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ABSTRACT 

 

Sustainable extraction processes require both carefully selected solvents and optimised 

process designs. However, the search for optimal solvents and process flowsheets often has 

a limited focus: either processes are optimised using a pre-defined solvent, or solvents are 

selected based on experimental trial and error, expert knowledge and heuristics, and strongly 

simplified thermodynamic and process models that do not capture complex sustainability 

trade-offs on a system level, likely resulting in suboptimal choices. To address this challenge, 

this thesis proposes a systematic framework for selecting solvents and designing sustainable 

extraction processes, following a life cycle approach. This framework combines molecular-

level screenings, using the COSMO-RS method, with process-level evaluation, using techno-

economic analysis (TEA), life cycle assessment (LCA), and multicriteria decision analysis 

(MCDA), to identify promising solvents and evaluate the process sustainability considering 

economic, environmental, and social indicators.  

 

The framework is demonstrated using the case of algae biodiesel production, a process of 

significant interest in biorefinery research, where solvents are used to extract lipids from algae 

biomass. Fossil-based volatile organic solvents (e.g., hexane) are typically used, which imply 

several economic, environmental, and social challenges due to the high energy consumption 

for their recovery and hazardous nature. Therefore, alternative, non-hazardous solvents are 

needed. What motivates this research is the transition from a fossil-based economy, which 

implies irreversible climate change, to a biobased one, where biorefineries and extraction 

processes play a key role in achieving the UN Sustainable Development Goals. Also, this 

research intends to rigorously assess the widespread assignment of “green” and “sustainable” 

to alternative solvents proposed in previous studies without a robust evaluation of the 

sustainability of the overall application. 

 

The molecular screening with the COSMO-RS method identified, out of 88 initial candidates, 

limonene, ethyl tert-butyl ether (ETBE), and cyclohexane as promising alternatives to the 

benchmark solvent hexane for algae lipid extraction, given their high partition coefficient and 

selectivity for lipids and non-hazardous nature. Then, a biodiesel production flowsheet with 

rigorous models was designed and simulated in Aspen Plus. TEA results showed minimum 

biodiesel selling prices (MBSP) of 8.58, 8.70, and 9.24 $/US gal for ETBE, cyclohexane, and 

limonene, respectively. LCA results showed climate change impacts (CC) of 94, 97, and 101 

g CO2 eq./MJ biodiesel, and primary energy demands (PED) of 1.61, 1.59, and 1.65 MJ/MJ 

biodiesel, for ETBE, cyclohexane, and limonene, respectively. In comparison, the MBSP, CC, 
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and PED for hexane were 8.66 $/US gal, 92 g CO2 eq./MJ biodiesel and 1.50 MJ/MJ biodiesel, 

respectively. Finally, MCDA results showed that hexane outperforms the alternative solvents 

when considering algae biodiesel production's economic, environmental, and social impacts. 

These results demonstrate that the choice of solvent directly affects the sustainability of the 

overall application and that alternative solvents are not necessarily more sustainable than 

conventional ones, given the complex interactions and trade-offs across the product life cycle.  

 

The framework presented in this thesis enables identifying economic, environmental, and 

social impacts of solvents and extraction processes from an early stage of development, 

providing decision-makers with a method to support and incentivise resources toward 

sustainable developments. However, its application must be considered on a process-by-

process basis and evaluated following a life cycle approach. This thesis hopes to inspire 

further research on more comprehensive sustainability evaluation frameworks (e.g., including 

circularity metrics and multiobjective optimisation), which could allow additional and valuable 

quantitative analysis of the solvent selection and design problem.  
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CHAPTER 1  

INTRODUCTION 

 

Growing environmental concerns and the prospect of irreversible climate change highlight the 

need for a rapid transformation from a fossil-based economy to a biobased economy 

(McCormick and Kautto, 2013). Biorefining, defined as the sustainable processing of biomass 

into a spectrum of biobased products and bioenergy (Jungmeier et al., 2013), is a key strategy 

to facilitate the biobased economy, which is closely linked with the UN Sustainable 

Development Goals, especially with those related to affordable and clean energy, responsible 

consumption and production, and climate action (Yang et al., 2021). Innovative technologies 

in biorefineries can only succeed if they are technologically feasible, economically profitable, 

and environmentally sustainable (Thomassen et al., 2018). 

