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Performance of integrative air-conditioning (A/C) and humidification-dehumidification desalination sys-
tems proposed for hot and dry climatic regions is theoretically investigated. The proposed systems aim to
energy saving and systems utilization in fresh water production. Four systems with evaporative cooler
and heat recovery units located at different locations are proposed, analyzed and evaluated at different
operating parameters (fresh air ratio, supply air temperature and outside air wet bulb temperature).
Other two basic systems are used as reference systems in proposed systems assessment. Fresh water pro-
duction rate, A/C cooling capacity, A/C electrical power consumption, saving in power consumptions and
total cost saving (TCS) parameters are used for systems evaluations and comparisons. The results show
that (i) the fresh water production rates of the proposed systems increase with increasing fresh air ratio,
supply air temperature and outdoor wet bulb temperature, (ii) powers saving of the proposed systems
increase with increasing fresh air ratio and supply air temperature and decreasing of the outdoor air
wet bulb temperature, (iii) locating the evaporative cooling after the fresh air mixing remarkably
increases water production rate, and (vi) incorporating heat recovery in the air conditioning systems with
evaporative cooling may adversely affect both of the water production rate and the total cost saving of
the system. Comparison study has been presented to identify systems configurations that have the high-
est fresh water production rate, highest power saving and highest total cost saving. Numerical correla-
tions for fresh water production rate and total system energy consumption are developed and
presented in terms of the controlling parameters.
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1. Introduction Siqueiros and Holland [2] carried out a review of the experimental

works on water purification driven by heat pump. Slesarenko [3]

World population growth and the increase of industrial and
human activities have led to excessive needs of air conditioning
and potable/drinkable water, especially in hot and dry climatic
regions. Recently, hybrid air conditioning and water desalination
systems using humidification-dehumidification technique driven
by mechanical vapor compression (MVC) are used for energy sav-
ing. MVC desalination was one of the most efficient thermal dis-
tillation processes for its compactness and suitability for small
and large potable unit. Faisal et al. [1] developed mathematical
models and performed a comparison for four different types of sin-
gle-effect evaporator desalination systems (thermal, mechanical,
absorption, and adsorption vapor compression heat pumps).
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suggested incorporating heat pumps as a source of heat energy
for seawater desalination plants. Two plants were proposed; one
operated with compression heat pump using R12 and the other
operated with steam and water cycle. Al-Ansari et al. [4] modeled
and analyzed a single effect evaporation desalination process com-
bined with adsorption heat pump (ADVC) in terms of designed and
operational system parameters. Aly et al. [5] described and studied
theoretically and experimentally the performance of the mechani-
cal vapor compression (MVC) desalination system. Hawlader et al.
[6] described a novel solar assisted heat pump desalination system.
The effects of feed water temperature and flashing have been
investigated. The study revealed that a good fresh water produc-
tion rate can be obtained from the system. Heat pumps using agent
R12 or water and vapor to be used as a source of heat energy for
seawater desalination were introduced by Jinzeng and Huang [7].
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Nomenclature

E total electric power, kW

TCS total cost saving

heg latent heat of evaporation of water, kJ/kg
i specific enthalpy, kJ/kg

m mass flow rate, kg/s

Msteam  Steam mass flow rate, kg/s

Q refrigeration capacity, kW

R water system recovery

RSHF room sensible heat factor

T temperature, °C

TR Tone of refrigeration

w air specific humidity, kgwater/K€dry air
We compressor power, KW

Greek symbols

Nh humidifier efficiency

€ effectiveness of heat recovery
Subscript

A air

BS basic systems

Cc cooling coil

Db dry bulb

E evaporator

evc evaporative cooler
feed feed water

H humidifier

I inlet

Min minimum

Max maximum

(0] outlet

R room

RH relative humidity
PS proposed systems
S conditioned space supply state
w water

Wb wet bulb

Yuan et al. [8] presented an integrative unit for air-conditioning
and desalination driven by vapor compression heat pump on basis
of direct humidification-dehumidification process. The perfor-
mance of a new type of a humidification-dehumidification desali-
nation unit driven by mechanical vapor compression heat pump
using mathematical model to study the flow and heat and mass
transfer inside the humidifier was analyzed by Gao et al. [9]. Wu
et al. [10] analyzed theoretically the heat and mass transfer
between air and water film in the direct evaporative cooler. An
open air-vapor compression refrigeration system for both air-
conditioning and desalination on ship cooled by seawater was pre-
sented by Houa et al. [11]. The heat and mass transfer between
water and air in a direct evaporative cooler was developed by
Wau et al. [12] using numerical model with treating the mass of
evaporated water as a mass source of air flow, and the latent heat
of water evaporation as a heat source in the energy equation.
Performance study of a combined heat pump (HP) with a dehumid-
ification process to produce fresh water from the atmospheric air
was analyzed by Habeebullah [13]. Nada et al. [14] experimentally
investigated the performance of a hybrid humidification-
dehumidification water desalination and air conditioning system
using vapor compression refrigeration cycle. Attia [15] introduced
a new proposed system for freeze water desalination using auto
reversed R-22 vapor compression heat pump, the system depends
on optimization of utilizing the heat flow of the heat pump system
to increase the whole system efficiency. Rane and Padiya [16] dis-
cussed a patented layer freezing based technology which was scal-
able and coupled with a heat pump to switch freezes water from
seawater in the evaporator and melts the ice in the subsequent
phase when it serves as a condenser. Jain and Hindoliya [17] pre-
sented performance analysis of two new evaporative cooling pad
materials namely coconut fibers and palash fibers and compared
with that of aspen and khus pads which are commonly made
now-a-days. Malli et al. [18] studied experimentally the thermal
performance of two types of cellulosic evaporative cooling pads
which were made from corrugated papers. Mehrgoo, and
Amidpour [19] used the constructal theory for conceptual design
of a humidification dehumidification (HD) desalination unit and
they showed that the main design features of a direct contact HD
desalination process can be determined based on the method of

the constructal design. Shatat et al. [20] developed a mathematical
model to describe the affordable small scale solar water desalina-
tion plant using the psychometric humidification and dehumid-
ification process coupled with an evacuated tube solar collector.

