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1 

1 Introduction 

The motivation for integrated planning and operation of plating process chains and the problem 

statement are outlined in subchapter 1.1. Based on this, the research objectives and the structure 

of this work are presented in subchapter 1.2.  

1.1 Motivation and Problem Statement 

The global economy is characterized by long-term and continuous growth. Over the last four 

decades, the world’s gross domestic product (GDP) increased eightfold from 11 to 88 trillion U.S. 

dollars (International Monetary Fund, 2020). Manufacturing is a key activity to foster this 

development but also causes relevant impacts on the environment (Gutowski et al., 2013). The 

value-added of the global industry compromises 12.6 trillion U.S. dollars (World Bank, 2020), 

and 23 % of the employed people work for the industry (International Labour Organisation, 

2020). By this, the industry contributes to the wealth and the quality of human life. However, an 

increasing environmental burden accompanies this economic and industrial growth. Humanity 

left already three of nine planetary boundaries behind (Rockström et al., 2009; Steffen et al., 

2015). Climate change is the most discussed already left behind planetary boundary and closely 

linked to past economic and industrial growth. Carbon dioxide emissions, responsible for the 

ongoing climate change, increase in strong correlation with economic growth (Crowley, 2000). 

Parallel to the eightfold increase of the GDP, carbon dioxide emissions nearly doubled from 19 

to 36 billion tons (Friedlingstein et al., 2020). By 2020, the global average temperature increased 

by 1.09 °C compared to the pre-industrial baseline (1850-1900) and causes negative 

environmental and social impacts worldwide (Intergovernmental Panel on Climate Change, 

2021). 35 % of the world energy and process-related carbon dioxide emissions result from 

industrial activities (Allwood et al., 2012).  

To tackle this development, holistic concepts for sustainable development are required. The idea 

of sustainability can be traced back to 1713 by Carlowitz, who defined sustainability in the forest 

industry context (Carlowitz, 1713). In 1987, the Brundtland commission concretised the idea of 

sustainability by proposing strategies targeting paths to sustainable development in their report 

our common future (Brundtland, 1987). Nowadays, sustainable development incorporates the 

economic, environmental and social dimensions (Elkington, 1998). Based on these sustainability 

dimensions, the United Nations established the latest common operationalisation of sustainability 

paths with their sustainable development goals (SDG) for 2030 (see Fig. 1.1). 193 member states 

agreed on 17 goals to achieve sustainable development (United Nations General Assembly, 2015). 
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The goals cover the three sustainability dimensions and are concretised in 169 targets for which 

330 indicators are introduced to measure the progress of the implementation of the SDG (Hák et 

al., 2016; United Nations General Assembly, 2015).  

 

Fig. 1.1: Sustainable development goals from the United Nations (2015) 

The relation between manufacturing and the SDG is widely discussed as both can be considered 

as threat and solution to achieve the SGDs (Moldavska and Welo, 2017; Rosen and Kishawy, 

2012). Directly or indirectly, manufacturing can contribute to all SDGs’ achievements (United 

Nations Global Compact and KPMG, 2015). Directly, manufacturing can contribute to the 

provision of decent workplaces and economic growth (SDG 8), the provision of industry, 

innovation and infrastructure (SDG 9) and to the promotion of responsible consumption and 

production (SDG 12). While SDG 8 covers all economic and social sustainability dimensions, 

SDG 9 focuses on the economic and environmental sustainability dimension and SDG 12 

addresses the environmental sustainability dimension. Indirectly, the economic growth through 

the manufacturing sector helps to eradicate poverty (SDG 1) or the products from the 

manufacturing sector can enable affordable and clean energy (SDG 7). 

Manufacturing processes can be distinguished with regard to primary shaping, forming, cutting, 

joining, coating and changing material properties (DIN, 2003). Coating processes can reduce the 

environmental impact of products over their life cycle by decreasing corrosion, friction and wear 

of products. Corrosion causes direct environmental impacts through emitted metals to the 

environment and indirectly impacts through inefficiencies and system failures (Hansson, 2011). 

The cost for corrosion was estimated as 3 to 4 % of a country’s gross domestic product and 

therefore reduce the wealth directly (National Association of Corrosion Engineers, 2002). Friction 

and wear increase the energy demand by 10.9 % through system inefficiencies and are responsible 

for 1 to 2 % of GDP losses (Woydt et al., 2019). Efficient coating processes can reduce these 

losses towards achieving environmental benefits over the whole life cycle of a product (Leiden et 

al., 2020) and contribute to the achievement of the SDGs 7, 9 and 13. Thus, aircraft contain more 

than two million and cars more than 4,000 coated components (European Comission, 2006). 
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A relevant coating process is plating as 18,000 surface treatment installations are in operation in 

the EU-15 (European Comission, 2006). At the end of a manufacturing process chain, products 

can be plated with a metal coating to decorate products, protect the products from external 

influences and create additional functions. At this stage, failures result in high economic and 

environmental losses as the value-added from prior manufacturing steps are lost. On the left-hand 

side of Fig. 1.2 a), the specific energy intensity (J per kg processed material) of various 

manufacturing processes is related to the process rate (kg processed material per hour) on a 

logarithmic scale. Plating processes have low process rates at a high specific energy demand 

(Gutowski et al., 2009; Kanani, 2004; Schmid and Jeswiet, 2018). However, the energy intensity 

is lower than for other comparable processes from surface engineering, such as chemical or 

physical vapour deposition (CVD/PVD). The right-hand side of Fig. 1.2 b) shows the embodied 

energy of materials (J per kg material) on a logarithmic scale for metals, polymers, ceramics and 

hybrid materials. The used substrate materials (hence the products to be plated) have a high 

specific embodied energy, while the metallic alloy coatings are considered the materials with the 

highest embodied energy (Ashby, 2013). 

 

Fig. 1.2: a) Energy intensity of selected manufacturing processes (adapted from Gutowski et al., 

2009; Kanani, 2004; Schmid and Jeswiet, 2018) and b) embodied energy of materials (adapted 

from Ashby, 2013) 

Further, hazardous chemicals are required for many plating processes. In the EU-15, 300,000 t of 

hazardous waste are produced by the 18,000 plating installations (European Comission, 2006). 

For instance, for common specific electroplating processes, hexavalent chromium compounds 

Cr(VI) are used at different stages of plating process chains. Thereby, the shop floor workers and 

potentially the local environment are negatively impacted by the high toxicity of hexavalent 

chromium (Anger et al., 2000; Kim et al., 2004; Saha et al., 2011). 

Considering these aspects from plating process chains towards the achievement of the SDGs 8, 9 

and 12, authorities operationalise the SDGs with regulations. For instance, the European 

Chemicals Agency (ECHA) restricts the use of hazardous chemicals through the Registration, 
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Evaluation, Authorisation and Restriction of Chemicals (REACH) regulation in Europe 

(European Parliament and Council, 2006). Similar regulations can be found in the United States 

(Baral and Engelken, 2002) and China (Chemical Inspection and Regulation Service, 2018). 

These regulations shall reduce the use of critical substances and decrease negative effects on 

humans and the environment. In Germany, a risk assessment is required for the use of hazardous 

substances according to the regulation GefStoffV (Bundesanstalt für Arbeitsschutz und 

Arbeitsmedizin, 2017). Cross-border CO2 emission certificates trade shall enforce investments 

into cleaner manufacturing processes to reduce industrial carbon emissions in Europe (European 

Parliament and Council, 2003). In Germany, energy efficiency is promoted through tax 

exemptions for energy-intensive manufacturing processes which implement environmental 

management systems according to ISO 50001 or EMAS (Bundesamt für Wirtschaft und 

Ausfuhrkontrolle, 2019).  

A commonality of these regulations is their demand for transparency as a foundation for 

developing improvement measures and rating the effects of the manufacturing system on humans 

and the environment. The current shift towards Industry 4.0, especially towards creating cyber-

physical production systems (CPPS) and digital twins, enhances the transparency in 

manufacturing processes, enables the integration of energy and resource efficiency gains, and 

increases the occupational situation of workers in the manufacturing system (Acatech, 2013). For 

the realization of CPPSs, data are acquired in the physical manufacturing system and used in a 

model-based or data-driven cyber system to support planning and operation decisions as well as 

provide control functions for operation. Decision-makers can analyse plating process chains in a 

digital twin and derive ideas for improvement measures. Afterwards, they can test their 

improvement measures regarding the economic, environmental and social effects in the cyber 

system before implementing them into the physical plating process chain. Control functions 

enable a more efficient and safe operation of the overall plating process chain and single plating 

process chain elements through the higher transparency provided by the CPPS approach. 

Motivated by contributing to the SDGs 8,9 and 12 and the opportunities from the shift towards 

Industry 4.0, a new CPPS-based concept for integrated planning and operation of plating process 

chains is introduced within this work. 

1.2 Research Objective and Work Structure 

The research objective of this work is to support the plating industry with an integrated planning 

and operation framework based on a CPPS to enforce the successful implementation of 

requirements of meeting the relevant SDGs 8, 9 and 12. Simulation models in the cyber system 

can depict elements of the physical industrial plating process chain as digital twins. Merging these 

simulation models in a central simulation environment enables modelling the interdependencies 

between the single processing stages and elements of a plating process chain. Methods to acquire 

and prepare data manually and automatically for use in cyber systems are required. Decision 

support functions, including the visualisation of indicators and 2D/3D visualisations, make the 

results accessible for stakeholders in the planning and operation process. Resource-efficient direct 

control algorithms are implemented for operational tasks without human interactions, such as the 

automatic dosing of substances in fluids. The framework with its models is implemented in a 
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prototypical software application. Finally, applying the framework to different tasks from 

planning and operation of industrial plating process chains proves the industrial applicability and 

the adaptability to different plating process chain types.  

Based on the research objectives, this work is structured into seven chapters (Fig. 1.3). Chapter 2 

firstly provides an overview of the state of the art of production system levels and management, 

industrial plating process chains processing stages and elements, as well as the economic, 

environmental and social impact of plating process chains and methods to quantify these impacts. 

Secondly, CPPSs and their single elements are introduced as the key aspect towards the shift to 

Industry 4.0 and the underlying methodology for this research work. Finally, the state of the art 

is summarized as preliminary findings. 

 

Fig. 1.3: Structure and objective of work 

Chapter 3 presents the current state of research. The research field is delimited from adjacent 

fields of research to identify relevant research contributions. The relevant research contributions 

are split into six plating process chain specific and 13 generic production systems research 

contributions. 21 evaluation criteria split into five superordinate groups are introduced to evaluate 

the 19 research contributions regarding their relevance for the planned research. Based on the 
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evaluation of the relevant research contributions, the research demand is outlined. Building on 

the research demand and the requirements from the involved stakeholder, a CPPS-based concept 

for the planning and operation of plating process chains is introduced in chapter 4. Specific 

objectives and requirements for the concept development are derived. The concept with all CPPS 

elements, including the details of the multiscale simulation approach, is presented in detail. In the 

following chapter 5, the requirements for implementing the framework are derived, and the 

implementation into software a software application is presented. Various different software tools 

are used to cover each element of the CPPS. Methods for verification and validation are shown 

and a specifically built application procedure ensures the direct applicability of the concept. The 

application is presented in the following chapter 6. In three case studies, the concept is applied to 

control a zinc-nickel electrolyte, plan and operate a zinc-nickel plating process chain energy and 

resource-efficient as well as plan a chromium plating chain with regard to energy and resource 

efficiency as well as occupational aspects. Finally, the work is summarised, evaluated with the 

evaluation criteria from the state of research and concludes with an outlook on further research in 

chapter 7. 
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2 Industrial Plating Process Chains and Cyber-Physical 

Production Systems 

This chapter provides the theoretical background and the state of the art of industrial plating 

process chains and CPPS considering the proposed research work’s goal and scope. Subchapter 

2.1 introduces production systems and process chains in general as well as the specifics of plating 

process chains are presented. This subchapter closes with a look at the economic and 

environmental aspects of plating process chains. Subchapter 2.2 introduces Industry 4.0 and its 

core element CPPS as a current trend. The CPPS comprises the data acquisition, the cyber system 

focusing on simulation-based methods, and the decision support and control in separate 

subchapters. Finally, in subchapter 2.3 the state of the art is summarised, and preliminary findings 

on how CPPS can support the planning and operation of plating process chains are given. 

2.1 Industrial Plating Process Chains 

This subchapter introduces production systems and process chains in general. Based on a common 

understanding of production processes, the single stages of plating process chains are shown and 

elements of a plating process chain are presented. This subchapter closes with a view on the 

economic, environmental and social impacts of plating process chains. 

2.1.1 Production System Levels and Production Management 

Industrial production can be considered as a transformation process that transforms inputs into 

outputs, as depicted in Fig. 2.1. Equipment for production, materials, energy, information about 

the production process and human labour are used as input and are transformed into desired as 

well as undesired products (Dyckhoff and Spengler, 2010; Schenk et al., 2014). Considering the 

example of plating processes, the desired outputs are plated products, and undesired output can 

be wastewater and airborne emissions. 
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Fig. 2.1: Production as a transformation process (adapted from Dyckhoff and Spengler, 2010; 

Schenk et al., 2014) 

Production systems typically consist of multiple production processes and can be arranged 

vertically in five levels, as shown in Fig. 2.2. Multiple processes can be combined into a process 

chain element, which becomes part of a process chain (Denkena and Tönshoff, 2011). A factory 

typically consists of multiple process chains and is part of a value chain (Heinemann, 2016). The 

value chain has the highest aggregation and abstraction level, while production processes are 

specific and bound to local conditions. 

 

Fig. 2.2: Production system levels from single production processes to value chain (own 

illustration and inspired by Denkena and Tönshoff, 2011; Heinemann, 2016) 

Multiple processes are merged sequentially to a process chain element (Denkena and Tönshoff, 

2011). Process chain elements can carry out different machining operations; for instance, 

hardening machines consist of heating, keeping the temperature and quenching. These production 

processes require different inputs and produce different outputs but are typically arranged within 

a process chain element. Parallel processes are typically not possible within one process chain 

element. 

Process chains are made up of multiple process chain elements and can be arranged sequentially 

or parallel (Denkena and Tönshoff, 2011). They can be described as a sequence of value-adding 
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manufacturing processes, including auxiliary and peripheral processes coupled through material 

flows (Heinemann, 2016). The process chain’s material flows can be continuous, diverging, 

converging or rearranging, while the latter shows the highest complexity (Dyckhoff and Spengler, 

2010). Depending on the production processes, the flows can be continuous or discrete 

(Dolezalek, 1981). Process chains further can be classified by repetition and spatial alignment 

(Thiede, 2012). By repetition, products can be manufactured as a single unit, in series, batch or 

mass production (Dyckhoff and Spengler, 2010). The process chain's spatial alignment can be a 

transfer line, a continuous flow production, a flexible manufacturing system, production cells or 

workshops (Dyckhoff and Spengler, 2010; Westkämper and Decker, 2006). 

One or multiple process chains become part of the factory system and interact with other factory 

systems elements (Herrmann and Thiede, 2009). Factories need to adapt fast to planned and 

unplanned changes from the environment (Westkämper and Decker, 2006; Wiendahl et al., 2007). 

In this context various holistic factory models have been developed over the last years (Ball et al., 

2009; Despeisse et al., 2012; Herrmann and Thiede, 2009; Hesselbach, 2012; Schenk et al., 2014; 

Westkämper and Decker, 2006). Fig. 2.3 shows the holistic factory model from Herrmann et al. 

(2014). It considers the dynamics between the technical building services (TBS) and the 

production system. The TBS supports the manufacturing processes by supplying all required 

forms of energy and media and providing the required production environment. This includes the 

media supply and treatment, power engineering, heating and cooling as well as ventilation and air 

conditioning (Chadderton, 2004; Hall and Greeno, 2007; Thiede, 2012). The factory needs to be 

integrated into local surrounding, e.g. the urban environment. Ideally, both sides can benefit from 

symbiotic energy, material and product flows. All factory elements can adapt to new boundary 

conditions ranging from an adaptive building shell, modular and scalable TBS as well as a flexible 

production system. The CPPS and the integration of a central IT cloud enable communication 

between all factory elements. As factories adapt continuously to changes, innovative learning 

environments such as learning factories are required for skilling the workers (Abele et al., 2015). 
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Fig. 2.3: Holistic factories of the future model from Herrmann et al. (2014) 

 

Value chains link multiple factories with product flows (Blume, 2020). In contrast to process 

chains in a factory, value chains are often arranged cross-company, global and are influenced by 

many external factors (Günther and Tempelmeier, 2009; Westkämper and Decker, 2006). 

Planning of such networks is a long-term process with a high degree of uncertainties and dynamics 

(Lanza and Ude, 2010). The value chain also can be described in a broader context as a business 

process to fulfil the customers need, whereas production is only one of the multiple aspects in the 

whole business process (Porter, 1985). 

Production management describes the objective-oriented planning and control of the production. 

Similar to the classification of management in the St. Galler management mode (Ulrich and Krieg, 

1974), production management can be classified by the planning horizon into strategic, tactic and 

operative production management (Dyckhoff and Spengler, 2010): 

 Strategical decisions have a planning horizon of five or more years and focus the objective 

and strategy for the manufacturing system to keep it productive and maintain the 

competitiveness. 

 Tactical decisions have a planning horizon between one and five years and concretise the 

strategies by decisions for specific products, productions technologies and the layout of the 

production. 

 Operative decisions have a planning horizon of less than one year and focus short term 

decisions in production and product scheduling, disposition of materials and auxiliaries and 

maintaining the production. 
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2.1.2 Industrial Plating Process Chains Processing Stages 

Fig. 2.4 depicts the typical layout of a plating process chain, using the example of an electroplating 

process chain, including the single processing stages and the elements. The elements are explained 

in the following subchapter 2.1.3 and the processing stages are explained in the following 

paragraphs. Plating process chains can be divided into the stages pre-treatment, plating and post-

treatment. Rinsing processes are installed between processing steps and can be found at all stages 

to remove processing fluids.  

 

Fig. 2.4: Plating process chain with its typical processing stages and elements (adapted from 

Leiden et al., 2020d) 

Pre-treatment processes are the first processing stage and are required to prepare the substrate 

for the plating process (Unruh, 2017). Often faulty coatings are the result of an insufficient pre-

treatment process (Olberding, 2006). The required pre-treatment processes are classified in the 

third main group of the standard DIN 8580 as cutting (DIN, 2003a). As shown in Fig. 2.5, 

cleaning processes and, in specific cases, cutting with a geometrically defined and non-defined 

cutting edge can be used for pre-treatment.  

 

Fig. 2.5: Relevant processes for pre-treatment (adapted from DIN, 2003a) 

Cleaning processes are applied to remove undesired substances (contaminations) from a surface 

(DIN, 2003b). They can be divided into mechanical, fluidic, solvent, chemical and thermal 

cleaning processes. Mechanical and thermal cleaning processes are rarely used in plating process 

chains as their integration is challenging due to their different characteristics. Examples for 

mechanical cleaning are sand or copper blasting and examples for thermal cleaning are heating 

the surface with lasers, plasma or pyrolysis. Particularly plasma-based methods can be used to 

activate a polymer surface (Möbius et al., 2009), but their integration is not possible for all types 

of plating process chains. Fluidic processes such as washing, blow-off and ultrasonic cleaning are 

commonly used and remove contaminations by flows and cavitation (Förster and Förster, 2018). 
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Solvent and chemical cleaning processes are often used to remove oxides and contamination to 

receive a blank metallic surface. For this, the products are pickled with acids or bases (Jelinek, 

2013). 

Both types of cutting processes are only considered pre-treatment processes if they are explicitly 

applied to prepare the product surface for the plating process and not for shaping the product. 

Typically they are not integrated into the process chain. Examples of processes with a 

geometrically defined cutting edge are turning, milling and brushing. Whereas grinding and 

polishing processes are examples of processes with geometrically undefined cutting edge. 

Plating processes deposit a coating layer on the surface of a product. As shown in Fig. 2.6, they 

can be found in the main group 5 coating as 5.9 coatings from the ionised state in the classification 

of manufacturing processes from DIN 8580 (DIN, 2003a). These can be split into electrochemical 

and chemical processes. The electrochemical processes can be divided into cathodic deposition, 

anodic oxidation and electrophoretic deposition (Haefer, 1987), while the chemical processes are 

divided into reduction, contact and immersion deposition (Kanani, 2004). 

 

Fig. 2.6: Classification of industrial plating processes (adapted from DIN, 2003a; Haefer, 1987; 

Jelinek, 2013; Kanani, 2004) 

Cathodic deposition processes with aqueous electrolytes have the highest industrial relevance. A 

broad spectrum of applications is available for cathodic deposition with aqueous electrolytes, also 

called electroplating (Haefer, 1987). Non-aqueous electrolytes, ionic liquids and dispersion 

coating processes have a lower industrial relevance. In electroplating processes, an external 

current is applied with an anode and a product, which serves as a cathode, to an electrolyte (see 

Fig. 2.7). By this, ions are oxidised at the anode, move to the cathode and are reduced there. If 

soluble anodes are used, metal ions exit the anode through oxidisation, and if insoluble anodes 

are used, they are added as metal salts to the electrolyte (Bobzin, 2013). For electroplating, the 

surface of the products must be conductive, and the geometry must be designed for electroplating 

(for instance, no deep profiles and undercuts) (Kanani, 2004). 
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Fig. 2.7: Electroplating with direct current and influencing factors (adapted from Leiden et al., 

2020c) 

The aqueous electrolyte is a complex solution of water, inorganic and organic substances. 

Inorganic substances are the coating metals, which are dissolved as salts, acids and bases. Organic 

substances are complexing agents, wetting agents, buffers and brighteners (Unruh, 2017). The 

chemicals suppliers provide information about the required substance concentrations in the 

electrolyte with tolerance limits. These concentrations are stated as mass per volume (e.g. g per 

l) for solids and as volume per volume (e.g. ml per l) for fluids.  

The plating process is influenced by various external and internal factors (Fig. 2.7). External 

factors are determined by the to be plated products and the production environment. Internal 

factors are the plating process parameters, the electrolyte and the soluble metallic anode (Yli-

Pentti, 2014). All these factors must be considered for an efficient operation of the plating process 

as they influence the electrochemical degradation of substances in the electrolyte, deposition of 

metals on products’ surface as coating and the incorporation of non-metallic substances into the 

coating. 

In Table 2.1, the most relevant electroplating metals with their cathodic current efficiency and 

typical applications are summarised. The cathodic current efficiency depends on the previously 

introduced influencing factors and the specific coating metal. Notably is the low cathodic current 

efficiency of chromium electroplating resulting from the formation of hydrogen during the plating 

process. Besides, metal alloys can be deposited to combine the properties of single metals. For 

instance, zinc-nickel alloy coatings provide a higher corrosion resistance than zinc coatings and 

are commonly used in the automotive industry (Jelinek, 2013).  
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Table 2.1: Typical electroplating process conditions (adapted from Jelinek, 2013; Pletcher and 

Walsh, 1993) 

Metal 
Current 

efficiency [%] 
Applications 

Copper [Cu] 60-90 
Base layer for Ni/Cr plating, integrated circuits for 

electronics 

Nickel [Ni] >95 Corrosion protection 

Gold [Au] 70-99 Decoration or contact connectors for the electronics 

Lead [Pb] 70-95 Parts for lead-acid batteries 

Zinc [Zn] 79-98 Corrosion protection 

Chromium [Cr] 8-18 Decorative or hard coatings for wear resistance 

Another process with industrial relevance is anodic oxidation with aluminium as substrate 

material. Highly relevant electrophoretic deposition processes are cathodic dip coating and 

enamelling. The most relevant chemical processes come from the reduction group with electroless 

plating, chromate, phosphate and passivation. Particularly non-conductive materials such as 

polymers need to be activated prior to an electrochemical process. A common method is the 

chemical activation with palladium nuclei (Kanani, 2004). Chemical processes are also used for 

other process chains as pre-treatment, such as painting (Pietschmann, 2010). Contact and 

immersion deposition processes are only used for niche applications (Kanani, 2004). 

Rinsing processes remove the electrolyte and other processing fluids from the surface of the 

products. Rinsing stops the prior active chemical process on the surface, prevents consecutive 

chemical reactions, reduces the carryover and enables the recovery of fluids from active processes 

(Hofmann and Spindler, 2010). The concentration of hazardous substances on the product surface 

is reduced to an uncritical amount to protect workers and the customers of the products. The fluid 

on the product, called carryover, is influenced by the geometry of the products and the carrier, the 

drip-off time, chemical properties of the active fluid and the active fluid’s behaviour on the 

surface of the product (Jelinek, 2013). 

Various design options for rinsing processes depending on the local conditions in the plating 

process chain are summarized in Table 2.2. Rinsing processes can be characterised by the number 

of used rinsing fluids or tanks. Typically up to three rinsing cascade steps are used as space is 

limited in a plating line. The water flows can be operated parallel so that each rinsing fluid has its 

own water circle. As an alternative, the water flow can be designed as a counterflow system where 

the water flows from the cleanest to the most contaminated rinsing fluid. Products can also be 

cleaned by spray rinse, which can be installed stand-alone or combined with a dip rinsing process. 

Rinsing fluids can be recovered externally at a central fluid recovery unit in the factory, integrated 

within the plating line or the rinsing fluid is used for refilling the processing fluid (Unruh, 2017).  

Table 2.2: Design options for rinsing processes (adapted from Unruh, 2017) 

Characteristics  

Number of rinsing fluids 1 2 3 4 and more 

Water flow Parallel Counterflow 

Spray rinse Stand-alone Combined 

Rinsing fluid recovery External  Integrated  Flow to processing fluid 
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Post-treatment processes are applied depending on the requirements of the customer and the 

plating process. Conversion processes such as passivation, chromating and phosphating are 

common (Unruh, 2017). For instance, zinc coatings corrode at contact with ambient air. 

Therefore, products with zinc coatings are post-treated with conversion processes such as 

chromate or phosphate (Jelinek, 2013). Active drying processes with heated air or infrared 

radiation can also be included in a plating process chain (Hofmann and Spindler, 2010). In case 

of the products are assembled after the plating process, for instance, in the automotive industry, 

they can be coated with a lubricant layer for easier processing and corrosion protection.  

2.1.3 Industrial Plating Process Chains Elements 

The typical elements of an industrial plating process chain are depicted in Fig. 2.4. The plating 

process chain is built by tanks that are typically aligned in one or multiple parallel rows. These 

tanks contain the fluids for the individual processing stages. The products are stored in carriers 

and transported by rail-mounted hoists (RMH) through the process chain. Several periphery 

devices, such as circulation pumps, rectifiers, heating, cooling and local exhaust air systems, 

ensure the operation of the production processes. Also, in highly automated plating process 

chains, workers are required to load and unload the products as well as for maintenance tasks. 

Tanks are typically made of steel and lined with an acid and base-resistant layer (Chessin and 

Fernald, 1990). Heating and cooling systems can be attached to keep the fluid at a constant 

temperature. Further, devices to agitate the fluid such as pumps, air agitation blowers as well as 

devices to move or rotate the carriers are often installed at tanks with processing fluids. The tanks 

contain fluids that can be processing or rinsing fluids. Depending on the specific plating process 

chain, one fluid can be used for one or multiple tanks. In the latter case, pipes and circulation 

pumps are required to connect the tanks. 

Carriers are used to transport the products in the plating process chain and supply the current to 

the products. The most relevant carriers in automated plating process chains are barrels and racks 

(batch production) as well as continuous reel-to-reel processes (continuous production). The basic 

principles of these are depicted in Fig. 2.8 (Kanani, 2004; Olberding, 2006). Barrels are used as 

carriers in automated plating lines for small mass-produced bulk products, such as screws or 

fastening (Chessin and Fernald, 1990; Olberding, 2006). The products are filled in with holes or 

slots perforated barrels that rotate in a tank with fluid. Optional filling material can be added to 

prevent the jamming of bulky products (Mark et al., 2016). The electricity is supplied via a contact 

cathode and the contact between the products in the barrel (Chessin and Fernald, 1990). Barrel 

plating is the most widespread carrier as more than 70% of all electroplating facilities use barrels 

(Liu and Pecht, 2004) and work at low cost as no jigging is required (Dennis and Such, 1986).  
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Fig. 2.8: Batch and continuous transport of products in plating process chains 

Small to medium-sized products, which require a higher surface quality, are plated in rack carriers 

instead of barrels (Olberding, 2006). The products are jigged in a rack, and the electricity is 

supplied through the rack (Chessin and Fernald, 1990). Often they can be used in the same type 

of automated process line (Gianelos, 1990). The racks or barrels can be generalised to carriers 

and are transported with an RMH system through the plating line. This RMH system enables fully 

automated transports without occupational health and safety risks for shopfloor workers through 

the plating process. Continuous plating (also called reel-to-reel) is used for metal strips, wires and 

tubes (Kanani, 2004). While plating with carriers can be considered batch production, continuous 

plating has very different characteristics and is closer to fully continuous production processes. 

Rail mounted hoists move barrel and rack carriers through the plating process chain. They are 

scheduled by the manufacturing execution systems (MES) in automated plating process chains. 

This MES also coordinates all further systems of the plating process chain and ensures the overall 

operation (Kletti, 2007). An algorithm to solve the hoist scheduling problem (HSP) is required to 

manoeuvre barrel or rack carriers (hoists) efficiently through the production system. HSPs are 

part of operations research (Manier, 2003), and their complexity depends on the complexity of 

the plating process chain. Further, HSP can be classified by the number of hoists, product types, 

the functionality of the tanks and the flexibility of processing times (Bloch et al., 1997). Product-

specific information defining the process parameters are retrieved from the enterprise resource 

planning system (ERP) through an interface and also sent back for upstream data exchange within 

the whole company (Modrak and Mandulak, 2009). 

Local periphery such as rectifiers for electrochemical processes, circulation pumps, heating, 

cooling or tank exhaust air systems is often located nearby the plating tanks. Rectifiers provide 

the direct current for the plating process and significantly influence the energy efficiency of a 

plating process chain (Leiden et al., 2020b). Circulation pumps move the fluids within a tank or 

between multiple tanks. The tank exhaust air systems remove hazardous aerosols directly at the 

source and prevent them from contaminating the ambient air in the factory. In addition, the 

wastewater treatment system can be integrated decentrally into the plating process chain or the 

wastewater is treated centrally for the whole factory (Müller, 1999). 

Workers on the shop floor are crucial for maintaining the operation of the plating process chain 

(Kanani, 2004). Therefore, occupational risks for the workers in the plating process chain have to 

be minimized. Workers can fulfil scheduled tasks such as loading and unloading carriers or 

maintenance but also unscheduled tasks such as troubleshooting. The occupational load on the 

worker through the tasks can depend on the specific process parameters of the current process in 

the plating process chain. 

Barrel carrier Rack carrier Reel-to-reel 

process

Batch Continuous



2   Industrial Plating Process Chains and Cyber-Physical Production Systems 18 

 

The plating process chain is embedded in a factory system and therefore connected to the TBS. 

While planning the TBS, the air and wastewater emissions from the plating process chains need 

to be considered to fulfil the occupational and environmental requirements. 

2.1.4 Economic, Environmental and Social Impact of Industrial Plating 

Process Chains  

As the SDGs are based on the three sustainability dimensions economic, environmental and social 

impact, the contribution of the achievement for single SDGs can be allocated to these three 

dimensions. Fig. 2.9 shows the impact of the relevant targets and indicators from the SDGs 8, 9 

and 12, which can be directly influenced by the planning and operation of the plating process 

chains, on the three sustainability dimensions. SDG 8 targets improvements in all three 

sustainability dimensions, SDG 9 impacts the environmental and economic dimensions, and 

SDG 12 only impacts the environmental dimension. 

 

Fig. 2.9: Impact of relevant SDGs for planning and operation of plating process chains on 

sustainability dimensions (figures taken from United Nations, 2015) 

Table 2.3 shows the relevant targets and indicators for the three relevant SDG. The indictors 

numbers also can be found in Fig. 2.9. Plating process chains can contribute to the annual growth 

rate of real GDP per capita (8.1.1) and per employed person (8.2.1). The indicators material 

material footprint, material footprint per capita, and material footprint per GDP (8.4.1) targets the 

environmental dimension and the indicator fatal and non-fatal occupational injuries per 100,000 

workers differentiated by sex and migrant status impacts on the social dimension. The indicators 

manufacturing value added as a proportion of GDP and per capita (9.2.1) and manufacturing 

employment as a proportion of total employment (9.2.2) impact the economic dimension as well 

as the indicator CO2 emission per unit of value added (9.4.1) impacts on the environmental 

dimension. The indicators material footprint, material footprint per capita and material footprint 

per GDP (12.2.1), (a) hazardous waste generated per capita; and (b) proportion of hazardous waste 

treated classified by the type of treatment (12.4.2) as well as the national recycling rate and the 

tons of material recycled (12.5.1) impact on the environmental dimension. 
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Table 2.3: Relevant SDG targets for planning and operation of plating process chains (adapted 

from United Nations General Assembly, 2015) 

Target Description Indicator 

8.1 Sustain per capita economic growth in accordance with national 

circumstances and, in particular, at least 7 per cent gross domestic 

product growth per annum in the least developed countries. 

8.1.1 Annual growth rate of real 

GDP per capita 

8.2 Achieve higher levels of economic productivity through diversification, 

technological upgrading and innovation, including through a focus on 

high-value added and labour-intensive sectors. 

8.2.1 Annual growth rate of real 

GDP per employed person 

8.4 Improve progressively, through 2030, global resource efficiency in 

consumption and production and endeavour to decouple economic 

growth from environmental degradation, in accordance with the 10-Year 

Framework of Programmes on Sustainable Consumption and 

Production, with developed countries taking the lead. 

8.4.1 Material footprint, material 

footprint per capita, and material 

footprint per GDP 

 

8.8 Protect labour rights and promote safe and secure working environments 

for all workers, including migrant workers, in particular women 

migrants, and those in precarious employment. 

8.8.1 Fatal and non-fatal 

occupational injuries per 100,000 

workers, by sex and migrant status 

9.2 Promote inclusive and sustainable industrialization and, by 2030, 

significantly raise industry’s share of employment and gross domestic 

product, in line with national circumstances, and double its share in least 

developed countries. 

9.2.1 Manufacturing value added as 

a proportion of GDP and per capita 

9.2.2 Manufacturing employment as 

a proportion of total employment 

9.4 By 2030, upgrade infrastructure and retrofit industries to make them 

sustainable, with increased resource-use efficiency and greater adoption 

of clean and environmentally sound technologies and industrial 

processes, with all countries taking action in accordance with their 

respective capabilities. 

9.4.1 CO2 emission per unit of value 

added 

12.2 By 2030, achieve the sustainable management and efficient use of 

natural resources. 

12.2.1 Material footprint, material 

footprint per capita and material 

footprint per GDP 

12.4 By 2020, achieve the environmentally sound management of chemicals 

and all wastes throughout their life cycle, in accordance with agreed 

international frameworks, and significantly reduce their release to air, 

water and soil in order to minimize their adverse impacts on human 

health and the environment. 

12.4.2 (a) Hazardous waste 

generated per capita; and (b) 

proportion of hazardous waste 

treated, by type of treatment 

12.5 By 2030, substantially reduce waste generation through prevention, 

reduction, recycling and reuse. 

