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ABSTRACT

An exergo-economic model is used to assess the performance of a multi-effect desalination plant
integrated to a mechanical vapor compressor unit (MED-MVC) with a water production capacity of 1500
m?/day. The results show that the second law efficiency (17;;) is 2.8%. The MVC and evaporator units
are responsible for about 39 and 52% of the total exergy destruction, respectively. The total water price
(TWP) is 1.70 $/m® when calculated using a simple conventional economic model and 1.63 $/m*® when
calculated using an exergy-based cost model. Increasing the number of effects from 1 to 6 results in a
39% reduction in the specific power consumption (SPC), a 70% increase in n;; and a 24% decrease in
TWP. A dynamic model is developed to investigate the effect of fluctuations of compressor work (W,)
and inlet seawater temperature (T, ) on the plant behavior and performance. The dynamic model results
show that the disturbance in W, has a significant effect on the plant transient behavior and may cause the
plant to cease operation while a disturbance in Ts,, has only a moderate impact. Increasing T, above a
certain value of the steady-state condition without proper control on the plant response could lead to
evaporator dry out. In term of performance, a reduction in W, causes a decrease in the plant production
capacity and SPC, while it increases the plant performance ratio (PR). On the other hand, a reduction in
the inlet T, causes a reduction in the plant production capacity and PR and an increase in SPC for the
same compressor work. Furthermore, a comparison between a MED-MVC system and a MED integrated
to a thermal vapor compressor system (MED-TVC) reveals that the latter system is rather sensitive to
the reduction in Ty, due to the presence of the condenser unit in the MED-TVC. The response of the
MED-MVC system is slower than the MED-TVC which is due to the high thermal capacity of the
preheaters for the feed in the MED-MVC.
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Introduction

Seawater desalination is considered a viable solution for drinking water shortage besides other integrated
solutions such as water management, reclamation and better water conservation. There are two primary
desalination techniques: membrane (non-thermal) and evaporation (thermal) processes. Membrane
techniques such as reverse osmosis (RO) are characterized by low energy consumption but also low
water product quality associated with residuals of borides, chlorides and bromides, as well as high
maintenance cost and short membrane lifespan [1]. Thermally-driven processes such as Multi-Effect
Desalination (MED), Multi-Stage Flash Desalination (MSF), Mechanical and Thermal Vapor
Compression (MVC and TVC) are usually used in countries such as Gulf co-operation countries (GCC)
where the supplied feed seawater is exhibited to changes in feed quality arising from fine sand, silt,
harmful algae blooms (HABs) and water salinity fluctuation [2]. Recovering the latent heat of
condensation in the product vapor was proposed through heat pump concepts such as TVC and MVC
units to allow further evaporation of seawater when the temperature level of the produced vapor is too
low for stable evaporation. The MV C evaporation system has been widely studied and frequently applied
as a solution for medium-scale (100-4000 m®/day) water reclamation desalination and solution
concentration for high-salinity wastewater treatment (salt recovery) [3]. The advantages associated with
MVC systems are high-quality water recovered that need little or no treatment, compact equipment, low
operating cost, stable operation and simple integration with renewable energy systems [4]. The low
capacity of available vapor compressors, low volumetric flow and low-pressure head limit the production

capacity of MED-MVC systems to 5000 m®/day [5].

Various studies for MVC systems are available in the literature and include steady-state mathematical
model development, simplified design methods, experimental research and performance prediction. For
instance, Helal and Al-Malek [6] presented a hybrid diesel/solar photovoltaic (PV) assisted MVC

desalination system. The system was to supply small communities in remote areas with drinkable water



at a production capacity of 120 m®/day. A diesel engine was used to overcome the uncertainty in the
availability of solar energy. Henderson et al. [7] proposed a wind/diesel hybrid driven MV C desalination
system for off electric grid locations in the USA. Optimization of a similar plant driven by wind/PV
hybrid was carried out by Zejli et al. [8] for a water production capacity of 120 m®/day. An energy storage
system was used to store the extra power generated to address the intermittent nature of the renewable

energy used.

Exergy analysis is known as a powerful tool to analyze the performance of mechanical and thermal
systems. Using such method to analyze seawater desalination systems is a practical approach to identify
the components with high thermodynamic irreversibilities [9]. Such information is useful to show which
components in the system have room for improvement to increase the overall exergy efficiency and to
optimize designs [10]. Alasfour and Abdulrahim [11] applied a steady-state model using the second law
of thermodynamics to a single-effect MV C unit. The results indicated that an increase in the temperature
drop across the effect causes an increase in exergy destruction. Nafey et al. [12] analyzed a MED-MVC
system with a two-effect forward-feed configuration plant and showed that the specific power
consumption (SPC), second law exergetic efficiency (1,) and the unit product cost are 9.4 KWh/m?, 5.7%
and 1.7 $/ m®, respectively. Ahmadi et al. [13] compared a single- and two-effect mechanical vapor
recompression (MVR) and showed that energy saving can be achieved by using the two-effect MVR
rather than the single-effect one. Also, the reduction in heat transfer area was 5.6 m? for the two-effect

system compared to the single-effect one.

Recently, MED-MVC systems have been used as brine concentrators before sending the brine to
crystallizers or evaporation ponds. These system combinations are called Zero liquid discharge (ZLD)
systems [14]. Typically, the crystallizers have a constant evaporation capacity. Thus the evaporator
rejected brine mass or content should be controlled to maintain the optimum operational conditions,
leading to energy savings and prevention of scale formation. Therefore, the system transient behavior
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needs to be predicted to conduct control strategies, examine different scenarios of operation, handle the
possibility of unexpected transient conditions, and guarantee a relatively stable output through the

production duration [15].

Thermal desalination systems may be exposed to unexpected fluctuations (disturbances) in input
parameters throughout their operation periods that include environmental changes such as swings in the
feed seawater temperature due to varying weather condition and swings in the supplied heat source. The
second type of fluctuations is called “turndown” that represents the possible change in total plant output.
This type of disturbance is carried out by design to address a swing in the power requirement [16].
Dynamic simulation can predict the system behavior from start up to shut down and can be used to
establish advanced control strategies and test operating scenarios. It can also address potential problems
related to unexpected transient events, and produce a comparatively stable output during the production
period [17]. Several efforts were made to study the dynamic characteristics of conventional thermal
desalination MED [18-21] and MED-TVC systems [22-25]. For instance, at CIEMAT-Plataforma Solar
de Almeri’a (PSA), a transient operation model of the MED plant in a vertical arrangement was
developed and solved using the object-oriented Modelica language [19]. The model was divided into
sub-models that encapsulated and covered the dynamics of each one of the sub-processes that took place
in the system in order to study the plant performance in different scenarios and design operating strategies
to improve its efficiency [20]. Furthermore, Roca et al. [21] developed a dynamic model using Modelica
for MED systems and the results were validated using data from the PSA facility. Two first-order models
for the distillate production and outlet MED temperature as a function of inlet MED temperature were
obtained by linearizing the dynamic model in [20] and good agreement was obtained for a wide operation
range. For MED-TVC systems, Mazini et al. [23] developed a lumped dynamic model and validated it
with actual data from a MED-TVC operating plant. Although disturbances in feed flow rate and seawater

