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Abstract
Controlling and dosing electrolytes is a key challenge in the operation of electroplating process chains. Electrolyte components
are continuously degraded and dragged out during the production process. This process is influenced by a variety of internal and
external factors such as process parameters, the electrolyte itself, anodes, the substrates and the production environment. The
exact analytical measurement of the electrolyte composition requires extensive analytical equipment and typically cannot be
completely realized within an industrial plating company. Therefore, this paper presents a model-based approach, integrated in a
cyber-physical production system, for controlling and dosing electrolytes. A mathematical resource flow model is the basis for a
dynamic agent-based simulation. This model uses available data from the manufacturing execution system and enterprise
resource planning system to model the current composition of the electrolyte. The approach is successfully validated for two
different electrolyte substances at an industrial acid zinc–nickel barrel plating process chain for automotive parts.
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1 Introduction

Electroplating is a coating process in which metal ions are
deposited electrolytically or electroless on a cathode frommost-
ly aqueous solutions that contain metal salts. The deposited
coatings enhance the surface properties of a part in order to
fulfil a certain functionality, which is not given by the substrate
material of the part itself [1]. The coatings from electroplating
can lead to a higher corrosion and wear resistance, a defined
tribological, optical or decorative behaviour or to a matching

interface behaviour [2]. Examples for decorative coatings are
glossy chrome-plated bathroom fittings or automotive interior
and exterior parts made of plastic. However, functional changes
to the surface like corrosion and wear resistance are often in the
foreground [3]. Coatings from electroplating can increase the
energy and resource efficiency of the product system by in-
creasing the life time of the product as well as by the substitu-
tion of other more resource intensive materials [4].

Approximately 18,000 surface treatment installations are in
operation in theEU-15 [5]. There are basically two types of plating
companies. The first type is the so called job plating company that
plates products on behalf of other companies. More than 55% of
the installations are installed at job plating companies of which
most are small andmedium-sized enterprises (SME)with 10 to 80
employees [5]. The products usually have a broad spectrum in
terms of type, size and geometry, which is a great challenge for
job plating companies. The second type of company is so-called
company platers, which plate their own products as an organiza-
tional unit. This type can be found in all types and sizes of com-
panies. Especially the first type faces challenges in the electrolyte
monitoring and dosing due to the different coatings and drag-out
behaviour of the broad spectrum of products.

A particular advantage of electroplating processes is their
suitability for mass finishing. Especially in barrel processes,
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large quantities of small parts such as screws, nuts or bolts can
be coated at the same time [6]. These parts are often plated
with sacrificial corrosion protection like zinc or zinc–nickel
layers. The electroplating lines for mass finishing are typically
automated or at least partly automated. Figure 1 illustrates the
typical set-up of an automated electroplating process chain
including pre- and post-treatment processes as well as details
from the electroplating process. The transport between the
tanks is realized with a rail mounted hoist (RMH). It is state
of the art that physical process parameters such as current,
voltage, temperature, goods movement and barrel rotation
are controlled and recorded online via a central computer in
these plating lines [7].

Analytical measurements, especially for organic sub-
stances, are complex and typically only conducted once a
month. The content of organic substances of an electrolyte is
unclear in the meantime, and only if problems occur, addition-
al measurements are conducted. However, this is too late as
the problems already arose and cause high cost for reworking
and repair. Therefore, a predictive maintenance approach,
which monitors the electrolyte substances content at low ef-
forts and cost, is required.

With new developments and declining costs in the field
of sensor technology, chemical parameters such as pH or
conductivity will increasingly be recorded online and also
used for automated process control [7]. Although online
analysing devices are well established in the production
of printed circuit boards, the limits of online measurement
are currently still the analytics of organic electrolyte addi-
tives. The composition of these substances is mostly only
known to the process supplier, and the use of the online
analysing devices is not affordable [8]. This is especially
challenging for SME with limited resources.

One aspect of the current trend toward the digitalization
and industry 4.0 is to handle high complexities in manufactur-
ing systems with cyber-physical production systems (CPPS)
[9, 10]. CPPS can be used to handle complex flexible
manufacturing systems, as which electroplating lines of job
plating companies can be considered, by representing the
physical systems in a cyber-environment [11]. Therefore, this
paper describes a cyber-physical production system for im-
proving the electrolyte process monitoring and controlling in
an economical way, especially in SMEs.

2 Research background

2.1 Electrolyte control and dosing

The process control of electrolytes in production operation—
in particular the care and maintenance of the chemical
composition—is a permanent challenge for plating line oper-
ators. Usually, the process capability is provided by using
process analysis methods [12] and their results for the care
and maintenance of the electrolytes. Since the coating quality
is usually not directly measurable in the process, it is achieved
by adhering to procedural tolerance limits. It is assumed that
the coating meets the quality requirements if the tolerance
limits are observed [8]. In order to comply with the tolerance
limits, the analysis methods must be selected taking into ac-
count the instrumental costs, the personnel expenses, the qual-
ity, and availability [13].

