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This study analyzes, quantifies, and maps, from a bibliometric perspective, the scientific production around environmental sustainability indicators used in bioprocesses covering the timeframe 2005–2024 in Scopus. Biblioshiny software in RStudio was used to categorize and evaluate the contributions of authors, countries, institutions, and journals. Their collaborative networks were also visualized using VOSviewer. The need to incorporate quantitative, qualitative, and descriptive indicators that comprehensively capture the environmental impacts of biotechnological processes led us to compile thirty diversified indices. The relevance of life cycle analysis as a fundamental tool is highlighted and triggered by integrating multicriteria analysis methods, optimization algorithms, and artificial intelligence. This combination of approaches allows for addressing the inherent complexity of evaluating systems that involve technical, environmental, economic, and social dimensions. Emerging trends point to a paradigm oriented towards the circular bioeconomy, where the diversification of flows in biorefineries and microalgae use are presented as key strategies to maximize efficiency and minimize environmental impacts. The synergy between traditional methodologies and advanced computational approaches constitutes the ideal framework to optimize the sustainability of bioprocesses, establishing a solid base for future research in this field.
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1 INTRODUCTION
Integrating environmental sustainability into industrial development has become a topic of scientific interest, particularly in areas such as biorefineries and bioprocesses, where integrating environmental indicators and metrics is essential to assess the impact of processes. Biorefineries, defined as facilities that convert biomass into high-value-added products, have gained importance due to their potential to reduce dependence on fossil resources and minimize greenhouse gas emissions. However, the environmental assessment of these systems requires robust methodologies to quantify their performance in terms of sustainability, including technical, economic, and social dimensions (Ianda et al., 2024; Giwa et al., 2018).
Several studies have addressed the need to establish and apply environmental sustainability indicators in bioprocesses. For instance, Van Schoubroeck et al. (2018) suggest using indicators for climate change, clean and efficient energy use, resource management, and ecosystem care to quantify the environmental sustainability of producing biobased chemicals. Numerous research works converge on the importance of exploring the water footprint, quantifying water use, acidification, and eutrophication potential, reflecting the pollution in aquatic ecosystems (Giwa et al., 2018; Shahid et al., 2021). Other authors highlight the need for indicators to estimate land use efficiency and measure food waste use’s benefits and environmental offsets (Sandoval-Contreras et al., 2023). In addition, several researchers agree that life cycle sustainability analysis (LCSA) is one of the integrative methodologies to assess the environmental, social, and economic dimensions of multiple processes (Junqueira et al., 2017; Solarte-Toro and Cardona Alzate, 2023; Tuomisto et al., 2022). Likewise, the overall sustainability performance of processes is measured using indicators such as the weighted return on investment metric (SWROIM) to combine environmental and economic issues in a simple approach (González-Delgado et al., 2021). Meanwhile, approaches such as the Waste Reduction Algorithm (WAR) only quantify potential environmental impacts, identifying the process streams that potentially affect it (Moreno-Sader et al., 2020). However, as mentioned by Solarte-Toro et al. (2023), integrating all indicators and dimensions into a holistic framework is an urgent need to assess any industrial process sustainability appropriately. It will not only facilitate the identification of critical areas for improvement but also guide the construction of public policies to optimize bioprocesses.
On the other hand, bibliometric research can lead to the development and discovery of trends in a research field. It can help the scientific community identify new hotbeds of innovation based on a desired observation window (Donthu et al., 2021). This sector has not been elusive to bibliometrics, so the following lines show the studies published to date. Ellili (Ould et al., 2023) conducted a mixed analysis of articles on environment, development and sustainability, identifying thematic trends dominated by sustainable development goals, climate change, and the circular economy, highlighting the weak integration of social indicators in developing regions. Nobanee et al. (2021) explored the intersection between sustainability and risk management, pointing out the dominance of scenario-analysis tools and quantitative models while demonstrating the lack of unified frameworks. Sneegas et al. (2021) combined bibliometric analysis with Q-methodology, prioritizing stakeholder perspectives in critical areas such as water, energy, and land use. This expresses the need to merge qualitative and quantitative methods. Meseguer-Sánchez et al. (2021) examined the relationship between corporate social responsibility and sustainability, finding that only 12% of studies included rigorous environmental metrics. Given the above, these bibliometric studies have not properly studied environmental indicators in bioprocesses nor their integration with social and economic aspects as part of unified frameworks—an active research need. Hence, this research aims to provide a broader and more complete scientometric vision of the biobased sustainable industry by considering the period 2005-2024, retrieving original articles published in Scopus, and using the bibliometrics of RStudio for data mining, while VOSviewer is used for the analysis of collaborations and co-occurrences. The following research questions were considered:
Q1: How many research articles around environmental sustainability indicators were published annually between 2005 and 2024?
Q2: Who are the most cited authors in these research areas?
Q3: What are the most cited papers?
Q4: Which journals publish the most papers?
