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Abstract: Freshwater supply in remote areas has become a critical issue. This paper aims to introduce
a new approach to a solar-powered humidification–dehumidification (HDH) desalination system. The
design uses a solar collector, a thermal storage tank, and an HDH unit. The HDH works continuously
by feeding water to absorb solar energy during the day and then relaying the desalination units with
feed water at a top brine temperature (TBT) at night. The model predicts the amount of solar energy
stored for the next day, and based on this, the amount of feed water that should be raised to the
TBT is calculated. The system operation is carried out in two phases. During the day, the feed water
absorbs the heat of solar energy, thereby increasing its temperature to TBT. This hot feed water is then
kept in storage tanks. At night, the tank switches to discharging mode and starts feeding the HDH
with the hot feed water. The system is designed so that the roles of the tank are rotated at sunset. To
achieve the same TBT every day in response to changes in the available solar energy, the mass of the
feed water is adjusted daily. The design is simulated using a dynamic model of the energy and mass
balance resulting in an average daily production of 7.6 kg of fresh water per unit area of the solar
collector. The daily average of the gain output and the recovery ratios are 0.3 and 0.09 respectively.

Keywords: solar desalination; humidification–dehumidification; solar energy; storage tank

1. Introduction

Water shortages are among the foremost challenges facing the world today. This is
generally due to the deficiency and contamination of freshwater resources. Rapid industrial
development, rapidly rising population around the world, and sporadic dissemination
of water assets have dramatically heightened requests for new freshwater resources. The
scarcity of water around the world, especially in developing countries, is due to escalating
population, which necessitates the development of relatively affordable and suburbanized
desalination technologies. It is estimated that by 2050, the issue of water shortage will
influence more than 66 nations around the world, impacting two-thirds of the world’s
population [1]. Water deficiencies in the urban populace is anticipated to extend from
almost 500 million in the year 2000 to 1.9 billion by the year 2050 [2]. Recent studies indicate
that the production of desalinated water to meet worldwide demand is on the rise and
could increase rapidly in the coming decade [3].

Declining ground water levels and increases in the saline content are the main reasons
that residents of parched lands are confronting these critical issues [4]. The growth in
population has led to the contamination of water bodies. The reliance on consumption of
a few water sources makes human life on these lands increasingly dependent on elective
sources of clean or desalinated water. In the absence of rain or permanent freshwater reser-
voirs such as rivers, lakes, or canals, arid lands are facing more difficulty than previously
anticipated. At least 80 countries are facing aridity and desertification. This desertification
and prolonged dry seasons also contribute to economic problems [5].

Desalination by tapping into brackish and seawater reserves is becoming a major
source of freshwater to meet worldwide demands. According to the WHO, Seawater
generally contains 35,000–45,000 ppm of dissolved solids and minerals whereas brackish
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water contains 1000 and 10,000 ppm [6]. Worldwide, about 34.2% of desalinated water is
generated through thermal processes [4]. Desalination of seawater is usually powered by
fossil fuels, which is energy-intensive. In contrast, desalination of brackish groundwater
requires less energy compared to desalination of seawater [1].

Rapidly increasing the demand for desalinated water will lead to major environmental
issues. One of the most common problems is energy consumption, as it is estimated
that 130 million tons of oil are consumed annually to produce 13 × 106 m3 of water per
day [7]. The anticipated increase in desalinated water supplies, however, will lead to the
wide-spread use of fossil fuels to serve the energy deficiency issue and in turn will lead to
even more contamination and pollution unless plants are operated with renewable sources
of energy.

Fortunately, there are various desalination systems that can be operated using re-
newable energy sources. There are plenty of unused saline and brackish groundwater
reserves, especially in arid and semi-arid regions within countries facing critical water
supply issues—many of which also enjoy the benefit of having high solar potential. Taking
advantage of such potential can help overcome the energy shortages and supply the energy
needed to operate desalination plants. Solar potential can be best utilized by developing
solar desalination concepts and methods suitable for supplying dry areas with desalinated
freshwater. Although desalination energy requirements remain an influencing factor in
system costs, the integration of renewable energy systems with desalination appears to be
a natural and strategic combination of technologies. Countries such as Morocco, United
Arab Emirates, Saudi Arabia, and Egypt have started testing and gauging saline and briny
groundwater desalination systems [1].

