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ABSTRACT

Research subject: The scarcity of freshwater resources and the rapid growth of population have made the development and deployment of efficient
desalination technologies an undeniable necessity for securing reliable supplies of drinking and industrial water. In this regard, the present study focuses
on the modeling, validation, and techno-economic assessment of two widely applied technologies, reverse osmosis (RO) and multi-effect distillation
(MED), as well as their integration in standalone and hybrid configurations.

Research approach: In the modeling stage, the key components of each process, including pumps, pressure exchangers, pretreatment units, and main
desalination modules, were simulated with high accuracy using established mathematical correlations. Calibration and validation were carried out with
the aid of WAVE software and field data from existing industrial plants, ensuring consistency between simulation results and practical operation. Four
configurations, including RO, MED, RO-MED, and MED-RO, were investigated under identical feedwater conditions (50,000 m*day, salinity of 30,000
mg/L) and defined operational constraints. The evaluation criteria included product water quality, recovery ratio, electrical and thermal energy
consumption, and specific water production cost.

Main results: The results showed that, among the four standalone and hybrid RO and MED scenarios, the standalone RO system had the lowest levelized
cost of water at 0.386 USD/m?, making it the most economical option. Its cost was about 38%, 19%, and 58% lower than MED, RO-MED, and MED-
RO, respectively. In contrast, the product water quality of RO was 93%, 42%, and 47% lower than these alternatives. Sensitivity analysis revealed that
increasing electricity price raised the cost of standalone RO by up to 78%, while higher fuel cost increased the MED cost by 85%. Moreover, variation
in the interest rate had the strongest impact on MED-RO, raising its cost by up to 40%. In addition, the RO-MED hybrid configuration proved to be an
economical alternative compared with other options, while ensuring higher water quality. These findings highlight that the optimal choice of technology
strongly depends on local conditions such as energy price, availability of waste heat, and required product quality.
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Table 1 Summerized researches on modeling of RO and MED processes for water desalination

Reference Subject/Objective Technology Method / Model Key Results
.. General two-stage RO Brand-independent modeling + Feed pressure reduction and
gl €l ] model X0 validation with ROSA energy optimization
Romo et al. [5] Modeling of MED- MED-TC, Data recovery algorithm + field Error less than 9.3%, detection of
’ TC and RO RO calibration sub-optimal performance
Kim et al. [6] RO with ren§wable RO ez aiain (e Sustainable water supply in rural
energy for villages areas
Nour-Mohammad Detailed model + confieuration Technical and economic
& Fakhroleslam Single-pass RO RO . & optimum leading to higher
comparison
[7] pressure + fewer membranes
Kim et al. [8] Industrial BO RO Modeh.ng of multiple schemes Reduced energy consumption,
configurations (single-/two-pass...) use of external heat sources
o |
Al-Hamzawi & Multi-purpose solar Parabolic trough collector + RSM 12&16.0 C, 20-24 effectos,
o MED = production 104.7 kg/s, 20%
Al-Sailawi [9] MED optimization -
energy reduction
. 1 Productivity 3984-4421 kg/h,
Aot ciel, IEID Tl (e MED Modeling and optimization cost < 1.65 $/m?, payback <2
[10] generator heat
years
Chandra et al. [11] Four-effect MED MED Feed temperature optimization 80°C _):(35'?362‘;(1/320(1““011’
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Figure 1 Schematic of the RO process as the dominant technology in the desalination market
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Table 2 List of assumptions used in modeling each technology
Technology Assumptions
* Membrane structure is uniform across the module.
* Feed concentration changes linearly along the feed channel.
Reverse OSmosis(RO) * Solution-diffusion model is applicable for water and salt transport through the membrane.

» Temperature is assumed constant along the membrane.
* Convective effects in the membrane are neglected.
* Mass transfer coefficient is constant for a given fluid condition.

