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Abstract
The agricultural sector is a major source of biomass feedstocks for biofuels. Even though biomass potential in Thailand has 
been analyzed on a national level, its distribution and potential have yet to be assessed on a regional and provincial scale. 
Therefore, the study aims to verify the possibility of decentralized second-generation bioethanol production from regionally 
available agricultural residues. Most of the generated residues stem from the country’s major crops (sugarcane, cassava, rice 
and palm), totaling 174.1 million tons per year. The volume of bioethanol from these residues is projected to be 20,213.5 
million liters per year, meeting 31.2% of the overall fuel demand of the transport sector. At the regional level, the northeast 
produces the highest amount of bioethanol at 9099.7 million liters per year, followed by the central, northern and southern 
regions. In terms of provincial distribution, the highest amount of bioethanol is converted in Nakhon Ratchasima, amount-
ing to 1328 million liters per year. Data from the top ten potential provinces suggest that decentralizing production facilities 
is possible. One of the hotspots is Surat Thani in the south which can potentially utilize palm residues as feedstocks. This 
regionalized assessment also found that conventional feedstocks could be substituted with regionally available residues in the 
26 production plants currently in operation. The results confirm that there would be enough alternative regional feedstocks 
to meet existing production capacities and they indicate that there would be enough regional residues left over for future 
value-added utilization.
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Statement of Novelty

The novelty of the present study is the regionalized assessment 
of agricultural residues from the production of major crops in 
Thailand and the preliminary estimation of the potential sec-
ond-generation bioethanol production. This is the first time that 
such a regionalized approach has been utilized and the findings 
should help determine the actual potential bioethanol produc-
tion capacities and the regional infrastructures that would be 
able to achieve optimized biomass utilization. By using a stoi-
chiometric calculation, it is possible to project the maximum 
volume of bioethanol. The results have shown that the residues 
from sugarcane, cassava, rice and palm can be converted into a 
promising volume of bioethanol. In addition to the hotspots in 
the northeastern and central regions, the results suggest that the 
possibility of using palm residues in the southern region could 
make it the first potential area for decentralized production. 
The study could help support decisions surrounding compli-
ance with Thailand’s strategic bioethanol development plan.

Introduction

As a result of its population growth, thriving economy and 
urbanization, Thailand has been a net importer of energy 
for decades. The country has had to import fossil fuels 
to cover domestic consumption, which account for around 

60% of its total primary energy [1]. A recent report showed 
that the import of crude oil increased by 17% between 2008 
and 2018 [2]. Regardless of the fact that the global price 
of crude oil peaked at over 150 USD per barrel during the 
world energy crisis, there has been a steady increase in the 
demand for fossil fuels. According to a recent report, there 
has been a constant rise in demand for energy in the trans-
port sector, increasing from 7121 million liters to 11,373 
million liters over the last decade (figures from 2008 and 
2018, respectively). This has led to the current shares in the 
energy sector, where the transport sector makes up 40% of 
the final energy consumption [2]. The increased demand for 
gasoline is confirmed by the fact that the number of gaso-
line-powered cars has increased by 39.9% in 10 years [3].

A projected progressive economic growth rate in the 
future has led to an increased awareness by the Thai gov-
ernment of the need to reduce fossil fuels, resulting in the 
launch of several renewable energy policies [4]. A stable 
commodity supply is a key driver behind the government’s 
desire to ensure domestic energy sources which can miti-
gate the country’s dependency on imported energy from 
overseas. In addition, the goal to reduce 25% of the green-
house gas (GHG) emissions from “business as usual” by 
2030 has led to the need to look for new sources to replace 
fossil fuels [5].

One of the solutions for meeting energy demands and 
reducing the country’s dependency on imported fossil fuel 
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has been to utilize domestic agricultural crops in energy pro-
duction. Due to its suitable climate and favorable landscapes, 
Thailand has become a net exporter in agricultural products, 
which make up 16% of total exports [6]. The agricultural 
business has played a crucial role in supporting citizens in 
sectors such as food supply, agro-industries and employ-
ment. Similarly, for the energy sector, the government has 
fostered the agricultural-based economy by incorporating 
sugar and starch-based biomass into bioethanol production, 
and helped sugarcane and cassava become key players by 
increasing their share in biofuel production as substitutes for 
imported crude oil. As a result, the country set a sizable goal 
in the form of a 20-year development plan, namely the Alter-
native Energy Development Plan (AEDP). It also mandated 
mixing a percentage of bioethanol with gasoline, aiming for 
this to make up 20–25% of final fuel consumption by 2036, 
up from 15.2% in 2018 [7].

Although there are many reasons for the success of the 
biofuel market, most notably due to a decades-long push by 
the government for such policies [8], conventional biofuel 
development has received more attention due to the contro-
versy surrounding potential negative environmental effects 
found by many studies [9–11]. Conventional methods for 
producing sugarcane can bring up several environmental 
issues, such as the use of fertilizers and pesticides to increase 
crop yield per area, and open field burning to prepare the 
land, which releases GHG and some fine particles such as 
PM 2.5, causing haze in the atmosphere [11, 12]. Moreo-
ver, the promotion of bioethanol production could likely 
prompt an expansion of cropland, which would result in the 
displacement of land for food crops. As a result, crop cul-
tivation could affect change in soil carbon and necessitate 
carbon debt due to direct land use change (dLUC) [13–15]. 
In addition to the possiblity of expanding land use, food 
security is considered one of the other issues limiting the 
development of the bioenergy sector [16].

In recent years, the utilization of agricultural residues 
has become a promising, sustainable way of replacing 
conventional feedstocks [17]. Residual biomass from crop 
cultivation is an important biomass resource that can play 
several roles in the biorefinery industry [18]. The role of 
agricultural residues has been successfully verified in terms 
of its environmental benefits in bioethanol production and 
biomass power generation [8, 19, 20]. Thailand has a vari-
ety of residual biomass streams in the agricultural sector, 
distributed over many locations. Nonetheless, the leftover 
biomass from these crops is generally utilized as feed for 
livestock or as construction material. Some types of biomass 
residues are currently being used on an industrialized level 
in power generation, based on the concept of thermochemi-
cal conversion, for instance, through the process of direct 
combustion or gasification of rice husks [20, 21].

Potential residual biomass from post-harvest and agricul-
tural production processes has been a target of revalorization 
through ethanol conversion due to its substantial generation 
rates and the fundamental structure of its saccharide com-
ponents. Several studies have verified the data on bioetha-
nol conversion from agricultural residues, for example from 
bagasse, rice husks, cassava peels and oil palm residues [20, 
22–24]. Despite the properties of lignocellulosic biomass, 
lignocellulosic ethanol still faces certain constraints when 
it comes to developing it on an industrial scale [21, 25, 26]. 
In addition to improvements in technical feasibility, the con-
version of agricultural residues to bioethanol requires an 
evaluation of residue selection, improvements to the agro-
industry, and a sustainability assessment [27, 28]. Since an 
analysis of the potential utilization of residual biomass from 
crop cultivation generally also encompasses the process of 
material transportation [27, 29], logistics management is 
also a factor considered in the techno-economic feasibility, 
as transport distance has been found to make up a large por-
tion of the logistics costs [30–32].

At present, bioethanol production plants in Thailand 
are considered to be a centralized production system, pre-
dominantly located in the areas where conventional crops 
are concentrated. However, clusters of large-scale infra-
structures inevitably face such disadvantages as transporta-
tion, management of immense amounts of material, and the 
inflexibility of feedstocks due to seasonal dependence [33]. 
In contrast, the development of small-scale plants has been 
received more favorably due to their ability to utilize a wider 
variety of resources, increasing flexible feedstock options 
for each harvesting season [34]. Moreover, the decentralized 
system has been investigated with regard to the possibility 
of handling multiple types of biomass feedstocks that are 
blended in biorefineries [35].

In this regard, rather than a one-dimensional promotion 
of biofuel as is currently being practiced, the decentraliza-
tion of the agro-industries is a promising way to enhance 
accessibility to biomass resources and encourage the mobil-
ity of dispersed resources in Thailand. The system utilizes 
local residual biomass and contributes to the profitability 
and sustainability of local residents [36]. Studies have shown 
that a decentralized approach with a model of introducing 
various feedstocks reduces the impact of the seasonality of 
crops by allowing multiple feedstocks to be mixed [34, 37]. 
At the same time, the concept of using regional biomass in 
the bioenergy production system has shown to have socio-
economic and environmental benefits as a result of localized 
interaction and a secure energy supply [38–40]. The local 
utilization of agricultural residues is considered a feasible 
way of mitigating environmental effects when it comes to 
materials management [41] and it creates additional income 
opportunities in the farming community [42]. Providing 
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residual resources to manufacturing facilities could benefit 
economic and environmental sustainability [32, 43].

Therefore, not only does the current study encourage 
the transition away from conventional feedstocks towards 
alternative residues, it assesses the regional potential of 
agricultural residues in Thailand with regard to availabil-
ity, biomass properties, and the possibility for bioethanol 
conversion on a provincial and regional scale. Although 
biomass potentials from crop production in Thailand have 
already been investigated [17, 44], the proposed scope of 
this work adds value through the regionalized assessment 
of agricultural residues from an up-to-date list of major 
crops based on statistics from Thailand’s agricultural sector. 
Furthermore, stoichiometric bioethanol estimates based on 
agricultural residues generated on a regional and provincial 
scale and which illustrate spatial distribution are a way to 
motivate regional residue utilization in second-generation 
ethanol production. The regional availability of major bio-
mass streams and potential bioethanol allocation, as identi-
fied in this study, aims to provide a comprehensive picture 
of major sources of biomass for further system optimization 
and installation of decentralized facilities.

