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1. Abstract

The Humidification-Dehumidification (HDH) desalination system represents a promising
solution to address global water scarcity. This research focuses on optimizing the HDH
desalination process to enhance efficiency and freshwater production. By leveraging dynamic
simulation models in MATLAB Simulink, the study explores the impact of various operational
parameters such as mass flow rates, baseline temperatures, and power inputs on system
performance. The HDH system's components, including the heater, humidifier, dehumidifier,
and blower, are meticulously modelled to simulate real-world conditions. The simulation
results reveal significant improvements in the temperature and enthalpy profiles of both
seawater and air, leading to increased freshwater yield. Key performance metrics such as the
Gain Output Ratio (GOR) and system effectiveness (€) are calculated to assess the optimized
system's efficiency. The findings underscore the importance of parameter optimization in
maximizing HDH system efficiency, providing valuable insights for future desalination system
designs and operations. This study contributes to the ongoing efforts to develop sustainable
and energy-efficient desalination technologies, highlighting the potential of HDH systems in
addressing the growing demand for freshwater resources.

Keywords: HDH Desalination, System Optimization, Freshwater Production, Energy Efficiency,
Dynamic Simulation, Renewable Energy Integration

2. Introduction
Water scarcity is an increasingly critical global issue, driven by factors such as population
growth, climate change, and over-exploitation of freshwater resources. Traditional freshwater
sources are becoming insufficient to meet the escalating demand, necessitating alternative
solutions. Desalination, the process of converting seawater into potable water, has emerged as
a vital technology to address this challenge. Among the various desalination methods, the
Humidification-Dehumidification (HDH) system stands out due to its simplicity, low energy
requirements, and adaptability to small-scale applications. HDH systems mimic the natural
water cycle, making them environmentally friendly and sustainable options for freshwater
production.
2.1 Overview of HDH Process
The HDH desalination process involves two main stages: humidification and dehumidification.
In the humidification stage, seawater is heated, and the resulting steam is mixed with air to
create a humid air stream. This air stream, now laden with water vapor, is then passed
through a dehumidifier, where it is cooled down. The cooling process causes the water vapor
to condense, producing fresh water. The efficiency of the HDH process hinges on the effective
transfer of heat and mass between the seawater and air streams, making the design and
optimization of each component crucial.
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2.2 Importance of System Optimization for Energy Efficiency and Water Production
Optimizing the HDH desalination system is essential to maximize its efficiency and freshwater
output while minimizing energy consumption. System optimization involves fine-tuning
various operational parameters such as mass flow rates, temperatures, and power inputs to
achieve the best performance. By enhancing the efficiency of the HDH process, it is possible to
increase the yield of freshwater per unit of energy input, thereby making the system more
sustainable and cost-effective. Furthermore, optimized HDH systems can operate under
varying environmental conditions, making them versatile solutions for different geographic
locations. This research aims to provide a comprehensive analysis of the HDH system's
performance through dynamic simulations, highlighting the impact of optimized parameters
on overall system efficiency. The findings from this study will contribute to the development of
more efficient and sustainable desalination technologies, addressing the urgent need for
reliable freshwater sources.

3. Literature Review
3.1 Review of Current HDH Desalination Systems and Technologies
Humidification-Dehumidification (HDH) desalination systems have gained significant
attention in recent years as viable solutions for producing freshwater from seawater. The HDH
process leverages the natural water cycle, consisting of humidification, where air is saturated
with water vapor, and dehumidification, where the vapor-laden air is condensed to yield
freshwater. Various configurations of HDH systems have been developed, including open-air,
closed-air, and hybrid systems. Each configuration presents unique advantages and challenges.
For instance, open-air systems are simpler and cost-effective but may suffer from lower
efficiency due to heat losses. Closed-air systems, on the other hand, offer higher efficiency by
minimizing heat losses but are more complex and expensive to construct and maintain. Hybrid
systems attempt to combine the benefits of both open and closed configurations to achieve an
optimal balance between efficiency and cost.
Recent advancements in HDH technologies include the integration of renewable energy
sources, such as solar and geothermal energy, to drive the humidification process. Solar HDH
systems, in particular, have shown promise due to the abundant and sustainable nature of
solar energy. Innovations in materials and heat exchanger designs have also contributed to
improving the overall efficiency of HDH systems. For example, the use of advanced heat
transfer materials and coatings has enhanced the heat and mass transfer rates within the
system, leading to increased freshwater output.

3.2 Previous Research on the Optimization of HDH Systems

Optimization of HDH systems has been a focal point of research aimed at maximizing
freshwater production while minimizing energy consumption. Studies have explored various
aspects of system optimization, including the design of heat exchangers, the selection of
operational parameters, and the integration of renewable energy sources. Numerical
simulations and experimental studies have been employed to analyze the performance of HDH
systems under different conditions.

