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Abstract: This review investigates the effects of the Brazilian agriculture production and forestry
sector on carbon dioxide (CO2) emissions. Residual biomasses produced mainly in the agro-industrial
and forestry sector as well as fast-growing plants were studied. Possibilities to minimize source-
related emissions by sequestering part of carbon in soil and by producing biomass as a substitute for
fossil fuel were extensively investigated. The lack of consistency among literature reports on residual
biomass makes it difficult to compare CO2 emission reductions between studies and sectors. Data on
chemical composition, heating value, proximate and ultimate analysis of the biomasses were collected.
Then, the carbon sequestration potential of the biomasses as well as their usability in renewable
energy practices were studied. Over 779.6 million tons of agricultural residues were generated in
Brazil between 2021 and 2022. This implies a 12.1 million PJ energy potential, while 4.95 million
tons of forestry residues was generated in 2019. An estimated carbon content of 276 Tg from these
residues could lead to the production of approximately 1014.2 Tg of CO2. Brazilian biomasses,
with a particular focus on agro-forest waste, can contribute to the development of sustainable
alternative energy sources. Moreover, agro-waste can provide carbon credits for sustainable Brazilian
agricultural development.

Keywords: biomass; renewable energy; carbon dioxide; thermochemical conversion; biofuels

1. Introduction

The utilization of fossil energy sources releases a large amount of carbon dioxide
(CO2) and other greenhouse gases (GHG) into the atmosphere, thus causing their excessive
accumulation and intensifying global warming. From the CO2 Emissions in 2022 report,
the total energy-related greenhouse gas emissions increased to an all-time high of 41.3 Gt
CO2-eq in 2022, of which about 89% were related of CO2 emissions from energy combus-
tion and industrial processes [1]. To reduce GHG emissions, stop global warming and
meet the energy requirements of modern civilizations, fossil fuels need to be replaced by
renewable energy alternatives. Biomass fuels and chemicals derived from a wide variety
of organic feedstock materials are expected to play a strategic role in the transformation
of energy, industry and transport systems [2–4]. In this sense, the International Panel on
Climate Change (IPCC) identified that bioenergy has significant potential to mitigate GHG
emissions, providing sustainable resources and efficient energy systems [5]. In addition
to climate change concerns, diverse demands on energy systems such as supply security,
reduced reliance on imported fuels, affordable price, jobs creation and stimulation of local
economy can also be addressed by the bioenergy sector [5].
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Brazil is one of the global leaders in terms of energy generation from renewable sources
such as biomass and hydropower. In April 2023, Brazil had more than 210,700 MW of
installed power generation capacity, with around 85% coming from biomass (8.65%), hydro
(57.31%), solar (4.38) and wind (13.19%) [6]. The Brazilian biomass energy potential was
estimated by the Global Energy Network Institute (GENI) to be between 250 and 500 EJ.
However, a conservative bioenergy potential of 11.69–13.93 PJ was also reported, based
on the typical productivity of 20 to 80 tons of agricultural culture per hectare. Brazil is
one of the countries with the largest GHG global emissions. The principal emissions are
concentrated in agriculture, forestry and other forms of land use [7,8]. Brazil was the
leading deforestation country in 2021, accounting for 41% of all primary forest loss [9].
According to data from MapBiomas, in less than five decades, the area used for agriculture
grew from 1.8 million to 2.6 million square kilometers, corresponding to 30.97% of the
national territory in 2020 [10]. In 2019, Brazil reported total emissions of about 411 Mt
CO2-eq, which was a visible CO2 emission reduction from 2014 [1]. Nevertheless, Brazilian
economic and political crises are delaying the progress on climate and energy policies.

2. Biomass Potential in Brazil

Lignocellulosic biomass is a complex fuel consisting of fibrous plant material con-
taining extractives, cellulose, hemicelluloses and lignin polymers [11]. Any biomass used
should be harvested without threatening habitats, food security and soil conservation.
Several researchers worldwide are investigating the concept of biorefining to convert ligno-
cellulosic biomass into biofuels and other potential value-added products such as organic
acids, polyhydroxyalkanoates, biochemicals, bioplastics, among others, at competitive
prices [12]. In Brazil, biorefinery allows diversification and decentralization, creating en-
ergy self-sufficiency in some industrial activities and micro-regions in the country. The
effective utilization of biomass residues from industrial or agricultural processes reduces
the amount of waste sent to landfills, increases the profitability of planting areas and avoids
the competition with food crops [13,14].

The agro-forest industry is one of the major sectors of the Brazilian economy. In 2020,
the agriculture sector shared that the Brazilian gross domestic product (GDP) was about
6% [15], while the forestry sector was represented by 1.2% GDP. The forestry industry
is responsible for creating employment for 1.3 million individuals and providing work
opportunities for 3.75 million people in various parts of Brazil [16]. About 9 million hectares
of planted trees, with another 5.9 million hectares set aside for conservation, are available
in over 1000 municipalities, of which Eucalyptus and Pinus represents the majority with
6.97 million and 1.64 million hectares, respectively [16]. The additional hectares are planted
with other species such as acacia, teak, rubber, acacia and paricá. These areas have the
combined potential to store 4.48 billion tons of CO2-eq [16].

The Brazilian pulp and paper industry (PPI), which is a significant global producer,
relies entirely on cultivated forests. According to the Brazilian PPI association (BRACELPA),
the major focus of Brazil’s timber production lies in the pulp and paper industry. Other
related sectors include the manufacturing of wood panels, plywood, firewood, sawdust
and coal-fired steel. A considerable amount of waste is usually produced during the
different operational stages, from forest harvesting to the final product. In 2019, forest
industry companies in Brazil produced around 52 million tons of solid waste, 71% of
which came from forestry activities and 29% from further processing [17]. Due to the lack
of well-developed markets, clear environmental policies and sustainable management
information, these residues are wasted. This situation is primarily observed in Brazil’s
Amazon and Central areas, where high transportation costs and uncompetitive pricing
prevent the bioeconomy from developing.

The latest survey of 2023 of the Brazilian Institute of Geography and Statistics reported
an agricultural productive activity of 3.3%, 8.9%, 37.7%, 17.5% and 32.5% in the north,
northeast, southeast, south and mid-west regions in Brazil, respectively [18]. An average
growth of 6% was observed compared to the previous production census in 2022 [19]. In
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Brazil, the main crops are sugarcane, corn, soybeans, rice, wheat and coffee, in addition
to banana, coconut and orange fruits [20]. A large amount of residues are produced from
them, mainly in the crop fields, as a result of harvesting activities. Brazil is the second
largest generator of agricultural residues in the world after China, with annual agricultural
waste of approximately 600 million tons [21]. Some of these residues are commonly used
for energy production, soil applications, animal feed, medicine and fertilizers. However,
Brazil does not use more than 200 million tons of agro-industrial residues and, currently, a
significant part is burned in the crop fields.

The data related to crop production were obtained by consulting the agricultural
statistics, the corresponding governing authorities such as the Ministry of Agriculture,
the research institutes and the available literature. The gross annual potential of the main
Brazilian agro-forestry residual biomasses was determined using the residue-to-product
ratio (RPR) based on the model described in Equation (1) [22]:

CRi = RPRi·PrCi (1)

where CRi is the amount of agro-forestry residual biomass of ith crop in ton, RPRi the RPR
of the ith crop on dry mass basis and PrCi is the amount of crop production in ton. Energy
potential of crop residues was also determined by using Equation (2):

EPi =
n

∑
i=1

(Pi·RPRi·LHVi) (2)

where EPi is the gross annual energy potential of agricultural residues, Pi is the annual
production of crop and LHVi is the lower heating value of a given crop. For Eucalyptus and
Pinus, the energy potential was calculated by multiplying the productivity by LHVi. From
it, over 784 million tons of agro-forestry residues were generated in the latest harvesting
reports as shown in Table 1.

Table 1. Estimated Brazilian production of main biomasses and its residues.

Agro-Industrial Biomass

Raw
Material

Planted
Areas

(Million
ha)

Production
2021/2022
Harvest

(Million Tons)

Type of
Residue

RPR [%] a

[19–21]

Amount of
Residue
(Million

Tons)

LHV
[MJ/kg] EP (PJ/yr) b Competitive Uses

Soybean 40.95 [23] 124.05 [23] Stalk and
straw 20 248.10 17.15 4254.92 – Human and animal feed [24]
Husk 8 9.90 14.14 140.37

Rice 1.62 [23] 10.80 [23] Straw 154 16.63 17.14 285.07 – Drying, power generation at rice
mills, chicken bedding
production.

– Usually burned in harvested
field [25,26]

Husk 26 2.81 16.43 46.12

Wheat 2.92 [23] 9.03 [23] Straw 155 14.00 15.10 211.35
– Animal feeding, erosion control,

artesanal utilization [27]

Corn 21.66 [23] 115.66 [23] Leaves 21 24.29 22.43 544.79 – Left in the field [26]Corn cob 15 17.35 19.32 355.18

Coffee 1.84 [28] 3.21 [28] Husk 33 1.06 18.20 19.25
– Left in the field and usually

burned
– Animal feeding [7]

Coconut 0.19 [29] 2.45 [29] Husk 70 1.71 19.91 34.05 – Agricultural fertilizer,
composites, activated carbonShell 10 0.24 15.94 3.83

Sugarcane 8.21 [30] 596.01 [30] Straw 34 202.64 18.07 3661.77 – Fired in steam boilers tfor energy
production [25,26]Bagasse 30 178.80 18.40 3289.98

Banana 0.47 [31] 7.11 [31] Leaves 48 3.41 16.13 55.05 – Animal feed [32]Stem 300 21.33 15.73 335.52

Orange 16.47 [31] 0.63 [31] Bagasse 50 0.32 15.82 4.98
– Aromatizing and animal

feeding [33]
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Table 1. Cont.

Forestry Biomass

Planted
Areas in
2019
(Million ha)
[12]

Productivity
(m3/ha yr) [12]

Type of
Residue

RPR [%] a

[34,35]

Amount of
Residue
(Million
tons) c

LHV
[MJ/kg] EP (PJ/yr) Competitive Uses

Eucalyptus d 6.97 35.30 Bark 0.08 0.56 18.26 10.23
– Energetic valorizationBranches 0.03 0.21 18.05 3.79

Leaves 0.02 0.14 16.05 2.25
Tips e 0.13 0.91 - -

Pinus f 1.64 31.30 Bark 0.10 0.69 16.81 11.60
– Energetic valorizationBranches 0.30 2.09 18.08 37.79

Leaves 0.05 0.35 17.81 6.23

a RPR = RT [-]·RA [%]; b EPi = ∑n
i=1(Pi·RPRi·LHVi); c 1337 tree per hectare at cutting age; d Eucalyptus urograndis,

age of 79 months; e Tips: wood with diameter lower than 3 cm; f Pinus tadea, age of 27 years. RPR—Residue
to product ratio; RT—Ratio between total residues (dry basis) and mass of the harvest field moisture; RA—
Ratio between waste available (dry basis) and the total mass of waste in [%]; EP—Energy potential; P—Annual
production; n—Total number of residue categories; LHV—Low heating value.

In Brazil, both in terms of their production value and agrobusiness trade balance, rice
and wheat are important crops for the agricultural landscape and livelihood. Rice and
wheat are the most popular food crops in Asia, Latin America and Africa. Considering that
95% of rice is produced in developing countries, it is suggested that for each ton of rice grain
produced, 1.5 tons of rice straw are generated in these countries [34]. Around 770 million
tons of rice straw were produced in 2021/2022, whereas the global rice production was
513 million tons [35]. This equates to roughly 3666 MWh/year of energy if the rice straw
is used as a fuel source. Currently, straw residues are not used efficiently from an energy
perspective. Soybean (SB) is also an important commodity for the Brazilian economy.
Currently, Brazil is the second largest producer of SB in the world (behind the United
States (USA)), produced mainly for oil extraction. SB meal or cake are the main residues
generated, i.e., solid waste traditionally consumed as a filler and protein diet in animal
feed. Soybean is a rich source of nitrogen and phosphorus; as such, disposal of its waste
without following the regulations deposits these elements into the environment, which
could damage soil surface and water bodies, leading to eutrophication [36]. The interests in
exploring SB waste potential for numerous applications are increasing due to its abundance.
Among the various applications of SB waste, it is a worthy adsorbent for heavy metals
removal, agent for soil amendment, precursor for bio-oil production and electrode material
for supercapacitors.

Corn is also one of the major crops from a food production perspective. Between 2022
and 2023, the total annual production worldwide was 1151 million tons [37]. USA, China
and Brazil are the major corn producers with a production of 349 million tons, 277 million
tons and 125 million tons, respectively [37]. Approximately 50% of the corn plant is corn
stover, which is an excellent substrate for the biomaterials production due to lignocellulosic
composition. Cellulose fibers derived from the stalks and husks of corn plants were used in
industrial applications such as textiles [38]. Corn and sugarcane are the primary sources of
first-generation ethanol. However, the significant water consumption in the production and
the use of food resources for fuel generation resulted in higher prices [39]. Corn stover can
be utilized for second-generation biofuel, but pretreatment is required. This pretreatment
may pose a challenge for cost-effective second-generation bioethanol production. Different
studies summarized by Zao et al. [40] showed efficient pretreatment methods for bioethanol
production from corn stover. Nevertheless, the production is in its early stages and more
research focus on technology and composition, e.g., glucan/glucose and xylan/xylose,
is needed.

Brazil was the largest producer in 2020 of sugar cane worldwide with 757 million tons,
followed by India (377 million tons) and China (110 million tons) [19,41]. The National Fuel
Alcohol Program (Proalcool) was the strategic policy of the Brazilian government launched
in 1975 that made Brazil the world leader in the production of sugarcane ethanol—the first
large scale alternative for substitution of fossil fuel in the transport sector [42]. The high
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production of effluents and residues from the sugar cane industry are typically used as
an energy source through direct combustion in boiler furnaces. However, several studies
focused on transforming the residual material into fermentable sugar for second generation
ethanol production. According to the Brazilian National Agency for Petroleum, Natural
Gas and Biofuels (ANP), in 2021, about 29 million m3 of anhydrous and hydrate ethanol
were produced in the country [43]. Brazil also tops the list of coffee producers worldwide
with 3.7 million tons in 2022/2023. In coffee crops, a large amount of residues are obtained
from the cherries and shrub. Recent studies proved the high potential of coffee residues for
energy generation through different conversion processes [7,44].

More than 675 million tons of fruits are produced annually worldwide. Brazil is a
significant contributor with an output of 43.6 million tons annually [45]. The most abun-
dant fruits produced in Brazil are oranges (17.7 million tons in 2020), bananas (6.6 million
tons in 2020) and coconuts (2.4 million tons in 2020) [19], which are essential to the coun-
try’s economy and produce a vast amount of waste. Brazilian southeast region alone is
responsible for over 80% of the country’s orange production and the northeast region is the
largest producer of coconuts and bananas [19]. According to The Brazilian Agricultural
Research Corporation (EMBRAPA), almost half of the harvested bananas do not meet the
consumption standards and are unused. Although most bananas are consumed fresh,
industrialization accounts for 2.5–3.0% of national production [46]. Banana residues are pri-
marily used in Brazil as a natural fertilizer. Moreover, banana residues also demonstrated
high potential of producing biopolymers [47], hydrogen, methane [48], bioethanol [49] and
as a material for heavy metals removal from wastewater sources [50]. Similarly, orange and
coconut residues are highly used in the country commonly for animal feed or as a natural
fertilizer. Several researchers demonstrated the potential of coconut and orange residues to
produce essential oils [51,52], pectin [53] and biofuels [54,55].

3. Biomass Composition and Properties

Over time, the practice of genetically modifying crops became more common, which
may cause changes in its composition that are not just related to their use as food, but
also for other applications [56]. Conducting a thorough literature review and continuously
updating agro-forestry data is highly important to evaluate the potential of the biomass
for value-added purposes. In this study, an extended review of agro-forest biomasses was
conducted to extend and improve knowledge on alternative residues utilization.

The major components of biomass are water, organic and inorganic components.
Biomass from various types of plants contain different proportions of cellulose, hemicellu-
lose, lignin, extractives, sugars, starch and proteins. This leads to differences in quantities of
biomass carbon (C), hydrogen (H), oxygen (O), nitrogen (N) and sulfur (S) content, which
impacts its energy potential. The inorganic content of biomass is defined as the residual
mass remaining after its combustion (ashes). Table 2 summarizes the proximate analysis
(volatile matter, fixed carbon and ash content), ultimate analysis (C, H, O, N and S) and
heating values of the selected biomasses.

Table 2. Heating value, proximate analysis and ultimate analysis of evaluated biomasses.

Resource Residue
Proximate Analysis [wt%] Ultimate Analysis [wt%] LHVdaf HHVdaf

Ref
MC VM FC AC C H O N S MJ/kg MJ/kg

Agro-Industrial Biomass

Soybean

Straw 5.20 81.30 8.90 4.60 41.98 5.05 47.46 0.46 0.45 - 16.40 [57]
Straw 7.98 70.03 13.78 8.21 41.34 4.23 45.26 0.85 0.11 - - [58]
Straw - 85.50 10.60 3.90 44.30 5.80 45.20 0.70 0.10 - 16.10 [59]
Stalk - - - 8.87 41.05 5.52 41.39 2.90 0.28 - 16.39 [60]
Straw 7.60–10.90 - - 2.6–5.9 - - - - - 15.92 - [61]
Straw - - - - - - - - - 15.92 - [62]
Stalk - - - - - - - - - 16.99 - [63]
Husk
(gordana) 13.93 68.18 8.15 5.81 49.54 4.72 52.73 2.51 0.18 15.71 16.17 [64]
Husk (sivka) 14.85 66.91 9.41 4.74 48.41 4.28 54.77 2.21 0.11 16.18 17.12 [64]
Husk
(slavonka) 16.25 66.24 10.08 4.00 49.33 5.14 53.42 2.11 0.14 15.34 16.46 [64]
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Table 2. Cont.

