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Nomenclature

a char surface-to-volume ratio, m*/m?

Cp,i specific heat capacity, J/(mol K)

d Sauter mean particle diameter, mm

E; amount of carbon fines elutriated from the fuel reactor, kg/s
[i] gas phase concentration, mol/m?

mncs inlet char flow rate from the fuel reactor to the carbon stripper, kg/s
n; molar flow rate, mol/s

P; partial pressure, Pa

0 thermal power, kW

R gas constant, J/(K mol)

T reaction rate, mol/s

Sep cross-section of the fuel reactor, m?

T absolute temperature, K

u gas superficial velocity, m/s

W; inventory in the fuel reactor, kg

Xcn, methane conversion degree, -

Xchar char conversion degree, -

Vi gaseous molar fraction, -

Greek letters

a stoichiometric coefficient, -

AHS}. standard enthalpy of reaction, J/mol

Nee CO:z capture efficiency, -

Nco, carbon-to-CO:z efficiency, -

Nes efficiency of the carbon stripper, -

nee™ maximum efficiency of the carbon stripper, -
NrR combustion efficiency, -

Pc char density, kg/m?

@ oxygen-to-fuel ratio, -

Y Hurt’s kinetic parameter, -

Subscripts or superscripts

0 standard state

AR air reactor

D dense zone in the fuel reactor
El elutriated material

FB freeboard

FR fuel reactor

S oxygen carrier support

in incoming

in—-V incoming volatile matter

mf incipient fluidization

out outcoming



Fig. 1 SM reports the multiple interconnected fluidized (MFB) bed system modelled. The.
MIF reactor is equipped with a two-stage fuel reactor, a riser used as Air Reactor, a cyclone, a

L-valve return leg, and a loop-seal.
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Figure S1. Schematic representation of the MFB system along with the indication of main

geometric and operating variables.

S1 Hydrodynamic model.

Riser



Two different operating regimes are considered: i) dilute regime, in which pneumatic
transport of solids along the riser is established; ii) dense regime, that is characterized by the

presence of a dilute phase above a dense bed.

In the dense flow regime, the correlation proposed by Wirth has been used for the solid

mass flux Gwirrn at saturation:

GWIRTH = ﬁpp (l_gmf )UR (SII)

U ’ Fr’ ) B
ﬂ_K —aj 0'00533—4(1—@1 )]77 (U,-U)
/ (S1.2)

While, in dilute regime, the solid max flux, Guiiuted, 1s:

Gdzluled = 14‘i ' [ (25 j ' mR
e \ (SL.3)

The solid mass flux, G, at the outlet of riser is hence defined as:

diluted WIRTH

G~ -G >G

G :{G -G <G,
WIRTH (SI3)

WIRTH

The gas pressure drop along the riser is assumed to be due only to the contribution of

gravitational force:

AP =p (1-¢,)gh, + 52 (b — 1)
AU, (SL4)

Cyclone

For the cyclone, the collection efficiency was assumed to be 1. The gas pressure drop

is evaluated according to:

ABYC = p/ K(.‘UC

(SL5)

Downcomer/L-Valve

The pressure drop in the downcomer is evaluated according to:



A})DOW _ _
woz, o)

(SL6)
4
ufy = le/
ZD, ¢, (SL7)
4w

N

YD
7D, (1-¢,)p, (SL8)
The same approach is used to evaluated the pressure drop in the L-Valve, considering
that in the horizontal passage of L-valve, the pressure drop is due to viscous friction between

gaseous and solid phase, as expressed by the Lewis equation:

AP
—=K, (u/x _uw)
L E E
g (S1.9)
=
7D,E, (SL.10)
—4W,
YD (-,
7D, (1-¢,)p, (SL11)
At the same time, it can be described according to:
0.0649p"L
APLV = D0_574§:237 - (%j
w @, " (SI.12)

Moreover, it was taken into account that the aeration gas flow rate in the L-valve is

divided into a vertical gas flow rate along the downcomer and the horizontal gas flow rate along

the L-valve:

0,=0,+0, (S1.13)

Loop-Seal

For the sake of simplicity, the loop-seal is modelled as a zero-order node: it supplied to

the riser the same mass flow rate discharged into the BFB by the L-valve. To avoid the



formation of potential explosive O2-H2 mixture, the “leakage” of gas from the supply chamber

to the recycle chamber is prevented taking into account the relationship:

sy e
- Ascpp<1_8mf)

LS

(SL14)

Moreover, aeration gas flow rate in the loop-seal was assumed to be equally divided

into supply and recycle chamber.