Electrolytes for electrodeposition are complex solutions
that are composed of a large number of components. The
components are, one the one hand, inorganic substances such
as the coating metals, which are dissolved in the form of salts,
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Fig. 1 Scheme of an industrial
electroplating process chain
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conducting salts and acids or bases and on the other hand
organic substances such as complexing agents, wetting
agents, buffers and brighteners [1]. The concentrations and
the tolerance limits of these substances are specified by the
process supplier. The concentrations of the substances are
given as the quantity of substance per volume. For solids,
the concentration is given as mass per volume (e.g. g/l) and
for liquids as volume per volume (e.g. ml/l).

The electroplating process is affected by a number of fac-
tors (Fig. 2). Internal factors are the process parameters, the
electrolyte itself and the anodes, and external factors can be
divided into factors associated with the product and the pro-
duction environment [14].

All factors affect the control and dosing strategy, and they
directly influence the condition and the concentration of elec-
trolyte ingredients. During the deposition process the compo-
nents of the electrolyte are continuously consumed. The over-
all consumption of a substance usually consist of several par-
tial consumption quantities: electrochemical degradation
(chemical conversion), deposition of metal(s) and the incor-
poration of the substance into the coating, for example or-
ganics [8]. In addition, electrolyte is carried into the next pro-
cess step through residues that remain on the parts after the
deposition. This process is usually called drag out.

The correct concentration of the electrolyte substances is
crucial to ensure a resource- and energy-efficient
electroplating process [15]. In the worst case the metals cannot
be deposited properly and rework is required. In order to meet
the tolerances specified by the process supplier, it is necessary
to replenish the consumed substances. The consumption can
be calculated as the difference between a measured concentra-
tion determined by chemical analysis and the specific target
concentration of the substance. Many basic ingredients of

plating, pre- and post-treatment electrolytes, such as metals,
conductive salts, acids and bases, usually can be analysed by
titration in the company laboratory. Titration is an effective
method with a high availability and comparatively low costs.
Another option for determining the metal content in the elec-
trolyte is the X-ray fluorescence (XRF), which is also suitable
for automated online monitoring of electrolytes but more cost
intensive [7]. Organic ingredients such as complexing agents,
brighteners and wetting agents are usually not analysed by the
plating company itself, because of their unknown composi-
tion, which is typically company secret of the process suppli-
er. Therefore, the analysis is carried out by the process sup-
plier at larger, often monthly, intervals. The organic ingredi-
ents cannot be analysed quantitatively with simple methods.
Therefore, instrumental analysis must be used, for example
high-performance liquid chromatography (HPLC) and ion
chromatography (IC) [16]. Based on the feedback from the
process supplier, the plating company can make appropriate
additions or adjustments to the electrolyte.

Due to high costs, job plating companies usually are not
equipped with their own HPLC [8]. As already discussed,
online HPLC devices are available from a technical point of
view, but are only established in the circuit board industry as
the higher electrolyte and process cost justify the even higher
investment [7, 13, 16].

Usually, the organic additives are subsequently dosed,
based on specifications from the process supplier in between
two measurements. The control variable for the automated
replenishment is usually ampere-hours. On this basis, the or-
ganic additives are replenished into the electrolyte with dosing
pumps. Between the measurements from the process supplier
the current concentration of wetting agents, brighteners or
organic complexing agents in the electrolyte is unknown. In
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order to still guarantee the coating quality, qualitative methods
are used to analyse the condition of the electrolyte [13]. With
defined deposition samples, plated in the Hull cell [17], devi-
ations from an expected appearance of the layer can be deter-
mined [18]. On this basis, stepwise electrolyte additions can
be made in order to correct the electrolyte composition. The
disadvantage of the Hull-cell test for process control is the fact
that deviations in the electrolyte composition are only noticed
when they already have a visible effect on the layer quality.
This process control strategy usually does not allow a constant
quality and a predictive maintenance approach.

Table 1 summarizes the typical analysis methods used in
SME companies for the different electrolyte ingredients. The
properties in terms of efforts and cost are rated to compare and
check their suitability towards a constant process monitoring
in plating companies.

In addition, further secondary values such as pH or specific
gravity can be measured. These measurement methods do not
indicate the concentration of an ingredient, but properties
which are the result of concentrations of specific ingredients.
However, for example the pH value can be used as control size
because low-cost measurements methods are available.

Due to the different measurement methods and the frequency
of the measurements, complete data sets on the condition of the
electrolyte are only available irregularly. The longest time inter-
val between two measuring points can be found in analyses of
the organic additives that are carried out by the process supplier
for the plating company. The additives have a major influence
on essential coating properties such as the alloy composition or
the gloss of a layer. Due to the large time intervals between
measurements, the development of the ingredients concentration
between the analyses of the organic additives in the electrolyte
can only be assessed qualitatively. The continuous simulation of
the electrolyte ingredients as part of a simulation of the whole
electroplating line could be a solution to close this data gap.