12.5.1 National recycling rate, tons 

of material recycled 

As the relevant SDGs address all three sustainability dimensions, all dimensions need to be 

considered for SDG-driven planning and operating plating process chain. Quantitative methods 

to rate the impact of plating process chains on all three dimensions are required. In the following 

paragraphs, firstly, life cycle engineering is introduced to show how a plating process influences 

a product’s life cycle. Secondly, for each sustainability dimension, examples of impacts from 

plating process chains are given as well as quantitative methods to measure the impact of the 

plating process chain on these three dimensions. 

Life cycle engineering (LCE) is the discipline that addresses the planning and design of products 

and/or services, taking the entire life cycle into account. Problem shifting between the single life 

cycle stages of products and impact categories shall be avoided. From a product’s life cycle 

perspective, coatings from plating processes enable reaching an impact break-even, as shown in 

the three diagrams in Fig. 2.10. From this point, the negative impacts of the plating process during 

manufacturing are compensated by positive consequences in the following life cycle stages 

through improved product properties. Coatings extend the lifetime of products, decrease energy 

and resource demand during the use stage, and allow less resource-intensive base materials 

(Leiden et al., 2020a). In most cases, the break-even is achieved at the latest if the uncoated 

product needs to be replaced due to the lower wear and corrosion resistance compared to the 



2   Industrial Plating Process Chains and Cyber-Physical Production Systems 20 

 

coated product. Maintenance efforts and the risk of premature failures can be reduced as well 

(Mobley, 2002). Reduced friction, weight, and auxiliary demand (such as lubricants) decrease the 

use stage’s impact. An example is the use of hard chromium coated hydraulic piston rods, which 

reduce the friction and demand for lubricants (Lausmann and Horsthemke, 2007). Examples of 

products with less resource-intensive base materials are chrome plated plastic parts in sanitary 

applications or zinc coated screws and connectors. In both cases, plating processes enable using 

a less cost and energy-intensive base material than stainless steel (Ashby, 2013). 

 

Fig. 2.10: Impact of surface treatment on products’ life cycle (adapted from Leiden et al., 

2020a) 

The plating process chain increases the economic value of products and thus has an economic 

impact. Product surfaces are plated to increase a product’s value by fulfilling the use-stage 

requirements. Fig. 2.11 summarises typical requirements for surface from the use-stage that 

increase the product value. The value of products can be increased by decoration (e.g. plating 

jewellery with gold or silver), protection from wear and corrosion (e.g. hard chromium on piston 

rods), functions (e.g. low friction or reflective platings) or a smart behaviour with integrated 

sensing and responding functions (e.g. plating integrated circuits on surfaces) (Haefer, 1987; 

Leiden et al., 2020a; Tillmann and Vogli, 2006). 

 

Fig. 2.11: Surfaces increase the value of products in use-stage (adapted from Leiden et al., 

2020a) 
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For the quantification of the economic impact, the life cycle costing (LCC) approach, which can, 

for example, be found in the standards DIN EN 60300-3-3 (DIN, 2005) and VDI 2884 (VDI, 

2003), is available. LCC can be applied for the plating process chain (or specific elements of a 

plating process chain) as well as for the plated products. For instance, LCC was applied for coated 

steel products in the petroleum and marine industry (Foo, 2021), where corrosion significantly 

impacts the product lifetime. Thus, the protective functions can increase the product value 

significantly. 

Plating processes increase the environmental impact resulting from the manufacturing stage. 

Takuma et al. (2018) investigated the environmental impact of nickel electroplating and compared 

two electrolyte types. The electricity demand for plating and heating the electrolyte drives the 

impact category climate change. The other studied impact categories are determined by the 

chemical used for the degreasing and the plating process. Drag-out reductions and improvements 

in the wastewater system can mitigate a significant share of the environmental impacts. Similarly, 

Rodríguez et al. (2018) showed that disposing sludge from the hexavalent chromium 

electroplating processes drives the environmental impact.  

Environmental impacts can be quantified with the life cycle assessment methodology from 

ISO 14040 (ISO, 2006). After defining the functional unit during the goals and scope definition 

phase, all energy and material flows are collected and analysed during the life cycle inventory 

(LCI) analysis. The flows are multiplied with impact factors to calculate the impact per impact 

category. Parallel to these three iterative steps, the results are interpreted critically. LCAs can be 

utilised to support decisions towards a specific process design, but also for holistic cradle to grave 

analyses (Baumann and Tillman, 2004). 

The most significant social impacts from plating process chains occur through the use of 

hazardous chemicals and the interaction with workers. Examples of such chemicals are hexavalent 

chromium (Kim et al., 2004; Lin et al., 1994) or nickel (Tsao et al., 2017), which drive the social 

impact through high human toxicity for the involved workers as well as environmental impacts 

through a high eco-toxicity (Bright et al., 1997). Through insufficient wastewater treatment, these 

heavy metals can contaminate soils and, therefore, the food chain for the population in the area 

of the factory (Xiao et al., 2019). Further, non-metallic substances from electrolytes such as 

perfluorooctanesulfonate can contaminate the local food chain if these are released into the 

environment (Briels et al., 2018). These chemical substances have a half-life longer than five 

years in the serum of production workers (Olsen et al., 2007) and local citizens (Li et al., 2018). 

In vitro studies show adverse effects on the health of human cells (Pierozan and Karlsson, 2018) 

and a review of past epidemiological studies shows various adverse health effects (Steenland et 

al., 2020).  

The quantification of social impacts is a relatively novel research field compared to quantifying 

economic and environmental impacts (Sala et al., 2015). In 2009 first standardization guidelines 

for a social life cycle assessment on products were published by the United Nations Environment 

Program (UNEP, 2009). This methodology bases on environmental LCA and aims to implement 

social aspects in the existing LCA framework (Dreyer et al., 2010). Standards for implementing 

social aspects into organisations can be found in the guidance on social responsibility from ISO 

26000 (ISO, 2010).  
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Modelling the occupational load on workers is part of current research approaches. For instance, 

as part of the life cycle initiative, the United Nations Environment Program and the Society for 

Environmental Toxicology and Chemistry developed the USEtox model to assess the impact of 

toxic substances on human health and the ecosystem with recommendations for characterisation 

factors (Fantke et al., 2017). Due to its generic character, the results of the model are in the range 

of a factor between 100 to 1,000 for human health (Rosenbaum et al., 2008). This cannot reflect 

the specific situation in a plating line and, therefore, the chemicals concentration through different 

exposure rates is considered as a relevant measure to rate the social impact. Different methods 

and tools are available to model exposure through different routes. Examples are the Advanced 

Reach Tool (ART) for models inhalation exposure (Schinkel et al., 2013), the Dermal Exposure 

Assessment Method (DREAM) for dermal exposure (Van-Wendel-de-Joode et al., 2003) or the 

European Union System for the Evaluation of Substances (EUSES) for the general exposure 

(Lijzen and Rikken, 2004). 

2.2 Industry 4.0 and Cyber-Physical Production Systems 

The term Industry 4.0 originates in the high-tech strategy of the German federal government and 

describes the fourth industrial revolution as a development towards the digitalisation in the 

manufacturing industry with cyber-physical systems after the past three industrial revolutions 

(Acatech, 2013). At the end of the 18th century, the first industrial revolution introduced water- 

and steam-powered mechanical manufacturing facilities. At the beginning of the 20th century, the 

second industrial revolution introduced electrically manufacturing facilities as well as the labour 

division with Taylorism (Taylor, 1911). In the 70s, the introduction of electronics and IT brought 

automation to manufacturing, which is the basis for the current fourth industrial revolution. The 

first two industrial revolutions fostered mass production, while the latter two resulted in an 

increased product variety and reduced volume per variant (Koren, 2010). To date, the 

development towards Industry 4.0 leads to the publication of matching standards with a reference 

architecture (DIN, 2016) and guidelines (VDMA, 2015) for the implementation in the industry. 

The maturity stages shown in Fig. 2.12 can be used to delimit Industry 4.0 from digitalisation. 

Digitalisation describes the computerisation and the connectivity between the systems, while 

Industry 4.0 bases on these systems and goes beyond. As a first step, Industry 4.0 enables visibility 

and asks what is happening. Second, the transparency stage asks why does something happen. 

Third, the predictive capability asks what will happen in future, and finally, in the fourth stage 

adaptability, systems react autonomously to changes. 

 

Fig. 2.12: Stages in Industry 4.0 development path (adapted from Schuh et al., 2017) 
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The digitalisation of factory systems led to the development of CPPS to handle the increasing 

complexity of manufacturing processes in smart factories (Bauernhansl, 2017; Herrmann et al., 

2014). These are a core element of the Industry 4.0 development and can fulfil all stages from 

Fig. 2.12 (Acatech, 2013; Monostori, 2014). In Fig. 2.13, a CPPS’s general structure is drawn 

(Thiede et al., 2016a). The physical production system is the basis from which data are acquired 

for use in the cyber system. The cyber system can use white-box, grey-box and black-box model 

approaches depending on the available knowledge and data (Dyckhoff and Spengler, 2010). 

White-box approaches require in-depth knowledge about the production process to build a 

physical or chemical model. These models are independent of the specific case and can be used 

to plan greenfield plants for which no data are available. Black-box models require data from the 

production process to build data-driven/empirical models. Statistical methods are used to identify 

relations in the acquired data and build black-box models. These models do not require specific 

process knowledge and can be used if physical or chemical models are not available. Grey-box 

approaches combine the properties of white-box and black-box models. White-box models are 

combined with data-driven methods to generate models that reduce the data acquisition effort and 

computational. For instance, a linear regression surrogate model or a neural network can be 

derived from a white-box model. This grey-box surrogate replaces the full theoretical model for 

a specific application. The results from the cyber system models are used for feedback to 

stakeholders in the production process and automatic control processes in the plating process 

chain. 

 

Fig. 2.13: CPPS structure for plating process chains (adapted from Thiede et al., 2016a) 

Digital twins / digital shadows are another core element of Industry 4.0 and are often mentioned 

in the same context as CPPS. They can be considered as a prerequisite and part of the cyber 

system. The major difference is that they do not need direct interaction with the physical system, 

while CPPS require real-time or close to real-time feedback/control loops. This enables a broader 

use, where no direct feedback is required. For instance, the digital twin of a product can be used 

during all life cycle stages from cradle to grave (Tao et al., 2019). 
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A key motivation for the use of CPPS is that they can be used to increase the efficiency of 

manufacturing processes and generate benefits towards archiving SDGs 8, 9 and 12. To ensure 

these positive effects, the sustainability benefits must be greater than the impact of the installation 

and the operation of the CPPS (Thiede, 2018, 2021). 

For a successful CPPS implementation, these need to be integrated into the manufacturing IT 

environment. Today, most manufacturing companies’ IT systems structure bases on the 

automation pyramid, which bases on the ANSI/ISA95 architecture from the international standard 

IEC 62264 (IEC, 2013). The clear hierarchy (as seen on the left side of Fig. 2.14) makes it 

challenging to implement CPPS approaches directly. Thus, a shift to a service-based automation 

architecture is required (Delsing et al., 2012). In this architecture, IT systems from various levels 

of the automation pyramid can communicate directly with each other, as depicted on the right 

side of Fig. 2.14. An example of an architecture fostering CPPS-based automation is the OPC 

Unified Architecture which is platform-independent, and commercial implementations are 

available for a wide range of systems (IEC, 2020; Mahnke et al., 2009) 

 

Fig. 2.14: From hierarchical automation structure (adapted from IEC, 2013) towards a CPPS-

based decentral structure (adapted from VDI/VDE-Gesellschaft Mess- und 

Automatisierungstechnik, 2013) 

In the following three subchapters, the data acquisition and preparation, multiscale simulation for 

the cyber system and finally, systems for decision support and control are introduced. The 

physical system has already been introduced in the previous subchapter 2.1. 

2.2.1 Data Acquisition and Preparation  

Data from various sources in a manufacturing system needs to be acquired and prepared within a 

structured process to ensure a target-driven development of the CPPS. An example of an early 

structured process for data-driven projects is the knowledge discovery in databases process from 

Fayyad et al. (1996). Nowadays, the cross-industry standard process for data mining (CRISP-

DM) model is widely used (Fig. 2.15). A data-driven project can be broken down into six project 

phases: business understanding, data understanding, data preparation, modelling, evaluation and 

deployment (Shearer, 2000). These steps also can be used for CPPS projects, while the first three 

steps can be assigned to the data acquisition.  

ERP

MES

SCADA

PLC

Sensors / actuators Sensors / actuators

Automation pyramid CPPS-based automation
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Fig. 2.15: Cross-industry standard process for data mining model from Shearer (2000) 

First, the current situation in the production system needs to be understood. The objective for the 

CPPS and, therefore, for the data acquisition must be defined. By this, the requirements for the 

following data collection are set, and a project plan for the data acquisition strategy can be drawn. 

Second, data need to be collected and prepared in the production system. Structured data consist 

of instances that are described by attributes. Attributes can be categorical, ordinal or numerical, 

split into discrete or continuous data (Cleve and Lämmel, 2016). The uncertainty in data needs to 

be considered while acquiring data and handled during the data preparation phase. Data can 

contain noise and anomalies, which need to be detected and treated to receive significant 

modelling results (Aggarwal, 2017).  

Before the final data acquisition and preparation strategy is developed, a preliminary manual 

analysis of the available data in the production system should be conducted. This step helps to 

understand the data and decide on a matching acquisition and preparation strategy as a basis for 

the cyber system model. For a CPPS, data can be acquired automatically and manually in the 

production system. Current manufacturing IT systems can provide a broad range of data sets for 

the realisation of CPPS. On each level of the automation pyramid, data are collected and stored. 

Particularly, the combination of data from different layers has the potential to improve the 

performance of a production system. However, often specific data, for which no automated 

acquisition system are available, are required. Especially for the validation of models, a manual 

data acquisition might be necessary. In Table 2.1, typical automated and manual sources for 

product, process and process chain data are summarised. 

Table 2.4: Automated and manual data sources for three data types 

 Product Process Process chain 

A
u

to
m

a
te

d
 ERP:  

 Surface area, volume, 

products per carrier 

Inline analytics: 

 Plating thickness & 

composition 

MES:  

 Process parameters, energy 

and resource demand 

 Hoist movement 

Inline Analytics: 

 Electrolyte composition 

ERP: 

 Job scheduling 

 Products and auxiliaries 

stock 

 Long term energy and 

resource demand 

Business 

understanding

Data 

preparation

Modeling
Deployment

Data 

understanding

Data

Evaluation
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 Product Process Process chain 
M

a
n

u
a

l Analytics & measurements: 

 Plating thickness & 

composition 

Analytics & measurements: 

 Electrolyte composition 

 Energy & resource demand 

Analytics & measurements: 

 Airborne particles 

ERP: Enterprise Resource Planning / MES: Manufacturing Execution System 

Before modelling, data needs to get prepared. The data preparation step can often be considered 

the most resource-intensive part of the overall data acquisition process (Bramer, 2016). Typically 

data preparation contains steps such as normalisation, cleaning, filter, correcting and transforming 

(Runkler, 2010). If the CPPS shall control the process chain elements, it is essential to reduce the 

number of instances and attributes involved to enable a fast operation of the cyber system without 

time delay. 

2.2.2 Cyber System – Multiscale Simulation in Production Engineering 

Simulation in the context of production systems is defined in the standard VDI 3633 as the 

representation of a system with its dynamic processes in an experimentable model to reach 

findings, which are transferable to reality (VDI, 2014). The system is defined as a set of 

interrelated elements, which are separated from the environment (VDI, 2014). This enables the 

study and experimentation of the internal interactions in complex systems built of multiple 

subsystems (Banks, 2010). The key advantage of white-box/simulation approaches compared to 

black-box/data-driven approaches is that it is possible to examine systems that do not exist yet 

and where no data from comparable process chains are available. In simulations, parameters and 

process designs can be tested without intervention in the operation in a safe virtual testbed at low 

effort (VDI, 2014). Simulation approaches can be categorised into different categories (Banks, 

2010; Harrell et al., 2012):  

 static or dynamic 

 stochastic or deterministic 

 discrete event or continuous 

Static approaches do not base on time, whereas dynamic approaches consider time and changes 

over time. As stochastic models have random variables, their output has stochastic behaviour. The 

random variable is statistically distributed around an average value. In contrast, deterministic 

models have no random variables, and the output is constant if no parameters are changed. In 

discrete approaches, the variables only change at specific times. Continuous simulations allow 

modelling a change over time with rates. An example of a discrete manufacturing system is a 

production line, where arriving products at a machine change the state of this machine. 

Continuous systems can be process plants, where a chemical is produced continuously. 

Differential equations or difference equations are used to describe rates of change over time.  

Fig. 2.16 provides an overview of the four main paradigms for simulations (Borshchev and 

Filippov, 2004). The paradigms are arranged by the level of abstraction and discrete or continuous 

behaviour. Discrete event (DE) simulations are widely used in the industry to model 

manufacturing processes. They base on passive objects, which travel through a flowchart. Agent-
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based (AB) simulations base on decentralised individually programmed objects with statecharts. 

System dynamics (SD) use stocks, flows between those and information flows to model 

continuous and highly abstracted issues in a feedback loop. Dynamic systems (DS) use state 

variables and algebraic differential equations to describe physical issues. Compared to system 

dynamics, the mathematical complexity is higher, which allows a much more detailed description 

of processes. 

High Abstraction 

Less Details

Macro Level

Strategic Level

Middle Abstraction

Medium Details

Meso Level

Tactical Level

Low Abstraction

More Details

Micro Level

Operational Level

Level Aggregates, Global Causal Dependencies, Feedback Dynamics, … 

Individual objects, exact sizes, distances, velocities, timings, … 

“Discrete 

Event” (DE) 
▪ Entities (passive 

objects) 

▪ Flowcharts and/

or transport 

networks 

▪ Resources 

Agent 

Based(AB) 
▪ Active objects 

▪ Individual 

behavior rules 

▪ Direct or indirect 

interaction 

▪ Environment 

models 

System Dynamics (SD)
▪ Levels (aggregates) 

▪ Stock-and-Flow diagrams 

▪ Feedback loops 

Dynamic Systems (DS)
▪ Physical state variables

▪ Block diagrams and/or algebraic-

differential equations 

Mainly coninuousMainly discrete

 

Fig. 2.16: Simulation modelling paradigms (Borshchev and Filippov, 2004) 

Multiscale simulations are often necessary to solve problems in science and engineering. In the 

context of production systems, multiscale simulation typically considers the spatial and temporal 

scales (Landherr et al., 2013). The spatial scales base on Fig. 2.2 and range from phenomena in 

single processes to global interdependencies in value chains or factory systems. The simulation 

of details from processes typically ranges on a scale of seconds, while the simulation of value 

chains can contain weeks, especially if long-distance transports are required. Through considering 

different scales from micro to macro, multiscale simulation enables investigating the impact of 

minor changes in single processes on the whole value chain (Westkämper and Niemann, 2009). 

In the past, various researchers developed approaches for multi-scale simulations in different 

contexts of production systems (Heinemann, 2016; Kurle, 2018; Schönemann, 2017). 

For combining multiple simulation environments, coupling and integration concepts are available 

as shown in (Fig. 2.17). Relevant concepts are offline coupling, model integration, direct coupling 

and co-simulation (Schönemann, 2017; Thiede et al., 2016b). In most cases, offline coupling is 

the simplest concept for coupling. However, no data can be exchanged during a simulation run as 

the simulations run independently. A direct coupling or coupling via a middleware requires an 

interface to all involved models and allows a data exchange while keeping the simulation 

environments. The model integration approach is promising, especially in combination with the 

grey-box surrogate model approach, as this keeps the computational efforts reasonable.  
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Grey-box surrogate modelling describes the use of a simplified surrogate from a more complex 

model. The main advantage is that the high computation efforts in complex models can be reduced 

through data-driven methods for the integration as a surrogate into other simulation environments. 

Various authors use this approach to build process parameter-specific regression models as 

surrogates through machine learning from finite element models (Hürkamp et al., 2020a; 

Hürkamp et al., 2021; Hürkamp et al., 2020b; Yan et al., 2018) 

 

Fig. 2.17: Concepts for coupling/integrating models (Schönemann, 2017; Thiede et al., 2016b) 

A key research topic between materials and production engineering is to unravel the relationship 

between process parameters, structures and products properties through simulation approaches is 

a common approach (Birosca, 2017; Bouville, 2020; Hürkamp et al., 2020b; Schmidt et al., 2020; 

Yan et al., 2018). Applied to plating process chains, simulation approaches help unravel the 

relationship between the multi-stage plating process, the surface, and the product’s properties 

during the use stage, as shown in Fig. 2.18.  

 

Fig. 2.18: Process-structure-properties relation 

Various commercial simulation tools are available with different capabilities. Tecnomatrix Plant 

Simulation or Arena are widely used for DE simulations in the industry and part of the Siemens 

PLM software. An example of SD simulation tools is the software Vensim. For DS simulation, 

commonly Matlab/Simulink or Modelica are used. The software AnyLogic enables the integration 

of the three paradigms DE, AB and DS in one software tool. Its generic character enables a broad 

range of simulations even outside the production context (e.g. passenger flows at airports or 

epidemic models). Plating process chains combine discrete events with continuous flows in an 

agent-based environment and, therefore, mainly a generic software approach as AnyLogic can 

fulfil the requirements. 
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2.2.3 Decision Support and Control  

The baseline of decision making becomes more complex for several reasons (Turban et al., 2005): 

Firstly, the improved information and communication technology (ICT) with search engines, 

which make more information available, increases the number of decision alternatives. Secondly, 

the cost for errors increases as the complexity of systems increases. Thirdly, the demand for quick 

decisions increased as the ICT progress increased the speed at which information and decision 

have to be made. Therefore, making clear-cut decisions is regarded as the most important 

manager’s ability in companies today. The current shift towards Industry 4.0 and the 

implementation of CPPS foster the above mentioned development. Therefore, it is crucial to 

prepare the cyber system results for fast and reasonable decisions of the involved stakeholders. 

CPPS can support operative decisions by providing decision support for the stakeholders but also 

by automated control mechanisms. Tactical decisions can be supported by providing relevant 

information for stakeholders. Strategic decisions are typically not directly the focus of decision 

support and control mechanisms from CPPS. Here long term digital twins without a direct 

implementation in the production IT are more suitable. 

Visualisations are a key success factor in making information accessible to stakeholders (Zhu and 

Chen, 2008). In the context of simulations, visualisations are the visual processing of information 

and provide a highly illustrated representation of the model and create a shared basis for 

communication between stakeholders (VDI, 2020). According to the standard VDI 3633-11, 

visualisations in simulations can be classified into seven categories, as summarised in Table 2.5. 

(Landherr et al., 2013). The computational effort for the visualisations increases from the left to 

the right side of the single categories in Table 2.5.  

Table 2.5: Classification of visualisation methods (adapted from VDI, 2020) 

Criteria Categories 

Dimension 1D 2D 2½D 3D 

Representation Symbolic Iconic Photorealistic 

Form of 

presentation  
Writing Table Chart Drawing Picture Virtual world 

Augmented 

reality 

Relation to 

simulation run 
Offline Online 

Time 

representation 
None Discrete Continuous 

Presentation time 

behaviour 
Still image 

Non-proportional 

moving image 

Proportional moving 

image 

Interaction None 
Navigation in 

presentation 
Graphic model 

Simulation 

model 

In & with 

model 

Specifically energy and resource flows also can be visualized in a Sankey diagram. Sankey 

diagrams indicate energy and resource flows in technical systems by the width of arrows and 

enable a visual analysis of the flows (Sankey, 1898; Schmidt, 2008). Further, a more aggregated 

visualisation method is value stream mapping, a widely used method to optimise the value stream 

in factories (Erlach, 2010). While the initial methodology only considers typical technical KPIs, 

various authors extended the value stream mapping towards energy value stream mapping 
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(EVSM) through the implementation of energetic KPI (Bogdanski et al., 2013; Erlach and 

Westkämper, 2009) and included multiple products in a dynamic simulation (Schönemann et al., 

2016). 

The progress in ICT enabled the use of visualisation towards mixed reality applications. Mixed 

reality describes the augmentation of the real world (reality) with virtual information up to a full 

immersion into a virtual world (virtuality) (Milgram and Kishino, 1994). A full immersion into 

virtual reality can be required during the initial planning process of a new greenfield plating 

process chain as no physical system exists. While the operation of a plating process chain, 

augmented reality can help stakeholders in their decisions directly in the physical plating process 

chain. Mixed reality systems are used to plan manufacturing systems (Bellalouna, 2020) and for 

educational purposes in industrial and academic settings (Czarski et al., 2020). 

Another methodological approach in this context is visual analytics, which aims to turn the 

information overload in the decision situation into an opportunity (Keim et al., 2008). As shown 

in Fig. 2.19, visual analytics integrates visual and automatic data analysis to generate knowledge 

of both for scalable interactive decision support. The basis for this parallel data analysis is a 

common database. These large datasets are structured and prepared for processing. Merging the 

visual and the automated data analysis combines the strengths of human and electronic data 

processing methods.  

 

Fig. 2.19: Visual analytics from Keim et al. (2008) 

In the last years, visual analytics has been applied to manufacturing and LCE by various authors: 

Kurle developed a concept for integrated planning of heat flow in production based on the visual 

analytics process (Kurle, 2018). Filz et al. used visual analytics for product state propagation in 

manufacturing (Filz et al., 2020) and Kaluza et al. (2018) used it for LCE in an industrial shop-

floor application. 

During operation, information from the cyber world also can be used as direct control variable of 

a system. Considering the terms from controls engineering, the CPPS can serve as a closed-loop 

control system (Berger et al., 2018). The practical implementation towards a direct control 

approach enables real-time or close to real-time control decisions; therefore, the computational 

effort for the models must be low as possible. Alternatively, a grey-box surrogate model approach 

can support the implementation into a control approach, as shown by Hürkamp et al. (2020b). 
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2.3 Summary and Preliminary Findings 

Plating process chains are complex productions systems of multiple production system levels and 

integrate different production process types in one production system. The hoist’s movement 

through the plating process chain is a discrete batch production process, while the processing 

fluids flow continuously through the system. Different types of processes in three stages pre-

treatment, plating to post-treatment can be combined to individual processing routes with adapted 

process parameters for each product and process type. The carryover between these processes 

directly influences the following process and depends on the product properties and the previous 

process parameters. These interdependencies need to be considered during SDG-driven planning 

and operation of plating process chains and prevent problem shifting. 

The screening studies dealing with the economic, environmental and social impacts of plating 

process chains showed that plating processes cause a significant impact on the achievement of the 

relevant SDGs 8, 9 and 12. Therefore, an integrated approach for planning and operation is 

favourable to avoid problem shifting between different sustainability dimensions and life cycle 

stages. Notably, hazardous chemicals’ adverse effects on the environment and human health are 

relevant and correlate to each other. End-of-pipe measures to reduce these effects are costly, so 

approaches that avoid or reduce the use of hazardous chemicals positively influence the plating 

process chain’s economic efficiency.  

The high complexity and the combination of different characteristics need to be considered for 

building simulation models. Multiscale simulations that combine the simulation paradigms DE, 

DS and AB are required to model all relevant aspects. According to the current state of the art, no 

specific tool for plating process chains is available. Therefore, a generic simulation tool must be 

used and adapted to plating process chains. The integration of the multiscale simulation into a 

CPPS ensures the availability of the required data and the feedback loops to support the planning 

and operation of plating process chains. The shift towards Industry 4.0 increases data availability 

for CPPS and can be used as a data basis to develop an integrated planning and operation approach 

for plating process chains. 
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3 State of Research 

This chapter presents the state of research for model-based approaches to plan and operate plating 

process chains as well as production process chains in general. After screening the available 

research approaches and delimiting adjacent research fields, 19 relevant research approaches are 

reviewed in detail to classify and rate these. Based on this, the research demand for a new 

approach is derived. The first subchapter 3.1 delimits the research field and briefly introduces 

contributions from adjacent research fields. Subchapter 3.2 describes the selection and definition 

of the criteria for the evaluation of the selected research contributions. Afterwards, in subchapter 

3.3 the relevant research contributions are evaluated in detail. Finally, in subchapter 3.4 the 

relevant research contributions are compared, and the demand for research is stated. 

3.1 Delimitation of Research Field and Selection of Relevant Research 

Contributions 

After revising the state of the art in the previous chapter, a targeted literature review is conducted 

to identify relevant research contributions. The presentation of the state of research is split up into 

specific approaches focusing plating process chains on the one hand and generic approaches 

focusing on production process chains on the other hand. Specific approaches with a focus on 

plating process chains are scarce and thus are included in the core research field except for four 

adjacent fields of research. Generic research approaches mostly originate from discrete 

manufacturing processes and often can be transferred at least partly to plating process chains. 

Over the last decades, the number of model-based research approaches towards planning and 

operation production processes supporting measures to achieve sustainability goals has increased 

significantly. A strong focus is on energy and resource efficiency (Duflou et al., 2012). Different 

production processes, production planning horizons and production system levels are addressed. 

Six further adjacent fields of research are introduced to identify the most relevant generic 

approaches for the core research field. 

Both research fields are screened with a targeted literature review by searching with matching 

keywords in databases (Scopus, Google Scholar and IEEE Xplore) and library catalogues (union 

catalogue of GBV Common Library Network). In addition, references in relevant publications are 

included. Particularly, the free search based on references in publications enabled the inclusion 

of research contributions that are not available in the common databases. Adjacent fields of 

research are described, and example research contributions are briefly introduced. Fig. 3.1 

visualizes the core and adjacent field of research considering the division into plating process 
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chain specific (inner grey circle) and general production processes research contributions (outer 

white circle). The delimitations which account for the plating process chain specific approaches 

are also applied for the general production process approaches as visualized by the circles. 

 

Fig. 3.1: Core research field in the context of adjacent research fields 

In the following sections, adjacent the research fields from Fig. 3.1, including reasons for 

delimitation and examples, are presented: 

 Detailed numerical simulations, such as finite element method simulation (Gerth, 2006; 

Low et al., 2007; Mahapatro and Kumar Suggu, 2018; Masuku et al., 2002) or discrete 

elements method / molecular dynamic simulations (Lai et al., 2018; Liu et al., 2014; Wang 

et al., 2012) of plating processes are not considered as part of the core research fields. These 

approaches focus only on one process chain element, and their relevance for the planning 

and operation of the whole process chain is typically low. Without further handling, the 

computational effort of such simulations is often too high for an application in CPPS. These 

simulations require detailed information about the exact position of the products and the 

anodes in the plating fluid, their geometry and the plating fluid’s current composition. This 

information is often unavailable, particularly for mass production using barrel plating. 

 Operations research approaches that use mathematical optimization methods or heuristic 

approaches for solving hoist scheduling problems are not focused. These approaches 

typically only address one specific mathematical problem to efficiently transfer the hoist with 

the products through the plating process chain. Particularly for plating process chains, several 

publications address the hoist scheduling problem. Bloch (1997) and Manier (2003) provide 

an overview of the basics for specific hoist scheduling solving algorithms for electroplating 

process chains. Subaï et al. (2006), Kuntay et al. (2006) and Lei (2014) also included 

environmental considerations into hoist scheduling algorithms. Thies et al. (2019) provided 
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an overview of general operations research approaches in the context of the three 

sustainability dimensions. 

 Static life cycle assessments for modelling specific plating process chains are not considered 

as their focus is neither the planning nor the operation of a process chain. These approaches 

focus on the overall environmental impact of a plating process chain to identify hotspots or 

compare different process chains. Takuma et al. (2018) compared the environmental impact 

of two different nickel electroplating process chains, Harscoet and Froelich (2008) evaluated 

the environmental benefits of substitutes for anodizing with hexavalent chromium, and 

Guarino et al. (2017) evaluated a cyanates-free electroplating process for graphene-copper 

coatings. Vardelle et al. (2009) compared electroplating with thermal spray processes. Vidal 

(2017) calculated the environmental impact of pre-treatment processes with hexavalent 

chromium for ABS and García et al. (2013) a Cr (III) passivation process. Sabeen et al. 

(2019) assessed the impact of a wastewater processing plant for electroless nickel plating. 

 Product-oriented approaches are not considered as plating process chains should be in 

focus. Therefore, research approaches, which focus on the impact of the products, are 

excluded. These approaches typically provide information on the environmental or economic 

impact of products and enable a comparison with other products as part of life cycle 

inventory databases. Examples are the research work from Ji et al. (2020a) that assessed 

galvanized sheets or Linke (2016) that assessed electroplated grinding wheels. 

In addition to the previous adjacent research fields, generic model-based approaches are delimited 

from the following adjacent research fields: 

 Research approaches that study other specific process chains without apparent relevance 

for plating process chains are excluded. Heinemann (2016) / Heinemann et al. (2012) 

presented a comprehensive multi-level multi-scale framework for enhancing the energy and 

resource efficiency in aluminium die casting. Solding et al. (2009) and Mardan and Klahr 

(2012) focus on foundries. Wegener (2016) focuses on the resource-efficient process chain 

layouts for additive manufacturing and Weeber et al. (2020) on the energy efficiency in 

battery cell manufacturing systems. Halubek (2012) specifically on assembly process chains 

in the automotive process chain, and Lindner (2018) studied process chains for automotive 

lightweight applications. 

 The approaches should not be specific to other production processes that cannot be 

transferred at least partly to plating processes. Examples for such specific approaches are 

available for grinding processes (Li et al., 2012; Winter, 2016), machine tools (Abele et al., 

2015; Eisele, 2014; Madanchi, 2022; Mousavi et al., 2015; Zein, 2012; Züst et al., 2016), 

recycling systems (Colledani and Tolio, 2013) or the TBS (Schulze et al., 2018). 

 Approaches that mainly focus on the specific process chain interactions with the energy 

and media generation as well as supply systems are excluded. The planning and operation 

of process chains itself shall be in focus. Examples are research approaches towards energy 

flexibility (Beier, 2016; Beier et al., 2017; Schulze et al., 2019), design and operation of on-

site energy systems (Bleicher et al., 2014; Leobner, 2016), thermal interactions of the 

production system with the building system (Hafner et al., 2012; Michaloski et al., 2011; 
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Vogt et al., 2021), planning of heat flows in factories (Kurle, 2018) as well as coordination 

of the production and the TBS (EnoPA, 2011; Hesselbach, 2012; Hesselbach et al., 2008). 

 Relevant research approaches are no static approaches and thus enable dynamic modelling 

of energy and resource flows. A dynamic approach is required to model interactions between 

different products, process chain elements and the overall process chain. As an example of 

static models, Döbbeler (2015) introduced a KPI-based model for planning manufacturing 

technology chains considering economic, environmental and technical aspects. Dehning 

(2017) / Dehning et al. (2017) as well as Teiwes (2020) / Teiwes et al. (2021) used statistic 

models to depict the energy demand of automotive production processes, as well as Blume 

(2020) / Blume et al. (2018; 2017) modelled manufacturing value chains with static methods. 

Other approaches in the context of the planning and operation of production systems, which 

only apply static methods, are Bergmann (2010), Reinhardt (2013) or Fischer (2017). 

