnel provide working
capacity and combine material and energy with the help of information systems [17].
Taking a system perspective, the factory system can be further divided into subsystems.
The main subsystem is the production system, which is also called the flow system and
converts the inputs material, energy and information into products and services [18].
Existing description models divide a factory system into individual factory elements,
which, in turn, are organized in a hierarchical structure. A generic description of the
factory elements has already been carried out by Nyhuis et al. [19]. Each factory element
can be assigned to the design fields technology, space or organization as well as to a
hierarchical levels workstation, section, factory and plant, whereby the latter two are often
merged together [6]. Further description models of factories have been developed focusing
on different factory levels. For example, Hesselbach et al. developed a holistic factory
understanding, where dynamic interactions between the building, TBS and production
shape the factory system [20]. Herrmann et al. place the holistic factory understanding
in a hierarchical system definition with characteristic input and output flows [21]. A
factory understanding from the perspective of industrial ecology is presented by Despeisse
et al. [22]. In the upper half, Figure 1 merges these models and illustrates a factory system
at different levels and corresponding input/output flows. The factory system is described
within its system boundaries with the following main subsystems [1,6,20,23]:

e  Process facilities including production, storage and transportation that accomplish the
value-adding transformation process in process chains
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e  TBS, which maintain production conditions (in terms of moisture, temperature and
purity) and supply production and logistics with energy and media flows
Factory building, that is, the physical boundary of the factory system to the outside
Production organization with maintenance, logistics and production concepts that
describe the functional and logical interrelationships in manufacturing, assembly
and logistics
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Figure 1. Qualitative representation of the sustainability of a factory using the example of life cycle
costs, following [1,6,20,24].

Subsystems of a factory and their elements are planned in the course of the factory
planning, whose process has been described by various authors [6,17,25,26] and is based on
the general problem-solving cycle. Factory planning provides design solutions and poten-
tials from a personnel, technical-organizational, economic and environmental perspective
that can be used during factory operation for different target alignments [26]. Factory oper-
ation typically lasts for numerous decades and includes several reconfigurations by factory
planning until end-of-life of the factory is reached. It represents the most relevant life
cycle stage, as most of the environmental impacts and life cycle costs occur during factory
operation [27-29]. During factory operation, production management monitors, controls
and manages the processes in the factory in order to ensure the company’s objectives are
met through the interaction of people, technology and organization as well as cooperation
within and outside the factory [26].

The lower half of Figure 1 shows the traditional economic perspective of factory
planning. First, on the left side, capital costs arise to create the solution space of a factory
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system [6]. Then, operational costs occur until end-of-life. The factory system faces
increasing uncertainties during factory operation [26]. On the one hand, there are internal
and external change drivers arising from higher-level megatrends, which pose ever new
requirements [13]. On the other hand, short-term and operational disturbances have a
relevant impact on performance and are difficult to anticipate [30]. Therefore, a continuous
reorganization of the factory is necessary. As a result, there is a gradual merging of factory
planning and factory operation tasks [17]. If the factory is unable to adapt its facilities and
organization fast enough, it can quickly lose its competitiveness due to the variety and
speed of the influencing factors leading to the end of the factory life cycle [6]. At this point,
the market requirements cannot be fulfilled anymore. Together with management, the
termination of the factory can be decided. Practical experience has shown that complete
dismantling is usually not carried out and resources can be reutilized so that this phase
only plays a minor role from an economic and environmental perspective (e.g., 0.9 %
share of the environmental impact of a modern automobile factory [27]). Additionally, this
phase is accompanied by only a few conceptual decisions. In the further course, potential
activities in this phase are not considered separately, but are discussed in the course of
factory planning.

Due to the increasing relevance of environmental criteria in factory planning, the
concept of life cycle-oriented factory planning was shaped in previous publications [11-14].
Instead of permanently and reactively adapting the factory to quasi-static conditions, life
cycle-oriented factory planning aims for a proactive planning of the factory life cycle. Fac-
tory operation is thought ahead for the long term and a factory configuration is developed
from a life cycle engineering perspective. According to this concept, all factory elements
must be aligned considering their individual life cycles in such a way that economic and
environmental targets are achieved over a given period during the factory life cycle. Fur-
ther information on life cycle engineering in factory planning and a review of associated
frameworks as well as methods and tools are provided in Dér et al. [14].

To operationalize the concept of life cycle-oriented factory planning, there is a need
for a performance measure system that can be used for target setting and target monitoring.
LCA is the methodology that translates energy and material flows into environmental
impacts [31]. Climate change is a relevant but not a solitary impact category [32]. Further
impact categories need to be accounted for in order to avoid problem shifting [33]. The
modeling of impact paths from elementary flows to impact categories originally come
from product perspective [34], partly extended by an economic impact path [35]. A first
application of LCA impact path models in the context of urban factories was conducted by
Juraschek [36]. Monetarily factored flows are considered in the cost structure of a factory,
which can be evaluated holistically using the LCC method according to VDI 2884 [37] or
VDMA 34160 [38] or, with regard to buildings, according to Iso 15686 [39]. The term life
cycle costs is defined as the sum of all expenses required for the intended use of a system
from acquisition to disposal [37]. By analyzing the cost progression, LCC supports the
acquisition of capital goods and long-lived products with high investment costs [40].

Different methodological approaches were presented over the years for the life cycle
evaluation of factories, for example, [11,41,42]. An overview of models for the life cycle
evaluation of factories is provided in [11]. Individual factory elements have already been
modeled for LCC and LCA [43-45]. In particular, machine tools have been examined
in detail. The application of LCA for entire factories based on empirical data is rather
nonexistent; one unique example is the LCA of an automotive factory [27]. While the
modeling, forecasting and design of individual factory elements is well established in
science and practice, it has not yet been possible to transfer the methodology to an entire
factory with its interconnected cycles such as product, process and building life cycles.
Next to methodological questions and limited data availability during planning phases, the
more important barrier is to understand the inner logic of the life cycle behavior of a factory
system. In order to design and operate a factory according to sustainability targets, factory
planning and operation must not only understand the life cycle behavior of single factory
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elements, but, more particularly, gain a comprehensive understanding of the emerging life
cycle behavior of the interconnected factory elements.