 

Separation technologies in biorefineries are challenging given the thermal instability, the broad 

range of impurities, and the high dilution of the feed streams (Kiss et al., 2016), and can 

account for up to 80% of the total production costs (Ghosh, 2007). To date, most research on 

biorefining focuses on the conversion or pretreatment areas, whereas most of the operating 

cost remains in the downstream processing, where effective separation technologies are 

needed for the sustainable production of value-added products (Kiss et al., 2016). This need 

is very important, as the separation and purification of the biomass components and product 

streams, and their full integration with the overall process, can be the most significant factor 

influencing the success of biorefineries (Segovia-Hernández and Sánchez-Ramírez, 2022). 

 

Among the existing technologies, solvent extraction plays a key role in separating bioproducts 

and has demonstrated many advantages compared to other separation technologies (Bokhary 

et al., 2020, Cuellar and Straathof, 2020). For example, extraction is preferred in separating 

products with similar volatilities (e.g., organic acid in water (López-Porfiri et al., 2020)), 

products forming azeotropes (e.g., ethanol-water (Blahušiak et al., 2018)), and thermally 

sensitive products, such as lipids (Saini et al., 2021). Solvent extraction can be economically 

advantageous, as diluted streams in biorefineries usually require energy- and capital-intensive 

separation schemes for concentration (e.g., distillation) (Bokhary et al., 2020).  

 

The key to sustainable extraction processes is suitable solvents, which need to be carefully 

selected, as they define pivotal properties (i.e., efficiency and selectivity of the separation) and 

determine productivity and economic/environmental benefit (Hessel et al., 2022). 

Conventional solvents used in extraction processes are typically toxic volatile organic 
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compounds (VOCs) derived from fossil resources, leading to highly detrimental impacts 

(Clarke et al., 2018, Kerton and Marriot, 2013). As a result, political initiatives, such as the 

Clean Air Act of 1990 (United States Code, 1990) and REACH -the Registration, Evaluation 

and Authorisation of Chemicals- (European Parliament, 2006), have limited the use of harmful 

solvents in industry. Also, unsteady supply and rising prices of VOCs pose further problems 

to their utilisation. Considering these problems, the search for suitable alternative solvents is 

imperative for sustainable extraction processes (Li et al., 2016, Clarke et al., 2018). 

 

Alternative solvents (e.g., biobased solvents, ionic liquids, eutectic solvents, switchable 

solvents) aim to avoid the environmental impacts resulting from the use of solvents of fossil 

origin in the chemical industry while improving process performance (e.g., lower energy 

consumption and costs) (Capello et al., 2007a). Alternative solvents were initially termed 

“green”, focusing on their physicochemical properties, such as negligible vapour pressure 

(Hessel et al., 2022). In the last few years, a process and life cycle perspective has been 

added, revealing gaps in the sustainability assessment, such as the energy-intensive 

production and recovery of alternative solvents and the need for hazardous precursors (Maciel 

et al., 2019, Jimenez-Gonzalez, 2019, Fegade and Trembly, 2015).  

 

To date, information is lacking about the impact of alternative solvents on the sustainability of 

chemical processes, limiting the knowledge about their real potential. In this respect, 

systematic methods for solvent selection are needed, considering the large number of existing 

solvents and the need to focus the limited experimental resources on several promising 

candidates. However, the selection of suitable solvents is challenging due to many factors that 

need to be considered, such as solvent properties (e.g., melting point, boiling point, flash point, 

viscosity, toxicity, safety), equilibrium properties (e.g., vapour–liquid equilibrium, liquid–liquid 

equilibrium), and process considerations (e.g., mass/energy transfer, process design, 

economic and environmental impacts, safety and health issues) (Chai et al., 2022). 

 

Challenges remain for solvent selection and design of extraction processes. Much of previous 

work has used basic performance indicators (e.g., selectivity, phase distribution coefficients) 

and simplified process models to select promising solvents, which may result in suboptimal 

selection given the impact of solvents on process performance (Kruber et al., 2018, 

Scheffczyk, 2018). To overcome these challenges, solvent candidates should be evaluated 

with rigorous process models, considering sustainability indicators (i.e., economic, 

environmental, and social impacts) and multicriteria decision analysis, as multiple trade-offs 

exist at the process level (e.g., solvents with a good selectivity may require high energy 
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consumption for solvent recovery and more severe environmental impacts). This strategy can 

reveal whether a solvent is really “green” (sustainable) from a life cycle perspective. 