Global balance and dynamic model

m, = 4 AP,
2 (SL15)
m,, =A,p,-(1-¢) L, +p,-(1-&) A [Hn(L ~H)+L 7 (H-L)] (SL16)
m,, =i'APM
2 (SL17)
m,=(1-¢,) p, A, (L, ~1.)+(1-¢,) p,- A 1. +(1-€,) p,- A h, (SL18)
where 7 and 7 * are:
1911 3150
n*(X)={(1):jf58 (SL.19)

As regards the bed voidage in the loop seal, ¢z is assumed equal to 0.5 while &n was

evaluated as:

R (S1.20)



3.1:(d, - p,)" -4 <0.0168- 2=
U U
Rl = ! "L <06
23.94-(d,-p,)" s 0.0168-[%]
B : (S1.21)
MU = 4QS§
7D, (S1.22)

S2 Kinetic model
The model is based on the following hypothesis:

1) steady-state;

2) the dense zone of fuel reactor is well stirred with respect to both gas and solid species;

3) the freeboard of fuel reactor conforms to plug flow;

4) 1if air reactor works in diluted regime, it is well stirred respect to both gas and solid
species; instead, if air reactor works in dense regime, it conforms to plug flow;

5) conversion is uniform throughout the solid particles;

6) steam and dry-reforming are negligible in the freeboard, in which only water gas shift
reaction is take into account;

7) fuel reactor is isothermal;

8) air reactor is adiabatic.

Model equations consist of mass and energy balances on reagents and products written for both
air and fuel reactors.

The mass balance equations, specialized to model the dense phase for both the bottom and the
top bed, were referred or to single elements (i.e. C, H, O, Cu) or to specific compounds (i.e.

CuO, char, O2, CH4, H20) assuming the following general form:

Yt =X af + Y (e ) =0 (S1.23)

The complete set of equations is reported in Table S1



Table S1. Mass balance equations for the dense zone (bottom and top bed) in the fuel reactor

Element or )
Equation
compound
3 -in - in - in - in s out cout , .,out __ .out , ,,out
At(i)mlc ne + Neo, T Neo + Nep, — Ne — Ngas “Yco, — Ngas " Yco
carbon _ pout | out _
ngas yCH4 =0
3 - in - in - in s out s out cout _
Atomic Newo + 2N¢y,0 + New — Newo — 2Ncu0 — Moy =0
copper
3 - in - in - in -out , .,out __ _out ,.,out _ o.,out ., .,out
Atomic Ny,o + Ny, + ZnCH4 — Ngas " YH,0 — Ngas " YH, anas YcH,
hydrogen =0
3 - in - in - in - in - in - in -out - out
Atomic Newo + New,0 T 2N¢p, + Nco + 21, + Moo — Newo — Neugo
oxveen _ 2pout , out _ pout , ,out o pout , ,,0ut
ye anas YOZ 2ngas yCOZ ngas YHZO
sout . out _—_
— Ngas " Yco = 0
- in s out . —
copper Neno — Mewo — Wewo " (e + 1y +19+111) =0
oxide (IT)
- in s out . . —
copper Moy — N + 2Wewyo - (13 +110) + Weyo 111 =0
carbon net —ngt + We: (-1 —15—17) =0
(char)

.7 . 1 1
Molecular  pft — gUL . yout 4 chuo 1y — Wt — EVD “ (15 +18)

oxygen —2VD -y, =0

water ity — nout -yl —We 1, + VP org + %Wmo (19 +111)
+ Wewyo *Tio +2VP -1y, =0

methane 7'127}_14 —ngut - yeut — %WCuO 1= VP 1, =0

Gaseous 1- yggj - y&’b‘f - y8;‘t - )’13% - }’fll;t - y(c)gi =0

species

In the freeboard of the bottom and the top bed, where only homogeneous reactions of the
gaseous compounds were taken into account and the complete set of equations is reported in

