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Fig. S2 The relation between temperature and heat production rate. 

 

 

Fig. S3 A proposed system for biomass stabilization without energy inputs. 

  

H
ea

t p
ro

du
ct

io
n 

ra
te

, ¡
C

/h

Temperature, ¡C

40 50 60 70 80 90

0.5

0.4

0.3

0.2

0.1

0.0

70

T
em

pe
ra

tu
re

, ¡
C

Time, days

100

20

1st stage 2st stage
Biological reaction Chemical reaction
(Composting) (Low temp. oxidation & acid hydrolysis)

Biomass

Biochar

M
oisture content, %







 

69 

 

criteria for compost maturity assessment. A review. Bioresour. Technol. 100, 5444–5453. 

https://doi.org/10.1016/j.biortech.2008.11.027 

Bridgwater, A.V., 2012. Review of fast pyrolysis of biomass and product upgrading. Biomass and 

Bioenergy 38, 68–94. https://doi.org/10.1016/j.biombioe.2011.01.048 

Chen, W.-H., Du, S.-W., Tsai, C.-H., Wang, Z.-Y., 2012a. Torrefied biomasses in a drop tube 

furnace to evaluate their utility in blast furnaces. Bioresour. Technol. 111, 433–438. 

https://doi.org/10.1016/j.biortech.2012.01.163 

Chen, W.-H., Kuo, P.-C., 2011. Torrefaction and co-torrefaction characterization of hemicellulose, 

cellulose and lignin as well as torrefaction of some basic constituents in biomass. Energy 36, 

803–811. https://doi.org/10.1016/j.energy.2010.12.036 

Chen, W.-H., Lu, K.-M., Lee, W.-J., Liu, S.-H., Lin, T.-C., 2014. Non-oxidative and oxidative 

torrefaction characterization and SEM observations of fibrous and ligneous biomass. Appl. 

Energy 114, 104–113. https://doi.org/10.1016/j.apenergy.2013.09.045 

Chen, W.-H., Lu, K.-M., Liu, S.-H., Tsai, C.-M., Lee, W.-J., Lin, T.-C., 2013. Biomass torrefaction 

characteristics in inert and oxidative atmospheres at various superficial velocities. Bioresour. 

Technol. 146, 152–160. https://doi.org/10.1016/j.biortech.2013.07.064 

Chen, W.-H., Lu, K.-M., Tsai, C.-M., 2012b. An experimental analysis on property and structure 

variations of agricultural wastes undergoing torrefaction. Appl. Energy 100, 318–325. 

https://doi.org/10.1016/j.apenergy.2012.05.056 

Chen, W.-H., Peng, J., Bi, X.T., 2015. A state-of-the-art review of biomass torrefaction, 

densification and applications. Renew. Sustain. Energy Rev. 44, 847–866. 

https://doi.org/10.1016/j.rser.2014.12.039 

Chen, W.-H., Zhuang, Y.-Q., Liu, S.-H., Juang, T.-T., Tsai, C.-M., 2016. Product characteristics 

from the torrefaction of oil palm fiber pellets in inert and oxidative atmospheres. Bioresour. 

Technol. 199, 367–374. https://doi.org/10.1016/j.biortech.2015.08.066 

Chen, X.D., Stott, J.B., 1993. The effect of moisture content on the oxidation rate of coal during 

near-equilibrium drying and wetting at 50 °C. Fuel 72, 787–792. 

https://doi.org/10.1016/0016-2361(93)90081-C 

Clemens, A.H., Matheson, T.W., 1996. The role of moisture in the self-heating of low-rank coals. 

Fuel 75, 891–895. https://doi.org/10.1016/0016-2361(96)00010-5 

de Bertoldi, M., Vallini, G., Pera, A., 1983. The Biology of Composting: a Review. Waste Manag. 

Res. 1, 157–176. https://doi.org/10.1177/0734242X8300100118 

de Bertoldi, M., Zucconi, F., Civilini, M., 1988. Temperature, Pathogen Control and Product 

Quality. Biocycle 43–50. 

Demirbas, A., 2009. Biorefineries: Current activities and future developments. Energy Convers. 



 

70 

 

Manag. 50, 2782–2801. https://doi.org/10.1016/j.enconman.2009.06.035 

Funke, A., Ziegler, F., 2010. Hydrothermal carbonization of biomass: A summary and discussion 

of chemical mechanisms for process engineering. Biofuels, Bioprod. Biorefining 4, 160–

177. https://doi.org/10.1002/bbb.198 

García-Torrent, J., Ramírez-Gómez, Á., Querol-Aragón, E., Grima-Olmedo, C., Medic-Pejic, L., 

2012. Determination of the risk of self-ignition of coals and biomass materials. J. Hazard. 

Mater. 213–214, 230–235. https://doi.org/10.1016/j.jhazmat.2012.01.086 

Garlapalli, R.K., Wirth, B., Reza, M.T., 2016. Pyrolysis of hydrochar from digestate: Effect of 

hydrothermal carbonization and pyrolysis temperatures on pyrochar formation. Bioresour. 

