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Abstract 
Sugarcane bagasse is a waste generated in around the world in different quantities. It residue can be used to obtain different 
products under the concept of the biorefinery. Where the energetic technical, economic and environmental viability can 
be influenced by the scale of processing. In this sense, an analysis of the size of the biorefinery (scale analysis) was 
performed to determine the point of economic viability. In addition, an energy analysis was carried out, which allowed to 
identify the influence that has the processing scale on the energy changes presented throughout the process. As a result, it 
was possible to observe the importance of the analysis of the scale of a process for the determination of the point in which 
it is obtained not only an energetic but also economic viability. 
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1. Introduction 

 
Biorefineries are designed to maximum approach a raw material 
[1]. This is achieved by obtaining a wide range of added-value 
products as biofuels, biochemical, biomaterials and others [2]. 
Among the raw materials more attractive to use in a biorefinery 
are the residues generated in other industrial processes. The use 
of these waste helps to mitigate the environmental impact 
generated by them [3]. However, when is considering the design 
of a biorefinery should be enumerated other aspects such as 
energy, economic and social, with that the design of a 
biorefinery is based on the correct interaction of these aspects. 
In this way, a wide spectrum of possibilities is generated by the 
design of biorefineries which must be debated in the step of 
conceptual design.  

Some authors have mentioned the importance of taking into 
account the mass and energy integration of the processes in the 
conceptual design of the biorefinery, in order to generate an 
integral use of the biomass with a minimum consumption of 
reagent and electricity [4]–[7]. These energy integrations in 
biorefineries generally contribute to the reduction of the 
environmental impact generated by the plant, in addition is 
possible to increase the profit margin [8], [9]. 

 
In the same sense, another aspect to take account and that is 
transcendental in a biorefinery, especially in the cost of 
production, is the scale of production [10]. A biorefinery in 
which were obtained biofuels such as biodiesel, ethanol, butanol 
among others, necessarily must be designed at a high level, since 
these products are produced in high volumes, due the low cost 
of this product. On the other hand, if the aim is to obtain products 
such as drugs, the scale of the biorefinery can below, due to the 
high cost of these products. An example in which the low scale 
is the obtaining of antioxidants, these products presents a high 
value in the market. It is important to mention that each 
biorefinery has its own characteristics and that all design 
parameters must be carefully selected for each specific case.  
Also, another design parameter that must be carefully analyzed 
in the conceptual design of the biorefinery is the selection of the 
raw material, since the cost of this can affect up to 60% of the 
overall cost of the plant. For this reason some authors have 
conducted studies in which recommend the use of agro-
industrial wastes as raw materials in biotechnological processes 
[2], [11], [12]. 
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The interest in the use of agroindustry residues to obtain 
different products has been increasing, given the different 
processes and products that can be obtained under this scheme 
[13]–[18]. Many of these residues can be used as raw material 
for biorefineries, providing tools for the maximum use of the raw 
material. One of the residues of great interest is the sugarcane 
bagasse (SCB), which is obtained from the milling of sugar cane. 
In this process can be obtained 280 kg of bagasse from 1 ton of 
sugar cane [19], [20].  The SCB can be used to obtain different 
products as the ethanol,  xylitol, electricity, PHB, antioxidants 
and lactic acid, among others [21], [22].  
 
In a biorefinery, the analysis of scale is determinant, because it’s 
presented as a tool that allows the determination of the minimum 
flow of raw materials for the economic and environmental 
viability of the process [23]. The aim of this work is to analyze 
the effect of the amount of processed raw material (processing 
scale) on the energy, technical, economic and environmental 
costs of a biorefinery for the processing of sugar cane. The 
products to be obtained with this scheme are ethanol, xylitol, 
syngas and electricity. Therefore, three processing scales were 
considered (1 ton/h, 10 ton/h y 100 ton/h) which was based on 
the availability of this waste. 
 

