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Abstract

A treatment chain including nanofiltration, crystallization and multi-effect distillation (MED)
is for the first time proposed for the treatment of an effluent produced during the regeneration
of Ion Exchange resins employed for water softening. MED unit is the most crucial unit of the
treatment chain from an economical point of view. The goal is to recover the minerals and to
restore the regenerant solution to be reused in the next regeneration cycle. A techno-economic
analysis on the MED unit was performed and a novel performance indicator, named Levelized
Brine Cost, was introduced as a measure of the economic feasibility of the process. Different
scenarios were analysed, assuming different thermal energy sources and configurations (plane
MED or MED-TVC). It was found that the plane MED fed by waste heat at 1 bar is very
competitive, leading to a reduction of 50% of the current cost of the fresh regenerant.
Moreover, the thermal energy cost of 20US$/MWhy, was identified as the threshold value
below which the MED is economically more advantageous than the current technology. On
overall, MED allows reducing the environmental impact of the industrial process and it results

competitive with the current technology for a wide range of operating conditions.
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1. Introduction and literature review

The disposal of polluted brines coming from industrial processes constitutes a very critical
environmental issue of our time. Industrial brines are water solutions, containing sodium
chloride, magnesium and calcium salts and, eventually, organic pollutants, released as a waste
by several industrial processes. Even the brine generated as by-product by desalination
processes has adverse environmental effects if discharged into the sea, because of the higher
specific weight of the concentrated brine and the potential presence of additional chemicals
[1]. Conventional approach consists in disposing brines directly to water bodies or in injecting
them to inland wells [2]. Several studies were conducted to improve the disposal methods and
to reduce the environmental impact. In particular, the position of the brine outlet [3] and the
possibility to mix the concentrate brine with wastewater or exhaust cooling water [4] were
investigated. Currently, some strategies are proposed to treat the brines with a combination of
an evaporator with a crystallizer (Zero Liquid Discharge schemes) [5—7]. These strategies
allow producing water at a very high purity, but the remaining solid by-product, given by the
mixture of different components, is generally a waste, which has to be disposed. In order to
tackle this problem and to reduce the disposal requirements, it is possible to develop treatment
chains, given by the combination of different processes suitable to treat industrial brines by
recovering each of its components. A properly selected treatment chain may lead to the
recovery of the valuable products from the brine and to the minimization of the energy
requirement of the process, making brines a source of raw materials, such as water, NaCl and
minerals. The definition of the most suitable processes and the process combination in a
treatment chain depends on several factors, namely the reject brine volume, the chemical
composition, the geographical position of the plant, the feasibility of the process based on the
capital and operating costs, the availability of storage and transportation of the brine [6]. In
particular, the brine composition strictly depends on the industrial process, which produces
the brine. Several industrial processes can be accounted, e.g. desalination and
demineralization plants, textile industry and coal mining industry. Many studies were
conducted to identify the composition of the brines in the different cases and the possible
processes to treat them [7—10]. For example, the brine coming from the textile industry is rich
of organic components, while the brine coming from desalination plants is rich of bivalent
ions, such as Mg** and Ca*™" [10]. With regard to the brine coming from Reverse Osmosis
(RO) desalination processes, the profitability of different possible scenarios were compared

taking into account the cost of the fresh-water production and the produced salt sale. Drioli et
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al. investigated the performances of a Microfiltration, Nanofiltration and Reverse Osmosis
(MF-NF-RO) membrane system, integrated with a membrane crystallizer, which is employed
to bring the RO-concentrate above its saturation limit and to generate NaCl crystal nucleation
and growth [11].

Another possible strategy of waste water treatment consists in producing a water solution, at a
defined composition, which can be used as a reactant in the industrial process itself. This
approach is commonly used in the textile industry, where the contaminated waste stream is
treated via oxidation processes and then re-used for next dyeing operations [12]. Ion
Exchange resins operations is another industrial sector where this approach is employed. Ion-
exchange resins (IEXs) are often employed for purification (e.g for the removal of nitrates or
perchlorates) or for water softening purposes [13]. Spent IEX resins are usually regenerated
via the employment of a regenerant solution which is capable of reversing the ion-exchange
equilibrium, displacing the ions removed from the treated solution [14]. For the case of
demineralization, strong acids like HCI or H>SO4 are employed for the regeneration,
conversely, in the case of water softening, the regenerant is typically a NaCl-water solution at
a concentration ranging between 8% and 12%""¥, usually around 10%"“"¥ [15]. During the
regeneration, a water solution rich of the components which were displaced from the resins is
produced as a waste. Through a proper combination of treatment processes, it is possible to
restore the regenerant solution required for the regeneration process, starting from the effluent
itself. Some studies were carried out aiming at closing the loop and reusing the effluent
coming from the IEX regeneration to reduce the amount of fresh regenerant solution. Wadley
et al. modelled a NF unit used to separate the colorants from the regeneration effluent coming
from an IEX in a sugar decolourisation plant [16]. In this case, the employed regenerant
solution is a NaCl-water solution (10% “'¥) and according to the presented process scheme,
the NF permeate was mixed with a make-up NaCl-water solution and then sent back to the
IEX as the regenerant. Moreover, IEX technology is widely used to remove pollutants from
groundwater, especially nitrate which is the most common contaminants of groundwater and
of drinking water sources [17]. The regeneration of the exhaust resins is carried out through a
regenerant rich of sodium chloride or sodium bicarbonate, which, at the end of the
regeneration process, will be enriched of nitrate. Van der Hoek et al. suggested employing a
biological denitrification reactor to carry out a regeneration in a closed circuit [18]. Lehman et
al. tested a biological enhanced treatment system to remove both perchlorate and nitrate from
the spent IEX brine [19]. Choe et al. investigated the applicability and the environmental

sustainability of a catalytic reduction technology for treating nitrate in spent IEX brine [20].
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Other studies are focused on the recovery of the regenerant solution, for the case of IEX used
for water purification from Natural Organic Matters (NOM). The study from Kabsch-
Korbutowicz et al. is devoted to assessing the performances of pressure or electrically driven
membrane processes in the removal of NOM from the spent IEX regenerant, in order to reuse
it for the regeneration process [21]. Finally, Gryta et al. evaluated the employment of a
Membrane Distillation (MD) unit for the concentration of IEX effluents with or without a
preliminary treatment to avoid the scaling of the membranes [22]. In this case, the solution
was concentrated up to the saturation point, to separate the salt crystals.

Ion Exchange resins are also widely used in demineralization plants to soften the water. In
this case, the spent regenerant brine is rich of Mg** and Ca*™, at a concentration of around
3,000 and 12,500 ppm respectively, while the concentration of nitrate and other species is
negligible [23]. This brine has a very low concentration of NaCl (between 10,000 and 15,000
ppm), because a very strong dilution is needed to flash out all the high density spent brine
from the softener. A possible treatment chain suitable for this case is reported in Figure 1.
This has been developed within the framework of the EU-funded project Zero Brine [24],
whose goal is the development of pilot plants able to treat different kinds of industrial brines.
In particular, the one schematically represented in Figure 1 is devoted to treating the brine
produced in the softening section of the EVIDES company plant, in the Rotterdam port (The
Netherlands). In this case, the employment of a NF stage can be very suitable, since it is able
to separate most of the bivalent ions. The retentate of the NF stage, rich of Mg** and Ca**, can
be, then, processed in a crystallization section, in which magnesium hydroxide and calcium
hydroxide are precipitated and recovered. Conversely, the permeate of the NF stage, rich of
NaCl, together with the liquid stream coming from the crystallization section, is sent to a
Multi-Effect Distillation (MED) unit. In this stage, the NaCl-water solution is concentrated up

to the required regenerant concentration.
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Figure 1. Block Flow Diagram of a possible treatment chain for industrial brines rich of bivalent ions,
coming from Ion Exchange resins regeneration.

