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This thesis describes the development and programming of a ballast water treatment 

demonstrator using Siemens PLCs and TIA Portal software. The system was designed to 

purify ballast water for ships, with various units controlled in a sequence. The control system 

utilizes different types of sensors, valves, and pumps to regulate the water treatment process. 

The programming structure was designed to control the operation of the different sections in 

a sequence, allowing for the efficient treatment of ballast water. The demonstrator was tested 

using simulation and physical testing.  

Results showed that the system was effective in treating the ballast water, with low chemical 

usage and reduced environmental impact. Future work includes exploring the integration of 

remote monitoring and control systems for improved efficiency and maintenance. 
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BWT Ballast Water Treatment 

BWTS Ballast Water Treatment System 
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1  Introduction 

Ballast water is fresh or ocean water that is stored in the vessels' hulls providing stability and 

improving maneuverability during a voyage. When a vessel reaches its destination, the 

ballast is discharged into the local waters, sometimes filled with a flood of nonindigenous 

organisms, bacteria, germs, small invertebrates, eggs or algae of various species traveling 

together with the vessel from the original port. This creates a mixture of organisms from 

several different ecosystems causing ecological, economic and health problems. As a result, 

there are now regulations in place to help reduce the risks associated with ballast water 

discharge, such as the Ballast Water Management Convention. 

Finland has accepted the international ballast water treatment (BWT) convention and as a 

consequence of the agreement, ships need to treat their ballast waters to prevent the 

spreading of foreign species before discharging into the new environment from 8 September 

2024 onwards (Berner 2016). Section 5 (473/2016) in Finnish law: Prohibition on 

discharging untreated ballast water and sediments; and Section 9 (990/2018) in Finnish law: 

Requirements for ballast water treatment systems, oblige all ships to meet D2 standard, 

otherwise, they will not be allowed to enter the local water structures (Finnish Transport and 

Communications Agency 2016, Finnish Transport and Communications Agency 2018). 

Currently, the installation of treatment equipment on board of the ships is expensive, and 

therefore, a novel and mobile BWT system would be economically more feasible in addition 

to environmental benefits. 

1.1  Background information 

To solve the above-mentioned problems, the carriers are engaged to have their vessels with 

BWTS (Ballast Water Treatment System) removing and destroying organisms from ballast 

water. It is an evolving technology with a growing number of producers. Ballast water 

treatment systems differ based on productivity (depending on the tonnage of the vessel) and 

the cleaning methods (mechanical, physical, chemical, complex). The choice of method 

depends on various factors, such as the size and type of the vessel, the type of organism in 
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the ballast water, and the regulatory requirements in the area where the ballast water will be 

discharged. Major treatments methods used for this problem are: 

- Filtration + physical methods (ozone, ultraviolet radiation) 

- Filtration + chemical methods (chlorine-containing reagents produced by electrolysis 

on-site or with an added active substance + dichlorination) 

- Filtration + sodium ferrate generated by electrolysis on site (Filtersafe 2020) 

These current approaches of ultraviolet radiation, ozone and chlorine treatments do not 

provide complete disinfection of the water, have high toxicity affecting the respiratory 

system, quick loss of efficiency, and other disadvantageous factors that the solution 

discussed in terms of this paper is intended to fight (Matilainen et al. 2018).  

Instead, the invention discussed in this study is a technology of an intelligent ballast water 

treatment system based on a novel eco-friendly method of sodium-ferrate (S-F) purification. 

This solution overcomes the listed methods by being produced directly in the plant from safe 

transportable chemicals, destroying all known microorganisms, viruses, bacteria, etc., acting 

times faster than other disinfectants, decomposing after exposure and releasing oxygen 

without polluting the environment. 

1.2  Research objectives and motivations 

The objective of the present study is to provide an efficient, technically feasible, and cost-

efficient solution for the extinction of native species, effects on local and regional 

biodiversity, coastal industries, public health, and local economies. Particularly, this thesis 

will cover the control system of the intended machine, discussing how the intelligent control 

algorithm of the apparatus will allow adjustments and tuning of the output variables 

depending on the requirements. This thesis describes the algorithm that enables tracking the 

indicators of the water being treated throughout the entire treatment process, ensuring 

reliable and valid results and possible corrections. 

The goal of the current study is to contribute to the solution of the minimization of the 

harmful impact human intervention brings to nature by not cancelling the action itself but 

finding an alternative way that both sides will be winning from. 
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The objectivity of the study is affected by the motives and material resources of the 

researcher as the present investigation is conditioned by the personal conviction that the idea 

matters and there is a possibility to make a difference. This work is an opportunity to inquire 

and create, communicating the findings while learning more about how the world works, 

and desiring to be of service to society. 

This fundamental interest is described by the will to face the challenges in solving current 

practical problems of the proposed topic and get the intellectual joy of doing some creative 

work. 

1.3  Scope 

In order to ensure that the scope of this study is clearly defined, it is important to establish 

the context and background of the problem that this research seeks to address. Ballast water, 

which is used to maintain the stability and balance of ships, has been identified as a major 

source of invasive species that can cause significant ecological damage to marine 

environments. Therefore, regulations that require ships to treat their ballast water before 

discharging it into new ports were established. 

The focus of this research is to develop a programming system for ballast water treatment 

that is efficient, cost-effective, and environmentally friendly. By using PLC programming, 

the electro-mechanical devices within the treatment system can be controlled and managed 

in a way that optimizes the water purification process. The ultimate goal is to design an 

intelligent algorithm that can be adapted and modified to meet the specific needs of 

customers. The current work will serve as an explanatory instructional paper on why and 

how the PLC is configured, set and programmed with an eye to performing the treatment of 

the ballast water. 

