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ABSTRACT

The growing demand for sustainable energy, clean water, and green fuels has
increased interest in integrated renewable-energy systems, which can produce
multiple valuable outputs from a single energy source. In this paper, a laboratory -
scale geothermal-based multi-generation system was designed, developed, and
experimentally investigated for the production of electricity, HHO gas, and
desalinated freshwater. The proposed system is composed of a geothermal steam
generator, a steam turbine coupled with a DC generator, an alkaline water
electrolyzer, and a waste-heat-assisted solar still combined by a thermal
cascading configuration. The steam turbine for electricity generation was driven
by the superheated steam generated from the geothermal heat source. In order to
improve the performance of the solar desalination unit, the electricity generated
was then used to produce HHO using an alkaline electrolyzer, and the low-
pressure turbine exhaust steam was recovered in a submerged heat exchanger. In
addition, a three-dimensional Computational Fluid Dynamics (CFD) simulation
was performed using ANSYS Fluent to study the fluid flow and heat transfer
behavior and to validate the experimental results. The experimental results
showed the stable operation of the integrated system with an average electrical
power output of about 31 W, which is enough to run the electrolyzer
continuously. The maximum efficiency in the four-cell alkaline electrolyzer was
about 79%, and the time of HHO production was decreased compared to the two-
cell. The recovered turbine exhaust heat improved desalination performance
significantly with increased freshwater productivity to 8.6 L day'!. Water quality
analysis indicated a significant reduction of total dissolved solids (TDS) to about
76 ppm, indicating the production of high-quality fresh water. The maximum
deviation between numerical and experimental results was approximately 6%.
The results demonstrate the technical feasibility of integrating geothermal power
generation, HHO production, and desalination on a single platform.
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1. INTRODUCTION

The increased environmental concerns and impacts of climate change, along with the rapid growth in global
population, industrialization, and urbanization, have led to the increased demand for sustainable energy and freshwater
resources. Meanwhile, the exhaustion of conventional fossil fuels and the increasing need to reduce greenhouse gas
emissions have spurred the transition to renewable and low-carbon energy systems. Hence, the development of
integrated technologies to simultaneously address energy, water, and environmental issues has become one of the
major research priorities all over the world [1], [2]. Among the renewable energy sources, geothermal energy is
recognized as one of the most reliable and sustainable energy sources due to its availability, high-capacity factor, and
weather independence. Geothermal resources can provide stable base load power all year round, unlike solar and wind
energy systems, making them particularly attractive for long-term energy security. However, conventional geothermal
applications are generally limited to areas with naturally permeable reservoir rocks and adequate fluid circulation.
Enhanced geothermal systems (EGS) have emerged as a promising technology to overcome these limitations by
enabling the extraction of thermal energy from deep hot rock formations through artificially enhancing the reservoir
permeability and fluid flow characteristics [3-5].

Recent advances in drilling, stimulation, and heat extraction technology have greatly expanded the potential of EGS
for large-scale clectricity generation and integrated energy applications. Therefore, EGS technology has attracted
considerable interest as an important contributor to future carbon-neutral energy systems and sustainable energy
transitions [3], [6]. Hydrogen has also attracted considerable interest as a clean energy carrier for supporting future
decarbonized economies. Hydrogen produced from water electrolysis using renewable electricity, often termed green
hydrogen, provides a carbon-free fuel option for transportation, industrial processes, and energy storage applications.
Alkaline water electrolysis is still one of the most mature and commercially viable electrolysis technologies available,
characterized by a simple construction, a long operational lifetime, a relatively low capital cost, and high operational
reliability [7, 8]. Thus, coupling renewable electricity generation with alkaline electrolysis is a promising pathway for
sustainable hydrogen production.

Another pressing global problem is the lack of fresh water, especially in dry and semi-dry regions where conventional
sources of fresh water are limited. Desalination technologies are gaining importance to meet the freshwater demand;
however, many desalination processes are still energy intensive. Solar stills are a simple and environmentally friendly
way to desalinate water, especially for remote communities. However, the productivity of solar stills is usually
constrained by the availability of thermal energy. Several studies have proved that coupling waste heat recovery
systems to desalination units can greatly increase the evaporation rates and freshwater productivity without additional
fuel consumption [1], [2]. Geothermal power generation, hydrogen production, and water desalination are
technologies that have been widely studied as individual technologies, but studies that focus on their simultaneous
integration in a single renewable-energy platform are limited. Most of the present studies are related to thermodynamic
simulations, techno-economic evaluations, or theoretical assessments of multi-generation systems, while experimental
demonstrations are relatively rare. Moreover, the literature has paid relatively little attention to the use of turbine
exhaust heat for desalination enhancement and the numerical validation of integrated geothermal multi-generation
systems. In order to fill these research gaps, the present study proposes and experimentally investigates an integrated
geothermal-based multi-generation system for simultaneous production of electricity, HHO gas, and freshwater. The
proposed system employs a thermal cascading technique, where the geothermal thermal energy is initially converted
into electrical power by a micro steam turbine-generator unit. The generated electricity is then used for hydrogen
production by alkaline water electrolysis, and the remaining thermal energy in the turbine exhaust steam is recovered
and fed to solar still to increase the freshwater production. In addition, three-dimensional Computational Fluid
Dynamics (CFD) simulations are conducted by using ANSYS Fluent to investigate the heat transfer and fluid flow
characteristics and verify the experimental results. The developed system intends to maximize geothermal energy
utilization, enhance the overall system efficiency, and show the feasibility of integrated renewable energy-water
production for sustainable and decentralized applications.