2.2 Simulation of manufacturing systems

Simulation describes the representation of a system with its
dynamic processes and the development over time in an

experimentable environment which allows to reach find-
ings which can be transferred back to reality [19]. A major
categorization of simulation models is the separation into
static and dynamic models as well as the separation into
deterministic and stochastic models [20]. Due to the time-
and event-depended change of electrolyte ingredients, the
simulation of electrolytes as part of electroplating lines is a
dynamic simulation task with mostly deterministic
properties.

Four simulation paradigms are available and commonly
used: discrete event, dynamics systems, agent based and sys-
tem dynamics [21]. The electrolyte itself can be modelled as
dynamic system for which continuous variables are applied.
However, some influences on the electrolyte, e.g. the drag-in,
are discrete events from the whole plating system.

To improve industrial manufacturing processes, a better
understanding of the process-structure-property relation is
required [22, 23]. Computational simulation models allow
to gain insights of the process-structures-properties rela-
tions [24]. Transferred to the electrolyte, a clear relation
between the electroplating process parameters, the
achieved electrolyte/coating structures and properties al-
low developing measures to increase the process quality
and stability. The electroplating process parameters direct-
ly influence the electrolyte’s structure, in particular the
electrolyte composition. This electrolyte structure deter-
mines the electrochemical properties of the electrolyte
and finally of the plating process. An important basis for
the development of the electrolyte structure is a balance of
the material flows, which was already introduced in Figs. 1
and 2. Therefore, the determination and mathematical de-
scription of the relevant material flows are an essential
element of a successful simulation.

2.3 Current research contributions and demand

In the last decades, other surface treatment processes, such
as physical vapour deposition, became available for large-
scale industrial applications at lower cost [25, 26] and set
the electroplating industry under pressure to produce

Table 1 Compilation of analysis and control methods taking into account the substance to be analysed, the internal or external feasibility of the
measurement, effort and costs [7, 13, 16]

Electrolyte component Methods Internal/external Effort Cost

Metal salts Titration Quantitative Internal Medium Low

XRF Quantitative Internal Low High

Inorganic substances: e.g. acids,
conducting salts

Titration Quantitative Internal Medium Low

Organic substances: complexing
agent, wetting agent, brightener

HPLC Quantitative External High High

Ah-counter Experience based forecast Internal Low Low

Hull-cell Qualitative Internal Medium Low

XRF X-ray fluorescence, HPLC high-performance liquid chromatography
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higher quality surfaces at lower cost and environmental
impacts. The resulting requirements for increasing quality
and stability in electroplating processes ask for a higher
process transparency in the composition of electrolyte
components. Also, external stakeholders like environmen-
tal authorities ask for a clear monitoring of critical sub-
stances [27].

Monitoring of electrolyte components with analytical
methods is possible from a technical point of view, but
not economically feasible in the electroplating industry
due to high analytical and personnel efforts. Further, ana-
lytical measurements only consider the past development
and are not working predictive. Therefore, a model-based
approach shall allow a better understanding of the process-
structure-properties relation with computational methods.
Past research contributions modelled the development of
electrolyte components consumption in lab scale environ-
ment, but without a direct transferability to an industrial
scale. Also, a direct integration into the IT environment of
the plating line operators is not available, which is essential
for any practical implementation.

Main research contributions towards modelling and sim-
ulation of electrolyte composition for electroplating and the
surface technology are a MATLAB/Simulink-based elec-
trochemical engineering toolbox developed by Giebler [8].
This toolbox allows modelling the continuous-discrete
character of electrolytic and wet-chemical plating fluids
based on a detailed physical model. However, this approach
is only validated for a lab-scale plating process and due to
modelling on chemical reactions level in the electrolyte sim-
ulation a transfer to industrial electrolytes is difficult. Nagel
developed a mathematical model to model the resource
flows in electrochemical plating lines with a focus on the
process chain and specifically the rinsing fluid [28]. A val-
idation by comparing the simulation results with analytical
measurements is not available. Xu et al. modelled an alkali
zinc plating process in detail based on the chemicals reac-
tions in the electrolyte [29]. Again, this approach lacks a
validation with analytical measurements. In summary, none
of those approaches is built for industrial electroplating pro-
cesses and verified in such an environment. In addition, the
discussed approaches cannot be used for a direct control in
production operation as part of CPPS.

To tackle these issues, the newly developed approach
shall strongly contribute to research through a validated
model-based analysis, control and dosing CPPS approach
for electroplating electrolytes. In contrast to analytical ap-
proaches, the monitoring effort is reduced significant and
a seamless monitoring is possible. From current electro-
lyte simulation approaches it can be delimited by the in-
tegration of manufacturing IT systems which enables an
implementation in industrial system and a validation with
industrial data.

3 Cyber-physical production systems
approach for model-based electrolyte dosing
and control

A CPPS approach for the plating process chain focusing on
the electrolyte builds the methodological framework (see Fig.
3). It contains the four typical elements physical system, data
acquisition, cyber system and decision support [30, 31]. The
integration of the simulation models in a CPPS approach al-
lows to use the simulation data for a predictive electrolyte
control system. The approach shall work without further ana-
lytical measurement or sensor data and uses available data
from the manufacturing execution system (MES) and the en-
terprise resource planning system (ERP).

