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Abstract
Sugarcane has been used as the principal raw material for ethanol production in Brazil, and its adaptability to the 
country’s soil and climate represents an advantage. However, because of the high demand for fuel, coupled with the 
low production of off-season ethanol from sugarcane, it is necessary to search for other raw materials, such as sorghum 
[Sorghum bicolor (L.) Moench]. In addition to possessing characteristics similar to those of sugarcane, it can be cultivated 
in the off-season, thereby ensuring ethanol production throughout the year. This production would boost the regional 
economy, which is based on ethanol production from sugarcane. The present study proposes the establishment of an 
industry for the production of ethanol from saccharin sorghum to be implemented in the region of Ribeirão Preto, SP, 
Brazil. The estimated production of the industry proposed is 500,000 tons of saccharin sorghum per crop. Considering 
the consumption of approximately 202.25 tons/h, the production of 20 million liters of ethanol could be obtained at the 
end of the harvest. The company will have a staff of 300 employees, and the implementation at the productive, com-
mercial, safety and environmental levels has been planned in accordance with the appropriate regulations related to 
the type of industry proposed.
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1 Introduction

Following the oil crises, there has been a worldwide move-
ment towards the development of new energy sources 
[1]. This movement has resulted in a growing demand 
for energy and liquid fuel [2]. As a result of the national 
alcohol program (pro-alcohol) in the 1970s, the country 
developed technologies for its production, and, according 
to [3], Brazil and the United States of America are the prin-
cipal producers of first-generation ethanol. An alternative 
to conventional fuels is necessary, and ethanol as a good 
alternative [2].

Ethanol can be considered to be an alternative to alle-
viate environmental and energy problems worldwide 

resulting from lack of resources, rising fossil fuel prices and 
degradation caused by pollution [4]. In view of the eco-
nomic advantage, recognized by the environmental gain 
of ethanol for the country, by emitting less carbon into the 
atmosphere compared to gasoline and other fuels [5, 6]. 
In the 1980s, ethanol was the most commonly used fuel 
in passenger cars, although the level of ethanol use fell 
below that of gasoline due to the lack of ethanol in 1989 
and the fall in international oil prices [7]. The decline in oil 
prices after 1985 led to a reversal of the diffusion of fuel 
ethanol. Sales of ethanol-powered vehicles plummeted to 
1% in the late 1990s, and the overvaluation of the Brazil-
ian currency (1994–1999) lead to an increase in ethanol 
production [7].
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The growing international concern with the environ-
mental issue is manifested in the expansion of national 
policies aimed at encouraging the production and con-
sumption of biofuels. In this context, Brazil has a prominent 
role and the Brazilian sugar and alcohol sector, responsible 
for the production of fuel ethanol, has relevance. Since the 
early days of 2000s, the sector went through an expres-
sive cycle of technological development and increased 
production, fueled by the growth in world demand for 
alternatives to fossil fuels [8]. Between 2000 and 2009, the 
share of ethanol in total fuel consumption by light vehi-
cles increased from 16.9% to 39.3% [9]. Between 2000 and 
2015, the volume traded grew 288%, increasing from 4.6 
million  m3 to 17.9 million  m3. This is mainly due to the 
advent of flex fuel vehicles, starting in 2003, and to the tax 
policies that benefited the fuel derived from sugarcane [9]. 
Alston et al. [10] state that the virtuous evolution of Brazil-
ian agriculture in the last 15 years cannot be traced back to 
specific policies, which could be replicated elsewhere, but 
rather to the more general institutional environment that 
has emerged since the mid-1990s, creating circumstances 
in which the government simultaneously reduced its inter-
ference in agriculture and provided the backdrop for the 
rule of law and greater predictability, where the private 
sector felt safe and able to invest and produce. However, 
admittedly, the country has advantages with regard to 
ethanol production because of advanced production tech-
nology. Its pursuit of leadership in the biofuel and energy 
agriculture market, [11]. However, the country is facing 
a time when it is necessary to increase ethanol produc-
tion to meet internal and external demands [12]. This fact, 
due to the intensive expansion of the sugarcane activity, 
has occurred predominantly through the incorporation 
of areas and very little productivity gains. According to 
Demattê [13], Demattê et al. [14], and Nyko et al. [15], the 
conjunctural (short term) and structural (long term) factors 
are responsible for the downward trend in productivity of 
this activity in Brazil. Furthermore, when comparing the 
historical performance of the sugarcane harvest with other 
important Brazilian agricultural crops, such as corn and 
soybeans, from 1990 to 2014 [16], it is observed that, in 
addition to presenting much lower productivity gains, the 
agricultural performance of sugarcane has shown a down-
ward trend in recent years. According to Bernardo et al. 
[17], studies carried out through qualitative and quantita-
tive analyzes, it is possible to confirm the premises initially 
raised regarding the relevance of structural factors for the 
(non) evolution of sugarcane productivity in Brazil and in 
the regions of new expansions agricultural.