Resource Residue
Proximate Analysis [wt%] Ultimate Analysis [wt%] LHVdaf HHVdaf

Ref
MC VM FC AC C H O N S MJ/kg MJ/kg

Husk 6.80 82.20 6.80 94.00 - - - - - - - [65]
Husk - 70.60 24.50 4.90 - - - - - - - [66]

Rice

Straw 5.46 88.78 1.43 9.82 46.24 6.21 46.23 1.32 - - 16.16 [67]
Straw 4.91 71.82 8.07 4.91 46.11 6.83 46.03 1.03 - - 16.14 [68]
Straw 4.35 74.86 11.56 9.23 42.57 5.84 49.33 2.13 0.13 - - [69]
Straw 8.08 69.99 13.40 8.79 39.61 5.83 43.80 1.21 - 14.21 - [70]
Straw - - - - - - - - - 15.54 - [63]
Husk 7.73 64.20 15.50 12.57 38.62 5.67 41.38 0.48 - 15.39 - [70]
Husk - 68.70 16.30 15.00 40.80 5.30 38.20 0.60 0.10 - 15.30 [59]
Husk - 70.70 15.40 13.90 40.10 - 39.70 - - - 16.79 [71]
Husk - - - - - - - - - 15.54 - [63]
Husk - - - - - - - - - 12.80 - [72]

Wheat

Straw 7.10 76.70 7.10 9.20 45.50 5.70 47.90 1.00 - - 16.50 [73]
Straw 6.46 77.03 19.47 3.50 44.00 5.76 48.92 0.94 0.38 - 17.52 [74]
Straw 10.11 68.92 12.74 8.23 38.96 5.27 55.27 0.50 - - 13.37 [75]
Straw 12.81 83.08 10.29 6.63 38.34 5.47 55.59 0.60 0.37 - 16.68 [76]
Stalk 10–20 - - 2.6–9.6 - - - - - 17.20 - [61]
Stalk - - - - - - - - - 17.15 - [63]
Husk 3.37 72.78 13.70 12.14 38.70 5.50 54.73 0.66 0.41 - 13.64 [77]
Husk 13.31 69.53 13.20 3.96 52.84 6.10 15.12 2.55 - 22.91 [78]
Husk 8.13 80.54 15.73 3.43 45.97 6.81 52.62 1.41 0.11 17.11 18.59 [79]
Husk 7.00 71.40 19.30 2.30 42.00 6.30 47.40 1.90 0.10 17.80 [80]

Corn

Straw 26.00 67.60 17.80 14.60 41.90 5.76 35.75 - - - 16.30 [81]
Straw 6.18 71.21 16.12 6.49 45.84 5.11 34.89 1.28 0.21 - 16.80 [82]
Stalk - 78.12 17.99 3.89 44.36 5.73 45.35 0.67 - - - [83]
Stalk - 75.38 17.95 6.67 42.53 6.17 43.59 0.93 0.11 16.59 [84]
Stalk 15–45 - - 3.50–

9.00 - - - - - 8–17. - [61]
Stalk - - - - - - - - - 13.70 - [62]
Cob 7.83 69.24 17.29 5.64 48.51 5.90 39.14 0.29 0.52 14.94 17.05 [85]
Cob 9.60 71.60 17.20 1.60 44.40 6.50 48.80 0.30 0.00 - 16.80 [86]
Cob 11.00 70.00 9.20 9.80 36.40 6.20 47.10 0.50 0.05 - 15.40 [87]
Cob - 83.10 13.78 3.12 43.40 6.55 48.88 0.65 0.49 - - [88]

Coffee

Husk 9.95 84.20 14.30 1.50 48.98 5.32 44.92 0.78 0.29 - 18.04 [44]
Husk 9.06 77.09 19.36 3.55 46.41 6.33 44.51 2.66 0.09 - 18.50 [89]
Husk 2.70 77.70 17.90 1.70 48.50 5.90 40.60 2.80 0.60 - 18.30 [90]
Husk 8.33 78.44 18.93 5.63 44.41 5.78 49.80 - - - 18.26 [91]

Banana

Leaves 8.40 73.05 11.29 7.26 43.28 6.68 48.31 1.28 0.30 - 17.80 [92]
Leaves - 77.79 11.31 10.90 44.85 6.23 48.17 0.58 0.17 14.69 15.90 [93]
Leaves - 72.60 18.00 9.10 41.40 5.40 41.40 2.50 0.29 16.10 16.30 [94]
Leaves - 70.14 14.51 15.35 - - - - - - - [95]
Stem 10.20 80.60 6.90 12.50 33.60 7.30 36.90 22.1 0.20 10.8 12.40 [96]
Stem 12.56 80.27 9.96 8.00 39.00 5.44 54.84 0.82 - - 16.13 [97]
Stem - - - - 38.44 5.03 43.10 1.24 0.09 - - [98]
Stem - 73.98 17.94 8.08 - - - - - - 14.09 [99]

Orange

Bagasse 7.62 76.45 23.55 7.62 44.93 7.10 46.31 1.42 0.14 14.31 15.86 [100]
Bagasse 9.23 73.20 20.60 6.20 46.40 5.54 40.15 1.17 0.01 17.03 18.16 [101]
Bagasse 6.15 70.33 20.86 2.66 43.57 4.40 51.78 0.17 0.09 - 17.26 [102]
Bagasse 1.50 74.10 23.60 2.30 42.70 6.40 47.60 1.00 - - 19.40 [103]
Bagasse 2.71 81.84 11.44 6.71 44.33 6.09 48.46 1.64 - - 17.61 [104]

Coconut

Husk 8.50 61.50 33.11 5.39 49.59 5.30 36.87 0.38 0.01 18.22 19.31 [105]
Husk 6.70 61.78 31.52 6.70 49.03 5.37 38.36 0.41 0.13 - 19.33 [106]
Husk 9.96 72.60 15.21 2.23 48.95 5.40 43.10 0.40 - - - [107]
Husk - 82.94 16.14 0.92 47.00 6.07 46.60 0.21 0.12 - 15.44 [77]
Husk - 73.38 22.95 4.66 - - - - - - 16.75 [108]
Shell 8.83 92.16 7.35 0.49 47.70 5.44 46.25 0.06 0.03 - 24.29 [109]
Shell 5.67 73.89 19.55 8.89 48.35 6.21 45.25 0.18 0.01 - 17.17 [110]
Shell 3.29 73.80 19.40 6.78 46.77 5.61 46.83 0.79 - - 18.64 [111]
Shell 15.98 72.90 19.40 0.80 46.60 7.10 41.80 0.32 - - 14.10 [112]
Shell 7.82 79.91 12.04 0.23 39.20 4.50 55.90 0.20 - - - [107]
Shell - - - - 49.50 6.10 40.10 0.80 0.06 - 18.90 [113]

Sugarcane

Straw 16.80 80.50 19.50 20.10 50.60 6.40 44.60 2.60 0.28 - 19.00 [114]
Straw 9.54 - - - 45.69 5.80 48.38 0.13 - - 17.38 [115]
Straw 3.12 87.61 3.22 9.17 41.88 5.87 41.72 0.47 - - 16.42 [116]
Straw 8.30 71.10 14.60 6.00 42.60 5.29 43.40 0.51 0.14 - - [117]
Bagasse 2.80 80.32 10.14 6.75 47.40 6.14 46.18 0.28 0.10 - 18.51 [118]
Bagasse - 79.01 16.09 4.90 32.50 5.01 61.55 0.38 0.56 - 16.53 [119]
Bagasse - 83.46 14.26 2.17 46.37 6.29 46.79 0.55 0.11 - 14.33 [120]
Bagasse - - - - 42.52 5.92 50.38 1.18 - - - [121]
Bagasse - - - - - - - - - 20.00 - [63]
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Table 2. Cont.

Resource Residue
Proximate Analysis [wt%] Ultimate Analysis [wt%] LHVdaf HHVdaf

Ref
MC VM FC AC C H O N S MJ/kg MJ/kg

Forestry Biomass

Eucalyptus

Leaves 48.40 (in
nature) 80.10 16.60 3.20 54.70 6.00 34.70 1.20 0.20 - 21.10 [122]

Bark 61.70 (in
nature) 80.40 15.10 4.50 48.10 5.50 41.70 0.10 0.10 - 20.47 [122]

Wood 13.18 75.21 11.00 0.10 49.29 5.91 44.68 0.09 0.03 - 18.10 [123]
Wood 7.60 87.95 11.59 0.46 46.13 5.90 47.83 0.14 - - 20.25 [124]
Wood 12.00 83.10 16.70 0.30 - - - - - - 19.48 [125]
Wood 12.00 85.49 14.16 0.34 - - - - - 15.50 19.32 [126]
Wood - 81.60 18.20 0.21 48.60 6.10 44.60 0.49 - 17.89 19.28 [126]
Wood - 87.00 12.80 0.30 52.30 5.90 41.40 0.00 0.10 - 19.10 [122]

Pinus

Wood - 88.30 9.80 1.90 50.30 6.90 40.80 0.10 - - 18.50 [59]
Wood - 82.40 16.43 1.17 52.80 6.10 40.50 0.50 0.09 - 20.80 [127]
Wood 6.28 83.43 16.32 0.26 - - - - - - - [128]
Wood - 87.40 11.00 1.55 - - - - - - - [129]
Wood 67.00 (in

nature) - - - - - - - - 18.08 19.44 [130]

daf: dry ash free basis; MC: moisture content; VM: volatile matter; FC: fixed carbon; AC: ash content; LHV: lower
heating value; HHV: higher heating value.

Moisture content is a significant concern in many processes where biomass is used
as an energy source. If the biomass is too wet, it requires extra energy to evaporate
the water before conventional technologies of biomass treatment conversion can be ap-
plied. This can increase the cost of energy generation and increased storage space for the
fuel [131,132]. Some types of agro-forest biomass have high moisture content at harvest
(40–70%) [133–135] but can be dried to a more suitable level for energy conversion. Most
agro-industrial residues have a low enough moisture content for conversion (<11%), except
for orange bagasse and banana residues which have higher moisture contents [97,136].
However, these materials should not be dismissed since they are waste and can still be used
for energy. Sustainable alternatives to treat wet biomass are hydrothermal carbonization
and hydrothermal liquefaction [132,137,138]. Moreover, the presence of water in biomass
affects its vulnerability to microbial colonization, which leads to the consumption of its
nutrients causing economic material losses. When the moisture content falls below the
fiber saturation point, there is limited possibility for microbial breakdown, and it is entirely
prevented at lower moisture levels [139].

Volatile matter (VM) comprises components of a solid fuel, apart from moisture,
which are driven off as gases when temperature increases in the absence of an oxidative
agent (typically 900 ◦C for 7 min). The organic material that remains following such
treatment is referred to as fixed carbon. Understanding the VM help evaluate the practical
aspect of combustion of the biomass and the potential for liquid and char generation in
thermal process such as pyrolysis [123,129]. The highest values were found for most agro-
industrial residues, sugarcane residues, wheat straw and forest biomass (74–94%). Volatile
compounds are responsible for the initial ignition and flame propagation of the biomass
material. Biomass with higher VM tent to ignite more easily and burn more rapidly.

The ultimate analysis showed high oxygen content (47–55%) in residues from corn,
banana, rice, sugarcane and orange. High oxygen concentrations decrease the biomass
heating value, which makes them not desirable for fuel application [44]. The highest values
for carbon content were observed in the residues from soybean, coconut and wood-base
(47–53%), indicating higher energy density per unit of biomass. N and S contents are an
indication of the amount of undesirable emissions, i.e., N generates NOx when biomass is
combusted and S generates SOx during gasification and may contaminate catalysts. For
solid biofuels, problematic emissions can be expected for biomasses with S concentrations
above 0.2% and N concentrations above 0.6% [140]. In this study, the highest N content
was found for residues from coffee, banana, soybean and corn. For S content, relatively low
values were found for most biomasses. Therefore, the elemental composition of biomasses
may affect their thermal utilization. Management and emissions control measures, such
flue gas cleaning technologies, are required.



Energies 2023, 16, 3959 8 of 59

The average lower heating value on dry ash free basis (LHVdaf) of the evaluated
biomasses ranged from 14 MJ/kg to 19 MJ/kg. The highest values were reported for
forest residues. LHV indicates the highest amount of energy possible to recover from a
biomass source and is considered an important parameter for assessing and modeling
energy potential in biomass conversion technologies [141].

The main organic components of biomass are cellulose, hemicelluloses, lignin and
extractives in addition to pectin, sugars, proteins and starches. The content can vary
significantly from one biomass to another. Table 3 summarized the structural chemical
composition of the selected biomasses.

Table 3. Chemical composition (wt.% dry) of evaluated biomasses.

Resource Residue Extractive
[wt.%] Lignin [wt.%] Cellulose [wt.%] Hemicelluloses

[wt.%] Ref.

Agro-Industrial Residues

Soybean

Straw 15.50 15.20 37.60 27.80 [59]
Straw - 21.80 35.30 16.90 [142]
Straw - 24.12 22.69 17.73 [143]
Straw - 21.60 34.10 16.10 [57]
Stalks - 19.80 34.50 24.80 [144]
Husk 4.80 7.80 40.60 33.80 [145]
Husk - 2.10 32.90 3.10 [146]
Husk - 3.70 52.30 18.50 [147]
Husk - 2.10 5.10 19.40 [148]

Rice

Straw 1.62 25.79 42.32 19.50 [67]
Straw - 18.70 47.20 31.80 [149]
Straw - 8.3–9.9 19.6–36.2 19.0–50.4 [144]
Straw - 14–28 32–40 24.00 [150]
Husk - 21.10 38.57 21.30 [70]
Husk - 26.00 33.00 7.00 [142]
Husk - 22.00 40.00 21.00 [148]

Wheat

Husk 20.00 16.00 36.00 18.00 [151]
Husk 2.40 16.40 30.50 28.90 [152]
Husk - 14.00 23.00 21.00 [153]
Husk - 16.00 39.00 30.00 [154]
Straw 20.10 20.20 34.00 23.15 [150]
Straw - 16.00 30.00 26.00 [149]
Straw - 8.9–22.1 32.9–49.8 23.7–25.0 [144]

Corn

Straw - 7.02 32.72 33.35 [155]
Straw - 6.87 24.58 25.97 [155]
Stalks - 7.0–7.3 (db) 35.0–39.0 16.8–42.0 [144]
Stalks - 17.18 49.22 25.57 [149]
Husk 19.60 15.50 32.50 30.40 [150]
Husk - 14.30 31.00 34.00 [148]
Cob 14.25 18.50 35.75 30.70 [150]
Cob - 9.40 27.71 38.78 [142]
Cob - 6.10 33.70 31.90 [144]

Coffee
Husk 38.00 24.30 31.50 43.80 [44]
Husk - 27.57 41.60 21.90 [91]
Husk 20.53 24.15 47.29 (hollocellulose) [89]

Banana

Leaves 7.32 15.00 43.34 34.34 [92]
leaves 7.59 25.25 35.20 20.28 [95]
stem 7.60 22.30 55.50 5.40 [156]
stem 4.90 15.30 69.40 8.80 [157]
Stem - 6.08 27.79 30.08 [98]
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Table 3. Cont.

Resource Residue Extractive
[wt.%] Lignin [wt.%] Cellulose [wt.%] Hemicelluloses

[wt.%] Ref.

Orange

Baggase 35.30 28.70 17.10 16.60 [158]
Bagasse 21.96 29.04 40.33 8.66 [101]
Bagasse 29.80 9.52 28.98 31.70 [102]
Bagasse - 8.50 12.40 7.50 [159]

Coconut

Husk - 26.69 31.60 26.33 [160]
husk 5.44 43.34 26.27 26.00 [106]
Husk - 46.36 21.26 17.33 [142]
shell 4.20 29.70 29.58 23.80 [161]
Shell 13.96 5.35 1.70 61.96 [109]
Shell 2.71 33.15 30.47 25.42 [160]

Sugarcane

Straw 25.00 27.00 54.00 39.00 [114]
Straw 15.31 18.21 33.13 26.25 [162]
Straw 8.91 31.14 31.46 27.03 [115]
Straw 4.30 19.60 37.20 30.60 [163]
Straw - 16.00 30.00 22.50 [164]
Bagasse 12.70 19.20 36.90 26.30 [119]
Bagasse 6.49 26.72 44.46 20.53 [121]
Bagasse 4.80 19–25 35–45 25–32 [150]
Bagasse - 25.00 50.00 25.00 [142]
Bagasse - 20.30 41.60 25.10 [149]
Bagasse - 11.70 36.50 26.50 [164]

Forestry Biomass

Eucalyptus

Wood 3.70 24.40 47.00 24.90 [165]
Wood 1.81 23.24 42.83 43.42 [166]
Wood 4.80 23.30 38.10 36.60 [167]
Wood - 14.58 48.54 28.36 [168]
Wood - 31.08 68.92 (hollocellulose) - [124]

Pinus

Wood 9.00 26.30 41.10 13.70 [59]
Wood 3.06 31.56 37.20 22.88 [128]
Wood 14.00 34.50 - - [169]
Wood 3.20 28.00 45.50 23.10 [170]
Wood 2.54 22.06 69.49 (hollocellulose) - [171]
Wood 7.10 26.50 59.00 21.10 [172]
Wood - 36.10 37.80 26.10 [173]

db: dry basis. Holocellulose: Cellulose + Hemicellulose.

Cellulose content ranged from 15% (orange bagasse) to 45% (sugarcane residues),
whereas hemicelluloses ranged from 10% (banana residues) to 60% (coconut shell). Co-
conut husk reported the maximum lignin content of 45% and the lowest was found for
soybean, with a content of 2%. A high content of hemicelluloses is desirable for biochemical
processes. Hemicelluloses are a mixture of polysaccharides including xylose, arabinose and
mannose that can be converted into various chemicals and fuels such as ethanol through
hydrolysis. Cellulose and lignin are more resistant to degradation and require more severe
conditions than hemicelluloses. Lignin is a very rigid polymer desirable as an additive
for pellets production. Cellulose can be hydrolyzed into glucose, which can be used to
produce biofuels.

