[JRDO-JOURNAL OF BIOTECHNOLOGY

Volume: 01| Issue: 2 |June 2026
Article Type: Research article
ISSN: XXXX-XXXX

OPTIMIZATION OF PRODUCTION, TECHNOLOGICAL, AND
SUSTAINABILITY FACTORS INFLUENCING BIOETHANOL PRODUCTION IN

INDUSTRIAL BIOTECHNOLOGY

Ishitta Sarkar!, Dr. Manokamana Ram?, Dr. Ambika Kumar3, Aishwarya Rajput*, Sushmita
Maleysm>, Dr. Yogita Abhijeet Jamdade®

!Department of Biotechnology, Kanpur Institute of Technology (KIT), Dr. A.P.J. Abdul Kalam Technical University
(AKTU), Kanpur, Uttar Pradesh, India, Email 1d: ishittasarkar7@gmail.com, Orcid Id: 0009-0008-1028-6010
2Assistant Professor in Economics, Department of Economics, Faculty of Social Sciences,

Banaras Hindu University, Varanasi (UP, India)-221005, Email Id: manokamana@bhu.ac.in

3Assistant Professor, Department of Chemistry, Bhagalpur National College, Bhagalpur — 81200, (A Constituent Unit of
TMBU Bhagalpur), Bihar, India, Email ID: ak.fche@bncollegebgp.ac.in Orcid ID: 0000-0001-9754-946X

“Research scholar, Department of pharmacy Pharmaceutical chemistry, Banasthali vidyapith, niwai, rajasthan, 304022,
Kailashaish@gmail.com

SResearch scholar, Department of Biosciences and Biotechnology, BANASTHALI VIDYAPITH TONK, NEWAI
RAJASTHAN 304022, sushmitamaleys@gmail.com

Professor & HOD,Sambhita Siddhanta and Sanskrit, PDEA'S College of Ayurved and Research Centre, Nigdi, Pune, E-
mail ID: dryogitaaj@gmail.com, ORCID ID: 0009-0001-0494-1452

|
: Received date: 20-02-2026 Accepted date:14-06-2026 :
|
| Revised date:10-05-2026 Published date:25-06-2026 |
e e e e e e e e e e Y 1
Abstract

Considering the benefits of cleaner energy production and dependence upon fossil fuels, bioethanol is an emerging
renewable biofuel and also important for industrial biotechnology. This study assessed production, technological,
economic and sustainability factors affecting the bioethanol growth from a structured data set of 2000 observations.
Feedstock yield, production capacity, processing technology efficiency, energy use, feedstock cost, transportation cost,
distribution cost, carbon emissions, water use, market demand, price per gallon, government incentive status, and
bioethanol growth were all variables. Descriptive statistics, Pearson correlation, independent-samples t-test, chi-square
analysis, and multiple linear regression were used. The outcomes revealed that most of the production, economic and
sustainability variables were weakly associated with the bioethanol growth. Only the processing technology efficiency
proved to be statistically significantly linked to bioethanol development and that only in a small measure. There was no
significant difference between the mean value of bioethanol growth for the different incentive status of the government.
Only a small percentage of the overall variation was accounted for by the regression model, which suggests that other
biological and process-specific factors may affect production performance. The results indicate that optimal bioethanol
production and utilization should be considered from multiple aspects, including technology efficiency, feedstock
utilization, economic analysis, sustainability indicators and fermentation related aspects. In the future, the studies
should be performed in conjunction with microbial, enzymatic and operational parameters to increase the
understanding of bioethanol production efficiency.
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1. Introduction