Thus, while the world was going through a long 
period of rapid growth in commodity prices, culminat-
ing in two episodes of food price crises in 2007–2008 
and 2010–2011, interest increased in understanding how 

Brazil achieved this transformation on farming activities. 
Increased production, as Brazil has done, mainly through 
greater total factor productivity, rather than the incorpo-
ration of new land and more labor, seems to be exactly 
what is needed to feed a growing and more global popu-
lation prosperous, with its greater demand for food, fuel 
and meat, under the increasingly restrictive perspectives 
of a crowded world and climate change [18]. The nega-
tive effects of climate change on sugarcane production 
are very likely to worsen after 2050, especially if green-
house gas emissions still remain high. Therefore, agricul-
tural scientists and decision makers need to work closely 
to mitigate the potential negative effects of climate 
change on agriculture and to improve sugarcane yields 
by multidisciplinary approaches, such as consistently 
developing new sugarcane cultivars using breeding 
and molecular biology, refining best management prac-
tices, improving new technology transfer, and increasing 
productivity and profitability. Improving the resilience 
of sugarcane production systems to climate change 
requires protection of the natural resource (especially 
water and soil) for sustainability. Expanding use of sug-
arcane products for sugar, ethanol, cellulosic biofuel, and 
other coproducts can further improve profits [19]. On the 
other hand, there is a very important additional effect 
from the point of view of public health, based on the 
fact that ethanol is responsible for only 11% of the  CO2 
emitted by gasoline, which brings a significant improve-
ment in the atmosphere breathed in large urban centers. 
This caused the city of São Paulo (Brazil), for example, 
to reduce air pollution and lung diseases [5, 6]. Several 
studies claim that Brazil can produce a diversity of plant 
products with bioenergetic potential because it is a 
country of great territorial extension, with fertile soils 
and an availability of water [20–23].

The use of new forms of energy that meet environmen-
tal and economic requirements are essential for ensuring 
sustainable energy development. Thus, it is necessary to 
develop studies with alternative crops that can supply the 
industrial sector with adequate amounts of raw materi-
als, including extending the industrial processing period, 
with costs and efficiencies compatible with the market 
[24]. Several alternative raw materials have been studied 
and shown to be efficient in alcohol production, such as 
sugar-based materials (e.g., cane syrups, beet molasses), 
starch-based materials (e.g., cassava, corn, potatoes), 
and lignocellulosic materials (e.g., rice straw; sugarcane 
bagasse; corn stalks; grasses; pineapple stems, leaves and 
husks), in addition to sugar cane, cassava, and sorghum 
[25]. Sorghum offers tremendous potential as a raw mate-
rial for the production of fuels and chemicals from cell 
wall sugars and biopolymers, whereas its structural and 
compositional heterogeneity within the plant may allow 
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physical fractions to adapt the properties of the raw mate-
rial to a biorefining process [26].

Saccharin sorghum is an optional raw material for the 
production of alcohol in the off-season for sugarcane, 
without having to make major adaptations in the equip-
ment. The use of the same machinery present in the refin-
ery is viable [27]. It is part of the Poaceas family, and it can 
be divided into five different types: grain, forage, saccha-
rin, ligno-cellulosic and broom. The grain sorghum is the 
most widely cultivated type in the world. However, sac-
charin sorghum has been highlighted as a viable option in 
ethanol production [28]. Its sugars are water-extractable, 
representing a huge potential carbon source compatible 
with bioprocessing for use in a biorefinery. Using sor-
ghum as a raw material, hybrid processes can be imagined 
employing cellulosic ethanol technologies coupled with 
first generation biofuel technologies, such as countercur-
rent extraction of water-soluble sugars [29]. This crop has a 
succulent stalk and sugarcane-like juice. It has fermentable 
sugars, and it can be used for the production of ethanol 
in the off-season for sugarcane using the existing facilities 
in sugarcane refineries, thus ensuring ethanol production 
for an entire year. These characteristics place saccharin sor-
ghum on the level of a crop that is complementary to sug-
arcane and make it a raw material of increasing potential in 
Brazil [30]. Therefore, the development of a sorghum cul-
ture is fundamental for increasing ethanol production [27]. 
Within this context, the present work sought to develop, 
theoretically, the sizing of an ethanol production industry 
to be implanted in the city of Ribeirão Preto, São Paulo, 
Brazil, using sorghum [Sorghum bicolor (L.) Moench] as a 
raw material.

1.1  Bibliographic review

Saccharin sorghum is a summer crop (sugarcane off-
season) with high levels of directly fermentable sugar in 
the stem. It is also characterized by being tolerant to abi-
otic stresses, which favors its development under differ-
ent edaphoclimatic conditions and makes it a promising 
source of raw material for ethanol production. Also, it is 
noteworthy that both the harvesting and processing pro-
cesses are the same as those adopted for sugarcane, and 
no adaptive changes are necessary. Saccharin sorghum 
can be cultivated in a sugarcane reformed area, [31–33]. 
Sorghum is drought tolerant and requires less fertilizer 
than corn. As a C4 photosynthesis plant, it is a highly effi-
cient in the use of solar radiation and heat, so it manages 
water much more efficiently than corn. These properties 
and the occurrence of rainless periods lead many farmers 
to grow this crop under dry conditions rather than maize. 
Sorghum is also characterized by high starch (64.3–73.8%, 

dry basis) and protein (8.19–14.02%, dry basis) contents 
[34, 35].