Materials and Methods

Although biomass distribution has been investigated with 
respect to power generation technology [45], to the best of 
the author’s knowledge, no research has been conducted on 
residue distribution from a spatial perspective with regard 
to second-generation bioethanol production in Thailand. 
Quantifying crop residues and estimating potential bioetha-
nol from key agricultural products on a national and pro-
vincial level constitute the novelty of this study. Hence, in 
order to cover its main aim, this research paper is divided 
into three main sections: (1) regional availability of agricul-
tural residues (2) estimating potential bioethanol from the 
expected biomass (3) proposal of potential areas for second-
generation bioethanol production.

Literature Review on the Background 
of the Bioethanol Market in Thailand

To obtain a primary overview, a review of the development 
of the bioethanol market in Thailand was conducted using 
reports, statistical data and published studies. Using his-
torical data to examine bioethanol demand was expected 
to reveal the growing trend in the future. Thus, the review 
focused on consumption and production based on the trends 
from past events, including the important milestones of poli-
cies implemented between 1992 and 2018. With respect to 
bioethanol production, the data on feedstock quantities was 
gathered in this study for a 10-year period: 2009–2018.

In order to understand the background of ethanol pro-
duction in Thailand, statistics on sugarcane and cassava 
crops, as current feedstocks, were gathered for the period of 
2007–2018. Furthermore, the study calculated crop yields 
per area based on total production and cultivation areas in 
order to address the issue regarding the expansion of land 
use for cultivation.

Selection of Potential Agricultural Residues

This paper explores the potential biomass to answer the 
question of whether regional biomass can be utilized as an 
alternative feedstock in future bioethanol production. Four 
major potential crop residues were selected in this study in 
order to obtain quantitative data on residue production based 
on the production statistics of major crops. In addition to 
calculating annual quantities, the area of crop cultivation 
was used to calculate the density of residue generation in 
terms of yield per area.

In an initial step, the most-produced residual biomass was 
identified based on data on major agricultural production, 
biomass data, and the biomass yield per area as reported 
by the Department of Alternative Energy Development and 
Efficiency (DEDE) [46–48]. Using the historical data, it 
was possible to narrow down the selection to four major 
crop residues. However, it is necessary to estimate biomass 
potential from the most updated sources. To obtain up-to-
date figures on residues from crop production, the amount 
of generated residue was calculated based on the current 
statistical data on crop production for 2018, published by 
the Office of Agricultural Economics (OAE) [46]. As an 
exception, data on sugarcane production was collected from 
the Office of the Cane and Sugar Board [48].

Additionally, the backgrounds of the selected residues 
were described in the context of current utilization. The 
possible use of agricultural biomass for higher value added 
applications was included in the study in order to emphasize 
these elements of bioenergy use.

Analysis of the Distribution of Agricultural Residues

First, as part of a preliminary investigation, total residue 
quantities were estimated for the selected types of biomass. 
The data on crop production was used to calculate the res-
idue-to-crop ratio (RSC) in order to estimate the realistic 
amount of available residues. The availability of biomass 
was determined using Eq. (1), which has been applied in 
several studies [24, 49, 50]. The amount of biomass, Qb, 
was calculated by multiplying agricultural crop production 
in 2018 (Qc) with the RSC which was gathered and averaged 
from several related publications (Table 1). Next, generated 
residues were used to calculate production per area (tons 
per hectare) based on the total cultivation land for each type 
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of crop. This step captures the overall picture of residue 
production density.

In addition to residue availability based on residue type, 
the distribution of the generated residues was examined with 
regard to regional potential. We divided the studied area into 
four main geographical regions, i.e., north, northeast, central 
and south. Each type of generated residue was broken down 
for each region. Categorizing by region is expected to dem-
onstrate the prospective clusters and identify the dominant 
agricultural residues based on the highest proportions in the 
respective regions.

Next, biomass distribution was calculated on a provincial 
scale by dividing the country into 77 administrative prov-
inces. Each agricultural residue was examined with respect 
to total residue generation per province (tons) and residue 
yield per area (tons per hectare). Crop density, i.e. quantity 
per area, was calculated on a provincial scale using the land 
use information for crop cultivation in each province from 
the OAE [46].

The obtained data was then used to create map-based 
information using ArcMap, a software for geographic 
information systems (GIS). This assessment was aimed at 
establishing the distribution of the residues with respect to 
quantity and density.

Estimation of Potential Ethanol by Region 
and Province

In addition to the availability of agricultural residues dis-
tributed throughout the country, potential bioethanol was 

(1)Qb = Qc ⋅ RSC

calculated based on the properties of the biomass and the 
quantity of each available type. However, it is necessary to 
identify ethanol production potential in terms of spatial dis-
tribution because different areas contain different propor-
tions and compositions of residues. This means that ethanol 
hotspots are dependent not only on the concentrated quantity 
of biomass but also on the bioethanol convertibility from 
the respective biomass. The regionalized assessment must 
emphasize the possibility of decentralized bioethanol plants 
in order to support regional biomass utilization.

Therefore, major biochemical components containing 
cellulose and hemicellulose were used to estimate the etha-
nol conversion. The composition values of the individual 
residual streams were gathered from the literature reviews 
and averaged, as presented in Table 2. Since ethanol volumes 
need to be estimated based on the quantity of dry biomass, 
the utilizable amount of residual biomass was determined 
using Eq. (2). After quantifying residues using Eq. (1), dry 
residues (Ub) were obtained by excluding moisture content 
(M).

Bioethanol production from lignocellulosic biomass is 
associated with more complications than production from 
starch or sugar-based biomass. The process of bioethanol 
production from cellulosic feedstock requires three main 
steps: pretreatment, hydrolysis and fermentation. Pretreat-
ment is essential before carrying out hydrolysis and fermen-
tation since this process deconstructs the polysaccharides 
into soluble sugars to increase the accessibility of chemicals, 
enzymes and micro-organisms. This enables further steps to 
function effectively [97, 98].

Next, the hydrolysis process converts polymeric sugars 
into monomeric sugars to obtain fermentable substrates, pro-
ducing glucan and xylan from cellulose and hemicellulose, 
respectively. Principally, hydrolysis is achieved through acid 
hydrolysis or enzymatic hydrolysis [99]. After the hydroly-
sis process, the substrates are ready to undergo fermenta-
tion. Bioethanol conversion happens during this process 
by ethanol-producing microbes, such as yeast or anaerobic, 
thermophilic bacteria. A variety of end products is achieved 
by applying different types of microbes. The yeast Saccharo-
myces cerevisae is commonly used as a fermentation micro-
organism in this process.

Even though different pretreatment methods achieve 
different ethanol yields, the principles of biochemical 
compositions and the ethanol conversion process can be 
used to theoretically estimate ethanol yields using stoi-
chiometric calculations. In the present study, ethanol 
quantities were estimated using the calculation method 
described by Demirbas et al. [100]. According to the pro-
cess diagram presented in Fig. 1, two major components 

(2)Ub = Qb ⋅ (1 −M)

Table 1  Average values of the residue-to-crop ratio for each type of 
agricultural residue

Crop Type of residue Average values for 
residue- to-crop ratio 
(RSC)

References

Sugarcane Bagasse 0.31 [51–54]
Tops and leaves 0.25 [12, 55–57]

Cassava Pulp (starch and 
fiber)

0.24 [58–61]

Peel 0.28 [62–64]
Stem and leaves 0.12 [65–67]
Rhizome 0.35 [47, 68, 69]

Rice Straw 0.80 [47, 49, 70]
Husk 0.22 [47, 54, 71]

Palm Empty fruit bunches 0.21 [72–74]
Fiber 0.15 [75, 76]
Shell 0.09 [75–78]
Leaves (fronds) 2.01 [47, 79]
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of lignocellulosic biomass—cellulose and hemicellu-
lose—are represented as C and H, respectively. In addi-
tion to the lignocellulosic content, the value of starch 
content, S, needs to be considered due to the residual 
starch in cassava by-products. Therefore, the conversion 
pathway from starch to glucose and ethanol production 
was also taken into consideration. For the first step of 
the pathway, the content of the polysaccharides (C, H, 
S) are hydrolyzed to monosaccharides resulting in the 
hydrolysis efficiencies Hc, Hh, and Hs for cellulose, hemi-
cellulose and starch, respectively. Next, bioethanol fer-
mentation efficiencies are indicated as Fc, Fh and Fs for 
the ethanol conversion pathways from glucose, xylose 
and the starch-derived glucose, respectively. The value 
of each factor used in the present calculation is presented 
in Table 3.

The content values of C, H, and S were analyzed based on 
experimental results as reported in the scientific literature. 
For the hydrolysis step, the values for hydrolysis efficiency 
from cellulose and hemicellulose, Hc, and Hh, were defined 
by this study as 0.76 and 0.90 respectively [101]. The sac-
charification of starch to glucose (Hs) is converted using 
1.111 as a theoretical conversion factor. In the next step, the 
monomeric saccharides glucose and xylose are fermented 
with the fermentation efficiency, Fc and Fs, being 0.75 and 
0.50 respectively [100]. For the starch to ethanol pathway, 
fermentation efficiency (Fs) was used with a stoichiometric 
yield from glucose of 0.5111 [101].