2. Methodology 
 

2.1. Process design 
 

The design of the biorefinery using SCB as raw material is 
shown in Fig. 1. This raw material is composed of 34.8% of 

cellulose, 28.96% hemicellulose, 22.62% lignin, 8.00% 
extractives, 1.45% protein and 4.17% ash [24]. First step was the 
pretreatment after the SCB size of the material was reduced until 
1mm in order to increase the area of contact. A dilute acid 
treatment is then carried out at 2% v/v,  where the kinetics used 
is reported by Aguilar et al. (2002) [25]. The product of this 
process was a xylose rich liquor which was separated from the 
solids by filtration. The solid fraction was subjected to 
enzymatic hydrolysis in order to obtain a solution rich in 
glucose. The kinetics used to carry out the enzyme hydrolysis 
was reported by Philippidis et al. (1993) [26]. The resulting 
solution was filtered and a solution rich in glucose and a lignin 
rich fraction were obtained. The glucose solution can be used to 
obtain ethanol through a fermentation process [27]. This process 
considers a previous stage of sterilization to 121°C. The xylose 
obtained in one of the previous stages can be used to obtain 
xylitol by means of a fermentative process. For this process the 
microorganism used was Candida parapsilosis [28]. The 
purification process of the xylitol was carried out by means of 
precipitation in the presence of ethanol in a relation 1:1 [29]. 
Filtration was then carried out in order to remove precipitated 
xylitol. 
 
The last product obtained in the pretreatment stage was lignin. 
This can be used in cogeneration processes to obtain electricity 
and syngas. The lignin is brought to a gasification process to 
generate syngas.  The syngas is mainly composed of H2, CO, 
CH4 y CO2 [30]. Given the high pressure to which this gas leaves 
the gasifier, it can be passed through a turbine to generate 
electricity.     

 

 
 

Fig. 1. Flow diagram of biorefinery. 
2.2. Simulation process 
 
The design of the process was carried out in the software Aspen 
Plus. The input data to the simulator were those reported in the 
literature. In the software was carried out the modeling of the 
stages of pretreatment and fermentation of the biorefinery. The 
design of the distillation towers used was done with the 
approximate method DSTWU incorporated in Aspen Plus. It 
uses the equations and correlations of Winn-Underwood-
Gilliland, which provides an initial estimate of the minimum 
number of theoretical steps, the minimum reflux ratio, the 
location of the feeding stage, and the distribution of the 

components. The rigorous calculation of the operating 
conditions in the distillation columns was developed with the 
model RadFrac, that is based on the equilibrium method with an 
inside-out algorithm for calculation of equations MESH (mass 
balance equation, phase equilibrium equation, summation of 
compositions and the energy balance equation) [31]. From these 
procedures it is possible to obtain the mass and energy balance 
of the process. These are used for the energy, technical, 
economic and environmental analysis of the process.  
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2.2.1. Energy analysis 
 

In the energy analysis of the process the energy required by the 
heat exchangers and the reboilers is studied. It also considers the 
electrical needs of pumps, compressors, grinders and other 
equipments. The biorefinery was divided into four stages in 
order to carry out a comparison. The four stages are: 
pretreatment, ethanol production, xylitol production and 
cogeneration 
 
2.2.2. Economic analysis 

 
The economic analysis was done through the software Aspen 
Process Economic Analyzer (ASPEN TECHNOLOGY INC). 
The parameters used were the economic data for Colombia 25% 
and 17% of Tax rate and Annual Interest rate, respectively. In 
depreciation, the straight-line method was used with a 12 year 
analysis period. In Table 1, it is presented the costs of raw 
materials, products, utilities and operation supplied to the 
software.  
 