However, it is important to note that this research does have some limitations. For example, 

while the programming aspect of the machine will be thoroughly explored, this study will 

not delve into the detailed chemical processes of the water treatment. Furthermore, the 

assembly features of the machine will not be the primary focus of this research. These 

limitations have been set in order to maintain a clear and manageable scope for the study, 
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while also allowing for future research to explore other aspects of the ballast water treatment 

process. 

By defining the scope and limitations of this study, it is hoped that this research can make a 

valuable contribution to the development of efficient and sustainable ballast water treatment 

systems. Establishing these parameters is crucial especially when working on such a 

complex and time-dependent project uniting many specialists, as in the case of the present 

work. 

This thesis is developed as a result of working on a Green Ballast project as a part of the 

Laboratory of Intelligent Machines. The technical work tasks were divided into two 

categories, one of which was the programming of the demonstrator, discussed in this thesis. 

Assembly and installation of the machine were shared as the second category and are 

described in the diploma "Development, installation and assembly of a water purification 

demonstrator" of Eetu Härkönen, who also worked on the same project. 

Given that this project has significant commercial potential, it is important to acknowledge 

that not all of the coding material developed in this study can be made available for public 

access. This is due to the need for patenting and protecting intellectual property rights. 

However, to ensure that the research findings can be shared and disseminated in a 

responsible and transparent manner, a summary of the key aspects of the programming and 

coding structures will be provided in this report. This study will provide a clear and 

comprehensive overview of the programming and coding structures involved in the 

development of a ballast water treatment system. 
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2  Purification plant’s system 

As mentioned previously, the working principle of the machine is based on the use of sodium 

ferrate, an eco-friendly agent that possesses various treatment mechanisms, including 

adsorption, coagulation, precipitation, and disinfection. Sodium ferrate can be used to 

remove a wide range of contaminants from water, including bacteria, viruses, algae, and 

organic compounds.  

The device's heart is an integrated electrolysis unit (IEU) generating anode liquor and liquid 

ferrates from the brine and the wastes of anode liquor electrolytic production 

correspondingly being a novel approach to water treatment. Generally, the ballast water 

treatment applied in the system is illustrated below (Härkönen 2023). 

 

Figure 1. Schematic of the mobile ballast water treatment system based on sodium ferrate 

(Härkönen 2023) 

2.1  Machine's sections 

After implementing the described procedure, the final product is intended to look like the 

structure presented below (Fig.2 (Härkönen 2023)). The station's overall size is 2000-2200 

mm in height, 2500-2700 mm in width, and 1500-1600 mm in length. The weight of around 

400 kg, and a maximum operating speed of 1.3 l/min. The installation will be carried out on 

a spatial frame. 
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Figure 2. Mobile ballast water treatment system (Härkönen 2023) 

The machine consists of several bigger units and minor components such as pumps, valves, 

housings, different kinds of sensors, fittings, filters, etc. The next subsections will briefly 

discuss each of the machine's units. 

2.1.1  Source section  

This section marks the beginning of the process, where raw water is pumped in from an 

external source and undergoes initial treatment through a small mud filter. In addition to the 

pumping system, the unit is also equipped with various sensors that are controlled by the 

PLC. 
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Figure 3. Source section (Härkönen 2023) 

2.1.2  Pretreatment section  

The pretreatment section is the second stage of the purification process, primarily aimed at 

separating sediment from the water. Solenoid valves and pumps are used to collect residual 

sludge through an airlift, which is then returned to the bag filters in the source section for 

repeated cleaning. 

 

Figure 4. Pretreatment section (Härkönen 2023) 
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2.1.3  Dispenser section 

Dispenser section contains lime milk in a tank which is the supplied to pretreatment section 

to assist the purification. Lime milk itself is works as a coagulant to adjust the pH of water 

and remove impurities, such as dissolved metals and other contaminants.  

However, it has to be noted that lime milk can also have negative impacts on water quality 

if not used properly, as it can cause alkalinity and hardness issues that can affect the 

appearance of water. Therefore, it is important to carefully control the dosage and application 

of lime milk in water treatment processes, which in current case if automated with PLC.  

 

Figure 5. Dispenser section (Härkönen 2023) 

2.1.4  Ferrat reactor section  

Ferrat reactor, being the main treatment point, is where the water is mixed with the sodium 

ferrate and undergoes the processes of oxidation and coagulation.  

Water oxidation is used to generate chlorine or other oxidizing agents that disinfect water 

and kill harmful microorganisms (American Water Chemicals). While coagulation removes 

suspended particles with the coagulant, destabilizing the particles by neutralizing the 
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electrical charges on their surfaces, causing them to clump together into larger flocs that can 

be more easily removed from the water through sedimentation or filtration (Bradley 2022). 

 

Figure 6. Ferrat reactor section (Härkönen 2023) 

2.1.5  Ferrator section  

Consisting of three reactors, this unit generates sodium ferrate out of specific reagents 

supplied going through the process of electrolysis.   

These reactors or cells consist of electrodes, an anode and a cathode, that are placed in an 

electrolyte solution. Conducting electricity in-between, they cause a non-spontaneous 

chemical reaction to occur, producing sodium ferrate needed for further treatment. 



17 
 

  

 

Figure 7. Ferrator section (Härkönen 2023) 

2.1.6  Finish section  

Being the last part of the cycle, the finish section collects the treated water, preliminarily 

purifying it again with sand and carbon filters. From this section on, the clean water can be 

pumped out to an outsource if needed. 

