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of Different Types of Solar
Desalination Processes

Many types of desalination technologies are widely used around the worldwide. Thermal
aned membrane rypes dominated the market share among the other technolagies (freezing,
electrodialysiz, and ton-exchange). Currently, multistage flash considered the power
howse of desalination technolopics; however, in the last few decades, multi effect distilla-
tion and reverse osmosis (BOQ) technologies were proven as reliable and cost efficient
processes. Bur comparing and electing the most efficient type between conventional
desalination technelogies i still wnder scope. 1S very hard to decide which type or tech-
migue iy reliable and hermo-economically efficient. Also, it becomes harder to decide
which tvpe iv thermo-economically efficient when desalination process is combined with
solar energy. In thiv work, different types of solar desalination processes are thermo-
eeonamically compared and analyzed. Results revel that RO and multi effect distillation-
r.u'wmu.! Vapor COmpression are n’wumrfndﬂ’d accarding to specific solar area (554
nit {(m fd)), total water price (TWP §/m’ '), thermo-economic product cost fe, §/GT),
and the gain ratio (GR}, The comparisons were performed based on two scenarios: (1)
different operating conditions due to cach individual technology and (21 uniform operat-
tng conditions. [DOL: 10U E571.4005752]

Kevwords: solar organic cveles, solar desalination technologies, thermo-economic, Sos

software package

1 Introduction

As result of the growing human demands for fresh (potable)
water, several desalination methods have been consequently sug
zested during the past three decades. Examples of great interest
can be easily found in many industrial applications. At present,
the RO and muliistage Hash (MSF) are the mostly vsed industrial
technigues, Alse, the mechanical and thermal vapor compressions
(MYC-TVC) and multiple effect distllation (MED) are used on
much limited scales 1o produce water from sca, that is 1o say the
largest water supply on the earth [1]. These standard desalination
techmigques are only reliable for large capacity ranges of
100-50,000 m? {day of fresh water production [2]. Using conven-
tional epergy sources to drive on such technologies has a negative
impact on the environment. To reduce the negative impacts from
the conventional desalination plants, solar energy considered an
alternative solution to reduce the negatives from desalination
processes to the environment. To combine desalination processes
with solar emergy, there are many aspects should be taken in con-
sideration such as;

= The location of operation: It 15 very important to allocate

solar desalination plants in the Sunbelt area and near the sa-
line water source (sea or well).

= The amount of water production: It is very important Lo

decide the amount of fresh water production (small—
medium-large capacities) based on the remote area need,

* The size area of the site: Size arca of the site considered a

vital parameter (o decide the type of solar desalination plant.

* The type of the technology: There are many technigues of

combining the solar energy and desalination processes such
as direct vapor generation, indirect vapor generation, and
combination with organic Rankine cycle [3-3].
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= The production cost: ILis very important W decide the price
of the fresh water production based on the region of the sink
tlocal and/or touTISm SeCtors).

Combining the solar energy with desalination processes lakes
an important place of studies along the near decades. Voros et al,
[6] studied the possibilities and cost aspects for solar power plant
for RO desalination process. Nafey et al. [7] investigated the pos-
sibilitics of driving a small unit of Aash evaporation by solar
energy. The productivity was not exceeding 20 kg /day. During
the 1990s, an experiment in solar seawater desalination at the Pla-
taforma Solar de Almeria coupled a parabolic-trough solar field
with a conventional MED unit was constructed [8]. For large
capacity, MED plant with capacity of 6000 m’/day driven by
parabalic-trough collectors (PTCs) are designed and constructed
in Arabian Gull [9]. For lower capacitics, an MED-14 effects
plant with capacity of a 40 m? /day driven by evacuated tube col-
lectors is constructed in La Desired Island, French Caribbean
[10]. Alseo, a 16 effect-MED (plant capacily, 16 mg;’day; solar col-
lectors, flat plate) is constructed in Takami Island, Japan [11].

Adso, the stand alone desalination processes are widely different
in the manmer of TWP ($/m”). The cxample of some case studies
about thermal desalination processes shows some differences in
capacities and total water price. Al-Sahali and Ettouney [1]
investigated that the TWP of i MSF with a capacity of 68,333
m J'da} is about 0958 %/m’. For MED L.npm.lu- of 20,000
m fday [1], the TWP is [uund as 0.86 §/m’. MNafey et al. [12]
indicated a valoe of 2,58 $/m” for a capacity of 5000 m®/day of
MED with paralicl I'u._:i configuration. Howc"w:r the cost of
MED-MVC for 1500 m”/day was about 1.7 £/m® [12]. Tt is clear
from the literature that the possibility of wtilizing solar thermal
power with different types of distillation processes such as MED,
MSF, and RO already exists. However. such plants are not widely
used especially in Middle East region where the solar potential is
great and the sun shine hours almost 3600 hfyear. To construct
such plants, there are many obstacles like what is the most reli-
able, efficient, costly cffective technique. Also, it become very
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hard to compare and elect a solar desalination technigue to be con-
structed due to many aspects such as productivity, cost, exergy
destruction, solar ficld arca, and specific power consumpion,
Morcover, cach technique has an individual operating conditions
differed from the others technigues. In this work, two case studies
are performed o compare and elect the most reliable solar desali-
nation technigque, The study is performed based on two different
methods, The first method 15 (o compare the techniques based on
individual operating conditions for each technigue. and the second
method is to compare based on uniform operating conditions for
all technigques. The aim of this work may be concluded into these
points:

+ Solar desalinalion processes are compared based on uniform

and different operating conditions putling in consideration

the design Iimits of ¢ach process.