Table S2

Table S2. Differential equations for mass balance in the freeboard of the fuel reactor

Compound Equation
-FB
Carbon dioxide ﬁ d:l;loz =715+ T2
- FB
Carbon monoxide i diico = -1y
Srp dh

1 dng? 11
—— = — 55— 513—2r

Oxygen
Ve Seg dh 2 2




- FB
1 dng,o

Water S dh =13+21y,
- FB
Hydrogen idn*’z = —1y
Spg dh
- FB
Methane idnCH“ = -1
Srkg dh
- FB
Total gas moles 1 dngas =— 17‘5— 11‘8

S dh 25 2

Energy balance equations, used to calculate the thermal power needed to ensure isothermal

reactor operation at the pre-set temperature and the detailed equations are reported in Table S3.

Table S3. Energy balance equations for the fuel and air reactor.

Description  Equation
(T.lgncp,s + ﬁgliocp,CuO) -(T° —T4R) + flé’&s
' (ygbz Cpco, T )’Ilir;ocp,ﬂzo) : (TO - Tgigs)
+ (fllcncp,c + 1,0 o000 T MW coCpco + Wik, Cp i,
+ nli/1?CH4Cp,CH4 + 1t cpasn) * (T0 — Thie) + fl%'/r,leo
) (_AVap,HZO)
+ [ﬁgutcp,s + ﬁgﬁg) Cpcuo T 7;lglziiocp,CuZO + 7;lggtcp,Cu

Elé:‘lctor + T.lgutcp,c + ﬁzisliicp,Ash + flg}g

energy : (yggztccoz + y8btcco + ¥oitco, + yitbCu,0 + ¥i ey,

balance + yg#i%m)] (TFR =T + W, - (—AH%) 11+ Wewo
: (—AH%) 1y + Wew,o (—AH%) 13+ Wewo
(—AHR) *1y + VIR (—AHR) - 15 + W - (—AHS. ) - 76
+ We - (—AHR ) 17 + VIR - (=AHR) - 15 + Weyo
: (_AH%) "To + Wey,0 - (_AH%O) "T10 + Wewo
(—AHR ) -1y + VIR - (=AHR ) -1, + QTR =0

(ﬁg‘ncp.s + hglltocp,CuO + nglltzocp,CuZO + ng}ch,Cu + flé‘ncp,C

+ inCpasn) * (T® = TFR) + 0l - [y8itco, + yRyten,]

Air Reactor (T —T%")

energy + [hgutcp,s + ﬁgﬁg Cp,CuO + hzgfscp,Ash + ﬁfq)gg

balance - (v8btcco, + Y8¥ico, + yRten,)| - (TAR —TO) + Al

) + 0 - (=AHR, )+

- (—AHR) + 0t - (—AHD,
=0
The kinetic expressions adopted in the model are reported in Table S4. For the reactions R13

and R14 no kinetic expression were needed as they were considered complete in the air reactor.



Table S4. Kinetic reaction rates

kinetic expression unit
K
[_283m—£l
r = 1.09%10% % (Pep,) " v e * (1 = Xchar) kgC
*[1 =y *In(1 - Xchar)]o'5 kgC-s
50K
[—%"ll mol CO
7, =2.83%x107 xe * [CO] m3 - s
45 K
[—LTOZl mol CO
73 =149 x107 x e * [CO] m3-s
_110% 90,
7, =494 xe RT gCu-s
[_w] mol CO
s =13%10%xe T 1x[CO] % [0,]°° * [H,0]°° I
k]
_856?;297W
a
re = 2902 %103 x—x e ¥ Py, _molC_
Pc - mol C - s
[_21:7@
ry =247 x107 * (P o) "> v e * (1= Xear) kgC
*[1 =y *In(1 - Xchar)]o'5 kgC-s
3.26 * 10°  [_3430K mol H
Tg ZT*G[ T ]*[02]*[1'12]1'5 m3_52
57X,
[—% mol H,
To=64x10" xe * [Hy] m3 - s
44k—]l
—— ol mol H,
Ti0 = 2.6 * 10% x e * [H,] m3 - s
LI
[—M;—’T"Ol mol CH,
11 =480 x e * [CH,]%° mZ-s
LI
B mol ci,
71, = 1.585% 1010 x ¢ * [0,]%8 * [CH,]°7 m3 s

S3 Methanation unit.