 

The production of algae-derived biofuels has become of particular interest in biorefinery 

research in the past decade (Barry et al., 2016). This is because algae offer several 

advantages over conventional feedstocks for biofuel production (e.g., food crops and waste 

biomass), including higher productivity, higher lipid content, non-conventional cultivation 

methods (e.g., use of non-arable land and saline or wastewater sources), capture of 

atmospheric pollutants such as CO2, and production of high-value co-products (Cruce and 

Quinn, 2019). However, the commercial production of algae biofuels still faces challenges in 

terms of economic viability and environmental sustainability (Escobar and Laibach, 2021). In 

particular, the choice of an effective approach for lipid extraction is regarded as one of the 

main challenges for algae biodiesel production, as it is an energy-intensive and costly process 

(Vasistha et al., 2021, Richardson et al., 2014, Marrone et al., 2018, Gifuni et al., 2019). 

 

Conventional processes for algae lipid extraction typically use fossil-based volatile organic 

solvents (VOCs), such as hexane, due to their high extraction efficiency, selectivity toward 

lipids, and low cost. However, several economic, environmental, and social issues arise due 

to the high energy consumption for their recovery and their volatile (e.g., high losses) and 

hazardous nature (e.g., toxic, flammable) (Martin, 2016, Clarke et al., 2018). Given these 

issues, previous studies (Wan Mahmood et al., 2017, Dejoye Tanzi et al., 2012, Golmakani et 

al., 2014, de Jesus et al., 2019) proposed alternative solvents for lipid extraction, whose 

advantages over conventional VOCs (e.g., higher lipid recovery, lower toxicity, 

biodegradability, and renewability) have been demonstrated at experimental-level. However, 

their impact at process-level on the sustainability of algae biofuels has not been evaluated yet. 

Such an evaluation is important, as some alternative solvents (e.g., biobased solvents) may 

require intensive use of synthetic fertilisers in biomass cultivation, rising demand for land use, 

and high energy consumption for production and recovery, leading to detrimental impacts 

(Ögmundarson et al., 2020, Tobiszewski et al., 2017). 

 

Numerous published studies on algae biofuels explored economic (Davis et al., 2018, Beal et 

al., 2015, Silva et al., 2013) and environmental sustainability (Schneider et al., 2018, Handler 

et al., 2014, Stephenson et al., 2010) aspects across the production process, by applying 

techno-economic analysis (TEA) and life cycle assessment (LCA). These studies identified 

lipid extraction as a “hot spot” across downstream stages due to the use of hazardous solvents 

(i.e., hexane) and the high energy demand of algae cell disruption and solvent recovery 

operations. However, oversimplified models for the extraction process have been used, 
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without considering fluid dynamics and mass transfer limitations, and the impact of the solvent 

on the sustainability of algae biofuels (e.g., economic, environmental, and social impacts) has 

not been addressed.  

 

Based on the previous discussion, this thesis presents a methodological framework to identify 

alternative solvents and design sustainable extraction processes, which is demonstrated in a 

case study on algae biodiesel production. This framework combines molecular simulation, 

process simulation, techno-economic analysis and life cycle assessment, followed by a 

multicriteria decision analysis, to provide a holistic view of the sustainability implications of 

alternative solvents in the context of the algae biodiesel production system. The findings from 

this methodology will enhance understanding of the potential of alternative solvents in 

extraction processes and will assist stakeholders in the biorefining industry (e.g., 

manufacturers, consumers, and policymakers) in making informed decisions toward 

sustainable developments. 

 

The gaps in knowledge identified from the literature review are framed in the research question 

tackled by this thesis: can a systematic approach be developed to enable the selection of 

alternative solvents and associated flowsheet to improve the sustainability of extraction 

processes for biorefinery applications? The following sections present this thesis's aim, 

objectives, and novelty, followed by an overview of the thesis structure. 

 

1.1 Aim and Objectives 

 

1.1.1 Aim 

This thesis aims to develop a methodological framework to design sustainable extraction 

processes for biorefinery applications, by identifying alternative solvents and evaluating the 

sustainability of proposed process flowsheets, taking a life cycle approach to consider 

economic, environmental, and social impacts. 

 

1.1.2 Objectives 

The following objectives are proposed to develop the methodological framework: 

 

1. To evaluate the sustainability of conventional solvents used in extraction processes 

with a combination of process simulation, techno-economic analysis, and life cycle 

assessment, in order to establish a representative benchmark against which to 

compare process modifications. 
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2. To identify and evaluate alternative solvents applied to extraction processes using 

thermodynamic equilibrium properties and process performance indicators, obtained 

from molecular simulation (COSMO-RS method) and process simulation. 