Multi-Effect Distillation

(MED)

* Constant temperature difference is assumed across stages.
* Specific heat of brine is constant for temperature but varies with concentration.
* Produced vapor is salt-free.
* Heat losses are negligible.
« Effects of non-condensable gases are negligible.
* Heat transfer areas are constant and equal across all stages (standard design assumption).
* Heat transfer equations model each evaporator area as the sum of the brine heating surface
and evaporation surface.
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Table 3 Mathematical models of the process feed water intake section [23]

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 Gigrie—aun = Cam
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
Cost of the intake section pump CCintake = 996 X Q%8
Equipment cost of the intake section CCequi = CCrntake (6)
Total fixed cost of the intake section TCCrntake = 1.25 X 1.15 X CCequi

1
PPiptake = m X (Pintake — Psea)
Energy consumption of the intake section

o Qsea
Nintake
Energy consumption cost of the intake section 0Cpow = Cen X (PPiptake)
Annual operating cost of the intake section AOCiptake = OCpow

_ (int+1)" xint

Capital recovery factor =
5 i N Gntr D -1

Total annualized cost of the intake section TACptake = AOCiptake + (crf X TCCptake)
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Table 4 Mathematical models of the pretreatment section [23]

Modeled section Mathematical model

Operational models

Volumetric flow rate of outlet water from the pretreatment _
Qout—pretreatment - Qin—pretreatment

section
Concentration of outlet water from the pretreatment section Cout—pretreatment = Cin—pretreatment
Temperature of outlet water from the pretreatment section Tout—pretreatment = Tin—pretreatment

o Pout—pretreatment = Pin—pretreatment
Pressure of outlet water from the pretreatment section
+ APpretreatment

Economic models

Cost of the pretreatment section pump CClntake = 996 x Q2&,
Equipment cost of the pretreatment section CCequi = CCpre
Total fixed cost of the pretreatment section TCCpre = 1.25 X 1.15 X CCequi
Energy consumption of the pretreatment section PPyre = 36; (Pppre - prre) X & X ta
X 24 ettapump
Energy consumption cost of the pretreatment section 0Cpow = Cen (PPpre)
Annual operating cost of the pretreatment section AOCpyre = OCpow

_ (int+1)" xint

Capital recovery factor crf = —(int FDI—1

Total annualized cost of the pretreatment section TACpre = AOCpre + (crf X TCCpre)
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Table 5 Mathematical models of the RO technology [23]

Description

Equation

Process model

SR =1 - (k(1) x BF® +k(6) x ck(”)xm x (k(8) x exp(k(4) x TK®))

25 Salt rejection per module
26 Permeate water quality Cpee = Cree(1 — Sg)
57 | Water permeability coefficient for | MA,, = k(1) x C:f(z) + k(3) x TE® 4+ k(5) x CF(G) x TK? 4+ k(8)
seawater
2
EZ_(CP%) (M)_
28 Osmotic pressure difference Sz <(1000) Tooo) )+ 81633 —Tq00 ZlaD
am= 100000
29 Permeate water flux Jw = MA,, X FF X TCF X (Pgee — P, — A)
30 | Permeate water volumetric flowrate | Qpee = JwAm
31 Recovery of each element Recee = pee
Qfee
32 Brine water volumetric flowrate Qbee = Qfee — Qpee
C -C
33 Brine water concentration Cbee = ( feleeeQ peeQpee)
bee
34 Average mass flowrate of each Foo= Qfee + Qpee
element avg = 2
Favg) "’

35 | Brine pressure loss in each element

AP, = 9532.4( >

Economic model

36 Membrane capital cost CCmem = NpvNepyCmem
: Nepvy %7
37 PV capital cost CChy = NpyCpy (_)
38 Equipment cost CCequi = CCiem + CChy
39 Total capital cost TCC = 1.25 X 1.15 X CCequi
ta
40 Labor operating cost OCjap = CiapQp 52
41 Maintenance operating cost 0C,, = 0.01 x TCC
0 Membrane replcaoc:tment operating | Conems = 0.2 X CComomn
43 Insurance operating cost 0Cjys = 0.05 X TCC
44 Annualized operating cost AOC = O0C,p + OCyy + OCpyemr + OCips
. 1 PL x .
45 Amortization factor cf = —(lflt U int
(int+ 1)PL — 1
46 Total Annualized cost TACro = AOC + ccf X TCC
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Table 6 Equations and mathematical models of the multi-effect distillation technology [21]

Modeled section \

Mathematical model

Operational models

47 Temperature difference in each stage

HVT — LVT
ATy =—NE—71

48 Volumetric flow rate entering each stage

Qfe = Qfse (2)

