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Abstract (Karim) 
LINEG needs a low-cost, low-maintenance way to continuously monitor local water 

bodies and catch contamination events that manual sampling misses. This report 

presents a prototype hardware platform that measures dissolved oxygen, pressure, and 

temperature every two hours using an ESP32-based sensor node. The system uses an 

optical RS485 dissolved oxygen probe and a pressure sensor, powered by a single-cell 

LiPo battery through a DC-DC boost converter with a switched sensor power supply. 

Power budgeting based on worst-case datasheet values predicts a battery life of about 

4.9 weeks, which is well above the required seven-day maintenance interval. Lab tests 

confirm that the sensing and communication chain works correctly from end to end. 

Detailed calibration and long-term field testing are left for future work. The design shows 

that a low-cost, modular monitoring node tailored to LINEG’s needs is feasible. 

1. Introduction 
This report presents the development of a prototype for continuous dissolved oxygen 

monitoring in flowing waters. The project was conducted in cooperation with LINEG, the 

corporation responsible for water quality monitoring in the lower Rhine region. 

Chapter 1 introduces the project background, objectives, requirements and the overall 

approach taken by the project group.  

 

1.1 Project Frame and Goal (Schöne) 

Water quality monitoring is a key element of environmental protection and sustainable 

water management. Rivers and streams are dynamic systems whose ecological status is 

influenced by both natural processes and human activities, such as nutrient input, 

organic pollution and hydro morphological changes. 

A reliable assessment of these influences therefore requires regular monitoring of 

relevant parameters. Dissolved oxygen is one of the most important parameters for 

evaluating water quality. It is closely linked to biological activity and overall ecosystem 

health, and it reacts sensitively to pollution and changing environmental conditions. Low 
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dissolved oxygen concentrations can indicate increased organic load and impaired 

ecological conditions, which may pose a serious threat to aquatic life. 

The Water Framework Directive (Directive 2000/60/EC)1 establishes a comprehensive 

legal framework for the protection and sustainable management of surface waters and 

groundwater in the European Union. Entered into force in December of 2000, it requires 

Member States to regularly monitor key water quality parameters, including dissolved 

oxygen to assess their ecological and chemical status to maintain or achieve good water 

quality. 

In the Lower Rhine region, these monitoring tasks are carried out by LINEG. The company 

is responsible for assessing the ecological status of numerous water bodies and over 

400km of waterways (LINEG, o. J.). 

Despite its importance, dissolved oxygen is often measured only a few times a year using 

manual, on-site methods. While such measurements provide valuable snapshots of 

water quality, they offer limited temporal resolution and cannot capture short-term 

fluctuations or dynamic processes in flowing waters. In addition, these measurement 

campaigns require a high level of human involvement, as trained personnel must be 

present on site for data acquisition and documentation. 

The objective of this project is the development of a prototype system for continuous 

dissolved oxygen monitoring in flowing waters. The system is designed to perform 

automated data acquisition and to transmit measurement data autonomously to an 

external interface, enabling remote access and further analysis. A further objective is 

suitability for long-term deployment, with the aim of reducing manual measurement 

effort while increasing temporal data resolution. 

 

1.2 Requirements and Concept (Schöne) 

Based on the project objectives, a set of functional and non-functional requirements was 

defined to guide the system design. These requirements reflect both the intended 

 
1 Especially Article 4 examines the environmental objectives of this legislation.  
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measurement tasks and the environmental conditions of long-term deployment in 

flowing waters. 

The functional requirements focus on reliable data acquisition and communication. The 

system is required to measure dissolved oxygen continuously at predefined time 

intervals. In addition, temperature and water pressure are recorded as supplementary 

parameters, as they influence dissolved oxygen levels and support data interpretation. All 

measurement data must be transmitted wirelessly to enable remote access and further 

analysis. 

The non-functional requirements address operational robustness and long-term 

usability. The system must operate reliably in flowing waters and withstand environmental 

influences such as current, debris and weather conditions. Energy efficiency is a key 

requirement to allow extended operation without frequent maintenance or battery 

replacement. Furthermore, the system should require minimal maintenance, with 

particular attention given to sensor fouling and cleaning requirements. Finally, the system 

must be protected against external interference, including potential vandalism during 

field deployment. 

Based on these requirements, a corresponding system concept was developed. The 

envisioned system is a stationary sensor platform designed for long-term deployment in 

natural aquatic environments. It is intended to operate autonomously over extended 

periods of time, while minimizing the need for physical maintenance and on-site 

intervention. 

The designed system is to be placed near the to be measured bodies of flowing water. The 

main housing, containing the electronic components and energy supply, is intended to be 

positioned outside the water body. Only the sensors that require direct contact with the 

water are deployed within the aquatic environment. This separation reduces exposure of 

sensitive components to harsh conditions, simplifies maintenance and improves overall 

system reliability during long-term operation. 

The overall concept as shown in figure 1 follows a modular architecture. This allows the 

integration of multiple sensing units and supports future system expansion without a 

fundamental redesign. At its core, the system consists of a sensing subsystem, a central 
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processing unit, a communication unit, an energy supply module, a cleaning mechanism 

and a protective housing. 

 

Figure 1: The block diagram of the proposed system concept showing the main subsystems, data flow and the spatial 
separation between in-water sensors and above-water housing and components. Source: Own illustration. 

The sensing subsystem is designed to measure dissolved oxygen as the primary 

parameter, complemented by additional environmental variables such as temperature 

and pressure to improve data interpretation and measurement reliability.  

The system concept defines the logical separation between data acquisition, processing 

and external data access. Sensor data is collected, prepared for transmission and 

forwarded to a remote backend, where it is stored and made accessible for visualization 

and analysis. This enables both real-time monitoring and retrospective analysis of 

recorded environmental data. 

To support long-term autonomous operation, the system concept includes a dedicated 

approach to sensor maintenance. A cleaning mechanism is incorporated to reduce 

biofouling and minimize manual servicing requirements over time. 

Finally, the system is enclosed within a robust protective housing. The housing is designed 

to shield the internal components from environmental exposure and water ingress, while 

also addressing risks related to unauthorized access or vandalism. 
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1.3 Approach and Workflow (Schöne) 

The project was carried out following a structured and collaborative workflow. At the 

beginning, the problem was defined and the project objectives were specified. Based on 

this, an initial analysis of functional and non-functional requirements was conducted to 

establish a common understanding within the group. 

In the next step, multiple concept ideas were developed in small subgroups. These 

concepts addressed different approaches to hardware, power supply, data transmission, 

casing, cleaning and placement methods. The proposed solutions were then presented 

and discussed within the full project group. Based on this comparison, a final prototype 

concept was defined. 

After the overall concept had been established, the project work was divided into 

subsystem-oriented subgroups. Each subgroup focused on a specific aspect of the 

system, namely hard- and software (including the subgroups hardware, power supply, 

data transmission and visualisation), cleaning methods and casing. These groups then 

carried out their work in parallel, while the project team regularly reconvened for key 

decision-making steps. 

 

2. Methodology 
The following chapter describes the technical implementation of the proposed system 

concept. It begins with an overview of the method of operation, outlining the process from 

data acquisition to data transmission and utilization. The subsequent sections then 

present the individual subsystems in detail. 

 

2.1 Method of Operation (Schöne) 

This section describes the operational workflow envisioned for the system, outlining how 

measurement data is acquired, processed, transmitted and ultimately made available for 

use. The focus lies on the functional sequence of system operation rather than on the 

technical implementation of individual components. 
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During operation, the sensors are deployed in flowing water, where they continuously 

monitor the aquatic environment. At predefined time intervals, dissolved oxygen is 

measured as the primary parameter, complemented by temperature and pressure 

measurements. These additional parameters are needed for the calibration of the DO-

sensor and can also support the interpretation of dissolved oxygen values and therefore 

improve measurement reliability. 

The system follows an autonomous operating logic to enable long-term deployment. 

Between measurement cycles, the system enters a low-power state to reduce energy 

consumption. At the scheduled measurement interval, the system wakes up, performs 

data acquisition and processes the recorded signals before returning to its low-power 

state. 

After acquisition, the measured data is transferred from the sensor interface to the central 

processing unit. There, the data is aggregated and formatted for transmission. Once 

prepared, the measurement data is transmitted wirelessly to a remote backend 

infrastructure. 

In the backend, incoming data is stored in a database and made available for further use. 

A web-based interface allows authorized users to access the measurement data. Both 

real-time monitoring and retrospective analysis of historical data are supported, enabling 

continuous observation of water quality conditions. This sequential workflow defines the 

intended functional behaviour of the system and serves as a reference framework for the 

technical implementation and evaluation described in the following sections. 

 

2.2 Hardware (Karim) 

IoT-based water quality monitoring has received a lot of attention in recent years. Jan et 

al., 2021 reviewed current IoT water monitoring systems designed for domestic use, 

looking at sensor types, communication methods, and overall system design. Their review 

found that while many systems exist, they tend to share the same weaknesses: poor 

power management, limited communication range, and high costs. The system 

presented in this report addresses these issues directly through its maintenance-

synchronized power design and low-cost components. 
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Forhad et al., 2024. built an IoT system for real-time monitoring in water treatment plants, 

measuring dissolved oxygen, temperature, pH, and total dissolved solids. Their system 

uses a PLC controller with 4G connectivity and achieved reliable automated monitoring 

with small error margins. However, it draws 29 W continuously and costs around $2,445. 

