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ABSTRACT

Water shortage and hot climate are the most stressing problems in many places all over the
world, especially in the Arabian Gulf region. Efficient and sustainable solutions for these
problems are a real challenge facing the Gulf Co-operating Countries countries. Vapor
absorption cycles have been used for refrigeration and air conditioning application many
years ago. The absorption cycle systems are a heat-driven system that can be used as a
refrigerator, a heat pump, or a heat transformer. In this work, a new configuration of an
absorption cycle has been used to provide chilled water for air conditioning applications
and to supply saturated steam to a thermal desalination unit using solar radiation as the
driving energy for the cycle. Water-Lithium Bromide absorption cycle is adapted. A low
temperature, multi-effect distillation system is combined with the absorption cycle. The
combined absorption-desalination systems are modeled and simulated using IPSEpro
software.

Keywords: Solar cooling; Absorption cycle; Water-Lithium Bromide; Multi-effect distillation;

Horizontal tube falling film evaporation

1. Introduction

Water scarcity and high hot summer temperatures
are two predominant problems facing most areas of
the Gulf Co-operating Countries (GCC) council includ-
ing Saudi Arabia (SA), Kuwait, Qatar, United Arab
Emirates, Bahrain, and Oman. As an example, Qatar
has almost no natural water resources and about 50°C
prevailing temperatures most of summer days. These
two problems have to be sustainably solved to sustain
life in the GCC. Water scarcity is solved for the time
being by desalting seawater, that consumes much
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energy and negatively affecting the environment.
Desalted seawater (DW) represents 99% of potable
water in Qatar and 93% in Kuwait, as examples. On
the other hand, summer high temperatures are solved
mainly by summer air conditioning (AC) of most
buildings. Extensive amounts of fossil fuel, e.g. natural
gas (NG) and oil are consumed to secure the energy
needs for DW production and AC operation. The oil
and NG resources are finite and depleting. Summer
AC load consumes at least 67% of the electric power
(EP) during summer peak load in these countries.
Desalination process is performed in co-generation
power desalting plants (CPDP), and is typically
responsible for up to 25% of the fuel consumed in
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these CPDP. Most recent power plants (PP) and/or
CPDP are using gas Turbines (GT) and GT combined
cycle (GTCC). The GT and GTCC plants are preferably
operated by NG. When the amounts of the available
NG is not enough, oil is used; as in SA and Kuwait.
The NG is a cleaner fuel with less polluting gases
when compared to oil, and the NG prices are much
lower than that of oil. Therefore, NG is the main fuel
used in PP to generate the EP required for operating
the AC equipment, and to generate DW in CPDP.

Although, the GCC have huge NG resources
(about 28% of the world), there is a serious shortage
of the available NG needed to run their PP due to
continually rising EP consumption, except in Qatar.
The NG demand is much more than the region’s gas
exploration and production, and NG has to be
imported, [1]. The growing shortage in NG in the
GCC is due to, [1]; increasing power consumption and
high share of NG in EP generation; depleting oil fields
with need for gas to enhance oil recovery, increasing
economic emphasis on petrochemicals, steel, and alu-
minum sectors; gas exploration and production chal-
lenges; and long-term NG export commitments
limiting local supply. The NG production and con-
sumption in the GCC and Iran are given in Table 1.

As mentioned before, oil is much more expensive
and it has also better usage than being burned in
power plants. While all NG productions are almost
consumed in all GCC, except Qatar, oil production in
the GCC can be fully consumed within two or three
decades if the same consumption rates prevail.

The GCC should look for sustainable prime
energy source such as solar energy to generate DW
to provide potable water, and EP needed to operate
AC systems. Solar energy is an attractive solution for
operating AC systems. It saves electricity and thus
primary energy sources (NG or oil), and decreases
the emission of air-polluting gases and greenhouse
gases (GHG) causing global warming. The AC

Table 1
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cooling loads and the available solar power match
well with each other along the day and seasons.
Therefore, solar AC also leads to reducing the peak
EP demand, and thus reduces the initial cost used
due to the expensive peak electricity.

1.1. Air conditioning and EP peak demand

Presently, most of AC systems in the GCC are
operating with mechanical vapor compression (MVC)
refrigeration systems. Fig. 1 shows the ideal cycle of
this system, which is driven by EP. The EP is con-
sumed, mainly, by the compressor. Small fractions of
EP are used by evaporator and condenser fans for
heat addition and removal processes in air-cooled sys-
tems; as shown in Fig. 1; or water pumps and fans for
cooling tower in water-cooled systems.

1.2. The role of AC in peak EP demand

The GCC experienced rapid development of eco-
nomic and urban construction and therefore the use of
AC is continuously on the rise. The GCC heating, ven-
tilation, and air conditioning (HVAC) market
demands are high where it crossed $6 billion in 2012
as shown in Fig. 2, [3]. All air conditioners in the GCC
are using the electric-driven MVC refrigeration sys-
tem. The electric power (EP) load is directly related to
the outside air temperature, and thus with buildings’
AC cooling load. The effect of AC cooling load on the
EP production can be shown by the EP load in one of
the hot summer days, when the AC equipment are
fully running, and in winter days when no AC equip-
ment is operated. Fig. 3 shows the load on 14 July
2010 when the maximum load reached 5,090 MW in
Qatar, while on 8 February 2010, the minimum load
reached 1,570 MW, [4]. Similar pattern prevails in all
other GCC. This means that the capacity (or load)

NG supply and consumption in BCF by the GCC and Iran during 2011, [2]

Country Production BCF Consumption BCF Import/export Reserve TCF
Qatar 4,121 690 4,015 899