49
50 | Produced vapor temperature in each stage

IfNE=1 then T, = LVT + ATy
Otherwise, T, = Tyo + ATy

Feed temperature after passing through each

51 Aant_A

Pressure profile in each stage Pap =10 M
52 P, = Pyp — 0.01
53

If NE=1 then Ty = Ty, + Cffph

54 Otherwise, if NE> 1 and NE<NE-SP then Ty = Try — ATpp
preheater .
Otherwise, Tr = Tpe
55
56 L . . cf cf \? cf
Boiling point elevation due to salinit = ( ) ( ) ( )

&P Y BPE = A1 10000 +B 10000 e 10000
57 Produced brine temperature in each stage Tb = Tv + BPE
58 Specific heat capacity p=(Z+WxTr+LXTF +NxT¢)le—3
59 A, = (—0.109484)3 x T2 + (—1.320743)3 X T,

Latent heat of vaporization in each stage + 2500.467832

Yo



60

FsAg
_ e —QfeCp(Tp—Tr)
Volumetric flow rate of vapor produced in IfNE=1 then Q. = M—CpTh
each stage Stk 0, = Qdolvo+Qbo:p_ATv:TQfecp(Tb—Tf)
61 v—Cp*lp
62 | volumetric flow rate of brine produced in If NE=1 then Qp = Qfe — Qg
63 each stage Otherwise, Qp = Qfe + Qpo — Qq
64 = — QreCr
Concentration of brine produced in each IFNE=I then C, = Qp
65 stage Otherwise, C, = %
66 Overall heat transfer coefficient in each Ue = 1072 (19394 + 1.40562 x Tb — 0.0207525 x T¢
stage +0.0023186 X T¢)
67 If NE=1 then A = — v __
g 2.5%(Ts—Tg)
Heat transfer area in each stage . Qe
68 Otherwise, A = m
69 CpAT,
Steam flow rate to each preheater Qdpn = Qfeo)\#ph
V.
70
Logarithmic mean temperature difference LMTD.or. = Teo — T¢
(LMTD) in each preheater ielil = o (TV — Tf)
E\T, =Ty
71 Overall heat transfer coefficient in each Upn = 1073 % (1617.5 + 0.1537 X T, + 0.1825 x TZ
preheater —0.00008026 x T2)
72 ; Qtcp(Tro — Tp)
Heat transfer area in each preheater ph = m
73 . . _ Npu-* Qaly
Cooling water flow rate required Qew = —Q¢ + e (TF — Toog)
74 Total seawater intake flow rate Qsea = Q¢+ Qo (28)
75 . Uc = 1e—3x(1617.5 + 0.1537 X Ty_eng
Overall heat transfer coefficient in the 2
+0.1825 X Ty_qpnq
condenser 5
—0.00008026 X TS ,.4)
76 . . . . Tf — Tsea
Logarithmic mean temperature difference in LMTD, = — T T~
v sea
the condenser log (7Tv — )
77 c,(Tf — T
Heat transfer area in the condenser A. = M
U .LMTD,
78 NE
Total heat transfer area in stages Atotal = Z A1)
i=1
79 NE
Total heat transfer area in preheaters Atotal-ph = Z Aph (1)
i=1
Economic models
80 Fixed cost of the MED unit CCpmep = kmepCmatygpALSt
81 Fixed cost of the condenser CCeon = KconCmat ., A28
82 Fixed cost of the preheaters Cpn = kphcmatphA(t)bstal—ph
83 Total fixed cost of the reverse osmosis _
section CCeqip - CMED + Ccon + Cph
84 Fixed cost of civil works CCeivit = 0.15 X CCeqip
85 Direct costs CCirect = Cceqip + CCeivil
86 Indirect costs CCindirect = 0.25 X CCyjrect
87 Total fixed cost of the multi-stage _
distillation section TCC = Clairect + CCindirect
. THY(Ts — Ty)F
88 Annual operating cost for steam supply AOCgraom = Csteam T( s — Ta)Fs +0.005 X TCC
s
89 Annual operating cost for maintenance AOCpan = 0.002 X TCC
90 CpowTHYQq-total
Annual operating cost for electricity supply AOCpower = powamta * Igeltap
P
91 Annual operating cost for labor AOCpp = Ciap THYQq—total
92 Total annual operating cost AOC = AOCstaem + AOCpan + AOCphower + AOC,p
93 Total annualized cost of the multi-stage

distillation section

TACwgp = TCC X crf + AOC

\td
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Table 7 Equations and mathematical models of the pressure exchanger (PX)