Thermal desalination systems are based on the evaporation and condensation princi-
ple. Thermal desalination processes are classified into two main classes, namely thermal de-
salination systems and membrane systems, such as solar desalination [8–10], humidification–
dehumidification (HDH) desalination [11–15], multiple effect distillation (MED) [16–19],
multi-stage flash distillation (MSF) [20–22].

One such state-of-the-art technology is the solar humidification–dehumidification
system HDH, which has attracted much attention in recent years. The HDH principle is
based on how air is mixed with a large amount of water vapor. When the airflow comes
into contact with the brine, a measured amount of vapor is released into the air. The air then
cools and condenses the vapor as the moist air comes into contact with the cooled surface of
the condenser, leaving behind the distilled water. The unsophisticated technological nature
of such desalination systems allows them to be constructed and operated in technologically
impaired remote areas. Recent studies on the solar humidification–dehumidification system
(SHDH) mainly focus on solar collectors such as evacuated tube collectors (ETC) [23–28],
solar stills (SS) [29–32], and Fresnel lens collectors (FLC) [33–36].

The aim of this research is to study a new methodology for solar-powered HDH
desalination in remote areas. It is based on the principle of predicting the amount of solar
energy to calculate the amount of water produced for that area with a new and simple
design. The unique element of the design is a dual-tank system for directly storing hot
brine. Seasonal changes in available solar energy are handled by modifying the mass flows,
such that the same TBT is always achieved. This novel dual-tank approach serves to isolate
the HDH from daily variations in solar energy, and it allows the brine to gradually reach
TBT each day.

This research is vital for the improvement of water access in remote areas as well
as sustaining freshwater availability. A sufficient supply of water is vital for agriculture,
industry, and human consumption. With the increase in population, droughts, and strict
health-based regulations, it is a challenge to meet these demands in the coming decades.
With the depletion of water resources, it is necessary to implement viable alternative energy
resources for areas far away from urbanized city centers.
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2. Humidification—Dehumidification System Overview

This work is based on a new approach to operating a desalination unit in arid regions.
The solar water desalination system has three components: an HDH unit, a storage tank,
and a solar collector. Figure 1 shows an overall schematic of the system desalination system
used in this approach, which is simple and suitable for dry areas.
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The main principle of this work is to predict the amount of solar energy for the next
day, thus determining the amount of feed water that will be heated to the desired TBT or
humidifier inlet water temperature and then to calculate the amount of desalinated water.
The goal is to forecast the quantities of desalinated water that can be produced based on
several factors such as the amount of expected solar energy for the day, month, or year, as
well as the capacity of the tank and locations of solar collectors.

The operation cycle and its processes are implemented as follows. Before sunrise, the
tank is fed with water according to the expected amount of solar energy. During the day,
the feed water is heated by circulating the water of the solar collector. The tank is in the
charging mode, and as a result of solar energy gain, the temperature rises gradually from
the temperature of the tank to the top brine temperature. During the nighttime, the storage
tank switches to discharging mode and feeds HDH with hot feed water. In the HDH unit,
hot water is evaporated and condensed in the dehumidifier where the latent heat transfers
to the incoming feed water, producing distilled water. After the tank is emptied and the
desalination process is completed, the tank is refilled with preheated water coming from
the intermediate tank. The following sub-sections provide more details about the design
of the HDH, storage tank, and the flat plate solar collector, as well as the interaction of
these systems.
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2.1. Humidification–Dehumidification System Design

The HDH is a type of thermal desalination, which generally refers to the process of
evaporating heated feed water and collecting the condensed vapor. During the natural
rain cycle, pure water evaporates from the surface of the ocean leaving salt ions inside
the seawater.

