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Abstract
Humidifi cation-dehumidifi cation (HDH) desalination involves vaporiz-
ing water from a saline liquid stream into a carrier gas stream and then 
condensing the vapor to form purifi ed water.  This chapter describes vari-
ous forms of the HDH cycle, with analysis of the energy consumption 
of various realizations of the process.  Bubble column dehumidifi ers are 
described in detail.

Keywords: Humidifi cation-dehumidifi cation desalination, Carrier 
gas extraction, Bubble column dehumidifi er, Thermodynamic balanc-
ing, Mass injection and extraction, Effectiveness, Gained-output-ratio, 
Enthalpy pinch

9.1  Introduction

More than a billion people lack access to safe drinking water 
worldwide [1]. A large majority of these people live in low income 
communities. The United Nations acknowledges this fact in its 
millennium development goals [2] by highlighting the critical 
need for impoverished and developing regions of the world to 
achieve self-sustenance in potable water supply. Figure 9.1 further 
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428 Desalination

illustrates how intense water scarcity exists mainly in the devel-
oping parts of the world1. For example, in India alone, 200,000 
villages (and several peri-urban communities) lack access to safe 
potable water [3]. There is a clear need to help create a sustainable 
solution to the rural water problem in order to solve the global 
water crisis.

Most of the villages lacking safe drinking water are small com-
munities with a population between 1,000 and 10,000 people. 
Thus, the minimum water needs (for drinking and cooking) for 
each one of those communities is between 10 and 100 cubic meter 
of pure water per day (at a consumption rate of 10 liters per person 

1 Often, lack of a potable water supply to the general population (or water 
scarcity) is misunderstood as absence of freshwater in a community. This is only 
one of the forms of water scarcity known as physical water scarcity. There is 
also scarcity in areas where there is plenty of rainfall and/or freshwater. This is 
primarily because of the lack of infrastructure to purify and transport the fresh 
water from aquifers or water bodies like lakes and rivers to the people who need 
it. This is termed as economic water scarcity. 

Figure 9.1 World map showing areas of physical and economic water scarcity [4].

Little or no water scarcity Approaching physical water scarcity Not estimated

Economic water scarcityPhysical water scarcity



Humidification Dehumidification Desalination  429

per day). Systems that produce such amounts of pure water are 
relatively small-scale compared to conventional water treatment 
systems (for example, most existing state-of-the-art desalination 
systems are of the order of 100,000 to 1 million cubic meters per 
day [5]).

Any potential small-scale solution to the problem needs to be 
both implementable and scalable. For the solution to be imple-
mentable, it has to be cost effective and resource-frugal. Currently, 
the price of safe drinking water (in the rare case when it is avail-
able) in these low income communities is very high relative to the 
cost of centrally distributed municipal drinking water in nearby 
“developed” regions. For example, in some parts of rural India the 
cost of water is up to $10/m3 which is roughly 40 times the cost of 
municipal drinking water available a few miles away in a nearby 
city [6]. Furthermore, in many villages, resources including skilled 
labor, a continuous energy supply, and raw materials are not read-
ily available. The solution should, hence, be implementable within 
these constraints too.

An implementable solution is truly worthwhile only if it is scal-
able and can reach a large number of people (say, a million or 
more). For such scalability, the solution should be able to handle 
an array of contaminants in the water to be treated. In India alone, 
the contaminants range from high fl uoride content to bacterial 
contamination to water being very brackish. Sixty-six million peo-
ple have been reported to be consuming water with elevated lev-
els of fl uoride in India [7]. Most of these people live in the states 
of Rajasthan and Gujarat where fl uoride contents reach up to 11 
mg/L. Some districts in Assam Orissa have very high iron con-
tent in water (1 to 10 mg/L - red water) and some in Rajasthan, 
Uttar Pradesh and Bihar have yellow water (>1 mg/L of iron) [8]. 
Certain places in Haryana, Gujarat, and Andhra Pradesh were 
also found to have dangerously high levels of mercury. The prob-
lems associated with high levels of arsenic in ground water (in 
West Bengal) are well documented [9]. At least 300,000 people 
are affected by drinking water with arsenic above the permissible 
limit of 0.05 mg/L in this region. In parts of coastal Tamil Nadu, 
because of seawater intrusion, there is the problem of high salin-
ity in ground water supplies (as high as 10,000 ppm in some cases) 
[10]. These problems are almost exclusively limited to rural and 
peri-urban communities. In all, almost one in three of the 600,000 
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Indian villages face problems of brackish or contaminated water 
and scarcity of fresh water. The Indian example is typical in that 
most developing and under-developed nations face similar water 
problems.

Desalination technologies can remove all contaminants including 
almost all dissolved ions, micro organisms and so on. For example, 
as illustrated in Fig. 9. 2, reverse osmosis removes even the smallest 
contaminants (albeit at a higher cost and complexity compared to 
other water treatment techniques shown in fi gure). Furthermore, 
thermal desalination technologies (MSF, MED, HDH and so on) are 
commonly known to remove all contaminants (producing what is in 
principle de-ionized water). The challenges in implementing these 
technologies are, however, to make them low cost (< $5/m3), to pro-
vide them at a community-scale (10–100 m3/day), and, relatively 
maintenance-free (or at least maintable by non-technical laborers). 
Humidifi cation dehumidifi cation desalination offers a small-scale 
desalination technology which can meet these challenges.

Figure 9.2  Illustration of various membrane technologies and the various 
contaminants they remove (Figure by MIT OpenCourseWare; 
data source: A. Twort et al. [11]).
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9.1.1  Humid ifi cation Dehumidifi cation (HDH) 
Desalination

Nature uses air as a carrier gas to desalinate seawater by means of 
the rain cycle. In the rain cycle, seawater gets heated (by solar irra-
diation) and evaporates into the air above to humidify it. Then the 
humidifi ed air rises and forms clouds. Eventually, the clouds ‘dehu-
midify’ as rain and that which falls over land can be collected for 
human consumption. The man-made version of this cycle is called 
the  humidifi cation-dehumidifi cation desalination (HDH) cycle. 
The simplest form of the HDH cycle is illustrated in Figure 9.3. The 
cycle consists of three subsystems: (a) an air and/or a brine heater 
(only a brine heater is shown in the fi gure), which can use various 
sources of energy like solar, thermal, geothermal or combinations of 
these; (b) the humidifi er or evaporator; and (c) the dehumidifi er or 
condenser.

The HDH cycle has received some attention in recent years and 
many researchers have investigated the intricacies of this technol-
ogy. It should be noted here that the predecessor technology of the 
HDH cycle is the simple solar still. Several researchers [12–14] have 
reviewed the numerous works on the solar still. It is important to 
understand the demerits of the solar still concept.