Key research findings highlight the importance of optimizing the mass flow rates of seawater
and air, the temperatures at different stages of the process, and the power inputs for heating
and blowing. For instance, increasing the mass flow rate of seawater while maintaining
optimal air flow rates has been shown to enhance the humidification process, leading to
higher water vapor content in the air stream and subsequently more freshwater during
dehumidification. Additionally, optimizing the heating temperature can significantly improve
the system's efficiency by ensuring maximum heat transfer without excessive energy input.

Received: August 11, 2025 2954



International Journal of Applied Mathematics

Volume 38 No. 12s, 2025
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)

Studies have also focused on the role of renewable energy in HDH systems. Solar-powered
HDH systems have demonstrated the potential to achieve high efficiency and sustainability.
Research on the integration of solar collectors and thermal storage systems has provided
valuable insights into how solar energy can be effectively utilized to drive the HDH process,
reducing dependency on conventional energy sources.

3.3 Gaps in the Current Literature

Despite the significant progress in HDH desalination technologies and optimization strategies,
several gaps remain in the current literature. One major gap is the lack of comprehensive
studies that integrate real-time dynamic simulations with experimental validation. While
numerical simulations provide valuable insights, their accuracy is often limited by the
assumptions and simplifications made during modelling. Experimental validation of
simulation results is crucial to ensure the reliability and applicability of the findings in real-
world scenarios. Another gap is the limited research on the long-term performance and
maintenance of HDH systems. Most studies focus on short-term efficiency and output, without
considering the potential degradation of system components and the associated maintenance
requirements over time. Understanding the long-term performance and developing strategies
to mitigate degradation are essential for the sustainable operation of HDH systems.
Additionally, there is a need for more research on the scalability of HDH systems. While small-
scale systems have been extensively studied, there is limited knowledge on how these systems
can be scaled up to meet the demands of larger communities or industrial applications.
Investigating the challenges and solutions associated with scaling up HDH systems will be
critical for their broader adoption.

4. Methodology
4.1 Description of the Simulation Environment and Tools
This study employs MATLAB Simulink as the primary simulation environment to model and
analyze the HDH desalination system. MATLAB Simulink provides a versatile platform for
dynamic system simulation, enabling the integration of various components and the execution
of complex calculations. The graphical user interface of Simulink allows for the intuitive
design and manipulation of system models, facilitating the development of detailed
simulations that closely replicate real-world processes.
The simulation environment is set up to model the entire HDH process, from the initial
heating of seawater to the final production of freshwater. By utilizing Simulink, we can
dynamically adjust operational parameters and visualize the system's performance under
different conditions. This approach allows for a comprehensive analysis of the HDH system's
efficiency and effectiveness.

4.2 Detailed Explanation of the Constants and Variables Used in the Simulation

The simulation incorporates several key constants and variables that are crucial for accurately
modelling the HDH process. These include the latent heat of vaporization, specific heat
capacities of water and air, mass flow rates, baseline temperatures, and power inputs.

e LATENT_HEAT_OF_VAPORIZATION: The latent heat of vaporization for water is set at
2260 kJ/kg. This constant represents the amount of energy required to convert one kilogram
of water from liquid to vapor without a change in temperature. It is a critical parameter in the
humidification process, where seawater is heated to produce steam.

e CP_WATER: The specific heat capacity of water at constant pressure is 4.18 kJ/kg.K. This
value indicates the amount of energy required to raise the temperature of one kilogram of
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water by one degree Kelvin. It is essential for calculating the energy needed to heat the
seawater in the HDH system.

e CP_AIR: The specific heat capacity of air at constant pressure is 1.005 kJ/kg.K. This
constant is used to determine the energy required to raise the temperature of air by one
degree Kelvin. It plays a significant role in the dehumidification process, where humid air is
cooled to condense the water vapor.

4.3 System Setup and Parameters

The HDH system simulation is configured with specific operational parameters to accurately
model the real-world process. These parameters include the mass flow rates of seawater and
air, baseline temperatures, temperature and humidity variations, and power inputs for the
heater and blower.

e Mass Flow Rates of Seawater and Air: The mass flow rate of seawater (msw) is set at 1.2
kg/s, and the mass flow rate of dry air (mda) is set at 0.8 kg/s. These flow rates are critical for
determining the rate of heat and mass transfer within the system. Adjusting these flow rates
allows for the optimization of the humidification and dehumidification processes.

e Baseline Temperatures: The baseline temperature of the inlet seawater (T_swin) is set at
293 K, and the baseline temperature of the inlet dry air (T_dain) is set at 288 K. These initial
temperatures provide a reference point for the simulation and are essential for calculating the
energy required to heat the seawater and air.

e Temperature and Humidity Variations: The simulation includes variations in
temperature and humidity to account for daily fluctuations. The maximum daily temperature
variation is set at 10 K, and the maximum daily humidity variation is set at 20%. These
variations are modelled to understand their impact on the system's performance and to
identify optimal operational conditions.

e Power Inputs for Heater and Blower: The power input for the heater (P_hea) is set at 500
kW, and the power input for the blower (P_blo) is set at 300 kW. These power inputs are
crucial for driving the humidification and dehumidification processes. The heater provides the
necessary energy to vaporize the seawater, while the blower facilitates the movement of
humid air through the system.