In contrast to the CPPS from Leiden and colleagues [32],
this approach focuses on the electrolyte and the direct influ-
ences from the whole plating process chain. The physical sys-
tem contains the plating system including all energy and re-
source flows into and from this system. Process and produc-
tion data can be obtained automatically from the manufactur-
ing execution system (MES) and product data from the enter-
prise resource planning system (ERP). However, also, a man-
ual parameterization of the cyber system is possible for the
comparison of simulation runs. The cyber system contains the
agent based simulation of the whole plating process chain
while only the electrolytes are modelled in detail. Based on
the automatically acquired data, the behaviour of the electro-
lyte can be estimated a priori. The results of the simulation can
be used to control the electrolyte dosing and report resource
consumption data to the ERP to reorder additives demand-
oriented.

3.1 Physical system

The physical system is given by the plating process chain with
a focus on the electroplating process. In industrial
electroplating lines, the plating tanks are typically aligned in
rows [33]. Barrel, rack and continuous plating are the most
important industrial processes [6]. This approach focuses on
barrel plating for bulk material as the carryover is comparably
high and highly depend on the products properties.

The electroplating process chain generally consists of a
pre-treatments, the plating process itself and post-treatment
processes. Examples for pre-treatment processes are cleaning,
degreasing and pickling as well as an example for a post-
treatment process is the passivation [6]. Between single pro-
cess steps, typically rinsing processes are installed to prevent
the carryover between active tanks.

3.2 Data acquisition

The simulation requires process, production and product data
which are typically available in the MES and ERP system.
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The classification of the drag-out can be included in a new
product variable in the ERP system at the first creation of the
new product in the ERP. For the data exchange to the simu-
lation text-based interfaces were selected as most MES and
ERP systems can address them. Table 2 summarizes the re-
quired information for the CPPS approach.

A major advantage of the proposed approach in contrary to
other CPPS is that no additional sensors or other measure-
ments systems are required for the data acquisition. This al-
lows a realization at very low investment and operation cost.
Further no production stops are required to install new
hardware.

3.3 Cyber system

To build the cyber system, an agent simulation-based ap-
proach is suggested. The simulation approach bases on a
adapted version of the simulation from Leiden and colleagues
[32]. The simulation has been realized in the software
AnyLogic, a java-based multi-method simulation environ-
ment. Agents/sub-models can be realized as classes

representing the carrier with products, the rail mounted hoists
and the tanks with the electrolyte.

The structure of the simulation can be obtained from Fig. 4.
Carriers take a defined number of products and guide them
through the plating line. The RMHs transport the carriers with
products to different tanks. The tank with the electrolyte also
contains the agent electrolyte and can be used for multiple
tanks. In the following chapters, the agent types are explained
more detailed with the most important variables, states and
functions.

3.3.1 Carrier with products

The agent carrier contains a defined number of products and
represents the barrels or racks in the plating process. A state-
chart is used to control the carriers operation in the process.
The states and the transitions between the states are used as
discrete events to trigger activities with other agents off.
Figure 5 shows a simplified version of this state-chart as well
as the variables of the agent. Product-specific variables as the
surface, volume or the carryover category as well as carrier-

Table 2 Summary of data
acquisition from manufacturing
IT Systems

Product Process Production

ERP ▪ Surface, weight and volume per part

▪ Parts per carrier

▪ Carryover category
MES ▪ Ah per carrier

▪ Processing time

▪ Carrier scheduling

Fig. 3 Proposed cyber-physical production system for plating process chain with focus on electrolyte
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specific variables are stored here and handed over to the tanks
with the electrolyte.

3.3.2 Rail mounted hoists

The RMH agent transports the carriers with products
through the plating process chain. Solvers for the hoist
scheduling problems (HSP) from operations research opti-
mize the utilization of the electroplating line and schedule
the operations of the hoist in the MES [34]. To import the
activities of the hoist, an interface to the MES has been
implemented. This allows importing the batch and tank
order. In the simulation, a state-chart oriented model rep-
resents the whole transport process from the barrel pick-up,
transport to the next tank and drop offs in the next tank.
Further algorithms in the simulations ensure that the RMHs
do not collide with other RMHs in the plating process
chain. This is required as not the movements of the hoist
and the barrels are imported. This approach gives a higher

degree of freedom in the simulation runs. A direct interface
to the HSP solver also is available but has not been used for
this approach.

3.3.3 Tanks with electrolyte

The tank agent represents the physical tank and a slot for
processing operations. As the focus of this approach is the
electrolyte, this agent mainly serves as place holder for other
processes and position for the RMHs. The tanks for
electroplating are connected to the electrolyte agent, which
is the focus of this approach and presented in Sect. 4. The
electrolyte agent contains a number of functions for dosing
additives, representing the electrochemical degradation pro-
cess as well as the drag-out and drag-in processes (Fig. 6).
The variables can be split into general variables, which repre-
sent the whole electrolyte, and specific variables for each
additive.
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3.4 Control

The simulation results can be used to control the dosing of
electrolyte additives. For this, the simulation from the cyber
system reports the amount of required additives volumes via
the MES to the additives dosing pumps or the machine oper-
ators are instructed to add a defined additive volume to the
electrolyte.