Technol. 220, 168–174. https://doi.org/10.1016/j.biortech.2016.08.071 

González, G., López-Santín, J., Caminal, G., Solà, C., 1986. Dilute acid hydrolysis of wheat straw 

hemicellulose at moderate temperature: A simplified kinetic model. Biotechnol. Bioeng. 28, 

288–293. https://doi.org/10.1002/bit.260280219 

Haug, R.T., 1993. The Practical Handbook of Compost Engineering. Lewis Publishers, Boca 

Raton. 

IEA, 2017. World Energy Outlook 2017, World Energy Outlook. IEA. 

https://doi.org/10.1787/weo-2017-en 

Itay, M., Hill, C.R., Glasser, D., 1989. A study of the low temperature oxidation of coal. Fuel 

Process. Technol. 21, 81–97. https://doi.org/10.1016/0378-3820(89)90063-5 

Iwabuchi, K., Kimura, T., 1994. Aerobic Biodegradation of Dairy Cattle Feces (Part 1) Heat 

Production Rate and Oxygen Uptake Rate. J. Japanese Soc. Agric. Mach. 56, 67–74. 

https://doi.org/10.11357/jsam1937.56.2_67 

Jain, A., Balasubramanian, R., Srinivasan, M.P., 2016. Hydrothermal conversion of biomass 

waste to activated carbon with high porosity: A review. Chem. Eng. J. 283, 789–805. 

https://doi.org/10.1016/j.cej.2015.08.014 

Johnson, I., Choate, W.T., Davidson, A., 2008. Waste Heat Recovery. Technology and 

Opportunities in U.S. Industry. https://doi.org/10.2172/1218716 

Joshi, Y., Di Marcello, M., Krishnamurthy, E., de Jong, W., 2015. Packed-Bed Torrefaction of 

Bagasse under Inert and Oxygenated Atmospheres. Energy & Fuels 29, 5078–5087. 

https://doi.org/10.1021/acs.energyfuels.5b00779 

Kakuta, Y., Machida, T., Matsuto, T., Tojo, Y., Matsuo, T., 2009. Study on Spontaneous 

Combustion of Wastes Caused by Moisture Adsorption during Storage. J. Japan Soc. Mater. 

Cycles Waste Manag. 20, 39–51. https://doi.org/10.3985/jjsmcwm.20.39 

Lehmann, J., 2007. A handful of carbon. Nature 447, 143–144. https://doi.org/10.1038/447143a 

Lu, K.-M., Lee, W.-J., Chen, W.-H., Liu, S.-H., Lin, T.-C., 2012. Torrefaction and low temperature 



 

71 

 

carbonization of oil palm fiber and eucalyptus in nitrogen and air atmospheres. Bioresour. 

Technol. 123, 98–105. https://doi.org/10.1016/j.biortech.2012.07.096 

Maeda, M., Zhao, B., Ozaki, Y., Yoneyama, T., 2003. Nitrate leaching in an Andisol treated with 

different types of fertilizers. Environ. Pollut. 121, 477–487. https://doi.org/10.1016/S0269-

7491(02)00233-6 

Nordon, P., Young, B.C., Bainbridge, N.W., 1979. The rate of oxidation of char and coal in relation 

to their tendency to self-heat. Fuel 58, 443–449. https://doi.org/10.1016/0016-

2361(79)90086-3 

Peduzzi, E., Boissonnet, G., Haarlemmer, G., Dupont, C., Maréchal, F., 2014. Torrefaction 

modelling for lignocellulosic biomass conversion processes. Energy 70, 58–67. 

https://doi.org/10.1016/j.energy.2014.03.086 

Peterson, A.A., Vogel, F., Lachance, R.P., Fröling, M., Antal, Jr., M.J., Tester, J.W., 2008. 

Thermochemical biofuel production in hydrothermal media: A review of sub- and 

supercritical water technologies. Energy Environ. Sci. 1, 32. 

https://doi.org/10.1039/b810100k 

Pimchuai, A., Dutta, A., Basu, P., 2010. Torrefaction of Agriculture Residue To Enhance 

Combustible Properties †. Energy & Fuels 24, 4638–4645. 

https://doi.org/10.1021/ef901168f 

Prins, M.J., Ptasinski, K.J., Janssen, F.J.J.G., 2006a. Torrefaction of wood. J. Anal. Appl. 