Among the agro-industrial raw materials, sorghum 
is one of the most versatile and efficient, both in pho-
tosynthetic capacity and maturation speed. According 
to Bandeira et al. [28], its multifunctional characteristics 
include the use of its grains as human and animal food, the 
use of the sugary juice present in its stalk for the produc-
tion of anhydrous alcohol and alcoholic beverages, and 
the use of their panicles for broom production. In addi-
tion, its forage is used to feed ruminants. Originating in 
Africa (Ethiopia and Sudan), this plant has become one 
of the main crops on the world agricultural scene. It is the 
fifth most widely planted cereal in the world, second only 
to wheat, rice, corn and barley [36]. According to Cunha 
and Severo Filho [37], the use of saccharin sorghum to 
obtain ethanol adds benefits for producers, the industry 
and the economy of the country. Studies indicate that it 
can assume a leading role as a raw material for ethanol 
production, and further studies are needed on production 
policies and tax incentives.

According to Dar et al. [38], the renewable energy policy 
of different countries needs to be reevaluated and revis-
ited according to energy demand and supply. Farmers or 
producers should be encouraged by providing adequate 
subsidies for the cultivation of sorghum. In addition, indus-
trialists must be taken into account when framing the poli-
cies and tax regimes that are viable and favorable for the 
biofuels industry. All of this can contribute collectively to 
make saccharin sorghum a promising crop as a bioenergy 
resource.

Zhang et al. [39] concluded that total ethanol produc-
tion includes both first- and second-generation ethanol 
production, emphasizing the possibility that a yield 
of 67.75 g of ethanol was obtained from 1 kg of fresh 
sweet sorghum stalk. Another possibility would be the 
co-fermentation of saccharin sorghum juice from acid-
pretreated bagasse for ethanol production through the 
biphasic fermentation process, which has already been 
successfully performed. Karla [40] states that the pro-
duction and combustion of saccharin sorghum biofu-
els results in a reduction of almost 50% in the global 
warming potential (kg  CO2-equivalent) when compared 
to conventional fuels for the functional unit of the total 
kilometers traveled. In addition, reductions in fossil fuel 
exhaustion (54%), eutrophication (62%), carcinogenic-
ity (34%) and ecotoxicity (11%) are observed. Another 
perspective, cited by Tang et al. [41], is that the dual-
crop system based on sweet saccharin sorghum has fur-
nished a higher yield of dry biomass, efficient energy 
production and higher potential bioethanol yield than 
the double cultivation maize-based system. The double 
cultivation system of medium-ripened sweet sorghum 
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and winter wheat produced a remarkable yield, good 
energy production and a quality superior to others. 
Therefore, the medium-term double sorghum and dou-
ble wheat cultivation system might be recommended for 
application to saline and alkaline lands in the northern 
plain of China. The possibilities of reusing ethanol pro-
duction in the sugarcane off-season in Brazil, particularly 
in the areas suitable for planting sorghum, According to 
Landau and Schaffert [42], the states of São Paulo, Minas 
Gerais, Goias, Paraná and Mato Grosso do Sul have high 
aptitude for planting sweet sorghum in the off-season 
of sugarcaneare

The Cerradinho refinery, located in Catanduva (SP), is a 
pioneer in the production of ethanol from saccharin sor-
ghum on an industrial scale. Initially, according to data for 
2012, the company started producing around 1.4 million 
liters of ethanol from 1200 hectares planted with sorghum. 
The production is still being tested in 11 more of its plants, 
which together consist of around 3100 planted hectares. 
As a basis for our theoretical study, 500 tons of stalks per 
hectare will be used, estimating to obtain about 40–60 l 
of ethanol produced per ton of stalks, according to data 
from EMBRAPA [43]. According to Canavialis [44], a harvest 
period of 120 days and an industrial activity of 103 days 
will be considered due to the efficiency of time optimiza-
tion in this period, producing 24 h a day.

From the above data, the annual forecast can be made. 
Considering a production of 500,000 tons of sugarcane 
sorghum stalks per crop and the production of 40  l of 
ethanol per ton of stalks, the industrial plant can process 
approximately 4854 tons of sorghum per day (500,000 
tc/103 days. The plant will process about 202.25 tons/h 
of stalks (4854 tc daily/24 h), and a total production of 
20,000,000 l of hydrous ethanol per crop (500,000 tc × 40 L/
tc) will be obtained at the end of the harvest period.

2  Material and methods

2.1  Material

For the accomplishment of this work, studies of the mar-
ket viability and the productive, economic and commercial 
processes were used.

2.2  Methods

The present work consisted of performing theoretical 
analyses and calculations capable of predicting the pro-
duction of ethanol from sorghum on the basis of literature 
data, as follows:

2.2.1  Identification of fixed and variable operating costs

The criteria considered for verifying the economic viability 
are the choice of raw materials, the production volume, the 
industrial yield and the manufacturing cost [45]. Attention 
should be paid to the determination of fixed and variable 
investments, as well as the use of cash flow, Initial invest-
ments, Revenues, Costs, Financial Indicators, Net Present 
Value (NPV), Internal Rate of Return (IRR), Payback Method, 
concluding with the sensitivity analysis.

