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A B S T R A C T

Lignocellulosic agrowastes are one of the most abundant and inexpensive bioresources on earth. However, they 
comprise a wide range of materials with different organic and inorganic composition that may influence their 
performance in energy applications. Here, we analyze the impact of inherent inorganics on the steam gasification 
performance of bioresources, using an approach combining the analysis of the gasification reaction mechanisms, 
and the assessment of the process product distribution and energy balance. We proved that the inorganic ratio K/ 
(Si + P) is a valuable indicator of the biomass gasification reactivity and product yield. Under the same 
experimental conditions, samples with K/(Si + P) higher than 1 followed a catalytic gasification behavior, 
resulting in higher gas yields and process gas efficiencies in comparison to samples with K/(Si + P) below 1. This 
work is expected to bring new insights in the field and could facilitate the adaptation of the process parameters to 
the feedstock characteristics and the application requirements.   

1. Introduction

Each year, billion tons of agricultural and agroindustrial wastes are
generated all around the world, representing one of the most abundant 
and inexpensive bioresources on earth [1]. Being widely available, 
agrowastes constitute a valuable and renewable source of energy in 
developed and developing countries, in the framework of an environ-
mentally sustainable approach, representing more than 7 million ter-
ajoules of energy, or the equivalent of more than 7.5 billion barrels of 
diesel [2–5]. Among the existing agrowaste conversion pathways, steam 
gasification is particularly interesting, as it allows the production of high 
heating value fuel gases (10 and 18 MJ/m3), for the generation of heat or 
power [6–8], as well as the synthesis of advanced chemicals [9–11]. 
However, the sustainable use of these bioresources for energy produc-
tion needs to overcome different challenges related to their variability. 
In particular, the volume of residues generated from agricultural and 
agroindustrial activities is not constant throughout the year, and is 
regularly determined by the seasonality of crops. Therefore, the asso-
ciated gasification facilities should work intermittently, or employ 
multiple kinds of residues with heterogeneous characteristics. 

Along with the reactor configuration and the process operating 
conditions like temperature and steam flowrate, the characteristics of 

the feedstock may also impact the performance of gasification, and 
particularly, the produced gas composition and yield [12–14]. 
Regarding the steam gasification product distribution and gas compo-
sition, several studies related to different kinds of lignocellulosic feed-
stocks have been developed [15–17], dealing with the analysis of 
residues individually, without comparing different materials. A few 
approaches working with several feedstocks described some divergences 
in the gas production rate and composition during gasification, attrib-
uted to the samples ash content and composition, volatile matter, par-
ticle porosity, or particle size, without defining the mechanisms 
associated with the described behavior [12,18,19]. 

In general, lignocellulosic materials are a complex mixture of natural 
polymers, mainly hemicellulose, cellulose, and lignin, tightly bonded by 
physical and chemical interactions [20,21]. They may have different 
proportions of the constituent polymers depending on the plant species, 
origin, and age, as well as several inorganic elements present in their 
structure [22]. In this regard, it has been proven that the biomass 
gasification reactivity may depend on the sample morphology, struc-
ture, and composition [23,24]. Among these parameters, the biomass 
inherent inorganic composition has been identified as the most influ-
encing one [25–27]. In particular, alkali and alkali earth metals (AAEM) 
like K, Na, Ca and Mg, are related to a catalytic effect on biomass 
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gasification of biochar derived from the pyrolysis of chrome-tanned leather 
shavings. Chem Eng Technol 2019;42:2530–8. https://doi.org/10.1002/ 
ceat.201800660. 

[32] Zhang Y, Ashizawa M, Kajitani S, Miura K. Proposal of a semi-empirical kinetic 
model to reconcile with gasification reactivity profiles of biomass chars. Fuel 2008; 
87:475–81. https://doi.org/10.1016/j.fuel.2007.04.026. 
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transformation chemistry during combustion of biomass. Energy Fuels 2012;26: 
85–93. https://doi.org/10.1021/ef201205b. 

[43] Niu Y, Tan H, Hui S. Ash-related issues during biomass combustion: Alkali-induced 
slagging, silicate melt-induced slagging (ash fusion), agglomeration, corrosion, ash 
utilization, and related countermeasures. Prog Energy Combust Sci 2016;52:1–61. 
https://doi.org/10.1016/j.pecs.2015.09.003. 

[44] Nutalapati D, Gupta R, Moghtaderi B, Wall TF. Assessing slagging and fouling 
during biomass combustion: a thermodynamic approach allowing for alkali/ash 
reactions. Fuel Process Technol 2007;88:1044–52. https://doi.org/10.1016/j. 
fuproc.2007.06.022. 

[45] Hognon C, Dupont C, Grateau M, Delrue F. Comparison of steam gasification 
reactivity of algal and lignocellulosic biomass: influence of inorganic elements. 
Bioresour Technol 2014;164:347–53. https://doi.org/10.1016/j. 
biortech.2014.04.111. 

[46] Ferreira S, Junges J, Reginato G, Lazzarotto I, Osorio E, Godinho M. Investigation 
of the structure of the biochar obtained by slow pyrolysis of elephant grass during 
its steam gasification. Chem Eng Technol 2019;42:2546–55. https://doi.org/ 
10.1002/ceat.201800680. 

[47] Romero Millán LM, Sierra Vargas FE, Nzihou A. Characterization of steam 
gasification biochars from lignocellulosic agrowaste towards soil applications. 
Waste Biomass Valorization 2020. https://doi.org/10.1007/s12649-020-01241-9. 

[48] Keown DM, Favas G, Hayashi JI, Li CZ. Volatilisation of alkali and alkaline earth 
metallic species during the pyrolysis of biomass: differences between sugar cane 
bagasse and cane trash. Bioresour Technol 2005;96:1570–7. https://doi.org/ 
10.1016/j.biortech.2004.12.014. 

