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Abstract

The cost and performance structure of a factory is determined in factory planning and activated in the
operation phase with a time delay. Even though the majority of investments result from structural planning,
the first conceptual and most important step in factory planning, the majority of costs occur during factory
operation, the longest phase of a factory life cycle. Life cycle-oriented factory planning seeks to anticipate
operation in order to increase the performance potential and reduce total costs over the entire factory life
cycle. Experience shows that this can reduce total costs by about one-third, 80% of which are unplanned
operating costs. Therefore, it is imperative to be aware of possible uncertainties in the course of a factory
life cycle as a factory planner. Up to now, there has been an inconsistent understanding in this regard. By
definition, the emphasis has been on long-term change drivers influenced by megatrends due to the strategic
orientation of factory planning. The current crisis situation illustrates the relevance of an operational view
on potential short-term uncertainties. The goal of the paper is to analyze the uncertainty over the factory life
cycle in its entirety and to create a common understanding for factory planning so that life cycle-oriented
planning and evaluation of factories can be aligned accordingly.
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1. Introduction

The meta-goal "profitability of a factory" ensures the success of a company by producing products
competitively in the long term [1]. Factory planning is responsible for the design of a factory according to
corporate requirements [2]. It defines the cost structure of a factory and a large proportion of its costs,
although they do not emerge until the factory is in operation [3]. Factory operation is the longest and hence
most important life cycle phase of a factory, which can last several decades [4,5]. On the workstation level,
capital expenditures are known to account for about 25 % of life cycle costs, while operating expenditures
are associated with 75 %. Therefore, a life cycle-oriented system configuration can reduce total costs by
about one-third over the lifetime of a machine. In particular, unplanned operating costs are reduced by 80 %.
[6] If established on factory level, this involves the consideration of increasing uncertainties during factory
operation. On the one hand, long-term megatrends such as digitization, mass customization or climate change
are intensifying the effect of change drivers, which repeatedly create new requirements for the factory. On
the other hand, there are short-term disturbances that can lead to disruptions in operations, which have a
relevant impact on the profitability of a factory and are difficult to anticipate. [7,8] Instead of permanently
and reactively adapting the factory to quasi-static conditions, life cycle-oriented factory planning aims for
proactive planning of the factory life cycle. Operations is considered prospectively during planning, and a
factory concept is developed from a life cycle-oriented perspective. [9] However, in contrast to capital
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expenditures, which can be determined at the end of the conceptual factory planning phases at the latest,
operating expenditures can only be forecasted and are accompanied by the operational uncertainties
described above. Therefore, the goal of this paper is to establish a clear understanding of uncertainty
throughout the factory life cycle in order to create the basis for life cycle-oriented factory planning and
clarification of factory design decisions for coping with uncertainties.

2. Background and state of research

2.1 Life Cycle Evaluation

A life cycle describes typical cyclical patterns of an observed system over time [10]. Based on these patterns,
the life cycle of technical and socio-technical systems can be divided into several life cycle phases. Life
cycle models consider either the chronological sequence of life cycle phases, e.g. from the raw material to
the end-of-life of a product (flow orientation) or the time-dependent state development, e.g. of customer
demand from the introduction to the phase-out of a product (state orientation) [10,11]. In technical systems
such as a factory, value is created by combining the production factors equipment, material, energy,
information and personnel [12]. Therefore, the production system is also called a flow system that converts
the inputs material, energy and information into products and services [13]. The exchange of flows with the
ecosphere consequently leads to environmental impacts that can be assessed and visualized with the help of
life cycle assessment (LCA) [14]. The elementary flows determined in the life cycle inventory are analyzed
in the impact assessment with regard to their environmental consequences [10]. Monetarily factored
elementary flows are included in the cost structure of a factory, which can be evaluated holistically using the
life cycle costing (LCC) method. Life cycle costs are defined as the sum of all expenses required for the
intended use of a system from acquisition to disposal [15]. A holistic view of life cycle costs supports the
acquisition of capital goods and long-lived products with high investment costs [16]. The life cycle-oriented
perspective on the economic and environmental sustainability of a factory is summarized in figure 1:

Factory sustainability

Capital Embodied Operational Use stage
expenditures environ. impact expenditures environ. impact
| | | |
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Figure 1: Performance measurement system for factory life cycle evaluation (following [17])

2.2 Factory Life Cycle

The life cycle approach was first applied to an entire factory system by SCHMENNER [18]. In recent
publications, the approach has been adopted, and the term "factory as product” is used. Thus, a factory can
be considered a very complex product with a long life cycle. As a result, the life cycle concept of a product
can also be applied to a factory [19]. However, the factory consists of diverse factory elements that can be
assigned to the design fields of technology, space or organization as well as to a hierarchical structure of the
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factory. The levels of the factory are plant, factory, section and workstation with decreasing level of detail
[20]. The sustainability of a factory cannot be influenced directly. It is determined indirectly through the
design of the factory elements within the framework of factory planning [21]. The process of factory
planning has been described by various authors [22-24,20], which have been combined in VDI Guideline
5200 [25]. Throughout the planning process, developed planning variants are evaluated, and a preferred
option is selected for subsequent planning steps or the eventual implementation. An overview of factory
models and models for life cycle evaluation of factories was given by NIELSEN ET AL. [26] and updated by
DER ET AL. [17]. Several detailed models are available for describing the life cycle of individual factory
elements. These models address life cycle costs and environmental impacts quantitatively so that they can
be used for decision-making. Qualitative description models are predominant for the entire factory. The
qualitative approaches either represent phase models or address abstract qualitative key figures such as the
utility value shown in Figure 2.

Factory life cycle

Factory reconfiguration &
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construction Factory operation
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Figure 2: Qualitative model of the factory life cycle, based on [26,27]

The abstract concept of utility value describes whether the main function of a factory element meets the set
requirements. Once the required performance cannot be fulfilled, the utility value drops, and the life cycle
comes to an end. Therefore, it represents the individual life cycle behaviour of a factory element. The factory
elements interact with each other so that requirements are also mutually placed [9]. Ultimately, however, the
requirements come from the market, namely the products to be produced [28]. In the past, change and new
requirements have always accompanied human, social and industrial developments [29]. In this context,
three main stages of industrial development can be differentiated, which result in a static, dynamic and
turbulent zone [30]: In the static zone of craftsmanship, it was not mandatory to adapt to economic changes.
The beginning of the industrial revolution marked the dynamic zone, where strategic market developments
were easy to predict given their low dynamism. The current globally interlinked information age is
characterized as a turbulent zone due to the unpredictability of economic, technical and political events. The
behaviour of the factory environment was first compared to the physical concept of turbulence in the early
1990s by H.-J. WARNECKE [31]. Here, turbulence describes instabilities of gases and fluids as well as
cyclonic actions that are difficult to control [32]. In factory planning, the turbulence behaviour of the factory
environment was derived from its dynamics and complexity. Environment dynamics describe erratic and
unpredictable changes at an unprecedented speed. The significant increase in environmental complexity
describes the numerous, strongly linked influencing factors whose interaction is constantly changing [33].
HERNANDEZ therefore summarizes that due to the given uncertainty, the traditional ability to forecast
developments is practically non-existent. The risk of misjudgment and misinterpretation exceeds the
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tolerable level. [29] The term risk is closely related to uncertainty as a lack of knowledge or information that
makes the occurrence of a future environmental condition or event not predictable with certainty [34]. If
uncertainty can be described as a state of incomplete information and decision-makers can estimate
subjective or objective probabilities of occurrence, different environmental states or characteristics of events
are referred to as risks [35]. Recent crisis situations such as the Covid pandemic or the Ukraine war show
that these uncertainties are no longer just about change but also about sudden disruptions so that the original
turbulence characteristics of instability and uncontrollability apply more than ever today. At the same time,
the efficiency gains sought in the past as well as the increasing complexity of production processes and the
associated organization are contributing to the increasing vulnerability of factories [36,37]. 50% of all
companies surveyed rank operational disruptions as the most serious business risk [38]. Earlier legalities are
at least temporarily suspended, and stability of operations cannot be assumed. Due to the increased
occurrence of unpredictable, disruptive events, the factory system sometimes rarely reaches a steady state.
Therefore, life cycle-oriented factory planning must prepare the factory not only for medium- to long-term
changes but also for short-term disruptions in the future.