3. Development of a System Understanding for Factory Life Cycle Evaluation

Based on the identified research gap, this section forms the methodological foundation
for developing the impact path models as a knowledge base for the subsequent economic
and environmental life cycle evaluation of factory systems. To this end, a conceptual
research approach is applied that can be related to application-oriented science, which aims
to “develop rules, models and procedures for practical action with the help of findings
from the theoretical or fundamental sciences” [46]. The considered research methodology
includes logical-argumentative reference modeling to find suitable solutions [47]. By
creating simplified ideal representations of the system, deepening existing knowledge
and developing design patterns, the life cycle evaluation on the factory level is exploited
efficiently following Weick’s concept of “sensemaking” [48]. First, an integrated control loop
of factory planning and operation is developed that functions as an enabler for building
up a system understanding about the factory life cycle behavior. It serves to derive life
cycle stage-specific actuating and regulating variables, which function as the calculation
basis for LCC and LCA. Afterwards, the functional interactions of the factory elements
are analyzed, which result in life cycle data as a basis for the evaluation of economic and
ecological outcome values. Therefore, the focus is on interdependencies with outcome
values afterwards in order to identify the factory elements with a direct influence on the
factory sustainability. These analyses outline the interdependencies on a high abstraction
level. They serve to ensure valid system modeling of the impact path for evaluation on
the one hand. On the other hand, the comprehensibility of the effects of factory planning
decisions within one factory element and on the rest of the factory is ensured.

Aligning the factory life cycle along economic and environmental targets requires
an awareness about the possibilities for influencing and controlling the factory system as
a prerequisite. Based on control loops in the context of factory planning in the narrow
sense and manufacturing in the broader sense [23,49], an integrated control loop of factory
planning and operation has been developed (Figure 2). The integrated control loop serves
as a basic model for this section. It is based on the premise that there is a gradual merging of
planning and operation towards a life cycle-oriented factory planning. Instead of a reactive
adaptation of the factory, a proactive planning of the factory life cycle must be made. This
integrated control loop emphasizes the cascading nature of decisions from planning to
operation and therefore enables a more precise understanding of the relationship between
factory planning and factory operation for the derivation of relevant system values.

1
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Figure 2. Integrated control loop of factory planning and operation.
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Factory planning is regarded as a control element that sets factory planning targets and
makes design decisions accordingly based on corporate targets (outer command variable).
In addition, disturbances in the form of planning risks and target drivers need to be
accounted for. Therefore, these decisions either involve structural planning to ensure a
long-term development capability or incremental planning for short-term elimination of
disturbances [49]. The result of structural and incremental planning are concepts that serve
as actuators for implementing the decisions. They affect the factory as a controlled system
and its operation, resulting in regulating variables that are monitored in controlling. Their
actual values are influenced by changed requirements or disturbances in factory operation
(operational disturbances and process drivers). If a control deviation occurs and command
variables are not met, the target-actual difference initiates another adjustment of the factory.

The cascading nature of decisions in life cycle-oriented factory planning results from
an additional inner control loop. Production management functions as an additional control
element. A joint controlling mechanism ensures that decisions in both phases are aligned.
With this regard, the control element of production management takes action first. Thereby,
the control deviation is determined based on the targets set by factory planning (inner
command variable). Only once the predefined scope for action in factory operation has
been exhausted by measures in production management, factory planning has to become
active. Factory planning then creates the necessary conditions in the factory system for
compensating the control deviation.

The next step towards the systemic understanding of factory life cycle evaluation
is to relate the control elements from the integrated control loop to the outcome values
for economic and environmental life cycle evaluation of factory systems. The relations
between the economic and environmental outcome values, the planning- and operation-
specific actuating and regulating variables as well as the regulated factory (performance)
are illustrated in Figure 3.

Factory sustainability
|

v v
Economic Environmental
Evaluation Evaluation
Capital Embodied env.
expenditures impact
Design $ * Immanent
value n value
Factory planning
Operational Use _stage env.
_____________ expenditures impact [
_:' Control ! ' State ]
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Factory (performance) system

Figure 3. Performance measurement system for life cycle evaluation of factory systems.
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The fundament of life cycle-oriented factory planning is the performance system
of a factory as the source of the life cycle data, consisting of the individual factory ele-
ments of the design fields explained in Section 2. Both factory planning and production
management can influence the performance system through design or control values as
actuating variables. Decisions in factory planning, which are made by means of design
values, determine the dimension of the factory system and thus determine the immanent
values as an intermediate variable. They form the basis for calculating the outcome values,
capital expenditures and embodied environmental impacts in factory planning. At the
same time, the scope of factory operation is set and can be further regulated by production
management based on control values. As the only regulating variable of the control loop,
state values result from factory operation. They determine the outcome values, operating
costs and use stage environmental impacts.

Corrective action must be taken if the state values do not correspond to the targets set
by management. In the case of major deviations, a structural change is usually required, so
factory planning must intervene. In order for factory planners to be able to knowingly and
purposefully influence the outcome values with the help of factory planning measures, it is
necessary to deepen the comprehensive understanding of the factory performance system.
In Figure 4, the interdependencies between the design fields are further broken down based
on the associated factory elements (see color scheme in Figure 3). It gives an overview
of the main functional interdependencies between factory elements in factory planning
and operation. The interpretation of the relationships indicate that interdependencies
essentially originate from operation so that life cycle perspective must be maintained. The
requirements for the concepts developed in factory planning result partly from the future
interaction in operation (e.g., transport facilities servicing storage facilities).
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Figure 4. Interdependencies between the factory elements in factory planning and operation.