Bahrain 446 446 NA 3

Iran 5,361 5,415 —54 1,046
Kuwait 478 502 —24 64

Oman 937 619 317 30

Saudi Arabia 3,258 3,504 NA 264

United Arab Emirates 1,847 2,663 —433 214

Total 16,448 13,839 2,520

Total without Iran 11,087 8,424 1,474
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Fig. 1. Mechanical vapor compression system using Refrigerant 134A and electrically-driven compressor.
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Fig. 2. HVAC market in the GCC, [3].

factor is very low in winter, and thus the power plants
capacity is underutilized significantly in winter. It
means also that additional EP plant capacity is mainly
needed to secure the summer peak load because of
the AC load; and not for the average load. The capac-
ity factor of a power plant is the ratio of the actual
output of a power plant over a period of time and its
potential output if it had operated at full nameplate
capacity during that time. Fig. 4 shows the change in
the EP load in one summer day in Kuwait due to the
change of the AC cooling load along the day from
5750 MW at early morning (6:00 am) to 7,480 MW in
the afternoon (at 15:00 pm). Table 2 shows the maxi-
mum and minimum EP load from 2006 to 2010 in

Qatar, [5]. Therefore, the AC equipment is contribut-
ing directly to the summer peak power demand.
Increased peak electricity demand has become one of
the most serious problems faced by the GCC.

The increased peak demand is many times the base
generation load. As a result, there is an increase in
electricity cost due to the need for the installation of
peaking power plants, which serve for very short
periods annually, normally during the peak summer
days. Supplying the ever-increasing peak load requires
the installation of more and more generating infra-
structure, such as transmission infrastructure necessary
to cope with the peak demand at great cost. If the elec-
tricity supply does not meet demand, then grid failures
result. This is expensive in terms of network damage,
lost productivity, and loss of essential services.

Solar air conditioning is an excellent viable solu-
tion to turn the severe summer heat in the GCC into
cooling. It also improves the environment by limiting
the air-polluting gases and GHG emitted due to fossil
fuel combustion in PPs. Meeting the GCCs electric
power demand on the hottest days, when electric
powered air conditioners overwhelm the grid capacity,
is real problem. The main benefits of solar air condi-
tioning are lowering carbon emissions, the highest per
capita in the world by the GCC, and significantly
reduce power grid load. The GCC’s abundant and
predictable sunshine pattern on one hand, and great
difficulties of importing NG to all the GCC, except
Qatar, and the continuous need to increase the power
plants’ capacity make the GCC an ideal candidate to
use solar air conditioning.
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Fig. 4. The peak load on one day in July 2003 in Kuwait, [5].

1.3. Thermal operated cooling system and solar energy

The use of renewable energy resources, different
refrigeration cycle, and more friendly refrigerants
can reduce the negative environmental impacts of
the refrigeration and AC processes. Heat-driven
refrigeration cycles are promising solution in this
context. Absorption cycles are heat-driven cycles that
can use solar energy directly without the need to

transform it into electric energy. The other benefit of
using heat-driven cycle is the fact that the highest
cooling demand is associated with the high solar
energy in summer and that offers a good chance for
heat-driven cycle to match the cooling demand
efficiently.

The temperature of the thermal energy source can
affect the selection of the cooling technology as well
as the performance of the cycle. Fig. 5 shows the effect
of the driving temperature on the coefficient of perfor-
mance (COP) of different cooling technologies; the
COP increases as the driving temperature increases.
The driving temperature depends on the solar energy
capturing technology that can be adopted and effi-
ciently available. Most of the cooling technologies are
working in the range of 80-100°C, which can be easily
achieved using different low-cost solar energy collec-
tors, such as linear Fresnel Collector (LFC) or evacu-
ated tube collectors (ETC).

Two kinds of absorption cycles are commercially
available; depending on the refrigerant-absorbent
pair; these two cycles are water-lithium bromide
(H,O-LiBr) and ammonia-water (NH3-H,O) mixtures.
Kurem and Horuz [7] carried out a comprehensive
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Table 2
Maximum and minimum EP load from 2006 to 2010 in Qatar, [4]
Year Maximum load (MW) Date Minimum load (MW) Date
2006 3,230 31-Aug 865 31-Jan
2007 3,550 10-Sep 1,000 1-Jan
2008 3,990 30-Aug 1,115 23-Feb
2009 4,535 24-Aug 1,270 6-Feb
2010 5,090 14-Jul 1,570 8-Feb
A Absorption | Fong et al. [10], compared different cooling tech-
12 i nologies and solar collectors for AC applications for
04 Uiquie _ buildings in tropical region. They concluded that the
DWCC{“ /N’“"‘"”" s PTC has slightly better energy consumption than the
& o > /ﬁbwrpﬂon H,0/NH, flat-plate collectors by 7.3% for the absorption refriger-
Cosq, a"  Absorption Diffusion H,O/NH, ation, but worse than the ETCs by 36.5%.
04 | . '\ % Best et al. [11], presented a case study for solar
Solid Desiccant cooling in food industry. In their study, they used a
M1 s LFC as the optimum collector type because of the
0.0 - " ” y - working temperatures, performance, cost, and prob-
50°C 70°C 90°C 1o°c 130°C 150°C  170°C

Driving Temperature

Fig. 5. COP of different cooling cycles as a function of
heating medium temperature, [6].

study to investigate and analyze the absorption heat
pump (AHP) and absorption heat transformer (AHT)
using water-lithium bromide (H,O-LiBr) and ammo-
nia—-water (NHz-H,O) mixtures. The authors
highlighted and pinpointed the advantages and disad-
vantages of both the solutions. They concluded that
the AHT systems using water-lithium bromide solu-
tion produce better COP than that use ammonia-
water solution. Cabrera et al. [8] mentioned that the
more commonly used systems are the single-effect
water—lithium bromide absorption chillers powered
by flat-plate or evacuated tube solar collectors. The
COP of these chillers are in the range of about 0.5-0.8
at driving temperatures of 75-95°C, [8]. In this work,
a single-effect water-lithium bromide absorption cycle
is studied.