Figure 9.3 Simplest embodiment of HDH process [17].
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The most prohibitive drawback of a solar still is its low effi -
ciency (Gained-output-ratio, or GOR2, less than 0.5) which is 
primarily the result of the immediate loss of the latent heat of 
condensation through the glass cover of the still. Some designs 
recover and reuse the heat of condensation, increasing the effi -
ciency of the still. These designs (called multi-effect stills) achieve 
some increase in the effi ciency of the still, but the overall per-
formance is still relatively low. The main drawback of the solar 
still is that the various functional processes (solar absorption, 
evaporation, condensation, and heat recovery) all occur within 
a single component. By separating these functions into distinct 
components, thermal ineffi ciencies may be reduced and overall 
performance improved. This separation of functions is the essen-
tial characteristic of the HDH system. For example, the recovery 
of the latent heat of condensation, in the HDH process, is effected 
in a separate heat exchanger (the dehumidifi er) wherein the sea-
water, for example, can be preheated. The module for heat input 
(like a solar collector) can be optimized almost independently of 
the humidifi cation or dehumidifi cation component. The HDH 
process, thus, promises higher productivity due to the separation 
of the basic processes.

HDH systems are ideal for application in small-scale systems. They 
have no parts which require extensive capital cost and maintenance 
like membranes or high temperature steam lines. There is also no 
barrier to applying HDH for varied and diffi cult feedwater qualities.

HDH systems may be classifi ed under three broad categories. 
One is based on the form of energy used such as solar, thermal, 
geothermal, or hybrid systems. This classifi cation brings out 
a promising merit of the HDH concept: the promise of water 
production by use of low grade energy, especially from sources 
of industrial waste heat or from renewable resources like solar 
energy or biomass.

The second classifi cation of HDH processes is based on the cycle 
confi guration (Figure 9.4). As the name suggests, a closed-water 
open-air (CWOA) cycle is one in which ambient air is taken into the 
humidifi er where it is heated and humidifi ed and sent to the dehu-
midifi er where it is partially dehumidifi ed and let out in an open 
cycle as opposed to a closed air cycle wherein the air is circulated in 

2 See Sec. 9.1.2 for defi nition of GOR.
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a closed loop between the humidifi er and the dehumidifi er. In this 
cycle, the brine is recirculated until a desirable recovery is attained. 
The air in these systems can be circulated by either natural convec-
tion or mechanical blowers and feedwater is typically circulated by 
a pump. It is of pivotal importance to understand the relative techni-
cal advantages of each of these cycles and choose the confi guration 
that is best in terms of effi ciency and cost of water production.

The third classifi cation of the HDH systems is based on the type 
of heating used - water or air heating systems. The performance of 
the system depends greatly on which fl uid is heated.

9.1.2  Revie w of Systems in Literature 

As a fi rst step for understanding different works in literature the 
following performance parameters are defi ned.  

1. Gained-Output-Ratio (GOR): is the ratio of the latent heat of 
evaporation of the water produced to the net heat input to the cycle.

 GOR pw fg

in

m h

Q

⋅
≡
�
�  (9.1)

This parameter is, essentially, the effectiveness of water produc-
tion, which is an index of the amount of the heat recovery affected in 
the system. This is the primary performance parameter of interest in 
HDH (and in thermal desalination, in general) and is very similar to 
the performance ratio (PR) defi ned for MED and MSF systems. For 

Figure 9.4 Classifi cation of HDH systems based on cycle confi gurations [15].
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steam-driven desalination systems (like in most state-of-the-art MSF 
and MED systems), PR is approximately equal to GOR:

 GOR = pw fg

s s

m h

m h

⋅
⋅ Δ

�

�  (9.2)
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It is worthwhile to note that GOR is also defi ned as the ratio of 
the latent heat ( fgh ) to the specifi c thermal energy consumption. 
The latent heat in the equations above is calculated at the average 
partial pressure of water vapor (in the moist air mixture) in the 
dehumidifi er. 

2. Recovery ratio (RR): is the ratio of the amount of water pro-
duced per kg of feed. This parameter is also called the extraction 
effi ciency [16]. This is, generally, found to be around 5% for the 
HDH system in single pass and can be increased to higher values 
(up to 90% depending on feed salinity) by brine recirculation.

 RR pw

w

m

m
≡
�

�
 (9.4)

The literature has been reviewed in detail previously by the 
present authors [15] and the review was also updated recently [17]. 
Based on this review, we can benchmark the key performance met-
rics of existing HDH systems: (1) the cost of water production; (2) 
the heat and mass transfer rates in the dehumidifi er; and (3) the 
system energy effi ciency (GOR).

The total cost of water production in HDH systems is mostly a 
sum of the energy cost (captured by the GOR of the system) and 
the capital cost. A large fraction of the capital investment in typical 
HDH systems is the dehumidifi er cost3. This is driven by the low 
heat and mass transfer rates common in such devices. It has been 
reported that the ‘equivalent’ heat transfer coeffi cient in the dehu-
midifi er is between 1 and 100 W/m2K [18, 19]. This is two orders of 
magnitude lower than for pure vapor condensers.

3 The HDH system has relatively minimal maintenance requirements.
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Using the data given in various papers, GOR for the reported sys-
tems was calculated. It was found that the maximum GOR among 
existing HDH systems was about 3. Figure 9.5 illustrates the GOR of 
a few of the studies. The GOR varied between 1.2 to 3. These values 
of GOR translate into energy consumption rates from 215 kWhth/
m3 to 550 kWhth/m3. The low value of GOR achieved by Ben Bacha 
et al. [20] was because they did not recover the latent heat of con-
densation. Instead, they used separate cooling water from a well 
to dehumidify the air. Lack of a systematic understanding of the 
thermal design of HDH systems, which can help to optimize per-
formance, is the reason behind such ineffi cient designs. The higher 
value of GOR achieved by Müller-Hölst et al. [21] was because of 
higher heat recovery. These results tell us the importance of maxi-
mizing heat recovery in minimizing the energy consumption and 
the operating and capital cost of HDH systems. It is also to be noted 
that the GOR fl uctuated between 3 to 4.5 in Müller-Hölst’s system 
because of the inability of that system to independently control the 
air fl ow under the natural convection design that was applied. It 
is, therefore, desirable to develop forced convection based systems 
which have a sustainable peak performance.

Based on a simple thermodynamic calculation, the GOR of a 
thermodynamically reversible HDH system can be evaluated to be 
122.5 for typical boundary conditions [22]. When compared to a 
GOR of 3 for existing systems, the reversible GOR of 122.5 shows 
that there is signifi cant potential for improvement to existing HDH 

Figure 9.5 Performance of the older HDH systems in the literature [17].
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systems in terms of reducing thermodynamic losses. This observa-
tion gives ample motivation to study the thermal design of these 
systems in detail.

A few studies in literature actually report the overall cost of 
water production in a HDH system [21, 23, 24]. This cost is found 
to be about $30 per cubic meter of water produced, which is very 
high. More recent work, which we describe in subsequent sections, 
has reduced the cost to affordable levels (< $5 per cubic meter).