temperature were considered, the physics of the system response was not clearly illustrated. Cipollina et



al. [24] used the gPROMS® dynamic simulator to predict the transient behavior of a MED-TVC based
on available data from the Trapani plant in Italy. The dynamic operation was obtained by applying
changes to specific disturbances on the main input parameters. Negligible variations were predicted with
an increase in the seawater temperature, while a slight reduction in the plant gain output ratio (GOR=
distillate to steam supplied ratio) was shown when the seawater temperature was reduced. Recently, a
comprehensive model was developed by Elsayed et al. [25] to study the dynamic characteristics of
different feed configurations of MED systems and MED-TVC as well. The simulation results revealed
that MED-TVC with parallel/cross feed has the fastest response compared to slower response associated
with backward and forward feed for the same applied disturbances. Furthermore, the MED-TVC is more

susceptible to the heat sink disturbances compared to the other traditional MED configurations.

There have been very few efforts to model the dynamic nature of the MVC evaporation systems. For
instance, El-Khatib et al. [26] proposed a transient model through control of multiple inputs and outputs
to an MVC single-effect desalination unit. The model is limited to the dynamic representation of the
vapor temperature inside the effect without considering the level of the brine pool or the brine salinity.
Two changes were applied to the MVC unit, namely a variation in the production of distillate flow rate
and the inlet feed flow rate of £20 %. The model results were not validated by experimental or actual
operating data. Kishore et al. [27] proposed a dynamic simulator for the MED-MVC system as work-in-
progress for steady state and the dynamic behaviors. However, no system response due to load change
was shown. Another contribution in dynamic simulation and control for a single-effect MVC to
investigate the acceptable level of parameter disturbances in the dairy industry was made by Winchester
and Marsh [28]. It is essential to study the dynamic behavior of a MED-MVC system subject to changes
in the input operating parameters to improve the understanding of the process behavior and performance.
In the present study, a dynamic model to study the transient behavior of a parallel/cross feed MED-MVC

desalination system is developed based on the work on MED-TVC reported by Elsayed et al. [25] by



adding features that are in the MED-MVC but not in the MED-TVC. The present model is also modified
and customized with equations that dynamically track the behavior of four effects, two preheaters and a
mechanical compressor unit. Three nonlinear ordinary differential equations are derived for three state
variables, namely the vapor temperature, brine salinity and brine level, to simulate the dynamics of the
evaporator effect. Also, a dynamic model for the brine and distillate preheaters is developed to obtain
the transient variation of the inlet and outlet stream temperatures. Finally, the entire set of equations is
solved simultaneously using the Runge-Kutta fourth-order. The dynamic model yields the plant behavior
and performance under various fluctuations in the main input operating conditions that include the
compressor work and inlet seawater temperature. Furthermore, the exergo-economic analysis is used to
assess the MED-MVC system performance and to obtain the total water price compared to the simple

conventional economic method.

MED-MVC process description

A parallel/cross feed (PCF) multi-effect-desalination integrated with a mechanical vapor compression
unit is considered in the present study. A schematic diagram of MED-MVC is shown in Fig. 1. A typical
MED-MVC system contains major elements such as a train of horizontal falling film evaporators, MVC
unit, pre-heaters for intake seawater, a boiler which supplies the external steam, pumps for brine and
product, a venting system to remove non-condensable gases, along with an operating control system [29].
Each evaporator consists of a shell that houses tube bundles of horizontal falling film tubes, spray
nozzles, demister and space for the vapor and brine pool. Vapor compression is a cyclic process [30], so
the entire vapor generated in the last effect is routed through a wire mesh mist eliminator (demister) to
separate water droplets from the vapor before entering the compressor. The vapor is compressed to the
desired target temperature and pressure before directing it as supply steam to the inside of the 1% effect
tube bundles. The supply steam from the MVC unit condenses inside the tube bundles by rejecting its

latent heat to the continuously sprayed thin film of the seawater feed on the exterior wall of the tube



bundles. The temperature of the feed seawater around the tubes in the 1% effect is raised to its saturation
temperature that is known as top brine temperature (TBT). Part of the supplied seawater feed to the 1%
effect vaporizes, and the vapor flows into the 2" effect which is at a lower pressure and temperature than
the first effect. The evaporated portion of the feed in each effect works as a heat source for the following
effect. In all effects, condensation and evaporation occur simultaneously inside and outside the tubes for
vapor and thin sprayed seawater film, respectively. The unevaporated portion of the supplied seawater
feed (brine) from the first effect flows into the second effect to utilize its energy by flashing due to the
abrupt decrease in pressure when the brine leaves the first effect and enters the second effect. The brine
continues to flow through all effects until it finally reaches the last effect as shown in Fig. 1. The vapor
inside the 2" to the last effect is produced by both evaporation and flashing. The concentrated brine and
fresh water produced are drawn to the preheaters by pumps at a temperature above the ambient

temperature.

In the MED-MVC system, there is no need for a condenser as in conventional MED systems, but two
multi-flow plate-type heat exchangers (pre-heaters) are needed to recuperate the heat from both the
product and brine blowdown streams. The feed seawater is split into two streams, and its temperature is
elevated by passing through the pre-heaters. The supplied feed seawater is divided and directed into a
series of consecutively lower pressure effects. The supplied feed is atomized and directed to the outside
walls of the horizontally installed tubes forming a thin liquid film. Industrial MED-MVC desalination
plants operate at temperatures between about 50-70°C. At such low temperature, the conditions favoring
the deposition of insoluble sulfates and carbonates do not exist [31], and the risk of material corrosion is

minimal.

Electricity is the only required source to operate the MED-MVC system. However, for start-up purpose
and maintaining normal operating conditions without compressor surge, external steam (make-up steam)

obtained from a steam boiler or extracted from a steam turbine may be needed to raise the 1% effect
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temperature to the TBT [32, 33]. The mechanical energy required for a MED-MVC desalination system
can be provided through the energy produced by a steam power plant (mechanically shaft driven). Also,
electricity-driven MV C can be used by drawing electrical power from the electricity grid or a renewable
energy source, or electrical energy generator if electricity services are not available. It has been
demonstrated that the use of a MED-MVC system coupled with an electrical power generator is suitable
for use in remote locations where water transport is expensive [8]. Energy is needed to activate the MVVC
unit, pumps, vacuum system and other control components. It is worth noting that the MVC unit
represents the main power consuming component in MED-MVC system [11]. This power required
depends on the vapor compression ratio, the thermodynamic efficiency of the polytropic process and the
efficiency of the electric motor if one is used. For the MED-MVC system, the SPC (KWh/m®) is
represented in terms of the enthalpy difference of the compressed vapor (supply steam) and the inlet

vapor from the last effect.