Different types of solar thermal energy collectors
can be used with single-effect absorption cycles.
Cabrera et al. [8] analyzed the use of parabolic trough
collectors (PTC) for solar refrigeration and AC applica-
tions. They concluded that a modular, small size, and
light weight PTC could be easily installed on the
rooftop of buildings, and should be target for the
manufacturers, [8]. Table 3 compares different types of
PTC. Comparison of different cooling systems coupled
with PTC is also given in [8], and an overview of the
PTC is also given in [9].

lems in operating conditions related to the studied
case (Fig. 6).

They concluded that, for refrigeration application
of temperature as low as —2°C, the LFC is the most
convenient collector type. Chemisana et al. [12] also
recommended Fresnel reflective solar concentrating
system, to be integrated on the building fagade, and
coupled to a double-effect absorption chiller for space
cooling for buildings.

On the other hand, solar desalination technology
has been used for long time. Solar energy can be used
for seawater desalination either by producing the ther-
mal energy required to drive the thermal energy oper-
ated processes or by producing the electric energy
required to drive the membrane processes, [13]. The
thermal processes include: (a) multistage flash (MSF),
(b) multi-effect distillation (MED), (c) solar still, (d)
humidification-dehumidification, and (e) membrane
distillation (MD). The membrane desalination process
includes: (a) reverse osmosis (RO) and (b) electrodialy-
sis (ED). RO system is the most commonly used tech-
nology with the lowest specific energy consumption,
[14]; nevertheless, it requires extensive pretreatment
process and skilled workers. If waste thermal energy
is available, it can be directly used to drive a phase-
change process such as MSF or MED. The ME plants
are more flexible to operate at partial load, less sensi-
ble to scaling, cheaper, and more suitable for limited
capacity than MSF plants, [14]. The suggested process
in this work is MED.

Combining multiple-effect desalination system with
different types of absorption cycle heat pumps was
investigated by several researchers, [15-21]. The main
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Table 3
Overview of different PTC available in the market, [8]
Aperture  Weight Conc. ratio Tracking
Manufacturer Model Type width [m] [kg/ m?] CI[-] mode
Abengoa Solar PT-1 PTC 2.3 n/a 14 1-axis
RMT PTC 1.1 7.7 14 1-axis
Absolicon Solar Absolicon MT 10 PTC 1.1 28.9 n/a 1-axis
Concentrator Absolicon T 10 PTC 1.1 28.9 n/a 1-axis
Absolicon X10 PTC-PVT 1.1 28.9 n/a 1-axis
PVT
Cogenra Solar SunDeck PVT PLFR- 14 49.4 n/a 1-axis
PVT
Composites y Sol CAPSOL PTC 1 n/a 18 1-axis
DezhouMingnuo New PT-3E PTC 3.0 n/a 14 1-axis
Energy
Dr. Vetter IT. collect PTC 0.5 14.5 n/a 1-axis
Huayuan New Energy HY-Troughll20-2  PTC 2 n/a 13 1-axis
Project HY-TroughlI30-2  PTC 3 n/a 19 1-axis
HY-Troughlll20-2 PTC 2 n/a 9 1-axis
HY-TroughllI30-2 PTC 3 n/a 14 1-axis
IMK CSP-trough PTC 2 n/a n/a 1-axis
Koluacik Research & SPT-0312 PTC 1.2 47.2 8 2-axis
Development SPT-0324 PTC 2.4 33.8 15 2-axis
SPT-0424 PTC 24 29.2 15 2-axis
SPT-0524 PTC 24 32.3 15 2-axis
SPT-0536 PTC 3.6 27.1 23 2-axis
NEP Solar Polytrough 1,200 PTC 1.2 253 14 1-axis
Polytrough 1,800 PTC 1.8 17.9 17 1-axis
SMIRRO Smirro 300 PTC 1.1 14.6 10 1-axis
Solargenix Energy Power Roof PTC 3.6 n/a 27 1-axis
Headquarter
Solarlite SL 2300 PTC 2.3 2 n/a 1-axis
Solitem PTC 1100 PTC 1.1 14.5 n/a 1-axis
PTC 1800 PTC 1.8 14.2 15 1-axis
PTC 3000 PTC 3 14 n/a 1-axis
Soltigua PTMXx PTC 2.4 n/a n/a 1-axis
Sopogy SopoHelios PTC 2.1 10.4 21 1-axis
SopoNova PTC 1.7 13.1 21 1-axis
SopoTitan PTC 3 n/a n/a 1-axis
Thermax SolPac P60 PTC n/a n/a n/a 1-axis
Trivellienergia SolarWing PTC 1.3 18 n/a 1-axis
Evolution
Hitachi Plant Prototype PTC n/a n/a n/a 1-axis

Technologies

objective is to improve the performance of the desali-
nation system. However, fewer researches are aimed to
co-production of desalinated water and cooling effect.
A proposed arrangement of a combined absorption
cycle and multi-effect desalination system driven by
solar energy was analyzed by Aly, [15]. In his study,
the condenser and evaporator of the absorption cycle
were replaced by a 20-effects desalination system. The
vapor generated in the absorption cycle is used as the
heating steam for the desalination system, and

dumped out of the cycle for health reasons. The desali-
nation system’s top brine temperature (TBT) was 63°C,
while the last effect temperature was 6°C. For this
reason, the vapor generated in this effect is directed to
the absorber of the absorption cycle. The system
produced 1.53 MGD of fresh water at a GOR of 14.8
and a PR of 14.2. The system can also provide as a
byproduct cooling capacity for air conditioning
purposes equivalent to a 220 kW vapor compression
refrigerating machine. Mandani et al. [16] proposed a
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Fig. 6. Solar cooling system using LFC, [11].

connection of a single-effect desalination system with a
lithium-bromide heat pump to improve the perfor-
mance of the desalination system. Their analysis
showed a 50-70% improvement of the thermal
performance ratios of the system compared with the
single-effect thermal vapor compression system.