The simulation allows a very detailed and seamless moni-
toring of the electrolyte and also can be used for a priori
demand estimation. The future additive demand can be calcu-
lated a priori, and additives can be ordered depending on the
expected demand. By this, the stored quantities can be re-
duced which decreases the required storage space on the shop
floor and the risks from storing large quantities of hazardous
chemicals.

4 Electrolyte model

Amathematical model is required to describe the current state
of the electrolyte. As already described before an electrolyte is
a composition of various ingredients which are decomposed,
deposited and dragged out. Figure 7 gives an overview over
the processes in an electrolyte and gives examples for control
variables. All these processes are explained in this chapter,
sorted by the index number from Fig. 7.

Modelling the concentration of the electrolyte substances
enables a live monitoring of the electrolytes substances. The
following equation describes the total mass balance of the
electrolyte condition with all balance quantities as shown in
Fig. 7 (notations can be found in Table 3).

sr; inþ dr; inþ ad; inþ rw; in

¼ dr; outþ dep; outþ ed; outþ ev; outþ ch; out

As shown in Sect. 2, there is a data gap, especially with
regard to organic additives. This gap shall be closed with the
simulation-based approach presented in this work. Since the
organic additives are not consumed by the anode dissolving
(Sect. 4), the anode dissolving is not considered further. The
possible consumption due to incorporation in the layer (Sect.
5) is covered by the ampere hour-based electrochemical deg-
radation (Sect. 6) consumption. This keeps the simulation ap-
proach as simple as possible (Table 3).

4.1 Substances replenishment (1)

During the operation of the plating process, various sub-
stances are added, depending on the control variable. The
added substance enhances the electrolyte volume by the vol-
ume of the substance i:

VE; new ¼ VE;before þ Vi

Functions

Dosing
Ah-oriented dosing
Time-based dosing
Model-based dosing
Manual dosing

Electrochemical degradation
Ah-oriented degradation
Time-based degradation

Drag-out
Workpiece drag-out
Manual drag-out 
(maintenance)

Drag-in
Workpiece drag-in
Manual drag-in 
(maintenance)

Variables

General variables
Volume
Applied Ah
Total drag-out and drag-in
Total dosing
Total price per volume

Additive specific variables
Actual concentration
Minimum, target and 
maximum concentration
Dragged out content
Deposited on substrate 
content
Electrochemically degraded
Density
Price per volume

Fig. 6 Functions and variables of agent electrolyte

No Process Index Control

1 Substances replenishment sr,in Ah, Analytics

2 Drag-out dr,in Categorization

3 Drag-in dr,out Categorization

4 Anode dissolving ad,in Ah with current efficiency

5 Deposition dep,out Ah with current efficiency

6 Electrochemical degradation ed,out Ah with reduction rate

7 Evaporation ev,out Temperature, volume

8 Drain / overflow ch,out Measurements

9 Refill water rw,in Fill level

231

4
5

6
8

77

9

Fig. 7 Abstraction of processes in electrolyte system towards a mass balance
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The new concentration of the substance i can be calculated
by

Ci;new ¼ Ci;before*VE;before þ Ci*Vi

VE;new

It has to be noted that substance concentrations of all sub-
stances must be recalculated as the electrolyte volume has
been changed.

4.2 Drag-out (2)

Various models to calculate the carryover from plating baths
and other contexts are available [28]. For example Kushner
[35, 36], Unruh [37] and Winkler [38] described approaches
specifically for plating baths. Petuelli [39]described a similar
approach, but in the context of cutting fluid drag out from
machine tools. In any way these approaches need a detailed
look to every part plated in one specific plating line, which is a
difficult task because usually in most of the plating lines sev-
eral hundreds of different parts are plated. For this study, a
simplified approach has been developed as the carryover cal-
culation must be done with available product data from the
ERP system. With a part categorization approach the carry-
over per carrier can be calculated:

CYper carrier ¼ Nparts*Aparts*FCarryover category

Experimental investigations led to three carryover catego-
ries which can be obtained from Table 4. Examples for parts
from category a are nails or disks and from category b are
screws and open nuts. Category c describes parts with a high
carryover behaviour such as cap nuts, U-shapes pipes or other
parts with relevant undercuts.

The drag-out has not a direct influence on the concentration
of substances in the electrolyte, but it determines how much
water is added by the next drag-in. Therefore, it is the basis for
the following drag-in calculations.

