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Plating process chains are characterized by a high speciﬁc energy and resource demand as well as a high
complexity due to dynamic interdependencies between and within processing steps. Planning and
operating plating process chains should focus on aspects from cleaner production such as a high energy
and resource efﬁciency, low impacts on the environment as well as on economic aspects. A high process
transparency is required to meet these objectives and to evaluate the effects of improvement measures.
An energy and resource ﬂow simulation can support this by providing a fully parameterizable digital
twin of the physical plating line. This simulation is integrated into a cyber-physical production system
approach and connected to the IT environment of the plating company for the simulation of real scenarios. For the parameterization of the energy model, continuous and temporal measurements are
combined systematically while the resource ﬂow model is parameterized through information from the
manufacturing IT systems. The successful implementation at a job plating company with an industrial
acid zinc-nickel plating line indicated reachable electricity and resource savings of up to 10% in four
scenarios. The electricity and plating metal demand was allocated to single carriers and products as basis
for a product-based environmental and economic analysis. Especially in case of different carrier load
levels, the energy and resource demand per product varies signiﬁcant. The developed approach and its
successful implementation emphasizes the need of a high process transparency for planning and
operating plating process chains to accelerate the shift towards cleaner production.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Handling editor: Yutao Wang
Keywords:
Plating process chain
Energy and resource efﬁciency
Sustainability
Agent-based simulation
Cyber-physical production system

1. Introduction
Increasing the energy and resource efﬁciency of manufacturing
processes has become a relevant topic over the last years. It is
important in order to mitigate climate change and contribute to the
sustainable development goals of the United Nations (United
Nations - Economic and Social Council, 2019). Various strategies
to increase the energy and resource efﬁciency of manufacturing
have been investigated to address different levels of production
(Duﬂou et al., 2012). Plating processes offer the opportunity to
improve product properties by providing a higher corrosion and
wear resistance, adding a deﬁned tribological, matching interface
or optical behaviour, changing decorative properties (Tillmann and
Vogli, 2006). These effects can increase the energy and resource
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efﬁciency of product systems by extending the life time of the
product, improved behaviour during the use-phase (e.g. with low
friction surfaces) as well as by substituting other more resource
intensive materials (Leiden et al., 2020; Vogel-Heuser et al., 2017).
About 18,000 surface treatment installations are already in
operation in the EU-15 (European Comission, 2006). However, industrial plating processes are associated with a signiﬁcant environmental burden. The speciﬁc energy demand for the plating
process is high compared to shaping manufacturing processes
(Gutowski et al., 2006; Schmid and Jeswiet, 2018). Furthermore, the
use of hazardous auxiliaries as hexavalent chromium, cyanides,
various acids and bases result in a signiﬁcant environmental
burden (Grace Pavithra et al., 2019; Liu and Ma, 2010). In Germany,
149 companies from the surface treatment sectors are classiﬁed as
electricity cost intensive (Bundesamt für Wirtschaft und
Ausfuhrkontrolle, 2019). This corresponds to about 8% of all electricity cost intensive companies in Germany. Further, the 18,000
surface treatment installations in Europe produce about 300,000 t
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Engineering, 2013; Bundesministerium für Bildung und Forschung,
2019). Especially the plating industry has the chance to beneﬁt
from this development, as a high degree of transport automation
has already been realized in many large batch scale plating lines.
The use of CPPSs might not only improve the process transparency,
but also environmental beneﬁts can be obtained in speciﬁc cases
(Thiede, 2018).
A simulation-based CPPS system approach is proposed to tackle
the introduced challenges in planning and operating industrial
plating lines with a focus on energy and resource efﬁciency. While
for planning purposes, the simulation allows to estimate the system
behaviour a priori, the operation can beneﬁt from the CPPS
approach through the use of in-situ forecasts. The second chapter
provides the background on industrial plating process chains,
which serve as physical system, and production simulation, which
serves as cyber system. The research demand is outlined based on
the current state of research. Second, in the third chapter a
simulation-based CPPS approach is presented for planning and
operating industrial plating lines. Finally, the fourth chapter shows
industrial applications of the developed approach.

of hazardous waste per year (European Comission, 2006).
In the last centuries, environmental as well as occupational
safety and health authorities restricted the use of widely used
plating substances. Already in 1974, Danish environmental authorities regulated the plating industry to enforce the implementation of cleaner production (Christensen and Georg, 1995).
Today, hexavalent chromium is on the authorization list of the
REACH regulation in Europe (European Chemicals Agency, 2019).
Various environmental, occupational, safety and health regulations
limit the use in the United States (Baral and Engelken, 2002) as well
as the Chinese ministry of environmental protection put it on the
ﬁrst batch of the priority control chemicals list (Chemical
Inspection and Regulation Service, 2018). All these regulations ask
for more process transparency to evaluate the burden on workers
and the environment.
Therefore, planning and operating an industrial plating line is
faced with various requirements and objectives. Requirements and
objectives from internal and external stakeholders were collected
at industrial partners and mapped in Fig. 1. External requirements
and objectives from authorities and customers as well as the internal requirements and objectives from production and factory
planning, process development, product design and ﬁnancial and
environmental controlling must be harmonized. A high degree of
process transparency and a safe testbed environment are needed to
achieve this.
A major challenge is the high complexity of the whole plating
process chain due to the high number of process parameters and
dynamic interdependencies between and within process steps. To
date, the relationship between process parameters, surface structure and surface properties including the energy and resource demand for the plating process are not transparent. The combination
of discrete and continuous processes within one process chain
further increases the complexity. While the workpieces ﬂow in
batch mode through the plating line, the ﬂuids for cleaning, rinsing,
plating, pre- and post-treatment ﬂow continuously through the
plating line (Kuntay et al., 2006).
Against this background, digitalization of future factory systems
allows to handle the increasing complexity as part of cyber-physical
production system (CPPS) (Herrmann et al., 2014). The fourth industrial revolution describes the shift towards ﬂexible production
processes which are supported by intelligent monitoring and decision support systems (Acactech National Academy of Science and

2. Research background
2.1. Industrial plating process chain
Low cost small mass produced articles, such as screws or
fastening elements, are typically plated in automated barrel plating
lines (Olberding, 2006). The parts are ﬁlled into perforated barrels
which rotate in a tank of electrolyte. The electricity is supplied via a
contact cathode and the contact between the parts in the barrel
(Wood, 1990). More than 70% of all electroplating facilities use
barrel plating (Liu and Pecht, 2004). For small articles, which ask for
a more deﬁned surface quality, racks are used for transportation
instead of barrels. The workpieces are manually hung up in a rack
and can be used in the same automated process line (Gianelos,
1990). The racks or barrels can be generalized to carriers and are
transported with a rail mounted hoist system through the plating
line. This allows a fully automated transport without occupational
safety and health risks for employees through the plating process.
An industrial plating process chain consists of the three stages
pre-treatment, plating and post-treatment (Wood, 1990). Fig. 2
depicts a typical industrial barrel electroplating line. The pre-

Fig. 1. Requirements and objectives for planning and operating an industrial plating line.
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dynamics (Borshchev and Filippov, 2004). Discrete event simulations are typically used to model production process chains with
single production steps as in machining. Dynamic systems use
continuous variables and are typically used for the process industry. Agent based simulations are characterized by agents which
interact with each other such as for the simulation of pedestrian
ﬂows. System dynamics approaches are used on a high abstraction
level, for example to model effect of policies on a whole industry
(Dong et al., 2012).
In multiscale simulation the different temporal and spatial
€ nemann et al., 2019). The
scales of a systems are considered (Scho
simulation of plating process chains can beneﬁt from such an
approach, as the different levels of the production systems lead to
inﬂuences on subsystems.
In Table 1 the current state of research is summarized and
research contributions are evaluated with 16 criteria from ﬁve
different areas. First, the methodological scope is evaluated
regarding the introduction of a concept, the use of a dynamic
simulation approach as well as the integration of a CPPS-based
approach. Second, the evaluation criteria are rated in terms of an
environmental, economic and social evaluation. Thirdly, the
research contributions are assessed regarding the integration of
energy and resource ﬂows. Further, the research contributions are
evaluated considering different production system scales. Various
products, process, machine, process chain and technical building
system focus are the selected production system scales. Finally, the
research works are evaluated regarding the current stage of
implementation. Ranging from a lab-scale implementation over the
use of data acquired from industry or the ﬁnal implementation in
commercial software systems.
Today, most available dynamic simulation tools for
manufacturing systems focus on discrete manufacturing systems
and the simulation of the energy demand. An integration of these
simulation approaches into CPPS approaches is rare. Table 1 gives
an overview of current research contributions. As one of the ﬁrst
researchers, Heilala developed the SIMTER discrete event simulation tool for production systems allowing an integration environmental impact assessment (Heilala et al., 2008). Bleicher et al. focus
on the energy demand simulation for machining processes and
included the technical building system in their approach (Bleicher
et al., 2014). The approach of Eisele is similar but rather focuses
on the energy demand of machine tools (Eisele, 2014). The older

