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HIGHLIGHTS

« Hybrid A/C and HDH desalination system solar assisted are proposed.

« Transient analysis and parametrical study for system performance are presented.

« Effects of operating and design parameters on the proposed system is investigated.

« System capacity, consumption, performance and cost saving analysis are hourly and daily investigated and presented.
« Proposed system operates more efficient in more hot and humid climatic conditions.
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ABSTRACT

Theoretical investigation on the performance of a proposed innovated solar integrated system for air con-
ditioning (A/C) and humidification dehumidification (HDH) water desalination in hot and humid regions
is presented. Transient analysis and parametrical study for the system are conducted under different
operating and design conditions. System performance parameters (fresh water production rate, cooling
capacity, electrical power consumption, water recovery and system coefficient of performance) are
hourly estimated and daily integrated for different operational and design conditions. The results reveal
the increase of fresh water productivity, system water recovery, cooling capacity, electrical power con-
sumption and COP of the system with the increase of air temperature, air humidity, and solar collectors
area. For system assessment, the system performance parameters are compared with the performance of
a basic system under the same conditions. Cost saving analysis showed the proposed system operates
more economically and efficiently that in hot and humid climatic areas. General numerical correlations

for system performance parameters are proposed in terms of the design and operational conditions.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Air conditioning and fresh water are necessary for life perma-
nency and nations development including agricultures and indus-
tries activities. Fresh water and fossil fuel sources are dramatically
depleting due to the rapid increase in world population and the
demands of recent life activities. Water desalination can be consid-
ered as a solution of fresh water sources depletion but it consumes
a considerable amount of energy. Moreover, air conditioning sys-
tems consume considerable electrical energy specially in hot and
humid areas. The use of fossil fuel for electricity generation and
drive water desalination and air conditioning systems is not sus-
tainable as they harm environment and accelerate fuel depletion.
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Using renewable energy sources especially solar energy can be
considered as a solution of these problems. Recently, integrated
A/C and water desalination system using HDH approach derived
by mechanical vapor compression (MVC) and solar energy are pro-
posed as an efficient solution for fossil fuel saving, fresh water pro-
duction and environment protection. HDH desalination and A/C
hybrid system is simple in design, construction and operation
and appropriate for developing countries which suffer form energy
and fresh water lacks problems. A broad survey on uses renewable
energy-driven technologies of integrated desalination systems was
presented by Ghaffour et al. [1]. A small scale solar HDH system
using glass evacuated tubes solar air heater was studied and pre-
sented by Li et al. [2]. Yildirnm and Solmus [3] theoretically inves-
tigated the performance of HDH water desalination system driven
by solar energy for Antalya, Turkey under different design and
operational parameters. El-Agouz et al. [4] designed and
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Nomenclature

A area, m?

A/C air conditioning

ADP apparatus dew point

cop coefficient of performance

Cp specific heat, kJ/kg K

EES engineering equations solver

E* total electric power, kW

Epsday  daily total electric energy, kW h

FAR fresh air ratio

FWST  fresh water storage tank
L latitude angle, °
H hour angle, °
HDH humidification-dehumidification
hgg water latent heat of evaporation, kJ/kg
i specific enthalpy, kJ/kg
It total solar intensity, W/m?
m* mass flow rate, kg/s
Myday daily fresh water production, kg
2 cooling coil capacity, kW
Qr building cooling load, kW
Qrday  daily building cooling energy, kW h
R system water recovery
RSHF room sensible heat factor
TOCS total operating cost saving
Ps saturation pressure, Pa
t temperature, °C
w absolute humidity, kg,/kg,
We compressor power, kW

Greek symbols

B tilt angle, °

S declination angle, °
n efficiency

U} arbitrary variable
Subscript

a air

atm atmosphere

BS basic system

cc cooling coil

cond condensate

w cold water

deh dehumidifier

h humidifier

i inlet

inp input

m mean

o outlet

R room condition
Ref refrigeration

Re recirculate

RH relative humidity
PS proposed system
S supplied state of conditioned space
S saturation state
SC solar collector

\% water vapor

w water

constructed a pilot plant in a dry area using solar water collector to
increase fresh water production from salty water. Sharon and
Reddy [5] performed a review for various desalination units driven
by renewable energy particularly solar energy. Kabeel and El-Said
[6] investigated and compared various configurations of hybrid
desalination systems based on air HDH-single stage flashing and
powered by solar energy. Shatat et al. [7]| presented theoretical
study on small scale HDH water desalination unit integrated with
an evacuated tube solar collector.

Kumar et al. [8] developed thermal model to predict the perfor-
mance of a single slope solar still integrated with evacuated tube
collector under New Delhi (India) climatic conditions. Liu et al.
[9] presented thermal and economic analyses for water desalina-
tion system using evacuated tube solar collectors. Al-Sulaiman
et al. [10] presented thermodynamic analysis to evaluate the per-
formance of HDH system integrated with parabolic trough solar
collector (PTSC). Hawlader [11] studied the influences of supply
water temperature and flashing on the performance of a new
desalination system operated with solar heat pump. Yuan et al.
[12] proposed an integrated system for A/C and water desalination
using humidification-dehumidification process and assisted by
MVC heat pump. An open air MVC refrigeration unit for hybrid
A/C and water desalination system for ship was presented by Houa
et al. [13]. Habeebullah [14] conducted experimentally the perfor-
mance analysis for an integrated heat pump with a dehumidifica-
tion technique for fresh water producing from atmospheric air. The
unit serve an office building with 250 m? area and air supply
capacity of 1.586 m?/s, the building located on the sea in Jeddah
city, KSA, where the mean atmospheric temperature and relative
humidity are 34 °C and of 71%, respectively. Jain and Hindoliy
[15] conducted performance study for two different pad materials
used in evaporative cooling (coconut and plash fibers) and com-

