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Abstract 

As an interdisciplinary and complex task, factory planning lays the foundation for the economic efficiency 
of factories. Factory planning projects significantly influence the financial situation of production companies 
due to their high capital requirements and long lifetime. Today's inaccurate basis for decision-making in cost 
estimation leads to serious financial challenges in the future. Costs must be estimated with sufficient 
reliability to avoid misinvestments. There is currently a need for research for a holistic and systematic 
approach. This is partly due to the many requirements such an approach must meet. In this context, the paper 
aims to determine the requirements for a holistic approach to cost estimation in the early phase of factory 
planning projects. Based on a literature review, four key requirements for a holistic cost estimate could be 
identified and prepared for an approach. This includes the joint consideration of the interactions between 
spatial and process requirements. In addition, the early planning phase is challenging, in which little reliable 
information is available, but costs can still be sufficiently influenced. Furthermore, the operating costs during 
factory operation must be considered over and above the specific investment. With the help of various factors 
influencing factory design, scenarios should be generated and compared early to counter future opportunities 
and risks in the best possible way. These requirements can now be used for an approach to be developed that 
enables holistic cost estimates in the early phase of factory planning projects. 
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1. Introduction

Factory planning is crucial for the subsequent economic success of companies [1]. This is mainly because 
decisions within factory planning are often of strategic and long-term consequence [1,2]. Due to the highly 
dynamic business environment, ever shorter product life cycles and increasing customer requirements, the 
challenges for manufacturing companies are constantly increasing [3]. This also increases the challenges for 
factory planning. The realisation of factory planning projects, especially large-scale development and 
expansion planning projects, significantly impacts companies' liquidity due to the high capital requirements 
[1,4]. On the one hand, this is due to the considerable investments in production and process technology 
(process view) as well as in construction and building equipment (spatial view) [5]. On the other hand, 
operating costs, such as personnel and energy costs, influence the total costs and profitability of factories 
and their elements [2,6,7]. Due to the long life cycle of factories [8], the highest costs occur in terms of 
operating costs in the factory operation phase, despite high initial investments [9–11]. However, often only 
investments are used as a basis for decisions regarding project realisation, which can lead to erroneous cost 
estimates and misinvestments [12,13]. In this context, incorrect cost estimates and the associated wrong 
decisions can lead small and medium-sized enterprises (SMEs), in particular, into serious financial 
difficulties. This is also because SMEs lack the resources and necessary know-how, especially for investment 
controlling [14]. In Germany alone, with over 3000 building permits for factory and workshop buildings 
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[15], approximately 130 billion euros were invested in new buildings and equipment in terms of machinery 
and devices in 2021 [16]. However, statistical evaluations show that cost targets are missed in factory 
planning projects in more than 70% of the cases [17]. For large infrastructure projects, studies indicate that 
even an average cost overrun of 37% can be expected [18]. At this point, it is essential to note that these 
studies are limited only to investments, usually from the construction point of view. The operating phase, 
which leads to a much higher share of costs due to operating costs, has not yet been considered here. Overall, 
incorrect decision-making principles in cost planning for the construction and operation of factories today 
lead to serious financial challenges in the future. 

The points mentioned underline the relevance of an early, holistic cost estimate for planning projects. 
Therefore, this paper aims to review the current state of the art in this context, derive current research needs, 
and review relevant topics for and requirements of cost estimation to prepare for a holistic approach.  