The HDH simply consists of a humidifier, dehumidifier, and heater. The humidifier
comprises three parts: the first part is a spray nozzle to sprinkle hot seawater over the
second part, which is packed-bed material to promote direct mass and heat transfer between
the seawater and carrier gas, and the third part is a container that is used to accumulate
and drain the brine. The dehumidifier is employed for the condensation of water vapor
present in the humid air. The dehumidifier may house copper coils with fins or without
fins, through which low-temperature saline water passes to condense the water vapor of
humid air coming from the humidifier.

The operation cycle and flow diagram of the design is demonstrated schematically in
Figure 2. The diagram contains labeled details of the configuration of the design, which
consists of three loops: the air loop, the hot water loop, and the cool water loop. The five
separate flows passing through the HDH are labeled as the hot feed water (label A), brine
(label B), the product (label C), cooling feed water (label D), and preheated feed water
(label E).
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2.2. Operation Cycle

The first phase that begins with daylight begins when the hot feed water enters the
humidifier (label A). Hot water is sprayed on top of the evaporation tower to develop
a thin liquid film over the spherical packing, while it is also in contact with the low
humidity counter-current air stream. The feedwater mass flow rate is tweaked with a
controllable pump.

A portion of this flow, which does not evaporate inside the humidifier, leaves the hu-
midifier full of concentrated brine (label B). Partial evaporation and convective heat transfer
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cool down the brine, leaving the evaporation unit concentrated at a lower temperature.
(label B). The cooling feed water passes through a heat exchanger within the dehumidifier
(label D) where water is heated with the recovery of latent heat of condensation in the
exchanger. It then exits the dehumidifier as the pre-heated feed water at the point labeled
E (label E). Some of the feed water returning to the reservoir is stored in the adjacent
intermediate tank to fill the thermal storage tank (label F) at a later time. The solar collector
(label G) further heats the feed water during the day. The mechanism is shown in the solar
collector section of the diagram.

The humidified air is fed into the dehumidifier by forced convection. The subcooled
water is carefully sprinkled on top of the condenser in the form of tiny droplets. Under
the influence of gravity, these droplets trickle downward synchronously with the hot
humidified air (label H). The liquid droplets ultimately form a liquid film on the surface
of a spherical packing, where it is subjected to direct contact with the synchronized flow
of air at a liquid–gaseous interface. The air behaves as a carrier medium and constantly
circulates in closed-loop cycles to transfer the produced water vapor from the evaporator
to the condenser. Inside the condenser, the water vapor is cooled and condensed to
produce highly purified freshwater (label C). The distillate is collected as the product from
the dehumidifier.

2.3. Thermal Storage Tanks

The thermal storage system consists of two tanks with sufficient capacity to supply
the HDH with target feed water, a thermal storage tank, and an intermediate storage tank.

The function of the intermediate storage tank is to store a portion of the feed water
exiting from the dehumidifier to feed the thermal storage tank with preheating feed water
before sunrise. The function of the thermal storage tank is to store the hot feed water
during the day and supply the HDH unit with hot feed water.

The left portion of Figure 2 shows the tank in charging mode, as it receives the pre-
heated feed water from the dehumidifier (label F) before sunrise. During the daylight
period, this preheated feed water is circulated through the solar collector for further heating.

During the night period, the tank is in discharging mode, when it supplies the HDH
with its hot feed water stored at TBT (label A). The tank is heavily insulated to reduce heat
losses to the environment. The thermal storage tank switches roles daily, at approximately
sundown, when the charging tank has reached capacity.

This switching is controlled at the valve V1 indicated in Figure 2. As shown, the valve
is in the position labeled “I”, corresponding to charging the tank during the day. Switching
the valve V1 to the position labeled “II” changes the mode to discharging during the night.