2.2.2  Sensitivity analysis

Historically, expression of sweet sorghum juice for syrup 
was a community activity in which farmers brought stalks 
to an expression facility and provided the necessary work 
to express and cook the juice. The process of crushing and 
squeezing sweet sorghum juice is called expression [46]. 
Within this context, industrially, they use heat exchangers.

According to Carvalho [47], the sensitivity analysis seeks 
to identify the consequence of the variation of economic 
parameters that influence the enterprise. The analyses 
were performed on the basis of sorghum production on 
an industrial scale considering the whole process. Sev-
eral problems that diminish productivity can occur in soil 
manipulation, planting, harvesting and throughout the 
process. All these problems must be considered in the 
sensitivity analysis [48].

According to Dar et  al. [38], the yield of ethanol 
(1.26–1.80 tons acre−1) and net energy production in terms 
of hydrogen and methane (223,928 MJ ha−1) from sweet 
sorghum are significantly larger than that obtained from 
other raw materials. Therefore, the concept of a zero waste 
biorefinery is the need of the hour to reap the full potential 
of sweet sorghum. Meanwhile, advanced technologies for 
ethanol production, the use of genetic engineering or bio-
technology in sorghum to create efficient cultivars and the 
development of efficient ethanol-tolerant yeast strains and 
bacteria will meet future bioenergy demands.

For the present work, the initial production of ethanol 
from the sorghum will be 86% of the maximum capac-
ity, with an increase of 5% per year. Initially, investments 
will be made with large financial aid because of the size of 
the project. The market rates for this type of financing are 
0.8–1.3% for the purpose of calculation.

3  Results and discussion

For this project, the applicability of the production of 
bioethanol from sweet sorghum took into account: (1) 
Good adaptation to varied climatic conditions; (1) Sale 
in the period in which the price of ethanol increases as 
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a result of the decrease in production that would occur 
in the sugarcane off-season; (2) Use of bagasse as an 
energy source in industries; (3) The replacement of non-
renewable fossil fuels by a renewable energy source.

3.1  Initial investments

3.1.1  Revenue

According to the weekly summary in the period from 
July 10 to July 17, 2015 [49], the average price of ethanol 
was quoted at R$1.2292/l. By adopting this value for our 
calculations and assuming a production volume of 8598 
l/h  we have Eq. (1):

Considering ethanol as the main product, an annual 
revenue from ethanol sales of R$92,581,475.62 can be 
assumed. Regarding the physical space for the con-
struction of the plant, the average price in the region of 
Ribeirão Preto, SP, Brazil, was around R$32,000/hectare 
between 2008 and 2012, according to Chiara [50]. The 
land area is 2.3 hectares of built area, so the total value 
of the acquisition is R$73,600.00. Tables 1 and 2 illus-
trate the amounts invested in each process and indus-
trial step.

(1)

R$1, 2292

1 L
x
8598 L

1h
x 24h x

365 d

y
= 92,581,475.62R$∕y

3.1.2  Costs

3.2  Economic indicators

3.2.1  Return on investment

Considering the annual revenue of R$92,581,475.62, this 
consideration, based on theoretical data, as illustrated 
in items 3.1 and 3.1, a profit of 50 cents/l was estimated 
and, as a basis for our theoretical study, was the return on 
investment is calculated, thus obtaining an annual profit 
per harvest of R$46,290,737.81, and the return will be the 
value of the profit divided by the investment, which is 
R$204,800,000.00, therefore the expected return will be 
obtained in approximately 4.4 years.

3.3  Productive plan

The proposed company seeks to produce 20 million liters 
of ethanol per crop of sweet sorghum, operating during 
the off-season for sugarcane. Thus, it will have a 24-h work 
regime, divided into three 8-h shifts with 1 h of rest and 
meals within those 8 h.

It will also have 300 employees, including director, 
administrative manager, sales manager, chemical engi-
neers, occupational safety technicians, operators, farmers, 
secretaries, human resource employees, interns, janitors 
and drivers. These employees will work 8 hours a day, each 
one in his or her assigned shift, such as: Shift 1: 07:00 to 
15:00; Shift 2: 15:00 to 23:00; Shift 3: 23:00 to 07:00. The 
project will have a sustainable production chain with the 
plant producing the raw material and also producing the 
energy used.

3.3.1  Description of the production process

The steps that involve the production of ethanol using 
saccharin sorghum as a raw material constitute a process 

Table 1  Initial investments in ethanol production

Source: Novacana [51]

Individual equipment Investment 
(R$ million)

Partici-
pation 
(%)

Unloading, cleaning, preparation and 
extraction

17.4 16.9

Juice treatment and wort preparation 9.3 9.0
Alcohol fermentation 25.4 24.7
Distillation, rectification, dehydration 15.4 15.0
Steam and electricity generation 33.7 32.7
Other utilities 1.8 1.7
Total 103.0 100
Buildings and land for the industrial site 39.5
Others 35.6
Fixed capital 178.1
Working capital 26.7
Total investment 204.8

Table 2  Annual cost of the production of ethanol

Source: Novacana [51]

Item Cost (R$ million) Partici-
pation 
(%)

Fixed costs 16.7 10.2
Cost of saccharin sorghum 116.1 71.2
Other raw materia 2.0 1.2
Equipament 21.1 12.9
Construction 7.3 4.5
Total 63.2 100
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similar to that of ethanol from sugar cane, so that the same 
distillery structure and equipment of the process can be 
used as that of existing sugarcane to ethanol industries.