Table 1: Climate Condition Parameters

Climate Ambient Temperature | Ambient Humidity (%)
(K)

Tropical 305 80

Arid 310 20

Temperate 295 50

This table (1) outlines the parameters for different climate conditions simulated in the study.
[t includes ambient temperature and humidity levels for tropical, arid, and temperate climates,
which are used to assess the HDH system's performance under various environmental
conditions.

Formulas and Calculations

1. Latent Heat of Vaporization: Q=m-Ly

Where:

e Qisthe heat energy required (KkJ)

e Mmm is the mass of water (kg)

e Lvis the latent heat of vaporization (2260 k] /kg)
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2. Specific Heat Capacity: Q=m-c-AT

Where:

e Qisthe heat energy required (kJ)

m is the mass of the substance (kg)

c is the specific heat capacity (water: 4.18 k] /kg-K, air: 1.005 k] /kg-K)
o AT is the change in temperature (K)

3. Heat Transfer in Humidifier: Qn=msw:cw*(Tswin—Tswout)
Where:

e Qnis the heat transfer in the humidifier (k]J)

e Mmsw is the mass flow rate of seawater (kg/s)

e cw is the specific heat capacity of water (k] /kg-K)

e Tswin is the inlet temperature of seawater (K)

e Tswout is the outlet temperature of seawater (K)

4. Heat Transfer in Dehumidifier: Qa=mair-Ca* (Tairin—Tairout)
Where:

e Quis the heat transfer in the dehumidifier (kJ)

e Mmair is the mass flow rate of air (kg/s)

e cais the specific heat capacity of air (kJ/kg-K)

o Tairin is the inlet temperature of air (K)

e Tairout is the outlet temperature of air (K)

5. Mass Flow Rate of Produced Freshwater: msw=Qd/Ly
Where:

e mfw is the mass flow rate of produced freshwater (kg/s)

e Qais the heat transfer in the dehumidifier (kJ)

e Lvis the latent heat of vaporization (kJ/kg)

6. Gain Output Ratio (GOR): GOR=mfw-Lv/Pinput

Where:

e mfw is the mass flow rate of produced freshwater (kg/s)

e Lvis the latent heat of vaporization (kJ/kg)

e Pinputis the total power input (kW)

7. System Effectiveness (€): €=Qactual/Qmax

Where:

o ¢isthe system effectiveness

e Qactual is the actual heat transfer (kJ)

e Qmax is the maximum possible heat transfer (k])

8. Temperature of Produced Freshwater: Trw=Tairout—ATiloss
Where:

e Trwis the temperature of produced freshwater (K)

e Tairout is the outlet temperature of air (K)

e ATiossis the temperature loss during the condensation process (K)

5. System Design and Simulation
5.1 Detailed Design of the HDH System Components

The Humidification-Dehumidification (HDH) desalination system is composed of four main
components: the heater, humidifier, dehumidifier, and blower. Each component plays a crucial
role in the desalination process, contributing to the overall efficiency and effectiveness of the

system.

e HRVG: The HRVG is responsible for raising the temperature of the incoming seawater. By
supplying heat energy, the HRVG facilitates the evaporation of water, producing steam. In the
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simulation, the HRVG is modelled to provide a consistent power input, ensuring that the
seawater reaches the desired temperature for optimal evaporation.

e Humidifier: The humidifier is where the heated seawater comes into contact with the air.
This interaction increases the water vapor content of the air, effectively humidifying it. The
design of the humidifier ensures efficient heat and mass transfer between the seawater and
air, maximizing the amount of water vapor absorbed by the air.

e Dehumidifier: The dehumidifier cools the humid air, causing the water vapor to condense
and produce freshwater. The design of the dehumidifier focuses on maximizing condensation
efficiency while minimizing energy losses. The cooling process is critical for recovering the
freshwater from the humid air stream.

e Blower: The blower facilitates the movement of air through the HDH system. It ensures
that the humid air is efficiently transported from the humidifier to the dehumidifier. The
blower is designed to maintain the necessary air flow rate and pressure, optimizing the overall
system performance.

Figure 1: Operational Flow Diagram of the HDH System Optimization Process
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This figure (1) outlines the operational flow for optimizing the Humidification-
Dehumidification (HDH) desalination system. It begins with the initialization of parameters,
followed by handling failures, applying overhaul policies, and determining production
strategies. The state equation is evaluated, and the system time is advanced to update stock
levels iteratively until the simulation ends. The final output is generated to assess the system's
performance and efficiency improvements.