Electing the most reliable technigue based on the aspects tha

mentioned above (productivity, solar field area, total water

price, and location ut"operam:n]

. Thn:: terms of comparison are solar field arca m productivity

m/day, specific power consumption kWh/m®, total exergy

destruction tate MW, thermo-cconomic ;'rrul.iun:.i cost $/G1,
specific solar field area m®/{m” /day), and hourly costs $/h.

= Solar Desalination Systems (sos) software package [5.14-19]
is used to run out the different results of solar assisted RO,
MVC, TVC, MED, and MSF processes.

2 sps Software Package

Lizing the developed sps software package | 14], different tvpes
and configurations of solar thermal desalination plants can be eas-
ily designed and simulated. The process units are modeled then
the design and performance calenlations are performed osing the
developed sps program. Different types of caleulations such as
energy, exergy, and thermo-cconomics can be performed by the
developed sps package. Desalination plant components (units),
such as heat exchangers, ash chambers, evaporators, pumps,
pipes, ete. are stored as blocks in a visual library, Using this visual
library, different configurations can be constructed by just click-
ing the mouse over the required umits (blocks).

To construct such a conliguration, the designer needs o drag
the required units from the visual library and drop it in the panel.
Then these blocks (units) are visually arranged similar 1o the real
plant (for more details. see Ref. [14]). Figure 1 shows an sos
library interface under seaTeas/smivg program. The developed
a0 package has some features concluded in: easy model construc-
tion, easy lo convert the designed code to be sell executable and

- T AsnkTime Warkshoo
= T AeakTeme Wartahop Dmoedoed Coer

| " LESLE Sokr Desalinaton Plants

-

work under different computer languages (VISUAL BASIC, VISUAL ©,
visuaL ¢+ ), The model allows users easily change to the plant
variables and differcnt operating conditions with ultimate: siream
allowance. The developed program overcomes the problem that
appears in other technigues of simulation such as sequential
approach and matrix manipulation technigue.

3  Environmental Conditions and Process
Confisurations

The technigues of combining solar power (orgamic) cycles with
desalination processes are wide and vary. In this work, two differ-
ent technigues of combining solar power cycle with desalination
technologics are utilized. The first is via mechanical power devel-
oped by solar orpanic Rankine cycle (SORC) and the second is by
thermal power transferred via boiler heat exchanger (BHX) unil
hetween the solar field and the desalination process. The [first
methed wsually performed for RO and MED-MVC technologics
{mechanical types). The second method 1s performed for thermal
types of desalination processes such as MED, MED-TVC, and
MSF.

3.1 Environmental Conditions, Dirccl normal irradiance
under winter operating conditions is assumed in this study [16].
The values of (latitude: 30 deg N; longilude: 32,55 deg E-Egypi-
Sucz, Gulf region) are considered lor this study, T is estimated by
sn% |14, 16] that the daily average global 1"='u;1ialiun ina typical day
in winter would be in the range of 21-22 M1/m". To dominate
long operation along the day light (11 h), the solar mdmm:rn. would
be eqttmatmj and fixed at 503 W/m® (214 MI/m" = 503.7
W,-’m ). For all dag aperation (24 h), the daily average is esti-
mated at 252 W/ m". Figure 2 shows the variations of solar radia-
tion on the specified location in Jan, 21, Also, Table | illustrates
the data reselts of the solar model according to the specified
location.

Designing the solar ficld based on lower values of solar md]a-
tion, for example, winter conditions (for example, 252 W’m |
gives the allowance to collect huge amount of solar radiation
based on larger capected area. Although the PTC operates at 850
W/m? this value could canse the very need for storage element
{extra costs) during winter or may also nol be able to power on
the plant based on lower operation area service against the
demanded productivity. However, under summer conditions. it
will he expected that there is an excessive power due o large solar
field area and it might be handled through bypassing some loops
in the solar field for maintenance and cleaning operations.

Fig.1 SDS software library browser under matas,/siMuLiNg interface [14]

031001-2 [ Vol. 134, AUGUST 2012

Transactions of the ASME



800
750
700
550
500
550
500
450
409
350
300
250
200
150
100

50

Solar radiabon, Wim2

------Diaily average radiasion for 24 hour -
Wim2 .

L 1 1 1 .

. i, 1 L
& 9 M111213 41516 17 13 1920

B

1223

Day hours

Fig. 2 Global solar radiation data results based on hourly, daily average (11 h), and daily av-

erage (24 h) variations (winter condition)

3.2 Solar Organic Rankine Cycle for RO and MED-MYC
Processes. SORC often contains solar PTC, BHX unit, circula-
tion pumnp, twrhine, generator, recuperator, and condenser /pre-
heater umil. In this technigque, SORC s utilized o develop the
sulficient power (o operate the high pressure pump (HPP) in the
ROy and the vapor compressor in the MED-MVC. Heat transfer oil
{(HTO) is used through the solar PTC fizld [4] to transfer the col-
lected thermal power via BHX unit to any process heat. Thenee,
HTO would transfer the thermal power to the organic oil (Tolu-
cne) passes through the Rankine cycle. The generated power from
the organic turbing would power on the high pressure pump for
the RO process and for the mechanical vapor compressor for the
MED-MVC process, Also, the preheated seawater from the Ran-
kine cvele condenser unit goes directly to the RO process and for
the first effect of the MED-MVC process. RO with pressure
exchanger unit configuration (RO-PEX) and MED parallel feed
configuration (MED-PF) are confirmed in this study [5.14.17].
Figure 3 shows schematic a diagram of the SORC powered on the
RO-PEX and MED-MVC processes.