treatment starts with a cleaning and degreasing process. This step
ensures that all contaminations on the workpiece surface are
removed. To remove oxides from the workpiece surface, workpieces need to be etched with acids or bases. Afterwards, the
workpieces are neutralised/pickled to prevent a carryover of
aggressive etching chemicals into the electrolyte. In the electrolyte
a metal layer is deposited (electro)-chemically on the workpiece
surface. The post-treatment processes can consist of passivation or
the application of ﬂuid ﬁlms as corrosion protection or lubrication.
After most process baths, a cascade rinsing is applied to prevent
the carryover of chemicals into other process baths. However,
chemicals in the rinsing cascade are typically lost and not recirculated (Wood, 1990).
Industrial plating process chains are integrated into a factory
environment with a technical building system which provides
various media and electrical, cooling and heating energy. Compared
to other factories, the wastewater treatment is a core element of the
technical building system for the plating line as most waste ﬂuids
are contaminated with hazardous chemicals.
The overall plating line is controlled by a manufacturing
execution system (MES). The MES controls various local control
systems and ensures the operation of the whole plating line (Kletti,
2007). A major challenge for the MES is the optimization of the
plating line and schedule the hoist’s operations (Manier, 2003).
Most MES systems are linked to the enterprise resource planning
system (ERP) to allow an upstream data exchange within the whole
company (Modrak and Mandulak, 2009).
2.2. Simulation in production engineering
In production engineering, simulation describes the representation of a system with its dynamic processes and the development
over time in an experimentable environment to reach ﬁndings
which can be transferred back to reality (Verein Deutscher
Ingenieure, 2014). Simulation models can be separated into static
and dynamic models. Due to dynamic interactions between various
parts of a plating line, dynamic simulation dominates. Further
models can be divided into deterministic and stochastic models
which contain random distributed events as times to failure (Rose
€rz, 2011).
and Ma
In general, four different paradigms in simulation modelling
exist: discrete event, dynamic systems, agent based and system

Fig. 2. Industrial plating line as part of the factory system.
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approach from Hesselbach et al. has similar capabilities as Bleicher
et al. (Hesselbach et al., 2008). The simulation approach by Junge is
one of the ﬁrst approaches considering energy and resource ﬂows
in manufacturing but focuses on the interface to technical building
€bbeler’s approach
system and building simulation (Junge, 2007). Do
uses a comprehensive key performance indicator-based system
considering energy and resource demand for manufacturing processes. However, his approach remains static and is not included in
€bbeler, 2015). As part of the THERM project, Wright et al.
a CPPS (Do
developed a framework with a focus on the building shell and the
technical building system (Wright et al., 2013). Despeisse et al. also
worked within the THERM project but was more focusing on production systems aspects and their interaction with the factory
system (Despeisse et al., 2013). Kurle partially included electroplating baths into his dynamic simulation approach but mainly
focuses on the heat ﬂows in the production system (Kurle, 2018).
€ nemann developed an approach which links simulation tools
Scho
€ nemann,
live and focuses on battery production systems (Scho
2017). The approach of Thiede is more generic and allows many
different types of production systems but also focuses on the energy demand (Thiede, 2012). Schulze et al. integrated a simulation
approach into a CPPS approach, but clearly focus on cooling towers
as part of the technical building system (Schulze et al., 2018). Xu
et al. model the resource ﬂows in electroplating and rinsing systems in detail but neglect the energy demand and other systems of
the plating line but consider only one speciﬁc product (Xu et al.,
2005). Dong et al. developed a system dynamics approach to
assess the impact of regulations on cleaner production in the whole
electroplating industry (Dong et al., 2012). However, their approach
does not model the details of single electroplating lines.
The literature review shows that most authors concentrate on
discrete machining systems and modelling the energy demand as
part of discrete systems. No available approach supports modelling
the energy and resource demand in a plating process chain. Especially a combined consideration of energy and resource demand is
not available. Also an integration into the manufacturing systems IT
is rare and not available for plating processes in the context of
planning and operating the process chain. Especially for a direct
implementation of cleaner production mechanisms the integration
in an industrial environment is critical. Therefore, the two main
objectives for the new approach are:

B
B

⁃ Development of a generic simulation model for plating process
chains to model energy and resource demand as a basis for an
environmental and economic analysis
⁃ Integration of simulation into manufacturing system’s IT to
enable a CPPS approach towards enabling energy and resource
efﬁcient planning and operation of plating process chain
3. Methodologies for planning and operating energy- and
resource efﬁcient plating process chain e a cyber physical
production systems approach
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The developed CPPS approach for plating process chains is
shown in Fig. 3 and contains the four typical elements physical
system, data acquisition, cyber system and decision support
(Thiede, 2018). The physical system consists of the physical plating
process chain with all equipment, chemicals, workpieces and
workers. This system acquires data automatically and manually
from different sources information about the product, the processes, the production schedule as well as energy and resource
ﬂows. Especially for the manual data acquisition a methodological
approach is required to keep the efforts as low as possible. These
information are the basis for the simulation model in the cyber
world.
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Table 1
Evaluation of recent research contributions.

Concept Dynamic
CPPS
Environmental Economic Social Energy Resources Var.
Process Machine Process Technical
simulation framework
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system
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Fig. 3. Cyber-physical production system framework for plating process chains.

Further, a high degree of automation including the use of MES and
ERP systems, which is state of the art in bulk electroplating (Kanani,
2000), is required to use the CPPS approach effectively.

Here, the cyber system also can be considered as digital twin. A
digital twin enables testing new conﬁgurations and production
strategies in a virtual environment (Leng et al., 2019). Leng et al.
also showed that these can be used for a rapid adoption of the
production system towards a more efﬁcient production system
(Leng et al., 2020). The model in the cyber world depicts energy and
resource ﬂows in the plating line. The energy and resource ﬂows
can be allocated to plating line components or to the products
which are processed within the plating line. By this, the energy and
resource efﬁciency can by analysed posteriori. As part of scenario
and sensitivity analyses, it is possible to predict the system
behaviour a priori without changing the physical system. Based on
calculations and scenarios from the cyber world, decision support is
provided for different use cases. Another option is to use the
modelled data for a direct control of the chemicals’ usage. Due to
the resource ﬂow models the chemicals can be monitored, dosed
and also an adaptive chemicals logistic becomes possible.

3.2. Data acquisition
Information about the process chain with its single processes,
the production schedule, the products as well as the energy and
resource demand is required to parameterize the simulation model.
This approach combines data from the manufacturing IT system as
well as manually acquired data. This combination of data acquisition strategies allows to work without the installation of further
sensors. This approach reduces the efforts for the data acquisition
signiﬁcantly and no costly production stops are required.
Information which change dynamically and highly depend on
the speciﬁc scenario are imported through interfaces to the
manufacturing systems IT. Further, automatic energy and resource
ﬂow measurements can be used to depict the energy and resource
demand of single elements. Some energy and resource ﬂows are
relevant for the process and are already captured by the MES as
process parameter (e.g. current in the plating process).
Manually data can be acquired from various sources such as the
product’s data sheets or process information sheets. Especially
electricity data need to be acquired manually in many industrial
plating lines as automatic electricity measurements are often not
available, especially in older plating lines. The manual measurement of all relevant electricity consumers in a plating line is complex and requires a methodology to select reasonable measurement
points. The basis for manual electricity measurements is the wiring