Therefore, in the present work, Fig. 1 illustrates a Pro-
cess Block Diagram, where all the steps are detailed, focus-
ing on the hydrous ethanol production process. Similarly, 
in order to add more information about the equipment 
used, presenting all process streams and their composi-
tion, Fig. 2 describes the Process Flow Diagram (PFD) of 
ethanol production in the sugar and alcohol industry.

3.4  Commercial plan

The project proposes the production of bioethanol from 
the sorghum juice. The industry will be implemented in 
the city of Ribeirão Preto. SP, Brazil. The soil is favorable for 
the planting of the raw material, there is a good availability 
of water in the region, and the location in relation to the 
main highways motivated this choice.

It will have a production capacity of 20 million liters of 
ethanol per crop. At first, the product will flow to Minas 
Gerais and to the consumer centers of the state of Sao 
Paulo, such as Paulinia and Sao Paulo. The product will be 
transported by trucks with a view to easy access to the 
highways that give access to these regions. All the raw 
materials used will be cultivated by the plant itself during 
the off-season for sugar cane.

Given that the economy of Ribeirão Preto and several 
nearby regions has a strong connection with ethanol pro-
duction and that sugarcane is the main raw material, there 
is a considerable decline in the economy during the off-
season. Therefore, the production of ethanol from saccharin 
sorghum in the sugar cane off-season will play a key role in 
the region’s economy. Employment generation in the vari-
ous sectors of the plant will provide working capital for a full 
year, boosting overall trade in the region.

3.5  Energy balance

Like the law of conservation of mass, the law of conservation 
of energy states that energy is not created, nor lost, but it 
can be stored or transferred to the environment where it is 
found in the form of work, heat or mass. The energy balance 
equation will consider the energy in the form of heat, and 
the energy contained in the molecules in the system and 
outside the system. Using Eq. (2) for the calculation of heat, 
the amount of heat a body receives or gives off when its 
temperature changes gives rise to a temperature gradient 
(dT) in Celsus. The specific heat (Cp) is in kcal/ (kg °C), and 
the mass (m) is in kilograms [52].

(2)Q = m∫ CpdT

Planting of 
Sweet 

Sorghum  

MECHANIZED HARVEST: 
Combine harvester; Transport 

Vehicle 

TRANSPORT AND 
RECEPTION OF 

SORGHUM: Trucks; balance; 
Probe; Crane; Feeder Table 

Saturated steam 
for pre-

SLUDGE 
TREATMENT:
Rotary Filters;

Soot for 
Fertilizati

STREAM
PREPARATION: 
Defibrillator; 
Electromagnet; 

BOILER

YEAST TREATMENT: 
Centrifuge; Tank; Fly 

wheel 

TREATMENT OF THE BROTH: 
Preheating (85 ° C); Liming, Heating (105 ° C); 

Polymer Flashing; Decantation; Filtration 

Filter cake for 
fertilization 

Lagoons (fer�rriga�on); 
Algae Cul�va�on 

WORK PREPARATION 
Pre-evaporator (24 ° Brix); Cooling 

(30 ° C)

FERMENTATION:
Vats; cooling (30 ° C) 

STORAGE 
tanks 

DISTILLATION: 

Energy

SORGHUM 

85% broth 
15% biomass

BREAST
EXTRACTION:

Bagass

Water 65 ° C (30% of the 

Water 65 ° C  

Sludge 

20% mixed 
broth

Clarified Broth

Yeast Cream

Centrifued Wine 

HYDRATED 
ALCOHOL 

Phlegmatic  

Vinasse

Mixed Bagacilho 
(Moving belt) 

Fig. 1  Fluxogram of the process for producing etanol from saccharin sorghum [Sorghum bicolor (L.) Moench]. Source: authors
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According to Hugot [53], Eq. (3) is used to calculate the 
specific heat (Cp) of the juice at the different concentra-
tions of Brix during the process. Energy balance calcula-
tions also used process data from São Martinho [54]; the 
details of energy balance calculations are presented in 
Appendix II.

3.5.1  Broth treatment

The heat exchanger is used in the process step to preheat 
the mixed broth extracted in the milling step so as to uti-
lize hot process fluids and save vapors and bagasse. When 
leaving the extraction step, the temperature of the mixed 
broth is 60 °C, and its temperature will be raised to 85 °C. 
The pre-evaporated clarified broth is used to heat the 
mixed broth; the heat to be supplied to the mixed broth 
stream (C_ (4 Mixed Broth)) will be given by Eq. (4):

The next heat exchanger used in this step of the pro-
cess raises the temperature of the preheated mixed juice 
to 105 °C with the objective of sterilizing the juice, facilitat-
ing the removal of gases during flashing, and decanting, 
coagulating and flocculating insoluble impurities present 
in the juice. The thermal exchange will occur with the live 

(3)Cp = 1 − 0,006 × Brix

(4)

