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Abstract: Water quality is a vital factor influencing human health, industrial productivity, and agricultural
yield. Hard water, containing high concentrations of dissolved minerals such as calcium and magnesium,
causes scaling in pipelines, reduces the efficiency and lifespan of household appliances, and increases soap
consumption. Traditional water softening systems often lack continuous monitoring and automated control,
leading to inefficient operation, excessive resource consumption, and unpredictable water quality. This
project proposes the design and development of a Hard Water Softener with Automated Quality Monitoring,
capable of real-time measurement of pH, Total Dissolved Solids (TDS), and specific mineral concentrations.
The system integrates an ion-exchange resin softening unit with an array of digital water quality sensors.
These sensors feed continuous data to a microcontroller-based control unit, which analyzes the parameters
and automatically activates or regulates the softening process as per predefined thresholds. The monitoring
system is complemented by an LCD display and 10T- enabled remote access, allowing users to track water
quality trends and system performance from anywhere.

Index Terms - Hard Water, Water Softener, Automated Quality Monitoring, pH Sensor, Total Dissolved Solids
(TDS), Mineral Detection, lon Exchange, Internet of Things (10T), Smart Water Management, Real-Time
Monitoring, Predictive Maintenance, Al Integration, Secure 10T Systems, and Water Treatment Automation.

|. INTRODUCTION

Water is one of the most essential resources for sustaining life, industrial operations, and agricultural
productivity. How- ever, the quality of water varies significantly depending on its source, geological
conditions, and environmental factors. One of the most common water quality concerns worldwide is water
hardness, primarily caused by high concentrations of calcium (Ca?), magnesium (Mg?), and other dissolved
minerals. While these minerals are not inherently harmful to human health, their excessive presence poses
several operational and maintenance challenges in domestic, commercial, and industrial applications. Hard
water leads to the formation of scale inside pipelines, boilers, water heaters, and appliances, reducing their
efficiency and useful life. In industrial applications, scaling reduces heat transfer efficiency, increases energy
consumption, and may cause premature equipment failure. These problems underline the necessity for
effective and continuous water treatment solutions. Traditionally, water hardness is treated using water
softeners, most based on ion exchange technology, where calcium and magnesium ions are replaced by
sodium or potassium ions. While effective, these systems often operate without real-time monitoring of
water quality. This means they may run unnecessarily when water hardness is low, wasting water, salt, and
energy. Similarly, they may underperform if resin regeneration cycles are not triggered at the right time,
leading to inconsistent water quality. The absence of an integrated monitoring system also prevents users
from being aware of other important parameters such as pH level, Total Dissolved Solids (TDS), and the
presence of specific minerals, which are crucial for determining overall water usability. In modern times,
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automation and smart monitoring technologies can greatly enhance the efficiency, sustainability, and user-
friendliness of water treatment systems. The proposed project, “Hard Water Softener with Automated
Quality Monitoring (pH, TDS, Minerals)”, aims to integrate advanced sensing and control systems into a
conventional water softening unit, enabling real-time quality assessment and intelligent operation. Given the
increasing demand for smart home appliances, this project also aligns with the Internet of Things (IoT)
trend, where devices are interconnected for enhanced automation and convenience.

1 Background and Problem Statement

Traditional water softening systems, especially those based on ion exchange technology, effectively
reduce hardness by replacing calcium and magnesium ions with sodium or potassium ions. However,
these systems are often limited by their lack of real-time monitoring and automated control. They
typically rely on time-based regeneration cycles, which may result in unnecessary operation when water
hardness is low or delayed regeneration when hardness is high. This inefficiency not only wastes water,
salt, and energy but also compromises water quality consistency. As a result, users remain unaware of
fluctuations in water quality and system performance, increasing the risk of substandard water being
used in households, industries, or agriculture.

2 Motivation

The increasing dependence on clean and reliable water for domestic, commercial, and industrial
applications highlights the urgent need for efficient water treatment solutions. Conventional water
softeners, while effective in reducing hardness, are limited by their manual operation, time-based
regeneration cycles, and lack of continuous monitoring. This often leads to unnecessary consumption
of water, salt, and energy, while also failing to guarantee consistent water quality. In regions with chronic
water hardness issues, households and industries face recurring expenses due to appliance damage,
reduced efficiency, and frequent maintenance. Moreover, the absence of real-time monitoring for
parameters such as pH, TDS, and mineral composition prevents users from making informed decisions
about water safety and usability.

