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Figure S1. The co-occurrence clusters with the keywords of the selected articles from Scopus and Web of Science databases.
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Figure S2. The co-occurrence clusters with the affiliations (countries) of the selected articles from Scopus and Web of Science databases.
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Table S1. Qualitative analysis of physical and bulk properties of raw and torrefied biomass. (p,: true density, p,: particle density, M: Moisture, S:
Surface area, PSD: Particle size distribution, p,,;: Bulk density, e: Bed porosity). * Surface area is related to BET measurements, and it also
involves mean pore size and pore volume estimation. (x: Yes, o: No)

Author Year Size Dt Py M S* Morphology PSD Dbulk S
Soh et al.! 2022 X 0 0 0 0 X 0 0 0
Lacombe et al. 2024 0 0 X X 0 0 X X X
Xuetal.? 2019 X 0 0 0 0 X X X 0
Panahi et al.* 2019 X X 0 X 0 X 0 X X
Liu et al.’ 2024 0 0 0 0 X X 0 0 0
Singh et al. 2019 X 0 X 0 X 0 0 X 0
Sarker et al.” 2022 0 0 X 0 X 0 0 X 0
Surup et al.® 2020 o o X o o X o o o
Szufa et al.? 2020 0 0 0 0 0 X 0 0 0
Chen et al.!0 2011 X 0 0 0 0 X X 0 0
Yilmaz et al.! 2022 0 0 X X 0 0 0 X 0
Tu et al.'? 2022 0 0 0 0 X 0 0 0 0
Singh et al. 13 2020 X 0 X X 0 X X X X
Trubetskaya et al.!4 2019 X X 0 X X X 0 0 0
Sanchez et al.! 2016 X X 0 X 0 0 X X 0
Sarker et al.'® 2021 0 0 X X 0 X X X 0
Pachom-Morales!” 2020 X 0 X 0 0 0 0 0 0
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Costa and Costa '8
Sanchez et al.!?
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Table S2. Qualitative analysis of chemical and thermal properties of raw and torrefied biomass. (HHV: Higher heating value, FTIR: Fourier transform
infrared spectroscopy, XRD: X-ray diffraction, XPS: X-ray photoelectron spectroscopy). (x: Yes, 0: No)

Author Year Biomass Proximate Ultimate HHV FTIR XRD XPS
Soh et al.! 2022 Oil palm trunks (OPT) o X X X X 0
Lacombe et al.? 2024 Olive stones and oak 0 X X 0 0 0
Alizadeh et al.>? 2022 Wood sawdust X X X 0 0 0
Panahi et al.* 2019 Various X o 0 0 0 0
Liu et al.’? 2024 Bamboo dust 0 X 0 X 0 X
Singh et al. 2019 Acacia nilotica X X X X X o
Sarker et al.” 2022 Oat hull, canola hull and X X X X o o

mustard meal

Surup et al.® 2020 Olive pulp X X X X o o
Szufa et al.? 2021 Micanthus X X 0 0 0 0
Chen et al.1? 2011 Bamboo, banyan and willow X X X 0 0 0
Yilmaz et al.! 2022 Palm pruning residues X X X 0 0 0
Tu et al.'? 2022 Camellia shell X X X 0 0 0
Singh et al.!3 2020 Acacia nilotica X X X 0 0 0
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Trubetskaya et al.!*

Sanchez et al.’?

Sarker et al.!®

Costa and Costa!®

Sanchez et al.!®
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Ghiasi et al.2!
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Woodchips and olive stones

Olive stones

Canola residue

Pine shells, olive stones, wheat
straw

Avocado seeds

Woodchips and forest residues

Woodchips

Yellow poplar

Oat straw

Wood chips and pellets

Spruce-pine-fir sawdust

Various

Orange peel

Wood sawdust

Spent coffee grounds

Coffee residues
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Yan>*

da Silva et al.?®

Na, Ahn and Lee*

Bridgeman et al.*?
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Simulated human feces
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S9



References

(1
2
3)
“4)

)
(6)
(7

®)
)

(10)
(11
(12)
(13)
(14)

Soh, M.; Khaerudini, D. S.; Yiin, C. L.; Chew, J. J.; Sunarso, J. Physicochemical and Structural Characterisation of Oil Palm Trunks (OPT) Hydrochar
Made via Wet Torrefaction. CLEANER ENGINEERING AND TECHNOLOGY, 2022, 8. https://doi.org/10.1016/j.clet.2022.100467.