pared their performance with the traditional aspen and khus pads.
Halima et al. [16] studied theoretically the performance of a simple
solar still integrated with a heat pump. Al-Enezi et al. [17] exam-
ined and investigated the performance of water desalination sys-
tem using HDH technique at low operational temperatures. The
maximum fresh water rate was observed at elevated hot water
and low cooling water temperatures and at high air and low hot
water mass flow rates. Nafey et al. [18] performed theoretical
and experimental studies for solar water desalination unit by uti-
lizing flashing process on a small scale unit. The fresh water pro-
ductivity was calculated by developing a mathematical model
under various operating conditions. The mean summer water pro-
ductivity obtained varied from 5.44 to 7 kg/day/m? in July and
August and from 4.2 to 5kg/day/m? in June. Mohamed and
El-Minshawy [19] presented simulation modeling to assess the
performance of seawater HDH water desalination system driven
by solar energy. The model was built with comparison study to
display the influence of the various operating conditions on the
system performance and fresh water production. Ghazal et al.
[20] constructed an experimental setup to enhance the solar Humi
dification-Dehumidification Desalination (HDD) systems perfor-
mance. The air and water solar heaters and the traditional HDD
evaporator were substituted with compact system. It was observed
that a direct contact bubbling humidification is an efficient method
in HDD systems. Dayem and Fatouh [21] accomplished theoretical
and experimental investigation for various HDH solar assisted
water desalination systems to present the best efficient system.
Three systems were suggested and compared for climatological
environments of Cairo (30°N). Hermosillo et al. [22] presented the-
oretical and experimental work on a novel suggested HDH desali-
nation system. The evaporator was manufactured from treated
cellulose paper in which water was evaporated. He et al. [23]
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carried out a parametrical study on HDH water desalination sys-
tem utilizing low grade heat sources for seawater heating prior
the humidifier. The desalination system performance and the low
grade heat collector type were studied at various operating pres-
sures. Chiranjeevi and Srinivas [24] carried out experimental and
simulation study to develop and analyze two stages HDH desalina-
tion and cooling hybrid system to prove the probability of improv-
ing the desalination yield with supplemented cooling support.
Giwa et al. [25] investigated HDH desalination system powered
by photovoltaic system for fresh water and electricity production
in climatic conditions of Abu Dhabi, UAE. Buker et al. [26] devel-
oped and tested pilot scale experimental set-up for to present
effect of the different parameters such as weather condition, air
flow and regeneration temperature on the proposed system perfor-
mance. Using photovoltaic/thermal roof collector combined with a
liquid desiccant. The results confirmed the potential of the exam-
ined technology, and explained the specific conclusions for the
practice of such systems. Nada et al. [27] achieved an experimental
study to investigate the performance of an integrated HDH water
desalination and A/C system using vapor compression refrigeration
unit. Recently, Nada et al. [28] studied theoretically the perfor-
mance of integrated A/C and water desalination systems using
HDH technique suggested for hot and dry weather areas. Four sys-
tems with evaporative cooler and heat recovery units were
employed, analyzed and assessed at various operating conditions.
Elattar et al. [29] presented parametrical and economical study
of the performance of integrative A/C and HDH water desalination
system assisted by solar energy. The system performance was
investigated under steady-state operation utilizing solar thermal
storage and auxiliary heating units.

According to the above literature and the authors’ review,
researches on combined solar-assisted systems driven by MVC
chiller for A/C and HDH water desalination are still needed to
investigate the effects of operational and design system parame-
ters on the system performance. Energy saving, fresh water recov-
ery, human thermal comfort issues and numerical correlations for
system performance parameters are not addressed in the previous
researches. Therefore, the goal of the present work is a perfor-
mance investigation of a combined A/C and HDH water desalina-
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tion system assisted by solar energy. A new configuration of the
system is presented. The system performance parameters: system
capacity, consumptions and performance parameters are instanta-
neously and daily integrated investigated for different operational
and design system parameters (solar intensity, ambient air tem-
perature, ambient absolute humidity, ambient air flow rate, fresh
air ratio, solar collectors’ areas, dehumidifier cooling water mass
flow rate, humidifier water mass flow rate and dehumidifier cool-
ing water temperature). The system is tested under the conditions
of hot and humid climatic cities; namely under the meteorological
data of Jeddah city in KSA. Hourly and daily performance of the
system are analyzed at various operational and design system
parameters. The modeling of the system performance is developed
based on heat and mass balances and solved by using Engineering
Equation Solver (EES) software and C++ programming language.
For system assessment, the performance and productivity of the
presented system are compared with the basic air conditioning
system. Cost saving analysis is also presented in the form of total
operating cost saving (TOCS) due fresh water productivity and
saving in electric power consumption. General numerical correla-
tions for hourly fresh water productivity, space cooling load and
total electrical power consumption for the proposed system are
correlated as a function in the system design and operational
parameters.

2. Systems description

Fig. 1 illustrates a schematic diagram for a basic air conditioning
central system which is used as a reference system to assess the
performance of the proposed hybrid system. The basic system con-
sists of mainly cooling/dehumidifying coil and air cooled chiller
unit to support the air conditioning of a building. A water chemical
treatment unit is used to treat the condensate water to be fresh
water. Ambient air (O) is mixed with recirculated air (R). The
mixed air (M) is then passed on a cooling coil where it is cooled
and dehumidified (S). The condensate water passes through a
chemical water treatment unit where it is treated to be fresh
water.