Table 1. Costs of raw material and parameters for the 
economic analysis 

Item Unit Value Reference
Investment Parameters 

Tax rate % 25 
[32] Interest 

rate 
% 17 

Raw materials 
Sugar cane 
bagasse 

USD/kg 0.01 [33] 

Sulfuric 
acid 

USD/kg 0.1 

[32] 
Calcium 
hydroxide 

USD/kg 0.05 

Utilities
LP steam USD/tonne 1.57 

[34] MP steam USD/tonne 8.18 
HP steam USD/tonne 9.86 
Potable 
water 

USD/m3 1.25 

[32] 
Fuel USD/MMBTU 7.21 
Electricity USD/kWh 0.10 

Operation
Operator USD/h 2.14 

[32] 
Supervisor USD/h 4.29 

 
2.3. Environmental analysis 

  
The environmental analysis was performed by using the Waste 
Reduction Algorithm (WAR GUI) software, developed by the 
Environmental Protection Agency (EPA, USA). As results are 
obtained the effect that the raw material and energy contribute 
on the environment, through obtaining Potential Environmental 
Impact (PEI) of each of the scenarios kilogram of product [35]. 
The items evaluated were: Human Toxicity Potential by 
Ingestion (HTPI), Human Toxicity Potential by Exposure 
(HTPE), Terrestrial Toxicity Potential (TTP), Aquatic Toxicity 
Potential (ATP), Global Warming Potential (GWP), Ozone 
Depletion Potential (ODP), Smog Formation Potential (PCOP), 
and Acidification Potential (AP) [36]. 
 

3. Results and analysis 
 
3.1. Process simulation  

 
Under the conditions analyzed in the biorefinery design for the 
mentioned processing scales, the Table 2 shows the yields 
obtained both in obtaining sugar and other products. Compared 
with the literature it can be observed that a similar performance 
was obtained for glucose (0.34 g/g reported in the literature 
[37]). In the case of xylose, a lower yield was reported than 
others found in the literature (0.29 g/g [37]). These differences 
can occur at the moment of modeling a process, since the 
simulation of the processes is an approach to the reality at 
industrial scale. 
 
On the other hand yields of 0.135, 0.155 and 0.828 g product/g 
raw material were obtained for the production of ethanol, xylitol 
and syngas, respectively. In the case of ethanol fermentation a 
CO2 generation of 0.27 grams per gram of raw material was 
obtained and a generation of stillage of 4.45 grams per gram of 
raw material. This last value is due to the high water content that 
this residue presents due to the addition of the same to achieve a 
concentration of glucose suitable for the fermentation. In the 
production of xylitol a stillage yield of 9.99 grams per gram of 
raw material is obtained. Taking into account these two 
fermentative processes a total generation of stillage of 14.44 
grams per gram of raw material is obtained. This residue 
presents a great potential for its use in the production of biogas, 
fertilizers, production of organic acids, among others [38], [39]. 
 
Table 2. Yields obtained in the design of biorefinery 

Product Yield 

Glucose /  0.335 

Xylose /  0.261 

Liginin /  0.226 

Ethanol /  0.135 

Xylitol /  0.155 

Syngas /  0.828 

 
In the case of electricity generation, a yield of 0.130 kW/kg of 
raw material was presented. This shows the technical feasibility 
of the SCB for the generation of electricity from the lignin 
contained in this material. 
 
3.2. Energy analysis  

 
A trend that has gained importance in the application and design 
of processes is the energy efficiency. The purpose is to identify 
the zones of the process that present greater energy consumption 
and the causes. The Fig. 2 shows the percentage distribution of 
the energy consumption for a biorefinery based on the SCB. 
Where it can be observed that with 38.72% ethanol production 
is the process that presents higher energy requirements. It is 
caused mainly by the high energy required to achieve 
purification of the ethanol obtained in the fermentation. In this 
process this energy is necessary for the implementation of a 
separation train which consumes a high amount of energy for its 
operation. While processes such as xylitol production have a 
lower energy consumption. In this case the processing step 
which requires a greater amount of energy is the recovery of the 
ethanol used in the precipitation of the xylitol produced. 
Meanwhile cogeneration initially requires a lot of energy to 
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achieve the high temperatures and pressures that are required for 
this process. In the case of pretreatment the higher energy 
consumption is evidenced in the high temperature required for 
the acid hydrolysis and the operation of the mill. Thus, for the 
processing of 1 ton/h of SCB, it is required 107,135.16 GJ/h. On 

the other hand for the processing of 10 and 100 ton/h it is 
required 1,071,351.62 and 10,713,516.20 GJ/h, respectively. 
This shows an increase in the energy consumption with the 
increase of the scale of processing due to the increase in the size 
of the equipments and therefore to the energy requirements.