MED can play a key role in the treatment of the IEX brines. MED process found a very large
application in the desalination field, but there is still room for further investigation of this
process in a higher range of feed salinity and brine salinity. Moreover, the presence of a NF
stage before the MED can ensure the separation of the bivalent ions. Consequently, the risk of
scaling in the heat exchangers, occurring usually with seawater at temperatures higher than
70°C, is negligible and higher Top Brine Temperatures and higher steam temperatures are
allowed. In literature, several case studies and several models for the MED plant have been
proposed so far. The very first Forward Feed MED (FF-MED) model was proposed by El-
Sayed and Silver: it was a design model, relying on some simplified thermodynamic
assumptions [25]. Then, El-Dessouki et al. proposed a more sofisticated model for the FF-
MED, indicating this arrangement as the most suitable to high temperature application [38].
They also proposed some approximate correlations to calculate the specific heat transfer area,
the specific cooling flow rate and the thermal performance ratio as function of the top brine
temperature and the number of effects. Kamali et al. presented a model for the MED coupled
with a Thermo-Vapour Compressor (MED-TVC) [26], [27] and Bin Amer et al. developed an
optimization tool to maximize the Gain Output Ratio (GOR), varying top brine temperature,
entrainment ratio and temperature difference per effect [28]. Recently, Mistry et al. proposed
a modular MED model for different flow arrangements, which was compared with the
previous models present in literature, showing good agreement and requiring less simplifying
assumptions [29]. Finally, Ortega-Delgado et al. developed a detailed model for the FF-MED
process and showed a net increase of the perfomance with higher heating steam temperatures
[50]. Almost all these models were referred to a desalination process, considering a limited

range of concentration and, in some cases, neglecting the influence of some parameters,
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whose estimation might become very relevant at higher concentration, such as the Boiling
Point Eelevation (BPE) variation with the composition or the temperature.

Moreover, various economic models are reported in literature for the MED process. Most of
these are based on exergy analysis, to identify source and relevance of thermodynamic
inefficiencies. Sayyadi et al. proposed an economic model, based on exergy analysis, for a
parallel-cross (PC) MED-TVC system, with equal temperature differences for each effect and
neglecting the pressure drops in the pipelines [30]. Then, the same authors presented three
optimization scenarios: (i) the maximization of the exergy efficiency of the MED-TVC, (ii)
the minimization of the cost of the fresh water production, (iii) a combination of the previous
two [31]. Esfahani et al. proposed a multi-objective optimization to minimize the total annual
costs and maximize the GOR [32]. Recently, Piacentino for the case of a FF-MED plant
presented a detailed thermo-economic analysis allowing to identify a cost for each material
stream and to describe all the single contributions to the final distillate cost [33]. Finally,
Papapetrou et al. reviewed the methodologies used in literature for the estimation of the costs
in the desalination plants, their range of validity and their limits [49].

In the present work, a fully-integrated techno-economic model for the MED process is
presented: in the same simulation, the economic section of model receives the main inputs
directly from the technical model calculations (i.e. size of the equipment and energy
requirement) to evaluate the capital and the operating costs, thus providing the final feasibility
assessment of the MED technology. The model is applicable to a wide range of input
parameters (e.g. feed salinity, steam temperature, number of effects) and able to easily switch
between design methods (i.e. equal heat exchanger areas or equal temperature changes in the
effects) and between feed flow arrangements (i.e. parallel cross and forward feed). For the
first time, the application of the MED process to the treatment of the brines coming from the
regeneration of spent IEXs is investigated. This new application of the MED leads to the need
to introduce a new parameter to define its performance. This has to be different from the most
common performance parameter used for desalination plants, i.e. the Levelized Cost of Water
(LCOW). With this aim, the Levelized cost of Brine (LBC) is introduced here for the first
time, since the concentrate solution produced by the MED is the main valuable product of the
treatment process. Therefore, the feasibility of this novel application of MED technology is
assessed via the comparison of the calculated LBC with the current cost of the regenerant
solution, i.e. the cost of a fresh NaCl-water solution for every regeneration cycle. Two
scenarios are investigated, they refer to a different thermal energy supply. In the first one, the

thermal energy is assumed to be completely provided by a gas turbine co-generation system,
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with a cost depending on the steam pressure. Conversely, the second scenario provides the
utilization of waste heat available in the industrial site, at given quality and cost. In both
scenarios, the performances of a plane MED and a MED-TVC are compared and a sensitivity
analysis including the number of effects, the steam temperature and the motive steam pressure
(for the case of MED-TVC) is carried out. Finally, once the system configuration has been
optimized on the basis of the thermal energy cost, the effect of the electric energy cost and of

the revenue coming from the pure water production on the LBC are assessed.

2. Model

2.1 Integrated Techno-economic Model

The techno-economic model is composed of a technical and an economic part which are fully
integrated and implemented in Python. The technical/design model is mainly based on mass
and energy balances at steady-state conditions and on the evaluation of thermo-physical
properties of water, in the liquid or in the vapor state, and of the NaCl-water solution. These
properties are estimated via correlations reported in literature. The economic model evaluates
the capital costs, via the estimation of the costs of the single equipment, and the operating
costs, making reference to the calculated energy requirements. The main input variables for
the technical model are: feed salinity, temperature and flow rate, steam temperature, motive
steam pressure (in presence of the TVC), required brine salinity, temperature of the last effect
and number of effects. All the geometrical features, such as the size of the tubes in the tube
bundles or of the connecting lines, are given as parameters. Conversely, the key output
variables of the design model are the heat exchanger areas, the preheater areas and the end-
condenser area, the steam flow rate and the motive steam flow rate in the case of the MED-
TVC. These variables constitute the inputs of the economic model, whose results are the
annualized capital and operating costs, the revenue from the pure water production and the
capital, operating and total Levelized Brine Cost. The most relevant inputs and outputs of the
techno-economic model are summarized in Table 1.

The integrated model takes advantage from a purposely developed resolution algorithm which
includes minimization steps (via iterative procedures) allowing design requirements to be
fulfilled. The model is able to run for different feed arrangements (FF-MED and PC-MED)

and different design methods, which refer to different design requirements, i.e. one provides
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equal Aux and equal Apen While the other provides equal temperature differences (ATefr) for
each effect. For the case under investigation, i.e. the concentration of the effluent coming
from the IEX resins, the FF arrangement was selected as the most suitable, given the high
concentrations which have to be reached and the possibility to employ high Top Brine
Temperatures to enhance the performances in absence of TVC [38]. Moreover, for easiness of
comparison with other technical models, the design method with equal areas of the heat

exchangers and the preheaters was selected.



Table 1. Main inputs and outputs of the technical and the economic model for the MED

process.
Model Inputs Outputs
Number of effects (N [-]) Distillate flow rate (Mais: [kg/s])
Feed flow rate (Mfeea [kg/s]) Brine flow rate (Mbrine [kg/s])
Feed salinity (Xteea [ppm]) Heat exchanger areas (Anx [m?])
Technical Intake feed temperature (Teed [°C]) Preheater areas (Apren [m?])
model Brine salinity (Xprine [ppm]) End-condenser area (Acond [M?])
Steam temperature (T [°C]) Cooling-water flow rate (M.w [kg/s])
Motive steam pressure (P, [bar]) Stealflllofi?::l tiatff)r(l\l\//l[s}z[g%”/sg Ca ?&T?Egz]s)team
Temperature in the last effect (T [°C]) Sp e:gé;i?iésnl:u[;n;glgf/(ss)g ?I?J(iksg](;dﬁc
Heat exchanger areas (Aux [m?]) Annualized capital cost (CAPEX [USS$/y])
Preheater areas (Apren [M?]) Annualized operating cost (OPEX [US$/y])
Economic End-condenser area (Acona [m?]) Water revenue (Rya [US$/y])
model

Cooling-water flow rate (M., [kg/s])

Capital levelized brine cost (LBCcap [US$/m?])