Air cooled chiller unit
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Fig. 1. Basic system schematic.
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The schematic diagram of the proposed hybrid integrated sys-
tem is given in Fig. 2. The main system components are: air and
water solar collectors, humidifier, dehumidifier, air cooled chiller
unit and chemical water treatment units. Air is drawn from ambi-

Water solar desalination system
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ent (O) to flow into air solar collector, where it is sensibly heated
(L). The air is then humidified in the humidifier (H) by spraying
the hot water that received from the water solar collector. The
Air and water solar collectors are used to rise the air humidification

Air conditioning system
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Fig. 2. Proposed system: (a) schematic, (b) psychrometric cycles.
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capacity by elevating the air and sprayed water temperatures. The
humidified air is then cooled and dehumidified (K) through the
dehumidifier. The water condensate on the dehumidifier surface
are drained to the water treatment section to produce fresh water.
The dehumidified air is then mixed with the recirculated air (R).
The mixed air (M) is then passes through the cooling coil of the
air condition system to be cooled and dehumidified (S) producing
additional fresh water. Chilled water comes from air cooled chiller
unit passes in the cooling coil unit to maintain coil apparatus dew
point (ADP) of 7 °C. Finally, the cooled and dehumidified air (S) is
supplied to the conditioned space to remove the cooling load and
cool the space. Fig. 2b displays the psychrometric processes of air
cycles for basic and proposed systems.

In the humidifier, brackish/sea water is treated in the treatment
unit and is then pumped and sprayed in the humidifier after heat-
ing it in the solar water collector. Part of the sprayed water is evap-
orated and carried up by the humidified air and the remaining
amount is recirculated and mixed with make-up water (sea/
brackish water). In the dehumidifier, a cooling water (sea/brackish)
with temperature lower than dew point temperature of the air at
point (H) is used to dehumidify the air. The condensate water is
then drawn and flowed into chemical treatment unit and finally
kept in fresh water storage tank (FWST).

The suggested integrated system may be operated with three
various manners; water desalination system only, A/C system only,
and combined A/C and water desalination system. In case of using
it as water desalination system only, the system works under shut-
ting valve V, and opening valve V; to exclude the A/C cycle for
whole system. While, in case of using it as A/C system only, the sys-
tem is operated by closing the valve V5 and open the valve V3 to
exclude the water desalination cycle from whole system. In case
of a combined A/C and water desalination system both A/C and
desalination cycles are operating in the same time by closing
valves V; & V3 and opening valve V,. The current study is investi-
gated under combined modes using fully solar utilization in desali-
nation system during daylight hours.

3. Thermodynamic analysis and numerical modeling

A numerical model for the presented system is developed using
energy and mass balance equations for the system components.
The model is developed based on the following assumptions:

e Leakage (air/water) in the system components are neglected.
e The water temperature leaving the humidifier is similar to air
wet-bulb temperature leaving it.

A. Fouda et al./Applied Thermal Engineering 108 (2016) 1320-1335
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Humidifier efficiency is 100% (i.e. air is leaving the humidifier as
saturated air).

The process through the dehumidifiers is along the saturation
curve.

The produced fresh water, cooling water and air dry-bulb tem-
peratures are equal at the dehumidifier exits.

Specific power of auxiliary components (power consumed by
fans and pumps per unit amount of fresh water rate) is assumed
as 0.029 kW/(m3, resn/h) [30,31].

Water vapor at the humidifier outlet is free salt [32], therefore
the condensate water need a chemical treatment to be fresh/
potable water with salinity 500 ppm according to the WHO
(World Health Organization) as a recommended value.
Thermal comfort conditions of the conditioned space are
Tdb,R =24°C and RH = 50%.

Cooling coil surface temperature and RSHF are chosen as 7 °C
and 0.9, respectively as typical values for hot and humid
climates.
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Fig. 3. Solar radiation intensity: (a) solar intensity during the daylight, (b) daily
average solar intensity during a year, (c) daily integrated solar energy during a year.
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Fresh water productivity, system cooling capacity, system elec-
trical power consumption, system water recovery and entire sys-
tem coefficient of performance are expressed as a function in the
operating and design system parameters.

3.1. Solar collectors

Solar radiation is a main parameter in the proposed hybrid solar
system. The hourly total solar radiation incident on the air and
water solar collectors are calculated according to the local geo-
graphical coordinates of Jeddah city, KSA. The total solar radiation
I on a tilted surface is calculated as the sum of direct, diffuse and
reflected radiations as follows:

Ir=I+1;+1; (1)
where Ij, I; and I, are the direct, diffuse and reflected components of
the solar radiation, respectively. I is also presented by Duffie and
Beckman [33] as follows.

1+cosp 1—cosp
— — (2)

where ground reflectance p, equals 0.2 and R, (tilt factor of beam
radiation) for the specific case of a south-facing fixed surface with
a tilt angle of B, is

It =Ry + 1y + (Ib + 1) g
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_ sin(L — B) sin(d) + cos(L — B) cos(d) cos(h)

Ry sin(d) sin(L) + cos(d) cos(h) cos(L)

G3)

where L, 4, and h are the latitude, declination and hour angles,
respectively. Detailed calculation procedures for the Ir and R, are
given by Duffie and Beckman [33]. According to the preceding equa-
tions the solar radiation intensity, daily average and integrated
solar radiation intensity and energy are calculated and illustrated
in Fig. 3a-c, respectively for Jeddah city. As shown in Fig. 3b and
c, the optimum path of solar intensity during the year can be
obtained from intersected lines of different tilt angles.

The calculated solar intensity is related to the temperature rise
by the solar collector efficiency equation as suggested by Yuan and
Zhang [34].

m*Cp(tsco — tsci)
ITASC
The following empirical correlations for solar collector effi-

ciency which was presented by [1,35] are used with Eq. (4) to cal-
culate air and water temperatures downstream the solar collectors.