 

 

Fig. 2. Percentage distribution of energy consumption of a biorefinery based on SCB 
 
3.3. Economic analysis  

 
In Table 3, the economic analysis results are presented at 1, 10 
and 100 tonne/h. For each of these scales the total cost of 
production was calculated, obtaining the highest percentages in 
the cost of raw materials with 34-43% of the total production 
cost of ethanol, xylitol and cogeneration of energy. On the other 
hand, the gain obtained for each of these scenarios increased by 
employing a higher flow of the process (100 tonne/h), due to the 
high production of products and the sale price; In particular 
xylitol which has a market price of 164 USD /kg [40]. 
 
 
3.4. Environmental analysis  

 
An essential part of the sustainability of any type of biological 
process and especially of a biorefinery, is that it generates low 
environmental impact, and also that the production of toxic 
products will be minimal. In This sense, as a result it was 
obtained that the most representative environmental impact 
factor for the overall environmental impact of the plant was the 

acidification potential  (AP). This high acidification potential is 
due to the fact that the streams from the hydrolysis processes 
contain a high concentration of sulfuric acid. It can also be seen 
from Fig. 3.c, that the acidification potential of the medium is 
increased with increasing scale, since the amounts of acid used 
in pretreatment are higher. In the same sense, it can be inferred 
from Fig. 3.a that the high value of aquatic toxicity potential is 
related to the high acidity of the effluents as mentioned above, 
and possible toxic products such as HMF and furfural obtained 
in the pretreatment stages. It is also important to emphasize that 
some traces of methanol and ethanol obtained from the 
separation and purification stages may affect aquatic 
ecosystems. Also, it is evident in Fig. 3.a that this process 
presents a high global warming potential value, due to the carbon 
dioxide generated in the fermentation process and that possibly 
can be released into the environment. Finally, it can be 
concluded that the other impact factors evaluated (HTPI, HTPE, 
TTP, PCOP) are not representative independent of the scale, 
since the biorefinery was not generate potentially dangerous 
products for human health, either by ingestion or by exposure. 
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(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 3. Potential of Environmental Impact: a. Aquatic Toxicity Potential (ATP), Global Warming Potential (GWP) and Ozone 
Depletion Potential (ODP), b. Human Toxicity Potential by Ingestion (HTPI), Human Toxicity Potential by Exposure (HTPE), 
Terrestrial Toxicity Potential (TTP) and Smog Formation Potential (PCOP), c. Acidification Potential (AP). 
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Table 3. Economic analysis of the production of ethanol, xylitol and energy cogeneration from SCB. 

Item 
1 tonne/h 10 tonne/h 100 tonne/h 

US$/kg Share (%) US$/kg Share (%) US$/kg Share (%) 

Raw materials 0.977 34.545 0.824 37.804 0.276 42.814 

Utilities 1.216 42.981 1.015 46.559 0.283 43.936 

Operating labor 0.037 1.297 0.003 0.142 0.001 0.142 

Plant overhead 0.041 1.439 0.010 0.442 0.002 0.379 

Operating charges 0.009 0.324 0.002 0.088 0.001 0.155 

Maintenance 0.045 1.582 0.016 0.741 0.005 0.726 

General and administrative cost 0.174 6.169 0.138 6.336 0.042 6.463 

Capital depreciation 0.330 11.663 0.171 7.848 0.035 5.488 

Production cost (Total ) 2.828 100 2.179 100 0.644 100 

 

 
4. Conclusions 

 
Analysis of the scale is presented as a powerful tool for the 
determination of technical, energetic, economic and 
environmental viability of a biorefinery. From the different 
analysis of these aspects, it can be evidenced the technical and 
economic benefits that present processes such as biorefineries 
based on the SCB when the scale increases. While energy and 
environmental characteristics, tend to have greater impacts with 
increasing scale. This is mainly due to the increase in both 
energy and raw material requirements for the operation of 
biorefineries at high scales. 
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