9.2  Thermal Design

When  fi nite time thermodynamics is used to optimize the energy 
effi ciency of thermal systems, the optimal design is one which pro-
duces the minimum entropy within the constraints of the problem 
(such as fi xed size or cost). In this section, we apply this well-estab-
lished principle to the thermal design of combined heat and mass 
exchange devices (dehumidifi ers, and humidifi ers) for improving 
the energy effi ciency of HDH desalination systems.

The theoretical framework for design of heat and mass exchange 
(HME) devices for implementation in the HDH system has been 
developed in a series of recent papers [22, 25–31]. The linchpin in 
this theoretical work is the defi nition of a novel parameter known 
as the ‘modifi ed heat capacity rate ratio’ (HCR). A brief summary 
of the defi nition of this parameter and its signifi cance to thermal 
design of HME devices and the HDH system is given below.

Modifi ed heat capacity rate ratio
In the limit of infi nite heat transfer area, the entropy generation rate 
in a regular heat exchanger will be entirely due to what is known 
as thermal imbalance. This is associated with conditions fort which 
the heat capacity rate of the streams exchanging heat are not equal 
[32]. In other words, a heat exchanger (with constant heat capacity 
for the fl uid streams) is said to be thermally ‘balanced’ at a heat 
capacity rate ratio of one. This concept of thermodynamic balanc-
ing, very well known for heat exchangers, was previously extended 
by the present authors to HME devices [25].

In order to defi ne a thermally ‘balanced’ state in HME devices, 
a modifi ed heat capacity rate ratio (HCR) for combined heat and 

John
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mass exchangers was defi ned by analogy to heat exchangers as the 
ratio of the maximum change in the total enthalpy rate of the cold 
stream to that of the hot stream.

 
⎛ ⎞Δ
⎜ ⎟Δ⎝ ⎠

�
�

max,

max,

HCR = c

h

H

H
 (9.5)

The maximum changes are defi ned by identifying the ideal states 
that either stream can reach at the outlet of the device. For example, 
the ideal state that a cold stream can reach at the outlet will be to 
match the inlet temperature of the hot stream and that a hot stream 
can reach at the outlet will be to match the inlet temperature of 
the cold stream. The physics behind this defi nition is explained in 
detail in a prior publication [25].

9.2.1  Design Models

HME de vices can be studied under the constraint of a fi xed perfor-
mance (with size varying to maintain this performance under vary-
ing inlet conditions) or as a fi xed piece of hardware (with varying 
performance under varying inlet conditions). The former is known 
as an on-design analysis and the latter is known as an off-design 
analysis. Here we review an on-design model developed in previ-
ous work [26, 28] - the energy effectiveness model.

Effectiveness model
An energy-based effectiveness, analogous to the effectiveness 
defi ned for heat exchangers, is given as:

 
max

=
H

H
e Δ

Δ

�
�  (9.6)

This defi nition is based on the maximum change in total enthalpy 
rate that can be achieved in an adiabatic heat and mass exchanger. 
It is defi ned as the ratio of change in total enthalpy rate ( HΔ � ) to 
the maximum possible change in total enthalpy rate ( maxHΔ � ). The 
maximum possible change in total enthalpy rate can be of either 
the cold or the hot stream, depending on the heat capacity rate of 
the two streams. The stream with the minimum heat capacity rate 
dictates the thermodynamic maximum amount of heat transfer that 
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can be attained between the fl uid streams. This concept is explained 
in detail in a previous publication [26]. Thus,

 max max, max,= min( , )c hH H HΔ Δ Δ� � �  (9.7)

9.2.2  Analysis of Existing Embo diments of the 
HDH System 

From the literature review, it has been found that no study has car-
ried out a detailed thermodynamic analysis in order to optimize 
the system performance of existing HDH cycles for either the water 
and air heated designs. In this chapter, the thermodynamic per-
formance of these HDH cycles is analyzed by way of a theoreti-
cal cycle analysis. Control-volume based models for the humidifi er 
and the dehumidifi er are used to perform this analysis. The govern-
ing equations for the control-volume based models are presented in 
detail in previous publications [22, 26].

In performing the analysis, the following approximations have 
been made:  

• The processes operate at steady-state conditions. 
• There is no heat loss from the humidifi er, the dehu-

midifi er, or the heater to the ambient. 
• Pumping and blower power is negligible compared to 

the energy input in the heater. 
• Kinetic and potential energy terms are neglected in the 

energy balance. 
• The water condensed in the dehumidifi er is assumed to 

leave at a temperature which is the average of the humid 
air temperatures at inlet and outlet of the dehumidifi er. 

• It was previously shown that the use of pure water 
properties instead of seawater properties does not sig-
nifi cantly affect the performance of the HDH cycle at 
optimized mass fl ow rate ratios [33]. Hence, only pure 
water properties are used in the present discussion. 

9.2.2.1  Water Heated HDH Cycle

O ne of the most commonly studied HDH cycles is the  closed-air 
open-water water-heated (CAOW) cycle (see Figure 9.6). A compre-
hensive study of parameters which affect the performance of this 
cycle has not been reported in literature. Such a study will help to 
understand the ways by which the performance of this basic cycle 
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can be improved and hence, is reported below. The parameters 
studied include top and bottom temperatures of the cycle, mass 
fl ow rate of the air and water streams, the humidifi er and dehumid-
ifi er effectivenesses and the operating pressure. The performance of 
the cycles depends on the mass fl ow rate ratio (ratio of mass fl ow 
rate of seawater at the inlet of the humidifi er to the mass fl ow rate 
of dry air through the humidifi er), rather than on individual mass 
fl ow rates. Hence, the mass fl ow rate ratio is treated as a single vari-
able. This variation with mass fl ow rate ratio has been noted by 
many investigators [33, 35–37].

Effect of relative humidity of the air entering and exiting the 
humidfi er ,1( aj , ,2 )aj
The humidifi er and dehumidifi er can readily be designed such 
that the relative humidity of air at their exit is one. Hence, the exit 
air from these components is usually considered to be saturated 

Figure 9.6 Schematic diagram of a water-heated closed-air open-water 
HDH cycle [22].
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when analyzing these cycles. However, the exit relative humidity is 
 indicative of the performance of the humidifi er and the dehumidi-
fi er; and hence, understanding how the variation of these param-
eters changes the performance of the system is important.

Figure 9.7 illustrates the effect that relative humidity of air at the 
humidifi er inlet and exit can have on the performance of the cycle 
(GOR). For this particular case, the top ,2( )wT  and bottom tempera-
tures ,0( )wT  were fi xed at 80°C and 35°C respectively. Humidifi er 
and dehumidifi er effectivenesses ( , )h de e  were fi xed at 90%. Mass 
fl ow rate ratio was fi xed at 5. It can be observed that for a varia-
tion of ,2aj  from 100 to 70% the performance of the system (GOR) 
decreases by roughly 3%, and for the same change in ,2aj  the effect 
is roughly 34%.