Q5: What are the leading institutions in the focused research area?
Q6: Which are the most active funding institutions in the selected period?
Q7: Which are the top ten countries publishing on the topic?
Q8: What are the thematic trends in these fields?
2 MATERIALS AND METHODS
2.1 Study design
This study used bibliometric analysis, a tool commonly used to map research in fuzzy scientific fields. Scientometric—bibliometry—uses mathematics and statistics to describe scientific activity and relevance over some time in numerical terms (Donthu et al., 2021). Typically, bibliometric analyses are multidisciplinary, providing a quantitative view of a field of study. They use metrics and knowledge graphs to map the scientific evolution related to some field of knowledge, providing objective evidence of recent advances and trends.
2.2 Data source
Scopus was chosen for its wide range of high-quality journals and research documents (Zhu and Liu, 2020). Institutional access was required to download and confirm the content of the study files.
2.3 Search strategy
We introduced a comprehensive list of keywords, covering environmental sustainability indices and bioprocesses, compiling a database of 360 documents (Figure 1). The search equation used was the following: TITLE-ABS-KEY [(biorefin* OR “bio-refin*” OR “bio refinery” OR “bio-refinery” OR bioprocess* OR “bio-process*” OR “bio-based process*”) AND (indicator* OR metric* OR “performance indicator*” OR “kpi*” OR index OR indices) AND (environmental OR ecologic* OR “environmental sustainab*” OR “ecological sustainab*”)]. On behalf of environmental sustainability indices, the words used were the following: indicator, metric, performance indicator, kpi, index, indices, environmental, ecologic, environmental sustainability, and ecological sustainability. Representing biobased processes, the selected words were biorefinery, bio-refinery, bioprocess, bio-process, and bio-based process. These keywords were obtained in a cyclical process, starting with the articles returned by the databases and adding more words to cover the initially unforeseen topics. The timeframe used covered data from 2005 to 2024. The search was reduced to titles and keywords to increase the effectiveness of the equation for collecting papers from the target areas (Camargo et al., 2023; Alviz-Meza et al., 2023). The selection of the time window was made concerning the number of articles found using the search equation, where it was determined that a time frame of 20 years would be appropriate to cover the genesis of the selected topic and its evolution until 2024 (Figure 2). Only original articles were considered as document types, guaranteeing exclusive access to the original findings and thus avoiding reworkings and biases that could be introduced by secondary documents such as reviews. The Scopus web page was consulted for the last time on 4 February 2025.
[image: Figure 1]FIGURE 1 | Flowchart of used bibliometric methodology.
[image: Figure 2]FIGURE 2 | Annual trend of publication from Scopus in the 2005-2024 timeframe.
2.4 Bibliometric analysis
Charts and tables were created from the database data downloaded in BibTeX and CSV formats. The Biblioshiny application from RStudio was useful for obtaining and organizing the compiled database before manual manipulation. It provides data on the most productive countries, institutions, authors, research areas, journals, subject headings, h-index, impact factors, total citations, and so on (Aria and Cuccurullo, 2017). In addition, VOSviewer was used for data mining, mapping, and visualization of collaborative networks (Karahan and Gül, 2021).
2.5 Limitations
The Scopus database is not perfectly suited to bibliometric analyses, so it often yields some erroneous data (e.g., duplicates), potentially limiting the reliability of the extracted metrics and findings. Also, qualitative statements can be subjective since—originally—this type of study is quantitative (Gaur and Kumar, 2018). Moreover, this academic exercise only offers a short-term forecast of the area under investigation (Wallin, 2005).
3 RESULTS AND DISCUSSION
3.1 Trends in the annual production of original papers
Figure 2 shows that the interest in the research on the environmental sustainability index applied to bioprocesses has followed an exponential growth from 2005 to 2024 —coefficient of determination equal to 0.934— reaching its highest peak in 2024. Furthermore, the annual growth rate in the observed period was found to be 23.48%. The exponential growth of scientific production is encouraged by a greater global concern about the environmental impacts of industrial activities. The possible driving factors are the increasing demand for energy efficiency, reducing polluting emissions, and the search for minimizing waste processes (Basanta et al., 2007). Likewise, integrating life cycle analysis and environmental assessment tools in biotechnological processes has become a priority research field (Sánchez et al., 2012; Saling, 2020). This convergence has promoted the apparition of new methodologies and assessment approaches to quantify the environmental impacts of bioprocesses, integrating environmental, economic, and social parameters (Chisti, 2008; Amaro et al., 2011). It is also important to highlight the evolution of international regulations—e.g., ISO 14000 standards—and governmental policies to make industry adopt circular economy practices: a tailwind to generate the observed exponential growth (Loayza and Silva, 2013; García-Silvera et al., 2023; Karaeva et al., 2023). Added to all this, we found the increased accessibility of advanced analytical tools and open access to large volumes of data, triggering scientific collaborations in this field (Monroy and Diaz, 2018).
