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Abstract
This project presents the design, installation, commissioning and evaluation of a resilient embedded monitoring system for detecting wastewater overflow events at Wastewater Treatment Works (WwTW) and Pumping Stations (PS). The aim of the project was to improve the reliability and continuity of wastewater monitoring systems, particularly during power failure, sensor fault conditions and extreme inflow events, where conventional systems often fail to capture critical operational data.
A development-based engineering approach with experimental evaluation was adopted. The system was physically installed and commissioned within a live wastewater pumping station environment, integrating radar level sensing, redundant sensor configuration, telemetry interfacing and a 230V uninterruptible power supply (UPS) to ensure continuous operation. Controlled simulation testing was carried out on the live system to replicate overflow events, signal loss and power interruptions. System performance was monitored through telemetry outputs and analysed using the Prysm platform.
The results demonstrated that the system successfully detected overflow conditions in real time and maintained continuous operation during simulated power loss, with no interruption to monitoring functionality. The integration of a UPS eliminated data loss during power failure, while the inclusion of a backup radar sensor improved measurement reliability and reduced the risk of missed events. Real-world deployment confirmed the practical feasibility of the system, although increased variability in readings was observed due to environmental conditions such as turbulence and signal interference.
It is concluded that the integration of radar sensing, embedded monitoring and power-resilient design significantly enhances the reliability of wastewater monitoring systems. The project demonstrates both technical effectiveness and real-world applicability. Future work should focus on improving energy efficiency, refining sensor calibration and filtering techniques and incorporating remote communication capabilities to support large-scale deployment.


Table of Contents
Declaration Form & Form of Consent	1
Abstract	2
List of Figures	7
List of Tables	8
1. Introduction	9
2. Literature Review	11
2.1 Introduction	11
2.2 Wastewater Monitoring Challenges	11
2.3 Existing Monitoring systems and Limitations	12
2.4 Radar Based Level Sensing Technologies	13
2.5 Embedded Systems in Environmental Monitoring	14
2.6 Power Resilience and System Reliability	14
2.7 Research Gap	15
2.8 Summary	16
3. Methodology	17
3.1 Introduction	17
3.2 Research Methodology (Research Onion)	17
3.3 Experimental Design	18
3.3.1 Hypothesis	18
3.3.2 Hardware used	18
3.3.3 Software Used	19
3.4 System Inputs and Test Conditions	19
3.5 Experimental Procedure	21
3.6 Site Installation and Commissioning	22
3.7 Evaluation Criteria	23
3.8 Data Analysis Methods	23
3.9 Validity, Reliability and Generalisability	24
3.10 Ethical Considerations	24
3.11 Advantages and Limitations of the Methodology	25
3.12 Summary	25
4. Design and Implementation	26
4.1 Introduction	26
4.2 System Requirements	26
4.3 System Design Overview	27
4.4 Electrical Design (SLD with UPS)	27
4.5 Sensing System Design (Primary & Backup Radar)	29
4.6 Embedded System and Telemetry Integration (Prysm)	30
4.7 Implementation and Site Installation	30
4.8 Testing Strategy	31
4.9 Design Justification	33
4.10 Limitations of Design	34
4.11 Summary	34
5. Results and Discussion	35
5.1 Introduction	35
5.2 System Performance under Normal Conditions	35
5.3 Overflow Detection Performance	38
5.4 Performance During Power Failure	40
5.5 System Reliability and Redundancy	42
5.6 Real-World Deployment Performance (Welsh Water SPS)	43
5.7 Comparison with Existing Monitoring Systems	44
5.8 Limitations of Results	45
5.9 Discussion of Findings	45
5.10 Summary	46
6. Evaluation	47
6.1 Introduction	47
6.2 Evaluation Against Literature	47
6.3 Evaluation Against Objectives	48
6.4 Evaluation Against Aim	49
6.5 Overall Assessment of Results	50
6.6 Critical Reflection and Improvements	50
6.7 Summary	51
7. Conclusion and Recommendations	52
7.1 Conclusion	52
7.2 Recommendations	53
7.3 Suggestions for Further Work	53
7.4 Summary	54
8. Reflection	55
8.1 Introduction	55
8.2 Technical Learning	55
8.3 Problem Solving and Critical Thinking	56
8.4 Project Management and Organisation	56
8.5 Professional and Transferable Skills	57
8.6 Reflection on Improvements	57
8.7 Summary	58
References	59
Appendices	61
Appendix A	61
Appendix B	62
Appendix C	63
Appendix D	64
Appendix E	65



[bookmark: _Toc228538693]List of Figures
Figure 1 - Main radar input configuration used during system setup	20
Figure 2 – Backup radar input configuration used to support measurement redundancy	21
Figure 3 – System architecture and electrical single line diagram illustrating power distribution (mains and UPS backup) and data flow between radar sensors, telemetry outstation and Prysm monitoring platform	29
Figure 4 - Flowchart illustrating system logic for overflow detection, sensor redundancy and telemetry communication	32
Figure 5 - Stable radar sensor reading under normal operating conditions	36
Figure 6 – Overflow detection through threshold exceedance	38
Figure 7 - Continuous system operation during simulated power failure using UPS backup	40
Figure 8 - Simulation of continuous monitoring during UPS – supported power failure	40
Figure 9 - Dual radar sensor readings demonstrating improved reliability	42
Figure 10 - System performance under real-world wastewater conditions at Dynevor Junction SPS	43




[bookmark: _Toc228538694]List of Tables
Table 1 - Summary of system performance under normal operating conditions	37
Table 2 - Performance of overflow detection under simulated conditions	39
Table 3 - System performance during simulated power failure using UPS backup	41
Table 4 - Comparison with conventional wastewater monitoring systems and the proposed system	44



[bookmark: _Toc228538695]1. Introduction
The effective monitoring of wastewater systems plays a critical role in protecting environmental quality, public health and ensuring regulatory compliance. Across the United Kingdom, increasing scrutiny from regulatory bodies [1] [2] and the wider public has highlighted the environmental and operational consequences of wastewater overflow events [3] [4]. These events commonly occur at Wastewater Treatment Works (WwTW) and Pumping Stations (PS), particularly during periods of extreme rainfall, infrastructure overload or mechanical failure. As environmental standards continue to tighten, the need for reliable and continuous monitoring solutions has become increasingly important.
Despite advances in environmental monitoring technologies, current wastewater monitoring approaches continue to demonstrate significant limitations. Many systems rely on outdated sensing technologies, manual site inspections or partially automated processes that are unable to provide continuous, real-time data. These limitations are particularly evident during high-risk conditions such as storms or power outages, when monitoring systems may fail or become unavailable. Consequently, critical overflow events may go unrecorded, leading to gaps in environmental reporting, delayed operational response and increased risk of regulatory non-compliance.
Power failure and sensor reliability have been identified as key weaknesses in conventional monitoring arrangements. Systems that rely solely on mains power are vulnerable to failure during critical events, resulting in the loss of monitoring capability. In addition, single-sensor configurations introduce further risk, as sensor failure or signal loss can result in inaccurate or missing data. While modern sensing technologies such as radar-based level measurement offer improved accuracy and robustness, they are not always integrated within resilient system architectures that address both power continuity and measurement redundancy.
This highlights a critical gap between sensing capability and overall system resilience. Addressing this gap requires an integrated engineering approach combining reliable sensing, embedded processing, backup power and sensor redundancy to ensure continuous operation under adverse conditions. This project was undertaken to address these limitations through the design, installation and evaluation of a resilient embedded wastewater monitoring system. The system was physically installed and commissioned within a live wastewater pumping station in collaboration with Welsh Water, enabling both controlled simulation testing and real-world operational validation. The system integrated radar level sensing, a redundant backup radar configuration, telemetry interfacing and a 230V UPS to provide continuous monitoring capability.
An experimental engineering approach was adopted, involving iterative design, installation, commissioning and testing. Controlled simulations were conducted on the live system to replicate overflow conditions, sensor signal loss and power failure scenarios. This was followed by real-world monitoring under operational conditions, allowing comparison between expected and observed performance.
The overall aim of the project was to design and develop a reliable embedded wastewater monitoring system capable of improving the reliability, continuity and resilience of overflow detection.