Performance limits of zero and single extraction humidifica-
tion-dehumidification desalination systems was investigated
theoretically by McGovern et al. [21]. The investigation was done
by considering heat and mass exchangers to be sufficiently large
to provide zero pinch point temperature and concentration differ-
ences within the humidifier and dehumidifier. Shen et al. [22] pre-
sented a comprehensive analysis of a single-effect of mechanical
vapor compression (MVC) desalination system using water
injected twin screw compressors. The operational characteristics
of the twin screw compressor including inlet volume flow rate,
compressor pressure ratio, and mass fraction of injected water
were investigated. Theoretical study of a simple solar still coupled
to a compression heat pump using mass and heat balance was pre-
sented by Halima et al. [23].

Kang et al. [24] developed a mathematical model to investigate
the performance of a two-stage multi-effect desalination system
based on humidification-dehumidification process with variation
of the control parameters. Younes et al. [25] presented new humid-
ification-dehumidification process desalination technology named
“Humidification Compression (HC)” which has some advantages
(such as: high energy performance, high recovery flow rate, energy
recovery) in comparison with other similar methods. Aybar [26]
presented mathematical modeling to study the operation charac-
teristics of a low-temperature mechanical vapor compression
desalination system. The compressor work and the mass flow rate
of the distilled water were investigated against the evaporation
side pressure, the condensation side pressure, and the water inlet
temperature. Zhang et al. [27] proposed a novel air dehumidifica-
tion system, namely, mechanical dehumidification with mem-
brane-based total heat exchanger wusing thermodynamic
modeling. The annual primary energy consumptions for the system
through hour-by-hour analysis was presented and discussed.
Bahar et al. [28] performed experimental work on a mechanical
vapor compression desalination system (MVC). The performance
of the system was evaluated under different values of brine recir-
culation rate and compressor speed. Ettouney et al. [29] proposed
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a mathematical model to analyze the single-effect mechanical
vapor-compression (MVC) desalination systems as a function of
the system design and operating parameters.

Al-Enezi et al. [30] measured and analyzed the performance
characteristics of the humidification dehumidification desalination
system at low operating temperatures. The highest water produc-
tion rates were obtained at high hot water temperature, low cool-
ing water temperature, high air flow rate and low hot water flow
rate. Nafey et al. [31] studied theoretically and experimentally
small unit solar water desalination system using flashing process.
A mathematical model was developed to calculate the productivity
of the system under different operating conditions. Mohamed and
El-Minshawy [32] carried out theoretical work to evaluate the per-
formance of sea water humidification-dehumidification desalina-
tion system powered by solar energy. The theoretical simulation
model was developed and a comparison study had been presented
to show the effect of the different parameters on the system per-
formance and its productivity. Ghazal et al. [33] carried out experi-
mental prototype to improve the performance of solar HDD
systems. The solar air heater, solar water heater and the evaporator
of the traditional HDD systems were replaced with compact sys-
tem designs. Yildirim and Solmus [34] investigated theoretically
the performance of a solar powered humidification-dehumidifica-
tion desalination system for various system operating and design
parameters under climatological conditions of Antalya, Turkey.
Clean water production is positively affected by the increasing
air mass flow rate and feed water mass flow rate.

According to authors’ review there is a shortage in the utiliza-
tion of a large capacity air conditioning system of hot and dry cli-
matic regions driven by chillers to produce potable/drinkable
water from raw water (seawater, brackish water, well water, etc.)
and at the same time reduce the air conditioning system power
consumptions by incorporating evaporative coolers and heat
recovery units to the air conditioning systems. Therefore, the pre-
sent work aims to (i) proposes different configurations of large
capacity hybrid air conditioning systems with heat recovery and
humidification-dehumidification water purification systems for
the purpose of economically production of fresh water and con-
siderable energy saving of the air conditioning system, (ii) study-
ing, the effects of the different system operating parameters
(fresh air ratio, space supply air temperature and wet bulb tem-
perature of outside air) on the fresh water production rate, saving
in the energy required to operate the air condition systems, and
(iii) comparisons of the different proposed systems for selecting
the optimum systems at the different operating conditions based
on the total cost saving due to air condition energy saving and
fresh water production.

2. Systems description

Six systems are studied; two basic systems: system A and sys-
tem B with and without heat recovery unit and other two proposed
modified systems of each of the two basic system using evaporative
cooling at two different locations of the air conditioning systems.
All systems are considered to serve a building having 1000 TR con-
ditioned space cooling load (this is a considered value and the study
is valid for any cooling load) with a room sensible heat factor
(RSHF) = 0.9. The air conditioning systems are considered to be
powered by a water cooled chillers which are suitable for dry areas.
Figs. 1 and 2 show schematic and the Psychrometric diagrams of the
two basic air conditioning systems; system A and systems B,
respectively. The two basic systems are used as reference systems
in evaluation and comparison of the proposed modified four sys-
tems. System A consists of conditioned space, cooling and
dehumidifying cooling coil, water cooled chiller unit, steam