Qpre−heating = m4 mixed broth∫
85

60

mixed broth = 4,866,486.5
kcal

h

steam from the pre-evaporators, which has a tempera-
ture of 117 °C. It will be necessary to heat the broth (C_ (4 
Mixed Broth)) in accord with Eq. (5):

Thus, the energy balance established for this step in 
which the mixed broth is heated is given by Eq. (6):

3.5.2  Fermentation

After decanting, the clarified broth (C_ (8 Clarified 
Broth) = 173.37 tc/h) at 95 °C goes to the pre-evaporator 
where it is concentrated to 29.2% and reaches 24° Brix at 
115 °C. The broth is concentrated using direct steam com-
ing from the boilers. Therefore, the energy balance estab-
lished for the concentration of the clarified broth is given 
by Eqs. (7) and (8):

(5)

Qheating = m4 mixed broth∫
105

85

Cpmixed broth = 3,893,189.2
kcal

h

(6)QTreatment of the broth = Qpre−heating + Qheating

(7)QConcentrate = Qsensitive water + QLatent water + Qpre−evap.

(8)
QConcentrate = 252,850 + 27,333,085 + 3,113,725.2

= 30,699,660.2
kcal

h

Fig. 2  Process flow diagram. Source: authors



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:2186 | https://doi.org/10.1007/s42452-020-03912-7

The pre-evaporated broth is cooled by exchanging 
heat with the mixed broth. When leaving the evaporator 
at 115 °C, it gives off part of its energy, which is used to 
preheat the broth extracted from the mill and leaves at a 
lower temperature, calculated using Eqs. (9) and (10):

Because it still has a high temperature, the pre-evap-
orated broth should be cooled again to 30 °C using cold 
water to suit the conditions of the fermentation medium. 
In this step of must preparation, the yeasts become 
stressed if the must reaches the vat at a very high tem-
perature, and the fermentation yield for ethanol produc-
tion will be lower. Therefore, it is necessary to remove more 
energy from the must (Eq. (11)):

The sugar fermentation reaction (Eq. (12)) that occurs 
inside the vat is an exothermic process, where Eq. (13) repre-
sents the energy balance for the fermentation, and the heat 
released in the fermentation is furnished by Eq. (14) [50]:

Because of the release of heat and the need to main-
tain the fermentation temperature at 30 °C, a system is 
used to cool the raw wine inside the vat to maintain the 
ideal temperature for ethanol production and avoid the 
formation of byproducts whose removal would be neces-
sary (Eq. (15)):

3.5.3  Distillation

The wine will be centrifuged at 30 °C and distilled. It must 
be heated until 97% of the ethanol present in the stream 
is removed. The heat required in the distillation step can 
be calculated using Eqs. (16) and (17):

(9)Q
pre−heating=−Qcooling pre−evap.=4,866,48.5

kcal

h

(10)

−Qcooling pre−evap. = mpre−evap broth. ∫
Toutput

115

Cppre−evap broth

→ Toutput = 68.7◦C

(11)Q
cooling broth=mpre−evap broth. ∫ 30

68,7
Cppre−evap broth=−4.068.020,16

kcal

h

(12)C6H12O6 → 2C2H5OH + 2CO2 + HEAT

(13)3800
kcal

Kgsugar
3534

kcal

Kgsugar
+ 174.8

kcal

Kgsugar

(14)Q
fermentation=mART x RF x CE x HEAT=1,186,383.6

kcal

h

(15)Q
cooling raw wine=mcrude wine ∫ 30

35
CP crude wine=−831,333.65

kcal

h

3.6  Economic feasibility

The analysis of the economic viability of a project is 
extremely important because it is where it is possible to 
visualize the potential return and the existing risks. It is 
necessary when you want to create or expand a project. 
According to Mathur et al. [55], instead of competing 
with food crops for arable land, the cultivation of sweet 
sorghum will help a lot in the conservation of marginal 
lands, converting them to agricultural lands.

Agronomic production systems are evolving and are 
unique to specific production environments. In addition, 
the development of various ways of processing the pro-
duction of sweet sorghum bioenergy has been explored. 
While it has been economically viable to produce sweet 
sorghum in certain geographic regions, other places 
have shown the opposite Appiah-Nkansah et al. [56]. 
According to the Bioenergia [57], the production of etha-
nol from sorghum in the off-season can yield a signifi-
cant amount of ethanol for the sugar-energy industries, 
amounting to approximately 3500–5000 l/hectare/year, 
equivalent to 5 billion liters of biofuel in the current sce-
nario in Brazil. Therefore, interest in the use of sorghum 
in industries is increasing. Mathur et al. [55], claim that 
sweet sorghum can play a significant role in addressing 
the growing need for renewable energy to replace fossil 
fuels with fuel-based energy resources.