33 Solar Thermal Organic Cycle for MED, MED-TVC,
and MSF-BR Processes. In this technigue, solar thermal power
from the solar field is directly transferred to the BHX unit.
Thence, the thermal power would be transferred to the steam cycle
to power on the thermal desalination process. Such cycles often
contain solar PTC collector with HTO, which is directly fed to-

Table 1 Typical data results for solar radiation model based on

the specified location of operation

Parameter Drata resulls
Locition Suey Gulf region
Longitude Longitede: 32535 deg E
Latitude Latitude: 30 deg N
Fauation of time, min —115
Declination-angle —M) 138
Duily average solar radiation, MI/m® 2176
Monthly average of daily ttal radiation, MI/m® 15.623
Extraterrestrial intensity, W/m™ 149, 19
Sun temperature, K 5833.11

Sun rise Hme 6814

Sun et fime 1719
Julian day Jan, 21
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ward the BHX unit for thermal power transmission, and pump
unit for circulation and o overcome pressure losses, and the
desalination process For fresh water production, Such configura-
tions necd not any turbine, however, it would consume larger ther-
mal power compared against the previous technigque, Moreover, it
also consumes electricity for distillate, brine, seawater pumps, and
other facilities. Brine heater unit is added n case of mullistage
flash brine recvele configuration (MSF-BR). Multi effect distilla-
tion with paralle]l feed configuration is considered for MED and
MED-TVC. Figure 4 shows a schematic diagram of the solar ther-
mal power cycle assisted MED-PF, MED-TVC, and MSF-ER
desalination processcs,

4. Exergy and Thermo-Economic Considerations

4.1 Exergy Analysis. Unlike energy, which is conserved in
any process according to the first law of thermodynamics, exergy is
destroyed due to-irreversibility taking place in any process, which
manifests itself in entropy creation or entropy increase, The general
form of the exergy is delined by the following equation [18]:

Exs — Fxy = Exy + Exy + Exg — Exg, — | (n
where Evs - fx, — 0 is the nonflow exergy change in steady state

condition, fx, = E', (1 — T/ 150y s the cxcrgy transfer due
to the heat transfer between the control volume and its surround-
ings, Ex,, = —W., + P,(V2 — V) is equal to the negative valoe of
the work produced by the control volume, bul in most cases, the
contrel volume has a constant volume, therefore, v, can be fur-
ther simplified, And [ = Ty ¥ Sue 15 the exergy destruction in
the process, The flow  availability expressed  as
Expo = 3; . 250 So the general form in steady state condition
would hecome

0=Ex; + Exo + Exg —Exp — 1 (2
The exergy destruction rate (kW) in solar collector is obtained by
Ref. [21] as

'rI-:r-ll'n'-:t'-'enf ~ f"m.‘ X G"‘ # (l' + :L"(.-Ir'_::) _é(g{f))

=T mjv,flrhi Ny — Tampl 3 — -"er]] 3
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Fig.2 A schematic diagram of SORC assisted RO-PEX and MED-PF-MVC desalination processes.

'r.mr.'n'uw' = -"];II""'II.' a Ty 2602455 |:-| “"r,;m-.l.,r_! 4

fn'r.rrul-.l' nr},,,,-!_-"‘i"ll.i o T ey X "Jl'--¢| I'r|_|!|,f (5)
o A — T ¢ Ay, :

P = 1AM — T % A ] + Wi (6

Ep_rr—Me = AFx Wi — Woiine + 25 = Ex;, = B
(71

InEn = AT + Wiy B —Exy—Ex; (8]

Inesy = A i W e + B — X3, — Ex ey

ey = Wiy + Ex; — Ex;, — Ex, (10

where EJ.} represents the chemical and phyvsical exergy of sea-
water fecd stream to the MED effects, Ex;, is the exersy stream
associated with brine and neglecied as loss stream, while Ex, is
the chemical and physical exergy stream of distillate product, and
AEx:,, o 15 the exergy stream of steam conditions based on inlet
and owlet cases. Exergy of saline streams 18 obtained based on
physical and chemical components. For physical part, the exergy
streams Tor feed, brine, and distillate are functions of Ay, fi, and &,
which are calvulated based on scawater specific heat capacity ¢,

salimily 5, and feed scawaler temperature for cach stream [13]
where

bpan=ho+ (AxT+Bp x T+ G x T + Dy x 1) )

where

h, = 9.6206 x § — 04312402 = §°

and

s

A=d42068 — 66197 % 54+ 12288 = 1077 x &7
B——11262 454178 x 1072 x § — 22719 x 107" x §*
C = 12026 — 53566 3 1074 . 8 4 1.8906 x 1079 % 52

D=68774x 1077+ 1.517 x 10 ® x § — 44268 x 1077 x §°
Thercfore, the physical exergy cquation {kg/s) Tor any saline
stream is oblained as

R . T
Hr'"h = ' (E_'_r,[-j-_ Sy (T—=T,) = Gl T, 5) !Ugﬁ)1 (12)

(T, = reference temperatune )

Electricity from the main
grid 1o serve the auxiliaries

I spdar field block E
S et  Productivity
Thermal desalination plants:
PTC solag - MSE-BR
collector . or
. MED-PF
. or
Steam power MED-PE-TVC
RCEEETTLICEE
Scawatch Brine lnssl
thermal
P"".]P stream HTO stream e =
il S‘“:ﬂm ctream = "eess EEEEEEE

Fig. 4 A schematic diagram of solar thermal power cycle assisted thermal desalination proc-

esses (MSF-BR, MED-PF, MED-PF-TVC)
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Table 2 Specifications and design input data based on S-RO-
PEX {First method)

Table 4 Specifications and design input data based on S-MED
(First method)

Parmmoeter 5-RO-PEX

Solar collector rype /working fuid PTC-1.5-3 [41/
therminol-VPL | 24]
Dreveloped power hpc..- working fluid ORC 1oleene [15]
Solar radiation, W,/m 252 (winter)
Ambient [emperarure 2C 30

Top solar collector temperitare, °C 350
Inlet turbine condinion fcondensation condition, “C 30035
Seawaler lemperature, "C Sscawatcr salinity, ppm 20745 000