 

Figure 8. Finish section (Härkönen 2023) 
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3  Controlled equipment 

This chapter will describe the electromechanical devices that are controlled by the PLC in 

order to broaden the understanding of how and why the controller does it.  

The general logic is that there are so to say, senders and performers. The first ones like 

sensors and switches are connected to the input modules of the PLC, the device receives the 

information from them and processes it based on the program. Then it sends the instructions 

to the output modules, the performers, which are valves, relays, actuators, pumps, motors, 

etc.  

This logic is written by the programmer and consists of statements determining the sequence 

of steps and actions to be performed. For example, if a sensor detects that the liquid in the 

tank has reached a certain level, the PLC activates a valve to pour out the excess liquid in 

order to avoid overabundance. 

3.1  Sensors  

Sensors play a critical role in the whole structure. They detect and respond to physical and 

chemical stimuli, converting them into electrical signals that are then interpreted by the PLC. 

Below, there is a list of sensor types used for the intended purpose. 
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Table 1. Types of sensors used 

Sensor type Function Type 

Capacitive sensors  To detect solid or liquid targets without physical 

contact by change in the electric field 

Discrete 

Water level sensors 

(float or capacitive) 

To detect and measure the level of liquid in a 

tank 

Discrete 

Pressure sensors To measures pressure of the environment, either 

gas or liquid 

Analog 

Optical sensors 

(turbidimeter) 

To measure how hazy the liquid is by the amount 

of light that is scattered by the suspended 

particles in the liquid 

Analog 

pH sensors To measure the acidity of a solution Analog 

Flow sensors To measure the flow rate of a fluid Analog 

COD sensors To measure the concentration of chemical oxygen 

demand (COD) in water. COD is a measure of the 

amount of organic matter 

Analog 

Weight sensors To measure the weight of lime Analog 

 

The last column of the table represents what signal type the sensor has, it can be either analog 

or discrete. Understanding the difference is essential for programming.  

Discrete signals can only have two states: on or off, high or low, true or false. These signals 

are typically represented as binary values (0 or 1). Examples of such a signal are the state of 

a valve (open or close), the position of a limit switch (activated or not activated), and sensor 

detection (there or not there). Analog signals, in their turn, are continuous signals and can 

have an infinite number of values within a specific range. They can represent physical 

quantities such as voltage, current, temperature, etc. 

These two types of signals can be used together in a system. The sensor produces an analog 

one which is then converted to a digital signal for processing by the controller. The controller 

produces a discrete signal to control an output device such as a motor or a valve. 
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3.2  Valves 

Valves can be generally divided into two groups: manually and electrically controlled. They 

control the flow of different substances in a piping system, which in the current case are 

either gas, water, or water + ferrate. There are many different types of valves, but the main 

ones used for the discussed purpose are: 

- Ball valves, that have a spherical ball inside the body that rotates to control the flow 

of fluid. They can be controlled both manually and electrically. 

- Check valves, allowing fluid to flow in one direction only and prevent backflow. 

- Proportional valves allow precise control of the flow rate by electrically controlling 

the position of a spool, which in turn controls the flow of fluid through the valve. 

- Solenoid valves, which are on/off valves using an electromechanical solenoid to open 

and close. This type of valve is the most used in the system. 

Direct electromagnetic valves are used to control water flows, although electric ball valves 

are more suitable. The assumption is to get water without a large number of third-party 

inclusions (flakes, fine dirt) that can clog the valve. Ball valves have a significantly higher 

cost, closing speed, delivery time, weight, and are more difficult to manage. That is why 

electromagnetic valves are preferred. 

3.3  Pumps 

There are three types of pumps used in the system: reversible, peristaltic and surface vortex. 

The reversible one is installed in the source section and can move water in both directions, 

allowing either to pump water into the system or remove it. This happens due to a motor 

operating in both forward and reverse directions. The reversible pump was chosen for this 

point as after pumping the water from an outsource reservoir into the system, it might be 

needed to remove excess water and return it back to the initial reservoir. 

The peristaltic pump is a positive displacement pump using a flexible hose to move fluid. It 

works by squeezing the hose between rollers creating sealed cavities that move fluid through. 
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This type of pump decreases possible risks of fluid contamination, which is essential for the 

current case. 

The surface vortex pump or a centrifugal pump uses a special impeller that creates a 

whirlpool in the liquid being pumped. This pump is installed in the finish section after a sand 

filter, as it is a great option for pumping fluid that contains high levels of solids. 

These pumps vary by the fluid volume capabilities, rates and power, however, they all are 

programmed with PLC using various techniques and control strategies. Some require just a 

start/stop control, which is the simplest approach just turning the pump on and off with a 

discrete signal.  

Others are adapted with a speed control where variable flow rates are required. This is 

achieved with the so-called variable frequency drive (VFD). 
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4  Automation system architecture 

All the electromechanical devices constituting the machine are controlled with a PLC 

(Programmable Logic Controller). It controls the appliance by using input signals to trigger 

a program that sends output signals to control the operation of connected devices. 

For example, PLC can be used to control a pneumatic cylinder. The input signals can come 

from sensors that detect the presence of objects in front of the cylinder, and the PLC's 

program can be set up to activate the output signals that control the speed of the cylinder's 

movement.  

The program in the PLC can be customized to meet specific needs and can include complex 

logic and sequencing operations. Additionally, PLCs can communicate with other devices 

and systems, such as sensors, actuators, human-machine interfaces (HMIs), and supervisory 

control and data acquisition (SCADA) systems, to create a fully integrated control system. 