This is suitable for fixed installations with mains power but impractical for battery-

powered field nodes. The system in this report is designed for a completely different 

scenario: remote locations where there is no power grid and the hardware must remain 

low-cost and field deployable. 

On the energy side, Bouguera et al., 2018. developed a detailed energy model for 

LoRaWAN sensor nodes. They showed that the main factors controlling battery life are the 

duty-cycling settings — things like spreading factor, coding rate, payload size, and how 

often the node transmits. Their phase-based approach (sleep, measure, transmit) is the 

same framework used in this design to estimate weekly energy use from datasheet 

values. The main difference is that this system ties its energy budget to a real operational 

constraint — the seven-day sensor cleaning schedule — rather than just trying to 

maximize battery life as much as possible. 

 

2.2.1 Hardware Design Requirements (Karim) 

The system brings together the processing unit, sensor connections, and power 

management into one design. The overall layout and connections are shown in Figure 2, 

while the physical implementation of the prototype is depicted in Figure 3. 

The hardware was designed to meet these specific requirements: 

• Measure Dissolved Oxygen (DO), pressure, and temperature at regular intervals 

(default: every two hours) 

• Run for at least seven days on battery to match the maintenance schedule 

• Allow battery charging via USB-C during weekly maintenance visits 

• Keep sensor power draw close to zero when not actively measuring 

• Safely connect 3.3 V logic to 12 V industrial sensor. 

• Work with both WiFi and LoRaWAN communication 
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Figure 2: System Block Diagram showing the data and power connections between the ESP32, Sensors, and Power 
Module. Own illustration. 

 
Figure 3: The assembled prototype showing the ESP32, power management module and the sensors. Own illustration. 

 

2.2.2 The Brain: ESP32 Microcontroller (Karim) 

The ESP32 microcontroller is at the core of the system. It was chosen because it 

combines a capable processor, Wi-Fi, Bluetooth, and multiple communication ports in a 

single affordable chip. When paired with an external transceiver, it also supports 

LoRaWAN for long-range communication. 
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The ESP32 also has several UART ports for talking to sensors, analog-to-digital converters 

(ADCs) for reading voltages, and a deep sleep mode that drops power consumption to just 

a few microamps. This deep sleep feature is essential for a battery-powered device that 

needs to last weeks in the field.  

The firmware runs a simple repeating cycle: wake up, turn on the sensors, wait for them 

to stabilize, take the measurements, send the data, and go back to sleep. This keeps the 

battery drain as low as possible while still collecting regular data 

2.2.3 The Pressure Sensor Interface (Karim) 

The pressure sensor outputs an analogue voltage that corresponds to the water pressure. 

The problem is that its output can go up to 5V, while the ESP32′s ADC inputs can only 

handle up to 3.3V. Connecting them directly would damage the microcontroller. 

The solution is a voltage divider built from two resistors (1𝑘Ω and 1.8𝑘Ω). Since the 

sensor’s maximum output is 4.5V, these values were chosen to bring the signal down to a 

safe level: 

𝑉out = 𝑉in ⋅ R2

R1+R2
 

𝑉out = 4.5𝑉 ⋅ 
1.8kΩ

1kΩ+1.8kΩ
 ≈ 2.89𝑉 

This scales the full sensor range down to about 2.9V, which stays safely within the ESP32′s 

3.3V ADC range. The 12-bit ADC converts this voltage to a digital value. The firmware then 

translates it into a pressure reading using sensor-specific calibration coefficients. 

 

2.2.4 The Dissolved Oxygen Sensor Interface (Karim) 

The dissolved oxygen sensor used in this project is the DFRobot SEN0680, an optical 

sensor based on fluorescence quenching (DFRobot, o. J.c). Unlike older electrochemical 

sensors that consume oxygen during measurement and need regular electrolyte changes, 

this optical type is non-invasive and requires very little maintenance.  

The sensor runs on 12V and communicates over RS485. Since the ESP32 operates at 3.3V, 

an Active Isolated RS485-to-TTL adapter is used between them. This adapter handles 

both signal translation and voltage step-up. Its built-in boost converter generates the 12V 

the sensor needs from the system’s 5V rail (DFRobot, o. J.a). The sensor also has a built-
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in temperature probe, so it can automatically compensate the DO readings for water 

temperature. 

 

2.2.5 Power System Architecture (Karim) 

The power system follows a “Maintenance-Synchronized” approach. Because LINEG 

technicians already must visit the sensor every seven days to clean the optical 

membrane, the battery only needs to last longer than one week — not months. This 

simplifies the power design significantly. 

The system runs on a single 3.7V, 2,000mAh Lithium-Polymer battery. Charging is handled 

by the Adafruit Universal Charger, based on the TI bq24074 chip (Texas Instruments, o. J.), 

which supports load sharing. This means the system continues operating while the 

battery charges via USB-C during maintenance visits. 

The voltage path works the following way: 

1. Input: 3.7V from the LiPo battery 

2. Boost: A DC-DC Boost Converter (NCP1402) steps this up to a stable 5V rail 

3. Distribution: The 5V rail powers the ESP32 and the sensor switching circuit 

 

Figure 4: The power management system integrating the Adafruit bq24074 charger. Own illustration. 

 



   

 

11 
 

2.2.6 Relay-Based Power Switching (Karim) 

To save power, the sensors are completely disconnected from the supply when not in use. 

This is done using a High-Side Switching circuit, which cuts the 5V line to the sensors 

during sleep, so they draw zero current. 

 

Figure 5: The intended High-Side Switching logic using a P-Channel MOSFET driven by a BC547 NPN transistor. Own 
illustration. 

In this prototype, a mechanical relay (FRS1B) was used instead of the planned P-Channel 

MOSFET because the MOSFET was not available at the time (Chameleon Electronics, o. 

J.). The relay draws more power (90mA) than a MOSFET would, but it still proves that the 

switching logic works correctly. 

 

2.2.7 Circuit Protection: The Flyback Diode (Karim) 

Because the prototype uses a relay (which is an inductive load), the circuit needs 

protection against voltage spikes. When the BC547 transistor switches off the relay, the 

magnetic field in the coil collapses quickly. According to Faraday’s Law (𝑉 = −𝐿 ⋅ 𝑑𝑖

𝑑𝑡
), this 

rapid change in current creates a high-voltage spike called Back EMF. This spike can be 

high enough to destroy the transistor or the ESP32. 

To prevent this, a 1N4007 flyback diode is placed across the relay coil in reverse. During 

normal operation it does nothing. But when the relay switches off and the voltage spike 

appears, the diode becomes forward biased and provides a safe path for the current to 

loop back through the coil until the energy is used up as heat. This simple component 

protects the rest of the circuit from damage. 
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2.2.8 Power Consumption Analysis (Karim) 

Power consumption was estimated using values from component datasheets. A worst-

case approach was used for all active loads to make sure the battery life estimate is 

conservative. This method of estimating IoT node autonomy from duty-cycle parameters 

is well established in the literature (Bouguera et al., 2018). 

Component Current Draw (5V Rail) 

ESP32-WROOM-32D (Espressif Systems, o. J.): 

• Deep sleep: 10 μA 

• Active CPU (80 MHz): 80 mA 

• WiFi transmission (802.11n): 180 mA 

FRS1B Relay (Chameleon Electronics, o. J.): Active (coil energized):  

• 90 mA (0.45W/5V) 

Sensors & Interfaces:  

• Pressure Sensor SEN0257 (DFRobot, o. J.b): 2.8 mA 

DO Sensor Interface (DFR0845): 67 mA (Calculated) 

• Note on Power Conversion: The DO sensor requires 12V (0.2W)1. Since the system 

runs on 5V, the adapter must boost the voltage (DFRobot, o. J.a) 

• Load Current: 

0.2W

5V
 ≈ 40mA 

• Accounting for 85% boost efficiency, the actual draw from the 5V rail is ≈ 47 mA. 

• Quiescent Current: The isolation chip (TDH541S485H) draws 20 mA 

• Total Active Draw: 47 mA + 20 mA ≈ 67 mA 

Module Quiescent Currents (Always On): 

• NCP1402 Boost Converter (Onsemi, o. J.): 15 μA (quiescent current while 

regulating) 

• Grove LoRa-E5 Sleep Mode (Seeed Studio, o. J.): 60 μA (module powered but idle) 
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Component Current Draw (Battery Rail - Direct) 

BQ24074 Charger (Texas Instruments, o. J.): 6.5 μA 

• From the datasheet’s “Battery Discharge Current” spec (USB input disconnected, 

device enabled) 

Operational Cycle: The system wakes every two hours, which gives 84 cycles per 

week 

• Sleep Phase (7,165s): ESP32 sleeping, LoRa sleeping, Boost converter idling 

• Measurement Phase (30s): ESP32 active, Relay ON, all sensors and RS485 

powered 

• Transmission Phase (5s): ESP32 Wi-Fi radio active, Relay OFF 

Phase Duration Current (5V) Active Components 

Deep Sleep 7,165 s 0.085 mA ESP32(Sleep) + 
LoRa(Sleep) + Boost(Q) 

Measurement 30 s 239.8 mA ESP32 + Relay + Sensors + 
RS485 

WiFi TX 5 s 180.0 mA ESP32 WiFi Radio 

Table 1: Overview of the operational phases of the system and their associated current consumption at 5 V. 