2.3 Life cycle-oriented factory planning

The inherent uncertainties in both the factory and the factory environment mean that continuous
reorganization of the factory is necessary [20]. Instead of permanently and reactively adapting the factory to
quasi-static conditions, life cycle-oriented factory planning aims for proactive planning of the factory.
Factory operation is anticipated and a factory configuration is developed and selected whose life cycle costs
are minimal [9]. A final evaluation of the economic efficiency of the planned factory configuration can only
be made by considering the factory life cycle. Any efforts to prepare the factory for turbulence will only pay
off in the event of need. However, the occurrence of the event remains an uncertain variable. The higher the
number and intensity of possible turbulences in the course of the factory life cycle, the faster the break-even
point of additional expenditures is reached. Therefore, it is essential that life cycle-oriented factory planning
takes into account both short-term as well as medium- to long-term uncertainties when planning and
evaluating a factory configuration. Against this background, existing approaches are examined regarding
their consideration of uncertainties over the factory life cycle.

Due to the historical development of the understanding of turbulence, there are many approaches in the field
of factory planning that deal with uncertainties in the form of possible changes over the factory life cycle
and the resulting new requirements for the factory. HERNANDEZ uses scenario management to determine the
need for change [29]. KLEMKE aims to simplify existing approaches of transformability and examines change
drivers in more detail [39]. Other approaches focus in particular on the product as a significant change driver
in the form of quantity developments [40,41] or new product variants [42—44]. Short-term uncertainties with
a disruptive effect on factory operations are anticipated by only a few approaches in factory planning.
Usually, the focus is on demand fluctuations (as opposed to demand trends related to medium- to long-term
uncertainties) and associated capacity requirements [45,46]. PEUKERT and KNUPPEL are the only ones to
consider disruptions holistically from a strategic perspective, with KNUPPEL focusing on improving system
understanding through system dynamics modelling of the cause-effect relationships of disturbance variables
in complex factory systems [37] and PEUKERT considering the factory merely as a network element of a
production network. Her approach is based on a catalogue of disruptions from the production and logistics
point of view, whose effects are evaluated for strategic network design [47].

Currently, there is no approach in factory planning that considers the entire uncertainty spectrum over the
factory life cycle. In particular, the effects of short-term disruptive events are only investigated to a limited
extent. There is a lack of an adequate quantitative approach to evaluate the interactions of a factory with its
turbulent effects. A dynamic consideration of randomness in terms of disturbances and change drivers is
non-existent. Therefore, a literature review is conducted next in order to analyze uncertainty over the factory
life cycle so that a basis for differentiation is established.

781



3. Literature Review

3.1 Overview

Accidents, probability and possibility are historically the first terms associated with uncertainty, dating back
to Aristotle [8]. Uncertainty is omnipresent in a socio-technical system and variability is inevitable during
the production of products, which is why MORSE ET AL. conducted an extensive literature review on
uncertainty throughout the product life cycle [48]: According to THUNNISSEN, aleatory and epidemistic
uncertainties form a basic distinction [49]. Aleatory uncertainty is the inherent variation or variability in a
physical system and its environment that cannot be reduced. Epidemistic uncertainty means total
unawareness about some constituent elements of the system or environment. ENGELHART ET AL. also refer
to aleatory uncertainty as stochastic in terms of the probability and spread of an event and epidemistic
uncertainty as unknown in terms of lack of knowledge about an event, effect, or behavior of a system.
Estimated uncertainty involves both classifications because the effect is known, but the probability of the
event is only partially quantifiable [50].