2. State of the art and need for research

Several sources underline the problem of finding an appropriate and practically applicable solution for cost 
estimates [19–22]. In practice, estimates are often based only on expert opinions and are therefore subjective 
and not reproducible [23,24]. The following, therefore, identifies the requirements necessary for a holistic 
and reproducible cost estimate. First of all, the relationship between process and building planning is often 
neglected [2]. This must be avoided since the central building requirements must be derived from the 
technical process [2,25]. As an interdisciplinary and complex task, factory planning and the associated cost 
estimation must consider the planning of production and logistics processes (process view) and other 
disciplines, such as building equipment and architectural planning (spatial view) (requirement 1). 
Furthermore, the foundation for a factory planning project's economic efficiency and functionality is already 
laid in the early planning phase [1,4]. The most significant share of the investment is determined at an early 
planning stage, so the most significant influence on costs can still be exerted there [8].  This approach comes, 
among other things, from product planning, where a large part of the costs is already determined at the 
beginning of product development [26]. This knowledge must also be transferred to cost estimation in factory 
planning (requirement 2). In previous work, the existing literature and approaches regarding cost estimation 
from an investment perspective (CAPEX) in the early planning phase have been discussed in detail [27,28]. 
However, life cycle costs comprise investments and operating costs [29]. Therefore, in addition to the 
investment view, operating costs (OPEX) must also be considered for a holistic cost estimation [6,28] 
(requirement 3). Each factory is unique and requires case-specific solutions [2,30]. Cost estimates are always 
subject to uncertainties [31]. The so-called scenario concept allows for opening up a space of possible futures 
and thinking through possible decisions' effects [32]. Transferring scenario management as an established 
strategy planning method to factory planning has proven very useful [33]. To obtain a valid basis for 
decision-making with a longer-term view of opportunities and risks within a cost estimate, it is therefore 
appropriate to compare different planning scenarios regarding content and related costs (requirement 4). In 
addition to the four derived requirements, a holistic cost estimate must meet general basic requirements. 
These include, among others, a high level of standardisation concerning existing approaches and a high 
degree of application focus for practical use.  

Conducting a literature review provides the foundation for research work [34]. A systematic search 
procedure was conducted to identify relevant sources and existing approaches to holistic cost estimation. 
The search process focused on works that can be assigned to the context of the keywords factory planning, 
cost estimation, life cycle costs, total cost of ownership and early planning phase, and their links. Figure 1 
shows the results of an intensive literature review of existing approaches and their analysis concerning the 
derived requirements (R1-R4). The basic literature [1,2,4,8,35] focuses predominantly on planning 
procedures and does not include holistic approaches to the associated cost estimation. According to 
WIENDAHL [2], the approaches analysed are subdivided according to the levels of detail in the factory. These 
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can be assigned to the factory fields of technology, organisation and space and subdivided into the hierarchy 
levels of factory, section and workstation. The factory can only be considered and evaluated holistically if 
all levels up to the level factory are considered [2].  

Figure 1: Analysis of existing approaches concerning the derived requirements [9,27,28,36–51] 

Research and analysis of the literature show that single requirements are partially fulfilled, whereby 
approaches to the cost consideration exist due to the comparably simple object of consideration, in particular 
on the level of the workstation. At the factory level, approaches only take into account partial areas and do 
not consider interrelationships, such as between the spatial and process view or the investments and operating 
costs. Furthermore, only a few approaches consider different scenarios to generate planning alternatives and 
compare them with each other. Beyond the approaches considered, there are standards and guidelines 
[29,52–54] that only contemplate sub-areas from the building and factory planning and the cost view 
separately. The different approaches often concentrate only on small focus areas without considering holistic 
relationships and interactions. In summary, it can be said that with current approaches, methods and tools, a 
holistic cost estimation based on the derived requirements is not or only insufficiently possible. Own 
preliminary work in cost estimation, feasibility studies, life cycle considerations [27,28,36,37], and 
numerous consulting projects in companies underline the mentioned need for research. 

The introduction of the problem definition, the consideration of existing approaches, and their discussion 
underline the research need for a holistic approach to the cost estimate of factory planning projects. In the 
following, the derived requirements and main focuses will be analysed, detailed and prepared as a basis for 
a holistic approach. 