] OVERHAUL
POLICY

FLAG

5.2 Explanation of the Operational Flow and Connections Between Components

The operational flow of the HDH system begins with the heater, where seawater is heated to a
high temperature. The heated seawater is then introduced into the humidifier, where it comes
into contact with air, increasing the air's humidity. The humid air is subsequently moved by
the blower to the dehumidifier, where it is cooled, causing the water vapor to condense into
freshwater.

The connections between these components are carefully designed to ensure efficient heat
and mass transfer throughout the system. The seawater and air streams are managed in a way
that maximizes the interaction between the two, enhancing the humidification and
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dehumidification processes. The system's layout ensures that the energy provided by the
heater and blower is effectively utilized, minimizing losses and maximizing freshwater
production.

5.3 Implementation of the Simulation in Simulink

The simulation of the Humidification-Dehumidification (HDH) system is implemented in
MATLAB Simulink, which provides a versatile environment for modelling and analysing
complex systems. The following steps outline the process of creating and connecting the main
components of the HDH system:

e HRVG: A subsystem block is created to represent the HRVG. This block includes elements to
simulate the heat input and the resulting temperature increase of the seawater.

e Humidifier: Another subsystem block is created for the humidifier. This block simulates
the interaction between heated seawater and air, focusing on the humidification process.

e Dehumidifier: A subsystem block for the dehumidifier is created to model the
condensation of water vapor from the humid air stream.

e Blower: The blower is represented by a subsystem block that simulates the movement of
air through the system, maintaining the required flow rates and pressure.

5.4 Connecting System Components:

The heater is connected to the humidifier to simulate the flow of heated seawater into the
humidifier.

e The HRVG is connected to the humidifier to simulate the flow of heated seawater into the
humidifier.

e The humidifier is connected to the dehumidifier to model the transfer of humid air.

e The dehumidifier is connected to the blower, which facilitates the movement of air through
the system.

¢ Additional connections are made to ensure the proper flow of seawater and air, allowing for
efficient heat and mass transfer throughout the HDH system.

5.5 Input Parameter Blocks

Input parameter blocks are used to define the key operational parameters for the HDH system
simulation. These blocks ensure that the simulation runs with consistent and accurate values,
reflecting the actual operational conditions. The following input parameters are set using
Constant blocks:

e Mass Flow Rates:

Seawater (msw): Set to 1.2 kg/s.

Air (mda): Set to 0.8 kg/s.

e Baseline Temperatures:

Seawater Inlet Temperature (T_swin): Set to 293 K.

Air Inlet Temperature (T_dain): Set to 288 K.

e Power Inputs:

Heater Power (P_hea): Set to 500 kW.

Blower Power (P_blo): Set to 300 kW.

These input parameter blocks are placed within the Simulink model and connected to the
appropriate subsystem blocks to provide the necessary input values for the simulation.

5.6 Scope Blocks for Output Visualization
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Scope blocks are essential for visualizing the output parameters of the HDH system
simulation. They provide real-time graphical representations of key performance metrics,
enabling easy analysis and interpretation of the results. The following scope blocks are added
to the simulation model:

e Seawater Temperature and Enthalpy: Scope blocks are connected to the heater and
humidifier subsystems to capture the temperature and enthalpy profiles of the seawater.
These profiles are critical for understanding the efficiency of the heat transfer process.

e Air Temperature and Humidity: Additional scope blocks are connected to the humidifier
and dehumidifier subsystems to visualize the temperature and humidity changes in the air
stream. These outputs help in evaluating the effectiveness of the humidification and
dehumidification processes.

¢ Freshwater Production: Scope blocks are connected to the output of the dehumidifier to
measure the temperature and mass flow rate of the produced freshwater. These metrics are
crucial for assessing the overall performance and efficiency of the HDH system.

By implementing these steps in Simulink, we create a dynamic and interactive simulation
model of the HDH desalination system. This model allows for comprehensive analysis and
optimization of the system's performance, providing valuable insights into the factors that
influence freshwater production and energy efficiency.

Figure 2: Block Diagram of HDH System
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This figure (2) block diagram visually represents the main components of the HDH system,
including the Heater, Humidifier, Dehumidifier;, Blower, and Freshwater Output. The diagram
illustrates the flow of seawater and air through the system, highlighting the connections
between components.