Models development

a. Steady-state model
The steady-state conservation equations of mass, energy, and salt are solved to obtain the steady-state
values of all the parameters in the plant. The assumptions used in the steady-state model fora MED-MVC
system are listed as follows:
1. Since the presence of non-condensable gases is normally vented out of the MED system whenever
needed, the effect of non-condensable gases on evaporator performance is not considered.
2. Properties of the seawater brine and water vapor depend on temperature and salt content [34].
3. The temperature difference between the brine pool and vapor generated in an effect is due to the
following reasons; (i) boiling point elevation (BPE), and (ii) non-equilibrium allowance (NEA).

4. The vapor and produced freshwater are salt-free.



Using the above assumptions, the steady-state mass, energy and salt balance equations for a MED-MVC

system are obtained and presented in Table 1.

The isentropic work of the MVC unit is calculated from:

Wi, = mSVP"—””((i)%1 - 1) @

-1 Pp

where y is the specific heats ratio, Ps is the pressure at the compressor outlet which is the saturation
pressure at the steam inlet temperature Ts, Py is the pressure at the compressor inlet, and v, is the specific
volume of the vapor from the last effect.

The energy supplied to the first effect as shown in Fig. 2 is defined as:

Q51 =Ms.As + Esy 5 Esy = ms(hyr — hyr,) 2

where m,. A, represents the heat of condensation at Ts of the vapor produced in the last effect and Egy
represents the rate of energy gained by compression above the saturation condition, h,,  is the enthalpy
of the superheated vapor at the compressor exit, and h,, ;. is the saturation enthalpy of the compressed

vapor. The actual compressor work can be calculated from:

W, = 1its. (hyz, — hor, ) ©)

where h,, 1. is the saturated vapor enthalpy at the compressor inlet.

The primary contributor to the SPC in a MED-MVC system is the compressor work which depends on
the compressor efficiency, compression ratio and inlet vapor specific volume. The secondary
consumptions are due to vacuum pumps and starting up the boiler [35]. The SPC is calculated by:

Wcompressor + Z Wpumps (4)

SPC(kWh/m3) = I




The performance ratio (PR) is calculated by the following relation as suggested by Nafey [12] which is

modified to accommodate the actual work converted to the primary fuel energy. For conventional fossil

fuel-based power plant, Shahzad et al. suggested a thermal to work conversion factor less than 0.45 [36].

D24 (5)
W
Nthermal=0.35

PR =
Thg. As +

Different modeling methods exist for the modeling of (chevron) plate heat exchangers. For design

purposes, the thermal effectiveness method and the log-mean-temperature-difference (LMTD) method

are often used to model the steady-state performance of a plate heat exchanger. In this regard, two multi-

flow direction plate type heat exchangers with an effectiveness of 0.8 are used in the current simulation

to preheat the seawater inlet feed. The total feed is divided into two portions: one portion flows into the

brine heat exchanger and the second portion flows into the distillate heat exchanger. The heat transfer

areas for both heat exchangers are calculated based on the log mean temperature differences and the

estimated overall heat transfer coefficients for the plate type heat exchangers (Us and Up) using the

following equations:

mp(hpn—hop) _ 1ip(Rhina—hod)

A = A =
bHEX = yp LMTDy gy ' YHEX T UL LMTDg gy (6)

The log mean temperature differences in the brine and distillate preheaters LMT Dy, (p,p) are calculated

using the following equations:

(Thm d— TF d) (To d— Tcw)
n [Thm d-TFd @)
To,d=Tsw

(Ton=TFp)=(Top=Tew)
n [Tb n~TFp
ob Tsw

LMTDy gy = v LMTDg ypx =

The mixing temperature of the distillate from the plant (T, 4) is calculated by:

Z D CP ]Tv,i + DnCP[TS]Ts

b (®)

Thina =
Thin,d)

The total heat transfer coefficient for the plate type heat exchangers is calculated using:
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5 ate -1
Usp = |+ 5 + Ry + Ry o + 52022 ©)

wall

where kwan is the thermal conductivity of the stainless steel plates, and the inner/outer convective heat

transfer coefficients (hi, ho) are obtained using the following correlation [37]:

L= 0.65 p,-0.4 [ Kwall __ PVDeq _ AW.tpiate) -
ho; = 0.2536Re”*°Pr (_Deq ), Re = 0 yDeq = o) 2yt (10)

where w is the plate width, 6,4 is the plate thickness and tpiate is the plate spacing. The velocity of each
stream is V' (m/s) and Re is the stream flow Reynolds number. The previous equation is valid for water in

the following ranges: Re > 400, 1.5 < Pr < 5.0 [37].

The second law exergetic efficiency for a MED-MVC system is the ratio of the exergy employed to
change the salinity of the products (the minimum work of separation) to the total exergy consumed [38]

and is calculated by:

ED,total - Wmin (11)
Ein,total Ein,total

np =1-

where, Ej, tora; 1S the sum of the exergies at the various inlet fluid streams in addition to the exergies
supplied to the compressor and pumps. Ep ;o:q; IS the exergy consumption and can be expressed as the

sum of the subsystem exergy destructions. W,,,;,, is the minimum work input for the salt separation for a
certain amount of seawater feed from a state of 25°C, 1 atm and a salinity of 36 ppt to fresh water with
zero salinity, while rejecting the saline water at the same temperature and pressure. For a steady flow
adiabatic process this work is equal to the difference between the stream exergies at the outlets and inlet

[10].

Wmin = Eo,b + Eo,d - Esw (12)
where, Eo,b and ond represent the exergy of the outlet brine and distillate, respectively, while E,,

represents the exergy of the inlet feed water stream.
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b. Simple cost model.
The production cost is divided into direct/indirect costs and annual operating cost. The direct capital
costs (DCCs) represent the costs that are directly associated with the desalination plant construction and
the process components purchase [39]. Table 2 presents the equations used to estimate the price of the
MED-MVC system components. The other direct costs (land, well construction, auxiliary equipment and
building construction) are estimated to be ~80K $ following the approach given in [40] for a fixed
production capacity (1500 m®/day). The total DCC is equal to the summation of the purchased equipment
for the MED-MVC system in Table 2 plus the other remaining costs. Also, the indirect capital cost IDCC
(freight, insurance, construction overhead, owner's costs and contingency costs) is expressed as a

percentage of the total direct capital cost and is estimated by IDCC = 0.15*DCC [40].

