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ABSTRACT

Research subject: The growing global water crisis has intensified the need to advance desalination technologies. In this regard, thermal desalination
methods such as Multi-Stage Flash (MSF) and Multi-Effect Distillation (MED) are considered suitable options in regions where saline water sources
are located near petrochemical and refinery plants. Their suitability stems from their capability to utilize low-grade thermal energy sources, such as flue
gases from industrial processes.

Research approach: This study investigates and compares the performance of MSF and MED technologies within a flue gas heat recovery scenario. A
detailed mathematical modeling framework is developed for both systems, incorporating mass and energy balance equations, heat transfer mechanisms,
and economic evaluation metrics. The models are validated through comparison with experimental data obtained from various industrial units to ensure
reliability and accuracy.

Main results: Simulation outcomes show that MSF, operating at a 50% recovery rate using flue gas as a heat source, has a water production cost of
approximately $0.80 per cubic meter, while MED, under similar conditions, achieves a lower cost of $0.40 per cubic meter. Furthermore, the specific
energy consumption is calculated to be about 15.9 kWh/m3 for MSF and 11.3 kWh/m?3 for MED. Greenhouse gas emissions in the MED system are
estimated to be 41% lower than in MSF at the same recovery level. From an environmental standpoint, the pollutant intensity of the concentrated brine
generated by the two technologies is essentially the same. Overall, MED demonstrates superior performance over MSF in the context of flue gas heat
recovery integration, due to its lower energy consumption, reduced operational cost, decreased greenhouse gas emissions, and minimized environmental
impact. This study provides a comprehensive and validated numerical framework that can support simulation-based optimization of thermal desalination
systems for sustainable water production.

* Corresponding author: fakhroleslam@modares.ac.ir — ORCID: 0000-0002-3863-9155

Copyright@ 2025, The Authors. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial 4.0 International
License which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform, and build upon the material) under the

Attribution-NonCommercial terms.



http://www.arcpe.modares.ac.ir/
mailto:fakhroleslam@modares.ac.ir
https://orcid.org/0000-0002-3863-9155

VI-YA asio VF-F GLsl ¥ oled o Jbo padim oo oot (63,5 (slo imgin 4 523

-

ouli— o (wikigo (59 39 )1 (SlB i g 3 4 g

w - Z.
WWW.arcpe.modares.ac.ir :axic w7 uf-“'/h'{:’/’ s

sl allas

Slobu b owiaz y1Ss MED g MSF (1 jSiod (slauis! 3 i 3 bauso — 58Laidl — i (stua o Juloxs
98 3 O, SO 3L

® ﬁ){ww):'é Jeswo sd.w)y Jeswo

Ol eyl oyt a3 olRIS ¢ oy (guadige 0uSiily iyl g )b 09,8

oS>

.o

@155 )l ey, Ll Gl )3 il 00,8 apan3 1) O lojSlad (slags sl cdtey 5 dngt @ 5L ol Sl wdas) Ol LB Egdge
1o 58 (VL 5 (card 2 slanly & jslre 13 490 O glie & (Giblis 5 (MED) (glal> jesiz ool 5 (MSF) (glal> jesizr (S5 o aile
Sloanl bl ol 550 SloflS b CaiSaS > 551 e 1 et 53 sy ol bl oyl ol e g o s ki sloan S
Lol gaie

S ghiie oy djle g0 BS99 Sl Sl )l COLL (g9l )3 MED g MSF (slas jslid o Slas dulio 5 (ouiyn 4 aslllan nl 1 G (99
bl slagasli g o)l JUl gla S gjle (555l g 02 45lge Yslee Jald o5 Conl 0ad 00l dnng phaens 93 58 (sl oz (£3L) Slod e oozl
i lel Gl Jiaio glaasly jlodelcasds o,z slaosls b awglie 3 b 5l laJow b 8o 5 olazel colils 5l ol jglited; ol o (solazdl
loaus

g5 aza Ll o)l ae plprea (25093 (slalE sl eslital b g s yd 00 8Ll £ 5 50 MSF (5 )5lid o5 ams oo (L (s3luad b © Sheol g
Gime |y caaSa e 52 lil a Yo e Jolao 58 aie alin Lulpd ot MED (g5l o5 Jl> )0 el aaSo e 5o sl ey Yo w/A sga> ) O
sl 0 dlis Ko e s CetluslsshS VY S50 MED (sl 5 canSio e s ceslunclsshS 10/ sgam MSF (sys (65,0 0515 B yas «pizmos ks oo
ol (San¥l wos (et late 5l ogi e 3,50 MSF 5l a8 ao 0 FY sg0 wdll mhaw lea 10 MED e ;o glildlS slajls La]
55 B ran Jdoa MED (5,518 (25395 (slajls &l il (s5luaz ) gz lr 5o cegamme ;3 Cunl (laSs Slos (5598 53 5 55 oy ousiladis
adllas ol ams o las 895 SIMSF 4y cond (655 5 0, Shas « Sogamme daoracins ; Ol 5l g lalbdS slajl8 jLacl oS 5 ml (6508 po e ain o ¢ iaS
b )l @lojSe slaptans (silodnd » (e ilating 1y S1 LB olie Wlg5 oo o5 a3 o0 &)l osd i Liel 5 ol (s30e Coz)lz So

a5l ol b adg Bas

Ao Sl Qo j1guals
VECE/OVYY el e Sl @S
VEEL VY e S5t el yosiz SWSU s
VECFLYN i il GiS0g0 38 ol sbsl