R4: Consideration of different scenarios
R3: Consideration of CAPEX and OPEX  

R2: Application in the early phase of planning   
R1: Consideration of process and building
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3. Requirements for a holistic approach to cost estimation

According to WIENDAHL [2], the principle of completeness before accuracy applies to cost estimation. A 
holistic cost estimate is required in the early phase to achieve this completeness. Figure 2 summarises the 
requirements for a holistic approach to cost estimation derived from past planning projects and the literature 
(Compare derivation of requirements and literature review in Chapter 2). Capital expenditures and operating 
costs must be considered jointly. These are determined in the factory primarily by the planning and designing 
of the spatial and process view and combined form the life cycle costs. Since one of the purposes of cost 
estimates is to minimise risk for companies, an estimate must be feasible at an early planning stage. The 
uncertainties associated with an early planning phase must be reduced as far as possible using a systematic 
procedure. In this context, every factory is unique [6]. Nevertheless, it is possible to identify general factors 
that fundamentally influence factory design and configurations. The specification of the influencing factors 
directly impacts the costs and leads to different factory scenarios depending on the configuration.  

Figure 2: Overview of requirements for a holistic approach to cost estimation, own figure 

Different scenarios during the planning and construction of investments lead to different specifications in 
the operating costs over the life cycle (example shown in Figure 2). In the following, the individual 
requirements will be scientifically specified and analysed to make them applicable to a holistic approach to 
cost estimation. 

3.1 Synergetic cost estimate from spatial and process view 

In order to systematise the interdisciplinary and complex planning tasks in the factory planning process, the 
planning procedure has been described by various authors [1,2,4,8] and summarised in the renowned 
guideline VDI 5200 [55]. Traditionally, in factory planning, the sequential planning phases are run through 
in a linear sequence, and the level of detail increases successively with advancing phases [2,55]. The 
interdisciplinary approach of synergetic factory planning has significantly contributed to VDI 5200 (Figure 
3) [2]. This approach addresses the interdisciplinary character of factory planning. It combines the spatial
view, i.e. the interior and exterior design of factories from the perspective of architectural and construction
planning [56], with the process view, i.e. the design of the technological and logistical processes and the
operating resources [2]. To develop a sustainable and successful factory concept, the requirements and the
interactions from the process and spatial perspectives must be considered synergetically [2].
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Figure 3: A process model of synergetic planning from a spatial and process perspective, adapted from [2] 

Only by synchronising the building with the process is it possible to respond adequately to the rapid changes 
in the product and the technical equipment [57]. Future challenges require an even stronger focus on the 
interdisciplinary character of factory planning [58]. To reduce planning time and errors, process-side 
requirements (including equipment weights, equipment foundations, vibration sensitive areas) can be 
coordinated with the spatial specifications in a cooperative, efficient and early coordination process [2]. 
Increasing requirements from the process point of view also leads to increased costs in the building and the 
technical building equipment (e.g. through higher m² or m³ prices). Depending on the requirements, areas 
can be categorised, for example, into low, medium and high requirements with specific parameters. 
Depending on the category, different area parameters and building types lead to different cost characteristics 
based on comparative values (e.g. with the help of BKI [59]). Experience from past planning projects shows 
that inadequately combined consideration of costs leads to increased follow-up costs (e.g. reinforcements of 
the base plate, retrofits in the supporting structure and technical building equipment). For this reason, the 
synergy from a spatial and process view, e.g. following the process model of synergetic factory planning, 
must be considered in a holistic approach to cost estimation.  

3.2 Consideration of the early planning phase 

The foundations for the functionality and profitability of any factory planning project are set in the early 
phase [1,4]. Most investments are determined at an early planning stage, which is why the most significant 
influence on future project costs can also be exerted there [8]. The factory planner is faced with significant 
challenges in this process. On the one hand, the project scope and the associated costs are determined in the 
early phase [1,4]. On the other hand, the early phase is characterised by uncertainty, so information and data 
are often unreliable [23]. Costs are determined in an early planning stage but only occur in subsequent 
planning phases in which they can no longer be sufficiently influenced [60–62]. Figure 4 shows this dilemma 
and the determination of the early phase for the holistic approach to be developed. 