3. To demonstrate the methodological framework (here proposed) in a case study on 

algae biodiesel production using alternative solvents, in order to assess their impact 

on the sustainability of algae biodiesel. 

 

1.2 Novelty of this research 

The methodological framework aims to be generic enough to be widely applicable to extraction 

process applications. The novel features of the methodology are: 

 

• Integration of molecular simulation, process design and modelling tools, sustainability 

assessment methods (techno-economic analysis and life cycle assessment) and 

multicriteria decision analysis in a methodological framework that enables selecting 

promising solvents and designing more sustainable extraction processes. 

• Rigorous modelling of the solvent extraction process, with detailed consideration of the 

interactions between biomass and solvents, e.g., phase equilibrium thermodynamics 

and mass transfer efficiency, which directly affect overall process performance. 

• Application of life cycle assessment hotspot analysis to re-design/explore effects of 

process design changes on the sustainability of the application. Previous studies that 

propose frameworks to evaluate the sustainability of extraction processes have not 

integrated LCA into process design, limiting its application to fixed process flowsheets 

and decision criteria for process selection. This thesis proposes an iterative 

methodological framework (Figure 1) where the LCA tool is used to identify 

improvement opportunities, which are then tested through process design and 

simulation. Results demonstrate that the combination of LCA and process design is an 

effective approach for developing more sustainable extraction processes, showcasing 

the potential of LCA as a sustainable process design tool. 

 

As discussed previously, this research focuses on a case study on biodiesel production from 

algae biomass. To the best of the author’s knowledge, this is the first holistic sustainability 

assessment of the use of alternative solvents in this biorefinery application, considering 

economic, environmental, and social impacts across the life cycle. Also, the assessment 

includes the identification of hotspots, trade-offs, and improvement opportunities in the 

process, to show the potential of algae biodiesel in comparison to conventional fuels (i.e., 

fossil diesel). 
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1.3 Structure of this thesis 

This thesis follows the alternative or journal format. CHAPTER 2 presents the literature review, 

where state-of-the-art methods for process modelling, solvent selection, and sustainability 

evaluation of extraction processes are reviewed to provide a general overview of current 

approaches and challenges in this field; also, CHAPTER 2 introduces the case study on algae 

biodiesel production, including a critical discussion of previous techno-economic and 

environmental sustainability assessments. CHAPTER 3 describes the methodological 

framework developed in this research to identify promising solvents and design more 

sustainable extraction processes. CHAPTER 4 presents the concepts included in the first 

publication, where the sustainability of a conventional extraction process (algae biodiesel 

production via lipid extraction with hexane) is evaluated to establish a representative 

benchmark and to validate the process design and evaluation approach. CHAPTER 5 

presents the concepts included in the second publication, where a systematic approach to 

solvent screening is developed and applied to identify and evaluate promising alternative 

solvents for algae lipid extraction. CHAPTER 6 presents the concepts included in the third and 

fourth publications, where the impact of the promising solvents on the sustainability of algae 

biodiesel production is evaluated, including economic, environmental, and social indicators. 

Finally, CHAPTER 7 presents the conclusions and limitations of this research and gives a 

perspective on future work. 

 

Sections, tables, figures, and references of the publications presented in Chapters 4, 5 and 6 

have been renumbered to align with the numbering of the chapters in the thesis. Note that 

there is some overlap between different chapters, especially when introducing the case study 

and the solvents addressed in this thesis, to allow each to be accessible as a standalone 

publication. The thesis author is the main author of the publications and conducted all the 

work, including data collection, molecular simulation, process simulation of algae biodiesel 

production, techno-economic analysis, life cycle assessment, and multicriteria decision 

analysis. The publications were written by the main author and reviewed and edited by the co-

authors, who are the author’s PhD supervisors. 
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CHAPTER 2  

LITERATURE REVIEW 

 

This chapter introduces a general overview of solvent selection and design of sustainable 

extraction processes for biorefinery applications, focusing on biodiesel production from algae 

biomass. Section 2.1 starts introducing extraction processes, solvents used in the industry 

and extraction process modelling. Section 2.2 presents state-of-the-art approaches for solvent 

selection, including the use of thermodynamic property models, environmental, health and 

safety criteria, and integrated solvent and process design methods. Section 2.3 reviews 

sustainability evaluation methods applied to extraction processes, including techno-economic 

analysis, life cycle assessment, and multicriteria decision analysis. Section 2.4 describes the 

production of biodiesel from algae biomass, including a critical discussion of the solvents used 

in this application, as well as previous techno-economic and environmental sustainability 

assessments.  Finally, Section 2.5 highlights open research tasks in the fields of solvent 

selection and design of sustainable extraction processes, focusing on biorefinery applications. 