Turhine, generator, pumps efficiency, % RI5, 05%, T5%

Recuperator cffectivencss, % a0
Productivity, m®/day 3500
Recovery rtio, 5 ki

PEX, HPP. BP efficiencies, % R, BIVR, RO
Mumber of elements/ number of pressure vessels Ti42
Aren of the element, m” 353
Fouling factor 085

Load factor R
Membrane life time /plant fife time, year 5720

For chemical part. the exergy stream (kg/s) should be caleufared
according to the following relation:

Ex = 00 (N5, My, M) % 107 x 8314

)'CT.:.f Xy o [ug?z'-.;-—x,g . |D§X|r}] (13)

and total stream exergy rate is then caleulared
EXa = Expy + Exy, (14}

where

XH.' .-..-"u',,,,.,,.lfS. M‘u. ].-'IJ mr{S..‘WH',IH_'.': (13)
Ky = Mo (5. My ) N (8, My, M) i16)
Noiee = (1000 — 8] /My {17
N.-:r.ll H."I.ME Ll 1 H]

Tahle 3 Specifications and design input data based on S-MED-
MVC (First method)

Parameter 5-MED

Solar collector tvpe/working fuid PTC-LS-3 [4)/
therminol-VP1 | 24]
Indireet vapor generation
Sl

252 {winter}

Developed power rype; working Tuid

Selar eadiation, W /'m”

Ambient lemperature, "C Hy
Top solar collector wemperature, °C 350
Top steam emperatre, “0 T3
Brine blow-down femperature, "C 36
Seawater temperature, "C 8
Seawuter salinity ‘brine blow-down 40, 000 69 D0
salinity, ppm
Pump efficiency, % 75
ivi 4545

Number of MI—[) effects, # Four parallel feed configuration

Effects emperature drop, "C 93

End condenser effectiveness, 5 b

Feed, brine, distillate pumps efficiencies, %75%., T5%, 75%

Load lactor 0.9

Plam life time, year 2

Nt = Npure + Wy 15 the number of panticles, and X, X, is the

fraction of water and salt (mol), and the molar weight M., Tor
water and salt is 18 g and 38.5 g, respectively.

4.2 Thermo-Economic Analysis. In this pan, investment
and operating & maintenance costs analyses are performed [oe
cach unit (solar feld, steam twrbine, condensers, and pump units),
The intercst rate set as 3%, LT, is the plant lifetime and set as
20 years. Thermo-cconomic is the branch of engineering that
combines exergy analysis and economic principles to provide the
system  designer or operator with information not available
through conventional energy analysis and economic evaluations
but crucial o the design and operation of & cost effective system
[19]. In & conventional coonomic analysis, a cost balance is usu-
allv formulated for the overall system operating ol steady state as
following [19];

Table 5 Specifications and design input data based on 5-MED-
TVC (First method)

Paramcrer

S5-MED-TVC

Parameter 5-MED-MVC

Solar collector type Mworking fluid PTC-L5-3 [4]/
therminol-VPI [24]
Developed power 1}p-:,- working Muid ORC ftaluene [E5]
Salar radiation, W, Jm® 252 (winter)
Ambient temperature, O a0

Top solar collector temperature, “C 350

Inlet turbine condition / condensation condition, “C 300/35
Seawaler lemperatuge, "C 21
Seawater salinily /brine blow-down salinity, ppm 42000 THN0

Turhing, gencrator, pumps efficiency, % 85%, U8, 755%
Recuperator cf'fc:.tlvcncﬁ % A
Produciivity, el 1y 1500

Top vapor tempersture. 65
Compression ratio 1.35
Compressor efficiency, S 75
Adiabatic index 1:32
Mumher of MED effects, # 2
Effects temperature drop, “C 5

Feed, brine, distilfate pumps ciliciencics, % T%, T30, T5%
Lo factor (4

Plant hife lime, year 260

FIC-L5-3 [4]f
therminal-VPL [24]
Indircct vapor generation
AMEm
252 {winter]

Solar collector type /working finid
Developed power type/weorking Auid

Silar radiation, W /m*

Ambient temperature, “C 30
Top solar collector temperature, "C 330
Top steam temperature, “C 02
Brine blow-down temperature, "C 468
Seawaler lemperatune, "C i
Sewwaler salimity  hrine 0, 00 F &tk O
bloav-dean salinity. ppm

Steam ejector compression ratio, CR 2165
Motive steam pressure, kPa 2500
Expansion ratio, ER 250
Pump efficiency, % 15
Productivity, m-/day 4545

Mumber of MED effects. # Four paralle] feed configuration

Effects temperature drop, "¢ 4
End condenser effectiveness, % Gl
Feed, brine, distillae pumps efficiencies, 9 T5%  T5%. T5%:
Load lactor ne
Plant Tife tme, year 20

Journal of Solar Energy Engineering
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Table 6 Specifications and design input data based on S-MSF-
EBR (First method)

Parameter 5-MSEF-BR

Saolar collectior l.:.-]:lcl.-'wurking fluid PTC-LS-3 4]/
therminal-VP1 |24]
Indirect vapor peneration,
steam
252 (winler)

Dreveloped power type working Auid

Solar radiation, W /fm®

Ambient lemperature, “C a0
Top selar collector temperature, " 350
Top steam temperature, *C 116
Top brine temperature, "C 106G
Brine blow-down temperature, “C 402
Seawater temperature, *C 23

Seawater zalinity /hine blow-down
salinity, ppm

2000 TOL00

Cooling waler splifier ratio 5082
Chamber load, ke /s m 120
WVapor velocity, mjfs 12

Pump efficicncy, % 75
Productivity, m” {day 32728
Mumber of MSF-BR stages, # 213
Stages temperature drop, °C 18