\\°~&/'\’/'(§:@)le N 6‘41? ..\...—>),‘_|a.n.u
e

ISSN: 2588-5316

Online ISSN: 2588-5324 - PRI
oyg Lg)).:l S pan

ORCID: 0000-0002-3863-9155 — fakhroleslam@modares.ac.ir : Jsiuws odiuw g *

bl 2 .)ls 13 Creative Commons Attribution-NonCommercial 4.0 Ll y 5o o g 0ol ittt ol51 oo yiws & jg0 dy alliio ol . (B a8 ¥ YO © ol S

Ol 39 00,8 531, oniysi ol aSiT b ys 4y coled g5losle 5 Gralns 1y 0T b 9 058 (2,385 5 2255k oo slail; 5 By po 1) cllas Gl ailys oo Lo Gome ]
S oolatwl (g, e solie (sl


http://www.arcpe.modares.ac.ir/
mailto:fakhroleslam@modares.ac.ir.com
https://orcid.org/0000-0002-3863-9155

plsl MSF a8 gilwars sl o)l Jasl S¥oles ol o a3 1 (55,31
‘) JAA ASAJ‘SA ua)S g_i.o;u" J}L?u 6‘).: ‘) a))s ‘5:)|).> Lgl.a)w.‘a).]a
ol 0 0ol ¥olae .l 00,5 o el T o Lol 03S g0 00l
&y Olog e g ais ol MSF 1o 58 (g 5lw Jow (sl idn
oS S oo oylal Wlie (Jlcpll oS po S 1) aey ol o
az Sl el (B adgl Gldlas gl sl sl ool Jaw a5 Jl> o
Soge (b byl 5 38 o Shee S lr 6FGSS S
Gl Qledez 93 52 sln 3l 5l ag) 99 [A] (Sl IS 55 el
S 5568 Sl bl 5l (SO 5o aS ol sais w8l Slo5SKas by,
oé; 43‘)‘ U"j) U"‘ Lg|)" ‘) LSLJ“) )Ld..: (5)LA,J\M r:ﬁ& A.}s) 45‘51l>).>
Sladlas 3l Glaass jo ojls | ol b avs iy, o5 ol
el 5 330 (s5luoe it plnil [V o] o)) 5 (5501 Lawgs oS
adllas opl @l ol @l CusS o 4951 MSF &l IS )5 (55,551
Ol il G35 0 65,51 s US STO0T 5 e a5 ols (L
ly smio sloasly (o 1) s ol (gilwdigs Coeal a5 das o0 7,
3 GPROMS | saioslodangs 385 Jaw 3l oolawl b o3l oo a5
slocg ;55 cuilys andllae ol @l IS adly slooslo b )] i Lisel
AT S (R 80w al> 0 VY o ) (65,51 abend 5 (So5
5ol Sp8 50 63,1 capBs SIAYL 5l i o col onl 4z g5 LB
asS 2 a5 Cewl ol oaolid a5 oo 35 jeie Oyl b5L iS
sl @ azgi b anss Coglgl laaxls (nl 4 Wb (5lwaige lp G50
o8 asle Wl b8 mliv plesl MSF slaasl,d jo ol 5>
OMIP slp 00 lgasel 08l plgiedr ooty slasxly (4S990
L wlgi oo aibolis o Slos Cond a5 ailosls lis § als,y cadladss
JB jsbas bugio (ulide slaaxly jo 2> 335 5> bz LS

b et k>
Sl OVl ) 5 S50 dnwgs sl @8 iloand 5 3lode
oo sl o eg)cnlil ol (55958 wld 0 e 5 (b Sone
Al VY] wiladly, daswgs MED (slaus] 3 (g lwancss (o oolawl gl y
zdaw ¢ 0 Slos Cod aituilyy 9 Wiols anwgi 1) (5,98 (] (forward
dwle soisSeolw éﬁquyy)}' E=JCITRCES d.:).la S & Jlasl
-6lge Slyg> FF alez 5| MED Galize slogjleoss [VF] o),
o oS b odieoS 55 slaailels «(Feed parallel-cross (PCF)) abliss
JUsl ¥olns i, Jalosigas 25 1y (Solsla g ygms a5 (),
Egazme odbdrwloe ol a5 WS 0 28 Jow j0 colauls, g0 o)l >
2l ,o byl el al> o y0 Colus g oadladss O iole S clue
YL les ;o MVC 059 ()lg5 B pae g TVC )l o Sloe e oS
(ombe 3 ,Bu sles (malidl copl poodle b o HialS (il S b

\'Y

doddo )

ol ST alojSas T oz ol b ablie lasis, cniee 5 S
alox 5l alises mlio OF 51 8L Ml 5 o dlge Bas> ¢ ol 5 Sas
Silas glplyoads ol Sas ol a8 conl laailsog, g Lok ,o da gLl
Gs%atifl ol b,z 90 anlyd cpl ass Sl oo cawlie okl g Sl
L oo slocl 5l oslinul 4 s Ui, onl el Ladis O
Siren sladzel; 0ai S8 o wlie Ll ol Sansen (siein;
I (i b b slacl) s

sl poaiz GUSL s wile Sile @SS slagsld
Multi-effect (MED)) (slal> ooz ,.lais ¢ (Multi-stage flash (MSF))
Al gl wile YU s pled b bl o Sl i (distillation
oo o 3Sed ol ads o o] LS Ldsas ol ol a8 wisS o Ll
MSF « 5,L,> slacs,slid oyloo 5o [¥sY] ol Vb (555 b wlo] |
il 5 i of adgi jo Yo liebsl CollB (s ,5l ¢5le Jdoa,
3l Glohg ol (ol jSes Iy sloazly jo eolatul o SYsb
S by 4 Cad (Sl slas ks a5 )l gls adlate )3 ohiga
Sloaiylsd jsbay MED (0 B,k 5l [F] wigd oo 00ld 5 plid
aslo |y Joml gbales jo 0,Slae ColilB 1y sl a8 )5 )5 axg5s 90
slosal L (25595 slajl8 Wil slo )T wiile CodeSwS ()l @b b
<l o YL glales wiejls oS MSF OG> el S5l sis
Coed MED (slaailels el (5 it o35 (65,8] Byme g onislalis
b oS Sloj ohagas wams oo )l 1) (s rtien 5550 o33k g SYL 5 Shee
g o,Skas Lo MED [0] wigh S 5 &) bl sloailols
3 ool (gl e Jemaily 9 YL (6551 65002 Foml slales 5o
wd)S 5l s alie 5 byl slp Sl anF plpea wily gle)S
Dy s