Detailed calculations are described in Eqs. (3–7). The 
theoretical conversion factor, according to the stoichiometric 
yield of ethanol fermentation from glucose, is 0.5111 kg-
ethanol kg-glucose−1. At the same time, the theoretical 

Table 2  Moisture content and biochemical composition of the selected residues

Crop Type of residue Moisture content 
(M) [% weight]

Average value of composition from literature as 
calculated in this study [% dry weight]

References

Starch Cellulose Hemicellulose Lignin

Sugarcane Bagasse 50.4 – 37.3 23.5 19.5 [12, 17, 47, 51–54, 80–82]
Tops and leaves 20.0 – 32.4 26.1 17.1 [12, 56, 57, 82–85]

Cassava Pulp (starch and fiber) 78.8 61.1 25.5 6.4 2.4 [59–61, 86]
Peels 70.8 27.5 7.5 26.2 4.8 [63, 64, 87]
Stem and leaves 52.1 – 35.0 17.8 21.1 [65, 66, 68]
Rhizomes 29.6 – 42.7 22.0 24.7 [47, 68, 69]

Rice Straw 33.9 – 34.8 27.2 17.9 [49, 65–71]
Husk 9.6 – 29.1 20.8 17.5 [72–75]

Palm Empty fruit bunches 63.9 – 43.7 24.7 17.9 [73, 74, 88–92]
Fiber 7.5 – 30.7 29.5 26.9 [24, 75, 93]
Shell 7.1 – 23.0 22.2 48.7 [24, 75, 77, 89, 93–95]
Leaves (fronds) 72.5 – 35.1 27.1 24.4 [88, 96]

Fig. 1  Bioethanol conversion pathway from lignocellulosic biomass and the conversion factors used in the stoichiometric calculation
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transformation of xylose to ethanol is 0.5175 [104]. After 
establishing all factors for the bioethanol transformation 
pathways, the total volume of ethanol is determined as 
described in Eqs. (3–7) by applying them to the dry resi-
dues and converting using an ethanol density of 0.7893 liters 
 kg−1.

ECellulose, EHemiellulose and EStarch are the respective etha-
nol yields from cellulose, hemicellulose and starch content. 
EConversion represents a total bioethanol conversion factor, 
while VEthanol is the total estimated volume of ethanol cal-
culated from the acquired conversion factors with the con-
firmed amount of residues (Ub).

To confirm the certainty of this calculation method, the 
study double-checked the evaluation by applying the same 
analysis method to the starch composition and moisture con-
tent of cassava. As reported in the literature, the moisture con-
tent of fresh cassava is 59–70%, and the average starch content 
of dry cassava biomass is 77–94% [102]. Applying this initial 
data to Eqs. (5) and (6) produces a starch to bioethanol con-
version rate of 5.5 kg fresh cassava per liter of ethanol. This 
figure is similar to other studies that found 5.5–7.3 kg of fresh 
cassava are required to produce a liter of ethanol [103, 104].

After obtaining the ethanol conversion factors as sum-
marized in Table 3, the factors were applied to the respective 
residues to estimate the potential volume of bioethanol pro-
duction. Similar to the analysis of biomass distribution), the 
regional potential of ethanol was assessed by dividing it into 
4 regions and 77 administrative provinces throughout the 

(3)ECellulose = 0.5111 ⋅ C ⋅ Hc ⋅ Fc

(4)EHemicellulose = 0.5175 ⋅ H ⋅ Hh ⋅ Fh

(5)EStarch = S ⋅ Hs ⋅ Fs

(6)EConversion =

(

ECellulose + EHemicellulose + EStarch

)

0.7893

(7)VEthanol = Ub ⋅ EConversion

country. Then, the spatial data of potential bioethanol hot-
spots were converted to GIS data, which was assumed to be a 
useful tool in determining the potential areas for the regional 
development of industrial infrastructure. Based on the etha-
nol estimation for each provincial area, the top ten provinces 
were identified with respect to the highest expected ethanol 
production capacities along with the clarifications on the 
proportion of available feedstocks.

Another aim of this study was to propose alternative feed-
stocks and to evaluate potential production in existing plants 
by comparing this with the ethanol production capacity in 
installed bioethanol plants. This can be considered an initial 
benchmark before developing scenario verifications in the 
future. The study identified the location of ethanol produc-
ers operating in the different the provinces and regions. This 
information was collected from statistics published in 2019, 
which was the latest source of data available [105].

In order to evaluate the replacement of conventional mate-
rials by alternative feedstocks, the amount of collectable resi-
dues was first calculated by multiplying the highest volume of 
available residues identified in this study with the collection 
efficiency. Equation (8) was used to obtain the provincial scale 
of collectable biomass yield per year. The collection efficiency 
in this study was assumed to be 50% of the available amount 
in accordance with the study by Gadde et al. on energy appli-
cations in the field of electricity generation [49]. Next, the 
required amount of alternative feedstocks was calculated 
using the ethanol conversion factors in this paper, varying for 
each type of residual biomass. This was based on the current 
production capacities of the ethanol plants in the respective 
provinces. The calculation method is described in Eq. (9).

Lastly, in order to confirm there are enough residues to 
supply the production plants, the ratio of required feedstock 
to the amount of collectable biomass was verified as shown 
in Eq. (10). This calculation is based on the assumption that 
bioethanol is produced by locally utilizing available biomass 
within the same province as the operating plant. In order to 
determine whether there is a sufficient supply to meet the 
current production volumes of bioethanol, the percentage of 
the required amount of feedstocks has to be equal to or lower 
than 100% of the collectable residue yield.

(8)Collectable residue yield
[

tons year−1
]

= Residue availability
[

tons year−1
]

⋅ Collection efficiency [%]

(9)Required quantity of feedstocks
[

tons year−1
]

=
Production capacity [million liters year−1]

Bioethanol conversion factors [liters kg−1]

(10)Proportion to collectable biomass [%] =
Required quantity of feedstocks

Collectable residue yield
⋅ 100%
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Results and Discussion

Analysis of Historical Bioethanol Production 
in Thailand

Tracing back the history of bioethanol in Thailand, as shown 
in Fig. 2, bioethanol first began being used in the transport 
sector in 2004 [2, 4]. In 2006, commercialization of bioetha-
nol started through the blending of 10% ethanol with gaso-
line that had an octane rating of 95. This was known as 
gasohol 95 E10 [2, 54]. In the beginning, bioethanol was 
introduced not only to act as a substitute for crude oil but 
also to replace the admixture of methyl-tert-butyl ether 
(MTBE) in gasoline. In terms of environmental impact, 
MTBE adversely affected the environment, while ethanol 
was found to be a suitable MTBE substitute for oxygenat-
ing and boosting the octane to enhance engine combustion 
[106].

There are many reasons why there has been a growing 
demand for bioethanol. First, gasoline consumption has 
increased year on year. As presented in Fig. 2, the demand 
for gasoline increased from 7121 million liters in 2008 to 
11,373 million liters in 2018 in line with the rise in imported 
crude oil. The demand for gasoline in 2018 grew to reach 
26% of the 33,086 kilotons of oil equivalent, the total fuel 
demand in the transport sector [107].

Next, in 2008, the government promoted the blending 
of gasoline with a higher ethanol rate of 20%, and a rate 
of 85% bioethanol. Certain ratios of bioethanol to gasoline 
have become mandatory on the market as regulated by an 
announcement by the Department of Energy Business. This 
specified three rates of bioethanol mixing: 10%, 20%, and 
85%, marketed as gasohol E10, E20 and E85, respectively 
[108]. Furthermore, the consumption rate of bioethanol in 
the country was higher after the introduction of a policy 
on lowering the market share of 91-octane gasoline in 

2013. Restrictions on selling unmixed 91-octane gasoline 
increased the demand for bioethanol by 67.7% in 2014 over 
2013 levels.

The cassava and sugarcane used to produce the bioethanol 
is supplied domestically and is able to meet the country’s 
demand. In 2018, this demand for bioethanol totaled 1514.7 
million liters which is equal to 4.15 million liters per day. 
Currently, there are 26 bioethanol producers on the market, 
operating by three major input materials: molasses, cassava 
and a hybrid feedstock made from both types of input materi-
als. In 2018, the largest proportion of the bioethanol (around 
2.17 million liters per day) was produced using molasses 
supplied by sugar factories as a feedstock. The second larg-
est bioethanol producers were plants supplied with fresh cas-
sava or cassava chips, contributing around 1.09 million liters 
of bioethanol per day. While hybrid plants make up the low-
est share, producing around 0.81 million liters per day, this 
type of plant is a flexible option for industry as it can switch 
between raw materials [105]. Figure 3 shows the trends of 
feedstocks as input materials. Over the last 10 years, the 
proportion of molasses feedstock has been higher than that 
of cassava, dominating at around 60% in 2018.

Cassava and sugarcane are used in several industries. By 
promoting the government’s bioethanol strategy, distribution 
channels for the agricultural crop can be expanded. This 
would allow the agricultural products to be distributed to 
the country’s energy and food sectors. This is expected to 
increase the value of the agricultural products.

Sugarcane production in Thailand is the fourth largest by 
volume in the world, whereas sugarcane exports, amount-
ing to 11.5 million tons in 2018, are the second largest in 
the world behind Brazil [109, 110]. This is a major eco-
nomic crop in Thailand being used domestically in the sugar, 
alcohol, and beverage production industries. Meanwhile, 
Thailand is the third largest producer of cassava, compris-
ing 10.6% of global production in 2017 [109]. Compared to 

Fig. 2  Development of 
imported crude oil and gasoline 
sales in Thailand between 1992 
and 2019, based on data from 
the Department of Energy Busi-
ness [2]
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feedstocks derived from sugarcane, cassava has a broader 
application in industry being used to produce starch, sweet-
eners, organic acid, sugar alcohols, alcohols and poultry feed 
[111]. The benefit of using cassava as a feedstock is that it 
can be stored as a dried material, extending the material’s 
shelf life. Dried cassava chips are at a particular advantage 
when it comes to logistic efficiency compared to other high-
moisture feedstocks and they can be supplied to the bioetha-
nol industry throughout the entire harvesting season [112].