The methanation unit is modelled as a series of three adiabatic reactors with interstage cooling.
Each reactor i1s modeled by a 1D pseudo-homogeneous model. To describe axial temperature

and concentration profiles in each fixed-bed methanation reactor, a numerical 1D model has



been used. The material balances for each gas components (i=CH4, CO, CO2, H2, H20) was

written as:
ac; ac;
g 6_611: = —ué — (1 — gg)pcri (SI.24)

Where, ¢.is the dimensionless axial position belonging in [0,1], &, represent the bed

porosity, ¢ the gas concentration, p. the packed-bed density and the rate of consumption or
formation of i-species (i=CH4, H2, H20, CO, COz), ri;, is determined by summing up the
reaction rates of that species in all the reactions R;j (see Table S5) according to the stochiometric

coefficient (v; ;) as follow:

= Z?=1 Vi,jRj (SIZS)

The gas superficial velocity (u) has been calculated as follow:

PMinT(¢t)

u(é,t) = T, (SI1.26)
where the subscript in represent the inlet conditions.
Finally, the energy balances were written as:
oT oT 3
(Cpgpgsg + cpepe(1 — gg)) 0 UpgPgpe T Zj=1(_AI'IRj)rJ‘pc (SL.27)

where p and c,represents the density and heat capacity for gas (g) and solid (c), respectively,
while AHpis the reaction enthalpy for j reaction.

The complete CO/CO2 methanation reaction scheme is reported in. Table S5.

Table S5- Reactions scheme and associated standard enthalpies of reactions

i -1
Reaction AH298 [kJ mol™']
CO+H,=—=CH,+H0 20 Rl
41 R2
CO,+H,=—=C0O +H,0

CO,+4H,=—CH,+2H,0 10 R3



The kinetic rate models for syngas methanation over Ni-based catalyst can be expressed

as:

CO methanation:

kl {P )2 _PCO'PH23]

Rl ~ P[i; CH4 H20 Keq’l S 28
B DEN? (5-28)
WGS:
k P_-P
—2|:PCO P, - M:|
R = PH2 Keql S.29
- DEN" (5-29)
CO2 methanation:
k P__-P.*
P—33.5|:PCH4'P1§20_ 0012{ - }
__ T H2 eq,3
R3= —— (8.30)
+K,. P
DEN =1+K ., P, +K P, ++K, P +% (S.31)
H2

Ri, Keqi and ki are the reaction rate, equilibrium constant, and kinetic rate constant of
reaction i (1 = 1, 2, 3), respectively, while p; and K; are the partial pressure and adsorption
constant of species j (j = CH4, CO, H2, H20), respectively. All the above kinetic parameters,

depending on temperature, are given in Arrhenius-function form in Table S6.

Table S6 Kinetic parameters to calculate the reaction rates

Jj K; E; i ki Ei

CHs 8.15e-4 bar' -38.28 kJmol’! 1 5.176el5  kmolbar®* 240.1  klJmol!
kgcat hr

CO 10.08e- bar! -70.65 kJmol! 2 2.395¢6  kmolbar" 67.13  kJmol!

5 kgcat hr

H> 7.5e-9 -82.9  kJmol! 3 1.25e15  kmolbar®>  243.9  kJmol’
kgcat hr

HO 2.1745 bar! 88.68 kJmol'!