 Research approaches extending LCAs by DE simulations are not in focus as a direct relation 

to the production process and its dynamic interactions are required. Examples are Brondi and 

Carpanzano (2011), whose objective was to develop reliable gate-to-gate LCAs and not 

assess the dynamic interactions in the process chain. Steil et al. (2016) extended LCA with 

a DE approach mainly to simulate transportation processes and not the process chain itself. 

Rödger et al. (2020) combined DE simulation and LCA to assess the environmental impact 

of different renewable energy supply systems, including providing the production equipment 

and the end-of-life. The process chain is not in focus anymore as the dynamic interactions 

with the renewable energy system are the central research objective. 

 At least one of the three sustainability dimensions is focused by the research contributions. 

Thus, research that only focuses on technical aspects is excluded. Examples are quality-

oriented approaches (Coors et al., 2020; Rippel et al., 2014), cutting process forces (Liang 

and Yao, 2008) or data and model structure-oriented approaches (Block, 2020; Kohl, 2019). 

Also, approaches, which only model the electricity demand without providing KPIs for at 

least one of the three sustainability dimensions (Abele et al., 2012; Dietmair and Verl, 2009; 

Haag; Labbus, 2021; Schrems, 2014; Stahl et al., 2013) are excluded from a detailed analysis. 

3.2 Selection and Definition of Evaluation Criteria for Relevant Research 

Contributions 

The selected research approaches have been evaluated according to a set of criteria. These criteria 

are derived against the background from chapter 2 and are clustered into five superordinate 

groups: (1) scope, (2) plating productions system levels, (3) evaluation criteria, (4) flows and 

(5) implementation. In this subchapter, all evaluation criteria are introduced, and their fulfilment 

is described. The fulfilment of a criterion increases from no fulfilment in four steps to complete 

fulfilment. For the visualisation of the degree of fulfilment, Harvey balls are used. An empty 

Harvey ball (0) indicates that a criterion is not fulfilled, partial fulfilment is indicated by 

increasingly filled balls (1, 2, 3) and complete fulfilment is shown as a wholly filled ball (4). 
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3.2.1 Scope 

All research contributions are evaluated regarding their scope to examine the relevance of a 

research approach for the planning and operation of plating process chains. The criteria are the 

relevance for plating process chains, the integration of multiple production planning horizons, the 

production system levels and the production IT (also see Table 3.1). 

Plating process chain relevance This criterion evaluates the context of a research contribution 

concerning plating process chains. As shown in subchapters 2.1.2 and 2.1.3, plating process 

chains have specific characteristics compared to other production processes, and a research 

contribution should be able to consider these. This criterion is not fulfilled if an approach is not 

capable of enabling a transfer to plating process chains and does not refer to these. Completely 

fulfilled is this criterion if the approach has been built specifically for plating process chains and 

addresses the specific characteristics natively. Partial fulfilment applies if the approach is generic 

but can be adapted to plating process chains. 

Multiple production planning horizons Production management can be distinguished by the 

planning horizon into operational, tactical and strategic decisions as introduced in subchapter 

2.1.1. Besides, approaches can directly support real-time operation without human interaction. 

These decisions are typically made automatically by algorithms, e.g. adding electrolyte 

substances after a defined operation time. If all perspectives can be supported, the research 

approach fulfils this criterion completely. It is not fulfilled if no planning perspectives are 

addressed, and even for the operation, no support is mentioned. The partial fulfilment increases 

with each planning perspective and the operation by a quarter. 

Production system levels The relevant production system levels for an integrated planning and 

operation approach for plating process chains are process, process chain element, process chain 

and factory (see subchapter 2.1.1). This criterion is completely fulfilled if a research approach 

addresses all four levels. The mutual dependencies between the layers must be included with all 

energy, resource and information flows between the single layers. If none of the levels is 

addressed, the criterion is not fulfilled. With each level that is addressed by a research approach, 

the partial fulfilment increases by a quarter.  

Production IT integration To support the planning and operation of industrial plating process 

chains, an approach must enable the integration of industrial data from different layers of the 

automation pyramid and be open towards a CPPS-based automation (see subchapter 2.2). Without 

the inclusion of industrial data, especially the operation of an automated state of the art plating 

process chain is hardly possible. This criterion is completely fulfilled if a bidirectional interface 

to multiple industrial production IT systems is provided. No fulfilment applies if an approach 

does not consider the integration of industrial data. The partial fulfilment increases by a quarter 

through the steps manual input, unidirectional interface to one system, unidirectional interface to 

multiple systems, bidirectional interface to multiple systems. 
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Table 3.1: Criteria and degree of fulfilment for scope 

 0 +1 +1 +1 +1 

Plating process 

chain relevance 
Not considered 

Generic 

approach, but 

adaption to 

plating process 

chains hardly 

possible 

Generic 

approach, 

adaption possible 

except single 

elements 

Generic 

approach, can be 

fully adapted to 

plating process 

chains 

Directly 

addresses plating 

process chains 

Mult. production 

planning horizons 
Not considered 

One of operation, 

operational, 

tactical, strategic 

Two of operation, 

operational, 

tactical, strategic 

Three of 

operation, 

operational, 

tactical, strategic 

All of operation, 

operational, 

tactical, strategic 

Production 

system levels 
Not considered 

One of process, 

process chain 

element, process 

chain or factory 

Two of process, 

process chain 

element, process 

chain or factory 

Three of process, 

process chain 

element, process 

chain or factory 

All of process, 

process chain 

element, process 

chain or factory 

Production IT 

integration 
Not considered Manual input 

Interface, 

unidirectional 

transfer to one 

system 

Interface, 

unidirectional 

transfer to 

multiple systems 

Interface, 

bidirectional 

transfer to 

multiple systems 

 

3.2.2 Plating Production System Levels 

This criterion group refers to the levels of a plating production system that are considered by a 

research contribution. The criteria are based on the process stages of the plating process chain 

(subchapter 2.1.2) and the elements of plating process chains (subchapter 2.1.3). A research 

contribution should be able to consider these in its cyber system. The single criteria and their 

fulfilment are summarized in Table 3.2. 

Multiple products Most plating process chains treat multiple product types with different 

characteristics and process parameters. Past research contributions are evaluated regarding their 

ability to consider multiple products. This criterion is not fulfilled if only one product can be 

parameterized. Supposing an automated import of product data from a central database is possible, 

this criterion is completely fulfilled. The partial fulfilment increases by a quarter in the steps two 

products, three to four products and manual parameterization of more than four products. 

Plating process/fluid As plating processes work differently than discrete manufacturing 

processes, this criterion considers if a research approach is capable of depicting the specifics of 

the plating process and the fluid. This criterion is not fulfilled if plating processes cannot be built 

with this model, and even no generic process model is provided. It is completely fulfilled if the 

full integration of plating processes is possible, including detailed process parameter-dependent 

models. The partial fulfilment increases with the provision of a generic process model, a generic 

model that can be adapted to plating processes and a model that is partially considering plating 

processes. 

Rinsing process/fluid Rinsing processes and fluids are controlled differently from active 

processes/fluids. No active chemical reactions appear in the fluid, and the carryover is the main 

influencing factor. For this criterion, the same degrees of fulfilment applies as for the plating 

process/fluid. 
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Tanks Plating process chains are physically built of tanks, and these determine the spatial set-up 

of the plating process chains. Relevant research contributions should be able to depict these 

sufficiently. As most generic approaches work with machine models, these are evaluated 

regarding their adaptability to depict tanks. A complete criteria fulfilment is given if the model is 

designed to depict the tanks and their specifics. It is partly fulfilled if a generic machine model is 

provided, the model can be partly adapted to tanks or a model that can be fully adapted to tanks. 

Worker For the operation of process chains, workers are required for tasks with different 

activities. It is required to model the workers and their specific activities in the production process 

chain to include the effects on human workers into the simulation evaluation. This criterion is not 

fulfilled if workers are not considered by an approach. A partial fulfilment applies if the worker 

is considered but not the specific activities and tasks a worker has to conduct during the operation 

of the process chain. This criterion is completely fulfilled if the worker model considers the 

different activities a worker has to conduct during the operation of a plating process chain. 

Process chain A process chain consists of many single process chain elements and requires a 

central coordination system. This system ensures that the products can flow coordinated through 

the process chain and the elements in the process chain communicate with each other. Even if 

decentral control algorithms are used, a central instance is required to enable comprehensive 

analyses of the process chain, such as bottleneck or lead time calculations. Therefore, this criterion 

is completely fulfilled if central coordination is available and product-specific scheduling through 

the plating process chain is possible. It is not fulfilled if no communication between the process 

chain elements is possible. The partial fulfilment increases with the steps multiple elements can 

communicate to each other, central coordination is available for parts of the plating process chain, 

and full coordination is available for all parts of the process chain. 

Table 3.2: Criteria and degree of fulfilment for plating production system levels 

 0 +1 +1 +1 +1 

Multiple products Only one product Two products 3-4 products 

>4 products, 

manual 

parameterization 

Interface to 

products database 

Active (plating) 

process/fluid 
Not considered 

Generic process 

model 

Model can be 

adapted to plating 

process 

Model considers 

plating processes 

Model allows full 

integration of 

plating processes 

Rinsing 

process/fluid 
Not considered 

Generic process 

model 

Model can be 

adapted to rinsing 

process 

Model considers 

rinsing processes 

Model allows full 

integration of 

rinsing processes 

Tanks Not considered 
Generic machine 

model 

Model can be 

partly adapted to 

tanks 

Model can be 

fully adapted to 

tanks 

Considers 

specific 

characteristics of 

tanks 

Worker Not considered 
Simplified worker model without 

specific worker activities 

Detailed worker model considering 

worker activities 

Process chain Not considered 

Multiple 

elements can 

communicate to 

each other 

Central 

coordination for 

parts of process 

chain 

Full central 

coordination of 

process chain 

Full central 

coordination of 

process chain and 

product-specific 

scheduling 
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3.2.3 Flows 

For the calculation of the economic, environmental and social impacts, an dynamic energy and 

resource flow model is required. Therefore, this set of evaluation criteria asks whether these flows 

are included in the research approaches. 

Dynamic simulation In order to model the energy and resource flows, dynamic variables are 

required as these are time-dependent. This criterion is completely fulfilled if all required flows 

can be modelled dynamically and cumulative load profiles can be provided. This criterion is not 

fulfilled if no dynamics are considered, which account for static approaches. The partial fulfilment 

increases with the number of dynamic variables and the provision of cumulative load profiles for 

at least a single variable.  

Energy All production processes require energy in different forms to enable the transformation 

process. Therefore, this criterion considers how detailed energy flows can be integrated. No 

fulfilment applies if no energy flows are considered, and complete fulfilment applies if process 

parameter-dependent models are used. The degree of fulfilment increases by the steps single 

theoretical value (e.g.70 % of peak value), average values and state-based models. 

Resources As all production processes require resources, these need to be considered within the 

simulation. Involved resources are the product itself, the coating material and auxiliaries. The 

degree of fulfilment can be described with the same steps as for the energy criterion. 

Table 3.3: Criteria and degree of fulfilment for flows 

 0 +1 +1 +1 +1 

Dynamic 

simulation 
Not considered 

Single dynamic 

variable 

Multiple dynamic 

variables 

Cumulative load 

profiles for single 

flows 

Cumulative load 

profiles for all 

flows 

Energy Not considered 
Single theoretical 

value 
Average value 

State-based 

model 

Process 

parameter-

dependent model 

Resources Not considered 
Single theoretical 

value 
Average value 

State-based 

model 

Process 

parameter-

dependent model 

 

3.2.4 Evaluation Criteria 

Research approaches should be able to assess a process chain regarding its environmental, 

economic and social impact as introduced in subchapter 2.1.4. This criterion checks if the research 

contributions are able to support measures in the plating proess chain towards achieving the SDGs 

8, 9 and 12. Further, a technical evaluation is required to ensure that the process chain can manage 

the designated production task. 

Technical Without a technical analysis, it could happen that a plating process chain is planned 

that is not technically feasible as, for instance, a single process is a bottleneck and prevents an 

efficient utilization of the whole process chain. This criterion is not fulfilled if no technical aspects 

on the process chain layer are considered and completely fulfilled if a comprehensive analysis, 

including the identification of bottlenecks and the load on single process chain elements, is 
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available. A partial fulfilment applies if only simple technical production KPIs such as production 

time or the throughput are taken into account. 

Environmental The environmental evaluation is a key step towards achieving SDG 12. As 

described in chapter 2.1.4, the LCA methodology provides an established framework for 

comprehensive analyses. This criterion is not fulfilled if environmental aspects are not considered. 

It is completely fulfilled if a detailed product-specific LCI/LCA model is used. The fulfilment 

increases by the steps single flow can be transferred into a single impact category, multiple flows 

can be transferred to a single impact category, and a detailed general LCI/LCA model is available.  

Economic The economic evaluation enables the estimation of plating process chain operation 

contribution to the SDGs 8 and 9. A direct calculation of the operation cost for the plating process 

chain enables the decision of whether a plating process chain is competitive compared to other 

processes that serve the same market for the plated products. Also, economic KPIs such as the 

return on investment from measures towards sustainability can be estimated. This criterion is not 

fulfilled if no economic aspects are considered and completely if a detailed product-specific cost 

model is included. The degree of fulfilment increases with the steps conversion in cost is possible, 

a simplified cost model is integrated and a general cost model for the process chain is available. 

Social As described in subchapter 2.1.4, the major social concern of the plating process chain’s 

operation is the exposure of workers to hazardous chemicals. Reducing this impact supports the 

goal of decent workplaces from SDG 8 directly. Therefore, this criterion shall evaluate whether a 

research contribution considers the workers and occupational effects on them. This criterion is 

not fulfilled if these aspects are fully neglected. It is completely fulfilled if the occupational effects 

are estimated model-based and consider the current process parameters in the plating process 

chain. The partial fulfilment increases with a verbal-argumentative integration of occupational 

aspects, a simplified worker model and a worker model, which considers occupation aspects 

without considering the process parameters. 

Table 3.4: Criteria and degree of fulfilment for evaluation criteria 

 0 +1 +1 +1 +1 

Technical Not considered 
Single aspects as production time or 

throughput considered 
Comprehensive technical analysis 

Environmental Not considered 

Conversion of 

single flow in 

single impact 

category 

Conversion of 

multiple flows in 

single impact 

category 

Detailed 

LCI/LCA model 

Detailed product-

specific LCI / 

LCA model 

Economic Not considered 
Conversion in 

cost 

Simplified cost 

model 

Detailed general 

cost model 

Detailed product-

specific cost 

model 

Social Not considered 
Verbal-

argumentative 

Simplified 

workers model 

Occupational 

effects on 

workers modelled 

Process 

parameter-

dependent 

occupational 

effects modelled 
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3.2.5 Implementation 

This set of criteria assesses if a research contribution is ready for use in the industry at low efforts. 

Further, it is examined how far industry users are supported during the implementation and the 

use of the approaches through visualisations. 

Applicability This criterion refers to the maturity of the approach and its applicability in an 

industrial context. As a basis for this criterion’s fulfilment, the technical readiness levels (TRL) 

from ISO 16290 are used (ISO, 2013). These are widely used to rate the maturity degree of 

technologies in nine TRLs. Therefore, this criterion is completely fulfilled if a commercial 

implementation is available, which is proven in relevant industrial settings. A research 

contribution does not fulfil this criterion if only a theoretical concept is shown (TRL 1 to 2). The 

partial fulfilment increases by a quarter with a lab-scale application (TRL 3 to 4), a prototypical 

implementation in a research process chain (TRL 5) and a prototypical implementation in the 

industry (TRL 6 to 7). Complete fulfilment is achieved if a commercial implementation for 

industrial use is available (TRL8 to 9). 

Effort High implementation efforts prevent the use of approaches in the industry and decrease 

the chance that it is used to contribute to the SDGs achievement. This criterion is not fulfilled if 

the efforts are high, and separate simulation experts are required at all stages of implementation. 

It is partially fulfilled if support through simulation experts is required, but the approach is 

accessible to the industry users. Complete fulfilment is achieved if the implementation effort is 

low and industrial users can use it by their knowledge. 

Application cycle The provision of an application cycle enables other researchers and engineers 

in the industry to implement an approach systematically as planned by the authors of the research 

contribution. This criterion is not fulfilled if no application cycle is provided. It is completely 

fulfilled if support for all application stages is given. The degree of fulfilment increases with the 

steps that only the comprehensiveness of an approach is secured, support for selected application 

stages and for most application stages is provided. 

Visualisation As shown in subchapter 2.2.3, industrial stakeholders benefit from visualisations 

in complex situations provided by decision support systems. The advancements in ICT enable 

new visualisation forms and make the results accessible to users in the industry immediately in 

the industrial context. This criterion is not fulfilled if no capabilities for visualisation are included. 

It is completely fulfilled if a comprehensive set of visualisations, including 3D visualisations, for 

instance, a virtual reality environment, is provided. The degree of fulfilment increases with the 

steps visualisation of KPIs after a simulation run, the live simulation of KPIs and with 2D 

visualisations. 
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Table 3.5: Criteria and degree of fulfilment for implementation 

 0 +1 +1 +1 +1 

Applicability 
Only theoretical 

concept 

Lab scale 

application 

Prototypical 

implementation 

in a research 

process chain 

Prototypical 

implementation 

in industry 

Commercial 

implementation 

in industry 

Effort 
High, simulation 

experts required 

Medium, support through  

simulation expert 
Low, ready for use in industry 

Application cycle Not provided 

Only 

comprehensiveness 

secured 

Support for 

selected 

application stages 

Support for most 

application stages 

Full support for 

all application 

stages 

Visualisation Not provided 

Visualisation of 

KPIs after 

simulation 

Live simulation 

of KPIs  
2D visualisations 3D visualisations 

 

3.3 Review and Evaluation of Relevant Research Approaches 

After the literature screening and delimitation of adjacent research fields in subchapter 3.1, 19 

approaches were classified as relevant and are considered for a detailed evaluation. These relevant 

research contributions are mapped depending on the considered production system levels and the 

evaluation criteria in Fig. 3.2. Plating process chain specific approaches are indicated in grey and 

generic approaches in white. Plating process chain specific approaches are mainly focussing on 

technical aspects considering scales smaller than the process chain. Generic approaches from 

production engineering often cover a broader set of evaluation criteria and multiple production 

systems levels. Again, technical aspects are covered by nearly all approaches. 

 

Fig. 3.2: Mapping of relevant specific and generic research approaches considering the 

evaluation criteria and the production system levels 

In the following two subchapters, firstly, the plating process chain-specific approaches and 

secondly, the generic approaches are briefly introduced, and their evaluation criteria fulfilment is 

Evaluation criteria
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outlined. Within the specific respectively generic approaches groups, the research contributions 

are introduced chronologically. 

3.3.1 Plating Process Chain Specific Approaches 

Gong et al. (1997) introduced a dynamic computational approach for modelling cleaning and 

rinsing processes for barrel plating systems called WMEP Advisor. The objective was to develop 

a model-based decision support system to minimize waste in the cleaning and rinsing processes. 

Therefore, this model only considers resource flows and no energy flows. The analysis remains a 

technical analysis, and no evaluation with respect to the economic, environmental or social 

dimension is possible. The model is applied in a generic case study, but it is not implemented at 

a plating facility. Therefore, no connection to manufacturing IT systems is possible, but the 

authors already briefly described the idea to use this data for decision support of the plating line 

operators. It has to be considered that significantly fewer automated plating process chains were 

in operation at the time of this publication, and the data availability was low. In the related 

research contribution from Luo and Huang (1997), the approach from Gong et al. is used for a 

decision support system for electroplating line operators. 

Nagel (2000) developed a dynamic material flow simulation approach for modelling 

electroplating process chains. Simplified models for active plating processes and complete models 

for the rinsing processes are integrated to build an electroplating process chain. The material flow 

simulation results can be used for economic analyses but not for environmental or social analyses. 

Further, this approach does not consider any energy flows in the model. The model is 

implemented as visual basic applications due to its broad availability in the industry. However, 

no specific support during the application through users is provided. In a case study, the model 

was applied to an industrial copper barrel electroplating process chain. Links to production IT 

systems are not considered.  

Giebler (2002) builds a model-based approach specifically for the control of plating processes. It 

simulates the resource flows in the plating process chain in detail for technical analysis. Specific 

models are available for active plating processes as well as for rinsing processes. However, energy 

flows are not considered as the focus was on process engineering aspects. Environmental, 

economic or social aspects are also not considered, and the approach remains a purely technical 

analysis tool. The developed electrochemical engineering toolbox is implemented in a 

MATLAB/Simulink library and published as a free demonstrator, including a comprehensive 

handbook. Through a drag-and-drop approach and an online help system, users from the industry 

can use the library directly, particularly if MATLAB / Simulink is in use already. Although the 

approach reached a high degree of maturity, the presented applications come from a small 

research plating process chain. A reason could be the high detail level of the simulation, which 

also requires detailed data. This is typically not available in industrial plating process chains at 

reasonable efforts. A connection to industrial IT systems is not intended. Further related 

publications with the same simulation approach can be found (Giebler, 2003, 2004; Giebler and 

Hauser, 2001a, 2001b; Hauser and Giebler, 2001). 

Xu et al. (2005) built a dynamic model-based simulation for an integrated electroplating system 

consisting of a plating system and a fluid recovery system. All relevant processes for plating and 
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rinsing are considered in an analytical model. An environmental, economic or social analysis of 

the modelling results is not possible, but an in-depth technical analysis of the chemicals and 

metals concentrations in the plating and rinsing fluids. The authors used their model-based 

approach to simulate an alkali zinc plating system to develop a zero discharge of chemicals and 

metals approach for the plating process chain. Various design options were evaluated and showed 

that the loss rates could be reduced to nearly zero. However, the model has neither been validated 

by experiments nor been used in the industry. 

Dong et al. (2012) applied an SD approach to assess the impact of regulations on cleaner 

production practices in the electroplating industry. The SD software Vensim is used to model the 

impact of strategic cleaner production policy parameters on investment decisions of electroplating 

facilities. Environmental and economic impact assessments remain on a factory level and focus 

on the relation between the investments towards cleaner production and the achieved 

environmental benefits from measures. The dynamic model is derived into the enterprise profit, 

wastewater discharge and investment decision subsystems, as shown in Fig. 3.3. The modelling 

in all three subsystems is above the process chain level because the objectives focus on strategic 

planning. Thus, cumulative load profiles for the energy and resource demand of the process chain 

or process chain elements cannot be provided. Finally, the authors applied their approach to 

different cleaner production policies strategies and derived implications for policymakers. 

 

Fig. 3.3: Framework for system dynamics approach from Dong et al. (2012) 

Song et al. (2016) introduced a sustainability metrics system for evaluating the sustainability of 

electroplating process systems considering all three sustainability dimensions. This approach is 

based on Liu and Huang’s work (2012, 2013) from a methodological perspective. A key issue 

was the mathematical inclusion of uncertainty. However, the approach remains static and contains 

no integrated resource flow model. The single elements of a plating process chain cannot be 

modelled, and therefore, measured data from an electroplating process chain are required. It 

mainly can be used for strategic decisions towards the implementation of new technology in a 

process chain. 

3.3.2 Generic Production Systems Approaches 

The following research approaches are generic, or applications come from a different industry 

than plating. From a methodological perspective, these approaches are mostly closer to the 
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intended research than the previously presented approaches. However, a direct transferability to 

plating process chains is often not possible, and extensions are required. 

Junge (2007) developed a DE energy and resource flow simulation-based optimisation approach 

towards an energy efficiency-oriented production control system. Although the resource flows 

are modelled, these are not optimised or rated towards an environmental assessment. Besides the 

energy demand, economic and logistic KPIs are in the scope. The energy and resource flow model 

is built in the software Simflex 3D and coupled with the TRNSYS building simulation via TCP/IP 

(Hesselbach and Junge, 2005). From the Simflex 3D simulation, 3D visualisations can be 

obtained. As part of an industrial case study, the approach is applied to a set of plastic injection 

moulding machines. Energetic and economic optimisations are identified as part of ten simulation 

experiments. 

As part of the research project EnoPA (Engl.: Energy efficiency through optimized coordination 

of production and TBS), Hesselbach et al. (2008) coupled matured simulation models for the 

TBS, building, production machines and production management. The objective was to predict 

the energy and media demand from the production system to model the impact on the energy and 

media provision. The coupled simulation tools are Simflex 3D, TRNSYS, HKSim and AnyLogic. 

The approach is applied within a case study at a plant from the medical industry producing 

infusion solutions in varying bottles sizes. Details of the project results can be found in EnoPA 

(2011) and Hesselbach (2012). 

As part of the Finnish-Swedish project SIMTER (Lind et al., 2009), Heilala et al. (2008) 

introduced a simulation approach for sustainable manufacturing system design. Social aspects are 

considered by integrating a worker model which depicts ergonomic aspects (Helin et al., 2007). 

A connection to industrial IT systems is only given through a manual excel file. The simulation 

is built with the tools 3DCreate and 3DRealize from Visual Components and enables a 3D 

visualisation of the simulation. Live visualisations of KPIs or the load profiles are not possible as 

LCI data and the environmental impact is calculated separately. An application procedure is not 

provided. Further publications from out of the SIMTER project are available (Johansson et al., 

2009a; Johansson et al., 2009b; Lind et al., 2008) and use the same simulation tools as a basis for 

different analyses in various industries ranging from car body paint shops (Johansson et al., 

2009c) to juice production (Johansson et al., 2008). 

Weinert (2010) introduced the energy blocks method to estimate the energy demand of machines 

in a process chain. This approach’s main objective is to model the energy demand of machines 

towards achieving energy-efficient production process chains. Load profiles for single machines 

can be calculated based on empirical data. Although the approach focuses on forecasting the 

energy demand, the cost associated with the energy consumption can be calculated. The calculated 

energy demand can be multiplied by impact factors for environmental analysis. However, details 

of the production processes are not considered in this model as the focus is on the machines and 

the process chain. The approach is applied in a cutting process chain for automotive internal 

combustion engines components. Further related research is available (Weinert et al., 2011; 

Weinert et al., 2012). 

Löfgren and Tillman (2011) supplemented DE simulation with LCA to assess the environmental 

impact of manufacturing systems. This research contribution dynamically extends the 
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manufacturing actor’s LCA, which remained a static approach (Löfgren et al., 2011). Details of 

the processes are neglected as the focus is set on modelling the energy and resource flows on a 

machine and process chain level. The energy and resource demand are calculated with machine 

models, which consist of three states. The approach is applied at a bearing unit production line 

from SKF consisting of 80 production machines. In an operator hotspot analysis, the process 

chain’s environmental hotspots are estimated for the process chain and single bearing units. 

Thiede (2012) developed a simulation approach to enhance energy efficiency in manufacturing 

systems. The approach is generic and applied in four case studies (aluminium die casting, weaving 

mill, printed circuit boards assembly and production engineers' education). The energy demand 

for machines, the interactions within the process chain and to the TBS are modelled. Energy costs 

are considered in a simplified cost model, and the environmental impact is assessed through the 

conversion of energy flows into greenhouse gas emissions. The approach is implemented in the 

multiple simulation paradigm software AnyLogic. Further, the simulation enables the live 

visualisation of process chain element-specific KPIs in a 2D view. Related research can be found 

in Herrmann et al. (2011). 

The THERM (THrough-life Energy and Resource Modelling) project focussed on a model for the 

energy flows in production processes and the production facility. The overall goal was to integrate 

manufacturing processes and building simulations to achieve more sustainable production 

processes. Despeisse et al. (2012a; 2013) focused on sustainable manufacturing tactics in 

production systems and indirectly the effects on the factory building. In a further research 

contribution, Despeisse et al. (2012b) expanded their approach towards industrial ecology. Wright 

et al. (2013) and Ball et al. (2013) focussed on a framework for the building shell and the TBS. 

In both cases, the THERM software tool is used to model the energy and resource flows. 

Sproedt (2013) developed a simulation-based decision support tool for eco-efficiency 

improvements in production systems. An interface to the LCI database Ecoinvent enables the 

evaluation of the eco-efficiency of a production system. By this, the environmental and economic 

impacts of a production process are calculated. The results can be depicted in an environmental 

value stream map. Machines are modelled state-based with empirical data and not by physical 

relations. The approach is applied in four case companies as a prototype, and a comprehensive 

application guide is provided. Related research can be found in Sproedt et al. (2015). 

Widok and Wohlgemuth (2016) aim to integrate all three sustainability dimensions into a 

combined DE simulation with a material flow analysis, a life cycle assessment and models to 

estimate psychological and physical stress on the workers (Widok et al., 2012). Their discrete 

event simulation is based on the MILAN tool (Wohlgemuth, 2005; Wohlgemuth et al., 2006) and 

reached a high degree of maturity. Although the model has the capabilities to model dynamics 

within a transition, the overall modelling approach is based on Petri nets and remains static. The 

integration of social aspects is the latest development and is still in progress as external systems 

for computational modelling of workplaces are in the integration process (Widok and 

Wohlgemuth, 2016). 

Li et al. (2016) developed the sustainability cockpit enabling companies to evaluate the 

sustainability of their production processes in operation. The system concept bases on a cyber-

physical system approach and is depicted in Fig. 3.4. Data are retrieved automatically from the 
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manufacturing system into the data layer. The detail level for data acquisition of IT systems is 

variable depending on the available data in the manufacturing company. Typically, data are 

retrieved from the ERP and SCADA (supervisory control and data acquisition) systems. As the 

approach uses data from the manufacturing IT systems, it can be used for multiple products and 

consider the specific process parameters of these. The approach is applied to a company producing 

products for the electricity supply industry. Further related research from the Joint German 

Australian Research Group can be found and provides further insights into the simulation 

(Alvandi et al., 2015), the integration into an economic and environmental value stream map 

(Alvandi et al., 2016), integrated analysis of energy, material and time flows (Thiede et al., 2016a) 

as well as the integration of an optimisation decision support tool (Alvandi et al., 2017). 

 

Fig. 3.4: Cyber-physical system approach from Li et al. (2016) 

Schönemann (2017) introduced a multiscale simulation approach for battery production systems. 

Interdependencies between the products, processes, machines/process chain elements,workers, 

the process chain and the TBS are modelled as shown in the framework in Fig. 3.5. The process 

chain model is built with the software tool AnyLogic and connected through the TISC tool to 

MATLAB Simulink for modelling the TBS and the building. The simulation approach is applied 

at a battery cell production process chain and an assembly line for battery modules in the research 

infrastructure Battery Labfactory Braunschweig. Related work with different cases can be found 

in (Schönemann et al., 2019; Schönemann et al., 2015; Schönemann et al., 2016a; Thiede et al., 

2016b). 

Ji et al. (2020b) integrated occupational aspects into the DE simulation tool plant simulation. The 

focus is on an assessment of the worker’s situation with the diminished quality of life method. 

This method combines traditional risk management methodologies and the world health 

organisation disability assessment schedule. Different technical production KPIs can be 
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calculated with the simulation. Economic KPIs are calculated by simply multiplying the 

production time with a cost factor. Environmental aspects nor energy and resource are considered. 

Also, the single systems of the process chains are modelled on a low level of detail. The approach 

is applied in a training workshop for students with different cutting machines and tools. The 

output of the simulation are summarized in various KPIs. Related research shows further details 

for the plant simulation model (Ji et al., 2020c) and the diminished quality of life approach (Ji et 

al., 2018). 

 

Fig. 3.5: Multiscale simulation approach for battery production systems framework from 

Schönemann (2017) 

Schmidt (2021) introduced an approach for planning eco-efficient process chains. The framework 

is split into the phases of concept planning, rough planning and detailed planning. While the 

planning tools for the first two phases remain fully static, the detailed planning phase’s second 

step contains a dynamic factory simulation. The approach is generic and applied to the 

manufacturing of different automotive components. The main systems of a discrete 

manufacturing process chain are modelled for each phase at different detail levels. Although the 

approach is generic, it can only partly be transferred to plating process chains. For instance, the 

specifics of the electrolyte cannot be modelled. Visualisations remain on the level of live KPI 

visualisation during the simulation. Although no explicit application cycle is provided, the 

approach is built to support production planners in the industry. Further related research is 

available by Schmidt et al. (2017; 2015; 2016b) and Labbus et al. (2018). 

3.4 Findings and Research Demand 

The results from the evaluation are based on a personal expert judgement and are summarized in 

Table 3.6 with Harvey balls, whereas one indicates a complete fulfilment and zero no fulfilment 
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of the selected criterion. Additional numerical ratings provide average values for each research 

approach and each criterion. The generic approaches from Schönemann (2017) and Schmidt 

(2021), as well as the specific approaches from Nagel (2000) and Giebler (2002), have the highest 

relevance. The generic approach showed higher scores, mainly due to the stricter criteria towards 

the generic approaches. Therefore, several approaches have a similar methodological foundation. 

The relevant specific approaches primarily intend technical objectives.  

Table 3.6: Evaluation of selected relevant research contributions 
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Active (plating) process/fluid 1 3 4 4 0 0 0 1 1 1 1 1 0 1 2 1 1 0 1 0.30

Rinsing process/fluid 4 4 4 4 0 0 0 1 1 1 1 1 0 1 2 1 1 0 1 0.36

Tanks 4 4 4 4 0 0 1 1 2 2 2 2 2 2 2 2 2 1 2 0.51

Worker 0 0 0 0 0 0 0 0 4 0 0 0 0 0 4 0 4 4 0 0.21

Process chain 3 3 3 3 0 0 2 2 3 3 3 4 2 3 3 3 4 2 4 0.66

Flows

Dynamic simulation 4 4 4 4 2 0 4 4 2 4 2 4 4 4 2 4 4 2 4 0.82

Energy 0 0 0 0 1 1 4 3 3 3 3 4 3 3 2 4 4 0 4 0.55

Resources 4 4 4 4 1 1 2 0 3 0 2 0 0 3 2 4 2 0 2 0.50

Evaluation criteria

Technical 2 4 4 4 0 0 4 4 2 4 2 4 4 2 3 4 4 2 4 0.75

Environmental 0 0 0 0 1 2 0 2 3 1 3 2 1 3 3 2 2 0 2 0.36

Economic 0 3 0 0 1 2 3 1 0 2 0 2 1 3 3 1 2 1 2 0.36

Social 0 0 0 0 0 1 0 0 3 0 0 0 0 0 3 0 0 3 0 0.13

Implementation

Applicability 0 2 2 0 1 0 3 3 3 3 3 3 3 3 3 3 2 2 2 0.54

Effort 0 2 2 0 1 0 0 0 2 2 0 2 0 2 2 2 0 0 2 0.25

Application cycle 0 1 4 0 0 0 0 0 0 2 0 4 0 4 0 0 4 0 3 0.29

Visualisation 1 1 2 1 1 0 4 2 2 2 1 3 1 3 2 2 3 1 2 0.45

Average 0.36 0.54 0.55 0.44 0.18 0.15 0.42 0.38 0.48 0.43 0.36 0.54 0.36 0.54 0.54 0.54 0.61 0.30 0.56

Generic approachesSpecific approaches



55 3   State of Research 

 

Obviously, the plating process chain specific approaches have higher scores for the criterion 

plating process chain relevance. Most past research contributions address multiple production 

planning horizons as well as different production system levels except for the approaches from 

Dong et al. (2012) and Song et al. (2016). The integration of data from production IT is rare. Their 

integration was only realized by Li et al. (2016). 