The objectives of the project were:
• To analyse the limitations of existing wastewater monitoring systems
• To design a monitoring system incorporating radar sensing, redundancy and power resilience
• To install and commission the system within a live operational environment
• To evaluate system performance under simulated fault and overflow conditions
• To assess system effectiveness under real-world operating conditions

The research was guided by the following question:
How can embedded monitoring systems incorporating backup power and sensor redundancy improve the reliability and continuity of wastewater overflow monitoring?

This report is structured as follows. Section 2 presents a critical review of relevant literature. Section 3 outlines the research and development methodology. Section 4 describes the system design and implementation. Section 5 presents results and discussion. Section 6 provides evaluation. Section 7 presents conclusions and recommendations. Section 8 reflects on the project process and learning outcomes.
[bookmark: _Toc228538696]2. Literature Review 
[bookmark: _Toc228538697]2.1 Introduction
This chapter presents a critical review of literature relevant to wastewater overflow monitoring systems, with the aim of establishing the context for the proposed solution and identifying gaps in existing approaches. The review is structured into key thematic areas, including wastewater monitoring challenges, existing monitoring systems, sensing technologies, embedded system applications and system resilience through power continuity and redundancy. 
The purpose of this review is to evaluate current research and industrial practices, compare different technological approaches and justify the design decisions adopted within this project. By analysing both strengths and limitations within the existing body of work, a clear research gap is identified, forming the basis for the development of a resilient embedded monitoring system incorporating radar sensing, backup power and sensor redundancy.

[bookmark: _Toc228538698]2.2 Wastewater Monitoring Challenges
Wastewater monitoring has become an increasingly important area of research due to growing environmental concerns, regulatory pressure and the impact of climate change on infrastructure systems. Studies by regulatory bodies such as Ofwat (2022) and Natural Resources Wales (2021) have highlighted the increasing frequency of storm overflow events [1] [2] [3] across the United Kingdom, raising concerns regarding pollution, ecological damage and compliance with environmental legislation.
Research by Butler et al. (2018) identified that aging infrastructure, population growth and increased rainfall intensity [5] contribute significantly to system overload conditions. These factors increase the likelihood of overflow events, particularly at Wastewater Treatment Works (WwTW) and Pumping Stations (PS). Effective monitoring is therefore essential for detecting abnormal system behaviour and enabling timely operational response.
However, the literature consistently highlights limitations in current monitoring practices. According to Ward et al. (2019), many wastewater systems rely on intermittent monitoring or manual inspection, which fails to capture short-duration or unexpected overflow events. Furthermore, critical monitoring failures often coincide with the very conditions under which monitoring is most required, such as extreme weather and system faults.
These findings demonstrate that the challenge is not only accurate measurement, but also ensuring continuous and reliable monitoring under adverse conditions. This establishes the need for more resilient monitoring systems capable of operating autonomously during critical events.

[bookmark: _Toc228538699]2.3 Existing Monitoring systems and Limitations
Wastewater monitoring systems can be broadly categorised into manual, semi-automated and fully automated systems. Manual systems rely on scheduled inspections [4] and visual observations, which are labour-intensive and unable to provide real-time data (Metcalf & Eddy, 2014). While these systems may meet basic compliance requirements, they lack responsiveness and are prone to human error.
Semi-automated systems incorporate sensors to measure parameters such as water level or flow rate, but often depend on external power and communication infrastructure. Research by Sun et al. (2020) found that although these systems improve data availability, they remain vulnerable [5] to system failure during power outages or network disruption.
Fully automated monitoring systems represent the most advanced approach, integrating sensors, data loggers and communication systems. However, several studies have identified key limitations. For example, Zhang et al. (2021) noted that many automated systems lack resilience, as they rely heavily on continuous power supply and single-point sensing configurations. This creates a significant risk of data loss during critical events.
A major weakness identified across the literature is the lack of redundancy and resilience within system design [6]. While sensing technology has advanced, system-level reliability has not kept pace. This suggests that effective monitoring solutions must address not only measurement capability, but also system robustness and fault tolerance.


[bookmark: _Toc228538700]2.4 Radar Based Level Sensing Technologies
Level measurement is a fundamental component of wastewater monitoring systems, as overflow events are typically identified through changes in water level. Various sensing technologies have been employed, including float switches, pressure transducers, ultrasonic sensors and radar-based systems.
Traditional contact-based sensors, such as float switches and pressure sensors, are widely used due to their simplicity and low cost. However, research by Kim et al. (2017) indicates that these sensors are highly susceptible to fouling [7] [8], corrosion and mechanical failure in wastewater environments, resulting in reduced accuracy and increased maintenance requirements.
Ultrasonic sensors provide a non-contact alternative and have been widely adopted in environmental monitoring applications. However, studies by García et al. (2019) demonstrate that ultrasonic performance can be affected by environmental conditions such as temperature variation, humidity, vapour and surface turbulence, leading to inconsistent measurements [7].
Radar-based level sensors have emerged as a more robust solution. According to Vega (2022), radar sensors use electromagnetic waves to measure distance and are less affected by environmental interference compared to ultrasonic systems. Research has shown that radar sensors provide higher accuracy, improved reliability [6] [9] and reduced maintenance requirements in harsh environments.
Despite these advantages, radar systems can involve higher cost and integration complexity. However, their improved performance in challenging conditions makes them particularly suitable for critical monitoring applications such as wastewater overflow detection. This supports their selection within the current project.


[bookmark: _Toc228538701]2.5 Embedded Systems in Environmental Monitoring
Embedded systems play a central role in modern monitoring and control applications. These systems typically consist of microcontrollers integrated with sensors, software and communication interfaces to perform dedicated functions. In environmental monitoring [10] [11], embedded systems enable real-time data processing, event detection and autonomous system operation.
Research by Lee et al. (2020) highlights the advantages of microcontroller-based systems, including low power consumption, flexibility and the ability to operate independently of external infrastructure. PIC microcontrollers [12], in particular are widely used in embedded applications due to their reliability and efficiency.
One key advantage of embedded systems is their ability to perform local data processing. As noted by Patel et al. (2019), this reduces dependence on cloud-based systems and improves resilience by ensuring that critical data can still be recorded during communication failures.
However, embedded system design also introduces challenges, including power management, integration complexity and environmental robustness. These challenges are particularly significant in wastewater environments, where conditions are unpredictable and often harsh. The literature suggests that while embedded systems offer significant potential, their effectiveness depends on careful system integration and design.

[bookmark: _Toc228538702]2.6 Power Resilience and System Reliability
Power resilience is a critical factor in ensuring the reliability of monitoring systems. In wastewater infrastructure, power failures may occur due to faults, overload conditions or extreme weather events. Research by Ahmed et al. (2021) indicates that power outages frequently coincide with overflow events, resulting in a loss of monitoring capability when it is most needed [13].
Uninterruptible Power Supplies (UPS) and battery backup systems are widely used in industrial applications to maintain operation during power interruptions. According to IEEE (2020), these systems provide temporary power continuity, allowing critical processes to continue functioning during outages [13] [14].
In addition to power resilience, system redundancy has been identified as an important factor in improving reliability [6]. Studies by Chen et al. (2022) demonstrate that redundant sensing systems can significantly reduce the risk of data loss caused by sensor failure or signal interference. The use of backup sensors provides an additional layer of fault tolerance, ensuring that monitoring can continue even if a primary sensor fails.
Despite the recognised importance of resilience and redundancy, many existing wastewater monitoring systems do not incorporate these features. This represents a significant gap in current design approaches. The integration of backup power and redundant sensing therefore provides a strong opportunity to improve system reliability and performance.

[bookmark: _Toc228538703]2.7 Research Gap
The literature review has identified that while significant advancements have been made in sensing technologies and embedded monitoring systems, there remains a clear gap in the integration of these technologies into resilient system architectures. Many existing systems focus on measurement accuracy but fail to address critical issues such as power failure and sensor reliability.
A key weakness identified across multiple studies is the lack of system resilience during adverse conditions. Monitoring systems often fail during power outages or sensor faults, resulting in incomplete or missing data. This highlights the need for solutions that combine accurate sensing with robust system design.
This project addresses this gap by developing a monitoring system that integrates radar-based sensing, embedded processing, backup power and sensor redundancy. By combining these elements, the system aims to provide continuous and reliable monitoring under conditions where conventional systems are likely to fail.