2 380 il Jow wiejls MSF g, b alojSes ails )57 (g5l Joe
oo sbiie ol 4 el wlels JS 28 5 luabl gl al> e
2 55 b MSF sil3 )0 al> e 50 0 Slee (luand (sl gousite
e @S T 15 5 e o Bl JUa 5 (Sealisoges Jsol
S Giledse Sz Gl lagtsy 5o sl ools anwgs
Sl Sl 5w 5sy O L olSeghy a5 cesl (Dles (5 Lol
Oeizen g Wil AL 6ok (S Glojed 45 09b &Il e Joe
Slagllie ams lis Cao o ol b b awlie jo os Lied Cds
MSF il 5e5es ails IS sl piypshs <l ol Jow [F] o) Son
shls Jao ool oS ol (cerd g Sopd (oulel Jgol Wbl
R CERINK KU JUBN (RN DU GG JRCH JE N D LD PCOU N
C83 a5 el 00 dwl 8ly Sllee sbaosls b auglio o (s lodncs
5 o5 ble 6,500 5 0 amsse olii |y oV liebl el
olwI MSF g, 4 ol oy vzl sl sloduzey Jaeo [V] o), Sen
lis o les,S colaiwl (g5, 5 pr (Kl ilgd 5l a5 wis S
oS o eslinul pdueshs el ool Jow 5 [A] oS 5 olsalloe
5 7 Alse Joe (nl og Al anwg VAAY o plagls bawgs bl o



9 ol 3l SOy iy Oldlas plin o)ls dezg (iS00 bl
L)l slp by oszla g Wled S (pw)p e g | (59l
(mizmed ol onis Bl LS Il s cos o] o Slee ax LSS
35 3 goladl s (Sealyoge i sloasiz oo 5l (6l &5 J> 0
5 (SCE) (0,5 oy ylicl plas asl> ciwsjlasrs o asli wijls
Diloads 48,5 saol el (SIBP) eoslads ol SanVl o
Al 5 Vseme jo asdS Sldlae o a5 00 ol
&8s )l g Wlosgy jlgtul Jlowsl Saliyoge 3 b culi olys iy i
bl |) u;’é‘ﬁ C")‘)’ JLO.J LSL‘”L;W 9 led.bﬁ.\.o 6L<deL4L~;
39 e jlanze g (golaidl (8 o SIS cpl pogdle ailos ,SG
Sldlas 51 gogame dlawy L5 550 (g ol 00l (g Ik 5 a3
a5 5l 55 gaoge (nl 45 Wiled s oy o (ABly slaosls
alie lp (oelr (2b3)) pol> hagn (B9 slagtlly @ mul o
sl 5l b a8ly W3y ol > ae coi MED g MSF (sl s ,5Li8
5 658 9 e 330 iledae 5l pSone b iamsoe Sl (AS0
Olosed Oygods Gubizs Cpl (e glaosls b 5 ol s Lel
ol o auye) golal (bsk ) (8 ol o 1) ailele o ,Shes
(SIBP «(SCE L, SEC) 0539 (55| O pae 4l 500) (i jlauzea 9 ((SWC)

shad Olyess i Adly Jlhee balyd g (pl )0 038 0 b3
MSF (5,5L3 95 ;2 sl Gl (3l Joe 9,505, Jlasl 5 STy o>
Gk Ghomes 6l oS 5 pel ()l 5 oads 285 ke s MED 4

el 4135 bl ol tnio 5blis ;o lag lid ol 5l solic

S e ¥

Sl 2105w glrasly 55l o )Y

Syye 2l 21058 Gyl slasnl bl g paie b (S ol 5
S 5 @byl (Gl Glepsld sledse g 0 xS o
255 8 )18 (o 090 BALDS (5o ooliiuld g

MED g MSF (slodin!yd paiko g pdb 1-)-Y
o 5o &S wlad LS Lol o paiz l (plejSes slaaxl
>y OF s 3550 9l AlB a5 oad il e 5l gl
Sly Sl (Ko &5 (LAl slge 9 Ml B b (oo JUSI hai i
ol 3l omp g Bdo (93,9 T oz 5l anS JSie slml Lol axl
Ol 55 52l g5l (b 5 oad (alojad (ol axly o)y ol al> e
2 od (2058 Ol 05h e adgi sl i O g oad olo S o]
g oas a8 5 4 Gglite gleop)l5 ly ol CekS el
| JBla (oo ly pslateds pwiipe slaJSSgy ule, b oad adis

2,55 oo 5|8 oolainlsyge sazme L a8 laore 4
28 Sl Gl olSes sbais, Geiml 5l e MSE b,
2V ISS Bk S oo e Ol e e sl Jled SSU els
5 o0t oS oS il az,n VY b 30 bl S LTl ol

V¥

235k plea b has cans ams o a5 1) o Ol > Jlasl sl
JBu gilwes pid Sl Sl i g o)l (K Sl b, Gledus
ol 5 wols dnwgs |, sloadosle Jow 55 [A] o5l 5 (S gl el
L;\ooL.,.: MED JJ.A [\A] w.ojﬂm 9 &j)o 9 [\V] u‘)li.o.b 9 &9)0
O Wsles 8590 50 9 Jlodiga o 1) litie slaglosesr 9 93s S slox]
R R P PO T N V- 4] I VE PSS P GOV

