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S-1. Sieving

A vibrating sieve shaker AS 200 (Retsch Technology, Germany) compris-
ing nine sieves ranging from 0.075 to 4mm in opening size and a bottom
pan was used. The sieving analysis is described in EN ISO 17827-2:2016.
Particles remaining on each sieve and in a bottom pan were collected and
weighed using an electronic top pan balance (£0.01 g accuracy). The cumu-
lative retained undersize is the mass passed from the previous sieve minus
the mass retained on the current sieve [1]. Sieving was conducted for 15 min

at 3mm amplitude [2].

S-2. Laser diffraction

Particle size distribution of original and torrefied samples was determined

by a 3000 particle size analyzer (Malvern Instruments Ltd, UK) using a wet
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method. Biomass samples were dispersed in Ethanol. All measurements
were made at room temperature and at 2400 rpm on at least two samples.
Refractive indices of feedstock and ethanol were taken as 1.468 and 1.36,
respectively [3]. The Sauter mean diameter was calculated as the surface

area moment mean, and defined as

> nid?

The volume mean diameter (Dy3) was calculated as follows

D43 — Z (2)
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where n; is the number of particles with measured diameter d;.



S-3. Ash compositional analysis
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Figure S-1: Ash compositional analysis of olive stones and woodchips, torrefied ma-

terial, torrefied woodchips with the high binder content, anthracite, and pulverized

1

coal briquettes using a starch or resin as a binder which is shown in g kg™" on the

dry ash basis of original feedstock.



S-4. Particle size and shape
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Figure S-2: (a) Repeatability measurements by 2D dynamic instrument using an-

thracite and (b-d) comparison of sieving, laser diffraction and 2D dynamic mea-

surements using torrefied woodchips, torrefied olive stones, and pulverized coal

briquette with the starch binder.
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Figure S-3: 2D images of anthracite, pulverized coal briquette, olive stones and

torrefied olive stones from CAMSIZER analysis.



S-5. Thermogravimetric analysis
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Figure S-4: Thermogravimetric analysis in 100 % volume fraction No flow of olive
stones and woodchips, torrefied material, torrefied woodchips with the high binder

content, and anthracite.
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Figure S-5: Thermogravimetric analysis in 100 % volume fraction Ny flow of pul-

verized coal briquette using starch or resin as a binder.



Table S-1: Kinetic parameters for COs reactivity of olive stones and woodchips,
torrefied material, torrefied woodchips with the high starch content, anthracite,
pulverized coal briquette using starch or resin as a binder reacted in 20 % volume

fraction COgy + 80 % volume fraction Ns.

Eq A I'maz at 700°C

kJ mol~1! s—1 s—1

Olive stones

187 6.4-10° 2.6

Torrefied olive stones

198 9.5-10° 0.2
‘Woodchips
142 2.3-107 0.5

Torrefied woodchips

129 2.1-106 0.2
Torrefied woodchips with the high starch content
99.2 1.3-10* 0.06
Anthracite
103.4 6.4-10° 1.8

Pulverized coal briquette (starch)

90.3 3.9.102 0.01

Pulverized coal briquette (resin)

97.6 7.2:102 0.01
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Figure S-6: Arrhenius plot of COs reactivity of olive stones and woodchips, torrefied
material, torrefied woodchips with the high starch content, anthracite, pulverized
coal briquette using starch or resin as a binder reacted reacted in 20 % volume

fraction CO3 + 100 % volume fraction Nos.



S-6. SEM analysis
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Figure S-7: SEM analysis of torrefied woodchips.
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S-7. Pore size distributions
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Figure S-8: Cumulative pore volume (mm?® g=!) and pore size distribution, dV/dlogD

(mm? g~!, D) of anthracite.
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Figure S-9: Cumulative pore volume (mm?® g=!) and pore size distribution, dV/dlogD

(mm3 g=1, D) of pulverized coal briquette using starch as a binder.
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Figure S-10: Cumulative pore volume (mm? g=!) and pore size distribution, dV/dlogD

(mm?® g~!, D) of pulverized coal briquette using resin as a binder.
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Figure S-11: Cumulative pore volume (mm? g~!) and pore size distribution, dV/dlogD

(mm? g1, D) of raw olive stones.
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Cumulative pore volume (cm?/g)
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Figure S-12: Cumulative pore volume (mm? g=!) and pore size distribution, dV/dlogD

(mm?® g~!, D) of torrefied olive stones.
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Figure S-13: Cumulative pore volume (mm?® g=1) and pore size distribution, dV/dlogD

(mm? g1, D) of raw woodchips.
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Figure S-14: Cumulative pore volume (mm?® g=1) and pore size distribution, dV/dlogD