Ash Composition and Ash Fusibility Trends

The mineral content of ash produced during thermochemical process may result on
several problems related to reactor operation or conversion technology efficiency such as
slagging and fouling. Table 4 shows the correlation between indicator values and levels
of slagging and fouling tendencies. According to Febreto et al. [174], the ash fusibility,
sintering and slagging property of energy material can be determined by the ratio of



Energies 2023, 16, 3959 10 of 59

alkaline oxides content (CaO, Fe2O3, MgO, Na2O, K2O) and acidic oxides content (SiO2,
Al2O3, TiO2), using Equation (3). This study used Equation (4) proposed by Pronobis [175],
due to highest compatibility with the biomass composition since it considers the influence
of several ash constituents.

B/A =
(Fe2O3 + CaO + MgO + Na2O + K2O)

(SiO2 + Al2O3 + TiO2)
(3)

B/A+P =
(Fe2O3 + CaO + MgO + Na2O + K2O + P2O5)

(SiO2 + Al2O3 + TiO2)
(4)

Table 4. Correlation between indicator values and levels of slagging and fouling tendencies.

Index Range Slagging and Fouling Inclinations

B/A

<0.5 Low
0.5–1.0 Medium

1.0–1.75 High
>1.75 Extremely High

Fu
<0.6 Low

0.6–40 Medium
>40 High

SR

>72 Low
65–72 Medium
<65 High

SI
>0.6 Low
0.6–2 Medium

<2 High

The fouling index (Fu) [176], slag viscosity index (or slagging index) (SR) [175–177]
and the silica ratio (Si) were calculated using Equations (5)–(7), respectively.

Fu = (B/A)(Na2O + K2O) (5)

SR =
(SiO2)

(SiO2 + Fe2O3 + CaO + MgO)
× 100 (6)

Si =
(CaO + MgO)

(Na2O + K2O)
(7)

Table 5 shows the composition of the ash samples, base-to-acid ratio (B/A), slagging
index (SR) and fouling index (Fu) of biomass ash.
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Table 5. Ash composition and ash fusibility trends of evaluated biomasses.

Resource Residue
Ash Composition Ash Fusibility Trends

F2O3 CaO MgO Na2O K2O SiO2 Al2O3 TiO2 P2O5 B/A B/A + P Fu SR SI Ref

Agro-Industrial Residues

Soybean Stalk 0.83 33.20 9.83 0.91 18.80 30.40 2.15 0.05 2.62 1.95 2.03 38.43 40.94 2.18 [178]
Husk 0.25 0.70 0.61 - 1.06 94.87 0.84 0.03 1.25 0.03 0.04 - 98.38 - [100]

Rice

Straw 0.73 1.61 1.89 1.85 11.30 74.31 1.40 0.02 2.65 0.23 0.26 3.02 94.61 0.27 [179]
Straw 0.46 5.92 3.61 2.08 22.92 51.02 0.23 0.04 2.83 0.68 0.74 17.05 83.63 0.38 [180]
Husk 0.05 0.67 0.40 1.26 0.62 95.77 0.05 - 0.46 - - - 98.84 0.57 [181]
Husk 0.21 0.91 0.26 0.13 2.42 94.26 0.29 0.02 0.55 0.04 0.05 0.11 98.56 0.46 [182]

Wheat

Straw 1.60 12.20 7.03 0.42 20.49 38.43 3.41 0.27 3.39 0.99 1.07 20.73 64.85 0.92 [183]
Straw 0.49 6.11 4.95 0.31 25.08 25.08 1.05 0.07 1.81 1.41 1.48 35.80 68.47 0.44 [184]
Husk 0.84 5.46 0.99 0.16 11.30 43.22 - - - - - - 85.57 0.56 [185]
Husk 0.08 1.20 0.80 - 0.70 95.56 0.14 - 0.80 - - - 97.87 - [185]

Corn Straw 1.31 21.66 15.96 0.90 20.24 26.79 1.73 0.18 2.75 2.09 2.19 44.25 40.76 1.78 [186]
Cob 1.20 10.43 0.11 2.24 31.13 19.63 1.23 0.35 7.19 2.13 2.47 70.97 62.58 0.32 [85]

Coffee Husk 2.06 13.05 4.32 0.66 52.45 14.65 1.07 0.27 4.94 4.54 4.85 240.94 42.99 0.33 [182]
Husk 0.56 17.70 4.51 0.14 46.46 1.24 0.58 0.08 3.85 36.51 38.54 1701.39 5.16 0.48 [187]

Banana Leaves 1.14 - - 0.21 - 48.70 2.60 - - - - - - - [188]
Leaves 1.11 18.75 9.43 0.39 10.73 49.14 1.49 0.18 3.07 0.80 0.86 8.84 62.65 2.53 [189]

Orange Bagasse 2.91 22.22 6.34 0.26 31.58 3.18 5.24 0.19 10.71 7.35 8.60 234.12 9.18 0.90 [100]
Bagasse 0.09 29.47 4.78 1.98 30.90 0.29 0.33 0.02 8.34 - - 3453.43 0.84 1.04 [158]

Coconut Husk 11.90 2.33 2.19 4.82 27.50 31.60 3.00 0.30 1.60 1.40 1.44 45.14 65.81 0.14 [105]
Shell 6.16 2.41 1.54 4.62 8.48 66.75 8.48 0.01 1.54 0.31 0.33 4.04 86.85 0.30 [182]

Sugarcane Bagasse 5.55 9.60 2.36 1.18 2.08 53.09 6.94 0.57 0.25 0.34 0.35 1.12 75.20 3.67 [190]
Bagasse 5.42 4.00 0.63 0.19 0.96 64.12 20.01 1.12 0.38 0.13 0.14 0.15 86.45 4.03 [182]

Forestry Biomass

Eucalyptus Wood 2.05 48.19 3.78 2.68 29.92 3.46 0.47 0.16 4.88 21.18 22.37 690.42 6.02 1.59 [182]

Pinus Wood 5.93 20.04 4.55 1.42 9.76 45.23 10.6 0.64 1.29 0.74 0.76 8.26 59.71 2.20 [191]
Wood 5.8 11.7 3.3 1.3 5.9 47.4 18.1 0.8 1.2 0.42 0.44 3.04 69.50 2.08 [192]

Pronobis [175] stated that values of B/A < 0.75 indicated low slagging. The average
ash content of residues from coconut, rice and sugarcane residues are lower than 0.75,
indicating a lower medium slagging potential, while residues with B/A over 0.75 may
greatly increase the deposition tendency in combustion temperature. The SR value showed
a similar trend with B/A ratio. A low SR value suggests low slagging tendency such as
soybean husk residue (SR < 0.6). High viscosities and, hence, low slagging inclination are
correlated with high SR values (>72) such as those found in residues from sugarcane, rice
and coconut shell. The SR average value (65 to 72) found for banana, wheat and coconut
residues indicates medium slagging tendency [175]. High slagging with values <65 was
found for soybean, corn, coffee and banana leaves residues. Except for rice husk, which
demonstrated low fouling inclination (Fu 0.6), the majority of the studied biomasses have
strong tendency to sintering of deposits [18]. Co-processing biomass with conventional
fuels has the potential to be a very appealing solution that allows for the realization of
full economies of scale while also minimizing issues with product quality. The majority
of current co-firing applications include mixing biomass fuels with coal feed, which is
frequently used to meet up to 5% of the power plant’s energy needs [193].

4. Conversion Technologies Routes

The waste hierarchy advocates for the sustainable reuse and recycling of waste, but
untreated biomass feedstocks can be problematic for the direct use as a fuel due to various
inherent properties. Low energy density makes the biomass transportation expensive and
being a solid fuel limits its potential application. Moreover, high moisture contents can
also reduce the net heat available in the direct combustion [194]. However, the energy
content of this waste can still be used as a reliable and local energy source. To increase the
energy content and make the material more homogeneous, dense and less contaminated,
pretreatment of the waste flow is necessary. The objective of the treatment is to sort out
the organic fraction, which can simplify the handling and use of the material as an energy
source and reduce the handling of byproducts and emissions from the conversion process.
Typically, direct combustion or incineration is used in the agroforest sector. The residues
generate vapor that consequently produces heat and electricity.

Different ways to produce biofuels from lignocellulosic biomass, such as agro-industrial
waste, were studied for decades. These ways can be classified as either biochemical or
thermochemical processing. Thermochemical routes include gasification, pyrolysis, lique-
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faction, combustion and hydrothermal processes. For instance, the gasification of biomass
residues produces syngas that can either be burned in a furnace or transformed into liquid
fuels. Thermochemical conversion involves synthesizing the entire biomass into the desired
chemical or using it directly. In biochemical conversion, bacteria or enzymes break down
biomass molecules into smaller ones. The three primary ways for biochemical conversion
are: digestion (anaerobic and aerobic), fermentation and enzymatic or acid hydrolysis [195].
The end products of this process are often methane and carbon dioxide in addition to
a solid residue. Interestingly, bacteria obtain oxygen from the biomass itself instead of
the surrounding air. A common example is the conversion of sugar cane or agricultural
residues such as bagasse and cane straw into ethanol, which is a second-generation bio-
fuel. These methods are expected to play a significant role in generating eco-friendly and
renewable fuels for the transportation sector [21]. Multiple studies conducted reviews on
the lignocellulosic conversion processes [44,196–198] concluding the advantages of using
biomass for energy application. Biomasses contribute significantly less to carbon dioxide
emissions when compared to fossil fuels. Many countries have regulations in place to
make biomass economically viable, and biomass plants that replace fossil fuels can earn
credits for reducing carbon dioxide emissions. These credits can be sold on the market for
additional revenue. Moreover, biomass power plants need to source their biomass from
within a certain distance. This creates opportunities for associated industries that grow,
collect and transport biomass, which can have a positive impact on the local economy.
Figure 1 shows the conversion technologies (scenarios) considered in this study, while
Table 6 summarizes a comparative experimental recent report of selected biomass residues
for the different conversion routes. Most of the published reports referenced Brazilian
feedstocks. However, due to lack of literature data in some scenarios, biomasses from other
countries were included.
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Figure 1. Scenarios of different conversion technologies for biomass utilization.Figure 1. Scenarios of different conversion technologies for biomass utilization.
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Table 6. Alternatives for energy generation of the main Brazilian agro-forestry residues.

Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Scenario I—Bioethanol Production

Soybean

Waste
agro-industrial residue
(Brazil)

Hydrolysis conditions:

• Temperature [◦C]: 127
• Time [min]: 20
• acid/substrate ratio [g/g]: 1:20
• moisture [% w/w]: 90
• H3PO4 [% v/v]: 0.3

• Reducing sugars yield [g/kg]: 80.38
• Reducing sugars concentration [g/L]: 6.99
• Sugar concentration [g/L]: 2.01 (glucose); 1.99 (xylose); 0.72

(arabinose)
• Inhibitor concentration [g/L]: 0.34 (acetic acid); 0.0 (furfural); 0.2

(5-HMF)

[199]

Soybean strawfarm residue
(Korea)

• Alkaline pretreatment: 0.5~3.0 M NaOH
(121 ◦C, 60 min)

• Enzymatic hydrolysis: 42 ◦C, 200 rpm, 48 h.
• Saccharification enzymes: Cellic CTec2 cellulase

(contains 206 ± 2.3 g/L glucose and
193.3 ± 0.2 g/L xylose).

• Inoculation of a yeast strain: Saccharomyces
cerevisiae W303-1A

• For fermentation times between 30–60 h→ ethanol concentration of
20–30 g/L; glucose concentration 2–7 g/L and xylose concentration
of 7–9 g/L

• For cellic CTec2 between 10–50 loading filter paper unit cellulase/g
dry soybean straw→ enzymatic digestibility 55–90%; concentration
of glucose 40–70 g/L; concentration of xylose 5–10 g/L

• Effect of NaOH pretreatment (100g soybean straw): For NaOH
concentration between 0.5–3.0M→ delignification of 34.1–50%

[200]

Rice

Rice huskagro-industrial
residue (Brazil)

Hydrolysis conditions

• Temperature [◦C]: 127
• Time [min]: 60
• acid/substrate ratio [g/g]: 3:20
• moisture [% w/w]: 60
• H3PO4 [% v/v]: 5.3

• Reducing sugars yield [g/kg]: 118.16
• Reducing sugars concentration [g/L]: 78.87
• Sugar concentration [g/L]: 2.37 (glucose); 30.10 (xylose); 3.36

(arabinose); 1.86(cellobiose)
• Inhibitor concentration [g/L]: 3.48 (acetic acid); 0.51 (furfural); 0.13

(5-HMF)

[199]

Rice branagro-industrial
residue (Brazil)

• Hydrolysis conditions
• Temperature [◦C]: 127
• Time [min]: 60
• acid/substrate ratio [g/g]: 3:20
• moisture [% w/w]: 60
• H3PO4 [% v/v]: 5.3

• Reducing sugars yield [g/kg]: 170.39
• Reducing sugars concentration [g/L]: 42.60
• Sugar concentration [g/L]: 13.78 (glucose); 9.26 (xylose)
• Inhibitor concentration [g/L]: 0.82 (acetic acid); 0.69 (furfural); 0.89

(5-HMF)

[199]
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Table 6. Cont.

Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Wheat

Waste
agro-industrial residue
(Brazil)

Hydrolysis conditions

• Temperature [◦C]: 127
• Time [min]: 20
• acid/substrate ratio [g/g]: 1:20
• moisture [% w/w]: 90
• H3PO4 [% v/v]: 0.3

• Reducing sugars yield [g/kg]: 228.04
• Reducing sugars concentration [g/L]: 19.83
• Sugar concentration [g/L]: 2.32 (glucose); 4.52 (xylose); 1.83

(arabinose)
• Inhibitor concentration [g/L]: 0.18 (acetic acid); 0.01 (furfural); 0.16

(5-HMF)

[199]

Wheat straw
(India)

Pretreatment (100 ◦C, 2 h—RT overnight):

• Pretreatment 1:1.5% w/v NaOH followed by
acid hydrolysis (0.75% v/v sulfuric acid at
100 ◦C for 2 h)

• Pretreatment 2: 0.75% (v/v) sulfuric acid at
100 ◦C for 2 h followed by treatment with 1.5%
(w/v) NaOH

• Treated with accellerase 1500 (26 U/g)
• Fermentation of the hydrolysate: Saccharomyces

cerevisiae

• Alkali followed by acid pretreatment: Delignification (70 ± 1%–77
± 1.7%); sugar loss (0.9 ± 0.26%–0.9 ± 0.36%).

• Acid hydrolysate: sugars (9.8 ± 0.15 g/L–10.4 ± 0.55 g/L);
Saccharification (11.9 ± 0.62%–12.4 ± 0.26%)Acid followed by alkali
pretreatment: Delignification (79.3 ± 0.32%–82.7 ± 0.3%); sugar loss
(0.88 ± 0.02%–1.5 ± 0.03%). Acid hydrolysate: sugars (19.6 ± 0.2
g/L); Saccharification (20.8 ± 0.25%)

• Highest ethanol concentration at incubation time 36 h: 24.4 g/L
ethanol with 0.44 g/g yield.

[201]

Corn

Corn stover
collected from field after
corn harvest (Brazil)

• Alkali pretreatment: CaO concentration (0.2, 0.4
and 0.6 g/gdry biomass), 200 rpm, 24 h

• Enzymatic hydrolysis (samples conditioned at
200 rpm, 50 ◦C, 24 h): Cellic Ctec2 (2 wt.% in
relation to dry biomass) and Cellic Htec2 (0.5
wt.% in relation to dry biomass)

• Fermentation of the hydrolysate:
Saccharomyces cerevisiae (PE-2) and wild yeast
strain Wickerhamomyces sp. (UFFS-CE-3.1.2)

• Incubation temperature [◦C]: 40, 55 and 70

• Sugar yield after enzymatic hydrolysis: Glucose
(0.78 ± 0.01 g/L–20.41 ± 1.59 g/L); xylose
(1.17 ± 0.52 g/L–10.05 ± 0.83 g/L); cellobiose (0.48 ± 0.20 g/L–1.10
± 0.10 g/L); cellulose and hemicellulose converted into fermentable
sugars (2.19–52.08%); acetic acid (2.34 ± 0.10 g/L–3.06 ± 0.06 g/L)

• Fermentation yield [getanol/gdry biomass]: ~0.38 for PE-2 and ~0.34
for UFFS-CE-3.1.2

• Ethanol production started with a concentration of 8.23 g/L glucose,
obtaining 2.80 g/L and 3.10 g/L of ethanol for strains UFFS-CE-3.1.2
and PE-2, respectively.
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[202] 

Hydrolysis 

(0.083 gglucose/gbiomass)

• 1 ton of 
biomass

Fermentation

(0.38 gethanol/gglicose)

• 83 kg of 
glucose

Ethanol density 

(0.79 kg/L)

• 31.5 kg of 
ethanol

[194]
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Table 6. Cont.

Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Corn stalk
agricultural farm
(Bangladesh)

• Alkali pretreatment: NaOH solution
(concentration 0.5–2.5%), 100 ◦C, 1 h.

• Fermentation: 9 g/L of yeast extract, 0.75 g/L
of KH2PO4, 0.15 g/L of

• (NH4)2SO4 and 0.25 g/L MgSO4.

organism loading: Saccharomyces cerevisiae

• Bioethanol yield: 20.61–24.63 g/L (alkali (0.5–2.5%); 24 h
fermentation period)

• Bioethanol yield: 31.11 g/L (alkali (2%), 100 ◦C pretreatment, using
Saccharomyces cerevisiae, 48 h)

• Filtrate of the pretreated corn stalk with 5% inoculum produced 43.8
g/L bioethanol.

[202]

Coffee

• Coffee husk
• Ground coffee husk
• Aqueous extract from

ground coffee husk

agricultural farm (Brazil)

• Batch fermentation: 100 rpm; ~13 g of substrate
mixed with 100 mL distilled water; time
determined based on CO2 release data.