Since value creation of the product represents the central task of a factory, the technical
elements directly involved in value creation occupy a central position. In this context,
production technology determines the performance potential of the factory and its pro-
duction machines. The product itself is the origin of all activities in factory planning and
operation and therefore takes on a superordinate role by setting the central requirements
for technology, organization and space.
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Material
demand

Organization and space, located at the outer edge in Figure 4, represent the spatial
and organizational framework of a factory. Specifically, the organizational concepts receive
the product requirements as an input and plan the process facilities accordingly. Based on
the planning results, further requirements are passed on to the elements of space. Here, the
factory element zone functions as an aggregating element for the individual requirements
(e.g., load-bearing capacity, climate conditions) and realizes them decentrally. For example,
zones in production and logistics areas differ significantly in terms of those requirements.

As already indicated, the TBS are responsible for providing energy and media supply
for design fields’ space and technology in line with the set requirements. The factory
element workplace design defines the working conditions at the workplace depending
on the work content planned in the production and logistics concept and the resulting
specifications. The workers ultimately carry out the work at the process facilities within
the basic conditions of factory operation defined by the organization (e.g., shift model).

Based on the functional interdependencies between the factory elements, a connection
between possible factory planning measures and the outcome values can be established.
Therefore, the factory elements contributing directly to the outcome values of the LCC and
LCA have to be identified, which form the basis for the impact path model in Section 4. As
an inherent part of a factory, each factory element contains the previously identified system
values with the respective shapes (see Figure 3).

Consequently, Figure 5 illustrates the interdependencies of the relevant factory el-
ements with the outcome values. Thereby, Figure 5 is divided into the fields of factory
planning (top section) and operation (bottom section) in line with the performance mea-
surement system presented before. For the application of LCC and LCA in factory planning,
staffing, asset, material and energy demands have to be determined. The material and
energy demands are listed in both fields, whereas the asset and staffing demands are only
displayed once in-between planning and operation. Staffing demand in factory planning
represents the planning effort and will be neglected in the further course of the paper.
In factory operation, it represents the executing staff. Furthermore, the asset demand
contributes to either capital or operating expenditures, depending on the selected operator
model (purchase, rental, etc.).
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Figure 5. Interdependencies between factory elements and the outcome values of a factory over its
life cycle.
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The physical elements are in the center of Figure 5. The spatial elements are located
exclusively in planning and cause embodied material and energy demands during realiza-
tion or dismantling of a factory. Technical elements are responsible for the outcome values
in planning as well as in operation. In addition, the organization functions as a connecting
element and coordinates the demands both in planning and in operation.

In the course of operation, the technical elements require operating materials and spare
parts. Production machines additionally have tooling demands and waste is generated
through scrap and cut-offs. The regular demand for production material is not considered,
since it enters the factory as raw material and leaves again as a finished product after
value creation, thus it is not emitted to the environment. Therefore, only packaging waste
of the product is accounted for. The product passes performance requirements for the
organizational concepts of actuators. The concepts give dimension to the process facilities
based on the product requirements. This results in a certain asset demand, which, in turn,
largely determines the staffing and space demands. The latter must be covered by the spatial
elements, whose reconstruction or creation during factory realization generates embodied
material and energy demands. These are already incurred at the time of acquisition of the
technical elements. In the subsequent factory operation, all technical elements consume
energy for service provision. The most relevant energy forms are electricity and natural gas
for process heat or space heat supply.

As a result, the technical and spatial elements as well as staffing have direct influences
on the outcome values and represent the starting point for the development of a knowledge
base for later applications of LCC and LCA in the context of factory planning. With the help
of the created system understanding for factory life cycle evaluation, the contribution of
the system values of the respective factory elements to the corresponding outcome values
is to be analyzed next.

4. Qualitative Modeling of Interdependencies in a Factory System for Life Cycle
Costing and Assessment

This section presents the impact path model for factory life cycle evaluation. This
knowledge base creates the foundation for the realization of life cycle-oriented factory
planning. Based on the interdependencies between the factory elements, the cross-factory
element interdependencies between the system values are analyzed. They are also subject
to external and internal uncertainties due to change drivers and disturbances throughout
the factory life cycle. A graphical representation of the impact paths was chosen over a
matrix format (Multiple-Domain Matrix) in order to be able to provide an overview of the
different system value categories and to capture the interdependencies between factory
elements in a more transparent way, so that a deeper system understanding is created.
Therefore, the impact path model is structured according to the three concepts of systems
theory [50]. The hierarchical concept provides a subdivision of the model into sub-models.
The sub-models, during factory planning, comprise the planning of process facilities, TBS
and the building as well as human resources. The sub-models focusing on factory operation
include the operation of process facilities including process-related TBS and the operation
of building-related TBS. Each of these sub-models is structured based on the structural
and functional concept shown in Figure 6. It functions as a basic structure for the models
developed in this section.

The upper half focuses on the purpose of the factory elements relevant for the outcome
value considered in the respective sub-models by relating the elements within a factory
element based on description models in the literature [1,18,26,41,51]. On this basis, the
lower half illustrates the interdependencies of the individual system values within a factory
element and in combination with other factory elements. Mapping the interdependen-
cies from the last section on the level of system values allows clarification of how the
corresponding outcome variables of LCC and LCA are composed in a factory system. By
merging the structural and functional view, the system values can be contextualized within
the factory and the requirements for possible characteristics of the values can be understood.
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Outcome-relevant immanent values in factory planning or state values in factory operation
are highlighted in gray in the impact path model. The functional interdependencies be-
tween the system values are marked with the symbols “+” and “—" to indicate the positive
or negative polarity. The sub-models for planning (4.1) and operation (4.2) are presented in

the following.