Between 2008 and 2018, the production of sugarcane and 
cassava increased by 91% and 9.1% respectively. In its aim to 
expand crop production to meet domestic demands, the gov-
ernment committed to promoting sugarcane cultivation and 
production increased from 71.1 million tons in 2008 to 135.9 

million tons in 2018 [46]. For cassava cultivation, Thailand 
has improved cultivating technology to enhance the crop 
yield per area from the past productions, achieving around 
17.4 – 27.3 tons per hectare [109, 113]. However, as can 
be noted in Fig. 4, the crop yields per area did not improve 
during these 10 years, and even declined in 2018 compared 
to 2008. Instead, the increase in crop production resulted 
in larger areas required for cultivation. Thus the cultivation 
areas have expanded in line with production, meaning that 
increased sugarcane and cassava production is achieved on 
larger cultivation areas. One of the causes is associated with 
the agricultural production process, which relies on seasonal 
weather and varies according to regional conditions such 
as soil quality [114]. Looking at past events, productivity 

Fig. 3  Development of the feed-
stock distribution for bioethanol 
production in Thailand com-
pared to demand over the last 
ten years  (adapted from data 
from DEDE) [105]

Fig. 4  Change in area for 
cultivating conventional feed-
stocks compared to crop yields 
(production per area)
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declined significantly in 2017 because of a severe drought 
for plantations that were mainly supplied by natural rainfall 
rather than irrigation systems [115].

With regard to future scenarios, bioethanol consumption 
in Thailand is expected to grow in relation to the energy 
demand of the transport sector, accounting for more than 
three-quarters of the total energy consumption [1, 116, 117]. 
One more significant driver which supports an increase in 
bioethanol is a planned benchmark in the AEDP to raise the 
proportion of alternative energy by 25%, and the volume 
of ethanol supply to 11.3 million liters per day by 2036. In 
order to meet supply, the production of sugarcane feedstocks 
will need to increase from 112.0 million tons per year to 
182.0 million tons per year, while crop yields of cassava will 
need to increase from 2.0 million tons per year in 2015 to 5.7 
million tons per year by 2036 [7]. The volume of cassava and 
sugarcane cultivation will have to increase if the crop yields 
are to remain the same. Accordingly, a rise in the amount of 
feedstock has been found to be inevitably linked to land use 
change [14, 118].

Potential of Biomass Residues in Thailand 
and Current Status of Utilization Rates

The major crop residues analyzed in the current study were 
established based on the 2013 database, crop production, 
agricultural residues and cultivation areas, as summarized in 
Table 4 [46, 47, 48]. Sugarcane indicated by far the highest 
crop production and residue generation. This was followed 
by rice crops and residues. Despite the low biomass yield per 
area, rice cultivation occupied the largest area of agricultural 
land in the country. This was supported by the fact that rice 
paddies accounted for more than 50% of total agricultural 
land [119]. The third largest crop for biomass generation 
is palm, which is a vital crop for biodiesel in Thailand. In 
addition, residue generation also significantly has the highest 
biomass yield per area. Lastly, cassava showed remarkable 
figures for crop production, resulting in a residue supply that 
is ranked fourth.

Table 4 lists the crops with the most potential based on 
data from a statistical report written in 2013. Of these, this 
study selected the top four crops, namely sugarcane, cas-
sava, rice and palm. The four major types of residue consist 
of a variety of biomass as described in Table 5. Prior to the 

Table 4  Major agricultural 
crops, biomass generation, 
cultivation area and biomass 
yield per area from statistical 
reports in 2013 [46–48]

Ranking Type of crop Biomass genera-
tion [tons  year−1]

Crop production 
[tons  year−1]

Cultivation area 
in 2013 [ha]

Biomass yield per 
area [tons  ha−1]

1 Sugarcane 45,043,010 113,262,163 1,612,484 27.9
2 Rice 27,150,897 37,856,470 12,506,752 2.2
3 Palm 27,068,920 12,434,520 718,259 37.7
4 Cassava 16,322,873 30,227,542 1,445,964 11.3
5 Maize 10,530,682 4,876,180 1,188,242 8.9
6 Para rubber tree 7,003,936 4,192,962 3,711,067 1.9
7 Coconut 878,729 1,010,033 207,968 4.2

Table 5  Biomass from agricultural crops, origin of sources and examples of utilization

Crops Collectable biomass Origin of sources Examples of utilization References

Sugarcane Bagasse Sugar milling process Animal feed, paper pulp, particle board, fuel for steam boilers [54, 124, 125]
Leaves and tops Harvesting process Animal feed, paper pulp, particle board [130]

Cassava Stems, stalks, leaves Harvesting process Not widely utilized –
Rhizomes Harvesting process Biochar, bio-oil [67]
Peels Starch industry Fertilizer, cattle fodder [139]
Cassava pulp Starch industry Biogas [135, 136]

Rice Husk Harvesting process Fuel pellets, silica, activated carbon, ash, cosmetics, construction 
materials

[54]

Straw Harvesting process Fertilizer, mulch, heating fuel, electricity generation, steam boilers [150, 151]
Palm Empty fruit bunches Milling process Fuel for heat or electricity, fertilizer [163–165]

Mesocarp fibers Milling process Mulch, cattle fodder [159, 160]
Palm kernel shell Milling process Biochar and bio-oil [75, 161]
Palm fronds and leaves Plantation area Fertilizer [74, 96]
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quantitative analysis step, current practices for utilizing the 
four selected types of crops were reviewed in a variety of 
reference sources due to the fact that biomass is generated 
in different stages of the crop supply chain and is utilized in 
many different ways.

Sugarcane Residues

Sugarcane by-products are usually generated on the sugar-
cane plantation or are derived from the sugar manufacturing 
process. The by-products obtained on the plantation include 
several types of residual biomass, such as cane stalks, tops, 
fresh leaves, dry leaves and dead leaves. Meanwhile, bagasse 
and molasses are the major by-products of the sugar milling 
process and account for around 30% of the biomass from 
dry biomass [47, 53, 54]. In addition to bagasse, waste from 
the sugar milling industry, including vinasse and bagasse fly 
ash, have been studied in the anaerobic co-digestion process 
in biomethane production by installing biogas in the system 
[119]. Currently, this crop has contributed to a broad range 
of valuable products in addition to the production of sugar.

Sugarcane bagasse is a fibrous biomass which is gen-
erated in the sugarcane mill as a by-product of cane juice 
crushing. Bagasse is also the largest amount of residue in 
the agricultural sector in Thailand [47]. Currently, this type 
of material has been actively utilized in the sugar refinery 
as a fuel for steam boilers that power the turbine generator, 
knife, shredder, and sugar mill [120]. By this added value, 
it is possible to improve the energy efficiency of sugar pro-
duction in the production process. In some cases, there is a 
surplus of in-house generated electricity, which can be sold 
to national grids.

Due to its strong fibrous but flexible structure, bagasse 
is used in pulp manufacturing. It can be made into paper, 
containers, or be used as a plastic substitute [54, 121–125]. 
Recently, the use of bagasse to produce polyhydroxybutyrate 
(PHB) and polyhydroxyalkanoates (PHA) has also been 
explored, providing similar properties as the fossil fuel-
based polymer [126–128].

Leaves and cane tops are residues know as cane straw that 
can be collected from cultivation areas. Thus far, unused 
sugarcane straw is commonly burned on the field by farmers 
to prepare for the next round of cultivation [12]. For every 
ton of dry sugarcane produced, around 250–300 kg of sug-
arcane straw has been generated in the field [47, 57]. Even 
though the biomass volume of sugarcane leaves and tops 
is lower than that of bagasse, the water content is slightly 
lower, leading to a higher density of dry biomass yield. Dry 
leaves contain more cellulose, hemicellulose and lignin, but 
have a lower water content compared to the green tops [129].

Sugarcane tops and leaves can be used as a feedstock in 
bioethanol production. However, in contrast to a high nutri-
ent content in the green tops, the dry leaves are relatively 

more suitable for bioenergy production [83]. Rich nutrients 
such as nitrogen (N), phosphorus (P) and potassium (K) are 
specifically found in the green tops, providing benefits for 
use as fodder for ruminants and as a fertilizer [130]. Dry 
leaves and tops are utilized as a fuel in generating internal 
power [131]. In some cases, sugarcane straw is intentionally 
left on the field to cover the surface of the soil. Used in this 
way, it is beneficial in that it protects the soil from erosion, 
generates higher nutrients on the surface of the soil and leads 
to a lower consumption of inorganic fertilizers [132, 133].

Cassava Residues

Cassava residues are considered more favorable in compari-
son to other kinds of biomass on account of starch contents. 
The cassava waste from starch factories, especially cassava 
pulp and peels, has a high starch content, which offers the 
advantage of being able to utilize both the starch and the 
cellulose after the hydrothermal pretreatment process [60]. 
Meanwhile, the parts with a low starch content, such as the 
cassava stalks, cassava leaves, and rhizomes, are by-products 
generated on farms and in the refinery process that could be 
utilized as a source of lignocellulose.

Among the expected by-products, cassava pulp produces 
the highest proportion of biomass during starch produc-
tion, accounting for around 10%–30% of the total weight 
of wet biomass. Owing to its high starch content, compris-
ing around 50–70% of dry biomass, cassava pulp can con-
taminate the environment [60, 134]. In this regard, several 
studies have used anaerobic fermentation to treat cassava 
pulp during the production of biomethane [135, 136]. At 
the same time, the high starch content provides an oppor-
tunity for bioethanol conversion. The advantage of utilizing 
cassava pulp is that it can be pretreated in a simpler way; 
for instance, a hydrothermal pretreatment can be performed 
instead of applying acid hydrolysis [60]. Bioethanol produc-
tion from cassava pulp is a promising technology that can 
be installed alongside the existing tapioca production [137].