Energy Consumption Calculation (Weekly) 

First, the energy used at the 5V rail is calculated for each phase: 

𝐸5𝑉sleep = 0.085mA × 7165s

3600s/h
 × 84 cycles ≈ 14.2mAh 

𝐸5𝑉means = 239.8mA × 30s

3600s/h
 × 84 cycles ≈ 167.9mAh 

𝐸5𝑉wifi = 180mA × 5s

3600s/h
 × 84 cycles ≈ 21.0mAh 

𝐸5𝑉total = 14.2 + 167.9 + 21.0 = 203.1mAh 

Next, this gets converted to battery capacity (3.7V). The boost converter steps up from 

3.7V to 5V, and it is not 100% efficient (𝜂 ≈ 85%), so the battery has to supply more energy 

than the 5V rail consumes: 

𝐸batt_load= 𝐸5𝑉total × 5V

3.7V
 × ( 1

0.85
) 

𝐸batt_load= 203.1 × 1.35 × 1.176 ≈ 322.6 mAh 
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Finally, the small constant drain from the BQ24074 charger (connected directly to the 

battery) is added: 

𝐸charger = 0.0065mA × 168h ≈ 1.1mAh 

Total weekly energy budget: 

𝐸TOTAL = 322.6mAh + 1.1mAh = 323.7mAh 

Battery Life Conclusion: With a 2,000 mAh LiPo battery and a conservative 80% usable 

capacity (1,600 mAh): 

Estimated Runtime = 1600mAh

323.7mAh/week
 ≈ 4.9 weeks 

Even with the power-hungry relay and the RS485 adapter, the short duty cycle keeps 

weekly consumption to only about 324 mAh. This gives nearly 5 weeks of operation on a 

single charge — far more than the seven days required between maintenance visits. 

Note: This estimate is based on worst-case datasheet values and has not been tested with 

a real long-term discharge test. Verifying the actual battery life under field conditions is 

planned as future work. 

 

2.2.9 System Testing and Results (Karim) 

Before any field deployment, the complete sensing chain was tested in the lab to make 

sure everything works correctly. The DO sensor was checked against the dissolved oxygen 

saturation table published by the Vermont Department of Environmental Conservation 

(Vermont Department of Environmental Conservation, o. J.), and the pressure sensor was 

zeroed at atmospheric pressure. 

To test the DO sensor, the probe was placed in fresh tap water at room temperature. Tap 

water works well because its dissolved oxygen level at a given temperature is well 

documented. The VT WSMD Wastewater Program Lab Manual provides a saturation table 

listing oxygen solubility at various temperatures (Vermont Department of Environmental 

Conservation, o. J.). The test was repeated 𝑛 = 4 times. Each cycle went through the full 

firmware routine: wake up, power on sensors, wait for stabilization, take the reading, 

power off, and go back to sleep. 
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Cycle DO (mg/L) Temp (°C) Saturation (%) 

1 7.83 18.9 84.4 

2 7.82 18.8 84.1 

3 7.79 18.7 83.6 

4 7.78 18.6 83.3 

Mean 7.805 18.75 83.9 

Std Dev ±0.024 ±0.13 ±0.49 

Table 2: Dissolved oxygen, temperature, and saturation measurements over four cycles, including mean values and 
standard deviations. 

The average reading was 7.81 mg/L (σ = ±0.024 mg/L) at a water temperature of 18.75°C. 

The saturation table in the mentioned report of the Vermont Department of Environmental 

Conservation lists 9.45 mg/L at 18°C and 9.26 mg/L at 19°C; interpolating for 18.75°C 

gives about 9.31 mg/L at full saturation. The measured 7.81 mg/L is therefore about 84% 

of the saturation value, which is right in the expected range for normal tap water (typically 

80–95% depending on standing time and aeration). 

These results confirm three things: 

• The optical sensor produces readings that match physical expectations 

• RS485 communication from the sensor through the isolated adapter to the ESP32 

works without data errors 

• The built-in temperature compensation works correctly. The minimal variation 

between readings (σ = ±0.024 mg/L, or 0.3%) demonstrates the sensor gives 

consistent results across independent power-on cycles 

This test shows that the sensor works and gives repeatable results, but it is not the same 

as a full calibration across the whole measurement range. To measure the absolute 

accuracy properly, a comparison against a certified reference instrument (such as a 

calibrated WTW FDO 925 probe) would be needed, which was outside the scope of this 

prototype. The sample size of 𝑛 = 4 is enough to show good repeatability, but not enough 

to assess long-term drift or day-to-day changes. 
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Figure 6: DO and temperature measurements over four test cycles. The results match expected values for normal tap 
water. 

Two-Point Calibration Procedure for Field Deployment: Before the system is deployed, the 

manufacturer’s two-point calibration will be carried out by LINEG technicians and 

repeated at every weekly maintenance visit to correct for membrane aging. The full 

procedure is described in the sensor wiki (DFRobot, o.J.c) and works as follows: 

1. 100% Saturation Calibration: Pure water (distilled or deionized) is aerated with an 

air pump for about one hour, then left to sit for 30 minutes to stabilize. The sensor 

is placed in this water, and once the reading is stable, the 100% calibration 

command is sent via Modbus. 

2. Zero-Point Calibration (0% DO): A 5% sodium sulfite (Na2SO3) solution is made 

by dissolving 5 g of anhydrous sodium sulfite in 95 g of pure water, then left to stand 

for at least one hour so all the oxygen is consumed. The manufacturer suggests 

adding a small amount of cobalt chloride as a catalyst. The sensor is placed in this 

solution, and once the reading is stable, the zero-calibration command is sent. 

Both steps should be done in a calm, shaded spot to avoid interference, and the sensor 

needs to sit in each solution long enough for its temperature to match the liquid (DFRobot, 

o. J.c). After calibration, the manufacturer specifies an accuracy of ±0.2 mg/L across the 

0–20 mg/L range. The firmware already has adjustable offset and span settings built in, so 

technicians can calibrate without touching the code. 
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The pressure sensor was zeroed by reading its output voltage at atmospheric pressure 

(zero gauge). The ESP32 ADC measured 0.180V at this baseline, which differs from the 

datasheet value of 0.321V. This kind of offset is normal and comes from small 

manufacturing differences between individual sensor units (DFRobot, o. J.b). The 

measured offset is stored in the firmware and used to calculate pressure from all future 

readings, giving accurate values relative to atmospheric pressure. 

 

2.3 Power Supply (Rak) 

 This section focuses on the measurement station’s power supply. The design is based on 

datasheets, conservative estimates of power and current, as well as derived calculations. 

The resulting decisions were later discarded by the IoT lab staff for cost reasons, while 

Mohamed documents the implemented alternative in his hardware section; the original 

concept is still presented here because it remains relevant for future prototypes.  

The power supply must support heterogeneous electrical loads for the different 

components, and it must ensure reliable operation across seasonal temperature 

changes. Depending on the other components, the power supply has three tasks:  

1. It powers the DO sensor directly with a voltage in the range of 12 to 15 V (DFRobot, 

o. J.c).  

2. From this, it provides two additional supply rails: 3.3 V for the Heltec board as an 

always-on logic supply, and 5 V for the measurement peripherals.  

3. The sensor is intended to operate autonomously for a long period of time. 

  

2.3.1 Battery chemistry (Rak) 

In an initial discussion with the HSRW IoT Lab staff, lithium thionyl chloride (Li-SOCl₂) is 

selected as the battery chemistry, because its characteristics match the intended use 

case: an autonomous outdoor measurement station requiring long runtime with only low 

to medium currents. Due to the high energy density, Li-SOCl₂-cells require little enclosure 

volume. The manufacturer specifies an operating temperature range of −60 °C to +85 °C, 

which covers extreme outdoor conditions. Typical self-discharge is low (<1% per year), so 

storage losses are not a limiting factor for autonomous operation (EVE Energy, 2015). 
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2.3.2 Battery cells (Rak) 

EVE ER18505/S cells were selected as the energy source. According to Eve Energy (2015), 

their nominal voltage is 3.6 V and remains largely stable during discharge: under load it 

quickly drops to about 3.4 V and stays above roughly 3.3 V for most of the usable capacity. 

This flat profile reduces the risk of falling below component minimum supply levels, which 

would otherwise cause measurement errors or device failure, and it reduces the need for 

additional regulation such as LDOs or buck/boost converters. 

 

Figure 7: Cell discharge curve compared with that of an aged cell. Source: EVE ENERGY 2015.  

 

2.3.3 Battery pack (Rak) 

A battery pack uses a total of eight lithium thionyl chloride (Li-SOCl₂) cells of type EVE 

ER18505/S. Each cell has a nominal voltage of 3.6 V and a capacity of about 4.0 Ah. Four 

cells are connected in series, and two of these series strings are connected in parallel. 

This results in a 4S2P pack with the following characteristics: 
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Dimension  Single cell  4-series, 2-parallel (8 cells)  
Nominal voltage  3.6 V  14.4 V  
Plateau voltage  ca. 3.4 V  ca. 13.6 V  
Capacity  ca. 4.0 Ah  ca. 8.0 Ah  
Nominal energy  ca. 13.7–14.4 Wh  ca. 110–115 Wh  
max. continuous current  130 mA  ca. 260 mA  
max. pulse current  180 mA  ca. 360 mA  

Table 3: Electrical characteristics of the EVE ER18505/S cell and the 4S2P battery pack. Source: EVE Energy (2015). 
The values for the 4S2P pack are derived from calculations. 

The design addresses two key issues:  

1. According to its data sheet, the DO sensor requires at least 10 V. Four cells connected 

in series provide roughly 12–15 V throughout the usable service life, so the sensor always 

operates within a well-defined supply range (DFRobot, o. J.a). 

