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S1. Description and modelling of the systems

Reverse Electrodialysis process

The reverse electrodialysis process has been modelled, following a hierarchical approach. The
low-hierarchy model describes one cell pair and contains the equations to calculate all the
thermodynamic and physical properties, the fluxes through the membrane, the flow rates and
concentration along the channel and the electrical variables. The equations are reported in Table S1.1.
The electric behaviour of the solution is governed by the generation of the electromotive force inside
the RED stack and by the stack electrical resistance, which are calculated via Equations S1.1 and S1.2.
Ecen(x) is affected by the permselectivity (aav) [1,2] and the polarisation coefficients (Ou(x) and O.(x))
(Equation S1.1), which influence the concentration at the membrane/solution interface [3].
Correlations for v and O are reported in Section S2. The resistance of the cell pair Reen (x) (Equation
51.2) is composed by the resistance of the ion selective membranes (Raem(x) and Rcem(x)), dilute
channel (Ri(x)) and concentrate channel (Ru(x)). The first two terms, i.e., Raem(x) and Rcem(x), are
estimated through empirical correlations derived from experimental data obtained for FujiFilm®
membranes (see Section S2). Finally, the variation of solutions concentration and flow rate along the
channels can be described through the differential balance equations (Equations 51.4-51.7). These
strongly depend on: (i) the total salt flux given by the sum of coulombic (Jeou) and diffusive (Jait)
fluxes, defined in Equations S1.8 and S1.9 respectively; (ii) the total water flux, given by the sum of
osmotic (Josm) and electro-osmotic (Jeos) fluxes, defined in Equations 51.10 and S1.11 respectively.

Table S1.1 Relevant equations for the low-hierarchy RED model.

Equation Short description

Y (%) Cy () Electro motive force generated
W) (S1.1) by the «cell pair (Nernst's
Ve L equation [4,5])

Electrical resistance of the cell
pair

R,T
Feen(®) = 2 oy -1 (04 - 6,(0)

Reenn(x) = Rypm(x) + Repm (%) + Ry () + Ry (x) (51.2)

O channet Electrical resistance of the

RSD[(X) B Sf ' Asol(x) : Csol(x) (51.3)

solution compartments [6]
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dc,(x b Salinity bal in the dil
;E) o Ul ) + )~ cL(x) " Jeos(0) +Joam(3)) (514) oonmit belance n the dilue

4G (x) b (]dlff (x) +Jeou(x)) + Cy (x) (]eos (%) + Josm (x))(S1.5) Salinity  balance in _the

dx concentrate compartment [7]
e T ) )b 519 fiuecompurmen 1
e OO 40 517) ot comparnen 01

Joo () = jx) (X) (518) Migrative (or coulombic) flux

across the membrane

Diffusive  flux across the
Jairr(x) = 2 [C w(x) — CL(x0)] (S1.9) membrane (Ds constant and
equal to 1012 m?/s [8])

Josm(x) = —2LpAll = Osmotic water flux across the
membrane (v is the Van't Hoff
factor, equal to 2 for NaCl salt
solution)

51.10
=21, [VR,T(pu(ICy () = 9, CICLD)] - o o

Electro-osmotic ~ water  flux
across the membrane (nn is the
Jeos(X) =1y * Jior (%) (S1.11)total hydration number for the
cation and the anion, equal to 7
for the case of Na+ and Cl- [9])

The high-hierarchy model describes the whole RED stack and it allows the calculation of global
stack variables such as the stack voltage, the electric current, the stack resistance and the power
density. The relevant equations are reported in Table S1.2. Channel length is subdivided in a certain
number of computational elements (N«=50). Each element is considered as a branch of an electrical
circuit containing a generator and a resistance in series. All branches are in parallel, exposed to the
same voltage difference (i.e. the electrodes voltage Estack, calculated in Equation (51.14)). A current Leen
(x) is associated to each branch, which is evaluated through the Kirchhoff's loop rule, Eq. (51.12).
Conversely, L« is given by the Kirchhoff’s nodal rule, summing all the currents It (x), which
converge to the same node, Equation (51.13). The model also allows calculating the pressure drops
along the channels, which are taken into account to calculate the pumping power needed to circulate
the feed solutions and, then, the net power generated by the RED unit (Equations S1.17-51.19).