Steam flow rate (M [kg/s]) for MED or motive
steam flow rate for MED-TVC (Mn, [kg/s])

Operating levelized brine cost (LBCop
[US$/m*])

Electric energy requirement (Po[ KWhe/m?])

Total levelized brine cost (LBCio [US$/m?])

The structure of the resolution algorithm is reported in Figure 2. As shown in the figure, the

technical model presents three minimization loops, since it is required that (i) the areas of the

heat exchangers (Anx) and (ii) the areas of the preheaters (Apren) have to be equal and (iii) a

given distillate flow rate (Maist) has to be produced which corresponds to a given brine

salinity. Once all the three requirements are satisfied, the technical results are available and

are given as inputs to the economic model. Additional details on both the technical and the

economic part of the model are reported in the following sections.




Start

v
Physical inputs and
geometrical
parameters

Resolution of the global mass and salt balances to
calculate My and Mgpne

v

Assumption of ATesmecy, ATpen and M,

T
v

Calculation of BPE, pressure drops and
temperature profiles

¢ Minimization of the
Resolution of the mass and energy balances on the error varying ATg e,
o preheaters to calculate the condensed fraction aong k
Minimization of the
error varying M, ‘ Minimization of the
Resolution of the mass and energy balances error varying Ao
for the effects and the end-condeser L
¢ No

Calculation of the heat exchanger areas Ay (E( A -Arxa) )" < 1e-4

l Yes
No
Calculation of the preheater areas Ag,un ((AgrenRpren,ar) )" < Le-d -
No l
Calculation of the total distillate flow
abs(Myis-Myicrreal) < 1le-4 >g—
i S rate Masqsea = EMg + EMpprine
I
Yes End technical model ﬂ
v
® Aux
Calculation of the costs of the equipments
quip . A|:|reh
12 hd Acond
Calculation of the total capital costs and annualization via o M,
the interest rate and the depreciation period
* M, (or My,)

¥

Calculation of the manteinance and labor cost, chemicals
cost, thermal and electric energy costs

|
|
|
;
|
|
|

v

Calculation of the revenue from the
pure water production

v

Calculation of the fixed, variable and
total levelized brine cost

Calculation of the total operating cost ‘

| End )

Figure 2. Resolution algorithm for the MED model. The solid red rectangle encompasses the
technical model procedure, while the broken blue rectangle contains the economic model one.

2.2 Technical Model
The main output variables are the specific area (sA), the specific thermal consumption (sQ)

and the GOR, which are defined as follows.
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— ZN AHX + ZN—lApreh + Acond (1)

sA
Mdist
0 Mg A(Ty) (2)
Mdist
M 3)
GOR =
Mdist

Where A(T;) is the latent heat of water at a temperature equal to Ts.
A short description and a table containing the main equations of the FF-MED steady-state

model used for the simulations are reported in the following.

Forward Feed Model
The schematic representation of the MED plant described in the present FF-MED model is

reported in Figure 3. It shows the first effect, a generic intermediate effect and the last effect

with the end condenser. In fact, three slightly different systems of mass and energy balance

equations have been used to model these three classes of effects.
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Figure 3. Schematic representation of the MED plant.

All the equations relevant to the model of the FF-MED are reported in Table 2 where A is the
latent heat of water, hysp is the enthalpy of the steam, hiq is the enthalpy of the liquid water,
hsw is the enthalpy of the NaCl salt-water solution and cpsw is the NaCl salt-water solution

specific heat. The water properties are function of temperature, while the NaCl-water solution

properties are functions of temperature and composition.
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Table 2. Main mass and energy balance equations of the forward-feed MED model.

N Equation Short description
“) Mpeeq = Maise + Mprine Global mass balance
®) Mpoeq Xreea = Mprine Xprine Global salt balance
(6) Tpsat = T — BPE(T, Xprine) Temperature drop for the BPE
(7 Tosat = Tosat — ATgemister Temperature drop in the demister
© To = T, = ATyray — ATacc Tempe;i?;;j;’f in the
Mg A(Ts) + Myeea how(Tpren[1], Xreea)
= M,[1] h,,, (T[1], X, |1 .
10) La- aconj[[l]]) I\SZJ‘EP [[1]] hv;[ (7]1),1]5‘”[ 1) Energy balance on the first effect
+aconalUMyap[1] hyiq (T'ysae [1])
1 Mpli — 1] = My[i] + berine[i] + Myli] Mass balance on a generic effect
(12) Mfeeq Xpeea = Mpli] Xp[i] Salt balance on a generic effect
13) Myaplil = My [i] + Mpprieli] + Mg [i] Mass balance on the vapor phase
(14) Meli =11 + dconali] Myapli] Mass balance on the generic flash-
+(1 = @conali = 1D Mygp[i — 1] = Mg, [i] + M. [i] box
Mcli = 1] hyiq (T sacli — 11)
(15) conali] Myap 1] huiq (T"vsacli]) + Energy balance on the generic flash-
(1 — aconali = 1D Myqpli — 1] hy; (T [i — 11) box
= Mpp[i1hyap (T ysae [i]) + Mc[i1hyiq (T psqe[i])
Mpprineli] )I(Tbrine, f [i]) Energy balance on the brine
(16) = Myrineli = 11 cp g, (Tean, X, [i = 11) entering as the feed (Toine.
calculated via the Non Equilibrium
(T[i -1] - Tbrine.f[i]) Allowance [38])
a7 Mfeea Cr g, (Tme“"’ X ) (Tpre”‘ [e] = Tprenli + 1]) Energy balance on a generic
= conalil Myap[i] A(T"ysae[i]) preheater
(1 = aconali = 1DMygpli = 1T A(Te[i — 1D)
a8) + Mprinei] (hsw (T[i =11, Xp[i = 1D = hyap (T"vsa [i])> Energy balance on a generic heat
+ My [i] (g (T[i — 11, X, [i — 11) — hg,, (T[i], X, [iD) exchanger
= Mali] (huap(T"ysae [iD) = hew (TLi = 11, X[ — 1))
(1 = aconalN = 1DMygp[N — 1] A(Tc[N —11)
+Myp [N] hyap (T vsac [N]D
(19) +Mp[N — 1] h,, (T[N — 1], X,[N —1]) Energy balance on the last effect
= My[N] hs,, (T[N], X,[N1])
+Myap N1 hoap (T ysac [N1)
20) M.y, cpy,, (Tew Xfeed) (Tew,out = Tew,in) Energy balance on the end

= Mvap [N] A(T’c [ND

condenser
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Basically, each run starts from the calculation of global mass and salinity balances, to
estimate the brine flow rate (Morine), the distillate flow rate (Mgist) and the brine salinity
(Xbrine), having assumed that the distillate is pure water. Then, all the variables, such as mass
flow rate, temperature and pressure, related to each single effect are estimated. Regarding the
temperature profiles, six main quantities have to be calculated: temperature of the brine
generated in the effect (T), temperature reached by the feed in the preheater of the effect
(Tpren), temperature of the saturated vapor generated in the effect (Tysa), temperature of the
vapor after crossing the demister (T vsa), temperature of the vapor after crossing the
connecting lines (T’¢) and condensation temperature of the vapor in the following effect (T.).
These are interdependent according to the equations (6)-(9), through the boiling point
elevation (BPE) and the pressure drops, which lead to temperature drops (ATdemister, ATlines,
ATgrav, ATacc), in the case of saturated vapor. The boiling point elevation is estimated through
the Pitzer model, which is valid in a wider range of salinity compared to the other correlations
in literature [34], [35]. The pressure drops are estimated according to some correlations
present in literature [36], [37]. Concerning the modelling of the effects, the first effect is the
only one which receives heat from an external source (M; at temperature equal to Ts) and in
which the feed (Mreed at a concentration equal to Xfeed) enters after having crossed all the
preheaters. The feed is sprayed on a tube bundle, while M; flows inside the tubes. In this
effect, the vapor generated (Myap) is given only by the partial evaporation of the feed (My).
This crosses the demister and the first preheater, where it partially condenses. The remaining
part is sent to the following effect, as the heating steam. The brine generated in the first effect
(M at a concentration equal to Xp) is sent to the following effect as the feed, sprayed on the
external surface of the tube bundle. The intermediate effects’ modelling includes the two
energy balances on the preheater and on the heat exchanger to know the condensed fraction
on the preheater tube surface (ocond) and Mg, respectively (Equation (17)-(18)). Moreover,
other two vapor contributions have to be considered: the vapor generated by the inlet brine
flash (Mfvrine from equation (16)) and the vapor coming from the flashing box Msn, which is
generated by the flash of the condensed distillate collected in the flashing box (Mg and M,
the condensate exiting from the flash box, are derived from equation (14), (15)). Finally, the
last effect differs from the others because it does not have any preheater and the entire vapor
generated in the last effect is sent to the end condenser, where it condenses completely. This
leads to a slight different expression of the energy balances on the effect (Equation (19)) and
on the last flashing box, since the total My, generated in the last effect is condensed in the