4.1  Hardware 

There are hundreds of PLC models from different producers available in the market. The 

selection of the PLC model for the current project goals was based on several factors, 

including: 

1. System requirements: the number of inputs and outputs required, the complexity of 

the control logic, and the communication protocol needed to interface with other 

devices. 

2. Performance and processing power: the speed and memory capabilities of the PLC 

to ensure it can handle the required processing load and response times. 

3. Expandability: the future needs of the machine and whether the PLC model can be 

easily expanded or upgraded if necessary. 

4. Programming software and support: how user-friendly the programming software is 

and if there is a support system in place for any technical issues that may arise. 

5. Cost: cost of the PLC model and whether it fits within the budget for the project. 
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6. Brand reputation and reliability: PLC models from reputable manufacturers with a 

track record of reliability and support. (Jeffries 2021) 

Considering this list, two components of the Siemens TIA (Totally Integrated Automation) 

system that designed to work together were selected: CPU 1510SP-1 PN and ET200SP.  

The CPU 1510SP-1 PN is a programmable logic controller (PLC) that provides the 

processing power and control functions for the automation system. It can communicate with 

other devices on the network using Ethernet, Profinet, Profibus, Modbus TCP, OPC UA, and 

other protocols. This module is placed inside the main control cabinet. (Siemens a) 

While ET200SP is a modular I/O system that allows expansion of the number of inputs and 

outputs needed for the application. It can be connected to the CPU 1510SP-1 PN using 

Profinet or other Fieldbus protocols. 

 
Figure 9. SIMATIC ET200SP (OEM Automatic Oy) 

 

The ET200SP, located in a remote cabinet, is a modular system that can be easily expanded 

to meet the specific requirements of the machine. It has a compact design, making it suitable 

for the current application where space is limited, and can be installed close to the field 

devices it controls, reducing wiring costs and increasing system reliability. 

The module supports various communication protocols, including PROFINET, PROFIBUS, 

and Ethernet/IP, which makes it easy to integrate with other devices and systems. It also has 
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built-in diagnostic functions that help in the quick identification of faults and errors in the 

system. 

The ET200SP can be easily programmed and configured using Siemens' TIA Portal 

engineering software, which provides a user-friendly interface for programming and 

commissioning the module. 

Overall, the ET200SP is a reliable and flexible module that is a great suit to be used in the 

present automation application of compact space where other larger PLC modules may not 

be suitable (Siemens b). 

4.2  Control cabinets 

All the electric components and devices making the machine run should be housed in a 

special type of enclosure, called a control cabinet. It is made of steel cabinet protecting the 

electronics from environmental factors such as dust, moisture, and temperature fluctuations. 

The cabinets used for the current demonstrator are counted to be three: main, remote and 

pneumatic ones. Various components can be found inside them, for example, PLCs, relays, 

contactors, power supplies, and other devices used for controlling and monitoring machinery 

and equipment. These components are wired together to form a control system that is used 

to automate the whole water treatment cycle. 

4.2.1  Main cabinet  

The main cabinet, being the brain, hosts a list of various components that were selected for 

project's specific purpose by electricians. Overall, the following devices can be found there: 

- PLC (CPU 1510SP-1 in this case) controlling all aspects of machinery and 

equipment. 

- Circuit breaker protecting the circuit from overloads and short circuits. 

- Terminals connecting wires from various devices and components within the control 

cabinet. 



25 
 

  

- Residual current devices that protect against electric shock by detecting and 

disconnecting power in the event of a ground fault. 

- Power supplies providing necessary voltage and current to power the various 

components inside the cabinet. 

- Fusers - safety devices that protect equipment from overcurrent or short circuits. 

- Contactors - electromechanical switches that are used to control the flow of electrical 

power through a circuit. 

- Signal modules managing and processing signals from various sensors, pumps, and 

other devices within the machine 

- Relays - similar to contactors but are used for lower-voltage applications. 

- Other devices 

 

Figure 10. Main cabinet 
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4.2.2  Remote cabinet 

Remote cabinet, in its turn, serves as a slave while the main cabinet being the master. Reason 

to have a separate cabinet was to have a closer connection point for some sensors, which 

accuracy highly depends on the stability/security of the wiring. To make sure the wiring does 

not get disrupted pulling in further from the sensors, it was decided to place another cabinet 

closer. The remote cabinet hosts all the same basic components such as relays, signal 

modules, terminals and contactors. The only difference is the IMPLC ET200SP that serves 

the brain CPU 1510SP-1 remotely. 

 

Figure 11. Remote cabinet 

4.2.3  Pneumatic cabinet  

A pneumatic cabinet is a type of control cabinet that houses pneumatic components and 

controls for pneumatic distribution. Pneumatic systems use compressed air to power 



27 
 

  

actuators, valves, and other components. This block centralized location for the components 

and controls that are necessary to achieve accurate and reliable control of pneumatic 

processes. Range of the components hosted inside is: 

- Proportional valve 

- Solenoid valves 

- Filter pressure regulator 

- Microfilters 

- Pneumatic silences and regulator  

- Pressure sensor 

- Terminals 

 

Figure 12. Pneumatic cabinet 
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5  Development of the programming structure 

As mentioned previously, the software of the TIA Portal was used for programming and 

configuring the automation system. The acronym TIA stands for Totally Integrated 

Automation and is developed by Siemens, supporting multiple programming languages, 

such as ladder logic, structured text, and function block diagram. PLC is programmed with 

TIA Portal using the STEP 7 software module, which is part of the TIA Portal suite. 