1.1 Literature Review

Geothermal energy is one of the most reliable renewable energy resources due to its continuous availability, high
capacity factor, and independence from seasonal and weather variations [9, 10]. Unlike intermittent renewable energy
sources such as solar and wind power, geothermal systems can deliver stable baseload electricity generation 24 hours
a day, 7 days a week. Conventional geothermal power plants are based on natural hydrothermal reservoirs but are
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often constrained in deployment by geological factors. To overcome these problems, Enhanced Geothermal Systems
(EGS) have been developed to exploit thermal energy from deep hot rock formations by artificially stimulating
reservoirs and engineering fluid circulation paths [11, 12]. Recent developments in drilling technologies, reservoir
stimulation techniques, and heat extraction methods have significantly improved the applicability of EGS for
sustainable electricity generation [13]. Various investigations have been performed to study the performance of
geothermal power plants with steam turbines and flash cycles and Organic Rankine Cycles (ORCs) for low and
medium temperature geothermal resources [14]. These technologies have shown encouraging electrical conversion
efficiencies, but a significant fraction of the available thermal energy is unused and is typically rejected as waste heat,
thus decreasing the overall utilization efficiency of geothermal resources [15]. Thus, coupling geothermal power
generation with other energy conversion processes becomes an attractive approach to improve the overall system
performance.

Hydrogen is seen more and more as a key energy carrier for the future low-carbon energy systems, as it can be
produced from renewable energy sources and used without direct carbon emissions [16]. Among the available
technologies for hydrogen production, alkaline water electrolysis is still one of the most mature and commercially
established methods due to its relatively low capital cost, simple construction, long operational lifetime, and high
reliability [17]. Recent studies have been directed towards the improvement of electrolyzer performance by optimizing
electrode materials, cell configurations, electrolyte composition, and operating parameters. Nickel-based electrodes
have been shown to possess better catalytic activity and corrosion resistance than conventional metallic electrodes,
which leads to increased hydrogen evolution rates and improved energy efficiency [18]. Similarly, the electrolyte
concentration is a significant factor that affects the ionic conductivity, electrical resistance, and the overall system
performance. Despite major advances in electrolysis technology, there are relatively few studies on direct integration
of alkaline electrolyzers with geothermal-based electricity generation systems, especially for decentralized and small-
scale renewable energy applications [19].

Freshwater shortage is one of the most pressing global challenges, especially in arid and semi-arid areas with limited
conventional water resources. Solar distillation is regarded as one of the simplest and environmentally sustainable
technologies for desalination, due to reliance on renewable solar energy and its minimal operational complexity [20].
Nevertheless, conventional solar stills are often limited in practical applications because of their relatively low
freshwater productivity. To overcome this limitation, many researchers have studied performance-enhancing
techniques such as thermal energy storage systems, phase change materials, solar collectors, nanofluids, and external
heating sources. These methods typically increase the temperature of basin water and increase evaporation rates and
therefore increase the production of freshwater [21]. More recently, waste heat recovery has been a very effective
strategy to improve desalination performance with no additional fuel consumption. In several studies [22, 23], it has
been shown that the use of low-grade waste heat from industrial processes and power generation systems significantly
increases the productivity of solar stills and also increases the overall energy utilization efficiency.

Multi-generation systems are of great interest in research as an effective way to optimize energy utilization by
producing a number of valuable outputs from a single energy source simultaneously [24]. Such systems often combine
electricity generation, heating, cooling, hydrogen production, and freshwater generation into one energy conversion
system. The concept of thermal cascading is well known as a promising manner to increase the total efficiency by
using sequentially energy streams at different levels of temperature [25]. Many theoretical and thermodynamic studies
have shown that multi-generation systems based on renewable energy sources can achieve much higher overall
efficiencies than stand-alone energy conversion technologies [26]. In particular, geothermal energy is a strong
candidate for supporting integrated energy systems, due to its continuous operation and high thermal availability [27].
However, most of the published investigations are mainly based on thermodynamic analysis, simulation studies,
optimization approaches, or techno-economic assessments. Experimental demonstrations of geothermal-driven multi-
generation systems for simultaneous production of electricity, hydrogen, and freshwater are still relatively few [28].