(mm?® g1, D) of torrefied woodchips.
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PORE SIZE DISTRIBUTION - dV/dlogD (cm?/g, D) - PNUIO007
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Figure S-15: Cumulative pore volume (mm? g=!) and pore size distribution, dV/dlogD

(mm?® g~!, D) of torrefied olive stones with the higher binder content.
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S-8. X-ray microtomography

16(c): Coal cube (resin binder)

Figure S-16: XuCT imaging analysis of biomass briquette using starch binder and

coal briquettes using starch or resin binder.
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S-9. SEM-EDS analysis

Table S-2: Mean element concentrations with the standard deviation of torrefied

olive stones and coal briquette from SEM-EDS analysis.

Sample (@] O Na Mg Al Si S Cl K Ca
Composition, % 62.9 244 0.8 0.07 0.62 0.3 0.46 1.57 3.9 4.95
Torrefied olive stones
Std. deviation, % 11.9 6.4 0.6 0.07 08 037 0.48 3 3.9 6.3
Composition, % 87.5 4.25 0.07 0.13 0.15 6.8 0.03 1.03 0.03
Coal briquette
Std. deviation, % 8.9 58 0.17 034 0.38 195 0.08 4.3  0.09
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Figure S-17: SEM-EDS analysis of torrefied olive stones and coal briquette. The
red marked regions contained greater concentrations of K, Ca, Si, Al than the
non-marked spectra. Mostly all spectra from torrefied olive stones contained high

concentrations of Cl and S.
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S-10. Solid-state NMR Spectroscopy

Table S-3: Solid-state 13C NMR acquisition and processing parameters.

number of transients recycle delay  contact time line broadening

s ms Hz
raw woodchips 2430 3 0.5 5
torrefied woodchips 4860 2 0.5 5
high binder torrefied woodchips 4860 2 0.5 5
raw olive stones 2430 3 1 5
anthracite 4860 3 0.1 5
torrefied olive stones 4860 3 2 20
coal briquette 4860 2 0.1 5

Table S-4: Resonance assignment of *C CP/MAS spectra of anthracite, coal bri-

quettes, original woodchips and olive stones and torrefied biomass [4-8].

Chemical shift, ppm Description

172-174 Carbohydrate; -COO-R, CH3-COO-
153-154 Lignin; S3(e), S5(e)
145-148 Lignin; S3(ne), S5(ne), G1(e), G4(e)
133-138 Lignin; S1(e), S4(e), G1(e)
133-138 Lignin; S1(e), S4(e), Gl(e)
126-128 highly condensated PAHs
105-106 Carbohydrates; C1, Lignin; S2, S6
89-92 C4 in cellulose (cr)

84-85 C4 in cellulose (am)

72-75 C2, C3 in carbohydrates; C5 in cellulose
63-65 CH2OH (C6 in cellulose, C5 in xylan)
56-57 Lignin, OCHj

30-38 CHy, in aliphatics; mobile C(CHz2), C in coal)

25-0 Carbohydrates; CHg in aliphatics

Abbreviations: S, syringyl; G, guaiacyl; ne, in non-etherified arylglycerol S-aryl ethers; e, in etherified
arylglycerol -aryl ethers.
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S-11. Thermodynamic calculations with FactSage

Phase composition of the samples studied can be estimated with the help
of thermodynamic calculations using the appropriate software and thermo-
dynamic databases. Thermodynamic properties and phase equilibria of a
complex system containing fuel, biomass, slag, ash, etc. for which the mea-
surements are time-consuming and experimentally difficult (due to volatil-
ity of the components or high melting points) can be calculated and pre-
dicted in the unknown regions of temperature and composition. A thermo-
dynamic database includes the optimized parameters (Gibbs energy) using
suitable thermodynamic models for each phase. According to CALPHAD-
type methodology all available experimental data (phase equilibria, mixing
properties, activity, etc.) are critically analysed in terms of their consistency.
Each solid or liquid phase in the system is treated by an appropriate Gibbs
energy model with adjustable parameters (Gibbs energy of constituents, in-
teraction parameters), which are optimised in accordance with the experi-
mental information in order to generate a self-consistent dataset of Gibbs

energies of all phases in a system.
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Figure S-18: Output results of FactSage calculation using FToxid database with
the main inorganic components of raw woodchips: (a) inorganic stoichiometric

compounds and solid solutions and (b) solid carbon and gas.
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Figure S-19: Output results of FactSage calculation using GTOX database with
the main inorganic components of raw woodchips: (a) inorganic stoichiometric

compounds and solid solutions and (b) solid carbon and gas.
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Figure S-20: Output results of FactSage calculation using FToxid database with
the main inorganic components of raw olive stones: (a) inorganic stoichiometric

compounds and solid solutions and (b) solid carbon and gas.