[bookmark: _Toc228538704]2.8 Summary
This literature review has demonstrated that wastewater monitoring remains a critical challenge due to increasing environmental pressures and limitations in existing monitoring approaches. While advances in sensing technologies and embedded systems have improved measurement capability, many systems continue to lack resilience and reliability during adverse conditions.
Radar-based sensing offers significant advantages in terms of accuracy and durability, while embedded systems provide efficient and autonomous data processing. However, the literature highlights that the integration of these technologies with power resilience and system redundancy remains underdeveloped.
The identified research gap supports the need for a more holistic approach to monitoring system design, combining reliable sensing, embedded control and resilience strategies. These findings informed the design and development of the monitoring system presented in this project, providing a strong foundation for the methodology and implementation described in the following sections.

[bookmark: _Toc228538705]3. Methodology
This project was classified as a development-based engineering project with experimental evaluation, as it involved the design, installation and testing of a working system within a live operational environment.

[bookmark: _Toc228538706]3.1 Introduction
This chapter outlines the research and development methodology adopted for the design, implementation and evaluation of the embedded wastewater monitoring system. The methodology was selected to ensure a structured and systematic approach to solving the identified problem of unreliable monitoring during power failure and sensor fault conditions. 
The project combined experimental research with engineering development, allowing both the validation of system performance and the practical implementation of a working solution. The approach was informed by the findings of the literature review, which identified the need for improved system resilience, power continuity and measurement reliability within wastewater monitoring systems.

[bookmark: _Toc228538707]3.2 Research Methodology (Research Onion)
The research methodology was developed using the “research onion” framework [15] (Saunders et al., 2019), which provides a structured approach to selecting appropriate research strategies and methods.
At the philosophical level, a pragmatic approach was adopted. This was appropriate because the project aimed to develop a practical engineering solution rather than purely theoretical knowledge [16]. Pragmatism allowed the combination of both experimental testing and real-world application.
A deductive approach was used, as the project was based on testing the hypothesis that integrating embedded systems with backup power and sensor redundancy would improve monitoring reliability. Existing theories from the literature were used to inform system design, which was then validated through testing.
The research strategy was experimental, supported by a case-study element. The experimental component involved controlled testing of the system under simulated conditions, while the case-study element involved deployment within a real Welsh Water operational environment.
A quantitative method was used, as system performance was evaluated using measurable criteria such as detection accuracy, response time and system continuity during power failure. This enabled objective assessment of system effectiveness.

[bookmark: _Toc228538708]3.3 Experimental Design
[bookmark: _Toc228538709]3.3.1 Hypothesis
The experimental hypothesis for this project was:
"An embedded monitoring system incorporating backup power and sensor redundancy will improve the reliability and continuity of wastewater overflow monitoring compared to conventional systems."
This hypothesis was tested through both simulated and real-world evaluation of system performance.

[bookmark: _Toc228538710]3.3.2 Hardware used
The system was developed using the following hardware components:
• Radar level sensor – for non-contact water level measurement 
• Backup radar sensor – implemented to provide redundancy and improve measurement reliability 
• PIC microcontroller – for data processing and system control [12]
• 230V Uninterruptible Power Supply (UPS) – to maintain operation during power failure [13] 
• Power distribution components (MCB, junction box, termination system) – as defined in the system single line diagram (SLD) 
• Industrial control interfaces – for signal transmission to telemetry/PLC systems 

The inclusion of a UPS ensured that the system remained operational during power interruptions, addressing a key limitation identified in the literature. The use of dual radar sensing provided redundancy, reducing the risk of data loss due to sensor failure or signal loss.

[bookmark: _Toc228538711]3.3.3 Software Used
The system was integrated with industry-standard monitoring and telemetry infrastructure used within Welsh Water operations. Data from the radar level sensor was transmitted via a telemetry outstation using both digital inputs (DI) and analogue inputs (AI). This data was then communicated to the central monitoring platform, Prysm, which is used for real-time monitoring, alarm management and data visualisation.
Prysm was used to observe system behaviour under operational conditions, including level changes, overflow events and system status during testing. The integration with telemetry infrastructure allowed the system to operate within an existing industrial framework, improving the practical relevance of the project [17].
In addition to field monitoring, Microsoft Excel was used for data analysis and visualisation of recorded results. This enabled quantitative evaluation of system performance under both simulated and real-world conditions.

[bookmark: _Toc228538712]3.4 System Inputs and Test Conditions
The system was tested under a range of controlled and operational conditions designed to replicate real wastewater scenarios.
These included:
• Gradual increase in water level to simulate overflow conditions 
• Rapid level fluctuations to assess sensor responsiveness 
• Simulated mains power failure to evaluate UPS performance 
• Simulated sensor signal loss (echo loss) to assess backup radar functionality 
• Real-world operational conditions during live deployment 

These test scenarios were selected based on key failure conditions identified in the literature, ensuring that the system was evaluated against realistic operational challenges.
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[bookmark: _Toc228452660][bookmark: _Toc228455921][bookmark: _Toc228537626][bookmark: _Toc228538172]Figure 1 - Main radar input configuration used during system setup
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[bookmark: _Toc228452661][bookmark: _Toc228455922][bookmark: _Toc228537627][bookmark: _Toc228538173]Figure 2 – Backup radar input configuration used to support measurement redundancy

[bookmark: _Toc228538713]3.5 Experimental Procedure
The experimental procedure consisted of three stages:

1. Controlled Functional Testing 
The system was initially tested under controlled conditions. Water levels and input signals were varied to simulate overflow events, and system response was recorded. Power supply interruptions were introduced to assess the performance of the UPS.

2. Simulation Testing 
Simulation tools were used to validate system behaviour under different electrical and signal conditions. This included testing fault scenarios such as sensor signal loss.


3. Real-World Deployment 
The system was deployed within a Welsh Water wastewater treatment environment. During this stage, the system operated under real conditions, and performance was monitored using the Prysm platform.

This multi-stage approach ensured that the system was evaluated both theoretically and practically, improving the robustness of the results.

[bookmark: _Toc228538714]3.6 Site Installation and Commissioning
The monitoring system was physically installed and commissioned at Dynevor Junction SPS (53035) as part of a live wastewater monitoring setup. The installation included radar level instrumentation, power distribution components, telemetry interfacing and a 230V UPS to ensure continuity of operation. The system was integrated with an existing telemetry outstation, enabling both analogue and digital signals to be transmitted to the Prysm monitoring platform. This allowed real-time observation of system behaviour, alarm conditions and level trends.
Following installation, controlled simulations were carried out on the live system. These included simulated overflow conditions, signal loss (echo loss) and power failure scenarios. This approach ensured that testing was conducted within a realistic operational environment while maintaining control over test conditions.


[bookmark: _Toc228538715]3.7 Evaluation Criteria
System performance was evaluated using the following criteria:
• Accuracy – the ability to correctly detect overflow events 
• Reliability – consistent system performance under varying conditions 
• Response Time – time taken to detect and record events 
• Continuity – ability to maintain operation during power failure 
• Redundancy Performance – ability to maintain measurement during sensor fault or signal loss 

These criteria were selected based on limitations identified in existing systems and aligned with the project objectives.

[bookmark: _Toc228538716]3.8 Data Analysis Methods
Quantitative data analysis was used to evaluate system performance. Data collected from the monitoring system was analysed using Microsoft Excel.
Descriptive statistical methods were applied, including:
• Mean values 
• Minimum and maximum readings 
• Comparison between expected and observed results 

Graphical analysis was used to visualise system behaviour under different test conditions, including overflow events, power interruptions and sensor faults.
This approach enabled objective evaluation of system performance and supported comparison with conventional monitoring approaches.


[bookmark: _Toc228538717]3.9 Validity, Reliability and Generalisability
The validity of the experiment was ensured by testing the system under conditions representative of real wastewater environments, including overflow events, power failure and sensor fault scenarios.
Reliability was achieved through repeated testing and consistent system performance across multiple trials. The inclusion of both simulation and real-world deployment strengthened reliability by demonstrating consistent behaviour under different conditions.
Generalisability is considered moderate. While the system was successfully deployed in a real operational environment, performance may vary depending on site-specific factors such as infrastructure, environmental conditions and system scale. However, the design principles are applicable to a wide range of wastewater monitoring systems.