Modeled section | Mathematical model
Operational models
94 to The volumetric flowrate of feed Qpx-BP = Qin-px * NmixQnpb-px — NMmixQr-px
the booster pump
95 to the The concentration of feed Cpx—Bp
booster pump _ Qin—pxCin-px * MmixQnupb—PxChpb-px — NmixQe—pxCe—px
- Qpx-gpP
96 to the booster The pressure of feed Pox_gp = NpxPhpb—px — (1 — Npx)Pin_px
pump
97 The pressure difference between the APyoosterpump = Prpp — Pin—pp
PX outlet and the desired pressure
98 to The volumetric flowrate of PX Qpx-b = Qnpb-prx T NMmixQf—Px — NmixQhpb-px
brine
99 to brine The concentration of PX Cpx-b
_ Qnpb-pxChpb-pPx * MmixQe—px Cr—Px — NmixQnpb—px Chpb-px
- Qpx-b
Economic models
100 Booster pump capital cost CCyp = 52 % ( APbooster—pump) %
101 PX capital cost CCpyx = 3134.7 x Q258
102 Equipment cost CCequi = CCpx + CCpp
103 Total capital cost TCC = 1.25 X 1.15 X CCequi
104 Power operating cost 0Cpow = Cen(PPgp)
105 Maintenance operating cost 0C,, = 0.01 x TCC
106 Annualized operating cost AOC = 0Cy, + OCpow
107 Total annualized cost TAC = AOC + ccf X TCC
By 2k sladoe g baily; A Jaaer
Table 8 Equations and mathematical models of pumps
Description | Equation
Process model
108 The pump outlet volumetric flowrate Qout—pump = Qin—pump
109 The pump outlet concentration Cout—pump = Cin—pump
110 The pump outlet temperature Tout—pump = Tin-pump
111 The pump outlet pressure Pout—pump = Ppesired—pump
Economic model
. 393000 + 10710 X Py
112 Hpp capital cost (RN () T—— 30000 out—pump
113 Equipment cost CCequi = CChump
114 Total capital cost TCChump = 1.25 X 1.15 X CCequi
1
115 Annual pump consumption PPyump = 36 X 24 ((prpump - prump) X prpump) ta
npump
116 Power operating cost 0Cpow = Cen(PPpump)
117 Annualized operating cost AOCpump = OCphow
118 Total annualized cost TAC = AOC + ccf X TCC
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Figure 4 Structural schematic of the desalination process based on different configurations that may occur for the feed water
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Table 9 Values of parameters used in process simulation [7]

Parameter Category Parameter Name (Unit) Value Reference
Water Intake Head (m) 20 -
Feedwater Density (kg/m?) 1000 -
Gravitational Acceleration (m/s?) 10 -
Operating Hours of the Refinery per Year (hours/year) 8000 [28]
Technical Parameters Pump Efficiency in Pretreatment Section (%) 0.85 [29]
Pump Efficiency in RO Superstructure Section (%) 0.85 [29]
Pump Efficiency in Water Intake Section (%) 0.75 [29]
Efficiency of Pressure Exchanger Pump (%) 0.75 [29]
Fouling Factor (-) 1 -
Mixing Rate of Pressure Exchanger (-) 0.06 [2]
Efficiency of Pressure Exchanger (%) 0.95 2]
Energy Cost (USD/kWh) 0.05 [2]
External steam cost ($/kg) 0.004 [30]
Interest Rate (%) 0.05 [31]
The lifetime of plant (years) 25 [28]
Price of SW30HRLE.440i Module (USD/module) 990 -
. Price of Pressure Vessel for Marine Module (USD/vessel) 1000 [2]
Economic Parameters - . .
Price of materials used in MED ($/m?) 3531 [30]
Price of materials used in preheater ($/m?) 454.75 [30]
Labor Cost (USD/m?) 0.05 [2]
Cost of Injected Chemicals (USD/m?) 0.05 2]
Membrane Lifetime (years) 5 [26]
Maximum Concentration of Concentrated Water (ppm) 100,000 -
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Figure 5 SWRO operational model validations compared to WAVE software under the same operating conditions [6]. (Qf = 100‘000% ,Ce =
(20,000 and 40,000 ppm), Ts = 25°C,Np,, = 410,Nepy = 7,FF = 1)
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Table 10 Input data for MED model validation