4.3 Drag-in (3)

The drag-in brings water from the last rinsing cascade step to
the electrolyte. It has been assumed that the whole liquid film
from the carrier and the products is dissolved in the new plat-
ing bath. Due to the previous rinsing cascade it is assumed that
no other chemicals which could influence the electrolyte are
dragged in. The effect of the drag-in can be described by the
following formula:

Ci;new ¼ Ci;before*VE

VE þ V carryover

4.4 Electrochemical degradation (6)

Particular ingredients are electrochemically degraded during
the plating process. The corresponding electrochemical reac-
tions take place as oxidation reactions at the anodes or as
reduction reactions at the surface of the cathode, which means
the parts to be plated. In this specific case, the electrochemical
degradation can be described only by a specific degradation
rate Di:

C1;new ¼ C1; before−
Ah*Di

V

4.5 Evaporation (7)

Evaporation describes the change from the liquid to the gas-
eous state phase with temperatures significantly below the
boiling point. In the German VDI standard 2089 Part 1, a
calculation process for the evaporation of swimming pools
can be found [40]. As this bases on physical variables which
are the same for plating tanks this approach is applicable. An
empirical approach is available from Mazurczak [41]. He de-
scribed the evaporation of aqueous solutions depending on the
liquid temperature and the air speed above the liquid surface
under the assumption that the air temperature is constant

Table 3 Notation for electrolyte
model Notation Parameter SI unit

Ci Concentration of substance i g/l or ml/l

VE Total volume of electrolyte l

Vi Volume of substance i l

CY Carryover l

N Number of parts/substrates

F Factor carryover category

A Surface area dm2

Di Electrochemical degradation rate for substance i g/Ah or ml/Ah

Mi Mass of substance i g

Ah Ampere hours A ∗ h
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between 15 and 25 °C, the air humidity between 70 and 90%
and under atmospheric pressure.

For this approach, it has been assumed that the evaporation
(7) is relatively low and evaporation losses are replenished with
fresh water by a level sensor. Further only water evaporates and
no further ingredients. Therefore, the evaporation has no direct
influence on the calculation of the ingredients concentrations.

4.6 Drain / overflow (8)

Especially for maintenance purposes, it can be necessary to
remove electrolyte from the tank. This results in a reduced
electrolyte volume, V, but has no influence on the concentra-
tions of the substances. Usually, a drain or an overflow re-
quires a substances replenishment to keep the electrolyte vol-
ume. Replenishing substances will have an impact on the con-
centrations of the electrolyte.

5 Case study and model validation

The case study and model validation was done in a SME job
plating company running an electroplating service facility for
various metal coatings. At this facility, a fully automated acid
zinc–nickel barrel plating process chain with pre- and post-
treatment processes has been selected. The plating line is op-
erated 24 h in three shifts. Most products in this process chain
are for the automotive industry and are small to medium sized,
so that barrel plating is the most economically reasonable

electroplating method. The electrolyte has a total volume of
5,500 l and six plating stations for barrels separated in two
connected tanks (Fig. 8). A circulation pump ensures the uni-
form electrolyte substances distribution at all plating stations.
After the electroplating process a rinsing cascade follows.

A 4-day and a 30-day validation for two different electrolyte
additives with different methods were done (Table 5). For this
purpose, the concentrations of individual additives in the elec-
trolyte were estimated analytically in the electrolyte and the first
rinsing cascade and compared with the data from the simulation
model. The samples for the analytical investigations were taken
daily at the beginning of the morning shift and analysed with
HPLC by the process supplier for the 4-day verification and
with titration in-house for the 30-day verification. These ana-
lytical measurements depict only a static snapshot compared
with the simulation which allows a seamless estimation of the
additive concentration. In addition, the simulation results were
compared with the re-dosed electrolyte additives quantities.

In Table 6 the required input data with data type, degree of
uncertainty and source is summarized. As already described

Table 4 Carryover categories with part examples

a – low 1 g/dm² Part
Flat parts, cylindrical parts, 

little drawing

b – medium 2 g/dm² Part
Bulky parts, but no undercuts, 

medium drawing

c – high 6,5 g/dm² Part
Parts with relevant undercuts, 

highly drawing

Electroplating

…

Pre-treatment

…

Rinsing cascade Post-treatment

Fig. 8 Plating line layout with
focus on plating process

Table 5 Methods for model validation

Complexing agent additive Chloride

Analytical measurements

In electrolyte x x

In first rinsing cascade x

Re-dosed substances quantities x x

1760 Int J Adv Manuf Technol (2020) 111:1751–1766



the electrolyte data were gathered by analytical measurement.
Product, process and production data are taken automatically
from the MES and ERP system and imported into the simula-
tions environment. The line operator only had to classify the
products manually into the carryover categories as all other
relevant parameters are already stored in MES and ERP.
However, during the validation the carryover category was
implemented in the latest ERP version, so that in future this
parameter also can be retrieved automatically).

As signal noise and uncertainties such as outliners can
have a significant impact on the simulation results [42–44],
the input parameters with the highest degree in variance are
secured with an integrated sensitivity analysis. The highest
degree of uncertainty can be found at the categorization
approach for the carryover category which is a manual
process. It bases on the individual decision of the person
who classifies the parts with the given instructions.
Therefore, the categories were varied in compare simula-
tion runs for validation.