The average total citation per year in the studied timeframe is 3.82, while the average citation per document is 28.78. According to a recent study, biorefinery publications have superior citation characteristics compared to other research areas (Kokorevics, 2022). This gives context to the average citation data of this work and reflects the relevance and impact of research in this sector. Average total annual citations peaked in 2010 and 2013, after which they began to decline (Figure 3). This decline can be explained, among other things, by the time it takes researchers to identify newly published works, by their accessibility, by their novelty, and by the dissemination of science (Saberi and Abedi, 2012; Parolo et al., 2015; Repiso et al., 2021).
[image: Figure 3]FIGURE 3 | Mean total citation per year from Scopus in the 2005-2024 timeframe.
3.2 Most cited authors and their collaborations
The Scopus retrieved data highlight Cardona-Alzate CA as the most productive researcher in environmental sustainability indexes linked to bioprocesses (Table 1). However, El-Halwagi MM and Moreira MT possess the highest total citations received and h-index, respectively. Meanwhile, as shown in Figure 4, Solarte-Toro JC is the leader in the collaboration metric with a total link strength of 26 (Supplementary Appendix Table A1). Therefore, all these authors share the leadership in this research field. In some of the most cited papers, coauthored by El-Halwagi, the Mixed Integer Linear Programming (MILP) model is proposed to plan sustainable distributed biorefinery supply chains, simultaneously integrating economic, environmental (LCA-based Eco-indicator-99), and social objectives—number of jobs created. The model considers factors such as seasonal and geo-graphical availability of biomass, choice of processing technologies, economies of scale, and strategic location of plants to optimize transport costs and covers different raw materials and products—exemplifying the need for sustainability indicators in bioprocesses (Santibañez-Aguilar et al., 2014; Santibañez-Aguilar et al., 2011).
TABLE 1 | Top 10 most productive and cited authors.
[image: Table 1]TABLE 2 | Top 10 most cited articles.
[image: Table 2][image: Figure 4]FIGURE 4 | Most collaborative authors, considering a minimum of one document in VOSviewer.
It should be noted that Figure 4 is not fully adapted to the data in Table 1 since the graphs of these networks focus on the search for collaborations—total link strength—which depends on the minimum number of articles per author and the decision to display the interconnection of the nodes. In this case, the size of the nodes is proportional to the number of links per author. The same logic applies to the following VOSviewer figures and their interpretation.
On the other hand, Lotka’s law suggests that 3 articles are the critical limit of published documents, under which the number of authors with more documents gets below 1.7%. Finally, the international co-authorship and the coauthors per doc in the studied areas are 31.94% and 4.9, respectively.
3.3 Most cited research articles
The use of environmentally sustainable indicators has been studied in multiple research works due to its potential in industrial applications. Table 2 presents the ten most cited articles, offering a comprehensive overview of the use of environmental sustainability indicators in biorefineries, waste valorization, and process optimization. Some of these researchers have used LCA methodologies to assess the environmental impact of ethanol compared to gasoline, considering greenhouse gas emissions and energy efficiency (Cavalett et al., 2013; Liska et al., 2009). Santibañez-Aguilar and coworkers demonstrated that optimizing a biorefinery through environmental, economic, and social indicators within the biofuels industry is feasible, resulting in cost-effective, environmentally friendly, and job-creating solutions (Santibañez-Aguilar et al., 2014). Other works highlight the potential of lignocellulosic biomass and agro-industrial waste for renewable chemical production, assessing their impact using sustainability criteria such as waste reduction and resource efficiency (Xiong et al., 2019; Cherubini and Strømman, 2011). Likewise, Posada and Lari have applied sustainability approaches to assess bioethanol and glycerol environmental and economic viability as key products in biorefineries, measuring factors such as energy consumption and carbon emissions (Posada et al., 2013; Lari et al., 2018). Rashad and collaborators highlight compost stability and maturity as key indicators for the bioconversion of agricultural residues into organic amendments (Rashad et al., 2010). Patra research initiatives integrate remote sensing and multicriteria analysis tools to delineate groundwater zones, ensuring their sustainable use (Patra et al., 2018). Finally, Moncada’s study complements these perspectives with design strategies that maximize biomass utilization and minimize environmental impacts (Moncada et al., 2016).
3.4 Journals that host the highest number of articles
Table 3 shows that the Journal of Cleaner Production, Biofuels, Bioproducts and Biorefining, and Biomass and Bioenergy are the principal journals associated with environmentally sustainable indices in bioprocesses. The cumulative proportion of research papers published in these three journals is approximately 57.6%, indicating a considerable diversity of journals (over 40%) that publish articles related to these issues. According to Bradford’s law, it is viable to classify sources into core areas, related areas, and non-relevant areas regarding the field targeted by the papers hosted in the journals—Equation 1.