end condenser and then collected in the flash box. The brine generated in the last effect (Mp
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[N]) constitutes the final brine produced by the plant, while the condensate exiting from the
last flash box (M. [N]) constitutes the final distillate. These have to satisfy the global balance
in Equations (4)-(5). Regarding the end condenser, usually, the feed itself is used to
condensate the vapor. The necessary total cooling water flow rate (Mcw) is calculated through
the heat balance reported in Equation (20) and the surplus (Mcw — Mreed) is cooled down and
can be reused.

Finally, the areas of the heat exchangers, of the preheaters and of the end condenser are
calculated according to Equations (21)-(24), where DTMLyen and DTMLeong are the
temperature logarithmic mean in the preheater and in the condenser and Ucond and Uevap are
the heat transfer coefficients for the condenser and the evaporator respectively, derived from

correlations by El-Dessouky et al. [38].

Table 3. Equations to calculate the heat exchangers, preheaters and end condenser areas of
the MED plant.

N Equation
o R
= lil = aud[pl(; TR OR

= Apren i) = aﬂi:ii(]rl’z:j[[;]]) /zl)(fmpt[l:)

(24) A= Mew ¢y (Tew » Xreea) (Tow,out = Tew,in)

Ucond (T’c [ND DTMLcond

The described technical model was validated through the comparison with another FF-MED
model, which is reported in literature [50]. The results of one of the sensitivity analyses

carried out for validation purposes are reported in the Supplementary materials.

Thermo-vapour Compressor

In the case of a MED-TVC system, a certain amount of vapor generated in the last effect is
not condensed in the end condenser but it is recycled to the first effect as part of the heating
steam. More in detail, this is possible using a compression device, such as a thermo-
compressor, in which a fraction of the vapor coming from the last effect or from an
intermediate (i.e. entrained vapor) is mixed with the vapor coming from an external source

(i.e. motive steam). In this work, the entrained vapor is always taken from the last effect. The
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discharged vapor is rejected as super-heated vapor at a pressure equal to the saturation
pressure at T=Ts. In order to model the TVC, some correlations reported in literature were
employed [39], [45]. Given the pressure of the motive steam Py, the saturation pressure at Ts
(Ps) and the pressure of the entrained vapor (Pey, i.e. the saturation pressure at Tp), it is
possible to calculate the compression ratio (Cr = Ps / Pey) and the expansion ratio (ER = P, /
Pey). Thus, the correlations allow calculating the entrainment ratio (Ra = Mm / Mey) and,

consequently, the amount of steam which has to be supplied externally (Mpn).

2.3 Economic Model
The economic model receives as input parameters the main output of the technical model, i.e.
the areas of the heat exchangers, the preheaters and the end condenser, the required steam
flow rate (M; for the plane MED system and M for the MED-TVC) and the cooling water
flow rate. The outputs of the economic model are the capital and the operating costs and the

Levelized Brine Cost (LBC).

Capital Costs

The capitalcosts are evaluated through the module costing technique, described extensively in
[41]. This technique estimates all capital costs as a function of the purchased cost of all the
equipment included in the process. The basis purchased cost of each equipment (C) is
evaluated for some base conditions, i.e. equipment operating at ambient pressure and
fabricated from most common material, usually carbon steel. The basis Cpo values are
reported in database where these refer to a specific unit scale and are relevant to a specific
year. The actual Cp° values are calculated for any equipment as function of its actual size,
which is the area in the case of the heat exchangers and the condenser and the volume in the
case of the pressure vessels. The Cp° are then actualized through the Chemical Engineering
Plant Cost Index (CEPCI). In the case of construction materials different from the ones
employed for the base case (usually carbon steel) and pressures different from ambient
pressure, suitable correction factors relevant to both purchased and installation costs are
estimated for any kind of equipment. Finally, the bare module cost of the equipment Cgwm is
calculated multiplying the C,’ by a bare module factor Fgm, which takes into account all the

above factors, together with the terms of cost related to freight, overhead and engineering:

Cpm = CPO Fpm (25)
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In this way, the cost of the single effect is evaluated, considering each effect as the
combination of two heat exchangers (i.e. the evaporator and the preheater) and one vessel (i.e.
the flash box). Regarding the heat exchangers, these are supposed to have the shell in carbon
steel and the tubes in a nickel-based alloy, which has an excellent resistance to saltwater and
high temperatures [41], [40]. The total cost of the equipment is calculated as the sum of the
costs of the single effect, plus the cost of the end condenser and of the thermo-vapor
compressor (for the case of MED-TVC). The thermo-vapor compressor cost was calculated
making reference to a TVC whose cost and plant size, in terms of produced distillate flow
rate, were known [46]. Finally, the total module cost (Ctm) is evaluated adding the
contingency and fee cost to the cost of equipment, which are commonly assumed as 15% and
3% of the cost of equipment, respectively [41]. The auxiliary facility cost is neglected, since
the plant is supposed to be built in an already developed industrial area. The total module cost
is annualized (CAPEX in US$/y), through the interest rate (i) and assuming a certain plant
lifetime (nyears), according to the following definition:

(1 + )ears (26)
(1+ i)ears — 1

CAPEX = Cpy

Operating Costs

The operating costs take into account maintenance and labor costs, personnel costs, chemicals
costs, thermal and electric energy costs. The maintenance cost is estimated as the 3% of the
CAPEX (on an annual basis), while the labor cost for maintenance is defined as the 20% of
the personnel cost [46]. This last term is given by the average cost of the personnel multiplied
by the number of required workers, estimated according to [46]. The chemicals cost is given
by the sum of the costs relevant to the required pretreatment to apply to the feed (e.g.
antiscalant or antifoaming) and to the cooling water (e.g. chlorination) and the post-treatment
to the distillate (e.g. chlorination) [46]. The electric energy cost is calculated multiplying the
specific electric consumption (assumed equal to 1.5 kWhe/m?® [52]) by the electric cost.
Finally, the thermal energy cost is given by the product of the required thermal energy (i.e. the
required steam times its latent heat) and the heat cost, which depends on the source of the heat
which is available. In the case of no waste heat available, the heat is supposed to come from a
gas turbine co-generation system and its price is function of the required steam pressure and is
calculated via the Reference Cycle Method [52] reported in the Supplementary Material
section. If waste heat is supposed to be available in the industrial site, a certain cost for the

thermal energy was defined, depending on its quality. This cost was not taken equal to zero to
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account for the cost of the infrastructures necessary to supply the steam and, for the case of a
higher pressure steam, since this does not constitute a waste, a purchase price has been
estimated on the bases of industrial practical data. In the case under investigation, part of the
feed itself is used as the cooler in the end condenser, so this cost has not to be accounted
among the operating costs. Moreover, the distillate is a by-product which can be sold, thus the
revenue relevant to the produced distillate is subtracted from the operating costs. The total
annual operating cost (OPEX in US$/y) is given by the sum of all the described operating cost

terms.