humidifier, and system-B consists of the same components of sys-
tem A in addition to heat recovery unit. The steam humidifier is
normally used in dry climatic regions to maintain the required rela-
tive humidity inside the condition spaces within thermal comfort
values. Air at ambient condition (O) is mixed with returned air (R)
as in system A or cooled to (O’) in heat recovery before mixing with
returned air as in system-B to obtain air at state (M). The mixed air
is then passes through steam humidifier where it is humidified to
attain state (M’). The amount of steam injected in the humidifier
is controlled to maintain the required relative humidity inside the
conditioned space. The humidified air then passes through the cool-
ing coil, where it is sensible cooled. Figs. 1b & 2b illustrate the psy-
chrometric cycles at 25% and 100% fresh air ratio, for system-A and
system-B, respectively. The psychrometric cycles are O-R-M-M’-S-R
and O-M"-S-R for system-A at 25% and 100% fresh air ratio, respec-
tively and 0-0’-R-M-M’-S-R and O-O’-M"-S-R for system-B at 25%
and 100% fresh air ratio, respectively. As shown on the charts, by
increasing the fresh air ratio, the line MM’ moves towards the line
OM” (System-A) and the line O'M” (System-B) until it completely
coincides on it at 100% fresh air.

Figs. 3-6 illustrate the schematic and psychometric diagrams of
the four proposed modified systems; system C, D, E, and F by using
evaporative cooler in system-A and system-B at two different loca-
tion; upstream and downstream the mixing the fresh air with the
return air. In systems C & D, an evaporative cooler is placed before
the mixing process in system-A and system-B, respectively but in
systems E & F, the evaporative cooler is placed after the mixing
process in system-A and system-B, respectively. In the four pro-
posed systems, the steam humidifier was eliminated as its function
is carried out with the evaporative coolers. In system C, air at the
ambient condition (O) is cooled and humidified by sea water
humidifier to (O’), then mixed with returned air (R). The mixing
air is then passes through the cooling and dehumidifying coil
where the air is cooled and dehumidified and the water vapor con-
denses on the dehumidifier surface producing fresh water. Finally
the cooled and dehumidified air is supplied to the conditioned
space at (S) to carry up the building cooling load. In system D
the fresh air at (O) is firstly cooled to (O’) in heat recovery and then
passes through the same cycle of System-C. In systems E and F the
fresh air at condition (O) or (0’), respectively is firstly mixed with
returned air (R) before humidifying it in the evaporative cooler and
then passes through the same cycle of System-C and D, respec-
tively. Figs. 3b & 4b illustrate the psychometric cycles at 25% and
100% fresh air ratio for systems-C and D, respectively. For system
C, the psychometric cycles are O-0’-R-M-S-R at 25% fresh air and
0-0’-S-R at 100% fresh air and for system D the psychometric
cycles are 0-0'-0"-R-M-S-R at 25% fresh air and O-O’-0”-S-R at
100% fresh air, respectively. Figs. 5b & 6b illustrate the psychomet-
ric cycles at 25% and 100% fresh air ratio for systems-E and F,
respectively. For system-E, the psychometric cycles are O-R-M-
M'-S-R at 25% fresh air and O-M”"-S-R at 100% fresh air and for sys-
tem-F the psychometric cycles are O-O’-R-M-M’'-S-R at 25% fresh
air and 0-0’-M”-S-R at 100 % fresh air, respectively. As shown on
Figs. 3b-6b for systems C, D, E and F, point M moves away from
point R as the fresh air percentage increase until it coincides on
points O’, 0”, O and O’ in systems-C, D, E and F, respectively.

3. Thermodynamic analysis and mathematical modeling

The governing equations based on energy and mass balance are
derived for each of the system components and solved numerically
by developing mathematical model to simulate the systems in
equations using EES (Engineering Equation Solver, commercial ver-
sion 6.883-3D) software. The model proposed is based on the fol-
lowing assumptions:
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Fig. 1. Schematic and psychometric diagrams of basic system-A: (a) schematic, (b) psychromitric chart.

e Air to air heat recovery and evaporative cooler efficiencies are o Coefficient of performance of water cooled condenser chiller
taken as 60% and 95%, respectively as per typical values of sup- system = 6 as per typical value of suppliers [36].
pliers [10,12,35]. e Inside design conditions of the conditioned space is constant
e There are no air and water leakages from the system compo- during the study and equals Tqp g = 24 °C & RH = 50% for thermal
nents; humidifier, heat recovery, humidifier, cooling and comfort.
dehumidifying coils and air ducting system. e RSHF = 0.9.
e The dry-bulb temperature of ambient air is 46 °C as a typical e The circulating pump power of the evaporative cooler is negligi-

design value for hot climatic zones (for example Golf cities). ble as compared to the power of the air conditioning system.
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(a) Water cooled chiller unit
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Fig. 2. Schematic and psychometric diagrams of basic system-B: (a) schematic, (b) psychromitric chart.
e The properties and type of the raw water (sea water, brackish e Fresh water obtained from the cooling coil is obtained at the
water, well water ...etc) do not affect the thermodynamics cooling coil apparatus temperature.
analysis (subject of the study) of humidification process as the e The salt concentration in the formed vapor is zero [21],
raw water is at ambient temperature and the humidification therefore distillate fresh water needs chemical treatment
process in the evaporative cooler is a constant wet bulb tem- (see Figs. 3a—-6a) to be potable water salinity (500 ppm accord-
perature process (adiabatic evaporation process). The only con- ing to the WHO (World Health Organization) recommended

trolling parameters of this process are the properties of the air. value).
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Fig. 3. Schematic and psychometric diagrams of proposed system-C: (a) schematic, (b) psychometric chart.

o Specific auxiliary work (the ratio of the auxiliary electricity con-
sumed by blowers and pumps used for air and water circulation
per unit amount of water production is a small (about
0.029 kW h per cubic meter desalinated water [37]) and negligi-
ble with respect to the power of the air conditioning system.

e The effect of the water characteristics (sea water or brackish
water) on the humidifier performance due to scaling was con-
sidered to be avoided by using regular chemical washing for

evaporative cooling and self-cleaning. Therefore in the present
analytical work the humidification efficiency in the evaporator
cooler is assumed to be fixed (95%) independent on the water
characteristics.