Gl e Sy Glgieas (o105 slaan b j0 Wiy )l mle pleo]
B 098 4z 5090 ( Sllee Slaanza el 5 560 eosl Sl
Sz syl des 5l iz mle goanie Sldlas ol a8 F
by e plyisar |y LaolSs o 5l (29,5 05 ol 5 (sato slasil 8
W03, gmayp 2103Smi )l (sloanl b Lo 50 (8551 el (51
g Slgiee ()l @S slaailels o 8Lk oyl plesl
ol 5l sl anl B cnl s s Wl (6551 5)90 0 (st S
Slalllas 095 0 ;0 4 gole Cll> o a4 WS e colaiul (glaz 00
) eled 03game ;o aio Wil Gl > 51 EYY sgas ilesls lis
ol g o 65,54 sl a5 wijls 18 ol 5 ole ax e Ve
Gl 8l ol (65l o 00 3b ax 8T aiziue wslie MSF JMED
o S8yl oo puai lelge a4y an  ploj S aislyd (o colaul LB
&b cpl 5l eolaul Lol il glase olo 3 Sas albob )b o 551>
s Sl g adgl 6551 G pae Kot 2l 4 i Wi oo
bl 5 ol Sl e 3 o wile ety (Jloill 252
S 8des ilwaiate slp &S 918 3525 53 ()l Silwe S Sl S,
DA 055 )15 e ol il

I, MED ailoles o Sles [V ] ol e g 0ol ol clalllas 51 SG 50
WS oo HI8 Cod by g0l e SOl 8Lk Ol sl eslanul b aS
il e VY Jawgie ol G b iblie jo dilels ol 0508 Judos
)8 il az 0V Fe glos jo Slagl S YYY &)l sleslaul b ety
2lod 035050 ;3 ety molio | (>g,5 0,5 O 5l eslaisl L[YY]
olEl a0V e il 4 aS wols las ol F nle a0 AA L Q.
o3l 5a, 50 caSeyie TYA sgu> (gadgs ol Ole STy sleo
[YY] oL Sen g I3 9 [YY] o) 5 o8 aiile (g ks Olallas ol oo
Humidification-(HDH))  (s,.5cugb - gicusb,  ould 53
oSSz Ol eolatul b aS 555,51, MED 5 (Dehumidification
a0 We U AL ol oogamme o layeily 5l 2gm )5 L
Sibwanss o [YF] Lo g 2 cdiged (ylgicay oS oo )5 o 5 5lo
VoIV @y Ol ol (6900 dinin ditadlys g3 HDH ailolw
Oyl 5l eolaiwl Kl 55 [YO] oo g (o8 il el o 0,50l
ol @55 Gl sln 1) Spsdlgunenl g GBS 1 (s >
MSF 4 MED (sladilolus a5 ols slis lagy] gl .058,8 casy 0 219 55as
9B aé)‘)? Cﬁ“bjs.(.o.? slabls Aoy 4o a..\).‘l.wf ‘_gl.mk,..m”.u Sd9>g L
2 )LSe amlie (pgas )3 ek dnda )0 P fl sladlls
st i e 5l Sl bl Ll 55 MED 5 MSF (slas,5bié



Al asle oy ) Jeo solaidl sl Joo isw o

St o il S5l aw i ol sl oadal] sloJoo 3l
Sl Ll e, aalese (6,3 (YU V) Loy, ol Les g cdale ¢ soe> o0
oS 595 B pae 6550 ol 5L anlp b Slhes Ol caslsy g o s
Jae 0 08 o0 Syge (F) abaly G adgl (28 oy lawgs I (0
ol an i lyiear (0) alal) 3k 5lisyge ooy anie (i 50 (sl
aup b ol as, e o)l ane lea (1) akal) 3ub (655l a2
2l Cws 4 (V) abal) 3o il gl ayle

ks o i YTV
09o3) 512l (Fogll (liee arseis sl alojSad 5 aphal wlyd o
byl )50 goaxie sl azlis Gl Heejl guls jo .S e colasul O
2> Blao s (TDS) 0l 5o Jslows slge IS 4y l5i o0 45 235 00 )13
TOC) JT olaS 5 plos 5 (EC) (oSSl cglan o908 (TSS)
I, boau VT oles Bi> Uy Vgone ols5Kes slaaslels 5,5 oLl
by oS polie 5l laoa¥T 5l 0500 p0 Bl (gl ol pl sl
slos,gld 5l 55,5 olal b slgs b lagd b (b baiz slagy
oy eaddll )l gl Jae JI5T ol 0 0gd e 00, 0,0 dnal iy
Lo 1y wpgmelid (sloanl (sl oadalass (slous ahaiing
S)lge g WIS yiie lags sl plad (e )0 adai iy slaosly 51 (>
@l 86 93 S ez (slaan 1 g 9l (59, p e S itarsd
abal iy slasly (g, pogolaidl a3l pl p oegdle iyl
ad,8 (nl g Sl 48,0 90 60015 Gheghy see Sl slaal b
2 S F M8 b e 5 Slad lag sl ahal i oos Gl
el oad (5,8 i3 (nl o s welssi Wl 350 sla 29 > 59,
S35y5 oY1 alad a8 cal o plonil (glaisSay aghai_jiny ol
el oas Blod allsl lgieay O TDS L g s i aslals oy
Lol 0als 4DV Jouzr ;0 adai Sy 25 Sl sladoe
She> ol @l bl aw o cpl 6lp ond &1l slaJos 3ok
Lol €5,5" waless (6 s (VO B VY) Laly, 3udo Lo g cdalé (o> 00
Sl 3l by s>l (F (8T 90 LS T el (sl
Spdyee Oyge (V) dlal) Gl cooy Loy )5 (nl 45 098 G pase 655
abl; Gl 5lisyge Dl 5 ey anie i 5o goladdl Jus o
auze plpea (V) aal) &b o550 ause 5 <ol anie plaea V)
O (VF) dbl, b alls a8 ale ps assjo U ol a8, S0y 5 >
V) SRS