Table S1.2 Relevant equations for the high-hierarchy RED model

Equation Short Description

Electric current associated to

Ry
N- Ecell(x) ( stack + Ilflmk [stack)

Leen(x) = (51.12) each branch of the electric
Ce N Reep (%) circuit
Istack = Z Ieen(x) (51.13) Stack electric current
0
Stack voltage generated at the
Estack = Rextlstack (51.14) &€ &

ends of the external load Rext
Gross power generated by the

P = I '
out,gross stack!stack (51.15) stack
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Pout,gross

Pd,gross = N-A

_ _ ApyQy | ApLQy
Ppumping,RED - Ppumping,H + Ppumping,L - +

Npump Npump

Pout,net = Pout,gross - Ppumping,RED

P _ Pout,net
Dnet — N-A

(S1.16)

(S1.17)

(S1.18)

(S1.19)

Gross power density generated
by the stack

Pumping power required by
the RED stack, depending on
their geometry and on the
Reynolds number [10]

Net power produced by the
RED stack

Net power density produced
by the RED stack

Multi-effect distillation process

A brief resume of the most significant equations of the cited MED model is presented in Table S1.3.

Table S1.3. Brief resume of MED-FF model. The complete model is described in [11].

Equation

Short Description

T; = Ty, = Tysar,; + BPE;

Tc,i =Ty, — BPE; — (ATdemister,i + ATlines,i + ATcond,i)

Mp = Mgy + 1My
MmpXp = e Xy
. . _ o, o, )
MsAs + Mphpren, = (1 — ay)mpihyy + aymip hey + Mg hpy

PQl = 77'11-"C_p1(T1 - tprehl) + mpidys = AUt (Ts — Ty)

. - — . ! k3 - I !
mFCp,prehl(tprehl - tprehz) = a;MpAyr + @yMr1Cpppp1 (Tyr — Tysar1)(S1.26)

n

. ) Lo, " .
meihey + (1 — ag))mpihey + agiipahe, = ggyhy, + Mephe,

(S1.20)

(S1.21)

(S1.22)
(S1.23)
(S1.24)

(S1.25)

(51.27)

Temperature of the
concentrated solution and
vapour in each effect
Condensation temperature
of the vapour generated in
the effect i

Mass balance in the first
effect

Salinity balance in the first
effect

Energy balance in the first
effect

Heat transfer equation in
the first evaporator

Energy balance in preheater
1

Energy balance in flash box
2

S2. Thermodynamic and physical properties of salt solutions and IEMs

Pitzer’s model for activity and osmotic coefficients

The thermodynamic and physical properties of a monovalent salt in water solution are estimated
through the Pitzer’s model for single salt-water solutions [12-14]. The equations are reported below:
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V Msait (x)

—————+ My (®) - B (%) + myqu () - C? S2.1
1+B msalt(x) salt salt ( )

p(x)—-1= —Ay -

B?(x) = B + pMe~% fmgq, (x) (52.2)
YSalt(x) = Yan (%) = Vear () = exp(fy(x) + msalt(x) : By(x) + msalt(x)z : Cy) (823)

salt 2
f,(0) = - [ y Msate () E-ln(1+B\/msau(x))] (S2.4)

1+B msalt(x)

(1 - <1 + ayymgg (x) — a? %t(x)) exp(—a,/msalt(x)))

azmsalt (x)

B,(x) = 2@ + 2™ (52.5)

3
cr = e (52.6)

where ¢(x) is the osmotic coefficient, A, @ and B are Pitzer’s model parameters, mgq;,(x) is the
molality of the salt, 5, B and C? are specific parameters for each salt, ¥sq:(x), Vear(x) and
Yan(x) are the salt, cations and anions activity coefficients, respectively.

Equivalent conductivity of salt solutions
The equivalent conductivity of salt solutions has been evaluated through the Jone and Dole’s

equation [15]:

Ap+/Csor (x)
AN - C
1+ BA Csol(x) A sol(x) (527)

where A, is the equivalent conductivity of the salt at infinite dilution, Cg,(x) is the molar

Asol(x) = AO -

concentration of the solution, and 4,, B, and C, are specific parameters for each salt.
IEMs electrical resistance
IEMs electrical resistance has been calculated through empirical correlations derived from

experimental data obtained for FujiFilm® membranes [16] (E1 type, thickness of 250 um):

Rapm(x) = 0.487 - CA(x) — 2.81 - Cy(x) + 7.21 — 0.14 - C,(x) (52.8)
Repm(x) = 0.487 - CA(x) — 2.81 - Cy(x) + 7.22 — 0.27 - C(x) (52.9)
where Cy(x) and C,(x) are the molar concentrations of the concentrate and the dilute solution,
respectively.
IEMs permselectivity

The membrane permselectivity was evaluated through empirical correlations, derived for the same

membranes (FujiFilm® E1 type membranes):
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A (X) = 0.987 — 0.0441 - Cy(x) — 0.183 - €, (x) (52.10)

Qepm (x) = 0.991 — 0.0441 - Cy(x) — 0.253 - C, (%) (52.11)

Polarisation coefficients and Sherwood numbers
The polarisation coefficients were calculated implementing suitable correlations, obtained through

CFD simulations for the case of flat membranes and Deukum® spacers [17].