3.1. Physical system: plating process chain
The plating process chain with all core and peripheral systems is
considered as physical system in this approach. The technical
building system which serves the whole factory, such as compressed air generators or the factory heating, ventilation and air
cooling system, are not in the scope of this approach. The tanks are
aligned in one or multiple rows while peripheral systems as rectiﬁers or central exhaust air ventilators can be located remotely
within the factory (Chessin and Fernald, 1990). This approach focuses on barrel and rack plating chains as introduced in chapter 2.1.
5
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3.3. Cyber system: multiscale simulation

diagram with information on all available electrical devices. To rate
the energy demand of single electricity consumers and select the
measurement/parameterization strategy the energy portfolio from
Thiede (2012) has been selected. It allows the classiﬁcation of the
electricity demand of the equipment of a plating line depending on
the power demand and the operational time. Equipment with a
high power demand and high operational times needs be modelled
more detailed compared to equipment with low power demand
and operational time to achieve robust simulation results. In Fig. 4
typical elements of a plating line are assigned according to their
power demand and operational time over a year within a so-called
energy portfolio (Thiede, 2012).
Equipment which is used for less than 2% of the operational time
and has a power demand below 200 W were not considered for the
simulation (category IV). Typical examples are dosing pumps or
drives to empty carriers at the end of the whole plating process.
Both run only for few seconds per cycle and can be neglected
compared to the overall energy demand of a plating line.
Equipment with a high power demand and a high operational
time (category II), is critical for good and reliable simulation results.
Speciﬁc process parameter dependent models must be integrated
to secure a detailed modelling including the most important process parameters. In plating process chains rectiﬁers are an example
for such critical equipment. The electricity demand calculation
must consider the efﬁciency, voltage and current which directly
inﬂuence the electricity demand. In a CPPS the information can be
retrieved from the MES system.
State-based energy measurements were conducted for equipment with a low power demand but high operational time (category III) as well as for equipment with a high power demand but
low operational times (category I). These states are also used in the
simulation for modelling the power demand. The used states base
on the ones from Thiede who used the states off, setup, ramp up,
standby/idle, processing, post-production and failure (Thiede,
2012). This approach minimizes the measurement efforts and ensures a reasonable accuracy.
If possible, related equipment, for example various elements of
the control system or the single elements of a centrifuge, were
summarized to one element to reduce the measurement efforts.
Centrifuges rotate parts in a drum while blowing hot air into the
centrifuges chamber. All required engines for this process run
simultaneously and therefore they are considered as one element
in the plating line.

The cyber system consists of a multiscale simulation which allows modelling the plating process chain a priori, live as well as
posteriori. Various simulation scenarios can be calculated and the
effects of measures can be investigated in a safe virtual environment. The simulation framework is modular and due to the generic
character of the single elements easily adoptable to different
plating process chains.
The multiscale simulation environment addresses a variety of
planning and operation tasks. In the planning phase the modelling
environment can analyse plating line layouts and the effects on
energy and resource efﬁciency measures. For example, the layout
can be adjusted easily in the modelling environment or the effect of
different efﬁciency ratios of single systems on the whole plating
line efﬁciency can be investigated.
To model plating lines, an integrated approach with elements of
discrete event, dynamic system and agent based approaches is
required. Parts to be plated are stored in carriers (typically barrels
or racks) and are transported through the whole plating process
chain in batch mode. This process has a discrete character. The
ﬂuids within the plating line (e.g. electrolyte, cleaning media) ﬂow
continuously through the system and the plating process itself can
be considered as dynamic system (Kuntay et al., 2006). The tanks
which contain the ﬂuids combine discrete and continuous simulation approaches. To model the high complexity plating process
chain and the high dynamic interactions between different parts of
the plating lines, an agent based approach is required. In Fig. 5 the
elements of an industrial plating process chain are classiﬁed
depending on the level of abstraction and the required simulation
paradigms.
For the developed simulation framework combines these
simulation paradigms in one simulation: Agent based simulation is
the basis, discrete events describe the ﬂow of the workpieces/
products through the process chain and system dynamics describes
the ﬂows of the electrolyte as well as process and rinsing ﬂuids. The
agent based approach allows building a modular simulation
framework in which each agent represents a part of the plating line.
The simulation framework consists of six agent types and a
central core model in which the whole plating line is controlled and
calculated. Fig. 6 summarizes the properties of the agents including
the states and variables per agent. The agents are arranged in four
levels: product, logistic, process chain and periphery. The agent
product delivers its properties to the carriers which are transported
by rail mounted hoists to tanks with ﬂuids. Depending on the

Fig. 5. Degree of abstraction and simulation paradigm for the simulation of plating
process chains.

Fig. 4. Energy portfolio for equipment of industrial plating lines.
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Fig. 6. Agents for multiscale simulation framework.

commands from the core model. The power demand is also sent
from the tank as well as the periphery agents to the core model.

operational state, the tank agents communicate with the periphery,
ﬂuid and rail mounted hoists agents. In the following sections all
agents are explained in detail and the communication between the
agents is presented (Fig. 7).

3.3.2. Product
The agent product represents the workpieces/substrates to be
plated. The product properties such as material, weight, surface or
volume per part are stored within this agent. These product
properties are the basis for the process parameters.

3.3.1. Communication within simulation
Fig. 7 shows the general setup of the simulation framework and
the information ﬂows between the single agents and the core
model. The illustrated information ﬂows are examples and highly
depend on the exact plating line layout. All agents run parallel and
interact through information ﬂows. Information ﬂows can be unidirectional as well as bidirectional. The central core model controls
the whole simulation and collects state information (SI) from most
agent. For state information of physical plating line components the
publish/subscribe model (Eugster et al., 2003) is used, where the
core models acts as event service. The product properties (PP) are
sent to the carrier which forwards this information to the ﬂuids.
Examples for product properties are the product surface, the
carryover behaviour as well as the number of products per carrier.
Process parameters (PrPm) are assigned to carriers as they highly
depend on the load of the carriers. The rail mounted hoists mainly
exchanges state information for control purposes as well as reports
the current power demand (PD) to the core model. The ﬂuid reports
the metal demand (MD) and chemicals demand (CD) directly to the
core model. The periphery agent can be assigned to tanks and
control their states by commands from the tanks as well as from

3.3.3. Carrier
Carrier contains the products and serves as transport container
while moving between the single tanks and contains an inner
conductor to supply the electricity to the products. The number of
available carriers is limited in a plating line, and storage space for
empty carriers must be available. Typical carriers in plating lines
are barrels or racks, but also other types of carriers with a single
product type can be used.
The carrier contains information about the order of process
steps and the duration of each step. As the process parameters
depend on the number of products per carrier, this information is
stored here, too and is handed over to the matching tanks after
arrival.
3.3.4. Rail mounted hoist and hoist scheduling problem
Automated plating lines are equipped with a rail mounted hoist
system which transports the carriers between the single process
7
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Fig. 7. Communication between simulation agents and core model.

Typically, these hoist scheduling problem solvers are part of industrial MES systems and can export the schedule as text-based
ﬁles.
For cases without access to a hoist scheduling problem solver
and to operate the simulation independently, an algorithm which
schedules the hoist by calls of the carriers has been integrated. Calls
from hoist are scheduled by the ﬁrst-in-ﬁrst-out principle. Basically, a matching hoist for a job is searched and in case of multiple
hoists in the working area, the algorithm prevents collisions by
shifting rail mounted hoists.

steps. The states for the state-based energy model depend on the
movements of the rail mounted hoist: catching the carriers in the
tank, move them vertically, waits for a deﬁned timespan to drip
down, move horizontally and ﬁnally vertically to the next tank
before the carrier is released.
Plating process chains are scheduled globally and in an integrated way with a central scheduling algorithm as all required can
be acquired from the plating line (Leng and Jiang, 2019). To
manoeuvre the carriers (hoists) computer-controlled through the
production system, an algorithm to solve the hoist scheduling
problem is required. Hoist scheduling problems are part of operation research (Manier, 2003) and can be classiﬁed by the number of
hoists, product types, functionality of the tanks and ﬂexibility of
processing times (Bloch et al., 1997).
Industrial plating lines are typically equipped with a high
number of tanks, carriers and multiple hoists with overlapping
working areas, so that the algorithms to solve this problem are very
complex and should not be part of the simulation. Instead, an
interface to a commercial hoist scheduling solver has been created,
which allows the direct import of the scheduling plan for all hoists.