• Organism loading: Saccharomyces cerevisiae
(Fleischman) (3, 4 and 5 g/L yeast
concentration; 25, 30 and 35 ◦C fermentation
temperature)

• Fermentation 4 g/L yeast at 30 ◦C→
Ethanol production [g/100g db]: 7.67 ± 0.15 (coffee husk); 7.19 ± 0.52
(ground coffee husk); 6.43 ± 0.20 (aqueous extract)
Theoretical yield [%]: 67.64 ± 1.39 (coffee husk); 62.78 ± 4.56 (ground
coffee husk); 48.07 ± 0.96 (aqueous extract)
Sugar conversion [%]: 92.10 ± 0.40 (coffee husk); 92.67 ± 0.52(ground
coffee husk); 91.43 ± 0.38 (aqueous extract)
Productivity [g/L h]: 1.22 ± 0.02 (coffee husk); 1.15 ± 0.08 (ground coffee
husk); 1.03 ± 0.03 (aqueous extract)

[203]

Coffee pulp
Semidry processing coffee
(Brazil)

• Alkali pretreatment (autoclave 121 ◦C):
• alkali substances (NaOH and Ca(OH)2)
• Hydrolysis (50 ◦C, 150 rpm, 72 h): Enzyme

Celluclast 1.5 L; 69.106 FPU/mL; 2 mL of
enzyme preparation; 38 mL of 0.05 mol/L
citrate buffer (pH 4.8), and 10 g (equivalent to
7% w/v of dry material per 100 mL of solution)

• Fermentation (121 ◦C, 20 min, autoclave):
Supplemented with (NH4)2SO4 (1 g/L),
K2HPO4 (0.1 g/L), and magnesium sulfate
heptahydrate (0.2 g/L). Yeast strain S. cerevisiae.

• Levels of reducing sugars [g/L]: 24.7–37.97
• Total reducing sugars [g/L]: 26.72–66.15
• Glucose and enzymatic hydrolysis yield [%]: 38.39–60.48
• Fermentation time 24–48 h→ glucose: 4.25 ± 0.85–4.17 ± 0.71 g

Glucose/L; ethanol: 11.92 ± 0.15–11.99 ± 0.85 g ethanol/L; ethanol
yield: 0.40 g ethanol/g glucose

[204]
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Table 6. Cont.

Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Banana

Banana leaf waste (India)

Steam, alkali (0.1 N NaOH) and acid pretreatment
(0.1 N H2SO4) pretreatment [%w/v]: 1:10 (121 ◦C,
1 h)
Sacharification condition:
Cellulase (enzyme): produced by Aspergillus niger
JD-11
Enzyme loading [FPU/g]: 5–15
Temperature [◦C]: 40, 45 and 50
Substrate [%wt./v]: 2 to 6
Surfactant [%vol]: 0.05–0.15 (Tween 80 and PEG
6000)Time [h]: 70
Fermentation condition:
Inoculum: S. cerevisiae (40 g/L reduced sugars, pH
5.5, 30 ◦C for 30 h)

Pretreatment effect on hydrolysis:
Higher reduced sugars[mg/g]: 358.11 (acid pretreatment). Main increase
at 40 h
Enzyme load effect on hydrolysis:
Higher reduced sugars [mg/g]: 397.57 (15 FPU/g). 38% more compared
with 5 FPU/g.
Temperature effect on hydrolysis:
Higher reduced sugars [mg/g]: 455.91 (at 45 ◦C)
Surfactant effect on hydrolysis:
Higher reduced sugars [mg/g]: 524.83 (0.15% vol of PEG 6000)
Substrate concentration effect on hydrolysis:
Higher reduced sugars [mg/g]: 524.83 (2% wt./vol of substrate)
Higher ethanol production [g/L]: 15.43Conversion factor reduced sugars
to ethanol [g/g]: 0.38
Volumetric productivity [g/L·h]: 1.28 (at 12 h)

[205]

Banana pulp, peels and
pseudostem bagasse
(Brazil—Simulation study)

Biomass proportions: 1:2:10 (pulp:peels:pseudestem)
Inoculum: S. cerevisiae and Pachysolen tannophilus
(ATCC32691).
pH fermentation: 5
Fermentation time: 36–48
Hydrolysis Temperature [◦C]: 120
Hydrolysis Time [min]: 15

Best ethanol performance at 48 h of fermentation:
Reduced sugars before chem pretreatment [g/L]: 151.6
Reduced sugars in hydrolyzed broth [g/L]: 19.5
Ethanol at the beginning of fermentation [g/L]: 0.8
Ethanol at the after fermentation [g/L]: 53.1
Volumetric productivity [g/L·h]: 1.09
Conversion factor reduced sugars to ethanol [g/g]: 0.4

[206]
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Table 6. Cont.

Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Orange

Peels (Brazil)

Pretreatment:
Ca(OH)2, biomass and destilate water (1:4:20
w/w/v), at 60 ◦C for 120 min.
Enzymatic and dilute acid hydrolysis
Enzymes: cellulase and xylanase
Acid: HCl

Best cellulose activity [FPU/mL]: 24.08 (ph 4.8, 60 ◦C)
Best xylanase activity [U/kg]:1.99.58 × 10−3 (pH 5.2, 50 ◦C)
Acid Hydrolysis effect:Total reduced sugars [mg/g]: 30.15 (acid
concentration 3.5%, 55.82 ◦C, 45 min)
Enzymes effect:
Total reduced sugars [mg/g]: 99.66 (7.02 PFU/mL of cellulase, 2.5 U/g
xylanase, 36 h)

[207]

Bagasse (Iran)

ABE Production (acetone-butanol-ethanol)
Pretreatment:
High-pressure reactor: Biomass to water 1:10 (w/w);
T [◦C]: 100, 140 and 180; t [min]: 30, 60 and 120
Enzymatic hydrolysis conditions:
Cellulase:Hemicellulase 9:1
Cellulase to biomass [FPU/g]: 15; Solid loading
[%wt./v]: 5; T [◦C]: 45; t [h]: 72
(solid residue from Enzymatic hydrolysis to
Anaerobic digestion)
Fermentation:
C. acetobutylicum NRRL B-591

Pretreatment effect: Best performance at 180 ◦C and 120 min
Solid solubility [%]: 68.2
Hemicellulosic sugar removal [%]: 86.4
Enzymatic hydrolysis:
Total sugar concentration [g/L]: 25.7 (23.3 glucose, 2.4 xylose) (Pre: 140
◦C, 120 min)
Highest ABE production [g/L]: 4.68 (Pre: 140 ◦C, 30 min)
Per kg of Baggase: 42.3 g biobutanol, 33.1 g acetona, 13.4 g ethanol, 104.54
L biohydrogen, 28.3 L biomethane

[208]

Coconut

Husk (Brazil)

Pretreatment: NaOH 5% [mL]: 100, 121 ◦C, 1 atm for
40 min
Enzymatic hydrolysis conditions:
Enzyme: Accellerase 1500.
Temperature [◦C]: 50
Time [h]: 72
Fermentation: PD medium (10 g/L yeast extract;
20 g/L bacteriological peptone, 20 g/L glucose)
Time [h]: 18

Reducing sugars yield [g/100 g]: 45.86
Reducing sugars concentration [g/L]: 8.84
Enzymatic conversion [%]: 88.40
Overall enzymatic yield [g/100 g]: 22.71
Ethanol production [g/L·h]: 0.015
Theoretical maximum yield [gEtOH/g biomass]: 0.078

[209]

Husk (Brazil) Two way strategies SHF and SSF.
Pretreatment: solution NaCl at 10% of the acetic acid. Highest ethanol yield [L EtOH/ton biomass]: 52.7 (SSF) [210]
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Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Sugar cane

Bagasse (Brazil)

Ultrasound (US)-assisted enzymatic hydrolysis.
Ultrasound parameters:
Temperature [◦C]: 25, 30, 37.5, 45, 50.
Time [s]: 10, 75, 170, 265, 330.
Intensity [W/cm2: 120.6, 150.7, 192.5, 234.4, 263.7
Enzymatic hydrolysis conditions:
Enzymes: Celluclast 1.5 L and Cellic CTec2
Temperature [◦C]: 50
Time [h]: 24

Reduced sugar concentration (No US) [g/L]: 2.09 (Celluclast 1.5 L) and
3.20 (Cellic CTeC2)
Enzyme and US effect on reduced sugars:
Celluclast 1.5 L [% Relative RS Concentration]: 189.37 (330 s,
150.7 W/cm2, 25 ◦C).
Theoretical cellulose yield [%]: 45 (0.487 g/L cellobiose and 3.985 g/L
glucose)
Cellic CTec2 [% Relative RS Concentration]: 195.39 (75 s, 150.7 W/cm2, 30
◦C)
Theoretical cellulose yield [%]: 66.31 (0.487 g/L cellobiose and 3.985 g/L
glucose)

[211]

Bagasse (Brazil)

Hydrolysis conditions: Temperature [◦C]: 121, Time
[min]: 20, Acid hydrolysis with H2SO4: 100 mg/g
dry bagasse and solid ratio of 10%
Yeast: S. cerevisiae MDS130 immobilized in
Ca-alginat
Medium: Sugarcane bagasse hemicellulose
hydrolysate and molasses
Fermentation device: Fixed-bed reactor
Operation mode: 20 repeated batches

Ethanol production [g/L·h]: 14.06–22.80
Ethanol yield [gEtOH/gTRS] = 0.36–0.51
Highest ethanol concentration [g/L]: 46.98

[212]

Eucalyptus Sawdust (Uruguay)

Bioethanol and xylosaccharides Pretreatment:
Steam explosion with and without NaOH
impregnation (10–20%). T[◦C]: 180, 190 and 200; t
[min]: 10.
Enzymatic hydrolysis:
Enzyme loading [FPU/mL]: 125; Solid loading
[%wt/w]: 15; T [◦C]: 50; t [h]: 96 and 168, pH: 4.85
Fermentation: SHF (separate hydrolysis and
fermentation), PSSF (simultaneous saccharification
and fermentation) and SSF (simultaneous
saccharification and fermentation)

Pretreatment effect:
Highest Glucose concentration [g/L]: 105 (200 ◦C, 0% NaOH);
Highest Hydrolysis efficiency [%]: 96 (200 ◦C, 0% NaOH)
Ethanol conversion [%]: 78 (SHF), 82 (PSSF), 83 (SSF)
Ethanol production [g/L]: 71.8 (SHF), 70.2 (PSSF), 75.6 (SSF)

[213]
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Table 6. Cont.

Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Bark (Portugal)

Two sequential steps of acid hydrolysis:
1) 0.4 mL of 72% wt. H2SO4, T [◦C]: room
temperature, t [min]: 180
2) 4.4 mL of water was added to obtain a 9% wt. acid
solution, T [◦C]: 90, 100 and 120

Highest Glucose concentration [%wt.]: 48.6 (100 ◦C, 2.5 h)
Highest Xylose concentration [%wt.]: 15.2 (90 ◦C—2 h or 120 ◦C—0.5 h)
Hypothetical ethanol yield [L/ton bark]: 248

[214]

Pinus

Sawdust (Mexico)

Two way strategies SHF and SSF. Pretreatment:
HNO3 and NaOH. Concentration [%wt.]: 6 and 12; T
[◦C]: 100 and 130; t [min]: 30.
Enzymatic hydrolysis: Enzyme loading [FPU/g]: 25;
t [h]: 72; T [◦C]: 48; pH: 4.8
Fermentation: Saccharomyces cerevisiae ITD-00185;
pH: 5.5

(SHF)
Highest reducing sugar conversion [%]: 98.64 (10.9% HNO3 at 115 ◦C
and 30 min)
Highest ethanol yield [g/L]: 17.1 (40 h)
Fermentation yield [%]: 84.1
Hypothetical ethanol yield [L/ton biomass]: 235.3
(SSF)
Highest ethanol yield [g/L]: 15.0
Hypothetical ethanol yield [L/ton biomass]: 160

[215]

Sawdust (Chile)

Two way strategies SHF and SSF.
Pretreatment: Soda ethanol
Liquor-to-biomass ratio: 5.44:1; T [◦C]: 170; t [min]:
60; EtOH:H2O ratio [%vol]: 35–65
Enzymatic hydrolysis: Enzyme loading [FPU/g]: 30;
t [h]: 48; T [◦C]: 37; pH: 5
Fermentation: Saccharomyces cerevisiae IMR 1181
(SC 1181)

(SHF):
Highest reducing sugar conversion [%]: ~98
Highest bioethanol concentration [g/L]: 3.40 (13 h)
Fermentation yield [%]: 89.3
(SSF):
Highest bioethanol concentration [g/L]: 5.68 (72 h)
Fermentation yield [%]: 100

[216]
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Scenario II-Biogas Production

Soybean Straw and hull (Brazil)

Subcritical water hydrolysis:
Temperature [◦C]: 220
Liquid/solid mass ratio: 18 g water/g straw; 15 g
water/g hull.
Flow rate [mL/min]: 30
Reaction time [min]: 4 (straw); 3 (hull)
Fermentation:
Yeast: Wickerhamomyces sp. UFFS-CE-3.1.2
10 mL of inoculum and 90 mL of hydrolysate
Procedure: orbital shaker at 30 ◦C and 50 rpm.
Hydrolysates supplemented with glucose (10 g/L).
Biochemical biogas and methane:
Starter inoculant: anaerobic sludge treated with
swine manure, fresh dairy cattle manure, and
anaerobic mesophilic granular sludge from a gelatin
manufactory.
Temperature [◦C]: 37
Procedure: 250 mL glass reactors. 2 g of straw or hull
and 30 g for the samples of hydrolysates or
fermented hydrolysates were mixed.
Inoculum/Substrate ratio: 2

Soybean straw hydrolysate [g/L]: 2.16 (glucose); 1.33 (xylose); 0.08
(arabinose); 4.76 (formic acid); 8.22 (acetic acid); 0.28 (HMF); 0.48
(furfural)
Soybean hull hydrolysate [g/L]: 0.96 (glucose); 1.11 (xylose); 0.43
(arabinose); 0.09 (cellobiose); 3.24 (formic acid); 3.14 (acetic acid); 0.16
(HMF); 0.31 (furfural)
Fermentation of straw hydrolysate (72h) [g/L]: 0.69 ± 0.06 (ethanol); 2.04
± 0.17 (glucose); 1.08 ± 0.02 (xylose); 7.35 ± 0.65 (acetic acid); 4.17 ± 0.19
(formic acid); 0.30 ± <0.01 (HMF); 0.30 ± <0.01 (furfural)
Fermentation of hull hydrolysate (96 h) [g/L]: 0.72 ± 0.01 (ethanol); 1.02
± 0.25 (glucose); 0.90 ± 0.04 (xylose); 0.40 ± <0.01 (arabinose); 0.09 ±
<0.01 (cellobiose) 2.85 ± 0.05 (acetic acid); 2.96 ± 0.02 (formic acid); 0.19
± <0.02 (HMF); 0.19 ± <0.04 (furfural)
Biogas potential:

• Cellulose standard: 94.62 ± 0.3 (Total solid [%m/m]); 94.51 ± 0.9
(volatile solids [%m/m]); 7.92 ± 0.05 (pH initial); 8.06 ± 0.06 (pH
final); 634 ± 32 BBP (NmL/gVsad); 56.4 (CH4 [%]); 358 ± 18 (BMP
[NmLCH4/gVSad])

• New straw: 92.51 ± <0.1 (Total solid [%m/m]); 86.85 ± 5.5 (volatile
solids [%m/m]); 7.94 ± 0.12 (pH initial); 8.23 ± 0.10 (pH final); 365
± 25 BBP (NmL/gVsad); 58.5 (CH4 [%]);214 ± 15 (BMP
[NmLCH4/gVSad])

• Straw hydrolysate: 8.15 ± 5.6 (Total solid [%m/m]); 7 ± 36.5
(volatile solids [%m/m]); 7.05 ± 0.17 (pH initial); 8.16 ± 0.03 (pH
final); 406 ± 8 BBP (NmL/gVsad); 48.4 (CH4 [%]); 197 ± 4 (BMP
[NmLCH4/gVSad])

• New hull: 92.8 ± 0.2 (Total solid [%m/m]); 87.20 ± 0.5 (volatile
solids [%m/m]); 7.91 ± 0.03 (pH initial); 8.25 ± 0.09 (pH final); 542
± 39 BBP (NmL/gVsad); 56.7 (CH4 [%]); 307± 22 (BMP
[NmLCH4/gVSad])

• Hull hydrolysate: 8.18 ± 0.3 (Total solid [%m/m]); 6.46 ± 15.9
(volatile solids [%m/m]); 7.21 ± 0.20 (pH initial); 8.21 ± 0.01 (pH
final); 677 ± 35 BBP (NmL/gVsad); 49.2 (CH4 [%]); 333 ± 17 (BMP
[NmLCH4/gVSad])

[217]
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Molasses (Brazil)

Reactor: Lab-scale up-flow anaerobic sludge blanket
reactor (UASB) 12 L
Organic loads rates [kg COD/m3d]: 0.28–6.98
Time [days]: 134
Temperature [◦C]: 23 ± 1–25 ± 1
pH [-]: 7.3–7.8
Mass of soybean molasses [g]: 17.5–140
Flow rate [L/h]: 0.25–1
Inoculum: 3.5 L of anaerobic granular sludge
(28.5 gTS/L and 24.4 gTVS/L)
Mesophilic conditions

Characterization raw soybean molasses (dry basis): 50g/kg (crude
protein); 250 g/kg (moisture); 150 g/kg (ashes); 5g/kg (fat); 3 g/kg (crude
fiber); 5.45 pH; 1.35 g/cm3 (Density); 9000–14,000 cP (viscosity); 119 g/kg
(stachyose); 50g/kg (raffinose); 199 g/kg (sucrose); 25 g/kg (fructose);
4.64 g/100g (galactose); 6 g/kg (glucose); 400 mg/kg (total sugars); 5.32
g/kg (total carbohydrate); 500 mg/kg (sulfite); 5.5 mg/kg (manganese);
100 mg/kg (calcium); 462 mg/kg (iron); 400 mg/kg (sodium); 0.74
mg/kg (cobalt); 1.30 g/kg (magnesium); 4150 mg/kg (phosphorous).