The operating costs include all expenses afforded after plant commissioning and during real operation
and are classified as variable and fixed costs. The variable operating costs are those related to the price
of electrical power, heat source, chemicals for pre/post-treatments and other requirements that depend
on the plant production capacity and standards. The fixed operating costs are used for the plant operation
and are related to the plant capacity or taken as a factor of the direct capital cost (DCC). A cost index
from Marshall and Swift equipment chemical engineering plant cost index (PCI) is used to accommodate
the equipment price change and to fit the current time calculations (year 2018) [41]. Since the compressor
cost often presents the most considerable part of the MVC direct costs, a linearly dependent compressor
cost of the compressor work is assumed based on the work done by Lukic et al. [40]. Both variable and
fixed operating costs are obtained based on published data from the literature [34]. Also, maintenance
costs are taken as a portion of the fixed operating cost. Investment and operating costs analyses are
performed for each configuration using an interest rate of 5%. The costs associated with owning and
plant operation depend on the financing type, the capital requirement and the components expected life.

The annualized cost method is used to estimate the annual capital cost of system components in this study
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for 20 years plant lifetime and plant maintenance factor (¢) of 1.06. Table 3 presents the equations used

to obtain the annual capital and operating costs using the amortization cost.

c. Exergy-economic model

Levelized annual cost values for all components are used in the evaluation and cost optimization. The
hourly capital investment (CI) cost for each component based on the actual annual number of operating

hours (N) is calculated as:

component* CRF. (.'b (13)

.l Z
Zcomponent ($/h) = N

The exergo-economic analysis is used to estimate the cost rate of the product streams of the system. The
cost balance expresses the variable C that denotes a cost rate associated with an exergy stream: stream

of matter, power, or heat transfer. According to the conservative nature of costs [42], the cost rate
associated with the system product Cp (%) is equal to the total rate of expenditure used to generate this
product in a component, namely the fuel cost resulting from the cost associated with the exergy flows

Cr (%) and the cost rates of the capital investment (CI) and operating and maintenance (OM):
Co= ) Cot 28" + 205 (14)

The above cost balance equation is applied to the MED-MVC system components to obtain the product
stream cost. Typically, the number of unknown cost parameters is higher than the number of cost balance
equations for the component, so additional auxiliary thermodynamic equations are used to accommodate
this difference. Usually, the auxiliary equations represent the equality of the average cost of the inlet and
exit for the same stream, and they are formulated based on different principles (exergy extraction,
multiple outputs, and external assessment) [43]. To include the labor and chemical cost (non-exergy

related costs) in the exergo-economic analysis, inlet feed stream to the feed pump was considered
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as C,($/h) = (SLC + SCC)($/m*) x D(m®/h). The total water price (TWP,xerg—economic) ($/m*) from
the exergo-economic analysis is calculated by dividing the cost rates of all the outlet streams (distillate

and brine) ($/h) from the MED-MVC unit by the total production rate of the plant (m?/r).

d. Dynamic model
Following the steady-state solution, a generic dynamic model for a four-effect MED with an MVC unit
and two preheaters is developed. Each evaporator effect consists of three lumps: vapor, brine, and tube
lump. It is assumed that the accumulation of mass and energy in the evaporator tubes is negligible
compared to the accumulation of mass and energy in the brine pool inside an effect [44]. The dynamic
model equations of the i evaporator effect combined lumps mass, energy and salt balances are given by
equations (15), (16) and (17), respectively [25]. Each effect is assumed to have a cross-sectional area A ;

and a total height Hy. The brine pool height L, ; and vapor height Hg — L, ; are shown in Fig. 3 for the i"
effect. The brine pool to pool flow between effects is represented by my,; = Cy, ;\/AP,; Where APy, ; =

P,y — P; + ppg(Ly,;—1 — L) and the vapor flow from one effect to the next is calculated from m,,; =

Cyiw/APm' where APW' = Pi—l — Pi'

dl,, . dT,; _ X, (15)
Ciy dtl + Ci» d:l + Ci3 T L= Cyy

dL,; _ dT,; _ 0X,, (16)
Cy1 dtl‘i‘czz dzl+cz3 atl=C24

ALy, . dTi . Xy, 17)
C3y dtl + G5, d:l + G35 T L= Cay

where the coefficients (Cy,, ... ... C5,) are shown in Table 4.

The detailed transient characteristics of heat exchangers (HExs) described by partial differential
equations are complicated and are not suitable for practical use [45]. Therefore, a lumped model is used
to estimate the preheaters outlet temperature variation with time. Both preheaters are considered as

counter-flow plate heat exchangers as shown in Fig. 4. The cold stream of seawater feed is heated by
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circulating the hot fluid (brine and distillate) through the other side of the plate wall. The last effect brine
temperature and distillate mixing temperature represent the hot fluid stream temperatures in the brine
and distillate preheaters, respectively. The following assumptions are made in developing the

mathematical model for both preheaters [45] where spatial temperature distributions are not considered:

i) Heat losses to the environment are negligible
i) The heat capacity of fluids is significantly higher than that of the metallic walls.

iii) Mass accumulation inside the pre-heaters is not considered.

Based on the assumptions above, the energy balance equations for the preheaters are presented as:

Brine UpAp g LMTDy gy — iy, [Tr e —Tyc
preheater dTp, _y b4lb,HEx b,HEx Fb [ FbCp[Tppxp] — Isw P[Tsw,xf]] (18)
dt p[Tm’F_Xf]CP[Tm,F,Xf]vHEx,channels
Ty _ My [Tb.ncP[Tb,n,xb] - TO.bCP[TO_b,Xb]] — UpApHExLMT Dy, iy (19)
dt p[Tm'b_Xb]CP[Tm,b,Xb]vHEx,channels
Distillate UgAdnexLMTD g by — g g [Trac — Tyc
preheater dTp 4 — 7 dd,HEx d,HEx F,d[ FaCP(TpqXf] sw P[TSW,Xf]] (20)
dt p[Tm'F‘Xf]CP[Tm_F,Xf]vHEx,channels
dToq _ 0 |TuinaCoirunga = Toatetros)] = UaAanslMTDa iy @

dt Pt a1 P[Tm,al V HEx,channels
where m represents flow rate of the streams of cold and hot fluids (kg/s), ¢, is the streams heat capacities
(kd/kg.K), p is fluid density (kg/m®), U is the total heat transfer coefficient (in kW/m?.K), A is the heat
transfer area (m?) for both preheaters, V is the effective volume (m®) of the preheaters channels, and

LMTD is the logarithmic mean temperature difference in the brine and distillate preheaters.