Levelized Brine Cost

The capital and the operating costs can be estimated also per unit of valuable solution
produced, being expressed in this case in US$/m>. As reported by Papapetrou et al. [49], in
order to compare the feasibility of different desalination technologies, the levelized cost of
water (LCOW) is commonly used, i.e. the selling price that the water would have to reach the

break-even point after a certain plant lifetime. In formula:

nyears OPEX (1)
Cry, + 221 T+t

LCOW = 27
Znyears Mg () (27)

=1 A+ D)

In most of the cases, the LCOW is calculated under the assumption that the produced water

flow rate (Muist) and the operating costs are the same for every year in the plant lifetime, thus

the definition of the LCOW is as follows.

CAPEX + OPEX
LCOW = (28)
Mdist

For the analyses reported in this work, the valuable product of the MED process is the
concentrated brine; therefore, an analogous levelized cost was defined with reference to the

produced brine, namely the Levelized Brine Cost (LBC), as reported in Equation (29).

CAPEX + OPEX
LBC =

(29)

Mbrine

where Murine is the brine flow rate produced in one year [m?/y]. Throughout the work, the
definition in Equation (29) corresponds to the total Levelized Brine Cost LBCq, given by the
sum of the Levelized Brine Cost relevant to the CAPEX (LBCcap) and the Levelized Brine
Cost relevant to the OPEX (LBCop).
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3. Description of the Case Study: Treatment of the IEX
Effluent

The present work is focused on the investigation of the MED performances within the
treatment of the effluent produced in a demineralization plant from the regeneration process
of the Ion Exchange Resins. The results are collected under two assumptions: (i) the effluent
does not present organics or other pollutants (such as nitrate or boron) in an appreciable
quantity, (ii) the stage of nanofiltration and crystallization ensures the total separation of the
bivalent cations. The solution which is fed to the MED presents NaCl and water only and this
allows considering a wide range of steam temperatures in the first effect. Two scenarios were
investigated: (i) in the first one, all the steam is supposed to be supplied by an external source
and, in particular, a gas turbine co-generation system, which is also the source of the electric
energy; (ii) in the second one, waste heat is available in the industrial site at certain conditions
and at a certain cost, namely either at 1 bar and a cost of 10 US$/MWhg, or at 5 bar and a very

conservative cost of 30 US$/MWhy, [42], [43]. Details are reported in Table 4.

Table 4. Summary of the investigated scenarios.

Ts Pm Heat cost
Case 1 Plane MED Variable | (T | Variable with P, see Eq. (30)
sat,steam  Ls ariable wi m, S€€ .
Scenario 1 (65-120°C) | 1
(section 4.1) o Variable . .
Case 2 MED-TVC 70°C (3-21 bar) Variable with Py, see Eq. (30)
Case 1 Plane MED 100°C Pgatsteam (T's) 10 US$/MWh[h (sc?ctlon 42.1.1)
1 bar Variable (section 4.2.2)

i MWh ion4.2.1.2
Scenario 2 Plane MED 120°C | Pasen (T | 20 USYMWh (section 4.2.1.2)
(section 4.2) Case 2 Variable (section 4.2.2)

ase :
MED-TVC 70°C 5 bar 30 US$/.MWhm (SE.‘,CUOH 42.1.2)
Variable (section 4.2.2)

In both scenarios, the concentration of the feed is based on the estimation of the average
salinity of the effluent produced in the regeneration of the resins (an overall salinity of around
36,000 ppm, including around 11,000 ppm of NaCl) and it is quite low because of a strong
dilution, carried out in the last stages of the regeneration cycle via softened water, in order to
flash out completely the spent regenerant from the resins. The concentration of the brine,
which has to be produced by the MED plant, is set equal to the required regenerant
concentration (90,000 ppm), thus a concentration factor of almost 9 has to be guaranteed by

the MED evaporator. All simulations were performed varying the number of effects, both for
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the plane MED and the MED-TVC system, always with a forward-feed arrangement. In the
first scenario, the temperature of the steam supplied to the plane MED was varied from 65°C
up to 120°C [44], [50]. Conversely, concerning the MED-TVC, the temperature of the steam
was fixed equal to 70°C, in order to ensure a stable behavior of the thermo-vapor compressor
(Cr < 6) [45], while the pressure of the motive steam was let free to vary from 3 bar up to 21
bar. In the second scenario, the temperature of the steam in the plane MED was selected as the
highest temperature possible (£ 120°C), depending on the quality of the waste heat.
Regarding the MED-TVC, its performances were investigated only for the higher-pressure
waste heat and the pressure of the motive steam was equal to the pressure of the available
waste heat, while the Top Brine Temperature was fixed equal to 70°C. Finally, in both
scenarios, the temperature of the last effect was fixed equal to 38°C, in order to ensure a
minimum terminal temperature difference of 3°C in the case of the maximum temperature

change in the end condenser (10°C). The main technical assumptions are reported in Table 5.

Table 5. Technical inputs for the case study analysis.

Main technical parameters
Xfeea [ppm] 11,000
Xbrine [ppm] 90,000
N [-] variable
T, [°C] variable ( MED) 70 (MED-TVC)
P. [bar] P..(Ts) (MED) variable (MED-TVC)
Ta[°C] 38
Tteea [°C] 25
Mteed [kg/s] 200

Regarding the economic parameters, the thermal energy cost depends on the pressure of the
steam in the first scenario and on the quality of the waste heat in the second scenario. All
other parameters are fixed. The electric energy cost is calculated for the electricity produced
by a gas turbine co-generation system, the water price is equal to an average distillate price
produced in a desalination plant [46]. Since the water price is kept constant in the two
scenarios and the produced distillate flow rate is always the same (since the feed flow rate as

well as the salinity of the feed and of the brine have been defined), the water revenue is the
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same in all cases and it is equal to 8.15 $/m’wine. The depreciation period, the average
personal cost and the number of workers are also typical of commercial-scale desalination

plants [46], [49], [52]. These parameters are reported in Table 6.

Table 6. Main economic inputs for the case study analysis.

Main economic parameters
Thermal energy cost variable
Electric energy cost 0.215 US$/kWhe
Interest rate (i) 6%
Depreciation period (nyears) 25 years
Average personal cost 50,000 US$/y
Number of workers 10
Pure water price 1US$/m?
Fuel cost (gas) 65.9 US$/MWh®

"See Supplementary Material section.

Regarding the first scenario, the steam is assumed to be completely supplied by a combined
cycle CHP system, fired by natural gas, and its cost is reported as a function of the steam
pressure Pp, in Figure 4. The costs were calculated via the application of the Reference Cycle
Method [52], described in the Supplementary materials. It is evident that the heat cost
increases more deeply in the range of pressure between 0 and 1 bar, conversely, for pressures
higher than 1 bar the increasing trend is smoother. The trend of the cost vs. the pressure of the
steam was fitted via a logarithmic equation, as reported in Equation (30), which is valid for

the natural gas cost shown in Table 6.
Heat cost [U5$/MWhth] = 10.71n Pyppqyy + 24-2 (30)

This has important consequences in the estimation of the operating costs of both MED and
MED-TVC in the first scenario. In fact, the temperature of the total steam to supply to the
plane MED ranges from 65°C to 120°C and, consequently, its pressure ranges from 0.25 bar
to 1.98 bar. Conversely, the pressure of the motive steam, which can be supplied to the TVC,
in the case of the MED-TVC system, can vary from 3 bar up to 21 bar, as it is defined as the

maximum pressure of the steam produced by the co-generation system.
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Figure 4. Thermal energy cost vs. the steam pressure for the case of a gas turbine co-
generation system. (as a reference, the pressures of 1, 5, 10, 15 and 20 bar correspond to
temperatures of 99.7, 151.9, 179.9, 198.2, 212.2°C)

Finally, as already mentioned, the feasibility of the MED technology is evaluated comparing
the calculated LBC,o with the current cost of the regenerant solution, equal to 8 US$/m>. This
cost was estimated for a 9%*'¥ NaCl-water solution, considering a cost of the pure NaCl salt
equal to 65 euro/ton (80.2 US$/ton) and a cost of water equal to 1 US$/m>. Notably, a
preliminary analysis on the treatment chain of Figure 1 showed that the revenues deriving
from the selling of Ca(OH), and Mg(OH), more than counterbalance all the costs relevant to
the crystallization and filtration steps [47]. Thus, the value of 8 US$/m> of the current

regenerant solution was used as a benchmark for the MED technology only.