The ratings for the plating productions systems levels vary. The consideration of multiple 

products is scarce, and only the approach from Li et al. (2016) enables the integration of product 

data through a database. Specific approaches mainly cover the active plating processes and fluids 

as well as the rinsing processes and fluids, whereas most general research approaches do not allow 

to model these sufficiently. Most approaches cover the tanks and the process chain, and all generic 

approaches can be adapted at least partly to plating process chains. Only four generic production 

system approaches consider the workers as part of their model.  

Most approaches enable modelling dynamic flows and provide load profiles for these flows. 

While the specific approaches focus on modelling the resource flows, the generic approaches 

rather focus on energy flows. Under consideration of the adjacent fields of research, it can be 

stated that particularly for modelling the energy demand, a wide range of approaches is available, 

but no one considers the characteristics of plating process chains. 

A technical evaluation is a basis for most available research approaches. Many research 

approaches cover environmental and economic aspects, but only a few consider both. Only three 

approaches cover social aspects sufficiently. The approach from Widok and Wohlgemuth (2016) 

is the only one that addresses all three sustainability dimensions with quantitative methods. 

Most research approaches were applied at least in a research facility. However, the effort for the 

implementation through the plating line operators remains very high as these approaches are not 

state of the art yet. For many approaches, the implementation would be challenging as also no 

application cycle is provided. Visualisations are used by nearly all research works but remain on 

a KPI visualisation level. The use of immersive 3D visualisations is rare as the technologies for 

implementing these emerged over the last years and were not in focus in the past. 

In Fig. 3.6, the evaluation of the relevant past research contributions is visualised in a diagram 

indicating the number of citations and publication date. In case multiple publications are available 

for one approach, only the publication with the highest citation rate is considered, and the citations 

of single publications from one approach are not summarized. The diameter of a circle is 

equivalent to the overall score of a publication. The size of the circle sectors indicates the 

contribution of each evaluation criterion to the overall score.  

Generally, the specific approaches are cited less often and are older than the generic production 

system approaches. The most relevant specific publications date back to the turn of the 

millennium, and two newer publications have a low relevance. For the generic production systems 

approaches, the newer publications tend to be more relevant. Obviously, the latest publications 

have low citation rates compared to the ones that are about ten years old. Particularly, the 

approaches from Thiede (2012) and Weinert (2010) are cited often. These two approaches are 

clearly focussing on the energy demand of production systems and can be applied within many 

production systems.  
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Fig. 3.6: Circle charts indicating the relevance for the proposed research 

After the evaluation of the relevant past research approaches, the demand for research is derived. 

Although some research contributions provide modelling concepts for a technical evaluation of 

plating process chains and generic modelling concepts cover parts of the contribution towards the 

achievement of the SDGs, particularly the economic and the environmental dimensions, there is 

a strong research demand towards the multiscale modelling for the planning and operation of 

plating process chains. 

A research gap has been identified with regard to the consideration of all relevant plating 

production system levels and stages in a single approach. The potentials of a combined 

simulation of the single process chain elements active processes/fluids, rinsing processes/fluids, 

tanks and workers towards a process chain-oriented approach are not yet used for plating process 

chains. Further, the available approaches lack the integration of multiple products, which enables 

allocating single products’ contributions as plating process chains typically plate a wide variety 

of products. In addition, a holistic evaluation requires integrating all relevant energy and 

resource flows through the whole plating process chain in one approach. 

Further, the synergies of combining all three sustainability dimensions in a dynamic 

simulation environment for process chains towards achieving the relevant SDGs 8, 9 and 12 are 

not used by the available approaches. The combined consideration of economic, environmental 

and social aspects enables to estimate the evaluation of planning and operation measures towards 

the SDGs 8, 9 and 12. Without such a holistic assessment tool, problems could be shifted instead 

of solved. These analyses should be possible on a production system basis as well as on a product 

basis. 

The potentials of the integration of process chain simulations into a cyber-physical production 

system are not used by the available approaches. While strategic and tactical planning simulations 

can often be parameterised manually, an interface to production IT systems is essential for 

operations and operational planning. As the available approaches do not use such an interface, the 
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simulation cannot serve as a control and decision support model for automatic operation and 

operational decisions. 

Visualisations, particularly 2D and 3D visualisations, are rarely considered, and no plating 

process chains specific approach uses visualisations. The progress in ICT enables advanced 2D 

and 3D visualisation with standard computers, which strongly supports the decisions of 

stakeholders in the planning and operation of plating process chains. Visualisations make the 

simulation results accessible for humans and enable fast decisions in the planning and operation 

process. Critical invisible phenomena such as risks from aerosols or electricity flows can get the 

involved stakeholders’ attention by these innovative visualisations. 
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4 Concept for Integrated Planning and Operation of Plating 

Process Chains 

Based on the objectives from the introduction and the research demand, a concept for integrated 

planning and operation of plating process chains towards the achievement of the SDGs 8, 9 and 

12 is developed. Firstly, in subchapter 4.1, objectives and requirements are derived for the 

development of the concept. Secondly, the development of the concept with a framework is 

described in subchapter 4.2. Thirdly, all single elements of the CPPS-based framework are 

introduced in detail in the following subchapters 4.3, 4.4 and 4.5. 

4.1 Derivation of Objectives and Requirements for Concept Development 

The planning and operation of plating process chains are influenced by different stakeholders that 

can be external, internal or internal with external communication, as summarized in Fig. 4.1. 

Examples of external stakeholders are the customers or environmental and occupational 

authorities. Further external push factors can come directly out of the society, for instance, 

through non-governmental organisations, and ask for higher standards than local authorities 

(Fichter, 2005). The financial and environmental controlling and the environmental and 

occupational offices are mainly working internally, but typically, they report sustainability and 

financial KPIs through reports to external stakeholders. Particularly for large listed companies, 

the preparation of such reports is mandatory. Internal stakeholders from the plating company are 

the factory planning department, which focuses more on tactical to strategic planning and the 

production planning department, which focuses on operational planning. The process 

development and the product design departments influence the long-term planning as they set the 

boundary conditions through the available production processes and products to be plated. 
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Fig. 4.1 Requirements and objectives for the planning and operation of an industrial plating line 

(adapted from Leiden et al., 2020a) 

The objectives and requirements for a holistic framework are developed considering the 

requirements and objectives of the involved stakeholders for the planning and operation of process 

chain. As in the research demand outlined, no research approach can cover all relevant aspects of 

modern plating process chains. Therefore, the proposed framework shall cover the following 

objective (O) and requirements (R): 

O1:  Simulation-based evaluation under consideration of the specific characteristics of plating 

process chains. 

R1:  The framework is capable of modelling all relevant plating process chain elements. This 

contains the active (plating) processes, the rinsing processes, the tanks, the process chain 

itself and the workers. In addition, the interactions between the single elements are covered 

to model the interdependencies between the single elements. 

R2: All processing stages of the plating process chain from the pre-treatment to plating and 

post-treatment processes are covered. The specific characteristics of the chemical processes 

can be modelled analytically and dependent on external influences such as the product 

properties. 

R3:  Control algorithms for the hoist scheduling but also for the operation of the plating 

processes are integrated. Especially in the planning stage, these algorithms enable an 

analysis of the future plating process chain. 

R4:  As plating process chains typically process a great variety of products, the approach is able 

to consider multiple products through a product and process parameter database. By this, 

the product-process interdependencies can be modelled individually without extensive 

parameterisations. 

R5:  Multiple production planning horizons from the direct operation, operational, tactical 

and strategic planning are addressed. 
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R6: The models are verified and validated to receive robust simulation results. Without these 

two steps, the simulation cannot be used for planning and operation as wrong modelling 

results can lead to wrong decisions, which can cause negative economic, environmental 

and social effects. 

As stated in the introduction, the framework shall enable to support the achievement of the SDGs 

8, 9 and 12, including all three sustainability dimensions. 

O2:  All relevant impacts related to the three sustainability dimensions are covered by a 

simulation-based multi-criteria analysis of the plating process chain. 

R7: All relevant energy flows are acquired and modelled in the simulation environment. 

Particularly, the dependence on the process and product parameters shall be considered in 

case these have a relevant influence. 

R8: All relevant resource flows are acquired and modelled in the simulation. If a fluid consists 

of multiple relevant substances, such as an electrolyte, the single substances are modelled 

as separate resources of this fluid. This is required for a holistic evaluation of these fluids, 

as the concentration of hazardous substances determines the whole fluid’s hazardousness. 

R9: The environmental impact from the energy and resource flows is modelled for various 

impact categories for single elements of the plating process chain and product-specific. The 

consideration of various impact categories shall prevent a problem shifting between single 

impact categories. 

R10: The economic impacts from the energy and resource flows are modelled for single 

elements of the plating process chain but also specifically for single products. 

R11: Consideration of social impact through the integration of airborne emission models for 

hazardous substances. The emission load on single workers shall be estimated based on the 

activities of the individual workers and the activities in the plating process chain. 

The rapidly changing situations in decisions during the operation of a plating process chain 

require fast and reliable decision support. Without an appropriate integration of the simulation in 

the production environment, the capabilities hardly can be used as a manual application is 

laborious. 

O3:  The CPPS framework is prepared for use in an industrial production IT systems 

environment. 

R12: Interfaces to relevant production IT systems, particularly the MES and ERP, are provided 

and ready for use. Databases with relevant data can be accessed by the data acquisition 

module directly, and simulation results are provided in a database for the productions IT 

systems. 

R13: A modular structure of the framework ensures high adaptability to new planning and 

operation tasks. Depending on the requirements, the whole plating process chain system or 

single elements can be modelled as separate modules to decrease the complexity. 

R14:  The tool should run within a limited computational burden to enable the execution at 

standard computers of plating process chain planners and operators. This requirement is 
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essential if the simulation is used to control the plating process chain without human 

interaction directly. Further, a high computational burden decreases increases the 

environmental impact of a CPPS (Thiede, 2018, 2021). 

The framework must enable parameterisation through the introduced internal stakeholders from 

Fig. 4.1, and the results of the simulation shall be accessible for all stakeholders at low efforts. 

O4:  The tool must be accessible for users at low efforts and the output enables direct 

communication with the involved internal and external stakeholders from different 

disciplines. 

R15: The provision of an application procedure guides the users through the application in the 

industry. For each step of the CPPS, specific support is provided and critical aspects are 

highlighted. This application cycle also ensures that the users consider all required steps 

and that modelling errors can be prevented. 

R16:  In the case of manual parameterizations, particularly for planning, the tool must be easily 

accessible for an intuitive parameterization through non-simulation experts. This 

requirement ensures that the planning capabilities of the simulation can be used already in 

the early planning stages and support the identification of effective measures. 

R17: Users are supported with a metering strategy for the manual energy and resource flow 

data acquisition. A lot of data need to be acquired and prepared for the modelling step to 

model the effects of measures towards energy and resource efficiency in operation (Posselt, 

2016). Without appropriate guidance, the metering efforts increase remarkably and can 

prevent the use of the concept in the industry. 

R18:  Dynamic visualisations make the results for the stakeholders accessible. This includes 

visualising KPIs and load profiles as well as 2D and 3D visualisation to consider spatial 

aspects. Appropriate context-relevant visualisations shall address invisible phenomena 

such as the emission load on the workers. 

The presented objectives and requirements are used as the basis for the framework development. 

Their transfer to a concept with a framework is described in the following subchapters. The single 

objectives and requirements are addressed in the descriptions of the single framework elements 

and the following chapter 5, which focuses on the implementation. 

4.2 Framework Development 

Based on the requirements and objectives from subchapter 4.1, a framework for the planning and 

operation of plating process chains is derived. The CPPS-based framework is depicted in Fig. 4.2. 

The physical plating process chain is depicted on top. Data are acquired and prepared from the 

physical system before they are used within the simulation of the cyber system. Planners and 

operators of plating process chains are supported with three specific control and decision support 

modules (A to D). 



67   4   Concept for Integrated Planning and Operation of Plating Process Chains 

 

 

Fig. 4.2: CPPS-based framework for integrated planning and operation of plating process chains 

The plating process chain with all relevant process stages and elements is represented by the 

physical system. All activities in the other elements of the CPPS-based framework aim to affect 

this physical system towards the achievement of the relevant SDGs 8, 9 and 12. Out of the 

physical system, data are acquired and prepared. The data can be related to a product, a process, 

the whole plating process chain as well as to energy or material flows. Generally, data can be 

acquired automated from different production IT systems or manually. The acquired data are 

prepared for use in the cyber system with appropriate statistical methods. Details of the data 

acquisition and preparation are described in subchapter 4.3 

The core of the cyber system is a multiscale plating process chain simulation. Single models 

represent the different physical plating process chain elements and processing stages as a digital 

twin. These models are connected to a central core model, which coordinates the whole 

simulation. The concept allows to integrate white-box, grey-box or black-box models depending 

on the available knowledge and data. The simulation and details about the single models are 

introduced in subchapter 4.4. 

One specific control and three specific decision support modules use the multiscale plating 

process chain simulation results. While the control module clearly supports the operation of the 

plating process chain, the decision support modules support the planning processes. Control 

module A enables a model-based analysis, control and dosing of processing and rinsing fluids in 

the plating process chain. The decision support modules support the production system-based 

technical, environmental & economic evaluation (module B) as well as on a product-based 

evaluation (module C). The occupational load on the workers can be estimated with a worker-

centered model-based emission load analysis & monitoring approach (module D). In Fig. 4.3, the 

single modules are assigned to the different production system levels from single processes to the 
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whole process chain as well as the tasks and levels in production planning and operation. Specific 

plating process chain modules are available for each production planning horizon as well as 

planning and operation tasks. Details about control and decision support modules are introduced 

in subchapter 4.5. 

 

Fig. 4.3: Allocation of modules to tasks and levels of planning and operation 

4.3 Data Acquisition and Preparation  

For the parameterization of the multiscale simulation in the cyber system, data from the plating 

process chain must be acquired and prepared systematically. A systematic data acquisition and 

preparation strategy is required if product-specific process parameter data influence the plating 

process chain. Criteria for selecting the matching data acquisition strategy are the variability and 

uncertainty of the data, the effort for automated and manual measurements and the availability of 

model-based approaches for predicting the data. 

Generally, data can be acquired automatically or manually from the physical plating process 

chain. The automated data acquisition from the production system is preferable as this enables 

higher accuracy and timeliness of the data than single manual measurements. However, 

automated data acquisition is typically associated with a higher initial data acquisition effort, but 

automated data acquisition can be more efficient than continuously repeated manual 

measurements in the long run. For operational purposes, usually, only automated measurements 

can deliver the required data quality at reasonable efforts. In the planning phase, the uncertainty 

of the input data for the simulation is higher than during operation, and often assumptions are 

required.  

The uncertainty of acquired data should be rated on a personal expert opinion and be confirmed 

by further involved experts. Criteria for this uncertainty rating for measured data are, considering 

the intended purpose, the duration of validity, accuracy and granularity in time and value (Posselt, 

2016). If relevant uncertainty has been identified in the input data for the cyber system, this should 

be considered while applying the concept. For instance, a scenario analysis or sensitivity analysis 
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with the relevant uncertain simulation input daa can be conducted. By this, the effect of changes 

in the input data on the simulation results can be shown (Rabe et al., 2008). 

In Fig. 4.4, data types and possible data sources are mapped in typical plating process chains. 

Data can be acquired automatically from the ERP, MES or SCADA. The SCADA and the PLC 

contain single sensor data, while the ERP and MES contain higher aggregated data. Manual data 

acquisition methods are laboratory analytics, manual measurements, document analyses (for 

instance, technical descriptions of processes or the factory layout) or expert interviews. Expert 

interviews are considered a qualitative method and are mainly used for the first screening analysis. 

 

Fig. 4.4: Mapping data types and possible data sources in plating process chains 

If specific data are required for the simulation but are not available by an automated acquisition, 

the decision tree from Fig. 4.5 is used to select the matching data acquisition strategy. Firstly, 

model-based estimation of the required data should be examined. Often model-based approaches 

have lower accuracy, but these approaches can be sufficient, particularly during the planning 

phase. Secondly, single manual data acquisitions can be sufficient if no model-based estimation 

is possible, but the variability and uncertainty are low. For instance, the fluid volume can be 

constant, and thus, a single estimation is sufficient. Thirdly, a state-based acquisition might be 

proposed if the expected data values are not constant. State-based approaches require that a 

limited number of states for a plating process chain element can be defined. For example, the 

electricity demand of a circulation pump or a heater can typically be described by the two states 

on and off. Manual measurements can be performed for these states, and the measurement results 

can be used to parameterize the state-based simulation model.  
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Fig. 4.5: Selecting data acquisition strategy in industrial process chain 

Fourthly, an indirect model-based estimation that uses other available data can be used if a state-

based estimation is not possible. However, this requires that a matching model-based approach is 

available. For instance, the carryover of products can be estimated indirectly with a categorization 

approach. For this approach, only the surface of all products in a carrier and the carryover category 

of the products are required (Leiden et al., 2020b). Fifthly, a new automated data acquisition 

system at low effort can be installed, if possible. Sixthly, if no direct automated acquisition at low 

effort is possible, another process parameter can be tracked with a new sensor at low efforts 

combined with a model-based approach as previously shown for the carryover. Finally, if this is 

also not possible, the only option is to use a specific data acquisition system regardless of the 

effort to install and operate it.  

Details about automated data acquisition strategies are introduced in the following subchapter 

4.3.1, strategies for an efficient manual data acquisition in subchapter 4.3.2, and finally, methods 

for the preparation of the acquired data for use in the multiscale simulation are introduced in 

subchapter 4.3.3. 

4.3.1 Automated Data Acquisition 

Data can be acquired along with the automation pyramid from highly aggregated data in the ERP 

to very specific sensor data from the SCADA/PLC. As the concept focuses on the planning and 

operation of the whole plating process chain, primarily data from the ERP and MES are relevant. 

Today, it is usually required to access the data from the different layers of the automation pyramid 

separately. This can be prevented by using a service-based automation architecture such as the 

OPC Unified Architecture as shown in sub-chapter 2.2.1. However, as of today, service-based 

automation architectures are rarely implemented in plating process chains. 

The data can be exchanged with the cyber system through systematic text-based interfaces. These 

can be accessed by most MES and ERP systems and can be used for im- and exports to the 

simulation. Also, common databases can be used for data exchange. For instance, product-specific 

data can be stored in an ERP system database and accessed from the simulation when this 

information is required. Vice versa, the simulation can store product specific simulation results 

in the ERP databases. 
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4.3.2 Manual Data Acquisition 

Often it is necessary to acquire data manually from analytics and measurements, the analysis of 

documents or expert interviews. As part of the framework, users are supported with an intuitive 

interface for manually acquired data (R16) and specific metering strategies are provided (R17). 

For the transfer of manually acquired data into the cyber system spreadsheets are used as already 

shown by Leiden et al. (2021). However, typically spreadsheets are limited to changes that do not 

influence the general layout of the plating process chain. If significant changes in the plating 

process chain are done, such as the integration of new RMHs or additional tanks, the simulation 

model has to be adopted directly. 

A specific challenge is the metering of the electric power in the plating process chain. The 

resulting electricity flows are typically fluctuating and highly dependent on the current state of 

the process chain element. The detailed automated measurement of these flows is often costly in 

already existing process chains and is typically not in proportion to the expected outcome. Hence, 

systematic manual measurements are required. To tackle this challenge, for instance, Posselt 

(2016) developed a specific four-step concept towards the definition of metering strategies for 

energy flows in factories. For this framework, a specific approach for plating process chains was 

developed (Leiden et al., 2020a). 

The foundation for manual electricity measurements is the wiring diagram of the plating process 

chain. It contains all information on all available electrical devices in a plating process chain. The 

energy portfolio from Thiede (2012) has been chosen to assess the energy demand of single 

plating process chain elements and select the matching measurement strategy (Fig. 4.6). It enables 

the classification of the electricity demand of the process chain elements depending on the power 

demand and the operational time. Process chain elements with high power demand and high 

operational times shall be modelled in detail compared to elements with low power demand and 

operational time. This approach enables robust simulation results at reasonable efforts. In Fig. 

4.6, example elements of a plating process chain are assigned according to their power demand 

and operational time within a so-called energy portfolio (Thiede, 2012).  

 

Fig. 4.6: Energy portfolio for equipment of industrial plating lines (Leiden et al., 2020a) 
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Process chain elements used for less than 2 % of the operational time and have a power demand 

below 200 W are not considered for the data acquisition and hence in the simulation 

(category IV). Examples are dosing pumps, electric valves or drives to open and close carriers in 

the plating process chain. Under consideration of the overall energy demand of the plating line, 

these elements can be neglected as they run only for few seconds per cycle at low power.  

Process chain elements with high power demand and a high operational time (category II) are 

essential for accurate and reliable models. Process parameter-dependent models are required for 

detailed and accurate modelling. Examples are rectifiers in electroplating process chains that 

typically have a high power demand and work for most of the production time. Their electricity 

demand is determined by the efficiency rating of the rectifier, voltage and current. These 

parameters must be considered within the specific model in the simulation. The required process 

parameters typically can be retrieved from the MES. 

For elements with a low power demand but high operational time (category III) as well as for 

elements with a high power demand but low operational times (category I), state-based energy 

measurements are proposed. The states for the manual measurements must also be used in the 

simulation for modelling the specific power demand. This state-based approach minimizes the 

measurement efforts and ensures sufficient accuracy. Details of the states are introduced in the 

model descriptions in subchapter 4.4. 

For a further reduction of the measurement effort, related elements, for example, various elements 

of the control system or the drives and heaters of a centrifuge, can be summarized to one element. 

Dying centrifuges rotate products in a barrel while hot air is blown into the centrifugation 

chamber. All drives and heaters for this drying process run simultaneously, and hence these can 

be considered as a single element in the plating process chain. 

4.3.3 Data Preparation for Cyber System 

Data preparation is an essential step towards constructing a final data set for modelling in the 

cyber system (Shearer, 2000). The acquired data from various sources must be merged and pre-

processed to enable their utilization in a common multiscale simulation environment. Key 

challenges are to unify different data formats and semantics, adjust wrong or asynchronous time 

stamps, varying sampling rates and data errors such as missing values, outliners or anomalies 

(Flick et al., 2019). For the concept, the data preparation is divided into four phases (Cleve and 

Lämmel, 2016; Fayyad et al., 1996): 

 Data selecting and integration 

 Data cleaning 

 Data reduction 

 Data transformation 

The data selecting and integration phase contains the identification and selection of relevant data 

from various sources. These data must be integrated into one database through merging and 

synchronisation of time stamps. During the data cleaning phase missing values, outliners and 

anomalies are detected and treated. For instance, these defectives can be left out, replaced by an 
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average value or an expected value as well as declared as defective. Data reductions aim for 

decreasing the complexity of the data through aggregation, dimension reduction, compression and 

numerical data reduction. The reduction of complexity increases the operational performance of 

the CPPS and can help to reduce the error rate. Finally, the data need to be transformed into a 

format that is accessible by the multiscale simulation. For instance, data types, scale units or date 

formats must be adjusted and unified for the simulation. 

4.4 Cyber System – Agent-based Multiscale Simulation Environment 

The core of the cyber system is the agent-based multiscale simulation of the plating process chain. 

It supports the planning and operation of plating process chains by an experimentable digital twin 

of the physical production processes. In the following subchapters, the development process from 

the physical plating process chain towards the multiscale simulation model (subchapter 4.4.1), 

the individual models for the process chain elements (subchapters 4.4.2 to 4.4.9) and the core 

model with the interaction between the individual models (subchapter 4.4.10) are described. 

4.4.1 Multiscale Modelling of Plating Process Chains 

The simulation model shall represent the single plating process chain elements from subchapter 

2.1.3 (R1). By modelling these elements and their interactions, the single processing stages from 

2.1.2 are formed (R2). All relevant energy flows (R7) and resource flows (R8) of the single 

process chain elements and processes are modelled. Modelling plating process chains requires 

combining DE, DS and AB simulation paradigms in an integrated simulation environment. In Fig. 

4.7, the plating production system levels, ranging from the value chain to the production process 

level, are arranged depending on the level of abstraction and the simulation paradigms. All 

elements on a low to medium abstraction level can be considered as individual agents, which 

interact dynamically with their environment. The products to be plated are stored in carriers and 

are transported with RMH through the plating process chain in batch mode. Thus, DE is chosen 

to model this behaviour. The fluids within the plating line (process and rinsing fluids) flow 

continuously through the system, and also the plating process itself can be considered a dynamic 

system (Kuntay et al., 2006). The tanks contain the fluids and merge discrete and continuous 

characteristics. Hence, multi-paradigm modelling is required due to the mix of discrete and 

continuous processes as well as the dynamic interactions between different elements of the plating 

process chain. 



4   Concept for Integrated Planning and Operation of Plating Process Chains 74 

 

 

Fig. 4.7: Degree of abstraction and simulation paradigm for the simulation of plating process 

chains (adapted from Leiden et al., 2020a) 

In the simulation, the plating process chain elements become individual models, which serve as 

independent agents. This agent-based approach enables independent control of each single 

process chain element. The agents can communicate with each other as the control systems of 

physical process chain elements can communicate with each other (e.g. arriving carriers start the 

carrier movement at a tank). The required simulation paradigm (DE, DS or combination) is chosen 

for each model based on the physical behaviour of the process chain element. In Table 4.1, all 

plating process chain elements from subchapter 2.1.3 and their properties for model building are 

briefly described. The carriers and the RMHs are summarized to a logistic level, the tanks and the 

fluids to the process chain level, and the workers and their tasks to the human resources level. 

The model variables for each process chain element are summarized and how state-based models 

are used within the model. 
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Table 4.1: Models of multiscale simulation (adapted from Leiden et al., 2020a) 

Level 
Process chain 

element 

Main 

characteristics 
Model variables State-based model 
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Discrete 

 Static emission load 
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 No states 
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Discrete 
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 State-based model 

for control and 
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Specific concepts for the single process chain element models are proposed in the following 

subchapters. First, a model concept for the products to be plated is introduced in subchapter 4.4.2. 

Secondly, the carrier model is explained in chapter 4.4.3. Thirdly, RMHs that move the carriers 

with products through the plating process chains are described in 4.4.4. Fourthly, tanks are used 

to build the plating process chain layout and are explained in subchapter 4.4.5. Fifthly, the model 

for fluids in the plating process chain, process and rinsing fluids, are presented in subchapter 

4.4.6. Sixthly, a generic model for periphery elements is explained in subchapter 4.4.7. Seventhly, 

in subchapter 4.4.8, a model for process parameter-dependent and independent tasks for shop 

floor workers is introduced. Finally, a model to depict the workers on the shop floor follows in 

subchapter 4.4.9. 
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4.4.2 Product Model 

In plating process chains, typically, a great variety of products with different properties are 

processed. Hence, a specific product model is required to consider the specific characteristics of 

different products. Multiple instances of the product model can be generated automated with a 

product and process parameter database for a simulation run to consider the high variety of 

products in plating process chains (R4). The product model only contains product-specific 

parameters and no information about the processing in the plating process chain. This information 

is assigned to the carrier (see subchapter 4.4.3) as the same products with the same coating 

parameters can require different process parameters depending on the load of the carrier. 

An important product-related parameter is the carryover behaviour of a product. Depending on 

the process, up to three litres of fluid can be carried out per barrel carrier (Erlacher and Hauser, 

2013). This drag-out causes costly chemical losses in the fluid and contaminates the following 

fluid (Wood, 1990). Hence, already in the past, various authors developed approaches to model 

the product-dependent carryover (Nagel, 2000). Different theoretical and empirical models were 

developed over the last decades by Kushner (1951a, 1951b), Unruh (1991), Winkler (1994), Nagel 

(2000) or Giebler (2002). Also, in the context of other production processes, the drag-out 

phaenomena are relevant, and models were developed. For instance, Petuelli (2002) modelled the 

drag-out of cutting fluid from machining processes.  

As part of the simulation framework, a categorisation approach has been developed for the 

product model (Leiden et al., 2020b). The carryover per product can be calculated by the 

multiplication of the product surface area A and a carryover factor F. This carryover factor F is 

the surface-specific drag-out of a product and depends on the geometry of the product. Initially, 

this carryover factor has been determined by experimental investigations with products 

representing the specific categories. For application can be selected with the descriptions from 

the second column of Table 4.2. A key advantage of this approach compared to the other 

introduced approaches is that it can be applied at low efforts as the surface area is typically 

available in the production IT system, and only the carryover category needs to be estimated by 

the operator. Further, the approach has been verified for a barrel electroplating process and 

showed high accuracy. In addition, the specific carryover can be estimated empirically and handed 

to the product model. 

Table 4.2: Carryover categories with product examples (adapted from Leiden et al., 2020b) 

Category Carryover factor F  

[g/dm² product] 

Description Example 

product 

a – low 1 
Flat products, cylindrical products, little 

drawing  

b – medium 2 
Bulky products, but no undercuts, 

medium drawing  

c – high 6.5 
Products with relevant undercuts, 

highly drawing  

During processing in the plating process chain, the properties of the product can be changed. At 

the single processing stages, products can leave weight due to stripping processes or gain weight 

due to the deposition of a coating. The removed or added materials often have a minor impact on 
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the product, but they have a relevant impact on other elements of the plating process chain. 

Material deposited on the product’s surface directly influences the metal concentration in the 

electrolyte and is required to be replenished. Further parameters of the product model are 

summarized in Table 4.3. 

Table 4.3: Parameters for the product model 

Indicator Type Unit Description 

Name String  Identifier 

Surface area Double dm² Surface area per product 

Carryover factor Double g/dm² Carryover characteristic of product 

Volume Double dm³ Volume of product 

Weight Double g Weight of product 

Heat capacity Double kJ/K Depends on material 

Substrate material Material  Material of substrate 

Coating1… n material Material  Material for coating 1 to n 

Coating1… n thickness Double µm Thickness per coating layer 1 to n 

4.4.3 Carrier Model 

Carriers are used to transport the products between the tanks and contain a detailed production 

schedule with carrier-specific process parameters. The carrier model is required for modelling 

barrel and rack plating (see Fig. 2.8 in subchapter 2.1.3). Continuous reel-to-reel processes require 

no carrier or RMH model as the sheet products move continuously without carriers through the 

process chain. 

In Fig. 4.8, an example production schedule for an electroplating process chain is given. The path 

diagram at the top of the table is typical for industrial plating process chains as a loop back to the 

degreasing processes is included after the first rinsing cascade (steps 4 to 5). The rinsing cascade 

is used for solvent and electric degreasing processes. Further loops back later during processing 

are possible in plating process chains. For example, if the next tank is blocked for longer, the 

carriers can temporarily be deposited in the storage slots. The schedule contains all production 

steps in the plating process chain, including the processing times and carrier-specific process 

parameters. While the process times only represent target times, the carrier stores the actual time 

it remained in a tank while leaving it. This actual time can be significantly higher if no RMH is 

available immediately after processing. Process parameters can be adapted for each carrier, for 

instance, the current A and the Ah. Usually, the process parameters depend on the product type 

loaded and the number of products per carrier. Process parameters that cannot be adjusted directly 

for every carrier, such as the concentration of substances in the electrolyte, are controlled by other 

models. 



4   Concept for Integrated Planning and Operation of Plating Process Chains 78 

 

 

Fig. 4.8: Example production schedule for carrier in electroplating process 
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Carriers transport the carryover between the single fluids. The carryover per carrier is calculated 

with the product categorization approach, which has been introduced in the previous subchapter 

4.4.2.1. The carryover per carrier CYcarrier is calculated as the product of the number of products 

per carrier NP, the surface per product AP and the carryover category F. 

 𝐶𝑌𝑐𝑎𝑟𝑟𝑖𝑒𝑟 =  𝑁𝑃 ∗ 𝐴𝑃 ∗ 𝐹 (4.1) 

The fluid models receive the carryover volume from the carrier. Additionally, the detailed 

composition of the carryover in the form of concentration per substance can be stored in the carrier 

model and handed to the next fluid. 

The carrier model contains a statechart, which controls the carrier and coordinates the data 

exchange between the products, tanks, RMHs and fluids (Fig. 4.9). State changes can be triggered 

by events E, messages M from other agents or timeouts t. An example of an event is a tank that 

becomes free. An RMH uses messages to inform the carrier is picked up, and a timeout is used to 

model the processing time. In contrast to statecharts from other models, this statechart contains 

no state-based energy and resource flow model as carriers typically do not require energy or 

resources. Once the simulation starts, the carrier waits until the next tank from the production 

schedule is free (Enext tank free). If the next tank is free, an RMH is called to move. The RMH picks 

the carrier, send the message MRMH picks carrier to trigger the state change and moves it to the tanks. 

The event Earrival triggers a state change and after the RMH releases the carrier, the message MRMH 

released is sent to start the process. When the process is finished after the processing time tprocess step 

1…n, the carrier goes back to the initial state and waits until the next tank from the production 

schedule is free. 

 

Fig. 4.9: Statechart for carrier 

In Table 4.4, the parameters of the carrier are summarized. Most parameters depend on the 

products that are loaded. The production schedule is stored with the single process steps, times 

and the process parameters for the single process steps. In addition, the carrier-specific energy 

and resource demand through the single processing steps can be stored within the carrier. For 

instance, the electricity demand of the rectifiers in electroplating processes is stored in the carrier 

after ending the plating process. 

Wait for RMH Move

In tankProcessing
tprocess step 1…n
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Wait for tank
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Table 4.4: Parameters for the carrier model 

Parameter Type Unit Description 

Carrier ID String  Identifier 

Product Product  Loaded product type 

Number of products Double  Number of loaded products 

Surface area Double dm² Surface area of all products 

Carryover Double l Carryover per carrier 

Carryover substances1…n  ml/l Composition of carryover 

Heat capacity Double kJ/K Depends on product’s substrate material 

Coating1… n material Material  Material for coating 1 to n 

Coating1… n thickness Double µm Thickness per coating layer 1 to n 

Process step1…n Tank  Tanks in production plan 1 to n 

Process time1…n Double s Process time of step 1 to n 

Process parameter 11…n Double  Process parameter 1 for step 1 to n 

Process parameter 21…n Double  Process parameter 2 for step 1 to n 

Energy demand process step1…n Double Wh Energy demand for process step 1 to n 

Resource demand process step1…n Double g or ml Resource demand for process step 1 to n 

4.4.4 Rail Mounted Hoists Model 

RMHs transport the carriers in the plating process chain from process chain element to process 

chain element or, more specifically, from tank to tank. In Fig. 4.10, an example of an RMH 

installation for a plating process chain with three parallel tank lines is depicted to show the 

different characteristics of RMHs. Ceiling-mounted line RMHs (L-RMH) transport carriers 

within one plating line. They are capable of moving carriers vertically out of a tank. For transport 

between plating lines, floor-mounted crossover RMHs (CR-RMH) are used. The carriers are 

placed into the CR-RMH by the L-RMHs. Hence these hoists need no mechanism for vertical 

movements. L-RMHs typically have a limited working range and cannot access the whole plating 

line, while CR-RMHs typically move between two defined positions in the plating line. As CR-

RMHs are the only hoists in their working range, collisions are not possible. L-RMHs often 

operate parallel and have overlapping working ranges. Therefore algorithms to prevent collisions 

in a plating line are required. 