Feed, brine, distillate pumps efficiencics, % T5%, 13%, 75%
Luoad factor e

Plant life time, year 20

ZI‘JIF (I o

where O the cost rate acconding to inlet and outlet streams, and
ZIOEOM G the capital investment and aperating & mainlenance
hourly costs ($/h). In exergy costing a cost is associated with each
exergy stream, Thus, lor inlet and ourler streams of matter with asso-
ciated rates of exergy transfer £, power W, and the exergy transfer
rate assoCiated with beal transfer £, it can write as following:

"‘r‘" G ZR‘A'GM (19)

("1.:.” = "--'.:IEE'..-,. (20
{1H- -— {'1|,'1'V |:2 i)
C, =, (22}

where ¢, denole average costs per unit of exergy in $/k1 for
inlet (i}, outlet (o), power {(w), and energy transfer {g), respec-
tively. Thermo-economic balance for the SMED-FF-TVC tech-
nigue units is developed as following. For turbo machinery units,
the cost of clectric power is assigned based on the price of the
electricity 0.06 $/k W h [21]. Therefore, the specific thermal
power cost would be converled to become (L06 /3600 5 /kJ. The
cosl eyualion for the pump unit stream Wward the solar collector
should become as

. M
Cp»t'w--l.'n' = E‘Pr' t Cone i t ﬁ..“,-m',. (23}
For solar collector, the relation should become
5 R I ;
Cot-ni: = Cy + Coump=cor + L (24)
Thermo-economic balance for BHX unit is performed as
Cikrimed+ Chta i ot g + Comod i 4 x.rf;fﬁm (23]
For recuperator unit
. A CEOM
Cree J'M_'(-rq'-:' cond _Erurn‘:.‘rrr--.n'n' } Cpu.nu:—n‘:.[u t i,-ﬂ- (26)

For MED-VC process sireams:

- - 4 - “r Eraa i L]
Co + Corine + Coivam—pump = Crteam—med + L + ﬁmm'n e 27)

031001-6 / Vol 134, AUGUST 2012

where (7, is the hourly product cost S /h. Chpine 15 the brine blow- .
down cost and 15 specified as zero cost, and Cj; 15 the fead stream
cost.

For the solar MSF-BR, RO and MED-PF cases, the thermo-
economic product equation would become as follows:

C.g t C.lufm- +(-11.'mnr T {1.1|'|'(.|r|'r il + Lﬁﬁ o I ZJ»&?UM [23]‘
Gy Chrtas A Eoirgm g = Ao namemid o Aty )
Cot Chine =Crt g (30

5 Methods of Comparison

Solar desalination processes combined from two major parts,
The first is the solar cyvele and the second 15 the desalination pro-
cess. For the first part, there is no comparison difficulty while try-
ing to assign or specilying the operating conditions becawse the
same components are alresdy used for all processes (PTC, BHX,
and pump). However, desalination processes are different types,
different configurations, and different technigues. Moreover, each
type has its own operating conditions (productivity, salinity range.
temperature, etc). Therefore, in this section, the comparisons are
performed based on two main methods. The first is performed
based on individoal operating condition for cach type. and the sec-
ond is performed based on uniform operating conditions to give a
clear judge about the most reliable lechnique,

5.1 Individual Operating Conditions. In this subsection,
the proposed confizurations arc compared based on different oper-
ating conditions (salinities, productivities, elc) and different
design limits (number of stages or effects, temperature drop., etc).
It docs not make sense o compare deferent technigues based on
defercnt design limits because it would give different resulis.
However, this is actually exist when any investor (designer wants
1o comsiruct or evaluate such technology. Therefore, it is very im-
portant to demonstrate such comparison and its defect. For solar
assisted ROH(S-RO), it is reguired to desalinate and produce a total
capacity of 3500 n]‘;‘du}' (Sharm El-Shickh desalination plant
[15]). The number of pressure vessels 15 42 and the element num-
ber is ahoul T elements per cach vessel, The element arca is about
353 m and the feed seawater salinity is 45,000 ppm. Solar
assisied MED-MVC (5-MED-MWYC) is performed based on a
capacity of 1500 m” /day [13].

Parallel feed configuration is maintained for the use in MED
process. The number of cffects is not exceeded above two cffects
and the compression ratio of the compressor is in the range of
1.35. For solar MED (5-MED), solar thermal power plant is uti-
lized to target a capacity of 4545 m° fday [22]. The heating steam
temperature is in the range of 7073 “C and the blow-down brine
salinity is about 69,000 ppm. The number of effects is maintained
at four cffects. For solar assisted MED-TVC (5-MED-TVC), a
capacity of 4345 m’/day is targeted [23]. The top steam tempera
ture is in the range of 60 “C for only four effects. The motive
steam pressurc is about 2500 kPa and the ejector compression
ratio is about 2.165. A productivity of 32728 m’ /day is produced
by solar thermal power assisted MSF-BR (ype (3-MSF-BR) [21].
The top brine lemperature is not exceeded above 106 C and the
total number of stages is abowt 24 stages. Tables 26 illestrate the
specifications of all introduced technigues according 1o different
operating corditions.