Furthermore, experimental validation of practical applications of thermal cascading concepts based on electricity
generation, hydrogen production through electrolysis, and desalination improvement through the recovery of turbine
exhaust heat has been limited. Therefore, more experimental studies are needed to assess the technical feasibility,
performance characteristics, and thermal integration benefits of such systems under realistic operating conditions.
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From the literature survey, most of the previous studies have focused on geothermal electricity generation, alkaline
water electrolysis, and solar desalination as separate technologies. While several theoretical multi-generation concepts
are proposed, comprehensive experimental investigations incorporating these three processes in a single geothermal-
driven platform are scarce. Moreover, little attention has been paid to the use of turbine exhaust heat to enhance
desalination and to the combined experimental-numerical validation of the system performance. In this context, the
present work presents and experimentally investigates an integrated geothermal multi-generation system for
simultaneous electricity, HHO, and freshwater desalination production. The proposed system is based on a thermal
cascading configuration of a micro steam turbine-generator unit, an alkaline water electrolyzer, and a waste-heat
assisted solar still. In addition, three-dimensional CFD simulations are performed to study the heat transfer and fluid
flow behavior and to validate the experimental observations, thus providing a comprehensive assessment of the
proposed integrated renewable energy-water production system.

1.2 Research gap

Despite the growing interest in the use of geothermal energy and multi-generation technologies, there are still several
important research challenges that need to be addressed. Most of the current geothermal studies are based on electricity
generation as a single output, which causes considerable thermal energy loss through waste-heat rejection. Second,
the production of HHO and desalination systems is usually studied separately, which limits the total utilization of
available renewable energy resources. Third, there are few experimental studies on the integration of geothermal
power generation, alkaline water electrolysis, and freshwater production in one platform. Moreover, the effective
recovery and utilization of the heat of the low-pressure turbine exhaust for desalination enhancement has not been
well studied under actual operating conditions. There is a significant gap in knowledge in experimentally validated
studies that combine thermal cascading, HHO production, and desalination into an integrated geothermal framework.
Such limitations need to be overcome for the overall efficiency of energy utilization to be increased and the economy
of renewable resource systems to be improved.

1.3 Objectives of the Current Study

The main objective of this work is to design and experimentally evaluate an integrated geothermal multi-generation
system able to simultaneously produce electricity, HHO, and fresh water. The particular objectives are to design and
construct a laboratory-scale geothermal energy prototype with power generation, HHO production, and desalination
subsystems. The present work aims to study the performance of a geothermal thermal energy-driven micro steam
turbine-generator unit. To assess the HHO production performance of alkaline water electrolysis based on different
electrode materials, cell configurations, and electrolyte concentrations.

1.4 Contributions of this Study and Novelty
This work is novel in that it experimentally demonstrates and fully evaluates an integrated geothermal-driven multi-
generation system that generates electricity, produces HHO, and desalinates freshwater, all in one thermally coupled
platform. The main contributions of this research can be summarized as follows:
*  Development of a prototype of a closed-loop geothermal multi-generation system with a micro steam
turbine, alkaline electrolyser, and waste heat-assisted solar still.
*  Experimental investigation of the HHO production performance with different electrolyzer configurations,
electrode materials, and electrolyte concentrations.
* Integration of a turbine exhaust heat with a desalination subsystem to enhance the freshwater productivity
by thermal energy cascading.
*  Assessment of the quality of the produced freshwater.
e CFD-based numerical investigation of temperature distribution, heat transfer characteristics, and fluid flow
behavior with experimental validation.

2. THE PROPOSED SYSTEM DESCRIPTION AND EXPERIMENTAL

METHOD

2.1 System Description

An integrated multi-generation system based on geothermal was developed and experimentally evaluated for
simultaneous production of electrical power, HHO (hydrogen and oxygen) gas, and desalinated freshwater. The
proposed configuration adopts a thermal cascading strategy to enhance the use of geothermal energy by sequentially
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converting the available thermal energy into multiple useful products. The system developed consists of four thermally
integrated subsystems:

e A steam generator as a simulator of geothermal heat sources.

e A micro steam turbine with a DC electrical generator.

e An alkaline water electrolyser for HHO production.

e A solar still with heat recovery from the turbine exhaust.

The operating principle of the system is shown schematically as shown in Figure 1. First, water is heated in the
geothermal boiler until superheated steam is produced. The steam is fed to a single-stage impulse micro-steam turbine
for conversion of thermal to mechanical power. The turbine shaft is directly connected to a DC generator to generate
electricity. The produced electrical power is then supplied to the alkaline electrolyzer for HHO production.
Simultaneously, the low-pressure exhaust steam from the turbine is used as a secondary heat source by a submerged
copper heat exchanger located inside the basin of the solar still. This recovered thermal energy increases the
temperature of the basin water, increasing the evaporation rate and hence the fresh water productivity. The condensed
working fluid is fed back to the boiler by a circulation pump. This completes a closed - loop geothermal cycle. This
integrated configuration reduces thermal losses and improves the overall utilization of resources compared to
traditional separate systems for electricity generation, HHO production, and desalination. Figure 2 shows photographs
of the developed experimental setup and its main components.