(4)

Nsc =

tsci — L
Nwsc = 1 + a2 % 5)

tm — L,
Nagsc =1 + a; ——=° (6)

Iy
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10 20
1 (b)
— 18
9 -
i - 16
—~ 8+ L =
2 2
= B 14 <=
o T .8
g ;4 - (¢]
| 12
w, = 0.02 kg /kg,, FAR=0.25 B
6 — ten= 20 °C, A, =10 m2, A, =10 m?
Q' (kW) — 10
1 === Q' (kW) L
5 T | T | T | T | T | T | T 8
6 8 10 12 14 16 18 20
Daylight time (hour)
18 1
(d)
/” \\\
/ \ I~ 0.96
16 —
- ] 0.92
O 2]
o ©
~ 14 — - T
8 74
i I~ 0.88
12 -
w,,=0.02 kg kg, FAR=0.25 — 0.84
tgen= 20 °C, A, =10 m2, A, =10 m?
T t,s(C) L
————— RH,s
10 T | T | T | T | T | T | T 08
6 8 10 12 14 16 18 20

Daylight time (hour)

Fig. 4. Influences of ambient air dry bulb temperature on the proposed system performance parameters: (a) my,esh & R, (b) Qk & QZc, (¢) Eps & COPps, (d) tas & RH, .
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3.2. Humidifier
Energy balance of the humidifier is

m;,o(ia,h‘o - ia,h‘i) = m\-,vvh‘icp,wtw‘h.i - m;V_h_on,wtw,h‘o (7)
The absolute humidity of the inlet air to solar air collector is
given by
_ 0.622RHP;
* 7 Pym — RHP
where Ps is the water vapor saturation pressure and is given by
[36]:

8)

)

P, = exp (23.196 _ 381644 )

T,—46.13

The air specific enthalpy is calculated by summing of the sensi-

ble and latent parts as follows:
Iq = Cpata +wW(2500 + 1.84t,) (10)

The mass flow rate of the makeup water (sea or brackish) sup-
plied to the system is given by:

mr.nakeup = Mg o(Wapo — Wan,) (11)
40
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3.3. Dehumidifier

Energy balance of the dehumidifier can be expressed as.

m;_o (ia,deh,i - ia.deh.o) = mzw_dehcp,w(tm.deh.o - tcw.deh.i)

+ MEynd deh Cpwcond deh (12)

The condensed water flow rate leaving from the dehumidifier
can be calculated by
mzond,deh = m;,o(wu.deh.i — Wodeho) (13)

3.4. Air conditioning system

The air conditioning system capacity (space cooling load and
cooling coil load), room sensible heat factor, and condensate water
over the cooling coil can be calculated from
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Fig. 5. Influences of the ambient humidity on the proposed system performance parameters: (a) my,fesh & R, (b) Qk & QZc, (¢) Eps & COPps, (d) tas & RH, .
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m = mc.l,s (Wa,cc,i - Wa,cc,u) (] 7)

.
cond,cc

where m§; = m; , +mgg,.
Refrigeration unit performance coefficient in terms of ambient

air temperature can be calculated by [37]:

COPyy = e
c

(18)

COPrer = 11.1 — 0.4t + 7.2 x 10762, —5.18 x 107°¢3, (19)

The total fresh water rate and water recovery for basic and pro-
posed system are calculated from

m;v,fresh.BS = m;ond,cc (20)
m;v,fresh.PS = m;ond.cc + mZOnd,deh (21)
me
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RPS = wfresh,)is (23)
mmakeup + ma,owﬂ-o
35 0.9
. (@ |
30 —
—0.85
25+ i
< i —0.8
()]
X o«
5 207 2
o ER 075
15 |
t,,= 40 °C, w, = 0.02 kg,/kg,, FAR=0.25, ~0.7
10 togen= 20 °C, A, =10 M2, A, =10 m?,
M, gesn (kg/h) »
T 000 ===—- Res
5 T | T | T | T | T I T I T 065
6 8 10 12 14 16 18 20
Daylight time (hour)
10
t,0= 40 °C, , = 0.02 kg,/kg,, FAR=0.25,
1 20 Atome Ao () L, 8
E'vs (kW) '
8 —
— 6 —
=
=
. 2 i
L 4 -
2 -
- - 3.2
0 — T T T T T T 1T T T T T 1T

6 8 0 12 14 16 18 20
Daylight time (hour)

1327

Coefficient of Performance for basic and hybrid proposed sys-
tems are defined by the following equations:

Q% + mZOnd,cchfg

COPgs = E
Bs

(24)

c+ms . . h
COPps = QR l/vfresh fg (25)
E}
The total power consumption for basic and proposed systems
can be given as follows:

By = We (26)

E;.zs = W; + Et.lux (27)

3.5. Operating and system design parameters

The system’s capacity, consumption and performance parame-
ters are: my fresh, Q& Q2c, Epss R, tas, RHas and COP are determined
as a function in all the operational and design parameters using
Egs. (1)-(27). The operating and design parameters are varied in
the following range for the sake of the parametric study:
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Fig. 6. Influences of the ambient air flow rate on the proposed system performance parameters: (a) my, gesh & R, (b) Q& & Qz, (c) Ejs & COPps, (d) t;5 & RHy.
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e t,,=30-50°C (ambient air temperature)

e W,,=0.01-0.05 kg, /kg, (ambient air absolute humidity)

e mj, =0.1-0.2 kg/s (air mass flow rate)

o Ay = 5-15 m? (air and water solar collectors area)

e FAR=0.1, 0.25, and 0.5 (fresh air ratio)

o Mgy qen = 0.1-0.2 kg/s (dehumidifier cooling water mass flow
rate)

e my, , = 0.1-0.2 kg/s (humidifier water mass flow rate)

® tewdeni = 15-25 °C (dehumidifier cooling water temperature)

The air specific humilities and enthalpies that illustrated in the
previous equations are calculated from air properties. The set of
equations from (1)-(27) are solved numerically in the same time
to conserve mass and energy for the hybrid presented system using
EES software and C++ programming language.