5.2  Uniform Operating Conditions. In this method, all the
operating conditions are uniformly confirmed. Productivity, salin-
ity, solar radiation, and efficiencies are maintained at the same
values. This method is very important because it gives a clear de-
cision about the most effective lechnique. However, sometimes it
becomes nonrealistic because it takes the designer o assign non-
real data for some technigues. However; it can help the decision
makers of the field of research to assign the best type based on the
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Table 7 Specifications of solar assisted thermal and mechani-
cal desalination processes (Second method)

Parameter Solar-R0), MV, MED, TVC, MSF
PTC-1.5-3[4]/

therminol-VPI [24]

ORC Toluene | 15]

Sular collector type fworking Huid

Developed power t:.-]jlﬁ,-' wiorking fluid

Solar radiation. W /m* 252 {winter)
Ambdent temperature, 30
Capacity, m fday SO0
Top solar cotlector temperature, “C 350
Top steam Lemperatuse, *C L]
Inlet torbine condition/ condensation 300,35
condition, “C

Seawatcr femperature, "C /Seawater 25 /45,000
=alinity. ppm

Brinc Mow-doam lemperature, 4065, 500
“C low-down salinity, ppm

Power cost, §/k] Lo 10
Condenser’s efficicncy, % B0
Pumps cthiciency, % 75
Turhine, penerator efficiencies, % 83,95
Mant life time, vear 20
Load factor e
Fouling factor (145
Imtencsl mate, % 5

same base line. Table 7 demonstrates the specifying paramelers
[or the proposed types of solar desalination processes,

6  Results and Discussions

Resulis are run out from sos sollware package [14] based on the
earlier two metheds related to some indicators. The indicators are
listed as

= Solar field area (A, m* and Specific solar ficld arca (S5A),
m:fim'!',f':lag.rl

= Specific power consumption (SPC), kWIl,’mi.

* Thermo-economic product cost (), $/GL

Total exergy destruction rate (/). MW,

TWP. %/m”.

Gain ratio (GR !"‘:di.‘il:i'||.‘||\."|'lr'|‘fr<|d'.llll:I'

Area of desalination unit, m”.

COhperating hours cost, 5/h.

6.1 Results of the First Method. The main criteria of this
miethiod that the investor, sponsor would be able to judge and elect
the process based on the above indicators regardless different

® ® ® =

specifications or design limits. The investor that would like to
consiruct or design a solar assisted desalination plant would judge
the process based on the above indicators regardless the differen-
ces in the specifications. Suppose that the investor wants to clect
the technology regardless the specifications. As shown from Table
% that S-RO exhibits lower solar field area meaning by this it 15
highly recommended to be operated in small remote areas (tourist
sector). Alse, it achieves lower results related o TWE, £, SPC,
operation costs, and SSA. However. the thermo-economic product
cost is in the range of 65-72 5/G) and this is recorded highly
comparing against the remaining processes. Also, il is noticed that
the desalination processes that operated by SORC (5-RO, 5-
MEDR-MVC) normally give high thermo-cconomic product cost
comparing with the thermal ones such as 5-MSF-BR. TVC, and
MED. That is becanse the existence of organic turbine which
cause an increpse in the thermo-economic product cost due to ils
operating cost and the cost of power produced, Tt is clear now that
the investor would elect the S-RO technigue however there are
marny limitations should be pinpointed

= Lse of Toluene is risky because it is flammable and toxic and
has a negative impact on the environment.

= Noise from the Orzanic Rankine Cycle (ORC) operation
related 1o the turbine existence.

* Huzards,

* Limited capacity within the range of 1005000 m ",-“d:n:.-'.

For larger capacities, MED and MSF are dominant and reliable
however; the irmeversibility would become massive and the solar
field area becomes larger than S-RO case. As il shown from Table
8 that 5-MSF-BR consumes the largest area with a S5A about 20
m~/{m” {day). Also, the operating hours cost reached about 1900
% /h against 90 §/h in the 5-RO operation. But the TWF for 5-
MSE-BR still in the acceptance range depending on the type of
consumption sector. For thermal desalination types (only MED,
MED-TVC, MSE-BR)L MSF and MED-TVC are aitraclive
according 1o the lower values of GR. TWP, and thermo-cconomic
product cost. MED is less in construction (arca of desalination
sector is about 6420 m®) however; it would take the investor Lo
sell the fresh production in the range of 283 $/m*. Therefore, it
depends on investor or the designer o elect the best lechnique
according o the sector of consumption. Also. it is clear that 5-
MSE-BR and S-MED-TVC would be operated for industrial or
local sectors. S-R0O would be constructed for tourist sector. Gener-
ally, S-RO and S-MED-TVC gives attractive results regardless the
target of operation or the type of consumption sink. However,
MSF-BR stills the power house based on the capacity (32728
m’fday versus 3500 m/day for RO and 4545 m’/day for the

Table 8 Data results for all solar desalination processes based on different operating conditions method

Porameters SRO  SMEDMVC SMED  SMED.TVC SMSFEBR Election
Md m3/day 4 3500 | 1500 B 5458 43¢5 ER2728  SMSF-BR
Acolm2 I 1ol o lE sl 1236 B G011 SRO
SPC kWlvin3 I sl ) s 7347 SRO
op S/GT B i 2186 172 109} 107 SMSFBR
Teotal MW i 28 315508 1786 F 163 IS 2018 SRO
THWP S/m3 | oss s R 2 s F 15 SRO
GR B sl 1928 3718 s11[F 714 5RO
554 m2/fm3/d) i 2138 s B E 195 SRO
Ne of units m=ilne=T Neff=2 Neff=4 Meff=2 Tstg=24 NAN
dr drop o€ ony E sHEE osE s 28 SMSFBR
Aras desumitwnd B 10437 3373l 51208 14235 I 81155 SRO
Operating cost $4 | L) 16 11 [ 190 SRO

167§
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Tabled Data results for solar desalination processes based on the same productivity

Parameters SRO  SMEDMVC SMED  SMEDTVC SMSFBR FElecrion
Acol m2 i Tl LY TEl e bl SRO
SPC kWh/in3 [ 28 T F 264f 206 [F 54 SMEDTVC
e SET sl 1312 1oss ) 09147] 135 SMED-TVC
Ttotal MW i 1137 F  1solE 10 13 T 196 SRO
THP S/m3 I sl R o BE s B 2005 SRO
GR | TR seel sl 2185 6.26 SRO
SSA m2/fmi/d) I 2151 [P 3.05 26+ I 20.+) I 5.15 SRO

Neo of units av=S0ne=8  Neff=§ Neff=6 Neff=$ Nstg=21 NAN

dT drop oC nian B ;B - s 34 NAN
drecdeswniwz B 14120 EENS030; S vs0: 15705 | 10105 SMSF-BR
Operating cost 4 | il o s ool SRO

MED). 1L becomes very hand to elect a feasible process because of
different operating conditions and different criferia. A configuration
with higher productivity has a larger excrgy destruction rate (MSF-
BE case). Also, a configuration with lower productivity has a larger
SPC or TWP (MVC case). Therefore, the second method could be
useful to elect the reliable and feasible configuration under the
same base line even with different technigue of each process.