The MVC unit is considered to be in a quasi-steady-state condition since the mechanical vapor
compressor has a rapid dynamic response compared to the other heat transfer components. The
compressor efficiency 7, is determined by comparing the steady-state isentropic and actual compressor

work and is used as an input to the dynamic model. Both the isentropic work and the compressor
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isentropic efficiency are used to obtain the instantaneous compression ratio of the MVC unit. From the
compression ratio, the inlet steam temperature can be determined. The main differences and
commonalities between the present dynamic model for the MED-MVC and the dynamic model for the
MED-TVC described in [25] are: (i) the core of the MED which is the evaporator unit is treated the same
way using the lumped model developed in [25]; (ii) there is no dynamic model for the condenser unit
needed in the MED-MVC, a compressor model is included instead; (iii) two preheater units are
dynamically simulated in the MED-MVC; (iv) The MED-TVC system operates on thermal energy from
an external source such as a steam power plant or boiler, while the MED-MVC system uses a compressor

unit to recycle the vapor from the last effect to the first effect.

As shown in Fig. 5, the steady-state solution procedure for MED-MVC system starts by assuming the
brine temperature in all effects and the energy supplied to the first effect. Then, the steady-state
conservation equations in Table 1 are solved to obtain the feed and brine flow rates as well as the vapor
generated in each effect. The mass flow rate imbalance between the vapor produced in the last effect and
the required steam for the first effect is minimized iteratively by modifying the term Eg;;. This calculation
continues until a specified error criterion is achieved (¢=10). This value for error criterion is determined
to be small enough so that the solution obtained is independent of it. The mixing temperature of the
distillate is used to calculate the actual feed temperature by solving the equations of the brine and distillate
feed preheaters. The entire calculations are repeated until the specified feed temperature is reached. From
the steady-state solution, parameters such as the vapor and brine temperature, the vapor and brine flow
rate and salinity at each effect are used as initial input for the dynamic model calculations. A FORTRAN
code is developed to solve both the steady-state and dynamic models. The system of ordinary differential
equations is solved by using the fourth-order Runge-Kutta method. By solving Egs. (15)-(21), the vapor
temperature, brine level, effect salinity, preheaters outlet temperatures and supplied feed temperature are

obtained at each time step. The brine and vapor flow rates between effects are adjusted based on the vapor
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pressure calculated in the effects. In the dynamic model, the compressor work and seawater temperature
can be disturbed with different intensities from the steady-state condition for a pre-specified duration.
Indicator parameters such as the effect temperature, brine level and vapor flow across effects are
calculated with time. The performance indicator parameters such as PR and SPC are obtained as well.

Results and discussion

a. Steady-state operation and exergo-economic analysis

The focus of this study is to present a generic steady-state and dynamic model which can be easily
modified to describe any number of effects for MED-MVC systems and two independent preheaters for
the inlet seawater. The steady-state model is validated using the actual operational parameters of MED-
MVC plant located in Flamanville, France [32], which operates with four effects in s parallel/cross feed
configuration integrated with a MVC unit. Table 5 shows the currently steady-state model resulting
values for the process variables which show excellent agreement compared with the data reported in [32].
Exergy analysis overcomes the shortcomings of energy analysis by identifying the causes, locations and
actual magnitudes of waste due to thermodynamic inefficiencies [10]. The minimum work of separation
W, for the separation of 39.44 kg/s of seawater into 17.6 kg/s of fresh water and 21.84 kg/s of brine
with a salinity of 65 ppt at the same temperature and pressure can be determined independently by using
the relation developed by Cerci [46]. For a recovery ratio of ~40%, the relation gives 28.16 kW, which

is sufficiently close to the result obtained from equation (12).

There are two causes of exergy destruction in the MED systems. The first is due to the heat transfer
across the temperature difference between hot and cold streams in each evaporator effect and the
preheaters. Also, exergy destructions in the pump and compressor are due to irreversibilities in the pump
and compression processes. The exergy destruction (kW) for the main components of MED-MVC are
presented in Fig. 6. A significant source of exergy destruction occurs in MV C unit (39%) and evaporators
(52.6%). This can be attributed to the thermodynamic inefficiency of the MV C unit and the heat transfer
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in the effects that are associated with phase change processes. The high exergy destructions in the
evaporators indicate that the evaporation process itself is highly inefficient. Therefore, modifications and
improvements to the process must be considered. This can be reduced by increasing the number of
effects, though the number is limited by the operating compression ratio of MVC units currently
available. Also, the economic consideration due to increasing the heat transfer surface needed to achieve
evaporation and condensation processes should be accounted. Other components such as brine and
distillate feed heaters introduce exergy destructions that nearly equal to 7.0%. Moreover, Fig. 6 indicates
that the highest exergetic efficiencies belong to pumps. It should be noted that the exergetic efficiency
of the MED-MVC plant is quite low (2.82%), which reveals its high irreversibilities that is close to the

values presented in the reported literature [12, 47].

A simple conventional economic model treating the MED-MVC plant as a whole unit is used to calculate
the annualized cost of the plant and to estimate the total water price for a MED-MVC system. The total
levelized fixed cost associated with CI&IM of the components per hour basis is 19.98 $/h. The most
expensive components are the evaporators (~10.13 $/h) while the cheapest are the pumps (~0.3 $/h). The
costs for the MVC unit and the preheaters are 7.3 and 1.3 $/h, respectively. However, to indicate the
contribution of each flow stream and each component in the final product cost, an exergo-economic
analysis is applied to all MED-MVC components and flow streams. When conducting a thermoeconomic
analysis for the current MED-MVC system, a cost balance equation is used to correlate the exergy instead
of the energy of the flow stream with the pricing value of the component. The exergy-cost unit analysis
is more reasonably distributed and is meaningful than the energy-based ones. The non-exergy related
costs represented by chemical cost and labor cost are added to the exergo-economic model as input
stream in the feed seawater. Further, it should be mentioned that there is no additional information to
appropriately apportion the value of other cost and indirect cost between the product streams (distillate

and brine) in the cost exergy equations. The other costs (80K $) and indirect capital costs (0.15 DCC)
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are calculated on a per hour basis, and a value of 3.65 $/h is obtained. For simplicity, these costs are
divided equally between distillate and brine streams. Solving the exergy-cost balance equations, the cost
rates for various streams at different locations in the MED-MVC plant are obtained. The cost rate pricing
for all flow streams through the MED-MVC system of 1500 m®/day production capacity is shown as a
diagram in Fig. 6 with the estimated production cost of 1.70 and 1.63 $/m?® using simple conventional
economic model and exergy-based cost model, respectively. Both methods results are consistent with the
results for MED-MVC desalination system and similar systems found in the literature [12, 40, 48].
Besides showing the cost flow rate at each stream point, the figure shows flow exergy, temperature and
stream flow rate as well. To some extent, both methods (simple economical method and the exergo-
economic method) have a similar estimation for the final product price (freshwater). However, the
exergo-economic method slightly underestimates the water price, and this is directly attributed to the

assumptions used in the auxiliary equations and the uncertainty associated with the cost due to round-off

[43]L.