Fresh water production rate, supplied air flow rate to condi-
tioned space, cooling coil capacities (total and latent) and injected
steam flow rates (for basic systems-A and B) are calculated from
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(a) Water cooled chiller unit
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Fig. 4. Schematic and psychometric diagrams of proposed system-D: (a) schematic, (b) psychometric chart.

mass balance and heat balance of the air conditioning system m = Qg
equipment (heat recovery, mixing section, evaporative cooler, @ (igr —las)
steam humidifier, cooling coil, and conditioned space) and the air

properties of the different states points of the psychrometric cycles Q.. =my(igiec —igoe)

shown in Figs. 1b-6b, as follows:

m, = mﬁ(wa.i,e - Wa,o‘e) (l) Myteqm = m.a(Wﬂ-O‘h - Wﬂi-h)

@)

3)
(4)
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The air specific humidities and enthalpies that illustrated in Egs. My = T - T,
(1)-(4) are calculated from air properties. Air conditioning system T = Ty
power consumption (compressor work), conditioned air properties )
after humidifier and heat recovery, properties of state of air sup- e M (AD ok air
plied to conditioned space, steam humidifier electrical power, HR = M (AD s
and saving in power consumption of proposed systems are calcu-
lated from the following equations: —

&eq RSHF — w
o (ig — i5)
COP = =£¢ 5
= (5)

c Esteam‘h = Mygoq * hfg
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a Water cooled chiller unit
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Fig. 6. Schematic and psychometric diagrams of proposed system-F: (a) schematic, (b) psychometric chart.

Exs =W_+E, (10) Power Saving % = M
BS

Eﬁs =W_.+ Ebump (11) Mg = My (Wa,0.e0c — Wa,ieoc)
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R=_w

=— (14)
mfeed,w,c.c

The studied parameters, m,,, Q. Eg. Ep, and percentage of
power saving are calculated at the following different operating
variables ranges which are typical operating conditions of the hot
and dry climatic regions:

Fresh air mixing ratio 0.05—1

Conditioned space supply air temperature 12—16'C
Ambient wet-bulb temperature 18—23°C

Ambient design dry-bulb temperature 46°C

4. Results and discussions

The present work is carried out to analyze the performance of
different proposed modified large scale hybrid air conditioning
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Fig. 7. Influence of conditioned space cooling load on: (a) m,,, (b) Ep.

and HDD systems for hot and dry climatic areas driven by water
cooled chiller unit. In this study, the effects of different system
operating parameters such as fresh air ratio, outside dray bulb
temperature and supply air temperature on m,,, Q. , Egs, Ep, power
saving %, and total cost saving (TCS) are investigated.

Exploration runs are firstly performed to be sure from the rela-
tion between fresh water production rate m;, and the total electri-
cal power consumption E,; of the proposed systems and the
conditioned space cooling load, Q. The results of these runs as
shown in Fig. 7 reveal a linear relation between m;, & E,; and Q.
This means that (i) if the room cooling load increased or decreased
by a certain percentage, the water production rate and the electric
power consumption will increase or decrease by the same percent-
age, and (ii) the trends obtained for the variation of m;,, Q. ., Egs, Eps
with the controlling parameters (fresh air ratio, outside dry bulb
temperature and supply air temperature) are valid for any value
of Qj. Therefore, the present study is carried out at specified
selected value of Q; = 1000 TR. Results for other values of Q; can
be obtained by multiplying the results obtained in the present
result by (Q/1000).

4.1. Effects of percentage of fresh air

Fig. 8a—e shows the variation of m,,, Q. Eg, Ep, power saving
percentage against fresh air ratio (m,/mj) for the different studied
systems (system-A to system-F) at Typo=19°C and Ts=14°C.
Fig. 8a shows that the fresh water production rate m,, increases
for system-E, remarkably increases for systems C & D, and approxi-
mately remains constant for system-F with increasing the fresh air
ratio. This can be investigated with the aid of Figs. 3b-6b and Eq.
(1) as follows: (i) in system-E and with maintaining values of T
& 17, increasing the fresh air ratio makes point M to moves towards
point O on the line OR (Fig. 5b) and this reduces specific humidity
of point M and slightly increase the specific humidity of point M’
and in turns increases water production rate as per Eq. (1). (ii) in
systems- C and D, m;, increases due to moving of point M towards
point M’ in system-C (Fig. 3b) and towards point O” in System D
(Fig. 4b) increasing its moisture content which leads to the
increase of water production rate as per Eq. (1). The reduction of
water production rate obtained from system-D than system-C is
attributed to the dropping of the wet bulb at humidifier inlet (O")
due to using heat recovery unit and this reduces the specific
humidity of point m in Fig. 4b to be lower than that of point m
in Fig. 3b which in turn decreases water production rate as per
Eq. (1). In system-F, the increase in the humidity of point M’ due
to moving of point M away from point R with increasing fresh air
ratio is balanced with the reduction in the humidity of point M’
due to the decrease of the wet bulb temperature of point O’ with
increasing fresh air ratio and this makes m;, approximately con-
stant. Furthermore, systems E and F produce higher fresh water
production rate than systems C and D due to the location of
humidifier in the system. Locating the humidifier after the mixing
section (systems E and F) increases the air mass flow rate passing
on the humidifier leading to high specific humidity of point m’ that
leads to higher water production rate. Fig. 8a also shows that the
reduction of the water production rate of systems C and D than
systems E and F decreases with increasing fresh air ratio until com-
pletely vanishing at 100% fresh air ratio. This can be attributed to
the reduction of the by passed air across the humidifier for systems
C and D with increasing fresh air.