Alarcén-Padilla et al. [17,18] evaluated the con-
nection of a double-effect AHP driven by a fire-tube
gas boiler, to 14 effects MED unit. The hot cooling
water from the absorption cycle condenser is used
to drive the MED unit. The lower effects are cooled
by the cold water produced in the absorption cycle
evaporator. They used two water tanks for steady-
state operation of the unit. No cooling effect was
used in this cycle.

Wang and Lior [19-21], proposed and mathemati-
cally analyzed a process of absorption cycle for space
cooling combined with a multiple-effect evaporation
system for desalination. In their study, the condenser of
the absorption cycle is replaced by a low temperature
multi-effect evaporation system driven by steam gener-
ated in the generator. The system is driven by steam

generated externally. The combined system gives a
60-78% water production gain over a stand-alone low-
temperature multi-effect evaporation (LT-MEE) unit
run by the same heat source conditions.

2. Process description

The proposed system, Fig. 7, consists of three sub-
systems, namely: (i) the absorption cycle, (ii) the desa-
lination process, and (iii) the solar field. The vapor
absorption system consists of an absorber, a generator,
a condenser, an evaporator, expansion valves, a solu-
tion heat exchanger, and a solution pump as illus-
trated in Fig. 8. The energy required to drive the
absorption system is supplied as thermal energy to
the generator. However, a small amount of mechanical
work is required to drive the solution pump. This is
in contrast to conventional vapor-compression cycle,
which mainly requires shaft work for the compression
process, [22]. In the evaporator, low-pressure liquid—
vapor mixture refrigerant, state 4 in Fig. 8, evaporates
on the outer surface of the evaporator’s tube bundle.

Feed Generator
Fresﬁeawater LT-MED
Water
Rejected
Brine
Evaporator — Absorber
Cooling
Seawater

i

Fig. 7. Block diagram for the proposed system.
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Heat is supplied to the evaporator by water flowing
inside the evaporator’s tubes; this chilled water is sub-
sequently used for refrigeration. Refrigerant vapor
leaving the evaporator as saturated vapor enters
the absorber at low-temperature and low-pressure
conditions, state 5. The refrigerant vapor is then
absorbed and dissolved by the weak water-lithium
bromide (H,O-LiBr) solution coming from the genera-
tor through line 12. It is worth to mention that the
weak solution is the solution with less amount of
refrigerant, i.e. highly concentrated by LiBr salt. Heat
liberated during the absorption process is removed by
using cooling water flowing inside the tubes, states 13
and 14. The solution pump receives strong H,O-LiBr
solution through line 7 and delivers it at high pressure
to the generator via the solution heat exchanger
through line 8. Note that the solution is a saturated
liquid and hence the pump work is very small. The
high-pressure solution entering the generator through
line 9 is heated and the water in the solution is vapor-
ized. The heat for this process could be provided by
solar energy or a gas burner. The remaining weak
H,O-LiBr solution exits through line 10 via the heat
exchanger to the absorber through a pressure-reducing
valve between lines 11 and 12. A solution heat exchan-

To MED System

Desuperheater

From MED System

‘ Sub-Cooler
cooling
water

17

evaporator

18 chilled

water

mass[ka/s] hlkJikg]
plbar] 1°C]

waler / steam

mass[kg/s] wikg/kg]
plbar] 1°Cl

LiBr solution

ger is included here; as the solution in line 8 requires
heating and the hot solution in line 10 would increase
the absorber temperature if it were not cooled before
entry, [22]. High-pressure, high-temperature refriger-
ant vapor leaving the generator is passed to the desali-
nation system through line 1. A de-superheater is
used before introducing this vapor as heat source in
the desalination system. The saturated vapor is
condensed to a liquid in the first effect of the MED
desalination system. This liquid, then flows through a
sub-cooler heat exchanger to reduce its temperature
even more to improve the cooling performance of the
absorption cycle. The sub-cooled water is then flowed
through an expansion valve in line 3 and into the
evaporator through line 4.

The proposed thermal desalination system is a
low-temperature multi-effect distillation (LT-MED)
system. A schematic diagram of the combined system
with various significant components is shown in
Fig. 9. Based on the mathematical model of the
absorption cycle, the amount and conditions of the
available driving steam for the desalination system
can be accurately estimated. The desalination system
can be operated in two modes; (a) conventional
LT-MED driven by steam (or hot water) with the
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Feed Generator
Seawater
Fresh LT-MED
Water

Rejected
rine

X

Evaporator Absorber
A
' Cooling
Seawater

Fig. 10. Layout of the heat pump-assisted desalination system.

lower condenser cooled by the atmospheric seawater,
Fig. 7, and (b) a LT-MED system with its lower con-
denser is connected to the absorber of the absorption
cycle, Fig. 10. In the present work, the system oper-
ated in the conventional mode will be considered
only. A rigorous mathematical model for the desalina-
tion process has been developed to design and to pre-
dict the performance of the system and to estimate the
size of the system components.