Regarding the marketing aspects of ethanol, it is nec-
essary to determine opportunities for the integration of 
sweet sorghum into cultivation systems without com-
promising the sustainability and interruption of agricul-
tural production for other purposes, including food [46]. 
Although it is possible to highlight a positive scenario 
related to biofuels from geopolitical issue up to envi-
ronmental issues [48]. Dar et al. [38] state that saccharin 
sorghum, with its high adaptability to drought, saline, 
alkaline and water register conditions, is the best choice 
for implementation under hot and dry climatic condi-
tions. It is the best choice both for economic and envi-
ronmental considerations because it is harvested three 
to four months after planting, and it is planted one to 
two times a year. The production of energy is greater 
than those obtained from sugar cane, sugar beets, corn, 
wheat, etc. The conflict that arises from the diversion of 

(16)
QDestill = QSensitive Ethanol + QLatent Ethanol + Qcentrifuged wine

(17)

QDestill = 299,271.6 + 2,155,770 + 8,917,418.55

= 11,372,460.15
kcal

h
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farmland to its cultivation for fuel is alleviated because 
sweet sorghum meets the diverse requirements of food, 
fuel and fodder. Therefore, such conflicts are offset.

To illustrate these trends and the resultant decrease 
in SOj emissions over the 21st century, emissions in the 
B2-MESSAGE scenario [58] are analyzed. Global energy-
related  SO2 emissions m this B2 scenario decline from 59 
MtS in 1990 to about 12 MtS in 2100. The primaiy causes 
for this reduction are the transition to more advanced coal 
technologies and desulfurization [59]. In the second half of 
the  21st century, desulfurization of the energy system also 
takes place because of the production of methanol from 
coal. Sulfur removal is a process-inherent featare. Metha-
nol is mainly used in the transport sector as a substitute 
for оil products that become scarce after 2050. Increased 
use of diesel engines can reduce  CO2 emissions, but leads 
to greater emissions of other gaseous pollutants, such as 
 N2O and carbon monoxide (CO). Use of alternative fuels, 
such as compressed natural gas, LPG, and ethanol, can sig-
nificantly reduce  CO2 emissions from transport [60]. Fer-
nandes et al. [61], in their study, concluded that the sowing 
time of sweet sorghum, in the harvest period, resulted in 
higher yield of fresh stem material, fresh matter of total 
biomass, broth mass and Brix, independent of the plant 
arrangement, they also concluded that the spacing of 
50cm between rows resulted in greater production of total 
biomass and broth mass ha-1, regardless of sowing time. 
In contrast, it was found that the double spacing resulted 
in values similar to the 80 cm spacing for the main produc-
tive variables, regardless of the sowing time. Plant popula-
tions did not influence the fresh matter yield of stalks and 
broth mass, regardless of sowing time.

According to Briand et al. [62], the economic analysis of 
ethanol production from sweet sorghum in Mississippi [63] 
found no “incentive to produce sweet sorghum as a raw 
material”. According to U.S. Department of Agriculture, the 
ratio of energy invested to energy obtained during biofuel 
extraction from sweet sorghum is estimated as 1:8, which 
may further be improved using engineering and molecular 
breeding technologies [64]. Although, the annual produc-
tion of sweet sorghum ethanol depends on several fac-
tors, including genetic history, time of year, soil quality and 
other environmental issues factors, it is estimated that the 
sweet sorghum crop produces to 8000 L/ha/year of etha-
nol [46], Kim and Day [65], confirm that a consistent and 
reliable supply of raw materials throughout the year is a 
significant cost component for the production of bioetha-
nol, including the feasibility of incorporating new crops in 
the existing sugarcane infrastructure and the possibility of 
partitioning the raw materials for fuel and sugar during the 
normal sugarcane processing season sugar in Louisiana.

Furthermore, it is correct to say that biomass is an 
important factor in mitigating climate change, as well as 

according to IPCC studies, fossil fuels must be replaced 
by new and renewable sources of energy. Thus, the IPCC 
reports present proposals that aim to contribute to miti-
gate the consequences of global warming, highlighting 
the incentive to use alternative energies, which do not 
involve the burning of fossil fuels, with the adoption of 
mechanisms that generate carbon credits. , as well as the 
taxation of carbon emissions in the energy sector [66]. In 
this area, the use of biomass as biofuel for energy genera-
tion is the main factor in achieving GHG emissions reduc-
tions and, the option of sweet sorghum as a raw material, 
represents only 53% reduction in substitution to fossil 
fuels [67, 68].

In this sense, some researchers continue to invest in 
research in order to achieve improvements in this regard. 
Ottman et al. [69], concluded that sorghum yields are 
probably higher than those present in areas where sor-
ghum is grown with limited water. In high rain or irrigated 
areas, total sorghum production may not be affected by an 
increase in atmospheric  CO2. Grossi et al. [70], in their study 
on the vulnerability of sorghum production for the current 
(1982–1999) and future (2047–2064) seasons, applying 
climatic observations and climatic results, concluded that 
with regard to future conditions , the simulations indicated 
that in Janaúba (Brazil) the average yields for current and 
future climatic conditions were not statistically different, 
but in Sete Lagoas (Brazil) there was a statistically signifi-
cant increase in sorghum productivity. Kelland et al. [71], in 
their study on improved soil-based rock weathering (ERW) 
concluded that reactive geochemical transport modeling, 
limited by elementary budgets, indicated  CO2 sequestra-
tion rates of 2–4 t  CO2/ha, 1–5 years after a single applica-
tion of basaltic rock powder, it is known, however, that 
elementary budgets indicate substantial release of basic 
cations important for the removal of inorganic carbon and 
its accumulation mainly in exchangeable soil reservoirs.