. Sicily Plant Sayyaadi Temstet Weinberg & Ophir
Parameter (Unit) 21] 22] 21] 23]
Number of effects (-) 12 7 12 6
Temperature of Vapog produced in last 37 48 385 363
stage (°C)
Heating steam temperature (°C) 257 71 70 62.9
Condenser outlet. ten})perature (seawater 35 35 345 32
side, °C)
Mass flow of heating steam (kg/day) 576,000 222,000 895,522 3,684,212
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Figure 6 Validation of the MED technology model with four different cases based on the output data of brine concentration, system performance
ratio, and recovery ratio [21]
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Table 11 Simulation of different hybrid system configurations between Reverse Osmosis (RO) and Multi-Effect Distillation (MED) technologies

using input design parameters and various operational constraints

. Reverse Osmosis Multi-Effect
Parameters (Unit) (RO) Distillation (MED) RO-MED MED-RO
Number of RO stages 5 ) 1 1
)
Membrane type . SW30HRLE- SW30HRLE-
) SW30HRLE-440i - 440i 440i
Total number of membranes (-) 1,435 - 1,400 700
Total number of pressure vessels 205 ) 200 100
©)
Main pump pressure (bar) 61 - 54.9 74.7
Auxiliary pump pressure (bar) 4 - - -
Number of MED stages (-) - 9 6 12
Steam consumption (million i 23 | |
kg/day) ’
Steam temperature (°C) - 80 80 80
Process recovery (-) 0.57 0.57 0.57 0.57
Concentrate salinity (mg/L) 70,000 70,000 70,000 70,000
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Figure 7 Simulation and flowsheet of the Reverse Osmosis (RO) process with two serial stages incorporating energy recovery by a pressure
exchanger
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Figure 8 Simulation and flowsheet of the Multi-Effect Distillation (MED) process with nine serial stages using low-temperature steam
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Figure 9 Simulation and flowsheet of hybrid processes RO-MED (a) and MED-RO (b)
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Table 12 Economic results of the simulation of RO, MED, RO-MED, and MED-RO processes, including the cost breakdown of different
sections of standalone and hybrid configurations

Outputs (Unit) Reverse Multi-Effect RO-MED MED-RO
Osmosis (RO) Distillation (MED)
Annual cost of 1st RO stage
(million USD/year) ) 0.946 0.495
Annual cost of main pump in 1st RO stage (million ) 0.654 0551
USD/year)
Annual cost of 2nd RO stage ) ) )
(million USD/year)
Annual cost of auxiliary pump in 2nd RO stage (million ) ) )
USD/year)
Annual cost of pressure exchanger (million USD/year) - 0.256 0.251
Annual cost of MED vessels
(million USD/year) 17 2.82 17:5
Annual cost of condenser
firlem U0z 1.08 0.444 0.629
Annual cost of preheater
(million USD/year) 0.224 0.06 0.36
Total annual cost of process
(million USD/year) 3.57 4.79 6.37
Specific water cost (USD/m?) 0.534 0.458 0.61
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RO Stage 1 RO Stage 2

Main Pump (RO Stg 1)

Cost Breakdown - RO-MED
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Cost Breakdown - MED-RO
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Energy Recovery Device

MED Vessels
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Figure 10 Breakdown of the annual capital cost components in four desalination configurations (RO, MED, RO-MED, and MED-RO) shown as
a pie chart, illustrating the relative share of each equipment in the total fixed cost of each technology
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Figure 11 Results of economic sensitivity analysis for four desalination configurations (RO, MED, RO-MED, and MED-RO) with respect to
variations in electricity cost, steam cost, and interest rate
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   Q  Intake − out =  Q sea


   C  Intake − out =  C sea


   T  Intake − out =  T sea


   P  Intake − out =  P sea + ρ × g × h


  C  C Intake = 996 ×  Q sea  0 . 8


  C  C equi = C  C Intake   ( 6 )


  TC  C Intake = 1 . 25 × 1 . 15 × C  C equi


  P  P Intake =  1  36 × 24 ×  (  P Intake −  P sea ) ×    Q sea   η Intake × ta


  O  C pow =  C en ×  ( P  P Intake )


  AO  C Intake = O  C pow


  crf =      ( int + 1 ) t × int     ( int + 1 ) t − 1


  TA  C Intake = AO  C Intake +  ( crf × TC  C Intake )