At nearly sunset, the charging tank reaches capacity, and the thermal storage tank
toggle switch starts to work. This switch is controlled by valve V1, as Figure 2 shows
the position of the valves. The valve is in the position labeled “I”, which corresponds to
charging the tank during the day. To discharge at night, valve V1 is switched to the position
marked “II” to change mode.

2.4. Solar System

The solar system consists of the solar collector and photovoltaic or solar PV system.
One of the most important technologies developed for solar heating is solar collectors,
which work by converting solar radiation into thermal energy absorbed by fluid.

Based on the specific peak volume of the feed water and the highest solar insolation,
the total solar collector area is calculated, sufficient to raise the temperature of the feed
water volume to TBT. As a result of the feed water passing through the solar collector, the
temperature rises from the temperature of the outlet temperature of the dehumidifier to
TBT. Feed water is heated from the outlet temperature of the dehumidifier to TBT, which is
around 85 ◦C.

According to the average predicted insolation values for the next day, the amount of
feed water that can be treated by the system can be predicted and calculated.
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The solar collector system is shown in Figure 2, which is connected to the tanks
through LED No. 1, which is located in the “I” position. As shown, the feed water in the
thermal storage tank is circulated through the collector to obtain the solar heat (label G).

A typical meteorological year (TMY) is defined as the historical data for a place from
which daily solar insolation, ambient temperature, and wind speed are obtained. Using
TMY data, a complete system can be designed that predicts the amount of distillate by
estimating the amount of beneficial heat that can be transferred to the feed water for each
day of the year. To operate components that need electricity such as fans and pumps,
photovoltaic panels boosted by the auxiliary battery are used.

3. Mathematical Model for Solar Energy Prediction

In this section, a mathematical model is formulated to describe the mass flows, feed
water temperature and heat transfer for each component of the system. Figure 3 is a
summary of the processes involved in calculating the dynamical changes in the mass of
feedwater, the temperature of the storage tanks, and the total amount of distilled water
produced. The collector area is selected so that a design peak mass Mpk can be fully
processed on the day with the strongest solar intensity for a given year.
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The key parameters in the construction of the system are illustrated in Figure 4 with
proper nomenclature. Model variables, such as the saline water temperature TSW, remain
constant throughout the year, while variables such as the mass of incoming seawater that
enters the storage tank MFW(d) change on a daily basis but remain constant for a particular
day. Variables such as solar intensity Gp(h, d) change on an hourly as well as a daily basis.
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The following sections include an overview of the dynamic model, which includes
equations used to calculate the mass flows and temperatures throughout the system,
thereby allowing it to make a prediction of the amount of daily feed water, solar intensity,
and distillate that can be produced at a given location.

3.1. Solar Collector Model

During daylight hours, the feed water receives heat from the ETC through which it
is circulating. The amount of heat transmitted by one collector every hour is determined
according to Equation (1)

Qu(h, d) = Aaη(h, d)Gtilt(h, d) (1)

where η(h, d) is collector efficiency, Aa is the collector aperture area, and Gtilt(h, d) is the
global tilted irradiance incident on the area each hour. The time-of-day variable d. varies
from 0 to 24, and d indicates the day of the year, from 1 to 365.

The collector efficiency can be expressed using the following equation [37]. A TMY3
weather file was used for solar radiation data [38]

η(h, d) = η0 −
a1(Tm(h, d)− Tamb(h, d))

Gtilt(t, k)
− a2(Tm(h, d)− Tamb(h, d))2

Gtilt(h, d)
(2)

The parameters η0, a1, and a2 are constants for the collector specified by the manufac-
turing company. The temperature Tamb(h, d) is the temperature of the outdoor air. Param-
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eters, a1 and a2, and temperature vary by hour and by day, while Tm(h, d) = TSCI−TSCO
2 is

the main collector temperature.
The energy balance for the solar collector is given by Equation (3). The left side of this

equation represents the total useful heat passed into the feed water by the solar collector
over the entire day d.