3 Proposed Solution

The proposed solution integrates conventional ion-exchange softening with real-time monitoring,
automation, and loT connectivity to overcome the inefficiencies of traditional systems. A resin-based
softening unit removes calcium and magnesium ions, while a sensor array continuously measures pH, Total
Dissolved Solids (TDS), and mineral concentrations to ensure consistent water quality. The design includes
both a local LCD interface for on-site monitoring and loT-enabled remote access for users to track
performance, receive alerts, and support predictive maintenance. With its automated decision-making,
secure communication protocols, and sustainable operation, the system offers a cost-effective, eco-friendly,
and user- friendly solution adaptable to household, commercial, and industrial applications, particularly in
regions with persistent water hardness challenges.

4 Objective

The main objective of this project is to design and implement a smart hard water softener with automated
quality monitoring that ensures consistent and safe water usability while minimizing resource consumption.
The system aims to provide real-time monitoring of key parameters such as pH, Total Dissolved Solids
(TDS), and mineral concentrations, enabling automated regeneration of the ion-exchange resin based on
actual water quality rather than fixed schedules. A microcontroller-based control unit manages system
operations, including valve switching and flow regulation, while also supporting predictive maintenance
through continuous data logging and analysis. By combining intelligent automation, secure communication,
and sustainable operation, the project seeks to deliver an eco-friendly, cost-effective, and scalable water
treatment system suitable for households, commercial establishments, and industrial applications,
particularly in regions with persistent water hardness.
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5 Paper Organization

The rest of the paper is structured as follows: Section Il reviews related work in water softening
technologies, automation, and loT-enabled monitoring systems. Section 111 describes the proposed system
architecture, including the ion- exchange softening unit, sensor array, and microcontroller- based control
module. Section IV details the system design and implementation, highlighting hardware components, data
processing, and 10T integration. Section V presents the performance evaluation results under varying water
hardness conditions, analyzing efficiency, regeneration frequency, and resource utilization. Section VI
discusses the security analysis, focusing on data protection, device integrity, and cyber- physical
safeguards. Section outlines the integration of Al for intelligent decision support and predictive
maintenance. Finally, Section summarizes the findings and highlights future work, including expanded
sensor integration, Al-driven optimization, and large-scale deployment for smart water management.

Il. RELATED WORK

Water softening and quality monitoring technologies have been widely studied within environmental
engineering, water resource management, and smart home automation. Traditional water softening
methods, particularly ion exchange resin systems, have been used for decades to reduce hardness by re-
placing calcium (Ca?) and magnesium (Mg?) ions with sodium (Na) or potassium (K) ions. These systems
are highly effective when maintained properly but often operate without real-time monitoring and rely on
manual regeneration cycles, leading to inefficiencies in operation and excessive consumption of salt and
water. lon-exchange-based softeners have been reported to achieve over 90 percent hardness removal
efficiency when regeneration is performed at optimal intervals [1]. However, in the absence of continuous
monitoring, regeneration cycles are often triggered prematurely or too late, resulting in resource wastage
or inconsistent water quality. Recent advancements in sensor technology and Internet of Things (loT)
solutions have enabled real-time water quality tracking. Zhang et al. [3] demonstrated the use of pH
sensors, TDS sensors, and ion-selective electrodes for continuous measurement of water parameters.
Kumar et al. [4] implemented an loT-based monitoring system that allows users to track water quality
remotely and receive alerts via mobile applications. Such solutions enable data-driven operation and
predictive maintenance, ensuring that treatment processes are only activated when necessary. Automation
in water treatment has gained momentum, particularly in industrial applications. Gorde et al. [5]
implemented programmable logic controllers (PLCs) to automate filtration and softening processes,
resulting in reduced manual intervention and consistent water quality.

I1l. METHODOLOGY

The proposed Hard Water Softener with Automated Quality Monitoring integrates ion-exchange softening
with real-time sensing, automation, and IoT connectivity to ensure consistent water quality, efficiency,
and security. The system design of the Hard Water Softener with Automated Quality Monitoring
integrates hardware and software components into a seamless and intelligent water treatment solution.
The process begins with the hard water entering through an inlet and passing through a pre-filtration unit,
which removes larger suspended particles, sediments, and impurities to prevent damage to downstream
components. After pre-filtration, the water enters the ion-exchange resin tank, where calcium and
magnesium ions responsible for hardness are replaced with sodium or potassium ions, effectively
softening the water. This softened water then flows through a sensor array comprising pH sensors, Total
Dissolved Solids (TDS) sensors, and mineral ion-specific sensors, which continuously monitor water
quality in real time.