Economic decision theory [S1] differentiates between a decision under certainty and a decision under
uncertainty in terms of the completeness of the information. If probabilities for uncertainty are known, it is
a decision under risk, otherwise it is a decision under incertitude. In many cases, risk is considered to be
value-neutral, so both negative deviations in terms of loss possibilities (danger) and positive deviations of
an expected outcome in terms of profit possibilities (opportunity) are included [52]. The subdivision of
decisions under uncertainty can be traced back to KNIGHT, who attributes incertitude to one-time decisions
that do not occur again [35]. In the field of order management for planning and controlling factory operations,
uncertainties are also called turbulence drivers, which result in possible triggers for turbulence [53]. For
planning, plan adjustments, fluctuations and variances are relevant because mean key figure values then
become insignificant for values of individual orders. Unexpected deviations are relevant for controlling
because they jeopardize the fulfilment of promised dates and thus the adherence to the planned schedule.
Uncertainties can trigger certain events or environmental conditions [8]. In the literature on economics, they
include the possibility of a deviation in target achievement and are called risk if it can be identified, analyzed,
managed and controlled [8,54]. In this regard, WINCH AND MAYTORENA have elaborated four pairs of terms
in a cognitive approach for project management [55]:

— Known knowns: Cognitive state of risk for which the source can be identified, and a probability
distribution applied.

— Unknown knowns: Cognitive state of risk for which the source can be identified and a probability
distribution applied, but the information is not accessible.

— Known unknowns: Cognitive state of incertitude for which the source can be identified, but a
probability distribution cannot be applied to determine the probability of a risk event.

— Unknown unknowns: Cognitive state of incertitude for which the source of risk cannot be identified
and, therefore, the probabilities cannot be applied.

IVANOV extends that the occurrence of an event can also be described non-stochastically. Instead of aleatory
variables with known distributions, fuzzy descriptions can be used [8]. The events and environmental
conditions will be considered in more detail below as disturbances and change drivers.

3.2 Disturbances

Disturbances refer to specific individual events in factory operations that cause an unplanned impairment or
deviation from the desired system state or process flow [56]. They can be distinguished by system
boundaries, the place of occurrence, their duration or their frequency of occurrence [47]. The occurrence of
an event (disturbance cause) is also referred to as a disturbance variable, which has a random and uncertain
effect on a factory and can result in an undesirable effect (disturbance effect) [57]. In order management,
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events with a disturbing effect are called turbulence seeds, which are caused by the impact of the explained
turbulence drivers on the three essential process steps procurement, production and delivery and resulting in
possible triggers for turbulence. The morphology of the turbulence seeds shows that time, date and quantity
changes apply predominantly to procurement and delivery, while in production, rather changes in the order
mix and the availability of the production resources cause turbulences.[58] Disturbances represent causal
cause-effect chains, which in practice are often multi-level situations [59]. By affecting factory elements and
processes, disturbances can lead to business disruptions, depending on how vulnerable or sensitive the
factory is to disturbances [8]. They have a negative impact on the performance of a factory, which means
that the overall targets time, cost and quality can be missed [56,37]. In order management, such an
operational disruption is regarded as full turbulence, in which the current actual values of relevant
characteristic key figures deviate significantly from their mean value. A tolerance derived from different
requirements defines the permissible deviation from the target value, which according to H.-H. WIENDAHL
is subjectively defined and objectively strained:[58]

— Objective turbulence represents an unexpectedly occurred deviation beyond the planned tolerance
so that the assumptions made in the planning for the future have failed in their predictability. In
contrast to predictable and weak deviations, sudden and strong deviations cause turbulence and,
thus, uncertainty within the planning horizon [60]

— Subjective turbulence describes an expected deviation due to a turbulence seed, whose relevance is
to be evaluated during planning in order to provide sufficient tolerance for the actual occurrence and
thus prevent deviations from the plan.