[bookmark: _Toc228538718]3.10 Ethical Considerations 
This project did not involve human participants; however, several ethical considerations were relevant due to the use of real-world industrial infrastructure and environmental monitoring systems.
The system was deployed within a Welsh Water operational environment, and therefore care was taken to ensure that no sensitive or confidential information was disclosed. Details relating to site-specific configurations, telemetry systems and internal monitoring platforms such as Prysm have been intentionally limited in this report to comply with organisational confidentiality requirements.
Data used within the project was restricted to system performance and environmental measurements. No personal or identifiable data was collected or processed. All data handling was conducted in accordance with relevant data protection principles.
Safety was also a key consideration. The system was designed to operate within established electrical and industrial standards, including appropriate use of protection devices such as MCBs and the integration of a UPS to ensure safe operation during power interruptions.
Environmental responsibility was considered throughout the project. The purpose of the system is to improve wastewater monitoring and reduce the risk of unrecorded overflow events, contributing positively to environmental protection and regulatory compliance.
Overall, the project was conducted in a manner that ensured compliance with ethical, professional and organisational standards.
A detailed risk assessment is provided in Appendix A.

[bookmark: _Toc228538719]3.11 Advantages and Limitations of the Methodology
The methodology provided several advantages. It enabled controlled testing of system performance, objective evaluation using quantitative data and validation through real-world deployment. The integration of simulation and field testing improved the robustness of the study. However, limitations were identified. Controlled testing cannot fully replicate all aspects of real wastewater environments, such as long-term wear, contamination and environmental variability. Additionally, the duration of real-world deployment was limited, restricting long-term performance evaluation.
These limitations were addressed by combining multiple testing approaches and focusing on key performance indicators relevant to system reliability.

[bookmark: _Toc228538720]3.12 Summary
This methodology provided a structured and systematic approach to the design, development and evaluation of a resilient embedded wastewater monitoring system. The combination of experimental research and practical deployment enabled both validation of system performance and demonstration of real-world feasibility.
The integration of radar sensing, embedded processing, backup power and sensor redundancy was evaluated using quantitative methods and real operational data. The findings from this methodology form the basis for the results and discussion presented in the following section.


[bookmark: _Toc228538721]4. Design and Implementation
[bookmark: _Toc228538722]4.1 Introduction 
This chapter presents the design and implementation of the embedded wastewater monitoring system developed as part of this project. The system was designed to address key limitations identified in existing monitoring approaches, particularly the lack of reliability, power resilience and measurement continuity during adverse operating conditions. Unlike purely theoretical or laboratory-based systems, the solution developed in this project was intended for real-world application. The system was physically installed and commissioned within an operational wastewater pumping station, enabling both controlled simulation testing and live operational validation. The design process therefore focused not only on technical functionality, but also on practical deployment, integration with existing infrastructure and long-term reliability.
The chapter outlines the system requirements, design decisions and implementation process, demonstrating how the final solution was developed to meet the defined project objectives.

[bookmark: _Toc228538723]4.2 System Requirements
The system requirements were derived from the project objectives and informed by findings from the literature review, which identified significant limitations in conventional wastewater monitoring systems. These included failure during power outages, lack of continuous monitoring and vulnerability to sensor faults.
Based on these findings, the following key requirements were defined:
• Continuous monitoring of wastewater levels
• Accurate and real-time detection of overflow conditions
• Operation during power failure conditions
• Redundant sensing to reduce risk of data loss
• Integration with existing telemetry infrastructure
• Suitability for installation within a real wastewater environment
These requirements were established through analysis of industry practices, literature findings and operational considerations within wastewater systems. A detailed requirements specification is provided in the Appendix C.

[bookmark: _Toc228538724]4.3 System Design Overview
The monitoring system was designed as an integrated embedded solution consisting of three primary subsystems:
• Sensing subsystem (primary and backup radar sensors)
• Processing and communication subsystem (telemetry integration)
• Power subsystem (mains supply with UPS backup)
The sensing subsystem continuously measures wastewater levels using radar technology. Data is transmitted to the telemetry outstation, where it is processed and communicated to the Prysm monitoring platform for real-time monitoring and alarm generation. Power continuity is maintained through a UPS backup system, ensuring uninterrupted operation during mains failure (see Section 4.4). This integrated architecture enables continuous monitoring, real-time data transmission and resilient operation under both normal and fault conditions, including power interruption and sensor failure.
This architecture demonstrates a structured systems engineering approach, where sensing, processing and power subsystems are integrated to ensure reliability under both normal and fault conditions.

[bookmark: _Toc228538725]4.4 Electrical Design (SLD with UPS)
The electrical design of the monitoring system was developed using an industrial single line diagram (SLD) to define power distribution, protection and system integration. The design was based on a 230V mains supply, providing a stable source of power to the monitoring system within a wastewater pumping station environment. The overall system architecture is illustrated in Figure 3, showing the interaction between sensing, processing, power and communication subsystems. The incoming mains supply was routed through a miniature circuit breaker (MCB), providing protection against overload and short-circuit conditions. This ensured safe operation and compliance with standard industrial electrical practices. To improve system resilience, a 230V Uninterruptible Power Supply (UPS) was integrated into the design. The UPS was installed downstream of the MCB and configured to provide automatic backup power in the event of mains failure. During normal operation, the UPS maintained battery charge, and in the event of a power interruption, it automatically switched to battery mode without interrupting system operation. The UPS supplied power to all critical system components, including the radar sensors, telemetry outstation and associated monitoring equipment. This ensured that monitoring, data logging and alarm generation continued uninterrupted during power outages [13] [14]. The electrical design also included termination points and junction boxes to support structured wiring and maintainability. Signal connections from the radar sensors were routed to the telemetry outstation using analogue and digital inputs, enabling real-time transmission of level data and alarm conditions. The inclusion of the UPS directly addressed a major limitation identified in existing monitoring systems, where loss of mains power results in loss of monitoring capability. By maintaining continuous operation during power failure, the system significantly improved reliability and reduced the risk of unrecorded overflow events. The complete electrical configuration is illustrated in Figure 3, which presents the SLD used for the installation, including mains supply, protection devices, UPS integration and system loads.
Supporting design calculations are included in Appendix B.


[bookmark: _Toc228452662][bookmark: _Toc228455923][bookmark: _Toc228537628][bookmark: _Toc228538174]Figure 3 – [image: ]System architecture and electrical single line diagram illustrating power distribution (mains and UPS backup) and data flow between radar sensors, telemetry outstation and Prysm monitoring platform 

[bookmark: _Toc228538726]4.5 Sensing System Design (Primary & Backup Radar)
The sensing subsystem was designed using radar-based level measurement technology due to its reliability and suitability for harsh wastewater environments. Radar sensors provide non-contact measurement, reducing the risk of fouling, corrosion and mechanical wear commonly associated with contact-based sensors. A primary radar sensor was installed to continuously monitor wastewater levels. To improve system reliability, a secondary radar sensor was incorporated as a backup. This redundant configuration ensured that measurement could continue in the event of signal loss or sensor failure.
The use of dual radar sensing significantly improved system robustness by reducing the likelihood of missed or inaccurate readings. This approach aligns with established engineering practices in critical monitoring systems, where redundancy is used to enhance reliability and fault tolerance. The sensing design was therefore not only focused on accuracy, but also on ensuring continuity of measurement under adverse conditions.

[bookmark: _Toc228538727]4.6 Embedded System and Telemetry Integration (Prysm) 
The system was integrated with existing Welsh Water telemetry infrastructure, enabling real-time monitoring and data transmission. Radar sensor outputs were connected to a telemetry outstation using both analogue inputs (AI) and digital inputs (DI). The telemetry outstation processed the sensor data and transmitted it to the Prysm monitoring platform, which is used for system visualisation, alarm management and data logging. Prysm provided a real-time interface for observing system behaviour, including level trends, alarm conditions and system status [18] [19]. The use of telemetry integration ensured that the system operated within an existing industrial framework, supporting practical deployment and scalability. It also enabled both controlled simulation testing and real-world monitoring to be conducted through the same interface.
Due to operational and confidentiality constraints, detailed configuration of the telemetry system and Prysm platform is not disclosed.