4. Results and discussions

Hourly analysis of the system performance is investigated to
present the effect of the operational and design parameters on
the system performance. Finally, cost saving analysis and perfor-
mance comparison study for the presented hybrid system with
the basic system are conducted.
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4.1. Hourly system performance

The hourly variation of proposed system performance parame-
ters (mMy fresh» R, Qi Q% Eps, tas, RHas and COPps) are shown in
Figs. 4-7 for various operational and design parameters. As shown
in the figures the hourly variation of system performance follows
the hourly variation of the solar radiation intensity that is shown
in Fig. 3a. The figures show that my, fresh, R, Q&, Q2 Eps, RHas and
COP increase with increasing the solar intensity until they reach
maximum values at noon where the solar intensity is maximum
then they decrease until the end of the day. The behavior of the
hourly fresh water productivity and water recovery
(Figs. 4a, 53, 63, 7a) can be attributed to the increase of the air and
water temperatures exits from the solar collectors with increasing
the solar intensity. Elevating air and water temperatures improve
the humidification capacity (ability of the air for carrying up water
vapor in the humidifier) and subsequently increases the condensate
rates in the dehumidifier and the cooling coil. The hourly variation of
the system cooling capacity can be attributed to the psychometric
analysis which verifies the increase of the enthalpy of air leaving
the humidifier (H) and consequently the increase of the enthalpy
of the mixing point (M) at the same fresh air ratio. As a result, the
supply air temperature drops and supply relative humidity rises
(see Figs. 4d, 5d, 6d, 7d). Decreasing the supply air temperature with
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Fig. 7. Influences of solar collectors’ areas on the proposed system performance parameters: (a) My fesh & R, (b) Qk & QZ, () Ejs & COPps, (d) tys & RH,s.



Qg (kW)

E" (kW)

A. Fouda et al./Applied Thermal Engineering 108 (2016) 1320-1335

% 1,740°C,w,,= 1 7 m,,=0.15 kg/s,
o= W= < t,.=50°C, w, .= 0.05kg kg, M n=0.15 KGIS, ty gen = 20°C,
FAR=0.25, t,, a | P =
Aum10m, ( ) 60— mBasic sysr:em
7 L 09 4 m==—- Proposed system
i 50 e N
20 = - PPN
—0.8 > 40+ m,,=0.2kgls 7 "\\ N
= - ’ ~ NS
= 1 - - NN .
1 x 8 7 0.15 kgls
07 .3 304 - Se
s 1S i
10 —
i 20 2 kg
Basic system | <
_______________________ L 0.6 0.15 kg
g 10
- ; (b)
O4+—F—T T 717 1 1 71 105 O4—T—T T T 71T T~ 1T T 1T T 17T
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
Daylight time (hour) Day time (hour)
9 20 8 5
I ] (d) |
- 18 7
7 4
i L 16 6 |
7 | — .
T :
B 14 = X 5 -3
. w |
6 — r 9 L
i Basic system 12 4
i ) t,,=40°°C, w, ;= 0.02 kg, /kg,, -2
* 1o ] s |
- p E" (kW)
r f  ===—- cop
AtT—T—T T 71T T T T T 1T T 1 118 s [ B S S D B S p p e e
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
Daylight time (hour) Daylight time (hour)
25 18
,»=0.15 kgls,
1,,= 50 C, w, = 0.05 kg kg, § 7(’]“};?0}‘5"9’& PN o 4,750°C,w, =005 kg/kg, e o, m'iio.ﬁk o,
B e ::;’;’",,‘; ' =102, A, =10 m?,
éasicsysle;n 16 — Basic system
————— Proposed system = = — — - Proposed system
20 — 1
14 — o ~<
k m*,,=0.2 kg/s . | 7 \\\
R ; // ~
- LTI S~o 2 12 o lowan™25°C . AN
15 - - = “ - -~ .
= = 4 - 7 N
e N
T m-,,=0.15 kg/s 10 - /,’ W‘;m:1£“c
________ .
10 T e 1 L
8 —
] (e) 1 (f)
5 T T T T T T T T T T T 7T 6 LI I L L L LR B
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
Day time (hour) Day time (hour)
24 1
- //—_— - "‘\\ I
7 Y
e Y
20 e S~ - 0.9
/, \\
- e Proposed system AN L
0 ]
< 16 o8 I°
-~ 24
12 4 0.7
t,,=40°C, w, = 0.02 kg, kg,,
FAR=0.25, t,,,, = 20°C,
i ( ) A=10m7, A =10 7,
4.(0)
g _____ RH, .
L S N R e ey i Y
6 8 10 12 14 16 18 20

Daylight time (hour)

Fig. 8. Comparisons of the proposed with the basic system at different operating and design parameters.

COP

1329



1330 A. Fouda et al./Applied Thermal Engineering 108 (2016) 1320-1335

increasing relative humidity means the drop in the enthalpy of the
supply and then the increase in the building cooling load and the
cooling coil capacity as shown in Figs. 4b, 5b, 6b and 7b. The increase
of hourly electrical power consumption and the system COPps with
the increase of the solar intensity (see Figs. 4c, 5¢, 6¢, 7¢) can be
attributed to: (i) increasing of the cooling coil capacity leads to
higher electric power consumption at constant COPger as described
in Eq. (18), (ii) increasing of the system cooling capacity and the
fresh water rate overcomes the increase of the system electrical
power which leads to higher COPps as given by Eq. (25).