wigl a4y T cudls y s Y-V

b el iz s SThs (695,9 L ¥ USS Gk (5 5L8 cnl o
Siladae ;5 Comal > sla el b oS plnl g3l e B ol 5L
GiFu 5o Jolhe slast (absl (i s Jolhe slass 5l il le MSF
ol OSpS Jble sles wailadss P PRI O [P 0N &8
e €555 63505 2l el 5 105 R 5 S slos wendlali
55k

VO

8 (Sdd) GLSU )Lad fals cod Jlgie al>so cpaiz 55 G
Sl ons oSle Gl sladae gsbw 55, Jol> o 05
s oaile 8L Lade Jolowe a5 o jo 0gd g0 adgi oad ol 3 Sas
g5 o wilobes el 5 sl ke B ¥ oy MSF vl o olutas 55 o
3,10 (@Yl CoiS anl B cpl oy Of abl aiils i yee Jlo ¥ b
los e 3,15 (2138 5 (25,8 ploond mlio (S S las sl

Ive] o)ls

Cooling

water

{ M j—— 5

Feed

Steam [ Distillate

Brine
S —

|

Heat Recovery Section Heat Rejection Section

el oz Gl s sl plasl ) ol b ) S
Figure 1 Schematic representation of the process flow in the
Multi-Stage Flash (MSF) evaporation system

¥ USS Gab S oo Jae MSF & s VL (65580 (55000 3 Somly
Sl €1 550 (55l sladlg) (59, tdly g jeb Tl Bl o
Soylsns 5y b 5l 095 (Lo )3 g 0ad ST Ladlg) Jolo | 04 oo
Iy Sl g 5B 5 00l ] e el S o Jie jaiiol 4 alg)
LS arie plpieds g 0ad Jilie say al> o &y G jlu nl 090
Yo U0 m Ygone MED w9 o ooliiul e80T i s sl
98 ol MSF &y coed Jmly Slles slos Jdoay .ol oo Sguge
o 3l Slo )5 5 LS 05 L 5l e 5910 (5 7eS (5551 S e
S hils gy opl jo adgs ol S solitwl sl 3 6 luaigs slp
oSS ahal 4y s o (29)l 5 (e B)las o g el (YL s
b ddai i ploul «oypd 0,05 ol LS g 00gr oolaiwl LB

Ll (5350

Cooling
water

"5
LE_ Feed
——

s Distillate

Brine

Slal pasiz i anl)b plosl s, o ls b ¥ IS
Figure 2 Schematic representation of the Multi-Stage Distillation
process flow
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Table 1 Mathematical models of the feedwater intake section of the process [27]

Modeled section

Mathematical model

Operational models

1 | Volumetric flow rate of outlet water from the intake section Qntake—out = Qsea
2 Concentration of outlet water from the intake section Cintake—out = Csea
3 Temperature of outlet water from the intake section Tintake—out = Tsea
4 Pressure of outlet water from the intake section Pintake—out = Psea T P X g X h
Economic models
5 Cost of the intake section pump CClntake = 996 X Q%8
Equipment cost of the intake section CCequi = CCintake
Total fixed cost of the intake section TCCintake = 1.25 X 1.15 X CCequi
8 Energy consumption of the intake section PPl iake = =———— X (Pintake — Psea) X Qsea X ta
36 X 24 Nintake
9 Energy consumption cost of the intake section OCpow = Cen X (PPiptake)
10 Annual operating cost of the intake section AOCiptake = OCpow
11 Capital recovery factor rf = M
(int+1)t—1
12 Total annualized cost of the intake section TACintake = AOCiptake + (crf X TCCiptake)
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Table 2 Mathematical Models of the Pretreatment Section [27]

Modeled section

| Mathematical model

Operational models

13 | Volumetric flow rate of outlet water from the pretreatment section Qout—pretreatment = Qin—pretreatment
14 Concentration of outlet water from the pretreatment section Cout—pretreatment = Cin—pretreatment
15 Temperature of outlet water from the pretreatment section Tout—pretreatment = Tin—pretreatment
16 Pressure of outlet water from the pretreatment section Pout—pretreatment = Pin—pretreatment + APpretreatment
Economic models
17 Cost of the pretreatment section pump CCintake = 996 X Q%8
18 Equipment cost of the pretreatment section CCequi = CCpre
19 Total fixed cost of the pretreatment section TCCpre = 1.25 X 1.15 X CCequi
20 Energy consumption of the pretreatment section PPyre = ; (Pppre - prre) X h X ta
36 x 24 ettapump
21 Energy consumption cost of the pretreatment section 0Cpow = Cen (PPpre)
22 Annual operating cost of the pretreatment section AOCppe = OCpoy
. int + 1)t X int
23 Capital recovery factor crf = W
24 Total annualized cost of the pretreatment section TACpre = AOCpre + (crf X TCCpre)

Input: OF Cf TF B

Economics Quiput: TAC
,CapEx,OpEx

>

Multi Stage
Parameters: NSR NSJ, ITBT

Larameters: NSR N5J 157 | Flash

Thph  T5,51,52

Nomenclature:

[ Operational Outputsi: Op ,Cp Ip Pp

[————> Operational Outpurs2: Qb ,Ch ,Th Pb

Envirenmental Quiput: Tons
of CO2/yr, Pollutant Factor

Qf: Feed volumetric Flowrate (m3/day) / Cf: Feed Concentration (ppm) / Tf: Feed Water Temperature (C)