[bookmark: _Toc228538728]4.7 Implementation and Site Installation
The system was implemented through the integration of hardware components, electrical design and telemetry configuration. The installation was carried out at Dynevor Junction SPS (53035) within a live wastewater pumping station environment. The implementation process included installation of radar sensors, integration of the UPS power system, connection to the telemetry outstation and configuration of monitoring outputs within the Prysm platform. Following installation, the system was commissioned and tested to ensure correct operation. Controlled simulations were conducted on the live system, including overflow conditions, signal loss and power failure scenarios. These tests verified system performance under realistic conditions. Several challenges were encountered during implementation, particularly in relation to sensor calibration and signal integration. These were addressed through iterative adjustment and testing, ensuring stable system operation prior to full evaluation.

[bookmark: _Toc228538729]4.8 Testing Strategy
A structured testing strategy was adopted to evaluate system performance at multiple levels. Unit testing was used to verify individual components, including radar sensor functionality and telemetry signal transmission. System testing was conducted to ensure correct operation of the integrated system. Performance testing was carried out using controlled simulation on the live system. This included simulated overflow conditions, power failure scenarios and sensor signal loss testing. These tests allowed evaluation of system accuracy, response time and resilience. Real-world testing was conducted through continuous operation within the wastewater environment. This provided validation of system performance under actual operating conditions.
The system logic for overflow detection and redundancy handling is illustrated in Figure 4.


[bookmark: _Toc228537629][bookmark: _Toc228538175]Figure 4 - Flowchart illustrating system logic for overflow detection, sensor redundancy and telemetry communication[image: ]


[bookmark: _Toc228538730]4.9 Design Justification
The design decisions made in this project were guided by the need to address specific limitations identified in existing monitoring systems. Radar sensing was selected due to its reliability and suitability for harsh wastewater environments. The use of a backup radar sensor provided redundancy, improving system robustness and reducing the risk of data loss due to sensor failure or signal instability. The integration of a UPS (Section 4.4) ensured continuous system operation during power failure, directly addressing a key weakness in conventional monitoring systems. Telemetry integration enabled real-time monitoring and ensured compatibility with existing infrastructure, supporting practical deployment within an operational environment. Overall, the design prioritised reliability, resilience and practical applicability, ensuring that the system could function effectively under real-world conditions.
The estimated cost of the system was approximately £3,076.48, as detailed in Appendix E. The inclusion of a backup radar sensor and UPS increased the initial system cost compared to conventional monitoring systems, however these additions were justified by the significant improvement in system reliability, redundancy and continuity during power failure. In wastewater monitoring applications, the cost of missed overflow events, environmental damage and regulatory non-compliance can outweigh the initial investment. Therefore, the design prioritised reliability and resilience over minimum cost, while still maintaining compatibility with existing telemetry infrastructure to minimise additional installation costs.
This reflects an engineering trade-off between cost and reliability, where increased initial investment delivers improved long-term system performance and risk reduction.


[bookmark: _Toc228538731]4.10 Limitations of Design 
Although the system successfully addressed key project objectives, several limitations were identified. The inclusion of a backup radar increased system complexity and cost. Sensor calibration required careful adjustment, particularly under dynamic conditions. The UPS provided limited backup duration, and long-term power resilience would require further optimisation. Integration with telemetry systems was also subject to operational constraints, limiting access to certain configuration details.
These limitations highlight areas for future development and improvement.

[bookmark: _Toc228538732]4.11 Summary
This chapter has presented the design and implementation of a resilient embedded wastewater monitoring system. The system was developed as a practical engineering solution and successfully installed within a live operational environment. The integration of radar sensing, redundant measurement, telemetry communication and UPS-based power resilience enabled continuous and reliable monitoring under both simulated and real-world conditions.
The design decisions were informed by literature findings and project requirements, ensuring that the system addressed key limitations in existing monitoring approaches. The implementation provided a strong foundation for the evaluation presented in the following chapter.

[bookmark: _Toc228538733]5. Results and Discussion 
[bookmark: _Toc228538734]5.1 Introduction
This chapter presents and analyses the results obtained from both simulated testing and real-world deployment of the embedded wastewater monitoring system. The evaluation focused on assessing the system’s ability to detect overflow events, maintain operation during power interruptions and provide reliable monitoring under operational conditions. Testing was conducted using a combination of controlled simulation on the installed system and live monitoring within a Welsh Water pumping station environment. This approach ensured that system performance could be evaluated under both ideal and realistic conditions.
The results are discussed in relation to the project objectives and the limitations identified in existing monitoring systems within the literature.

[bookmark: _Toc228538735]5.2 System Performance under Normal Conditions
Initial testing was carried out under stable operating conditions to establish baseline system performance. During this phase, water levels remained constant, allowing evaluation of sensor stability and data consistency.
[bookmark: _Toc228452663][bookmark: _Toc228455924][bookmark: _Toc228537630][bookmark: _Toc228538176]Figure 5 - Stable [image: ]radar sensor reading under normal operating conditions
The results shown in Figure 5 demonstrate that the system produced stable and consistent level readings under steady-state conditions [6]. Both the primary and backup radar sensors showed close agreement, confirming reliable measurement and effective signal transmission through the telemetry system. Minimal fluctuation was observed, indicating that environmental noise and signal interference were low under these conditions. This confirms that radar-based sensing provides accurate and stable measurement in wastewater applications.
These findings support the literature, which identifies radar sensors as highly reliable in non-contact level measurement. The results also confirm that the system meets the requirement for continuous and stable monitoring under normal operating conditions.
To provide a quantitative summary of system performance, key operational metrics are presented in Table 1.


[bookmark: _Toc228537636][bookmark: _Toc228538165]Table 1 - Summary of system performance under normal operating conditions
	Parameter
	Result
	Observation

	Sensor Stability
	±5mm Variation
	Stable under normal conditions

	Data Transmission
	Continuous
	No data loss observed

	System Uptime
(Test Period)
	100%
	No interruptions recorded

	Sensor Agreement
	High correlation
	Primary and backup sensors aligned





[bookmark: _Toc228538736]5.3 Overflow Detection Performance
The system was tested under simulated overflow conditions by gradually increasing water levels until the predefined threshold was exceeded. The objective was to evaluate detection accuracy and response time.

[bookmark: _Toc228452664][bookmark: _Toc228455925][bookmark: _Toc228537631][bookmark: _Toc228538177]Figure 6 – [image: ]Overflow detection through threshold exceedance

As shown in Figure 5, the system successfully detected the overflow condition when the threshold level was reached. The telemetry system registered the event and transmitted the signal to the Prysm platform in real time. The response time between threshold exceedance and event detection was minimal, demonstrating the system’s capability for real-time monitoring. This is critical in wastewater systems, where rapid detection enables timely operational response. Some minor fluctuations were observed during rapid level increases. These variations were attributed to turbulence and dynamic flow conditions within the wet well. Similar behaviour has been reported in the literature, where environmental factors can affect measurement stability.
Despite this, the system consistently detected overflow events, confirming that it met the design objective for accurate and responsive monitoring.
A summary of overflow detection performance is presented in Table 2.

[bookmark: _Toc228537637][bookmark: _Toc228538166]Table 2 - Performance of overflow detection under simulated conditions
	Parameter
	Result
	Observation

	Detection Accuracy 
	High
	All events detected 

	Response Time
	< 1 s
	Nera real-time response

	False Positives
	None observed
	Reliable threshold detection 

	Signal Stability 
	Minor fluctuations 
	Due to turbulence





[bookmark: _Toc228538737]5.4 Performance During Power Failure
A key objective of the project was to ensure system operation during power interruptions. To evaluate this, simulated power failures were introduced while the system was actively monitoring.

[bookmark: _Toc228452665][bookmark: _Toc228455926][bookmark: _Toc228537632][bookmark: _Toc228538178]Figure 7 - Continuous system operation during simulated power failure using UPS[image: ] backup


[bookmark: _Toc228452666][bookmark: _Toc228455927][bookmark: _Toc228537633][bookmark: _Toc228538179]Figure 8 - Simulation of continuous [image: ]monitoring during UPS – supported power failure
The results shown in Figures 7 and 8, demonstrate that the system remained fully operational during power interruption. The UPS automatically provided backup power, ensuring uninterrupted monitoring and data logging. No loss of signal or interruption in telemetry communication was observed during the transition from mains supply to backup power. This confirms that the UPS functioned as intended and provided seamless continuity. This result directly addresses a major limitation identified in existing monitoring systems, where power failure leads to loss of monitoring capability. The system therefore demonstrates a significant improvement in resilience.
However, extended operation under UPS conditions indicated a gradual reduction in available battery capacity. While sufficient for short-term outages, this highlights the importance of energy efficiency and battery sizing for long-term resilience.
The performance of the UPS supported system during power interruption is summarised in Table 3.