6.2 Results of the Second Method. It is clear from the previ-
ous method that the comparison could not give a clear or a final
decision to elect the most reliable echnigque because there are a
different design limits and productivity mnges. In this method, all
operating conditions (temperature drop, salinity, feed temperature,
etc) arc uniformed to give a clear decision about the most reliable
process regardless the scctor of operation. The mvestor has to
mspect the following scenarios:

* Productivity (5000 m”/day): Suppose that the investor is
concerned about the productivity regardless the other indica-
[0rs Or lerms.

= Same solar field area: The investor has a limited area of
operarion.

= Same TWP ‘.'EJ-"mJ' (0.5 < TWP=<1): The investor carc about
the price of the production regardless any other terms such as
arca or productivity.

In this scenario (Table 9), the RO productivity {5000 m’ fday)
is assigned for all techniques. To ensure a wniform case especially

for thenmal desalination technigques, the lemperature drop between
effects or slages remains constant and has a range of 34 °C 1o
3,45 °C. Tt is found that S-RO gives the lower solar area followed
by S-MED-MVC. That is explained by the operation of SORC,
which causes a significant decrease in the solar field regardless the
other aspects. However, the operation of S-MED-MYC would
consume much power based on the vapor compressor, Among all
thermal processes, 5-RO gives enviable results based on total
excrgy destruction, S5A, TWP, and operating hour costs. Solar
field considered a key factor of increasing or decreasing the TWE,
Ftars amid operating Lmlb As an example, 5-R0O gives about (L5
§/m” against 2 $/m’ for MSF-BR and 1.88 %/m" for MED. Less
solar field area means, lower resulls in these parameter specially
the fiyp. For thermal processes, S-MED-TVC significantly attrac-
tive and gives firsi-rate results based on S5A. TWF, fq, and
achieves higher GR. It i3 obvious from Table 9 that at the same
productivity 5-RO comes as first order, Moreover, the operation
of SORC might be reducing the solar leld area. Generally, S5-
MED-TVC is elected next after the 5-RO technigue and elected
first while comparing against the thermal desalination processes.
5-RO is guite suitable o be operated by solar-ORC and that is
permit to harvest lower solar field area against the thermal proc-
esses. Tdble 10 shows the data results obtained due o the hmm.,d
solar field scenario. In this scenario, solar field of 10,754 m™ is
assigned for the comparison, This specified valoe (10,754 m® *} is
resulted by the operation of 5-RO technique at productivity of
5000 m” /day.

Table 10 Data results for solar desalination processes based on same solar field area

Parameters SMEDMVC SMED  SMED-TVC SMSF-BR Election
Md m3/day -5600 F 1334 ws2l 513l 4615 SRO
SPC EWh/m3 I 234 [ 06 B 2134 157 B 471 SMED-TVC
p SGT B «l 1436} 3264 3312 4788 SMEDMVC
Ttotal MW i i/ 5sEE  vu I s SRO
THP Sm3 o573 1seo MG I o3 MG 155 SRO
GR | SR sesf suF 81668 626 SRO
584 w2/ fm3/d) i 2151 [IE sos I s oo 233 SRO
No af units m=50ne=2  Neff Neff=6 Neff=6 Nstg=21 NAN
dT drop oC B - G ] 34 NAN
Area des unit m2 -amﬁ so75 1766 1963 935 SMSF.BR
Operating cost % . 120 945 a7l s 118 SMSF.BR
031001-8 [/ Vol. 134, AUGUST 2012 Transactions of the ASME



Table 11 Data results for solar desalination processes based on low ranges of TWP

Parameters SRO  SMEDMVC SMED  SMED-TVC SMSF-BR FElection
Md m3/day i soco | soo0 I 2000l 2sooo BENSS000  SMSFBR
SPC kWvin3 B oSG 1453 NSy sMED

p ST B sl o7l 0439 064l 081  SMED
Teotal MW I PREY] 164§ 350 [ ess [ o SRO
Acol m2 I 10754 20300 lE 22150 ST INESs0  swo

R [ STEH TR  SSTE s lE s SRO
554 m2/fm3/d) i 21518 105l sz NG EEE o5 SRO

Neo of units mv=30ne=f  Nef=16 Neff=13 Meff=8 Nstg=50 NAN

AT drop o nan [ 13 L1 I 5 [ 14 SMED-MVC
Area desunitm2 | 1120l nwos il E  o2wllE »en SRO
Operating cost 8% | 120 161 F solE o R 153 SRO
TWP Sin3 I os7T I o5 B SRO

For the same specilied solar feld area by the investor/designer,
5RO would produce S04 m"‘l."da}-, however, the remaining techni-
ques would produce less, moreover, the TWP would be greater than
the S-R( casc. S-MED-MVYC comes next after 5-RO based on the
production {1334 m”/day), however; the SPC considered the upper-
meost between all processes related to the vapor compressor opera-
tion. But it achieves atmactive resulls acconding 1o 55A, TWE.
operating costs, and thermo-cconomic product cost, 5-MSF-BR gives
the highest TWP (648 $/m") among the remaining techniques.
Also, it gives the highest value of total exergy destruction rate
(F = 40 MW However, it considerad the less in desalination area
condenser meaning by this less of complication. In the case of MSF-
BR. the investor will produce an amount of 461 m’/day which
means very low compared against the RO case (5000 rn'l',."'dn}'],
thence, higher TWP. It is not feasible to operate MSF-BR within this
limited area combined with higher TWE and higher exergy
destruction rate. According 10 the solar field scenario, S-RO and
S-MED-MVC might be achieving attractive and significant results.
The remaining technigues might be favomble for larger capacities.