 

Fig. 4.10: Rail mounted hoist types in plating process chains 

The different characteristics of L-RMHs and CR-RMHs are considered in two separate RMH 

models. In Fig. 4.11, the statechart for a CR-RMH is depicted. This statechart model the behaviour 
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of the CR-RMH and consist of a state-based energy model. The energy demand can be set by a 

variable or a function for each state. For instance, the energy demand can depend on the total 

weight of the loaded products in the carrier. Resource flows are not considered for the CR-RMHs 

as these are typically not required.  

 

Fig. 4.11: Statechart for crossover rail mounted hoist 

After turning on, the CR-RMH goes through the ramp-up state with the timeout tramp-up. When a 

carrier is available and requested by a central algorithm for a crossover transport, the algorithm 

checks if the CR-RMH is already at the start position and ready to load a carrier. If not, then the 

CR-RMH moves empty to the start position. After a L-RMH loaded the carrier, the message 

Mcarrier loaded triggers the move to the target position, where it is unloaded after the arrival with the 

event Earrival. Subsequently, with the message Munloaded the CR-RMH is marked as free and 

available for new jobs. 

The operation of L-RMHs is more complex and controlled by the statechart from Fig. 4.12. Again, 

each state is associated with energy demand in the form of a single factor or a function. Resource 

flows in or out of the L-RMH are not modelled. But during dripping, a fluid resource flow is 

triggered, which is modelled by the carrier and the fluid. Generally, line RMH can be available 

and wait for jobs, in use to move carriers or in use to prevent collisions. The carrier movement 

state includes the single sub-states the move of the RMH to the carrier, loading the carrier, 

dripping, transport to the target tank and unloading. Process parameters can vary in the dripping 

process. Barrels can rotate over a tank to accelerate the dripping as well as drip without rotation 

to prevent damages through products hitting each other. After dripping, it can be required to wait 

for clearance in the plating line to prevent collisions with other L-RMH. The state transitions are 

shown as events E, messages M and time-offs t in Fig. 4.12. 
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Fig. 4.12: Statechart for line rail mounted hoist 

The scheduling of the hoists can be done externally by a commercial hoist scheduling problem 

(HSP) solver or internally with an integrated self-developed algorithm (R3). Commercial HSP 

solvers typically coordinate all hoist movements in the plating line with mathematical models or 

heuristics depending on the complexity of the plating process chain. In contrast, the internal solver 

works on requests from single carriers. Particularly, for large plating lines with many parallel 

operations, an external commercial HSP solver is recommended as the internal algorithms focus 

on preventing collisions and not on optimising the plating line operations through methods from 

operations research. 

In the internal solver, the requests are handled after the first in, first out (FIFO) principle. In case 

only one hoist is serving a plating line, the hoist works through the FIFO queue. In case multiple 

hoists work parallel in one plating line, as illustrated in lines 1 and 2 in Fig. 4.10, the requests are 

handled in the three steps: hoist selection, collision check, and prevention. Fig. 4.13 shows a 

simplified version of an algorithm for scheduling the RMHs. First, the algorithm checks if free 

hoists are available and if one of these can reach the start and target tank. If multiple hoists fulfil 

these criteria, the hoist which is the closest to the carrier is selected. If no other hoist works in the 

area between the start and the target tank, the job is sent immediately to the hoist. If collisions are 

possible with other free hoists, these are moved out of the area between the start and target tank. 

Afterwards, the currently occupied hoist and their jobs are checked if collisions can be expected 

considering the future movements of the hoists. If this applies, the current hoist has to wait until 

the job with possible collisions is finished. 
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Fig. 4.13: Hoist scheduling logic for lines with multiple hoists 

In contrast to most other production processes, which have buffers at single process chain 

elements, these are not available at the tanks. Hence, before a hoist moves with a carrier to the 

tank, it has to be ensured that the tank is empty. This tank is checked by the carrier statechart and 

not by the scheduling algorithm. Table 4.5 summarizes the parameters for the RMH models. In 

addition, the RMH model uses parameters from the carrying carrier’s production schedule for 

operation such as the next tank to move. 

Table 4.5: Parameters for the RMH model 

Parameter Type Unit Description 

RMH ID String  Identifier 

Accessible tanks List Tanks Tanks that can be accessed by this RMH 

Speed Double m/s Speed of RMH during operation 

State1…n String  Name of state 1 to n 

Electricity demand state1…n Double W Electricity demand per state 

MTTF Double min Mean time to failure  

MTTR Double min Mean time to repair 

 

4.4.5 Tank Model 

The tanks are the central process chain element to build a plating process chain physically. The 

further process chain elements such as the periphery are arranged around these tanks. Generally, 

three types of tanks are used in plating process chains: 1) storage tanks, 2) processing tanks and 

3) rinsing tanks. An overview of their properties is given in Table 4.6. Storage tanks are only used 

as a placeholder for storage slots, where carriers can be parked before, during and after passing 

the plating process chain. These tanks contain no energy or resource flow model and are not 

connected to other process chain elements. Processing tanks are connected to process fluids and 

are typically linked to periphery devices such as local exhaust air systems or rectifiers. Rinsing 

tanks are typically part of a rinsing cascade and need connections to the other tanks of the rinsing 

cascade. Periphery devices are only rarely used in rinsing tanks. 
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Table 4.6: Properties of tank types 

 1) Storage tanks 2) Processing tanks 3) Rinsing tanks 

Description Storage slot for carrier Tank with active fluid 
Tank part of rinsing 

cascade 

Connections to 

other models 
 None 

 Processing fluid 

 Periphery 

 Rinsing fluid 

 (Periphery) 

State-based 

model 

No energy and resource 

model 

Energy & resource flow 

model 
Resource flow model 

 

Compared to discrete production processes, the tanks have a similar role as machines used to 

build discrete production process chains. Hence, generic machine models are used as the 

methodological foundation to build a generic statechart-based tank model. In the past, generic 

machine model were introduced by various authors (Dietmair and Verl, 2009; Kurle, 2018; 

Mousavi et al., 2015; Schönemann, 2017; Thiede, 2012). Fig. 4.14 shows the statechart of the 

tank model. This statechart is used to control the tanks in general as well as the energy and 

resource flows if required for the specific tank type. At turning on, the tank goes into the ramp-

up state and initializes all sensors and actuators of the tank. After the ramp-up time tramp-up, the 

tank is available to receive carriers and can be accessed by RMHs. When a carrier arrives, it sends 

the tank model the message Mcarrier arrival. The tank is now occupied, and initially, the tank is in idle 

mode. In processing and rinsing tanks, the carrier instantly sends the message Mstart to start the 

processing state. Processing tanks then start the process and rinsing tanks can start the movement 

of the carrier inside the tank. Additionally, periphery devices also can be linked and controlled by 

this statechart. Storage tanks only use the idle sub-state in the occupied state as typically no 

activities are started. 

After the process time tprocess, the tank goes back into idle. Once an RMH picks out the carrier, the 

message Mdeparture is sent to the tank, and the RMH is available for other carriers. During the 

operation, failures or maintenance tasks can arise and cause a switch into the failure/maintenance 

state. If the tank is in process, the process is interrupted until the tank is repaired after the mean 

time to repair (MTTR) tMTTR. 

 

Fig. 4.14: Statechart for generic tank model 

In Table 4.7 the parameters for the tank models are summarized. Depending on the tank type, 

only a limited number of parameters needs to be used. Storage tanks only require a tank ID and 

states to control the occupancy, while for processing tanks typically all parameters are required. 

On

Ramp-up

Available

Processing

Idle

Off

Occupied

Failure / 

Maintenance

tMTTF

tMTTR

Mcarrier arrival

Mdeparture

tshutdown

tramp-up Mstart
tprocess



85   4   Concept for Integrated Planning and Operation of Plating Process Chains 

 

Table 4.7: Parameters for the tank model 

Parameter Type Unit Description 

Tank ID String  Identifier 

State1…n String  Name of state 1 to n 

Electricity demand state1…n Double W Electricity demand per tank state1…n 

Resource1…n demand state1…n Double g/ml per s Resource1…n demand per tank state1…n 

Fluid Fluid  Fluid in the tank 

Periphery Periphery  Connected periphery 

MTTF Double min Mean time to failure  

MTTR Double min Mean time to repair 

 

4.4.6 Fluid Model 

A fluid model considering the specific characteristics of electrolytes has been developed (Leiden 

et al., 2020b). In contrast to the previously presented models, the fluids are not controlled by a 

statechart. Instead, the model consists of a set of state variables and functions. Fluids can be 

generally distinguished in processing and rinsing fluids. However, the fundamental processes to 

model a fluid are the same. These fundamental processes are illustrated in Fig. 4.15 and explained 

in the following paragraphs. Nine fundamental processes are required to quantify the flows into 

and out of the fluid as well as processes that influence the composition of the fluid without flows. 

Subsequently, these fundamental processes are used to derive models for processing and rinsing 

fluids. 

 

Fig. 4.15: Abstraction of fundamental processes in fluids in plating process chains (adapted 

from Leiden et al., 2020b) 

Each fundamental process can influence to overall volume VF of the fluid and the concentration 

of the single substances Ci,i=1…n as summarized in Table 4.8. The concentration cn can be 

calculated on a weight or volume basis. If a volume-based modelling approach is selected, it must 

be considered that solid-state crystalline substances such as salts do not increase the fluid volume 

in the same amount as added. The crystalline lattice structure of the salts are dissolved, and water 

molecules envelop the ions. 
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Table 4.8: Abstraction processes in fluids (adapted from Leiden et al., 2020b) 

No Notation Process Type Impact on Ci, i=1..n Impact on V 

1 �̇�𝐹,𝐷𝑟,𝑜𝑢𝑡 Drag-out Resource flow → ↓ 

2 �̇�𝐹,𝐷𝑟,𝑖𝑛 Drag-in Resource flow ↑ ↑ 

3 �̇�𝐹,𝑆𝑟 Substances replenishment Resource flow ↑ ↑ 

4 �̇�𝐹,𝑂𝑣 Drain/overflow Resource flow → ↓ 

5 �̇�𝐹,𝑅𝑤 Refill water Resource flow ↓ ↑ 

6 �̇�𝐹,𝐸𝑣 Evaporation Thermal ↑ ↓ 

7 �̇�𝐹,𝐴𝑛 Anode dissolving (Electro-) chemical ↑ ↑ 

8 �̇�𝐹,𝐷𝑝 Deposition (Electro-) chemical ↓ ↓ 

9 �̇�𝐹,𝐸𝑐𝑑 
(Electro-)chemical 

degradation 
(Electro-) chemical ↓ → 

The fundamental processes can be used to calculate the mass balance of the fluid, but also for 

every single substance that is part of the fluid. The sum of all mass flows ṁ in and out of a fluid 

can be estimated by: 

 
�̇�𝐹  = �̇�𝐹,𝑆𝑟  + �̇�𝐹,𝐷𝑟,𝑖𝑛  + �̇�𝐹,𝐴𝑛 + �̇�𝐹,𝑅𝑤 − �̇�𝐹,𝐷𝑟,𝑜𝑢𝑡 − �̇�𝐹,𝐷𝑝

− �̇�𝐹,𝐸𝑐𝑑 − �̇�𝐹,𝐸𝑣 − �̇�𝐹,𝑂𝑣 
(4.2) 

The single basic processes and mathematical methods to model these are introduced in the 

following paragraphs. 

Drag-out (1) The carryover, which causes the drag-out of the fluid, is already available from the 

product and the carrier model. The carryover reduces the volume of the fluid VF by the volume of 

the carryover VCY. It does not influence the concentration of single fluid substances. However, the 

concentrations of the substances in the carryover are relevant for the following fluids and can 

cause problems there if these substances interfere with reactions in the following fluid. The 

volume reduction of the fluid VF can be calculated as: 

 𝑉𝐹,𝑡=1 = 𝑉𝐹,𝑡=0 − 𝑉𝐶𝑌 (4.3) 

Drag-in (2) The drag-in can be assumed as clean, for instance, after a rinsing cascade, or 

contaminated, for instance, after a process fluids or within a rising cascade. In both cases, the 

volume of the fluid increases by the volume of the carryover VCY. In case the drag-in is clean, the 

following formula can describe the impact on the concentration of the single substances: 

 𝐶𝐹,𝑖,𝑡=1 =
𝐶𝐹,𝑖,𝑡=0 ∗ 𝑉𝐹,𝑡=0

𝑉𝐹,𝑡=0 + 𝑉𝐶𝑌
 (4.4) 

In case the drag-in is contaminated and the substance i is available in the fluid as well as the 

carryover, the impact on the concentration of substance i is described as: 



87   4   Concept for Integrated Planning and Operation of Plating Process Chains 

 

 𝐶𝐹,𝑖,𝑡=1 =
𝐶𝐹,𝑖,𝑡=0 ∗ 𝑉𝐹,𝑡=0 + 𝐶𝐶𝑌,𝑖 ∗ 𝑉𝐶𝑌

𝑉𝐹,𝑡=0 + 𝑉𝐶𝑌
 (4.5) 

Substances replenishment (3) Substances are added during the operation of the fluid to replenish 

these after drag-out, (electro-) chemical degradation or deposition. The exact volume of the added 

substances depends on the control variable, which can be estimated by manual or automatic 

measurements as well as by a model-based approach. The volume of the substance replenishment 

VSR increases the volume of the fluid VF. 

 𝑉𝐹,𝑡=1 = 𝑉𝐹,𝑡=0 + 𝑉𝑆𝑅 (4.6) 

The increased volume changes the concentrations of all substances i in the fluid CF by: 

 
𝐶𝐹,𝑖,𝑡=1 =

𝐶𝐹,𝑖,𝑡=0 ∗ 𝑉𝐹,𝑡=0 + 𝐶𝑆𝑅,𝑖 ∗ 𝑉𝑆𝑅

𝑉𝐹,𝑡=1
 

(4.7) 

Drain / overflow (4) Draining of fluids or the use of overflows is often required for maintenance 

or problem handling. By the drain or the overflow, the volume of the fluid is reduced by the 

volume of the drain/overflow, as already shown for the drag-out in equation (4.2). The substances 

concentrations remain the same. However, typically after a drain or an overflow, it is required to 

refill the water, and for process fluids, it is required to refill substances, which other fundamental 

equations can consider. 

Refill water (5) Particularly in rinsing fluids, water is added to keep the rinsing ratio constant. 

Water refills increase the volume of the fluid and reduce the concentrations of the single 

substances. The increase of the fluid’s volume VF can be described with equation (4.6) by 

replacing VSR with the volume of the water refill VRW. 

𝐶𝐹,𝑖,𝑡=1 =
𝐶𝐹,𝑖,𝑡=0 ∗ 𝑉𝐹,𝑡=0

𝑉𝐹,𝑡=0 + 𝑉𝑅𝑊
 

(4.8) 

Evaporation (6) Evaporation can be described as the phase transition from the liquid to the 

gaseous phase at temperatures significantly below the boiling point. In the past, various authors 

developed methods to model evaporation. The following paragraphs introduce three relevant 

approaches for plating process chains. These approaches are based on thermodynamical models 

as well as empirical investigations. 

Firstly, the evaporation can be calculated with the model from the VDI 2089 standard (2010). 

Although this model was initially developed for swimming pools, it can be transferred to 

production processes as the used fluids in the plating process chain are typically aqueous, too. 

Madanchi (2022) applied this approach already in the context of machining with aqueous cutting 

fluids. The evaporating mass flow ṁF,Ev can be calculated as: 

 
�̇�𝐹,𝐸𝑣 =

𝛽

𝑅𝑣𝑎𝑝𝑜𝑢𝑟 ∗ �̅�
∗ (𝑝𝑣,𝑊 − 𝑝𝑣,𝑎) ∗ 𝐴𝐹 

(4.9) 
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β is the water transfer coefficient, which can be assumed as 7 m/h for an unused and steady surface 

fluid and as 40 m/h if the fluid is used and has a non-steady surface. Rvapour is the specific gas 

constant for water vapour which is 461.52 J/kg K. �̅� is the arithmetic mean of water and air 

temperature in K. pv,w is the saturation pressure of water vapour at the fluid temperature in Pa and 

pv,a the water vapour pressure of the factory air in Pa. AF is the surface of the fluid. 

Secondly, Mazurczak (1990a, 1990b) developed an empirical approach for aqueous fluids to 

estimate evaporation. The empirical regression models are part of an approach to estimate the 

energy demand for heating and cooling aqueous solutions in etching, pickling and electroplating. 

The models are based upon the airspeed above the fluid surface and the temperature of the fluid, 

as shown in Fig. 4.16. The airspeed above fluids ranges between 0 and 1.9 m/s as the exhaust air 

system is typically installed directly above the fluid surface, and the fluid temperature ranges 

between 25 to 75 °C, depending on the process (Giebler and Knechtel, 2009a). It is assumed that 

the air temperature is constant between 15 °C and 25 °C, the air humidity is between 70 % and 

90 %, and the atmospheric pressure is between 950 mbar and 1,250 mbar. 

 

Fig. 4.16: Evaporation for four different airspeeds above the surface (adapted from Mazurczak 

et al., 1990a) 

Thirdly, Giebler and Knechtel (2009a, 2009b) combined theoretical foundations and their own 

lab-scale empirical investigations to derive a model for describing the evaporation of process and 

rinsing fluids. The model considers the temperature of the fluid tF, the airspeed v as well as the 

temperature tA and relative humidity φ of the ambient air: 
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 �̇�𝐸𝑣 = 𝑝0 (𝑒
(

𝑐1∗𝑡𝐹
𝑐2+𝑡𝐴

)
− 𝜑 ∗ 𝑒

(
𝑐1∗𝑡𝐴
𝑐2+𝑡𝐴

)
) ∗

𝑘1 + 𝑘2 ∗ 𝑣𝛼

𝑘1 + 𝑘2 ∗ 𝑡𝐹
∗ 𝐾𝐸 ∗ 𝐴𝐹 (4.10) 

c1 and c2 are parameters of the Magnus equation whereas c1 is 17.08085 and c2 is 234.175 °C 

(Sonntag and Heinze, 1982). k1 and k2 are parameters of the carrier equation, whereas k1 is 

320.4 m/h and k2 is 281.52 s/h (Carrier, 1918). 𝛼 describes the dependence on the evaporation of 

the airspeed and is set initially to 0.8. The evaporation factor KE enables the adaption to various 

aqueous process fluids without further changes.  

It has to be noted that the application of any evaporation models is associated with the use of 

simplifications and uncertainties. For instance, the airspeed above the fluid’s surface cannot be 

estimated exactly in an industrial plating process chain. Kurle (2018) showed for a chromium 

plating process that the approach from Giebler and Knechtel predicted approximately 50 % lower 

evaporation losses than empirical measurements in an industrial plating facility. The requirements 

for the three introduced evaporation models increase from the first to the last. The regression 

models in Fig. 4.16 show that evaporation losses are mainly relevant at higher temperatures. If 

the fluid is heated or cooled to temperatures significantly above the ambient temperature, the 

modelling of the evaporation is also required to estimate the energy demand. For continuously 

used fluids working close to ambient temperature, it could be assumed that the water evaporation 

losses are low compared to the drag-out. An automatic level-based refill system can directly 

compensate for these low evaporation losses. 

Anode dissolving (7) Plating metals can be added dissolved, such as chromium acid for 

chromium plating, or as solid anode that dissolves during the plating process. While the first can 

be modelled with the equations from substances replenishment, the anode dissolving process 

needs to be modelled in dependence on the applied current. The dissolved mass rate at the anode 

ṁAn can be calculated by Faraday’s law of electrolysis (Faraday, 1834).  

�̇�𝐴𝑛 = 𝜂 ∗
𝑀 ∗ 𝐼

𝑧 ∗ 𝐹
 (4.11) 

The current efficiency η at the anode is typically close to 100 %. M represents the molecular mass 

of the anode material, I the applied current. z is the charge number of the anode material, and F 

the Faraday constant, which is 96,485.3329 sA/mol. The impact of the mass flow on the metal 

ion and other substances concentrations can be calculated with equation (4.7) from substances 

replenishment. It can be considered that anode dissolving does not change the volume of the fluid 

in a tank as the solid anodes are typically already in the fluid tank. 

Deposition (8) Through the deposition, metal ions from the fluid are deposited at the surface of 

the cathode (product). The deposition can be described with Faraday’s law of electrolysis from 

equation (4.11). As already shown in Table 2.1, the cathodic efficiency η is typically lower and 

depends on the coating material and the electrolyte composition. In Fig. 4.17, the cathodic 

efficiency is shown for the three electrolyte catalysts hexafluorosilicic acid (H2SiF6), sulphuric 

acid (H2SO4) and hydrofluoric acid (HF) in dependence on the chrome acid concentration.  
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Fig. 4.17: Cathodic efficiency of chromium plating electrolytes in dependence of chrome acid 

concentration (Dennis and Such, 1986; Kurle, 2018; Lausmann and Unruh, 2006) 

A black-box model approach can also be used instead of considering the anode dissolving and the 

deposition separately. This black-box approach assumes that the dissolved anode material is 

equivalent to the deposited coating. The metal ions concentration is typically relatively constant, 

and therefore, separate modelling is often not required. Based on the average coating thickness 

on the surface of the product, the metal demand can be calculated. 

(Electro-) chemical degradation (9) Substances can be (electro-)chemically reduced during the 

operation of a process fluid. Oxidation reactions at the anodes and reduction reactions at the 

cathode can change the concentrations of substances in fluids. These reactions typically can be 

described by a rate in dependency to time or process parameters. For instance, electrochemical 

reactions typically depend on the applied current over time. Hence, the impact of these 

electrochemical reactions on the concentration of the substance can be described by a substance-

specific degradation rate Di and the number of applied Ah. Thus, the impact on the concentrations 

of the single substance can be calculated as: 

 
𝐶𝐹,𝑖,𝑡=1 = 𝐶𝐹,𝑖,𝑡=0 −

𝐴ℎ ∗ 𝐷𝑖

𝑉𝐹,𝑖,𝑡=0
 

(4.12) 

If the reactions depend on other process parameters or time, the Ah needs to be replaced by a 

describing factor. Besides, a combined consideration of time and process parameters is possible 

and particularly important for not regularly used fluids. 

Derivation into process fluids and rinsing fluids models 

For an efficient application of these fundamental equations, functions are derived for modelling 

the specifics of processing and rinsing fluids. As shown in Fig. 4.18, the process fluid is typically 

followed by a rinsing cascade which consists of multiple connected rinsing fluids. Various 

substances flow into the process fluid, and different periphery such as rectifiers with anodes in 

the fluid can be required. In contrast, only a limited but interdependent number of substances flow 

into the rinsing fluid.  
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Fig. 4.18: Fluids as part of plating processes and rinsing cascades (adapted from Leiden et al., 

2021) 

Table 4.9 summarizes the derived functions for the process and rinsing fluid model based on the 

fundamental processes from Fig. 4.15. Specific functions for the implementation in a simulation 

model are suggested to enable direct modelling of the physical plating process chain. In the 

following paragraphs, the application of the functions for process and rinsing fluids are explained 

in detail. 

Table 4.9: Functions for the fluid model 
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Description 

Drag-out (1)    

Drag-out through products x x Drag-out through adhesion to products 

Drag-out through flows  x Drag-out through flows between fluids 

Drag-in (2)    

Drag-in through products x x Drag-in through adhesion to products 

Drag-in through flows  x Drag-in through flows between fluids 

Replenishment (3)    

Process parameter-based 

replenishment 

x  Replenish substances based on process parameters 

Time-based replenishment x x Replenish substances based on time progression 

Resource flow model-based 

replenishment 

 x Replenish substances based on simulated resource 

flows 

Manual replenishment x x Manually triggered replenishment, e.g. after drain 

Drain/overflow (4)    

Manual drain x x Manual drain of fluid, e.g. for maintenance 

Automatic overflow x x Automatic overflow at reaching fluid volume limit 

Refill water (5)    

Manual refill x x Manual refill, e.g. for maintenance 

Automatic refill x x Automatic refill up to target fluid volume  

Evaporation (6) x x Dynamic fluid parameter-based estimation of 

evaporation 

Anode dissolving (7) x  Anode dissolving in plating processes 

Deposition (8) x  Deposition of dissolved metals 

Process fluid Rinsing fluid cascade

Drag-out

Organic substances
Inorganic substances

Metals

Carrier with products
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Water

Electricity Contaminated products

Water

Rinsed products
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Description 

(Electro-)chemical 

degradation (9) 

   

Time-based degradation x  Degradation of substances time-based 

Process parameter-based 

degradation 

x  Degradation of substances based on process parameters 

 

Process Fluid 

For processing fluids, it can be assumed that the drag-in is clean and brings no additional 

substances into the fluid, while the drag-out also does not influence the concentrations in the fluid. 

Modelling the anode dissolving, the deposition and the replenishment of substances based on 

process parameters and time requires detailed process data from a manual parameterisation or 

automatically from the plating process chain control system. The exactly required data and 

functions depend on the specific plating processes and need to be defined individually for each 

process. 

Rinsing Fluid 

For modelling rinsing fluids, the design options for rinsing processes from Table 2.2 need to be 

considered. Rinsing processes can be modelled as single stand-alone or as rinsing cascades. Single 

stand-alone rinsing fluids only can be used for low rinsing criteria. The rinsing fluid is 

contaminated only through the drag-out by the products. In counterflow rinsing cascades, the 

rinsing fluid flows from the cleanest to the most contaminated rinsing fluid tank. This flow is 

modelled as a continuous water refill in the cleanest rinsing cascade and as a continuous drag-in 

in the following cascades because the incoming flow contains contaminations. Finally, out of the 

first cascade step contaminated water flows into the fluid disposal or recovery system. 

The effectiveness of a rinsing process can be described by the rinsing criterion R. It describes the 

relationship between the concentration cP,i of a substance i from the process fluid and the 

concentration cR,i in the rinsing fluid (Hofmann and Spindler, 2010; Thöming, 2002): 

 R =
𝑐𝑃,𝑖

𝑐𝑅,𝑖
 (4.13) 

This criterion R depends on the prior process and must be met to ensure that the following 

processes can be operated without contaminations and no risks from hazardous residuals occur 

for the workers and customers. The majority of the pre-treatment processes require an R up to 

2,000, most plating processes require an R of 5,000 and cyanide and chrome electroplating 

processes require an R of 10,000 (Hofmann and Spindler, 2010). While for processing fluids, 

various control variables are used, rinsing processes are typically controlled with the R. Generally, 

the following strategies can be used for the control of the rinsing fluid: 

 Renewal at reaching rinsing criterion R 

 Continuous flow 
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 Time-based control 

 Resource flow-based control 

The renewal based control strategy requires the analysis of the contamination in the rinsing 

cascade, for instance, by measurements such as the conductivity or a model-based approach. Once 

a defined maximum concentration has been reached, the specific rinsing fluid in the rinsing 

cascade fluid is fully renewed. Continuous flow systems typically have a permanent refill water 

inflow in the cleanest rinsing cascade step. This inflow triggers an automatic forward flow of 

contaminated rinsing fluid flow into the following fluids. Similarly, a time-based control works, 

but the refill water is added only at specific times instead of continuously. Typically a pump is 

activated regularly after a defined time. Resource flow-oriented control is based on the amount of 

contaminations carried over from the processing fluids into the rinsing fluids. For this control 

mechanism, the composition of the process fluid as well as the carryover for each carrier must be 

available by continuous measurements or more realistic by a model-based approach. The 

knowledge of the exact composition enables a demand-oriented control of the rinsing cascade 

without further safety buffers. 

Spray rinses work differently and typically spray a defined amount of water over a fluid tank, or 

the water is disposed of directly. Spray rinsing above a fluid tank can be modelled as a product-

based drag-in. 

Table 4.10 summarizes the most relevant parameters for the fluid model based on the prior 

introduced functions for the processing and rinsing fluids. For the fluid model, many parameters 

from other models are used, such as the parameters from the carriers are required to calculate the 

drag-in and drag-out. Additional parameters can be required depending on the exact configuration 

of the process and rinsing fluid. 

Table 4.10: Parameters for the fluid model 

Parameter Type Unit Description 

Fluid ID String  Identifier 

Volume Double L Total volume of fluid 

Density Double  Average density of fluid 

Temperature Double °C Temperature of fluid 

Rinsing ratio R Double  Rinsing ratio 

Substancei current concentration Double g/ml per l Current concentration of substancei 

Substancei target concentration Double g/ml per l Target concentration of substancei 

Substancei minimum concentration Double g/ml per l Min. concentration of substancei 

Substancei maximum concentration Double g/ml per l Max. concentration of substancei 

(Electro-)chemical degradation rate of 

Substancei – process parameter-based 

Double g/ml per 

… 

Parameter of process parameter-

based estimation of degradation  

(Electro-)chemical degradation rate of 

Substancei – time-based 

Double g/ml per s Parameter of process time-based 

estimation of degradation  
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4.4.7 Periphery 

Various periphery systems that specifically belong to the plating process chain are modelled with 

the generic periphery model. Typical examples are tank exhaust air systems, central pumps for 

fluids or a plating process chain specific water treatment plant. The periphery model can be 

connected to a single, multiple or no tanks depending on the requirements of the physical 

periphery system. 

A statechart controls the periphery model and contains a state-based energy and resource demand 

model, as shown in Fig. 4.19. It can be considered an adapted version of a machine statechart and 

mainly models the energy and resource flows of the periphery system. After switching on, the 

periphery model switches into the ramp-up state, which is left after the ramp-up time tramp-up into 

the idle state. 

 

Fig. 4.19: Statechart for generic periphery model 

From the idle state, the periphery device can be turned off with the shutdown time tshutdown as well 

as switch intro the failure/maintenance state after the meantime to failure tMTTF. The switch into 

the operational state depends on the specific characteristics of the peripheral device. The generic 

periphery enables modelling three different characteristics for the operation state, as shown in 

Table 4.11. 

Table 4.11: States options for generic periphery model 

Type Description Examples 

Single state Single value for operation Lighting or uncontrolled pump 

Multiple states Multiple operational states Cooling unit 

Process parameter-

dependent state 

Process parameter specific function Exhaust air systems with variable 

frequency drive 

Firstly, the periphery model only can have a single static state for the energy and resource demand. 

For instance, the lightning or an uncontrolled fluid pump runs continuously during the operation 

of the plating process chain and is only turned on and off. 

Secondly, the operation of the peripheral device can be split into multiple states. For instance, a 

cooling unit for a switch cabinet can be controlled with three states of cooling power. The switch 

between the single states can be controlled by time tchange state or a message Mstate change that triggers 

On
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a state change. For instance, the switch cabinet’s cooling unit can be operated in different 

intensities depending on time-based rules or specific tanks switching into the processing state. 

Thirdly, the operation state can be controlled with a process parameter-dependent state that 

regularly checks the associated process parameters. An electricity demand regression model is 

developed for a process parameter-dependent state using the example of a tank exhaust air system 

with a central fan. The left side of Fig. 4.20 shows the measurement results of a tank exhaust air 

system with a central fan controlled with a variable frequency drive. For model building, the 

suction output of the pump has been increased gradually in 5 % steps. The resulting regression 

model depending on the suction output is shown on the right side of Fig. 4.20. This regression 

model is implemented as a function into the process parameter-dependent operation state and 

constantly checked during operation. Due to the small measurement steps an R² of 0.99 is reached. 

The short power peaks while increasing the fan speed have no significant influence on the overall 

energy consumption. The general procedure also can be transferred to other controlled devices in 

the plating process chain, such as pumps or drives. 

 

Fig. 4.20: Conversion of electricity measurements into regression model for simulation 

In Table 4.12, the parameters of the periphery model are summarized. The required parameters 

depend on the specific periphery device, its control mode and the number of required states. 

Table 4.12: Parameters for the periphery model 

Parameter Type Unit Description 

Periphery ID String  Identifier 

State1…n String  Name of state 1 to n 

Energy demand state1…n Double W Energy demand of state 1…n 

Resource demand state1…n Double g or ml Resource demand per state of state 1…n 

Parameter-dependent model Double  Factors for process parameter regression model 

for energy and resource demand models 

Tank Tank  Connected tanks 

MTTF Double min Mean time to failure  

MTTR Double min Mean time to repair 
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4.4.8 Tasks Model 

The human toxicity impact pathway has been established for modelling the impact on humans 

through hazardous substances (Fantke et al., 2021; Jolliet et al., 2003). This pathway shows the 

way from a specific hazardous chemical inventory mass to toxicity-related damage on humans 

(Fig. 4.21). In the context of the developed simulation framework, the task model covers the 

chemical inventory mass modelling as well as the chemical distribution in near-field and far-field 

environment modelling. The worker models use this data to calculate the exposure of the 

individual workers during a shift through fulfilling various tasks. 

 

Fig. 4.21: Task and worker model in human toxicity impact pathway (adapted from Fantke et al., 

2021; Jolliet et al., 2003) 

As the occupational load on the workers depends on the tasks to be performed, a task model is 

used to model the impact of specific tasks on workers. During the simulation, the workers perform 

the task in a pre-determined or dynamically adjusted order. The workers are exposed to the 

occupational load through specific tasks, typically through a near-field exposure.  

The central aspect of the task model is to estimate the impact of chemicals in the plating process 

chain. The toxicity of processes and chemicals for humans depends on the route of exposure. The 

most common exposure routes are inhalation, dermal and ingestion. Beattie et al. (2017) showed 

that exposure through the dermal and ingestion route could be prevented by implementing high 

hygienic practices in the plating industry. Gloves can be worn while touching contaminated 

products, and hand to mouth transfers can be prevented. Preventing emissions through the 

inhalation route requires more complex measures. Hence, the focus of the task model is on the 

inhalation route. 

Worker contribution scenarios (WCS) are introduced to split the operation of the plating process 

chain into single tasks. WCSs are also used by the European Chemicals Agency for the 

authorisation process of chemicals and describe the exposure of various tasks of an individual 

multi-step production process (European Chemicals Agency, 2017). In Table 4.13, WCSs for 

plating process chains are collected and briefly described. In addition, the process category 

(PROC) is given. PROC generally describe processes from an occupational perspective with 

30 different categories and are defined by the European Chemicals Agency (2017). Other authors 

also use PROCs in the context of other industrial processes (Kupczewska-Dobecka et al., 2011; 

Roth et al., 2019). 
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Table 4.13: Worker contribution scenarios in plating process chains (Leiden et al., 2021) 

Worker contributing scenario PROC Scenario description 

WCS 1 Storage raw material PROC 1 Delivery and storage of raw material 

WCS 2 Transport PROC 8b Transport of chemicals 

WCS 3 Loading of jigs PROC 4 Loading and unloading of jigs 

WCS 4 Specific use PROC 2, PROC 3, 

PROC 4, PROC 13 

Specific tasks at the plating tank  

WCS 5 Sampling PROC 8b Control of electrolytes (sample 

collection) and transport devices 

WCS 6 Refilling liquids PROC 8b Decanting electrolyte into dosing 

tanks and refilling baths  

WCS 7 Decanting solids PROC 8b Decanting of solids 

WCS 8 Refilling solids PROC 8b Mixing of refilling electrolyte – 

solids  

WCS 9 Regular maintenance PROC 8b Regular maintenance and cleaning of 

equipment 

WCS 10 Rare maintenance PROC 8b Rare maintenance /refurbishment 

and cleaning of equipment 

WCS 11 Maintenance filter PROC 8b maintenances of electrolyte filters 

WCS 12 Quality control PROC 8b Quality control by Hull-sheets 

WCS 13 Wastewater management PROC 8b Waste and wastewater management 

 

While for most WCSs, the emission load is independent of the current activities in the plating 

process chain, some highly depend on the currently applied process parameters in the plating 

process chain. For instance, in WCS4, the tasks are conducted directly at the plating tank, which 

emissions depend on the tank’s current state and process parameters as well as the fluid. Hence, 

tasks can be parameterized with a single fixed value or with a dynamic process parameter-

dependent model. 