3. Mathematical model
3.1. Mathematical model of the MED system

The proposed desalination system arrangement is
MED with parallel-cross feed, Fig. 11. The schematic
representation of the evaporator is shown in Fig. 12.
The following assumptions are considered in the
developed mathematical model of the absorption and
desalination systems.
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Condensate

Fig. 11. Parallel-cross feed MED system diagram.
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Fig. 12. Schematic diagram of the evaporator modeling variables.
(1) The system runs in a steady-state condition. 3.1.1.2. Mass conservation of salt.
(2) Heat losses to the surroundings are neglected.
mFed X Wred + mBmin X mem = mBmoul X meoul (3)

3.1.1. Material balance through the evaporator

3.1.1.1. Mass conservation of water and steam. 3.1.2. Energy balance of the evaporator
. . . . Energy supplied by the condensing steam entering
MEed + MBmy, = MBrmg, - MVpr @D the evaporator (i) from the preceded one (i—1) is

mStm = and (2) Q = mStm (hStm - hCnd) (4)
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This amount of energy will be utilized to increase the
temperature of the feed Ty to the boiling temperature
in the effect, T), and to evaporate ritpoiing Of water
vapor by boiling

Q = titped(MBmy, — hred) + Mpoiling X Lo 5)

The brine from the preceding effect of a temperature
Ty, > Ty, will boil spontaneously, producing an
amount of vapor by flashing to reduce its temperature
to reach equilibrium with the brine in this effect. The
amount of the generated vapor by flashing can be
calculated using the following equation.

mﬂashing X Lv = mBm;n (thm - thom) (6)

The total amount of the vapor generated in this effect
is the sum of the vapor generated by both boiling and
flashing

1Mypr = Mpoiling + Mflashing )

The formulae for evaluating the enthalpy and latent
heat of vaporization is presented in Appendix A

3.1.3. Heat transfer

The energy supplied to the effect in the form of water
vapor, generated in the previous effect, is transferred to
the feed seawater from the tube bundle. The estimation
of the overall heat transfer coefficient for this process is
presented here. The amount of heat transferred to the
feed can be calculated using the following equation

Q = Asurface X uo X ATLMTD (8)

where Agurface 1S the total heat transfer area of the
tube bundle, U, is the overall heat transfer coeffi-
cient, and ATpumrp is the driving temperature diffi-
dence between the vapor flowing inside the tubes
and the feed flow over the outer surface of the tubes.
The steam flows inside the tube bundle as a satu-
rated vapor at a temperature T, of the previous effect
which is higher than the boiling temperature T}, in
the effect, and leave as condensate at a temperature
T.. The feed, at a temperature Ty, is sprayed on the
outer surface of the tube bundle, and its temperature
starts to increase to reach T,. As the temperature of
the feed increases from T; to Tj the driving
temperature difference is decreasing and hence the
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Distance

Fig. 13. Temperature profiles in the effect.

logarithmic mean temperature difference is used in
this model. Fig. 13 represents the temperature pro-
files in the effect.

According to the temperature profile shown in
Fig. 13, the log mean temperature difference in this
case is

(Ts — Tp) — (TC - Tf)
In (L=Tw)

(1)

C)

ATimm =

In case of sub-cooling, the condensate temperature is
T.<Ts, by the sub-cooling temperature difference,
ATgup, Where

ATg, =Ts — T, (10)
The vapor generated in this effect is considered the
supply steam for the next effect. The generated vapor
temperature is T, less than the brine temperature by
the boiling point elevation Tgpg as follows

Ty, =Ty — Tepg (1D

The formula for estimating Tgpg is presented in
Appendix A.

The overall heat transfer coefficient U, based on
the outside surface of the tube is defined as:

1 do do do do
= i)+ () ) (i) o5
1

+(

ho (12)



H.K. Abdulrahim and M.A. Darwish | Desalination and Water Treatment 55 (2015) 3310-3329

In the evaporators, the feed water is boiling and evap-
orated on the outer surface of the tube in the form of
thin film boiling, while inside the tubes, the steam is
condensed. In the condenser, the vapor condenses on
the outer surface of the tube, while the water inside
the tube is heated. For each case, a suitable formula is
used to estimate the heat transfer coefficient and then
substitute into Eq. (12).

3.1.3.1. Heat transfer in evaporator. The heat transfer
coefficient of boiling thin film over the outer surface
of the evaporator’s tube bundle, h, was developed by
Han and Fletcher [23], and used by many researchers,
[24-29].

'uz 1/3
1 _ 0.21,.0.65 170.4
hu (W) = 0.0004 Re"“Pr E]N

9 Re— 4m

(13)
where ¢’ =

Heat transfer coefficient of thin film condensation
inside evaporator’s tube, Fig. 14, can be evaluated
using the correlation developed by Shah [30] below.
The developed correlation based on linear variation of
the vapor quality along the heat exchanger length, the
average heat transfer coefficient along the evaporator
can be evaluated using Eq. (14).

- 2.09

k (14)
where hy = 0.023 (Re;)*® (Pry)*4 <_f>

D

3.1.3.2. Heat transfer in end condenser. Condensation of
vapor over the outer surface of tube bundle has differ-
ent modes, Fig. 15. The heat transfer coefficient of the

Condensate
film draining
downwards

Condensate pool
flowing axially

Fig. 14. Film condensation inside evaporator tube.
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axb) Droplet Formation
Droplet Elongation
Thread Formation

| ®(DQ Impact Waves

Fig. 15. Different condensation mode over tube bundle,
[32].

water vapor in the condenser can be evaluated using
Eq. (15), [31].

h, =0.729

goilp— po) 1, 7"
(15)

New D (Tsat - Tw)
where h, =l +0.68 Cp 1(Toar — Two)

For the turbulent flow of water in a pipe, e.g. cooling
water of the condenser, Gnielinski correlation [33] is
used, Eq. (16). This correlation was based on a compre-
hensive review of many correlations for turbulent flow
through tubes and was recommended by [34-36].