4.1.1. Effects of ambient air dry bulb temperature

The effects of ambient air dry bulb temperature on the proposed
system performance parameters are shown in Fig. 4a-d for specific
operating and design parameters as an example. Fig. 4a shows that
the hourly fresh water production rate and the system water
recovery improve with increasing the ambient air temperature.
This can be attributed to the increase of air temperature at the
humidifier inlet with increasing the ambient air temperature
which leads to improving humidification capacity, fresh water pro-
ductivity and fresh water recovery.

Fig. 4b illustrates the hourly variation of the system cooling
capacity (space cooling load, Qg and cooling coil capacity, Qg.) for
different ambient air temperatures. As displayed in the figure, the
system capacity increases with increasing the ambient air tempera-
ture. This can be attributed to the increase of air enthalpy at the
dehumidifier outlet (k) and consequently at the mixing point (M)
that lead to decreasing the supplied air enthalpy according to the
psychrometric analysis. Dropping the supplied air enthalpy causes
a decrease of the supplied air temperature and an increase of relative
humidity to the space (see Fig. 4d) with the increase of the ambient
air temperature. As explained in Section 4.1, decreasing the supply
air temperature and increasing relative humidity leads to the
decrease of the enthalpy of the supply air to the conditioned space
and an increase in the system capacity for removing the space load.
Fig. 4b also displays the improve in the cooling coil capacity with ris-
ing in ambient air temperature. This can be attributed to the rising in
the system capacity and the drop in the air enthalpy downstream the
cooling coil.

Fig. 4c shows the increase of the hourly electrical power con-
sumption and the decrease of the system COPps with increasing
the ambient air temperature. The increase of the electrical power
consumption can be attributed to (i) the increase of the cooling coil
capacity as discussed in Fig. 4b that leads to higher electric power
consumption and (ii) the decrease of the chiller COPger with the
increase of the ambient air temperature (see Eqs. (18) and (19) that
leads to higher electric power consumptions (see Eq. (27)). The
decrease of the system COPps can be attributed to that the increase
in the system cooling capacity and the fresh water rate can’t over-
come the increase in electrical power (see Eq. (25)).

4.1.2. Effects of ambient air absolute humidity

The effects of the ambient air humidity on the hourly variation
of proposed system performance parameters are shown in Fig. 5a-
d for specific operating and design parameters as an example.
Fig. 5a shows that the hourly variation of mj, s.s, and R increase
with increasing the humidity. The increase of the fresh water rate
can be attributed to the high amount of water vapor carried by air
at the humidifier’s exit that leads to the increase of the driving
force of mass transfer. The increase of the system water recovery
with the humidity can be attributed to the increase of the fresh
water rate with decreasing the make-up water (see Eq. (23)).

Fig. 5b shows that Qg, Q2. increase with the increase of w, . This
is attributed to the increase of the latent heat capacities across the
dehumidifier and cooling coil due to rising the air enthalpy down-
stream the humidifier. Rising the air enthalpy downstream the

humidifier leads to an increase in the enthalpy of the mixed air
(M) and a decrease in the supply air enthalpy (S) and subsequently
an increase in the system capacity (Qr & Qz.) to remove the space
cooling load. This decrease the supply air temperature and increase
the relative humidity as shown in Fig. 5d.

Fig. 5¢ displays the increase of system electric power consump-
tion and COPps with increasing the ambient air humidity. Increas-
ing Eps with the increase of the w,, is due to the high cooling coil
capacity as discussed in Fig. 5b which results to higher electrical
power consumption. The increase of the system COPps with the
increasing the air humidity is due to the increase of Qg and the fresh
water productivity with a mount that overcomes on the increase in
system electrical power and this leads to higher COPps.
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Table 1

Constants of predicted correlations and their errors.
v a b c d e f g h i k Error
”ﬁv& 1.282 —0.04 1.049 0.537 0.634 0.291 0.243 —0.005 -0.014 -0.014 Predicts 90% within error +10%
Q:WZE:" - 0.117 —1.068 0.428 0.155 0.172 0.498 0.107 —0.0031 -0.118 0.265 Predicts 90% within error +12%
E,‘f,;.:.‘x 1.087 —0.263 0.662 1.643 0.385 -0.191 0.274 0.0264 —0.221 0.569 Predicts 90% within error £15%

4.1.3. Effects of outdoor air flow rate

The effects of the outdoor air flow rate on proposed system per-
formance parameters are shown in Fig. 6a-d for specific operating
and design parameters as an example. Fig. 6a shows the increase of
my, sresn and the drop of R with rising mg ,. Increasing the fresh water
rate with increasing mg , is due to the high amount of water vapor
that passed through the humidifier and cooling coil which results
in the increase of the amount of water vapor condensation on the
dehumidifier/cooling coil surfaces. On the other side reducing the
system water recovery with rising the ambient air flow rate can be
attributed to that the percentage of increase of the make-up water
is higher than the percentage of increase in the dehumidification
capacity, my, sresh.

Fig. 6b illustrates the increase of system cooling capacity with
m;,. This can be attributed to two opposite effects; (i) the increase
of supply air flow rate with respect, (ii) the decrease in the enthalpy
change through the cooling coil and conditioned space as a result of
the drop in air enthalpy downstream the air solar collector. The
increase in the supply air flow rate overcomes the decrease in the
enthalpy difference across the cooling coil and conditioned space.