OLR [kg COD/m3d]: 0.28 ± 0.02–6.98 ± 0.35
Biogas production [mL/d]: 12 ± 5–1456 ± 426
Biogas production [mL CH4/g COD]: 23.3–356.1
Methane [%]: 75.5–82.1

[218]

Rice Husk (Brazil)

Chernicharo methodology
COD monitored between 2016–2017, total of
12 samples.
The theoretical production of methane:
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Biogas on batch step [mL/g (VSad)]: 14.08–15.52 
Biogas on complete process [mL/g (VSad)]: 86.30–71.48 
CH4 on biomass [%v/v]: 33.6 ± 2.4–34.9 ± 5 
Methane on complete process [mL/g(VSad)]: 62.3–53.6 

[220] 

COD [mg/L]: 3968.9–7540.2
Total rice production [tons/year]: 6.4 × 106

Parboiled rice [tons/year]: 2.3 × 106

Effluent flow [m3/d]: 1.5 × 104

Flow of methane [Nm3/d]: 1.7 × 104

Chemical energy from husk [MJ/y]: 2.1 × 1010

Parboiling energy demand [MJ/y]: 2.4 × 109

Electrical energy fromCH4 [KWh/y]: 2.2 × 107

Thermal energy from CH4 [KWh/y]: 3.1 × 107

Flow of syngas [Nm3/d]: 9 × 106

Electrical energy from syngas [KWh/y]: 7.3 × 108

Total termal energy from genset and gasifier [KWh/y]: 2 × 109

Total energy [KWh/y]: 2 × 1012

[219]
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Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Husk (Brazil)

Biodigester:
Flow condition: unsteady
Flow regime: laminar
Simulation time [s]: 1800
Time Step [s]: 60
Reference pressure [atm]: 1
Inlet [m/s]: 0.18
Temperature [◦C]: 25
Feeding: 7 L swine manure—150 g rice husk—400
mL inoculum
Anaerobic digestion conducted for 21 days

Generation of biogas [mL/g (VSad)]: 85.5–94.3
Biogas on batch step [mL/g (VSad)]: 14.08–15.52
Biogas on complete process [mL/g (VSad)]: 86.30–71.48
CH4 on biomass [%v/v]: 33.6 ± 2.4–34.9 ± 5
Methane on complete process [mL/g(VSad)]: 62.3–53.6

[220]

Wheat

Wheat (Triticum aestivum)
straw (Brazil)

Pretreatment methods to wheat straw: acid; alkaline;
thermal; acid+thermal; alkaline+thermal
Biodigestor capacity [mL]: 300
Nutrient solution: 200 mL of 2 g/L of yeast extract, 7
g/L of K2HPO4, 3 g/L of KH2PO4.
Temperature [◦C]: 25
Operation time [days]: 274

Characterization of waste used in bioreactor:
Sludge [g/L]: 0.31 (chromium); 1.21 (TKN); 11.27 (TOC); 1.89 (IC); 10.88
(C/N ratio); 34.42% (VS); 7.45 [-] (pH)
Leather shavings [%g/g]: 1.14 (chromium); 2.95 (TKN); 32.29 (TOC); 0
(IC); 10.95 (C/N ratio); 90.24% (VS); 4.09 [-] (pH)
Wheat straw [%g/g]: 0.60 (TKN); 41.32 (TOC); 0 (IC); 68.87 (C/N ratio);
92.37% (VS); 5.84 [-] (pH)

Biogas cumulative volume of VSS added [mL/g]: 4.01–43.15
Methane cumulative volume of VSS [mL/g]: 0.14–10.06
Maximum yield of methane [%]: 7.71–40.61
Days of maximum yield of methane: 161–266

[221]

Straw (Chile)

Fungi: white rot fungi incubated in agar Petri dishes
for 10 d at 30 ◦C in MEA medium.
Inoculum: Industrial anaerobic reactor treating
brewery wastewater.
Reactor volume [mL]: 250
pH [-]: 7–7.2
Total solids [%]: 18
Substrate/inoculum ratio [gVS/gVS]: 1
Temperature [◦C]: 30

0.15 and 30 d of fungal treatment using Pleurotus ostreatus:
Biogas yield [mLSTP/g VS]: 235 ± 2–337 ± 3
Biogas yield rate [mLSTP/g VSd]: 13.6 ± 0.9–25.8 ± 1.3

[222]
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Corn

Vinasse (Brazil)

The vinasse from corn uses the volume of ethanol
produced in Brazil in 2019/20 to estimate the
bioenergy.
Temperature [◦C]: 32–37
Reactor: UASB

Corn vinasse: 67.5 kg/m3 (COD); 87 m3/kgCOD (ECOD); 71.25% (CH4
in biogas); 0.295 m3 CH4//kgDQOrem; 25.44 MJ/kg (LHV biogas); 150
days (season period).

Biogas flow rate [m3/h]: 8.52 × 108

Potential power generates from corn biogas [MW/year]: 2.27 × 108

Potential the bioenergy from biogas [MWh/year]: 7.35 × 105

Carbon credits from corm use [tCO2eq/y]: 1.22 × 106–4.29 × 105

[223]

Stalk (Brazil)

Pretreatment: humid steam in autoclave in the
presence of H2SO4 and H2O2 in an orbital shaker
Reactor volume [mL]: 250
pH [-]: 7–7.2
Volatile solids [%]: 10
Substrate/inoculum ratio [gVS/gVS]: 1
Temperature [◦C]: 37

Biogas [LNbiogas/kgVSad]: 650 (Pretreatment with H2O2); 550 (not sifted
and untreated); 540 (Sifted and untreated); 350 (pretreated with H2SO4)

Stalk pretreated with H2O2 produced about 86% more LNbiogas/kgVSad
when compared to the biomass pretreated with H2SO4.

[224]

Coffee

Husk(Brazil)

Ozone pretreatment to generate hydrolysates for
biogas
Inoculum: mixture of bovine manure and anaerobic
sludge (1:1 [w/w])
Temperature [◦C]: 35
Anaerobic digestion: single stage; two stage; single
stage with PAC.

Single-stage anaerobic digestion:
Maximum methane production [NmL CH4/g CH]: 36 with hydrolysate
(10 mL/g) (LSR); 11 (pH); 18.5 mg O3/g CH (SAOL); 0.064 kJ/g CH
(energy recovery).
Two-stage anaerobic digestion:
Maximum methane production [NmL CH4/g CH]: 49, produced 0.26
kJ/g CH (energy recovery).

[225]

Wastewater (Brazil)

Mesophilic anaerobic biodigestion
4 digestors filled with 1.5 L of substrate
Temperature [◦C]: 35–40
Reactor volume [L]: 2

Physicochemical parameters of coffee wastewater (INPUT): 3.87–4.50
(pH); 2082–2485 mg/L (COD); 602–1503 mg/L (BOD); 6640–7269 mg/L
(TS); 535–1046 mg/L (FS); 6105–6223 mg/L (VS); 11–25 mg/L (TN);
86–92% (VS:TS); 1.39–4.13 (COD:DBO)
Biogas composition: 10–38 (Hydraulic Retention Times); 0.2–11.4% (CH4);
6.4–35.7 (CO2); 9.1–17.3% (O2); 54→2000 ppm (CO); 9–1648 ppm (H2S);
53.1–76.4% (Balance)

[226]
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Banana

Peduncle (India)

Pretreatments: Thermal, alkali and extrusion
Biomethane potential (BMP): automated methane
potential test system II (AMPTS II), Temperature
[◦C]: 37
Inoculum: Seed sludge

Specific CH4 yield [mL/g volatile solids]: 527.6 (Thermal 120 ◦C, 60 min),
298.9 (Alkali 5% NaOH, 1 h) and 248.02 (extruded, twin screw).
Optimized Yields [mL/g volatile solids]: 527.6 (thermal 120 ◦C, 60 min),
298

[227]

Leaf, stem, and peduncle
(Kenya)

Time [day]: 51
Temperature [◦C]: 37
Inoculum: digested sludge

CH4 production [mLN/g organic dry matter]: 63.34
Net biogas production [ml]: 400
CH4 yield [m3/kgoDM]: 0.062
Biogas composition [wt.]: 65.335 (CH4), 34.665 (CO2)

[228]

Orange

Peels (Brazil)

Two-stage anaerobic digestion
Stage I (acidogenic, pH 5–6), Stage II (methanogenic,
pH 7–8)
Anaerobic digestion conditions: Temperature [◦C]:
35, time [days]: 25.8
Inoculum characteristics: Mesophilic anaerobic
sludge, pH: 7.53, TS an VS [%]: 9.07 and 8.03
Reactor mix: [%v/v]: 35 (biomass), 26 (inoculum)
and 39 (water)

Highest cumulative CH4 yield [L/gVS]: 0.79 (in methanogenic stage),
38% more than simple stage reactor.
Cumulative biogas volume [cm3]: 13,000 (stage I), 10,000 (stage II)
Total Biogas yield [m3/ton biomass]: 18.21
Potential electricity generation [MWh/year]: 97.5 × 103 in São Paulo
State
Potential emission mitigation [tCO2eq/year]: 7.5 × 103 and 9.05 × 103 in
São Paulo State

[229]

Peels, seeds, bagasse

Treatment: pectin and essential oil extraction.
Anaerobic digestion conditions: VDI 4630 procedure,
time [h]: 500
Inoculum characteristics: pig manure, VS [g/kg dry
matter)]: 45
Inoculum to substrate ratio: 2:1

Highest cumulative CH4 yield [mL/gVS]: 223 (oils extraction), 222
(pectin extraction), 190 (untreated) [230]
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Coconut

Spent copra (Nigeria)

Pretreatment: Mix with cow urine (CU) at different
ratios.
CU to copra [mL to g]: 1:15, 1:7, 1:5
Anaerobic digestion conditions: Temperature [◦C]:
45, time [days]: 42
Inoculum characteristics: anaerobic digester sludge,
pH: 7.1, TS and VS [%]: 9.5 and 5.5

Highest cumulative biogas yield [mL/gVS]: 786 (CU to copra ratio 1:7),
225 (unpretreated copra)
Highest cumulative CH4 yield [mL/gVS]: 648.5 (CU to copra ratio 1:7),
99.9 (unpretreated copra)
Highest CH4 yield [mL/gVS]: 77 (for all pretreatment ratios at day 12), 38
(unpretreated copra at day 24)

[231]

Shell

Pretreatment: pyrolysis at 600 ◦C
Pyroligneous detoxification: oxidation by H2O2:
0–12%, temperature [◦C]: 10, time [h]: 4
Anaerobic digestion conditions: Temperature [◦C]:
37, time [days]: 4
Inoculum characteristics: Anaerobic granular sludge,
pH: 7.74, TS and VS [mg/L]: 13.69 and 9.33
Inoculum to substrate ratio: 3:2

Highest biogas volume [mL]: 1190 ((pretreatment 10% H2O2))
Highest CH4 yield [L/gCOD]: 0.317 (pretreatment 4% H2O2) [232]

Sugar cane

Bagasse (Brazil)

Hydrothermal pretreatment: NaOH [M]: 0.7–2.3,
Temperature [◦C]: 146.4–213.6, time [min]: 3.2–36.8
Anaerobic co-digestion conditions: Temperature [◦C]:
55 time [days]: 52
Inoculum characteristics: from industrial biogas
plant
Inoculum to substrate [gVS/gVS]: 2:1

Higher CH4 content in the biogas [%]: 70 (pretreatment conditions of: 200
◦C, 2.0 M NaOH, 30 min; 160 ◦C, 2.0 M, NaOH, 30 min; 180 ◦C, 2.34 M
NaOH, 20 min)

[233]

Bagasse (Brazil)

Enzymatic pretreatment and two stages anaerobic
process
Pretreatment (Trametes versicolor laccase):
Temperature [◦C]: 50, time [min]: 120
Stage I (acidogenic/fermentative): pH: 6.8,
Temperature [◦C]: 37, time [days]: 8
Inoculum characteristics: Pure Paraclostridium sp.
isolated from sugarcane bagasse.
Stage II (methanogenic): Temperature [◦C]: 37, time
[day]: 10Inoculum characteristics: Microbial
consortium from anaerobic sludge. TVS [g TVS/g]:
0.84.

Stage I:
H2 production rate [mL/L·h]: 3.2
H2 production [mL/L·h]: 166.8
Stage II:
CH4 production rate [mL/L·h]: 2.31
CH4 production [mL/L·h]: 870.8

[234]
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Eucalyptus Wood (Colombia)

Alkali pretreatment: solution NaOH (8% wt./v),
solid liquid ratio 1:5 (wt./v), Temperature [◦C]: 130,
time [min]: 60
Anaerobic digestion (Remanent solid): pH: 7,
Temperature [◦C]: 37, time [days]: 20
Inoculum: sludge form water treatment
Inoculum characteristics: TS and VS [%]: 6.4 and 5.7

Highest daily biogas production [mL/gVS.d]: 13.1
Highest cumulative biogas yield [mL/gVS]: 163
Highest cumulative CH4 yield [ML/gVS]: 87.9

[235]

Pinus

Fresh needles, needle litter,
bark and branches (Greece)

Mesophilic anaerobic digestion: Temperature[◦C]: 38,
time [days]: 30
Inoculum: took from a full-scale digester treating
agro-industrial wastes and energy crops.
Inoculum characteristics: pH: 7.8, ammonia nitrogen
and orthophosphates [mg/L]: 24,411 and 83, TS and
VS [g/L]: 34.9 and 22.3

CH4 yield [ mLN/g VS]: 164 (fresh needles after 26 days), 138 (branches
after 30 days), 85 (bark after 30 days), 77 (needle litter after 26 days)
CH4 production potential [Nm3/km]: 500 (needle litter accumulated on
adjacent forest roads)

[236]

Sawdust (Egypt)

Anaerobic digestion: Temperature [◦C]: 30, time
[days]: 35
Pretreatment: lignocellulosic degradation microbial
consortium (LCDC) from rotten sawdust.
Inoculum characteristics: pH: 7.01, total dissolved
solids [mg/L]: 910, TS and VS [% db]: 9.33 and 5.68

Highest daily biogas production [L/kgVS.d]: 15.7 (untreated after 19
days) and 15.9 (pretreated after 13 days)
Highest significant cumulative biogas yield [L/kgVS]: 248.4 (untreated
after 28 days) and 312.0 (pretreated residue after 28 days)
Highest significant cumulative CH4 yield [L/kgVS]: 155.2 (pretreated
residue after 28 days), 72.6% more than untreated.

[237]

Scenario III—Combustion

Rice Husk (Brazil)

Reactor: atmospheric bubbling fluidized bed pilot
Bed material: sand (particle size 0.5 –1 mm) and 95%
silica content.
Temperature [◦C]: 834–877
O2 [%]: 5–9.9
6% O2 excess

Main characteristic of the feedstock: high volatile matter (74 wt.%) and
medium ash content (12.8 wt.%). Silicon (87.7% as SiO2), potassium (5.4%
as K2O) and phosphorous (3.7% as P2O5).
CO2 [%]: 11.6–14.4
CO [mg/Nm3]: 1085–1808
NOx [mg/Nm3]: 100–430
Combustion efficiency [%]: 97.2–98.9

[238]
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Wheat Straw (Brazil)

Technique: TGA curve analysis
Isothermal conditions
Heating rates [◦C/min]: 5–100 Maximum
temperature [◦C]: 900

Kinetics parameters: 85.4 [kJ/mol] (Activation energy); 3.1 × 106 [1/min]
(Pre-exponential factor)
Combustion scheme: evolution of volatiles (up to 300 ◦C); ignition of
volatiles (500–650 ◦C), burning of volatiles (650–800 ◦C), and burning of
char (700–850 ◦C)
Direct combustion at low heating rates is favored with respect to the
devolatilization/char burnout schemes.
Alkali K2O crosses the stability regions of CO and CO2 at a temperature
as low as 427 ◦C.