Fig. 8b shows the variation of Q_. with fresh air ratio for the
basic systems in comparable with the modified proposed systems.
As shown in the figure, the cooling coil capacity of the modified
systems is considerably lower than that of the basic systems due
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Fig. 8. Influence of mixing ratio on: (a) m,,, (b) Q. for all systems, (c) E for basic systems, (d) E,s for proposed systems, (e) Power saving %.

to the pree free cooling of the air in the evaporative cooler which and system-F) have lower cooling capacities compared with
reduces the enthalpy at inlet of the cooling coil. The figure also corresponding systems without heat recovery units (system-A,
shows that systems with heat recovery unit (system-B, system-D system-C and system-F), respectively. This can be attributed to
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the free cooling obtained by cooling of fresh air by exhaust air.
Figs. 8b also shows that the location of the evaporative cooler in
the system (system C as compared to system F and system D as
compared to system F) has no effect on the cooling capacity.
Fig. 8b also shows that the cooling coil capacity increases con-
siderably with (m;,/m;) in basic systems A and B, but moderately
increases for proposed systems C, D, E, and F. This can be attributed
to increasing the air enthalpy at the inlet of cooling coil with
increasing the fresh air ratio. The existence of evaporative cooling
in the proposed systems damps the increase of the cooling coil
capacity with the fresh air ratio. The figure also shows that at
low fresh air ratio (less than 15%) the reduction of the cooling coil
capacity due to the existence of the evaporative cooler and heat
recovery is very small and in this case it is not feasible to use them.
However, increasing the fresh air ratio increases the percentage of
reduction in the cooling capacity due to using evaporative cooler
and heat recovery and the feasibility of using them improves.

Fig. 8c and d show the total electrical power usage Eg, Eps for
basic and proposed systems with variation of (m,/ms), respec-
tively. As illustrated in the figures Ey; and E,¢ have the same trends
of Q.. according to Eq. (5) where COP is constant for water cooled
chiller. Fig. 8c shows that the utilization of heat recovery in sys-
tem-B causes two opposite effects; reduction in compressor energy
consumption and increasing in steam humidifier energy consump-
tion. The reduction in the compressor power is slightly overcome
on the increase in humidifier power and this leads to the converge
of the total energy consumption Eg for systems A and B at any
(m;,/mg). This means that in hot and dry regions, the feasibility of
using heat recovery for energy saving is not verified.

Power saving percentage versus (m,/my) is presented in Fig.8e.
As shown in figure, the percentage of the power saving of the pro-
posed systems increases remarkably with (m,/m;) up to
(m;,/m;) = 0.7, after that the power saving slightly increases and
the deviation is within 4.7%. Moreover, Fig. 8e shows that the dif-
ference in power saving between the proposed systems is small at
any fresh air ratio. This is attributed to the small differences in Ep
for the different proposed systems compared with Ez as can be
seen in Fig 8c and d.

4.2. Effects of supply air temperature

Fig. 9a-e shows the variation of m;,, Q. ., Eg, Eps, percentage of
power saving against air supply temperature to the conditioned
space (T;) for all studied systems at Typo=19°C and
(m,/mg) = 25%. Fig. 9a shows that the fresh water production rate,
m,, increases with increasing T for all systems. This can be
attributed to that the increase in T reduces the enthalpy difference
across the conditioned space and hence increases the supply air
flow rate necessary to carry up the cooling load. Increasing the
supply air flow rate increases the fresh water production rate as
per Eq. (1) in spite of the increase of the specific humidity of point
S (Figs. 4 and 6) with increasing Ts. Fig. 9a also shows that the dif-
ference in water production rate due to using heat recovery
(between systems C and D and systems E and F) diverges with
increasing Ts.

Fig. 9b shows the variation of Q_ . with T; for basic systems in
comparable with modified proposed systems. As shown in the fig-
ure, Q.. increases with increasing T for all the systems. The rate
of increase of Q.. with T; for basic systems is higher than that of
the proposed systems. The increase of Q.. with Ts is attributed to
the increase of supplied air flow rate and consequently the increase
of the fresh air flow rate which leads to the increase of the fresh air
load and consequently the cooling coil load (cooling coil
load = Conditioned space load which is constant + Fresh air load).
The existence of evaporative cooling damping the increase of the

fresh air load with increasing T and this attribute the smaller
increase rate of cooling coil load with T, for the proposed system
as compared with the basic systems.

Fig. 9c and d show the variation of the total electrical power
usage Eg, Ep for basic and proposed systems with T, respectively.
As shown in the figures Ez; and E,; have the same trends of Q. as
per Eq. (5) where COP is constant. Against expectation, Fig. 9c
shows that Eg for systems B is a little bit lower than that of system
B at any T; and in spite of using heat recovery in system B. This can
be attributed to the same explanation of Fig. 8c. Power saving per-
centage versus Ts is presented in Fig. 9e, as shown in figure the
power saving of the proposed systems increases significantly with
Ts. For example, the power saving improved by 12% with increasing
Ts by 4 °C for all systems. Moreover, the differences in power saving
between the proposed systems is small at any T, this is due to the
small difference in E,; compared with Eg as can be seen in Fig. 8c
and d.

4.3. Effects of ambient wet-bulb temperature

Fig. 10a—e shows the variation of m;,, Q, ., Eg, Ep, and power
saving percentage versus ambient wet bulb temperature (Tupo)
for the studied systems at T = 14 °C and (m,/m;) = 25%. Fig. 10a
shows that the fresh water production rate, m;,, increases with
increasing Ty for all systems. This is attributed to the increase
of the specific humidity of the air at the system inlet and in conse-
quence at the inlet of the cooling coil with the increase of Ty .

