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1. Introduction

The reduction in greenhouse gas (GHG) emissions by shifting towards renewable en-
ergy sources to control global warming is one of the main challenges of the 21st century [1].
Recent studies have shown that bioenergy and bio-economy can positively contribute to
this emissions reduction [2–4]. Bioenergy can also address the volatility of wind and solar
energy and play a role in circular economy as one of the important goals of the European
Green Deal [5]. In general, biomass can be classified into six different material classes,
which are wood and woody biomass, herbaceous agricultural biomass, aquatic biomass,
animal and human biomass wastes, contaminated biomass and industrial biomass wastes
(semi-biomass), and biomass mixtures [6].

In recent years, agricultural residues as sustainable energy sources have attracted a
lot of research attention. This is due to their low material cost, lack of conflict as a food
source, as well as their annual production capacity and distribution in both developed and
developing countries [7,8].

These assorted residues are characterized by a relatively high ash content, which can
reach up to 20 times the ash content in woody biomass, implying an overall increased
slag formation tendency [9]. Ash-forming elements are generally Si, Ca, Mg, K, Na, P, S,
Cl, Al, Fe, and Mn in varying amounts [9,10]. Therefore, the ash obtained from thermo-
chemical conversion of biogenic residues and wastes can be employed in different material
applications. In particular, Si-rich biomass assortments such as rice husk and rice straw
have been increasingly investigated in the last few years [11,12]. Schneider considered
the potential of regional feedstocks in Germany in the production of high-quality biogenic
silica at the laboratory scale [13]. Schliermann et al. [14] investigated the quality of biogenic
silica produced from combustion of rice husk in bench-scale biomass boilers. Their study
overcame several challenges in operation of boilers and handling of the generated ashes.
Further considerations on Si-rich biomass fuels are also reflected in several publications of
the current Special Issue [15–21].

However, the composition of biomass ashes is not homogeneous due to their dif-
ferent origin and depending on fuel processing as well as thermochemical conversion
conditions [22], and as a result, defining a specific application for all the biomass ashes is
challenging [23]. The potential utilization of biomass ashes is mainly influenced by con-
taminations such as heavy metals and their slag formation tendencies [24]. Furthermore,
the thermochemical conversion process should also be controlled in order to modify the
ash composition for specific applications [25]. Considering diverse biomass ash compo-
sitions, there are different applications for these materials including cement and concrete
production, soil stabilization, filler in asphalt, synthetic aggregate, catalysis, semiconduct-
ing materials, energy storage, drug delivery, electrochemical applications and batteries,
carbon capture, etc. [23,26,27]. In this respect, any modification of fuel composition using a
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pre-treatment processes as well as different thermochemical conversion technologies can
influence the ash characteristics [23,28].

2. The Special Issue

The present Special Issue entitled “Valorization of Residues from Energy Conversion
of Biomass for Advanced and Sustainable Material Applications” includes 12 publications
from several authors from Germany, Korea, South Africa, France, China, India, and Sweden.

