
Research Paper

Thermodynamic investigation of waste heat driven desalination unit
based on humidification dehumidification (HDH) processes
W.F. He a,*, L.N. Xu b, D. Han a, L. Gao c, C. Yue a, W.H. Pu a

a Nanjing University of Aeronautics and Astronautics, Jiangsu Province Key Laboratory of Aerospace Power Systems, Nanjing 210016, China
b FS-Elliott Co., LLC, Export, Pennsylvania 15632, USA
c Xi’an Thermal Power Research Institute Co., LTD, Xi’an 710000, China

H I G H L I G H T S

• HDH desalination system powered by waste heat is proposed.
• Performance of the desalination unit and the relevant heat recovery effect is calculated.
• Sensitive analysis of the performance for the HDH desalination system is investigated.
• Mathematical model based on the first and second laws of thermodynamics is established.
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A B S T R A C T

Humidification dehumidification (HDH) technology is an effective pattern to separate freshwater from
seawater or brackish water. In this paper, a closed-air open-water (CAOW) desalination unit coupled with
plate heat exchangers (PHEs) is applied to recover the waste heat from the gas exhaust. Sensitivity anal-
ysis for the HDH desalination unit as well as the PHEs from the key parameters including the top and
initial temperature of the seawater, operation pressure, and the terminal temperature difference (TTD)
of the PHEs are accomplished, and the corresponding performance of the whole HDH desalination system
is calculated and presented. The simulation results show that the balance condition of the dehumidifier
is allowed by the basic thermodynamic laws, followed by a peak value of gained-output-ratio (GOR) and
a bottom value of total specific entropy generation. It is concluded that excellent results including the
system performance, heat recovery effect and investment of the PHEs can be simultaneously obtained
with a low top temperature, while the obtained desalination performance and the heat recovery effect
from other measures are always conflicting. Different from other parameters of the desalination unit, the
terminal temperature difference of the PHEs has little influences on the final value of GOR.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the severe water crisis all over the world, more and more
attentions are focused on producing freshwater from the large
amount of seawater. Hence, various desalination patterns, which
can be mainly divided into the thermal method and membrane
method, were proposed. The thermal method based desalination
systems, such as multi-effect evaporator (MEE), multi-stage flash
(MSF), thermal vapor compression (TVR), and mechanical vapor com-
pression (MVC), were proposed and employed into various
applications [1,2]. However, huge amount of energy consumption
is required in such large scale desalination stations to obtain the

freshwater production, while small scale applications with low ef-
ficiency are not considered. On the other hand, in the membrane
method based desalination system [3], a continuous demand of elec-
tricity or mechanical energy should be first provided to drive the
power machines.

As a result, for the occasions with small scale requirement of
water production, such as the island and watercraft, the involved
methods mentioned above will not be the suitable schemes. Now-
adays, a promising desalination pattern using humidification
dehumidification technology was proposed by Narayan et al. [4]. As
one of the best schemes for small-scale water production applica-
tions, the HDH desalination systems have attracted extensive
attention all over the world.

Narayan et al. [5] numerically simulated the performance of the
water-heated, air-heated and the related modified air-heated CAOW
patterns, and the design optimization of the HDH desalination system
was also studied with a maximum water production rate for a given
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heat input through the first-law based thermal analysis [6]. Fur-
thermore, mass extraction and injection were taken into application
to improve the performance of the HDH desalination system by both
simulation and experiment approaches [7,8], and the significant
effects were further found and validated. McGovern et al. [9] cal-
culated the performance of water-heated CAOW desalination system
with and without single extraction. It was found that for the cycles
operating with an initial temperature of 298 K and a top air tem-
perature of 343 K, the peak value of GOR reaches approximately 3.5
for a general system and about 14 for a single extraction system,
while the value of recovery ratio is limited to approximately 7%
without extractions and 11% with a single extraction. The calcula-
tion results showed that the method of single extraction is a good
way to improve the performance of the HDH desalination system.

Solar energy was usually used as the heat source to drive the
HDH desalination system, and it is especially suited for regions where
the infrastructure and skilled manpower are deficient [10,11]. Hamed
et al. [12] proposed a theoretical simulation model by applying
energy equations taking each component into consideration to eval-
uate the relevant performance and the productivity of a solar
desalination unit. Freshwater production of such a proposed system
was calculated in two periods: the first one is from 9:00 am to 5:00
pm, while the second starts after preheating before entering the hu-
midifier at 1:00 pm to 5:00 pm. The final results indicated that the
highest freshwater production is found in the second period. Fur-
thermore, a relevant experimental system was built to investigate
the heat and mass transfer process within the system, and a great
agreement of the comparison between experimental and theoret-
ical results is presented, which gave the evidence that the proposed
theoretical model is viable and can be applied for the solar HDH
desalination system under different boundary conditions.