3.3.5. Tanks
Tanks can be ﬁlled with a ﬂuid or remain empty as storage for
carriers. In this case, the tank agent serves as a placeholder, as
typically storage slots require nether energy nor resources. In case a
physical tank contains multiple slots for carriers, each slot is
modelled as tank and a single ﬂuid is used for multiple tanks.
This agent allows modelling the energy and resource consumption behaviour of the tank, the rectiﬁers and its local periphery units, e.g. the drive system for rotating or moving the
8

A. Leiden, C. Herrmann and S. Thiede

Journal of Cleaner Production xxx (xxxx) xxx

Modelling the drag-out and the chemicals demand enables
planning the capacity of the wastewater treatment system as well
as reordering chemicals on time. However, this approach neglects
the metal demand. Therefore the approach from Leiden et al. is
extended by a black box resource ﬂow approach to model the metal
demand. Considering plating ﬂuids as black box model, metals are
removed from the plating ﬂuid through drag-out and plating on the
substrates. The metal demand M can be calculated as mass balance
from the speciﬁc weight of the metal g and the product of volume
of the drag-out VD and the metal content in the electrolyte Ci as
well as the total parts surface A and the average thickness of the
coating h:

carrier and local pumps within the tank. A state-based energy
model has been integrated to model the energy demand. The tank
agents can be linked to periphery agents to model periphery which
are in use for multiple tanks. Examples are state-controlled exhaust
air systems or pumps for ﬂuids which circulate through multiple
tanks.
As the rectiﬁers are the main electricity consumers, their energy
demand is modelled with a emipirical process parameterdependent model. The main process parameters that are
retrieved from the MES are the ampere hours, ampere and the
plating time. From voltage measurements only static data and no
average is available. However, between current I and voltage U a
linear correlation was observed. A regression model was developed
with the help of a linear regression learner algorithm:

U ¼ I*0:0188 þ 2:3501

M¼

ERectifier ¼

U*I*h

gi *ðVD * Ci þ A * hÞ

(3)

i¼1

(1)

The linear regression model delivers a R2 of 0.88. Therefore, this
relation is used to calculate the corresponding voltage and ﬁnally
the energy demand with the following equation:
t¼plating
ð time

n
X

3.3.7. Periphery
The periphery model is a generic periphery and allows periphery systems to be connected to multiple, single or no tanks. For the
periphery agent a state based electricity model has been integrated.
This agent can be used to model for example central exhaust systems or central pumps as well other central units such as the switch
cabinet including its cooling system.

(2)

t¼0

The energy conversion efﬁciency h was estimated empirically
with manual power measurements at the current entry of the
rectiﬁer and in the plating tank with the line integrated power
measurement.

3.4. Decision support and control
The results from the simulation can be used for decision support
as well as direct control variables. Decision support functions do
not directly inﬂuence the plating line and support planners or
operators in medium to long term decisions. The low computational burden of the CPPS allows a calculation on standard computers of plating line planners and operators. For the use as control
mechanism a direct integration into the manufacturing systems IT
is required as this directly changes the physical system without
human interaction. Examples for direct integration are the integrations into the MES or programmable logic controller which
ensure a low latency.
For decision support key performance indicators (KPIs) from
posteriori simulation runs can be used for reporting purposes as
ﬁnancial or environmental reporting. KPIs can be visualized within
and outside of the simulation to deliver a decision support for
planning and operating the plating lines. Visualizations make raw

3.3.6. Fluid
The agent ﬂuid represents the ﬂuid in the tanks, for example an
electrolyte, cleaning solvent or water for rinsing purposes. The ﬂuid
is modelled as continuous system and composed of multiple
components which represent the ingredients of the ﬂuid. Its single
concentrations are modelled separately. The methodological basis
for this can be found in Leiden et al., 2020. This approach allows
estimating the carryover volume and breaking down the estimated
resource ﬂows into single substance ﬂows. For this the products are
classiﬁed in three carry-over categories depending on their shape
(A, B and C). This model has been successfully validated with
monitoring the chloride content, a chemical which is only dragged
out and not degraded in the process. The high accuracy of this
model is illustrated in Fig. 8 and the coefﬁcient of variation was
1.7%.

Fig. 8. Validation of electrolyte model (Leiden et al., 2020).
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plating company running an electroplating service facility. The
considered plating line consists of an acid zinc-nickel electroplating
process including all required pre- and post-treatment processes
for small to medium sized parts mostly for the automotive industry.
Typical parts are screws, pipes and bars for engines and the drive
train. In the following, all CPPS elements are described and exemplary results are presented. The section Cyber system: multiscale
simulation contains the results of the simulation approach which
also could be considered as part of the decision support module.

data accessible for humans and allow supporting their decisions
(Keim et al., 2008). Examples for KPIs are conventional production
engineering KPIs such as lead time or throughput as well as KPIs
from lean manufacturing such as overall equipment effectiveness.
Financial and environmental KPIs can be related to speciﬁc elements of the production system, e.g. cost and environmental
impact of the operation of a pump, and related to product or carrier.
Carrier or product speciﬁc results for the energy and resource demand can be used as life cycle inventory data for environmental life
cycle assessments (LCA) (ISO International Organization for
Standardization, 2006). More and more OEM ask their suppliers
for such data and the simulation can be used for predicting them a
priori. Running the simulation parallel to the production operation
would allow the realisation of a live/shop-ﬂoor LCA approach
(Cerdas et al., 2017). However, for a comprehensive life cycle
assessment, further impacts as from the used chemicals, transport
of metals to the electroplating plant or the wastewater treatment
need to be considered.
For the implementation, the environmental impact category
global warming potential (GWP) was selected as example environmental KPI due to it widespread use. For the ﬁnancial analysis
the cost in the currency Euro are used. The chosen impact category
indicators and prices can be seen in Table 2. The impact category
indicators are obtained from literature (Fritsche and Greb, 2019;
Icha and Kuhs, 2020; Nuss and Eckelman, 2014) and the prices are
assumed as 0.10 V/kWh for electricity. For the metals the average
world market prices from the last ﬁve years were selected. However, it can be assumed that the real savings are higher as for
example no disposal cost for drag-out or transport cost to the job
plating company are included.
Especially if energy or resource consumption measurements are
not possible, the model-based approach allows rating the production system and products quantitatively from a ﬁnancial as well as
an environmental perspective. As part of a scenario analysis
different improvement measures can be tested and veriﬁed before
costly experiments are conducted.
Control functions can be realized through the resource ﬂow
model. For example the resource ﬂow model of the electrolyte can
be used to monitor the metals and chemicals demand and dose
metals and chemicals according to the calculated demand. Especially a priori simulation runs can be used for this as they enable to
predict the future demand. This approach minimizes the chemicals
storage and order small quantities of chemicals can be ordered on
demand. Especially reducing the stock sizes close to the plating line
offers signiﬁcant beneﬁts as most plating lines are packed with
various equipment. For example moving the rectiﬁers to another
place directly would increase the energy demand for the plating
process due to the higher transmission losses. Further, for hazardous chemicals minimizing the stock capacities enables minimizing
risks from storing large quantities of chemicals especially in water
protection areas.

4.1. Physical system: zinc nickel electroplating process chain
The acid zinc nickel plating process chain uses barrels as carriers
and gives a maximum degree of freedom. Process order, parameters
and times can be varied freely for every single carrier. Fig. 9 shows a
simpliﬁed version of the plating line layout and an exemplary route
for the parts through the plating process chain. Multiple tanks with
different active ﬂuids are available for each process (in Fig. 9 represented as block). Including the storage slots, 65 tanks are in use in
this plating line. During the study the plating line was working 24/
7.
Many different routes are possible as the transport system enables transports from each slot to all other slots. Six vertical (with
partly parallel operation) and three horizontal rail mounted hoists
can reach all tanks. The ﬁrst and second line use non-conductive
polypropylene plating drums while for the post treatment processes metallic baskets are used as they can resist higher temperatures, e.g. during drying. The parts are loaded and unloaded from
and between the different types of carriers automatically.
4.2. Data acquisition
Table 3 gives an overview on the used methods for the data
acquisition and the acquired data for the agent types in this case
study. All required product data (the surface size to be plated or the
weight of the products) is automatically retrieved from the ERP
system. General process data is acquired manually (e.g. initial
composition and electrochemical behaviour of the electrolyte).
Speciﬁc process data as the process parameters for the plating

4. Results of exemplary application at zinc nickel
electroplating process chain
The CPPS framework was applied at a small to medium-sized job

Table 2
Impact category indicators for environmental and ﬁnancial assessment (Fritsche and
Greb, 2019; Icha and Kuhs, 2020; Nuss and Eckelman, 2014).