Lacombe, E.; Grateau, M.; Marchand, M.; Melkior, T.; Dupont, C. Torrefaction of Oak and Olive Stones in a Semi-Industrial Multiple Hearth Furnace:
Products Yields and Composition. Biomass and Bioenergy 2024, 181. https://doi.org/10.1016/j.biombioe.2024.107057.

Xu, G.; Li, M.; Lu, P. Experimental Investigation on Flow Properties of Different Biomass and Torrefied Biomass Powders. Biomass and Bioenergy
2019, /122, 63-75. https://doi.org/10.1016/j.biombioe.2019.01.016.

Panahi, A.; Vorobiev, N.; Schiemann, M.; Tarakcioglu, M.; Delichatsios, M.; Levendis, Y. A. Combustion Details of Raw and Torrefied Biomass Fuel
Particles with Individually-Observed Size, Shape and Mass. Combustion and Flame 2019, 207, 327-341.
https://doi.org/10.1016/j.combustflame.2019.06.009.

Liu, Y.; Zhang, J.; Hu, H.; Dai, Q.; Zou, C.; Cao, C.; Zhao, Y.; Li, A. Influence Mechanisms of Torrefaction on Syngas Production from Bio-Waste
Molten Salt Thermal Treatment. FUEL, 2024, 363. https://doi.org/10.1016/j.fuel.2024.130965.

Singh, R. kumar; Sarkar, A.; Chakraborty, J. P. Effect of Torrefaction on the Physicochemical Properties of Pigeon Pea Stalk (Cajanus Cajan) and
Estimation of Kinetic Parameters. Renewable Energy 2019, 138, 805-819. https://doi.org/10.1016/j.renene.2019.02.022.

Sarker, T. R.; Azargohar, R.; Stobbs, J.; Karunakaran, C.; Meda, V.; Dalai, A. K. Complementary Effects of Torrefaction and Pelletization for the
Production of Fuel Pellets from Agricultural Residues: A Comparative Study. Industrial Crops and Products 2022, 181.
https://doi.org/10.1016/j.indcrop.2022.114740.

Surup, G. R.; Leahy, J. J.; Timko, M. T.; Trubetskaya, A. Hydrothermal Carbonization of Olive Wastes to Produce Renewable, Binder-Free Pellets for
Use as Metallurgical Reducing Agents. RENEWABLE ENERGY, 2020, 155, 347-357. https://doi.org/10.1016/j.renene.2020.03.112.

Szufa, S.; Piersa, P.; Adrian, L.; Czerwinska, J.; Lewandowski, A.; Lewandowska, W.; Sielski, J.; Dzikuc, M.; Wrobel, M.; Jewiarz, M.; Knapczyk, A.
Sustainable Drying and Torrefaction Processes of Miscanthus for Use as a Pelletized Solid Biofuel and Biocarbon-Carrier for Fertilizers. MOLECULES,
2021, 26. https://doi.org/10.3390/molecules26041014.

Chen, W. H.; Cheng, W. Y.; Lu, K. M.; Huang, Y. P. An Evaluation on Improvement of Pulverized Biomass Property for Solid Fuel through
Torrefaction. Applied Energy 2011, 88 (11), 3636-3644. https://doi.org/10.1016/j.apenergy.2011.03.040.

Yilmaz, H.; Topakci, M.; Varol, M.; Karayel, D.; Canakci, M. Effect of Torrefaction Conditions on Physical and Thermal Properties of High- and Low-
Quality Palm Pruning Residue Pellets. Bioenergy Research 2022, 15 (1), 530-543. https://doi.org/10.1007/s12155-021-10339-4.

Tu, R.; Sun, Y.; Wu, Y.; Fan, X.; Cheng, S.; Jiang, E.; Xu, X. The Fuel Properties and Adsorption Capacities of Torrefied Camellia Shell Obtained via
Different Steam-Torrefaction Reactors. ENERGY, 2022, 238. https://doi.org/10.1016/j.energy.2021.121969.

Singh, S.; Chakraborty, J. P.; Mondal, M. K. Torrefaction of Woody Biomass (Acacia Nilotica): Investigation of Fuel and Flow Properties to Study Its
Suitability as a Good Quality Solid Fuel. Renewable Energy 2020, 153, 711-724. https://doi.org/10.1016/j.renene.2020.02.037.

Trubetskaya, A.; Leahy, J. J.; Yazhenskikh, E.; Miiller, M.; Layden, P.; Johnson, R.; Stahl, K.; Monaghan, R. F. D. Characterization of Woodstove
Briquettes from Torrefied Biomass and Coal. Energy 2019, 171, 853—865. https://doi.org/10.1016/j.energy.2019.01.064.