(f/8)(Rep — 1,000) Pr
14 12.7(f/8)"2 (Pr¥3 — 1)
for 0.5< Pr <2000 and 2,300<Rep<5 x 10°
(16)

Nu =

[1 + (D/L)Z/ﬂ

The D/L factor in Eq. (16) accounts for entrance
effects. For fully developed flow, D/L =0.0. The fric-
tion factor f is defined for a fully developed turbu-
lent flow in an aerodynamically smooth duct as
[34,37]:

1
(079 In Rep — 1.64)

f for 3000 <Rep <5.0 x 10°

(17)
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3.2. Mathematical model of the absorption cycle

A schematic diagram of a single-effect H,O-LiBr
absorption system is shown in Fig. 8. The schematic
diagram shows the main component of the proposed
cycle, where the condenser is replaced by the first
effect of the distillation system (not shown in this dia-
gram). In this diagram, a sub-cooler heat exchanger is
added to the cycle to reduce the temperature of the
condensate of the MED system to improve the cooling
capacity of the absorption cycle. In addition, a de-
superheater is added after the generator to ensure sat-
urated vapor is supplied to the MED system.

Model assumptions

(1) Refrigerant leaving the evaporator is saturated
water vapor.

(2) Refrigerant leaving the condenser is saturated
liquid water.

(3) No liquid carry over from evaporator.

(4) Refrigerant vapor leaving the generator has
the equilibrium temperatures of the weak
solution of the generator’s pressure and is salt
free.

(5) The solutions leaving the generator and absor-
ber are saturated.

(6) The pumping process is isentropic.

The thermodynamic model of each component is
explained in the following section.

3.2.1. Evaporator

In the evaporator, Fig. 16, the low-pressure, low-
temperature refrigerant (after the expansion valve) is
sprayed over the evaporator tube, where the cold
water circulates through the tubes and gets chilled.

Fig. 16. Evaporator illustration.
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3.2.1.1. Mass balances.

1ty =15 and  tigy = 1ig (18)
3.2.1.2. Energy balances.

Qurans = 1113 X (h5 — hy) (19)
Qurans = 1117 X (h17 — hig) (20)
3.2.1.3. Heat transfer [38].

Qurans = (UA) eyap (ATLMTD ) eyap (21)
A =

3.2.2. Absorber

In the absorber, Fig. 17, the saturated vapor
refrigerant is absorbed by the weak solution intro-
duced at state 12 and converted to low pressure
strong solution at state 7. The generated heat is
removed by the cooling water.

3.2.2.1. Mass balances.

My + 1 = My

) . (24)
mi3 = M4
3.2.2.2. LiBr mass balance.
Mp X Z1p = My X 27 (25)
3.2.2.3. Energy balances.
Otrans = titghs + 1112015 — titzhy (26)
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12

13 14

Fig. 17. Absorber illustration.

Quans = tit13 X (h1a — h13) (27)

3.2.2.4. Heat transfer [38,39].

Qtrans = (uA)abs (ATLMTD)abs (28)
ot1 — Ot

AT; = — 2

(8Torm0) o0 = (307501 2

Oty =ty — tig

Oty = t7 — ti3 G0

3.2.3. Generator

The strong solution at state 9 is introduced to the
generator, Fig. 18, where heat energy is supplied by
hot water or steam. The heat energy separates the
refrigerant vapor from the solution and a high LiBr
concentrated solution is exits at state 10.

3.2.3.1. Mass balances.

Ty = 111 + Hiyg

. . (31)
n1e = Mis
3.2.3.2. LiBr mass balance.
My X Zg = 119 X Z19 (32)
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p— 1 —
16 AAAAR 9
< e B %
10
Fig. 18. Generator illustration.
3.2.3.3. Energy balances.
Quans = tithy + 1it1oh1o — tiohs (33)
Qurans = 116 % (16 — h1s) (34)
3.2.3.4. Heat transfer [38].
Qtrans = (UA)gen (ATLMTD)gen (35)
oty — oty
AT =|—c—~ 3
Tmlon = (i), oo
Oty = tig — to
ot = 15 — tio 57

The values of the design variables in Table 4 will be
used in this work.

The equations comprising the mathematical model
of the combined system are utilized in IPSEpro soft-
ware, [41] and the results are presented hereafter.

3.3. Mathematical model of the solar field

A simple solar field model is used to evaluate the
amount of heat gained by the PTC solar field illus-
trated in Fig. 19. Table 5 shows the monthly average
solar irradiance on Doha. The maximum average irra-
diance is 0.65kW/m? in April and the minimum is
0.44kW/m? in November with the yearly average of
0.55 kW /m>.

Qincidem =1Ix Aaperture (38)
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Table 4
Design values for the absorption cycle, [40]
Heat exchanger UA, (kW/K) Conditions
Evaporator 319.2 Countercurrent film
Absorber 186.9 Countercurrent film absorber
Generator 143.4 Pool generator
Solution HEX 33.8 Countercurrent
el —ea s
—
e
.% —— e —
—— e

Fig. 19. PTC Solar Field.