2.2 The System Components

2.2.1 Unit for Geothermal Heat Source and Steam Generation

The thermal behavior of an Enhanced Geothermal System (EGS) was simulated by a laboratory-scale boiler. The
boiler produced superheated steam at specified operating conditions and fed it continuously to the turbine inlet.
Because of its high thermal conductivity and good corrosion resistance, the steam transport and heat recovery sections
were constructed from copper tubing.

2.2.2 Micro Steam Turbine & Electrical Generator

The power generation subsystem consisted of a single-stage impulse micro-steam turbine connected directly to a 12
V DC generator. The turbine rotor was 60 mm in diameter and had twelve stainless steel blades to withstand high
steam temperatures and velocities. During operation, the process of steam expansion transformed thermal energy into
rotational mechanical power, which was then converted into electrical energy by the generator. The experimental
measurements showed an average electrical power output of about 31 W, sufficient to continuously operate the
electrolyzer.

2.2.3 Alkaline water electrolysis

HHO production was carried out using a custom-built alkaline water electrolyzer powered directly by the electricity
produced by the turbine-generator unit. The electrolyzer is composed of nickel-plated SS316 electrodes with an
effective active area of 255 cm2. The electrolyte was a potassium hydroxide (KOH) solution with high ionic
conductivity and good electrochemical properties. Different electrode arrangements and cell configurations were
tested to determine the best operating conditions for HHO production. The electrolyzer body was composed of
transparent acrylic plates that were sealed together with rubber O-rings to prevent electrolyte leakage and loss of gas.

2.2.4 Solar Still Powered by Waste Heat

The desalination subsystem was composed of a single-basin solar still with a basin area of 0.25m2. The basin was
made of galvanized steel and wrapped in a thermally insulated housing to minimize the heat losses to the environment.
A transparent glass cover with an inclination angle of 30° and a thickness of 4 mm was installed to allow the
condensation of vapor and the collection of fresh water. A submerged copper heat exchanger was placed in the saline-
water basin to recover thermal energy from the turbine exhaust steam. The recovered waste heat remarkably enhanced
the thermal energy delivered to the desalination unit, which resulted in a significant enhancement of the evaporation
and condensation processes. Experimental results indicated that the freshwater productivity increased to 8.6 L/day
with the assistance of waste heat recovery.
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2.3 Experimental procedure
An experimental investigation was carried out in the Mechanical Engineering Department, Faculty of Engineering,
Suez Canal University, Ismailia, Egypt. Before each experimental run, the boiler was filled with water and heated to
the desired steam temperature and pressure. The produced steam was then transferred to the turbine, where the
electrical power was generated and directly fed into the alkaline electrolyzer. Simultaneously, the turbine exhaust
steam was sent to the immersed heat exchanger placed in the basin of the solar still. The recovered thermal energy
increased the saline water temperature and improved the desalination process. During each experiment, the following
parameters were continuously monitored and recorded:

e Steam pressure, temperature.
Turbine speed.
Output voltage and current.
HHO production rate
Water temperature in the basin.
Freshwater productivity.

e  Ambient conditions
HHO production was measured by the volumetric water-displacement method, and freshwater yield was quantified
with a calibrated graduated cylinder. Water quality was analyzed before and after desalination to assess the efficiency
of the treatment process. Each experimental condition was repeated three times to ensure repeatability and reliability,
and the values reported are the average of the measured results.

Generator

L 5

Desalination

Steam low pressure
Super Heated Steam
|

i Condensation Pure Water
ForC.L

Closed Loop Water Liquid — ll
Boiler Tank of Pure
Water

Water High pressure

Pump

Figure 1. Schematic diagram for the experimental setup
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(d) Battery (e) Thermocouple (f) Electrolyser components

Figure 2. Photo of the system setup with different components

2.4 Analysis of Uncertainty
The procedure outlined by [29] was used to compute measurement uncertainties. The uncertainty U in the measured
parameters is provided by the following if the instrument accuracy is +a:

Standard Uncertaintiy (U) = ACC%“;Y@ 0

The root-sum-square method was used to estimate the combined uncertainty (8) for the derived parameters, such as
efficiency:

_ e\t o, | (aR\Z o,

5= (@) &+ (Z) 5 %)
Where the measured variables x and y uncertainties are denoted by &x and dy, respectively. The partial derivatives of
the targeted parameter F with respect to x and y are 0F/0x and OF/0y. Instrumentation, accuracy, and total uncertainties

for the measured parameters are presented as shown in Table 1. From this table, it can be seen that all values fall
within the permissible range, which indicates the overall reliability of the thermal performance evaluation.