This difference suggests that the relative humidity of the air at 
the inlet of the humidifi er has a much larger effect on performance. 
These trends were found to be consistent for all values of mass fl ow 
rate ratios, temperatures and component effectivenesses. This, in 
turn, suggests that the dehumidifi er performance will have a larger 
impact on the cycle performance. This issue is further investigated 
in the following paragraphs.

Effect of component effectiveness ( he , de )
Figure 9.8 and 9.9 illustrate the variation of performance of the cycle 
at various values of component effectivenesses. In Fig. 9.8, the top 

Figure 9.7 Effect of relative humidity on performance of the WH-CAOW 
HDH cycle [22].
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temperature is fi xed at 80°C, the bottom temperature is fi xed at 30°C 
and the dehumidifi er effectiveness is fi xed at 80%. The mass fl ow 
rate ratio was varied from 1 to 6. It is important to observe that there 
exists an optimal value of mass fl ow rate ratio at which the GOR 

Figure 9.8 Effect of component effectiveness of humidifi er on performance of the 
WH-CAOW HDH cycle [22].

Figure 9.9 Effect of component effectiveness of dehumidifi er on performance of 
the WH-CAOW HDH cycle [22].
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peaks. It can also be observed that the increase in  performance is 
fairly linear with increasing humidifi er  effectiveness, he . In Fig. 9.9, 
the top temperature is fi xed at 80°C, the bottom temperature is 
fi xed at 30°C and the humidifi er effectiveness is fi xed at 80%. The 
cycle performance changes more dramatically for higher values of 
dehumidifi er effectiveness. These trends are consistent for various 
values of top and bottom temperatures. Hence, a higher dehumidi-
fi er effectiveness is more valuable than a higher humidifi er effec-
tiveness for the performance (GOR) of the cycle.

In the previous discussion, we have observed that the dehu-
midifi er exit air relative humidity ( ,1aj ) is more important than the 
humidifi er exit air relative humidity ( ,2aj ). Hence, based on these 
results, we can say that for a water heated cycle the performance 
of the dehumidifi er is more important than the performance of the 
humidifi er.

Effect of top temperature ( ,2wT )
Figure 9.10 illustrates the effect of the top temperature on the cycle 
performance (GOR). For this particular case, the bottom tempera-
ture ,0( )wT  was fi xed at 35°C and humidifi er and dehumidifi er 

Figure 9.10 Effect of top brine temperature on performance of the WH-CAOW 
HDH cycle [22].
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effectivenesses were fi xed at 92%. Top temperature ,2( )wT  was varied 
from 50°C to 90°C. The optimal value of mass fl ow rate ratio increases 
with an increase in top temperature. Depending on the humidifi er 
and dehumidifi er effectiveness itself this trend changes. At lower 
component effectivenesses, the top temperature has no or little effect 
on the cycle performance. This result is counter- intuitive. However, 
it can be explained using the modifi ed heat capacity rate ratio.

The modifi ed heat capacity rate ratio (HCR) as the ratio of maxi-
mum possible enthalpy change in the cold stream to the maximum 
possible enthalpy change in the hot stream. It was found that the 
entropy generation in a heat and mass exchange device is mini-
mized (for a given effectiveness and inlet conditions) when HCR=1 
(‘ balanced’ condition). We are going to use this understanding here 
to explain the trends obtained at various top temperatures.

Figure 9.11 shows the variation of GOR with the heat capacity rate 
ratio of the dehumidifi er ( dHCR ). It can be seen that GOR reaches 
a maximum at dHCR = 1. The maximum occurs at a balanced con-
dition for the dehumidifi er which, as we have shown in the pre-
ceeding paragraphs is the more important component. Further, it 

Figure 9.11 HCR of dehumidifer versus GOR at various top brine temperatures [22].
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can be noticed from Fig. 9.12 that the degree of balancing of the 
humidifi er at the optimum GOR condition reduces ( HCRh  moves 
farther away from 1) as the top temperature increases. Hence, the 
irreversibility of the humidifi er (and the total irreversibility of the 
system) increases with increase in top temperature. A system with 
higher total irreversibility has a lower GOR [33]. This explains the 
decrease in GOR with an increase in top temperature.

Also, as the top temperature increases, the dehumidifi er is bal-
anced at higher mass fl ow ratio and hence the optimum value of 
GOR occurs at higher mass fl ow ratios.

Effect of bottom temperature ( ,0wT )
The bottom temperature of the cycle ,0( )wT  is fi xed by the feedwater 
temperature at the location where the water is drawn. Figure 9.13 
illustrates a case with top temperature of 80°C and component 
effectivenesses of 92%. A higher bottom temperature of the cycle 
results in a higher value of GOR as illustrated in the fi gure. This 
result can again be understood by plotting HCR of humidifi er and 
dehumidifi er versus the GOR of the system (Figs. 9.14 and 9.15). 

Figure 9.12 HCR of humidifi er versus GOR at various top brine temperatures [22].
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Figure 9.13 Effect of feedwater temperature on performance of the WH-CAOW 
HDH cycle [22].

Figure 9.14 HCR of dehumidifer versus GOR at various feedwater 
temperatures [22].
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The degree of balancing of the humidifi er at the optimum condition 
for GOR decreases with a decrease in bottom temperature. Hence, 
the irreversibilities in the humidifi er (and the total irreversibility of 
the system) increase with decreasing bottom temperature, and the 
GOR declines.

From the discussions in this subsection we have observed that 
the performance of the cycle (GOR) has a functional dependence 
as follows:

 ,2 ,0 ,2 ,1GOR = (HCR ,HCR , , , , , , )h d h d w w a af T Te e j j  (9.8)

The numerically computed values of GOR reported in this section 
for the CAOW  water-heated cycle are within 20% of the experimental 
value obtained by Nawayseh [38] for the same boundary conditions. 
Further experimental validation is presented later in this section.

9.2.2.2  Single and Multi-Stage Air Heat ed Cycle

A simple [23, 24, 39, 40] air-heated cycle is one in which air is heated, 
humidifi ed, and dehumidifi ed. Current simulations have found 
that the GOR for this cycle is very low (GOR<1; only slightly better 
than a solar still). It is important to understand the reasons for this 
poor performance. The air in this cycle is heated and immediately 

Figure 9.15 HCR of humidifi er versus GOR at various feedwater temperatures.
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sent to a humidifi er where it is saturated. The air also gets cooled 
during the humidifi cation process since it is at a higher tempera-
ture than the water stream. Thus, heat is lost to the water stream in 
the humidifi er. In the water-heated cycle, the air stream is heated 
in the humidifi er. This further facilitates heat recovery in the dehu-
midifi er, which is absent in an air heated system. Hence, the perfor-
mance is much lower in an air-heated system.