∑
t

Qu(h, d) = FFWCp(TFWS(d)− TFWR(d)) (3)

3.2. Storage Tank

In order for the system to run for an entire day, a water storage tank is incorporated
into the design. The development of the dynamic model of the storage tank assumes that
the fluid is well-mixed, thus allowing it to be characterized by a single temperature. The
energy balance is used to update the tank temperatures at time h + 1 based on the values
at time t as shown in Equation (4).

Mst(d)CpTst(d) = Qst(d) + Qu(d)− Qloss (d) (4)

Mst(h + 1, d)CpTst(h + 1, d) = Mst(h, d)CpTst(h, d) + Qu(h, d)− UA(h, d)
[
Tchg(h, d)− Tamb(h, d)

]
(5)

where the stored energy in the feed water at the previous hour, the useful energy from the
solar collector, and the losses through the sides of the tank are written on the right side of
the equation.

The energy balance is used to describe the intermediate tank temperatures as shown
in Equation (6).

Mpr(h, d)CpTpr(h, d)
= ma(h, d)(ha,o(h, d)− ha,i(h, d))− UA(h, d)

[
Tchg(h, d)− Tamb(h, d)

] (6)

where the energy stored in the intermediate tank is written on the right side of the equation,
and the energy gained from the dehumidifier and is written on the left side of the equation
in addition to the loss of energy on the sides of the tank.

The system is designed such that the maximum amount of brine can be fully processed
on the day with the strongest solar intensity throughout a year. The daily demand of feed
water should be estimated using the following equation:

Qu,max(d) = Mpk(d)Cp(∆T) (7)

When designing a solar collector system for hot water, the system is generally sized to
achieve an annual solar fraction of between 55% and 70%.

3.3. Mathematical Models HDH
3.3.1. Assumptions and Modeling Details

The following assumptions are taken into account in order to evaluate the performance
of the design:

• The air at the outlets of the humidifier and the dehumidifier is at its saturated state
(RH = 100%).

• The unit is operating under steady-state condition.
• The losses to the environment in the form of heat and mass are neglected.
• The kinetic and potential energies are neglected.
• The generated distilled water is salt-free.
• The temperature of the brine and the air leaving the humidifier are at the same

temperature.
• Likewise, the temperature is the same for the distilled water and air leaving the

dehumidifier.



Processes 2021, 9, 1120 9 of 19

3.3.2. Humidification–Dehumidification System

The configuration of the HDH system is a simple closed-air configuration. Each
subscript number below refers to a given state as indicated in Figure 4 (the details are given
in Appendix A). The mass and energy balance equations for the HDH system are given by:

Governing Equations for Humidifier

Mass balance equation

mb(h, d) = mfw(h, d)− ma(h, d)(ωa,o(h, d)−ωa,i(h, d)) (8)

Energy balance equation

mb(h, d)hb(h, d)− mfw(h, d)hsw(h, d) = ma(h, d)(ha,o(h, d)− ha,i(h, d)) (9)

Governing Equations for Dehumidifier

Mass balance equation

md(h, d) = ma(h, d)(ωa,o(h, d)−ωa,i(h, d)) (10)

Energy balance equation

mcw(h, d)(hcw,o(h, d)− (hcw,i(h, d)) + md(h, d)hd(h, d) = ma(h, d)(ha,o(h, d)− ha,i(h, d)) (11)

3.4. Validation of Current Model with a Previous Study

The accuracy of test results should be verified. Since no prototype has been built
yet, the model uses a numerical iterative procedure to solve the equations. Thereafter, the
system has been validated by comparing it with the results of other studies. Table 1 shows
some comparisons of the current study compared to similar studies.

Table 1. Comparison to existing literature.