4. Results and Discussion

4.1 First scenario: steam supplied by a gas turbine co-generation system
In the first scenario, the influence of Ts in the plane MED and of P in the MED-TVC was
evaluated at 6, 9, 12 and 15 effects. Figure 5 reports the trend of the total Levelized Brine
Cost (LBCit in US$/m?), considering the contributions of the capital (LBCcap) and the
operating costs (LBCop) for a plane MED with different number of effects varying the steam
temperature. The (threshold) cost of the current regenerant solution with the conventional
technology was also reported for comparison purposes. Basically, the capital costs slightly
decrease with Ts because of the higher overall temperature differences, which correspond to
higher available driving forces in each effect. Therefore, whenever the available temperature
driving force increases, the area required for the heat transfer decreases. Conversely, the

operating costs increase very sharply, because of the higher thermal energy cost. The analysis
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at different number of effects highlights the different weights of the capital and the operating
costs in the different configurations, i.e. the higher the number of effects, the higher the
impact of the fixed costs to the total LBC compared to the operating costs. Therefore, at 6 and
9 effects, the operating costs are higher than the capital costs in most of the range of Ts.
Conversely, at 12 and especially at 15 effects, the two cost terms are comparable and,
although the LBC increases also in these two cases in the entire range of Ts, it is possible to
notice a low-slope trend at low temperatures, because the capital and operating cost trends are
opposite. Finally, it is also worth mentioning that, especially for high number of effects, for
any temperature lower than 80°C, the total LBC is lower than the current cost of the

regenerant solution (i.e. 8 US$/m?).
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Figure 5. Levelized Brine Cost for a plane MED system with variable number of effects (6, 9,
12, 15 effects) as a function of the steam temperature.

Conversely, Figure 6 shows the trend of the LBC, together with the LBCcap, LBCop and the
regenerant solution cost for a MED-TVC system with different number of effects, varying the
motive steam pressure. In this case, as already mentioned, Ts was fixed and equal to 70°C and

this leads to constant capital costs. Conversely, Py, is let to vary leading the operating costs to
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increase. The slope is higher at low Pn and reduces at higher pressures in accordance with
Figure 4. On overall, comparing the results at different number of effects, as expected, the
capital costs increase as the number of effects increases, while the operating costs strongly
decrease. Note that, in this case, at 6 and 9 effects the operating costs are always higher than
the capital costs, at 12 effects there is a cross at low pressures, while at 15 effects the capital
costs are always higher that the operating costs. Finally, for the MED-TVC system, the cost of
the thermal energy is too high to make this system competitive with the current regenerant
solution supply. In fact, for any configuration and for any pressure in the investigated range,

the LBCio is higher than the estimated cost of the required regenerant solution of 8 US$/m>.
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Figure 6. Levelized Brine Cost for a MED-TVC system with variable number of effects (6, 9,
12, 15 effects) as a function of the motive steam pressure.

4.2 Second scenario: waste heat available in the industrial site

4.2.1 Fixed revenue and operating costs
In the second scenario, it is assumed that the thermal energy is supplied via waste heat, which
is available in the industrial site. In particular, two sets of thermo-physical conditions of the
available steam (i.e. temperature and pressure) were selected and coupled with a value of the
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thermal energy cost: saturated steam at 1 bar at a cost of 10 US$/MWhy, and saturated steam
at 5 bar and a cost of 30 US$/MWhy, (see Table 4). In the first case, only the plane MED was
investigated, since the pressure is too low for a MED-TVC (typically Py, > 3bar [48]). For the
second accounted waste heat quality, the plane MED and the MED-TVC systems were both
investigated and a sensitivity analysis varying the number of effects was performed. For the
MED-TVC system, the pressure of the motive steam was equal to the pressure of the available
steam (5 bar). Conversely, for the plane MED, the temperature of the steam in the first effect
was set equal to the maximum reachable temperature of the steam, taking into account the
steam pressure and the maximum allowed temperature in the first effect (i.e. 120°C). This is
because the higher the temperature of the steam, the lower the fixed costs, which are the most

relevant costs for the definition of the LBCio, when the thermal energy cost is fixed.

4.2.1.1 First case: waste heat available at 1 bar
In Figure 7 the trends of the LBCcap, LBCop and LBCi« are reported as functions of the
number of effects. As expected, the capital costs increase with the number of effects, while
the operating costs decrease. The combination of these two opposite trends gives rise to a
minimum in LBCi, which occurs at 13 effects. Interestingly, for any number of effects higher
than 5, LBCi results lower than 8 US$/m?, showing that, in these conditions, the technology
is competitive with the current regenerant solution production. In particular, the minimum

LBCois around 4 US$/m?>.
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Figure 7. Levelized Brine Cost for a plane MED system with Ts = 100°C varying the number
of effects (5-15 effects) and fixing the thermal energy cost equal to 10 US$/MWhg,.
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4.2.1.2  Second case: waste heat available at 5 bar
The results relevant to this case are reported in Figure 8. Both in the case of the plane MED
and of the MED-TVC, the operating costs play the most prominent role in the definition of
LBCiot and, for this reason, a wider range of number of effects had to be investigated to detect
the minimum. The minimum corresponds to the optimum configuration of the system, and it
is found at different number of effects because of the different weights of the capital and the
operating costs in the plane MED and in the MED-TVC. The capital costs are higher in the
MED-TVC in the entire range of number of effects, because of the presence of the TVC but,
mainly, because of the lower available driving force, due to the fixed Ts= 70°C. At the same
time, the operating costs are much higher in the plane MED, especially at low number of
effects, because the total steam, which has to be supplied, is higher than the motive steam
supplied at the same cost in the MED-TVC. In both cases (MED and MED-TVC) it is
possible to recognize a minimum in LBCio, which occurs at 25 effects for the plane MED and
at 15 effects for the MED-TVC. These two LBCi minimum values are around 10 US$/m°,
which is higher than the current cost of the fresh regenerant solution. This means that the
employment of this waste heat stream does not make this technology competitive compared

with the current state.
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Figure 8. Levelized Brine Cost for a plane MED system (left) with Ts = 120°C and for a
MED-TVC system (right) with P = Sbar varying the number of effects and fixing the thermal
energy cost equal to 30 US$/MWhg,.

4.2.2 Sensitivity analysis
A sensitivity analysis was carried out varying the thermal energy cost from 0 [49] up to the

cost of the steam (see Figure 4) produced by the co-generation system at the corresponding
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pressure (1bar for the first case in Figure 7 and 5 bar for the second case in Figure 8). This
analysis aims at investigating quantitatively the role of the thermal energy cost on the LBCiot
and the optimum system configuration (i.e. the number of effects, for plane MED and MED-
TVC), for the two different steam qualities of Case 1 and Case 2. Figure 9 reports the
minimum LBCi varying the thermal energy cost from O up to the selling price at 1 bar (i.e.
26 US$/MWhy, from Figure 4), for the plane MED described in the Case 1 of the second
scenario. The chart shows an increasing trend of the minimum LBCio with the thermal energy
cost, as expected. Moreover, the number of effects which correspond to the optimum
configuration increases with the thermal energy cost. Therefore, since the heat cost increases,
the operating costs constitute a larger fraction of the total costs and the optimum system
configuration corresponds to a higher number of effects and a lower thermal consumption.
Finally, it is remarkable that at very low heat cost, the minimum LBC; is negative and this
means that the revenue coming from the water production overcomes the annualized capital
and operating costs.
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Figure 9. Minimum LBCy as a function of the heat cost [US$/MWhg] for a plane MED
(steam at P=1 bar, Ts=100°C). The labels correspond to the number of effects which minimize
LBCior.