Today, the Advanced REACH Tool (ART) can be considered the most sophisticated tool to model 

the emission load through chemicals on workers in production (Riedmann et al., 2015). This tool 

was developed within a collaboration of different European OSH authorities and research 

institutions. ART combines a mechanistic source-receptor exposure model with data from an 

exposure database to estimate the inhalation exposure (Schinkel et al., 2014; Schinkel et al., 

2013). Further, the ART is approved by European authorities as a supplement to measurements 

for the risk assessment of chemicals during the REACH authorisation process (European 

Chemicals Agency, 2017). 

Considering the different concepts for coupling and integration models in simulation from Fig. 

2.17 in subchapter 2.2.2, the model integration approach is the most promising as only one 

simulation tool is required to apply the concept. However, a direct implementation of the ART 

into the agent-based simulation is not possible due to the different modelling approaches. Hence, 

the ART is integrated as a grey-box surrogate model into the simulation framework (Leiden et 

al., 2021).  

Fig. 4.22 shows the grey-box model integration with a case distinction and four regression models 

for modelling the airborne hexavalent chromium emission load on workers for WCS 4, which 
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describes specific tasks directly at the electroplating tank. First, with a case distinction, it is 

checked whether the surface of the electrolyte is in motion (fluid speed of >0 m/s) or not (fluid 

speed of 0 m/s). In the case of no motion, regression model 1 is selected, as shown on the right 

side of Fig. 4.21. If the surface of the electrolyte is in motion, one regression model out of three 

is selected depending on the surface area of the fluid. The three surface area categories (0.3 to 

1 m², 1 to 3 m² and greater than 3 m²) are pretended by the ART. The regression models indicate 

the worker exposition to airborne hexavalent chromium compound depending on the CrO3 content 

in the electrolyte. This CrO3 content can change dynamically during a simulation run depending 

on the products to be plated and the redosing strategy. The process parameter ranges for the case 

distinction and the factors for the regression models are stored in an internal database, whereas 

each specific case is stored in a row. These case distinction and selection of regression models is 

implemented through SQL queries. 

 

Fig. 4.22: Process parameter-based case distinction and selection of regression models 

An advantage of the grey-box surrogate implementation is that dynamic changes in the electrolyte 

can be considered during a simulation run without additional tools or interfaces. Only relevant 

process parameters are included for the case distinction, and typical operational process parameter 

ranges are considered. Untypical process parameter ranges such as a fluid temperature above the 

boiling point would require separate grey-box models for these conditions. 

In Table 4.14, the parameters for the task model are summarized. The task emission load is 

required for tasks with a static emission load, and the last three parameters are required for tasks 

with grey-box regression models. 
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Table 4.14: Parameters for the task model 

Parameter Type Unit Description 

Task ID String  Identifier 

Task location Element  Location in factory for task execution 

Task emission load Double µg/m³ Emission load while executing this task 

Dynamic emission model Binary  Integration of emission model 

Ranges for case distinction Double  Ranges for selection in case distinction 

Factors for regression Double  Factors for the regression model 

 

4.4.9 Worker Model 

Despite the high degree of automation of plating process chains through RMHs, human workers 

are generally required to operate a plating process chain. Particularly, rack electroplating 

processes require workers to load and unload the products from the jigs. Also, the maintenance 

of the production equipment and the monitoring of fluids often cannot be automated. In addition, 

some plating process chains are still operated fully manually around the world. Therefore, workers 

need to be considered in the simulation. Particularly the impact through the use of hazardous 

chemicals needs to be considered. 

Workers were modelled as agents by Halubek (2012) to model the performance in automotive 

assembly lines or by Schönemann (2017) to model their contribution to the moisture and heat in 

a factory. In contrast to the existing approaches, in plating process chains, the exposition to 

hazardous chemicals of the workers is in focus. This exposition is estimated through the task 

model and allocated dynamically to the worker models during a simulation run, as introduced 

with the human toxicity impact pathway in Fig. 4.21. 

The workers can be controlled through a schedule-based or demand-based logic. If a schedule-

based system is used, the workers work through a tasks list that provides the current shift tasks. 

For each worker, an individual list of tasks can be created and as part of scenario analyses, these 

lists can be varied. Workers also can work demand-oriented and are called from other elements 

of the plating process chain. For instance, if products need to be jigged or maintenance is required 

at a tank, this tank triggers the generation of a new task. A central task allocation algorithm assigns 

the arriving task to free workers. However, this can lead to blockings in the process chain if more 

workers are requested than are available. 

In Fig. 4.23, the statechart for the control of the worker is shown. After the start of the simulation, 

the worker waits for the assignation of a specific task from the schedule or to be called from the 

task allocation algorithm by a specific message Mnext task assigned. In the next state, the worker walks 

to the process chain element, which is associated with the next task. After the arrival event Earrival, 

the worker works at the location until the duration of the tasks ttask duration is over. If a task with an 

emission load model is used, the process parameters are checked continuously for changes by the 

current task. Changed emission load values are obtained from the task model. After finishing a 

specific task, the worker is back in the wait state until allocating a new task. Based on the 

conducted tasks and the associated process parameters, the current emission load on the workers 

is estimated. This enables the generation of emission load profiles for each worker.  
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Fig. 4.23: Statechart for shop floor worker 

The parameters of the worker model are summarized in Table 4.15. The arrays with the tasks and 

task duration are only required if a schedule-based control logic is selected for the workers’ task 

allocation. 

Table 4.15: Parameters for worker model 

Parameter Type Unit  

Worker ID String  Identifier 

Worker speed Double m/s Walking speed of worker 

Tasks1…n Array of tasks  Task schedule 

Tasks duration1…n Array of double s Duration of each task in schedule 

Current task Task µg/m³ Current task executed by worker 

Current emission load Double  Current emission load on worker 

 

4.4.10 Core Model and Interaction between Models 

The core model controls the activities in the whole plating process chain. All required information 

for the decision support and control functions are collected centrally and prepared. All 

information about the energy and resource flows into the single process chain elements are stored 

as cumulative data in the core mode. Also, the interfaces to the data acquisition use the core model 

as a gateway. The production and hoist scheduling is coordinated through the core model. If for 

RMH scheduling, the internal HSP solver from subchapter 4.4.2.3 is used, it needs to run in the 

core model. In case an external HSP solver is used, the core model only acts as a gateway. 

Fig. 4.24 illustrates the communication as information flows within the multiscale simulation as 

flows between single process chain elements and between the process chain elements and the core 

model. These information flows can be unidirectional or bidirectional. Again, the process chain 

models are arranged in the same five levels from Table 4.1 in subchapter 4.4.1. The shown 

arrangement and information flows are exemplary as these depend on the specific plating process 

chain layout. All individual process chain elements and the core model run parallel and exchange 

information. Acquired data from the acquisition and preparation are fed to the specific process 

chain elements models through the core model. Simulation results are collected in the core model 

and exported through the core model for planning and operation. 

Check process parameters

Working Go to next task

Wait

Earrival

Mnext task assignedttask duration
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Fig. 4.24: Communication between process chain elements and core model (adapted from 

Leiden et al., 2021) 

The core model controls the activities during a simulation run and collects state information (SI) 

from the process chain elements. Product properties (PP) are sent and stored in the carrier, which 

forwards these to the fluids model. Examples for PP information flows are the product surface, 

the carryover behaviour as well as the number of products per carrier. Process parameters (PrPm) 

are stored in carriers and shared with the tanks for processing. The RMHs mainly exchange state 

information for control and to forward the current power demand (PD) to the core model. The 

fluid models send the metal demand (MD) and chemicals demand (CD) to the core model. The 

periphery models can be assigned to single or multiple tanks. These tanks can control the 

periphery by commands but also, a central control from the core model is possible. The power 

demand is sent from the tank and the periphery models separately to the core model. The worker 

models receive the exposition value from the task models. This task models estimate the current 

exposition depending on the PrPm from the tanks and the SI from the fluids. Finally, the worker 

models report their current occupational SI to the core model. 

4.5 Decision Support and Control 

The results of the simulation need to be prepared to enable decision support and control. As 

introduced in the framework (subchapter 4.2), one control module and three decision support 

modules were introduced. As already shown in Fig. 4.2 and Fig. 4.3, the focus of the control 

module is supporting the operation of the plating process chain, and the focus of the decision 

support modules is supporting the operational, tactic and strategic planning of the production and 

the factory. All four modules aim to support the achievement of the SDGs 8, 9 and 12 as well as 

focus on three three sustainability dimensions and production planning horizons (R5). In the 

following four subchapters, each module is explained in detail. Relevant KPIs and visualisation 

methods for each module are proposed. 

Periphery 

1

Periphery 

n

RMH 

1

RMH 

n

Carrier 

1

Carrier 

n

Logistic Periphery 

Product 

1

Product 

n

Product 

Tank 

1Fluid 

1

Process chain

Tank 

n
Fluid 

n

Agent type: 

RMH: Rail Mounted Hoist

Information types:

PP: Product‘s properties

PrPm: Process parameters

SI: State information

EX: Exposition values

PD: Power demand

CD: Chemicals demand

MD: Metal demand

PD PD PD

PrPm

CD SISIMD

PP

SI SI

PP

SI

………… … …
PP

SI

SI

PDSI

SI

SI

PDSICDMD

PD

SI

PrPm

PP

SI

SI SI

SI

SI

SI

SI

Human resources

PrPmEX

SI

Unidirectional information flow

Bidirectional information flow

Information flows:

SI

…
Core model

Worker 

n

Task 

n
EX

SI

Worker 

1

Task 

1

EX

…

Input: Acquired information form physical systemOutput: Simulation results for planning and operation

PrPm

PrPm

PP

SISI



4   Concept for Integrated Planning and Operation of Plating Process Chains 102 

 

4.5.1 Model-based Fluid Analysis, Control and Dosing (A) 

For control, module A (model-based fluid analysis, control and dosing) has been introduced with 

the framework. This module can generally be applied to process fluids and rinsing fluids, even if 

these are part of a rinsing cascade. Through the resource flow model of the fluid, the current 

composition of fluids can be estimated to extend or even replace analytical investigations. 

Particularly, the content of critical substances from a process and sustainability perspective can 

be monitored seamlessly with a model during the operation of the plating process chain. Whether 

analytical investigations can be entirely replaced or only extended depends on the model maturity 

and reliability. 

This model-based generated fluid data can be used to control fluids by the estimated resource 

flows. Single substances of the fluids are re-dosed according to the demand out of the resource 

flow model. For processing fluids, the organic, inorganic and metals can be dosed depending on 

the model-estimated demand. As the current composition of the fluid is known, the process 

window can be lowered. In rinsing cascades, the water demand can be adjusted model-based to 

minimize the water flow while maintaining the required rinsing criterion. The reduced water 

demand results in a reduction of the wastewater quantities. 

With data about the future production schedule also a predictive control approach can be used for 

the fluid. For this predictive control approach, detailed data about future products and carriers to 

be plated in the plating process chain as well as about the fluid and its (electro-) chemical 

behaviour are required. With the predictive control approach, the demand for chemicals is 

estimated a priori and the chemicals are ordered just in time. By this, the required chemicals stock 

at the plating process chain and in the factory’s central warehouse can be reduced significantly. 

This approach reduces the risks posed by large storage quantities, particularly in case of incidents. 

For example, only in Germany, between 70 to 80 fires in electroplating facilities are reported 

anually (Gesamtverband der Deutschen Versicherungswirtschaft e. V., 2018). Between 10 and 15 

of these fires are classified as major incidents and can cause relevant negative environmental 

impacts on the local environment and significantly increase the risk of bankruptcy of the plating 

process operator. This reduction of the quantities of chemicals is even more critical if the factory 

is located in urban or water protection areas. 

For the analysis of the fluids, a set of KPIs as presented in Table 4.16 is provided. These KPIs 

focus on technical aspects of the resource flows associated with the operation of the fluid. Further 

environmental or economic assessments can be conducted with module B in the following 

subchapter. The progression of the substance concentration progression can be provided as a time 

series chart, but also single concentration values at specific situations can be provided. As input 

flow into the fluids, the replenishment of a substance is given, and as output flows the drag-out 

of single substances, the (electro-) chemically degraded share per substance and the deposited 

share can be given. As technical KPIs for the whole fluid, the total drag-out volume and the 

evaporation are given. 
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Table 4.16: Fluid-specific KPIs of module A 

KPI Unit Suggested visualisation 

Concentration of substance1…n ml/l or g/l Time series chart 

Substance1…n concentration progression ml/l or g/l Number, pie/bar chart 

Total fluid drag-out ml Number, pie/bar chart 

Dragged out substance1…n ml or g Number, pie/bar chart 

(Electro-)chemically degraded substance1…n ml or g Number, pie/bar chart 

Deposited substance1…n ml or g Number, pie/bar chart 

Replenished substance1…n ml or g Number, pie/bar chart 

Evaporation ml Number, pie/bar chart 

 

4.5.2 Production System-based Technical, Environmental & Economic 

Evaluation (B) 

Decision support module B (production system-based technical, environmental & economic 

evaluation) supports the production and factory planners in various planning tasks with a 

quantitative evaluation of the environmental impact (R9) and economic impact (R10) of the 

process chain, single process chain elements or stages. Improvement measures towards improving 

the environmental or economic performance of single process chain elements, stages or the whole 

plating process chain can be tested and analysed prior to implementation. The simulation results 

of the energy and resource flow models are used as an LCI basis to provide the planners with a 

simplified LCA to estimate the environmental impact of their measures. These LCI data are also 

used for an economic assessment.  

Technical KPIs (indicated with ■), environmental KPIs (indicated with ■), and economic KPIs 

(indicated with ■) are provided in Table 4.17. All KPIs can be related to the whole process chain, 

to discrete elements (RMHs, tanks and periphery) or to the fluids. The technical KPIs are required 

as a foundation for an environmental and economic assessment.  

For the whole process chain, relevant technical KPIs are the utilization, throughput, overall energy 

and power demand, the share of productive and non-productive energy demand, the total demand 

of a specific resource in the plating process chain and the number of failures. These technical 

KPIs are also the basis for the calculation of the environmental and economic KPIs. As 

environmental KPIs, the total environmental impact of the operation of the plating process chain, 

the environmental impact of energy or resource flows, the impact per processing stage, and the 

share of the contribution of the energy and resource flows towards the total environmental impact. 

All environmental KPIs can be provided for various impact categories depending on the specific 

application. For instance, the ReCiPe methodology contains a set of environmental performance 

indicators with 18 midpoint and three endpoint indicators (Huijbregts et al., 2017). Relevant 

midpoint indicators for plating process chains are the global warming potential, resource 

consumption or acidification potential. The three endpoint indicators are damage to human health, 

ecosystems and to resource availability. As economic KPIs, the total operation cost, the energy 

cost, the resource cost, the cost per processing stage and the share of the contribution of the energy 

and resource flows towards the total cost are provided. 
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The provided KPIs for the RMHs, tanks and periphery are generally the same as for the whole 

plating process chain. Only single KPIs such as the throughput cannot be applied to these process 

chain elements meaningfully. Again, the environmental impact can be provided for various 

impact categories depending on the requirements of the application. 

Technical KPIs are provided for the fluid within module A, enabling a more detailed analysis. As 

environmental KPIs, the total environmental impact, the impact of the drag-out, the replenished 

substances, and the coated substances are provided. Analogously, KPIs are given for the economic 

assessment. 

Table 4.17: Production system-based KPIs of module B 

Element  KPI Unit Suggested visualisation 

Process 

chain 
■ Utilization % Number, time series chart 

■ Throughput carriers Number 

 ■ Total energy demand kWh Number 

 ■ Total power demand kW Number, time series chart 

 ■ Share productive and non-productive energy 

demand 
% Pie chart 

 ■ Total resource1…n demand kg or l Number 

 ■ Number of failures  Number 

 ■ Total environmental impact  Number 

 ■ Environmental impact of all energy flows  Number 

 ■ Environmental impact of all resource flows  Number 

 ■ Environmental impact per process stage1…n  Number, Sankey, bar chart 

 ■ Share environmental impact of energy and 

resource flows 

% Pie chart 

 ■ Total operation cost  € Number 
 ■ Total energy cost € Number 

 ■ Total resources cost € Number 

 ■ Cost per process stage1…n € Number, pie/bar chart 

 ■ Share energy and resource cost % Pie chart 

RMHs/ 

Tanks/ 

periphery 

■ Utilization % Pie chart 

■ Energy demand Wh Number 

■ Power demand W Number, time series chart 

 ■ Resource1…n demand  g or ml Number 

 ■ Number of failures  Number 

 ■ Total environmental impact  Number 

 ■ Environmental impact of energy flows  Number 

 ■ Environmental impact of resource flows  Number 

 ■ Share environmental impact of energy and 

resource flows 

% Pie chart 

 ■ Total operation cost  € Number 

 ■ Total energy cost € Number 

 ■ Total resources cost € Number 

 ■ Share energy and resource cost % Pie chart 

Fluid ■ Total environmental impact   Number 

 ■ Environmental impact of drag-out   Number 

 ■ Environmental impact of replenished 

substance1…n  

 Number 

 ■ Environmental impact coated substance1…n  Number 

 ■ Total fluid operation cost € Number 
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Element  KPI Unit Suggested visualisation 

 ■ Cost of replenished substance1…n € Number 

 ■ Cost of drag-out € Number 

 ■ Cost of coated substance1… € Number 

  ■ Technical KPI / ■ Environmental KPI / ■ Economic KPI 

 

As already stated in subchapter 2.2.3, visualisations can enable decision-makers to make better-

informed decisions in an increasingly complex world (Turban et al., 2005). Hence, the introduced 

KPIs should be visualised with the introduced method in subchapter 2.2.3. Table 4.17 provides 

suggestions for visualisation methods of the single KPIs. In addition, Sankey diagrams are used 

to visualize the energy and resource flows in the plating process chain. Technical KPIs are used 

as the foundation for value stream mapping or including the energy data as the foundation for 

energy value stream mapping. 

4.5.3 Product-based Technical, Environmental & Economic Evaluation (C) 

Similarly, as already described for module B, module C (product-based technical, environmental 

& economic evaluation) uses the simulation results of the energy and resource flow model as LCI 

data for an environmental assessment (R9) and economic assessment (R10). The carrier module 

already enables the collection of LCI data related explicitly to single carriers and, therefore, to 

specific products during a simulation run. A single carrier, respectively a single product, serves 

as the functional unit to which all flows are related. The allocation of the environmental and 

economic data on a product basis enables the operator to inform the customers and other 

stakeholders about the environmental impact of the production process and pricing for the plating 

service can be done on a product-specific quantitative basis. 

In Table 4.18, the pre-defined KPIs are summarized. Again, technical KPIs are the basis for a 

further detailed environmental and economic analysis. Technical technical KPIs are the lead time 

for the whole process chain and per process, the process chain and process-specific start and end 

time, and the waiting and production times in the overall process chain and per process. The 

product-based energy demand is split into the direct embodied energy (DEE) and indirect 

embodied energy (IEE). For DEE, the energy demand, directly correlated to a processing step, 

for instance, from a rectifier or drives to rotate a barrel, is allocated to the carrier/product. For 

IEE, the indirect energy demand, for instance, circulation pumps in the fluids, is allocated after 

the end of the simulation run. The IEE can be allocated by different rules depending on the 

preferences of the user. Examples are the distribution equally through all carriers, through all 

products, depending on products (surface or coating layer thickness) or on process (Ah or 

processing time) parameters. Similarly to energy, the required resources, such as the plated and 

drag-out substances, can be allocated on the carriers respectively on the products in the carrier. 

Further, the overall drag-out and the drag-out of single relevant substances during passing the 

whole process chain can be modelled.  

Environmental KPIs are the product and the carrier-specific overall environmental impact, the 

environmental impact per processing stage, and specific energy and resource flows related to the 

analysed product or carrier. For example, the shares of DEE and IEE can be multiplied with 
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impact assessment factors to receive the desired impact category indicator. As in module B, 

various impact categories can be selected for the environmental analysis.  

Analogously to the environmental KPIs, product and carrier-specific KPIs are provided. The cost 

can be given for the overall plating process, for single processing stages or specific energy or 

resource flows. 

Table 4.18: Product-based KPIs of module C 

 KPI Unit Suggested visualisation 

■ Lead time process chain and process1…n s Number, EVSM 

■ Process chain start and end times s Number 

■ Process1…n start and end times s Number 

■ Process chain waiting and productive times s Number, bar chart, EVSM 

■ Process1…n waiting and productive times s Number, bar chart, EVSM 

■ Overall direct and indirect embodied energy (DEE, IEE) Wh Number, bar chart, EVSM 

■ Process1…n direct and indirect embodied energy (DEE, IEE) Wh Number, bar chart, EVSM 

■ Carrier/product-specific substances1…n to coating g Number, Sankey 

■ Carrier/product-specific substances1…n drag-out g Number, Sankey 

■ Carrier/product-specific fluid and specific substances drag-out ml Number, Sankey 

■ Overall environmental impact   Number 

■ Processing stage1…n environmental impact   Number, Sankey, bar chart 

■ Resource or energy flow-specific environmental impact   Number, bar chart 

■ Overall cost  € Number 

■ Processing stage1…n cost € Number, bar chart 

■ Resource or energy flow-specific cost € Number, bar chart 

 ■ Technical KPI / ■ Environmental KPI / ■ Economic KPI 

 

4.5.4 Worker-centered Model-based Emission Load Analysis & Monitoring 

(D) 

Module D (worker-centered model-based emission load analysis & monitoring) focuses on social 

aspects of sustainability and hence the SDG 8 – decent workplaces. The risks for the workers in 

the plating process chain through the inhalation of hazardous emissions from processes are 

quantified and analysed by integrating the ART in the task model described in subchapter 4.4.8. 

In contrast to single measurements, a holistic worker-centred analysis over the whole shift is 

possible and critical processes and parameter ranges can be identified to take measures to reduce 

these risks. The models can be used for single situations, whole shifts analyses or continuous 

monitoring during the operation of the plating process chain. While in the first two cases, 

stationary protective measures such as exhaust air systems can be installed after the analysis of 

the simulation results, in the latter case, only ad-hoc warnings can be sent to the worker. For 

instance, if the models show that emission values might exceed a defined critical value in the 

worker’s current or future working area, the worker can be warned to leave this area or take 

additional personal protective equipment such as a respirator. 

In Table 4.19, the resulting KPIs from the model-based emission load analysis are shown. The 

average, current and peak emission load as well as emission load profiles are provided. In addition 

to the emission load KPIs, also KPIs indicating the utilization of single workers, the walked 
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distance and the time per task are provided. These KPIs help to understand the situation of the 

workers in the plating process chain and rate the physical load on the worker. For instance, jigging 

heavy products on racks, particularly with protective equipment, can cause a physical load on the 

worker and make a rest required. Further, the average utilization of workers in a production 

facility was already applied to estimate if a production scenario can be handled with a limited 

number of workers (Wiese et al., 2021). All KPIs can be provided for individual workers, groups 

of workers or average values for all workers. 

Table 4.19: Worker-centered KPIs of module D 

Indicator Unit Suggested visualisation 

Average emission load µg/m³ Number 

Current emission load µg/m³ Number, 2D or 3D element 

Peak emission load µg/m³ Number 

Emission load profile µg/m³ Time series chart 

Utilization % Number 

Walked distance m Number 

Time per task 1…n s Number 

 

The KPIs generally can be visualised in the form of bars and pie charts and the emission load 

profile as time series charts. However, these forms of visualisations cannot depict the specific 

situations in the plating process chain. Therefore, 2D and 3D visualisation that includes the layout 

of the plating process chain are required. In a 2D layout view, the worker’s position and emission 

can be indicated by coloured 2D elements. Additionally, 3D visualisations can increase the 

immersion of the users of the concept. With these 3D visualisations, the simulation also could be 

used for educational purposes and raise the awareness of the shop floor workers for invisible 

occupational risks. 2D and 3D elements could also be used in augmented reality devices to make 

invisible risks through hazardous emissions visible directly in the plating process chain. 
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5 Concept Implementation 

This chapter describes the implementation of the previously introduced concept for integrated 

planning and operation of plating process chains into a prototypical software application and 

provides an application cycle. Firstly, the requirements for the development of a software 

application are explained in subchapter 5.1. Secondly, the implementation in a software 

application is described in subchapter 5.2. Thirdly, in subchapter 5.3, methods for the verification 

and validation are introduced. Finally, in subchapter 5.4, a specific application procedure is 

provided to apply the concept in industrial plating process chains. 

5.1 Requirements 

Based on the objectives and requirements from the framework development (subchapter 4.1), the 

requirements for the implementation in a software application are derived. The specific 

requirements for the software application shall ensure that the overall objectives of the concept 

can be achieved. From a users perspective, the software application should meet the following 

requirements: 

 Versatile and modular modelling software that enables fast adaptions to new plating 

process chains 

 User-friendly interface for planners and operators of plating process chains 

 Interfaces to external production IT systems to enable automated import of data 

 KPI, 2D and 3D visualisation capabilities 

 Export of detailed simulation results for in-depth analysis 

The software application shall run with a limited computational burden (R14) to prevent the use 

of high electricity demanding computers that prevent the achievement of environmental and 

economic break-evens (Thiede, 2018, 2021). The used software tools should be available on 

existing computers in plating companies or only cause a minor computational burden on a 

standard office computer.   
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5.2 Implementation in a Software Application 

Based on the requirements from subchapter 5.1, the concept is implemented into a software 

application. Fig. 5.1 shows the used software tools for each part of the CPPS-based framework. 

Most involved software tools are typically available within a plating company. Further, no 

selected software has a computational burden that does not allow the execution on standard 

computers (R14). Depending on the specific plating process chain, single software tools can be 

exchanged through the modular character of the implementation (R13). 

 

Fig. 5.1: Concept implementation in software application 

The industrial IT systems MES and ERP are accessed through interfaces, databases and 

spreadsheet exports (R12). Product-related data are retrieved from the ERP system OMNITEC 

from the software producer Softec AG. OMNITEC is a specific ERP system for plating companies 

and enables the export of product data in a database or spreadsheet file. Process-related 

information is retrieved from the ProGal MES from the software producer DiTEC. ProGal is a 

specific MES for plating process chain and includes an HSP solver and a process control system. 

Sensor data are retrieved through a Siemens S7 PLC to the MES. The hoist scheduling is directly 

forwarded to the simulation tool with a custom interface. Further process-related information is 

accessed through SQLite databases and spreadsheets. The SQLite is an open-source relational 

database and does not require a client-server infrastructure to access the data. 

The ART is used to generate a grey-box surrogate model for calculating the emission load on the 

workers in the plating process chain as introduced in subchapter 4.4.8. Specific environmental 

impact factors are retrieved from the ecoinvent LCI database. This database contains impact 

factors for the most relevant energy and resource flows in plating process chains.  

Manually estimated data, such as analytics, state-based electricity measurements or data from 

technical documents, are collected with the spreadsheet software tool Microsoft Excel as already 

shown by Leiden et al. (2021). Specific sheets were generated to enable industrial users an 
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intuitive transfer of relevant data into the simulation tool (R16). This spreadsheet consists of six 

sheets to parameterize the simulation model in the cyber system: 

 Product and production schedule (product’s physical properties, carrier properties, time 

per fluid, etc.) 

 Facility and rectifiers (state-based electricity demand, tank properties, rectifier’s process 

parameters, etc.) 

 Processing and rinsing media (temperature and volume of fluids, fluid’s composition, 

etc.) 

 Workers and jobs (workers daily tasks schedules with time per task) 

 Parameter dependent and independent tasks (emission load per task and surrogate 

models) 

 Building and indoor air (temperature, humidity, air changes per hour, etc.) 

For illustration, Fig. 5.2 shows a screenshot for the parameterisation of the product and the carrier 

if no data from industrial IT systems are available. Yellow fields need to be filled by the users, 

while grey fields are fixed or automatically filled depending on the input in the yellow fields. 

 

Fig. 5.2: Manual data acquisition through spreadsheets (screenshot for illustration) 

The acquired data are prepared with KNIME and Microsoft Excel for the simulation. KNIME, 

the Konstanz information miner, is an open-source Java-based platform for data mining used for 

all data preparation steps. It contains various components for data preparation but also for data-

driven modelling. Through a graphical user interface (GUI), the single steps of the data 

preparation can be visualised and adapted by the user. The screenshot in Fig. 5.3 illustrates a data 

flow through data preparation steps towards creating a rectifier electricity demand regression 

model for the simulation. The blocks depict data preparation steps and the arrows depict data 

flows. Microsoft Excel spreadsheets are used in case only minor, or no changes in the data are 

required. In contrast to KNIME, the capabilities of Microsoft Excel are limited, and the single 

data preparation steps cannot be visualised as in KNIME. 
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Fig. 5.3: Rectifier data acquisition and preparation with KNIME (screenshot for illustration) 

The multiscale simulation is realized with the simulation software tool AnyLogic 8 from The 

AnyLogic Company. AnyLogic 8 is a Java-based, highly flexible multimethod modelling 

simulation environment capable of considering the specific characteristics of the plating process 

chain (requirements from O1). Other simulation tools for manufacturing processes, like Plant 

Simulation from Siemens, typically focus on discrete manufacturing processes and cannot model 

the combination of multiple simulation paradigms. Therefore, the more generic simulation tool 

AnyLogic has been selected. Once the simulation model is finished and only minor changes need 

to be done, the simulation can be exported to a standalone Java applet or transferred to the 

AnyLogic cloud platform. Hence, the simulation can be used independently from the AnyLogic 

8 software. As an example for implementing the models in AnyLogic 8, Fig. 5.4 shows an extract 

of the rinsing control in the fluid agent type in the edit view. The single parameters, variables and 

a statechart are shown in this screenshot to control the rinse as stand-alone and as part of a rinsing 

cascade. 

 

Fig. 5.4: Exemplary implementation of tank state model (screenshot for illustration) 
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The detailed simulation results are stored in the internal AnyLogic database. All parameters and 

variables of each agent can be tracked once per second, which is equivalent to the model step size. 

However, already medium-sized commercial plating process chains can contain more than 100 

tanks, periphery devices and fluids. Consequently, high temporal resolutions quickly lead to large 

datasets. Hence, simulations with time periods of weeks or months require a lower temporal 

resolution (one data point per ten minutes) or a connection to an external database on a high 

performance computer. If only a few days or only specific parts of the plating process chain are 

modelled, the temporal resolution can remain on one data point per second on a standard 

computer. 

Selected parameters can be exported to a Microsoft Excel spreadsheet file for further processing. 

However, the number of data points in spreadsheets is very limited and, therefore, only explicitly 

selected parameters or a low temporal resolution are possible. An advantage of exporting results 

directly to Microsoft Excel is the option to create visualisations and diagrams of the data 

automatically. Stakeholders can access them directly without accessing the simulation tool itself. 

In addition, AnyLogic is used to create dynamic visualisations to make the results accessible to 

stakeholder (R18), as shown in Fig. 5.5. An evaluation cockpit that visualises KPIs in the form of 

load profiles and diagrams enables an analysis of the situation in the plating process chain already 

during a simulation run. On the one hand, visualisation can be on a process chain level. On the 

other hand, the single agents can be accessed to get agent-specific simulation results. If only 

specific simulation results are required, these data can be exported directly from the live 

visualisation. 

 

Fig. 5.5: Screenshot of the visualisation of energy KPIs during a simulation run 

Further, Fig. 5.6 shows screenshots of the 2D and 3D visualisations of the plating process chain. 

The user can move around freely and take different perspectives in both views. These views 
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enable a visual analysis of the activities during a simulation run and identify possible problems. 

Through this visualisation, the correct movement of the carriers and RMHs can be ensured. 

 

Fig. 5.6: 2D and 3D bird’s eyes view on plating process chain in simulation 

5.3 Verification and Validation 

Correct and reliable simulation results are essential to using simulation models as part of a cyber 

system for planning and operation production processes. Verification and validation are two 

processes to ensure the validity and suitability of the simulation results (VDI, 2014). Verification 

asks for the correctness of the simulation model, while validation compares the simulation results 

with the physical system (Banks, 2010). Rabe et al. (2008b) introduced the following criteria for 

the verification and validation of simulations in the context of production and logistics: 

Completeness, consistency, accuracy, currency, applicability, plausibility, clarity, feasibility and 

accessibility. In order to fulfil these criteria, many techniques for verification and validation can 

be found in the literature. Overviews can be found in Balci (1997, 1998) and Rabe et al. (2008a, 

2008b). In the following paragraphs, the six most relevant verification and validation techniques, 

which were used for the implementation of this concept, are introduced: 

Animation mainly shows that a model’s behaviour in a specific situation is not correct and cannot 

guarantee a valid model (Law, 2007; Rabe et al., 2008b). The 2D and 3D animation of the plating 

process chain simulation can be used effectively to check if the carriers are moved as planned in 

the production schedule. Also, the horizontal and the vertical movement of the hoist with carriers 
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in the plating line can be checked to ensure that no crashes of two or more hoist occur. The 

visualisation of the emission load with coloured balls above the workers can be used to verify the 

emission model. 

Comparison to other models is conducted to compare the results of the dynamic simulation with 

simplified static models. For instance, the deposited metal in plating processes can be calculated 

by simple static models and directly compared to the final results of the dynamic simulation 

model. However, this technique can only be applied to elements where other (simplified and 

static) models are available. 

Reviews through peer-based reviews of publications that present the model and modelling results 

ensure that these are considered valid by the scientific community. This step does not guarantee 

the correctness of single elements of a model, but the overall results can be rated by scientific 

peers very accurately. Including results from other verification and validation techniques such as 

sensitivity analysis helps the reviewers assess the models and the modelling results. 

Sub-model testing is conducted as part of a bottom-up testing strategy prior to running the whole 

executable model. Testing the whole simulation model immediately without prior sub-model 

testing makes it challenging to identify error causes. The reason is that the simulation model of a 

plating process chain can consist of hundreds of sub-model instances that interact with each other. 

Sensitivity analyses check the modelling results while varying single or multiple input 

parameters. Thus, sensitive input parameters can be identified and investigated in detail. This 

technique also enables to decide if the detail level of a sub-model is sufficient. 

Validation with historical and predictive data ensures a very high degree of validity of the 

simulation model by comparing the simulation results with measurements in the physical system. 

However, particularly if the validation data need to be acquired manually, this technique is often 

time and resource consuming and should be conducted after pre-checking the validity with other 

techniques. 

5.4 Application Procedure 

A stepwise application procedure is introduced to guide users systematically through the 

application of the framework. The provision of an application procedure ensures a target-driven 

and efficient application in the industry. The systematic stepwise procedure ensures that the users 

consider all relevant aspects and that the developed models can be applied independently. This 

application procedure enables a widespread application of the framework and supports the shift 

towards sustainable plating process chains (see objective O4 and requirement R15 from 

subchapter 4.1). 