Basic structure
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Figure 6. Basic structure for the visualization and analysis of interdependencies as a basis for LCC
and LCA.

4.1. Factory Planning

In factory planning, the factory system is dimensioned and production, logistics and
organizational concepts are formulated, thus defining the scope of factory operation. The
decisive outcome values are acquisition, implementation and demolition costs as well
as the related impacts on the environment. Embodied material and energy demands are
crucial for the implementation and demolition costs, in particular for the creation of the
space. In this regard, the energy demands are neglected in the following because they only
play a minor role in the factory life cycle [52].

In the context of factory planning, planning risks and change drivers represent poten-
tial uncertainties [53]. Planning risks can occur in the form of volatility in the individual
system values. If this uncertainty develops after the factory has been implemented, it is
referred to as a change driver.

4.1.1. Process Facilities

One part of the acquisition costs and embodied environmental impacts comes from
the asset demand for the process facilities. Production machines bundle the know-how of a
company and form the basic prerequisite for adding value to the product. Further process
facilities include storage, transport and other facilities. The latter are not explicitly listed
in Figure 7, but basically function in the same way as production machines. They have
a support function for the value creation processes such as storage or transport facilities
and include equipment for quality management (e.g., testing equipment) and logistics (e.g.,
packaging equipment).
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Figure 7. Essential interdependencies for the evaluation of asset demand of process facilities.

Depending on the size of the load carrier, different storage facilities are available for
static and dynamic storage, whose racking systems result in different space requirements
per storage location. Similarly, transport equipment can be divided into continuous and
non-continuous conveyors, whose power unit either runs in continuous operation or in
individual work cycles with defined cycle times. [54] Production machinery either refers to
manufacturing processes as defined in DIN 8580 or to assembly with the partial operations
according to VDI 2860 [6]. The exact specification of the process facilities depends on the
so-called performance capability. It is also the decisive driver for the costs and embodied
environmental impacts in acquisition. The performance capability of storage and transport
facilities is significantly influenced by the level of automation, load-bearing capacity and
the required degree of occupational safety. Production machines differ in the required
energy efficiency, quality, reliability and the level of automation. However, the required
performance capability depends on the planning case and the resulting requirements from
the production and logistics concept.

The production concept describes the basic interrelationships in manufacturing and
assembly and is made up of six further elements. At the center is the respective manufac-
turing principle depending on the production type, etc., which has requirements for the
linking type and structure as a basis for the layout. The demand for production machines is
based on the production quantity, the performance capability of the production machine (in
particular, the process rate) and the available operating time defined by the planned shift
model. The exact specification of the production machines depends on the work content
defined by the product. Similarly, the demand for other facilities depends on the amount of
testing, packaging or picking.

The logistics concept designs the inter- and intralogistics to ensure production and
customer supply. Intralogistics, warehouse and production control concepts are designed
depending on the specifications from procurement and distribution. Similar to production
machines, the demand for transport facilities results from the required process time and
transport frequency. For this, the source-sink relations, the travel path lengths in the layout
and volume flows resulting from the quantity and packaging information are required. In
contrast to the material flow shape and length, the flow intensity can only be influenced to
a very limited extent in the layout of the corresponding zone since the assignment of the
process steps to the workstations is specified in the production concept.
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The demand for storage locations results from the required stock level, consisting of
the rotating and safety stock. The rotating inbound stock depends on the order frequency
or lot size and the resulting stock range. In outbound, the stock range is determined by
the safety time in particular. [10] However, the warehouse capacity is never designed to be
fully utilized, but, rather, 15-20% free storage locations are deliberately planned in order to
be able to ensure proper operation. The type of storage facility is determined based on the
logistics requirements and product specifications and largely determines the performance
capability and the resulting space requirements.

Depending on whether there is no further business need for the process facilities or
end-of-life has been reached, they must either be replaced, disposed of or sold. Minor
dismantling costs may arise. If the facility is not replaced, the layout must be questioned.

The main change drivers affecting the planning of process facilities relate to the
product and the technologies. Demand trends or even new products lead to the necessity
to revise the planned concepts and, thus, require a recalculation of the asset demand. In
contrast, new developments in technologies offer new potential in terms of the performance
capabilities of the process facilities.

4.1.2. Human Resources

In order to be able to create value on the product, employees are needed to provide the
service. Even fully automated processes are still monitored or controlled by employees [55].
Thus, the demand for process facilities is a first indicator for the required staffing on the
shopfloor, which will be discussed in the following. While personnel costs in operation
result from the actual number of hired employees, the calculatory staffing demand is
defined in factory planning (Figure 8). It is considered for production and logistics in
the following, and staffing demand for further activities (e.g., maintenance) are neglected.
More detailed information on headcount planning can be found in Grundig [25].
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Figure 8. Essential interdependencies for the evaluation of staffing demand.

The staffing demand is derived using a simplified staffing ratio, while taking into
account planned absences due to leave entitlements. The actual number of process facilities
to be operated can significantly exceed the demand explained in Section 4.1.1 due to growth
or risk considerations. The staffing ratio depends on the level of automation in particular.
Other concepts, such as multiple machine operation, can also have an influence. The
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resulting calculatory staffing demand serves as an input for the number of positions to be
created in an organizational structure.

The organizational structure describes the relationship between positions and de-
partments in a company. Positions are characterized by the task to be performed, job
assignment, competence and responsibility. The arrangement of jobs creates the structure of
the organization (e.g., line or matrix organizations). Within these structures, the degree of
centralization and delegation can be determined. [56] The requirements for a new position
are defined in a profile of requirements. This must correspond to the performance capability
of an employee, which includes all innate physiological and psychological characteristics
and basic abilities as well as skills and knowledge acquired in the course of life. The
willingness to utilize the range of services that a person is theoretically capable of providing
is defined by the performance readiness. Performance capability and readiness can be
described in detail with various attributes [57]. On the one hand, these attributes affect the
performance of the factory system. On the other hand, they are influenced by the design of
the factory itself.