Table 1. Instrumentation, accuracy, and total uncertainties for the measured parameters.

No. Parameter Instrument Accuracy, a Uncertainty, U
1 Solar radiation, W/m? Solar wattmeter +1.0 0.58
2 Temperature, °C K-type thermocouple +0.01 0.0058
3 Water yield, ml Flask + 10 5.8
4 Time, s Stopwatch +1s 0.58

3. MATHEMATICAL MODEL AND NUMERICAL APPROACH

A combined experimental and numerical approach was used to study an integrated geothermal multi-generation
system in order to estimate its thermal, hydrodynamic, and electrochemical performance. The system is composed of
a geothermal steam generator, a micro-steam turbine coupled to a DC generator, an alkaline water electrolyzer for
hydrogen production, and a solar still desalination unit that uses the solar energy and the heat from the turbine exhaust.
The heat transfer characteristics, steam flow behaviour, pressure distribution, and temperature fields of the overall
turbine, heat recovery unit, and desalination chamber are analysed by means of three-dimensional Computational
Fluid Dynamics (CFD) simulations by using ANSYS Fluent. Conservation equations under steady-state conditions
were solved by the finite volume method. The numerical predictions were confirmed by experimental measurements
on the prototype system.

3.1 Governing Equations
The fluid flow and heat transfer phenomena inside the system are governed by the conservation laws of mass,

momentum, and energy. The conservation of mass is expressed as [30, 31]:
Vv.V) =0 3
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Where V is the velocity vector (m/s). This equation states that the mass entering a control volume is equal to
the mass leaving the control volume.

The transport of momentum in the fluid domain is governed by the Navier-Stokes equation:

p(V.VV) = —=VP 4+ V.(uVV) + pg 4)

Where P is the pressure, p is the dynamic viscosity, and g is the gravitational acceleration.

The energy conservation equation can be written as:

pCp(V.VT) = V.(kVT) + Sh (5)

Where Cp is the specific heat capacity, k is the thermal conductivity, and Sh represents the volumetric heat source
term.

3.2 Turbulence Model

The steam flow in the turbine nozzle, rotor passages, and heat recovery sections is typically turbulent. The standard
k—¢ turbulence model was therefore used, due to its robustness and efficiency in engineering calculations. The standard
k-€ turbulence model was employed to describe the turbulent steam flow inside the turbine and heat recovery sections.

The transport equation for turbulent kinetic energy is:
p(V.Vk) = V.[(u + ut/ck)Vk] + Gk — pe (6)

Where: k is the turbulent kinetic energy (m?/s?), y is the turbulent viscosity, o is the turbulent Prandtl number for k,
G, represents turbulence production due to velocity gradients, and € is the turbulence dissipation rate.

The transport equation for turbulence dissipation rate is:
p(V.Ve) = V.[(u + ut/oe)Ve]l + Cie(e/k)Gk — Crep(e?/k) (7
Where: C; =1.44, C,=1.92, 6:=1.3.

3.3 Thermal Energy and Steam Production Analysis

The total thermal energy required for steam generation consists of sensible heating and latent heat of vaporization:
Qen = myCp(Ts — T) + mwhfg (8)

Where: Qu is the total thermal energy supplied (W), my, is the water mass flow rate (kg/s), Ti is the inlet water
temperature (°C), T is the saturation temperature (°C), hy, is the latent heat of vaporization (kJ/kg).

The mass flow rate is calculated from:

titg = Qen/(hg — hy) ©)

Where hg and hr are the specific enthalpies of saturated steam and saturated liquid water, respectively.

3.4 Micro-Steam Turbine Performance

The theoretical steam velocity at the nozzle exit is obtained from the steady-flow equation [32, 33]:

Vi =4 [2n(hin — houe)] (10)

Where: V; is the nozzle exit velocity (m/s),n. is the nozzle efficiency, hin and hoy are the inlet and outlet steam
enthalpies (kJ/kg).

The mechanical power produced by the turbine is calculated using Euler’s turbine equation:
P =mg(UViyy — UsVy2) (11)

Where U represents blade velocity and V,, represents the whirl component of steam velocity.
The turbine efficiency is determined from:

me = Pe x 100 (12)

mhs(hin—hout)]

3.5 Electrical Power Generation

The electrical power generated by the DC generator that converts mechanical energy into electrical energy is calculated
as:

P, =VI (13)

Where V is the output voltage and I is the output current.

The generator efficiency is determined from:

Pe
Mg = 52X 100 (14)
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3.6 Alkaline Water Electrolyzer Model

HHO production is evaluated according to Faraday’s law of electrolysis [7, 19]:

. M
g, = (15)

Where My; is the molecular weight of HHO, n is the number of electrons transferred, and F is Faraday’s constant. The
volumetric HHO production rate is obtained from:
my
Vy, =—2 16
ny = o (16)
Where pu» is the HHO density.
The electrolyzer efficiency is expressed as:

Ney = 2 5 100 (17)
Where LHVw; is the lower heating value of HHO.