To improve the performance of air-heated systems, Chafi k [23, 
41] proposed a multi-stage cycle. The air in this cycle is heated 
and sent to a humidifi er where it is saturated. It is then further 
heated and humidifi ed again. The idea behind this scheme was 
to increase the exit humidity of the air so that water production 
can be increased. Chafi k was able to increase the exit humidity 
from 4.5% (by weight) for a single stage system to 9.3% for a 4 
stage system. We reproduce this result for the same cycle under 
similar operating conditions. However, we also observe that the 
GOR of the cycle rises by only 9% (Fig. 9.16). This is because the 
increased water production comes at the cost of increased energy 
input. This, in turn, is because the multi-staging does not improve 
the heat recovery in the humidifi cation process. Chafi k reported 

Figure 9.16 Effect of number of stages on performance of air heated CAOW 
HDH system [22].
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very high cost of water production of 28.65 Euro/m3 caused in 
part by the low energy effi ciency of the system.

9.2.2.3  Summary

In this section, we have  examined the effect of a number of param-
eters and confi gurations on the performance of basic HDH cycles. 
The following signifi cant conclusions are reached:  

1. The performance of a basic water-heated cycle depends 
on: (a) the water-to-air mass fl ow rate ratio; (b) the 
humidifi er and dehumidifi er effectivenesses; (c) top 
and bottom temperatures; and (d) relative humidity of 
air at the exit of the humidifi er and the dehumidifi er. 

2. At a specifi c value of the water-to-air mass fl ow rate 
ratio, the performance of the system is optimal. This 
optimal point is characterized by a thermodynami-
cally balanced condition in the dehumidifi er. The 
 balanced condition, as explained previously, occurs 
at a  modifi ed heat capacity rate ratio of 1. This fi nd-
ing is important, as it is also fundamental to design 
algorithms for HDH systems with mass extraction and 
injections. 

3. As shown in the table below, previously studied multi-
stage and single-stage air heated cycles have low energy 
effi ciency compared to the water heated HDH cycle. 

4. The performance of existing HDH systems is only 
about 1/60th of the thermodynamically reversible GOR. 
This shows the extent of the thermodynamic losses in 
these systems. Much of the remainder of this chapter is 
dedicated to improving the thermal design of the HDH 
cycle so as to reduce the thermodynamic irreversiblity. 

Table 9.1 Comparison of GOR of HDH cycles 
under representative boundary conditions.

CYCLE  GOR

Single stage air heated cycle 0.78

Four-stage air heated cycle 0.85

Water heated cycle 2.5

Reversible cycle 122.5
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9.2.3  Systems with Mass Extraction and Injection

Studies have been conducted on the effect of entropy generation 
on the thermal design of the HDH system [29, 33, 42, 43], and it 
has been found that reducing the total entropy generated (per unit 
amount of water distilled) improves the energy effi ciency (mea-
sured in terms of the gained-output-ratio or GOR). It has also been 
reported that incorporating mass extractions and injections to vary 
the water-to-air mass fl ow rate ratio in the combined heat and mass 
transfer devices (like the humidifi er and the dehumidifi er) can 
potentially help in reducing entropy production in those devices 
[25]. A comprehensive method of thermodynamic analysis is avail-
able for the design of mass extractions and injections in the HDH 
system. This approach (discussed in the subsequent sections) draws 
upon the fundamental observation that there is a single value of 
water-to-air mass fl ow rate ratio (for any given boundary condi-
tions and component effectivenesses) at which the system performs 
optimally [22].

A schematic diagram of a representative the HDH system with 
mass extractions and injections is shown in Fig. 9.17. The system 
shown here is a water-heated, closed-air, open-water system with 
three air extractions from the humidifi er into the dehumidifi er. 
States a to d are used to represent various states of the seawater 
stream and states e and f represent that of moist air before and after 
dehumidifi cation. Several other embodiments of the system are 
possible based on the various classifi cations of HDH listed earlier 
in this chapter.

Enthalpy pinch model 
McGovern et al. [44] proposed that it is advantageous to normal-
ize enthalpy rates by the amount of dry air fl owing through the 
system for easy representation of the thermodynamic processes 
in enthalpy versus temperature diagrams. We use this concept 
here and derive the following equation from Eq. (9.6) by dividing 
the numerator and the denominator by the mass fl ow rate of dry 
air ( dam� ): 

 
*

*
max

=
h

h
e Δ

Δ
 (9.9)

 
*

*=
TD

h
h

Δ
Δ + Ψ

 (9.10)
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TDΨ  is the loss in enthalpy rates at terminal locations because of 
having a “fi nite-sized” HME device, and it is defi ned as follows: 

 max, max,* *= min ,c h
TD

da da

H H
h h

m m

⎛ ⎞Δ Δ
Ψ − Δ − Δ⎜ ⎟⎝ ⎠

� �

� �
 (9.11)

 = min( , )Ψ Ψc h  (9.12)

In the case of a heat exchanger, TDΨ  will be analogous to the mini-
mum terminal stream-to-stream temperature difference (TTD). TTD is 
seldom used to defi ne performance of a heat exchanger in thermody-
namic analyses; the temperature pinch is the commonly used param-
eter. The difference is that pinch is the minimum stream-to-stream 

Figure 9.17 Schematic diagram of a water-heated, closed-air, open-water 
humidifi cation-dehumidifi cation desalination system with mass extraction and 
injection of the moist air stream [28].
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temperature difference at any point in the heat exchanger and not just 
at the terminal locations. Like temperature pinch, Ψ can be defi ned 
as the minimum loss in enthalpy rate due to a fi nite device size at any 
point in the HME device and not just at the terminal locations. Thus, 
the general defi nition of Ψ will be as follows:

 
* *
max= ( )min

local
h hΨ Δ − Δ  (9.13)

Hence, based on the arguments presented in this section, we can 
say that Ψ for an HME device is analogous to temperature pinch for 
a heat exchanger, and it can be called the ‘enthalpy pinch’. We recom-
mend that, because of the presence of the concentration difference as 
the driving force for mass transfer in HME devices, a temperature 
pinch or a terminal temperature difference should not be used when 
defi ning the performance of the device. Further details about the 
enthalpy pinch and its signifi cance in thermal design of HME devices 
are given in detail in Reference [28].  Balancing of HDH cycles has 
been studied in further detail in References [30], [31], and [45].