Bioethanol is an important renewable fuel due to the need to reduce the dependence on fossil fuels and the need to create
cleaner energy systems. It is manufactured using biological resources like sugar-rich crops, starch-based feedstocks,
lignocellulosic biomass, agricultural residues and recently, algal resources. However, bioethanol has potential
environmental benefits over traditional petroleum-derived fuels, especially if its utilization is combined with optimized
use of resources and environmentally friendly industrial processes. Thus, its application to renewable energy systems has
been growing significantly over the past few years particularly with the emergence of the search for such alternatives that
could satisfy both energy security and reduce carbon development. Additionally, improvements in renewable biofuels
technology have further bolstered the viability of bioethanol as a viable part of the journey to greener energy systems (El-
Araby, 2024). In a biotechnology point of view, biofuel production is an important application of bio conversion
processes for long term challenges of energy and sustainability (Nath, 2024). However, the environmental benefits of
biofuels are highly dependent on the efficiency with which they are produced, processed and integrated into broader
energy-transitions plans (Rial, 2024).

Bioethanol production is a complex process that consists of feedstock preparation, hydrolysis, fermentation, separation
and purification, and process integration, all of which are modern. The productivity of these phases can significantly
affect production yields and profitability. New and emerging integrated biorefinery concepts and the adoption of other
raw materials have paved the way for enhanced bioethanol productivity, minimized waste and enhanced resource
recovery (Duque et al., 2021). Meanwhile, technological advancements from one generation of feedstocks to another have
extended the variety of materials that can be processed to produce ethanol and increased the viability of producing
ethanol at industrial scale. (Devi et al., 2023) Selection of feedstock is especially significant as it determines production
capacity, energy use and final cost and there are variations in yield, availability, composition and processing
requirements. More recent research has highlighted the need to increase the value of bioethanol and effective use of
different feedstocks to make the bioethanol system more economically viable (Mwanyesya et al., 2025). Starch-rich crops
are still significant, and enhanced conversion technologies are being investigated to enhance the efficiency and
sustainability of these (Kumar et al., 2025).

Lignocellulosic and non-conventional feedstocks have become the focus of interest since they could help minimize the
competition for food resources and allow for more sustainable production routes. For instance, switchgrass is an attractive
renewable feedstock, given its potential for biomass production and suitability for pretreatment and conversion processes
(Unyay et al., 2024). Seaweed biomass has also been the focus due to its potential for bioethanol production and its
potential to reduce carbon sequestration on the environment (Mohamed et al., 2025). The use of algal biomass in third-
generation bioethanol technologies also exemplifies the potential for synergizing new biological resources with effective
production facilities (Melendez et al., 2025). These advances suggest that the quality of the production performance is
now becoming more dependent upon the availability of the feedstocks, as well as technological efficiency, energy
requirement, and process optimization (Abdelaziz et al., 2025; Agboola et al., 2023).

Another point to be taken into consideration is economic and environmental sustainability about the industrial expansion
of bioethanol. Optimisation of the production systems of biofuels has become the focus of efforts to boost productivity,
cut resource usage and enhance industrial viability (Jeguirim and Zorpas, 2023). The sustainability of lignocellulosic
bioethanol production and its long-term implementation can be significantly impacted by economic considerations,
technological advancements, policy support, and social factors (Afedzi et al., 2025). Furthermore, bioethanol production
on a large scale must consider the efficiency of the supply chain, carbon emissions, water use and environmental effects,
if the production of bioethanol is to have a sustainable effect (Wietschel et al., 2021). Even with all the technological
advances, integrated assessments, which consider production, technological and economic indicators, as well as
sustainability indicators, are still needed. The identification of the most significant factors in relation with the bioethanol
growth can therefore help to improve the planification of bioethanol production, the technological efficiency and the
sustainability of industrial biotechnological applications.

Objectives:
® [ To assess the production, technological, economic, and sustainability characteristics associated with
bioethanol production.
® [ |To determine the relationships between major production factors and bioethanol growth.
® [ To identify the key factors influencing bioethanol production performance for improved industrial
biotechnology applications.