[image: image]
where [image: image] represents the number of journals that belong to the core area, γ is Euler’s constant ∼0.577, and [image: image] is the number of articles published in the journal with more hosted documents (Zhu et al., 2022). For this case, [image: image] = 31; therefore [image: image] ≅8. As a result, the sources below the journal Processes in Table 3 are out of the core collection. Also, it is noteworthy that the Journal of Cleaner Production is the preferred journal to publish in these fields.
TABLE 3 | Top 10 journal hosting papers of the studied research field.
[image: Table 3]3.5 Most productive institutions and their collaborations
The top three universities in the research field studied are the Universidade Estadual de Campinas and the Universidad Nacional de Colombia Manizales (Table 4). From the collaborative perspective, the University of California places number one with a betweenness (number of collaborations) of 32, as shown in Figure 5; Supplementary Appendix Table B1. The University of California could be the epicenter of several scientific collaborations due to its technological developments and environmental sustainability initiatives. For instance, the Sustainability Indicator Framework (SIF) would be one of their proposed models to assess sustainability, integrating environmental, economic, and social indicators (Shilling et al., 2015). Although its main focus is on watershed assessment, its principles could be applied to industrial bioprocesses’ sustainability analysis. In addition, this institution has developed tools such as CalEnviroScreen, an assessment methodology that identifies communities impacted by multiple sources of pollution in California (Greenfield et al., 2017). As for the participation of South American countries, Colombia and Brazil have focused their efforts on the environmental sustainability of bioprocesses because of their exceptional biodiversity, exemplified by critical ecosystems such as the Amazon, which provide a basis for reducing their dependence on fossil fuels and reducing greenhouse gas emissions (Bossa-Benavidez et al., 2023; Flórez-Zapata et al., 2022). Moreover, both countries have implemented innovative public policies and promoted international cooperation: Colombia, through its National Bioeconomy Plan and regional workshops with international actors, and Brazil, through the ABC Plan, promoting low-emission agricultural practices and industrial processes (Bossa-Benavidez et al., 2023; de Ciencia and Tecnología e Innovación Colombia, 2023).
TABLE 4 | Top 10 most productive institutions.
[image: Table 4][image: Figure 5]FIGURE 5 | Most collaborative institution clusters obtained from collaboration networks in Bibliometrix.
3.6 Most participative funding agencies
The Conselho Nacional de Desenvolvimento Científico e Tecnológico and the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior from Brazil as much as the European Commission from the European Union were found to be the main funding agencies (Table 5). These institutions are essential for developing scientific research in Brazil, funding a wide range of studies in various fields, including agricultural research, such as those related to environmental issues. These agencies fund nearly 70% of Brazilian research, including projects focused on agriculture and sustainability (McManus and Baeta Neves, 2021). For Latin America, the Consejo Nacional de Ciencia y Tecnología from Mexico is also a public entity that plays an important role in funding research in these subjects. For European countries, the European Commission is the provider of most of the funding for research in this area. Through programs such as Horizon 2020 and the Seventh Framework Program (FP7), the Commission has provided significant funding for scientific research ranging from agricultural biotechnology to food sustainability (Hoekman et al., 2013). In the United States, the National Science Foundation remains the agency that funds much of the country’s scientific research, including agriculture and biotechnology (Robertson et al., 2001). Finally, the National Natural Science Foundation of China supports research on environmental sustainability through various programs. The most prominent is perhaps the General Programme, which supports basic and applied research in various disciplines, including environmental assessment and life cycle assessment methodologies for biological processes (Leng et al., 2017).
TABLE 5 | Top 10 most participative funding agencies.
[image: Table 5]3.7 Most contributing countries and their collaborations
The notable presence of the United States in environmental sustainability research, reflected in the highest frequencies, citations, and collaborations (Figure 6; Table 6; Supplementary Appendix Table C1), is due to its leading role in innovative policies and technological innovation. The National Science Foundation and other U.S. funding agencies, such as the Department of Energy, have also played a key role in these metrics. The United States leads in advanced technology, with institutions such as MIT and the University of California promoting circular economy projects and industrial bioprocesses, supported by federal investments in clean energy and regulatory frameworks such as the Global Reporting Initiative (GRI) to standardize sustainable practices (Mougenot and Doussoulin, 2024). In Brazil, the Amazon is a natural laboratory for bioeconomy studies, with projects such as biofuel production from sugar cane, supported by policies such as the ABC Plan based on low-carbon agriculture (Piao et al., 2021). Mexico, for its part, has strengthened its leadership based on the uniqueness of its biodiversity and a tradition of exploiting indigenous biological resources. Initiatives such as the Law for the Promotion and Production of Bioenergy and the active involvement of universities and research institutions have encouraged the development of technologies that optimize biomass conversion into high-performance energy and biochemical products (Paredes-Cervantes et al., 2020). These countries also participate in international networks, such as the Paris Agreement, where technologies and methodologies to reduce emissions in critical sectors such as agriculture and mining are explored. Their focus on integrating social and environmental indicators, such as the Sustainable Development Goals, positions them as global leaders in transitioning to low-carbon economic models.