Parameter (Unit) [39] [40] [41] [23] This Study

Classification CWOA OWCA OWCA OWCA OWCA
Type of flow CF CF CRF CRF CRF

Air mass flow rate (kg/s) 0.0135 0.044 0.016–0.02 0.04–0.043 0.003–0.02
Feed water mass flow rate (kg/s) 0.0607 0.089 0.0333 0.012–0.02 0.001–0.02

Freshwater (kg/h) 0.76–4.9 10 5.5 0.77–1.45 0.05–1.8
Humidifier inlet water temp. (◦C) 40–70 50–70 43–87 45–69 32–90

Gain output ratio GOR 0.35–0.55 1.93 1.8–2.2 0.91 0.03–1.9

Table 1 compares this study with previous studies of HDH systems. The feed-
water flow rate is set according to available solar energy such that the same TBT is al-
ways achieved.

4. Results and Discussion

A mathematical model was built to simulate a solar-powered humidification–
dehumidification desalination plant. To predict solar radiation data, Las Vegas TMY3 (typi-
cal meteorological year) was used as it is one of the sunniest regions in the United States.

Table 2 presents the constant design parameters used for the simulation. A transient
simulation was performed using TMY3 data for all days of the year with about 2.02 square
meters of the evacuated tube solar collector area. The results showed that the maximum
temperatures that could be reached were 90 ◦C, thus determining the maximum mass of
feed water. The mass of feed water, which is the peak mass of feed water, is 710 kg per day.
Therefore, the size of the thermal tank is determined based on the peak of feedwater mass.
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Table 2. Model parameters used for a simulation case study for Las Vegas USA.

Parameters Values

Feed water peak mass Mpk 710 kg/day
Inlet sea water temperature 30 ◦C

Solar Collector Area 2 m2

η0 0.84
a1 2.02
a2 0.0046

TBT 32–90 ◦C
Tank Volume 1 m3

TINS 0.15 m

To measure the performance of the HDH system, there are three factors considered as
the performance parameters. The three factors are productivity (Md), gained output ratio
(GOR), and recovery ratio (RR).

Figure 5 shows the hourly variations (changes) in the useful heat absorbed by the
collector and feed water temperature in the storage tank for two different days of the
year (the day with maximum useful heat and the day with minimum useful heat). The
temperature rise is slight during the first hours of the day as a result of the useful heat
gain. As shown in Figure 5, the temperature of the feed water in the tank increases with the
increase in the useful heat gain during the day until it reaches 65 ◦C, as TBT is based on the
calculated feed water for a day. For example, Figure 5 shows the TBT of the system, which
is 65 ◦C on the day with the highest useful heat energy in June and on the day with the
minimum useful heat energy in January, with different amounts of feed water proportional
to the amount of energy.
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Figure 5. Calculated useful solar heat and feed water temperature in the storage tank.

In this work, the solar collector was simulated to operate during the day, beginning
at 7:00 a.m., to absorb solar energy until reaching TBT, whereas the desalination unit was
turned on after sunset and continued to operate throughout the night.

Figure 6 shows the whole-day process of filling the tank, charging it with power, and
feeding the desalination unit with feed water at a constant TBT. In addition, it shows the
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process of increasing the temperature as a result of absorbing sunlight during the day and
later during the water production process.
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Figure 6. (a) Profiles of temperature in the storage tank and feed water for a useful heat of 15 kW.
(b) Profiles of temperature in the storage tank and variation of production masses for a useful heat of
14.3 kW.

As a result of absorbing solar energy, the temperature of the tank gradually heats up
to 65 ◦C. On a day with higher useful heat energy, the amount of feed water is higher, as
indicated by the red curve. However, when the useful heat is at about 15 kW, the amount
of feed water is about 100 kg per day, as shown in Figure 6a, and the production is about
6 kg per day as shown in Figure 6b. Likewise, on the day when useful heat energy is lower
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at about 14.3 kW, the amount of feed water is lower, as indicated by the red curve (about
96 kg per day).