5.1  General architecture 

Overall, the project programming started with selecting the PLC model to program, 

configuring the communication settings, and specifying other project parameters. Then the 

hardware itself was configured, including I/O and communication modules. Once the 

program is then written, it is downloaded to the physical module by establishing a connection 

between the computer running TIA Portal and PLC. Once it is done, testing and debugging 

are happening by either simulating the PLC operation or by connecting the PLC to the actual 

automation system. Below, the generally described steps will be discussed in detail 

highlighting the special features of this specific program.  

5.1.1  Device library 

As stated above, the system utilizes two devices, CPU 1510SP-1 PN and ET200SP, both of 

which were added to the TIA Portal project from the software's device library, a collection 

of preconfigured devices. It simplifies the process as it provides already preconfigured 

settings for these devices, for example, communication parameters and I/O configurations. 

This way, there is no need for manual configuration and possible error risks are reduced. 

The devices were then connected with an Ethernet in the topology view, which is a graphical 

representation of the automation system's network topology. Same way as those two devices 

are connected with an Ethernet cable physically. 
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Figure 13. Device view: main PLC 

 

Figure 14. Device view: ET200SP 
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5.1.2  Hardware configuration 

Hardware configuration involves connecting various hardware components, such as signal 

modules to the PLC. This is also done in the software itself, as well as making sure that the 

virtual components' models correspond to their physical identities.  

All the signal modules of both main and remote blocks were checked to match what the 

software's device library offered. This is done using the module's description, for example, 

DI 8x24VDC ST 6ES7131-6BF01- 0BA0. This name can already tell a lot about this specific 

model, such as:  

- It is a digital input module 

- It has 8 digital input channels 

- Each channel supports a voltage range of 24V DC 

- The module has a Screw-type terminal (ST) connector for easy wiring and 

installation 

The hardware configuration step is a critical one in the automation development as it has a 

significant impact on system performance and reliability. Correct configuration ensures that 

all the system's components are compatible with each other and can communicate properly. 

This way, potential issues of the system performance are eliminated, as well as wiring and 

component count are reduced. Furthermore, as the software allows diagnostics monitoring 

the system's performance, proper configurations ensure that these tools will work and 

troubleshooting will happen, reducing downtime. 

5.2  PLC communication 

In order to make the process run, PLC has to be communicating with the controlled devices. 

This is done with a communication protocol. There are many of them including Modbus, 

Profibus, Profinet, Ethernet/IP, CANopen, etc. The choice of the protocol depends on the 

specific requirements of the application, such as the speed and reliability of data exchange, 

the number and types of devices being used, and the existing network infrastructure. (Nagda) 
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For the present project requirements and capabilities, Modbus TCP/IP was chosen as the 

communication protocol. It is a variant of the Modbus protocol that uses TCP/IP as the 

underlying communication protocol. This option allows messages to be transmitted over an 

Ethernet network, providing fast, reliable communication between devices. Modbus TCP/IP 

supports various data types, including binary, integer, floating-point, and string data. It also 

supports multiple Modbus function codes, allowing a wide range of operations such as 

reading and writing data, reading device identification information, and performing 

diagnostic tests. (Real Time Automation) 

To configure the PLC to communicate using Modbus TCP/IP several steps had to be 

performed in TIA Portal. The PLC's network settings had to be set, including its IP address, 

subnet mask, and gateway. The same comes for the Modbus TCP/IP communication module 

that was added. Its communication parameters of the port number, data format, and parity 

were configured as well. The Modbus TCP/IP is supposed to have its own data block that 

will contain the input and output data being exchanged between the devices. As seen in the 

picture below (Fig.15), data blocks "Receive" and "Transfer" are used for the mentioned 

purpose. 

 

Figure 15. Modbus TCP/IP folder 

 

 

 

 



32 
 

  

6  Programming solutions 

The structure of the project consists of various code elements called blocks. They have 

different functions and allow the creation of a structured and modular code that significantly 

simplifies its development. The blocks are the following: 

- Organization blocks (OB): used to organize the code structure of a program. 

- Function blocks (FB): logic blocks with memory that create a DB as its memory 

when called. 

- Function (FC): logic blocks without memory. 

- Data blocks (DB): blocks storing the variables used in the code, such as input and 

output data. (Automation Fair 2021) 

 

Figure 16. TIA Portal program blocks (Automation Fair 2021) 
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All these blocks then structure the whole project. What comes to the "headliner" of the code, 

the OBs, they are numbered from 1 to 999, with specific numbers reserved for specific 

purposes. As seen below (Fig.17), the current project has OB1 which is the Main Program 

Block for the cyclic execution of the user program. It is done at a rate of several milliseconds 

and this section controls the overall behavior of the PLC program. 

 

Figure 17. General project tree 

OB1 was programmed to define the program flow, set up timers and counters, handle system 

events and errors, as well as to call function blocks to perform specific tasks. In the current 

project, it does such functions as data recording from analog and discrete input modules, 
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calling operation of either manual or automatic modes, transferring exchange information 

and others. An example below: 

 

Figure 18. Main program's network example 

Network 1 shows the code that records data from discrete input modules. For this purpose, 

a function block called MOVE is used. It moves values between variables, in this case having 

input values from the PLC input modules themselves, and output values as the ones in data 

blocks that will be discussed further. 

Before describing other instructional parts of the code, another important part of the 

architecture has to be described - the data blocks. As mentioned earlier, these blocks are used 

as storage for input and output data. They help organizing and managing variables used 

within the code and use them between various system parts. In TIA Portal, these variables 

are stored based on their data type and memory layout. Each variable has a specific memory 

address within the data block, which is used to access its value during program execution. 