Figure 10 reports the trends of the minimum LBCy for the plane MED and the MED-TVC
described in Case 2 of the second scenario. Here, the optimum number of effects ranges up to
30 effects for the plane MED and up to 17 effects for the MED-TVC, because of the higher
maximum thermal energy cost (i.e. 42 US$/MWhu at P, = Sbar, see Figure 4). It is worth
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noting that, in the entire range of heat cost, the plane MED system ensures the lowest
minimum LBCi, but employing always a higher number of effects, for a given heat cost.
Moreover, it is possible to notice that the higher the heat cost, the larger the difference
between the optimum configurations in the two systems. The plane MED has higher thermal
consumptions but at the same time it has wider room for reducing the operating costs,
increasing the number of effects, with respect to the MED-TVC. Therefore, the capital costs
increase much more deeply with the number of effects in the MED-TVC, because of the
stronger depletion of the driving force, due to the lower steam temperature (70°C). This leads
to a higher value of the minimum LBCi with respect to the plane MED. It is also possible to
notice that the trends relevant to the two configurations starts at 0 with a certain difference,
they get closer at low heat costs and start diverging at higher heat costs. For a heat cost equal
to 0, the CAPEX is the prominent term and it is lower for the plane MED, because of the
higher Ts. As the heat cost increases, the OPEX counts more and the minimum LBCi« values
get similar. At very high heat cost, both systems tend to a configuration which minimizes the
operating costs increasing the number of effects and at this point the capital costs are the
prominent term in the calculation of LBCio. This explains why the plane MED results into the
more competitive arrangement, especially at high thermal energy costs. Finally, when
comparing the minimum LBCiy for the plane MED at the two different Ts (i.e. 100°C in
Figure 9 and 120°C in Figure 10), similar results can be observed. This is not surprising since
the values correspond to the minimum costs and the optimum configuration (i.e. the optimum
number of effects) takes into account the different operating conditions. Therefore, the
optimum number of effects for the plane MED is always lower (or equal for very low heat
cost) for the case of Ts = 100°C, which allows having a higher temperature difference in each
effect. Finally, it is worth noting that, in both cases, at a heat cost of around 20 US$/MWhg,
the minimum LBCiy reaches a value of 8 US$/m>, which is the current cost of the fresh
regenerant solution. This means that the competitiveness of the process presented in the
present work with respect to the traditional one is achieved when heat cost is lower than the

threshold value of 20 US$/MWhy,.
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Figure 10. Minimum LBCiy as a function of the heat cost [US$/MWhu] for a plane MED
(Ts=120°C) and for a MED-TVC (Pn=5bar). The labels correspond to the number of effects
which minimize LBCiot.

Finally, for both Case 1 and Case 2 a parametric analysis was performed taking as a reference
the configuration which minimizes LBCy and varying independently the main operating
costs, 1.e. electric energy cost, thermal energy cost and the water selling price, in a range
within -100% and +100% of the corresponding costs in the reference case. These analyses are
reported in Figure 11 and in Figure 12. Figure 11 is relevant to Case 1, i.e. a plane MED with
Ts = 100°C and N = 13. In the reference case, the thermal energy cost was fixed equal to 10
US$/kWhg. It is evident that the water selling price has the highest impact on LBCy, since its
100% variation leads to an opposite variation of LBCio of about 200%. The second term for
relevance is the thermal energy cost, followed by the electric energy cost, as expected since
the thermal energy is the main energy form required. Note that the percentage variation of
LBCio, which corresponds to the current price of the salt solution (i.e. 8 US$/m?) is also
observable in Figure 11 and in Figure 12 . One can observe that for the whole range of
variation of the electric energy cost, the LBC keeps lower than the threshold value, while a
maximum increase of 80% of the thermal energy cost or a maximum decrease of around 50%

of the water selling price could still ensure the competitiveness of the technology.
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Figure 11. Parametric analysis of the LBCio of a plane MED varying the main operating
costs (thermal energy cost, electric energy cost and water selling price) with respect to the
reference case: thermal energy cost = 10 US$/MWhy, electric energy cost = 0.215 $/kWhe,
water price = 1 US$/m?, N = 13.

Conversely, the two charts in Figure 12 are relevant to Case 2, i.e. for the plane MED T =
120°C and N = 25, while for the MED-TVC P,, = 5 bar and N = 15. As it can be seen, the
dependence of LBC, on the operating costs variation is much weaker than in the previous
case because these configurations are characterized by the prominence of the capital costs, as
already mentioned. As a difference from Case 1, here the water selling price and the thermal
energy cost have a comparable role, even if opposite of course. Conversely, also in this case,
the variation of the electric energy cost has a slight impact compared to the other two. Note
that the variation of the minimum LBCi leading to LBCiot equal to the current regeneration
solution cost is negative, since in both cases the minimum LBCiy is higher than 8 US$/m?>,
even for the optimum configuration. In particular, a water selling price increase or a thermal
energy cost decrease of the same amount, which is 25% for MED and around 30% for MED-
TVC could make the technology competitive with the current salt solution production.
Finally, in this last case, the charts for the plane MED and for the MED-TVC are almost
identical, because in both systems the steam requirement was minimized by increasing the

number of effects, in order to limit the role of the heat cost as much as possible.
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energy cost = 0.215 $/kWhe, water price = 1 US$/m?, Nmep = 25, Nmep-ve = 15.

5. Conclusions

In the present work, the feasibility of applying the Multi-Effect Distillation technology to the
treatment of the IEX spent regenerant solution was investigated via a techno-economic
analysis. The treatment aims at the recycling of the solution through a purification and a re-
concentration stage. The re-concentration occurs in the MED plant, which has to concentrate
the solution from 11,000 ppm up to 90,000 ppm. Because of this wide concentration range,
the forward-feed arrangement was selected and the performances of a plane MED were
compared with those of a MED-TVC system. An integrated techno-economic model was
developed in order to assess the present process feasibility. To this aim, a novel performance
indicator, named the total Levelized Brine Cost (LBCiy), was proposed and provided as
output by the model. This value, given by the combination of the capital and the operating
costs and the revenue coming from the selling of the produced pure water, was compared with
the current cost of the fresh regenerant solution (i.e. 8 US$/m?). Two scenarios were
investigated: in the first one, the steam was assumed to be supplied by a gas turbine co-
generation system and its cost was a function of the pressure. In this scenario, the temperature
of the steam in the plane MED and the pressure of the motive steam in the MED-TVC were
varied, at different number of effects. The results showed that the plane MED at high number
of effects (> 12) and low T (< 80-90°C) is competitive with the current technology, while the
MED-TVC analysis resulted into LBC values always higher than the current cost of the
regenerant solution (at any number of effect and any pressure). The second scenario

concerned the availability of waste heat, which was supposed to be used as the heating steam.
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Two different waste heat qualities and costs were tested: saturated steam at 1 bar and 10
US$/MWh¢, and saturated steam at 5 bar and 30 US$/MWhy,. Firstly, a sensitivity analysis
varying the number of effects was performed for a plane MED and a MED-TVC (only in the
case of higher- pressure waste steam). In the first case, the plane MED showed the lowest
LBCo of around 4 US$/m? at 13 effects. Conversely, in the second case, the prominence of
the thermal energy cost determined a net increase of the LBCiy both for the MED and the
MED-TVC and the lowest LBC; was relevant to a MED system with 25 effects and equal to
around 10 US$/m>. This means that only the employment of the waste heat at 1 bar and 10
US$/MWhy, may allow the MED technology to be more convenient than the current
regenerant production.