[image: Figure 6]FIGURE 6 | Most collaborative countries, considering a minimum of 5 documents in VOSviewer.
TABLE 6 | Top 10 countries.
[image: Table 6]4 ENVIRONMENTAL SUSTAINABILITY APPLIED TO BIOPROCESSES AND TRENDING TOPICS
4.1 Environmental sustainability
Over the last few decades, there has been a growing need for tools that allow the objective and systematic measurement of the environmental performance of processes or human activities. This gave rise to the so-called environmental sustainability indicators, which emerged in response to the inadequacy of traditional economic models (e.g., GDP) to reflect the complexity of the interaction between human activities and natural systems. Several historical and conceptual moments have triggered the evolution of environmental indicators. The first efforts are appreciated in articles from the 1970s and 1980s, where the concept of sustainable development was introduced (Latina and Estenssoro, 2015; Vargas, 2016). These publications promoted the need to assess not only economic growth but also the capacity of the environment to sustain such growth. In more recent perspectives, the Organization for Economic Co-operation and Development (OECD) has contributed significantly to the development and systematization of environmental indicators, proposing a classification that allows for a clear articulation of the dimensions of environmental assessment. According to the OECD, these indicators can be grouped into three main categories: quantitative, qualitative, and descriptive (Donnelly et al., 2007). Quantitative indicators include emission reduction, energy efficiency, and the amount of waste generated. Qualitative indicators highlight environmental governance, the perception of environmental quality by communities, and the effectiveness of environmental policies. Descriptive indicators highlight perceptions based on environmental conditions, such as biodiversity, air quality, water quality, and soil quality. This classification, which in some aspects is aligned with the DPSIR (Driving forces, Pressures, State, Impact, Response) approach, has been adopted and adapted by OECD member countries’ environmental performance evaluation at the national level (Niemeijer and de Groot, 2008).
4.2 Environmental sustainability indices in bioprocesses
The selection and application of sustainability indicators in bioprocesses are essential to capture the complexity of the environmental impacts associated with each bioprocess stage—production and use. Table 7 shows the indicators that we found relevant and worthy of discussion for this literature review, covering economic and social dimensions as part of unified frameworks in which they coexist with environmental sustainability.
TABLE 7 | Environmental sustainability indicators.
[image: Table 7]Concerning air pollution, evaluating the Photochemical Ozone Creation Potential allows measuring contributions to the formation of tropospheric ozone by volatile organic compounds and other precursors (Jenkin et al., 2017). The Suspended Particulate Matter Emissions and Acidification Potential measurements allow for assessing the deterioration of air quality, human health, and the possible increase in the environmental acidity of soils and water bodies (Shaltout et al., 2019; Provolo et al., 2018). These indicators, when combined, offer a solid overview for planning strategies to reduce pollutants. They also allow categorizing bioprocesses between less and more aggressive with the atmosphere. Regarding the circular economy and waste minimization, using the Circularity Index or the Material Recycling Rate makes it possible to quantify the recirculation of inputs and the real reduction of waste in bioprocesses (Garrido et al., 2023; Hotta et al., 2016). The E-Factor—widely studied in green chemistry—considers the overall efficiency of transforming raw materials into the final product, relating the waste mass to the product mass (Sheldon, 2017). These metrics, integrated with the Global Warming Potential or the Carbon Footprint (Müller et al., 2020; Santoyo-Castelazo and Azapagic, 2014), generate holistic diagnoses that facilitate the evaluation of both the contribution to global warming and the potential circularity of the process. However, there is a methodological debate in the literature about how to weigh each of these indicators when comparing them since the synergistic or compensatory effects of the processes—for example, recycling vs. energy demand—complicate the development of a unified index.
Energy efficiency and process performance can also be addressed by monitoring the Cumulative Energy Demand or Non-Renewable Energy Use ratio (Frischknecht et al., 2015; Nguyen et al., 2015). These parameters, together with Energy Return on Investment, provide an integrated view of energy sustainability, as they allow for identifying how much net energy is gained or lost by developing a given bioprocess (Murphy et al., 2022). It should be noted that these energy elements are often intrinsically intertwined with land use and soil health so that indicators such as Soil Erosion Potential and Indirect Land Use Change become relevant in agricultural systems or those that rely on large areas for biomass cultivation (Panagos et al., 2020; Broch et al., 2013). Careless soil management can increase CO2 emissions and biodiversity loss—Biodiversity Footprint (Marques et al., 2021). The analysis is strengthened by including environmental costs and benefits—Environmental Cost Indicator and Eco-Efficiency Ratio—and global sustainability indicators—Sustainable Process and Environmental Sustainability Indexes—since these synthesize the balance between profitability, operational performance, and environmental externalities (Caiado et al., 2017; Hellweg et al., 2005; Maier et al., 2017; Ezeonu et al., 2012). However, such indices face the challenge of aggregating multiple dimensions into a single value, which could oversimplify the complex interaction of factors such as toxicity, water scarcity, or energy demand. Among the water-related indicators, the Water Footprint or the Water Scarcity Footprint are critical indicators in areas with water stress. Moreover, Eutrophication or Ecotoxicity Potentials are essential for establishing the risk of ecological imbalances in surface and groundwater (Vanham and Bidoglio, 2013; Jaibumrung et al., 2023; Xue et al., 2015; Su et al., 2019). Therefore, compatibility between various indicators and their prudent selection constitutes one of the most notable challenges of comprehensive environmental sustainability assessment.