During the application of the framework, various disciplines cooperate, the application procedure 

has to consider the application cycles of relevant methods from these disciplines. Hence, the LCA 

framework from ISO 14040 (2006), the simulation procedure model from VDI 3633 (2020) and 

the CRISP-DM reference model (Shearer, 2000) are taken into account for the synthesis of a 

concept-specific application cycle. In Fig. 5.7, these three procedures are depicted for comparison. 

The LCA framework has been selected as it ensures that an environmental assessment can be 

conducted within the application. The steps from an LCA also enable a direct transfer to economic 
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aspects as the LCI provides a strong foundation for economic analysis. Given that simulation is 

the core methodology of the framework, the standardised VDI 3633 procedure model for the 

development of simulations has been taken into account to synthesise a specific application 

procedure. Similar procedures can also be found by other authors in the context of simulation in 

production and logistics (Banks, 2010; Law, 2007; Rabe et al., 2008a). The CRISP-DM reference 

model is considered because large datasets can be handled during data acquisition, particularly if 

the concept is used to support the operation of a plating process chain. Compared to the simulation 

procedure models, the CRISP-DM reference model provides a single widely accepted reference 

model. 

 

Fig. 5.7: Relevant application procedures  

Fig. 5.8 shows the synthesised application procedure for the planning and operation of plating 

process chains with a CPPS-based framework based on the requirements for developing the 

concept and the introduced relevant application procedures. Although all three procedure models 

differ, all three can generally be split into the four steps objective and system definition, the data 

acquisition, the model development, and the deployment of the developed models. Therefore, the 

application procedure generally consists of the four primary steps system definition (I), data 

acquisition (II), model development (III) and deployment (IV). The application for planning and 

operation is the same for the first three steps since the focus is to build the general CPPS 

architecture. During deployment, the individual steps for planning and operation differ. Details 

of the single steps are presented in the following subchapters. In Fig. 5.7, the four main steps are 

aligned with the single steps from the synthesised application procedure to illustrate the synthesis 

of the application procedure out of the three relevant application procedures.  

On the one hand, the application procedure supports solving problems from the planning and 

operation of the physical plating process chain, which can be considered a macro problem. The 

solution of this macro problem directly contributes to the achievement of the SDG 8, 9 and 12. 

On the other hand, the application procedure also supports the initial building of the CPPS 

architecture, which can be considered as a micro problem. The micro problem is solved during 

the first three steps, while the macro problem is addressed in the fourth step, deployment. Within 

every single problem-solving cycle for planning and operation, the logic of the continuous 

improvement process is used. It consists of the Plan, Do, Check, Act (PDCA) cycle phases, also 
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referred to as the Deming cycle (Deming, 1993, 2000). The users are encouraged to seek out 

continuous improvements and to use the CPPS as a supportive tool to evaluate their own ideas. 

 

 

Fig. 5.8: Application procedure for the concept of integrated planning and operation of plating 

process chains 

For the application procedure, only the internal and internal stakeholders with external 

communication from Fig. 4.1 are considered. The interests of external stakeholders are considered 

through the internal stakeholders with external communication as they collect the requirements 

from all relevant external stakeholders and bring them into the application process. Additionally, 

simulation coordination and development experts as well as data experts are required. Once the 

models are developed, they can be used in the field independently of the experts for the planning 

and operation of plating process chains. 

The results of the application of the concept for planning and operation can be used for many 

purposes. For instance, the results of modelling the economic, environmental and social impacts 

of planning layouts can be used to obtain official permits to build and operate a plating process 

chain. Results from the application in an operational plating process chain can be used for 

product-specific environmental declarations. However, the simulation results’ further use 

strongly depends on the application case and are no longer part of the application procedure. 

5.4.1 System Definition (I) 

The first phase involves the definition of the specific objectives (I.1) and the system boundaries 

of the plating process chain (I.2). For these steps, all internal stakeholders and the simulation 

coordination are required, but specific knowledge about the data-driven methods or simulation is 

not required.  

The specification of the objectives (I.1) depends on the tasks for the planning and operation of 

the plating process chain and the requirements from the involved stakeholders. As shown in 

subchapter 2.1.1, production management decisions can be classified by the planning horizon into 

strategic, tactical and operational decisions. The planning horizon directly influences the 
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following steps of the application procedure. Strategic decisions need to handle a higher degree 

of uncertainty and face a long term time horizon, while operational decisions require high data 

and modelling accuracy and face short term time horizons. This directly influences the 

requirements for the following application steps. Hence, a clear definition of the objectives 

ensures a target-oriented development of the models and is essential to keep the efforts for the 

following steps in clear relation to the benefits. 

Based on the objectives, the definition of the system boundaries (I.2) includes the spatial 

delimitation of the relevant plating process chain elements in the factory, but also a delimitation 

of information flows from the already existing production IT systems. For the spatial delimitation, 

all required elements of the plating process chain must be identified and mapped to enable the 

model building process. Interfaces to the production IT system must be identified to allow the 

implementation of relevant information flows into the CPPS. 

For efficient modelling, it can be required to neglect parts of the plating process chain. For 

instance, if the operation of an electrolyte shall be supported, the modelling detail level of the 

electrolyte must be very high. The modelling degree of the pre-and post-treatment processes can 

be lower as these are not required to fulfil the objective. In contrast, a holistic analysis of the 

environmental impact of the whole process chain over a year would require the inclusion of the 

whole plating process chain, but the modelling degree of the single elements can be lower. 

5.4.2 Data Acquisition (II) 

If past data are available from the production IT systems or can be acquired manually, these can 

be used for the realisation of the CPPS. Data are typically available in industrial IT systems when 

planning in brownfield factory environments or applying only minor changes in an existing 

plating process chain. Only in the case of greenfield planning or manual plating process chains, 

no data might be available. Operational tasks basically typically cannot be done without data from 

the plating process chain. In case data are available, the data are collected (II.1), needs to be 

understood by the involved stakeholders and experts (II.2) and prepared for modelling (II.3). The 

steps within this phase are closely linked to the CRISP-DM reference model (Shearer, 2000). For 

this phase, the involvement of a data expert is required as well as the involvement of the factory 

and production planning department as they typically know, where data are stored in the 

production system. 

As already described, data can be acquired (II.1) manually (subchapter 4.3.2) or automatically 

(subchapter 4.3.1). Based on the previously defined objectives and system boundaries, all data 

shall be collected systematically without an initial preselection as the potential of data might not 

be visible for the users at this step. The time horizon for the data collection depends on the 

availability of data and the initially defined objectives. The central collection of all available data 

shall enable the user to access them during the following steps without interruptions. 

After collecting the data, the data needs to be understood and rated to clarify the potential of these 

data (II.2). Based on the initial objectives, the data needs to be described by examining the format, 

quantity and features of the available data. An exploration with data mining methods such as 
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specific queries and visualisations supports the identification of relevant data. Finally, the data 

quality should be checked in terms of completeness, missing values, outliners and plausibility. 

Finally, the relevant data must be prepared for use in the model environment as described in 

subchapter 4.3.3. Following the CRISP-DM reference model, relevant data are selected, cleaned, 

new attributes might be constructed, integrated and formatted. The objective is that the data are 

ready for modelling in the following phase. 

5.4.3 Model Development (III) 

The model development phase is split into the steps definition of required models (III.1), model 

building (III.2) and verification and validation (III.3). A simulation expert develops the model, 

and if new processes are modelled, the process development department should be consulted. 

The concept provides a set of different model types to enable modelling the whole plating process 

chain. Depending on the objectives, the required models must be defined (III.1). As already 

described for step I.1, it is required to match the modelling accuracy and effort with the desired 

outcome. All introduced models can be parameterised on different detail levels. The four-step 

decision tree from Fig. 5.9 is provided to support the selection of the detail level. In case an 

element is not relevant for the process chain, it should not be modelled. A placeholder can be 

inserted into the model environment if an element is relevant for the plating process chain but not 

for the specific objectives. This placeholder ensures that other process chain elements models can 

call this model. A simplified model should be used if an element is relevant for the objectives but 

does influence the process and product characteristics. Instead of detailed physical modelling, 

statecharts can be used to model an element’s behaviour. Also, a simplified model can be 

sufficient if the element influences the process and product characteristics but has no volatile 

behaviour. A detailed model is necessary if the element also has dynamic and volatile behaviour. 

Detailed models consider process- and product-specific parameters and include physical or 

(electro-) chemical models. 

 

Fig. 5.9: Decision tree for selection of a models detail level 

The single models need to be built, parameterised and connected to the core model (II.2). 

Additionally, it can be required to customize models by extensions if the objectives require this. 

Also, the connection to external data sources needs to be established at this stage. As the data 

typically enters the model at the core model, the information flows must be guided to the process 

chain element models, which require this data.  

The final step of the model development phase is the verification and validation (III.3) to ensure 

the robustness of the CPPS before deployment (R6). Relevant techniques for verification and 
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validation were already introduced in the previous subchapter 5.3 and are applied here. If the 

modelling results are not valid, the models need to be adapted to achieve valid models. Depending 

on the complexity of a model and the number of new elements integrated, these iterative steps 

must be repeated to get sufficient models for the deployment phase. Particularly, for the 

application in operational tasks and the direct use in industrial systems, the reliability of the 

models must be high. The models must enable a direct transfer to industrial systems. 

5.4.4 Deployment (IV) 

The deployment is differentiated by planning and operation tasks. While for planning, the focus 

is typically decision support, and for operation, the focus is typically the implementation of 

control algorithms. The previously developed models can be used for both types of tasks. All 

involved stakeholders are required at this phase as the macro-problem from the physical plating 

process chain shall be solved in this phase. 

Planning A four-step simulation study is conducted consisting of the steps definition of measures 

and simulation runs (IV.1), the simulation runs itself (IV.2), the simulation results evaluation 

(IV.3) and the final implementation of the measures (IV.4). These four steps follow the logic of 

a PDCA cycle, whereas the simulation serves as a testbed platform. 

Initially, based on the planning objectives, measures to improve the sustainability of the plating 

process chain are derived (IV.1). These measures are the basis for the definition of the simulation 

runs. Particularly, if multiple parameters can be varied, it can be required to derive a full design 

of experiments for the simulation runs. However, compared to experiments in the physical plating 

process chain, the simulation has the advantage that it serves as a testbed, and the number of 

experiments only depends on the available computing power. 

After the simulation runs (IV.2), the results from the simulation need to be prepared for the 

stakeholders (IV). For this preparation, various decision support methods are available, as 

introduced in subchapter 4.5. Relevant KPIs can be derived to answer specific questions. 

Additionally, visualisation helps stakeholders to understand the results and make reason-based 

decisions. The final step is the implementation of the most promising measures in the plating 

process chain. In the meaning of a PDCA cycle, after the simulation results evaluation or the 

implementation of measures, it can be required to move back to step IV.1 and define new 

measures to be tested. 

Operation The verified and validated models are implemented in industrial IT systems (IV5). In 

subchapter 4.5.1, an example is given to how models can be used in a control system. The 

implemented models are used as digital twins in a CPPS during the operation (IV.6) and support 

the operation of the plating process chain directly without human interaction. After a long term 

testing time, the CPPS is evaluated to prove its long term stability (IV.7). In case adjustments are 

required, these can be implemented again back in step IV.5 and allow a continuous improvement 

of the control system.  
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6 Exemplary Applications 

This chapter applies the introduced framework in three case studies using the previously 

introduced application procedure. Specific decision support and control modules are selected for 

each case study to show the applicability of the developed framework for different planning and 

operation tasks in plating process chains.  

1) The first case study focuses on analysing, controlling, and dosing a zinc-nickel electrolyte in 

an industrial electroplating process chain at a job plating company. This case study focuses 

on the operational application and does not include planning aspects directly.  

2) The second case study focuses on the energy and resource efficiency in the zinc-nickel 

electroplating process chain. It combines operational and planning aspects and helps to 

improve the economic and environmental performance of a plating process chain by using 

information from the industrial IT systems to operate an automated electroplating process 

chain.  

3) Case study three focuses on chromium electroplating process chains, which involve the use 

of the hazardous CrO3. This case study uses a generic plating process chain, representing a 

typical chromium electroplating process chain in the industry. The focus is to assess all three 

sustainability dimensions in a single modelling environment to derive requirements for 

planning chromium electroplating process chains and identify occupational and 

environmental hotspots.  

The following Table 6.1 maps the selected decision support and control modules from the 

introduced framework with the case studies. In the following three subchapters, the application 

and the results are presented. 

Table 6.1: Mapping applied decision support and control modules to case studies 

Focus Case study A B C D 

 

1) Zinc-nickel electroplating electrolyte analysis, control and 

dosing 
x x   

2) Energy and resource efficiency of a zinc-nickel 

electroplating process chain 
x x x  

3) Planning of chromium plating process chain  x x x 
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6.1 Zinc-Nickel Electroplating Electrolyte Analysis, Control and Dosing 

The first case study is based on Leiden et al. (2020c) and is conducted at a small and medium 

enterprise-sized job plating company working as part of automotive supply chains. Zinc-nickel 

coatings are applied to various small to medium-sized products in a complete electroplating 

process chain, including pre- and post-treatment. The concentrations of the single substances in 

the zinc-nickel electrolyte are currently dosed manually after analytical measurements or by fixed 

Ah-depended rules. Daily about 400,000 products are plated in six tanks with a single electrolyte, 

which flows through these tanks. The products to be plated have different properties (small screws 

to steering shafts) and thus the process parameter range is vast. This variety in product properties 

and process parameters leads to significantly varying the concentrations of the substances in the 

electrolytes. In addition, the current state of the electrolyte between two manual concentration 

measurements remains unclear. Therefore, a CPPS-based approach to analyse, control and dose 

the zinc-nickel electrolyte more efficiently has been developed targeting reductions in the demand 

for chemicals. In this case study, the increased resource-efficiency of the electroplating process 

shows the contribution of the framework towards the achievement of the SDGs 8, 9 and 12 

(environmental and economic sustainability dimension). 

6.1.1 System Definition (I) 

For a reliable and efficient operation of the zinc-nickel deposition process, the concentration of 

the single substances in electrolytes must be kept constant at a certain level. Hence, the objective 

is to model the progression of the concentrations of single substances in electrolytes based on the 

current operation in the plating process chain and the product’s properties. Modelling the future 

concentration of substances enables a model-based analysis, control and dosing of the single 

substances. As shown in Fig. 6.1, the model-based control approach shall reduce the upper 

tolerance limit significantly lower to the lower tolerance limit. The operation at lower 

concentration levels leads to a lower chemicals demand, and the effort for the wastewater 

treatment decreases. This decrease reduces the economic and environmental impact of the plating 

process chain. Also, the workers’ emission load can be reduced, but as the used substances are 

not critical from an occupational perspective, this aspect has been neglected. 

 

Fig. 6.1: Reducing the process window to the lower limit as objective (adapted from Leiden et 

al., 2020c) 

The spatial system boundaries are set to the plating process with all relevant pre- and post-

treatment processes (Fig. 6.2). Pre- and post-treatment processes are modelled as a placeholder 
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or at a low detail level to keep to model performance high as possible. The modelling focus is the 

electrolyte and its interactions with directly linked elements. All energy and resource flows into 

and out of the electrolyte shall be considered in detail to enable a product and process parameter-

dependent modelling of these flows. The inorganic chloride and the organic complexing agent 

were selected as representative substances, for which the applicability of the model-based 

approach shall be proven. 

 

Fig. 6.2: Spatial delimitation of electroplating process in plating process chain system (adapted 

from Leiden et al., 2020c) 

6.1.2 Data Acquisition (II) 

Product-specific data are mainly retrieved automatically from the ERP system, and process-

specific data are retrieved automatically from the MES. For the measurement of the single 

substance concentrations in the electrolyte, no inline measurement system is available. Hence, 

manual laboratory analytical measurements are conducted and prepared for the validation of the 

simulation. In Table 6.2, the included data are summarized and evaluated regarding their data 

type and the uncertainty. The uncertainty is estimated on a personal expert opinion and confirmed 

by the plating line operator. In general, the uncertainty is low, but the carryover categorisation of 

the products is a novel and manual selection process. Therefore, this parameter should be carefully 

investigated with a scenario analysis in which the carryover category is changed. 

Table 6.2: Evaluation of acquired data (adapted from Leiden et al., 2020c) 

Element Data Data type Uncertainty Source 

Product Surface area Decimal None ERP 

 Carryover category Category Medium Manual/ERP 

Process Electrolyte volume Decimal Low Analytics 

 Concentration of substances Decimal Low Analytics 

 Density of substances Decimal None Analytics 

 A, Ah & process times per 

carrier 

Decimal Low MES 
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Element Data Data type Uncertainty Source 

 Substance demand per kAh Decimal Low Process supplier 

Process chain Carrier scheduling  List None MES 

 Number of products per carrier Integer None ERP 

Resource flows Re-dosed substances Decimal Low MES 

ERP: Enterprise Resource Planning / MES: Manufacturing Execution System 

6.1.3 Model Development (III) 

Fig. 6.3 shows the application of the framework for this specific case study. Based on the system 

boundaries in the physical plating process chain, the requirements for the model are derived and 

the required models are selected and adapted to the specific case. For the model building process, 

only white-box models are used. The focus of the case study is control module A, but the decision 

support modules B is also used to analyse the effects of the new control algorithm. 

 

Fig. 6.3: Framework for zinc-nickel electroplating electrolyte analysis, control and dosing 

Once an initial version of the models is built, the simulation is tested within a four day validation 

period. Firstly, the carryover categorisation approach is verified and validated sensitivity analyses 

and by the comparison to another model. Secondly, the whole resource flow model is validated 

by comparing the modelled progression of an organic complexing agent with results from high 

performance liquid chromatography measurements. 

Fig. 6.4 shows that the manually selected carryover category significantly impacts the simulated 

drag-out from the electrolyte. After four days, the simulated drag-out with the actually selected 

carryover category mix results in an electrolyte drag-out of 201 l. Three scenarios are used to test 

the sensitivity of the model with regard to the carryover categorisation approach. Firstly, all 

products were allocated to carryover category a (S1), secondly, all products were allocated to 

carryover category b (S2) and thirdly, all products were allocated to carryover category c (S3). 
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These category changes led to significantly different progressions in the drag-out development 

(Fig. 6.4), and the drag-out of the electrolyte can vary with a factor of six. Therefore, the correct 

selection of the carryover category is crucial for correct modelling results. 

 

Fig. 6.4: Impact of carryover category selection on drag-out progression (adapted from Leiden 

et al., 2020c) 

As validation for the categorisation approach, the increase of the zinc concentration has been 

measured in the first rinsing cascade fluid after the zinc-nickel electrolyte and used to model the 

drag-out from the electrolyte without the categorisation approach. The rinsing fluids were 

renewed before the measurement started. As the zinc concentration in the electrolyte has been 

assumed as constant during these four days, it enabled modelling the carryover based on analytical 

measurement of the zinc concentration in the first rinsing fluid. The measurements combined with 

a simplified rinsing model estimated a carryover of 198 l during four days, which is only 1 % 

below the simulated value from the categorisation approach. 

As the first validation of the general carryover categorisation method was successful, the models 

are validated by the comparison of the concentration progression of the complexing agent. The 

organic complexing agent is used for complexing metallic ions in the electrolyte, and its 

concentration in the electrolyte must be kept in a specific range during the operation of the plating 

process chain. In Fig. 6.5, the simulated value is depicted as a continuous black line and the 

measured values as grey squares with a linear interpolated line. Around the measurement results, 

the tolerance area of the measured values is given. The simulated values generally follow the 

progression of the measured values and remain in the tolerance area. As summarized in Table 6.3, 

the standard deviation is 1.41 g/l, and the coefficient of variation is 1.7 %. 

0

100

200

300

400

500

600

0 12 24 36 48 60 72 84 96

D
ra

g-
o

u
t 

[l
]

Time [h]
Category mix S1: Only category a S2: Only category b S3: Only category c



6   Exemplary Applications 128 

 

 

Fig. 6.5: Validation of simulation with analytical measurements and impact of carryover 

category selection (adapted from Leiden et al., 2020c) 

Again, a brief scenario analysis was conducted by allocating the carryover category of all products 

to only carryover category a (S1), only carryover category b (S2) or only carryover category c 

(S3). However, only if all products are classified as c products, the simulation results run out of 

the tolerance area. The simulated progressions remain within the tolerance area in the two other 

carryover categorisation scenarios. Although this validation showed that the simulation generally 

could be used to model the concentration progression, it is still necessary to conduct a long term 

evaluation of the models during the following deployment phase. 

Table 6.3: Evaluation of short-term simulation results with complexing agent 

Standard deviation [g/l] 1.41 

Mean squared error / variance [(g/l)²] 1.98 

Coefficient of variation [%] 1.70 

6.1.4 Deployment (IV) 

After the validation, the simulation was deployed at the same plating line. The simulation consists 

of the electrolyte and the directly relevant elements of the plating process chain. Product and 

process data were imported through a text-based interface into the simulation. For the long-term 

application of the simulation, the inorganic substance chloride was selected. Chloride is only 

dragged out of the electrolyte and not consumed or converted by the plating process itself. In 

contrast to the commercial complexing agent, the chloride concentration can be estimated 

manually with titration by the laboratory of the plating company, which enables a more 

straightforward evaluation of the algorithms.  

The simulation ran for 30 days, and daily laboratory measurements of the chloride content were 

conducted. At this time, 1,136 carriers with 11.5 million products of 58 different product types 

were plated with zinc-nickel coatings. 1,800 l electrolyte (33% of the total electrolyte volume) 

was dragged out during the evaluation period. Fig. 6.6 shows the progression of the analytically 
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estimated and the simulation chloride concentrations in the electrolyte. Both show a similar 

progression 

 

Fig. 6.6: Long-term validation of simulation with analytical measurement (Leiden et al., 2020c) 

In Table 6.4, key statistical figures are summarized to describe the correlation between the 

simulated and analytically measured values. The standard deviation is 4.7 g/l or 2.7 % and 

increases up to 5.8 % during the last four days of the evaluation time span. During these last four 

days unexpected problems in the plating line occurred. Thus, nearly no carrier went through the 

plating line, and electrolyte was drained without documentation of the volume to solve these 

problems. As a consequence, the deviation between the simulation and the analytical 

measurement results increases. 

Table 6.4: Evaluation of long-term simulation results with chloride 

Standard deviation [g/l] 4.79 

Mean squared error / variance [(g/l)²] 22.92 

Coefficient of variation [%] 2.70 

For a scenario analysis, again three scenarios were built by allocating the carryover category of 

all products to only carryover category a (S1), only carryover category b (S2) or only carryover 

category c (S3). In Fig. 6.7, it is shown that the selection of only category a or c leads to a different 

simulated progression. The simulation with only category b shows in the first half of the 

considered month a similar progression as category mix progression, but in the second half, it can 

be seen that the category mix leads to better simulation results. In contrast to Fig. 6.6, Fig. 6.7 

shows the seamless progression of the chloride concentrations. The seamless estimation of the 

substance concentration enables the prediction of the chloride concentration at any time and the 

implementation of a demand-oriented dosing strategy. 
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Fig. 6.7: Long-term validation with seamless concentration progression of chloride 

concentration and the impact of carryover category selection (adapted from Leiden et al., 2020c) 

Finally, the economic potential through an optimised control strategy is estimated. The 

environmental impact could not be estimated as a commercial electrolyte system was used. Thus, 

the exact composition of the organic substances is not published and prevents the conversion of 

the LCI results into an environmental impact category indicator. Hence, in Fig. 6.8, the quantities 

of organic and inorganic substances groups as well as the cost for these substance groups are 

given. The plating process operator provided the specific costs for the organic and inorganic 

substances and neglected the logistic and wastewater treatment costs. The organic substances are 

chloride and potassium acetate, and the inorganic substances are three commercial agents, 

including the previously investigated complexing agent. This approach has not been applied for 

metal ions as these are dosed differently, and the model-based dosing strategy cannot be 

transferred directly. Only for the first validation with the complexing agent, all substances 

concentrations were measured. Hence these values were used as representatives for an operation 

over the whole year.  

 

Fig. 6.8: Annual potential saving through the implementation of improved control strategy 

The diagrams in Fig. 6.8 show that the quantities of used inorganic substances per year are 2.3 

times higher than the organic substances, but the cost for the inorganic substances are 3.0 times 

lower than the organic substances. Reducing the concentration of substances in the electrolyte to 
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the target or the minimum value (see Fig. 6.1) specified by the chemicals supplier can lead to 

substantial savings due to the lower chemicals demand. Reducing the concentration of the 

substance to the target value lead to savings of 2,450 € per year, and reducing to with the minimum 

concentration leads to savings of 6,500 € per year. The absolute economic saving potential for 

organic substances is significantly lower, with 298 € per year for the target and 718 € per year for 

the minimum concentration. However, it has to be noted that the saving potential can be higher 

as the reduced logistic and wastewater costs were not considered. 

6.2 Energy and Resource Efficient Planning and Operation of Zinc-Nickel 

Electroplating Process Chain 

The second case study is based on Leiden et al. (2020b) and is conducted in the same job plating 

process chain as the first case study. While in the first case study, the specific operation of the 

electrolyte was in focus, in this case study, the focus is to support the planners of the plating 

process chain with an energy and resource flow model to evaluate the environmental and the 

economic impact of single plating process chain elements and their contribution to the impact per 

product. Thus, the increased efficiency of the whole plating process shows the contribution of the 

framework towards the achievement of the SDGs 8, 9 and 12 (environmental and economic 

sustainability dimension). The model shall work with available data from the industrial IT systems 

and minimize further data acquisition effort. A product-based analysis is challenging for a job 

plating company as each product and each carrier uses different process parameters, particularly 

for the zinc-nickel electroplating process itself.  

In the deployment phase, the planning branch of the application procedure is followed and is split 

into a process chain element-specific and a product-specific analysis of the environmental and 

economic impact. For the process chain element-specific analysis, the current situation is 

presented as a baseline scenario, and afterwards, measures are shown towards increasing energy 

and resource efficiency. 

6.2.1 System Definition (I) 

To date, the plating process chain operator has no insights into the allocation of the energy and 

resource demand in the plating line on single elements and the contribution of single products. 

Requests from customers regarding the environmental impact of their products only can be 

answered by rough manual estimations. Also, measures towards increasing the environmental and 

economic performance cannot be tested sufficiently prior to implementation. Single manual 

measurements can be conducted for single plating process chain elements, but measuring all 

relevant elements parallel would require numerous measurement devices, and an allocation to 

single products still would require further data processing. Hence, the objective is to utilize an 

energy and resource flow model to estimate the environmental and economic impact on a process 

chain element and a product basis. 

Fig. 6.9 illustrates the layout of the plating process chain, which is the spatial delimitation for the 

application of the concept. The products are loaded into barrels at the beginning of the plating 

process chain in the lower-left corner. Then the products are moved with RMHs through the 

plating process chain, which consists of three parallel lines with a total of 65 tanks. The shown 
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product flow is only an example and can differ for each carrier. Available product- and process-

specific data in the MES and the ERP shall be used to enable an automatic import of relevant 

information. Additional energy and resource measurement devices shall not be installed. 

 

Fig. 6.9: Illustration of spatial delimitation with plating line layout (adapted from Leiden et al., 

2020b) 

6.2.2 Data Acquisition (II) 

Table 6.5 summarizes the acquired data from the plating process chain. Similar data as in the 

previous case study (see Table 6.2) are acquired, but the electricity flows are also considered with 

state-based electricity measurements in this case study. The assessment of the uncertainty degree 

bases on a personal expert opinion and is confirmed by the plating process chain operator. Again, 

a medium degree of uncertainty has been observed for the carryover categorisation. Thus, this 

uncertainty should be considered with a scenario analysis. 

Table 6.5: Evaluation of acquired data 

Element Data Data type Uncertainty Source 

Product Surface area, volume, weight Decimal None ERP 

 Coating material List None ERP 

 Coating alloy Decimal Low ERP 

 Coating thickness Decimal Low ERP 

 Carryover category Category Medium Manual/ERP 

Process Electrolyte volume Decimal Low Analytics 

 Concentration of substances Decimal Low Analytics 

 Density of substances Decimal None Analytics 

 A, Ah & process times per carrier Decimal Low MES 

 Substance demand per kAh Decimal Low Process supplier 

Process chain Carrier scheduling  List None MES 

 Number of products per carrier Integer None ERP 

Resource 

flows 
Re-dosed substances Decimal Low MES 

Energy flows State-based electricity demand Decimal Medium 
Manual 

measurements 

ERP: Enterprise Resource Planning / MES: Manufacturing Execution System 

Storage slots

Degreasing Cascade

rinsing

Pickling Cascade

rinsing

Zn-Ni electroplating

Loading

Unloading Posttreatment

Cascade 

rinsing

Passivation
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…

Example product flow
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Manual electricity measurements were conducted with the power analyser Chauvin Arnoux C.A 

8335 to build the state-based electricity models. Automatic measurements were not possible as 

the electricity comes from various sources in the plating process chain. Thus, numerous power 

measurement devices would be required. The measurements were conducted systematically 

depending on the power demand and the operational time as described in subchapter 4.3.2. In Fig. 

6.10, the measuring points are illustrated with black circles. State-based measurements were 

conducted at the RMHs, rectifiers, control and cooling unit of the switch cabinets, central exhaust 

air system, various pumps at all process stages and drives to rotate the barrels in the tanks. 

 

Fig. 6.10: Illustration of electricity measurements in plating process chain 

6.2.3 Model Development (III) 

The integration of the simulation model into the CPPS is shown in Fig. 6.11. In contrast to the 

first case study, the whole plating process chain is modelled. However, the model for the 

electrolyte still has a higher detail degree as the metal demand out of the plating process shall be 

determined. Most process chain elements and processing stages are modelled with white-box 

models as presented in subchapter 4.4. 

A black-box model approach is used for the process parameter model-based estimation of the 

rectifiers’ power demand. Rectifiers are used to provide the plating current in the electroplating 

process. They are located close to the electrolyte tanks to keep the transmission loss low. The 

process parameters ampere-hours, ampere and the plating time are retrieved automatically from 

the MES. The voltage is only stored at a single static value and not an average. A linear correlation 

was identified between the current I and the voltage U. Thus, a linear regression model was built 

with a linear regression learner algorithm: 

U = I ∗ 0.0188 + 2.3501 (6.1) 

This linear regression model shows an R² of 0.88. Hence, this model can be used to estimate the 

corresponding voltage and finally the electricity demand of the rectifiers as integral over time: 

𝐸𝑅𝑒𝑐𝑡𝑖𝑓𝑖𝑒𝑟 = ∫ 𝑈 ∗ 𝐼 ∗ 𝜂
𝑡=𝑝𝑙𝑎𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒

𝑡=0

 (6.2) 

Manual energy measurements were conducted at the current entry of the rectifier, and automated 

measurements were conducted after the rectifiers, close to the fluid to estimate the energy 

conversion efficiency η. 

Rail-mounted hoist

Uncoated product Coated product

PlatingPre-treatment Post-treatment

Circulation pump Circulation pump Circulation pump Rectifier

Central switch cabinets 

with cooling unit

Central exhaust 

air system
Barrel rotation

Electricity measurement point
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Fig. 6.11: Framework for energy and resource-efficient planning and operation of the zinc-

nickel electroplating process chain 

6.2.4 Deployment (IV) – Process Chain Element-Specific Deployment 

Initially, the baseline scenario that covers a four weekday period is modelled and analysed. Table 

6.6 summarizes technical KPIs that characterise the simulation and the production system. 

141 carriers went through the plating process chain during the simulation. The carriers were 

manoeuvred with the internal algorithm, but the external MES sets the start time. On average, the 

simulated lead time was 6.1 % / 12.6 min lower than in the physical system. The reason is that 

the pre-and post-treatment processing stages in the plating line are also used for another parallel 

operated plating process. The median lead time is significantly lower than the average lead time 

because some carriers are temporarily stored in a storage slot. For instance, many carriers are 

often filled and stored in a storage slot to process these products during the night operation. 

Table 6.6: Technical KPIs for the baseline scenario 

Utilisation of tanks 17 -54 % / av. 32 % 

Carriers processed 141 

Median and average lead time - simulation 220 / 315 min 

Median and average lead time - real 233 / 329 min 

Average deviation simulation -real 6.1 % / 12.6 min. 
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Fig. 6.12 summarizes the electricity demand over four days from the single load profiles of the 

single elements in an ABC analysis. The grey gradations indicate if the load is fixed, partially 

fixed and variable or fully variable. Variable loads only occur if products are processed, while the 

fixed load is not influenced by the number of products processed. Overall, nearly 80 % of the load 

from the plating process chain are variable. With 57 %, the rectifiers demand the vast majority of 

the electricity and are a fully variable load. The electrolyte pumps demand about 12 % of the total 

electricity demand, and their load is fixed. Some electrolyte substances settle at the bottom of the 

electrolyte tanks if the fluid is not in motion continuously. Hence, this pump needs to be in 

operation independently from the current operation in the plating process chain. 

 

Fig. 6.12: Electricity demand of most relevant subsystems during four days simulation (adapted 

from Leiden et al., 2020b) 

Fig. 6.13 shows the metal demand through the metal deposition and the drag-out from the 

electrolyte. Significant more zinc is deposited on the products as the nickel share in the alloy is 

only between 12 and 15 %. On the contrary, the metal drag-out is similar for both metals as the 

concentration of the metals in the electrolyte is similar during the simulation run. Generally, more 

metal is dragged out than deposited on the surfaces, particularly nickel. Again, a scenario analysis 

is conducted as in the first case study to address the uncertainty from the categorisation approach. 

Three scenarios were built by allocating the carryover category of all products to only carryover 

category a (S1), only carryover category b (S2) or only carryover category c (S3). Although the 

representation is static in Fig. 6.13, the results are similar to those in the first case study and thus 

can be assumed valid. 
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Fig. 6.13: Metal demand in 92 hours depending on carryover category (Leiden et al., 2020b) 

After analysing the baseline scenario, three scenarios are developed to understand the impact of 

improvement measures on the energy and resource demand of the whole process chain. Specific 

parameters of process chain elements are changed, and possible measures to realize these changes 

are introduced. This scenario analysis also addresses the uncertainty of the carryover 

categorisation approach and the electricity measurements. Firstly, in scenario S1, the rectifier 

system efficiency is varied between 50 and 100 %. Secondly, in scenario S2, the electricity 

demand of the drives for electrolyte and the hot degreasing fluid pumps are varied. Thirdly, in 

scenario S3, the carryover categories of the single products and the coating thickness are varied 

+-30 %. The parameters for the scenario analysis are: 

 S1: Change rectifier system efficiency from 50 to 100 % 

 S2: Change efficiency of pump drives, +-30 % 

 S3: Variation of carryover volume and coating thickness, +-30 % 

The rectifier efficiency system depends on the used rectifier technology and the load on the 

rectifier. Typically the efficiency is with state of the art rectifiers between 50 and 95 % 

(Bayerisches Landesamt für Umweltschutz, 2003). In the baseline scenario, the efficiency η has 

been estimated by measurement as 80 %. The rectifier efficiency could only be increased by 

exchanging the rectifier. On the left side of Fig. 6.14, the effects of varied rectifier efficiencies on 

the electricity demand of the whole plating process chain are shown. Changing the efficiency of 

the rectifier system causes a relevant impact, and specifically, increasing the efficiency to 95 % 

could lead to electricity savings of 9.1 % of the total electricity demand. 