Cassava peel is generated during the cassava cleaning 
process and consists of a periderm and cortex [138]. First, 
the outer part of the cassava is peeled off to remove soil and 
sand since the material obtained during this step does not 
provide favorable biomass that can be used further. After 
removing the outside layer, the cortex can be collected. This 
part is more favorable since it contains less soil and is of a 
higher quality so it can be used in cattle fodder [139].

Cassava rhizomes are a non-edible biomass that can be 
gathered from the cassava fields. This biomass contains a 
substantial amount of cellulose and hemicellulose. Although 
this type of biomass is abundant on farms in Thailand, it has 
not contributed widely to the production of bio-based prod-
ucts. Currently, rhizome residues from the pyrolysis process 
can be used in biochar production. Cassava rhizomes have 
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also been examined with respect to their efficacy in bioetha-
nol fermentation, confirming their potential as a feedstock 
[140].

Rice Residues

Rice is a traditional food staple in Thailand. The annual pro-
duction of rice covers export volumes, allowing Thailand to 
be the second major exporting country of rice in the world 
[141]. By-products from paddy fields, such as rice straw and 
rice husks, are generated on a regular basis. This abundant 
biomass has received more attention in the development of 
bio-based products [142–144]. In Thailand, residues from 
paddies are conventionally used in animal fodder and ferti-
lizers, while the surplus waste is mostly eliminated by open 
burning in order to prepare for the cultivation of the next 
crop [145]. Rice straw, which accounts for 48% of the gen-
erated residues, is most widely treated in Asian countries in 
open-field burning [49]. However, in order to prevent the 
open burning of post-harvest rice, new technology has now 
been introduced, such as baling machines, in order to change 
farming practices and waste collection [146]. The mecha-
nized collecting system for gathering and baling rice straw 
can be beneficial in that it reduces labor and transport, which 
consequently lessens the environmental impact and increases 
the opportunity to utilize waste [147].

Rice straw is a collectable by-product that remains on the 
farm. This biomass is, however, sometimes collected by the 
locals to use as fuel for cooking. More rice straw biomass is 
produced than rice husk biomass, as the residue-to-crop ratio 
varied between 0.7 and 1.4 of rice production depending 
of the variety and the system for harvesting paddy stubble 
[148]. Based on data on both primary and secondary rice 
production in 2018, Thailand produces an estimated 26.2 
million tons of rice straw per year on average [46]. Accord-
ing to a report issued by the Rice Department, around 18–29 
million tons of residual rice straw was managed by burning 
it as paddy stubble on the field [148]. This has become a 
serious issue, causing air pollution due to the emission of 
gas and small dust particles [149].

The most common ways to utilize rice straw in Thailand 
is as a fertilizer, as mulch for growing straw mushrooms, as 
a heating fuel, and as a feedstock for electricity generation 
[150–152]. In the past 10 years, Thailand has encouraged 
the use of rice straw in energy production to some extent, 
mainly focusing on heat and power generation, for example, 
in industrial boilers [21]. However, of the possible conver-
sion pathways of rice straw, bioethanol conversion is con-
sidered to be sustainable since it produces the best life cycle 
assessment results [145]. Nonetheless, the development of 
rice straw for bioethanol production is inevitably hindered 
by its silica content, which inhibits the fermentation process 
and is of higher proportions than in other types of biomass 

[153, 154]. A conversion efficiency of 260 L of ethanol per 
ton of dry rice straw has been reported by Delivand et al. 
[36].

Rice husks are the part of biomass generated from the 
process of rice milling. It is the outer layer of the grain, 
which is separated from the seed. Rice husks have a wide 
range of uses in Thailand and are typically used as a fuel, a 
fertilizer, and in silica-based materials. Rice husks are pri-
marily used to supply energy in the milling process through 
direct combustion or gasification [54]. Rice husks have been 
reported to generate 1 MW of electricity from 9800 tons of 
biomass [54]. They typically contain high levels of silica 
and lignin which are the main mineral components forming 
the hard material. The proportion of silicon oxide is around 
86.7%, which differs from other types of biomass [144]. The 
ash derived from combusting rice husks in steam boilers can 
be mixed with original concrete to strengthen the durabil-
ity of the cement [155]. In addition, the high proportion 
of silica is considered to be a potential material for higher  
valued applications, for instance, the production of amor-
phous silica can be used in photovoltaic panels or Li-ion 
batteries [143, 156].

Palm Residues

Palm is an economic crop that has many different appli-
cations. Thailand has increased its palm production and 
is ranked the third-largest producer behind Indonesia and 
Malaysia. Palm oil production climbed from 8.2 million 
tons in 2009 to 15.5 million tons in 2018 due to a rising 
demand from the domestic and export markets [46]. In terms 
of domestic sales, palm oil provides the domestic market 
with a wide range of both food and non-food products. For 
example, it is used as a cooking oil and in the oleochemical 
industry, and as a fuel in the transportation sector [157]. An 
important factor that drives demand in the domestic market 
is the endorsement by the government of a mandatory mix-
ing of diesel with methyl ester derived from palm oil. In 
2019, biodiesel began being subjected to a 10% blending, 
up from 7% in order to absorb surplus stock on the market 
[2, 158].

Due to the rising palm oil production in the country, 
residual biomass from palm trees has increased accord-
ingly [159, 160]. During cultivation, the solid residues from 
palm trees were not being fully utilized in the system which 
resulted in the generation of biomass waste. This accounted 
for around 90% of the plant in comparison to the propor-
tion of the fruit used to make palm oil. Biomass residues 
are generated from 2 sources during the production process: 
cultivation and milling. By-products are produced during 
the milling process including empty fruit bunches (EFB), 
mesocarp fibers (MF), palm kernel shells (PKS) and palm 
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oil mill effluent (POME). Meanwhile, palm leaves (fronds) 
and trunks are the biomass generated from cultivation.

The structure of the palm fruits can be categorized into 
the mesocarp and kernel. In palm oil refineries, residues 
from milling have become more valuable and developed for 
higher applications. Palm oil is extracted from the flesh of 
the mesocarp, leaving behind an unnecessary part known as 
mesocarp fibers (MF). In general, the mesocarp fibers are 
commonly used for mulching, livestock feed and as a bio-
fuel for heat or electricity generation [159, 161]. The palm 
kernel is a seed protected inside the palm kernel shell (PKS) 
which is generated when palm oil is extracted from the palm 
kernel [72]. PKS can be converted into a form of briquettes 
derived from the gasification process. This, in turn, can be 
utilized as a fuel, reducing the energy required by the palm 
oil production plant [162].

The majority of palm waste is from the leaves (fronds) 
[163], while the second-largest amount of palm waste is 
from empty fruit bunches (EFB). Due to the physical char-
acteristics of EFB, e.g., a moisture content of more than 
50%, it is used in mulch production rather than as a fuel in 
the steam boiler. The rich nutrients in EFB make it advanta-
geous for the soil and reusing this type of biomass on the 
plantation is thought to enhance crop yields [163–165].

As one of the prospective scenarios for increased biofuel 
production, a higher demand for lignocellulosic biomass 
could possibly impact biomass supply for other utilization 
purposes, such as animal feed, household fuel or electric-
ity generation. In order to tackle trade-offs from a scenario 
where an immense amount of biomass would flow into the 
bioenergy sector, the strategy requires an adequate method 
of biomass management, particularly in the case of Thailand. 
Even though agricultural residues have been deployed in 
several applications, the leftover agricultural residues gen-
erated in Thailand are presently not being exploited to their 
maximum potential [12, 149]. Currently, around 50% of rice 
residues are managed in rice paddies through field burning 
or left unutilized in the fields [166]. The biomass collection 
efficiency is primarily limited by the fact that many farmers 
lack proper machinery for the baling process which would 
alleviate costs and reduce labor intensity during the gather-
ing and transport process. It encourages farmers to conduct 
open field burning to save time [152, 167]. Thus, systematic 
management of biomass is a crucial measure for dealing 
with unexploited leftover biomass.

In addition to improving biomass collection efficiency, 
policies can play an important role in balancing the trade-
offs on many levels across sectors. In terms of economic 
relief, establishing financial measures, such as subsidies, can 
incentivize trading systems that have fair prices for food-
feed-fuel biomass and possibly encourage more industriali-
zation of materials [168]. Moreover, a government strategy 
at the national level could also shape a policy scheme to 

address a substantial development plan by prioritizing resi-
due utilization for food, feed and fuel purposes [169]. This 
could be used as a guideline for stakeholders in biomass 
development in order to create more advantages for maxi-
mizing values from appropriated usage.

In addition to strategic policy planning, technological 
improvements encourage circular material flows by reuti-
lizing by-products. Bagasse, which was originally a fuel 
needed in the production of electricity to operate sugar mills, 
could be replaced by vinasse [170]. Substituting bagasse 
and straw with other by-products demonstrates that it is 
possible to incorporate technology to support the biomass 
shift to second-generation bioethanol production. Moreover, 
a small-scale bioethanol configuration also would allow a 
biogas fermentation process to be incorporated into bioetha-
nol production. This would become a promising solution to 
supply output energy, such as biogas and electricity as by-
products [33]. Supplying the generated output energy from 
biorefinery plants to local communities would optimize the 
biomass that would be supplied as fuel to households.

The decentralized production model can assist in address-
ing the issue concerning the potential risks that may occur 
from excessive demand in the bioenergy sector in the future. 
A decentralized system enhances biomass management by 
offering the possibility of mixing input materials, which is 
beneficial for the supply chain [171]. Compared to large-
scale biorefineries, the distributed plants can avoid bulk 
stocks of biomass, which are amassed for only one pro-
duction unit [172]. With respect to flexibility and reduc-
ing biomass loss, it is more advantageous when the input 
materials are not only used for biofuel production. It ena-
bles agricultural residues to be extended to other production 
chains, including essential commodities [34]. At the same 
time, the decentralized model can also encourage engage-
ment between energy producers and farmers to achieve bet-
ter business relationships [42].

