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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/m? for MSF and 11.3 kWh/m?® 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.
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Multi-Stage Flash (MSF) evaporation system
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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 + 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 PPintake = =—=——— X (Pintake — Psea) X Qsea X ta
36 x 24 Nintake
Energy consumption cost of the intake section 0Cpow = Cen X (PPiptake)
10 Annual operating cost of the intake section AOCiptake = OCpow
. (int + 1)t x int
11 Capital recovery factor crf = m
12 Total annualized cost of the intake section TACintake = AOCintake + (crf X TCCiptake)

[YV] aas iy i Ll slaJoe ¥ Jgu
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 CClntake = 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 = L (PplDre - prre) X & X ta
36 X 24 ettapump

21 Energy consumption cost of the pretreatment section O0Chow = Cen(PPpre)
22 Annual operating cost of the pretreatment section AOCpre = OCpow

] (int+ 1)t x int
23 Capital recovery factor rf = m
24 Total annualized cost of the pretreatment section TACpre = AOCpre + (crf X TCCpre)

___, Economics Output: TAC

Input: OF Cf TF B

,CapEx,OpEx

Multi Stage
Parameters: NSR _NSJ,TBT, Flash
Tbph ,Ts,S1,52

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 = Qfr — Qs
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 = Qrr R V—
S
. prh - Tsea
31 Temperature difference between each stage AT = s
32 . If NS> =1 and NS<=NSrg then A, = Ao + 10
33 Latent heat of vaporization per stage Otherwise, if NS> NSg then A, = Ay + 30
34 Feedwater temperature per stage T = Tgg — ATer
35 IfNS> =1 and NS<=NSg then D = XIT0Cp0
Vapor flow rate per stage v
36 Otherwise, if NS> NS then D = 21100
NS
37 | Total condensed water flow rate up to a given stage Qg4 = z D(1)
i=1
38 Produced brine flow rate per stage Qur = Qpto — Q4
. . _ QboCho
39 Concentration of produced brine per stage Cp = Q—
b
If NS> =1 and NS<=NSR then
40 Th = Qb10Cp0Tho — (Qa — Qao) TaoCpo — QrrCpATr
Brine temperature per stage CprT
Otherwise, if NS> NSR then
41 b = Qb10CpoTro — (Qd — Qo) TaoCpo — QrrCpATrr — QrrCpATir
CprT
4 If NS> =1 and NS<=NSR then
Tg =Ty, — 2e — 10 x C2%% — 13e — 6 X C}, + 0.0042 — NEAR
Vapor temperature per stage Otherwise. if NS> NSR then
43 Ta=Tp, —2e — 10 X C2%? — 13e — 6 X Cp, + 0.0042 — NEA
. Bant
44 Vapor pressure in each stage Prap = 1024 TV+Cant
45 Stage pressure Pe = Pyap — 0.01
46 | Overall heat transfer coefficient in the brine heater U = 1.7194 + 3.2063e —3 X Tq + 1.5971e — 5 X T? — 1.9918e — 7 X T3
i : T, —Tp) — (Ts — T,
47 Logarithmic mean temperature difference (LMTD) LMTDb = (Ts b?I‘ (,If )
3 1 s b
in the brine heater log (Ts — Tf)
48 Heat transf in the brine heat Ay =3t
eat transfer area in the brine heater b = [, LMTDy
49 Overall heat transfer coefficient in each stage U =1.7194 + 3.2063e — 3 X Td + 1.5971e — 5 X T3 — 1.9918e — 7 X T3

YA




(Td - Tf) - (Td - Tf—next)

Logarithmic mean temperature difference (LMTD) LMTD =
30 in each stage lo (m)
ST —Tf
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 = Qprs2
NS
Avotal = ) Ac(i) + Ay
54 Total heat transfer area =y
Economic Models
0.0963 x y X A
55 Fixed cost of the tank = b X Atotal
Fdo27
56 Annual cost of equipment C; = crfx DC
x f x landas x Qd x 365
57 Annual cost of energy , = ¢ andas X Q
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 TACumspgp, = C1 +Cy +C3 + C4 + G
Environmental Models
. . C3
62 Electric energy consumption PPg = 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 COz emissions Moz, icons = GHG X (PP + PPg)

—

Input: Qf .Cf  Tf ,Pf

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

L

Nomenclature:

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 SLSL o alele ln (29,5 5 99,9 sloyll 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-1
Volumetric flow rate entering each _
68 stage Qfe - Qfse
69 Produced vapor temperature in each IfNE=1 then T, = LVT + ATy
70 stage Otherwise, T, = Tyo + ATy
7 Y.
Pressure profile in each stage Prap =10 v Eane
72 Py = Pyyp — 0.01
73
. If NE=1 then Ty = Ty, + Cffph
74 | Feed temperature after passing through Otherwise, if NE> 1 and NE<NE-SP then Ty = Tyo — ATy,
each preheater .
Otherwise, Tr = Tfe
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+WxXTr+LxT¢+NxT¢)le—3
79 | Latentheat of vaporization in cach A = (—0.109484)3 x T2 + (—1.320743)3 X T, + 2500.468
stage
80 s
E pAs_QfeCp(Tb_Tf)
Volumetric flow rate of vapor IfNE=1 then Q. = X—cpTh
produced in each stage Otherwise, Qg = QdoAvo+QboCpATy—QfeCp (Th-TH)
81 Ay—cp*Ty
82 | Volumetric flow rate of brine produced If NE=1 then Q, = Qe — Qq
83 in each stage Otherwise, Qp, = Qfe + Qpo — Qq
- = QeeCr
84 Concentration of brine produced in IfNE=I then G, = Qb
cach stage s, Cr. = QeCr+QuoCho
85 Otherwise, Cy, o
g | Overall heat transfer cocfficient in Ue = 1073 + (19394 + 1.40562 X Tb — 0.0207525 X TZ + 0.0023186 X T
each stage
87 IfNE=1 then A = 30
Heat transfer area in each stage ) : (;d}ws_ f
88 Otherw1se, A= m
CpAT,
89 Steam flow rate to each preheater Qaph = M
V.
90 Logarithmic mean temperature LMTD.... = Tro — T¢
difference (LMTD) in each preheater ph = o (Tv — Tf)
_ 8T, — Ty
g | Overallheat transfer coefficient in Upn = 1073 * (1617.5 + 0.1537 X T, + 0.1825 X T2 — 0.00008026 X T3)
each preheater
: Q¢cp(Tro — Tp)
92 Heat transfer area in each preheater ph = m
. . _ Npa-* Qv
93 Cooling water flow rate required Qcw Qf + 5 (T = Too)
94 Total seawater intake flow rate Qsea = Q¢+ Qcw (28)
g5 | Overall heattransfer coefficientinthe | ;. _ 3¢ — 34 (1617.5 + 01537 X Ty_eng + 0.1825 X T2 gy — 0.00008026 X T3 o)
. . Tf - Tsea\
Logarithmic mean temperature LMTD, = ———F——
96 ; . ¢ Ty — Tsea
difference in the condenser log (Vi)
TV — T

AR




97

Heat transfer area in the condenser

A.=

_ QSean (Tf — Tsea)

U_LMTD,
NE
98 Total heat transfer area in stages Avoral = Z AQD)
i=1
NE
99 Total heat transfer area in preheaters Atotal—ph = Z App (D
i=1
Economic models
100 Fixed cost of the MSF unit CCymep = KmppCmatygpA%St
101 Fixed cost of the condenser CCeop = KeopCmat,, A%S
102 Fixed cost of the preheaters Cph = KpnCmatpn At _pn
Total fixed cost of the reverse osmosis
103 section CCeqip = CmED + Ceon + Cpn
104 Fixed cost of civil works CCeivit = 0.15 X CCegqip
105 Direct costs CCqirect = CCeqip + CCeivil
106 Indirect costs CCindirect = 0.25 X CCyqirect
Total fixed cost of the multi-stage _
107 distillation section TCC = CCyqjrect + CCindirect
108 | Annual operating cost for steam supply AOCgtpem = CSteamTHé{r(Ts — TaFs +0.005 X TCC
s
109 | Annual operating cost for maintenance AOCpan = 0.002 X TCC
Annual operating cost for electricit _ CpowTHYQq-total
110 P sfpply v AOCpower = eff, * fdeltap
111 Annual operating cost for labor AOCpap = Ciab THYQg_total
112 Total annual operating cost AOC = AOCstaem + AOCpan + AOChower + AOCiap
Total annualized cost of the multi- .
13 stage distillation section TACygp = TCC X crf+ AOC
Environmental models
Electrical energy consumption of the AOCpower
114 PPy =
system ET
Thermal energy consumption of the AOCstaem
115 PPs =
system ST
_ _ PPg + PP + PP
116 Specific energy consumption (SEC) SEC=—F—+———
thotal
117 Greenhouse gas emissions COZ¢missions = GHG * (PP + PP 4+ 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/m?) 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 materials used in preheater 45475
(USD)
Cost of materials used in condenser
(USD) 454.75
Labor cost (USD/m?) 0.05
Cost of used chemicals (USD/m?) 0.05
Plant availability (-) 0.9
Environmental Parameters Greenhouse gé%i;ils\;}lgn factor (tons 0.0005
Maximum brine concentration (ppm) 100,000

Yy




[£] s g bl Juad 98 (6l MSF Jow 4 (89,9 Sledbl ¥ Jguz

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

Parameter (Unit) Season Value
Feedwater flow rate (m*/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
° 105
(°O
Steam temperature (°C) 121
Feedwater flow rate (m*/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
° 99
0
Steam temperature (°C) 116
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Table 6 Comprehensive Classification of Objective Functions in
Desalination Technology Optimization [34]

Objective Objective
Function Fu:lction Mathematical Relation
Category
Techno- Specific Water SWC i _ E
Economic Cost (SWC) m3 Qp
Specific 1wh EC
Energy. SEC (_w3 ) —
Consumption Qp
(SEC)
Specific
Techno- Carbon SCE Kgco, _ CO.E
Environmental Emissions m3 Q
(SCE)
Specific Brine Kgsalt Qp X Cp
Pollution SIBP(—~) = Q.
(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)
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Table 8 Input Data for MED Model Validation

Weinberg
& Ophir
[32]

Siciley
Plant
[30]

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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MED desalination processes: (a) required steam flow rate, (b)
energy consumption (EC), (c) specific energy consumption (SEC),
and (d) thermal performance ratio (PR) as a function of recovery
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