Fig. 6¢ illustrates the increase in the electrical power consump-
tion and the decrease in the system COPps with decreasing the out-
door air flow rate. Increasing the system electrical power
consumption can be attributed to (i) the increase of the cooling coil
capacity as discussed in Fig. 6b which results to higher electrical
power consumption, and (ii) the increase of the power of auxiliary
system components. The decrease of the system COPps with the
increase of air flow rate can be attributed to the increase of the
space cooling load and the fresh water productivity with a percent-
age lower than the percentage of the increase in the system electri-
cal power.

4.1.4. Effects of solar collectors’ areas

The effects of the solar collectors’ areas on the proposed system
performance parameters are shown in Fig. 7a-d for specific operat-
ing and design parameters as an example. Fig. 7a shows the
enhancement of the fresh water production rate and the system
water recovery with increasing the areas of air and water solar col-
lectors. This can be attributed to the increase of the air and water
temperatures downstream the solar collectors which leads to the
improve of the air humidification capacity and consequently the
increase of the dehumidification capacity.

Fig. 7b shows that Qg and Qg increase with increasing the solar
collectors’ areas. This can be attributed to the increase of the sensible
heat capacities across the dehumidifier and cooling coil due to the
increase of the air enthalpy downstream the air solar collector and
in consequence at the humidifier’s exit. Increasing of the air enthalpy
at the humidifier’s exit leads to high air enthalpy at mixing point (M)
and low enthalpy at the supply air point (S) with keeping constant
ADP and RSHF which leads to the increase of Qg and Qg..

Fig. 7c illustrates the increase both of the electrical power con-
sumption and the system COPps with increasing the solar collec-
tors’ areas. Increasing the system electrical power consumption
is due to the increase of the cooling coil capacity as discussed in
Fig. 7b and the increase of power of auxiliary system components.
The increase of the system COPps with increasing the solar collec-

tors’ areas can be attributed to the increase of the space cooling
load and the system water productivity which overcomes on the
increase of the system electrical power.

4.2. Comparisons and cost saving analysis

The comparison between the proposed system performance
parameters and the basic system is shown in Fig. 8a-g at the
operating and design parameters: FAR=0.25, mj,=0.15kg/s,
my,=0.15kg/s, Miygen=0.15kgfs, Awsc=Asc=10m? and
tow = 20 °C. Fig. 8a and b shows an improvement of the proposed sys-
tem fresh water production rate and the system water recovery as
compared with the basic system at t,, =40 °C, w,, = 0.02 kg,/kg.,
and t,,=50°C, w,,=0.05kg,/kg, respectively. As shown in
Fig. 8b, the proposed system fresh water productivity is much higher
than the basic system. This is due to the existing of HDH system
(humidifier/dehumidifier) with solar collectors that improve the air
humidification performance.

Fig. 8c shows that the proposed system cooling capacity (Qg and
Q2) is greater than that of the basic system along the day. This can
be attributed to the increase of the air enthalpy change across the
cooling coil due to elevating the air enthalpy downstream the
humidifier and decreasing the supplied air temperature with rising
the relative humidity (see Fig. 8g) due to existence of the HDH solar
assisted system components.

Fig. 8d shows that the electrical power consumption and the
COP of the proposed system are greater than those of the basic sys-
tem. This can be attributed to the higher QZ of the proposed system
as compared to the basic system (see Fig. 8c) which leads to higher
electrical power consumption. The higher COP of the proposed sys-
tem is attributed to the high Qf and fresh water production rate as
discussed in Fig. 7c.

Fig. 8e and f illustrates that the proposed system electric power
consumption is less than that consumed in basic system at
tao = 50 °C, w,, = 0.05 kg, /kg,. The possible explanation of that is
attributed to the presence of dehumidifier in the system which
makes the air enthalpy at the dehumidifier’s exit becomes lower
than that of the outdoor air. This reduces the air enthalpy upstream
the cooling coil which results in a reduction of the cooling coil
capacity and the electrical power consumption.

The previous comparison study verified that the suggested sys-
tem has high fresh water productivity and space cooling capacity
but consumes low or high electrical power according to the oper-
ating conditions. So, for fair comparison for proposed and basic
systems, the total cost savings due to fresh water productivity
and electrical power consumption was selected as a judging crite-
rion for comparison between the two systems. The TOCS is calcu-
lated as follows:

TOCS ($/Year) = Ay gresny (kg/Year) x Water unit rate ($/m?)
+ AEy (kW h/Year) x Electricity unit rate (3/kW h)
(28)
where

sunset
Arnw.fresh,Y = NY Z

sunrise

[mw,fresh.PS - mw\fresh‘BS]
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sunset

AEy = Ny Z [Eps — Eps]

sunrise

Ny: Number of days a year (Ny = 365 day).

In the current study the unit price of electrical energy and fresh
water are 0.05 $/kW h and 2.5 $/m?>, respectively (typical values for
Gulf cities [38]).

Fig. 9a and b shows TOCS versus outdoor air flow rate at
tao =30 °C, Wy, =0.02 kgy/kg,, and t,, =50 °C, w,, = 0.05 kg,/kg,,
respectively with different operating and design parameters
(Asc & Tew.deni)- As shown in the figures, the TOCS reduces and rises
with increasing mj3, at t,0=30°C, w,,=0.02kg,/kg,, and
tao = 50 °C, W, = 0.05 kg, /kg,, respectively. Reducing TOCS with ris-
ing m3, can be attributed to the higher electrical energy consump-
tion of the proposed system and vice versa for more hot and
humid conditions (t,,=50°C, w,,=0.05kg,/kg,). In addition, at
low t,, and w,, it is observed that the proposed system operates
economic deficiently relative to the basic system (see Fig. 9a). On
the other side the proposed system works best economically in hot
and humid climatic conditions (see Fig. 9b) and the maximum value
of TOCS can be obtained throughout all the studied parameter ranges
is 1079 $/Year at Ayc = Agsc = 10 m? and Tew gen; = 15 °C.