Regional and Provincial Distribution of Agricultural 
Residues in Thailand

In the first step of the study, data on the total availability 
of the selected agricultural crops—sugarcane, cassava, rice 
and palm—and their cultivation areas were collected from 
statistical sources. This data is summarized in Table 6. By 
using the factor of residue-to-crops ratio from Table 1, which 
was gathered from several scientific sources, the study was 
able to estimate residue production and residue production 
per area.

Biomass derived from sugarcane, including bagasse, 
tops and leaves, was significantly highest at 74.2 million 
tons with a production per area of 40.2 tons per hectare. 
Following that, palm residues from palm plantations were 
estimated at 38.2 million tons, while the yields per area were 
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the highest value among the studied biomasses, at 40.7 tons 
per hectare. Next, the third highest amount of residues were 
from rice, at 32.9 million tons with a production per area 
of 2.9 tons per hectare. Despite rice straw having the high-
est residue-to-crop ratio, estimated residue production per 
area was rather low since the area required for rice cultiva-
tion was relatively large, resulting in a low rate of yield per 
hectare. Lastly, cassava generated 28.8 million tons of agri-
cultural residues as by-products. Although residues derived 
from cassava are lower on average than other types of resi-
dues, the residue production per area turned out to be higher 
than that of rice, accounting for 20.9 tons per hectare.

The distribution of agricultural residues was categorized 
into four major regions: northern, northeastern, central, and 
southern Thailand, as presented in Fig. 5. Biomass availabil-
ity differed in each particular region with respect to variation 
and proportion, suggesting the results corresponded to the 
geographical features. Firstly, the northern region had the 
lowest total amount of residues, possibly due to the fact that 
the northern region is covered in mountains and has a longer 
dry season than the other regions. Although rice residues 

have the highest potential in this area, they contributed to 
only around 3.0 million tons.

On the other hand, the most residues are produced in the 
northeastern and central regions, with nearly similar pro-
portions of crop residues. Sugarcane residues, including 
bagasse and sugarcane straw (tops and leaves), demonstrated 
the most significant results, totaling 36.8 and 36.6 million 
tons in the northeastern and the central regions respectively. 
The provinces in northeastern and central Thailand produced 
similar data on rice and cassava residues. The northeastern 
area produced more cassava than rice at 19.3 and 13.8 mil-
lion tons respectively, whereas in the central region, rice 
and cassava production reached 15.7 and 9.0 million tons 
respectively.

Lastly, southern Thailand produced a distinct type of resi-
due. Most of the residues came from palm plantations, total-
ing around 34.3 million tons. Due to the fact that this region 
of Thailand is very humid, palm plantations are more suit-
able here than in other areas. The majority of residues con-
sist of leaves and fronds from palms, with expected amounts 
of 34.3 million tons. In addition to the palm residues, small 

Table 6  Statistical crop production and residue estimations compared to actual amount of feedstocks for bioethanol production in Thailand in 
2018

Crops and residues Crop production [tons 
 year−1]

Cultivation area [ha] Residue generation [tons 
 year−1]

Residue production 
per area [tons  ha−1]

Sugarcane [48] 131,717,046 1,846,808
Bagasse 41,315,247 22.4
Tops and leaves 32,929,262 17.8
Subtotal 74,244,509 40.2
Cassava [46] 29,368,185 1,379,885
Pulp 7,007,774 5.1
Peels 8,125,198 5.9
Stem and leaves 3,524,182 2.6
Rhizome 10,132,024 7.3
Subtotal 28,789,178 20.9
Rice [46] 32,363,299 11,423,342
Straw 25,785,458 2.3
Husks 7,119,926 0.6
Subtotal 32,905,384 2.9
Palm [46] 15,534,984 940,500
Empty fruit bunches 3,189,850 3.4
Fiber 2,338,015 2.5
Shells 1,465,467 1.6
Leaves and fronds 31,178,713 33.2
Subtotal 38,172,045 40.7
Total 208,983,514 174,111,116
Actual quantities of feedstocks for 

bioethanol in 2018 [47]
Molasses 3,988,092
Sugarcane 964,346
Cassava 2,742,039
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amounts of rice straw were also available in southern Thai-
land, totaling 0.46 million tons.

In addition to the quantitative data generated by region, 
the four types of residues were also broken down by prov-
ince. The distribution of residues on a provincial scale is 
illustrated in Supplementary Fig. 1, which shows the total 
production of residues per province. In addition, the density 
of biomass per area was calculated to generate the geograph-
ical results exhibited in Supplementary Fig. 2. The results 
demonstrate that the total quantity of generated residues per 
province did not correspond exactly to the information on 
biomass yield per area.

Looking at the total quantity of each type of agricultural 
residue on a provincial scale (Supplementary Fig. 1), the 
GIS results confirmed that a substantial volume of sugar-
cane, cassava and rice residues was generated in the central 
and northeastern provinces. The significantly large volumes 
of sugarcane residues ranged from 4.0 to 5.1 million tons. 
The highest amount of sugarcane residue was produced 
in Kamphaeng Phet province in the central region and 
amounted to 5.1 million tons. Meanwhile, highly intensive 
areas produced 4.2–5.2 million tons of biomass from cassava 
residues, whereby Nakhon Ratchasima in the eastern region 
achieved the highest amount of cassava residues at 5.2 mil-
lion tons. The high production of rice residues from rice 
plantations were scattered over wider areas of the north and 
central regions. The highly concentrated volume of gener-
ated rice residues ranged between 1.0 and 1.9 million tons. 
The largest producer of rice residues was Nakhon Sawan, a 

province in the central region that generated a total of 1.9 
million tons of rice biomass.

In contrast, a different result can be observed with respect 
to palm residues. Biomass derived from palm plantations 
is significant in the southern region where there was only a 
very marginal generation of other kinds of studied biomass. 
The largest amount of palm residues produced was 7.2–9.0 
million tons. Most of the generated palm residues were esti-
mated to come from Surat Thani province and totaled around 
9.0 million tons.

When investigating available residues per area (Supple-
mentary Fig. 2), the study obtained surprising results for 
residue density, which resulted in different outcomes com-
pared to total availability. Even though palm plantations 
produced the lowest amount of crops, they achieved the 
highest residue yields per area. The high residue density 
was identified in the southern and lower central regions 
where the farm areas supplied 45.4–56.7 tons of palm resi-
due per hectare.

The second highest yields per area were for sugarcane 
residues, amounting to 32.8–41.0 tons per hectare. High 
residue densities predominantly occurred in the provinces 
in the central and northeastern regions. Cassava residues 
showed an identical distribution. High production yields of 
this type of residue took up more extensive areas compared 
to that of sugarcane, covering the central, northeastern and 
northern regions of Thailand. Exhibiting the third highest 
yields per area, cassava plantations contributed the largest 
density of around 21.4–26.7 tons per hectare.

Fig. 5  Distribution of the regional agricultural residues from rice, sugarcane, cassava and palm as determined by this study
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Despite the fact that crop production is higher for rice 
than for cassava, the generated yield of rice residues resulted 
in the lowest density, accounting for only 2.7–3.3 tons per 
hectare. Comparing this with the result of rice residues per 
province, the high density of rice residues per area showed a 
different pattern of spatial distribution, indicating the highest 
density areas in some parts of southern, central and northern 
Thailand.

Due to the scattered locations of crop production in dif-
ferent regions, generating geographic information on bio-
mass helps determine where resource supplies are feasibly 
located. The geographical allocation of resources is regarded 
as fundamental for the further assessment of second-gener-
ation bioethanol, taking into account the feasibility of com-
mercialization, such as the optimal distance from farms to 
production plants.

Estimation of Regional Bioethanol Potential 
in Thailand by Region and Province

Following the method proposed in Eqs. (3–7), ethanol con-
version factors were calculated for all residues included in 
the study. The values for ethanol to dry biomass were found 

to range between 0.15 and 0.55 liters  kg−1, while pulp had 
the highest conversion factor.

As summarized in Table 7, the results suggested that, 
among the studied crop variations, the highest amount of 
bioethanol production can be anticipated for the sugarcane 
residues generated in 2018, reaching around 9427.2 mil-
lion liters per year. Residues derived from rice cultivation, 
which could theoretically produce 4649.4 million liters per 
year, came in second for expected bioethanol production. 
This was followed by the residues from cassava and palm 
cultivation, which were estimated to achieve a maximum 
bioethanol production of 3432.5 and 2704.5 million liters 
per year, respectively.

A comparison of each type of residual biomass found that 
the expected volume of bioethanol was determined by the 
quantity of generated residues and the ethanol conversion 
factor. As a result, sugarcane tops and leaves produced the 
highest amount of estimated bioethanol at 5183.1 million 
liters per year. This was followed by the second highest vol-
ume generated from sugarcane bagasse, producing 4244.1 
million liters per year.