5.1 Validation with complexing agents additive

The industrial acid zinc–nickel electrolyte contains a
complexing agent additive. Complexing agents ensure an

even alloy distribution over the whole current density range
and stabilize the chemical electrolyte system [45]. The exact
composition of complexing agent composition is not pub-
lished by the process supplier; therefore, the analytical inves-
tigations only can be conducted in external laboratories by the
process supplier.

For the simulated timespan a drag-out of 201 l is calculated
by the simulation, which differs only 1% from a calculation
based on the measured zinc concentration of the first rinsing
cascade after the electroplating process (198 l). The zinc con-
tent is constant in the electrolyte, and therefore, it allows cal-
culating the carryover to the first rinsing cascade based on the
concentration in the rinsing cascade. For this, the rinsing cas-
cade has been renewed with fresh water at the time of the first
analytical measurements and the concentrations were
analysed daily to verify the drag-out calculations from the
simulation.

During four days, 140 carriers with 1.2 million products of
13 different product types are plated with zinc–nickel coat-
ings. To test the sensitivity of the category selection, in three
further scenarios the carryover categories of all parts were set
to a, b or c only. Figure 9 shows the impact of different drag-
out classifications after 4 days. The correct classification of
the products has a significant influence on the drag-out.

Table 6 Required input data for application of simulation approach

Data Data type Uncertainty Source

Electrolyte Electrolyte volume Decimal Low Analytics

Concentration of substances Decimal Low Analytics

Density of substances Decimal None Analytics

Product Number of parts per carrier Integer None ERP

Surface area Decimal None ERP

Carryover category Category Medium Manual/ERP

Process Ah per carrier Decimal low MES

Substance demand per kAh Decimal Low Process supplier

Re-dosed substances Decimal Low MES

Production Carrier scheduling List None MES

ERP enterprise resource planning, MES manufacturing execution system
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Fig. 9 Effects of different
carryover classifications on drag-
out volume over time
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Comparing the results of the lowest and the highest drag-out
categories shows a six times higher drag-out for the maximum
drag-out category.

Figure 10 shows the analytically estimated values in-
cluding the tolerance area of the measurements in combi-
nation with the simulated concentration development. The
simulated values stay within the tolerance border of the
measurements and generally follow the trend of the mea-
surements. However, also in case all parts are in carryover
category a or b, the simulated values stay within the toler-
ance area of the measured values. The classification only
fails for using category c for all parts. Therefore it is re-
quired to validate the categorization approach also over a
longer time span.

The standard deviation is low with 1.41 g/l as well as the
coefficient of variation with 1.7% (Table 7). Selecting drag-
out category c for all products would result in additive con-
centration values which are not within the range of the mea-
surement. However, this validation shows that the results of
the simulation are reasonable, but a longer analysis is required
to test the simulation in the long term.

5.2 Validation with chloride

Chloride is not converted or consumed during the
electroplating process and is only carried out. It is an essential
part of acidic zinc–nickel electrolytes to ensure a good con-
ductivity. It can be measured manually with titration in the
laboratories of the plating company, which allows validating
the drag-out simulation without complex analytical measure-
ments methods from external laboratories.

In the course of 30 days 1136 carriers with 11.5 million
products of 58 different product types are plated with zinc–
nickel coatings. This results in a drag-out of 1800 l of

electrolyte, which is equivalent to 32.7% of the total electro-
lyte volume. Figure 11 shows the simulation as discrete pro-
gression during the time of the analytical measurements with
and the analytically determined progression of the chloride
content of the acidic zinc–nickel electrolyte. The two curves
show a similar progression.

The standard deviation between the simulation and the an-
alytical measurements is 4.7 g/l or 2.7%, and the maximum
deviation is 5.8% (Table 8). The highest deviations can be
observed in the last four days and are the result of problems
in the plating line. These led to electrolyte dumping which
could not be quantified for the simulation. At this time also
nearly no carrier went through the plating process.

Compared with Fig. 11, which only depicts the simulated
results at the time of the analytical measurement, Fig. 12
shows the exact simulated progression of the chloride content.
The simulation enables a seamless monitoring of the chloride
content and shows small peaks after adding chloride com-
pounds to the electrolyte. It has to be noted that the increase
in concentrations after dosing large amounts of chloride com-
pounds arises earlier than in the analytic results. A reason for
this could be the dosing of solid chloride compounds, which
do not dissolve immediately as assumed in the simulation.
Again, as shown for the complexing agent in Figs. 10 and
12 the carryover categories have been varied. Selecting only
category a and c results in significant different progressions,
while selecting only category b has a similar progression up to
day 15 of the simulation. From here, the real category mix is

Measured value with tolerance area
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88
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]l/g[ tnega gnixelp
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Time [h]

Real category mix Category a Category b Category c

Fig. 10 Comparing simulation
results and results of analytical
measurements

Table 7 Evaluation of simulation results with complexing agents

Standard deviation (g/l) 1.41

Mean squared error/variance ((g/l)2) 1.98

Coefficient of variation (%) 1.70
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capable to represent the analytically estimated progression
better than selecting only category b.