9.2.3.1  System Bala ncing Algorithms

In a previous publication, we used the concepts of thermodynamic 
balancing developed for HME devices and applied them to the HDH 
system design [28]. Detailed algorithms for systems with zero, sin-
gle, and infi nite extractions were developed. Temperature-enthalpy 
diagrams were used to model the systems. Figure 9.18 illustrates 
temperature versus enthalpy of a system with a single extraction 
and injection. In the illustrated case, the air was extracted from the 
humidifi er at the state ‘ex’ and injected in a corresponding location 
in the dehumidifi er with the same state ‘ex’ to avoid generating 
entropy during the process of injection. This criteria for extraction is 
applied for all the cases reported in this paper since it helps us study 
the effect of thermodynamic balancing, independently, by separating 
out the effects of a temperature and/or a concentration mismatch 
between the injected stream and the fl uid stream passing through the 
HME device (which when present can make it hard to quantify the 
reduction in entropy generated due to balancing alone).

The effect of the number of extractions (at various enthalpy 
pinches) on the performance of the HDH system was studied using 
the developed algorithms and is shown in Fig. 9.19. Several impor-
tant observations can be made from this chart.
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First, it may be observed that thermodynamic balancing is 
 effective in HDH cycles only when the humidifi er and the dehu-
midifi er have an enthalpy pinch less than about 27 kJ/kg dry air. For 
various boundary conditions, it has been found that above the afore-
mentioned value of enthalpy pinch the difference in performance 
(GOR) with that of a system without any extractions or injections 
is small (less than 20%). Further, at very low values of the enthalpy 
pinch ( 7Ψ ≤  kJ/kg dry air) in the humidifi er and the dehumidi-
fi er, the limiting case of continuous balancing with infi nite number 
of extractions and injections was found to give much better results 
than that with a single extraction and injection. For a top brine tem-
perature of 80°C, a feed water temperature of 20° C and ‘infi nitely’ 
large humidifi er and dehumidifi er ( = = 0hum dehΨ Ψ  kJ/kg dry air), 
the GOR was found to be 8.2 for a single extraction (compared to a 
GOR of 109.7 for a similar system with an infi nite number of extrac-
tions, i.e. continuous extraction). At higher values of enthalpy pinch 
(7 < 15)Ψ ≤ , a single extraction reduced the entropy generation of 
the total system roughly by a similar amount as continuous extrac-
tions. At even higher values of enthalpy pinch (15 < 27Ψ ≤ ), a 
 single extraction outperforms continuous extractions.

Figure 9.18 Temperature profi le representing the HDH system with a single extraction.
Boundary conditions: = 20aT �C; = 80cT �C; = = 20deh humΨ Ψ  kJ/kg dry air [28].
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Figure 9.19 Effect of number of extractions (for thermodynamic balancing) on 
the performance of the HDH system with fi nite and infi nite size HME devices. 
Boundary conditions: = 20aT �C; =sal  35 g/kg; = 80cT �C; HCRdeh=1 [28].

9.2.4  Experimental Realization  of HDH with Extraction

A pilot scale HDH unit producing up to 700 liters of pure water per 
day has been built [29]. The unit was fully instrumented and both 
component and system experiments were carried out.

9.2.4.1  HME Balancing

As describ ed previously, theoretical considerations show that a 
modifi ed heat capacity rate ratio (HCR) of 1 will lead to minimum 
entropy generation in a fi xed effectiveness or fi xed hardware device 
[25, 26, 29] and that the condition should be established to optimize 
the thermal performance of the HDH cycle [22]. In this section, this 
important conclusion is investigated experimentally.

Figure 9.20 illustrates that there exists a particular mass fl ow 
rate at which non-dimensional entropy generated in the device is 
minimized (fi xed inlet air condition and fi xed inlet water tempera-
ture). At different values of these boundary conditions, the same 
result was found to be true. The minimum that is observed also 
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corresponds to the case closest to an HCR of 1. This is  consistent 
with the theoretical observation that irreversiblity is minimized at 
HCR of unity [25, 27, 29].

9.2.4.2  System Balancing

Figure 9.21 il lustrates the effect of mass fl ow rate extracted on the 
increase in performance of the HDH system. The increase in per-
formance of the HDH system is calculated as the ratio of the GOR 
with extraction to that without extraction. In cases with and with-
out extraction the top brine temperature, the feedwater tempera-
ture, the water fl ow rate and total air fl ow entering the humidifi er 
from the dehumidifi er (measured at state ‘f’ shown in Fig. 9.3) are 
held fi xed. In the zero extraction case, this aforementioned ratio of 
GORs is 1 and increases with better balancing. The amount of air 
extracted is also normalized against total air fl ow.

It may be observed that the performance is optimal at a particu-
lar amount of extraction. In this particular case, where the top tem-
perature is 90°C and the feed temperature is 25°C, the optimum 
amount of extraction is around 33%. The GOR is enhanced by up 

Figure 9.20 Effect of mass fl ow rate ratio on non-dimensional entropy generation 
in the humidifi er. Boundary conditions: = 32eT �C; cT =60°C; , = 20wb eT �C; 

= 101.3P  kPa; = 0.27hV  m3[29].
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to 40%. The trends are similar at different boundary conditions and 
the maximum enhancement in GOR with a single extraction of air 
was found to be about 55%.

As would be expected, the maximum performance corresponded 
to the minimum average of local enthalpy pinches in the dehumidi-
fi er ( ,local dΨ ). This is consistent with the principal purpose of ther-
modynamic balancing: to drive the process at minimum driving 
force and correspondingly smaller entropy generation at a fi xed 
system size.

9.2.4.3  Summary of HDH Characteristics Related to  Extraction

1. HCR=1 (i.e. the point at when the maximum change 
in enthalpy rates of either stream exchanging energy 
is equal) represents a thermally balanced state for a 
simultaneous heat and mass exchange device. 

2. For a water heated CAOW HDH system without mass 
extractions, the HCRd=1 represents the state at which 
the GOR is maximized. 

Figure 9.21 Effect of mass fl ow rate of air extracted on the performance of the 
HDH system. Boundary conditions: = 25aT � C; = 90cT �C; = 1N ; = 0.27hV  m3; 

= 8dA  m2[29].
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3. HDH systems without mass extractions need to be 
operated at as high a top brine temperature as is pos-
sible in order to ensure a high GOR. 

4. Mass extractions from the humidifi er to the dehu-
midifi er increase the GOR of the water heated CAOW 
HDH system by up to 55%. 

5. It is found that thermodynamic balancing is effective 
in HDH only when the HME devices have an appro-
priately low enthalpy pinch ( 27Ψ<  kJ/kg dry air). 

6. The optimum extraction mass fl ow rate corresponds to 
the case in which a minimum average local enthalpy 
pinch is achieved in the device. 

9.3  Bubble Column Dehumidifi cation

When a non-c ondensable gas is present, the thermal resistance to 
condensation of vapor on a cold surface is much higher than in a 
pure vapor environment. This is, primarily, caused by the diffu-
sion resistance to transport of vapor through the mixture of non-
condensable gas and vapor. Several researchers have previously 
studied and reported this effect [46–54]. When even a few mole 
percent of non-condensable gas are present in the condensing fl uid, 
the deterioration in the heat transfer rates can be up to an order of 
magnitude [56–60]. From experimental reports in literature, it can 
be observed that the amount of deterioration in heat transfer is a 
very strong (almost quadratic) function of the mole fraction of non-
condensable gas present in the condensing vapor.