Fig. 10b shows the variation of Q.. with Ty, for basic systems
in comparable with modified proposed systems. As shown in the
figure, Q, . decreases with Ty, for basic system B but it is nearly
constant for basic system A. On the other hand Q_, increases with
Twb,o for all proposed systems. The reduction of Q, , with Ty, for
basic system B can be attributed to the presence of heat recovery
which cause a reduction of the enthalpy of mixing point M’ with
the increase of Tyb, (Fig. 2b) and consequently decreasing the
enthalpy difference across the cooling coil. On the other hand,
for System A, the enthalpy of mixing point M’ changes slightly
with Typo (Fig. 1b) and therefore the cooling coil capacity is
remains constant with increasing Ty, Conversely, increasing of
Q.. with Ty, for all proposed systems is due to the increase of
fresh air latent heat which leads to the increase of cooling coil
latent heat part and consequently the increase of the total
capacities.

Fig. 10c and d show the variation of the total electrical power
usage Ej,, E,s with variation of Ty, for basic and proposed sys-
tems, respectively. As shown in the figures E;; andE,; have the
same trends of Q.. as COP is constant. Unlike Q_, Fig. 9c shows
the remarkable decrease of Ep, with increasing of Typ, for
System A. This is attributed to the reduction/elimination of the
power of the steam humidifier with increasing Ty o.

The variation of the percentage of Power saving with Ty, is
depicted in Fig. 10e. As shown in the figure the percentage of the
power saving of the proposed systems decreases significantly with
increasing Twpb,0, and it drops to 0% with increasing Ty, o to 22.5 °C
for all systems where E;; becomes equals to E,. This means that
using evaporative cooler with energy recovery for power saving
becomes unfeasible at Ty, > 22.5 °C. However using evaporative
cooler with energy recovery unit becomes more feasible with
decreasing Twho; for example, the percentage of power saving
becomes 67% at Typo = 18 °C.

4.4. Feed and recovery water rates

The water recovery rate (R) is calculated rom Eq. (13) as the
ratio between the fresh water production rate Eq. (1) and the
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Fig. 9. Influence of space supply air temperature on: (a) m,,, (b) Q. for all systems, (c) Ey for basic systems, (d) E, for proposed systems, (e) %Power saving.

feed water rate Eq. (12). The feed water rate in Eq. (12) is the
water vapor carried up with the air in the evaporative cooler.
In hot and dry regions, part of the feed water is utilized in
the adjusting the relative humidity of the conditioned space

and the other part condenses on the cooling coil and produces
the fresh water. Make up water is required to be added to the
evaporative cooler to substitute this feed water as well as the
drain water.



S.A. Nada et al./Energy Conversion and Management 96 (2015) 208-227 221

5000 6000
T,=14°C,T,,,=46°C T,=14°C, T, =46°C
RSHF = 0.9, m*ym's=0.25 X _ RSHF = 0.9, m*yms=0.25
— System C X ® O ©sstemA
System D X ® & ¢ sysemB
X X X SystemE x % 5500 — System C
4000 ¥+ = 4 SystemF % System D
I + - X K XK systemE
X + + + 4 4 4 SystemF
= 1 x X &+ * < 5000 ¥
s x & + s ° 0000903
2 =3
< 3000 — O ¢ X
=z .0 *
¢ X
IS i O 4500 Y
¢ *
4
2000 — x * %
4000 x L+ & ¢
X L
- A <+
o
(a) ] (b)
WOA——7—— 71771 T 1 T 3600 +——————
18 19 20 21 22 23 18 19 20 21 22 23
Tuno (°C) Tuno (°C)
2000 900
‘ T,=14°C, T, = 46°C T,=14°C,T,,,=46°C
RSHF = 0.9, m'ym*s=0.25 —1| RSHF =0.9, m'ym's=0.25
T ® @ O systemA System C
¢ * & o Sistem B 850 — System D X
’ H K X SystemE x
1600 —| P |+ +  SystemF
* . 800 | 3
g L 2 ° g | %
x * x X
~ 1200 — [ J = 750
% * o L] x
%
4 * o
700 — x . +
800 - ¢ 0 . X L i
* 650 -{ % L |
T X -
(c) 1 (d)
400 T T T T T T T T T | 600 I T T T T T T T T T
18 19 20 21 22 23 18 19 20 21 22 23
wa,o (OC) wa,o (OC)
80
T,=14°C,T,,, =46°C
RSHF = 0.9, m'mr = 0.25
- System C
n System D
a X HK K systemE
60 — A 4+ 4 o SystemF
c) ] o -
£ x
© 40 - ;
7] R
—
()
3 B
o Lad
o
20 — -
1 (e)
0 T T T T T T T T T
18 19 20 21 22 23
Tuno (°C)

Fig. 10. Influence of outside air wet bulb temperature: (a) m,,, (b) Q. for all systems, (c) Es for basic systems, (d) E, for proposed systems, (e) %Power saving.

Fig. 11 shows the variation of the feed water flow rate and the proposed systems. The figure shows that for all the proposed sys-
water recovery rate with fresh air ratio (m; /ms), supply air tempera- tems, the feed water rate increases with increasing (m,/ms)and T
ture T; and ambient wet bulb temperature T, for the different and decreasing Typ,o. This is attributed to the increase of the
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Fig. 11. Variation of feed water rate and water system recovery for proposed systems with: (a) fresh air ratio, (b) T, (¢) Twb,o-
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capability and capacity of the air passing in the evaporative cooler to
carry up water vapor with the increase of (m,/m;)and T; and
decrease of Typ,o. The figure also shows that the feed water flow
rates of systems E and F are higher than those of systems C and D,
respectively. This is attributed to that in systems E and F all the sup-
ply air flow rate is passing on the evaporative cooler but in systems C
and D only the fresh air is passing on the evaporative cooler and car-
rying up smaller water vapor than the supply air.