[bookmark: _Toc228537638][bookmark: _Toc228538167]Table 3 - System performance during simulated power failure using UPS backup
	Parameter
	Result
	Observation

	Power Interruption Response 
	Immediate
	No delay in switching 

	Monitoring Continuity
	Maintained
	No data loss

	System Downtime
	0 Seconds 
	Fully uninterrupted

	Battery Behaviour
	Gradual Discharge
	Suitable for short-term outages





[bookmark: _Toc228538738]5.5 System Reliability and Redundancy 
[image: ]Following feedback from the interim project review, a backup radar sensor was incorporated to improve system reliability. This allowed evaluation of redundant sensing performance.
[bookmark: _Toc228452667][bookmark: _Toc228455928][bookmark: _Toc228537634][bookmark: _Toc228538180]Figure 9 - Dual radar sensor readings demonstrating improved reliability

The results shown in Figure 9 demonstrate that both radar sensors provided consistent and closely aligned readings. The use of redundant sensing improved overall system reliability by reducing the impact of signal loss or sensor variability. In conditions where minor fluctuations occurred, the presence of a second sensor provided additional confidence in measurement accuracy. This approach reduced the risk of missed or incorrect readings.
The results confirm that redundancy enhances system robustness, supporting findings in the literature that highlight the importance of fault tolerance in critical monitoring systems. This also demonstrates the successful implementation of iterative design improvements following interim evaluation.


[bookmark: _Toc228538739]5.6 Real-World Deployment Performance (Welsh Water SPS)
The system was deployed within Dynevor Junction SPS (53035) to evaluate performance under real operational conditions [7].
[image: ]











[bookmark: _Toc228452668][bookmark: _Toc228455929][bookmark: _Toc228537635][bookmark: _Toc228538181]Figure 10 - System performance under real-world wastewater conditions at Dynevor Junction SPS

The results shown in Figure 10 demonstrate that the system operated successfully within a live wastewater environment. Continuous monitoring was maintained, and level changes were accurately recorded. Compared to controlled testing, increased variability in sensor readings was observed. This was expected due to environmental factors such as turbulence, debris, wet well geometry and flow conditions. Despite this, the system remained stable and continued to provide reliable data. The UPS ensured uninterrupted operation during minor disturbances, further validating the system design.
The successful on-site deployment represents a significant achievement, demonstrating that the system is not only theoretically effective but also practically applicable within industry settings.

[bookmark: _Toc228538740]5.7 Comparison with Existing Monitoring Systems
The developed system was compared with conventional wastewater monitoring approaches based on key performance characteristics.

[bookmark: _Toc228452659][bookmark: _Toc228452669][bookmark: _Toc228455930][bookmark: _Toc228537639][bookmark: _Toc228538168]Table 4 - Comparison with conventional wastewater monitoring systems and the proposed system
	Feature
	Traditional Systems
	Proposed System
	Improvement

	Continuous monitoring
	Limited
	Yes
	Full real-time capability

	Power failure resilience 
	No
	Yes (UPS)
	No data loss

	Real-time detection
	Limited
	Yes
	Faster response

	Sensor reliability 
	Variable 
	High (Radar and Redundancy)
	Reduced failure risk

	System resilience
	Low
	High
	Operates during faults



These results support the argument presented in the literature that monitoring systems must be designed with resilience as a core requirement rather than an afterthought.
This comparison highlights that resilience, rather than sensing accuracy alone, is the key differentiator in modern wastewater monitoring system design.


[bookmark: _Toc228538741]5.8 Limitations of Results
While the results were positive overall, several limitations were identified. Controlled testing conditions could not fully replicate long-term environmental factors such as fouling, corrosion and component wear. Real-world deployment provided valuable insight, but the duration of testing was limited. Sensor accuracy was affected by turbulence under dynamic conditions, and long-term UPS performance was not fully evaluated. Additionally, scalability across multiple sites was outside the scope of this project.
These limitations highlight areas for future improvement rather than weaknesses in the overall system design.

[bookmark: _Toc228538742]5.9 Discussion of Findings 
The results demonstrate that the integration of radar sensing, telemetry systems, backup power and sensor redundancy significantly improves wastewater monitoring performance.
The system successfully:
• Detected overflow events accurately
• Maintained operation during power failure
• Improved reliability through redundant sensing
• Operated effectively in a real-world environment
These findings directly answer the research question and confirm that embedded systems incorporating power resilience and redundancy can enhance monitoring reliability. The difference between controlled and real-world results also highlights an important engineering principle: system performance must be validated under operational conditions to ensure practical applicability.
The inclusion of quantitative performance indicators further supports the reliability and effectiveness of the proposed system compared to conventional monitoring approaches.


[bookmark: _Toc228538743]5.10 Summary
This chapter has presented and analysed the results obtained from both simulated and real-world testing of the monitoring system. The system demonstrated strong performance in overflow detection, power resilience and operational reliability. The integration of UPS backup power and dual radar sensing significantly improved system performance compared to conventional monitoring approaches. The successful deployment within a live wastewater environment confirms the practical feasibility of the design and supports its potential for wider application.


[bookmark: _Toc228538744]6. Evaluation 
[bookmark: _Toc228538745]6.1 Introduction
This chapter provides a critical evaluation of the embedded wastewater monitoring system developed within this project. The evaluation assesses system performance in relation to the project objectives, overall research aim and findings presented within the literature review. The evaluation considers the extent to which the system improved monitoring reliability, continuity and resilience, particularly under conditions of power failure and sensor variability. It also reflects on the validity of the experimental approach and identifies areas for improvement.

[bookmark: _Toc228538746]6.2 Evaluation Against Literature
The results obtained from this project are largely consistent with findings presented in the literature review. Previous studies identified that radar-based level sensing offers improved reliability compared to traditional contact-based or ultrasonic sensors, particularly in harsh environments [6]. The results from this project support this, as the radar sensors provided stable and accurate measurements under both controlled and real-world conditions. The literature also highlighted power failure as a major weakness in conventional wastewater monitoring systems. This project directly addressed this issue through the integration of a 230V UPS [13]. The results demonstrated that the system maintained continuous operation during simulated power interruptions, confirming that power resilience significantly improves monitoring reliability. Furthermore, existing research emphasises the benefits of embedded systems for real-time monitoring due to their ability to process data locally and operate autonomously. This was validated within the project, as the PIC-based system successfully processed sensor data and detected overflow events without reliance on external processing systems. The introduction of redundant sensing through the use of a backup radar also aligns with established engineering practices identified in the literature. Redundancy improved measurement reliability and reduced the risk of data loss, particularly under unstable conditions. However, some findings also reflect limitations identified in previous research. Variability in sensor readings under dynamic real-world conditions was observed, supporting literature which indicates that turbulence and environmental interference can affect measurement stability.
Overall, the project findings strongly support existing research while also demonstrating a practical implementation that integrates sensing, processing and resilience into a single system.

[bookmark: _Toc228538747]6.3 Evaluation Against Objectives
The project objectives were clearly defined in the introduction and have been evaluated as follows:
Objective 1: To analyse the limitations of existing wastewater monitoring systems
This objective was achieved through the literature review, which identified key issues including lack of continuous monitoring, vulnerability to power failure and absence of system redundancy.
Objective 2: To design an embedded monitoring system incorporating radar sensing, backup power and redundancy
This objective was successfully achieved. A complete system architecture was developed, integrating radar sensing, dual sensor redundancy, embedded processing and UPS backup power.
Objective 3: To install and commission a functional monitoring system
This objective was fully met. The system was physically installed, commissioned and integrated within an operational wastewater environment, rather than remaining a purely theoretical or simulation-based design.
Objective 4: To evaluate system performance under simulated conditions
This objective was achieved through controlled testing, including overflow simulation, power failure testing and sensor fault scenarios. The system demonstrated reliable performance under all test conditions.
Objective 5: To assess system effectiveness within a real-world environment
This objective was successfully achieved through deployment at Dynevor Junction SPS. The system operated effectively under live conditions, confirming practical feasibility.
While all objectives were achieved, some limitations were identified, particularly in relation to sensor calibration under dynamic conditions and long-term power performance. These do not represent failures but highlight areas for further refinement.