Table 5
Monthly average solar irradiance on Doha City

Sunshine hours Irradiance from [42] H from [43] Irradiance calculated from Irradiance avg.
Month  from [42] (h) (kW/m?) (MJ /m?) [43] (KW /m?) calculated (kW /m?)
Jan 8.0 0.46 13.75 0.48 0.47
Feb 8.1 0.54 16.28 0.56 0.55
Mar 7.8 0.63 18.02 0.64 0.63
Apr 9.0 0.63 21.53 0.66 0.65
May 10.5 0.59 23.39 0.62 0.60
Jun 11.5 0.57 24.32 0.59 0.58
Jul 10.5 0.57 22.83 0.60 0.59
Aug 10.7 0.54 22.51 0.58 0.56
Sep 10.2 0.54 20.64 0.56 0.55
Oct 9.9 0.48 17.61 0.49 0.49
Nov 9.3 0.44 14.98 0.45 0.44
Dec 7.7 0.45 12.79 0.46 0.46
Avg. 9.4 0.54 19.05 0.56 0.55

where Qincigent is the amount of incident solar energy
on the PTC, I is the solar irradiance on city of Doha,
and Agperture 18 the aperture area of the solar collector

anin = Qincident X Nc (39)
Qgain represents the amount of thermal energy gained
by the heat transfer fluid flowing through the PTC
where average value of the collector efficiency 7, is
used; #,=0.7 is used in the present work.

4. Results and discussion

The proposed system was modeled and simulated
using IPSEpro software. The results of the system for

cooling load at the absorption cycle of 1,500 kW and
solar irradiance of 0.65 kw/m? are shown in the fol-
lowing tables. Table 6 shows result's summary of the
absorption cycle.

Table 7 shows the results summary of the MED
desalination system. The TBT is assumed to be
65°C.

Table 8 shows the summary of the solar field
results. The average value of the collector efficiency is
assumed to be 0.7, while the maximum solar irradi-
ance on Doha is 0.65 kW/m?

The solar irradiance values in Table 5 were used to
estimate the solar field area and collectors’ length as
illustrated in Fig. 20. Maximum required collector’s
area to produce 1,500kW of the cooling load was
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Table 6 Table 8
Absorption cycle results Solar field results
Parameter Units Value Parameter Units Value
1 Cooling load kW 1,500 1 Total solar field area m? 3712.5
2 COP - 0.88 2 Total length of the collectors m 7425
3  Evaporator temperature °C 1.87 3 Aperture area of one collector m? 247.5
4  Evaporator pressure bar  0.007 4 Collector width m 5
5  Refrigerant flow rate kg/s 0.631 5 Total mass flow rate of HTF kg/s 102.2
6  Chilled water flow rate kg/s 89.1 6 Hot fluid temperature °C 261.0
7  Chilled water temperature °C 6 7 Cold fluid temperature °C 250.0
8  Warm water temperature °C 10 8 Irradiance KW /m? 0.65
9  Chilled water temperature drop °C 4 9 Collector average efficiency - 0.7
10 Condenser heat transfer kW 16363 10 Energy gain kW 1692.2
11 Condenser temperature °C 30
12 Generator heat transfer kW 1692.2
13 Generator temperature °C 137.5
14 Absorber heat transfer kW 1556.1
15 Absorber temperature °C 65.84
16 Concentrated solution flow rate kg/s 1.6 casas =TotalArea = Total Length
17 Diluted solution flow rate kg/s 223
18 High LiBr concentration - 0.6
19 Low LiBr concentration - 0.43 kil
20 High temperature of the heating steam °C 150 37118
21 Low temperature of the heating steam °C 149.5
22 Solution pump power kW 0.183
23 Supply steam flow rate kg/s 0.8
24 Total energy input to the cycle kW 16924
1096.9
8773 742.36
0.44 055 0.65
Table 7 Solar Irradiance, kW/m?
Desalination plant results
Parameter Units Value Fig- 20. Solar field area and collectors lengthfor different
solar irradiance.
1 GR - 5.69
2 Distillate flow rate kg/s 3.72
3 Top brine temp. °C 65 .
4 Thermal energy input KW 15175 absorption cycle on the system performance parame-
K] /kg 40793 ters is shown in Figs. 21-26.
kWh/m? 113.3 The effect of cooling load on the heat transfer in
5 Steam flow rate kg/s 0.654  each heat exchanger of the absorption cycle is illus-
6 Feed flow rate kg/s 32.0 trated in Fig. 21. As mentioned before, the con-
7 Brine flow rate kg/s 1414 denser is replaced by the desalination system;
8 Cooling water flow rate kg/s 1413 however, the condenser heat transfer is calculated
9 Brine salinity g/l 56.83

found to be 5,484 m? with total collector’s length of
1,097 m.

IPSEpro software was used to simulate the com-
bined system. The flow sheet in Fig. 10 illustrates the
combined system as represented by the simulation
software. The effect of changing cooling load of the

from the states of the refrigerant after the generator
and before the expansion valve. As expected, the
heat transfer in each heat exchanger is increased
with the increase in the cooling load. The total
energy supplied to the absorption cycle, the mass
flow rate of the refrigerant and the supply steam,
and the COP of the cycle are presented in Fig. 22.
As the cooling load increases, the required steam
supply by the solar field and the LiBr solution flow
rate are increased and hence the total energy supply
to the cycle increases steeply. The COP of the cycle
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Fig. 21. Heat transfer in the different components of the
absorption cycle.
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Fig. 22. COP, Energy supply, steam, and refrigerant flow
rate as a function of the cooling load.

decreases as shown in Fig. 22 due to the much
increase in the steam supply compared with the
refrigerant flow rate, the difference between it
increases with the increase in the cooling load.