When some part of the program is executed, the needed variables are accessed by their 

memory address, the logic reads and writes values to these memory addresses to update the 

variables and use them in calculations and other operations. 
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For example, a pH sensor variable used as an input, is contained in a data block with a data 

type of "REAL" and is allocated a certain number of memory bytes based on its size. When 

the program is running, it accesses the memory address of the pH sensor variable in a certain 

data block, and then reads and writes it. 

It has to be mentioned, that besides the REAL data type, TIA Portal supports other data types 

including Boolean, Integer, Word, Byte, String and others. Each of them has a specific range 

of values that it can represent and a specific memory footprint in the data block. (PLCdev) 

Coming back to the data blocks, several of them were defined in the code based on the needs. 

As seen in the Figure 17, some of them include "Appliances retain", "Inputs", "Modbus", 

"Outputs", "Work Data". Inside on these data blocks, the variables were organized in a 

structured way for better readability and maintenance. The layout has a name, data type, 

possible start value, address and description to be filled in. 

An example below (Table 2) shows one of the data blocks' inner structure and variables 

added in. This data block represents output variables divided into several groups for 

convenience. 

Table 2. Data block example 

Data block Group name Variable  Description 

Outputs 

PLC_Output1 

pt.f_v Discrete manual and electrical control valve 

src.w_p1 Reversible pump (discrete on/off) 

fin.w_p1 Analog variable flow pump 

fr.f_v Discrete manual and ferrate-resistant valves 

pt.c_v1 Discrete electrical control valve 

PLC_Output2 

disp_p1 

Discrete peristaltic pumps sens.s_p1 

sens.s_p2 

disp.a_v1 
Discrete electrical control valves 

disp.a_v2 

PLC_Output3 

disp.a_pv1 Analog proportional valve 

pt.a_v1 

Discrete electrical control valve fr.a_v1 

disp.a_v3 
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The main point of interest here is variable naming. The first part of the name stands for the 

section to which the component belongs, while the part after the dot allocates what kind of 

component is meant. For example: 

- pt.f_v: “pt” meaning the preatreatment section, “f_v” is the flow valve 

- fr.f_v: “fr” meaning the ferrat reactor section, “f_v” is the flow valve (ferrate-

resistant one in this case) 

This naming is used for convenience in case another programmer works on the code and can 

get a quicker understanding of what the variables stand for. The variables are called within 

the code networks as seen below (Fig.19), for example. 

 

Figure 19. Example of calling the variables 

This network is responsible for ensuring that the drain valves are supplied with power. The 

logic illustrated is so that when the work data variable satisfies the bit logic operation of 

normally open, the logic continues with a timer. The normally open symbol, represented by 

parallel lines and a gap in-between, means a contact that is open by default and closes when 

a signal is applied. The circuit will not be completed until this signal is received.  
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The TP (time pulse) timer that follows after is a timer block that generates a pulse output 

after a time delay specified. When the timer is triggered with a signal, it will start counting 

down the specified time (25 seconds in the illustrated case), and then will generate a pulse 

output that will trigger the next operators (Instrumentation Tools). As seen in the figure, after 

the time delay passes, several outputs are reset. Those are different valves the naming of 

which were discussed above. 

Besides inputs/outputs variables, there are other types used in the data block named "work 

data". Those are a bit different in a way that they are either temporary or intermediate data 

and are generally used for calculation results or intermediate values, counters or timers used 

for intermediate timing or process control, status information used for tracking machine or 

configuration data for temporary settings. Such variables are not stored permanently in the 

PLC memory. 

Moreover, the "Modbus" data block is used for communication of the devices and contains 

different variables that the blocks mentioned above. They include communication settings 

(Modbus address and function code), error codes or diagnostic information, configuration 

data of the devices, etc. This data block serves to define format of the data that is transmitted 

and to handle errors by checking diagnostics. 

To summarize the data blocks topic, they all are specified to serve defined purposes and 

optimize performance. Basically, same is done to the function blocks as they are distributed 

by various folders for the very same sake. 

As seen in Figure 17, there are two folders representing the machine working modes: 

automatic and manual. Automatic one is used when the machine runs in a fully automated 

manner without any operator's intervention. In this mode, the machine performs a sequence 

of predefined tasks controlled by PLC. While manual mode requires operator's presence so 

he/she can manually control various aspects such as starting or stopping the process, 

adjusting settings, or overriding automatic controls. 

Accordingly, code parts for different modes are written differently. Aspects that vary 

depending on the mode include inputs monitoring to determine the machine's state and using 

output instructions to control the machine's operation. This way, when in the automatic 

mode, the PLC program includes a sequence of instructions controlling the machine's 

operation based on sensor inputs or other feedback, while in manual one, PLC disables 
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certain automatic controls, allowing the operator to manually control the machine. To change 

between these two modes, the main cabinet is equipped with a physical switch. 

Programming instructions for each section were written based on their functions, described 

in Chapter 2, as well as on the piping diagram, provided as one of the reference documents 

of the project. The piping diagram was developed beforehand and was serving as the main 

guidance for the coding implementation. It is a schematic representation of the process flow 

which shows equipment (sensors, valves, pumps), as well as the flow direction and process 

control information. The diagram helps understanding the system's components and how 

they work together to achieve the desired process outcomes. It can be found in the appendices 

section. 

Summarizing the content of the machine's sections’ programming instructions, they can be 

described as follows: 

• Source section  

- Initialization of the pumping system. 