[239]

Coffee Husk (Kenya)

Reactor: pilot-scale fluidized bed (FBC)
Reactor bed material: quartz sand (0.48 mm)
T [◦C]: 500–900
Flue gas (O2) concentration [vol%]: 10–16

Exhaust gas composition (mg/m3): NOx = 450–525; N2O = 3–27
N concentration in volatiles [%]: 54.2 (at 500 ◦C); 52 (at 600 ◦C); 53.2 (at
700 ◦C); 60.2 (at 800 ◦C); 67.6 (at 900 ◦C)
Ash concentration [wt.%]: SiO2 = 16.6; FeO3 = 2.4; P2O5 = 3.4; Al2O3 =
4.5; CaO = 9.8; MgO = 3.7; Na2O = 0.5; K2O = 36.9
Note: over 700 ◦C sintering observed

[240]

Banana

Leaves and stem (Brazil)

Technique: TGA curve analysis
Oxidative atmosphere (syntetic air)
Comparison between loose and briquetted biomass
Heating rate [◦C/min]: 10
Operational temperature [◦C]: 25–900

Temperature ranges are the same, but there is a lower rate of mass loss in
the first stage in loose biomass compared to briquettes
First stage temperature range.
Leaves: 180–400 ◦C; Tm [◦C]: 280. Stem: 180–360 ◦C; Tm [◦C]: 275
Second stage temperature range:
Leaves: 400–580 ◦C. Stem [◦C]: 360–600

[241]

Leaves (Brazil)

Technique: TGA curve analysis
Oxidative atmosphere (syntetic air)
Heating rate [◦C/min]: 10
Operational temperature [◦C]: 22–900
Optical dilatometer at a heating rate [◦C/min]: 5
Emissions quantification was carried out in open
grill and using a multi flue gas analyzer (5
measurements in 15 min)

Single degradation stage
Ti [◦C]: ~200; Tm [◦C]: ~300; Tb [◦C]: ~550
From optical dilatometer:
Remaining mass [wt.%]: 98.72 (100 ◦C); 43.59 (400 ◦C); 36.32 (899 ◦C)
Max CO2 release [%]: 0.48 (6 min)
Max CO [ppm]: 200 (6 min); 700 (15 min)

[242]
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Orange

Bagasse (Greece)

Technique: lab-scale fluidized bed reactor; 2 m
height.
Reaction time [h]: 4
Minimum fluidization velocity [m/s]: 0.25
Air flow rates [m3/h]: 4.53–5.94; Excess air ratios [-]:
1.3–1.7
Biomass feed rate [g/min]: 0.84
Bed temperature [◦C]: 805–988
Freeboard temperatures [◦C]: 810–838

The orange bagasse has a high slagging and fouling tendency.
Ash composition [%wt.]: 2.4 (SiO2); 3.0 (Al2O3); 0.2 (Fe2O3); 9.4 (MgO);
15.1 (CaO); 4.2 (Na2O); 37.1 (K2O); 0.01 (TiO2); 3.5 (P2O5); 0.01 (MnO); 4.7
(SO3)
HHV [MJ/kg]: 16.7
CO heat loses [%]: 1.13
Efficiency [%]: 97.6
Low levels of heavy metals such as Cr, As, Hg and Pb.
Toxic elements As, Cd, Hg, Co and Pb ranged from <0.2 ppm to 36 ppm
Unburned carbon ashes [%]: 0.50 (bottom ash); 0.70 (fly ash)

[243]

Bagasse (United Kingdom) Technique: fixed bed reactor coupled with a mass
spectrometer (MS)

EDX orange bagasse [%wt.]: C = 60.2; O = 38.6; K = 0.7; Ca = 0.3; S = 0.2
EDX ashes [%wt.]: C = 35.9; O = 34.5; K = 17.5; Ca = 7.6; P = 1.6: S = 1.4;
Mg = 1.0; Cl = 0.4; Si = 0.1
Two stages combustion: 160–370 ◦C and 440–600 ◦C
Main emissions: N2O, H2O, CO2 and O2
Low level gas emissions: H4, H2, C2H6, CH3CHO, NO and NO2
Surface area [m2/g]: 1.89
Pore volume [cm3/g]: 0.002
Heating rate [◦C/min]: 10
Ti [◦C]: 260; Tb [◦C]: 529; Release heat [W/g]: 1828.6
Heating rate [◦C/min]: 20
Ti [◦C]: 268; Tb [◦C]: 572; Release heat [W/g]: 3294.1
Heating rate [◦C/min]: 30
Ti [◦C]: 275; Tb [◦C]: 632; Release heat [W/g]: 3881.2

[244]
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Coconut

Husk
Technique: Lab scale combustion
Particle size [µm]: 250–300
Operational temperature [◦C]: 650

When Tc (600–750) flue gas main component was HCl (inhibits CO and
CO2 oxidation)
When Tc (1000) in flue gas [KCl] 5 times higher than [HCl]
Liquid salt solution formation at 600 ◦C (KCl–NaCle–K2SO4–Na2SO4)
reporting its maximum amount at 720 ◦C and disappearing at 980 ◦C
Three groups of condensed phases were identified in ash: alkali metal
salts (solid and liquid), other solid salts, and solid oxides.

[105]

Husk-shell (Ghana)

Technique: Pilot scale biochar unit
Biomass [kg]: 5
Sample drying time [days]: 3, 6, 9, 12, 15, 18
Direct gas detection from the chimney (no filters)

HHV [MJ/kg]: 11.54 (Uncharred biomass); 21.30 (Charred biomass)
CO [ppm](drying time, MC): 9.7 (3 days, 36.4 MC%); 7 (18 days, 10.3
MC%)
CO emissions 40% higher than the standard WHO 24-hr AQG (6ppm)
Change in smoke color indicates reduction on the volatiles amount and
water vapor: thick white (3 days), light smoke (>15 days).
PM2.5 [µg/m3]: 1200 (3 days); 994 (6–12 days); 1169 (18 days)
PM2.5 120% higher than the value indicated by quality guidelines (10
µg/m3)

[245]
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Sugar cane

Bagasse

Reactor type: Lab-Scale Combustion and gasification
Simulator
Biomass flow rate [g/h]: 3
Primary air–fuel ration (λ): 0.85
Raw SCB: steam explosion (SE) treated and
pelletized
Pelletization carried out using a Khal pelletizer
14–175 with a flat-die type AKN1.
Grinded pellets size [mm]: 1.0

After steam explosion the SCB ash content increased from 2.2 to 4.7 wt.%
SCB (both raw and SE) are primarily composed of Si (35–45 wt.%), K
(10–15 wt.%) and Ca, Al, Fe and Mg (5–10 wt.%).
SCB slagging propensity is qualified as severe. The slag deposit formed
by SE-SCB was less molten and more sintered. SE has positive impact on
slagging behavior.
Element deposit composition of SCB [wt.%]: 44.3 (O); 29.3 (Si); 7.3 (Fe);
5.5 (Al); 4.6 (K); 2.9 (Ca); 2.6 (C); 1.6 (Ti); 1.2 (Mg)
Element deposit composition of SE-SCB [wt.%]: 47.8 (O); 31.8 (Si); 6.4 (Fe);
2.9 (Al); 2.9 (K); 2.5 (Ca); 2.0 (C); 1.6 (Ti); 1.2 (Mg)
Specific fouling factor [(K.m2)/(W.MJ)]: 1.66 (SCB); 0.62 (SE-SCB); low
fouling factors
NOx concentration [g(NO)/GJ fuel]: ~150 (SCB); ~155 (SE-SCB)

[246]

Bagasse (Chile)

Technique: CFD model.
Continuous phase (gas mix): (volatiles, O2, CO2,
water vapor, CO and N2)
Biomass flow rate [kg/s]: 22.63 at 300 K
Air flows [kg/s]: 33.64 at 544 K (primary air); 42.04 at
625 k (secondary air); 7.76 at 544 K (pneumatic air)

Furnace outlet T [◦C]: 900
Larger particle size yield a more complete and efficient combustion, but
are more likely to reach the rear wall and increase the possibility of
slagging.
For particle size (1.78 mm): Moisture [%] = 23.50 (grate), 0.00 (exit);
Volatiles [%]: 86.60 (grate), 0.11 (exit); Char [%]: 96.67 (grate), 1.67 (exit)
Gas flow at furnace exit [g/s]: 5.37
Gas flow components at furnace exit [kg/s]: 7.77 (O2); 15.27 (CO2); 18.37
(H2O); 4.19 (CO); 64.28 (N2)

[247]
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Eucalyptus

Wood and bark (Pakistan)
Technique: TGA curve analysis
Heating rate [◦C/min]: 25, 35, 45
Operational temperature [◦C]: 25–950

Heating rate [25]: Ti [◦C]: 260; Tm [◦C]: 420; Tb [◦C]: 900; CCF: 1.1; Rm
[%/s·◦C]: 1.9
Heating rate [35]: Ti [◦C]: 270; Tm [◦C]: 370; Tb [◦C]: 930; CCF: 1.5; Rm
[%/s·◦C]: 3.5
Heating rate [45]: Ti [◦C]: 280; Tm [◦C]: 540; Tb [◦C]: 940; CCF: 1.2; Rm
%/s·◦C]: 1.8
Insignificant contents of sulfur and nitrogen were detected in the wood,
which would reduce the environmental impacts in terms of SOx and NOx
emissions.
Rm (Mean Reactivity); CCF (Combustion characterization factor)

[248]

Wood (Chile)
Technique: Combustion in controlled combustion
chamber for emissions
Wood MC [wt.%]: 0 and 25

Gas pollutants emissions [vol%]:
At 0% MC:
Max CO2: 10.66% vol; max CO: 2077 ppm; higher T: 537 ◦C
Combustion efficiency [%]: 93.6
Emissions factor [g/kg]: 38.98 (CO); 1701.62 (CO2)
Emission factor for PM2.5 [g/kg]: 2.01
Emission factors of total PAHs [ng/g]: 5215.47
At 25% MC:
Max CO2: 1.25% vol; max CO: 3742 ppm; higher T: 236 ◦C
Combustion efficiency [%]: 49.3
Emissions factor [g/kg wood): 104.84 (CO); 795.04 (CO2)
Emission factor for PM2.5 [g/kg]: 22.90
Emission factors of total PAHs[ng/g]: 7644.48

[249]
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Pinus

Wood (China)

Technique: TGA curve analysis
Heating rate [◦C/min]: 5 and 40
Operational temperature [◦C]: 50–600
Air flow rate [mL/min]: 60

In the study, combustion performance of pine wood was compared with
bamboo branches and Lentinus edodes, having the pine wood the best
combustion performance.
Combustion index [×10−7%/min2 K]: 1.97 (5 ◦C/min), 70.37 (40 ◦C/min)
Flammability index [10−4%/min K2]: 1.12 (5 ◦C/min), 5.88 (40 ◦C/min)
Ignition index [−2%/min3]: 0.27 (5 ◦C/min), 86.70 (40 ◦C/min)
Burn out index [−2%/ min4]: 0.002 (5 ◦C/min), 5.296 (40 ◦C/min)

[250]

Wood (USA)

Reactor: Integrated Exposure Generation System
(platform developed by the authors)
Wood MC [%]: 6 and 24
Combustion condition: Flaming (F), Smoldering (S),
Incomplete combustion (IC).
Final temperature [◦C]: 400 (F and IC) and 250 (S),
Heating rate [◦C/min]: 20 (F, S and IC)
O2 [%vol]: 20.9 (F and S) and 5 (IC)

Bulk inorganic element concentration [wt.%]:0.0468
Relative wood inorganics [%wt.]: 49 (Ca); 15 (K); 14 (Mg); 12 (Al); 4 (S); 2
(Mn); 2 (Na).
Gas pollutants:
CO emissions [ppm]
Moisture effect on [CO ppm]: 63 (6% MC); 49 (24% MC)
Combustion condition effect on [CO ppm]: 63 (F); ∼0.3 (S); 13 (IC)
VOC emissions [ppb]
Moisture effect on [VOC ppb]: 2415 (6% MC); 2436 (24% MC)
Combustion condition effect on [VOC ppb]: 2415 (F); 580 (S); 3021 (IC)

[251]

Scenario IV—Gasification

Soybean Straw (Brazil)

CFB gasifier in Aspen PlusTM

Assumptions: zero-dimensional; steady-state;
isothermal conditions; drying and pyrolysis occur
instantaneously; inert ashes; char is 100% carbon;
fuel-bound N, S, and Cl are converted into NH3, H2S,
and HCl, respectively; heat loss neglected;
thermodynamic model: Peng-Robinson with
Boston-Mathias (PR-BM); feedstock particle size and
density not influence; gasifier operated below the
ash melting point.
Temperature [◦C]: 779–920.71

Syngas composition [%vol]: 14.07–45.24 (H2); 5.68–20.88 (CO);
20.58–37.29 (CO2); 13.12–40.97 (CH4)
HHV syngas [MJ/m3]: 13.13–18.33
Flow rate syngas [kg/h]: 19.62–21.69
Heat duty gasifier [MJ/kg]: 4.59–8.82
H2/CO: 1.44–3.92
The cold gas efficiency [%]: 68.46–77.22

[252]
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Straw (Canada)

Fixed bed tubular batch reactor
Conditions: subcritical water (300 ◦C) and
supercritical water (400 and 500 ◦C).
Biomass-to-water ratio: 1:5 and 1:10
Biomass particle size [mm]: 0.13 and 0.8
Residence time [min]: 30–60
Pressure range [MPa]: 22–25
Hydrothermal gasification process using Aspen Plus
program.

Maximum H2 yield [mmol/g]: 6.62
Total gas yields [mmol/g]: 14.91
Carbon gasification efficiency [%]: 20.2
Lower heating value [kJ/Nm3]: 1592
Hydrogen selectivity [%]: 63.0
Product yield [wt.%]: 6.28 ± 0.33–8.13 ± 0.30 (Solid product); 57.92 ±
1.41–75.46 ± 0.64 (Liquid product); 3.14 ± 0.16–4.54 ± 0.01 (gas product).
ratio of the experimental yield to the equilibrium yield values of CH4,
CO2 and H2 yields for the non-catalytic gasification of soybean straw at
500 ◦C were 17.9%, 27% and 57.6%.

[57]

Rice

Husk (Brazil) CFB gasifier in Aspen PlusTM

Temperature [◦C]: 779–920.71

Syngas composition [%vol]: 15.72–47.72 (H2); 4.26–19.93 (CO);
21.31–39.57 (CO2); 11.23–39.19 (CH4)
HHV syngas [MJ/m3]: 12.42–17.94
Flow rate syngas [kg/h]: 17.03–19.58
Heat duty gasifier [MJ/kg]: 3.46–7.36
H2/CO: 1.65–4.48
The cold gas efficiency [%]: 66.55–76.29

[252]

Husk (Indonesia)

Fixed bed downdraft reactor
Air at equivalence ratio: 0.15, 0.20, 0.25
Air flows [m3/h] = 1.07, 1.43, 1.79
Temperature [◦C] = 600–800
Reaction time [1/min]: 10–30

Syngas composition; H2 (8.05%,), CO (15.41%,), CH4 (<2%).
Cold gas efficiency of the gasifier = 72.73%
gas yield: 4.33 Nm3/gas.
Tar formed from 5.8 to 53.3 g/Nm3

[253]

Wheat Straw (Brazil) CFB gasifier in Aspen PlusTM

Temperature [◦C]: 779–920.71

Syngas composition [%vol]: 11.16–41.95 (H2); 4.70–22.95 (CO);
19.51–38.51 (CO2); 16.29–43.82 (CH4)
HHV syngas [MJ/m3]: 13.97–19.50
Flow rate syngas [kg/h]: 20.96–23.03
Heat duty gasifier [MJ/kg]: 8.22–12.91
H2/CO: 1.00–3.25
The cold gas efficiency [%]: 71.57–81.41

[252]
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Corn Straw (Brazil) CFB gasifier in Aspen PlusTM

Temperature [◦C]: 779–920.71

Syngas composition [%vol]: 13.88–44.68 (H2); 4.51–21.24 (CO);
22.52–42.02 (CO2); 11.81–37.04 (CH4)
HHV syngas [MJ/m3]: 12.34–17.27
Flow rate syngas [kg/h]: 19.37–21.78
Heat duty gasifier [MJ/kg]: 3.14–7.08
H2/CO: 1.38–3.82
The cold gas efficiency [%]: 68.09–77.29

[252]

Coffee Husk
Reactor type: Fluidized bed gasifier
T [◦C]: 790
Airrate/Biomassadmission [kg/h/Nm3/h]: 0.48

Syngas Composition (vol%): H2 = 12.4; CO = 11.4; CH4 = 1.6; CO2 = 18.7;
N2 = 52.3; C2H4 = ~4.36; C2H6 = ~1.01; C2H2 = ~3.86.
HHV (MJ·Nm−3): 3.34

[254]

Banana

Stem

Reactor type: pilot-scale plant
Operational temperature [◦C]: 368
Biomass [g]: 11.75
Particle size [mm]: 1.84
Atmospheric pressure
Catalyzer: Ni/Al2O3 [Ni% w/w]: 1.5, 2.5 and 5
Fluidization agent: superheated water vapor

Gas composition [% molar]:
Ni [0%]: 25.79 (H2); 47.15 (CO2); 3.87 (CO); 20.32 (C2H4); 2.21 (CH4).
HHV [kcal/kg]: 3342.5, LHV [kcal/kg]: 3077.4
Best hydrogen yield:
Ni [2.5%]: 51.78 (H2); 22.54 (CO2); 0 (CO); 25.01 (C2H4); 0.44 (CH4). HHV
[kcal/kg]: 5057.0, LHV [kcal/kg]: 4604.0

[255]

Peel

Reactor type: fixed bed
Heating rate [◦C/min]: 10
Gasification agent: Steam (200 ◦C)
Biomass [g]: 1
Operational temperature [◦C]: 650–850
Operational time [h]: 2

Ash composition: 3.5 (Ca); 67.3 (K); 2.4 (Na); 2.8 (Si); 21.8 (Cl); 2.2 (other)
50% weight loss (T50) [◦C]: 386.1
Best hydrogen yield at 850 ◦C
Carbo conversion efficiency increase as temperature increase having a
max near to 70% at 850 ◦C

[48]
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Orange

Bagasse (USA)

Technique: Gasification under TGA curve analysis
For gasification: (1) the pyrolysis step at 20 K/min to
800 ◦C, (2) isothermal step of 15 min to stabilize the
weight in the TGA
Gasifying agent: 100% CO2
Particle size [mm]: 0.6–0.8

Reactivity [min−1]: ~0.15
The high reactivity of orange peel char is attributed to its high potassium
content (catalytic role)
Ash content and inorganic elements [%]: ~3 (ash feed basis); 12 (ash char
basis); 0.68 (Ca); 0.007 (Fe); 3.8 (K); 0.11 (Mg); 0.005 (Al); 0.23 (P); 0.14 (S);
0.07 (Si)
Inorganic index: 3.65
Time for 95% conversion [min]: 3

[256]

Bagasse (Italy)

Reactor type: bench-scale fluidized bed reactor
Operational temperature [◦C]: 700, 750 and 850
Steam to biomass [wt/wt]: 0.5, 0.75, 1 and 1.25
Particle size [mm]: 0.4–1
Biomass flow rate [g/min]: 0.3–2
Gasifying agent: air-steam

Syngas composition and H2 yields [Nm3/kgbiom] are function of (S/B)
and T.
Max H2 concentration [%vol]: 26.5 (S/B: 1.5; T: 750 ◦C)
Max H2 yield [Nm3/kgbiom]: 0.69 (S/B: 1.5; T: 750 ◦C)
Max syngas yield [Nm3/kgbiom]: 2.45 (S/B: 1.5; T: 750 ◦C)
At 750 ◦C, as the S/B increases from 0.5 to 1.25, the N2% vol decreases
from 44% to 41%
Max carbon efficiency: ~ 0.90 (S/B: 0.5; T: 850 ◦C)
Max cold gas efficiency: 0.64 (S/B: 0.5; T: 850 ◦C)

[257]

Coconut Shell (India)
Reactor type: fixed bed downdraft reactor
Gasifying medium: air
Equivalence ratio (ER): 0.1–0.45