The primary contributor to the SPC in a MED-MVC system is the power required for the MVC unit
which depends on the compressor efficiency, compression ratio and inlet vapor specific volume. The
operation cost can be reduced by increasing the performance ratio (PR) or decreasing the SPC. Therefore,
efforts are made to reduce the cost associated with the MVC. This can be done by reducing the vapor
flow rate through the MV C unit by installing more effects N while keeping the same overall temperature
difference. On the other hand, capital cost can be reduced by reducing the required specific heat transfer
area (Sa) for the evaporators and pre-heaters units. For the MED-MVC, to decrease the Sa, the TBT must
be increased. The increase in TBT may require specific chemical pre-treatments and add cost for better
tube material and higher maintenance. Increasing N has its limits as this increases the required Sa for
evaporation due to the decrease in the temperature difference between the effects. Consequently, capital

cost savings should be considered along with the increase in operating cost. It is essential to determine
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the optimal balance between the design parameters of N and TBT that achieves the best economic
operation. The decrease in the SPC with increasing the number of effects N has its limit as shown in Fig.
7. A single-effect MVC has the highest SPC due to the amount of vapor flow (displacement volume)
through the MVC unit, leading to the highest TWP. Adding a second effect increases the 7n;; and reduces
the SPC as shown in Fig. 7. Although this increases the Sa, the TWP reduces to ~ 1.6 $/m? due to a
reduction in the operating cost of the MVC unit. Further increase in the number of effects from 2 to 6
brings little increase in the ny; and little change in the SPC. On the other hand, the TWP keeps increasing
with the increase in N which is due to the continuous increase in Sa (capital cost). Increasing N beyond
6 leads to an increase in the SPC and a decrease in ny; for a fixed production capacity. This is attributed
to the large decrease in the volumetric vapor flow rate through the MV C unit which may not be sufficient
to generate the required amount of vapor in the first effect. Increasing the number of effects from 2 to 10
causes an increase in the TWP by 16% approximately. The main reason for not using multiple effects
beyond 6 in MVC systems is the practical limitation of the displacement volume of the commercially

available compressors [49].

b. Dynamic analysis

First, the dynamic model results are justified with a three-effects lab-scale MED plant with a total
production capacity of 3 m%/day. The detailed description of the steady-state operating conditions of the
3-effect plant and the results of the dynamic model validation are presented in [25]. In a real application,
the operational conditions may not be kept constant due to the changes in climate conditions and the rate
of the designed heat source flow rate or electrical power to the plant. These fluctuations from the design
steady-state values may 1) cause the plant to approach a new steady-state condition; ii) agitate the plant
performance thus causing production capacity changes; or iii) in some occasions, lead the plant to reach
dry out or flooding. Thus, the model describes the relationships between the disturbance input parameters

(compressor work and inlet seawater temperature) and the output process variables (effects temperature,
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brine level, brine flowrate and vapor flow rate). A linear change in the main input parameters is
considered that form a ramped type disturbance with the pre-specified magnitude of change and applied
duration. Based on the actual evaporator configuration dimensions, the initialized brine level was chosen
as 0.25 m [50]. Two limitations are assigned on the brine level, Lp,< 1.0 m and Ly> 0.1 m to avoid flooding

or dry out conditions, respectively.

In some situations, a disturbance (or fluctuation) is applied to the work supplied to the MVC unit to
change total plant output. If intentional, this change is called “turndown* and is carried out to address
the power demand swings [16]. This turndown ratio may reach 50%, meaning the minimum flow is half
of the maximum design flow. The system variables namely: brine level, vapor temperature, supplied
steam temperature, brine flow rate and vapor flow rate are calculated to assess the impact of a 10% ramp
reduction in the supplied compressor work on the system variables as shown in Fig. 8. The applied ramp
reduction starts at the time of 5,000 s with a ramp time of 1,000 s. The system is allowed to run with this
reduced compressor work until it reaches another steady-state condition. The reduction in the supplied
energy to the MVC unit causes a decrease in the compression ratio and the temperature of the supplied
steam to the first effect. The response of the vapor lump in each effect is much faster than the response
of the liquid lump (brine level) due to the higher thermal capacity of the liquid compared to that of the
vapor. Consequently, a reduction in the vapor temperature and pressure in all effects is experienced at
the beginning of the disturbance. This leads to a gradual decrease in the brine and condensed vapor flow
rates in the preheaters, which in turn decreases the feed temperature to the effects. Furthermore, the steam
temperature decreases due to the reduction in the vapor temperature in the last effect. The reduction in
both vapor and feed temperatures eventually results in more accumulation of the brine in the effects and
increases the brine level as shown in Fig. 8. The build-up in the brine level causes the hydrostatic pressure

for the brine lump to increase, pushing the hot brine to flow from one effect to the next and to cause the
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feed temperature to rise. This increase in the feed temperature enhances the vapor temperature and

slightly reduces the brine level to attain a new steady-state operating condition.

Figure 9 shows the effect of the application of a 10% increase in the inlet seawater temperature (2.5°C)
on the plant process variables. At the beginning of the disturbance, the feed temperature to all effects
increases at the same time. This improves the evaporation rate and increases the vapor temperature in all
the effects and the increase in vapor pressure inside the effects increases the brine flow rate. However,
the reduction in the brine level causes a gradual decrease in the brine flow rate as shown in Fig. 9. The
dynamic response of the feed preheaters to the variations in brine and distillate flow rates causes the
vapor temperature and vapor flow rate to go up before they reach their steady-state values as shown in

Fig. 9.