Electricity [kWh]
Zinc [kg]
Nickel [kg]

Global warming potential [kg CO2-eq.]

Financial [V]

0.4
3.1
6.5

0.1
2.2
12.0

Fig. 9. Simpliﬁed layout of plating line with example carrier ﬂow without using
storages.
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Table 3
Data acquisition for agent types in case study.
Product

Carrier

Rail mounted hoist

Tank

Fluid

⁃ Surface, weight and volume ⁃ Job ID
⁃ Product
per part
⁃ Products
per
⁃ Coating thickness
carrier
⁃ Carryover category
⁃ Start time
MES
⁃ Ah per carrier
⁃ Carrier scheduling
⁃ Ah and A for rectiﬁer
⁃ Processing time
Manual
⁃ State-based
electricity ⁃ State-based
electricity ⁃ Metals
concentration
demand
demand
⁃ Rectiﬁer efﬁciency ratio

Periphery

ERP

⁃ State-based
demand

electricity

ERP: Enterprise Resource Planning/MES: Manufacturing Execution System.

less. However, this small difference has no signiﬁcant effect on the
energy and resource ﬂows in the plating line.
The electricity simulation model determines the load proﬁle and
energy demand of the whole plating line with its single subsystems
a priori, live as well as posteriori. Fig. 10 shows a 3 hours load proﬁle
of the whole plating line with an energy breakdown of all systems
which requires more than 5% of the total electricity demand. In
particular for this case study, a direct measurement of this load
proﬁle in the plating would require numerous measurements devices as the power comes from different sources in the factory.
For this baseline scenario the electricity demand has been
summarized over the whole simulation time span and depicted in
Fig. 11 as ABC-analysis. 57% of the electricity demand is required for
the rectiﬁers which were modelled in detail, including considering
the process parameters. The electrolyte pump requires 12% of the
total electricity demand to pump the electrolyte through a ﬁltering
system and ensures the electrolyte circulation in the tank.
Nearly 80% of the plating line electricity demand in this baseline
scenario depends on a variable load. Relevant base load is caused by
the electrolyte pump, the two switch cabinet systems with their
cooling units and the pump from the hot degreasing process. The
central exhaust air system causes a ﬁxed load of 55% and a variable
load of 45% in this baseline scenario with a total demand of 11%. The
base load from the switch cabinets includes the cooling system and
the power electronics (except for rectiﬁers).
Improvement measures for the transport system will not change
the overall electricity demand signiﬁcantly as the electricity demand for this is less than 1%. This is surprising as the plating line
layout is not ideal, as it was built in a brownﬁeld factory environment and many cross-over transports are required.
Fig. 12 shows the drag-out from one tank depending on the
drag-out categorisation of a product. The long term simulation of
30 days show that the drag-out characteristic has a signiﬁcant
impact on the overall drag-out calculation. Therefore a correct
classiﬁcation is crucial for good simulation results.
The deposited zinc nickel alloy on the products is analysed after
the plating line by an inline measurement process which is connected to the ERP system and therefore to the simulation. For this
speciﬁc case study, the alloy composition on the surfaces as well as
the thickness on the surfaces thickness is analysed and the results
are sent to the simulation. Typically, the nickel content should be in
the range between 12 and 15% as well as the surface between 10
and 15 mm. The nickel and zinc content in the electrolyte is analysed
daily and can be imported manually to the simulation. In combination with the categorisation approach, four different metal demand scenarios were calculated.
Fig. 13 provides an overview on the metal demand for the
different scenarios of the considered zinc nickel plating process.
The demand for nickel is signiﬁcantly lower as less nickel is
deposited to the surfaces. Comparing the scenarios with all parts in

process as well as the production schedule are retrieved automatically from the MES. The energy and resource demand data was
acquired manually with temporal measurements. Temporal electricity measurements were conducted with the power analyser
Chauvin Arnoux C.A 8335. An automatic energy data acquisition is
not possible in this line as the power comes from different sources
to the plating line. Numerous measurement devices are required
for a direct allocation of the electricity demand. For example, the
rectiﬁers system provides direct currents for multiple tank in
multiple plating lines, so that a measurement device is required for
each tank.
4.3. Cyber system: multiscale simulation
The introduced multiscale simulation is parameterized with the
data from the data acquisition phase and used for baseline calculation as well as for the calculation of different scenarios. In the
following sections, ﬁrst the current situation of the electricity and
metal ﬂows in the plating line is depicted in production system
oriented baseline simulation run. Afterwards, the electricity and
resource demand is allocated to single products and carriers as part
of product-oriented baseline simulation runs. The baseline simulation runs are the basis for a scenario analysis with three different
measures towards a higher energy and resource efﬁciency.
Most results come from a four weekday’s simulation for which a
self-developed algorithm was to solve the hoist scheduling problem instead of the proprietary one of the MES. This gives a higher
degree of freedom in the scenario generation, e.g. investigating
effects of blockings due to failure in the plating process chain. For
the drag-out model, additionally a 30 days simulation time span
was selected to show the long term effects. However, due to the
highly automated interfaces to MES and ERP, other time spans can
be investigated easily.
4.3.1. Baseline electricity and resource ﬂow simulation e
production system perspective
This baseline scenario is studied in detail to characterize the
load of the plating line, identify electricity demand hotspots as well
as to quantify the metal demand from the electroplating process.
The analysis of the current utilisation rate of the electroplating
slots shows a variation between 17% and 54% while the average
utilisation rate over all slots is 32%. At night, the utilisation rate
often decreases as less employees are available to load and unload
parts to the plating line. Further problems and maintenance works
decrease the utilisation rate, especially at the end of time span. As
the simulation models only consider the jobs for the acid zinc nickel
plating process and not for a second plating process within this
plating line, the lead time is in the baseline scenario 6.1%/12.6 min
lower compared to the algorithms of the MES. The carriers do not
wait for a long time for the rail mounted hoists as they are utilized
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Fig. 10. Automatic load proﬁle break-down during simulation.

Fig. 13. Metal demand in 92 h of electroplating and dependence on category.

Fig. 11. Electricity demand of most relevant subsystems for a four day period.

Fig. 12. Fluid drag-out per processing ﬂuid depending on drag-out category.

the single carriers depending on the speciﬁc process parameters of
a carrier. The direct as well as the indirect embodied energy per
product is displayed in Fig. 14. The indirect embodied energy
mainly results from the baseload of devices which cannot be
controlled load-oriented such as the electrolyte pumps or switch
cabinet. For a constant electrolyte quality it is required to keep the
circulation between the tanks running. As this electricity demand is

category A and with all parts in category C shows that the selection
of the correct classiﬁcation has a relevant impact on the metal
demand calculation.
4.3.2. Baseline electricity and resource ﬂow simulation e product
perspective
The simulation allows an allocation of the electricity demand to
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Fig. 14. Speciﬁc embodied energy per carrier.

enables to predict the metal demand and therefore to estimate the
correct time for anodes exchange. Here, the metal which is coated
to the products can be considered as value adding (hatched area in
Fig. 15) and the drag-out can be considered as a non-value adding
share (full area in Fig. 15). In average 65% of the metal is lost
through drag-out and not deposited on the products. Therefore,
reducing the drag-out will directly increase the share of valueadding resource ﬂows and eliminate waste in terms of the Toyota

production system (Ono,
1988).
Also the metal demand can be broken down on a carrier level.
Fig. 23 in the appendix summarizes the metal demand per carrier
sorted by product type. This boxplot uses a carrier with a speciﬁc
product type as a basis. A calculation on a product base will show
the same demand independent from the carrier load as the metal
demand calculation for the drag-out and coating are correlated
linearly. Especially if the carrier load varies, the metal demand per
carrier can vary by 100% (P05). The product types are the same as in
Fig. 22, but not for all product types all required data for calculation
were available. Therefore, four product types are missing.
Both boxplots show that the electricity and resource demand
highly depend on the speciﬁc product properties, carrier loads and
the corresponding process parameters. Therefore, the integration

required for all carriers, it was allocated evenly to all carriers. This
share can be considered as non-value adding (full area in Fig. 14),
while the variable load represents the value-adding energy demand (hatched area in Fig. 14).
The simulation also enables to break down the energy demand
further on a product level. Fig. 22 in the appendix shows the boxplot of the embodied energy from the electricity demand during
the plating process chain on a product level. The names of the
products were anonymized and represent variations of small
screws, bolts, sockets or clamps for the automotive industry. One
product was excluded from this view due to its size and signiﬁcantly higher electricity demand. The ﬂuctuations are the result of
different process parameters for different carriers and a different
allocation of the indirect embodied energy. Blue dots indicate single value and outliners as well as the grey intensive represents the
number of values within the box area.
Similar to the electricity demand, the simulation also enables an
allocation of the metal demand to single carriers. Fig. 15 illustrates
the results from the carrier speciﬁc metal demand broken down
into metal type and to where the metal went. Again, it can be
shown that the metal consumption highly depends on the speciﬁc
product and process parameters. Using the simulation a priori