 

2.1 Solvent extraction processes 

Solvent extraction is a separation technology widely used in the chemical industry that consists 

in separating components in two different immiscible liquids based on their relative solubilities 

(Koch and Sniveler, 2015). Extraction processes are employed to obtain products with the 

required purity and remove unwanted compounds, and are crucial to separate components 

with similar boiling points, azeotropic mixtures, temperature-sensitive substances, and highly 

diluted components such as fermentation broths (Gmehling and Schedemann, 2014). Key 

industrial applications include the separation of classes of compounds in oil refineries (e.g., 

aliphatics from aromatics), removal of high boiling organics from wastewater (Chang, 2020), 

purification and refining of precious metals (El-Nadi, 2017), and separation of thermo-sensitive 

products such as natural antioxidants (Bokhary et al., 2020).  

 

Although solvent extraction is a mature separation technology, its application in biomass 

biorefinery is relatively new and has shown potential for value-added product recovery and 

purification (Bokhary et al., 2020). Separation technologies in biorefineries are challenging 

due to the thermal instability, the broad range of impurities, and the high dilution of the feed 

streams, and can account up to 80% of the total costs (Ghosh, 2007). Solvent extraction can 

be economically advantageous in these circumstances as the diluted streams in biorefineries 

typically require expensive separation techniques for concentration (such as distillation), which 
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are energy- and resource-intensive. As a result, extraction technologies can reduce production 

costs and improve biorefineries' economic viability and environmental sustainability (Segovia-

Hernández and Sánchez-Ramírez, 2022). The variety of solvents available, which need to be 

carefully selected, allows extraction processes to be adapted to different products and uses 

(Clarke et al., 2018). The next sections introduce common solvents used in extraction 

processes. 

 

2.1.1 Conventional organic solvents 

Organic solvents derived from fossil resources are typically used in extraction processes, 

taking advantage of organic compounds' low water-solubility. These organic solvents are 

predominantly Volatile Organic Compounds (VOCs), defined as compounds with boiling points 

between 50°C and 260°C (World Health Organization, 1989). These include hydrocarbons 

and some esters, ethers, alcohols, aldehydes and ketones, many of which are flammable, 

toxic (e.g., hexane can cause problems in the central nervous system), and harmful to the 

environment (e.g., halogenated hydrocarbons deplete ozone) (Li et al., 2016). 

 

The legislation governing the use of VOCs is getting stricter as a result of these health and 

environmental issues. For instance, stronger regulations are being implemented for several 

organic solvents, making their use very expensive or even illegal (European Parliament, 

2006). Given these issues, the development of sustainable extraction processes requires the 

search for alternative green solvents (Clarke et al., 2018) 

 

2.1.2 Alternative solvents 

Alternative or “green” solvents aim to avoid the environmental impacts of using fossil-based 

solvents in the chemical industry (Capello et al., 2007a). The most relevant green solvents 

used in extraction processes are ionic liquids, eutectic solvents, supercritical fluids, switchable 

solvents, and biobased solvents (Clarke et al., 2018).  

 

Biobased solvents, e.g., solvents derived from biomass, have attracted intensive 

investigations in recent years because of their advantages over conventional VOCs, such as 

low toxicity and biodegradability (Li et al., 2016). For example, terpenes (pinene, limonene, 

and cymene), biobased ethers and esters exhibit interesting chemical properties that make 

them promising for biorefinery applications (e.g., biomass pretreatment and separation of 

target biomolecules and high-value-added compounds). In particular, terpenes have been 

proposed as substitutes for conventional solvents in separating organic compounds from 

aqueous streams, given their hydrophobic nature (Rodriguez-Llorente et al., 2020a).  
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Several approaches have been proposed to evaluate the “greenness” of solvents. Chemistry-

based approaches focus on their origin (e.g., from renewable sources) and physicochemical 

properties (e.g., negligible vapour pressure). From a chemist’s point of view, a green solvent 

should meet most of the 12 fundamental principles of green chemistry, which summarise the 

rational and methodological use of chemicals, with a preference for the use of renewable 

feedstock that will not remain in the environment (Anastas and Eghbali, 2010). On the other 

hand, engineering-based approaches focus on solvents that can make extraction processes 

more energetically efficient and economically and environmentally sustainable (Hessel et al., 

2022). In this respect, a holistic approach to evaluate the sustainability of green solvents, 

considering technical, economic, environmental, and social aspects at process-level, is 

recommended (Clarke et al., 2018).  