Average useful monthly heat, feed water, and production are shown in Figure 7. The
variations in the masses from day to day or from month to month track the variations
in available solar energy. This fluctuation explains the difference in the average daily
production from one season to another, as the average daily water production in the
summer, autumn, winter, and spring seasons is 5, 3, 2, and 3.5 kg per day, respectively.
During summer, as shown in Figure 7, the design can produce up to 6.8 kg/day, which is
the highest among other seasons. These results are based on a solar collection area of 2 m2

with the TBT set to 65 ◦C.
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Figure 7. Average change of feed water, useful heat, and production.

The mass flow rate ratio (MR) is defined as the ratio of inlet feed water mass flow rate
to the inlet mass flow rate of dry air circulated in the HDH unit.

Figure 8 shows the effect of the feed-water flow rate on the distillate production at
different values of hot seawater temperature entering the humidifier, MR and constant
heat load. Increasing the feed-water flow rate could decrease the surface temperature of
the condenser or limit the residence time of feed water contact with air flow. As a result,
the condensation rate and the freshwater productivity are decreased.

Figure 9 shows the airflow versus the productivity of the HDH at constant feed water
and humidifier inlet water temp or TBT. As shown in Figure 9, the airflow has a significant
effect on the freshwater productivity. It is clear that the freshwater productivity increases
with increasing rate of airflow (hot and humid air).

The thermal performance of the HDH desalination system was evaluated by gain
output ratio GOR. The GOR is defined as the ratio of the latent heat of evaporation of the
production to the total energy input of the HDH unit as given by Equation (A8).

Figure 10 shows that the productivity and GOR are affected by the feed-water flow
rate. The increase in the feed-water flow rate at constant heat leads to a decrease in the
amount of evaporated water, thereby causing a decrease in the productivity rate and
GOR decrease.
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Figure 10. Effect of feed water flow rate on productivity and GOR of the HDH system.

As shown in Figure 11, both productivity and GOR are affected by the temperature of
the feed water entering the humidifier, as productivity and GOR increase when the input
temperature of the feed water is increased due to the increasing evaporation rate.
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Figure 11. Effect of feed water temperature entering to the humidifier on productivity and GOR.

The recovery ratio (RR) is defined as the ratio of mass flow rate of product water to
the mass flow rate of feed water as given by Equation (A9 in Appendix A). As shown in
Figure 12, the recovery ratio decreases when the flow of feed water increases. At constant
head load, increasing the flow of feed water into the system reduces the recovery ratio. This
is because the ability to distill freshwater from saltwater depends on heat load. Therefore,
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due to the high feed flow rate, the amount of evaporated water per kilogram of input water
will decrease as the recovery ratio decreases.
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5. Conclusions

A design of an HDH system powered by solar energy is presented through a developed
mathematical model. The design comprises three components: a solar system including a
collector and PV, an HDH unit, and thermal storage tanks.

The amount of solar energy is estimated using a model for a solar collector and TMY3
weather data. The daily feed flow rate is calculated based on the solar energy available.

A two-period description is formulated for the mathematical model of solar energy
and desalination through this paper. The first period observes the day cycle, during which
a numerical transit simulation is executed according to the varying solar energy. The
available energy was captured and used to raise the temperature of the feed water to the
desired TBT temperature. The second period observes the night cycle, during which the
simulation works through the mathematical model of HDH. Subsequently, the amount of
water produced is calculated.

The MATLAB software is used to simulate the model. The simulation case study
was carried out using the HDH model for a specific location, Las Vegas USA. The results
showed the production of an average of 0.05–1.8 kg/h of distillate associated with a solar
collector area of 2 m2. The GOR and RR for the simulation ranged from 0.03 to 1.9 and
from 0.01 to 0.73, respectively.