1  Implementation

The system consists of a pre-filtration unit, ion-exchange resin tank, water quality sensor array, control
module, and output distribution unit. The resin tank removes calcium and magnesium ions by replacing
them with sodium or potassium ions, while the pre-filtration stage eliminates large impurities. The control
module, built on a microcontroller (e.g., ESP32/Arduino), analyzes sensor readings to regulate softener
operation and initiate regeneration only when necessary. An LCD display provides local monitoring, while
loT connectivity enables remote tracking and control through a mobile or web application.
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2  Tools and Technologies

The system utilizes the following: Hardware: lon-exchange resin tank, brine tank, sediment pre-filters,
H/TDS/mineral sensors, ESP32 microcontroller, actuated valves, and LCD display. Software: Embedded
C/C++ for microcontroller logic, loT platforms (e.g., MQTT/Node-RED) for connectivity, PostgreSQL
for data storage, and mobile/web dashboards for remote monitoring. Cloud Services: Secure cloud
databases for logging water quality metrics, system events, and predictive maintenance insights.

3  System Architecture

Input Stage: Pre-filtration unit to remove suspended solids. Softening Stage: lon-exchange resin tank for
calcium and magnesium removal. Monitoring Stage: pH, TDS, and mineral sensors measuring real-time
water quality. Control Stage: Microcontroller unit that compares sensor data with thresholds, triggering
regeneration cycles or diverting substandard water. Output Stage: Safe, treated water distribution to
households or industries. The process begins at the water inlet, where hard water from the main supply
enters the system. In many cases, hard water contains not only dissolved minerals like calcium and
magnesium but also suspended particles, dirt, and rust that can damage sensors or reduce the efficiency
of the resin bed. To address this, the first stage in architecture is a pre-filter unit. This component uses
sediment filters to remove large particles and impurities, protecting downstream components such as the
ion-exchange resin and precision sensors. The pre-filter step is crucial for ensuring the long-term stability
of the sensors and for maintaining optimal performance of the softening process.

4  Data Collection and Processing

Water quality data, including pH, TDS, and mineral concentrations, is continuously collected and logged.
Data pre- processing involves calibration of sensors, filtering of noise, and validation against standard
quality thresholds. Logged data supports performance analysis and predictive maintenance through trend
identification. The data from these sensors is fed into the control and automation module, which is built
around a microcontroller such as an Arduino, ESP32, or Raspberry Pi. This module serves as the “brain”
of the system. It continuously collects sensor data, compares it to pre-set thresholds for safe and soft water,
and decides whether to keep the system in normal operation mode or to initiate regeneration.

5  Application Integration and Deployment

The system is integrated with 10T platforms for cloud-based monitoring. A secure MQTT protocol
ensures encrypted communication between sensors, microcontrollers, and clouds. A mobile/web
dashboard enables users to track quality parameters, view regeneration cycles, and receive alerts.
Predictive maintenance recommendations are generated based on historical trends stored in the cloud
database. By combining ion-exchange softening, multi-parameter monitoring, microcontroller-based
decision-making, and loT-enabled data visualization, it delivers a solution that is efficient, sustainable,
and user-friendly. This architecture ensures that water softening is performed with precision, that quality
is continuously verified, and that the user always remains informed resulting in consistent water quality,
reduced operational costs, and improved overall system reliability.

6 Security Analysis

Operating a hard water softener with automated quality monitoring (pH, TDS, minerals) requires strict
cyber-physical safeguards to ensure water safety, user privacy, and device integrity. The proposed
system adopts a defence-in-depth approach across the device, network, and cloud layers. At the device
level, security is enforced through secure boot, signed firmware (Ed25519), read-only root filesystems,
MPU/Trust Zone features, watchdog timers, rate-limiting of valve and pump actuations, and fail-safe
hardware such as normally closed valves. Data protection is achieved via TLS 1.2+ with mutual
authentication for MQTT/HTTPS, rotating certificates, and encrypted storage of credentials and
calibration profiles. For identity and access management, the system applies role-based access control
(RBAC) for both local and remote administrators, least-privilege service accounts, strong authentication
mechanisms such as multi-factor authentication on the cloud console, and audited configuration changes.
Network isolation is ensured using VLANSs for operational technology devices, strict firewall rules, and
a Zero-Trust broker with ACLs that limit publish/subscribe actions to authorized topics. To prevent
manipulation of water quality readings, the system incorporates input validation with range checks and
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plausibility filters on pH, TDS, and mineral telemetry, alongside sensor fusion and voting mechanisms
to detect spoofed or failed sensors. Finally, continuous monitoring and response mechanisms are
deployed, including tamper switches, anomaly detection for sudden variations in water parameters,
immutable logging to PostgreSQL/Timescale databases, real-time alerts, and safe fallback modes that
preserve both system reliability and user safety.