The efficiency of industrial drives for pumps is classified in four categories from IE1 to IE4 

according to the DIN EN 60034-30-1 (2014). With this declaration, more efficient pumps can be 

identified. For instance, replacing a 1.5 kW IE1 pump drive with an IE4 pump drive would 

increase the efficiency by 14.5 % and decrease the electricity demand by the same order of 

magnitude. Fig. 6.14 summarizes the effects scenario S2 on the electricity demand of the plating 

process chain. Changing the efficiency of the hot degreasing pumps has a lower effect on the 

whole plating process chain, than changing the efficiency of the electrolyte pump (up to 3.5 %). 
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Fig. 6.14: a) Sensitivity analysis for pumps (scenario S1) and b) for rectifiers in (scenarios S2) 

(adapted from Leiden et al., 2020b) 

Changes in the drag-out can be achieved by the variation of the dripping time or the metal 

concentration in the electrolyte. Changes in the metal demand for coating can be achieved by 

adjusting the height of the coating layer. Fig. 6.15 summarises the effects of measures to increase 

the resource efficiency of the plating process in scenario S3. The drag-out metal and the coating 

thickness are varied in 10 % steps. Generally, measures to decrease the drag-out have a 

significantly higher effect than adjusting the coating itself. Particularly nickel is mainly drag-out, 

and measures to decrease the coating thickness only have a minor impact on the metal demand. 

Further, reducing the surface thickness can adversely impact the product’s quality and durability. 

This effect could lead to adverse environmental and economic impacts over the whole product 

life cycle (Leiden et al., 2020a). 

 

Fig. 6.15: Changing carryover and coating thickness in scenario S3 (Leiden et al., 2020b) 

The global warming potential (GWP) and the cost are selected and calculated as representative 

KPIs to compare the electricity and metal demand contributions to the environmental and 

economic impact of the plating process. The environmental impact assessment factors are shown 

in Table 6.7 and are taken from the literature (Fritsche and Greß, 2019; Icha and Kuhs, 2020; 

Nuss and Eckelman, 2014). The electricity price is typical for German industrial electricity 

consumers with 0.1 €/kWh, and the metals prices represent the average world market prices over 

the last five years. For the metals, the actual cost can be higher as the market prices contain no 

transport to the electroplating facility nor the disposal cost for the drag-out.  
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Table 6.7: Environmental and economic impact assessment factors (Fritsche and Greß, 2019; 

Icha and Kuhs, 2020; Leiden et al., 2021; Nuss and Eckelman, 2014) 

 Global warming potential Financial 

 [kg CO2-eq.] [€] 

Electricity [kWh] 0.4 0.1 

Zinc [kg] 3.1 2.2 

Nickel [kg] 6.5 12.0 

In Fig. 6.16, the environmental and financial effects of the measures from the three alternatives 

scenarios are summarized in a tornado diagram. Generally, measures that increase the efficiency 

of the rectifier have the most decisive influence on the environmental and economic performance 

of the plating process chain. Particularly, this effect is essential for the global warming potential 

as an increase of 10 % of the rectifier efficiency leads to an environmental benefit higher than all 

other tested measures. 

 

Fig. 6.16: Environmental and economic impact of measures (adapted from Leiden et al., 2020b) 

From an economic perspective, the reduction of the nickel demand is favourable as the price for 

nickel is high compared to its GWP. Reducing the nickel drag-out is more relevant as already a 

10 % decrease in the drag-out leads to higher savings than decreasing the coating thickness by 

30 %. Measures to reduce this drag-out could be more prolonged drip-off times. Increasing the 

drip-off times does not significantly impact the electricity demand of the plating process chain, 

and the lead times increase only a little. Reducing the coating thickness could lead to lower 

product performance in the use phase and should be avoided against the background that this only 

causes minor environmental and economic benefits. 
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6.2.5 Deployment (IV) – Product-Specific Deployment 

For deployment, the environmental impact per carrier and product is calculated with the decision 

support module C. During the simulated timespan, 14 different products types were plated. All 

product types are used in the automotive industry and represent variations of clamps, sockets, 

bolts and screws.  

Firstly, the embodied energy considering the direct and indirect energy required for processing 

the carriers/products in the plating process chain is estimated. The boxplot on left side of Fig. 

6.17 a) depicts the carrier-specific embodied energy per product type and the fluctuation between 

the single carriers. The boxplot on the right side of Fig. 6.17 b) shows the break down to a product-

specific embodied energy per product type. Different process parameters for the individual 

carriers and the uniform allocation of the indirect embodied energy on the products are the reason 

for the fluctuation of the embodied energy. While the carrier-specific embodied energy mainly 

ranges between 6 and 18 kWh/carrier, these differences are larger on a product basis with 1 to 

13 Wh/product. The main reason is that the resulting total surface area of the products in a carrier 

has lower differences than the surface area of the individual products. In conclusion, these 

boxplots also show that a process-parameter dependent estimation of the electricity demand is 

required, and simplifications with a single product type are not sufficient for this plating process 

chain. 

 

Fig. 6.17: a) Carrier-specific embodied energy per product type and b) product-specific 

embodied energy per product type (adapted from Leiden et al., 2020b) 

Secondly, the carrier-specific metal demand (metal to coating and drag-out) is analysed with 

regard to the product types. The boxplot in Fig. 6.18 shows the carrier-specific demand for zinc 

and nickel and the fluctuations. Generally, the demand for the two metals correlates with each 

other. The nickel demand per carrier is only slightly lower, although the nickel share in the coating 
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is only 12 to 15 %. The reason for this low difference is the high share of the drag-out in the nickel 

demand. The fluctuations between the single carriers with the same product type are the result of 

different carrier fill levels and the coating parameter settings. 

 

Fig. 6.18: a) Carrier-specific zinc demand per product type and b) carrier-specific nickel demand 

per product type (adapted from Leiden et al., 2020b) 

Both box plots showed that the automatically retrieved individual product properties, carrier fill 

levels, and process parameters significantly impact the energy and resource flows in the plating 

process chain. Hence, models that consider only one product are not able to estimate the energy 

and resource demand of specific products or carriers. Integrating the model into a CPPS and using 

the data from the industrial IT systems MES and ERP enables a direct import of the required data 

for a product or carrier-specific analysis.  

Fig. 6.19 summarizes the minimum, average and maximum GWP and the cost for one carrier 

during the simulation. Compared to the previous boxplot, this figure also shows the differentiation 

into the direct and indirect embodied energy and the differentiation of the coated and drag-out 

metal. The diameter is equivalent to the overall global warming potential, respectively cost per 

carrier. For the carrier with the minimum GWP/cost the metal demand is not visible as it share is 

too small for visualisation. The share of the indirect embodied energy and the drag-out decreases 

with the increase of the GWP and the cost. The carrier load is the main reason for these decreased 

shares and the significant differences in the impact per carrier. Particularly, jobs with only a few 

products are expensive for the job plating company on a product basis and increase the 

environmental impact per product. Thus, it can be recommended to operate plating process chains 

at a high utilisation to decrease the economic and environmental impact on a product basis. This 

finding is also in line with several other studies, which studied other manufacturing process chains 

(Li, 2015; Spiering, 2014). 
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Fig. 6.19: Average environmental and economic impact per carrier for all product types 

(adapted from Leiden et al., 2020b) 

6.3 Combined Planning of Energy and Resource Efficiency as well as 

Occupational Safety and Health in Chromium Plating 

The third case study is based on two publications from Leiden et al. (2020d, 2021) and combines 

energy and resource efficiency aspects with occupational safety and health aspects in the plating 

industry. In contrast to the previous two case studies, this case study uses a generic plating process 

chain layout that can be adapted to most hard and decorative chromium plating process chains in 

the industry. Chromatic acid CrO3 containing hexavalent chromium is used for the chromium 

plating process. The industrial use of hexavalent chromium compounds is associated with a higher 

lung cancer risk and respiratory diseases (Lin et al., 1994; Saha et al., 2011). The combined 

consideration of energy and resource efficiency as well as occupational aspects shall enable to 

raise synergies by minimizing the data acquisition and modelling effort. This case study is also 

driven by the requirements from environmental and occupational authorities that more and more 

ask for data from dynamic simulation models (European Chemicals Agency, 2017). Therefore, 

the increased transparency of the energy and resource flows as well as the occupational load on 

the workers shows the contribution of the framework towards the achievement of the SDGs 8, 9 

and 12 (environmental, economic and social sustainability dimension). 

The deployment phase is split into two planning cases. This first case focuses on the hexavalent 

chromium electrolyte, and the second case focuses on the rinsing cascade. The chromium plating 

process was selected for this investigation as the cathode efficiency is very low compared to the 

nickel plating process (Lausmann and Horsthemke, 2007) and more critical from an 

environmental and occupational perspective (Dennis and Such, 1986). In both cases, the energy 

and resource efficiency and the emission load on the workers are independent of process 
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parameters. Drivers for the environmental, economic and occupational impact shall be identified 

to derive measures towards a reduction. 

6.3.1 System Definition (I) 

The main objective of this case study is to provide production planners of chromium plating 

process chains, which use hexavalent chromium compounds, a holistic assessment tool to assess 

environmental, economic and occupational aspects. In contrast to the previous case studies, no 

data are acquired automatically from a physical plating process chain, but an intuitive interface to 

the simulation shall enable the parametrisation of the simulation model through non-experts. The 

occupational aspects, more specifically, the emission load on the workers, shall be considered by 

the ART that is approved by occupational authorities (European Chemicals Agency, 2017). 

Fig. 6.20 shows the used layout of the generic combined hard and decorative chromium 

electroplating process chain. It has been derived from five industrial electroplating process chains 

in job and industrial plating facilities and was confirmed by industrial experts to represent 

industrial hard and decorative chromium plating processes. Due to the generic character, the 

plating process chain simulation can be adapted to most industrial hard and decorative chromium 

plating process chains by changing the parameters of the single models. The nickel plating process 

is only required for decorative chromium plating (Dennis and Such, 1986). 

 

Fig. 6.20: Generic plating process chain for hard and decorative chromium plating (adapted 

from Leiden et al., 2021) 

6.3.2 Data Acquisition (II) 

As this case study works with generic data and not in a specific plating facility, no data are 

acquired automatically. All relevant data must be acquired manually and processed to the 

simulation through a spreadsheet interface, as shown in Fig. 5.2. The data for this case study were 

acquired from small and medium-sized job plating companies and are typical supplier products 

in the automotive industry. Table 6.8 summarizes the used products and their properties. The car 

brand logo and the generic cube are coated with a decorative chromium coating that consists of a 

nickel and a chromium layer. The valve tappet is coated with a hard chromium coating. The 

product size and geometry vary significantly and result in different carrier loads and hence 

different drag-out volumes per carrier. 
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Table 6.8: Manually acquired product data (Leiden et al., 2021) 

 Decorative chromium Hard chromium  

 Car brand logo Cube Valve tappet 

Description Bonnet ornament  30x30x30 mm cube 
Part of internal 

combustion engines 

Base Material ABS Cf53 42CrMo4 

Ni coating [µm] 20 12 - 

Cr coating [µm] 1 0,5 10 

Surface per product [mm²] 25.120 5.400 1.570 

Weight [g] 66 208 31 

Products [1/carrier] 40 66 200 

Drag-out [l/carrier] 1.2 0.5 0.4 

6.3.3 Model Development (III) 

Fig. 6.21 shows the framework specifically applied for the combined planning of energy and 

resource efficiency as well as occupational safety and health. All types of data are acquired and 

prepared but only manually. Again, the whole plating process chain is considered, but the 

modelling focus is set on the electrolyte and the following rinsing cascade. The simulation uses 

white-box, grey-box and black-box models. All three decision support models are used to support 

the planning process of plating process chains. 

 

Fig. 6.21: Framework for combined planning of energy and resource efficiency as well as 

occupational safety and health in chromium plating 
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The third case study uses the integration of the ART, which is validated with measurements in a 

plating facility before deployment of the models for the electrolyte and the rinsing cascade. 

Hexavalent chromium was measured at an electroplating tank in the airborne particulate matter 

by ion chromatography and spectrophotometric measurement with diphenyl carbazide according 

to ISO 16740:2005-02 (2005). The ART models the fluid only as steady or agitated surfaces, and 

therefore, only these two states can be used for the simulation. The agitation of the surface in a 

chromium electrolyte depends on the applied plating current (Lausmann and Horsthemke, 2007). 

Hence, the worker exposition was measured for three different plating currents at two positions 

close to the electrolyte tank. The measurements were repeated five times and lasted for one hour 

to reduce measurement uncertainties. Fig. 6.22 shows the range of the simulation results as a grey 

shaded area between two lines with the results for the agitated and the steady surface fluid as well 

as the six measurement results. All measurement results are within the modelled range, and at 

both positions, the general trend shows that the emission load increases with the plating current. 

Pilat and Pegnam (2006) obtained similar results in their experimental investigations so that the 

simulation results can be considered valid. 

 

Fig. 6.22: Validation of worker exposition modelling (adapted from Leiden et al., 2021) 

6.3.4 Deployment (IV) – Hexavalent Chromium Electrolyte 

The model is deployed to investigate the impact of process and product parameters on the energy 

and resource demand of the plating process itself as well as the worker exposition at the plating 

tank. In this case, the framework enables the integrated analysis of environmental and 

occupational impacts towards achieving the SDGs 8 and 12. Measures that increase the energy 

and resource efficiency as well as the occupational situation of the workers can be identified by 

this integrated approach. The process parameters for the analysis of the hexavalent chromium 

electrolyte are summarized in Table 6.9. The electrolyte consists of hexafluorosilicic acid 

(H2SiF6) as a catalyst, and the CrO3 concentration is kept steady during single simulation runs. 

Within a scenario, the CrO3 concentration is varied 50 g/l steps between 150 and 300 g per litre 

electrolyte. 
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Table 6.9: Process parameters for simulation study (Leiden et al., 2021) 

 Decorative chromium Hard chromium  

 Car brand logo Cube Valve tappet 

CrO3 concentration [g/l] 150-300 

Voltage [V] 10 8 15 

Plating current [A] 1,000 1,950 2,000 

Current density [A/dm²] 10.0 56.1 62.0 

Fluid agitation On/off 

 

Fig. 6.23 shows the results of the single simulation runs for the reference scenario with the car 

brand logo. The CrO3 demand is shown as bars depending on the concentration, the electricity 

demand per product as a black line with markers and the worker exposition as blue line. The drag-

out of CrO3 increases with increasing CrO3 concentrations in the electrolyte. CrO3 concentrations 

higher than 250 g/l become unfavourable as from here the electricity demand per product and the 

worker exposition raise. CrO3 concentrations lower than 250 g/l lead to an increased electricity 

demand but the worker exposition and the CrO3 drag-out decrease. 

 

Fig. 6.23: Reference scenario: Influence of different CrO3 concentrations in the electrolyte on 

energy and resource efficiency as well as OSH (adapted from Leiden et al., 2021) 

Three scenarios are investigated: In the first scenario S1, the product is exchanged to a generic 

cube with only minor changes in the process parameters (see Table 6.8). In the second scenario 

S2 the product is changed to a valve tappet, and the process is changed to a hard chromium plating 

process. By this, the nickel plating is omitted, and the thickness of the chromium coating is 

increased to 10 µm (see Table 6.8). In the last scenario S3 the electrolyte catalyst is changed to 

sulphuric acid H2SO4, but the product car brand logo remains. 

 S1: Product change to generic cube 

 S2: Product and process change to valve tappet with hard chromium coating 

 S3: Change of electrolyte catalyst to sulphuric acid H2SO4 

Fig. 6.24 summarizes the results of the simulation runs for the scenarios S1 and S2. The worker 

exposition remains the same as in the first scenario, but the energy and resource demand change 

significantly. The energy demand for plating the valve tappet is about ten times higher than for 

the cube, and a relevant share of the CrO3 is plated on the product, while for the cube, the share 
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of coated metal can be nearly neglected. Generally, the electricity and CrO3 demand have a similar 

curve progression depending on the CrO3 demand.  

 

Fig. 6.24: Scenarios S1 and S2: Influence of different CrO3 concentrations in the electrolyte on 

energy and resource efficiency as well as OSH (adapted from Leiden et al., 2021) 

The change of the electrolyte catalyst in the scenario S3, requires a change in the CrO3 

concentrations in the electrolyte. It needs to be between 250 and 500 g/l. Fig. 6.25 summarizes 

the simulation results and generally shows an increase in the electricity and CrO3 demand as well 

as an increase in the occupational load on the workers at the plating tank. The lower efficiency of 

the deposition process with sulphuric acid as a catalyst increases the electricity demand. Further, 

the higher CrO3 concentrations lead to a higher CrO3 drag-out and a higher emission load on the 

workers. However, the emission load is still only critical if the fluid is in motion. 

 

Fig. 6.25: Scenario S3: Influence of different CrO3 concentrations in the electrolyte on energy 

and resource efficiency as well as OSH  

Finally, the simulation results of the reference scenario and the scenarios S1 to S3 are summarized 

in Fig. 6.26. Error indicators show the result variations due to the variation of the CrO3 

concentration in the electrolyte. If sulphuric acid H2SO4 is used as a catalyst, the electricity and 
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CrO3 demand are higher in all scenarios. The electricity demand for the car brand logo and the 

valve tapped is in a similar range as the surface of the car brand logo is significantly higher and 

the valve tapped is coated with a hard chromium coating. The absolute and relative drag-out from 

the hard chromium process is lower than for the decorative chromium plating processes. The 

exposition on workers is independent of products and depends on the agitation of the electrolyte 

surface and the used catalyst. Only agitated fluid surfaces can cause a critical worker exposition. 

In this case, the concentration of the CrO3 and thus the electrolyte catalyst become relevant. 

 

Fig. 6.26: Summary of scenario analysis (adapted from Leiden et al., 2021) 

3D visualisations are implemented to make the simulation results accessible to stakeholders and 

the workers (Fig. 6.27). Typically, hexavalent chromium emissions are invisible and require a 

visualisation. Coloured balls above the head of the workers indicate their current emission load. 

On the left side of Fig. 6.27, a green ball indicates that the current emission load is below critical 

limits. On the right side, the yellow ball indicates a close-to critical emission load (4 to 5 µg/m³) 

and a red ball a critical emission load that exceeds the limit of 5 µg/m³. These visualisations are 

easier to understand than diagrams and also can be used for educational purposes. 

 

Fig. 6.27: Visualisation of emission load on workers through hexavalent chromium (adapted 

from Leiden et al., 2020d) 
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6.3.5 Deployment (IV) – Rinsing Cascades 

After the chromium electroplating process, the products need to be rinsed with a rinsing criterion 

of 10,000 to reduce the hexavalent chromium concentration of the surface below a critical limit. 

In this case, the car brand logo is plated with a cycle time of 1,200 seconds. The CrO3 

concentration in the carryover is constant and does not change during a simulation run. 

For a rinsing criterion of 10,000, the maximum electrolyte concentration in the final rinsing step 

is 0.1 ml/l. Considering a CrO3 concentration of 250 g/l, the CrO3 concentration in the cleanest 

rinsing cascade step would be 25 mg/l and far above the German limit value of 0.1 mg/l for 

discharging the rinsing water into public sewage systems (Deutsche Bundesregierung, 2004). 

Thus, the rinsing water needs to be treated before release to the public sewage system. 

Fig. 6.28 shows the progression of the electrolyte concentration for a two and a three-step rinsing 

system. In this case, rinsing with a single-step rinse and a rinsing criterion of 10,000 is not possible 

with a tank volume of 600 l. 9,999 l of clean water, which is far above the tank volume, would be 

required to remove one litre of electrolyte. For the two and three-step rinsing cascade, water is 

continuously added to the rinsing cascades to compensate for the drag-in from the products. This 

continuous refill leads to fluctuations in the electrolyte concentration in the rinsing fluid, 

particularly in the two steps rinsing cascade. The progression of the electrolyte in the first cascade 

step can be described with a logarithmic function, while an S-shaped logistic function can describe 

the concentration progression in the further steps. All rinsing cascade steps reach a steady state 

with fluctuations in the long run. 

 

Fig. 6.28: Progression of electrolyte concentration for two-and three-step rinsing cascade 

(adapted from Leiden et al., 2021) 

Fig. 6.29 summarizes the environmental and the economic effect of two, three and four steps 

rinsing cascades. The environmental impact factors were obtained from the literature (Althaus et 

al., 2007; Anger et al., 2000) and the ecoinvent database (2020). Typical market prices were 

selected for the financial analysis (German Federal Office of Statistics, 2020; H2O GmbH, 2016). 

The environmental and economic impact decrease significantly from a two-to three-step rinsing 

cascade. Four and more steps rinsing cascade systems can reduce the water demand further, but 
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the increased space demand on the shop floor and the additional maintenance effort often prevent 

the realisation of further rinsing cascade steps.  

 

Fig. 6.29: Environmental and economic effect of an increasing number of rinsing cascades 

The worker exposition is modelled in dependence on the rising criterion and the surface agitation. 

In contrast to the electrolyte tanks, no exhaust air systems are installed at the rinsing tanks. In Fig. 

6.30, two regression models are shown on a logarithmic scale. These regression models are used 

as grey-box models from the ART in the simulation. Apparently, the worker exposition is lower 

than 0.1 µg/m³ in any case and therefore uncritical from an occupational perspective. In most 

cases, the worker exposition is even below the measurement limit for airborne hexavalent 

chromium measurement equipment (0.02 µg/m³ for the equipment from subchapter 6.3.3). Hence, 

the rinsing cascade operation should focus on energy and resource efficiency as the worker 

exposition at the rinsing cascade is significantly below critical limits. 

 

Fig. 6.30: Hexavalent chromium exposition at the first rinsing cascade step after electroplating 

process (adapted from Leiden et al., 2021) 
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7 Summary and Outlook 

In this chapter, the research work is summarized (subchapter 7.1), the developed concept is 

evaluated with the initially introduced criteria (subchapter 7.2), and an outlook on further research 

topics is provided (subchapter 7.3). 

7.1 Summary 

Production process chains and thus plating process chains are considered both a threat and 

solution to achieve the SDGs. The planning and operation of plating process chains can contribute 

to decent work and economic growth (SDG 8), industry, innovation and infrastructure (SDG 9) 

and responsible consumption and production (SDG 12). This research contribution aimed to 

support the achievement of these SDGs by providing a CPPS-based integrated planning and 

operation concept for plating process chains. The motivation and structure for the research work 

were outlined in chapter 1.  

Chapter 2 introduced the required theoretical background on industrial plating process chains as 

well as Industry 4.0 and CPPS. In the first subchapter, basic definitions for production system 

levels and management were provided. Afterwards, specific processing stages and the physical 

elements of industrial plating process chains were introduced. Methods for the assessment and 

examples for plating process chains’ economic, environmental and social impact were given. The 

second subchapter introduced the shift towards Industry 4.0 with a focus on CPPS. The single 

elements of a CPPS were explained in the context of production systems. In the final subchapter, 

findings from the theoretical background were summarized. 

The state of research was introduced in chapter 3. Firstly, the research field was delimited, and 

relevant research contributions were identified. Six research contributions, specifically for plating 

process chains, and 13 generic production systems research contributions were identified as 

relevant for the proposed research work. Secondly, evaluation criteria for the relevant research 

approaches were selected and defined. The evaluation criteria cover the superordinate groups 

scope, plating production system levels, flows, evaluation criteria and implementation. All 19 

relevant research contributions were evaluated with these criteria. Generally, the specific 

approaches showed a higher relevance from a plating process chain view but lacked 

methodological relevance. The methodological relevance was higher for the generic approaches, 
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but a transfer of these approaches to plating process chains was often not possible. Finally, the 

current state of research was summarized, and the research demand was outlined. 

Chapter 4 introduced the concept for integrated planning and operation of plating process chains 

and its development in detail. Initially, four objectives and 18 requirements were derived for the 

development of the CPPS-based concept. The development of the individual CPPS elements from 

the data acquisition over the cyber system to control and decision support modules was presented 

in detail. Methods for automated and manual data acquisition as well as data preparation were 

presented. The multiscale simulation environment with all eight models for building a plating 

process chain as well as the interactions between these models and the core model were explained 

in detail. Finally, one control and three decision support modules for the planning and operation 

of plating process chains were explained. 

Chapter 5 showed the implementation into a verified and validated software tool and its 

application in the industry. Again, the requirements for the implementation were derived prior to 

the implementation into specific software tools is described. Each software tool was described 

briefly, and the interactions with the other software tools were described. Afterwards, methods 

for the verification and validation of simulation models were introduced. Finally, a four phases 

application procedure was provided for the application of the concept in the industry. The first 

three phases of the application procedure system definition, data acquisition and model 

development are identical for planning and operation tasks. The last deployment phase is split 

into two branches, each for planning and operation. 

Three exemplary applications of the concept were shown in chapter 6. Each case study considered 

different aspects from the planning and operation of plating process chains addressing the SDGs 

8, 9 and 12. The first case study focused on the operation of zinc-nickel electrolytes more 

resource-efficiently. The second case study combined operation and planning aspects by 

improving the energy and resource efficiency of a zinc-nickel electroplating process chain. 

Finally, the last case study addressed only planning aspects and covered all three sustainability 

dimensions in the chromium electroplating industry by the additional inclusion of occupational 

aspects. 

7.2 Concept evaluation 

The proposed concept for integrated planning and operation of plating process chains is evaluated 

to assess the progress compared to the initially introduced state of research. For an objective 

evaluation, the already in subchapter 3.2 introduced criteria for evaluating the state of research 

are used. Table 7.1 summarizes this evaluation and compares the results with the average values 

from the state of research. The overall average criteria fulfilment is 0.96 for the proposed concept. 

In comparison, the average value for the state of research is 0.43, and the maximum value is the 

state of research was 0.61 for Schönemann (2017). Hence, this criteria fulfilment degree is far 

above the value of the research contributions from the current state of research. Of course, the 

reason for this high value is that the approach has been developed explicitly for the initially stated 

research objectives. Thus, this evaluation shows that relevant aspects for the achievement of the 

research objectives were successfully implemented. 
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Table 7.1: Evaluation of proposed concept 

  

Own Average

Plating process chain 

relevance

Specifically developed and directly addresses plating 

process chains 
4 2

Multiple production   

planning horizons
All four production planning horizons are addressed 4 2

Production system levels
All four production system levels from process to 

factory are addressed
4 3

Production IT integration
Interfaces with bidirectional transfer to multiple 

production IT systems is considered
4 1

Multiple products
Interface to ERP system and hence products 

database was established
4 1

Active (plating) process/fluid
Full consideration of active (plating) processes and 

fluids including process parameter-dependent models
4 1

Rinsing process/fluid
Full consideration of rinsing processes and fluids 

including process parameter-dependent models
4 1

Tanks Specific characteristics of tanks are considered 4 2

Worker
Detailed worker model considers process parameter-

dependent tasks in plating process chain operation
4 1

Process chain
Full central coordination through core model and 

product-specific scheduling
4 3

Flows

Dynamic simulation
Cumulative load profiles for all flows of interest can 

be provided
4 3

Energy
Process-parameter dependent energy demand models 

available 
4 2

Resources
Process-parameter dependent resource demand 

models available 
4 2

Evaluation criteria

Technical
Comprehensive technical analysis of the plating 

process chain is possible
4 3

Environmental
Basis for detailed product-specific LCI/LCA model is 

provided through simulation
4 1

Economic
Basis for detailed product-specific cost model is 

provided through simulation
4 1

Social
OSH effects are considered with process parameter-

dependent models
4 1

Implementation

Applicability
Prototypical implementations in the industry were 

shown
3 2

Effort
For initial setup, particularly for operational tasks, 

still simulation experts are required
2 1

Application cycle
Application cycle with support for all stages of the 

application cycle is provided
4 1

Visualisation
Extensive visualisation capabilities including live KPI, 

2D and 3D visualisations
4 2

Average 0.96 0.43

Scope

Plating production system levels
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Significant progress compared to the state of research was achieved as the concept was developed 

specifically for the stated scope. Multiple production planning horizons and production system 

levels were addressed, and prototypical bidirectional interfaces to multiple production IT systems 

were shown. All plating production systems levels are fully addressed. All elements and 

processing stages of a plating process chain were modelled sufficiently on a production systems 

level. 

The energy and resource flows in the simulation are fully dynamic, and if required, process 

parameter-dependent models can be used. To contribute to the achievement of the SDGs 8, 9 and 

12, the models enable an assessment of effects on all three sustainability dimensions. The 

simulation can serve as a basis for LCAs, cost models and the specific OSH effect on workers in 

plating process chains are considered. In addition, technical analysis of the system can be done as 

a basis prior to the sustainability assessment. However, this technical analysis remains on a 

production system level and does not considers the specific details of single processes. To 

evaluate single processes in detail more process specific numerical models would be required. 

From an implementation perspective, the research work remains in a prototypical state, and the 

application still requires simulation experts to merge the required knowledge from the different 

stakeholders. However, the successful validation within exemplary applications showed that the 

concept is ready for commercial implementation. For supporting the implementation of the 

concept, a comprehensive application cycle is provided.  

7.3 Outlook 

Based on the presented research, further research activities can be derived to support the 

implementation of integrated planning and operation towards the achievement of the SDGs 8, 9 

and 12 in the manufacturing sector.  

Extension of model library The simulation framework provides a set of models for processing 

stages and elements of a plating process chain. Many of these models have a generic character, 

and an extension of the model library could accelerate the application of the concept to new 

cases. This model library could cover the most widely used plating processes but also all 

relevant pre-and post-treatment processes. These models would be pre-configured and only 

require minor adaptions by the industrial user. However, as most plating process chains are 

built explicitly by the plating process chain operators, even extensive model libraries require 

adaptions of single models. 

Intermediate product characteristics The multiscale simulation model of the plating process 

chain allows assigning specific properties to the products to be plated. This functionality is 

mainly used to model the carryover between single fluids and describe the impact of the 

carryover on processes. This functionality could be used to describe the effects of the 

intermediate product characteristics. Thomitzek et al. (2018) already developed a similar 

simulation approach in the field of battery production processes. For instance, depending on 

the process parameters in the pre-treatment, the roughness and the activation of the surface 

properties on the intermediate product are influenced. These factors should influence the result 
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of the plating process itself by considering physical and chemical relations. By this also a 

quality assessment of different process routes in the plating process chain could be made. 

Coupling to numerical process simulation As introduced in the state of research, many 

authors published detailed numerical plating process simulations in the past. Although these 

often require detailed information about the situation in the plating fluid, coupling these to the 

simulation of the whole plating process chain could improve the accuracy of both models. 

However, the introduced research work used energy and resource flow models that can be 

executed in real or near real-time, while the execution time of numerical simulations is typically 

much longer. Thus, methods must be found to integrate both model types. Grey-box surrogate 

models could be promising for integration and were already proven in the context of automotive 

lightweight parts by Hürkamp et al. (2020a; 2021; 2020b). 

Machine learning for automated model parameterisation Currently, the individual models 

of the multiscale simulation need to be parameterised manually or with specific data from 

sensors in the plating process chain. Depending on the specific task, this can be challenging if 

no data are available or the algorithms shall be adapted to a new plating process chain. Here, 

machine learning approaches fed with manually collected data can help to build the models 

without in-depth knowledge about the simulation. For instance, if the electrochemical 

behaviour of a specific substance in an electrolyte is not known, parallel to the operation of the 

plating process chain, this substance can be analysed manually in the lab. In addition, with 

further product and process data, a data-driven model for electrochemical behaviour can be 

built. The manual measurements can be omitted once the model prediction capability achieves 

a sufficient level.  

Integration of TBS The TBS, particularly TBS that do not belong to the specific plating 

process chain, were not considered in the proposed concept. The integration of central TBS 

would allow an in-depth analysis of the interactions with the energy and resource generation 

and supply as well as the operation of the plating process chains. Particularly, in the context of 

the high fluctuation of renewable energies new approaches that consider the adaption of the 

energy demand to these fluctuations are required (Sauer et al., 2019). Köse et al. (2018) already 

showed that a simulation-based operation could lead to energy cost savings in electroplating 

facilities with combined heat and power plants. As the models of the plating process chains 

calculate the emission load from the fluids, these models could be used for a demand-oriented 

and more efficient operation of the factory exhaust air system. 

Life cycle assessment The simulation results are already used for gate-to-gate product-specific 

simplified LCAs. These data could be taken for the integration into a whole life cycle model. 

By this, the effect of changing process parameters on the whole life cycle could be assessed. 

For instance, the environmental break-even for a higher and harder coating layer but more 

resource-intensive plating processes can be estimated as shown by Leiden et al. (2020a). 

Extend human toxicity assessment The models for the assessment of human toxicity could 

be extended towards the integration of the further human toxicity impact pathway steps (disease 

incidences in exposed humans and toxicity-related damage on human health, see also Fig. 

4.21). For this extension, emission-specific long-term investigations of the effects on human 

health are required. Further, the ART could be extended for a more detailed consideration of 
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the relevant process parameters. For instance, fluid surface agitation has been identified as a 

relevant impact on airborne emissions, and thus more than two fluid agitation categories could 

be considered for the emission modelling. 

Application in other industries Although the CPPS-based framework was explicitly 

developed for plating process chains, it has been ensured that it can be transferred to other 

industries with adaptions. This includes other surface treatment processes, such as physical or 

chemical vapour deposition, but also manufacturing processes in general. Depending on the 

characteristics of the production processes in other industries, adaptions in the simulation 

model are required, while the general CPPS structure can remain. 

Inclusion of previous manufacturing process chain The simulation focuses on the plating 

process chain omitting the prior shaping manufacturing processes, which are part of the overall 

value chain. By integrating all processes from the primary shaping to the final plating process, 

mutual dependencies between various processes in the value chain could be identified. 

However, as typically not all processes of the value chain are within one factory or one 

company, particularly the data acquisition for the overall integration is challenging. 

Augmented reality visualisation A direct visualisation of simulation results in the plating 

process chain with augmented reality techniques can support the planning and operation 

process. Relevant information can be shown directly at a specific process chain element and 

raise awareness for critical points. For instance, AR visualisation in smart glasses can warn 

workers of areas with critical emission load.  

Integration into commercial IT systems and software The presented prototypes from 

chapter 6 need further development towards a higher TRL. Moreover, an implementation into 

commercial hardware and software systems for broader use in the industry is favourable. The 

control module for the fluids can be implemented directly into the MES. The decision support 

modules can be implemented at different available IT systems depending on the specific 

planning task. For long-term strategic planning, the current simulation tool Anylogic can be 

sufficient, but for short-term operational planning, a direct implementation into the MES or 

ERP could be more reasonable.  

Business models for implementation For a successful implementation of the CPPS approach, 

new business models are required. Currently, the individual physical elements of the plating 

process chain and the software are sold separately. Both need to be integrated by the plating 

process chain operators manually at high effort. A CPPS can be the technical basis for smart 

services, which serve as product-service systems (Leiden et al., 2020b). These product-service 

systems are an integrated combination of product and service and focus on fulfilling the 

customer’s needs (Baines et al., 2007). Operators can decide on a specific required service and 

do not need to focus on building the CPPS infrastructure itself. 
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