Pf: Feed Water Pressure (bar) / NSR: Number of Heat Recovery Section (-} / NSJ: Number of Heat Rejection Section (-)
TET: Highest brine Temperature (C) / Tbph: brine Temperature before brine heater (C)

TS: Steam Temperature (C) / S1: Split Ratio seawater inlet splitting () / $2: Split Ratio brine outlet splitting (-}

QP: Permeate volumetric Flowrate (m3/day) / Cp: Permeate Concentration (ppm)/ Tp: Permeate Temperature (C)
Pp: Permeate Pressure (bar) / Qb: brine volumetric Flowrate (m3/day) / Cb: brine Concentration (ppm)

Th: brine Temperature (C) / Pb: brine Pressure (bar) /TAC: Total Annualized Cost ($/yr)

CapEx: Capital Expenditure ($) / OpEx: Operating Expenditure ($/yr)

Tons of CO2/yr: Annual Tons of CO2 emission to atmasphere from current process

Pollutant Factor: Multiplication of Qb and Cb (Kg/day)
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Figure 3 Schematic representation of input and output parameters for the Multi-Stage Flash (MSF) evaporation system
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Table 3 Equations and Mathematical Models of the Multi-Stage Flash (MSF) Evaporation Technology [9]

Section Models
Operational Models
25 Total number of stages NS = NSg + N
26 Total volumetric flow rate of feedwater Qer = %
1
27 Required cooling water flow rate Qw = Qer — Q¢
28 Latent heat of steam As = 2499.5698 — 2.204864 X T, — 2.304e — 3 X T2
29 Specific heat capacity ofwater based on inlet Cp = 4.18 — 4.928125€ — 6 * Cgr
concentration
. pCp(TBT — Tp)
30 Steam flow rate used in the system Fs = Qgr R S
S
. prh - Tsea
31 Temperature difference between each stage AT = s
32 L If NS> =1 and NS<=NSr then A, = Ao + 10
33 Latent heat of vaporization per stage Otherwise, if NS> NSg then A, = Ayg + 30
34 Feedwater temperature per stage Tr = Tgg — ATer
3 IfNS> =1 and NS<=NSg then D = IR0
Vapor flow rate per stage N
36 Otherwise, if NS> NS then D = 21100
NS
37 | Total condensed water flow rate up to a given stage Qq= Z D(i)
i=1
38 Produced brine flow rate per stage Qpt = Qpto — Qq
. . _ QboCho
39 Concentration of produced brine per stage Cp, = Q—
b
If NS> =1 and NS<=NSR then
40 T = Qb10CpoTro — (Qd — Qo) TaoCpo — QrrTCpATer
. CprT
Brine temperature per stage Otherwise. if NS> NSR then
41 b = Qb10CpoTho — (Qd — Qo) TaoCpo — QrrCpATr — QerCpATir
CprT
4 If NS> =1 and NS<=NSR then
Tg =T, —2e — 10 X C2%2 — 13e — 6 x C,, + 0.0042 — NEAR
Vapor temperature per stage Otherwise. if NS> NSR then
4 )
3 Ta=Tp, —2e —10 X C2%? — 13e — 6 X Cp, + 0.0042 — NEA
. A _ Bant
44 Vapor pressure in each stage Pyap = 10 ant " Tv+Cant
45 Stage pressure P, = Pyyp — 0.01
46 | Overall heat transfer coefficient in the brine heater Up = 1.7194 + 3.2063e — 3 X Tg + 1.5971e — 5 x T? — 1.9918e — 7 X T3
47 Logarithmic mean temperature difference (LMTD) LMTDDb = (Ts — Tb?r_ (F;S mill)
1 1 ]
in the brine heater log (Ts — Tf)
48 Heat transft in the brine heat A Fo s
at transfer area in rine heater =
e sfer are e e heate b = J.LMTDy,
49 Overall heat transfer coefficient in each stage U =1.7194 + 3.2063e — 3 x Td + 1.5971e — 5 X T{ —1.9918e — 7 X T3

YA




(Tqg = Tp) — (Tg — Te_pext)

Logarithmic mean temperature difference (LMTD) LMTD =
30 in each stage lo (M)
U T -1
If NS> =1 and NS<=NSR then
51 _ QRTCp (Tf - Tf—next)p
- T U x LMTD
Heat transfer area in each stage Otherwise, if NS> NSR then
52 _ QfTCp(Tf - Tf—next)p
T U x LMTD
53 Total Volumetric flowrate of brine stream Qp = QpTs2
NS
Avotal = ) Ac(i) + Ay
54 Total heat transfer area =1
Economic Models
. X X
55 Fixed cost of the tank _ 0:0963 X Y X Atotal
Fdo27
56 Annual cost of equipment C; = crfx DC
X fx X Qd x
57 Annual cost of energy , = sc x fxlandas x Qd x 365
1000 x PR
58 Annual cost of energy C3=cxfxwxQdx365
59 Annual cost of chemicals C, =kxfxQdx365
60 Annual cost of labours C5 = C_lab x fx Qd x 365
61 Total annualized cost of MSF plant TACymspgg, = C1 +C2 +C3+C4 + G5
Environmental Models
. . Cs
62 Electric energy consumption PP; = BT
. G,
63 Steam energy consumption PP = ST
. . PPg + PPs + PP
64 Specific energy consumption SEC=——+———
thotal
65 Pollution factor Brine — disposal = Qy, X Cy,
66 CO; emissions Moz, iccions = GHG X (PP + PPg)

—

Input: Qf .Cf  Tf ,Pf

Multi Effect
Parmeters: NE LVT HVT Distillation
Fs . Ts . Tfe ,ATph Cfiph .Sp

Nomenclature:

L

Economics Output: TAC CapEx
LOpEx

[ Operational Outputs1: Qp Cp Tp Pp

[—— Operational Outputs2: Qb .Cb . Tb ,Pb

Environmental Output: Tons of
CO2/yr Polhatant Factor

Qf: Feed volumetric Flowrate (m?/day) / Cf: Feed Concentration (ppm) / Tf: Feed Water Temperature (C]
Pf: Feed Water Pressure (bar) / NE: Number of Effects (-] / LWVT: Lowest Vapor Temperature [C)

HVT: Highest Vapor Temperaturel (C) / FS: Steam mass Flowrate (kg/day) / TS: Steam Temperature (C)
Tfe: Outlet Stream Temperature of Condenser (C) / ATph: Temperature difference between preheaters (C)
Cffph: Temperature added to temperature of first effect {C) / SP: Number of stages intended to have preheater (C)
QP: Permeate volumetric Flowrate (m®/day) / Cp: Permeate Concentration (ppm)

Tp: Permeate Temperature (C) / Pp: Permeate Pressure (bar) / Qb: brine volumetric Flowrate {m?/day)
Cb: brine Concentration (ppm) / Th: brine Temperature (C) / Pb: brine Pressure (bar)

TAC: Total Annualized Cost ($/yr) / CapEx: Capital Expenditure (5) / OpEx: Operating Expenditure ($/yr)
Tons of CO2/yr: Annual Tons of CO2 emission to atmosphere from current process

Pallutant Factor: Multiplication of Ob and Cb {Kg/day)

lal> posiz SLSU o alelo sln (29,5 5 699)9 loyialib o)l b ¥ S
Figure 3 Schematic representation of input and output parameters for the Multi-Stage Flash (MSF) evaporation system
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Table 4 Equations and Mathematical Models of the Multi-Effect Distillation Technology [9]

Modeled section

Mathematical model

Operational models

. . HVT — LVT
67 Temperature difference in each stage ATy = ~NE—T
Volumetric flow rate entering each _
68 stage Qfe - Qfse
69 Produced vapor temperature in each If NE=1then T, = LVT + ATy
70 stage Otherwise, T, = Tyo + ATy
Z T
Pressure profile in each stage Prap =10 v ant
72 P, = Pyap — 0.01
73
. If NE=1 then Ty = Tge + Cffph
74 | Feed temperature after passing through Otherwise, if NE> 1 and NE<NE-SP then T; = Tr, — AT,
each preheater - P
Otherwise, Tf = Tge
75
76 | Boiling point elevation due to salinity BPE = A1l ( cf ) + B( cf )2 + c( cf )3
10000 10000 10000
77 Produced brine temperature in each Tb = Tv + BPE
stage
78 Specific heat capacity p=(Z+WXT+LXT? +NxT7)le -3
79 | Latentheatof ‘é?;’;; ization in each A = (=0.109484)3 x T2 + (=1.320743)3 X T, + 2500.468
80 s
F:LS_QfeCp(Tb_Tf)
Volumetric flow rate of vapor ITNE=1then Qe = ——————
produced in each stage Otherwise, Q, = QaoAvo+QboCpAry—Qrecp(Tb—TH)
81 e Av=cp*To
82 | Volumetric flow rate of brine produced If NE=1 then Q, = Qe — Qq
83 in each stage Otherwise, Qp = Qfe + Quo — Qq
= — QeCr
84 Concentration of brine produced in IfNE=1 then Cp, = =~
85 each stage Otherwise, Cp, = W
b
go | Overall heatetargassftea;‘;oeﬁ'c'e”t n Ue = 1073 * (19394 + 1.40562 X Tb — 0.0207525 x T2 + 0.0023186 x T¢)
87 I NE=1 then A = — 2% _
Heat transfer area in each stage . .55()\5— 0
88 Otherwise, A = — 4~ —
Ue(Tyo—Ty—2)
CpAT,
89 Steam flow rate to each preheater Qaph = Qfeo}\#ph
V.
9 Logarithmic mean temperature LMTD.... = Tro — T¢
difference (LMTD) in each preheater ph = 1 (TV — Tf)
%8\T, — Ty
gp | Overall hej;ctr:a;rsgﬁggt‘:ff'c'e“t in Upn = 1073 % (1617.5 + 0.1537 x T, + 0.1825 X TZ — 0.00008026 X T3)
) Qfcp(Tro — Tp)
2 H f h preh =
9 eat transfer area in each preheater ph U, LMTD
93 Cooling water flow rate required Qcw = —Qf + M
g q v f Cp(Tf — Tsea)
94 Total seawater intake flow rate Qsea = Q¢+ Qcw (28)
g5 | Overall heat tfgjggggfﬁ'c'em INME | . = 1e— 3+ (16175 + 0.1537 X Ty_eng + 0.1825 X T2 4 — 0.00008026 X T2 oq)
. . Tf - Tsea
9 Logarithmic mean temperature LMTD = ——m—
difference in the condenser log (M)
Tv - Tf