2. Li-SOCl₂ cells allow only limited continuous current. System peaks are in the range of 

150–180 mA. With a single 4S string (4S1P), each cell would operate close to its 

continuous current limit. Using two 4S strings in parallel (4S2P) splits the current, 

reducing it to approximately 75–90 mA per cell.  

 

2.3.4 Power domains (Rak) 

The design uses three voltage domains. Domain 1 is the 12–15 V battery rail and supplies 

the DO sensor directly. Switching regulators derive domain 2 (3.3 V, always on) for the 

Heltec ESP32/LoRa board and domain 3 (5 V, measurement-only) for the pressure sensor 

and the UART-to-RS485 converter. To minimize sleep consumption, a switched 

measurement domain disconnects non-essential loads. A P-channel MOSFET high-side 

switch is placed in series with the DO sensor supply and the 5 V regulator input and is 

controlled by an ESP32 GPIO. Three states are to be considered: Sleep, Sense + Compute 

(no LoRa), and Peak (with LoRa). 
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Dimensions  Sleep  Sense+Compute 
(without LoRa)  

Peak (Measuring + 
LoRa)  

ESP current at 3.3 V  ca. 0.05 mA  ca. 100 mA  ca. 250 mA  
ESP power 3.3 V  negligible  ca. 0.33 W  ca. 0.83 W  
5 V load (RS485 + 
pressure sensor)  

0 mA  ca. 23 mA  ca. 23 mA  

5 V rail power  0 W  ca. 0.12 W  ca. 0.12 W  
DO sensor power  0 W  ca. 0.20 W  ca. 0.20 W  
Total power  < 0.1 W  ca. 0.65 W  ca. 1.15 W  
Estimated 4S bus 
current 

ca. 0.02-0.03 
mA 

ca. 0.11-0.14 A ca. 0.15-0.18 A 

Current per 4S string 
(4S2P) 

ca. 0.01-0.015 
mA  

ca. 55-70 mA ca. 75-90 mA 

ER18505/S cell 
limits 

- 130 mA continuous, 
180 mA pulse 

130 mA continuous, 
180 mA pulse 

Table 4: Operating states and load conditions. Sources: Based on datasheet values from DFRobot (o. J.a–c) and EVE 
Energy (2015), as well as conservative estimations derived from HelTec (2022). 

In the peak case, the total current on the 4S bus is about 150–180 mA. With the 4S2P 

configuration, this current is split across two strings, so each cell only sees 75–90 mA. 

This is below the continuous current limit (130 mA) and the allowable pulse current (180 

mA). 

For the runtime estimate, the following assumptions are used: 

• Peak current:    ≈ 0.15 A 
• Sleep current:   ≈ 0.03 mA 
• Capacity:     ≈ 8000 mAh 
• Measurement schedule:  4 measurements per hour   

                                                                        15 s per measurement 60 s/h in peak mode 
                                                                        3540 s/h in sleep mode 

This yields: 

Dimensions  Value  

Peak charge demand per hour  ≈ 2.5 As ≈ 0.69 mAh  

Sleep charge demand per hour  ≈ 0.11 As ≈ 0.03 mAh  

Total demand  ≈ 0.72 mAh per hour ≈ 17.3 mAh per day  

Calculated runtime  ≈ 463 days ≈ 1.3 years  

Table 5: Calculated charge demands and runtime. Source: Values derived from calculated results. 
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Including realistic losses, temperature effects, and a generous safety margin, an 

operating time of about one year is to be expected. With shorter measurement durations 

or lower measurement rates, this period can be extended further. Overall, the concept 

meets the key requirements. Each component is supplied according to its electrical 

needs, and the chosen battery chemistry satisfies both the external environmental 

requirements and the internal electrical constraints. At €47.92 (as of January 2026) for a 

complete 4S2P pack, the power-supply cost is within an acceptable range. The 

mechanical form factor remains manageable and can be adapted to different enclosure 

designs. In conclusion, the implementation of this battery concept should be considered 

for future projects. 

 

2.4 Data Handling (Althaus, Rausch) 

The following section divides data handling into two subchapters. First, the choice of 

technology will be explained and then the choice of a visualization tool and its 

implementation in will be discussed. In general, while being separated fields of expertise 

and knowledge, the subgroup worked closely together, especially in terms of 

troubleshooting.  

The platform https://gitlab.hsrw.eu/  was used for collaborative work and versioning of the 

application system and its components. Tasks were divided up using the git-workflow and 

developed in separate branches.  

The developed repository is available at https://gitlab.hsrw.eu/31507/ip_25. 

 

2.4.1 Data Transmission (Rausch) 

A major discussion as part of the data handling was how the data flows from our entry 

point to the databases we set up. Like already mentioned in the hardware section, we 

decided early to use LoRaWAN to send the data. For the data handling or more precisely 

the backend of our Projekt, we deemed it important for the data to be open source and 

thus for the data to be available from a centralised point. This is why our decision fell to 

using MQTT as the transmission protocol. Furthermore, we decided on trying the MING 

stack for our visualisation of the collected Data, as well as an added route for a PostGIS 

https://gitlab.hsrw.eu/
https://gitlab.hsrw.eu/31507/ip_25
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database to save data long term in an attempt to host an API with the findings. MING 

stands for MQTT, InfluxDB, Node-Red and Grafana, which are the components making up 

the software. In order to test our approach, we designed a docker system that is used to 

set up the entire stack over multiple containers that interact with each other. For testing 

purposes, we also ended up adding a local Mosquitto MQTT in our docker system. This 

system allows us to test with LoRaWAN but also use a Wi-Fi-connection in the case a 

technology switch is intended. 

The decision to use the MING stack was ultimately made due to its usage in general IoT-

Environments, as well as its scalability and easy visualisation with Grafana, which is 

discussed in the second subchapter. In addition to this the decision to use docker was 

made for easy and quick deployment on multiple devices, so that testing can be carried 

out by multiple people without any intensive installations 

In order to understand how the stack works, a quick explanation on how MQTT works is 

necessary. In short MQTT is a data transfer protocol that allows data to be pushed into 

different topics. A topic here is basically a hierarchical string similar to that of a File 

System, for example “do/sensor/data”. Devices can publish and/or subscribe to these 

topics. When data gets published to a topic, the MQTT forwards the data to all active 

subscribers, similar to how a standard observer pattern works. 

Node-Red on its own is a low-code add-on for your JavaScript that allows you to simplify 

JavaScript code into simple building blocks. These blocks represent functions in 

JavaScript. The flow line is hereby the order in which the functions call each other. This 

allows you to build an endpoint without having to code all of the standard calls yourself. 

Node-Red itself offers a good number of add-ons on its own, which includes already pre 

constructed nodes for connections to other systems and tools. 

The transmission specifically works as follows. The entry point for data is our MQTT, which 

our Node-Red flow is subscribed to. Incoming data will now flow through Node-Red and 
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the payload will be split and changed accordingly for both, our InfluxDB and our PostGIS 

database. Making for a quite concise flow of data. 

 

Figure 8: Data Transmission chart. Source: Own illustration. 

As for our PostGIS database, the original goal was using it to give the data the opportunity 

to flow further with an added API which sadly did not get completed in time and is thus 

another step for additional development after the initial Project has concluded. The 

PostGIS database and the dataflow to it are both successfully implemented already. The 

following is a database diagram of the resulting table. 

 

Figure 9: The PostGIS database model with the measurement table and its attributes. Source: Own illustration. 

The implementation of the MQTT and its connection to Node-Red ended up being a lot 

easier than originally imagined. We were even able to integrate it two ways, for the early 

testing purposes without a sensor. The work with node-red in general was a breeze and 

was quite a nice experience. However, it was not entirely without challenges. One of the 
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major issues we ended up facing was implementing the PostGIS payload. Node-red is not 

a one and done app, it instead requires multiple downloadable add-ons that can be used 

to further the capabilities of the tool. In this case, node-red needed a PostgreSQL node 

that would be compatible with the geometry field added by PostGIS. Finding one and then 

implementing it in a way that works took multiple hours and ended up being the reason 

for the API to be delayed. This was due to missing documentation on insert statements, 

when it came to the nodes we found. 

 

2.4.2 Data Visualization (Althaus) 

In order for the measured values sent by the sensor to be evaluated, they must be 

displayed in a structured manner in a user interface and made available for analysis 

purposes. The implementation must meet the following criteria: 

• High user-friendliness thanks to a simple user interface 

• Plattform-independent Access 

• A flexible range of data processing options 

• Filtering of data according to specified times/time windows 

• Low costs for installation and commissioning 

In order to save development time, existing open source solutions were examined and 

compared with the above criteria. The web application Grafana was selected.  

Grafana allows you to freely configure how data is displayed. Among other things, you can 

choose from a wide range of chart types for visualization or, in the case of a line chart, 

switch directly to the table view.  

In addition, further visual adjustments can be made so that users can optimize the display 

for analysis purposes. The data is retrieved using the Flux syntax. Various parameters and 

filters are set, which enable one or more measured values to be queried. Furthermore, 

the measured values can be filtered using tags. In this way, the data to be displayed can 

be precisely controlled. 

The dashboards provide an overview, in which several visualizations are organized 

thematically and integrated for direct display. Within a dashboard, the desired time 
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window can be specified, which is automatically applied to all visualizations. With the live 

function, the transmitted measurement data is automatically updated at intervals of 5-10 

seconds. Since the sensor transmits the measurement data at intervals of 5 minutes, no 

significant loss of measurement data is to be expected, so that live transmission is 

compatible with these values. 