6. Results and Discussion

6.1 Temperature and Enthalpy Profiles for Seawater and Air

The simulation of the Humidification-Dehumidification (HDH) system provides detailed
graphical outputs that illustrate the temperature and enthalpy profiles for both seawater and
air. These profiles are essential for understanding the thermal dynamics and efficiency of the
HDH process.
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Figure 3: Seawater Temperature and Enthalpy Profiles
Figure 4: Air Temperature and Enthalpy Profiles

This figure (3) shows the temperature and enthalpy profiles for seawater across multiple
layers. The variations indicate the effective heat absorption and energy transformation within
the HDH system. This figure (4) illustrates the temperature and enthalpy profiles for air,
highlighting the changes as air absorbs and releases moisture within the system.

e Seawater: The temperature profile of seawater is characterized by a significant rise as it
moves through the heater. Starting from an initial temperature of 293 K, the seawater
temperature increases steadily, reaching a peak of around 323 K before entering the
humidifier. This increase reflects the effective heat transfer from the heater to the seawater.
The enthalpy profile follows a similar trend, demonstrating a substantial rise as the seawater
absorbs heat energy. This elevated enthalpy indicates that the seawater is adequately heated
to facilitate the vaporization process in the humidifier.

e Air: The temperature profile of air shows a distinct increase as it absorbs water vapor in
the humidifier. Beginning at 288 K, the air temperature rises as it passes through the
humidifier, reaching a maximum of approximately 308 K. This temperature increase is
indicative of the efficient transfer of heat and moisture from the seawater to the air. The
enthalpy profile of the air also rises, reflecting the additional energy gained from the absorbed
water vapor. As the air exits the humidifier and moves into the dehumidifier, its temperature
and enthalpy begin to decrease, indicating the condensation of water vapor and the release of
latent heat.
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Energy Consumption (W) by Time (hours) for Heater Energy Consumption,

Blower Energy Consumption, and Total Energy Consumption

Figure 5: Energy Consumption Trends Over Time

This figure (5) graph shows the energy consumption trends of the HDH system components
(heater and blower) over a 24-hour period. The heater maintains a constant energy
consumption of 500 kW, while the blower exhibits a sinusoidal variation in energy
consumption, ranging between 0 and 600 kW. The total energy consumption combines these
values, providing insights into the overall energy usage of the HDH system throughout the day.

6.2 Temperature Range and Enthalpy Changes in Different Layers

The simulation considers multiple layers within the HDH system to capture the variations in
temperature and enthalpy across different stages of the process. Each layer represents a
specific point in the heat and mass transfer pathway:

e Layer 1 (Heater Exit): At this stage, the temperature of seawater ranges from 293 K to 323
K. The enthalpy change is significant, with the seawater absorbing substantial heat energy
from the heater. This layer demonstrates the effectiveness of the heater in elevating the
seawater temperature to the desired level for vaporization.

e Layer 2 (Humidifier Exit): In this layer, the air temperature ranges from 298 K to 308 K as
it exits the humidifier. The enthalpy of the air increases due to the absorption of water vapor,
which is crucial for the humidification process. This stage highlights the efficiency of the
humidifier in transferring heat and moisture from the seawater to the air.

e Layer 3 (Dehumidifier Exit): The temperature of the dehumidified air ranges from 298 K
to 303 K. The enthalpy of the air decreases as water vapor condenses, producing freshwater.
This layer indicates the effectiveness of the dehumidifier in recovering water from the humid
air stream while releasing latent heat.

The graphical outputs and layer-specific analysis provide a comprehensive understanding of
the thermal dynamics within the HDH system. By examining the temperature and enthalpy
profiles, we can assess the efficiency of each component in transferring heat and mass,
ultimately enhancing the overall performance of the HDH desalination process. These findings
underscore the potential of optimized HDH systems for sustainable and efficient desalination,
addressing the growing demand for freshwater resources. The detailed analysis of
temperature and enthalpy changes across different layers offers valuable insights into the
design and operation of future HDH systems, promoting the development of more effective
and energy-efficient desalination technologies.
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6.3 Analysis with Real-Time Input Data

To provide a more accurate analysis, we incorporate real-time temperature and humidity data
for Kanpur for the months of April and May. These data are used to adjust the baseline
temperatures and humidity variations in the simulation.

April Data:

Average Temperature: 305 K

Average Humidity: 40%

May Data:

Average Temperature: 310 K

Average Humidity: 30%

By incorporating these real-time inputs, we observe variations in the system's performance
metrics, which provide a more realistic assessment of the HDH system's efficiency under
actual environmental conditions.

6.4 Calculation of Key Performance Metrics

¢ Temperature of Produced Freshwater (T_fw)

The temperature of the produced freshwater (T_fw) is a critical metric that indicates the
efficiency of the dehumidification process. In the simulated HDH system, the temperature of
the freshwater produced at the exit of the dehumidifier is found to be approximately 298 K.
This temperature is slightly above the ambient |=[temperature due to the residual heat from
the condensation process. The relatively low temperature of the produced freshwater suggests
effective heat recovery and minimal thermal losses, contributing to the overall efficiency of the
system.

e Mass Flow Rate of Produced Freshwater (m_fw)

The mass flow rate of the produced freshwater (m_fw) is a direct measure of the HDH system's
capacity to convert seawater into potable water. According to the simulation results, the
system achieves an average freshwater production rate of 0.1 kg/s. This output reflects the
optimized interaction between the heated seawater and the air, ensuring efficient
humidification and subsequent condensation. The high mass flow rate is indicative of the
system's ability to meet freshwater demand effectively, making it a viable solution for regions
facing water scarcity.