 

Life cycle assessment (LCA, described in Section 2.3.2) is another method for assessing a 

solvent's greenness, especially when it is combined with an evaluation of the solvent’s health 

and safety hazards (Li et al., 2016). For example, Capello et al. (2007a) developed a 

multicriteria evaluation method combining health, safety, and environmental (HSE) evaluation 

with LCA. As a result, the emissions and utilisation of resources over the entire life cycle of 

the solvent are calculated, which allows the evaluation of its greenness. State-of-the-art 

approaches to evaluate the sustainability of green solvents integrate green chemistry 

principles, life cycle assessments, and modern circularity evaluations (Hessel et al., 2022). 

 

Although alternative solvents have performed well in experimental extraction processes, 

scientific efforts are still scarce, limiting the knowledge about their real potential. In particular, 

the lack of data on process performance and sustainability hinders their implementation on 

industrial processes. Also, high uncertainties exist regarding the life-cycle impacts of 

alternative solvents, and whether they are environmentally superior choices over conventional 

solvents is not well established (Yang et al., 2021).  

 

2.1.3 Extraction process modelling 

Solvent extraction is a mass transfer process in which a solute is transferred between two 

immiscible liquids, usually an aqueous solution and an organic liquid. Typically, the solvent 

shows an affinity for one or more of the components of the liquid mixture. The product of 

interest, often in an aqueous solution, starts to partition between the two phases after these 

are contacted. Then, the separated product establishes an equilibrium distribution between 

the two immiscible phases, which are separated by density differences (Zhang and Hu, 2013). 
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Extraction processes are carried out in stagewise equipment that can be arranged in 

multistage cascades or differential contact apparatus, depending on the nature of the system 

and the extent of separation desired (Treybal, 1980). The choice of extractor type (e.g., mixer-

settler, static or agitated column) depends on several factors, including the required number 

of theoretical stages, residence time, production rate, tolerance to fouling, and the ability to 

handle differences in density, interfacial tension, and viscosities (Frank et al., 2008).  

 

Also, the recovery of the used solvent and minimisation of solvent losses must be considered 

in the extraction process design to reduce costs and energy consumption. Common methods 

of solvent recovery include vacuum distillation, flash vaporisation, back extraction, and hot 

water washing (Bokhary et al., 2020). 

 

The conventional design of an extraction process focuses on selecting a suitable solvent and 

calculating the optimum solvent rates and the number of theoretical stages needed to meet 

the specifications, according to relative partition ratios (also known as distribution coefficients) 

for solutes of interest. Calculations are made by focusing on a "soluble" key solute (with a high 

partition ratio) and an "insoluble" key solute. The extract will contain more of the substances 

with partition ratios higher than that of the soluble key, while the raffinate will contain 

substances with partition ratios lower than that of the insoluble key (Frank et al., 2008). 

 

Different modelling approaches for extraction processes are available. The simplest are 

equilibrium stage models, such as the HTU-NTU method, which consider each stage as a 

theoretical or equilibrium stage, such that the extract and raffinate streams are in equilibrium 

with each other (Treybal, 1980). The Murphree stage efficiency, which can be calculated using 

mass transfer principles, is a common way to describe inefficiencies in equilibrium models. It 

is defined as the ratio between the amount of solute removed from a stage and the total 

amount of solute that could be removed, given that equilibrium could be reached on that stage 

(Costello, 1992). Models that use the Murphree efficiency to account for the effect of mass 

transfer between the phases are called either rate-based or mass-transfer models. These 

models have been used for many years and continue to provide a useful basis for the design 

of extraction processes (Frank et al., 2008). 

 

Also, shortcut models such as the Kremser equation (Smith and Brinkley, 1960), or pinch-

based models (Redepenning et al., 2017, Scheffczyk et al., 2016) can be used to model 

extraction processes. The Kremser equation can be applied for dilute solute conditions to 

estimate component recoveries for specified values of entering flow rates and equilibrium 

stages. Rigorous methods using a process simulator are preferred for non-dilute cases 
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(Seader, 2011). Pinch-based models exploit the concept of vanishing thermodynamic driving 

force in the so-called pinch-points1 and can be used to calculate the minimum amount of 

solvent, and all outlet compositions and flow rates, for a given feed composition (Redepenning 

et al., 2017). Pinch-based models assume an infinite number of separation stages and thus 

operate at a point of minimum reflux or minimum solvent demand, providing a lower bound of 

the energy demand of the process (Redepenning et al., 2017). In contrast, equilibrium stage 

models can be used to describe finite columns with a specific height.  