The number of employees required in operation, and, thus, the actual number of
positions to be filled, ultimately depends on the forecasted production quantities in the
production plan and the resulting required number of shifts. Furthermore, unplanned
absences of employees due to possible sick leave depending on the physique must also be
taken into account. The constitution results from the interaction between stress and strain,
which has already been examined in detail in individual models of the human body [58].
If individual employees are considered for a position but do not fully meet the necessary
requirements, they can be qualified through work organization measures.

Demographic change as a megatrend plays an important role in headcount planning
and intensifies the change drivers aging workforce and shortage of skilled labor. At the
same time, high employee turnover can complicate the basic conditions of a factory. Typical
factory planning measures within this context include an appropriate ergonomic design of
the workplaces or level of automation.

4.1.3. Building Design

In factory planning, form follows function, so the dimensioning of the building is
ideally based on the previously determined process facilities and personnel. The site
specifies the solution space, which was selected as part of the location planning. Given the
focus on the value creating processes, ancillary spaces are neglected in the dimensioning
process. Reference is made to Brofs [59] for detailed considerations. The development of
the site and the construction of the building contribute to implementation and demolition
costs as well as the corresponding environmental impacts. As mentioned at the beginning
of this section, only material and no energy demand is considered in Figure 9. Potential
waste from the deconstruction of buildings can occur during the realization phase as well
as at the end of the factory life cycle.

The solution space of the site is determined by its geometric characteristics and the
resulting effective area, which may be limited by barriers (e.g., existing constructions).
The general development plan determines the location of the buildings and open spaces.
Buildings can be linked using different principles (e.g., star, cross), specifying layout on
the factory level. In the layout, the production (e.g., manufacturing and assembly areas),
storage, transport, office and social areas (e.g., break rooms) are arranged for efficient
material, information and personnel flows. [6] Areas, rooms and paths are created with the
construction of walls, ceilings and stairs. The building consists of the bearing structure,
which determines the static properties with the load-bearing walls and ceilings, and the
building shell, made up of the outer walls and the roof with a protective function for the
factory. The shell is discontinued by gates, windows and openings that allow for the flow
of materials and personnel on the one hand, and natural light on the other. [60]
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Figure 9. Essential interdependencies for the evaluation of material intensity for building design.

The zone captures the space demand with the corresponding requirements, which
mainly originate from the process facilities and related additional spaces for, e.g., paths and
staging areas. In the case of reconstruction of the factory or end-of-life, a certain degree of
demolition is determined, which accounts for the major share of demolition costs. Waste
is generated, whose category depends on the type of building material to be dismantled
and the condition or contamination of the excavated soil. The total space demand of the
building is subdivided into the corresponding areas based on the layout. Building materials
are needed for the development of the areas as well as for the roof and outer walls to
cover the floor space. Both the costs and the environmental impact depend on the type of
building material selected. The requirements of the process facilities are mainly covered
by the clear building height and the floor covering, which must be able to withstand high
loads, providing a level surface and high durability.

The building shell, including windows and doors, as well as the structural shape of
the building have a significant influence on the energy requirements of a building. Due to
climate change and the associated changing climatic conditions over the course of the fac-
tory life cycle, investments in suitable insulation material are a prerequisite for appropriate
production conditions and a proper building climate. In addition, transformable building
structures can compensate the growing requirements due to the influences of the change
drivers on the process facilities described in Section 4.1.1, and, thus, avoid further material
demand or waste caused by sealed area.

4.1.4. Technical Building Services

Finally, as indicated in Figure 10, the TBS need to be dimensioned, which further
contributes to acquisition costs and the associated embodied environmental impact of
the factory system. This includes the process heat supply, information technology and
compressed air systems for the supply of process facilities. Meanwhile, space heat supply
as well as the lighting and HVAC (heating, ventilation and air conditioning) systems fulfill
requirements from the design field space (e.g., building shell and zone).
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Figure 10. Essential interdependencies for the evaluation of asset demand of TBS.

Compressed air supply is broken down into three main elements—generation, treat-
ment and distribution—whereby the compressor is the most relevant energy consumer. If
production machines require a centralized process heat supply, this is performed by the
process heat distribution. In this case, process heat is centrally generated fossil fuel-based,
regenerative or combined. Space heat supply is in a close interaction with the HVAC system
and the building shell. HVAC systems are responsible for ventilation, filtering, heating,
cooling as well as moisturizing of air. To this end, HVAC systems consist of components for
air treatment, air transport, heat exchange and (de)-humidification. Ventilators are one of
the most important electricity consumers in air handling units. [16,18] As a further TBS sub-
system, lighting provides the demand-oriented illumination of the building zones as well
as the workplaces. With respect to managing information flows from the production envi-
ronment, information technology is also part of the TBS. Information technology comprises
hard- and software for data collection, transfer, processing, storage and a man—-machine
interface. Hard- and software have a strong bidirectional connection and are characterized
by short-cyclic innovations. [61]

Requirements from the production concept and the design field space mainly affect
the dimensioning of the various subsystems of the TBS. A fundamental influencing variable
from the production concept is the number of production machines and their respective
energy and media demands. The design field space comes into play regarding building
area and the energetic characteristics of the building shell. Therefore, changes in the process
facilities also have an impact on the TBS. In the case of a removal, disposal or sale of
a facility, the TBS have to be reevaluated. This can also account for a bigger share of
dismantling costs. Generally, changes to the TBS have no conceptual impact on the factory.