The economics, steady-state performance and transient behavior of a MED-MVC system are compared
to those of a MED-TVC system with a similar production capacity. The MED-TVC system, operating
with four effects and a bottom condenser, is investigated using the model developed by Elsayed et al.
[25] under the same constraints for the freshwater production rate (17.6 kg/s) and rejected brine salinity
(65 ppt). The calculated values of the GOR and TWP for a fresh water production rate of 1500 m*/d are
3.99 and 1.6 $/m3, respectively for the MED-MVC, and 6.4 and 2.6 $/m?, respectively for the MED-
TVC. Dynamic simulations for both systems under a 15% reduction in the inlet seawater temperature
(3.75°C) are performed. As shown in Fig. 10, the MED-TVC is rather sensitive to the decrease in
seawater temperature which affects the condenser unit as mentioned in Elsayed et al. [25]. This
sensitivity causes a significant increase and decrease in the brine level and production capacity,
respectively in the MED-TVC system compared to the MED-MVC system. The MED-MVC system has
a slower response due to the high thermal capacity of the brine/distillate feed preheaters compared to the

low thermal capacity of the condenser’s vapor lump in the MED-TVC system.
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Next, the effect of the intensity of the applied disturbances on the vapor temperature and brine level of
the first effect is shown in Fig. 11. The compressor work and seawater temperature have been reduced
by up to 30% and 25% of the steady-state values, respectively. For the current MED-MVC configuration
and dimensions, it is noted that a significant reduction in compressor work could lead to a substantial
decrease in the temperature difference between the first effect brine and the steam at compressor exit.
For instance, the steam temperature supplied by the MV C unit approaches the brine pool temperature for
a 30% reduction in the compressor work. In this case, although the evaporation can still occur between
the sprayed feed and the steam temperature inside the tubes, the hot brine pool temperature will drop
with time, and the brine level in the 1% effect will reach the flooding condition. In addition to approaching
the flooding condition, operating the MED-MVC evaporator unit at higher brine levels than designed
may lead to salt deposition and light scaling at the bottom of the tubes [51]. The reduction in the inlet
seawater temperature reduces the feed temperature causing the brine level to increase, but it does not
affect the temperature difference between the steam supplied and the first effect temperature brine.
However, as shown in Fig. 9, increasing the seawater temperature above 10% of the steady-state
condition would lead to dry out in the first effect evaporator. A dry out condition means the vapor
generated in the 1% effect may storm through the 2nd effect. This blowout of the vapor through the brine
pipes will perturb the brine flashing and feed evaporation processes where the plant may be exposed to

operational failure.

A plot of the variations of the PR, SPC and total distillate production with step changes in the compressor
work and inlet seawater temperature is shown in Fig. 12. The dependence of PR and SPC on W, and
Ty 1S approximately linear. As shown in Fig. 12a, a decrease in the compressor work below the steady-
state designed condition decreases the condensation rate (distillate) in each effect. But since the
magnitude of the decrease in the total distillate production rate is less than the reduction in compressor

work, PR increases and SPC decreases. A reduction in inlet seawater temperature results in a decrease in
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the production of fresh water, brine blowdown temperature and PR which in turn causes an increase in
SPC for the same supplied compressor work [34]. The reduction in the supplied seawater temperature
decreases the TBT which leads to a decrease in the brine flashing and seawater evaporation rates in all
effects as shown in Fig. 12b. This results in less vapor generation and higher brine level increase in all

the effects.

Conclusions

Within the current work, a new formulation for the steady-state thermodynamic model of MED-MVC
desalination systems operating in parallel/cross configuration has been presented. The steady-state
solution reveals that the ny; is 2.82%. The exergy destructions in the MVC unit and evaporators combine
to approximately 90% of the total exergy destruction in the system. The most expensive components are
the evaporator units with a cost of ~10.13 $/h compared to 7.3, 1.3 and 0.3 $/h for MV C unit, preheaters
and pumps, respectively. The TWP for the MED-MVC with a 1500 m?/day production capacity is 1.70
and 1.63 $/m3 using a simple conventional economic model and a specific exergy cost model,
respectively. Sensitivity analysis shows that a two-effect MVC system is superior to the single-effect
MVC system, but the number of effects N that can be implemented is limited. Increasing N from 2 to 6
results in little change in the SPC or 1;; . On the other hand, the value of TWP increases by approximately

16% as N increases from 2 to 10.

The dynamic model results show that the disturbances in compressor work have a significant effect on
the plant transient behavior while a disturbance in the inlet seawater temperature has only a moderate
impact. A reduction in compressor work leads to a reduction in the steam temperature that causes an
increase in the effects brine level. For instance, the steam temperature supplied by the MVC unit
approaches the brine pool temperature when a 30% reduction in the compressor work occurs. So, any
further decrease in compressor work may lead to flooding in the effects and the plant may cease to

operate. A decrease in the inlet seawater temperature reduces the feed temperature causing the brine level
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to increase, but this does not affect the temperature difference between the steam supplied and the first
effect temperature. On the other hand, increasing the seawater temperature above 10% of the steady-state
condition without proper control on the plant response could lead to dry out in the effects. Thermo-
economic and dynamic response comparisons between the MED-MVC and MED-TVC systems reveal
that: (i) the TWP for the MED-TVC is higher than the MED-MVC; (ii) the MED-TVC is more sensitive
to the reduction in the seawater temperature than the MED-MVC; (iii) the MED-MVC is slower in
response compared to the MED-TVC. In term of performance, a reduction in compressor work causes a
decrease in the plant total distillate production capacity, but an increase in PR and a decrease in SPC. On
the other hand, a reduction in the inlet seawater temperature decreases the TBT, which causes a decrease
in brine flashing and feed evaporation rates with an increase in the brine levels in the effects. This leads
to a reduction in the production of fresh water, a decrease in PR and an increase in the SPC for the same

supplied compressor work.
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Nomenclature

Latin

A
ACe
ACC

BPE

o
Cv
Co

C

Thin,d
BT

s C

Heat transfer area m?

Cross section area of evaporator, m?
Cross section area of condenser, m?
Boiling point elevation °C
Discharge coefficient for brine flow
Discharge coefficient for vapor flow
Specific heat capacity at constant pressure, kJ/kg °C
Compression ratio

Total distillate flow rate, kg/s
Exergy, kW

Gain output ratio

Enthalpy of saturated water, kJ/kg
Total height, m

Level, m

Vapor generated kg/s

Lump mass kg

Mass flow rate kg/s

Pressure, kPa

Part per thousand, g/kg

Heat transfer rate, kW

Time, hr

Seawater feed temperature, °C
Distillate mix temperature, °C

Top brine temperature, °C

Overall heat transfer coefficient, kW/m2.K
Work, kW

Desalination, 134 (2001) 129-158.

Greek
P density, kg m™
\ Volume, m?
A Latent heat of vaporization, kJ/kg
3 Error criteria
6 Difference
Subscripts:
b brine
d distillate
f feed
L liquid
v vapor
t Tube
S steam
sat  Saturation
i Effect number
n Last effect
0 out
sw  seawater
E Evaporator/effect
SH superheat
Abbreviation
MED  Multi-effect desalination
MVC  Mechanical vapor compression
PR Performance ratio
SPC Specific power consumption
TVC  Thermal vapor compressor

28


https://doi.org/10.1016/j.desal.2007.01.036
https://doi.org/10.1016/j.desal.2004.06.031
https://doi.org/10.1016/S0011-9164(01)00122-9

Table captions

Table 1. Conservation equations for a MED-MVC system.