   Q  out − pretreatment =  Q  in − pretreatment


   C  out − pretreatment =  C  in − pretreatment


   T  out − pretreatment =  T  in − pretreatment


   P  out − pretreatment =  P  in − pretreatment + ∆  P pretreatment


  C  C Intake = 996 ×  Q sea  0 . 8


  C  C equi = CCpre


  TC  C pre = 1 . 25 × 1 . 15 × C  C equi


  P  P pre =  1  36 × 24  (  Pp pre − P  f pre ) ×   Q  f pre  ett  a pump × ta


  O  C pow =  C en  ( P  P pre )


  AO  C pre = O  C pow


  crf =      ( int + 1 ) t × int     ( int + 1 ) t − 1


  TA  C pre = AO  C pre +  ( crf × TC  C pre )


  SR =   1 −    ( k  ( 1 ) ×  P f  k  ( 2 ) + k  ( 6 ) ×  C f  k  ( 7 ) )  x  ( 3 ) ×  ( k  ( 8 ) × exp  ( k  ( 4 ) ×  T  k  ( 5 ) ) )


  


   C pee =  C fee  ( 1 −  S R )


  M  A w = k  ( 1 ) ×  C f  k  ( 2 )   +   k  ( 3 ) ×  T  k  ( 4 )   +   k  ( 5 ) ×  C f  k  ( 6 )   ×  T  k  ( 7 )   +   k  ( 8 )


  ∆ π =   0 . 9524  (    (    C fee 1000 ) 2 −    (    C pee 1000 ) 2 ) + 81633  (    C fee −  C pee 1000 ) − 236143 100000


   J w = M  A w × FF × TCF ×  (  P fee −  P p − ∆ π )


   Q pee =  J w  A m


   Rec ee =    Q pee   Q fee


  Q  b ee =  Q fee −  Q pee


  C  b ee =    (  C fee  Q fee −  C pee  Q pee )   Q bee


   F avg =    Q fee +  Q bee 2 ρ


  ∆  P b = 9532 . 4    (    F avg ρ )  1 . 7


  C  C mem =  N pv  N epv  C mem


  C  C pv =  N pv  C pv      (  Nepv 7 )  0 . 7


  C  C equi = C  C mem + C  C pv


  TCC = 1 . 25 × 1 . 15 × C  C equi


  O  C lab =  C lab Qp  ta 24


  O  C m = 0 . 01 × TCC


  O  C memr = 0 . 2 × C  C mem


  O  C ins = 0 . 05 × TCC


  AOC = O  C lab + O  C m + O  C memr + O  C ins


  ccf =      ( int + 1 ) PL × int     ( int + 1 ) PL − 1


  TA  C RO = AOC + ccf × TCC


    ∆ T V =   HVT − LVT  NE − 1


   Q fe =  Q f  s e       ( 2 )


   T v = LVT +   ∆ T V


   T v =  T  v 0 +   ∆ T V


   P vap =  10   A ant −    B ant  Tv +  C ant


  


   T f =  T fe + Cffph


     T f =  T  f 0 − ∆  T ph


     T f =  T fe


  BPE = A 1  (  Cf 10000 ) + B    (  Cf 10000 ) 2 + C    (  Cf 10000 ) 3


  Tb = Tv + BPE


  cp =  ( Z + W ×  T f + L ×  T f 2 + N ×  T f 3 ) 1 e − 3


   λ v =    ( − 0 . 109484 ) 3 ×  T v 2 +    ( − 1 . 320743 ) 3 ×  T v + 2500 . 467832


   Q e =     Fs  λ s ρ −  Q fe  c p  (  T b −  T f )   λ v −  c p  T b


   Q e =    Q  d 0  λ  v 0 +  Q  b 0  c p  ∆ TV −  Q fe  c p  ( Tb − Tf )   λ v −  c p ∗  T b


   Q b =  Q fe −  Q d


   Q b =  Q fe +  Q  b 0 −  Q d


   C b =    Q fe  C f   Q b


   C b =    Q fe  C f +  Q  b 0  C  b 0   Q b


   U e =  10  − 3 ∗  ( 19394 + 1 . 40562 × Tb − 0 . 0207525 ×  T b 2 + 0 . 0023186 ×  T b 3 )


  A =    Q d  λ v  2 . 5 ×  (  T s −  T f )


  A =    Q d  λ v   U e  (  T  v 0 −  T v − 2 )


   Q dph =    Q  fe 0  c p ∆  T ph     λ v


  LMT  D ph =  (    T  f 0 −  T f  log  (    T v −  T f   T v −  T  f 0 ) )