S10



(15)
(16)
(17
(18)
(19)
(20)
e2y)
(22)
(23)
24
(25)

(26)

27

(28)

(29)

Sanchez, F.; San Miguel, G. Improved Fuel Properties of Whole Table Olive Stones via Pyrolytic Processing. BIOMASS & BIOENERGY, 2016, 92, 1—
11. https://doi.org/10.1016/j.biombioe.2016.06.001.

Sarker, T. R.; Azargohar, R.; Dalai, A. K.; Meda, V. Enhancement of Fuel and Physicochemical Properties of Canola Residues via Microwave
Torrefaction. Energy Reports 2021, 7, 6338—6353. https://doi.org/10.1016/j.egyr.2021.09.068.

Pachon-Morales, J.; Colin, J.; Casalinho, J.; Perré, P.; Puel, F. Flowability Characterization of Torrefied Biomass Powders: Static and Dynamic Testing.
Biomass and Bioenergy 2020, 138. https://doi.org/10.1016/j.biombioe.2020.105608.

Costa, F. F.; Costa, M. Particle Fragmentation of Raw and Torrefied Biomass during Combustion in a Drop Tube Furnace. Fuel 2015, 159, 530-537.
https://doi.org/10.1016/j.fuel.2015.07.006.

Sanchez, F.; Araus, K.; Dominguez, M. P.; San Miguel, G. Thermochemical Transformation of Residual Avocado Seeds: Torrefaction and
Carbonization. WASTE AND BIOMASS VALORIZATION, 2017, 8, 2495-2510. https://doi.org/10.1007/s12649-016-9699-6.

Phanphanich, M.; Mani, S. Impact of Torrefaction on the Grindability and Fuel Characteristics of Forest Biomass. Bioresource Technology 2011, 102
(2), 1246-1253. https://doi.org/10.1016/j.biortech.2010.08.028.

Ghiasi, B.; Kumar, L.; Furubayashi, T.; Lim, C. J.; Bi, X.; Kim, C. S.; Sokhansanj, S. Densified Biocoal from Woodchips: Is It Better to Do Torrefaction
before or after Densification? Applied Energy 2014, 134, 133—142. https://doi.org/10.1016/j.apenergy.2014.07.076.

Emadi, B.; Iroba, K. L.; Tabil, L. G. Effect of Polymer Plastic Binder on Mechanical, Storage and Combustion Characteristics of Torrefied and
Pelletized Herbaceous Biomass. Applied Energy 2017, 198, 312-319. https://doi.org/10.1016/j.apenergy.2016.12.027.

Riaz, S.; Al-Abdeli, Y. M.; Oluwoye, 1.; Altarawneh, M. Torrefaction of Densified Woody Biomass: The Effect of Pellet Size on Thermochemical and
Thermophysical Characteristics. Bioenergy Research 2022, 15 (1), 544-558. https://doi.org/10.1007/s12155-021-10319-8.

Nhuchhen, D. R.; Basu, P.; Acharya, B. Torrefaction of Poplar in a Continuous Two-Stage, Indirectly Heated Rotary Torrefier. Energy and Fuels 2016,
30 (2), 1027-1038. https://doi.org/10.1021/acs.energyfuels.5b02288.

Onyenwoke, C.; Tabil, L. G.; Mupondwa, E.; Cree, D.; Adapa, P. Effect of Torrefaction on the Physiochemical Properties of White Spruce Sawdust for
Biofuel Production. FUELS, 2023, 4, 111-131. https://doi.org/10.3390/fuels4010008.

Kwapinska, M.; Xue, G.; Horvat, A.; Rabou, L. P. L. M.; Dooley, S.; Kwapinski, W.; Leahy, J. J. Fluidized Bed Gasification of Torrefied and Raw
Grassy Biomass (Miscanthus x Gigantenus). the Effect of Operating Conditions on Process Performance. Energy and Fuels 2015, 29 (11), 7290-7300.
https://doi.org/10.1021/acs.energyfuels.5b01144.

Huéscar Medina, C.; Phylaktou, H. N.; Andrews, G. E.; Gibbs, B. M. Explosion Characteristics of Pulverised Torrefied and Raw Norway Spruce (Picea
Abies) and Southern Pine (Pinus Palustris) in Comparison to Bituminous Coal. Biomass and Bioenergy 2015, 79, 116—127.
https://doi.org/10.1016/j.biombioe.2015.04.001.