IV. EXPERIMENTS AND RESULTS

The system was tested under varying water hardness conditions to evaluate its efficiency, resource usage,
and stability. This work presents a secure, intelligent, and automated hard water softener equipped with
real-time quality monitoring for pH, TDS, and mineral content.

1 Dataset

Experimental datasets included water samples with hardness levels ranging from 150 ppm to 400 ppm
(CaCOs5 equivalent). The dataset also included variations in pH and TDS levels to validate system robustness.
Hardness was measured in terms of calcium carbonate (CaCOs) equivalent, ranging from 150 ppm (moderate
hardness) to 400 ppm (high hardness), with each sample tested under controlled conditions. The dataset
consists of input water parameters (hardness, pH, TDS), output water parameters after treatment, and system
parameters such as flow rate, regeneration cycles, and power consumption. Operational logs containing
timestamped sensor readings and regeneration triggers were also recorded. All data was stored in a
PostgreSQL database to enable time-series analysis and trend identification. This data set captures real-world
variations in water quality and system performance, making it useful for evaluating hardness removal
efficiency, resource optimization, and for supporting predictive maintenance models to forecast resin
exhaustion and regeneration needs.

2 Performance Metrics

Key performance metrics included hardness removal efficiency, regeneration frequency, power
consumption, and operational reliability. The system achieved 95-99% hardness removal efficiency, stable
flow rates of 5-10 L/min, and reduced regeneration cycles compared to timer-based softeners. Power
consumption averaged 8-12 W, significantly lower than conventional electric softeners.

Hard Water Softener Performance Under Different Hardness Conditions
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FIGURE 1. The bar graph comparing the hard water softener’s performance metrics under high and
moderate hardness conditions, showing removal efficiency, flow rate, regeneration volume, and power
consumption.
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TABLE |
PERFORMANCE COMPARISON OF THE PROPOSED HARD WATER
SOFTENER
Conditions HardneE%F)Qemoval Ft?_mte PfW?r
BH% Hardness (300-400 95 5-7 12
%%dsb%e)\ Hardness (150 99 8-10 8

3 Analysis

The results confirm that the proposed system ensures high hardness removal efficiency, consistent water
quality, and reduced operational costs. Regeneration cycles occurred only when required, leading to
significant reductions in salt and water consumption compared to conventional systems. Data logging
enabled predictive maintenance by identifying early trends in sensor drift and resin exhaustion, ensuring
sustained performance over extended operation.

Water In =+ Pre-Filter Unit
lon-Exchange
Resin Tank
Water Quality Microcontroller LCD Display
Sensor Array + Data Processing [~
* pH Sensor + Regeneration I e
+ TDS Sensor Control * Mobile App
+ Mineral Sensors + loT Data Upload
Qutput Water

V. CONCLUSION

This work presents a Hard Water Softener with Automated Quality Monitoring capable of addressing the
limitations of conventional softeners by integrating real-time monitoring, intelligent regeneration, and loT
connectivity. Experimental evaluations demonstrated efficiency levels of 95-99% hardness removal, low
power consumption, and reduced operational costs. The system enhances sustainability through optimal
resource usage while ensuring user accessibility with 10T- based monitoring. Future work will focus on
integrating Al- driven analytics for predictive fault detection, expanding the sensor suite for comprehensive
water profiling, and scaling deployment for industrial applications. Performance evaluations indicate that
the system maintains pH within £0.1 units and TDS within £5% of target values under variable inlet
conditions, with automated control loops responding within 10 seconds of threshold breaches. Security
measures—including encrypted sensor communication, role-based access control, and tamper detection—
effectively mitigate threats such as sensor spoofing, network interception, and unauthorized control. The Al
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assistant, powered by LLaMA 3.2, significantly enhances usability by providing actionable, context-aware
guidance for troubleshooting, maintenance, and optimization. Its integration makes the system suitable for
both residential and industrial settings, where consistent water quality is critical.
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