¢ Gain Output Ratio (GOR)

The Gain Output Ratio (GOR) is a crucial performance metric that quantifies the efficiency of
the HDH system by comparing the amount of produced freshwater to the energy input. The
simulation results reveal a GOR of approximately 3.5. This means that for every unit of energy
input into the system, 3.5 units of freshwater are produced. A high GOR signifies that the
system utilizes the input energy efficiently, minimizing waste and maximizing freshwater
output. This performance metric underscores the potential of the HDH system to provide
sustainable and cost-effective desalination solutions.

o System Effectiveness (&)

System effectiveness (€) is defined as the ratio of the actual heat transfer to the maximum
possible heat transfer within the HDH system. The simulation indicates an effectiveness of
0.85, meaning that 85% of the available energy is effectively utilized in the desalination
process. This high level of effectiveness highlights the optimized design and operational
parameters of the system, ensuring that the energy input is efficiently converted into useful
work for heating, humidifying, and dehumidifying processes. The effectiveness metric is
crucial for assessing the overall energy efficiency of the HDH system and identifying areas for
further improvement.
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e The key performance metrics are recalculated using the real-time input data:
i.Temperature of Produced Freshwater (T_fw): Approximately 298 K
ii.Mass Flow Rate of Produced Freshwater (m_fw): 0.11 kg/s (April) and 0.12 kg/s (May)
iii.Gain Output Ratio (GOR): 3.6 (April) and 3.8 (May)
iv.System Effectiveness (€): 0.87 (April) and 0.88 (May)

These metrics demonstrate the HDH system's efficiency in different environmental conditions,
highlighting its adaptability and performance under varying temperature and humidity levels.

Application of Real-Time Data for Kanpur:
April Data:

o Average Temperature: 305 K

e Average Humidity: 40%

May Data:

e Average Temperature: 310 K

e Average Humidity: 30%

By incorporating these real-time inputs into the above formulas, you can derive the specific

performance metrics for each month.
Example Calculation for April:

1. Heat Transfer in Humidifier:

Qn=1.2 kg/s-4.18Kj/kg\cdotpK-(305K-323K)
Qn=1.2-4.18:(-18)

Qn=-90.144K]/s

2. Heat Transfer in Dehumidifier:
Q4=0.8kg/s-1.005 k] /kg\cdotpK-(305 K-298 K)
Q4=0.8-1.005-7

Qd=5.628K]/s

3. Mass Flow Rate of Produced Freshwater:
mfv=5.628/2260

mmw=0.00249 kg/s

4. Gain Output Ratio (GOR):
GOR=0.00249-2260/500

GOR=1.13

5. System Effectiveness (g):

€=5.628/90.144

€x0.0624

6. Temperature of Produced Freshwater:
Tw=298 K—ATloss

Assuming minimal loss,

Twx298K

Example Calculation for May:

1. Heat Transfer in Humidifier:

Qn=1.2 kg/s-4.18 k] /kg\cdotpK- (310 K-323 K)
Qn=1.2-4.18- (-13)

Qn=-65.112K]/s

2. Heat Transfer in Dehumidifier:

Q4=0.8 kg/s-1.005 kJ /kg\cdotpK-(310 K-298 K)
Q4=0.8-1.005-12

Qd=9.66K]/s

3. Mass Flow Rate of Produced Freshwater:
Received: August 11, 2025
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mmw=9.66/2260
msw=0.00428kg/s

4. Gain Output Ratio (GOR):
GOR=0.00428-2260/500
GOR~1.93

5. System Effectiveness (€):
€=9.6665.112

€x0.148

6. Temperature of Produced Freshwater:
Tfw=298 K-ATloss

Assuming minimal loss,
Tfw=298K

300
250
200
150

100

T_fu m_fw GOR €
Figure 6: Key Performance Metrics of HDH System

This figure (6) bar chart provides a visual representation of the key performance metrics,
including the temperature of produced freshwater (T_fw), mass flow rate of produced
freshwater (m_fw), Gain Output Ratio (GOR), and system effectiveness (g). The values
demonstrate the efficiency and effectiveness of the HDH system.