Disturbances or turbulence seeds are, therefore, either known and predictable or unknown and unpredictable.
The known events can be modelled with deterministic or stochastic methods, and their disturbance effect
can be estimated [57]. Here, the objective view describes the market requirements and determines the
theoretically necessary factory configuration. The subjective aspect evaluates the capabilities compared to
the requirements and determines the practically realized factory configuration. For example, the greater the
volume fluctuations compared to the available volume flexibility, the higher the turbulence. Significant
deviations from the idealized flow pattern of the factory result and the lead time of individual orders varies
enormously. In the case of full turbulence, the requirements can no longer be met due to the variability of
the turbulence drivers. The planning in the classical sense loses its task, and operations cannot be maintained
permanently or only with high effort, leading to an operational disruption. [61]

3.3 Change Drivers

Change drivers influence the basic conditions of a factory, place new requirements and thus lead to a strategic
need for change [62]. They influence and determine the required values of the change dimensions cost, time
and quality as essential production indicators as well as the required quantity and product variants, that must
be met for competitive factory operations [39]. Change dimensions are also referred to as receptors, as they
represent receiving devices of a system that is sensitive to specific stimuli, which is then passed on: A change
in the dimensions by change drivers leads to a need for change in a factory. Some drivers have a direct
influence on the factory and its elements. [63] Following KLEMKE, a distinction can thus be made between
target drivers as well as process and element drivers [39]:

— Target drivers influence the change dimensions and thus place new requirements on the factory. If
the changed target values of a dimension cannot be met, a factory adjustment is necessary.

— Process and element drivers have an influence on the basic conditions of a factory. When the
drivers occur, specific elements of the factory must be adapted to the changed conditions, which in
turn can have a negative impact on the target values of all dimensions.

Due to the unpredictable environment, it is difficult to predict which adjustments will be necessary in the
future [1]. However, in contrast to disturbances, a predictive ability is assumed in general. That is why
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KLEMKE excludes uncertainties which cannot be predicted with approximate accuracy even by technical
experts (e.g. natural disasters) [39]. The forecasting ability results from the influence of megatrends, which
represent long-term developments with great relevance from an economic, political and social perspective.
Due to the influences of megatrends, the environment of manufacturing companies is constantly changing
[64]. Change drivers are also referred to as the impact of megatrends on the factory environment [39]. This
in turn results in complex cause-effect relationships between megatrends, change drivers and the factory
[62]. The interactions between megatrends, depending on their geographic manifestation, determine the
probability and extent of change drivers [65]. They can affect factories internally, i.e. from within a company,
or externally, i.e. from the environment of a company. The factory elements affected by the change are
themselves in a complex multi-level network with dynamic feedback [62]. Change drivers are therefore
medium- to long-term uncertainties that are generally known and predictable.

4. Differentiation Of Uncertainty Over The Factory Life Cycle

Using insights gained from the literature review, the short-term disturbances are to be consistently
differentiated from the medium- to long-term change drivers in the following. Hereby, a theoretical basis for
the alignment of life cycle-oriented factory planning is provided. Due to the increased inclusion of operations
during the conceptual design of a factory in life cycle-oriented factory planning, it is particularly important
to focus more strongly on possible disturbances and potentially associated operational disruptions, which
have a high relevance in the current time. Stress tests of design variants are carried out in order to select the
variant that can cope best with uncertainty during factory operations. For this purpose, the term uncertainty
is divided into risk and incertitude in the context of a factory life cycle (see Figure 3).

Uncertainty

Risk Incertitude
|
I I
Chg nge Disturbance
drivers
Change Disruption Disruption
(Disparity) (Turbulence) (Chaos)

Figure 3: Differentiation of uncertainty over the factory life cycle

Incertitude results from epidemic uncertainty with no knowledge of the origin, probability of occurrence, or
possible effect (known/unknown unknowns). It is an unforeseen deviation from an outcome. Accordingly,
a subjective evaluation can only be made without the expertise or experience that is actually required. In
contrast, a risk results from aleatory uncertainty, for which knowledge is available about the probability and
distribution of variation in a system and its environment (known/unknown knowns). In most practical
planning situations, objective probabilities do not exist [51]. Subjective probabilities incorporate the
experience and intuition of a factory planner. Therefore, incertitudes are also handled as a risk in real
planning situations, using assumptions nevertheless. Otherwise, incertitude would remain completely
unconsidered in factory planning.