Pyrolysis 77, 35–40. https://doi.org/10.1016/j.jaap.2006.01.001 

Prins, M.J., Ptasinski, K.J., Janssen, F.J.J.G., 2006b. Torrefaction of wood. J. Anal. Appl. 

Pyrolysis 77, 28–34. https://doi.org/10.1016/j.jaap.2006.01.002 

Prins, M.J., Ptasinski, K.J., Janssen, F.J.J.G., 2006c. More efficient biomass gasification via 

torrefaction. Energy 31, 3458–3470. https://doi.org/10.1016/j.energy.2006.03.008 

Recari, J., Berrueco, C., Puy, N., Alier, S., Bartrolí, J., Farriol, X., 2017. Torrefaction of a solid 

recovered fuel (SRF) to improve the fuel properties for gasification processes. Appl. Energy 

203, 177–188. https://doi.org/10.1016/j.apenergy.2017.06.014 

Reza, M.T., Freitas, A., Yang, X., Coronella, C.J., 2016. Wet Air Oxidation of Hydrothermal 

Carbonization (HTC) Process Liquid. ACS Sustain. Chem. Eng. 4, 3250–3254. 

https://doi.org/10.1021/acssuschemeng.6b00292 

Reza, M.T., Wirth, B., Lüder, U., Werner, M., 2014. Behavior of selected hydrolyzed and 

dehydrated products during hydrothermal carbonization of biomass. Bioresour. Technol. 169, 

352–361. https://doi.org/10.1016/j.biortech.2014.07.010 

Rousset, P., Macedo, L., Commandré, J.-M., Moreira, A., 2012. Biomass torrefaction under 

different oxygen concentrations and its effect on the composition of the solid by-product. J. 



 

72 

 

Anal. Appl. Pyrolysis 96, 86–91. https://doi.org/10.1016/j.jaap.2012.03.009 

Rudolfsson, M., Borén, E., Pommer, L., Nordin, A., Lestander, T.A., 2017. Combined effects of 

torrefaction and pelletization parameters on the quality of pellets produced from torrefied 

biomass. Appl. Energy 191, 414–424. https://doi.org/10.1016/j.apenergy.2017.01.035 

Rynk, R., 2000. Fires At Composting Facilities: Causes And Conditions. Biocycle 41, 54. 

Saludes, R.B., Iwabuchi, K., Kayanuma, A., Shiga, T., 2007. Composting of dairy cattle manure 

using a thermophilic–mesophilic sequence. Biosyst. Eng. 98, 198–205. 

https://doi.org/10.1016/j.biosystemseng.2007.07.003 

Saludes, R.B., Iwabuchi, K., Miyatake, F., Abe, Y., Honda, Y., 2008. Characterization of dairy 

cattle manure/wallboard paper compost mixture. Bioresour. Technol. 99, 7285–7290. 

https://doi.org/10.1016/j.biortech.2007.12.080 

Silverstein, R.A., Chen, Y., Sharma-Shivappa, R.R., Boyette, M.D., Osborne, J., 2007. A 

comparison of chemical pretreatment methods for improving saccharification of cotton 

stalks. Bioresour. Technol. 98, 3000–3011. https://doi.org/10.1016/j.biortech.2006.10.022 

Tang, Y., Xue, S., 2015. Laboratory Study on the Spontaneous Combustion Propensity of Lignite 

Undergone Heating Treatment at Low Temperature in Inert and Low-Oxygen Environments. 

Energy & Fuels 29, 4683–4689. https://doi.org/10.1021/acs.energyfuels.5b00217 

Tiquia, S.M., Tam, N.F.Y., Hodgkiss, I.J., 1998. Changes in chemical properties during 

composting of spent pig litter at different moisture contents. Agric. Ecosyst. Environ. 67, 

79–89. https://doi.org/10.1016/S0167-8809(97)00132-1 

Tumuluru, J.S., Sokhansanj, S., Hess, J.R., Wright, C.T., Boardman, R.D., 2011. A review on 

biomass torrefaction process and product properties for energy applications. Ind. Biotechnol. 