2. Materials and Methods

2.1 Study Design

This study was designed with quantitative analytical method to assess the production, technological, economic and
sustainability aspects of bioethanol production through industrial biotechnology. A structured set of data on bioethanol
production, including various indicators for bioethanol production for various countries and years was used for the
analysis. The study aimed to establish the connections between the main operational and sustainability variables,
identifying relationships between these and the growth of bioethanol production and finding factors that could help to
optimize production performance.

2.2 Data Source and Sample
The total number of observations used for this study was 2000, which were chosen from the larger bioethanol

Volume 01 Issue 02 June 2026 2



production data set (KhajaAhmedl., 2024). Every observation contained data about conditions for the bioethanol
production, about the technological efficiency, resource utilization, about economic factors and about the growth of
bioethanol production. Data was drawn from various years and countries, so that the differences in bioethanol production
in various industrial and economic conditions could be observed. None of the values were missing in the selected dataset,
so all 2,000 observations were kept for the final analysis.

2.3 Study Variables

In the study, various variables were incorporated that are related to different aspects of the bioethanol production
process. Production related variables were the feedstock yield and production capacity. Processing technology efficiency
and energy consumption were used as indicators of technological performance. Economic factors were the cost of
feedstock, transportation cost, distribution cost, market demand and the price per gallon. Carbon and water emissions
were some of the indicators considered under the sustainability category. The categories of government incentive status,
country and year were added to describe the temporal and geographical distribution of observations. Production
performance was deemed to be the main outcome variable for bioethanol production.

2.4 Data Preparation and Processing

The data was first reviewed for completeness, consistency, duplicate data and correct variable format. In the case of the
numerical variables, their quantitative nature was verified and that they could be used in statistical analysis. The variables
"country" was considered a categorical variable and "government incentive status" was considered a binary categorical
variable. All other production, economic, technological, environmental and outcome variables were considered as
continuous numerical measures. A check for missing values revealed that there was no missing data in any of the 15
variables in the 2000 observations. The cleaned data was then analysed using descriptive and inferential statistics.

2.5 Assessment of Production and Technological Factors

Production capacity and feedstock yield were identified as important production-related traits which may affect the
overall performance of bioethanol production. Energy consumption was used as an operational input related to industrial
processing, and processing technology efficiency as a measure of technological performance. A correlation analysis was
performed to investigate the relationship between these variables and bioethanol growth and check if there were any
improvements in production capability and processing efficiency in relation to the bioethanol growth.

2.6 Assessment of Economic and Sustainability Factors

Cost of feedstock, transportation cost, distribution cost, market demand and price per gallon were used to measure
economic performance. These were investigated to identify any possible correlation with bioethanol growth and industrial
performance. Energy consumption, carbon emissions, and water use were chosen as indicators of sustainability as these
represent key environmental and resource issues associated with large-scale bioethanol production. Government incentive
status was also analysed to see if there were differences in the performance of bioethanol production for the different
policy supports.

2.7 Statistical Analysis

Mean, standard deviation, minimum and maximum were used for continuous variables and frequency, and percentage
were used for categorical variables. The Pearson correlation analysis was employed for the study of relationships between
continuous variables and bioethanol growth. Multiple linear regression was used to determine the factors that were
significant for bioethanol growth. Relevant group comparisons and categorical associations were made using
independent-samples t-test and chi-square tests, respectively. Statistically significant differences were considered as p
values < 0.05.

2.8 Ethical Considerations

The study was carried out exclusively with a secondary data set and no contact with humans was made and no
personally identifiable information collected. Only for academic and research purposes, the data were analysed. Hence,
there was no direct risk to individuals, and confidentiality and responsible use of the data set were ensured during the
study.