4.3. Daily system performance

The hourly system outputs and consumptions are integrated all
over the day time to give the daily system output and consump-
tions. Fig. 10 shows the variations of the daily system outputs
and consumptions for different systems capacities serving different
buildings of different cooling loads. The figures are plotted for var-
ious operational and design system parameters to show their
effects on the daily fresh water productivity and electrical power
consumptions. Fig. 10a-g displays an improvement of the daily
fresh water productivity and electrical power consumption with
the increase of the integral cooling load. This can be attributed to
the increase of the cooling coil capacity and the cooling load with
increasing the outdoor air flow rates which results to the increase
of the hourly and then daily fresh water productivity and system
power electrical consumption. Fig. 10a-d illustrates enhancement
of the daily fresh water productivity and electrical power con-
sumption with increasing the ambient air temperature, the ambi-
ent relative humidity, solar collectors’ areas and outdoor air flow
rat, respectively. This can be attributed to the same reasons of
increasing the hourly values which are discussed in Section 4.2.
Fig. 10e-f shows the increase of the electrical power consumption
and the decrease of the fresh water production rate with increasing
both of inlet cooling water temperature and flow rates to the dehu-
midifier. The possible explanation can be attributed to the rising
the air enthalpy downstream the dehumidifier with increasing
tew.deny and Mey gen. This leads to an increase the cooling coil capac-
ity and E. The reduction in the fresh water productivity can be
attributed to the reduction in the latent heat capacity across the
dehumidifier with increasing tewdeny and mey den. Fig. 10g shows
that my,, has no effect on the electrical power consumption and
fresh water productivity. The possible explanation is that the air
enthalpy at the humidifier’s exit remains constant with changing
of my,;, as the outlet water solar collector temperature decreases
with increasing my, , at constant solar intensity. The maximum daily
fresh water productivity, integrated cooling load and energy
consumption are 501 kg, 146.7 kW h and 140 kW h, respectively at
W, = 0.05 kg, /kg, (see Fig. 10b).

4.4. Numerical correlations prediction

To simplify and present the hourly values of my, fresnps, Qk and
Eps for proposed system, the numerical results are regressed to

predict general correlations in terms of <t (time), to,
Wa,o, M3 6, My dehy Mivh, few.dehis Ase and FAR. The developed corre-
lations with their errors and constants are presented in Eq. (29) and
Table 1 are illustrated in Fig. 11.

d e o f g
_ b T c tao Wa,o Mo Asc
l// =ax FAR (AT) ([aamax> (Wu.o.max) (m.n.o.max) (AS(.mAx

h . i . k
( Cow.deh.i ) Mo deh M
N . .
Cew deh.jmax My deh,max My hmax

Eq. (29) is valid for the following ranges 30°C <t,, < 50°C,
0.01 kgy/kga < W, < 0.05 kgy/kg,, 0.1 kg/s < m3, < 0.2 kgfs,
0.1kg/s < maygen < 0.2 kgfs, 0.1kg/s<my,<02kgls, 15°C<
tewdeni <25°C,  5m?<A,<15m?  01<FAR<O05 and
7:00 < 1< 13:00 (similar and mirrored results with 13:00 <t <
19:OO)~ Where the values of ta,o,maXv Wa,0,max» mé.l,O,lTlaXv mzw,deh,maxY
m\.lv,h,maXv Tcw,deh,i,maXv Asc,ma)(v At, m\./v,fresh,PS,maXv Q_I.{,max and El.’S,max
are 50 °C, 0.05 kg,/kg,, 0.2 kg/s, 0.2 kg/s, 0.2 kg/s, 25 °C, 15 m?, 12,
36.13 kg/h, 22.24 kW and 9.092 kW, respectively.

(29)

5. Conclusions

A proposed innovated solar integrated system for A/C and HDH
water desalination is proposed for climate conditions of hot and
humid regions. Hourly analysis of system performance is studied
using a developed mathematical model with EES and C++. System
capacity parameters (my, fresh, Qk and Q2¢) and system consumptions
and performance parameters (Ej, R and COP) are hourly and daily
estimated for various operational and design system parameters
(Ir, taor Wao, tew.den,i @nd Mey den, My, M3 6, FAR and Agc). The results
show that the main influencing parameters affecting the system’s
capacity, consumption and performance are t,, and w,,. Increasing
of ty0, Wao and Asc cause an increase in fresh water productivity,
fresh water recovery, cooling capacity, electrical power consumption
and COP of the system. TOCS parameter decreases with increasing
outdoor air flow rate at t,, = 30 °C, w,, = 0.02 kg,/kg, and increases
att, o =50 °C, W, = 0.05 kg,/kg,. It was found that the proposed sys-
tem works economically and more efficiently in hot and humid cli-
matic conditions. The maximum TOCS can be attained from the
proposed system within all the studied parameter ranges is 1079
$/Year at W,o=0.05kg,/Kgs Awsc=Ausc=10m> t,,=50°C,
few.den,i = 15°C.

Moreover, the proposed system can provide maximum daily
fresh water productivity and integrated cooling load with 501 kg,
146.7 kW h, respectively and consume energy with 140 kW h at
W, =0.05Kg,/Kga Awsc =Assc =10 M2, t,=40°C, toygeni=20°C.
General numerical correlations for proposed system performance
parameters (m\‘/v,fresh/m\./v,fresh,mam (C) & (d) Q}.K/Ql.{,maXv (e) &
(f) Eps/Epsmax) are developed in terms of all studied design and
operational parameters.
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