Figure 4: Cost occurrence and cost influence in the early planning phase, own figure adapted from [60–62] 
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As shown in Figure 4, in this paper, the early planning phase of factory planning is defined up to and 
including concept planning, in which the cost influence is still high. As the planning period and level of 
detail advance, the cost influence decreases, and costs can only be influenced and determined within the 
framework of the concept that has already been developed [2,55]. In practice, another aspect becomes 
relevant. Frequently, projects cannot even be released and started without a cost or budget estimate. The 
reasons presented, already underlined by own preliminary work [28,63], emphasise the necessity of a 
decision-making tool in the early planning phase.  

3.3 Consideration of the life cycle costs of factories 

In the basic literature, the stages of the factory planning process are seen as an investment process [1]. Capital 
expenditure is generally understood as the use of capital and, thus, the long-term commitment of financial 
resources to assets [64–66]. In addition to the often exclusive consideration of investments as decision 
support, so-called operating costs are incurred in the factory during the operating phase, often exceeding the 
investments after only a few years [2,67,68]. Due to the time component, investments and operating costs 
have a different impact on companies' value generation and cash flow. Thus, input data of the investment 
calculation are often associated with uncertainties and risks that must be included in the calculation [64,69]. 
In the case of real estate, capital expenditure accounts for only 20% of the life cycle costs, while operating 
costs account for 80% [70,71]. Even for machine tools, operating costs can cause 80% of the life cycle costs 
[13]. The remedy for decision support is the consideration of the life cycle of objects and their associated 
costs. The life cycle describes generally typical patterns of a system over time [12]. Life cycle costing (LCC) 
methods holistically consider life cycle costs over the life of objects and thus support the purchase of capital-
intensive and capital goods with long lifetimes [72,73]. Despite different terms for life cycle costs, all 
definitions share that costs are summed up over the life cycle to show the trade-off between initial and 
follow-up costs [74]. The long lifetime and high investments underline the necessity of a life cycle 
consideration of factories [37,75]. The life cycle of the factory and its elements can be divided into higher-
level phases of factory planning and construction, factory operation and factory reconfiguration and end of 
life [76]. The factory life cycle can be divided into different life cycles, such as the product, component or 
process life cycle [2,77]. The life cycle of a factory usually extends over 30 to 50 years, whereby the 
individual elements of the factory, such as machines, have a shorter life cycle [8,78]. Figure 5 shows the 
exemplary life cycle and the associated costs of the factory and its elements. 

Figure 5: Exemplary life cycle and costs of factories and their elements, own figure adapted from [36,76,79] 
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The figure also outlines the costs underlying the life cycle as an example. These are represented by the two 
exemplary CAPEX peaks in Figure 5. After high initial investments, further follow-up investments become 
necessary depending on the lifetime of the components and machines. The investments are displayed 
simplified and independently of possible payment flows as fixed-step costs. The operating costs rise 
constantly in this case due to, for example, increasing energy, personnel or maintenance costs. Figure 5 
underlines the relevance of the operating costs in the production life cycle costs due to the long lifetime. This 
also highlights the fact that the factory planning phase has a critical influence on life cycle costs [1,4]. Factory 
operation, with a duration of several decades, is the longest and, thus, the most crucial phase in the life cycle 
of factories [9,10]. This emphasises the trade-off between CAPEX and OPEX, which must be considered 
holistically in spatial and process view interaction. The objective of companies is to enable the production 
of a maximum outcome with the lowest possible operating costs [80]. However, the determining factors for 
this are already set in the planning stage, which is why an early lifecycle-oriented cost estimate is essential. 