Fig. 15. Zinc and nickel demand per carrier.
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as CPPS has signiﬁcant beneﬁts compared to a model-based
approach as all these parameters can be imported through IT interfaces. A manual parameterization would cause enormous efforts,
especially for longer time spans.
4.3.3. Scenario electricity and resource ﬂow simulation
The simulation enables to investigate the effect of energy and
resource efﬁciency improvement measures and to identify the most
effective measures. Therefore, a scenario analysis with different
energy and resource efﬁciency improvement measures was conducted. The ﬁrst baseline scenario S1 depicts the as-is situation and
is used as reference. It has already been presented in the previous
chapter. The second scenario S2 uses an alternative rectiﬁer technology which changes the energy efﬁciency in a range from 50 to
100%. In the scenario S3 the energy efﬁciency of the electrolyte and
the hot degreasing pumps were varied þ - 30%. In the scenario S4
varies the carryover as well as the coating thickness while the
carryover categories remain the same as in the as-is situation.
Scenarios for parameter variation study:
⁃
⁃
⁃
⁃

S1:
S2:
S3:
S4:

Fig. 17. Sensitivity analysis for two main pumps.

is in one of the tanks. However, this is not possible from a technical
perspective as the large volumes need to be circulated and to
ensure an even distribution of the ﬂuid components in all tanks.

Baseline Scenario
Change rectiﬁer system efﬁciency from 50 to 100%
Change efﬁciency of motors, þ-30%
Carryover and coating thickness variations, þ-30%

Scenario S4: changing carryover with same categories. In this scenario, the carryover as well as the coating thickness is varied þ -30%
in 10% steps. This simulates the change through measures which
reduce the carryover such as longer dripping times as well as
changing the speciﬁcations for the coating. The results are illustrated in Fig. 18. Generally, measures which reduce the carryover
have higher impacts than changing the coating thickness. Especially the signiﬁcantly more expensive nickel is mainly dragged out.
Changing the coating thickness has a comparably negligible impact.
The major reason is the low nickel content in the zinc nickel alloy.

Scenario S2: efﬁciency of rectiﬁers. The rectiﬁers are responsible for
a major share of the electricity consumption of the plating line.
Therefore, the rectiﬁer system efﬁciency was varied in the range
between 50% and 100% to investigate the effect on the overall
electricity demand of the plating line. It has to be noted that realistic efﬁciency ratio values are between 60 and 90%. The results can
be obtained from Fig. 16. A change of 5% in the efﬁciency ratio of the
rectiﬁer system leads to a 4% change in the overall electricity demand of the plating line. Therefore, all measures which increase the
efﬁciency ratio of the rectiﬁer system should be prioritized. Examples for measures are the correct dimensioning of the rectiﬁers
capacity, setup close to plating process and using an efﬁcient
rectiﬁer technology (Bavarian state ministry for environmental
protection, 2003; Fresner et al., 2006).

4.4. Decision support
The presented simulation results are used to support decisions
in planning and operating the electroplating line through extending the resource and energy ﬂows with environmental and ﬁnancial impact factors. Again, ﬁrst the results from the production
system perspective and then the results from the product speciﬁc
perspective are presented.
The tornado diagrams in Fig. 19 summarize the effects of the
different energy and resource efﬁciency measures on GWP and cost.
From an environmental and an economic perspective increasing
the efﬁciency of the rectiﬁers will have the greatest effect. From an
environmental perspective a 10% increase in the rectiﬁer’s efﬁciency system will have greater effect than any other measures,
while decreasing the nickel drag-out also has a signiﬁcant ﬁnancial
effects.
Measures which reduce the drag-out from the electrolyte
decrease the environmental and economic impact through the

Scenario S3: efﬁciency of pumps. The energy efﬁciency of the electrolyte and of the hot degreasing ﬂuid pump were varied (see
Fig. 17). These two pumps were identiﬁed as electricity demand
hotspots. Replacing the electrolyte pump by a more efﬁcient one
could be an effective measure. Another promising approach seems
to be to turn off the circulation pump of the ﬂuids in case no carrier

Fig. 16. Sensitivity analysis for efﬁciency of rectiﬁer system.

Fig. 18. Variations in carryover and coating thickness.
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resource demand is more challenging. In the case study the focus
was set on the electrolyte and its metal demand. A detailed
modelling of all ﬂuids, for example for the degreasing ﬂuid, would
require speciﬁc information of the ﬂuids and their behaviour.
However, the process suppliers often do not provide all necessary
information for model building. In addition, also the environmental
assessment of these chemicals is difﬁcult as the exact composition
is typically a company secret of the process supplier.
The connection of the simulation to the MES and ERP enables to
work with speciﬁc industrial data in this case study. However, for
further application it is required that the MES and ERP providers are
willing to deliver through a speciﬁc interface and the simulation
needs to be adopted to the new environment. For a stronger push
towards cleaner production and a higher industrial spread, it would
be favourable to implement the simulation into industrial
manufacturing IT systems. Thus the simulation effort can be kept as
low as possible.
The implementation of cleaner production practices into the
plating industry can be supported through the newly developed
approach by providing a unique virtual testbed environment with
an integrated environmental and economic assessment. This enables decision makers to identify environmental hotspots and to
test cleaner production strategies in a safe virtual testbed environment. Further, the case study showed the high importance of a
high process transparency for decision makers in planning and
operating plating process chain. Conventional KPI systems from
MES and ERP do not allow a clear allocation of the resource ﬂows
and make it difﬁcult to identify clearly the environmental economic
hotspots. Therefore, the results from the case study enabled the
company to identify and prioritise the most impactful cleaner
production measures.

Fig. 19. Comparing the effects of different measures.

nickel drag-out. A measure could be to increase the drip off time
over the tanks. Simulation runs showed that this will have no signiﬁcant effects on the electricity demand of the plating line and in
the considered time span the utilisation of the plating line was low
enough to allow this without increasing the lead time signiﬁcantly.
Measures towards reducing the surface thickness have a comparably low effect on environmental and economic indicators. Especially if reducing the coating thickness would lead to a higher reject
rate or shorter product life times, this should be avoided.
Again, by the simulation a breakdown to the single products or
carriers can be achieved. Fig. 20 summarizes the GWP and the cost
on a carrier basis as average values. The use of impact categories
and cost allow a combined consideration of energy and resource
ﬂows in one ﬁgure. The full areas depict non-value adding environmental and the hatched areas depict value-adding environmental impact. It is striking that the cost from the drag-out are
comparably high, especially considering that SME electroplating
companies will pay higher prices than the average world market
prices. This product-speciﬁc information can be returned to the ERP
to enhance the accuracy of the ﬁnancial and environmental
reporting as well as support the pricing process.