Manouchehrinejad, M.; van Giesen, I.; Mani, S. Grindability of Torrefied Wood Chips and Wood Pellets. Fuel Processing Technology 2018, 182, 45—
55. https://doi.org/10.1016/j.fuproc.2018.10.015.

Wang, P.; Howard, B. H. Impact of Thermal Pretreatment Temperatures on Woody Biomass Chemical Composition, Physical Properties and
Microstructure. ENERGIES, 2018, 11. https://doi.org/10.3390/en11010025.

S11



(30)

€2))

(32)

(33)

(34

(35)
(36)
37

(3%)

(39)

(40)
(41)
(42)

(43)

Gaitan-Alvarez, J.; Moya, R.; Puente-Urbina, A.; Rodriguez-Zuiiga, A. Physical and Compression Properties of Pellets Manufactured with the Biomass
of Five Woody Tropical Species of Costa Rica Torrefied at Different Temperatures and Times. Energies 2017, 10 (8).
https://doi.org/10.3390/en10081205.

Sobol, L.; Lyczko, J.; Dyjakon, A.; Sroczynski, R. Relationship between Odor Adsorption Ability and Physical-Hydraulic Properties of Torrefied
Biomass: Initial Study. ENERGIES, 2023, 16. https://doi.org/10.3390/en16041780.

Ullah, H.; Lun, L.; Riaz, L.; Naseem, F.; Shahab, A.; Rashid, A. Physicochemical Characteristics and Thermal Degradation Behavior of Dry and Wet
Torrefied Orange Peel Obtained by Dry/Wet Torrefaction. BIOMASS CONVERSION AND BIOREFINERY, 2023, 13, 7993—-8009.
https://doi.org/10.1007/s13399-021-01777-3.

Vold, J. L.; Ulven, C. A.; Chisholm, B. J. Torrefied Biomass Filled Polyamide Biocomposites: Mechanical and Physical Property Analysis. Journal of
Materials Science 2014, 50 (2), 725-732. https://doi.org/10.1007/s10853-014-8632-2.

Cao, L.; Yuan, X.; Li, H.; Li, C.; Xiao, Z.; Jiang, L.; Huang, B.; Xiao, Z.; Chen, X.; Wang, H.; Zeng, G. Complementary Effects of Torrefaction and Co-
Pelletization: Energy Consumption and Characteristics of Pellets. Bioresource Technology 2015, 185, 254-262.
https://doi.org/10.1016/j.biortech.2015.02.045.

Yang, J.; Zhao, Z.; Hu, Y.; Abbey, Lord; Cesarino, I.; Goonetilleke, A.; He, Q. Exploring the Properties and Potential Uses of Biocarbon from Spent
Coffee Grounds: A Comparative Look at Dry and Wet Processing Methods. PROCESSES, 2023, 11. https://doi.org/10.3390/pr11072099.

Rousset, P.; Petithuguenin, T.; Rodrigues, T.; Azevedo, A. C. The Fluidization Behaviour of Torrefied Biomass in a Cold Model. Fuel 2012, 102, 256—
263. https://doi.org/10.1016/j.fuel.2012.07.007.

Tsai, W. T.; Liu, S. C. Effect of Temperature on Thermochemical Property and True Density of Torrefied Coffee Residue. Journal of Analytical and
Applied Pyrolysis 2013, 102, 47-52. https://doi.org/10.1016/j.jaap.2013.04.003.

Yang, Y.; Eisenbarth, N.; Song, X.; Zhang, M.; Wang, D. ULTRASONIC PELLETING AND SYNCHRONIZED TORREFACTION OF
CELLULOSIC BIOMASS FOR BIOENERGY PRODUCTION. PROCEEDINGS OF THE ASME 12TH INTERNATIONAL MANUFACTURING
SCIENCE AND ENGINEERING CONFERENCE - 2017, VOL 2, 2017.

da Silva, F. R.; Nozela, W. C.; Dias, D. D. S.; Almeida, S.; Crespi, M. S.; Ribeiro, C. A. Effect of Addition of Surface Water Treatment Sludge to
Biomass in Biochar Porosity. JOURNAL OF THERMAL ANALYSIS AND CALORIMETRY, 2019, 138, 3551-3558. https://doi.org/10.1007/s10973-019-
08462-8.

Na, B. I.; Ahn, B. J.; Lee, J. W. Changes in Chemical and Physical Properties of Yellow Poplar (Liriodendron Tulipifera) during Torrefaction. Wood
Science and Technology 2015, 49 (2), 257-272. https://doi.org/10.1007/s00226-014-0697-1.