The mathematical model Eqs (S1.24)-(S1.27) has been completed with the following

boundary and initial conditions:

Cl(o’t) iin? 1(5’0) 0 (SI32)
7(0.0)=1,,.T(£0)=T,
Table S7 Operating condition of the system proposed.
CLOU Unit Value
Pressure Pa 1-10°
Air-reactor temperature K 923.15
Fuel reactor temperature K 1173.15
MU
first reactor temperature K 553
first reactor pressure Pa 2:10°
second reactor temperature K 573
second reactor pressure Pa 2:108
third reactor temperature K 593
third reactor pressure Pa 2:10°
PEM
outlet pressure Pa 4-108
H> Nm®/h 100
electricity consumption kWh/kgH» 46.6
Table S8 Parameters used to evaluate economic performance.
Parameter Unit Value
Specific cost of sludge conditioner €/kg 1.40
Specific cost of electricity
consumed €/kWh'kg 7.20-107
produced €/kWh-kg 6.75:107
Specific cost of oxygen carrier €/kg 15.50
Specific cost of water €/kg 1.40-10°
Specific cost of methane €/kg 2.02-10"
Specific cost of Ni catalyst €/kg 43.0
Specific cost of transportation €/km-kg 1.75-10°
Specific cost of landfill disposal €/kg 0.5




Table S9 Technical performances of the proposed system.

Unit sewage sludge 1 sewage sludge 2
Amount to be sent in landfill kg/h 0.31 0.24
Generated thermal power kW/h 2.59 2.68
Number of HP-PEM cell - 1
CH4 kg/h 7.37-10!

H,:CHj4 residual ratio 0.04




Table S10 Results as variation from the base line for the alternative sludge transportation distance, O.C. replacement ratio and PEM Energy

consumption for sewage sludge 2.

Sludge transportation Oxygen carrier replacement ratio Energy consumption PEM

Scenario Scenario Scenario
+5% +10%  +25% +5% +10% +25% +5% +10% +25%
variation (from baseline)

Acidification terrestrial and freshwater 0% 0% 0% 15% 31% 77% 14% 28% 71%
Cancer human health effects 0% 0% 0% 0% 0% 1% 5% 10% 24%
Climate Change 0% 0% 0% 0% 1% 1% 1% 2% 6%
Ecotoxicity freshwater 0% 0% 0% 5% 11% 27% 1% 1% 4%
Eutrophication freshwater 0% 0% 0% 0% 0% 0% 0% 0% 0%
Eutrophication marine 0% 0% 0% 4% 8% 20% 12% 24% 59%
Eutrophication terrestrial 0% 0% 0% 4% 8% 21% 10% 21% 52%
Ionising radiation - human health 0% 0% 0% 1% 2% 5% 5% 9% 23%
Land Use 0% 0% 1% 1% 2% 5% 6% 12% 30%
Non-cancer human health effects 0% 0% 0% 1% 3% 7% 4% 7% 19%
Ozone depletion 0% 0% 0% 0% 0% 0% 0% 0% 0%
Photochemical ozone formation - human health 0% 0% 0% 1% 3% 7% 4% 7% 18%
Resource use, energy carriers 0% 0% 0% 0% 1% 1% 1% 2% 4%
Resource use, mineral and metals 0% 0% 0% 2% 4% 10% 3% 6% 15%
Respiratory inorganics 0% 0% 0% 1% 2% 6% 4% 8% 21%

Water scarcity 0% 0% 0% 1% 1% 3% 1% 2% 4%




Table S11 Comparison of different disposal cost and carbon cycle of alternative end of

life strategies.

Unit Land spreading  Incineration Landfill P;Oi)t(sgd
C-EoL €/kg 4,00E-01
. kg
climate change CO2eq/kg 3,26E-01 3,86E-01
acidification Mole of H+ 1,44E-03  1,01E-03
eq./kg
. kg
Photocl}emlcal Ozone NMVOC 7.13E-02
Formation
eq.’kg
Terrestrial Mole of N
Eutrophication eq./’kg 1LO9E+01
Freshwater
Eutrophication kg Peq/ke 1L13E-01

Marine Eutrophication kg N eq./kg 9,81E-04 -1,34E-04



Table S12 Raw numerical results of the hot-spots analysis.