Similarly, in the case of rice residues, rice straw affirmed 
the link between generated volumes and bioethanol conver-
sion and ranked third for potential bioethanol among the 

Table 7  Summary of 
bioethanol estimation from total 
agricultural residues in 2018 as 
determined by this study

Agricultural residues Agricultural resi-
dues (dry biomass)

Ethanol conversion 
factor [liters  kg−1]

Ethanol estimation Expectable 
ethanol 
yield per 
day

[tons  year−1] [million liters  year−1] [million lit-
ers  day−1]

Sugarcane
 Bagasse 20,488,231 0.21 4,244.1 11.6
 Tops and leaves 26,346,977 0.20 5,183.1 14.2

Subtotal 46,835,208 9,427.2 25.8
Cassava
 Pulp 1,484,480 0.55 820.6 2.2
 Peel 2,369,849 0.30 717.2 2.0
 Stem and leaves 1,686,948 0.18 306.4 0.8
 Rhizome 7,136,744 0.22 1,588.4 4.4

Subtotal 12,678,021 3,432.5 9.4
Rice
 Straw 17,051,924 0.21 3,561.6 9.8
 Husk 6,436,413 0.17 1,087.8 3.0
 Subtotal 23,488,337 4,649.4 12.8

Palm
 Empty fruit bunch 1,151,695 0.23 269.5 0.7
 Fiber 2,162,898 0.20 433.1 1.2
 Shell 1,362,103 0.15 204.8 0.6
 Leaf (frond) 8,574,146 0.21 1,797.0 4.9

Subtotal 13,250,842 2,704.4 7.4
Total 96,252,408 20,213.5 55.4
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selected types of biomass. Such residues could potentially be 
converted to 3561.6 million liters of bioethanol per year. The 
study also confirmed similar results in the case of cassava 
and palm as the highest yields of bioethanol were achieved 
from cassava rhizomes and palm leaves at 1588.4 and 1797.0 
million liters per year respectively.

Summing up all analyzed data on residues, the current 
study estimated a potential of 20,213.5 million liters of 
bioethanol per year from 174.1 million tons of agricultural 
residues per year, which is equivalent to 96.3 million tons of 
dry biomass per year. Approximate supply volumes of bioeth-
anol could be 55.4 million liters per day. Compared to the 
recent estimation by Heo et al. our study projects significantly 
higher ethanol production potentials, implying the possibility 
of obtaining more benefits from existing biomass [44].

The regional distribution of Thailand’s bioethanol pro-
duction potential, totaling 20,213.5 million liters per year, 
is shown in Table 8. It is notable that northeastern Thai-
land showed the highest potential for bioethanol production, 
which is mainly expected to come from sugarcane residues. 
Similarly, the central region, where the by-products of sug-
arcane also make up the major part of feedstocks, was esti-
mated to produce the second highest amount of bioethanol.

Residue generation was expected to be lower in the north 
and south of Thailand than in the northeast and central 
regions. This is because the southern region has a particu-
larly high concentration of palm plantations. At the same 
time, bioethanol production in the northern region was 
expected to be very limited compared to other regions due 
to a lower levels of crop cultivation.

The calculations in the study and the GIS illustrations in 
Fig. 6, show that prospective bioethanol production would 
be concentrated in the northeastern and central provinces.

As summarized in Fig. 7, the top ten crop residues mostly 
consisted of derivations of sugarcane and cassava. At a 
glance, the bioethanol results were found to correspond to 
residue availability since the three highest production vol-
umes are expected in Nakhon Ratchasima, Kamphaeng 
Phet and Nakhon Sawan. Another noticeable point is that 

sugarcane residues made up a major proportion of the con-
verted bioethanol and most of these provinces are located 
in the northeastern and central areas. However, Surat Thani 
province is the only province where the palm residues are 
mainly utilized for bioethanol production.

Figure 7 shows that, of the 77 provinces, the study 
found that Nakhon Ratchasima, a province in northeast-
ern Thailand, was able to potentially produce the highest 
bioethanol volumes at 1,328.0 million liters per year. The 
approximated volume of bioethanol in this province was 
mostly accounted for by cassava by-products, making up 
47% of the total potential volume of bioethanol.

When the existing location of bioethanol production 
plants (Table 9) operating as “business as usual” in 2019 
are compared with the top ten highest estimates for bioeth-
anol production (Fig. 7), it was found that some provinces 
with high potential have not installed any ethanol produc-
tion facilities. The results of projected bioethanol produc-
tion, as presented in Fig. 7, suggest room for investment 
in production plants, including in Kamphaeng Phet, Udon 
Thani and Surat Thani. The results for potential bioetha-
nol production in Surat Thani particularly highlight the 
fact that the southern region of Thailand has hotspot 
areas where a production facility could prospectively be 
located, when an enhancement in logistics is taken into 
consideration.

As of now, bioethanol production plants are mainly 
located in the central and northeastern regions of Thailand. 
The 26 production plants currently operating in Thailand 
are mainly fed with molasses, sugarcane juice or cassava. In 
some cases, the production plants are able to process both 
types of materials (hybrid production system). Table 9 shows 
production capacities of each production plant located in the 
different provinces, taken from the 2019 ethanol production 
report [105]. Residue availabilities estimated by this study 
enabled alternative feedstocks to be chosen from the most 
generated residues. Alternative feedstocks were calculated 
for the required input quantity based on production capac-
ity data and ethanol conversion factors. As a result, it was 
found that most of the production plants can be supplied by 
agricultural residues, which are available in the provinces in 
which the plants are located.

After verifying the required feedstocks, the necessary 
quantity was calculated in relation to the share of collect-
able biomass within the same provincial boundary. If the 
values were found to be smaller than or equal to 100%, this 
signaled that enough residues were on hand to be fed into the 
bioethanol production plants. The results indicate that the 
input materials of some production plants could be replaced 
by abundantly collectable biomass, which differ from the 
conventionally utilized feedstocks.

Although the required amount of feedstocks can differ 
depending on the size of the plant, the scenario of alternating 

Table 8  Regional distribution of estimated ethanol potential catego-
rized by type of residue

Feedstock Bioethanol estimation per region [million 
liters  year−1]

North Northeast Central South

Sugarcane residues 102.8 4674.9 4649.5 0.0
Cassava residues 63.2 2299.5 1069.8 0.0
Rice residues 424.0 1947.5 2212.7 65.2
Palm residues 5.9 177.9 90.2 2430.4
Total ethanol estimation 

[million liters  year−1]
595.9 9099.7 8022.2 2495.6
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Fig. 6  Annual bioethanol production potential from residues in Thailand by region (left) and by province (right)

Fig. 7  Top ten provinces for 
annual bioethanol estimation 
and proportions of available 
feedstocks
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Table 9  Current production capacities by plant in comparison with required amounts and proportions of proposed alternative feedstocks

a Hybrid refers to a production system that can utilize both sugarcane and cassava as a feedstock

Plant no Location of 
ethanol production 
(province)

Region Production capac-
ity [million liters 
 year−1] [105]

Type of 
conventional 
feedstock

Alternative feed-
stocks (proposed 
by the study)

Required feed-
stock (based on 
utilized conver-
sion factors) [tons 
 year−1]

Proportion of 
required feedstocks 
to collectable bio-
mass [%]

P. 1 Nakhon Sawan Central 84.0 Molasses Sugarcane resi-
dues

207,864 13

P. 2 Saraburi Central 98.6 Molasses Sugarcane resi-
dues

244,014 82

P. 3 Tak Central 84.0 Molasses Cassava residues 207,864 68
P. 4 Kanchanaburi Central 73.0 Molasses Sugarcane resi-

dues
180,751 12

P. 5 Kanchanaburi Central 109.5 Molasses Sugarcane resi-
dues

271,126 18

P. 6 Suphan Buri Central 73.0 Molasses Sugarcane resi-
dues

180,751 14

P. 7 Suphan Buri Central 127.8 Hybrida Sugarcane resi-
dues

316,314 25

P. 8 Nakhon Pathom Central 73.0 Hybrid Sugarcane resi-
dues

180,751 101

P. 9 Ratchaburi Central 54.8 Hybrid Sugarcane resi-
dues

135,563 35

P. 10 Phra Nakhon Si 
Ayutthaya

Central 9.1 Cassava Rice residues 24,149 9

P. 11 Lopburi Central 73.0 Cassava Sugarcane resi-
dues

180,751 13

P. 12 Khon kaen Northeastern 54.8 Molasses Sugarcane resi-
dues

135,563 10

P. 13 Nakhon Ratch-
asima

Northeastern 73.0 Molasses Cassava residues 57,956 5

P. 14 Kalasin Northeastern 84.0 Molasses Sugarcane resi-
dues

207,864 24

P. 15 Kalasin Northeastern 116.8 Molasses Sugarcane resi-
dues

289,201 33

P. 16 Chaiyaphum Northeastern 182.5 Molasses Sugarcane resi-
dues

451,877 36

P. 17 Sa Kaeo Northeastern 54.8 Hybrid Sugarcane resi-
dues

135,563 16

P. 18 Chacherngsao Northeastern 73.0 Hybrid Cassava residues 43,467 38
P. 19 Sa Kaeo Northeastern 109.5 Cassava Sugarcane resi-

dues
271,126 32

P. 20 Ubonratchatani Northeastern 146.0 Cassava Cassava residues 115,913 34
P. 21 Khon kaen Northeastern 29.2 Cassava Sugarcane resi-

dues
72,300 5

P. 22 Chonburi Northeastern 54.8 Cassava Cassava residues 43,467 34
P. 23 Prachinburi Northeastern 21.9 Cassava Cassava residues 17,387 20
P. 24 Prachinburi Northeastern 182.5 Cassava Cassava residues 144,891 166
P. 25 Nakhon Ratch-

asima
Northeastern 124.1 Cassava Cassava residues 98,526 9

P. 26 Chacherngsao Northeastern 54.8 Cassava Cassava residues 43,467 28
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the feed-in materials can be projected from the current 
status quo. For example, it was estimated that the current 
feedstocks of plant no. 10, located in Phra Nakhon Si Ayut-
thaya, could be substituted with rice residues. Assuming 
that rice residues fed the production plant, it was calculated 
that 24,149 tons of the feedstock would be needed per year. 
When looking at the proportion of the required feedstock, 
this accounted for only 9% of collectable rice residues in the 
same provincial area. This result highlighted the immense 
quantity of available residues.

A similar result was found for plant no. 13, located in 
Nakhon Ratchasima. The results showed a high potential of 
available cassava residues. Considering the required alter-
native feedstocks, 57,956 tons of cassava residues would be 
needed per year for this production plant, which comprised 
only 5% of the collectable biomass in Nakhon Ratchasima. 
This was primarily based on the high ethanol conversion 
factors for cassava residues along with a confirmed high 
availability.