Tahle 11 illustrates the data results for all process technigues
based on the same TWP (0.5-1 $/m”). For such operation, it is
quite difficull to uniform all processes under the same TWP
hecause cach technigque has it design limits that control the operat-
ing costs, [n this scenario, the investor should be concemed about
the todal water prices of production regardiess any other aspects.
The TWP is a very important term because it concludes the costs
of all process units. It is clear from Table 11 thal 5-RO gives the
minimum _values of solar field area (about 1073 m” versus

29390 m- in MSF-BR case) and the hourly operating costs (120
$/h versus 1584 $/h in MSF-ER and 965 $/h in MED-TVC
cases). However, thermal desalinating technologies are guite
atiractive based on the remaining parameters such as productivity,
and thermo-economic product cost. This scenario demands special
designs for thermal processes as noticed in number of cffects and
stages. Morcover. it becomes very complicated refeming 1o the
increase in desalination area condenser. For such reasons, this
makes il nol leasible or hardly to be operated, Suerley it would
give a massive produciion with lower TWP, however, it costs
time and materials. Therefore, 5-RO siill dominant based on solar
field area and operating costs regardless the productivity.

7 Conclusion

A comparison involving different 1echniques of solar assisted
desalination processes is performed. Concentrated solar power is
utilized as indircct vapor generation with organic Rankine cycle
for RO and MED-MVC desalination processes, And indinect
vapor eneration withoul turbine unit is used for MED, MED-TVC,
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and MSF-BR processes. sis soltware package is used to run out
the comparison results. The comparison is performed based on
two main methods. The first is o compare based on individual
design limits for cach type. The other is to compare based on
uniform parameters. Nowadays. the individual operating condi-
tions method is the applicable method, However, it makes a diffi-
cult decision to elect the best option Tor the investor/designer
while coupling with solar section. Tt becomes very attractive to
compare between the proposed technigues at the same base line,
ie., salinity, productivity, operating conditions, site, etc. The
results of the individual method reveal that S-RO is quite atlrac-
tive according to lower TWP, lower 35A, lower SPC. and lower
exergy  destruction rate. The uniform method is performed
according o thres difforent scenarios such as the same productiv-
iy, the same solar ficld area, and the same TWP. For all scenar-
ios, 5-R0O gives attractive results compared against the other
technigques. Also, it is noticed that SORC could reduce the solar
filed area because of the operation of Toluene (high molecular
weight). S-MED-TVC gives altractive results while comparing
with thermal desalination processes. The second technigue has
an advantage concluded in developing power but depending on
the amount of distillate product and the outlet collector/boiler
operating  conditions. Generally, 5-RO and 5-MED-TVC arc
attractive mainly related to the solar filed area and TWP. How-
ever, the remaining processes could produce a massive fresh
water guantity regardless the SPC or the solar field arca.

Momenclature

A = solar collector area, me
BHX = boiler heat exchanger
CSP = concentrated solar power
p = themmo-economic product cost. §/GJ
d = temperature drop between effects or stages, *C
Ex— cxergy rate, kW
Exy— brine blow-down exergy rate, kW
Ex = chemical exergy rate, kW
Ex,— distillate exergy rate, kW
Exy= llow excrgy rate, KW
Eyin= exergy in, KW
Ex,,— physical exergy rate, kW
Ex,= cxergy transfer, kKW
E o = exergy out, kW
Ex, = cxergy of work, KW
GR = gain rafio, M gitiate Mecn
HFF = high pressure pump
HTO = heat transfer oil
terlal exergy destruction rate, MW

Jmm.'
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MED-PF = multi effect distillation parallel cross feed
arrangement
MED-PF-MVC = multi effect distillation parailel cross feed rme-
chanical vapor compression
MED-PF-TVC = mulli effect distillation parallel cross feed ther-
mal vapor compression
MSE-BR = multi stage fash brine recycle
M= distillate mass flow rate
m. = mass flow rate, kg /s
Ner= number of effects for MED process
Ny = number of stages for MSF process
Npuge — number of moles of pure water, g mol
Ny = number of moles of salt, g mol
av = number of pressure vessels
ne = number of elements
PEX = pressure exchanger
R = reverse osmosis process !
35A = specific solar field area, m”/im’ fday)
SORC = solar organic Rankine cycle
SPC = specific Power Consumption, kWh/m®
5= salinity ratio, g/ke (ppm)
&p = brine blow-down salinity ratio, g/kg
&= feed seawater salinity ratio, g/kg
TWP — total water price, 5/m>
Wiarhine = turbine power, KW
Wonmp = pump power, kKW
X, ;= [raction of water and sall contents

F

V= volume, m’

R — houry operating and maintenance cost, $,/h
Subscripts
amh — ambicnt
av = average
b= brine
chm = chemical

col = collector
cond = condenser
d = distillate product

[= feed
i=in
MED = multi effect distillation
0= oul
p= puinp

s = reCuperalor
RO = reverse Osmosis
5= sall, sicam
sleam = steam phase
I, turhine = turhing

V= vapor
W= waler
Greek Symbols

n = thermal efficiency, %
i, = generator efficiency, %
i, = pump efficiency, %

i = lurbine cfficiency, %
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