In HDH systems, a large percentage of air (60–90% by mass) is 
present by default in the condensing stream. As a consequence, 
the heat exchanger used for condensation of water out of an air-
vapor mixture (otherwise known as adehumidifi er) has very low 
heat and mass transfer rates (an ‘equivalent’ heat transfer coef-
fi cient as low as 1 W/m2K in some cases [19, 61–63]). This leads 
to very high heat transfer area requirments in the dehumidifi er 
(up to 30 m2 for a 1 m2/day system). In this section, we describe 
how to achieve a substantial improvement in the heat transfer rate 
by condensing the vapor-gas mixture in a column of cold liquid, 
rather than on a cold surface, by using a bubble  column heat and 
mass exchanger.
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In this device, moist air is sparged through a porous plate (or any 
other type of sparger [64]) to form bubbles in a pool of cold liquid. 
The upward motion of the air bubbles causes a wake to be formed 
underneath the bubble which entrains liquid from the pool, set-
ting up a strong circulation current in the liquid pool [65]. Heat and 
mass are transferred from the air bubble to the liquid in the pool in a 
direct contact transport process. At steady state, the liquid, in turn, 
losses the energy it has gained to the coolant circulating through a 
coil placed in the pool for the purpose of holding the liquid pool at 
a steady temperature. The system is illustrated in Fig. 9.22.

9.3.1  Modeling and Experimental Validation

A thermal resistance models for the condensation of water from 
an air-vapor mixture in a bubble column heat exchanger were 
introduced in Reference [66] and have been revised and refi ned in 
References [67-69]. The primary temperatures in the resistance net-
work are: (1) the average local temperature of the air-vapor mix-
ture in the bubbles ( airT ), (2) the average temperature of the liquid 
in the pool ( columnT ), [64] and (3) the average local temperature of 
the coolant inside the coil ( coolantT ). Between airT  and columnT  there 

Figure 9.22 Schematic diagram of the bubble column dehumidifi er [66].
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is direct contact heat and mass transfer. The liquid pool is well-
mixed by the bubbles, and may be considered to hold a constant 
temperature.  The local heat transfer from the pool to the coolant 
can be represented by heat transfer coeffi cients inside and outside 
the coil, and the temperature change of the coolant can be modeled 
as a single-stream heat exchanger. The heat transfer between the 
moist air stream may be modeled similarly.

Figure 9.23 illustrates an example of the experimental and mod-
eling results [66]. A strong effect of the mole fraction is seen, as 
is also the case in steam condensers. From the experiments, we 
observe that the effect is more linear than quadratic (in the studied 
range). Hence, the presence of non-condensable gas is affecting the 
heat transfer to a much lesser degree than in the fi lm condensa-
tion situations of a standard dehumidifi er. This demonstrates the 
superiority of the bubble column dehumidifi er technology [70]. 
This observation is further discussed in Sec. 9.3.2. Figure 9.23 also 
illustrates that the model predicts the effect of inlet mole fraction 
very accurately.

Figure  9.23 Effect of inlet mole fraction of the vapor on the total heat fl ux in the bubble 
column measured and evaluated at Vg = 3.8 cm/s; Db = 4 mm; H = 254 mm [66].
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9.3.2  Prototype 

In an HDH system, the isothermal nature of the c olumn liquid in 
the bubble column dehumidifi er reduces the temperature to which 
seawater can be preheated to (in the coils). This limits the energy 
effectiveness of the device [26]. A low effectiveness in the dehu-
midifi er, reduces the HDH system performance signifi cantly [22]. 
In this section, we detail an innovation which increases the energy 
effectiveness of these devices.

A schematic diagram of a multi-stage bubble column is shown in 
Fig. 9.24. In this device, the moist air is sparged successively from 
the bottom-most (fi rst) stage to the top-most (last) stage through 
pools of liquid in each stage. The coolant enters the coil in the last 
stage and passes through the coil in each stage and leaves from the 
fi rst stage. Thus, the moist air and the coolant are counter-fl owing 
from stage to stage the condensate is collected directly from the 
column liquid in each stage.

Figure 9.24 Schematic diagram of multi-stage bubble column dehumidifi er [66].
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Figure 9.25 illustrates the temperature profi les in a single stage 
and multi-stage bubble column. In both cases, the moist air comes 
in fully saturated at a temperature of 353 K and leaves dehumidifi ed 
at 310 K. In the process, the pool of liquid in the bubble column gets 

Figure 9.25 An illustration of the temperature profi le in the bubble columns for 
(a) single stage and (b) multi-stage [66].

(a) Single stage

(b) Multi-stage
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heated and in turn preheats the seawater going through the coil. In 
the single stage case, the coolant gets preheated to a temperature of 
308 K only (limited by the air exit temperature of 310 K). This cor-
responds to a very low effectiveness of 30%. In the case of multi-
stage bubble columns, the column liquid in each stage is at a different 
temperature limited by the temperature of the air passing through 
the respective stage. Hence, the outlet coolant temperature is only 
limited by the exit temperature of the air from the fi rst stage. In this 
example, we see that the coolant reaches 348 K (40 K higher than in 
the single stage case). This corresponds to an increase in effectiveness 
from 30% in the single stage device to 92% in the multi-stage device.

Figure 9.26 illustrates the increase in effectiveness of the device 
with multistaging. The data presented here is for an air inlet tem-
perature of 65°C, inlet relative humidity of 100%, a water inlet tem-
perature of 25°C and a water-to-air mass fl ow rate ratio of 2.45. It 
can be seen that the energy effectiveness of the device is increased 
from around 54% for a single stage to about 90% for the three stage 

Figure 9.26 Effect of multistaging the bubble column on energy effectiveness of 
the device.
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device. Further, owing to the higher superfi cial velocity (because 
of smaller column diameter), the heat fl uxes were much higher (up 
to 25 kW/m2) than for fi lm-condensation dehumidifi ers. Also, the 
total gas side pressure drop of this device was modest at 800 Pa.

9.3.3  Comparison to Existing Devices 

A state-of-the-art dehumidifi e r (which operates in the fi lm con-
densation regime) procured from Fischer LLC was found to yield 
a maximum heat fl ux of 1.8 kW/m2 (as per the design specifi ca-
tion) compared to a maximum of 25 kW/m2 obtained in the bubble 
column dehumidifi er, demonstrating the superior performance of 
the novel device. This comparison was carried out at the same inlet 
conditions for the vapor-air mixture and the coolant streams. Also, 
the streamwise temperature differences were similar in both cases. 
Further, the energy effectiveness of a three-stage bubble column 
dehumidifi er was found to be similar to the conventional dehu-
midifi er mentioned here.