3.7 Solar Still Performance Analysis

The desalination subsystem utilizes direct solar energy and waste heat recovered from the turbine exhaust steam. The
solar thermal energy absorbed by the basin water is [34, 35]:

Qs =1Aa (18)

Where I is the solar irradiance and A is the basin area. The thermal energy recovered from turbine exhaust steam is
calculated as:

Qrec = Mg(hin — hoye) (19)
The total thermal energy supplied to the desalination chamber is:

Qtotal = Qs + Qrec (20)
The evaporation rate of saline water is determined from:

. Qtota
Mey = ;—tl (21)

g
The thermal efficiency of the solar still is calculated as:
Nss = (2242) x 100 (22)

Qtotal
Where mq is the freshwater

3.8 Mesh Independence Study

A mesh independence study is performed to ensure that the numerical results are not influenced by the mesh density.
The computational domain, including the steam turbine, heat exchanger, and solar still, was created with four different
mesh sizes. Since the desalination performance is directly affected by the water temperature, the average basin water
temperature was selected as the monitoring parameter as shown in Table 2.

Table 2. Mesh independence study

Mesh Level Number of Cells Basin Wate(f, g)empemt“re Difference (%)
Coarse 245,000 68.2 —
Medium 487,000 70.1 2.79
Fine 742,000 70.8 0.99
Very Fine 1,025,000 71.0 0.28

It can be seen that the difference between the fine and very fine mesh was less than 1%, which means the numerical
solution became insensitive to the mesh density. Therefore, the mesh with approximately 742,000 cells was selected
for all subsequent simulations, as it offered a suitable balance between computational accuracy and computational
time.

3.9 Overall System Energy Efficiency

The overall energy efficiency of the proposed geothermal multi-generation system was evaluated in terms of the useful
outputs of electricity generation, HHO production, and freshwater production with respect to the thermal energy
supplied by the geothermal heat source. The overall efficiency is given as:
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Pe+mH2 XLHVp, +mdhfg

Noverall = x 100 (2 3)

Qgeothermal

where P, is the net electrical power output from the turbine—generator unit, 1, is the HHO production rate, LHV,
is the lower heating value of HHO representing its chemical energy content, 1 is the freshwater production rate, hf,
is the latent heat of vaporization of water, and Q geothermaiis the thermal energy supplied by the geothermal source.

4. RESULTS AND DISCUSSIONS

4.1 Performance of the Geothermal Power Generation System

The feasibility of the power generation subsystem, geothermal, was evaluated to convert the thermal energy into useful
electrical power to drive the HHO production unit. The developed system employed a laboratory-scale steam turbine
directly coupled to a DC generator, which represents the first stage of the thermal cascading process. In operation, the
superheated steam formed in the geothermal boiler expanded through the turbine blades, converting thermal energy
to mechanical power. The turbine shaft was directly coupled to a DC generator. The rotational energy was converted
into electrical energy, without intermediate transmission components. This configuration reduced mechanical losses
and enhanced the overall reliability of the system. The experimental results show the stable operation of the turbine
during the testing period. The electrical output obtained was found to be only slightly sensitive to changes in steam
temperature and pressure. The average electrical power produced by the turbine-generator unit was about 31 W,
sufficient to operate the alkaline electrolyzer for HHO production continuously. The power output obtained confirms
the feasibility of using low-scale geothermal energy systems for decentralized electricity generation. The produced
power is relatively small compared to commercial geothermal plants, but it is sufficient to serve the energy demand
of the HHO production subsystem and shows the effectiveness of the proposed integrated configuration. The
developed multi-generation platform also has the advantage of thermal cascading for the successful operation of the
turbine-generator sub-system. Instead of venting the turbine exhaust steam directly to the environment, residual
thermal energy was recovered by means of a heat exchanger and used to improve the desalination process. Therefore,
the generated electrical energy and the recovered thermal energy both enhanced the overall system utilization
efficiency. The consistent production of electrical power over the experimental period indicated a dependable
renewable energy source for HHO production and the feasibility of integrating geothermal power generation with
electrolysis and desalination technologies on a single sustainable platform.