- Reading and monitoring of the sensors indicating the water quantity in the tank. 

- Setting up the control system. 

• Pretreatment section 

- Initialization of the solenoid valves and pumps. 

- Setting up of the airlift system for residual sludge collection. 

- Control system for bag filters in the source section. 

• Dispenser section 

- Initialization of the lime milk tank and pump system. 

- Control system for lime milk dosage and application. 

- Monitoring of water quality for proper pH adjustment and removal of impurities. 
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• Ferrat reactor section 

- Initialization of the sodium ferrate mixing system. 

- Control system for water oxidation and coagulation processes. 

- Monitoring of water quality for proper disinfection and removal of suspended 

particles. 

• Ferrator section 

- Initialization of the three reactors or cells. 

- Control system for the electrolysis process to produce sodium ferrate. 

- Monitoring of reagents and electrolyte solution for efficient production. 

• Finish section 

- Initialization of the sand and carbon filters. 

- Control system for the collection and preliminary purification of treated water. 

- Monitoring of water quality for final quality control before pumping out. 

Other essential function blocks used in the code are "Measuring" and "Recalculation data". 

The "Measuring" block converts input signals from sensors or other devices into a usable 

output format. One of the functions it performs is to measure the temperature of the water 

and output the measured value in a format that can be used by the control system. This 

section includes input parameters for the temperature sensor's output signal as well as output 

ones for the temperature value in degrees Celsius. The code includes logic for converting the 

input signal to the required output format by applying a scaling factor to the input value or 

converting it to a digital value in a specific range. 

The "Recalculation data" block, in its turn, receives sensor data as inputs and performs 

calculations on it to generate new output data. One of the examples is receiving flow rate 

data, calculating the amount of treatment chemicals that need to be added based on the rate 

number and outputting the correct amount of chemicals to be added to the treatment process. 

Similarly, when the function block receives sensor data on the pH level, the logic adjusts the 

amount of chemicals being added to maintain the desired pH level. 
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Not any less important block is the "Protection" one, included in the manual mode 

implementation. It is a component designed to ensure the safe operation of the machine and 

is used in conjunction with sensors and other monitoring devices to detect abnormal 

conditions, such as high temperature, overvoltage and overcurrent. If it detects any of the 

listed, it activates protective measures, such as stopping the machine or shutting down a 

process. Some of the instructions the block contains are controlling valves to regulate the 

flow of a fluid within a certain range of values, shutting down the system completely in the 

event of a critical error, setting alarm thresholds for system parameters, triggering 

appropriate warning signals if these thresholds are exceeded. It is an essential part of any 

automation system as it helps to ensure the safety and reliability of the equipment and the 

people who operate and maintain it. 
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7  Testing and results 

This section describes the testing procedures that were used to validate the programming 

solutions and the results obtained. This provides evidence of the effectiveness of the 

approach and could be useful for future researchers working on similar projects. To open up 

the topic, such aspects as setting up the system, measured parameters, types of data collected, 

analysis and interpretation methods are to be explained. 

The simulation mode provides a graphical representation of the system with tools for 

creating and editing the program logic, monitoring the status of sensors and actuators, and 

debugging the code. When the simulation mode is activated, the status of inputs and outputs 

could be monitored and debugged in case of a need. Eventually, when a safe virtual 

performance was ensured, the actual tests proceeded. 

The code was downloaded to the Siemens PLC that controls the machine. It was set up with 

the appropriate sensors, valves, and pumps, and control cabinets beforehand. Different 

networks were tested one by one to observe specific lines of the machine at first. What was 

important to make sure of is that the sensors and control systems are functioning properly, 

that the automation system is responding accurately to changes in the system. Ultimately, a 

major part of the machine depends on the sensors' values so that for example, the valve will 

not be turned on until the capacitive sensor displays the presence of water. 

During testing, key parameters such as temperature, pressure, and flow rate were monitored 

using a combination of software and physical instruments. Some software features that were 

actively used for monitoring include: 

- Online View: a window that provides a real-time graphical representation of the 

system, allowing to monitor the status of sensors, actuators, and other devices 

(Siemens c). 

- Watch Table: a window that displays the current values of variables and I/O signals, 

allowing to monitor their status and track changes during the execution (Halaczek). 

An issue that happened several times when testing was that the input address defined in the 

software did not match the physical address of the device, leading to the response absence 

of the device. The reason for such an error could be a mistake in the wiring or if the address 
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was defined incorrectly in the software. This is troubleshooting easily by updating the 

address hardware configuration, however, it is important to verify the address of each device 

during the installation and configuration process to ensure that they match what is defined 

in the software. Following good practice, all the physical devices were labelled with their 

corresponding input/output addresses which made it easier to do troubleshooting. 

After collecting data from the testing procedure and analysing it to assess the performance 

of the ballast water treatment machine, it was found that the sensors and control systems 

performed well, maintaining the desired parameters within a narrow range with a high degree 

of accuracy. The response time of the valves and pumps was also excellent, with an average 

delay of only 0.2 seconds. The automation system proved to be highly reliable, with no 

significant errors or malfunctions detected during the testing period. 

Some aspects that were never tested but have significant importance for future tests and 

considerations are:  

- COD value: the water quality before and after treatment should be tested to ensure 

that it meets the desired standards. The reason why this sensor was not tested is that 

it has not made its way to the laboratory before the project was ended. 

- Sensor calibration: the accuracy and precision of each sensor should be tested and 

calibrated to ensure that the readings are reliable and consistent. Simply as not all the 

sensors were there when the project was ongoing, this aspect has to be kept in mind. 