A parabolic trough solar collector (PTSC) was advised to be in-
tegrated into the open-air, open-water, air-heated HDH system by
Al-Sulaiman et al. [13], and the corresponding thermodynamic per-
formance was analyzed. The influences from the configurations of
the solar air heater on the performance of the whole HDH desali-
nation system were discussed. It was revealed that PTSCs are well
suited for air-heated HDH systems for high radiation locations, and
the HDH configuration with the air heater placed between the hu-
midifier and the dehumidifier has a better performance and a higher
productivity than other configurations.

Li et al. [14] used the evacuated tubes as the solar air heater to
drive the HDH desalination system. It was found that the inlet water
temperature in the humidifier was significant to improve the rel-
ative humidity of the outlet moist air as well as the outlet air
temperature. The test results were valuable in the pursuit of the op-
timization for a solar HDH desalination system with the newly
proposed solar air heater.

The patterns discussed in the above literatures are all analyzed
based on the first law of thermodynamics; the corresponding re-
search using the second law is also necessary to provide the
optimization orientation [15,16]. Mistry et al. [17] accomplished the
analysis of entropy generation for a CAOW desalination system with
both air heater and water heater. The equations of both the entropy
generation and exergetic were established. Based on the simula-
tion results, it was proposed that entropy generation minimization
analysis is necessary and helpful to identify the key components
and operating conditions, which should be considered when de-
signing the HDH desalination systems.

Obviously, the combination of solar energy and the HDH desal-
ination is an excellent scheme to produce freshwater; however, the
intermittence of the solar radiation is the inherent disadvantages
for such solar-driven desalination systems. Thus, a more stable and
economical heat source is needed to effectively drive the desalina-
tion system. Waste heat from the motor or thermal processes is an
ideal option, especially applicable for China, which produces huge

amount of waste heat due to the large population and rapid growth
of industrialization. Cioccolanti et al. [18] investigated a single effect
thermal desalination system, which is powered by the waste heat
from a micro combined heat and power plants. Thermodynamic anal-
ysis and relevant simulation were completed to ascertain the layout
of the thermal system, and then an experimental test was carried
out to access the corresponding actual performance. It was found
that the experimental results agreed very well with the initial pre-
dicted results. Elminshawy et al. [19] proposed a desalination unit
coupled with both the solar energy and low grade waste heat as
the driven power, and the viability by employing the exhaust gas
from a combined gas turbine power plant for desalination system
was also investigated. The related results exhibited great signifi-
cance to optimize the conditions of waste gas to maximize the final
fresh water production. He et al. [20] proposed a coupled system
of the water-heated HDH desalination system and the plate heat
exchangers, and the effect from the operation pressure on the per-
formance of the desalination system was focused.

It can be concluded from the literature survey that the research
on the humidification dehumidification technology is mainly fo-
cusing on the utilization of the solar energy, including the energy
and exergy analysis. The waste heat was also applied to drive the
desalination unit; however, the integrated systems between the hu-
midification dehumidification desalination unit and the waste heat
were seldom involved except the investigation from He et al. [20],
which emphasized on the effects from the HDH system operation
pressures. In this presented paper, the coupled desalination system
with the plate heat exchangers and the HDH desalination unit
powered by the waste heat are proposed. The corresponding math-
ematical model based on the first and second laws of thermodynamics
is established and validated. Critical thermal parameters are ap-
pointed to implement the sensitivity analysis for the HDH desalination
unit coupled with the PHEs, and the corresponding system perfor-
mance and the heat recovery effects are calculated and illustrated.
The research method as well as the corresponding obtained results
provides the principles to define the configuration of the coupled
HDH desalination system. Additionally, the entropy analysis offers
the guidance of optimization to reduce the final investments.

2. Mathematical model of the HDH desalination system

The water-heated CAOW desalination system mainly contains
a direct contact humidifier, a dehumidifier, and a plate heat ex-
changer, as shown in Fig. 1. It can be seen that there are two thermal
cycles existing in the desalination system: the humid air cycle, which
is responsible for absorbing and releasing water, and the seawater
cycle. In the humidifier, heat and mass transfer simultaneously arises
between the heated seawater and the low temperature humid air.
In the dehumidifier, the air humidity ratio is reduced after the de-
humidification process, and the fresh water is separated and
produced.

Plate heat exchangers, consisting with the chevron shape plates,
are used as the heat collector to recover the waste heat from the
exhaust and heat the seawater from the dehumidifier for a top tem-
perature. Evidently, the specific characteristics of the PHEs are
significant for both of the performance of the desalination unit and
the recovery effect of the waste heat.

2.1. Mathematical model of the PHEs

Counter flow is designed to enhance the total heat transfer co-
efficient of the plate heat exchangers. In the HDH desalination
system, seawater should be heated to drive the whole system, and
meanwhile the energy carried by the waste exhaust can be recov-
ered. The temperature distribution along the flow direction in the
heat exchanger is exhibited in Fig. 2, and the specific mathematical
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