However, the seamless monitoring with the simulation al-
lows to estimate the electrolyte behaviour between single
measurements, which are only static snapshots. Predicting
the additives concentration progression a priori can prevent
concentration drops and increase the process stability espe-
cially in case the drag-out behaviour of to be plated products
widely differs. The computing capacity of current standard IT
systems is sufficient for a calculation parallel to the operation
of the electroplating line.

5.3 Economic and environmental impacts of model
based electrolyte control

With the newly developed approach it is possible to reduce the
size of the process window andmove it close to the lower limit

as showed in Fig. 13. The continuous monitoring of the elec-
trolyte’s state through the simulation allows a significant more
precise dosing as the electrolyte composition is visible at any
time. Further, if the simulation is used to predict the future
development of the electrolyte composition it is possible to
adjust the dosing strategy a priori (e.g. in case of high number
of parts with category c). The analytical measurement efforts
can be reduced significant, while the only additional effort is
the categorization of the parts which can be done in seconds
during the first integration of a product in the ERP system.

The additives from the process suppliers are costly and part-
ly hazardous. Reducing the concentration has the potential to
decrease the cost and environmental impacts through chemicals
as well as for the wastewater treatment. To calculate the finan-
cial savings from the proposed approach, it has been assumed
that the 4-day simulation is representative for a whole year and
it is applied to all electrolyte substances. In the simulation, the
current concentrations were multiplied by the chemicals price
need to be paid by the operator. The resulting saving through
the use of less chemicals would reach 2450 € compared with
the target concentration value and 6200 € compared with the
minimum concentration value. Due to the more precise process
control that can be achieved, the target values can be reduced
towards the minimum values. Savings in the range between the
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Analy�cal measurement Simula�on

Fig. 11 Validation with punctual
concentration progression of
chloride content for 30 days

Table 8 Evaluation of simulation results with chloride

Standard deviation (g/l) 4.79

Mean squared error/variance ((g/l)2) 22.92

Coefficient of variation (%) 2.70

Real category mix Category a Category b Category c
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Fig. 12 Validation with seamless
concentration progression of
chloride content and the use of
different carryover categories for
30 days
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mentioned values are easily achievable. Further savings from
reduced wastewater treatment cost or less production rejects
could be even higher. The estimation of the exact environmen-
tal impacts is difficult as the process supplier does not publish
the exact ingredients of the additives.

Another advantage of the approach is the low computation-
al burden. As the simulation bases on a material flow simula-
tion model and no numeric solvers are required, it can run on a
standard industrial computer. In case of a full integration into
the MES and ERP systems, it would be possible to run it
parallel to other control algorithms. Especially compared with
MES optimization algorithms to solve the HSP should have a
significant higher computational burden.”

6 Conclusion and outlook

A mathematical model for modelling the electrolyte has been
developed and transferred into a production engineering sim-
ulation model of a whole plating line. This simulation has
been integrated into the IT environment of manufacturing
companies to use the simulation as part of a CPPS. This ap-
proach allows using data from an existing electroplating line
and uses the simulation results for controlling the electrolyte.

The case study at a job plater for two different electrolyte
substances for an acid zinc–nickel electrolyte showed appli-
cability of the proposedmodel approach. The simulationmod-
el can show effects faster than the chemical analytics, since the
simulation gives accuracy in the minute range. Through the
use of a model-based dosing approach, the target concentra-
tion can be decreased to the lower limit and the dosing range
can be sized down. This will reduce the amount of required
chemicals and decrease the cost for the plating process.
Further the quality of the plated surfaces can be increased as
the additives can be kept in a smaller range.

In this research work the simulation served as testbed plat-
form for new algorithms in a separate save cyber environment
to test various algorithms at comparably low efforts. For a full
industrial implementation it would be reasonable to include
the verified models directly into the MES or ERP systems.
This would allow working without further software tools

and increases the performance of the overall manufacturing
IT system.

As next step, the approach could be transferred to further
electrolyte substances and other electroplating processes. It is
important to note that the chemical degradation behaviour
must be clear for each substance. Especially for most commer-
cially used organic electrolytes substances this data is not
available.

Further research could improve the model quality with a
machine learning approach, which is supported by sporadic
analytical measurements. This would allow also developing
black box models for electrolytes, which electrochemical deg-
radation behaviour is unclear.

Also, the categorization of the carryover categories could
be automated with CAD model. In case CAD models are not
available, machine learning algorithms could support the cat-
egorization by analysing available information as name of the
part, size or the volume/surface ratio and suggest a category,
which should be confirmed by an electroplating line operator.

A limitation that remains is that the simulation cannot serve
in case of situations which are not covered by the simulation.
Examples for this are the use of unmonitored overflows or not
correctly adjusted/working dosing pumps. Therefore, also, in
case of a full implementation of the proposed approach, rare
accompanying analytical measurements are required to ensure
that electrolyte is still in the expected range. In case the sim-
ulation is out of the range of the analytical measurement, it can
be reset with the results from the analytical measurements.
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