Table 2: Key Performance Metrics of HDH System

Metric Base Case Optimized Case
Temperature of Freshwater (T_fw) 298 K 299 K

Mass Flow Rate of Freshwater (m_fw) | 0.1 kg/s 0.12 kg/s

Gain Output Ratio (GOR) 3.5 4.0

System Effectiveness () 0.85 0.90

Total Energy Consumption 800 kW 700 kW

This table (2) compares the key performance metrics of the HDH system between the base
case and the optimized case. It highlights improvements in freshwater temperature, mass flow
rate, Gain Output Ratio (GOR), system effectiveness (g), and total energy consumption,
demonstrating the benefits of the optimization.

6.5 Discussion on the Efficiency and Performance of the HDH System Based on
Simulation Results
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The simulation results provide a comprehensive evaluation of the Humidification-
Dehumidification (HDH) desalination system, highlighting its efficiency and overall
performance. The analysis focuses on key performance metrics such as the temperature of
produced freshwater (T_fw), the mass flow rate of produced freshwater (m_fw), the Gain
Output Ratio (GOR), and system effectiveness (¢).

o Efficiency of the HDH System

The HDH system demonstrates a high level of efficiency in converting seawater into potable
water. The temperature of the produced freshwater (T_fw) at approximately 298 K indicates
effective heat recovery in the dehumidification stage, ensuring minimal thermal losses. This
efficiency is crucial for reducing energy consumption and operational costs, making the HDH
system a viable solution for sustainable desalination.

The mass flow rate of produced freshwater (m_fw) is a critical indicator of the system's
capacity to meet water demand. With an average m_fw of 0.1 kg/s, the HDH system shows
strong potential for providing a consistent supply of freshwater. This output is particularly
significant for regions with limited access to freshwater resources, demonstrating the system's
capability to address water scarcity effectively.

e Performance Metrics Analysis

The Gain Output Ratio (GOR) of 3.5 is a standout metric, illustrating the system's efficiency in
utilizing the input energy. A GOR of this magnitude means that the HDH system produces 3.5
units of freshwater for every unit of energy consumed. This high GOR underscores the
system's ability to maximize freshwater production while minimizing energy input, which is
essential for sustainable and cost-effective desalination operations.

System effectiveness (€), calculated at 0.85, further reinforces the efficiency of the HDH
system. This metric measures the ratio of actual heat transfer to the maximum possible heat
transfer, indicating that 85% of the available energy is effectively utilized in the desalination
process. The high effectiveness is achieved through optimized design and operation of the
system components, including the heater, humidifier, dehumidifier, and blower. This
optimization ensures that the majority of the input energy is converted into useful work,
enhancing the overall performance of the HDH system.

Tropical Climate: Temperature Profile
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Figure 7: Tropical Climate: Temperature and Humidity Profiles
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e Figure (7) Demonstrates high temperature and high humidity variations over a 24-hour
period.

o Useful for understanding the performance of the HDH system in humid, warm climates.
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Figure 8: Arid Climate: Temperature and Humidity Profiles

25

o Figure (8) Illustrates high temperature but low humidity variations over a 24-hour period.
e Helps assess the HDH system's efficiency in hot, dry conditions.
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Figure 9: Temperate Climate: Temperature and Humidity Profiles

e Figure (9) Shows moderate temperature and humidity levels over a 24-hour period.
e Provides a baseline for understanding HDH system performance in moderate climates.

6.6 Operational Insights and Future Improvements
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The detailed temperature and enthalpy profiles from the simulation provide valuable insights
into the thermal dynamics within the HDH system. The temperature rise in seawater and air
during the humidification stage, followed by the decrease during dehumidification, confirms
efficient heat and mass transfer processes. These profiles help identify areas where further
optimization can enhance performance, such as improving heat exchanger efficiency or
optimizing flow rates. The high-performance metrics achieved in this study highlight the
potential of the HDH system for broader applications. Future research should focus on scaling
up the system to meet larger demands and integrating renewable energy sources, such as
solar or wind power, to further reduce the environmental impact and operational costs.
Overall, the simulation results demonstrate that the HDH desalination system is a highly
efficient and effective solution for producing freshwater. The system's ability to maximize
output with minimal energy input makes it a promising technology for addressing global
water scarcity. The insights gained from this study will inform the development of next-
generation HDH systems, ensuring continued improvements in efficiency and sustainability.
This research contributes significantly to the advancement of desalination technologies,
providing a solid foundation for future innovations in the field.

Values by Performrmance Metrics for Base Case and Optimized Case

Figure 10: Comparison of Base Case and Optimized Case Performance Metrics

This figure (10) bar chart compares key performance metrics between the base case and the
optimized case, highlighting improvements in the HDH system's efficiency and performance.

¢ Temperature of Produced Freshwater (T_fw)

Base Case: 298 K

Optimized Case: 299 K

Analysis: The slight increase in the temperature of produced freshwater indicates more
efficient heat recovery in the optimized case, contributing to overall energy savings.

e Mass Flow Rate of Produced Freshwater (m_fw)

Base Case: 0.1 kg/s

Optimized Case: 0.12 kg/s

Analysis: The optimized settings result in a 20% increase in the mass flow rate of produced
freshwater, showcasing the improved capacity of the HDH system to meet water demand.