 

Figure 10: The Grafana Dashboard. Source: Own illustration. 

The database management system (DBMS) InfluxDB was chosen to manage the data. 

InfluxDB is also open source and specializes in managing large volumes of time series 

data. The DBMS automatically adds a timestamp when writing data, so that this does not 

have to be sent by the sensor. Furthermore, the data does not require a rigid framework 

for recording the measurement data, as is the case with other DBMSs. This makes it 

possible to add further measurement categories without any additional effort. This 

provides a suitable basis for installing additional sensors and flexibly expanding the data 

packets with the corresponding values.  

The arrangement of the payload data is restructured in Node Red using a function node. 

This creates an array with two blocks. In the first block (Fields), the measured values and 

their designations are transferred as key-value pairs, and in the second (Tags), further 

assignment criteria follow, also as key-value pairs. 

In addition to the payload, the data object contains the Measurement attribute, which 

specifies the purpose of the measurement. 
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Within the scope of this project, the following data structure was defined for the Fields, 

Tags, and Measurement: 

• Measurement: 

• Water Quality 

• Fields: 

• Dissolved Oxygen 

• Water Pressure 

• Water Temperature 

• Tags: 

• Location 

• Sensor 

The desired structural changes only require an adjustment of the sensor payload and the 

assignment in the Node Red node. The DBMS uses the reorganized data structure without 

the need for further intervention.  

The choice of the above tags ensures that multiple sensors can be used in different 

environments. The data is quickly transferred, chronologically sorted, and made available 

for visualization thanks to the compact database structure. 

To test the selected application system, the focus was placed on the data itself. 

Since a general data structure could be derived from the requirements, the focus could 

be placed on implementing the data flow.  

The data is to be sent via the sensor, received and forwarded via MQTT, and prepared for 

writing to the database via Node Red.  

Since the data required for the data flow could not be sent by the prototype itself at the 

beginning of the project phase (it first had to be developed), it had to be replaced by 

randomly generated test data. For a better overview, two different starting points were 

used to send the data packets: The first starting point is located within the Docker 

environment in the Node Red application. With the help of a so-called “Inject” element, 

test data in JSON format could be transferred directly to an InfluxDB node. To check for a 
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successful write operation, the database was accessed directly via the Docker 

environment, and the corresponding entries were retrieved.  

The second starting point was chosen outside the Docker environment so that almost the 

entire data flow could be simulated. The data was sent using a Bash script that was 

executed on the local machine and transferred the data to the MQTT container in the form 

of a payload. 

The main challenge was to ensure the data flow from the initial starting point. The 

obstacle was setting up the Node RED nodes. In order for the data to be successfully 

written to the Influx database, an InfluxDB node had to be installed using the Node RED 

package palette and a function node had to be set up to customize the payload data 

structure. Several packages were available for installation, with different versions and 

documentation.  

Due to the dependency of the function logic on the corresponding package and the fact 

that, depending on the selected package, no errors were output in the Node RED 

environment, complications arose in determining the cause.  

After some research, the current package “node-red-contrib-influxdb Vers. 0.7.0.” was 

installed and the function logic was completed with the help of the accompanying 

documentation. A special feature was the use of tags and fields through an array structure 

in the message payload, as opposed to the usual transfer through the tag and field 

attributes of the message object. 

 

2.5 Cleaning Methods (Müsch, Shamsunnahar, Sultana) 

This chapter focuses on the cleaning and anti-fouling subsystem of an autonomous 

optical dissolved oxygen (DO) sensor for long-term aquatic deployment. It describes the 

impact of biofouling on measurement accuracy and presents a passive copper mesh–

based anti-fouling concept, including its design rationale, mechanism of action, 

experimental validation, and remaining limitations. 
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2.5.1 Role Within the Overall System (Shamsunnahar, Sultana) 

Within the overall autonomous DO monitoring system, the anti-fouling subsystem plays 

a supporting but essential role. While the sensing electronics and data transmission 

components define the nominal measurement capability, long-term data quality is 

determined by how well the sensing interface is preserved over time.  

In practical deployments, fouling-induced drift often becomes the dominant source of 

measurement error well before electronic limitations are reached (Delauney, Compère 

and Lehaitre, 2010). 

By limiting biological growth at the sensing membrane, the anti-fouling subsystem 

stabilises oxygen transport conditions and preserves the optical measurement path. This 

directly extends deployment duration, reduces maintenance requirements, and supports 

reliable long-term autonomous operation. 

 

2.5.2 Description of the specific Area of the Prototype (Shamsunnahar, Sultana) 

 In this chapter, we focus on the cleaning and anti-fouling subsystem of an automated 

optical dissolved oxygen (DO) sensor intended for long-term deployment in aquatic 

environments. Optical DO sensors rely on direct contact between the sensing membrane 

and the surrounding water. As a result, any biological growth at this interface directly 

affects the measurement by interfering with oxygen transport and optical signal 

transmission.  

Biofouling in aquatic systems develops progressively, starting with the adsorption of 

organic molecules, followed by bacterial attachment, biofilm formation, and eventually 

macrofouling by algae or larger organisms (Delauney, Compère and Lehaitre, 2010). Once 

a biofilm forms on the sensor surface, it introduces an additional diffusion barrier and 

creates a local micro-environment in which oxygen is actively consumed by microbial 

respiration. This leads to a reduced oxygen concentration at the membrane compared to 

the bulk water, causing systematic underestimation of dissolved oxygen levels (Banna et 

al., 2014). 
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From a transport perspective, this effect can be described using Fick’s first law of 

diffusion:  

𝐽 = − 𝐷
 𝑑𝐶

𝑑𝑥
 

Where J is the oxygen flux toward the membrane, D is the diffusion coefficient of oxygen 

in water, and  𝑑𝐶

𝑑𝑥
 is the concentration gradient across the diffusive boundary layer. 

Biofouling increases the effective thickness of this boundary layer, which reduces oxygen 

flux and slows sensor response. Preventing or delaying fouling at the membrane is 

therefore essential for maintaining both measurement accuracy and response time.  

Within this scope, we investigated a passive copper-mesh anti-fouling system integrated 

into the sensor housing. The aim was to inhibit early-stage microbial settlement rather 

than mechanically removing established fouling. Alternative cleaning approaches were 

reviewed to support the selection of the proposed solution. 

 

2.5.3 Implementation of the Concept (Shamsunnahar, Sultana)  

We realised the anti-fouling concept through the design and implementation of a copper 

wire mesh enclosure mounted around the DO sensor head. Copper was selected due to 

its well-documented antimicrobial properties in aquatic environments. When exposed to 

water, copper releases Cu⁺ and Cu²⁺ ions, which inhibit microbial growth through several 

physicochemical mechanisms.  

At the cellular level, copper ions disrupt microbial cell membranes, bind to thiol groups 

in enzymes, and interfere with essential metabolic pathways. In addition, copper 

participates in redox reactions that generate reactive oxygen species (ROS). One 

representative reaction is: 

Cu⁺ + H2O2 → C²⁺ + OH- + .OH 

The resulting hydroxyl radicals cause oxidative damage to DNA, proteins, and lipids, 

thereby inhibiting cell replication and attachment (Grass, Rensing and Solioz, 2011). 

By enclosing the sensor head within a copper mesh, we created a localised region with 

elevated copper ion concentration near the sensing membrane. While copper ions rapidly 
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dilute in the surrounding water, the concentration within this region is sufficient to 

suppress microbial settlement and prevent the formation of the initial conditioning film 

that precedes biofilm development (Delauney, Compère and Lehaitre, 2010). 

A key design constraint was ensuring that the anti-fouling system did not interfere with 

oxygen transport or optical measurements. To address this, we positioned the mesh at an 

offset distance of approximately 1–2 cm from the sensing membrane. This spacing allows 

sufficient water exchange and avoids optical interference while maintaining antifouling 

effectiveness. 

 

2.5.4 Used Methods, Tools and Technologies (Shamsunnahar, Sultana) 

We developed the mechanical design of the anti-fouling cap using Autodesk Fusion 360, 

which allowed precise control over geometry, spacing, and mounting features. Prototypes 

were fabricated using additive manufacturing (3D printing), enabling rapid design iteration 

and modular construction.  

A fine copper wire mesh (wire diameter approximately 0.1 mm) was mechanically fixed to 

the printed structure. Mechanical fixation was preferred over adhesives to avoid long-

term degradation and unintended chemical interactions in the aquatic environment.  

In parallel, we evaluated alternative anti-fouling strategies based on existing literature. 

Mechanical cleaning systems, such as wipers and rotating brushes, are effective at 

removing fouling but require motors, control electronics, and additional power, and they 

introduce mechanical wear points (Lewis, 2010). Surface-based approaches, including 

low-surface-energy coatings, reduce biological adhesion but often degrade over time and 

may affect optical performance (Zhou et al., 2015). These considerations supported the 

selection of a passive copper-based approach. 

 

2.5.5 Key Technical Decisions (Shamsunnahar, Sultana) 

One of our main design decisions was the use of a passive anti-fouling strategy instead of 

an active mechanical cleaning system. Passive solutions reduce system complexity, 
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eliminate moving parts, and minimise energy consumption, which are critical factors for 

long-term autonomous deployments.  