[49] Basu P. Biomass Gasification and Pyrolysis. Practical Design. First Edit. Oxford: 
Elsevier; 2010. doi:10.1016/B978-0-12-374988-8.00021-0. 

[50] Butterman HC, Castaldi MJ. Influence of CO2 Injection on Biomass Gasification. 
Ind Eng Chem Res 2007;46:8875–86. https://doi.org/10.1021/ie071160n. 

[51] Tristantini D, Supramono D, Suwignjo RK. Catalytic effect of K2CO3 in steam 
gasification of lignite char on mole ratio of H2/CO in syngas. Int J Technol 2015;6: 
22–30. https://doi.org/10.14716/ijtech.v6i1.208. 

[52] Karatas H, Olgun H, Akgun F. Experimental results of gasification of cotton stalk 
and hazelnut shell in a bubbling fluidized bed gasifier under air and steam 
atmospheres. Fuel 2013;112:494–501. https://doi.org/10.1016/j. 
fuel.2013.04.025. 

[53] Ahmed I, Gupta AK. Syngas yield during pyrolysis and steam gasification of paper. 
Appl Energy 2009;86:1813–21. https://doi.org/10.1016/j.apenergy.2009.01.025. 

[54] Basu P. Biomass Gasification, Pyrolysis and Torrefaction (Second Edition) - Chapter 
13 – Analytical Techniques. Second edi, Elsevier Inc.; 2013, p. 439–55. 

[55] Butterman HC, Castaldi MJ. CO2 as a carbon neutral fuel source via enhanced 
biomass gasification. Environ Sci Technol 2009;43:9030–7. https://doi.org/ 
10.1021/es901509n. 

[56] Song X, Guo Z. Technologies for direct production of flexible H2/CO synthesis gas. 
Energy Convers Manage 2006;47:560–9. https://doi.org/10.1016/j. 
enconman.2005.05.012. 

[57] Sahoo BB, Sahoo N, Saha UK. Effect of H 2:CO ratio in syngas on the performance 
of a dual fuel diesel engine operation. Appl Therm Eng 2012;49:139–46. https:// 
doi.org/10.1016/j.applthermaleng.2011.08.021. 

[58] Cao Y, Gao Z, Jin J, Zhou H, Cohron M, Zhao H, et al. Synthesis gas production 
with an adjustable H2/CO ratio through the coal gasification process: effects of 
coal ranks and methane addition. Energy Fuels 2008;22:1720–30. https://doi.org/ 
10.1021/ef7005707. 

[59] Romero Millan LM, Sierra Vargas FE, Nzihou A. Kinetic analysis of tropical 
lignocellulosic agrowaste pyrolysis. BioEnergy Res 2017;10:832–45. https://doi. 
org/10.1007/s12155-017-9844-5. 

https://doi.org/10.1016/j.energy.2015.05.100
https://doi.org/10.1016/j.fuel.2015.02.062
https://doi.org/10.1016/j.biotechadv.2009.04.013
https://doi.org/10.1016/j.biotechadv.2009.04.013
http://refhub.elsevier.com/S0016-2361(20)32523-0/h0150
http://refhub.elsevier.com/S0016-2361(20)32523-0/h0150
http://refhub.elsevier.com/S0016-2361(20)32523-0/h0150
https://doi.org/10.1002/ceat.201800660
https://doi.org/10.1002/ceat.201800660
https://doi.org/10.1016/j.fuel.2007.04.026
https://doi.org/10.1016/j.cej.2012.07.025
https://doi.org/10.1016/j.fuel.2018.07.053
https://doi.org/10.1016/S0016-2361(02)00398-8
https://doi.org/10.1016/S0016-2361(02)00398-8
https://doi.org/10.1016/j.energy.2013.05.057
https://doi.org/10.1016/j.energy.2013.05.057
https://doi.org/10.1021/acs.energyfuels.9b01460
https://doi.org/10.1016/0016-2361(83)90192-8
http://refhub.elsevier.com/S0016-2361(20)32523-0/h0205
http://refhub.elsevier.com/S0016-2361(20)32523-0/h0205
https://doi.org/10.1021/ef201205b
https://doi.org/10.1016/j.pecs.2015.09.003
https://doi.org/10.1016/j.fuproc.2007.06.022
https://doi.org/10.1016/j.fuproc.2007.06.022
https://doi.org/10.1016/j.biortech.2014.04.111
https://doi.org/10.1016/j.biortech.2014.04.111
https://doi.org/10.1002/ceat.201800680
https://doi.org/10.1002/ceat.201800680
https://doi.org/10.1007/s12649-020-01241-9
https://doi.org/10.1016/j.biortech.2004.12.014
https://doi.org/10.1016/j.biortech.2004.12.014
https://doi.org/10.1021/ie071160n
https://doi.org/10.14716/ijtech.v6i1.208
https://doi.org/10.1016/j.fuel.2013.04.025
https://doi.org/10.1016/j.fuel.2013.04.025
https://doi.org/10.1016/j.apenergy.2009.01.025
https://doi.org/10.1021/es901509n
https://doi.org/10.1021/es901509n
https://doi.org/10.1016/j.enconman.2005.05.012
https://doi.org/10.1016/j.enconman.2005.05.012
https://doi.org/10.1016/j.applthermaleng.2011.08.021
https://doi.org/10.1016/j.applthermaleng.2011.08.021
https://doi.org/10.1021/ef7005707
https://doi.org/10.1021/ef7005707
https://doi.org/10.1007/s12155-017-9844-5
https://doi.org/10.1007/s12155-017-9844-5