The publications cover a wide range of topics related to biomass conversion and
ash-related aspects. In this respect, Chun and Lee [17] provided an overview on recent
developments in the purification of silica components and the production of engineered
biogenic silica in a bottom-up process employing liquid silicate extracted from rice husk.
The products can be used in various applications including heterogeneous catalysts, CO2
capture, adsorbents for aqueous pollutants, biomolecule delivery, and cosmetic ingredients.
Maseko et al. [16] investigated the quality of biogenic silica produced from the thermo-
chemical conversion of different South African agricultural residues such as sugarcane
leaves, pith and fiber, and maize leaves. Their investigation proved that silica with high
purity and specific surface area can be produced from chemically pre-treated biomass fuels,
especially from sugarcane-based input materials. Park et al. [21] extracted biogenic silica
from rice husk using a novel two-stage attrition ball milling and alkaline leaching processes.
The purity of the produced silica was comparable with the products generated from com-
mon thermochemical conversion processes. However, the advantages of the introduced
synthesized method were a low production cost and higher productivity. Yan et al. [20]
investigated a smoldering process, which is a slow, low-temperature, and flameless burning
process to synthesize high-quality biogenic silica from rice husk. Their results showed a
maximum conversion temperature of only 560 ◦C in the naturally piled fuel bed, which is
lower than regularly reported combustion temperatures in different biomass combustion
technologies. Produced biogenic silica had porous and amorphous nature due to the low
conversion temperature. This publication reported a higher ash porosity generated from
the smoldering of untreated rice husk as compared to the ashes produced from combustion
processes in the literature. Therefore, smoldering shows great potential for the industrial
production of high-quality biogenic silica from untreated silica-rich biomass fuels, and
further investigations are required in this field. Singh et al. studied photocatalytic degra-
dation of cationic dye using silica nanoparticles (SiNPs) synthesized from the combustion
of rice straw followed by a sol-gel route. In this investigation, the effects of combustion
temperature and ash crystallinity on the quality of SiNPs were studied, and it was shown
that a higher combustion temperature leads to SiNPs with larger particle size with a crys-
talline nature. However, under controlled combustion temperatures, amorphous SiNPs
with an average particle size lower than 30 nm can be synthesized from rice straw ash,
which showed promising photocatalytic properties. Jung et al. [15] produced high-quality
nano-structured silica as well as cellulose nano-fibrils through an alkaline fractionation
process of rice husk. Mugadza et al. [29] synthesized nitrogen-doped carbon nanotubes
(N-CNTs) from biomass as carbon precursors for supercapacitors and electrochemical ap-
plications. They showed that the initial biomass fuel can influence physicochemical and
electrochemical properties of N-CNTs. Nitrogen migration behaviors during the pyrolysis
of untreated and chemically pre-treated maize straw were investigated by Li et al. [18].
They proved that an appropriate chemical pre-treatment and pyrolysis temperature would
guarantee the fixation of N in the generated biochar, which prevents NOx emission during
the pyrolysis process. The produced N-enhanced biochar can be employed as N fertilizer
in order to improve soil quality and production yield in agriculture [30]. Furthermore, soil
amendment by biochar is one of the potential applications of biomass fuels to reduce the
global carbon emission, improve soil quality, and increase soil carbon sequestration [31–34].
Frikha et al. [35] studied the effect of pyrolysis temperature on the yield and quality of
biochar produced from grape marc. Grape marc, as a winery waste, is produced throughout
the winemaking process, which has 10–30 wt.% of the grape fresh weight in wet basis.
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Their investigation revealed that pyrolysis temperature influences pyrolysis yields, as
well as thermal stability, specific surface area, mineral composition, and ash content of
the biochar. Bachmaier et al. [36] conducted comprehensive research work on analyzing
different nutrients and pollutant contents of different ash fractions obtained from various
biomass heating plants in Bavaria, Germany in order to use the ashes as fertilizers. As
prescribed by the German Fertilizer Ordinance, the study showed that the ashes from
waste wood can contain an elevated content of heavy metals. In addition, fuel quality and
combustion conditions modified the concentrations of heavy metals in the ashes to ensure
an appropriate ash quality.

The recovery of some of the ash-forming elements such as P is important, as it is
one of the critical and irreplaceable elements in human nutrition with a limited resource.
However, the annual consumption of P in the agriculture sector is 20 million tons [37].
Therefore, recovery of this element besides the energetic utilization of biomass fuels is very
beneficial. In this respect, an economic feasibility investigation of energy and P recovery
from municipal sewage sludge was conducted by Bagheri et al. [38], considering 16 different
technology scenarios of investments in new combustion plants. This study provides insights
into economic performance and required financial support for energetic utilization and
P recovery from municipal sewage sludge in Europe.

In order to decrease GHG emissions in a sustainable way in the transport sector,
production of biomethane from manure, agricultural residues, and biowaste can have a pro-
found impact [39]. This aspect of biomass application was considered in the publication by
Oehmichen et al. [40] by assessing the market. The study showed that different advanced
biofuel pathways have significantly different GHG mitigation costs. Furthermore, the
magnitude of this mitigation is influenced by the type of substrate used in biomethane pro-
duction processes, GHG emissions from the fossil energy carrier substituted by biomethane,
and the calculation method. These aspects should be considered in future developments in
this field.

3. Summary and Future Prospects

The focus of this Special Issue was on biomass ash valorization with respect to their
potential for various material applications. Most of the publications in this Special Issue
focused on the production of biogenic silica with different properties. Additionally, some
of the publications considered application of biomass ashes and biochar as a fertilizer, for
soil amendment and recovery of ash forming elements such as N and P as well as the
application of biomass feedstocks in biofuel production.

Accordingly, ashes produced from the thermochemical conversion of agricultural
residues have high potential to be utilized for different material applications. However,
local availability as well as scaling up the process and life-cycle assessment should be
considered prior to the utilization of these materials. Furthermore, densification as a
mechanical pre-treatment can be crucial to improve the fuel properties, while purification
of some of the ash forming elements such as calcium, potassium and prosperous should
also not be disregarded in future investigations.
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