On the other hand, another important group of environmental sustainability indicators is covered by the GREENSCOPE framework, which compiles 139 indicators in four key metrics: mass efficiency (Saling, 2020), environment (Shaltout et al., 2019), energy (Nobanee et al., 2021), and economy (Kokorevics, 2022). Its applicability covers the analysis of alternatives in biorefineries, chemical production, and process optimization through energy integration and material recycling. GREENSCOPE can be complemented with multi-criteria analysis (MCDA) methods such as Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) and Analytic Hierarchy Process, with TOPSIS being the most effective in minimizing the deviation from an ideal case, facilitating the selection of sustainable alternatives (Dias et al., 2024).
The main contribution of these indicators lies in their ability to offer a multifaceted view of the environmental impact of bioprocesses, from emissions into the atmosphere and toxicity to the efficiency of resource use. Despite their usefulness, they should be used under multicriteria assessment schemes that recognize trade-offs and their synergies, avoiding the error of simplifying the complexity inherent to sustainability. Only a holistic and dynamic approach, supported by life cycle analysis, will allow prioritizing, based on quantitative and qualitative indicators, those bioprocesses that maximize economic profitability and, at the same time, minimize environmental degradation and risk to human health.
4.3 Environmental sustainability methodologies
One of the most widely used approaches is LCA, which has allowed for a holistic assessment of everything from the extraction of raw materials to the final disposal of waste. LCA has been adapted for use in bioprocesses, where the flows of energy, material, and emissions are modeled, allowing for the identification of environmental bottlenecks and opportunities for improving process efficiency (Wowra et al., 2023). However, LCA alone may not address the complexity inherent in bioprocesses, given that the interrelations between technical, economic, and environmental variables require an analysis that combines multiple dimensions. In this regard, MCDA techniques have been incorporated since they integrate different indicators into a decision framework to simultaneously weigh factors such as resource consumption, emissions, and energy efficiency (Colapinto et al., 2020). These methodologies allow the evaluation of environmental performance and the prioritization of improvement interventions according to relevance and feasibility criteria. Furthermore, advances in artificial intelligence and optimization algorithms—e.g., genetic algorithms or artificial neural networks—are beginning to be applied to predict the behavior of biological systems as much as to optimize operating parameter configurations based on sustainability objectives (Nishant et al., 2020). Combining dynamic process simulations with optimization approaches allows for exploring broad solution spaces and identifying operating conditions that minimize environmental impact without sacrificing productivity (Nishant et al., 2020). As a result, it is inferred that bioprocesses environmental sustainability assessment is evolving towards a multidimensional paradigm in which LCA works with multi-criteria analysis techniques, optimization methods, and predictive algorithms. This approach brings the following advantage: LCA provides a comprehensive life cycle view while MCDA and artificial intelligence-based methodologies allow for more agile and resource-optimized decisions. The convergence of these tools represents the current state of the art, suggesting future lines of research focused on integrating hybrid models to capture the biological systems’ complexity—robustly and scalably.
4.4 Trending topics
Keywords are faithful representations of scientific articles, whose frequent use can reflect the hotspots of a particular field of study. The visualization of the Scopus keywords’ clusters and trend topics chart (Figures 7,8, ) outlines the most relevant research fields regarding environment-sustainable indexes for bioprocesses. We highlight the keywords biorefineries, biomass, sustainability, environmental impact, LCA, bio-energies, bioconversion, bioremediation, municipal solid wastes, and techno-economic analysis (Supplementary Appendix Table D1; Supplementary Appendix Figure E1). The integration of these words suggests that the scientific community is moving towards integrated systems development that sustainably converts renewable resources—biomass and its derivatives—into products and energy. For instance, recent studies highlight the importance of integrated techno-economic and environmental assessments (ETEA) in biorefineries (Avila et al., 2024). A review of the last decade underlines the strategic importance of biorefineries in achieving circular economy and sustainability goals, emphasizing the need for holistic assessments to inform decision-making processes (Pérez-Almada et al., 2023). These authors found that most researchers are involved in second-generation biomass studies (65%), followed by the third, first, and fourth generations (16, 12, and 1%, respectively). Biochemical—fermentation and anaerobic digestion—are the main concerns while bioethanol is the most pursued product. However, biogas, biomethane, and biodiesel are still considered relevant for the scientific community. Moreover, the combined application of LCA and Techno-Economic Analysis (TEA) has been fundamental in assessing the sustainability of bioenergy production, since LCA evaluates the environmental impacts (greenhouse gases, land use, water consumption, etc.) of products throughout their life cycle—from biomass production to final disposal—while the techno-economic analysis allows for the economic feasibility of implementing conversion and upgrading technologies (Osman et al., 2024). This combination of approaches is essential to ensure that bioconversion processes are environmentally sustainable and economically competitive. Lastly, in more recent trends, joint uses are being proposed for microalgae and municipal wastes for bioenergy production, taking advantage of microalgae’s bioremediation capabilities and potential conversion into value-added products (Kim et al., 2023; El-Sheekh et al., 2025). Below, we present a more detailed discussion of the growing contributions around environmental-sustainability indices applied to bioprocesses, as suggested by the four clusters of Figure 8.