   U ph =  10  − 3 ∗  ( 1617 . 5 + 0 . 1537 ×  T v + 0 . 1825 ×  T v 2 − 0 . 00008026 ×  T v 3 )


   A ph =    Q f  c p  (  T  f 0 −  T f )   U ph  LMTD ph


   Q cw = −  Q f +    η PH . ∗  Q d  λ v   c p  ( Tf −  T sea )


   Q sea =  Q f +  Q cw       ( 28 )


   U c = 1 e − 3 ∗  ( 1617 . 5 + 0 . 1537 ×  T  v − end + 0 . 1825 ×  T  v − end 2 − 0 . 00008026 ×  T  v − end 3 )


  LMT  D c =    T f −  T sea  log  (    T v −  T sea   T v −  T f )


   A c =    Q sea  c p  (  T f −  T sea )   U c  LMTD c


   A total =   ∑  i = 1 NE A  ( i )


   A  total − ph =   ∑  i = 1 NE   A ph  ( i )


  C  C MED =  k MED Cma  t MED  A total  0 . 64


  C  C con =  k con Cma  t con  A c  0 . 8


   C ph =  k ph Cma  t ph  A  total − ph  0 . 8


  C  C eqip =  C MED +  C con +  C ph


  C  C civil = 0 . 15 × C  C eqip


  C  C direct = C  C eqip + C  C civil


  C  C indirect = 0 . 25 × C  C direct


  TCC = C  C direct + C  C indirect


  AO  C staem =    C steam THY  (  T s −  T d ) Fs Ts + 0 . 005 × TCC


  AO  C man = 0 . 002 × TCC


  AO  C power =    C pow THY  Q  d − total  ef  f p ∗  f deltap


  AO  C lab   =    C lab THY  Q  d − total


  AOC = AO  C staem + AO  C man + AO  C power + AO  C lab


  TA  C MED = TCC × crf + AOC


   Q  PX − BP =  Q  in − PX +  η mix  Q  hpb − PX −  η mix  Q  f − PX


   C  PX − BP =    Q  in − PX  C  in − PX +  η mix  Q  hpb − PX  C  hpb − PX −  η mix  Q  f − PX  C  f − PX   Q  PX − BP


   P  PX − BP =  η PX  P  hpb − PX −  ( 1 −  η PX )  P  in − PX


  ∆  P boosterpump =  P HPP −  P  in − BP


   Q  PX − b =  Q  hpb − PX +  η mix  Q  f − PX −  η mix  Q  hpb − PX


   C  PX − b =    Q  hpb − PX  C  hpb − PX +  η mix  Q    f − PX  C  f − PX −  η mix  Q  hpb − PX  C  hpb − PX     Q  PX − b


  C  C bp = 52 ×  ( ∆  P  booster − pump )    Q  f − PX 24


  C  C PX = 3134 . 7 ×  Q  f − PX  0 . 58


  C  C equi = C  C PX + C  C bp


  TCC = 1 . 25 × 1 . 15 × C  C equi


  O  C pow =  C en  ( P  P BP )


  O  C m = 0 . 01 × TCC


  AOC = O  C m + O  C pow


  TAC = AOC + ccf × TCC


   Q  out − pump =  Q  in − pump


   C  out − pump =  C  in − pump


   T  out − pump =  T  in − pump


   P  out − pump =  P  Desired − pump


  C  C pump =  Q  out − pump   393000 + 10710 ×  P  out − pump 30000


  C  C equi = C  C pump


  TC  C pump = 1 . 25 × 1 . 15 × C  C equi


  P  P pump =    1  36 × 24  (  ( Pp  f pump − P  f pump ) × Qp  f pump )   η pump × ta


   OC pow =  C  en  ( P  P pump )


  AO  C pump = O  C pow


  TAC = AOC + ccf × TCC


    Q  f = 100 ، 000       m 3  d a y   ،     C  f = ( 20 ، 000   a n d   40 ، 000   p p m ) ،     T  f = 25 ° C ،     N  p v = 410 ،     N  e p v = 7 ،   F F = 1


   Q f = 100 , 000       m 3 day   ,    C f = ( 20 , 000   and   40 , 000   ppm ) ,    T f = 25 ° C ,    N pv = 410 ,    N epv = 7 ,   FF = 1