6. Conclusion and outlook
The developed concept for a CPPS for plating process chains
supports the planning and operation of plating process chains
through providing a virtual testbed platform which enables a novel
high process transparency. The implementation into a CPPS ensures
a high applicability as the system works with data from industrial
plating lines. In contrast to previous work, this concept considers
the speciﬁc characteristics of industrial plating process chains with
discrete and continuous elements as well as the use of data from
industrial IT systems. Combining manual and automatic data
acquisition allowed minimizing the efforts for the data acquisition
phase.
The agent-based simulation is the core of the cyber system and
can be used as virtual testbed. The simulation results can be used

5. Discussion and implications
While the electricity demand can be modelled for all parts of the
plating line with a reasonable accuracy at low efforts, modelling the

Fig. 20. Environmental and economic analysis per carrier (average values).
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directly for controlling the plating line but also for decision support.
The integrated visualisation ensures the accessibility of the results,
e.g. for the load proﬁle.
A case study at a job plater showed the applicability of the
proposed CPPS concept. From a production systems perspective,
environmental and ﬁnancial beneﬁts through cleaner productions
practices could reach up to 10%. The product-oriented perspective
showed that the electricity and metal demand highly depend on
speciﬁc carriers and products. The speciﬁc electricity and metal
demand for the same product can vary more than 100% depending
on the load of the barrels and the process parameters for different
barrel loads.
Next steps could be the full implementation of the proposed
CPPS into the industrial IT of the manufacturing systems. Single or
multiple algorithms from the simulation can be taken for a full
implementation in the MES and/or ERP. Also a transfer to other
plating processes such as electroless plating, hot-dip galvanization
or electrophoretic deposition could be the scope of future research.
Another scope for future research is the extension of the approach
towards an integration of occupational health aspects. The environmental and economic assessment would be enhanced by a social assessment. Fig. 21 shows the integration of a workers density
heatmap on the shopﬂoor layout which is combined with aerosol
simulation to rate the occupational health situation of the workers
in the plating line. Further, a 3D visualisation can indicate the
current emission load on the workers.
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Fig. 21. Workers density heatmap as basis for an occupational safety and health rating (Leiden et al., 2019).
16

A. Leiden, C. Herrmann and S. Thiede

Journal of Cleaner Production xxx (xxxx) xxx

Appendix A. Supplementary data

manufacturing processes. In: 13th CIRP International Conference on Life Cycle
Engineering.
Heilala, J., Vatanen, S., Tonteri, H., Montonen, J., Lind, S., Johansson, B., Stahre, J.,
2008. Simulation-based sustainable manufacturing system design. In:
Mason, S.J. (Ed.), Winter Simulation Conference, 2008. WSC 2008 ; 7 - 10 Dec.
2008, Miami, FL, USA ; Incorporate … the MASM (Modeling and Analysis for
Semiconductor
Manufacturing)
Conference.
IEEE,
Piscataway,
NJ,
pp. 1922e1930.
Herrmann, C., Schmidt, C., Kurle, D., Blume, S., Thiede, S., 2014. Sustainability in
manufacturing and factories of the future. Int. J. of Precis. Eng. and Manuf.Green Tech. 1, 283e292.
Hesselbach, J., Herrmann, C., Detzer, R., Martin, L., Thiede, S., Lüdemann, B., 2008.
Energy Efﬁciency through optimized coordination of production and technical
building services. In: Kaebernick, H. (Ed.), Applying Life Cylce Knowledge to
Engineering Solutions. LCE 2008, 15th CIRP International Conference on Life
Cycle Engineering ; 17 - 19 March 2008. the University of New South Wales,
Sydney, Australia, pp. 624e628 [conference proceedings. UNSW, Sydney.
Icha, P., Kuhs, G., 2020. Development of the speciﬁc carbon dioxide emissions of the
German electricity mix from 1990 to 2019 [Entwicklung der speziﬁschen
Kohlendioxid-Emissionen des deutschen Strommix in den Jahren 1990 - 2019].
https://www.umweltbundesamt.de/sites/default/ﬁles/medien/1410/
publikationen/2020-04-01_climate-change_13-2020_strommix_2020_ﬁn.pdf.
(Accessed 8 May 2020).
Iso International Organization for Standardization, 2006. Environmental Management - Life Cycle Assessment - Principles and Framework. Beuth Verlag GmbH,
Berlin.
Junge, M., 2007. Simulation supported development and optimisation of a energy
efﬁcient production control [Simulationsgestützte Entwicklung und Optimierung einer energieefﬁzienten Produktionssteuerung]. Kassel Univ. Press, Kassel.
Kanani, N., 2000. Electroplating [Galvanotechnik]. Hanser, München.
€ rg, C., Kohlhammer, J., Melançon, G., 2008.
Keim, D., Andrienko, G., Fekete, J.-D., Go
Visual analytics: deﬁnition, process, and challenges. In: Hutchison, D., Fekete, J.D., Kanade, T., Kerren, A., Kittler, J., Kleinberg, J.M., Mattern, F., Mitchell, J.C.,
Naor, M., Nierstrasz, O., North, C. (Eds.), Information Visualization. HumanCentered Issues and Perspectives. Springer, Berlin, Heidelberg, pp. 154e175.
Kletti, J., 2007. MES: the new class of IT applications. In: Kletti, J. (Ed.),
Manufacturing Execution Systems - MES. Springer-Verlag Berlin Heidelberg,
Berlin, Heidelberg, pp. 81e98.
Kuntay, I., Xu, Q., Uygun, K., Huang, Y., 2006. Environmental conscious hoist
scheduling for electroplating facilities. Chem. Eng. Commun. 193, 273e292.
Kurle, D., 2018. Integrated Planning of Heat Flows in Production Systems. Springer,
Cham.
€lle, S., Thiede, S., Schmid, K., Metzner, M., Herrmann, C., 2020b. ModelLeiden, A., Ko
based analysis, control and dosing of electroplating electrolytes. Int. J. Adv.
Manuf. Technol. 111, 1751e1766. https://doi.org/10.1007/s00170-020-06190-0.
Leiden, A., Thiede, S., Herrmann, C., 2019. Agent-based simulation for multi-criterial
planning and control of automated electroplating lines. In: Putz, M., Schlegel, A.
(Eds.), ASIM 2019. Simulation in Produktion und Logistik. Wissenschaftliche
Scripten, Auerbach, pp. 111e120.
Leiden, A., Brand, J.-P., Cerdas, F., Thiede, S., Herrmann, C., 2020a. Transferring life
cycle engineering to surface engineering. Procedia CIRP 90, 557e562. ISSN
2212-8271.
Leng, J., Jiang, P., 2019. Dynamic scheduling in RFID-driven discrete manufacturing
system by using multi-layer network metrics as heuristic information. J. Intell.
Manuf. 30 (3), 979e994. J Intell Manuf 30, 979e994.
Leng, J., Zhang, H., Yan, D., Liu, Q., Chen, X., Zhang, D., 2019. Digital twin-driven
manufacturing cyber-physical system for parallel controlling of smart workshop. Journal of Ambient Intelligence and Humanized Computing 10 (3),
1155e1166. J Ambient Intell Human Comput 10, 1155e1166.
Leng, J., Liu, Q., Ye, S., Jing, J., Wang, Y., Zhang, C., Zhang, D., Chen, X., 2020. Digital
twin-driven rapid reconﬁguration of the automated manufacturing system via
an open architecture model. Robot. Comput. Integrated Manuf. 63, 101895.
Liu, L., Ma, X., 2010. Technology-based industrial environmental management. A
case study of electroplating in Shenzhen, China. J. Clean. Prod. 18, 1731e1739.
Liu, W., Pecht, M., 2004. IC Component Sockets. Wiley-Interscience, Hoboken, N.J.
Manier, M.-A., 2003. A classiﬁcation for hoist scheduling problems. Int. J. Flex.
Manuf. Syst. 15, 37e55.
Modrak, V., Mandulak, J., 2009. Mapping development of MES functionalities. In:
Filipe, J., Cetto, J.A., Ferrier, J.-L. (Eds.), Proceedings of the 6th International
Conference on Informatics in Control, Automation and Robotics. SciTePress Science and Technology Publications, pp. 244e247.
Nuss, P., Eckelman, M.J., 2014. Life cycle assessment of metals: a scientiﬁc synthesis.
PloS One 9, e101298.
Olberding, W., 2006. An introduction to electrodeposition and electroless plating
processes. In: Laarmann, A., Bach, F.-W., Wenz, T. (Eds.), Modern Surface
Technology. John Wiley, Weinheim, Chichester, pp. 101e118.
€rz, L., 2011. Simulation. In: Ma
€rz, L., Krug, W., Rose, O., Weigert, G. (Eds.),
Rose, O., Ma
Simulation and Optimisation in production and logistics [Simulation und
Optimierung in Produktion und Logistik]. Springer Berlin Heidelberg, Berlin,
Heidelberg.
Schmid, S.R., Jeswiet, J., 2018. Surface treatment and tribological considerations. In:
Sutherland, J.W., Dornfeld, D.A., Linke, B.S. (Eds.), Energy Efﬁcient
Manufacturing. John Wiley & Sons, Hoboken, pp. 169e195.
€nemann, M., 2017. Multiscale Simulation Approach for Battery Production
Scho
Systems. Springer, Cham.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jclepro.2020.125160.
References
Acactech National Academy of Science and Engineering, 2013. Recommendations
for implementing the strategic initiative INDUSTRIE 4.0. https://en.acatech.de/
wp-content/uploads/sites/6/2018/03/Final_report__Industrie_4.0_accessible.
pdf. (Accessed 30 March 2020).
Baral, A., Engelken, R.D., 2002. Chromium-based regulations and greening in metal
ﬁnishing industries in the USA. Environ. Sci. Pol. 5, 121e133.
Bavarian state ministry for environmental protection, 2003. Efﬁcient energy use in
the electroplating industry [Efﬁziente Energienutzung in der Galvanikindustrie]. Augsburg.
Bleicher, F., Duer, F., Leobner, I., Kovacic, I., Heinzl, B., Kastner, W., 2014. Co-simulation environment for optimizing energy efﬁciency in production systems.
CIRP Ann. - Manuf. Technol. 63, 441e444.
Bloch, C., Bachelu, A., Varnier, C., Baptiste, P., 1997. Hoist scheduling problem: stateof-the-art. IFAC Proceedings Volumes 30, 127e133.
Borshchev, A., Filippov, A., 2004. From system dynamics and discrete event to
practical agent based modeling: reasons, techniques, tools. In: Proceedings of
the 22nd International Conference of the System Dynamics Society.
Bundesamt für Wirtschaft und Ausfuhrkontrolle, 2019. Companies or parts of
companies that will beneﬁt from the special equalization regulation at the
listed delivery points in 2019 [Unternehmen bzw. Unternehmensteile, die im
Jahr 2018 an den aufgelisteten Abnahmestellen von der besonderen Ausgleichsregelung proﬁtieren]. www.bafa.de/SharedDocs/Downloads/DE/Energie/
bar_statistik.xlsx?__blob¼publicationFile&amp;v¼7. (Accessed 2 May 2019).
Bundesministerium für Bildung und Forschung, 2019. Industry 4.0. https://www.
bmbf.de/de/zukunftsprojekt-industrie-4-0-848.html. (Accessed 1 July 2019).
Cerdas, F., Thiede, S., Juraschek, M., Turetskyy, A., Herrmann, C., 2017. Shop-ﬂoor life
cycle assessment. Procedia CIRP 61, 393e398.
Chemical Inspection and Regulation Service, 2018. China MEP published list of
priority chemicals. http://www.cirs-reach.com/news-and-articles/China-MEPPublished-List-of-Priority-Chemicals.html. (Accessed 7 August 2020).
Chessin, H., Fernald, E.H., 1990. Hard chromium plating. In: Wood, W.G. (Ed.),
Surface Cleaning, Finishing and Coating. American Society for Metals, Metals
Park, Ohio, pp. 170e187.
Christensen, P., Georg, S., 1995. Regulatory effects in the electroplating industryda
case study in Denmark. J. Clean. Prod. 3, 221e224.
Despeisse, M., Oates, M.R., Ball, P.D., 2013. Sustainable manufacturing tactics and
cross-functional factory modelling. J. Clean. Prod. 42, 31e41.
€bbeler, B., 2015. [Development of a resource efﬁciency oriented decision support
Do
tool for selecting technology process chain in manufacturing [Entwicklung
eines ressourcenefﬁzienzorientierten Entscheidungsmodells zur Auswahl von
Technologieketten in der Fertigungstechnik].
Dong, X., Li, C., Li, J., Huang, W., Wang, J., Liao, R., 2012. Application of a system
dynamics approach for assessment of the impact of regulations on cleaner
production in the electroplating industry in China. J. Clean. Prod. 20, 72e81.
Duﬂou, J.R., Sutherland, J.W., Dornfeld, D., Herrmann, C., Jeswiet, J., Kara, S.,
Hauschild, M., Kellens, K., 2012. Towards energy and resource efﬁcient
manufacturing. A processes and systems approach. CIRP Ann. - Manuf. Technol.
61, 587e609.
Eisele, C., 2014. Simulation suppoerted optimisation of the electrical power demand
for cutting machine tools [Simulationsgestützte Optimierung des elektrischen
Energiebedarfs spanender Werkzeugmaschinen]. Shaker, Herzogenrath.
Eugster, P.T., Felber, P.A., Guerraoui, R., Kermarrec, A.-M., 2003. The many faces of
publish/subscribe. ACM Comput. Surv. 35, 114e131.
European Chemicals Agency, 2019. Substance Information: Chromium Trioxide.
(Accessed 2 May 2019).
European Comission, 2006. Reference document on best available techniques for
the surface treatment of metals and plastics. https://eippcb.jrc.ec.europa.eu/
reference/BREF/stm_bref_0806.pdf. (Accessed 30 March 2020).
Fresner, J., Schnitzer, H., Gwehenberger, G., Planasch, M., Brunner, C., Taferner, K.,
Mair, J., 2006. Practical experiences with the implementation of the concept of
zero emissions in the surface treatment industry in Austria. J. Clean. Prod. 15,
1228e1239.
Fritsche, U., Greß, H.-W., 2019. The non-renewable cumulative energy consumption
and GHG emissions of the German electricity mix in 2018 as well as outlooks
for 2020 to 2050 [Der nichterneuerbare kumulierte Energieverbrauch und THGEmissionen des deutschen Strommix im Jahr 2018 sowie Ausblicke auf 2020 bis
2050]. http://iinas.org/tl_ﬁles/iinas/downloads/GEMIS/2019_KEV_THG_Strom2018_2020-2050.pdf. (Accessed 8 May 2020).
Gianelos, L., 1990. Decorative chromium plating. In: Wood, W.G. (Ed.), Surface
Cleaning, Finishing and Coating. American Society for Metals, Metals Park, Ohio,
pp. 188e198.
Grace Pavithra, K., Jaikumar, V., Kumar, P.S., Sundar Rajan, P., 2019. A review on
cleaner strategies for chromium industrial wastewater: present research and
future perspective. J. Clean. Prod. 228, 580e593. Journal of Cleaner Production,
228, 580-593.
Gutowski, T., Dahmus, J., Thiriez, A., 2006. Electrical energy requirements for
17