[image: Figure 7]FIGURE 7 | Trend topics obtained through the software Bibliometrix.
[image: Figure 8]FIGURE 8 | Keywords most used by authors, considering a minimum of 5 occurrences in VOSviewer.
4.4.1 Circular bioeconomy: anaerobic digestion, bioethanol, and biogas
The circular bioeconomy focuses on closing carbon cycles and transforming biological waste into high-value products through disruptive technologies (Tan and Lamers, 2021). Integrating processes such as anaerobic digestion, biogas production, and converting agricultural waste into bioethanol are relevant for transitioning to bioeconomy models. For instance, through a life cycle analysis of bioethanol production from agricultural waste, it has been concluded that greenhouse gas emissions can be significantly reduced, and the energy efficiency of the processes can be improved (Singh et al., 2016). Furthermore, anaerobic digestion, processed in municipal facilities and rural-scale biogas systems, offers an additional way to valorize organic waste, generating biogas with a lower carbon footprint and producing digestate that can be used as a fertilizer (Slorach et al., 2019; Ali et al., 2023). The concept of circular bioeconomy involves replacing fossil resources with bioproducts and optimizing processes to maximize environmental and economic benefits.
4.4.2 Biorefineries: biofuels and microalgae applications
Biorefineries have evolved from traditional models based on a single biomass flow to more flexible facilities that integrate multiple streams, allowing the production of a wide range of biofuels and high-value products. This diversification translates into a paradigm shift in which lignocellulosic waste and other biomass sources generate bioethanol, bio-diesel, biogas, microalgae, specialized chemical compounds, and so forth (Ianda et al., 2024). This integration requires more robust environmental assessment methods, such as LCA, capturing the complexity and inherent variability of systems that operate with heterogeneous feedstocks and that seek to optimize energy efficiency and reduce the carbon footprint. Other authors argue that the diversification of feedstocks and the adoption of mass-energy integration strategies have important implications for biorefinery sustainability and environmental performance (Shahid et al., 2021; Solarte-Toro and Cardona Alzate, 2023; Solarte-Toro et al., 2023). Although lignocellulosic biomass use adds complexity to the design of the pretreatment and conversion stages, this complexity is offset by reductions in greenhouse gas emissions and improved overall process efficiency. It is concluded that the evaluation of the environmental sustainability of biorefineries must also consider technical and economic aspects, promoting process resilience and bioeconomy.
Microalgae have shown remarkable potential as feedstock in the context of biorefineries, not only due to their high growth rate and content of lipids, proteins, pigments, and so forth but also due to their flexibility in terms of cultivation since waste effluents or even CO2 from industrial sources can be used to stimulate their growth (Giwa et al., 2018). This versatility makes their integration into biorefinery schemes attractive for producing biofuels, bioplastic, and high-value additives, aiming at circular economy strategies (Kim et al., 2023). The use of LCA and environmental performance indicators in this context is also critical to validate the sustainability of these technological routes. These approaches allow quantifying the carbon footprint, energy demand, and potential impacts on eutrophication, ecotoxicity, and water consumption throughout the production process (Deprá et al., 2020). Moreover, biological remediation technologies, through the co-cultivation of microalgae with liquid waste streams, reinforce the efficient use of nutrients and reduce operating costs, simultaneously generating environmental benefits by recycling and valorizing organic by-products (El-Sheekh et al., 2025). The synergy with other valorization technologies, such as fermentation, thermochemical conversion, or extraction of biocompounds, increases the diversity of products with higher added value, such as natural pigments, essential fatty acids, or biofertilizers, consolidating the concept of integrated biorefinery. However, there are challenges to its commercial scaling, including the reduction of energy costs in the harvesting and drying stages, the optimization of photobioreactors, and the guarantee of CO2 and nutrient supply in large volumes (Giwa et al., 2018; Kim et al., 2023).