7, 384–401. https://doi.org/10.1089/ind.2011.0014 

Uemura, Y., Omar, W., Othman, N.A., Yusup, S., Tsutsui, T., 2013. Torrefaction of oil palm EFB 

in the presence of oxygen. Fuel 103, 156–160. https://doi.org/10.1016/j.fuel.2011.11.018 

Uemura, Y., Saadon, S., Osman, N., Mansor, N., Tanoue, K., 2015. Torrefaction of oil palm kernel 

shell in the presence of oxygen and carbon dioxide. Fuel 144, 171–179. 

https://doi.org/10.1016/j.fuel.2014.12.050 

van der Stelt, M.J.C., Gerhauser, H., Kiel, J.H.A., Ptasinski, K.J., 2011. Biomass upgrading by 

torrefaction for the production of biofuels: A review. Biomass and Bioenergy. 

https://doi.org/10.1016/j.biombioe.2011.06.023 

Vassilev, S. V., Baxter, D., Andersen, L.K., Vassileva, C.G., 2013. An overview of the 

composition and application of biomass ash. Part 1. Phase–mineral and chemical 

composition and classification. Fuel 105, 40–76. https://doi.org/10.1016/j.fuel.2012.09.041 

Vassilev, S. V., Vassileva, C.G., Vassilev, V.S., 2015. Advantages and disadvantages of 



 

73 

 

composition and properties of biomass in comparison with coal: An overview. Fuel 158, 

330–350. https://doi.org/10.1016/j.fuel.2015.05.050 

Wang, C., Peng, J., Li, H., Bi, X.T., Legros, R., Lim, C.J., Sokhansanj, S., 2013. Oxidative 

torrefaction of biomass residues and densification of torrefied sawdust to pellets. Bioresour. 

Technol. 127, 318–325. https://doi.org/10.1016/j.biortech.2012.09.092 

Wang, H., Dlugogorski, B.Z., Kennedy, E.M., 2003. Coal oxidation at low temperatures: oxygen 

consumption, oxidation products, reaction mechanism and kinetic modelling. Prog. Energy 

Combust. Sci. 29, 487–513. https://doi.org/10.1016/S0360-1285(03)00042-X 

Watson, J., Zhang, Y., Si, B., Chen, W.-T., de Souza, R., 2018. Gasification of biowaste: A critical 

review and outlooks. Renew. Sustain. Energy Rev. 83, 1–17. 

https://doi.org/10.1016/j.rser.2017.10.003 

Wirth, B., Mumme, J., 2014. Anaerobic Digestion of Waste Water from Hydrothermal 

Carbonization of Corn Silage. Appl. Bioenergy 1. https://doi.org/10.2478/apbi-2013-0001 

Wirth, B., Reza, M.T., 2016. Continuous Anaerobic Degradation of Liquid Condensate from 

Steam-Derived Hydrothermal Carbonization of Sewage Sludge. ACS Sustain. Chem. Eng. 

4, 1673–1678. https://doi.org/10.1021/acssuschemeng.5b01607 

Xue, G., Kwapinska, M., Kwapinski, W., Czajka, K.M., Kennedy, J., Leahy, J.J., 2014. Impact of 

torrefaction on properties of Miscanthus!giganteus relevant to gasification. Fuel 121, 189–

197. https://doi.org/10.1016/j.fuel.2013.12.022 

Yan, W., Acharjee, T.C., Coronella, C.J., Vásquez, V.R., 2009. Thermal pretreatment of 

lignocellulosic biomass. Environ. Prog. Sustain. Energy 28, 435–440. 

https://doi.org/10.1002/ep.10385 

Yang, B., Zhang, L., Jahng, D., 2014. Importance of Initial Moisture Content and Bulking Agent 

for Biodrying Sewage Sludge. Dry. Technol. 32, 135–144. 

https://doi.org/10.1080/07373937.2013.795586 

Yokoyama, S., Matsumura, Y., 2008. The Asian Biomass Handbook; A Guide for Biomass 

Production and Utilizatin. The Japan Institute of Energy, Tokyo. 

Yu, J., Tahmasebi, A., Han, Y., Yin, F., Li, X., 2013. A review on water in low rank coals: The 

existence, interaction with coal structure and effects on coal utilization. Fuel Process. 

Technol. 106, 9–20. https://doi.org/10.1016/j.fuproc.2012.09.051 

Zhai, Y., Peng, C., Xu, B., Wang, T., Li, C., Zeng, G., Zhu, Y., 2017. Hydrothermal carbonisation 

of sewage sludge for char production with different waste biomass: Effects of reaction 

temperature and energy recycling. Energy 127, 167–174. 

https://doi.org/10.1016/j.energy.2017.03.116 

Zhang, S., Chen, T., Xiong, Y., Dong, Q., 2017. Effects of wet torrefaction on the physicochemical 



 

74 

 

properties and pyrolysis product properties of rice husk. Energy Convers. Manag. 141, 403–

409. https://doi.org/10.1016/j.enconman.2016.10.002 