In summary, the testing results provide strong evidence to support the effectiveness and 

reliability of the programming solutions for the ballast water treatment machine. These 

results have important implications for the field of ballast water treatment, as the solutions 

have the potential to significantly improve the efficiency and effectiveness of this critical 

process. 

As the main hypothesis was that the use of ferrates can achieve 90% efficiency in wastewater 

treatment, future research and testing will be necessary to further validate the number, but 

the results of the done testing represent a significant step forward in the development of 

advanced ballast water treatment systems. 
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8  Economic and environmental implications 

The ballast water treatment machine designed and programmed in this study has significant 

economic and environmental implications. By effectively treating ballast water, the machine 

can prevent the introduction of harmful invasive species to new environments, which can 

have devastating effects on local ecosystems and economies. In addition, the machine can 

help ships comply with international regulations, such as the Ballast Water Management 

Convention, which requires the treatment of ballast water to a certain standard. 

From an economic perspective, the installation of the ballast water treatment machine can 

have upfront costs, including the cost of the machine itself, installation and maintenance 

costs, and the cost of training personnel to operate and maintain the system. However, over 

the long term, the machine can help prevent the spread of invasive species, which can have 

significant economic consequences. For example, invasive species can disrupt local 

ecosystems and fisheries, leading to decreased productivity and revenue. The cost of treating 

and managing invasive species can also be high, both for the shipping industry and for 

governments. The presented solution will cost the customers 3-6 times less than the current 

competitors' systems. In addition to this, the intended system can be installed on ships and 

in ports vs. competitors’ systems that are ship-bound. 

In addition, the ferrate-based system can be cost-effective due to its low chemical usage and 

fewer consumables compared to other methods like UV or electro chlorination. This can 

result in lower operating costs over the life of the system. (Fattahi et al. 2017, Li Mingming 

et al.) 

From an environmental perspective, the ballast water treatment machine can have significant 

benefits by reducing the spread of harmful invasive species. These species can have 

profound effects on local ecosystems, displacing native species and disrupting ecological 

balance. By preventing the spread of invasive species, the machine can help preserve 

biodiversity and maintain the health of marine ecosystems. 

The environmental impact is reduced as ferrate is a strong oxidizing agent that breaks down 

contaminants and pathogens into non-toxic by-products, making it an environmentally 
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friendly treatment option. Ferrate is also safe to handle and transport and does not produce 

any harmful by-products or residual chemicals. (Pham & Kim 2019) 

In addition to being one of the most influential and eco-friendly chemicals for water and 

wastewater treatment, ferrate enables to reduce the size of water and wastewater treatment 

plants and increases the treatment efficiency. The volume rate of the treated ballast water is 

higher in a shorter time compared to other currently available technologies. For these 

reasons, the described system could be completely mobile and easily transportable, with both 

ships and different service stations, e.g. in ports, possible targets and applications. 

In conclusion, the ballast water treatment machine developed in this study has important 

economic and environmental implications. While there may be upfront costs associated with 

the installation and maintenance of the system, the long-term benefits of preventing the 

spread of invasive species and complying with international regulations can have significant 

economic and environmental benefits. 
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9  Conclusion 

This thesis presents the development of a ballast water treatment system using a Siemens 

PLC-based automation solution with the TIA Portal software. The system consists of 

multiple sections, including source, pretreatment, dispenser, ferrat reactor, ferrator, and 

finish sections, controlled by various equipment such as sensors, valves, and pumps. 

The programming structure of the automation system is designed using a device library and 

hardware configuration, with PLC communication protocols integrated. The system is tested 

through simulation and physical testing, and key parameters such as water flow rate, pH 

level, and ferrate content are monitored during testing. 

Results from the testing show the potential of the developed system to effectively remove 

harmful organisms and pollutants from ballast water, while using less chemicals and 

producing fewer consumables compared to other treatment methods like UV or 

electrochlorination. The use of ferrate as a strong oxidizing agent also reduces the 

environmental impact and produces non-toxic by-products. 

Future work could involve improving the system's efficiency, exploring alternative treatment 

methods, and implementing remote monitoring and control capabilities. 

Overall, this project demonstrates the feasibility and effectiveness of using a Siemens PLC-

based automation solution for ballast water treatment, with potential economic and 

environmental benefits. 

9.1  Future work 

The next level is to address this issue globally. Different strategies for designing and 

developing are investigated to find the optimal one in terms of performance, cost, energy 

efficiency, ease of use and deployment with its compatibility for different ships. 

Further optimization of the treatment process should keep ongoing by modifying the 

treatment train and changing the operating conditions. For example, the effect of different 

ferrate dosages and exposure times could be investigated to determine the optimal treatment 

conditions for various types of ballast water. Testing under different environmental 
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conditions should also be considered to optimize the system for a specific set of 

environmental conditions, such as water temperature and salinity. 

Scaling up the system by redesigning it to treat ballast water from larger vessels or multiple 

vessels simultaneously is also an option for future work. This process might require 

modifications to the treatment train, changes to the operating conditions, and additional 

sensors to monitor the process. 

Moreover, as regulations governing ballast water treatment continue to evolve, it may be 

necessary to modify the treatment process to meet new standards. Future work could involve 

modifying the system to comply with these new regulations or developing novel treatment 

technologies that are more effective and efficient at treating ballast water. 

The knowledge and outcomes of this project could be used effectively in the teaching of 

LUT University, where green technology and sustainable business renewal are key focus 

areas to build new professionals.  
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Appendices 

Appendix 1. Piping diagram (Härkönen 2023) 

 