By way of this innovation, the heat transfer area requirement 
is reduced to a fraction of that in existing HDH systems and is 
brought close to that for pure vapor systems (such as MED 
 systems). This trend is illustrated in Fig. 9.27.

Figure 9.27 Dehumidifi er area requirement for bubble columns compared to 
existing technology.
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9.3.4  Summary of Bubble Column Dehumidifi cation in 
HDH Systems

1. Bubble column dehumidifi ers have an order of magni-
tude better performance than existing state-of-the-art 
dehumidifi ers operating in the fi lm condensation regime. 

2. In order to minimize pressure drop, the liquid height can 
be kept to a minimum such that the coil is entirely sub-
merged in the liquid. This is possible because the height 
been shown to have no effect on the performance of the 
device for column heights down to 4 cm [68], and is 
likely to have minimal effect so long as the pool depth is 
somewhat greater than the bubble diameter (≈ 4–6 mm). 

3. A three-stage bubble column with a manageable air 
side pressure drop of < 1 kPa, an high effectiveness 
of 92%, and a very high heat rate of 25 kW/m2 can be 
constructed at a fraction of the cost of a regular dehu-
midifi er operating in the fi lm condensation regime. 

Implementation of the novel dehumidifi er described for applica-
tion in HDH systems will reduce the capital cost of the system lead-
ing to a reduced cost of water production. The volume is reduced to 
1/18th of the regular dehumidifi er.

9.4  Cost  of Water Production

The cost of water production is calculated by a standard method 
used in the desalination industry [71, 72].

Figure 9.28 illustrates a three-dimensional model of a trailer-
mounted, single air extraction HDH system operating under sub-
atmospheric pressure with a 12 foot (3.6 m) tall packed bed humidifi er 
and a four-stage bubble column dehumidifi er. This unit is designed 
to produce 10 m3 per day. We have calculated the cost of this unit as 
an example of the cost of the state-of-the-art in HDH systems.

The total thermal energy consumed by this system is 156 kWhth 
per cubic meter of water produced and the electrical energy con-
sumption is 1.2 kWh per cubic meter of water produced. The ther-
mal energy is provided from compressed natural gas tanks on the 
trailer at an assumed cost of $4 per 1000 cubic feet (this is the current 
average price in India [73]). The electrical energy is provided using 
a diesel generator at the rate of $0.20 per kWh. The total energy cost 
per m3 of water produced is $2.17.
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The capital cost is the sum of the various costs listed in Table 9.2. 
These costs are obtained from different manufacturers. The parts 
for the humidifi er and dehumidifi er are to be obtained from these 
manufacturers and the assembly and fabrication is to be done by 
sub-contractors.

The total capital cost is amortized over a life of 20 years. The 
amortization factor (CAF) is calculated as follows. 

 −− + 20CAF =
1 (1 )

I
I

 (9.14)

where, I is the interest rate (taken to be 6% in this calculation). 
Annual amortization is the product of CAF and CAPEX. This 
comes to $4,266.38. In the desalination industry, fi xed O & M 
is  often considered to be a maximum of 5% of the CAPEX [74]. 
The total annual levelized cost is the sum of the annual amor-
tization and annual fi xed cost divided by the total amount of 
water produced in a year. This comes to $2.30 per cubic meter of 
water produced. Further, we also assume that the plant is avail-
able for only 90% of the time, which is reasonable for  thermal 
 desalination systems [74].

Figure 9.28 Three-dimensional model of a trailer-mounted, sub-atmospheric-
pressure, natural-gas-fi red, single air extraction HDH system with a 12 foot tall 
packed bed humidifi er and a four-stage bubble column dehumidifi er [73].
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Hence, the total cost of water is $4.91 per cubic meter of water 
produced4, which is signifi cantly lower than the costs reported for 
previous HDH systems. Thus, thermal balancing and bubble col-
umn dehumidifi ers provide substantial improvements to the HDH 
system which may make them afforable for small scale applica-
tions. These applications may include drinking water production 
in remote settings or remediation of water produced during oil and 
gas extraction.
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4 This is based on conservative upper limit estimates for CAPEX and is bound to 
be lower when the advantages of economies of scale are realized.

Table 9.2 Various components of capital 
expenditure (CAPEX) for a 10 m3 per day 
HDH system.

Component Cost [$] 

Vacuum pumps  1,250.00 

Column containers  2,500.00 

Pumps  1,600.00 

Blowers  2,000.00 

Dehumidifi er  8,000.00 

Humidifi er  8,000.00 

NG combustor  1,500.00 

Generator  1,000.00 

Sub contractor costs  15,000.00 

Assembly  2,585.00 

Controls  5,500.00 

Total  48,935.00 
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Nomenclature

Acronyms

CAF Captial Amortization Factor
GOR Gained Output Ratio
HCR Heat Capacity rate Ratio
HDH Humidifi cation Dehumidifi cation
HE Heat Exchanger
HME Heat and Mass Exchanger
RR Recovery Ratio

Symbols

pc  specifi c heat capacity at constant pressure (J/kg.K)
H�  total enthalpy rate (W)
h specifi c enthalpy (J/kg)

*h  specifi c enthalpy (J/kg dry air)
hfg specifi c enthalpy of vaporization (J/kg)
 mr water-to-air mass fl ow rate ratio (-)
m�  mass fl ow rate (kg/s)
N number of extraction (-)
P absolute pressure (Pa)
Q�  heat transfer rate (W)
s specifi c entropy (J/kg.K)
sal feed water salinity (g/kg)

genS�  entropy generation rate (W/K)
T temperature (°C)

Greek

Δ difference or change
ε energy based effectiveness (-)
Ψ enthalpy pinch (kJ/kg dry air)
 ΨD terminal enthalpy pinch (kJ/kg dry air)

tvch  reversible entrainment effi ciency for a TVC (-)
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eh  isentropic effi ciency for an expander (-)
j  relative humidity (-)
w  absolute humidity (kg water vapor per kg dry air)

Subscripts
a humid air
c cold stream
deh dehumidifi er
d dry air
h hot stream
hum humidifi er
HE heat exchanger
in entering
int water-vapor interface
max maximum
local defi ned locally
out leaving
pw  pure water
rev  reversible
w  seawater

Thermodynamic states
a Seawater entering the dehumidifi er
b Preheated seawater leaving the dehumidifi er
c Seawater entering the humidifi er from the brine heater
d Brine reject leaving the humidifi er
e Moist air entering the dehumidifi er
ex  Moist air state at which mass extraction and injection is 

carried out in single extraction cases
f Relatively dry air entering the humidifi er
g  Air at an arbitary intermediate location in the dehumidifi er
i  Seawater at an arbitary intermediate location in the 

dehumidifi er
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