Another important decision concerned the mesh-to-membrane spacing. Placing the 

mesh too close to the membrane would increase the thickness of the diffusive boundary 

layer and restrict oxygen transport, while excessive spacing would reduce copper ion 

effectiveness. The selected 1–2 cm offset represents a compromise between maintaining 

efficient oxygen diffusion and achieving sufficient anti-fouling performance.  

We also designed the anti-fouling cap to be modular, allowing it to be removed or replaced 

independently of the sensor. This improves maintainability and enables future testing of 

alternative materials or geometries. 

 

2.5.6 Applied Method: Copper Mesh Anti-Fouling System (Müsch) 

The solution employs a custom-designed, 3D-printed cap carrying a copper mesh barrier, 

mounted securely onto the DO sensor head. A critical challenge is balancing biofouling 

protection with sensor performance. Placing the mesh too close introduces 

measurement artifacts; too far reduces copper ion protection. Our design implements a 

specific 1–2 cm offset between the mesh and the sensor membrane. 

Offset Necessity (1–2 cm): 

1. Hydrodynamic: Mesh placed directly against the membrane would act as 

a baffle, restricting water movement and thickening the diffusion layer, causing 

sluggish response and potential oxygen depletion. The gap ensures sufficient 

water exchange, maintaining natural diffusion rates. 

2. Optical: A metallic mesh in the optical near field could reflect excitation 

light or scatter emission light. The offset ensures the mesh is outside the primary 

optical path, preventing signal distortion. 

Construction: A modular cap was CAD-designed (Autodesk Fusion 360) and 3D-printed 

with large windows to maximize water exchange. Commercially available copper wire 

mesh (0.1 mm diameter wire) is stitched onto the frame through pre-designed mounting 

holes, avoiding adhesives that might degrade. The cap utilizes an internal stud system to 
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guarantee the 1–2 cm offset when mounted. Screw-Tightening ensures a firm fit on the 

sensor head and prevents slipping during long-term deployment underwater. 

Two developed variants: 

- Full-Coverage: Mesh covering sides and front/top, providing maximum biological 

protection. 

- Front-Open: Mesh on sides only, maximizing mixing directly before the 

membrane. 

 

Figure 11: Prototypes of the Full-Coverage (left) and Front-Open (right) Custom Mesh-Sensor-Cap. Source: Own 
Illustration. 

 

2.5.7 Mechanism of Action (Müsch) 

The copper mesh functions through multiple biocidal pathways driven by copper ion 

(Cu2+) release (Grass et al., 2011). Contact killing occurs when organisms settling on the 

mesh experience immediate membrane depolarization and cell wall rupture. Copper ions 

catalyse Reactive Oxygen Species (ROS) production, attacking DNA, proteins, and lipids. 

By enclosing the sensor head in a mesh cage, a micro-environment with elevated copper 

ion concentration is created within the 1–2 cm gap. While low enough to disperse into 
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open water, this concentration inhibits planktonic bacteria and algae from settling on the 

membrane, preventing the conditioning film that precedes all subsequent fouling. 

 

2.5.8 Experimental Validation, Results and Interpretation (Müsch) 

To verify the design does not negatively impact measurement capabilities, comparative 

experiments were conducted using the automated sensor node. The node performed 

cyclic routines (5s warmup, sensor reading, LoRa transmission) in a water reservoir after 

thermal equilibration. Three configurations were tested: Full Coverage, Front Open, and 

No Mesh. 

Configuration n Mean (mg/L) Min–Max (mg/L) Std. dev. 

Full coverage 9 7.934 7.76–8.08 0.129 

Front open 18 7.917 7.75–8.17 0.144 

No mesh 11 7.845 7.66–8.07 0.178 

Table 6: Comparison of DO sensor configurations measuring dissolved oxygen. 

Both mesh configurations produce statistically similar mean values (Full Coverage: 7.93 

mg/L, Front Open: 7.92 mg/L). If the mesh restricted oxygen diffusion, the Full Coverage 

unit would show lower DO values. The virtual identity confirms that the 1–2 cm offset and 

mesh porosity allow adequate hydrodynamic exchange. The No Mesh reference shows a 

slightly lower mean (7.85 mg/L), but this difference (0.08 mg/L) is well within the standard 

deviation (0.13–0.18 mg/L) and attributable to run-to-run variation in temperature and 

mixing. The comparable standard deviation across all setups confirms the mesh does not 

introduce optical noise. 

The evaluation is limited by sample size and slightly different environmental conditions 

between runs. Temperature and mixing were not strictly controlled. The dataset 

demonstrates short-term compatibility but cannot fully quantify antifouling performance. 

Long-term drift reduction and biofilm suppression must be validated through longer field 

deployments. 
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2.5.9 Limitations, remaining Issues and possible Improvements (Shamsunnahar, 
Sultana) 

The performance of copper-based anti-fouling systems depends on environmental 

factors such as temperature, pH, salinity, and flow velocity, which influence both copper 

ion release rates and convective transport. These parameters were not systematically 

investigated in this study.  

Furthermore, while copper is effective against microorganisms and early-stage fouling, it 

may be less effective against macrofouling during very long deployments. Our evaluation 

was limited to short-term laboratory testing and does not fully quantify long-term 

reductions in biofilm formation or sensor drift. Potential environmental impacts 

associated with continuous copper release were also outside the scope of this project. 

In future work, we plan to conduct long-term field deployments to evaluate the antifouling 

performance under realistic environmental conditions. Coupled diffusion–reaction 

models could be developed to better understand oxygen transport and copper ion 

concentration near the sensing membrane under varying flow regimes.  

Further optimisation of mesh geometry and porosity may improve convective mixing while 

maintaining antifouling effectiveness. A hybrid approach, combining passive copper 

protection with occasional low-power mechanical cleaning, could provide increased 

robustness against both microfouling and macrofouling. In addition, environmentally 

friendly surface coatings could be explored as complementary measures to further 

extend maintenance-free deployment duration. 

 

2.6 Housing (Schelb, Schöne, Sloma) 

The housing represents a central component of the overall system, as it protects the 

sensitive electronics of the autonomous measurement system from environmental 

influences while simultaneously enabling practical field deployment. Beyond its 

protective function, the housing significantly affects maintenance effort and operational 

reliability under real-world conditions. When installation in public spaces such as water 

bodies or bridge structures is envisaged, not only technical requirements but also usage-
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related aspects must be considered, especially the risk of vandalism in public 

environments (Nowak et al., 2024, pp. 2 ff.). 

The objective of the housing design was therefore to develop a robust, cost-effective, and 

maintenance-friendly solution that meets the requirements of outdoor operation and 

integrates seamlessly into the overall concept of the autonomous measurement system. 

The housing was intended as a prototype solution that can be functionally tested while 

also allowing conclusions to be drawn regarding possible further developments for long-

term deployment. 

 

2.6.1 Requirements for the Housing in Outdoor Use (Schelb, Schöne, Sloma) 

Several fundamental requirements arose for the planned outdoor application. First, 

sufficient protection against precipitation, splash water, and temporary submersion had 

to be ensured, as the system is operated near water bodies and is regularly exposed to 

high humidity and changing weather conditions. 

Furthermore, the UV resistance of the housing material plays an important role. Polymer-

based materials are subject to aging under prolonged solar radiation, which can lead to 

embrittlement and mechanical weakening (Saputra et al., 2025, pp. 11 ff.). 

Another important aspect is the thermal behaviour of the housing. Direct solar radiation 

can cause significant heating of the interior, which may negatively affect the service life 

of electronic components (Wankhede et al., 2007, p. 858). Therefore, the housing should 

be designed in a way that avoids excessive internal heating. 

In addition to these technical requirements, ease of maintenance was a key 

consideration. Since battery replacement and maintenance work are necessary, the 

housing should be easy to open without compromising its protective function. At the 

same time, the housing should be as compact as possible to minimize material usage and 

enable unobtrusive installation. 

Finally, vandalism prevention was also considered. In publicly accessible areas, there is 

an increased risk of damage or manipulation (Nowak et al., 2024, pp. 2 ff.). A deliberately 

simple and technically inconspicuous appearance can help reduce the perception of the 
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housing as a valuable or interesting technical installation. Studies in the field of crime 

prevention indicate that unobtrusive design concepts in public spaces can reduce the risk 

of vandalism (Levan, 2005, p. 19). 

 

2.6.2 Design Concept of the Pipe-Based Housing (Schelb, Schöne, Sloma) 

Based on the requirements outlined above, a housing concept was developed sing a 

commercially available polypropylene drainage pipe. Polypropylene is widely used in 

technical applications and is characterized by good chemical resistance, sufficient 

mechanical stability, and ease of processing. In addition, the material is cost-effective 

and widely available (Hossain et al., 2024, p. 1). An initial design of the housing concept 

is illustrated in the following figure. 

 

 

The cylindrical pipe geometry offers several design advantages. It provides high structural 

stability against external loads and enables a vertical arrangement of components inside 

the housing. Electronics, battery, and antenna can be arranged compactly in a stacked 

configuration, while the sensor cables can be routed straight downward out of the 

Figure 12: A rendering of the first housing concept sketch. It shows the used pipe as the main component and the 
mounting board for easy access to the hardware. Source: Own illustration. 
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housing. This facilitates sensor installation in the water and reduces mechanical stress 

on the cables. 

The housing was fabricated from a polypropylene drainage pipe with a diameter of 90 mm 

and cut to a length of approximately 61 cm, representing a compromise between 

sufficient internal space for the electronics and a compact overall design. 