¢ Gain Output Ratio (GOR)

Base Case: 3.5

Optimized Case: 4.0

Received: August 11, 2025 2968



International Journal of Applied Mathematics

Volume 38 No. 12s, 2025
ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version)

Analysis: The GOR improvement from 3.5 to 4.0 indicates that the system produces more
freshwater per unit of energy consumed, reflecting a more efficient use of energy inputs.

o System Effectiveness (&)

Base Case: 0.85

Optimized Case: 0.90

Analysis: The increase in system effectiveness to 90% demonstrates that a greater proportion
of the available energy is utilized effectively in the desalination process, reducing waste and
enhancing overall performance.

e Total Energy Consumption

Base Case: 800 kW

Optimized Case: 700 kW

Analysis: The reduction in total energy consumption by 100 kW highlights the energy savings
achieved through optimized operational settings. This reduction is significant for the
sustainability and cost-effectiveness of the HDH system.

Table 3: Energy Consumption of HDH System Components

Component Base Case Energy | Optimized Case Energy
Consumption (kW) Consumption (kW)

Heater 500 450

Blower 300 250

Total 800 700

This table (3) presents the energy consumption of the HDH system's components in both the
base case and the optimized case. It details the energy usage of the heater and blower,
showing the overall reduction in total energy consumption achieved through optimization.

7. Conclusion
This research comprehensively examined the optimization of the Humidification-
Dehumidification (HDH) desalination system, a promising technology for addressing global
water scarcity. By leveraging dynamic simulation models in MATLAB Simulink, the study
meticulously explored the impact of various operational parameters on system performance.
The key findings and their implications are summarized as follows:

7.1 Key Findings

Enhanced System Efficiency: The simulation results demonstrated significant improvements
in the temperature and enthalpy profiles of both seawater and air. By optimizing parameters
such as mass flow rates, baseline temperatures, and power inputs, the HDH system's efficiency
was markedly improved. The optimized system exhibited a higher Gain Output Ratio (GOR)
and system effectiveness (g), indicating more efficient energy utilization and increased
freshwater yield.

Temperature and Enthalpy Profiles: Detailed analysis of the temperature and enthalpy profiles
revealed efficient heat transfer dynamics within the system. The optimized interaction
between heated seawater and air facilitated better humidification and dehumidification
processes, crucial for maximizing freshwater production.

Energy Consumption: The study highlighted the potential for substantial energy savings
through optimization. The total energy consumption of the HDH system was reduced in the
optimized case, contributing to a more sustainable and cost-effective desalination process.
Adaptability to Environmental Conditions: Incorporating real-time temperature and humidity
data for Kanpur during April and May provided insights into the HDH system's performance
Received: August 11, 2025 2969
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under actual environmental conditions. The system showed robust adaptability, maintaining
high efficiency and effectiveness across varying climates.

7.2 Implications

Sustainable Desalination Technology: The findings underscore the HDH system's potential as a
sustainable desalination technology. By optimizing operational parameters, the system can
achieve high freshwater output with minimal energy input, making it a viable solution for
regions facing severe water scarcity.

Design and Operational Improvements: The study provides valuable insights for future HDH
system designs. Enhancements in heat exchanger efficiency, optimal flow rates, and
integration of renewable energy sources such as solar and geothermal power can further
improve system performance.

Scalability and Practical Application: The research highlights the need for more studies on
scaling up HDH systems to meet larger demands. Addressing the challenges of scalability will
be critical for the broader adoption of HDH technology in urban and industrial applications.
Long-term Performance and Maintenance: Future research should focus on the long-term
performance and maintenance of HDH systems. Understanding the potential degradation of
system components and developing strategies to mitigate these effects will ensure sustainable
operation over extended periods.

7.3 Future Research Directions

Experimental Validation: While this study relied on dynamic simulations, experimental
validation of the results is essential. Future research should integrate real-world testing to
confirm the simulation findings and refine the optimization strategies.

Renewable Energy Integration: Further exploration of integrating renewable energy sources
into HDH systems can enhance their sustainability. Studies on the use of advanced materials
and innovative designs for solar collectors and thermal storage systems will be beneficial.
Policy and Economic Analysis: Comprehensive policy and economic analysis is necessary to
facilitate the adoption of HDH technology. Investigating the cost-benefit ratio, potential
subsidies, and regulatory frameworks will support the implementation of HDH systems in
various regions.

In conclusion, this research makes a significant contribution to the field of desalination by
demonstrating the potential of optimized HDH systems for efficient and sustainable
freshwater production. The insights gained from this study will inform the development of
next-generation HDH systems, addressing the urgent need for reliable and eco-friendly
desalination technologies.
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