4.2 Assessment of HHO Production

Figure 3 displays the mean voltage and time required to produce 1 L of HHO gas with stainless-steel electrodes at
10% KOH electrolyte concentration for both electrolyzer designs. For the two-cell configuration, the average
operating voltage was around 7.61 V, and the time to produce 1 L of HHO was around 25.31 min. More cells (4) yield
a higher operating voltage of approximately 9.44 V. However, the required production time decreased significantly to
almost 21.01 min. The larger active electrochemical surface area available in the four-cell arrangement, which
improved the ion transport and increased the rate of HHO generation, was attributed to this behavior. The reduction
in production time indicates a positive effect of increasing the number of electrolysis cells on the total HHO production
rate. The additional cells increased the amount of reaction sites, which resulted in improved electrochemical
performance and better utilization of the electrical power generated by the geothermal-driven turbine-generator
system. Figure 4. Variation of power consumption and electrolyzer efficiency for both cell configurations. The two-
cell electrolyzer consumed approximately 0.732 Wh/L, and the efficiency was nearly 68.3%. The four-cell
configuration, however, consumed a slightly higher amount of power, about 0.760 kW, but showed a higher efficiency
of almost 79%. This increased efficiency indicates that the additional cells reduced the losses due to internal resistance
and increased the efficiency of the electrochemical conversion of electrical energy into chemical energy stored in
HHO gas. These results confirm that the HHO production performance can be improved by increasing the number of
electrolysis cells while keeping the energy consumption at an acceptable level. The obtained efficiencies are in
agreement with those reported for alkaline water electrolysis systems working with KOH electrolytes, showing that
the developed geothermal-powered electrolyzer is capable of producing HHO efficiently using renewable energy.
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Figure 3. Variation of average voltage and time required to produce 1 Liter of HHO using 2 and 4 cells for
Stainless steel
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Figure 4. Variation of average power and efficiency required to produce 1 Liter of HHO using 2 and 4 cells
for Stainless steel
4.3 Solar Still Performance

Figure 5, Change of solar radiation intensity during the experimental day. As expected, the solar irradiance increased
gradually in the morning hours due to the increasing solar elevation angle and reached its maximum value around
solar noon. The radiation intensity then gradually decreased in the afternoon period. The solar radiation was more than
1000 W/m2 during the midday hours, which offered good conditions for the evaporation process inside the solar still.
The observed radiation profile is typical of such climatic conditions (clear sky) and is the main source of energy
driving the evaporation process in the desalination unit. The accumulated daily freshwater productivity is shown in
Figure 6. The yield of fresh water increased continuously with time of operation due to the continuous processes of
evaporation and condensation. The productivity in the early morning period was relatively low due to the still-
increasing basin water temperature. The increased solar radiation and more thermal energy from the turbine exhaust
heat recovery system led to a significantly higher evaporation rate. Integration of waste heat recovery with solar still
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enhanced thermal utilization and significantly enhanced freshwater production. The experiments showed that using
turbine exhaust heat in the conventional operation increased the fresh water productivity to 8.6 L/day. This remarkable
increase confirms the effectiveness of thermal cascading and waste heat recovery to improve the desalination

performance. The additional thermal energy provided by the turbine exhaust increased the temperature of the basin
water, enhanced the evaporation, and helped to increase the condensation rates on the glass cover.
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Figure 6. Variation of accumulated productivity with local time for the solar still
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4.4 Results of CFD Modelling

Figure 7 shows the temperature contour from the CFD simulation of the submerged heat exchanger. The results show
that the heat is effectively transferred from the turbine exhaust steam to the ambient saline water. Higher temperatures
were found in the vicinity of the inlet section of the heat exchanger, while a gradual decrement of temperature was
observed in the direction of flow due to heat extraction by the basin water. The temperature distribution corroborates
the successful recovery of waste thermal energy and displays the ability of the heat exchanger to provide a continuous
supplementary heat source to the desalination process. Figure 8 shows the temperature contour in the steam turbine.
The simulation results show that the steam temperature decreases from the inlet of the turbine to the outlet as the
thermal energy is converted into mechanical work. The highest temperatures are located in the region of steam
admission, and the lowest temperatures are in the exhaust section. The predicted temperature gradients are consistent
with the expected thermodynamic expansion process occurring inside the turbine, and they confirm the efficiency of
the turbine in extracting useful work from the geothermal steam. The temperature distribution within the solar still
obtained from CFD simulations is presented in Figure 9. The contour shows the higher temperatures near the region
of the submerged heat exchanger and the basin water. The temperature difference between the warm water surface
and the relatively cooler glass cover makes the conditions suitable for evaporation and condensation. Numerical results
demonstrate that the recovered turbine exhaust heat significantly enhances the basin water temperature and the thermal
conditions for freshwater production. The observations are in good agreement with the increase in productivity
measured experimentally.

Figure 7. ANSYS Fluent thermal contour for heat exchanger here

g
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Figure 8. ANSYS Fluent thermal contour for steam turbine
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Figure 9. Solar still temperature contour

4.5 Water Quality Analysis

Table 3 delineates the water quality features before and after desalination. In terms of total dissolved solids (TDS)
concentration, there was a dramatic decrease from approximately 1000 - 4000 ppm in the feed water to just 27 ppm
in the produced freshwater. In addition, the pH value of the distilled water was within the permissible drinking-water
range recommended by the World Health Organization (WHO). The results obtained showed the high efficiency of
the developed desalination unit in removing the dissolved salts and producing high-quality freshwater suitable for
domestic and drinking applications. The obtained water quality confirms that the combination of geothermal energy
and waste heat recovery can provide energy and clean water simultaneously on an integrated, sustainable platform.