A. Leiden, C. Herrmann and S. Thiede

Journal of Cleaner Production xxx (xxxx) xxx

€ nemann, M., Bockholt, H., Thiede, S., Kwade, A., Herrmann, C., 2019. Multiscale
Scho
simulation approach for production systems. Int. J. Adv. Manuf. Technol. 38,
1373e1390.
Schulze, C., Thiede, S., Thiede, B., Kurle, D., Blume, S., Herrmann, C., 2018. Cooling
tower management in manufacturing companies. A cyber-physical system
approach. J. Clean. Prod. 211, 428e441.
Thiede, S., 2012. Energy Efﬁciency in Manufacturing Systems. Springer, Berlin.
Thiede, S., 2018. Environmental sustainability of cyber physical production systems.
Procedia CIRP 69, 644e649.
Tillmann, W., Vogli, W., 2006. Selecting surface-treatment technologies. In:
Laarmann, A., Bach, F.-W., Wenz, T. (Eds.), Modern Surface Technology. John
Wiley, Weinheim, Chichester.
United Nations - Economic and Social Council, 2019. Special edition: progress towards the sustainable development goals. https://undocs.org/E/2019/68.

(Accessed 19 April 2020).
Verein Deutscher Ingenieure, 2014. Simulation of Systems in Materials Handling,
Logistic and Production. Beuth Verlag GmbH, Berlin, 3633 Part 1.
Vogel-Heuser, B., Bauernhansl, T., Hompel, M. ten (Eds.), 2017. Handbook Industry
4.0 [Handbuch Industrie 4.0], vol. 2. Auﬂage. Springer Vieweg, Berlin.
Wood, W.G. (Ed.), 1990. Surface Cleaning, Finishing and Coating, vol. 9. American
Society for Metals, Metals Park, Ohio, 4. print.
Wright, A.J., Oates, M.R., Greenough, R., 2013. Concepts for dynamic modelling of
energy-related ﬂows in manufacturing. Appl. Energy 112, 1342e1348.
Xu, Q., Telukdarie, A., Lou, H.H., Huang, Y., 2005. Integrated electroplating system
modeling and simulation for near zero discharge of chemicals and metals. Ind.
Eng. Chem. Res. 44, 2156e2164.

Ono,
T., 1988. Toyota Production System. Beyond Large-Scale Production. CRC Press,
Boca Raton.

18