[bookmark: _Toc228538748]6.4 Evaluation Against Aim
The overall aim of the project was:
To design and develop a reliable embedded wastewater monitoring system capable of improving the reliability and continuity of overflow monitoring.
This aim was successfully achieved.
The system demonstrated clear improvements in monitoring reliability compared to conventional approaches. The integration of UPS backup power ensured continuous operation during power failure, directly addressing one of the most significant weaknesses identified in existing systems. In addition, the introduction of backup radar sensing improved system robustness by reducing reliance on a single sensor. This enhanced measurement reliability and ensured continued operation in the event of sensor irregularities. The combination of embedded processing, telemetry integration and real-world deployment further demonstrated that the system is both technically effective and practically viable. The successful on-site implementation is particularly significant, as it demonstrates that the system is not limited to simulation or theoretical design but can operate within real operational constraints.


[bookmark: _Toc228538749]6.5 Overall Assessment of Results 
Overall, the system performed in line with expectations and successfully met the project requirements.
The system demonstrated:
• Accurate detection of overflow events
• Reliable operation under normal and dynamic conditions
• Continuous functionality during power interruption
• Improved reliability through sensor redundancy
• Practical feasibility within a real wastewater environment
Where results differed slightly from expectations, this was primarily due to environmental variability rather than design flaws. Real-world conditions introduced turbulence, signal interference and fluctuating levels, which affected measurement stability. These variations are consistent with real engineering systems and highlight the importance of designing for robustness rather than ideal conditions. The results therefore provide strong evidence that the proposed system is effective and represents a meaningful improvement over conventional monitoring approaches.
The inclusion of performance metrics and quantitative analysis strengthens the validity of the results and supports objective comparison with existing systems.

[bookmark: _Toc228538750]6.6 Critical Reflection and Improvements
Although the project was successful, several improvements could be made if the system were to be developed further.
Firstly, sensor calibration and signal filtering could be enhanced to improve measurement accuracy under dynamic conditions. Implementing advanced filtering techniques would reduce variability and improve data quality. Secondly, power management could be optimised to extend UPS operation during prolonged outages. This may involve the use of higher-capacity batteries or low-power system design strategies. Thirdly, the integration of remote communication technologies, such as IoT-based monitoring, would improve system functionality by enabling real-time alerts and remote access to data. Additionally, longer-term field testing would provide a more comprehensive evaluation of system durability, reliability and maintenance requirements. Finally, scalability should be considered. Expanding the system for use across multiple sites and integrating it into centralised monitoring infrastructure would increase its value for industry application.

[bookmark: _Toc228538751]6.7 Summary 
This evaluation has demonstrated that the developed monitoring system successfully met its objectives and achieved its overall aim. The results support findings from the literature and confirm that the integration of radar sensing, embedded systems, UPS backup power and sensor redundancy significantly improves the reliability and continuity of wastewater monitoring systems. While some limitations were identified, these represent opportunities for further development rather than weaknesses in the design. Overall, the project provides a successful and practical engineering solution to a real-world problem, with clear potential for future enhancement and wider implementation.


[bookmark: _Toc228538752]7. Conclusion and Recommendations
[bookmark: _Toc228538753]7.1 Conclusion
This project set out to design, develop and evaluate a resilient embedded wastewater monitoring system capable of improving the reliability and continuity of overflow detection at Wastewater Treatment Works (WwTW) and Pumping Stations (PS). The motivation for the work was based on well-documented limitations in existing monitoring systems, particularly their inability to operate effectively during power failure and adverse environmental conditions.
The project successfully achieved its overall aim. A fully functional monitoring system was designed and implemented, integrating radar level sensing, embedded processing through a PIC microcontroller, dual sensor redundancy and a 230V Uninterruptible Power Supply (UPS). This integrated approach enabled continuous monitoring, real-time data processing and improved resilience under both simulated and real-world conditions. The results demonstrated that the system was capable of accurately detecting overflow events and maintaining operation during simulated power interruptions. The inclusion of UPS backup power ensured that monitoring functionality was preserved during loss of mains supply, directly addressing a key weakness identified in conventional systems. In addition, the implementation of a backup radar sensor improved system reliability by introducing redundancy, reducing the risk of data loss due to sensor failure or signal instability.
A significant strength of the project was the successful deployment of the system within a live Welsh Water operational environment at Dynevor Junction SPS. This demonstrated that the system is not only theoretically valid but also practically implementable within real-world constraints. While increased variability in sensor readings was observed under live conditions, the system remained functional and continued to provide reliable monitoring. Overall, the project confirms that the integration of radar sensing, embedded control, power resilience and redundancy can significantly improve the reliability and continuity of wastewater monitoring systems. The work represents a practical engineering solution to a real-world problem and contributes to the advancement of resilient environmental monitoring technologies.
[bookmark: _Toc228538754]7.2 Recommendations
Based on the findings of this project, several recommendations can be made to further improve system performance and support wider implementation.
Firstly, the integration of remote communication capabilities is recommended. While the system successfully operated within existing telemetry infrastructure, the addition of IoT-based communication or wireless data transmission would enable real-time alerts and remote monitoring. This would enhance operational response and improve system usability within modern smart infrastructure environments. Secondly, improvements in energy efficiency and power management should be considered. Although the UPS provided effective short-term backup power, optimisation of energy consumption would extend operational duration during prolonged power outages. This could be achieved through the use of low-power components, improved battery management systems or alternative energy sources. Thirdly, further refinement of sensor calibration and signal filtering is recommended. While radar sensing proved effective overall, variability under dynamic conditions indicates that advanced filtering techniques could improve measurement stability and accuracy in real-world environments. Finally, the system should be evaluated for scalability. Extending the design to support deployment across multiple sites and integrating it into centralised monitoring platforms would increase its value for large-scale wastewater management applications.

[bookmark: _Toc228538755]7.3 Suggestions for Further Work
Although the project achieved its primary objectives, several areas for further research and development have been identified. Long-term field testing is recommended to evaluate system durability, reliability and maintenance requirements over extended operational periods. This would provide a more comprehensive understanding of system performance under continuous real-world conditions. Further investigation into advanced power solutions, such as renewable energy integration or extended battery systems, could improve system independence and reduce reliance on external power infrastructure. The development of a fully networked monitoring system represents another key area for future work. Integrating multiple monitoring units into a centralised platform would enable data aggregation, predictive analysis and improved asset management. Additionally, further research into advanced redundancy strategies and fault detection algorithms could enhance system reliability. This may include intelligent switching between sensors or automated fault identification to improve system robustness.

[bookmark: _Toc228538756]7.4 Summary 
This chapter has summarised the key outcomes of the project and demonstrated how the work achieved its objectives and overall aim. The developed system successfully addressed critical limitations in existing wastewater monitoring approaches by improving reliability, continuity and resilience. The integration of embedded systems, radar sensing, backup power and redundancy has been shown to provide a practical and effective solution for real-world application. While limitations remain, these provide clear direction for future development. Overall, the project represents a meaningful contribution to wastewater monitoring engineering and demonstrates the value of combining theoretical research with practical implementation.


[bookmark: _Toc228538757]8. Reflection
[bookmark: _Toc228538758]8.1 Introduction
This section reflects on the knowledge, skills and experience gained throughout the project. Reflection is used to evaluate both the technical and professional development achieved, as well as to identify areas for improvement. The project provided an opportunity to apply theoretical knowledge within a real engineering context, bridging the gap between academic study and practical application.