When dimensioning the compressed air system, the capacity of the compressors as well
as the distribution system, including compressed air storage, needs to be balanced with the
expected aggregated compressed air demand from the production environment. Likewise,
the dimensioning of the process heat supply is aligned with the aggregated process heat
demand of the centrally supplied production machines. The dimensioning of the space heat
supply must account for requirements from workplace design (e.g., room temperature, air
exchange rate) as well as the thermal balance in the production zone. Hereby, the thermal
balance is calculated during factory planning with the help of simplified assumptions based
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on heating and cooling loads (internal and external loads) and heat losses (transmission
heat losses and ventilation heat losses). The thermal insulation properties of the building
shell and the waste heat from the production machines both play an essential role in this
context. The lighting system and the number of required lamps is determined based on
the illuminance level from workplace design, empirically chosen safety factors and the
illuminated shopfloor area.

Rising energy costs and an increasing awareness for the factory’s carbon footprint are
relevant change drivers in the context of designing and dimensioning TBS. Both change
drivers are simultaneously drivers towards energy efficient factories. Technological ad-
vancements may further promote this development. Exemplary enablers in this way are
higher effectiveness by on-site electricity generation [62] or transitioning to less carbon-
intensive energy carriers [63]. The megatrend of digitalization is an enabler for better
data availability and higher energy transparency as well, which is especially beneficial for
supporting life cycle-oriented decisions during factory planning.

4.2. Factory Operation

In operation, the process facilities ensure value creation and perform the activities
defined in factory planning supported by the TBS. The production program specifies market
demand in terms of production quantities, and the work organization regulates how much
capacity of the factory is used for this purpose. Based on this, the energy, material and
personnel demand and thus the operating costs and corresponding environmental impacts
are determined. Within factory operation, change drivers and operational disturbances are
significant [53]. Operational disturbances are short-term uncertainties in processes that
can lead to disruption of operation. Medium- to long-term change drivers have the same
influence as in planning and present new requirements for the factory.

4.2.1. Process Facilities

Energy and material demand of process facilities have a dynamic nature. On the one
hand, the specific energy and material demand depends on the utilized technology and the
advancing age of the respective factory element. On the other hand, the intensity of use
resulting from the specifications of the production program and the realization of operation
by the work organization determine the total energy and material demands. Figure 11
starts off with the different flows of energy.

The production program is derived from the sales plan of the company. Sales planning
is followed by the determination of the net-primary requirements by the inventory manage-
ment, which corresponds to a preliminary production program proposal. It is eventually
converted into a sourcing program and inhouse production program proposal as the basis
for planning and controlling of the operation [56]. In order to achieve the production
quantities, a certain amount of operating time must be available, which is determined by
the work organization through the working time model. Flexibility in factory operation can
be increased by defining a suitable form of work (e.g., project group work) and structures
(e.g., job rotation).

Electrical energy is generally required for the operation of process facilities, supple-
mented by possible process heat in manufacturing and the resulting demand for natural gas.
The starting point for the determination of the required volumes are the quantities to be
produced, which are allocated over a certain time horizon by production planning, taking
lot sizing and throughput scheduling into account. In production control, the sequence
of production orders is then formed after order release, which also has an influence on
the energy demand [64]. The required process times of the individual process facilities
have already been determined during factory planning. By processing the production
or transport orders, operating times for the process facilities and corresponding energy
demands result depending on the configurations made in factory planning. For example,
the configuration of the factory element influences the power demand, which varies with
advancing age and intensity of use over the life cycle. In production, in particular, it also
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depends on the underlying technology, whose development is subject to a cyclical S-curve

progression [65].
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At

These life cycle-specific mechanisms have a particular influence on the material de-
mand in a factory (see Figure 12), which consists of the demand for spare parts, operating
materials, tools, scrap and waste.
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A central factor of the material demand of process facilities is their technical life
expectancy affected by production technology. It describes technologies that are used to
develop, manufacture, process and assemble products and product components. Based
on a scientific and technical knowledge base, the fundamental manufacturing processes
are available for problem solving and are subject to a maturing process. The technical life
expectancy defines the extent of the wear margin, whose reduction depends on the intensity
of use during operation. The higher the intensity of use of the process facilities, the higher
the corresponding wear and tear. The wear margin can be restored through maintenance
activities. They are planned as part of the maintenance concept and include all activities
required to maintain and restore the functionality of technical factory elements [23,66]. The
maintenance strategy can be divided into preventive (service, inspection and improvement)
and corrective (repair) maintenance. The latter applies after failure of the process facilities.
The interval between failures is determined by the MTBF. Maintenance activities on the
process facilities lead to a demand for spare parts, operating materials and personnel.
Due to the value-adding process, manufacturing machines take on a special role. If large
tools are involved, a separate maintenance department is usually in charge. Depending
on the production technology, the manufacturing process can also lead to an additional
operating material demand (e.g., cooling lubricants). Maintenance activities maintain the
technical condition of the process facilities so that minimum energy consumption, high
quality rates and a maximum technical lifespan with low downtimes can be ensured. The
precise correlation with the progression of the wear margin depends on the individual
machine components and has already been studied extensively in the literature in specific
models [67]. In addition to the technical quality rate, the error rate of the employees is also
decisive for the scrap rate. It is influenced by the experience, qualification and learning
behavior of the employees. Cut-offs and packaging waste are the final forms of material
demand and are significantly influenced by the material efficiency of the production
technology and the degree and type of packaging defined in the logistics concept.

Exemplary change drivers that have a high significance in factory operation regarding
process facilities are new requirements for product quality, new process guidelines and the
availability of skilled workers. They have a considerable influence on scrap and cut-offs.
Short-term operational disturbances include poor material quality, incorrect operation of
the process facilities, and spare parts availability. They affect the probability of failure and
the internal quality rate in particular.

4.2.2. Technical Building Services

As Section 4.2.1 includes the impact path for TBS that supply the process facilities
with energy and media demands, this section focuses on the building-related subsystems
of the TBS. Building-related TBS such as the space heat supply, HVAC systems and the
lighting system maintain defined production conditions in the production environment.
The logic of material flows can be transferred analogously from the previously described
interdependencies in Section 4.2.1. Therefore, the impact path of the energy demand of
building-related TBS during the operation of a factory will be explained in the following
(Figure 13).