Fig. 11 shows that for all the proposed systems, the water
recovery rate (R) increases with increasing (m;/m;) and Ty, and
decreasing T. This is attributed to (i) the increase of the capability
and capacity of the air passing in the evaporative cooler to carry up
water vapor with the increase of (m,/my), (ii) increasing Twb,o
means the decrease of the water vapor needed to adjust the rela-
tive humidity inside the conditioned space and consequently
increases the water production rate, and (iii) decreasing T; means
increasing the capacity of the cooling coil to condenses water on
it producing more fresh water. The figure also shows that the
recovery rate (R) systems E and F are higher than those of systems
C and D, respectively. This is attributed to the increase of the speci-
fic humidity of the air entering the cooling coil in systems E and F
compared to those of systems C and D. Increasing the specific
humidity on the cooling coil increases the water condensate rate
and consequently produces more fresh water.

Fig. 11 also shows that using heat recovery units (system D and
F) slightly decrease the feed water rate and the recovery rate as
compared to the systems without heat recovery (system C and
E). This can be attributed to the decrease of the temperature of
air entering on the evaporative cooler with using heat recovery.
Decreasing air entering temperature on the evaporative cooler
decreases its capacity to carry up water vapor and consequently
decreases the specific humidity of the air entering the cooling coil
and both cause the decrease of the feed water rate and the water
recovery rate, respectively.

4.5. System selection and cost analysis

The analysis and discussion of Sections 4.1-4.3 reveals that (i)
the maximum energy saving and max water production rate
depends on the operating conditions (m,/m;), T and Tupe, (ii)
the operating conditions at which the maximum energy saving
occurs is different than the one at which the maximum water pro-
duction occurs, and (iii) at a certain operating conditions, the sys-
tem that have maximum energy saving may be different than the
one that gives maximum water production rate. Therefore, the
optimum system at certain operating conditions should be selected
based on the sum of the cost savings obtained due to energy saving
and fresh water production. For this reason, the total cost saving
(TCS) value ($/h) which considers both costs savings due to system
power saving and fresh water production is proposed and used for
systems comparisons and optimal system selection. TCS can be cal-
culated from the following equation:

TCS ($/h) = 1, x Water unit rate ($/m?) + (Egs — Eps)

x Electricity unit rate ($/kW h) (13)

The electricity and water unit rates differ from a city to another.
In this study typical values of electricity and water unit rates
0.02 $/(kW h) and 2.5 $/m> of Gulf cities [15] are considered.

Fig. 12a-c shows the variation of TCS against (m,/m;), Ts, and
Twb,o for all proposed systems. Fig. 12-a shows that TCS increases
with increasing fresh air ratio for all systems and this can be
attributed to the increase of both of the fresh water production
and the energy saving with the increase of fresh air ratio as shown
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in Fig. 8a. Fig. 12a also shows that at low fresh air ratio, the total
cost saving in systems E and F is higher than those of systems C
and D. The differences in cost savings between systems E & F and
C & D, respectively vanishes with increasing the fresh air ratio until
all the systems become having the same TCS at 100% fresh air.

Fig. 12b shows that for all proposed systems, TCS increases with
the increase of the supply air temperature T;. The trend is the same
for all fresh air ratios and outside air wet bulb temperatures.
Increasing TCS with the increase of the supply air temperature
can be attributed to the increase of the supply air and fresh air flow
rates with increasing T;. Increasing the supply and fresh air flow
rates increase both of the fresh water production rate and the
energy saving which lead to the increase in TCS. Fig. 12b also
shows that at any Ts, system E has the highest TCS, then system
F, then system C and finally system D. This can be attributed to
the remarkable higher water production rates of systems E and F,
as shown in Fig. 9a, and the slightly higher power saving of sys-
tems D and F, as shown in 9-e. It worth to mention that the trends
and comparisons of the TCS of the different systems that are shown
in Fig. 12b may be changed with the changes of the considered
water price and energy price rates.

Fig. 12c shows that for all proposed systems, TCS decreases with
the increase of the outdoor wet bulb temperature Ty, at 25% fresh
air ratio and T; = 14 °C. The trend is the same for all fresh air ratios
and supply air temperatures. Decreasing the TCS with the increase
of the outdoor air wet bulb temperature can be attributed to the
remarkable decrease of the power saving with the increase of the
outdoor wet bulb temperature as shown in Fig. 10e. Decreasing
TCS with the increase of Ty, due to the decrease of the power

Table 1
Savings of system-E for different cooling loads (Ts = 14 °C, Ty = 19 °C, m'o/m's = 0.25).

Qkr (TR)  m, (Tone/day) Eps (kW)  Power saving (kW)  TCS ($/day)
100 9 67 101 70
500 43 336 506 351

1000 86 673 1016 701
2500 215 1681 2529 1753
5000 431 3363 5058 3506

10,000 862 6725 10,117 7,012

30,000 2587 20,175 30,350 21,035

50,000 4311 33,625 50,584 35,058

70,000 6036 47075 70818 49,081

Table 2

Numerical correlations prediction and errors of proposed systems.

saving overcomes on the increase of the TCS due to the increase
of the water production rate (see Fig. 10a). This means that, the
decrease of the power saving is the dominant. It is also worth to
mention that the trends of the TCS with the outdoor wet blub tem-
perature that is shown in Fig. 12c may be changed with the
changes of the water and energy units rates. Fig. 12c also shows
that at any Ty, System E has the highest TCS, then system F, then
system C and finally system D. This can be attributed to the dis-
crepancies in water production rates of the different systems with
the same value of the power saving as shown in Figs. 10a and b,
whereas system E has the highest water production rate then sys-
tem F, then system C and finally system D.