The small proportion of required feedstock in relation to 
the collectable biomass demonstrates that many ethanol fac-
tories have a high potential of utilizing agricultural residues, 
which are widely available.

Sensitivity Analysis for Uncertainty of Biomass 
Composition Parameters

The ethanol production, as estimated in this study, may vary 
due to a change in the quantity of feedstocks and ethanol 
conversion factors (Econversion). The factors are constructed 
from the following parameters: residue-to-crop ratio (RSC), 
moisture content (M), ethanol yield from cellulose (ECellulose) 
and ethanol yield from hemicellulose (EHemicellulose). These 
parameters are considered to be affected by uncertainties 
about biomass properties or technological improvements in 
the future. The input parameters, which represented mean 
values in this study, were collected from different litera-
ture sources under a variety of experimental conditions, as 
described in Tables 1–3. To account for uncertainties in the 
variables, the ranges of obtainable bioethanol were projected 
by differentiating between individual input parameters. 
Then, the results of the ethanol estimations were compared 
with a theoretically calculated base case in order to identify 
sensitive parameters to influences of parameter variations.

Similar studies with sensitivity analyses have been con-
ducted to explore the effects of changing parameters [103, 
118, 173]. For the current analysis, ethanol production was 
investigated using the Eqs. (1–7) by adjusting values from 
four parameters: RSC, M, ECellulose, and EHemicellulose. The 
intervals and boundaries of parameter variations used in 
the sensitivity analysis were acquired from the actual data-
set ranges, as calculated in the study, and corresponded to 
experimental results from literature studies.

For data ranges of parameter variations, the sensitivity 
analyses were performed in the ranges of the differenti-
ated values and mean values as collected in Table 2. In the 
case of RSC and moisture content, the established scope of 
parameter variations was based on the actual ranges of col-
lected data. For example, based on the reviewed literature, 
the moisture content of cassava pulp and palm leaves in the 
baseline scenario was 70%–80%, which is considered to be 
relatively high. The compared scenarios of moisture content 
that exceed 125% of the base case would provide negative 
values for ethanol production.

Based on the principle that cellulose content (C) and 
hemicellulose content (H) are key factors in ethanol con-
version, proportions and convertibility of such components 
were used as references for the ranges of the variables. It 
was found that the data on cellulose and hemicellulose 
content collected in this study showed the values deviated 
between ± 10% and  ± 100%. Nevertheless, it is also neces-
sary to consider the effects of different pretreatment and 
hydrolysis processes, along with the ranges of compositions. 
The conversion of glucose through cellulose hydrolysis was 
estimated to be in the range of 50% – 70% from dilute acid, 
which may increase to 90% as a result of a higher acid con-
centration or the enzymatic hydrolysis process. Meanwhile, 
the conversion of xylose through hemicellulose hydrolysis 
can vary between 45% and 98% of the theoretical conversion 
depending on the pretreatment method [174]. As the summa-
rized values from a study by Kumar et al. indicate, hydroly-
sis and fermentation of cellulose to ethanol were diverse, 
equaling 70%–95% of the theoretical values, whereas the 
conversion of xylans to ethanol ranged between 57% and 

Fig. 8  Sensitivity analysis illustrating the influence on bioethanol 
production of changing variations of the four parameters: residue-to-
crop ratio (RSC), moisture content (M), ethanol yield from cellulose 
(ECellulose), and ethanol yield from hemicellulose (EHemicellulose)
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90% depending on the technology and process conditions 
[175]. Hence, apart from the change in the moisture variable, 
for the sensitivity analysis performed in the current study, 
the parameters varied from the base case within the ± 50% 
for the upper and lower boundaries.

The results in Fig. 8 illustrate the effect from varying val-
ues of each parameter. The results of the diverse parameter 
values revealed that RSC was the most sensitive parameter. 
When residue conversions were 50% higher, ethanol estima-
tion was expected to increase to 30,320.2 million liters, an 
increase of 50% over the base case. Moisture content is the 
next sensitive parameter whereby 50% less moisture contrib-
uted to 29,517.9 million liters, a 46% higher obtainable vol-
ume of ethanol over the base case. Meanwhile, a 50% increase 
in the variable values of ECellulose, and EHemicellulose affected 
ethanol estimates, increasing 29.89%, and 17.4% respectively.

The RSC and M directly influence the quantity of the 
input materials, emphasizing the significance of the amounts 
and types of feed-in materials for ethanol production. As 
the analysis shows, every 10% increase in RSC results in 
changes in the volume of ethanol production of 10%–50%. 
For every 10% of M reduction, it is possible to expect 
increasing volumes of ethanol production ranging from 
9.2% to 46.0%. Ethanol yield is basically a conversion of 
dry weight biomass; therefore, lower proportions of moisture 
result in larger obtainable volumes of bioethanol per unit of 
biomass. This also impacts logistic feasibility in terms of the 
deterioration of feedstock quality and transportation [104]. 
The moisture in the biomass does not directly inhibit the pre-
treatment potential of lignocellulosic components, however 
it could influence the pretreatment efficiency as it requires a 
longer residence time for a pretreatment reaction [176, 177].

According to the dataset from literature, biochemical 
compositions in the individual types of biomass are com-
paratively constant variables. In other words, enhancement 
of ethanol derivation in the future has to rely on technical 
improvements to increase hemicellulose and cellulose con-
version. The results confirmed the selection of input ligno-
cellulosic biomass, implying the necessity of ethanol conver-
sion from cellulosic compositions in order to acquire higher 
efficiency in ethanol production. Corresponding to the 
system design for decentralization, the outcomes from the 
sensitivity analysis can be referred to as criteria for select-
ing preferable feedstocks in mixed input materials, focusing 
on the high RSC values, high-cellulosic content, and lower 
moisture content of agricultural residues. In addition to the 
implication for selecting adequate input materials, the com-
positions of the raw materials, as examined in the scenario 
study, can help design optimal pretreatment processes asso-
ciated with effective methods for fractionating cellulose and 
hemicellulose in biorefineries [178], as well as the necessity 
of dehydrating high-moisture residues, for instance cassava 
residues, to achieve the techno-economic feasibility [104].

Conclusions

The study assesses the potential of the top four most-
produced agricultural residues in Thailand with regard to 
quantity and primary quality for bioethanol conversion. 
The total availability of agricultural residues indicates 
that Thailand has surplus resources of lignocellulosic 
biomass, which can be sufficiently utilized in bioethanol 
production to meet the business-as-usual production rate 
and for the rising consumption in the future. In addition 
to the strong argument of abundant residue availability, 
the prospective volume of bioethanol production from the 
selected biomass was examined. The bioethanol potentials 
were estimated based on calculations that incorporated the 
residue-to-crop ratio, moisture content, and chemical com-
positions of each kind of biomass included in the study, 
as reported in laboratory studies from the literature. The 
study obtained pragmatic values which assisted in acquir-
ing rational results for realistic bioethanol projections. It 
is reasonable to apply the conversion factors derived in 
the study to estimate bioethanol production from the same 
types of lignocellulosic biomass.

The goal of the study to propose sustainable system tran-
sitioning from centralized to decentralized bioethanol pro-
duction was accomplished by confirming geographic infor-
mation on crop distribution and spatial ethanol potential. 
The spatial data of biomass distribution showed the distinct 
characteristics of biomass distribution in the country. The 
central and northeastern regions of Thailand attained the 
highest potential for material generation as a result of the 
residual biomass from sugarcane. On the other hand, rice 
cultivation took up the most farm area in the country. When 
residue densities were compared, production per area for 
palm residues is higher in some areas than biomass derived 
from sugarcane. The availability of palm residues, concen-
trated in the southern part of Thailand, hinted at the south 
being a feasible location to broaden resource utilization. The 
findings of such a regionalized assessment of biomass dis-
tribution give rise to a future scenario of decentralizing the 
facilities of second-generation bioethanol.

Due to the variation of biomass availability and bioetha-
nol conversion, the results implied the possibility of design-
ing a mixture of alternative biomass from different sources, 
which may lead to a stabilization through combining input 
materials. For example, although the bioethanol estimation 
from cassava-derived by-products was not as high as for the 
other feedstocks, it showed promising results due to the high 
range of conversion factors. By verifying feedstock substi-
tution, existing production plants can use alternative feed-
stocks that are locally available. Even though the assessment 
of industrial feasibility requires an in-depth analysis of tech-
nical and economic aspects, this study aims to emphasize the 
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examination of the capabilities of up-stream resources for 
potential industrialized implementation in second-generation 
bioethanol production.

The results obtained in this study must be understood as 
being solely a potential analysis. Since all of the conversion 
factors evaluated in this study were calculated on a theoreti-
cal basis, realistic implementation is accompanied by several 
constraints in scaling up to an industrial level. These include 
biomass collection facilities, the stability of biomass supply, 
and seasonal factors. Although commercialization needs to 
overcome several limitations, this study was able to confirm 
the total generation of crop residues per year in Thailand and 
found that various resources are waiting to be made use of.

Although the preliminary assessment in this study did not 
account for factors from proportions of other applications, in 
terms of its main objective to verify the maximum amount 
of generated biomass, its assessment of biomass availability 
and bioethanol potential in conjunction with the geographic 
information allowed the study to propose feedstocks and 
highlight the promising regions and provinces for production 
plants. The results from the study show the good possibility 
of decentralizing the second-generation production plants 
and enhancing the value added for agricultural residues. An 
examination of upstream levels confirmed the potential of 
residual resources as the prerequisite step that affects the 
adequate selection of feedstock types for production in sup-
port of decentralized facilities.
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