 

2.6.3 Implementation and Structural Design (Schelb, Schöne, Sloma) 

The upper end of the pipe was sealed using a removable coupling. A metal handle was 

attached to this coupling, allowing it to be pulled off and providing easy access to the 

interior. Maintenance tasks such as battery replacement or functional checks can 

therefore be performed without fully disassembling the housing. 

At the lower end, a sliding coupling was installed to achieve a closed termination. Two 

holes were drilled into this coupling to accommodate waterproof cable glands, through 

which the sensor cables are routed out of the housing, as shown in the figure of this 

chapter. 

The electronic hardware is mounted on printed circuit boards, which are fixed to a 

separate mounting board manufactured to fit precisely using laser cutting. This board 

includes both the required mounting holes for the circuit boards and a handle opening to 

allow easy removal from the pipe.  

 

Figure 13: The design for the mounting board in Autodesk Fusion. Source: Own illustration. 
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To secure the mounting board inside the housing, two plastic guide rails were bonded to 

opposite inner walls of the pipe. The mounting board can be inserted into these rails, 

providing a defined position and secure support. Additional stoppers installed at the 

lower end of the rails prevent the board from sliding down to the bottom of the housing, 

ensuring that the electronics remain in the intended position. 

 

2.6.4 Key Design Decisions and Rationale (Schelb, Schöne, Sloma) 

The decision to use a polypropylene pipe as the housing material was primarily driven by 

requirements regarding cost, availability, and ease of processing. Compared to industrial 

enclosures, which are often certified and designed for long-term series applications, the 

chosen solution represents a cost-effective alternative.2 

The modular insertion concept using guide rails enables a clear separation between the 

housing and the electronics. Electronic components can be mounted, tested, or replaced 

independently of the housing, reducing maintenance effort by allowing the electronics to 

be removed as a single unit. 

Another key design decision concerns the deliberately simple external appearance. By 

adopting the unobtrusive look of a plain pipe, the housing is less likely to be perceived as 

a technical installation, which may help reduce the risk of vandalism (Levan, 2005, p. 

196). 

 

 
2 The material costs for the prototype housing consist of a polypropylene drainage pipe with socket (DN 
90, 1 m), one sliding coupling, and two end caps (total cost: €14.26; OBI online catalog; status: 21 January 
2026): 
https://www.obi.de/p/2838803/marley-ht-rohr-mit-steckmuffe-dn-90-1000-mm, 
https://www.obi.de/p/2839165/marley-ht-ueberschiebemuffe-dn-90, 
https://www.obi.de/p/2839223/marley-ht-muffenstopfen-dn-90. 
By comparison, commercially available industrial enclosures with defined protection ratings for outdoor 
use (e.g., weatherproof IP65 outdoor boxes or enclosures designed for industrial outdoor applications) are 
typically available at significantly higher price levels, depending on size, material, and configuration. An 
example is a weatherproof, lockable IP65 industrial enclosure (status: 21 January 2026): 
https://www.wlan-shop24.de/mantar-sm-40-33-23-cabinet-weatherproof-lockable. 
Additional material costs, such as cable glands or internal mounting components, would similarly apply 
to an industrial enclosure and would therefore be incurred in addition to the enclosure itself. 
 

https://www.obi.de/p/2838803/marley-ht-rohr-mit-steckmuffe-dn-90-1000-mm
https://www.obi.de/p/2839165/marley-ht-ueberschiebemuffe-dn-90
https://www.obi.de/p/2839223/marley-ht-muffenstopfen-dn-90
https://www.wlan-shop24.de/mantar-sm-40-33-23-cabinet-weatherproof-lockable
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2.6.5 Challenges and Mitigation Measures (Schelb, Schöne, Sloma) 

One of the central challenges of sealed outdoor enclosures is the formation of 

condensation inside the housing. Temperature fluctuations between day and night can 

cause humid air to condense, leading to water accumulation on electronic components 

(Joshy, 2018, pp. 7 ff.). To mitigate this effect, the use of silica gel as a desiccant can be 

considered (Hraiech et al., 2025, p. 1; Dahan et al., 2013, pp. 15 ff.). 

Another issue is the limited UV resistance of polypropylene. Prolonged exposure to UV 

radiation can lead to material aging (Saputra et al., 2025, pp. 11 ff.). A possible 

countermeasure is coating the housing with a UV-resistant polymer paint (Brostow et al., 

2020, p. 1), which could be implemented in the future to extend service life in outdoor 

environments. 

Thermal heating of the housing can also be mitigated through appropriate surface 

coatings, which can significantly reduce internal temperatures (Wankhede et al., 2007, 

pp. 858 ff.). 

Regarding mounting, a fixed integrated mounting solution was deliberately avoided 

because the exact deployment location was not defined in advance. Instead, the pipe-

based design allows flexible attachment using pipe clamps, cable ties, or additional 

brackets, for example on bridge railings or similar structures. 

During final assembly and integration of the electronic components, an issue related to 

the mechanical integration of the mounting board was identified. The mounting board, 

including the fully assembled electronics, could not be inserted into the housing using 

the intended guide rails, as the screws used to mount the printed circuit boards protruded 

slightly and interfered with the inner edges of the guide rails. As a result, the mounting 

board could not be slid into position as originally planned. 

The primary reason for this issue was the delayed availability of the dissolved oxygen 

sensor, which prevented full assembly and dimensional verification of the electronics at 

the time the housing was manufactured. Due to long delivery times, the housing had to 

be completed before the final dimensions of the fully assembled electronics were known, 

making prior integration testing impossible. 
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As a practical solution, the mounting board together with the electronics was inserted 

into the housing without using the guide rails and positioned alongside them. In this 

configuration, the mounting board still fits securely within the housing and remains 

sufficiently stable for prototype operation. 

For future use or further development of the prototype, the guide rail geometry could be 

adapted to accommodate the fully assembled mounting board, for example by increasing 

clearance or adjusting rail dimensions. This would allow the guide rail concept to be 

utilized as originally intended while maintaining compatibility with the final electronic 

assembly. 

 

2.6.6 Evaluation of Results and Limitations (Schelb, Schöne, Sloma) 

The developed housing concept provides easy access to the electronics and supports 

flexible field installation, making it well suited for use as a prototype and for time-limited 

field tests. For deployment periods of several months, adequate functionality can be 

expected when appropriate protective measures such as UV coatings and moisture 

management are applied (Saputra et al., 2025, p. 11). 

However, for multi-year continuous operation, increased requirements regarding material 

durability, sealing systems, and certifications are to be expected, as are typically met by 

industrial enclosures. 

 

2.6.7 Outlook and Potential Further Developments (Schelb, Schöne, Sloma) 

Future developments could enhance the housing concept with UV-stabilized materials or 

certified industrial enclosures. In addition, integrated pressure equalization elements 

and location-specific mounting solutions could be considered. The insights gained from 

prototype operation provide a valuable basis for such further developments. 
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3. Discussion 
The following chapter presents the overall outcomes of the project and reflects on the 

results achieved across the different subsystems. It summarises the technical findings, 

evaluates the level of implementation reached by the prototype, and highlights the 

insights gained during development and testing. Based on these results, remaining 

limitations and perspectives for future work are outlined. 

 

3.1 General Outcome (Schöne) 

The project resulted in the development of a comprehensive system concept for an 

autonomous dissolved oxygen monitoring station intended for long-term deployment in 

flowing waters. The primary outcome lies in the structured integration of sensing, data 

handling, housing, cleaning, and energy concepts into a coherent overall architecture.  

A notable challenge during the project was the high demand for practical hardware 

knowledge and experience in electronics assembly. This expertise was not evenly 

distributed across the project team, which resulted in large parts of the hardware design 

and integration being concentrated on a single team member.  

This circumstance limited knowledge transfer within the group and increased 

dependency on individual contributions. Although other team members frequently 

attempted to support the hardware-related tasks, this support was inherently limited due 

to the lack of prior experience. It quickly became apparent that the level of technical and 

electrical knowledge required for effective hardware prototyping could not be acquired 

within a short project timeframe, further reinforcing the concentration of responsibility in 

this area. 

In addition, communication between the parallel working subgroups could have been 

improved. Although informal coordination took place, a more structured workflow would 

likely have increased transparency and alignment between subsystems. Adopting a 

lightweight agile approach, such as regular short status meetings in the style of Scrum, 

could have been beneficial. For example, a weekly meeting at the beginning of the course 

session, in which each subgroup briefly reports on its current progress and challenges, 

may have helped to identify interdependencies earlier and reduce coordination overhead. 
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Nevertheless, a functional prototype was successfully realised for the core sensing and 

data handling chain. The dissolved oxygen sensor with an integrated temperature sensor, 

complemented by pressure measurements, was integrated into an operational 

measurement workflow that includes periodic data acquisition, local processing, 

wireless transmission, and backend-based storage and visualisation.  

The defined Method of Operation provides a clear and reproducible description of how 

the system is intended to function during autonomous operation, forming a solid basis for 

both implementation and future optimisation. 

The data transmission and backend infrastructure represent a key technical achievement 

of the project. The use of LoRaWAN for low-power wireless communication, combined 

with an MQTT-based backend architecture, enabled flexible and scalable data handling. 

The implementation of the MING stack (MQTT, InfluxDB, Node-RED, and Grafana) allowed 

measurement data to be reliably received, processed, stored, and visualised.  

The successful deployment of this infrastructure using containerised services 

demonstrated that the system can be easily reproduced and tested across different 

environments. Even though the system was mostly tested with simulated test data, the 

complete data flow from entry point to visualisation could be validated. 