Gas composition:
CO [%]: ~11 (ER: 0.1) to ~18 (ER:0.35)
H2 [%]: ~11 (practically constant throughout the process)
CH4 [%]: ~10 (ER: 0.1) to ~ 4 (ER: 0.35)
Max HHV [MJ/Nm3]: 4.229 (ER: 0.35)
Specific gas generation [m3 of gas/kg of fuel]: 2.1 (ER: 0.1); 3.05 (ER: 0.45)
Max cold gas efficiency [%]: 72.47 (ER: 0.35)
Max hot gas efficiency [%]: 78.37 (ER: 0.35)
Optimun operational T [◦C]: 900 (ER: 0.35)
Tar in gas at optimum operational condition [g/m3]: 0.62;
Particle matter in gas at optimum operational condition [g/m3]: 0.215

[258]
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Husk (India)

Reactor type: packed bed gasification column
Biomass [g]: 20
Particle size [mm]: 0.25, 0.72, 2 and 3
Operational temperature [◦C]: 700–850
Heating rate [◦C/min]: 50
Gasifying medium: air
Air relative humidity [%]: 55–95
Equivalence ratio (ER): 0.1–0.4

Gasification started after 700 ◦C
T effect (p.s: 0.72, ER: 0.1):
Max H2 in flue gas [mole]: 7.67 (800–850 ◦C)
Max CO in flue gas [mole]: ~16 (850 ◦C)
Max CH4 in flue gas [mole]: 7.17 (700 ◦C);
Max GY [Nm3/kg]: 0.78
Max carbon conversion (C-conv) [%]: 22.18
Max HHV [MJ/Nm3]: 4.9 (850 ◦C)
ER effect (p,s: 0.72, T: 800 ◦C):
Max H2 in flue gas [mole]: ~ 8 (0.1 ER)
Max CO in flue gas [mole]: ~18 (0.2 ER)
Max CH4 in flue gas [mole]: 7.41 (0.3 ER);
Max GY [Nm3/kg]: 2.89
Max carbon conversion (C-conv)[%]: 77.53
Max HHV [MJ/Nm3]: ~5.4 (0.2–0.3)
RH effect (p.s: 0.72, T: 800 ◦C, ER: 0.1):
Max H2 in flue gas [mole]: 10.26 (0.1 ER)
Max CO in flue gas [mole]: ~18 (0.2 ER)
Max CH4 in flue gas [mole]: 13.13 (0.3 ER);
Max GY [Nm3/kg]: 1
Max carbon conversion (C-conv)[%]: 42.56
Max HHV [MJ/Nm3]: 8.81 (95% RH)
Biochar specific surface [m2/g]: 173.42
Total pore vol [cm3/g]: 0.074733

[259]
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Sugarcane

Bagasse

Technique: Simulation in ASPEN
Gasification process divided in four steps: heating
and drying, pyrolysis, gas–solid reactions, and gas
phase reactions.
Zero-dimensional and time independent reactions
were considered.
The model is considered in thermodynamic
equilibrium, it is not necessary the use of reaction
kinetics or hydrodynamics of the reactor.
Gasification temperature [◦C]: 100–1000Steam to
biomass [wt/wt]: 0.3–1

The higher the steam temperature, the higher the LHV [MJ/kg]: ~14.8
(100 ◦C); ~15.0 (600 ◦C); ~15.2 (1000 ◦C)
The higher the air temperature, the higher the LHV [MJ/kg]:~14.55 (10
◦C); ~15.0 (40 ◦C); ~15.3 (60 ◦C)
The higher the gasification temperature, the higher the LHV [MJ/kg]:
~14.38 (600 ◦C); ~14.85 (600 ◦C); ~15.1 (1200 ◦C)
Max LHV as a function of S/B between 0.5 and 0.6: ~15.05
Average LHV [MJ/kg]: 14.9
Syngas composition [%]: 45–40 (CO2); 31–35 (CO); 16–19 (CH4); 3–6 (H2);
0.3 (N2)
Dry flue gas composition [%]: 69.24 (N2); 19.61 (CO2); 11.15 (H2O)

[260]

Bagasse

Technique: Simulation (tri-generation system)
The biomass was assumed free of ash, dry, N and S
and comprising C, H and O.
Biomasses are gasified into the gasifier using the
waste heat of the Homogenous Charge Compression
Ignition (HCCI) engine
Operational temperature [◦C]: 600
LHV [kJ/mole]: 467
Qin. Gasification [kW]: 2.33

Syngas composition [%wt.]: 48.08 (H2); 18.86 (CO); 24.29 (CO2); 8.77
(CH4)
Cold gas efficiency [%]: 73
Hydrogen efficiency [%]: 34
Exergy efficiency of gasifier [%]: 90
Exergy results [kW]: 3538 (biomass); 83.51 (steam); 1.536 (gasifier inlet
heat); 3243 (syngas)

[261]

Eucalyptus

Wood

Reactor: Batch using NiFe2O4 as a catalyzer
Operational temperature [◦C]: 400, 450 and 500
Residence time [min]: 30, 40 and 60
Catalyst amount (Cat) [g]: 0, 1 and 2
Gasification agent: Super critical water (SCW)

Under same T, as increase the catalyst increase the GY
Rx (450 ◦C, 30 min): best GY[wt.%]: 58.28 (1 g cat); best conversion[%]:
89.12 (2 g cat]
Rx (450 ◦C, 40 min): best GY[wt.%]: 52.57 (1 g cat); best conversion[%]:
92.84 (2 g cat]
Rx (450 ◦C, 60 min): best GY[wt.%]: 48.19 (1 g cat); best conversion[%]:
95.49 (2 g cat]
Highest GY [wt.%]: 65.94 (60 min, 500 ◦C, 2 g cat)
Highest H2 [mol%]: 22.69 (60 min, 450 ◦C, 2 g cat)
HGE (60 min, 450 ◦C) [%]: 11.1 (0 g cat); 30.62 (2 g cat)
CGE (60 min, 450 ◦C) [%]: 69.6 (0 g cat); 97.03 (2 g cat)

[248]

Wood

Reactor: pilot scale bubbling fluidized bed
Biomass flow rate (bfr) [kg/h]: 57.8 to 94
Bed reactor temperature [◦C]: 700–900
Gasification agent: air

Highest H2 [mol%]: 14.7 (94 kg/h bfr, 764 ◦C)
Highest cold gas efficiency [%]: 0.74 (64.5 kg/h bfr, 846 ◦C)
Highest CGE [%]: 0.94 (kg/h bfr, 887 ◦C)
Highest syngas LHV [MJ/m3): 5.9 (95.5 kg/h bfr, 795 ◦C)

[262]
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Pinus

Wood

Technique: Aspen Plus simulation
Operational temperature [◦C]: 700, 750, 800, 850 and
900
Particle size [mesh]: 60, 80, 100
Steam-to-biomass mass (S/B): 0, 0.7, 1.4, 2.1 and 2.8
Gasification agent: Steam (200 ◦C)
Biomass flow rate [g/min]: 3

Syngas composition [%vol] at 900 ◦C:
100 mesh: 25.24 (CO); 32.74 (H2); 2.28 (CH4); 12.12 (CO2)
80 mesh: 52.83 (CO); 30.53 (H2); 1.95 (CH4); 14.69 (CO2). Best
performance
60 mesh: 54.49 (CO); 25.89 (H2); 1.79 (CH4); 16.96 (CO2)
Temperature effect at mesh 80 (700 to 900 ◦C): CO and CH4 decreases by
4.17% and 6.95%, respectively. H2 and CO2 increased by 5.43% and
5.69%, respectively. Optimal T [◦C]: 850.
S/B effect at mesh 80 and 850◦C (0.7 to 2.8): CO and CH4 decreases by
19.52% and 1.9%, respectively. H2 and CO2 increased by 6.78% and
13.74%, respectively. Optimal S/B: 1.4

[263]

Wood (Brazil)

Reactor: downdraft gasifier and combustion engine
coupled to a power generator.
Not SteadyState entirely operation
Particle size [cm]:1–2.5

Syngas composition [%wt.]: 12.72 (H2); 24.78 (CO); 11.1 (CO2); 2.1 (CH4).
LHV [MJ/kg]: 5.51
1 kg of produced gas requires about 0.64 kg of air.
Average E/R: 0.26
Average Cold gas efficiency [%]: 69.4 (18% lower than manufacturer
announcement)

[264]

Scenario V—Fast Pyrolysis (Substitutes for Fuel Oil)

Soybean
Hull (Brazil)

Reactor: fluidized bed reactor
Reactor loaded with 800 g of inert material (sand)
Temperature [◦C]: 550
Velocity of the fluidizing gas (nitrogen) [cm/s]: 150
Biomass feeding rate [kg/h]: 40

Average yield [%]: 45 (bio-oil); 33 (char); 22 (non-condensable gases).
In the organic phase, the three main compounds identified in soybean
hull bio-oil were: phenol (14.88%), 2-methylphenol (7.59%) and
4-methylphenol (12.55%).
Bio-oil organic: 64.66 wt.% (C); 6.68 wt.% (H); 5.80 wt.% (N); 1.17 wt.%
(S); 21.69 wt.% (O); 24.28 MJ/kg (HHV); 22.83 MJ/kg (LHV)
Bio-oil aqueous: 13.31 wt.% (C); 2.15 wt.% (H); 3.01 wt.% (N); 0.42 wt.%
(S); 81.11 wt.% (O); 6.89MJ/kg (HHV); 6.42 MJ/kg (LHV)

[265]

Straw Bubbling fluidized bed reactor
Temperature [◦C]: 500

Average yield [%]: 67 (biooil); 28.5 (biochar); 4.25 (syngas)
Bio-oil organic: 67.24 wt.% (C); 47.37 wt.% (H); 50.34 wt.% (O) [266]
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Rice Husk (Brazil)

Reactor: Laboratory-scale fluidized bed with a SiC
bed.
Feed rates [g/L]: 875
Carrier gas to biomass ratio [wt/wt]: 0.8
Temperatures [◦C]: 450, 525, and 600
SiC bed heights [cm]: 4.9 and 6.5

Product yield: 43% (max liquid); 31% (organics); 12% (water); 32%
(solids); 25% (gas and losses). [267]

Corn Stalk (USA)

Temperature [◦C]: 400–450
Acid pretreated and untreated corn stalks were
pyrolyzed
Feed rate [kg/h]: 1–2.5

Average yield [%]: 35–46 (biooil); 20.4–29 (biochar); 4.4–32 (syngas)
Elemental analysis untreated stalk bio-oil: 19.05% C, 9.31% H, 0.17% N,
71.46% remaining. Acid-treated stalk bio-oil: 24.88% C, 5.33% H, 0% N,
69.79% remaining

[268]

Coffee Husk (Brazil)

Biomass in [g]: 100 g
Stirring rate [rpm]: 64
Heating rate [◦C/min]: 20
T [◦C]: 500

Yield [%]: SY (26.2–28.7); LY (47.5–56.5); NCGY (18.6–24.8)
Biochar composition [% db]: C (73.75 ± 0.5); H (1.99 ± 0.1); N (1.90 ±
0.2); O (6.00 ± 0.3)
HHV biochar [MJ/kg]: 24.6 ± 0.28
LHV biochar [MJ/kg]: 23.16 ± 0.26
Proximate analysis biochar [wt.% db]: VM (9.5 ± 1.18); FC (73.5 ± 1.48);
AC (17 ± 0.63)
MC [wt.% wb]: 1.89 ± 0.14
Apparent density biochar [kg/m3]: 401 ± 6
Specific density biochar [kg/m3]: 770 ± 10
Porosity biochar [−]: 0.48
Moisture aqueous phase (at different temperature ranges) [%wb]: 82.05 ±
0.24 (25–200 ◦C); 77.22 ± 0.22 (200–250 ◦C); 61.09 ± 0.29 (250–300 ◦C);
55.31 ± 0.37 (300–350 ◦C); 29.55 ± 0.23(350–400 ◦C); 22.76 ± 0.22
(400–500 ◦C)
HHV aqueous phase (at different temperature ranges) [MJ/kg]: 16.77 ±
0.45 (25–200 ◦C); 17.17 ± 0.40 (200–250 ◦C); 21.75 ± 0.33 (250–300 ◦C);
27.87 ± 0.38 (300–350 ◦C); 30.63 ± 0.42(350–400 ◦C); 33.51 ± 0.29
(400–500 ◦C)
pH aqueous phase (at different temperature ranges) [−]: 3.63 ± 0.01
(25–200 ◦C); 4.12 ± 0.01 (200–250 ◦C); 4.74 ± 0.01 (250–300 ◦C); 6.44 ±
0.01 (300–350 ◦C); 7.87 ± 0.01 (350–400 ◦C); 8.19 ± 0.01 (400–500 ◦C)

[269]
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Banana

Leaves (India)

Technique: TGA curve analysis
Particle size [µm]: 250
Heating rate [◦C/min]: 10, 20, 30
Operational temperature [◦C]: 22–900

Heating rate [10]: Ti [◦C]: 151.5; Tb [◦C]: 493; Tm [◦C]: 297
Max mass decomposition [µg/min]: 437
Heating rate [20]: Ti [◦C]: 159; Tb [◦C]: 499; Tm [◦C]: 304
Max mass decomposition [µg/min]: 652
Heating rate [30]: Ti [◦C]: 163; Tb [◦C]: 506; Tm [◦C]: 316
Max mass decomposition [µg/min]: 1131

[270]

Leaves (Brazil)

Reactor type: pilot-scale plant
Fluidization agent: air
Flow gas rate [Nm3/h]: 15
Operational temperature [◦C]: 500
Biomass feed rate [kg/h]: 0.84

Tm [◦C]: 340
LY [wt.%]: 27; SY [wt.%]: 23.3; GY [wt.%]: 49.6
Bio-oil: two phases (light and heavy)
Heavy oil composition [%]: 55.9 (CO2); 7.8 (H2); 0.87 (N2); 0.08 (S); 35.3
(O2). HHV [MJ/kg]: 25.0
Light oil composition [%]: 16.9 (CO2); 8.8 (H2); (N2); 0.01 (S); 74.3 (O2).
HHV [MJ/kg]: 1.2
Biochar:
Proximate analysis [wt.%]: 1.68 (MC); 53.2 (VM); 23.2 (FC); 23.5 (AC)
Ultimate analysis [wt.%]: 48.0 (C); 3.2 (H); 1.2 (N); 0.33 (S)HHV [MJ/kg]:
18.2
Total process energy consumption: 5.58 kWh

[271]

Orange Bagasse

Reactor type: Conical Spouted Bed Reactor.
Residence time[min]: 50 min
Specifications: Reactor, cyclone and filter are located
in a hot box heated to 290 C to avoid condensation of
heavy compounds.
Particle size [µm]: 1000
Biomass flow rate [g.min−1]: 1
N2 flow rate [L.min−1]: 7
Operational temperature [◦C]: 425, 500 and 600

SY [wt%]: 33 (425 ◦C); 29 (500 ◦C); 27 (600 ◦C);
LY [wt%]: 54.6 (425 ◦C); 54.9 (500 ◦C); 49 (600 ◦C)
GY [wt%]: 12 (425 ◦C); 16 (500◦); 24 (600 ◦C); Gas: Composition (vol%):
Mainly CO2 and CO (45–80%); C1-C4, H2 and CH4 (detected but not
specified).
LHV [MJ.m−3]: 8.5 (600 ◦C).
Bio-oil (500 ◦C):
Composition [%wt]: Alcohols = 4.74; Ketone = 13.98; Furans = 21.47;
Phenols = 1.71; Saccharides = 2.88; Nitrogenous compounds = 0.51;
Hydrocarbons = 0.02; Unidentified = 7.2; Water = 40.81
Bio-char (600 ◦C):
Composition [wt%]: C= 72.9; H= 2.6; N= 1.4; O= 12.2; Proximate analysis
[wt%]: VM= 26.9; FC= 72.2; AC= 10.9.
HHV [MJ/kg]: 27.5
Surface area [m2/g]: 4.8
Pore volume [m3/g]: 0.003

[158]
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Bagasse

Reactor type: Pyrex glass semi-batch.
Specifications: Ice cold water is feed directly to the
straight condenser using a miniature submersible
pump to condense the pyrolysis vapors into liquid.
Three different batches were performed, varying
final temperature, heat rate and gas flow rate.
Particle size [µm]: 425
Biomass [g]: 30
Operational temperature [◦C]: 350, 375, 400, 425, 450,
475, 500, 525, 550, 575 and 600
Heating rate [◦C/min]: 25, 50, 75 and 100
N2 flow rate [L/min]: 0.1, 0.2, 0.3, 0.4 and 0.5

Batch 1: highest pyrolysis oil yield of 28.04 wt% at 525 ◦C, heating rate of
25 ◦C/min and N2 gas flow rate of 0.1 L/min.
T [350–600 ◦C]: SY [wt%]: 56.71–28.26; LY [wt%]: 16.38–26.20; GY [wt%]:
20.76–37.83
Mass loss [wt%]: 1.2–3.24
Pyrolysis-gas: H2/C molar ratio: 0.04; Flow rate [L/min]: 0.09; Volume
[mL]: 2030; GCV [MJ/m3]: 5.19
Batch 2: highest pyrolysis oil yield of 34.03 wt% at 75 ◦C/min, constant
temperature of 525 ◦C and N2 gas flow rate of 0.1 L/min
Heating rate [25–100 ◦C/min]: SY [wt%]: 33.02–24.87; LY [wt%]:
28.04–33.62; GY [wt%]: 31.37–34.89
Mass loss [wt%]: 2.61–3.11
Pyrolysis-gas: H2/C molar ratio: 0.04; Flow rate [L/min]: 0.12; Volume
[ml]: 2270; GCV [MJ/m3]: 5.47
Batch 3: highest pyrolysis oil yield of 35.53 wt% at N2 gas flow rate of
0.2 L/min at 525 ◦C and heating rate of 75 ◦C/min
N2 flow rate [0.1–0.5 ◦C/min]: SY [wt%]: 22.66–22.37; LY [wt%]:
34.03–30.41; GY [wt%]: 31.90–39.58
Mass loss [wt%]: 2.94–4.96
Pyrolysis-gas: H2/C molar ratio: 0.04; Flow rate [L/min]: 0.15; Volume
[mL]: 2360; GCV [MJ/m3]: 5.49
Bio-char:
Composition [wt%]: C = 70.13; H = 4.26; N = 0.61; O = 24.97; S = 0.03;
proximate analysis [wt%]: MC = 2.14; VM = 41.26; FC = 53.58; AC = 3.02.
HHV [MJ/kg]: 27.67
Molecular weight [g/mol]: 13.13; Surface area [m2/g]: 23.17; Pore
Volume [m3/g]: 1.52 × 10−5

Other elements [%wt]: Si = 1.01; Mn = 0.82; Fe = 0.36; Co = 0.05; Al = 78.76
Bio-oil:
Composition [wt%]: C = 54.20; H = 5.99; N = 0.02; O = 39.75; S = 0.04; AC
= 1.31
HHV [MJ/kg]: 21.72. Molecular weight [g/mol]: 22.79; Total Acid
Number [mgKOH/mL]: 24.73; pH = 3.21; Water content [%wt] = 21.30;
Kinematic viscosity [40 ◦C, cSt] = 23.58; Kinematic viscosity [100 ◦C, cSt]
= 10.11; Density [gm/cc, 15 ◦C] = 0.98; Flash point [◦C] = 71; Fire point
[◦C] = 91; IBP [◦C] = 93; FBP [◦C] = 321

[102]
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Table 6. Cont.

Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Coconut

Shell (China)
Reactors: microwave and fixed-bed reactor
Catalyst (cat): Conventional ZSM-5 zeolites and
ZSM-5 (25) @SBA-15

LY [%]: 42 (ZSM-5), 68 (ZSM-5 (25)@SBA-15)
Hydrocarbon yield [%]: 146 (ZSM-5), 200 (ZSM-5 (25)@SBA-15)
The phenol selectivity was greater than 70% of the area, regardless of the
catalyst.
Microwave reactor enhanced the conversion of phenols to hydrocarbons
For phenolic-rich bio-oil (14.3 wt.%) is recommended the combination of
the fixed-bed reactor and core–shell hierarchical ZSM-5@SBA-15.
For hydrocarbon-rich bio-oil (6 wt.%) is recommended the combination
of microwave reactor and core–shell hierarchical ZSM-5@SBA-15.

[272]

Shell (Iran)

Reactor type: fixed-bed reactor
Particle size [µm]: <150
Heating rate [◦C.min-1]: 100
Flow gas rate (Ar) [mL/min]: 30
Operational temperature [◦C]: 500
Reaction time [min]: 30

Tm [◦C]: 333
LY [wt%]: 50.25; SY [wt%]: 29.0; GY [wt%]: 20.75
Gas product composition [vol%]: 58.0 (CO2); 18.5 (CO); 10.9 (H2); 9.9
(CH4); 2.7 (C2–C4)
Gas product LHV [MJ/Nm3]: 8.85; H2/CO ratio [-]: 0.59
Bio-oil relative components concentration [%]: 23.5 (hydrocarbon); 6.1
(alcohol); 4.2 (acid); 35.3 (phenol); 10.7 (ketone); 7.1 (ester); 5 (ether); 3.5
(furfural)
Biochar specific surface [m2/g]: 26.22
Av pore diameter [nm]: 9.35
Total pore vol [cm3/g]: 0.084

[273]

Sugarcane Bagasse

Type: reaction (semi batch reactor)
Operational temperature [◦C]: 500–700
Heating rate [◦C/min]: 10
Particle size [mm]: 0.5
N2 flow rate [ml/min]: 200

Best oil characteristics performance at 700 ◦C
Density [kg/m3]: 988
Viscosity [cSt]: 9.4
Acid number [mg KO/g]: 44.7
pH: 3
Flash point [◦C]: 130
Heating value [MJ/kg]: 4.3
Total phenol content [%]: 58.89

[274]
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Table 6. Cont.

Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Bagasse

Type: reaction (semi batch reactor)
Operational temperature [◦C]: 350–650
Heating rate [◦C/min]: 10 and 50
Particle size [mm]: <0.25–1.7
N2 flow rate [cm3/min]

Heating rate [◦C/min]: 10
Ti [◦C]: 160; Tb [◦C]: 500; Tm [◦C]: 311 (peak 1); 440 (peak 2);
LY [wt.%]: 29.41 (350 ◦C); 42.29 (500 ◦C); 38.82 (650 ◦C)
SY [wt.%]:49.45 (350 ◦C); 23.47 (650 ◦C)
GY [wt.%]: 21.14 (350 ◦C); 37.71 (650 ◦C)
Heating rate [◦C/min]: 10
LY [wt.%]: 31.25 (350 ◦C); 45.23 (500 ◦C); 40.39 (650 ◦C)
SY [wt.%]:47.41 (350 ◦C); 24.88 (650 ◦C)
GY [wt.%]: 21.34 (350 ◦C); 34.73 (650 ◦C)
Max LY[wt.%]:45.23 (500 ◦C, 50 ◦C/min); 45.03 (particle size 0.5 mm);
44.95 (N2 flow 100 cm3/min)
Bio-oil composition [wt.%]: 65.64 (C); 26.67 (O); 6.97 (H); 0.96 (N); 0.03 (S)
Bio-oil density [kg/m3]: 1039
Bio-oil kinetic viscosity [cSt, 40 ◦C]: 14.20
HHV [MJ/kg]: 27.75

[275]

Eucalyptus

Wood

Microwave-assisted pyrolysis (for high
nitrogen-containing compounds (NCCs))
Catalyst (cat): MoO3
Cat ratios (Wood/MoO3): 1/1, 2/1 and 3/1
Operational temperature [◦C]: 550

Raw wood yields [wt%]: LY: 34.12; SY: 23.78; GY: 42.1. HHV [MJ/kg]:
17.4.
NCCs in bio-oil [%]: 7.81 (raw); 15.32 (1/1);
Highest LY [wt%]: 41.66 (2/1)
Highest GY [wt%]: 54.37 (1/1)

[276]

Wood (Brazil)

Pilot scale: fluidized bed
Biomass flow rate [kg/h]: 20
Poor O2 atmosphere
Operational temperature [◦C]: 500
Fluidization gas flow [Nm3/h]: 15

SY [wt%]: 14. Composition [wt%]: 0.38 (N2), 67.18 (C), 3.86 (H2). HHV
[MJ/kg]: 26.38
LY [wt%]: 53. Composition [wt%]: 0.17 (N2), 53.63 (C), 7.37 (H2). HHV
[MJ/kg]: 22.39
Bio-oil properties:
30% heavy fraction and 22% light fraction.
Sulfur content [mg.kg-1]: 85. Density (at 20) [kg/m3]: 1225.6.
pH: 3.3. Water content [wt%]: 14.2
Volatile organic compounds [wt%]: 0.40 (methanol), 0.27 (ethanol), 0.04
(acetone), 11.22 (acetic acid), 0.01 (furfural)

[277]
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Table 6. Cont.

Feedstock Source Operation Parameters Optimum Obtained Results Ref.

Wood (Brazil)

Auto-thermal SDB-20 pilot-scale plant
Feed rate [kg/h]: 15.06
Temperature [◦C]: 480 ± 8
Fluidization agent: Air supplied by a blower at 13
Nm3/h, and recirculation gases, supplied by a fan at
7 Nm3/h.
Quartz sand (Quartzo Brasil Minas 403/050) of 1300
kg/m3

Heavy bio-oil energy yield of 30% and 21.4 MJ kg−1 lower heating value [278]

Pinus

Wood

Reactor: fixed bed reactor
Operational temperature [◦C]: 500
Fluidization agent: N2, H2, CO2 and CH4
Biomass [g]: 5
Particle size [µm]: >125
Heat rate [◦C·min−1]: 10

Fluidization agents:
CH4: Highest biomass conversion (76.90%). CO content of 93.58%
H2: Promote non-condensable gases formation but lower LY
CH4 and CO2: LY of 27.77 wt%
N2: Max HHV of 22.62 MJ/kg

[279]

Wood

Pilot scale. Thermomechanical pretreatment.
Pretreatment: wood heated at 173 ◦C, for 3, 24, and
72 min, impregnated or not with acid citric (CA)
solution 1.5 wt%
Pyrolysis:
Reactor: bubbling fluidized bed
Biomass flow rate [kg/h]:0.4–0.7
Operational temperature [◦C]: 450

Raw wood yields [wt%]: LY: 54.70; SY: 17.18; GY: 19.18. HHV [MJ·kg−1]:
17.4
Highest LYs [wt%]: 60.56 (72 min, no CA), HHV [MJ/kg]: 18.6; 61.62
(3 min + CA), HHV [MJ/kg]: 18.1
highest HHV [MJ/kg]: 18.9 (24 min + CA)

[270]

RT—retention time; SHF—separate hydrolysis and fermentation, PSSF—simultaneous saccharification and fermentation; SSF—simultaneous saccharification and fermentation;
BBP—Biogas potential; BMP—methane potential; OLR—Organic loads rates; VSS—volatile suspended solids; VDS—volatile dissolved solids; TOC—total organic carbon.
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5. Carbon Potential

Five scenarios for carbon release or carbon sequestration potentials were evaluated:

(I) Biomass to bioethanol to replace gasoline;
(II) Anaerobic digestion for biogas production;
(III) Direct combustion for power generation;
(IV) Gasification to replace natural gas;
(V) Fast pyrolysis for bio-oil production as substitutes for fuel oil.

The established scenarios aim to sequester the CO2 emissions by reducing the fossil
fuel utilization.

To calculate the carbon potential by each scenario, Equation (8) was applied, based on
the methodology described in the literature [280].

TCscenario = Cfossil fuel
renewable fuel·∑

n
i=1 yi·Pi·Yi (8)

where TCscenario is the total carbon potential, yi is the yield of renewable fuel production
from associated biomass in a specific scenario, Pi is the annual production of the crop, Yi is
the equivalent fuel reference described in each scenario considerations and Cfossil fuel

renewable fuel is
the carbon potential ratio of the renewable fuel to fossil fuel.

Approximately 276 Tg was the overall carbon content, from the studied agro-forest
residues with a potential of 1014 Tg CO2 production by uncontrolled burning. The carbon
sequestration potential for each scenario and biomass is shown in Table 7. According
to the Intergovernmental Panel on Climate Change (ICPP) [281], open burning can also
generate significant amounts of NOx that, if not treated, will produce environmental
damage. The global warming effect of N2O is nearly 300 times greater than that of CO2.
Another important concern is related to the waste remaining in cultivation area until they
are broken down by microorganisms that produce greenhouse gases such as methane. By
utilizing these remains for energy generation, not only does it eliminate them from the field
and decrease environmental contamination, but it also adds value to the waste.

Table 7. Carbon potential analysis.

Agricultural Residues Wood Residues

Soybean Corn Sugarcane Rice Wheat Coffee Banana Orange Coconut Eucalyptus Pinus

Carbon content (Tg) 84.8 6.0 163.7 7.8 4.1 0.4 8.3 0.9 0.6 74.3 16.9
Carbon sequestration (Tg-CO2) 310.9 22.2 599.8 28.7 15.0 1.5 30.4 3.4 2.4 273 61.9
Scenario I—Bioethanol production
Biothanol potential (v/w%) 29.27 35.04 40.15 33.65 37.43 37.06 24.43 15.58 31.47 39.7 38.9
Ethanol (GL) 56.01 4.74 143.69 5.91 3.59 0.33 5.25 0.34 0.39 60.0 13.9
Equivalent gasoline (GL) 40.27 3.41 103.31 4.25 2.58 0.24 3.77 0.24 0.28 43.1 10.0
CO2 emission from biethanol
production 5.60 0.47 14.37 0.59 0.36 0.03 0.52 0.03 0.04 6.0 1.4

Carbon sequestration (Tg-CO2) 85.37 7.23 219.02 9.01 5.47 0.51 8.00 0.52 0.59 91.4 21.1
Scenario II—biogas production
Biogas potential (Gm3) 105.2 7.6 226.4 9.0 5.8 0.6 12.4 4.8 0.8 91.6 21.6
Equivalent energy (PJ) 2240.0 162.5 4821.9 191.9 122.6 11.8 264.3 102.3 18.0 1950 460
Carbon sequestration (Tg CO2-eq) 136.6 9.9 294.1 11.7 7.5 0.7 16.1 6.2 1.1 119 28.1
Scenario III—Combustion
Heat value (MJ/kg) 16.9 17.2 16.3 16.6 14.6 16.9 15.5 15.5 17.8 17.8 17.8
Harvested Energy (PJ) 3230.5 232.3 5814.9 290.7 140.0 15.1 333.8 33.6 21.8 2694 636
Equivalent Coal (Tg) 125.7 9.0 226.3 11.3 5.4 0.6 13.0 1.3 0.8 105 24.7
Carbon sequestration (Tg CO2) 289.1 20.8 520.4 26.0 12.5 1.4 29.9 3.0 2.0 241 56.9
Scenario IV—Gasification (ar)
Heat value of gas (MJ/Nm3) 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.00 6.00
Harvested Energy (PJ) 2295.9 162.5 4294.1 210.8 115.0 10.8 257.7 26.1 14.7 1813 428
Equivalent Natural gas (Nm3) 62.1 4.4 116.1 5.7 3.1 0.3 7.0 0.7 0.4 49.0 11.6
Carbon sequestration (Tg) 133.4 9.4 249.5 12.2 6.7 0.6 15.0 1.5 0.9 105 24.9
Scenario V—fast-pyrolysis
(substitutes for fuel oil)
Heat value of bio-oil (MJ/kg) 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
Harvested Energy (PJ) 1913.3 135.4 3578.4 175.6 95.9 9.0 214.7 21.7 12.2 1511 357
Equivalent fuel oil (Tg) 44.5 3.1 83.2 4.1 2.2 0.2 5.0 0.5 0.3 35.1 8.3
Carbon sequestration (Tg) (fuel oil) 133.4 9.4 249.4 12.2 6.7 0.6 15.0 1.5 0.9 105 24.8
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In the first scenario, the following considerations were established. The type of the
biomass, the process parameters, including enzyme loading and medium acidity, have a
significant impact on bioethanol production yield [282]. Moreover, it was estimated that
the CO2 emissions required to create 1 GL of bioethanol are approximately 0.1 Tg, as stated
by Hudiburg et al. [283], and that the volumetric energy density of ethanol is roughly 72%
higher than that of gasoline. As a result, about 64 Tg of CO2 emission from the conversion
of biomass to bioethanol from the residual biomasses was calculated.

The average pure biogas production yield of 0.7 m3 from each kg of volatile solids [284]
and LHV of 21.3 MJ/m3 [285] was considered in the scenario II. To calculate mass and
energy yield produced by the biogas, the results were combined with the biomass volatile
matter. As a result„ the biogas production from main Brazilian agro-forest residues was
around 67 Gm3, and the potential energy production was 7935 PJ/yr and 2663 PJ/yr for
agricultural and wood residues, respectively. The emission rate for natural gas of 61 g
CO2-eq for each produced MJ [280,284] was considered to calculate the biomass total carbon
sequestration. Approximately 484 Tg/yr and 825 Tg/yr of total biogas carbon potential
was calculated for agricultural and wood residues.

In scenario III, an average generation of 26 MJ energy per kg of coal [286] that leads to
the emission of 2.3 kg CO2 (90.5 g CO2/MJ) was assumed [287]. Coal is one of the most
important sources of energy worldwide with an increasing market. At the same time, the
CO2 emissions from coal-fired power facilities account for over 28% [286]. Biomass co-firing
can be integrated to coal-fired power plants without the need for high investment to reduce
cost and GHG emissions [288]. Similarly, biomass co-firing was used in the residential
sector, mainly in the form of bio-coal briquettes combustion [289,290]. Approximately
3639 Tg/yr of CO2-eq from the studied biomasses for co-combustion with coal in power
plants was determined.

Gasification is one of the most attractive options for converting biomass into high-
quality synthetic liquid and gaseous fuels [210]. For scenario IV, it was assumed that
1 Nm3 of natural gas produce on average 37 MJ energy [289] and leads to the emission
of 1.86 kg CO2-eq (53.06 g CO2/MJ) [280]. From the studied samples, the total carbon
sequestration potential by gasification was approximately1229 Tg CO2eq. As gasification,
pyrolysis is one of the most researched processes for thermochemical biomass conversion.
Fuel oil can be replaced with liquid fuel from pyrolysis in any application requiring
static heating or electricity generation. In scenario V, the average bio-oil production yield
was assumed to range from 26% to 75% [193,290,291]. As a result„ bio-oil production
from studied biomass residues was around 410 Tg bio-oil, with LHV of bio-oil from 16
to 22.95 MJ/kg [138,193,290]. According to EPA [280], the emission factor for fuel-oil
combustion is about 69.7 g CO2-eq per MJ. Thus, approximately 1228 Tg CO2eq total
carbon potential given a fuel–oil average energy content of 43 MJ/kg [289].

Brazil has historically had a robust sugar cane production industry and the ethanol
production expanded enormously largely due to strong governmental incentives and pro-
ethanol legislation. However, bio-oil technologies and production in Brazil are still far from
the ethanol ones. It will require more time, incentives and regulations for production and
use. Research is needed to reduce the costs of production of biomass-based fuels in Brazil.

6. Summary, Conclusions and Outline

Brazil is one of the world’s major agro-forest producers and activities arising from
harvesting and processing agro-forest products result in large biomass residual generation.
Brazil produces over 679.5 million tons of agricultural residues with an energy potential of
1257 PJ, mainly from sugarcane, soybean and banana crop residues. Additionally, to wood
residues—Eucalyptus sp. and Pinus sp., with 3098 and 6200 PJ/yr, respectively.
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The biomass data were used to determine the CO2 potential from biomasses in renew-
able energy practices such as bioethanol production, anaerobic digestion, direct combustion,
gasification and fast pyrolysis as substitutes for fossil fuel utilization. The total carbon
content from agricultural residues was about 276 Tg, which has the potential to generate
approximately 1014 Tg of CO2 by uncontrolled burning. For wood residues, the carbon
contents were calculated to be 151 Tg/yr for Eucalyptus and 35.6 Tg/yr for Pine. The
studied Brazilian biomasses have high potential to be used in renewable energy practices
for sustainable development.
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