Table 3. Results of water quality analysis.

f h
Parameter Input brackish water Output roTn the WHO standard [36]
solar still
Total dissolved solids (TDS), ppm 1000 — 4000 76 <500
pH 6.5-8.5 6.6 <6.5-8.5

4.6 CFD Model Validation

The validation of the numerical model was carried out by comparing the CFD predictions from ANSYS Fluent with
the experimental measurements at the same operating conditions. The comparison was made for the basic thermal
parameters such as the temperature at the turbine outlet, the temperature at the heat exchanger outlet, and the
temperature of the basin water of the solar still as shown in Table 4.

Table 4. Comparison between experimental and CFD results.

Parameter Experimental CFD Prediction Error (%)
Turbine outlet temperature (°C) 112.5 119.3 6.0
Heat exchanger outlet temperature (°C) 84.7 89.1 5.2
Basin water temperature (°C) 69.4 72.8 4.9
Glass cover temperature (°C) 48.6 50.7 4.3

The maximum deviation between numerical and experimental results was approximately 6%, while the average
deviation was about 5.1%. These results demonstrate good agreement between the CFD simulations and the
experimental measurements and confirm the reliability of the developed numerical model for predicting heat transfer
and fluid flow characteristics within the integrated geothermal multi-generation system.
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4.7 Overall System Energy Efficiency

Based on the experimental measurements, the average electrical power output was 31 W. The four-cell alkaline
electrolyzer achieved an efficiency of approximately 79%, corresponding to a HHO energy output of about 24.5 W.
The freshwater productivity reached 8.6 liters per day, corresponding to an equivalent thermal output of approximately
248 W. Therefore, the total useful energy output was 303.5 W. Since the thermal input supplied by the geothermal
boiler was 1 kW, the overall system efficiency was calculated as 30.35%. The obtained efficiency demonstrates the
effectiveness of the thermal cascading concept, where the geothermal energy is sequentially utilized for electricity
generation, HHO production, and desalination. The recovery of turbine exhaust heat significantly enhanced the overall
utilization of the supplied thermal energy and reduced energy losses compared with conventional stand-alone systems.

5. CONCLUSION

A laboratory scale geothermal based multi-generation system was successfully designed, built and experimentally
studied to simultaneously produce electricity, HHO gas and fresh water. The proposed configuration successfully
integrated geothermal power generation, alkaline water electrolysis and solar desalination via a thermal cascading
approach to maximize energy utilization and minimize thermal losses. On the basis of the experimental and numerical
investigations the following conclusions can be drawn:
e  The geothermal steam turbine-generator subsystem operated successfully, with an average electrical power
output of ~ 31 W, demonstrating the small scale geothermal resources’ capability to provide continuous
renewable electricity for decentralized applications.

e The electricity generated was sufficient to run the alkaline water electrolyser without interruption. The
number of electrolysis cells were increased from two to four, which improved HHO production performance
and reduced the time taken to produce HHO gas and increased the electrolyzer efficiency from about 68% to
about 79%.

e The recovery of turbine exhaust heat using a submerged heat exchanger to improve the thermal performance
of the solar still. The additional thermal energy increased the evaporation rate, and enhanced the freshwater
productivity from to 8.6 liter per day, which confirmed the effectiveness of waste heat recovery for
desalination enhancement. The water quality analysis indicated that the desalination process was very
successful in lowering the total dissolved solids concentration to about 76 parts per million which is well
below the recommended levels for drinking water.

e CFD simulations could predict the temperature distributions and heat transfer characteristics in the turbine,
heat exchanger and solar still. The numerical results were in good agreement with experimental
measurements with deviations less than 7% which confirmed the reliability of the developed numerical
model.

e The integrated geothermal multi-generation system proved the practical feasibility of producing renewable
electricity, HHO fuel and freshwater at the same time from one energy source. The thermal cascading strategy
improved the overall utilization of resource significantly comparing with the conventional stand-alone
systems.

Overall, the proposed system provides an efficient and sustainable solution for the joint generation of energy and water
and is a promising technology for remote communities, arid regions and off-grid applications with limited access to
electricity, clean fuel and freshwater.

FUTURE WORK:

The future work should concentrate on increasing the system capacity, improving the design of the turbine and the
electrolyzer, integrating thermal energy storage materials, and performing detailed techno-economic and exergy
analyses. Also, the use of real geothermal wells and advanced HHO storage technologies should be investigated to
improve the performance and commercial feasibility of the system.
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