3. Results

3.1 Distribution of the Study Observations

A total of 2,000 observations were included in the analysis, covering five countries and the period from 2000 to 2024.
Germany contributed the largest proportion of observations (21.5%), followed by China (21.3%), India (20.2%), the USA
(18.9%), and Brazil (18.1%). Government incentives were absent in 68.7% of the observations and present in 31.4%
(Table 1).
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Table 1. Distribution of observations by country and government incentive status

Characteristic Catego Frequency Percentage
ry (n) (%)
Country Germa 430 21.5
ny
China 427 21.3
India 404 20.2
USA 378 18.9
Brazil 361 18.1
Government No 1,373 68.7
incentive
Yes 627 31.4

Bioethanol growth ranged from 0.010 to 14.994, with an overall mean of 7.347 & 4.308. The distribution was relatively
broad across the observed range, as illustrated in Figure 1.
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Figure 1. Distribution of Bioethanol Growth

3.2 Descriptive Characteristics of Production, Technological, Economic, and Sustainability Factors

The mean feedstock yield was 3.003 + 0.881, while mean production capacity was 175.431 + 43.197. Processing
technology efficiency averaged 0.825 + 0.072. Mean energy consumption was 533.732 + 19.579, whereas carbon
emissions and water usage averaged 5.468 + 2.580 and 338.285 + 79.902, respectively. The descriptive characteristics of
all major continuous variables are presented in Table 2.

Table 2. Descriptive statistics of major bioethanol production variables

Variable Mea SD Minim Maxim
n um um
Feedstock yield 3.003 0.88 1.502 4.497
1
Production capacity 175.4 43.1 100.106 249.951
31 97
Processing technology 0.825 0.07 0.700 0.950
efficiency 2
Energy consumption 533.7 19.5 500.029 567.970
32 79
Feedstock cost 200.2 58.2 100.012 299.952
29 47
Transportation cost 6.524 0.85 5.007 7.997
5
Distribution cost 14.56 2.62 10.002 18.997
5 1
Carbon emissions 5.468 2.58 1.000 9.999
0
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Water usage 338.2 79.9 200.079 474.865
85 02
Market demand 137.4 21.4 100.025 174.947
26 95
Price per gallon 3.010 1.14 1.006 4.994
7
Bioethanol growth 7.347 4.30 0.010 14.994
8

Country-wise mean bioethanol growth was highest in Brazil (7.493), followed by the USA (7.448), Germany (7.351),
China (7.325), and India (7.142). These descriptive differences are shown in Figure 2.
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Figure 2. Mean Bioethanol Growth by Country

3.3 Correlation of Production and Sustainability Factors with Bioethanol Growth

Pearson correlation analysis revealed that generally, the relations between the variables studied and bioethanol growth
were weak. The most significant relationship was in the case of processing technology efficiency, which was negatively
correlated with bioethanol growth, albeit very slightly (r = -0.055, p = 0.014). There was also a weak negative
relationship with feedstock cost which, however, was not significant (r = -0.038, p = 0.088). There was a slight positive
correlation between feedstock yield and the r = 0.033, p = 0.146. There were no significant relationships found for

production capacity, energy use, transportation cost, distribution cost, carbon emissions, water use, demand, or price per
gallon (Table 3).

Table 3. Pearson correlations between major factors and bioethanol growth

Variable Pearso pP-
nr value
Feedstock yield 0.033 0.146
Production capacity -0.017 0.449
Processing technology -0.055 0.014
efficiency
Energy consumption 0.017 0.453
Feedstock cost -0.038 0.088
Transportation cost 0.012 0.586
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Distribution cost 0.031 0.163
Carbon emissions 0.019 0.396
Water usage 0.002 0.940
Market demand 0.006 0.791
Price per gallon 0.008 0.721

The weak inverse relationship between processing technology efficiency and bioethanol growth is visually
demonstrated in Figure 3. The broader correlation pattern among major production, technological, and sustainability
variables is presented in Figure 4.
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Figure 4. Correlation Matrix of Major Bioethanol Variables

3.4 Bioethanol Growth According to Government Incentive Status

Observations without government incentives had a mean bioethanol growth of 7.439 + 4.282, compared with 7.146 +
4.362 among observations receiving government incentives. The mean difference was 0.293, but the independent-samples
comparison showed that this difference was not statistically significant (t = 1.400, p = 0.162). The 95% confidence
interval for the mean difference ranged from -0.118 to 0.703, as shown in Table 4.