3.4 Consideration of influencing factors for scenario design 

Each factory planning project is unique due to the different processes and products [2,35]. In addition to 
established procedural steps for factory planning, it is possible to identify generally applicable influencing 
factors on factory design. In this context, design or structure-relevant influencing factors are those factors 
that have a structural impact on the subsequent factory design and layout. Influencing factors can be divided 
into external and internal influences [2,80]. External influencing factors, such as increases in the price of 
materials or energy [81], can only be considered to a limited extent, so although they influence costs, they 
can only be insufficiently influenced by factory planning. Internal influencing factors are factors that directly 
impact the factory design. For example, these influencing factors can be derived from different factory types 
in the literature [35]. Examples are the degree of automation, product specifications (size, weight) or the 
number of variants [8,35]. At this point, the fuzzy logic method is an option for modelling the uncertainty 
[82], which is present due to the early planning phase. The subsequent impact of these influencing factors is 
often already determined in the early planning phase. It has a direct influence on the design of the factory 
and its life cycle costs. With the methodical aid of the factory objects as elements of the factory [83], Figure 
6 shows a simplified relationship using the example of the influencing factor of the degree of automation 
and the factory object of means of transportation. 

Figure 6: Exemplary configuration of the factory object means of transportation by the influencing factor degree of 
automation, own figure 
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Depending on product-side and process-side requirements, a decision can be made in a factory area in favour 
of a high degree of automation of the means of transportation, i.e. tending towards continuous conveyors, or 
a lower degree of automation, i.e. tending towards non-continuous conveyors. Although the superior group 
of continuous conveyors exhibits a higher potential for automation [84], it also requires considerably higher 
investments. The group of non-continuous conveyors [84] is characterised by a lower degree of automation 
and, thus, comparatively lower initial investment but higher operating costs. This is because the investment 
is generally higher for automated than manual systems [85]. The lifetime of the factory elements also 
influences the cost structure since, based on the lifetime, a supplementary or replacement investment 
becomes necessary in specific cycles over the life cycle. Overall, the degree of automation and the associated 
personnel requirements (in addition to, among other things, energy costs and maintenance costs) define a 
large part of the expected operating costs [86]. In the example shown in Figure 6, a simplified life cycle 
assessment concludes that a decision favouring a non-continuous conveyor is associated with lower initial 
investment but higher operating costs. A decision favouring a continuous conveyor based on life cycle costs 
depends on other factors, such as the product or the number of units. In general, the decision in favour of a 
particular configuration of a factory object also depends on the process requirements (see 3.1). For example, 
it may be the case that only certain factory sections, such as logistics, can be automated due to the complex 
process. Products with high complexity and low quantities could lead to only manual assembly over the life 
cycle being economical. 

The consideration of different influencing factors enables different, future-oriented scenarios of factory 
design and the associated cost estimation over the life cycle as a basis for decision-making. The example 
above underlines the importance of considering influencing factors that configure the factory on a scenario 
basis via the factory elements and lead to different cost trends over the life cycle.  

4. Conclusion and outlook

Factory planning projects are strategically important and capital-intensive projects with a long lifetime. Due 
to such projects' long-term and interdisciplinary character, the project cost estimate is essential. Incorrect 
cost estimates can lead to severe misinvestments. With current methods and tools, a holistic cost estimate is 
not or only insufficiently possible. Based on an intensive literature review, this paper identifies the research 
needs and requirements for a holistic approach to cost estimates for factory planning projects. Four essential 
requirements are identified and further analysed for a holistic approach. First, an approach must consider 
synergetic planning and costs from both a spatial and process view due to the interdependence of the two 
planning disciplines. Furthermore, the approach must be applicable in the early planning phase since costs 
can still be sufficiently influenced in this stage. In addition, in the context of a life cycle consideration, 
investments and operating costs must be estimated simultaneously due to their interactions. Finally, design-
related influencing factors must be considered, which are essential in determining the factory design and, 
thus, the associated costs for scenario design. The methodically elaborated and detailed requirements are the 
basis for developing, in the next step, a holistic approach to cost estimates for factory planning projects in 
the early planning phase.  
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