Risks describe the possible occurrence of different environmental conditions or events as a state of
incomplete information, which can lead to a deviation between the target and actual values in controlling. If
risks actually occur, a distinction is made between change drivers and disturbances. Change drivers can lead
to both a positive (opportunity) and negative (danger) deviation. As an environmental condition, they cannot
be influenced by factory planning, but they determine the outcome of a decision. In contrast, disturbances
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refer to events affecting individual factory elements that may lead to missed targets. Given their origin in
aleatory uncertainty, they are usually known and predictable. As long as a factory is not in a steady state,
they are deterministic or predetermined. In the case of reasonably stable processes, they are stochastic or
random.

Disturbances can have an immediate effect on the actual values and thus on the current target achievement
of factory operation or cause short-term changes in target values. Without further measures, they can lead to
operational disruption, depending on the vulnerability of a factory. Based on the turbulence classes of order
management, turbulence gradually arises [66]. In the case of weak turbulence, individual disturbances affect
the primary movement of the material flow within a section. The lead time of individual orders deviates
significantly and a high level of control effort is required to maintain the flow. Full turbulence affects the
entire factory. There is no continuous material flow, which is overlapped by disturbances and can break off
leading to a disruption. If incertitude suddenly occurs as an unknown or objectively unpredictable event, it
can directly trigger an operational disruption. The event is unexpected, the effect can usually not be absorbed
economically so that an unprepared factory is threatened with chaos. The material flow breaks off
immediately. In contrast, change drivers do not have a disruptive effect and thus have no direct influence on
the current processes in factory operation. At the most, they can facilitate the occurrence of disturbances
through a change in system state (e.g. ageing behaviour). Instead, they result in new restrictions, potentials
for the actual values or requirements for target achievement as new medium- to long-term target values. This
prevailing disparity is balanced by implemented changes that ultimately transform operations and adapt
processes to new conditions. Change drivers explicitly refer to future environmental conditions after factory
planning is completed. During a factory planning project, uncertainties in environmental conditions are
referred to as planning risks. These are assumptions about parameters that are detailed and confirmed during
the planning process [67]. Such assumptions pose a risk to the target achievement of a factory configuration.

Life cycle-oriented factory planning therefore combines the preliminary considerations on turbulence from
classic factory planning and order management in order to prepare the factory in the best possible way for
any kind of uncertainty over the factory life cycle. Factory configurations must be designed differently,
depending on whether medium- to long-term changes in environmental conditions (change drivers) or short-
term operational disturbances (disruptions) are expected. Ideally, a life cycle-oriented factory configuration
manages to maintain target achievement despite the upcoming uncertainties. If target achievement is
permanently impaired by disturbances or if the capability of a factory configuration to achieve a target value
is insufficient due to a change driver, the current factory life cycle comes to an end and a new factory
planning project must be initiated.

5. Discussion and outlook

In summary, future challenges in factory operation can be anticipated based on the developed differentiation
of uncertainty. It forms a useful basis for considering the unavoidable uncertainties in life cycle-oriented
factory planning. Nowadays, factory planners have to become more aware of possible disruptions and thus
of the entire factory operation in addition to possible change drivers. Consideration must be given to whether
the capacities and capabilities provided in a factory configuration are sufficient and effective enough for the
uncertainties to be expected during factory operation. Future research is needed to make the uncertainties
identified in this paper assessable as part of a factory life cycle model in order to be able to select factory
planning measures and determine their scope of action depending on the evaluated effect of the uncertainties.
This involves a prognosis model in a suitable level of detail, which simulates the temporal behaviour of a
factory after the occurrence of uncertainty. Furthermore, explicit design principles based on the strategies of
risk management are to be developed in the future for the sophisticated handling of uncertainties.
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