Table 4. Comparison of bioethanol growth according to government incentive status

Government n Mean SD
incentive growth
No 1,3 7.439 4.2
73 82
Yes 62 7.146 4.3
7 62

t=1.400; p = 0.162; mean difference = 0.293; 95% CI =-0.118 to 0.703.

3.5 Factors Influencing Bioethanol Growth

The bioethanol growth was determined by multiple linear regression of production variables, technological, economic,
sustainability, and policy variables. However, the model accounted for only 0.9% of the variance in bioethanol growth
(R2 = 0.009, adjusted R2 = 0.003) and the model was not statistically significant overall (F = 1.441, p = 0.140).
Processing technology efficiency was the only individual predictor that was statistically significant (B = -3.256; p =
0.015), with a weak negative association remaining after adjusting for the other variables. As shown in Table 5, all the
predictors except for feedstock cost had p-values > 0.05 with feedstock cost approaching statistical significance (B = -
0.0028, p = 0.096).

Table 5. Multiple linear regression analysis of factors associated with bioethanol growth

Predictor B SE t p-
value
Feedstock yield 0.17 0.1 1.5 0.120
1 10 55
Production capacity - 0.0 - 0.515
0.002 | 02 0.652
Processing technology - 1.3 - 0.015
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efficiency 3.256 |43 2.424
Energy consumption 0.00 0.0 0.6 0.528
3 05 31
Feedstock cost - 0.0 - 0.096
0.003 | 02 1.667
Transportation cost 0.06 0.1 0.5 0.598
0 13 28
Distribution cost 0.05 0.0 1.5 0.131
6 37 11
Carbon emissions 0.03 0.0 0.8 0.395
2 37 51
Water usage 0.00 0.0 0.1 0.863
02 01 72
Market demand 0.00 0.0 0.1 0.907
1 05 17
Price per gallon 0.01 0.0 0.1 0.885
2 84 45
Government incentive - 0.2 - 0.170
0.286 | 08 1.374

In general, the results suggest that the explanatory power of the production, economic and sustainability variables
selected in this dataset was limited for predicting bioethanol growth. Growth was statistically related to processing
technology efficiency, but with a small effect size. Hence, the results should be viewed as identification of statistical
association, and not as evidence for the independent determination or optimization of bioethanol production by a single
factor.

4. Discussion

The current study has analysed production, technological, economic and sustainability indicators based on a vast data
set of indicators industrially relevant to the growth of bioethanol. Results indicated that none of the individual variables
was highly correlated with bioethanol growth; however, only processing technology efficiency was statistically
significant in the multivariable model. This indicates that technological improvement does not necessarily lead to
increasing bioethanol production if it is not combined with the right feedstock conditions, process integration, economics
and resource management. It is known that microbial, operational and optimization related factors affect bioethanol
production and not a single production factor. Likewise, it was observed that the combined effect of the processing
parameters is more significant than the individual effects of each parameter in the overall productivity of ethanol
production (Altinigik et al., 2025).

The relatively loose correlations found for production capacity, feedstock yield, energy use and cost related factors
might be the result of the complexity of industrial bioethanol systems. If production losses, pretreatment limitations or
inefficient conversion stages exist, then the large production capacity does not necessarily guarantee greater growth. The
significance of the integration of pretreatment and fermentation and reducing the process complexity while achieving
high conversion efficiency at the reactor level has been proven (Deb et al., 2024). Technological advancements like
membrane-based separation and recovery systems have also been suggested to enhance the performance of the separation
process and minimize the use of energy and improve product recovery (Dey et al., 2020). Similarly, to produce bioethanol
from lignocellulosic materials, the entire process optimization including pretreatment, hydrolysis, fermentation and
purification is crucial to maximize the efficiency of the process (Fansuri et al., 2024).