Fig. 23 shows the performance of the MED desali-
nation system as a function of the cooling load of the
absorption cycle. The ratio of the distillate produced
per kg of the supply steam (GR) was constant as the
amount of the feed to the system was controlled by
the salinity in the last effect of the desalination system.
As the cooling load increases, the refrigerant flow in
the absorption cycle increases, as illustrated in Fig. 22,
which represents the heating steam supply to the
desalination system, which in turns increases the
distillate production by the system. The feed flow rate

H.K. Abdulrahim and M.A. Darwish | Desalination and Water Treatment 55 (2015) 3310-3329

6.0 6.0
= Distillate
=@~ Steam Supply |
5.0 ¢ - GR + 5.9
4.0 4 ! ! ! ! ! | | L 58
K | | I
=
£ 30 I I " I I | Ls7 &
-]
T | |
2.0 4 i I } I I ] ! Y

1.0 + | | | | | | | 155

0.0 + ! ! ! ! } 5.4
500 750 1000 1250 1500 1750 2000 2250 2500

Cooling Load, kW
Fig. 23. GR, distillate, and steam supply of the MED

desalination system.
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Fig. 24. Different streams flow rate of the MED system.

to the MED system was also increased, as shown in
Fig. 24, to keep the salinity constant in the last effect,
which resulted in a constant GR of the MED system.
As shown in Fig. 24, the flow rate of brine and cooling
water is also increased as a result to increasing the
feed flow rate.

The effect of the cooling load on the solar field
parameters are shown in Figs. 25 and 26. The
required collector’s length and hence the aperture
areas increase as the required steam supply by
the absorption cycle increases. As a result to the
increase in solar field area, the required heat transfer
fluid flow is also increased to increase the solar heat
gain.
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Fig. 25. Total length and total aperture area of the solar
field.

300.0 3000.0
- HTF flow rate (kg/s) |

Solar Energy Gain (kW) | |
250.0 T T at T 25000
200.0 -+ + + + + A + + 2000.0

150.0 1500.0

HTF flow rate, kg/s

Gained Solar Energy, kW

100.0 - 1000.0

50.0 -+

0.0 0.0

500 750 1000 1250 1500 1750 2000 2250 2500
Cooling Load, kW

Fig. 26. Heat transfer fluid flow and gained solar energy as
a function of the cooling load.

5. Conclusion

A combined system of H,O-LiBr absorption,
refrigeration, and MED-LT desalination system was
proposed, modeled, and simulated in this paper. The
thermal energy waste of the condenser of the absorp-
tion cycle is used to drive the desalination system. A
parametric study on the effect of the cooling load of
the absorption cycle on the performance of the
combined system is carried out and the results are
presented. The cooling load affects the amount of pro-
duced water but keeps the GR constant at 5.7. In addi-
tion, increasing the cooling load increases the required
solar field area and the flow rate of the heat transfer
fluid.
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Nomenclature

Variables

Asurface M2 — heat transfer surface area

d;, do m — inner and outer diameters

f - — frication coefficient

h kJ/kg — specific enthalpy

hi, ho kW/ — inner and outer convection heat
m2°C transfer coefficient

kiube kW/ — tube thermal conductivity
m°C

L m — tube length

L, kJ/kg — latent heat of the vapor

m kg/s ~ — mass flow rate

N - — number of tubes

Nu - — Nusselt number

[4 bar — pressure

Pr - — Prendt]l number

0O kW — heat transfer

Re - — Reynolds number

Rg, Ry kW/ — inner and outer fouling resistance
‘C

t C — temperature

Ty ‘C — brine temperature

TspE ‘C — boiling point elevation

T, C — condensate temperature

Ty ‘C — feed temperature

T, C — steam temperature

T, C — vapor temperature

Uy kW/ — overall heat transfer coefficient
m2°C

w - — seawater salinity

z - — LiBr concentration

Greek

u kg/ms — fluid viscosity

ATy C — log mean temperature difference

Subscript

abs — absorber

Brn — brine

Cnd — condensate

evap — evaporator

Fed — feed

gen — generator

sat — saturated

Stm — steam

trans — transfer

Vpr — vapor

w — wall
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Appendix A

Specific enthalpy of the brine [44]

hy = Ao + 1072 (Art + Aot + Ast® + Ayt?)
Ao = 9.62964 w;, — 431.2404 w?

Ay = 1.000000433 (4206.8 — 6619.7 w, + 12288 w?)
Ay = 0.5000002164 (—1.1262 + 54.178 w;, — 227.19 w})

Az = 0.3333334776 (0.0120264 —0.53566 wy + 1.8906 wi)

3329

Ay = 0.2500001082 (0.68774 x 107 + 0.1517 x 1072 wj,
—0.4268 x 1072 w})

Specific heat of the brine [44]

Cp= 107°(Ag+Art+A P+ A P)

Ag = 4206.8 — 6619.6 wy, + 12288.0 w?
Ay = —1.1262 + 54.1785 wy, — 227.19 w?

Ay = —0.0112026 — 53566 wj, + 1.8906 w?

As = 0.68774 x 107° + 0.1517 x 1072 w,
—0.44268 x 102 w}?

Boiling point elevation [45]

Tgpe = Ag - TDS + Ay - TDS? + A, - TDS®
Ap :ao+b0-T+Co-T2

A1:ﬂ1+b]-T+C1-T2

As :ﬂ2+b2-T+C2'T2
ap = 82543.1 x 107® by =188.3 x 107°
co=4.02x107°
a1 =-7625x10"% b =9.02x107°
c1=—-052x%x10"°
a, =152.2 x 107 by = -3.0x10"°
¢, =0.03 x 10°°


http://www.simtechnology.com/
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