A further significant outcome is the development and evaluation of the housing concept. 

The pipe-based polypropylene enclosure provided a cost-effective and mechanically 

robust solution suitable for outdoor use. The modular internal mounting concept enabled 

easy access to the electronics and supported flexible installation scenarios. While the 

housing was designed primarily as a prototype solution, it demonstrated practical 

suitability for short- to medium-term deployments and allowed conclusions to be drawn 

regarding future improvements for long-term operation. 

The anti-fouling subsystem represents another central contribution of the project. A 

passive copper-mesh-based approach was designed, implemented, and experimentally 

evaluated. Short-term laboratory tests showed that the copper mesh did not negatively 

affect dissolved oxygen measurements when an appropriate offset distance was 

maintained. The modular design allows easy replacement and further experimentation 
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with alternative geometries or materials. Although long-term antifouling performance 

could not be fully assessed within the project timeframe, the concept provides a 

technically sound and low-power solution that aligns well with the requirements of 

autonomous operation. 

In contrast, the power supply subsystem remained largely at the conceptual design stage. 

A detailed theoretical power concept was developed, including battery chemistry 

selection, voltage domain definition, current and power budgeting, and runtime 

estimation. However, this concept could not be implemented in the final prototype due 

to practical and organisational constraints. As a result, long-term autonomous operation 

of the complete system was not fully demonstrated. Despite this limitation, the 

documented power supply design remains a valuable outcome, as it provides a well-

founded reference for future prototype iterations. 

 

Figure 14: Sideview of the fully constructed prototype. The Housing is fully assembled with the previously shown 
hardware safely concealed inside, with only the Pressure and DO Sensor on the outside. Additionally, the copper 
mesh is fixed onto the DO Sensor. 

Overall, the project successfully delivered a modular and extensible system concept 

supported by partial prototype implementations and experimental validation, as 

illustrated by the picture of the assembled prototype above, integrating housing, sensor 

hardware and copper mesh protection.  

While not all subsystems reached the same level of maturity, the project achieved its 

primary objective of demonstrating technical feasibility and identifying the key challenges 

associated with autonomous dissolved oxygen monitoring in natural aquatic 

environments. 
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3.2 Technical Design Challenges and Solutions (Karim) 

Several technical challenges came up during development: 

Component Availability (Relay vs. MOSFET): The original plan was to use a P-Channel 

MOSFET for the sensor power switch, since MOSFETs have almost no current leakage. 

Due to component shortages, a mechanical relay (FRS1B) was used instead. The relay 

proves the switching logic works, but it draws about 90mA when active — far more than a 

MOSFET. Switching to the MOSFET in the final version will be important for reducing power 

consumption. 

Infrastructure Limitations: The system was originally designed to send data over 

LoRaWAN for long-range coverage. However, testing showed that the local LoRaWAN 

gateway in Kamp-Lintfort is currently offline. As a workaround, the system was switched 

to use the ESP32s built-in WiFi instead. Because of the modular firmware design, this 

change did not require any hardware modifications. The LoRa-E5 module stays on the 

board and can be activated later when the gateway comes back online. 

Sensor Calibration: The prototype validation used a single-point ambient check with tap 

water at known temperature, which confirmed correct operation and good repeatability 

(σ = ±0.024 mg/L) against the saturation table of the VT WSMD Wastewater Program 

(Vermont Department of Environmental Conservation, o. J.). Full two-point calibration 

using sodium sulphite (0% DO) and air-saturated water (100% DO) is planned for the 

deployment phase and will be part of the weekly maintenance routine. The firmware 

already supports this through configurable offset and span parameters. 

 

3.3 Technical Economic Feasibility and Design Trade-offs (Karim) 

One of LINEG’s main requirements was that the system should be cheap enough to 

deploy at multiple locations. The total hardware cost for this prototype is about €194: 

• Optical DO Sensor (SEN0680): €121.86 

• Pressure Sensor (SEN0257): €21.00 

• RS485 Adapter (DFR0845): €19.75 

• LoRa-E5 Module: €16.90 

• Charger (Adafruit bq24074): €14.00 
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The ESP32, LiPo battery, and enclosure materials came from existing lab stock. 

LINEG currently uses the WTW MultiLine Multi 3630 IDS (with FDO 925 optical oxygen 

sensor) for manual sampling, which costs about €3,900. This prototype achieves a 95% 

cost reduction compared to that device. The WTW system offers certified calibration and 

measures additional parameters like pH and conductivity. However, at €194 per node, 

multiple permanent monitoring points can be installed for the price of a single handheld 

device. This fits the broader trend in IoT water monitoring, where low-cost sensor nodes 

are increasingly seen as a practical alternative to expensive commercial equipment for 

distributed environmental monitoring (Jan et al., 2021.). 

A conscious decision was made to size the battery for 3–4 weeks of operation instead of 

several months. LINEG technicians must already visit the sensor every seven days to 

clean the optical membrane. Designing for months of autonomy would mean a bigger, 

heavier, more expensive battery — with no real benefit, since someone is already coming 

every week regardless of the battery state. 

 

3.4 Outlook (Schöne) 

The project outcomes provide a solid foundation for the future development of an 

autonomous dissolved oxygen monitoring system, while also highlighting several areas 

that require further work before the prototype can be considered field ready. A key next 

step is the full integration and long-term validation of all subsystems within a robust, 

deployable prototype. Extended outdoor deployments are essential to evaluate system 

reliability, energy autonomy, data stability, and resistance to environmental influences 

over prolonged periods. 

For future development phases, it is recommended that the project team includes a 

higher proportion of members with technical and electrical engineering expertise. As the 

system evolves from a functional prototype toward a deployable solution, tasks such as 

hardware integration, power management optimization, debugging, and long-term 

reliability testing will become increasingly important. 

From a hardware perspective, future iterations should focus on consolidating and 

completing the power supply concept. In particular, the relay currently used for power 
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switching should be replaced with the originally planned P-channel MOSFET. This change 

would eliminate the continuous relay coil current of approximately 90 mA, resulting in 

significantly improved energy efficiency and extended battery lifetime. Furthermore, the 

current breadboard-based assembly should be migrated to a custom printed circuit 

board (PCB) to improve mechanical robustness, reduce system size, and enhance 

suitability for long-term outdoor deployment. The originally designed battery system 

should be fully implemented and combined with optimized energy management 

strategies to further extend operational lifetime. 

The housing concept also offers potential for improvement. Future designs should 

consider the use of UV-stabilized materials, improved sealing strategies, and certified 

enclosures to support multi-year deployments in public and environmentally exposed 

locations. These measures are particularly important to ensure durability, weather 

resistance, and protection against unauthorized access or vandalism. 

Regarding sensor maintenance, long-term field testing of the copper mesh anti-fouling 

system is required to quantitatively assess its effectiveness in reducing biofouling and 

sensor drift under varying environmental conditions. Hybrid approaches, combining 

passive anti-fouling measures with low-power mechanical cleaning mechanisms or 

environmentally compatible anti-fouling coatings, may further enhance sensor 

robustness and measurement stability over extended deployment periods. 

On the software and data-handling side, completing the planned application 

programming interface (API) for structured data access would enable broader reuse of the 

collected measurements and facilitate integration into external monitoring platforms. In 

addition, the firmware should be extended to include offline data buffering, allowing 

measurements to be stored in local flash memory during periods of network unavailability 

and automatically uploaded once connectivity is restored. Advanced data analysis 

methods, automated plausibility checks, and alert mechanisms could further improve 

practical usability. In particular, drift detection algorithms should be implemented to 

monitor long-term sensor behaviour and notify technicians when calibration drift exceeds 

acceptable limits. 
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The modular structure of the prototype, together with the documented hardware 

concepts, data-handling architecture, and anti-fouling strategy, provides a solid basis for 

further refinement and integration. Future development efforts can build directly on the 

existing designs, extend the level of implementation across all subsystems, and address 

the remaining limitations identified in this report. 

A critical step toward validating the system under realistic conditions is comprehensive 

field testing. A continuous deployment of at least four weeks in an actual LINEG water 

body is recommended to evaluate enclosure durability, energy autonomy, data reliability, 

and the rate of biological growth on the optical sensor surface. The experimental results 

and design rationales presented in this work support informed decision-making for these 

next development stages. 

Overall, this project delivers a well-structured and well-documented starting point for 

continued development, enabling future teams to focus on optimization, validation, and 

scalability rather than on fundamental concept development. 

4. Conclusion (Karim) 
This project produced a working prototype for remote water quality monitoring that meets 

LINEG’s core requirements. The system measures Dissolved Oxygen, Pressure, and 

Temperature every 2 hours, giving 12 readings per day — enough to detect contamination 

events while keeping the battery alive well beyond the seven-day maintenance window. 

Key results are: 

• Power Architecture: The maintenance-synchronized power design supports about 

5 weeks of operation on a single charge, far exceeding the 7-day requirement 

• Communication: The hardware supports both WiFi (used now for testing) and 

LoRaWAN (ready for future long-range deployment) 

• Sensor Integration: The switched-power design keeps sleep current near zero 

while still handling high-current industrial sensors 

• Cost: At €194 per node, the system costs 95% less than LINEG’s current handheld 

equipment, making multi-site deployment affordable 
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The prototype shows that a low-cost, maintainable monitoring node is feasible. By tying 

the power budget to the existing maintenance schedule, the design reaches a good 

balance between performance, cost, and complexity.  
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