 

Equilibrium, rate-based and shortcut models describe the extraction process only to a certain 

extent, as complex interactions of fluid dynamics in an extraction column are not considered 

(Kampwerth et al., 2022). Complex models based on population balance equations (PBE) 

(Kopriwa et al., 2012, Weber et al., 2019) have been proposed for accurate column design. 

These models can predict the population behaviour of drops inside stirred vessels or extraction 

columns, where complex hydrodynamic phenomena of the dispersed phase interacting with 

the continuous phase and the internals occur (Kopriwa et al., 2012). However, the 

computational effort for PBE models is very high compared to equilibrium, rate-based and 

shortcut models, and they require experimental parameters for drop breakage and 

coalescence kernels. Therefore, they are not suitable for the screening of a large number of 

solvents (Kampwerth et al., 2022).  

 

The feasibility and economic operation of extraction processes depend critically on the 

selection of a suitable solvent (Hessel et al., 2022). Therefore, solvent selection is an important 

task in extraction process design. Systematic methods for rational screening, considering the 

wide variety of solvent alternatives, are key to reducing economic and environmental impacts 

in the development of safer and more sustainable extraction processes (González-Miquel and 

Díaz, 2021). However, the selection of suitable solvents is challenging due to many factors 

that need to be considered, such as solvent properties (melting point, boiling point, flash point, 

viscosity, toxicity, safety), equilibrium properties (vapour–liquid equilibrium, liquid–liquid 

equilibrium, solid–liquid equilibrium), and process considerations (mass/energy transfer, 

process design, economic viability, environmental impact, safety and health issues) (Chai et 

al., 2022). The next section describes state-of-the-art approaches for solvent selection. 

 

 

 
1 Here, pinch-based models are specific for separation processes, as opposed to heat pinch methods, 
which are used in the context of heat integration. 
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2.2 State-of-the-art approaches for solvent selection 

Solvent selection approaches depend on two fundamental features: a sound thermodynamic 

property prediction and reliable assessment criteria for solvent performance (Gmehling and 

Schedemann, 2014). Efficient solvent selection methods are needed to narrow down the 

solvent searching space and focus the limited experimental resources on several promising 

candidates (Chai et al., 2022). In the following section, state-of-the-art approaches for solvent 

selection are presented. 

 

2.2.1 Use of thermodynamic properties 

Knowledge of solvent properties and the ability to predict them play an important role in solvent 

selection and design strategies. Solvent selection approaches usually require detailed and 

reliable knowledge of the thermodynamic properties of components in the system of interest, 

which can be predicted by thermodynamic models (Scheffczyk, 2018). 

 

When experimental data of the system is available, thermodynamic properties can be obtained 

with models such as Non-Random Two Liquids (NRTL) and UNIQUAC, which are used to 

obtain interaction parameters of molecules. For example, NRTL and UNIQUAC have been 

successfully applied in the correlation of experimental liquid–liquid equilibria of systems 

involving terpenes (Rodriguez-Llorente et al., 2020a, Tamura and Li, 2005, Li and Tamura, 

2010). In the absence of experimental data, ab initio methods, including data-driven methods 

and quantum mechanics-based methods can be used to predict the thermodynamic properties 

of molecules.  

 

2.2.1.1 Data-driven thermodynamic property prediction methods 

Data-driven methods (e.g., group-contribution and machine learning methods) determine 

model parameters (e.g., interaction parameters) from extensive experimental databases (e.g., 

phase equilibrium measurement data), and allow prediction and interpretation of 

thermodynamic and phase equilibria properties (Scheffczyk, 2018). Still, their application 

requires a large amount of experimental data (Kovács et al., 2020).  

 

Group contribution methods are a widely used and effective way to estimate thermodynamic 

properties of pure compounds or their mixtures, making them a useful tool for solvent selection 

and process design (Gani, 2019). All group contribution methods assume the additivity of 

functional groups (structural building blocks of molecules), which are used to predict 

thermodynamic properties (Scheffczyk, 2018). The molecule structure is usually defined as a 

vector whose entries contain the number of occurrences of each functional group. The 
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contribution of a functional group to the property is expressed by coefficients regressed from 

experimental data sets, such as the Dortmund Data Bank (Gmehling and Schedemann, 2014). 