AR




c, (T —T.
97 Heat transfer area in the condenser A= Qseap(Tr = Tsea)
U.LMTD,
NE
98 Total heat transfer area in stages Atotal = Z A
i=1
NE
99 Total heat transfer area in preheaters Atotal—ph = Z App ()
i=1
Economic models
100 Fixed cost of the MSF unit CCymep = kmppCmatygpALSt
101 Fixed cost of the condenser CCeon = KeonCmat,,,A%8
102 Fixed cost of the preheaters Cph = KpnCmatpn APS 1 o
Total fixed cost of the reverse osmosis
103 section CCeqip = Cmep + Ceon + Cpn
104 Fixed cost of civil works CCeivit = 0.15 X CCeqip
105 Direct costs CCirect = CCeqip + CCeivil
106 Indirect costs CCindirect = 0.25 X CCyjrect
Total fixed cost of the multi-stage _
107 distillation section TCC = CCyjrect + CCindirect
108 | Annual operating cost for steam supply AOCgtaem = CSteamTHTF(TS — T)fs +0.005 x TCC
S
109 | Annual operating cost for maintenance AOCpa, = 0.002 X TCC
Annual operating cost for electricity _ CpowTHYQq-total
110 supply AOCpower = eff, * fdeltap
111 Annual operating cost for labor AOCiap = Clapb THYQq_total
112 Total annual operating cost AOC = AOCstaem + AOCpan + AOCpower + AOC,p
Total annualized cost of the multi- _
113 stage distillation section TACwmp = TCC x crf+ AOC
Environmental models
114 | Electrical energy consumption of the PP — AOCpower
system E ET
Thermal energy consumption of the AOCgtaem
115 PP =
system ST
o . PP; + PPs + PP
116 Specific energy consumption (SEC) SEC = —7F—
thotal
117 Greenhouse gas emissions CO2¢pmissions = GHG * (PP + PP + PPg)
118 Brine pollution intensity IBP = Qp, X Cy
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Table 5 Parameter Values Used in Process Simulation and Optimization [34]

Parameter Category Parameter Name (Unit) Value
Water intake head (m) 20
Feedwater density (kg/m3) 1000
Gravitational acceleration (m/s?) 10
Technical Parameters Refinery operating hours per year
8000
(h/year)
Pre-treatment pump efficiency (%) 0.85
Water intake pump efficiency (%) 0.75
Energy cost (USD/kWh) 0.05
Interest rate (%) 0.05
Refinery lifetime (years) 25
Cost of materials used in MED (USD) 3531
Economic Parameters Cost of materi?LIJsSus;zd in preheater 45475
Cost of materials used in condenser
(USD) 454.75
Labor cost (USD/m3) 0.05
Cost of used chemicals (USD/m3) 0.05
Plant availability (-) 0.9
. Greenhouse gas emission factor (tons
Environmental Parameters CO./kWh) 0.0005
Maximum brine concentration (ppm) 100,000

AR
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Table 7 Input Data for the MSF Model for Summer and Winter
Seasons [6]

Parameter (Unit) Season Value
Feedwater flow rate (m3/day) 79,680
Feedwater salinity (ppm) 40,000
Feedwater temperature (°C) 35
Number of recovery stages(-) 16
Number of brine blowdown Summer 3
stages (-)
Maximum brine temperature
C) 105
Steam temperature (°C) 121
Feedwater flow rate (m3/day) 76,704
Feedwater salinity (ppm) 40,000
Feedwater temperature (°C) 24
Number of recovery stages(-) 16
Number of brine blowdown Winter
stages (-) 3
Maximum brine temperature
o 99
9]
Steam temperature (°C) 116
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Table 6 Comprehensive Classification of Objective Functions in
Desalination Technology Optimization [34]

Objective Objective
Function F ilct'on Mathematical Relation
uncti
Category
Techno- Specific Water SWC $ _ TAC
Economic Cost (SWC) m3 Qp
Specific lewh EC
Wi
Energy. SEC( < ) =
Consumption m Qp
(SEC)
Specific
Techno-
Envi | Carbon SCE kgco, _ COzE
nvironmenta Emissions 3 Q
(SCE)
Specific Brine k x C
Pollution | SIBP (—i:;“) - —Q"Q b
(SIBP) p
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Figure 7 Validation of the MED Technology Model with Four
Different Cases Based on Brine Concentration Output (a), System
Performance Ratio (b), and System Recovery Rate (c)

0dds ey 2Lk F 5 e B by E leges (@) i o
Loanl® 90 ;0 50 (g 50 5ok s ) 5Lio ee Lo jlade .l
lpskss, 90 ye (b F 5 (Jlcnll il oo il 38 obsb & 5 rl58l

Y¥

120 Summer ® Modeldata @ Vendor cata Winter
Do) @
< ®s ®
e . @
E 33 Ge
o 80r LY 8
< 8¢ SBB
H ]
B w tsy 8s,
W L] 8
LI 8
g °, 8
[l l.“
20
120
S e
= ®
g ®e, ®eog
T 80 L LY
2 Q! !!
g L] )
g ®a 8
2 60r LI 8g
o @ 8
£ LY GS
2 40 L] e,
ui .
20
120
1ot
= )
g ® 0
E’an '.D .'.
5 LY .!
g L s
S 4 L 8s
g% 8s ey
5 Baa 55
& 40 e, 585
L]
L]
0l
Z a0
k]
3 ® R
% °
<, .00 .';o
§ ®,0 eg®
S ®y []
32 [ 2
E %20 8
£, o8t o
[ ]
g a8 o®
g
> e® °®
& 1 8 [
k| e .
& . N
§ . .
i [
0 5 10 1 20 o0 10 15 20
Stage number(-) Stage number(-)

Sledbl 4y Cans MSF (5,5l (sl oasaslyl Jawe u_z...a)L...c‘ [ )

MSF &l g odiig 3
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Table 8 Input Data for MED Model Validation

Siciley
Plant
[30]

Weinberg
& Ophir
[32]

Temstet
[30]

Parameter
(Unit)

Sayyaadi
[33]

Number of
stages 12 7 12 6

)

Produced
vapor
temperature in 37 48
the last stage
°C)

38.5 36.3

Heating steam
temperature
O

257 71 70 62.9

Condenser
outlet
temperature 35 35
(seawater
side) (°C)

34.5 32

Heating steam
mass flow rate

(kg/day)

576,000 | 222,000 | 895,522 | 3,684,212
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