[bookmark: _Toc228538759]8.2 Technical Learning 
The project contributed significantly to the development of technical knowledge in embedded systems, particularly in relation to integrating sensing technologies, microcontroller processing and power resilience into a single functional system. A key learning outcome was the importance of system integration. While individual components such as radar sensors, microcontrollers and power supplies may function correctly in isolation, ensuring that they operate reliably as part of a complete installed system presented a greater challenge. This was particularly evident during the integration of the UPS, where maintaining seamless operation during power transitions required careful design and testing. The introduction of redundant radar sensing highlighted the importance of reliability in engineering design. The initial system configuration relied on a single sensor; however, following evaluation and feedback, the addition of a backup sensor improved system robustness. This demonstrated that engineering solutions benefit from iterative development and refinement based on testing and critical evaluation. 
Another important learning experience was the difference between simulated and real-world performance. While controlled testing produced stable and predictable results, deployment within a live wastewater environment introduced variability due to turbulence, flow conditions and environmental interference. This reinforced the understanding that engineering systems must be designed to operate under non-ideal conditions.
[bookmark: _Toc228538760]8.3 Problem Solving and Critical Thinking 
Throughout the project, several technical challenges were encountered, including sensor calibration issues, signal variability and system integration difficulties. Addressing these challenges required the application of problem-solving and analytical skills. One of the most significant lessons was that unexpected results are a normal part of engineering development. Rather than indicating failure, these results provided valuable insight into system behaviour. For example, fluctuations in sensor readings led to the implementation of redundant sensing, which ultimately improved system reliability. This process strengthened the ability to identify root causes of problems, evaluate potential solutions and implement improvements. It also reinforced the importance of testing systems under a range of conditions to fully understand their performance.

[bookmark: _Toc228538761]8.4 Project Management and Organisation 
The project required effective time management and organisation, as it involved multiple stages including research, design, implementation, testing and real-world deployment. Managing these stages alongside other academic commitments required careful planning and prioritisation. The iterative nature of the project meant that development did not follow a strictly linear process. Challenges encountered during implementation often required revisiting earlier design decisions. This highlighted the importance of flexibility in project planning and the ability to adapt to changing requirements. The experience improved the ability to manage a complex engineering project independently, demonstrating initiative, organisation and responsibility. It also reinforced the importance of setting realistic milestones and maintaining consistent progress.
The project timeline and key milestones are presented in Appendix D, which illustrates the planning and progression of the project from initial research through to implementation and evaluation.

[bookmark: _Toc228538762]8.5 Professional and Transferable Skills 
In addition to technical knowledge, the project supported the development of several transferable skills relevant to professional engineering practice. Communication skills were developed through the need to present technical information clearly within the report and during discussions. The ability to explain complex systems in a structured and understandable way is essential in engineering environments.
The collaboration with Welsh Water provided valuable exposure to a real operational setting. This required an understanding of professional standards, safety considerations and organisational constraints. It also highlighted the importance of designing solutions that are not only technically effective but also practical and suitable for real-world application. The project also developed resilience and adaptability. Challenges encountered during development required persistence and the ability to respond constructively to setbacks. These attributes are essential in engineering roles, where problem-solving and continuous improvement are key.

[bookmark: _Toc228538763]8.6 Reflection on Improvements
Although the project was successful, several areas for improvement were identified.
Greater focus on sensor calibration and signal filtering at an earlier stage would likely have improved measurement accuracy under dynamic conditions. Additionally, allocating more time to long-term testing would have provided a more comprehensive evaluation of system reliability and power performance. The inclusion of remote communication capabilities, such as IoT-based monitoring, could also have enhanced the functionality of the system and its applicability within modern monitoring frameworks. If the project were to be undertaken again, a more structured approach to testing and validation would be implemented, particularly for the field-deployed system. This would ensure that system performance is evaluated over a wider range of conditions and timeframes.

[bookmark: _Toc228538764]8.7 Summary
This project provided valuable learning across both technical and professional domains. It demonstrated the importance of integrating theoretical knowledge with practical application and highlighted the challenges associated with real-world engineering systems.
The experience strengthened key skills including system design, problem-solving, project management and critical evaluation. It also reinforced the importance of adaptability, iterative development and reflective practice. Overall, the project has provided a strong foundation for future work in embedded and environmental engineering, supporting continued professional development within the field.
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	Hazard
	Risk Description
	Likelihood
	Severity
	Mitigation Measures

	Electrical Supply (230V AC)
	Risk of electric shock during installation or maintenance
	M
	H
	Use of MCB protection; isolation procedures; installation by trained personnel

	Power Failure
	Loss of monitoring leading to unrecorded overflow events
	H
	H
	Integration of UPS; continuous operation during outages; battery checks

	Sensor Failure / Signal Loss
	Incorrect or missing level data
	M
	H
	Redundant radar sensor; cross-verification; regular calibration

	Environmental Conditions
	Turbulence, debris and gases affecting sensor performance
	H
	M
	Use of non-contact radar; industrial-grade components; correct placement

	Installation Hazards
	Slips, trips or injury during site work
	M
	M
	PPE use; adherence to site safety procedures; supervised work

	Data Integrity
	Inaccurate data affecting decision-making
	M
	H
	Redundant sensing; real-time telemetry; system testing

	Confidentiality / Data Security
	Disclosure of sensitive operational data
	L
	M
	Limited disclosure in report; anonymised data; compliance with policies

	System Maintenance
	Performance degradation over time
	M
	M
	Scheduled maintenance; monitoring trends; component replacement


The risks associated with the system have been reduced through appropriate engineering controls, including redundancy, power backup and adherence to safety standards. This ensures safe, reliable and ethically responsible system operation
[bookmark: _Toc228538768]Appendix B
Power Consumption Calculation:
Radar Sensor = 10 W
Telemetry Unit = 20 W
Total System Load = 30 W
UPS Sizing Calculation:
Required backup duration = 8 hours
Energy Required = Power × Time
Energy Required = 30 W × 8 h = 240 Wh
Therefore, a UPS with a minimum capacity of 240 Wh is required to maintain system operation for 8 hours during power failure.
Allowing for inefficiencies (typically 20–30% losses in UPS systems):
Adjusted Energy Requirement ≈ 240 Wh × 1.25 = 300 Wh
Final UPS Requirement:
A UPS with a capacity of approximately 300 Wh is recommended to ensure reliable operation over the full 8 hour period.
Assumptions:
· Constant power consumption during operation
· No additional load from auxiliary components
· Typical UPS efficiency considered
Conclusion:
The selected UPS capacity ensures extended operation during power outages and significantly improves system resilience compared to conventional monitoring systems.


[bookmark: _Toc228538769]Appendix C
	Requirement ID
	Requirement Description
	Justification
	Status

	R1
	Continuous wastewater level monitoring
	Required to detect overflow events in real time and ensure no loss of data
	Achieved

	R2
	Overflow threshold detection
	Required to identify and trigger alarms during overflow conditions
	Achieved

	R3
	Operation during power failure
	Required to maintain monitoring during outages and prevent data loss
	Achieved (UPS integrated)

	R4
	Redundant level sensing
	Required to reduce risk of missed or incorrect readings due to sensor failure
	Achieved
(dual radar sensors)

	R5
	Telemetry integration
	Required for real-time monitoring, alarm management and data logging via Prysm
	Achieved

	R6
	Suitability for wastewater environment
	Required to ensure system operates reliably in harsh, real-world conditions
	Achieved




[bookmark: _Toc228538770][image: ]Appendix D

The project programme outlines the main stages of the project, including literature review, system design, installation, testing, real-world deployment, analysis and report writing.
[bookmark: _Toc228538771]Appendix E
	Item
	Description
	Quantity
	Unit Cost (£)
	Total Cost (£)
	Purpose

	Radar Level Sensor (Primary)
	Non-contact radar level sensor
	1
	600
	600
	Main wastewater level measurement

	Radar Level Sensor (Backup)
	Secondary radar sensor for redundancy
	1
	600
	600
	Improves reliability and fault tolerance

	PIC Microcontroller System
	Embedded processing unit
	1
	50
	50
	Data processing and system control

	Telemetry Interface / I/O
	Signal connection to telemetry system
	1
	200
	200
	Enables communication with Prysm platform

	230V UPS (≈300 Wh)
	Backup power supply unit
	1
	250
	250
	Maintains operation during power failure

	MCB (Miniature Circuit Breaker)
	Electrical protection device
	1
	20
	20
	Provides overload and fault protection

	Junction Box & Termination
	Enclosure and wiring connections
	1
	40
	40
	Ensures safe and organised wiring

	Cabling & Connectors
	Power and signal wiring
	1
	50
	50
	System interconnections

	Mounting Hardware
	Brackets and fixings
	1
	30
	30
	Supports installation of components

	Labour 
(Installation & Commissioning)
	2 workers × 2 days × 8 hrs @ £29.90/hr
	32 hrs
	29.9
	956.8
	Installation, wiring, integration and testing

	Contingency (10%)
	Allowance for unforeseen costs
	-
	-
	279.68
	Covers unexpected expenses

	Total Estimated Cost
	£3,076.48
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