26



0.005 -
Ca,H,Mg,0,,Si, (s) CIK (s) KPMgO, (s)
_ CaCo, (s) Na,Ca_Si O, (s) —— CaK,C,0, (s)
'(—3 0.004 CaKASiGO9 (s)—F(—37S8 (s) Pyrrhotite
o Nepheline Olivine Wollastonite
© ]
= 0.003
~—
-—
C
® 0.002 4
£
@
W 0,001 4 ,
] — 4 C
0.000 4= =/

100 150 200 250 300 35 400 4£|30 ' 500
Temperature / °C

21(a): Inorganic compounds

|——C(s)
—QGas
5_
5
E 41
©
£ 4
c
£ 2
Q
T
0

100 ' 1’:|'>0 ' 2(|)0 ' 2’:|'>0 ' 3(|)0 ' 3’:|'>0 ' 4(|)0 ' 4’:|'>0 ' 500
Temperature / °C

21(b): Solid carbon and gas

Figure S-21: Output results of FactSage calculation using GTOX database with
the main inorganic components of raw olive stones: (a) inorganic stoichiometric

compounds and solid solutions and (b) solid carbon and gas.

27



0.008 4 ——KClI (s) Ca5HO13P3 (s) KZCaZ(CO3)3 (s)
_ 1 —K,Si,0 (s2) KAISi,O, (s) ——Na,Ca,Si O, (s)
'6 0.007 ' Ca,Fe,Si0,, (s) —— Pyroxene Wollastonite
€ 0.0064 Feldspar K,Si,0, (s) Ca,Fe,Si,0,, (s)
el ——H,SiO, (s) Sio, (s)
S
~
<
(0]
IS
ko)
L
100 150 200 250 300 350 400 450 500
Temperature / °C
22(a): Inorganic compounds
6
|——C(s)
—Gas
5
fe)
E 4.
©
S
~ 34
—
C
(0]
E 2-
@
L
14
0

100 150 200 250 300 350 400 450 500
Temperature / °C

22(b): Solid carbon and gas

Figure S-22: Output results of FactSage calculation using FToxid database with the
main inorganic components of torrefied woodchips: (a) inorganic stoichiometric

compounds and solid solutions and (b) solid carbon and gas.
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Figure S-23: Output results of FactSage calculation using GTOX database with the
main inorganic components of torrefied woodchips: (a) inorganic stoichiometric

compounds and solid solutions and (b) solid carbon and gas.
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Figure S-24: Output results of FactSage calculation using FToxid database with the
main inorganic components of torrefied olive stones: (a) inorganic stoichiometric

compounds and solid solutions and (b) solid carbon and gas.
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Figure S-25: Output results of FactSage calculation using GTOX database with the
main inorganic components of torrefied olive stones: (a) inorganic stoichiometric

compounds and solid solutions and (b) solid carbon and gas.
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Figure S-26: Output results of FactSage calculation using FToxid database with the
main inorganic components of anthracite: (a) inorganic stoichiometric compounds

and solid solutions and (b) solid carbon and gas.
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Figure S-27: Output results of FactSage calculation using GTOX database with the
main inorganic components of anthracite: (a) inorganic stoichiometric compounds

and solid solutions and (b) solid carbon and gas.
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S-12. Elemental analysis

Figure S-28 shows a Van Krevelen plot of raw olive stones and wood-
chips, torrefied material, torrefied woodchips with the high starch content,
anthracite, pulverized coal briquette using starch or resin as a binder. Re-
sults contained in FigureS-28 indicate that oxygen and hydrogen content
in torrefied samples decreases. Elemental compositions of pulverized coal
briquettes using starch or resin were comparable to the composition of an-
thracite, indicating no influence of a binder on the elemental composition of

coal briquettes.
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Figure S-28: Van Krevelen plot of raw olive stones and woodchips, torrefied material,
torrefied woodchips with the high starch content, anthracite, pulverized coal briquette

using starch or resin as a binder.
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S-13. X-ray diffraction
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Figure S-29: XRD measurements of anthracite. The XRD patterns were assigned to

kaolinite and quartz.
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Figure S-30: XRD measurements of original woodchips and torrefied biomass. The XRD

patterns were assigned to carbon and quartz.
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Figure S-31: XRD measurements of original olive stones and torrefied biomass. The XRD

patterns were assigned to carbon, quartz, and whewellite.
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