The usage intensity, aging process and respective deterioration behavior of each TBS
subsystem is undoubtedly individual. However, these are mainly operation-induced
interdependencies and thus can be traced back in essence to production volumes and the
accompanying shift model. Therefore, the shift model influences the energy demand of TBS
directly in terms of operating time in combination with the required power consumption.
The power consumption was already fixed to a large extent during the dimensioning of TBS
in the planning phases. Furthermore, the actually required production conditions influence
the power consumption. These conditions are derived from the interplay of workplace
design and production zone. Workplace design defines the working conditions for workers.
Therefore, human factors such as ergonomics, occupational safety and color design should
be the center of attention. These factors also influence the work equipment and the design
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of the work process and pose requirements for illumination and the climate. The climate
describes, thereby, the air and radiant temperature, humidity, air velocity and purity.
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Figure 13. Essential interdependencies for the evaluation of energy demand of building-related TBS
in operation.

Next to already described change drivers such as increasing energy prices and new
technologies (see Section 4.1.4.), the changing climate is a relevant change driver, which
influences the external thermal load. Additionally, it can lead to natural disasters that
may restrict factory operation. The aging process can facilitate short-term operational
disturbances. Unless appropriate measures are taken, the probability of equipment failure
or performance degradation increases, for example.

5. Exemplary Application of the Impact Path Model in a Brownfield Planning Project

The case study demonstrates the conceptual results by showing how the impact
path model can be used as a knowledge base in factory planning. A brownfield factory
planning project is considered, where three different planning variants are qualitatively
examined. The product portfolio of the factory comprises composite bending plates for
various application scenarios such as automotive, sports and running prostheses. Various
production and logistics concepts are conceivable for the production of the bending plates.
The process chain of the composite bending plates starts with cutting and stacking of
semi-finished products, which is followed by consolidation in a press. Afterwards, the
bending plates undergo a heat treatment and a finalizing machining process. Resin transfer
molding (RTM) and prepreg pressing are equally qualified for the consolidation step,
however, they require different semi-finished products and processing times. Currently,
pure composite plates are produced. Despite technological superiority and an existing
production technology for hybrid bending plates (i.e., metal-fiber laminates), a switch from
pure composite bending plates has yet been postponed due to higher material costs. A
comparative analysis of the production costs and further details about the case study can
be found in Rothe et. al. [68].

In light of a vast growth forecast for the demand of bending plates for running pros-
theses, the manufacturing company has made a decision to position itself more strongly in
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this field. In order to integrate development and production more closely, the company is
considering relocating the production of bending plates back to its headquarters. Space
utilization at the current production facility is very high, so a reorganization of the factory
must be carried out first in order to clear the necessary space for the relocation. Consid-
erations show that by moving spaces in the layout, one factory building can be emptied.
The building is not ideally suited from a logistical perspective, as it is located on the outer
edge of the factory site, standalone and separated from the main building. The supply of
raw material and pickup of finished products will require shuttle transports, leading to an
undirected flow of materials on site. Alternatively, an expansion area on site is available for
the production of the bending plates. Eventually, three different planning variants emerged,
which are summarized in Figure 14.
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Figure 14. Comparison of the developed planning variants for the relocation of the products.

Planning variant “A” plans the integration of production into the emptied building
based on the existing concepts and without any additional reconstruction of the building.
Prepreg pressing is used, as RTM was not considered in the past due to the high acquisition
costs. For automotive and skis, each product family runs on its own press, whereas
workshop production is used for prosthesis. The concept will be continued and expanded
accordingly due to the necessary capacity expansion. From the building perspective,
only the required media connections are installed, and the layout is implemented with
corresponding markings on the building floor.

In order to increase the degree of freedom in factory planning, renovation of the
building is proposed in planning variant “B”. Specifically, the building floor is upgraded.
This provides the basis for using a conveyor oven instead of a batch oven. Furthermore, a
production technology switch from prepreg pressing to RTM is planned. This is expected
to eliminate the cooling chamber for semi-finished products and reduce processing times.
Because of the expected increase in production quantities, transitions to line production
and automation of the stacking process are also planned for the prostheses. Restrictions
remain due to the dimensions and location of the existing building.

In planning variant “C”, an extension building on site is planned for the production
concept described in planning variant “B”. The layout of the building zones is designed
without any restrictions and the building shell meets the latest energy efficiency standards.
The shape of the building is constrained by the factory site, but the required space is
available next to the main production building, where central logistics is also located. The
existing material flow in the main building is extended orthogonally. The extension building
is ideally integrated through a holistic logistics concept with tugger trains, complemented
by automated intralogistics using AGVs if possible.
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Capital
expenditures

The impact path model was used to derive the relevant data for the economic and
environmental evaluation of the planning variants over a length of 10 years. Figure 15
shows exemplarily the impact paths for planning variant “A”, which illustrates how the
individual system values are combined into the outcome values in planning and operation.
The dashed arrows represent a selection of the interdependencies discussed in detail in the
previous section. The solid arrows symbolize the outcome-relevant interdependencies. In
factory planning, the acquisition and implementation of the technical and spatial factory
elements entail capital expenditures and embodied emissions. Other environmental impacts
are not considered in this case study. In factory operation, the material and energy demands
are factorized depending on the evaluation dimension (e.g., unit price or the CO2 factor).
Material demands for the bending plates are included in the considerations, except for
scrap material and cut-offs.

Environmental Operational Environmental
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Figure 15. Exemplary calculation of outcome values for planning variant “A”.