4.4.3 Economic and social aspects
Diverse methodologies and algorithms in the literature allow for an integrated assessment of environmental and economic aspects. These include the previously mentioned SWROIM, which weighs the return on investment by incorporating environmental and economic indicators. It is complemented by approaches based on LCA with Life Cycle Costing or Techno-Economic Analysis (González-Delgado et al., 2021; Ögmundarson et al., 2020; Petrescu and Cormos, 2015). These methodologies combine the assessment of environmental impacts throughout the life cycle with the analysis of economic costs and benefits, offering a holistic view of sustainability. Also noteworthy are tools such as the expanded Total Cost Assessment (Curkovic and Sroufe, 2007), which incorporates environmental externalities into financial analyses; and eco-efficiency analysis, which compares the environmental impact per unit of economic production; methods based on MCDA (Colapinto et al., 2020) and extended Data Envelopment Analysis (Andrés et al., 2021), which allow for the weighing of multiple criteria (environmental, economic and social) to optimize processes. Finally, methodologies such as the Economic Input-Output Life Cycle Assessment (EIO-LCA) (Hendrickson et al., 2002) and the Social Return on Investment (S-ROI) —when adapted to include environmental dimensions—offer additional frameworks for quantifying integrated impacts (Corvo et al., 2022). These methodologies present a basis for sustainable process design and decision-making in industrial and investment settings.
4.4.4 Optimization and sustainability
Including optimization tools in sustainability projects has taken a decisive role in balancing economic, environmental, and social dimensions in decision-making. For instance, multi-objective algorithms simultaneously weigh aspects such as financial profitability, emissions reduction, and social justice, seeking compromise solutions that satisfy multiple stakeholders and guarantee the proposals’ technical viability. These techniques can range from evolutionary approaches, such as genetic algorithms applied to resource management, to specific methodologies to assess environmental impact, such as WAR, focused on quantifying and minimizing the production of polluting emissions (Moreno-Sader et al., 2020; Herrera et al., 2022; Petrescu and Cormos, 2014). Several methods have been developed that integrate ecological indicators (carbon and water footprint), social criteria (local employment, inclusion, etc.), and economic parameters (return on investment, the total cost of ownership, and so on) to quantify sustainability in comprehensive projects. A good example is the Sustainability-Based Optimization Algorithm (SBOA), which simultaneously seeks to reduce adverse impacts while maintaining technical and economic efficiency (Barkdoll, 2019). This methodology uses a single objective function to determine configurations that minimize the overall project impact, giving the same initial weight to each dimension (social, environmental, economic, and technical), and then applying an algorithm such as gradient descent that optimizes the sustainability function. In addition, the availability of quality data, the standardization of indicators, and the training of technical teams are important factors for the rigorous use of advanced approaches, such as those based on metaheuristics or recently emerging multi-objective methodologies (Sadollah et al., 2020). However, a crucial challenge lies in the regulatory and technological barriers that hinder the systematic adoption of these optimization tools (Almalki et al., 2020). It is necessary to strengthen the articulation between public policies and industrial actors to align incentives and promote standards for measuring and certifying sustainability.
Finally, the Motor themes in this study are given by the environmental indicators and LCA integration to optimize biorefineries or bioprocesses, as suggested by the thematic map shown in Supplementary Appendix Figure E1. These areas influence the theoretical and methodological configuration of the field and have a consolidated research base. In contrast, the Niche themes, such as specific bioconversion methodologies, are found within specialized lines of work. The Emerging themes could be certain studies of microalgae, which have not yet been explored in depth. Finally, the Basic themes fit indicators such as carbon footprint or energy efficiency, so they are transversal in many works, but they are not yet as deeply developed; that is, although they are essential for the evaluation of sustainability, a greater degree of methodological or empirical maturity is lacking in their usability.
5 CONCLUSION
This review is a response to the recent growing interest of institutions, journals, researchers, countries, and funding agencies in environmental sustainability. The main conclusions delivered by responding to each one of the settled research questions are the following. The production of original papers on this topic is facing exponential growth. To become one of the most cited authors, 5 published papers are needed. The most cited articles in this research field are diversified, covering different initiatives in environmental sustainability applied to biorefineries. The top journals preferred to spread environmental sustainability-based research works with an SJR higher than 0.258, with the Journal of Cleaner Production as the preferred journal. The most productive institutions deliver at least 7 documents to be part of the top 10. The top ten funding agencies sponsor a minimum of 8 papers. The United States and Brazil are the most active countries in these subjects.
Regarding our novel findings in the research trend, we compiled thirty indices to exemplify the complexity of integrating multiple and diverse indicators to assess the environmental sustainability of bioprocesses. The diversity of indicators, ranging from parameters related to air quality, circularity, and greenhouse gas emissions to energy efficiency, impact on land use, resource consumption, and toxicity, shows that no single index can capture the plurality of technical, environmental, economic, and social dimensions. The synergy between life cycle analysis, multi-criteria analysis techniques, optimization algorithms, and artificial intelligence-based tools allows this complexity to be addressed in a comprehensive and scalable way. This convergence of traditional methodologies and advanced computational approaches establishes a solid framework for optimizing the sustainability of bioprocesses and for the foundation for future research and developments in environmental policies.
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