Thus, the statistically significant negative correlation between processing technology efficiency and the growth of
bioethanol should be viewed with care. It can be a sign that the high efficiency technologies have been introduced in more
mature or less resource-rich production systems with growth rates already stabilised. However, the physical factors of
fermentation (temperature, pH, inoculum level and fermentation time) which are required to achieve a successful
fermentation process were not considered in the present data set (Muhamad et al., 2021). Advanced analytical and
computational methods have even been applied to optimize industrial production of bioethanol, which revealed that
technological factors present complex, nonlinear relationships, meaning that simple linear relationships may
underestimate the actual contribution of the technological factors (Pereira et al., 2020).

All economic factors (feedstock cost, transportation cost, distribution cost, market demand and bioethanol price)
introduced in the present analysis failed to account for a significant portion of the bioethanol growth. However, for
industrial viability these are important considerations. The competitiveness of advanced biofuel production systems can
be significantly affected by cost structures, automation and technological investments (Priya & Yadav, 2025). However,
the effect of the feedstock pretreatment method on energy and chemical consumption, as well as on the yield of
fermentable sugars, can also differ depending on the efficiency of the pretreatment process (Shukla et al., 2023).
Coordinated changes in feedstock handling, conversion efficiency and infrastructure (Susmozas et al., 2020) are also
necessary to process transition from conventional first-generation systems to advanced production pathways.

The low explanatory power of the regression model reflects the knowledge that several biological and engineering
factors are involved in the production of ethanol and the interactions between these factors are complex (Tse et al., 2021).
For example, the efficiency of enzymatic hydrolysis is significantly different between different lignocellulosic sources
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and can directly influence the amount of sugar released and, consequently, the amount of ethanol produced in the
downstream processes (Vasi¢ et al., 2021). Additionally, process design, energy consumption, and environmental
performance must be considered in broader sustainability assessments in a simultaneous manner and not as individual
indicators (Pasha et al., 2021). Furthermore, industrial enzyme systems continue to play a crucial role in biotechnology as
they can significantly impact conversion efficiency in various industrial applications, such as enzyme production,
stability, and application.

The results show that in general, no single indicator will be able to optimize the bioethanol production performance. It
is suggested that future studies should include direct fermentation parameters, microbial strain data, pretreatment
parameters, process level enzyme activity, and economic and sustainability parameters. The highly integrated datasets
would offer a more robust foundation for revealing actionable solutions to increase bioethanol yield and sustainability in
industrial biotechnology.

5. Conclusion

This study assessed production, technological factors, economic and sustainability aspects in growing bioethanol in
industrial biotechnology. The results indicated that bioethanol production performance is dependent on a combination of
factors and not on any single factor. The variables studied indicated that there was a statistically significant association
with bioethanol growth, but with weak efficiency of the processing technology. In the current data set, there was limited
independence of the relationship between feedstock yield, production capacity, energy use, economic costs, demand,
carbon emissions, water use and government incentives and bioethanol growth. The regression model has also shown
poor explanatory power, suggesting that other biological and process variables that were not used for the model
development may be important contributors to the performance of industrial bioethanol. Factors like microbial strain, pH,
temperature, fermentation time, pretreatment conditions, enzyme activity, substrate characteristics, and conversion
efficiency might be critical factors in the final production outcomes. Thus, the optimization of bioethanol production
should be done in a holistic way that incorporates better technologies, use of efficient feedstock, economic viability,
environmental sustainability, and optimized fermentation process. The results give a helpful overview on the most
important industrial factors based on data and indicate that more detailed data sets and investigations of the respective
processes are needed to enable efficient, sustainable and economically viable bioethanol production for industrial
biotechnology.
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