In factory planning, the capital expenditure and embodied emissions can be quanti-
fied rather precisely at the end of the planning process. At the latest, during preparation
for realization of the factory, when the exact configuration and properties of the factory
elements are known. At the beginning of the concept phase, this is still an estimate, which
is subject to uncertainties and becomes more precise with a detailing requirements profile
as the planning process progresses. In contrast, the operating costs and use stage emissions
in factory operation are dependent on the dynamics of the operating procedure and the
associated changes of state of the process facilities. In the example of planning variant “A”,
a total demand for electrical energy of 1,154,370 kWh can be statically calculated for the
process facilities and TBS while taking assumptions into account (e.g., 5-day operation,
three-shift model). Since the operation phase becomes more relevant with an increasing
period of consideration of the factory life cycle, the focus should be placed on the corre-
sponding dynamics in the LCC and LCA. These dynamics are qualitatively outlined in
Figure 16 as a beam in factory operation and are reinforced by the occurrence of change
drivers and disturbances. An exact quantitative assessment of the confidence interval
is only feasible with the envisioned forecasting model, which will enable a directionally
reliable evaluation of the planning variants over the factory life cycle to support decision
making in factory planning.
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Figure 16. Qualitative comparison of costs and environmental impacts of the planning variants over
the factory life cycle.

Based on the data recorded with the impact path model and static calculation of the
outcome values, a linear progression in factory operation and an overall outcome value
of the individual planning variants are obtained for the following comparison. Planning
variants B and C are advantageous from a factory life cycle perspective. Economically,
variant C stands out in particular because of the integrated logistics concept and the
associated optimized operating costs for process facilities and personnel. For the supply
of production in variants A and B, a shuttle service has to be established, leading to an
undirected material flow. By automating the stacking process in the course of the higher
production quantities, a part of the operating costs can be compensated. Furthermore, the
asset demand can be reduced by switching to RTM and line production while eliminating
the need for a cold storage of semi-finished products. To achieve this, part of the process
facility has to be replaced, which also entails modernization. As a result, there is less
downtime, higher energy efficiency and an improved quality rate. For this reason, variant
B is most advantageous from an environmental point of view for the given period of the
life cycle. However, because of the high efficiency standard of the new extension building,
the consumption of the TBS is significantly lower in variant C. Therefore, the new building
outweighs the other planning variants from an environmental point of view over a longer
period of the life cycle. The higher embodied environmental impact is to be compensated
due to lower overall energy demand of variant C.

6. Discussion

The developed impact path models uncover the cost and environmental interdepen-
dencies in a factory for the first time. The graphical representation enables the identification
of the essential impact paths on first sight. With an increasing number of impact paths,
however, the complexity of the models increases significantly. When analyzing the interde-
pendencies of their system values, the correct level of detail posed the greatest challenge.
Here, it was necessary to distinguish the significant from the insignificant by identifying the
direct contribution to an outcome value. Limitations come from the deductive and logical
argumentative approach, whose resulting interdependencies have not yet been empirically
verified. Therefore, in order to be able to make a directionally reliable forecast of the trends,
it is necessary to implement the impact path model in a quantitative LC-model. This way,
the identified impact paths can be quantified and the interrelationship between factory
planning and operation indicated in the case study become transparent. Currently, the
impact path models qualitatively describe the impact of factory planning measures on
operations. By combining the individual qualitative models in a quantitative LC-model,
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trade-offs between the outcome values can be evaluated. The quantitative description of
system values enables a weighing between capital expenditures or embodied environmen-
tal impacts and operating costs or use stage environmental impacts on the basis of the
impact paths. When modeling the entire factory, the proper level of detail and the selection
of a suitable modeling technique play an important role. In addition, change drivers and
disturbances must be taken into account in order to fulfil the character of a quantitative
prognosis model. In particular, brownfield planning, which represents the majority of
planning cases, poses a major challenge in modeling and evaluating the factory life cycle
with their heterogeneous life cycles. The current values of the system values of the present
factory have to be collected and the quantitative model has to be parameterized accordingly.
This poses a challenge especially for abstract values such as the wear margin.

7. Conclusions

Higher dynamics in factory operation and increased competitive pressure among
companies require factory planning to prepare the factory for its life cycle in the best
possible way. Short-term disturbances cause turbulence and increasingly influence factory
operation. Longer-term developments lead to ever increasing requirements for the factory.
Above all, the ongoing climate change requires CO,-neutral factories in a timely manner.
In order to ensure the competitiveness of a factory over the period under consideration,
LCC and LCA are increasingly becoming important in factory planning. This allows for
uncertainties in factory operation to be factored in during planning and to ensure the
economic and environmental sustainability—the survival—of factories over the considered
part of the life cycle. However, system understanding about life cycle-oriented planning
of factory configurations is missing and the effect structure in relation to outcome values
is not known. In this paper, an impact path model was presented as a basis for LCC and
LCA in factory planning. For this purpose, the necessary system understanding about life
cycle-oriented factory planning was created first, and then sub-models were developed to
analyze the contribution of relevant factory elements to the economic and environmental
outcome values. On the one hand, planning measures for the sustainable design of a factory
can be derived by a factory planner based on the developed knowledge base. On the
other hand, data requirements can be determined by a company for the LCC and LCA
evaluation of a factory. This way, the economic and environmental sustainability of a
factory becomes more transparent, giving companies the opportunity to actively influence
the sustainability positively based on the gained understanding. To this extent, the case
study at the end of the paper demonstrated that emphasis should be given to the hidden
cost and environmental impact trends during operation at the time of factory planning.
Future research has to develop the impact path models towards the envisioned quantitative
LC-model. The developed performance measurement system has to be implemented in the
prognosis model so that different factory configurations can be evaluated quantitatively in
order to support decision making in factory planning. The model can also be detailed for
different use cases at lower factory levels if required. For this purpose, the connectivity of
the impact path model with more detailed models, such as the wear and tear of a technical
factory elements, was indicated.
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