This work has several limitations. First, because it is based on a theoretical model and
simulation, it is unclear how a physical HDH system will perform. The model makes many
assumptions about thermal losses, such as tank losses, collector losses, and HDH unit losses.
Because of this, it is likely that the physical model will have a lower performance than
predicted by the simulation. Second, the scope of this work was limited to a single location,
Las Vegas, USA. To better understand how the HDH system will perform in various locales
around the world, future work should simulate more diverse regions. Of course, there are
certain regions of the world where such a system would not be very efficient. Establishing
guidelines based on the environmental parameters that limit its performance could help
increase its usability, enabling future users to determine whether or not such a system
would function in their regions of the world. Similarly, unseasonable weather patterns will
also affect the efficiency of the system and should be simulated in future work to again
determine expected performance under uncertain conditions. Finally, the system presented
in this work is based on fixed design parameters, such as solar collector area, tank volume,
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coefficients of thermal conductivity, and flowrates. To truly understand the benefit of the
HDH system, a multivariable design optimization will be performed in future work. This
should take all design parameters into account, consider constraints imposed by physical
aspects of the system such as available tank volumes, and encode GOR as the objective
function, which is to be maximized. Such an optimization would ideally simulate and
average the performance of a given design over a range of randomized weather data.
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Nomenclature

ha,i Enthalpy of dehumidified air entering the humidifier °C
ha,o Enthalpy of humidified air at the outlet of the humidifier
hcw,i Enthalpy of the water entering the dehumidifier (kJ/kg)
hcw,o Enthalpy of water at the exit of the dehumidifier (kJ/kg)
hd Enthalpy of freshwater leaving the dehumidifier (kJ/kg)
hsw Enthalpy of the feed water entering the humidifier [kJ/kg]
pvs Saturation pressure of water vapor present in the air (N/m2)
Cp Specific heat for the feed water kJ/kgK
Gtilt daily average insolation W/m2

Mpk Peak Mass kg/h
Mpr Pre-heated seawater kg/h
Qu Useful Heat Gain /Heat transmitted each hour by one collector J/h
Tamb Ambient air temperature °C
Tfw Tank temperature / Temperature of feed water entering to the humidifier °C
Tpr Temperature of the pre-heated feedwater °C
ai Heat-loss coefficients, constants for the solar array W/m2.K
ma Mass flow rate of air (kg/h) / Mass flow rate of dry air (kg/min)
mb Mass flow rate of brine [kg/s]
mcw mass flow rate of cooling water (kg/min)
md Mass flow rate of distillate water [kg/s]
mfw Mass flow rate of the feed water [kg/s]
η0 Zero-loss coefficient, constants for the solar array
ωa,i Humidity ratio of the inlet air
ωa,o Humidity ratio of the outlet air
∆T temperature decrease °C
GOR Gained Output Ratio
h Hour h
p Atmospheric pressure (N/m2)
RR Recovery Ratio
φ Relative humidity of the inlet air
CF Counter flow
CRF Cross flow
UA Loss coefficient for Tank J/(h °C)
d Day
η Collector efficiency
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Appendix A

The correlations that were used in the model, such as the specific heat for air and water,
the water vapor saturation pressure, and other properties are given as following [42,43]

Specific humidity

ω = 0.622
pvs

pt − pvs
(A1)

Saturated vapor pressure

pvs = exp
(

23.58 − 4042.9
T − 37.6

)
(A2)

Relative humidity

φ =
pvs
p

(A3)

Enthalpy of moist air
h = ha +ωhv (A4)

h = cpaT +ω (2501 + 1.9 T)

Specific heat of sea water

CSW = A + BT + CT2 + DT3 (A5)

A = 5.328 − 9.76 × 10−2S + 4.04 × 10−4S2

The water specific heat at constant pressure is given by

Cp =
(

4206.8 − 1.1262 T + 1.2026 × 10−2T2 + 6.8777 × 10−7T3
)
× 10−3 (A6)

The air specific heat at constant pressure is given by

Cp = 1.03409 − 2.8488 × 10−4 T + 7.816818 × 10−7T2 − 4.970786 × 10−10T3 + 1.07702410−13T4 (A7)

Gain output ratio

GOR =
mdhfg

Qs
(A8)

Recovery ratio

RR =
Md
Mfw

(A9)
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