-1
_ st(x) 8L
0,(x) = <1 + (ShL(x)—DLCL(x)>> (52.12)
_ zjs(x) c(’\H
Oy(x)=1- (ShH(x) D, CH(X)> (52.13)

where 6y and 6, are the thicknesses of the spacers used in the concentrate and in the dilute channel
respectively; Dy and D, are the salt diffusivity values in the concentrate and in the dilute channel
respectively, considered constant and equal to 1.5x10° m?%/s; Shy and Sh; are the Sherwood
numbers, relevant to the concentrate and the dilute solutions, which are calculated as functions of the
Reynolds numbers Rey and Re,, respectively [3], and the Schmidt number Sc (Sc,.f for 25 °C, 1
atm and 0.017 M).

Sh(x) = (—=1.481- 1077 Re(x)® + 3.739 - 10~5 Re(x)* — 3.253 - 10~3Re(x)? + 1.117
Sc(x) )0'5 (52.14)

<1071 Re(x)? + 1.348 - 107! Re(x) + 6.954) - (—
SCref(x)

Boiling point elevation (BPE)

7 ‘ : : :

6f ——T =100°C
—=-T =90°C

|
F T §/

Boiling point elevation (°C)

0 1 2 3 4 5 6
Concentration [mol/L]

Figure S2.1. Variation of the boiling point elevation of NaCl with salt concentration for different
equilibrium vapour temperatures.

S3. MED performance and pumping power consumption

MED performance: correlation parameters

Table S3.1. Parameters of the fitting equations for the specific thermal consumption and number of
effects of the MED unit (referring to waste-heat temperature of 100 °C, giving the lowest STC).
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A B C D E

STC [kWh/m?] 11.84178 2.74172 8.22469 2.62355 0.36123

Nefects 37.50022 9.79094 0.15176
STC at 100°C (@) Nefrects at 100°C (b)

"‘E 80 o — 30
= *e £
s 0 ° ‘0 =25t L
= 60 "' 2
'g 50 | .9’ = 20
<] ’/Q g
E 40 , S 15 |
Y % g
= < S 10t
20t g
"ém . :E 5 |
" 0 e L L L ng 0 | )
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STC from Correlation [kWh/m?3] Nirecte from Correlation [kWh/m?]

Figure S2.2. Comparison between the MED model predictions and correlation for STC and Nefec: for
the case of waste heat available at 100 °C.

Evaluation of pumping losses in the integrated scheme
Pumping losses in MED unit are evaluated considering;:

e  The electric power required to pump the inlet solution into the first effect (Pygp i)

e The power requirement to pump the distillate and the concentrated solutions from the
MED unit to the RED stack (Pygp out)-

e The pumping power of cooling water required in the final condenser (Po,q)-

The MED plant is assumed as a vertical plant and each effect is supposed to have a height of 1
m. The Pygp iy is given by the product of the solution flow rate (Qugp,in) by the hydraulic head
(APygp), which depends on the number of effects.
Qumep,in * APyep _ N - pmep,in * 9 Heffect

= Quep,i S$3.1
npump MED.in Tlpump ( )

PMED,in -

Concerning (Pyep,out); pressure increase (APygp_rgp) 0f 1 bar has been assumed, as the last effect
of the MED unit operates at low vacuum conditions (about 50 mbar).
_ (Qu,in + Qp) - APypp_gep

Pyepout = - (53.2)
pump

The pressure drop inside the condenser (AP,,,4) is assumed equal to 0.5 bar while the cooling
water flow rate (Q.,,), available at 20 °C, is evaluated according to Eq. (S3.4), assuming that in the last
effect the distillate is equal to 1/N of the global distillate flow rate (Qp). Also, a temperature increase
of the cooling water (T,,) of 10 °C in the condenser is assumed.

AP,
Pcond — Qcond cond (533)
Npump
_ Ay - Qp . 1
Neffects Ep (Tcw,out - Tcw,in)

Qcw (S3.4)

The total pumping power consumption of the MED unit is evaluated according to:
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Pyep = Puep,in + Puep,out + Peona (53.5)
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