Isemin, R.; Marias, F.; Muratova, N.; Kuzmin, S.; Klimov, D.; Mikhalev, A.; Milovanov, O.; Brule, M.; Tabet, F. Wet Torrefaction of Poultry Litter in a
Pilot Unit: A Numerical Assessment of the Process Parameters. PROCESSES, 2021, 9. https://doi.org/10.3390/pr9101835.

Bridgeman, T. G.; Jones, J. M.; Williams, A.; Waldron, D. J. An Investigation of the Grindability of Two Torrefied Energy Crops. Fuel 2010, 89 (12),
3911-3918. https://doi.org/10.1016/j.fuel.2010.06.043.

Dyjakon, A.; Noszczyk, T. Alternative Fuels from Forestry Biomass Residue: Torrefaction Process of Horse Chestnuts, Oak Acorns, and Spruce Cones.
Energies 2020, 13 (10). https://doi.org/10.3390/en13102468.

S12



(44)
(45)
(46)
(47)

(48)

(49)
(50)
(51

(52)

(53)

(54)

Ilango, A.; Lefebvre, O. Characterizing Properties of Biochar Produced from Simulated Human Feces and Its Potential Applications. Journal of
Environmental Quality 2016, 45 (2), 734-742. https://doi.org/10.2134/jeq2015.07.0397.

Rago, Y. P.; Surroop, D.; Mohee, R. Torrefaction of Textile Waste for Production of Energy-Dense Biochar Using Mass Loss as a Synthetic Indicator.
Journal of Environmental Chemical Engineering 2018, 6 (1), 811-822. https://doi.org/10.1016/j.jece.2017.12.055.

Agu, O. S;; Tabil, L. G.; Mupondwa, E.; Emadi, B. Torrefaction and Pelleting of Wheat and Barley Straw for Biofuel and Energy Applications.
Frontiers in Energy Research 2021, 9. https://doi.org/10.3389/fenrg.2021.699657.

Khalsa, J. H. A.; Leistner, D.; Weller, N.; Darvell, L. I.; Dooley, B. Torrefied Biomass Pellets - Comparing Grindability in Different Laboratory Mills.
Energies 2016, 9 (10). https://doi.org/10.3390/en9100794.

Gasco, G.; Luisa Alvarez, M.; Paz-Ferreiro, J.; San Miguel, G.; Mendez, A. Valorization of Biochars from Pinewood Gasification and Municipal Solid
Waste Torrefaction as Peat Substitutes. ENVIRONMENTAL SCIENCE AND POLLUTION RESEARCH, 2018, 25, 26461-26469.
https://doi.org/10.1007/s11356-018-2703-x.

Grycova, B.; Klemencova, K.; Jezerska, L.; Zidek, M.; Lestinsky, P. Effect of Torrefaction on Pellet Quality Parameters. Biomass Conversion and
Biorefinery 2023, 13 (14), 13235-13243. https://doi.org/10.1007/s13399-021-02164-8.

Ali, M.; Watson, 1. A. Torrefaction and Process Energy Budget Analysis of Powdered, De-Oiled, and In Situ Transesterified Flaxseed Cakes for Energy
Generation. Energy Technology 2016, 4 (8), 980-989. https://doi.org/10.1002/ente.201600014.

Basu, P.; Rao, S.; Acharya, B.; Dhungana, A. Effect of Torrefaction on the Density and Volume Changes of Coarse Biomass Particles. Canadian
Journal of Chemical Engineering 2013, 91 (6), 1040—1044. https://doi.org/10.1002/cjce.21817.

Zahra, A. C. A.; Anniwaer, A.; Okura, H.; Chaerusani, V.; Zhang, P.; Rizkiana, J.; Kurnia, I.; Abudula, A.; Guan, G. Addition of Torrefied Algal
Biomass to Improve Land-Based Biomass Gasification for Hydrogen-Rich Gas Production. Algal Research 2023, 74.
https://doi.org/10.1016/j.algal.2023.103236.

Alizadeh, P.; Tabil, L. G.; Adapa, P. K.; Cree, D.; Mupondwa, E.; Emadi, B. Torrefaction and Densification of Wood Sawdust for Bioenergy
Applications. Fuels 2022, 3 (1), 152—175. https://doi.org/10.3390/fuels3010010.

Yan, W.; Perez, S.; Sheng, K. Upgrading Fuel Quality of Moso Bamboo via Low Temperature Thermochemical Treatments: Dry Torrefaction and
Hydrothermal Carbonization. FUEL, 2017, 196, 473—480. https://doi.org/10.1016/j.fuel.2017.02.015.

S13



