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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� 3-stage regenerative desalination
system is proposed.

� Desalination system is based on the
humidification-dehumidification
process.

� It realizes step utilization of heat,
which decreases the temperature
range.

� Mathematical model in each compo-
nent of the system is developed.

� The gained output ratio (GOR) can
reach 5.13.
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a b s t r a c t

This paper presents a 3-stage regenerative desalination system based on humidification-
dehumidification process. The sketch of 3-stage regenerative desalination process is given. It realizes
the cascade utilization of thermo energy, which decreases the temperature range of the circulation. It
improves the performance of the system enormously. A mathematical model based on mass and energy
balances in each component of the system is developed. The numerical model is used to investigate the
performance of this kind of installation exposed to a variation of the control parameters. The fresh water
production can reach 91.1 kg/h and the gained output ratio can reach 5.13 when the temperature of saline
water outlet from the solar collector reaches 85 �C.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In many places, drinkable water is already a scarce goods and its
lack will rise dramatically in the future. About 80 countries in the
world are confronted with the problem of severe freshwater scarce
[1]. The solar desalination systems based on the humidification-
dehumidification (HD) principle are considered as the most viable
among solar desalination systems [2]. Compared with other desa-
lination systems [3e6], it is an innovative technology with

promising diffusion and application due to its flexibility, simplified
design, low maintenance, extended life time for over twenty years,
low capital cost, construction and adaptation for use in rural areas
to produce fresh water for drinking and irrigation [7e21].

The solar desalination systems based on the HD principle have
undergone a substantial development over the recent decades
owing to the pioneering work [7e21]. As the humidification-
dehumidification desalination (HHD) system developed from the
one-effect [7e9] to the multi-effect [10e14], the performance of
the HHD system become well because of the recovery of the latent
heat of condensation. However, most of those researches [7e14]
focused on the one-stage HHD system. In one-stage system, the
thermal energy recovery rate is low because of the difference of the
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curves between the saturated wet air and the saline water [15,16].
Thus, Hou [16] proposed the concept of a two-stage HHD process
based on the analysis of the pinch point temperature differences.
For the same pinch point temperature difference of 1 �C, Hou
demonstrated improved energy recovery with two stages.

McGovern et al. [17] further investigated the limits upon the
energy recovery and the water recovery (product water per unit of
feed) of closed air water heated cycles. This is done by considering
heat and mass exchangers to be sufficiently large to provide zero
pinch point temperature and concentration differences with in the
humidifier and dehumidifier. The gained output ratio (GOR) in-
creases and the recovery ratio (RR) decreases as the temperature
range of the cycle is narrowed down, i.e. as the feed temperature
increases or the top air temperature decreases. A single extraction
is shown to be useful only when heat and mass exchangers are
large in size. In addition, the effects of salinity and the validity of
ideal gas assumptions upon the modeling of HD desalination sys-
tems are discussed.

Zamen et al. [18] evaluated multi-stage technique to improve
the efficiency of the solar HD process through mathematical pro-
gramming method. Result shows that multi-stage HD has good
potential in process improvement. Also it is concluded that there
are diminishing returns in energy recovery for an increasing
number of stages when the pinch point temperature difference is
fixed. Later they [19] experimentally evaluated a two-stage tech-
nique to improve the HD process in fresh water production from
brackish water. According to the simulation results of the multi-
stage process and the construction cost estimation, using a two-
stage process is the most suitable choice that can improve impor-
tant parameters such as specific energy consumption, productivity
and daily production per solar collector area and thus, investment
cost. A pilot plant was designed and constructed in an arid area
with 80 m2 solar collector area to evaluate the two-stage process.
This unit was tested on cold and hot days. The effect of main pa-
rameters on fresh water production of the unit is studied. Experi-
mental results show that two-stage HD desalination unit can
increase heat recovery in dehumidifiers and hence, reduce thermal
energy consumption and investment cost of the unit. Moreover,
productivity can be increased by 20% compared with the single-
stage unit.

About the same time, Zheng et al. [20,21] presented a two-
stage multi-effect desalination system based on HD process.
Compared with the previous multi-effect HD desalination sys-
tems, it recycled not only the latent heat of condensation but also
the residual heat in the brine. A series of simulations and exper-
iments were conducted to validate the developed models. The

experimental results indicated that the yield of the unit can reach
63.6 kg/h.

According to the analysis of pinch point temperature differences
[15e17], the decrease of the temperature range of the circulation
will lead to the increase of the GOR. Based on the two-stage multi-
effect desalination system designed by Zheng et al. [20,21], this
paper will develop a novel multi-stage regenerative desalination
system based on HD process, as shown in Fig. 1. The multi-stage
regenerative desalination system realizes the cascade utilization
of thermo energy, which decreases the temperature range of the
circulation. It improves the performance of the system and the
energy efficiency strongly.

2. Process description

Using air as carrier for vapor, the HHD system operates at
atmospheric pressure. The process is based on moist air which is
circulating in a closed loop. In the humidifier, the hot water is
injected into the top of the humidifier. Hot water mist and
saturated air mix with the rising air current toward the dehu-
midifier. Due to the increasing temperature of the air, the satu-
ration humidity of the moist air in the humidifier increases. Then,
the hot saturated air condenses in a large surface dehumidifier
partially, producing fresh water that is gathered in the
dehumidifier.

In this paper, a 3-stage system will be taken as an example to
discuss this multi-stage regenerative desalination system, as
shown in Fig. 2. The 3-stage desalination system consists of
three closed loops for air circulation as shown in Fig. 2. The first
stage is highest stage, the highest temperature circulation, the
second stage is the middle stage, the middle temperature circu-
lation, and the third stage is the lowest stage, the lowest tem-
perature circulation. Six compartments constitute the
installation: highest temperature humidifier (HTH), highest
temperature dehumidifier (HTD), middle temperature humidifier
(MTH), middle temperature dehumidifier (MTD), lowest tem-
perature humidifier (LTH), and lowest temperature dehumidifier
(LTD). The principle of the desalination process presented in this
paper is as follows.

The circulation of the air in the closed loops may occur in forced
convection. The forced convection is insured by a helical fan fixed at
the bottom of air channel.

As show in Fig. 2, the saline water is heated by the solar col-
lectors. Then, the hot water is injected into the HTH. Hot water mist
and saturated air mixes with the rising air current toward the HTD.
Due to the increasing temperature of the air, the saturation

Fig. 1. Schematic drawing of the multi-stage regenerative desalination system based on humidification-dehumidification process.
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