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1. Modelling issues
Some modelling details are included in this section to deepen the information given in the main text.
1.1 Vapour-Liquid Equilibrium (VLE) in urea synthesis

Vapour-Liquid Equilibrium (VLE) is used in the urea synthesis section to describe the performance of the
system in spite of the conditions are supercritical [1-3]. The equation to implement this VLE are as eq.(S1).

The main equation that describes the VLE is [2]:
Py = f'x7, (S1)

Where P is the total pressure, y; is the molar fraction per component i, ¢, is the fugacity coefficient, f°is

the fugacity, x; is the liquid molar fraction and y;, is the activity coefficient.
For the most ideal case, the following assumptions hold:
$=1;y=1; f°=pP° (S2)

Where PCis the vapour pressure for each component. The vapour pressures for the species involved in

the system were computed using Antoine equations from the literature [4] or fitting experimental data or

from rigorous simulation to an equation in the same form that the Antoine equation.

Therefore, the VLE equation takes the following form:

PiO
- s9)

Where K is the VL equilibrium constant. This relationship is joined to the mass balances to compute the

vapour and liquid fraction depends on the operating conditions (pressure, temperature and composition).
F=L+V (S4)

Fz, = Lx +Vy, (S5)
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1.2 Urea Reactor

The urea reactor is modelled based on the correlation for the conversion presented in eq.(3). The mass

and energy balances that with the conversion modelled this unit are as follow (based on reactions eq.(1)-

(2)):

fCEimsamete = 100, + fCCuranaie —( Felrea — fClyea ) (S8)

feres = X felhen + 0o, + Cutanate ) (S9)

fegllo = fefio +( fola — el ) (510)

feln, = foun, —2fcd, (S11)

Z fE"h" + AH . T, = Z B+ AH e, ( TG, — TChes ) (S12)

fc, is the molar flow per component i, X is the conversion of the second urea reaction, h; is the enthalpy

for each component, AH ____, is the heat of reaction for the first urea reaction (-159 kJ/kmol of carbamate)

reacl

and AH___, is the heat of reaction for the second urea reaction (31.4 kd/kmol of urea).

reac2

1.3 Urea stripper

The urea stripper is modelled based on a surrogate model that compute the liquid yield for each specie

involved (see section 3.1.2 in the main text). The yields are calculated with the following equations:
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Rco2 =
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The surrogate models have been developed for the following operating ranges:

140 < P(bar) <200 (S19)

443<T(K)<493 (S20)

ZOS(gj( MJ )350 (S21)
U /\ kmol
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< U kmol
| NH, kmol
P U kmoI
HZO kmol
< U kmoI
CO, kmol

< U kmoI
| COy, kmol

n

The total mass balances in the stripper unit are as follow:

fliq — RUrea fin
CUrea (10()) CUrea
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(S22)

(S23)

(S24)

(S25)

(S26)

(S27)

(S28)

(S29)

(S30)

(S31)

(S32)

(S33)
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1.4 Urea condenser

In the urea condenser, the reaction that forms ammonium carbamate takes place. The reaction is

controlled by the heat removed in this unit. The conversion is limited by the heat balances in the urea

reactor. The following mass and energy balances described the urea condenser performance:

Z fCiin/mixlhiin/mixl + Z fciin/mixzhiin/mixz — Z fCiOUt hiOUt +AH

1.5 First DMC reactor

feho +foue = fcio

in/mix1

fcco

|n/m|x2 out

CU rea CU rea

in/mix1 in/mix2 out

in/mix2 out

— fcout

Carbamate

+ fceo + fcgo

fCin/mixl + fcin/mixz — f out + 2fC0ut

NH,

NH, NH Carbamate

(S34)

(S35)

(S36)

(S37)

(S38)

The first DMC reactor (Reac2) is modelled considering a conversion equal to 100% and an isotherm and

isobaric system. The pressure is fixed to 20 bar and the temperature to 423K [5]. The mass and energy

balances are as follows:

oul

CUrea =

OUI

CUrea =

in _ out
fCMeOH — 1Cyrea = TCpeon

in
H,O

out

feho = ftio

in out
fCDMC = fCDMC

reac 2

Z fcouthout +AHrea<;3 out z mehm

(S39)

(S40)

(S41)

(S42)

(S43)

(S44)
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Where AH___.is the heat of reaction for the methyl carbamate (MC) formation (-10310 kJ/kmol MC).

reac3

1.6 Second DMC Reactor

The second DMC reactor is modelled based on the experimental yield from the equation eq.(9). In this
reactor, two reactions are involved: the DMC formation and the NMMC formation. The NNMC reaction is

undesirable. The yields with the mass and energy balances determined the reactor performance:

feome = e + Youe fCuc (S49)

femme = fCuwme + Yanave fCuic (S46)

feRm, = o, +Youe e +Yiume fouic (S47)
fcgo, = Y fCiic (S48)

feteon = fCieon —Youe fCuic (S49)

feye = foue —Youe fove —2Yaume foue (850)
feplo = fel o (S51)

1.7 Distillation column: Fenske-Underwood-Gilliland (FUG) method

To describe the operation of distillation columns, the shortcut method of Fenske-Underwood-Gilliland
(FUQG) is used [6]. The fed stream enters in the column as saturated liquid and, therefore, at its bubble
temperature. The distillate and the bottom stream are also saturated liquid. The following equations hold in

a saturated liquid:

D Kix =1 (S52)
P

K, =22 (853)
P
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In the saturated vapour streams hold the following relation:
y.
Jiq S54
2 4

The minimum number of stages is calculated using the Fenske equation:

log XpD | XawW
N = X D )\ X,wW

" log(a, ,,)

(S55)

Where LD is the key light component in the distillate, HD is the key heavy component in the distillate, HW

is the key heavy component in the bottom and LW is the light key component in the bottom. & ,,, is the

average value of the relative volatility calculated as follow:

A o =A%y (S56)

The minimum reflux ratio is calculated with the two Underwood equations:

a. X

1-0= _Ci%iE S57

q Zai—é' (857)

R +1=Y %o (S58)
~a —0

Where q is the feed condition, & is the underwood parameter and the volatility is calculated based on the

average temperature in the column. To calculate the real reflux ratio, the following rule of thumb is used

[71:

R=1.2R_ (S59)

The number of stages is calculated, for instance, with the empirical correlation or Erbar and Maddox [6].

2. Nomenclature

fc Molar flow
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f.° Fugacity

F Feed molar flow

h Enthalpy

K Equilibrium constant
L Liquid molar flow

N, Minimum number of stages
P Pressure

P° Vapor pressure

g Feed condition

R, Stripper yield

R, Minimum reflux ratio

R Reflux ratio

V Molar vapor flow

X; Molar fraction

X Conversion

y; Molar faction

Y, Reaction yield in Reac3
z; Feed molar flow

¢, Fugacity coefficient

7; Activity coefficient

AH Heat of reaction

a Volatility
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