However, the authors concluded that the competi-
tiveness of sweet sorghum as an ethanol feedstock will 
change with increases in yields, reduction in transpor-
tation costs and increases in ethanol prices. Using the 
whole crop, Barcelos et al. [72] was able to obtain 160 L 
of ethanol per ton of sweet sorghum with 18% grain 
ethanol, 28% juice and 54% bagasse. This result trans-
lates to 13,600 L of ethanol/ha, the highest yield of any 
crop, including maize and sugarcane [73]. Appiah-Nkan-
sah et al. [56], in their study, concluded that sweet sor-
ghum contains fermentable sugars in the juice (53 and 
85% sucrose, 9 and 33% glucose and 6 and 21% fruc-
tose) can be fermented directly in ethanol. The grain is 
mainly starch (62–75%), which can be hydrolyzed and 
fermented in ethanol, bagasse, a fibrous lignocellulosic 
material, can be used to produce cellulosic ethanol, heat 
and / or cogeneration energy. In general, it is possible to 
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infer that sorghum has a great potential as a raw material 
for ethanol production.

Barcelos et al. [74], in his study concluded an experi-
mental protocol for finding the best conditions for granu-
lar starch enzymatic hydrolysis of sorghum grains at low 
enzyme loads was successfully developed, resulting in an 
overall conversion efficiency of 99.3%. An ethanol concen-
tration of 105.8 g L−1 was attained at 24 h of fermentation. 
This result is of considerable practical importance from the 
economic standpoint, since the production cost of ethanol 
is mainly derived from the raw material and energy costs. 
High ethanol yield (0.499 g g−1) and volumetric productiv-
ity (4.41 g L−1 h−1) were reached in fermentation, demon-
strating that sorghum can be an alternative for Brazil and 
other countries, since it is a culture that adapts to different 
soil types and climate. According to research performed 
by the company, the machinery for the production of 
ethanol is the same as that used in the production from 
sugar cane and only minor adjustments are required [75]. 
Therefore, the insertion of saccharin sorghum in the sugar 
cane off-season will revolutionarily affect the scenario of 
Biofuel, assuming that it will supply demand in a period 
that is commonly declining in production. A production of 
2500 l/hectare/year can be obtained with a viable planting 
cost of R$2000/hectare, compared to sugarcane which is 
R$5000/hectare, proves the advantage of the cultivation 
of sorghum as a complement for ethanol production in 
the factories [76].

Dar et al. [38], in their study, evaluated the direct con-
version cellulose in ethanol by 16 natural bacterial pools 
collected from a variety of habitats in China and claim that 
the best consortium (HP consortium) produced an etha-
nol grade of 2.06 g/L from 7 g/L of α-cellulose or 1.65 g/L 
ethanol grade of 7 g/L of sweet sorghum stem after 6 days 
at 55 °C. When analyzing the structure of the consortia, 
they found that P. taiwanensis played an important role 
in the high ethanol productivity of the HP consortium. In 
parallel, Li et al. [26] affirm that Sweet Sorghum may pro-
duce grain, sugar, ethanol, electricity, and feed without 
adversely impacting existing food crops or requiring the 
clearing of new land to grow fuels crops. Grown in drier 
areas (waste lands or sandy soils) with only limited water 
and fertiliser as compared to sugar cane and other crops. 
Sweet Sorghum is significantly salt-tolerant, permitting it 
to be grown in high-salinity soils that are often unusable 
for other crops (e.g., in high salinity), it as high yield stalks: 
70 ton/ha/harvest, 4 months per harvest and is possible 
producing additional food (3 ton/ha/harvest) without the 
necessity to displace existing crops, such ad corn.

In the present work, we have shown that sorghum has 
a visible and very important advantage based on its prop-
erties. There are its short cycle and its planting, which can 
be achieved with seeds and, thus, its management through 

mechanization. In addition, the stalks have considerable lev-
els of sugars that can be fermented directly [77]. However, 
studies elucidating the mechanism behind the combined 
responses to stress, imitating the real life situation in the fields 
would be necessary to optimize the breeding programs and 
agronomic practices needed under different climatic condi-
tions Mathur et al. [55]. As well as for a more accurate analysis 
requires appropriate tools for further studies, carried out from 
the cash flow using its revenues and costs.

4  Conclusions

The present work demonstrates that the actions and con-
cerns with energy issues, taking the environmental and 
financial aspects into consideration, result in a constant 
search for new technologies, and a lower dependence on 
oil, aiming for a better performance of these new energy 
sources for each society that is increasingly demanding 
and needs sustainable fuel for progress. By carrying out 
the virtual implementation project for the industry aiming 
at the production of ethanol in the sugarcane off-season, 
we obtained a production of over 20 million liters of etha-
nol sold in the domestic market. This work describes the 
equipment and utilities necessary for the implementation 
and operation of the project for the production of ethanol 
from sorghum. The project is considered viable as long as 
ethanol from sorghum is used to supplement sugarcane 
ethanol production. The importance of using production 
residues to avoid environmental problems and convert 
them into new sources of business. Considering, above 
all, that the present work deals with a theoretical study 
on the implantation of a new ethanol industry from sweet 
sorghum.
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