To have a feeling of the quantities of water production rate,
energy consumption rate, energy saving and total cost saving rates
of this optimal system (system E), these rates are tabulated in
Table 1 for different projects of different rooms cooling capacities
at 25% fresh air ratio, 14 °C supply air temperature and 19 °C wet
bulb temperature. As shown in the table, a considerable water pro-
duction rates and energy saving can be obtained especially for
large projects of high cooling load. As shown in the table, the water
production rate and energy saving leads to huge saving in the run-
ning cost for buildings operation. For example for a project of
10,000 TR cooling load, the system can produce a daily cost saving
of 7012 $ per day. Decision regarding using the proposed systems
should be conducted based on the payback period of the extra ini-
tial cost of system E over basic system B. Rough estimation based
on the extra equipment cost shows that the payback period is
expected to be less than two years which leads to a recommenda-
tions of using these proposed systems for cost savings.

4.6. Numerical correlations

To simplify and generalize the use of the results of the present
study, the numerical results obtained for the proposed systems are
regressed to predict correlations for m',, and Eps in terms of Qg,
(m;/ms), (Ts/Tabo), and (Twp,o/Tabo)- The obtained correlations with
errors ranges are presented in Table 2 for the four proposed systems.
The predicted correlations are valid for the following ranges
0.05 < (m;,/m;) < 1.0,12°C < Ts < 16°C, and 18 °C < Typo < 23 °C.
The correlations predictions are compared with the results of the
present studies in Figs. 13 and 14. The figures also the deviation of
the results from the correlations predictions.

Systems Numerical correlations Error range
System-C . . 085 128 g \376 This correlation predicts 86% of the numerical results within error +10%
m, =156.38 x Qe (52) (1) "~ (722)
. 0.29 056 r7,,,,)236 This correlation predicts 91% of the numerical results within error +15%
B a20 < 04(3)"" ()" (22
System-D ) N\O77 /g 120 7, 241 This correlation predicts 86% of the numerical results within error +10%
=S () () ()
0.1 028 1.10 i i i i ithi 9
Eps — 078 x Qi (% ( m) ?d,:) This correlation predicts 94% of the numerical results within error +10%
System-E . . 0.24 271 This correlation predicts 85% of the numerical results within error +15%
m,, = 67.7 x Qg (%5 rlj—) ( )
Eps — 4.16 x Q; (ﬂ— 029( ) ( )2 34 This correlation predicts 90% of the numerical results within error +15%
s Tavo
System-F 2 This correlation predicts 87% of the numerical results within error +10%

my 2821 <04 (3)"" (1) (i)
B =078 < u() (o) (i)

This correlation predict 94% of the numerical results within error +10%
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I‘n.wlm.w,max

Fig. 13. Prediction of numerical correlations: (a & b) System-C, (c & d) System-D, (e &f) System-E, (g & h) System-F.
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Fig. 14. Error of numerical correlations: (a & b) System-C, (¢ & d) System-D, (e & f) System-E, (g & h) System-F.
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5. Conclusions

Theoretical investigating of the performance of proposed
integrative air-conditioning (A/C) and humidification-dehumid-
ification desalination (HDD) systems have been carried out for
the purpose of energy saving of the air conditioning system and
at the same time utilizing the system in fresh water production.
Four systems are proposed with using heat recovery and evap-
orative cooling at different locations of the air conditioning sys-
tems. The influence of different system operating parameters
(fresh air ratio, space supply air temperature, outside air wet bulb
temperature) on the produced fresh water rate, refrigeration
capacity, compressor power and percentage of power saving sys-
tems are investigated and presented for the four proposed systems.
Evaluation and comparisons of the four systems based on the total
cost saving in energy and fresh water production are presented.
The conclusions obtained from the present study which can be
considered as design guidelines are listed briefly in the following
points:

e The fresh water production rate m;, increases with increasing
fresh air ratio for systems C, D and E and it is approximately
constant for system F.

For all proposed systems, the fresh water production rate, m,

increases with increasing supply air temperature (T;) and

increasing outdoor wet bulb temperature.

e At any operating conditions (fresh air ratio, supply air tempera-
ture and outdoor air wet bulb temperature) the fresh water pro-
duction rate of system E is higher than that of system F, the
fresh water production rate of system F is higher than that of
system C and the fresh water production rate of system C is
higher than that of system D.

o Locating the evaporative cooling after the mixing of the fresh air
with the return air (systems E and F) remarkably increase the
water production rate as compared with the case of locating it
on the fresh air side before the mixing point (systems C and D).

e Power saving of the proposed systems increases remarkably
with increasing fresh air ratio until a value of 0.7 then it slightly
increases with further increase of the fresh air ratio.

e Power saving of all the proposed systems increases with

increasing the supply air temperature and decreasing the out-

door air wet bulb temperature.

Numerical correlations for fresh water production rate, total

system energy consumption and economical cost parameter

are developed and presented in terms of studied parameters.

e At any operating conditions in the studied range (0.05 <
(m,/m;) < 1.0,12°C< Ty, <16°C, and 18°C < Typ,o < 23 °C)
system D has the highest power saving, then system F, then
system C, and finally system F.

e For all proposed systems, the total cost saving due to using
evaporative cooler and heat recovery increases with the
increase of the supply air temperature, and fresh air ratio and
the decrease of the outdoor dry blub temperature.

o For units water and energy prices of 2.5 $/m> and 0.02 $/ (kW h)
(Values of Golf cities) system E has the highest TCS, then system
F, then system C and finally system D.
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