Moreover, a sensitivity analysis varying the thermal energy cost was performed, in order to
evaluate the optimum number of effects (i.e. those which minimize the LBCi«) at the different
costs. It resulted that the plane MED reported always a lower LBCo with higher optimum
number of effects in comparison to the MED-TVC. More important, the thermal energy cost
of 20 US$/MWhy, was identified as the threshold cost value below which the MED
technology is economically more advantageous than the traditional one.

Finally, taking into account the optimum configuration (i.e. the optimum number of effects) in
the two different cases, for the plane MED and the MED-TVC, a sensitivity analysis varying
the thermal energy cost, the electric energy cost and the water selling price was carried out. In
the case of the waste steam at lower pressure (first case), the pure water selling price had the
highest impact in the definition of LBCi. Conversely, in the case of the higher waste steam
pressure (second case), the water selling price and the thermal energy cost had a comparable
role, but it should be pointed out that the overall impact of the operating cost was lower,
because the optimum configuration was meant to minimize the operating costs, increasing the
number of effects.

On overall, the present study results suggest that applying the MED technology instead to the
traditional employment of fresh NaCl solution for every regeneration cycle may result not
only into a net reduction of raw material consumption and of environmental pollution, but
also into a cost saving in a wide range of conditions (both technical and economical). The
next steps will address the economic optimization of the whole treatment chain reported in
Figure 1, taking into account the use of different reactants, operating conditions and different
unit configurations (e.g. different crystallizers). The outcome of this analysis should boost

future and more in-depth analysis of other treatment processes involving the production of
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saline solutions, also in other industrial sectors, such as the textile or the mining industry,

aiming at increasing the level of sustainability of the industrial processes.
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Nomenclature

N number of effects [-]

M mass flow rate [kg/s]

T temperature [°C]

X salinity [ppm]

P pressure [bar]

A heat exchanger area [m?]

sA specific area [mz/(kg/s)]

sQ specific thermal consumption [kJ/kg]

h specific enthalpy [kJ/kg]

G specific heat [kJ/(kg °C)]

U overall heat transfer coefficient [kW/(m? °C])
Cr compression ratio [-]

ER  expansion ratio [-]

Ra entrainment ratio [-]

Cgm  bare module cost [US$]

C,Y  purchased cost of equipment [US$]

Fsm  bare module factor [-]

Fum correction factor due to construction materials [-]

Fp correction factor due to the working pressure [-]
Ctvm  total module cost [US$]
1 interest rate [-]

Nyears depreciation period
CAPEX annualized capital costs [US$/y]
OPEX annualized operating costs [US$/y]

Greek letters

A latent heat [kJ/kg]
AT temperature difference [°C]
Ocond fraction of vapor condensed in the preheater
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Subscripts

feed feed entering into the first effect
dist  outlet distillate

brine outlet brine

HX  heat exchanger

preh  preheater

cond end-condenser

S total steam

m motive steam

vap total vapor generated in the generic effect

d vapor generated via evaporation

f,brine vapor generated via the brine flash

i) vapor generated in the flash box

b brine solution generated in the generic effect

c condensed pure water collected in the flash box

cW cooling water

SW salt water solution

liq pure water in the liquid state

vap  pure water in the vapor state

n last effect index

ev entrained vapor

_real fixed distillate flow rate to be produced

Acronyms

IEX Ion Exchange Resins

MED Multi-Effect Distillation

TVC Thermo-vapor compressor

GOR Gain Output Ratio

FF Forward Feed

NF Nanofiltration

RO Reverse Osmosis

LBC Levelized Brine Cost [US$/m?]
BPE Boiling Point Elevation [°C]
DTML Temperature logarithmic mean
LCOW Levelized Cost of Water [US$/m?]
SCOW Simplified Cost of Water [US$/m?]
CHP Combined heat and power
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Supplementary Material

Technical model validation
The described model was validated through the comparison with another model, which is
present in literature [50]. The two models are similar in their structure, both of them are
employed as design models in which the areas of the heat exchangers and of the preheaters
are imposed equal. Moreover, the thermo-physical properties of the salt solutions are
estimated as functions of temperature and composition. The main differences consist in the
estimation of the Boiling Point Elevation (BPE), which is estimated through the Pitzer model
in the present model, in order to be able to cover a wider range of feed and brine salinity.
Conversely, in the reference model the correlation reported by Sharqawy et al. for seawater
was used [51]. This last correlation and the Pitzer model shows a good agreement at low
concentrations, although the BPE calculated via the Pitzer model is higher, while at
concentrations higher than 120 g/kg the correlation by Shargawy is not valid. Also the
programming method is different, since the present model is implemented in Python and a
suitable resolution algorithm had to be developed, while the model by Ortega-Delgado et al. is
implemented in Engineering Equation Solver (EES) and a simultaneous solver system is
employed, which uses the Newton-Raphson method. For validation purposes, the models
were tested within the typical desalination range of concentration (35,000-65,000 ppm) and
some simulation analyses, varying the number of effects and the distillate flow rate, were
carried out, both for the Forward Feed and for the Parallel Cross arrangement. For sake of
brevity, only the results of the analysis performed varying N for the forward-feed MED-TVC

system are reported. The inputs used for this analysis are reported in Table S 1.

Table S 1. Inputs for the reported validation analysis (variation of Neffects)

Xfeed [ppm] 35,000
Xbrine [ppm] 65,000
N [-] variable (4-15)
Tsteam [°C] 70
Potive steam [bar] 3.5
Ta [°C] 38
Mrteed [kg/s] 5
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Figure S 1 shows a very good agreement between the two models. The slight difference which
is reported for higher number of effects is due to the fact that the BPE estimated in the Python
model through the Pitzer equations is always higher than the one estimated in the EES model.
This determines a slight difference in the areas especially at higher number of effects, where
the operating AT of each effect is lower. As the number of effects increases, the specific area
increases because of the depletion of the driving force which is available for the single effect.
At the same time, the higher the number of effects, the higher the thermal efficiency of the

system. Therefore, the required motive steam decreases and the GOR increases with N.
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Figure S 1. Comparison of the specific area [m%(kg/s)ai«.] and the GOR [-] as functions of the
number of effects for the present model (Python model) and for the reference model (EES model) for
the case of a MED-TVC system with a forward-feed arrangement.

Reference Cycle Method
The reference cycle concept as described in [52] is a simplified method for the pricing of
steam extraction from a conventional steam turbine in the case of dual purpose applications,
i.e. whenever electrical as well as thermal power are simultaneously produced. The key idea
behind the concept is that the steam which is extracted from the turbine at a certain
temperature and pressure (e.g. typically in the range of 0.3 - 2.5 bar for thermal desalination)
could be further expanded in the low-pressure section of the turbine and thus generate an

additional amount of electrical power. The level of further expansion is defined by the
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selected cooling type (i.e. dry cooling, wet cooling or once-through cooling) and is strongly
dependent on the local climatic conditions (air and water temperature and eventually air
humidity). The plant in which 100% of the steam is used for electricity generation is referred
as reference cycle. The price of the heat for dual-purpose applications is calculated based on
the missed revenues which could have been achieved by selling electricity in the reference
cycle. Figure S 2 shows the electricity losses in kWhei/ton of steam as a function of the
pressure of extraction. The lines on the secondary y-axis present the heat cost assuming a

conventional or a concentrated solar thermal power plant (CSP), respectively.
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Figure S 2. Specific electricity losses (in kWhel per ton of feed steam) and heat costs for a
CSP plant and a fossil power plant; Assumptions: state-of-the-art CSP investment costs; fossil
fuel price: 100 $/bbl [53].
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