Table 2. Purchased cost equations for MED-MVC system components.
Table 3. Simple cost model equation for MED-MVC system.
Table 4. Rate coefficients of the i effect dynamic equations for a MED-MVC system.

Table 5. Operational steady-state conditions for MED-MVC system.

Table 1 Conservation equations for a MED-MVC system.

Equations First effect Second to last effect (n) F B D
MaSS B1 = Fl - D1 Bi = Fi - Di + Bi—l - di n Bn n
z F, Z D, +d;
Salt F1Xf = Bl'Xl Bi'Xi = Bi—l'Xi—l + Fle i=1 i=1
Energy Qs1 — Fi(hy — hy) (Di—y +diq)-Aimy Fi(hi — hy)
Dl = 1] DL = - )
Al Ai Ai
d; =0 _ Bi_y(hy—y — hy)
d=—""7-—"-—-
A

Total mass balance F = B + D
Total salt balance F. Xy = B.X,,

d; , Vapor produced by brine flashing.
D, Total distillate flow rate.

F, Total feed flow rate.

B, Total brine flow rate.
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Table 2 Purchased cost equations for MED-MVC system components.

Component Purchase cost (Zk) ($) Comments Ref.
Preheater (heat Zpreheater = 1000(12.82 + A}S, S for shell side and t for tube side, dp [52]
exchanger) (kPa), A (m?), U (kW /m?.k)
MED effect  Zefrece = 250.26 X UAgypaporatordp **1dps ! [53]
(evaporator)
Water pum 105 = 0.9, AP (kP
pump Zyump = 13.92 X Tty gger "S5 APOSS <11_p) My (kPa)
1-1p
Compressor (MVC) Zyve = 794.68 X W ompressor + 66.11 Weompressor (Watt) [40]
Other direct costs Zyest = 21635.4 x DO1773 D (m/day)
Table 3 Simple cost model equation for MED-MVC system.

Parameter Equation Comments Ref.
Capital recovery factor, 1/ i(1+0D™ i is the interest rate 5%, nt (20 year

p y y CRF:(l-(I—i)"t)—l 6, Nt (20 year) [34]

Annual fixed costs, $/y AFC = (1.38 X DCC) X CRF

Annual electric power cost,
$ly

AEPC = C,.SPC.D/¢

Specific electricity cost C, = 0.08 %

kWh

Annual chemical cost, $/y ACC=SCC.D/¢

Specific chemical cost SCC = 0.025 -

Annual labor cost, $/y ALC =SLC.D/¢

Specific labor cost SLC = 0.1

Operating and maintenance OMC = 0.02 X CRF x DCC

annual costs, $

Total annual cost, $/y TAC = AFC + AEPC + ACC + ALC

+ OMC
Total water price $/m? TAC.¢ D ()
TWPsimple = D year
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Table 4 Rate coefficients of the i effect dynamic equations for a MED-MVC system.

C11 C1z Ci3 Cia
Acei(ppi [ dpb,i< OBPE> dpw] [ {dpb‘i dBPE dpb‘i}] me;+mpi_q
ANED Aceilpi——=1+ + (Hg — Lp;)Acei = Aceilpii—ot +
B pv’i) ce,itb,i dTb,i aT,,'i ( E b,l.) ceji dTv,i ,ibDb, dTb,i aXb,i dax .
[ Ca C23 Cas
Ace,i(pp,ihp, [ { dhy,; de,i}( aBPE) [ <dpb‘i OBPE dpb,i> my hy
S Aceilp,i1Pp,i + hp,; 1+ Aceilpihpi| 57—
= poihnd) dTy, dTy, T, dTyi 0Xpi X ) L s
dhy,,: dpv,i dh i HBPE _ i i
+ (Hp = Lpi)Ace, {pv,i T, + hy; m}] + Aceilb,iPp,i F:zm] My ihp,;
+ Qs,l
C31 C32 C33 634—
Ace,iP ,iX i dp i 0BPE dp i 0BPE m ,iX i
b [Ace,iLb,iXb,idTb(l"‘ T )] [Ace,iLb,i {Xb,idTb' ax.. T Pbi e
b,i vi bi U4bi + Mp,i—1Xpi-1
dppi — X,
+ Xb,i d—;’}] mb,LXb,L
Table 5 Operational steady-state conditions for MED-MVC system.
Configuration Model Flamanville [32] % error
Inlet seawater temperature, °C 25 --
Feed content in, g/kg 36 --
Brine content out, g/kg 65 --
Steam temperature Ts, °C 62.5 --
last effect brine temperature Ty, °C 50.3 --
Pressure ratio 1.85 1.86 0.5
Distillate production (D), m%h 64.0 62.5 2.4
Feed flow (F), m%h 141.45 140 1
Brine flow (B), m%h 78.34 775 1
Feed temperature Ty, °C 48.03 49 1.9
Compressor actual work (W ,,,), kW 690 650 6.1
Performance ratio PR 3.44 -- --
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Figure captions

Fig

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig

.1 MED-MVC desalination system diagram.

3 Schematic diagram of the three lumps for the i effect.

7 Effect of the number of effects on SPC, n;; and TWP.

4 Control volume for preheaters of (a) distillate and (b) brine.

2 Temperature-Entropy (T-S) diagram for a MED-MVC system operation.

5 Procedures of the steady-state and dynamic models solution method.

6 Cost flow diagram with exergy destruction for main component of MED-MVC systems.

8 Brine level, vapor temperature, brine and vapor flow for a 10% reduction in compressor work.

. 9 Brine level, vapor temperature, brine and vapor flow for a 10% increase in inlet seawater

temperature.

Fig. 10 First effect brine level and plant total distillate production with a 15% decrease in inlet seawater
temperature for MED-TVC and MED-MVC systems.
Fig. 11 Brine level, and vapor temperature with intensity of reduction in: (a) compressor work, (b) inlet

seawater temperature.

Fig. 12 Effect of step changes of compressor work and seawater temperature on the MED-MVC total
distillate production, PR and SPC.
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Fig. 1 MED-MVC desalination system diagram.
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Fig. 2 Temperature-Entropy (T-S) diagram for a MED-MVC system operation.
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Fig. 3 Schematic diagram of the three lumps for the i" effect.
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Fig. 5 Procedures of the steady-state and dynamic models solution method.
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Fig. 10 First effect brine level and plant total distillate production with a 15% decrease in the inlet
seawater temperature for MED-TVC and MED-MVC systems.
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