Conventional scenario

Proposed scenario - SS1

Proposed scenario - SS2

Thermal energy credit [Drying CLC PEM Transport|Waste in landfill |Thermal energy credit [Drying CLC PEM Transport|Waste in landfill |[Thermal energy credit [Drying CLC PEM Transport|Waste in landfill
Water scarcity -47.26%| 40.30% 0.00% 0.00% 0.87% 11.58% -34.20% 9.40% 3.92%| 52.32% 0.16% 0.00% -33.68% 9.40% 4.79%| 51.78% 0.00% 0.44%
Respiratory inorganics -9.75%| 28.18% 0.00% 0.00%| 31.41% 30.67% -21.50%| 15.97%| 12.50%| 49.07% 0.00% 0.96% -20.63%| 15.51%| 15.07%| 46.97% 0.00% 1.83%
Resource use - minerals and metals -11.05%| 85.42% 0.00% 0.00% 1.16% 2.37% -3.66% 2.31%| 38.19%| 55.56% 0.00% 0.28% -3.22% 2.08%| 43.98%| 50.44% 0.00% 0.27%
Resource use - energy carriers -26.72%| 17.36% 0.00% 0.00%| 15.74% 40.18% -78.94% 7.87% 2.55%| 10.19% 0.00% 0.46% -78.50% 7.64% 3.70% 9.72% 0.00% 0.43%
Photochemical ozone formation - human health -6.27% 6.48% 0.00% 0.00% 3.01% 84.24% -63.27% 7.41% 9.03%| 19.44% 0.00% 0.85% -61.97% 7.18%| 11.11%| 18.98% 0.00% 0.76%
Ozone depletion 0.00%| 99.77% 0.00% 0.00% 0.23% 0.00% -91.99% 6.85% 1.16% 0.00% 0.00% 0.00% -91.56% 7.18% 0.95% 0.00% 0.00% 0.32%
Non-cancer human health effects -4.09% 2.08% 0.00% 0.00% 3.70% 90.12% -2.35% 0.23%| 11.11%| 71.76% 0.00% 14.55% -1.91% 0.23%| 12.96%| 67.13% 0.00% 17.76%
Land use -55.44% 9.03% 0.00% 0.00%| 21.99% 13.54% -26.28% 5.79% 6.48%| 57.64% 0.70% 3.11% -25.41% 5.56% 8.10%| 56.02% 0.93% 3.98%
lonising radiation - human health -65.88% 9.03% 0.00% 0.00% 1.39% 23.70% -23.67% 8.80% 9.49%| 56.94% 0.00% 1.10% -22.80% 8.56%| 11.57%| 55.09% 0.00% 1.97%
Eutrophication terrestrial -10.62%| 14.81% 0.00% 0.00% 6.02% 68.55% -55.44% 8.56%| 11.34%| 23.84% 0.00% 0.81% -54.57% 8.56%| 12.96%| 23.15% 0.00% 0.75%
Eutrophication marine -5.40%| 12.04% 0.00% 0.00% 2.55% 80.02% -55.00%| 11.34% 9.72%| 23.61% 0.00% 0.32% -53.70%| 11.34%| 11.11%| 22.69% 0.00% 1.16%
Eutrophication freshwater 0.00%| 13.89% 0.00% 0.00% 0.01% 86.10% 0.00% 0.02%| 99.96% 0.00% 0.00% 0.02% 0.08% 0.00%| 100.00% 0.00% 0.00% -0.08%
Ecotoxicity freshwater -14.53%| 12.73% 0.00% 0.00%| 11.57% 61.16% -19.76% 4.86%| 65.74% 9.26% 0.00% 0.38% -16.71% 4.17%| 70.60% 7.87% 0.00% 0.65%
Climate change -4.09% 2.08% 0.00% 0.00% 2.31% 91.51% -77.52% 7.41% 2.55%| 12.50% 0.00% 0.02% -76.76% 7.18% 3.70%| 12.04% 0.00% 0.32%
Cancer human health effect -12.79%| 10.42% 0.00% 0.00% 7.18% 69.61% -1.48% 0.23% 1.39%| 95.37% 0.00% 1.53% -1.48% 0.00% 2.10%| 94.90% 0.00% 1.52%
Acidification terrestrial and freshwater -11.49%| 22.45% 0.00% 0.00% 5.32% 60.73% -46.30% 8.80%| 23.15%| 21.07% 0.00% 0.69% -43.69% 8.10%| 27.32%| 19.91% 0.00% 0.99%