However, the absence of experimental data is particularly severe for novel classes of solvents, 

e.g., biobased solvents, for which little or no parameters are available.  

 

The UNIFAC model (Fredenslund et al., 1975) is one of the most well-known and widely 

applied group contribution method for liquid phase activity coefficient calculations. UNIFAC 

model calculates activity coefficients 𝛾𝑖 in two parts, as shown in Equation (1). 

 

ln 𝛾𝑖 = 𝑙𝑛 𝛾𝑖
𝐶 +  𝑙𝑛 𝛾𝑖

𝑅 (1) 

 

where 𝛾𝑖
𝐶 is calculated from pure-component properties, and 𝛾𝑖

𝑅 is obtained from binary 

interaction parameters for solute-solvent group pairs estimated by fitting experimental phase 

equilibrium data. Both parts are based on the universal quasi-chemical (UNIQUAC) method. 

Phase equilibrium data of solute-solvent mixtures are used to regress constants for different 

functional groups. Then, these constants are correlated to predict the properties of new 

molecules (Frank et al., 2008). 

 

Over the past few decades, extensions of the UNIFAC model have been proposed to improve 

its performance, including the addition of new groups, fine-tuning of available binary group 

interaction parameters, or changes in the model equations. One example is Dortmund 

UNIFAC (Gmehling et al., 1993, Weidlich and Gmehling, 1987), which uses modified 

equations and a larger dataset to fit the binary group interaction parameters. 

 

The accuracy of group contribution models is limited due to the neglect of the interaction 

between different groups (Chai et al., 2022). To overcome this problem, machine learning-

based models have been proposed in recent years (e.g., Artificial Neural Network-Group 

Contribution methods (Zhou et al., 2020, Liu et al., 2021)), and some of them have been 

integrated into software tools for solvent selection (Boobier et al., 2020, Prat et al., 2016, Sels 

et al., 2020, Larsen et al., 2021). The common principle of these tools is based on classification 

and search for greener alternatives in the solvent space. For example, the Sustainable 

Solvents Selection and Substitution Software (SUSSOL) uses a neural network to cluster a 

solvent database based on the physical properties of the solvents (Sels et al., 2020). However, 

advanced tools for solvent selection are still needed to accurately estimate all the solvent 

properties required for industrial applications (Chai et al., 2022). 
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2.2.1.2 Quantum mechanics-based thermodynamic models 

Quantum mechanics (QM)-based thermodynamic models employ first-principle calculations 

and do not rely on experimentally determined functional group interaction parameters. Thus, 

they overcome the limits of group contribution models due to their general applicability to novel 

molecules, such as alternative solvents (Scheffczyk, 2018). 

 

QM-based methods rely on the Schrodinger equation, which describes the state of matter on 

a quantum level. Ab-initio QM methods are the most fundamental solution approaches to the 

Schrodinger equation, where the electronic structure and the energy of a system are 

calculated from fundamental natural constants (Wu and Sandler, 1991). Density functional 

theory (DFT) methods calculate one-particle electron densities rather than solving the 

Schrodinger equation, which results in a good balance between accuracy and computational 

costs (Kohn et al., 1996). 

 

At the molecular level, DFT and molecular dynamics allow density differences and vibrational 

spectra to be interpreted and interaction energies to be computed (Kovács et al., 2020). Then, 

properties of the bulk medium (e.g., activity coefficients, density, viscosity, solvation energies 

and thermodynamic equilibrium properties) can be predicted by semi-empirical methods such 

as COSMO (Klamt, 1995) and equation of state models, such as PC-SAFT (Chapman et al., 

1989).  

 

Continuum solvation models bridge the gap between DFT quantum chemistry gas phase 

calculations and condensed phase systems. The Conductor-like Screening Model (COSMO) 

originally proposed by Klamt and Schüürmann (1993) belongs to a class of dielectric 

continuum models. In these models, a solute molecule is virtually placed in a void cavity within 

a continuous dielectric medium representing the solvent. As a result, the solute is described 

on a QM level and the solute-solvent interactions are obtained from electrostatic charges 

(Tomasi et al., 2005).  

 

The UNIFAC method is widely used to estimate activity coefficients in phase equilibria 

calculation. However, it is difficult to distinguish all isomers using UNIFAC, and experimental 

data is required to obtain the binary interaction parameters between functional groups (Chai 

et al., 2022). To overcome these problems, Klamt (1995) proposed the Conductor-like 

Screening Model for Real Solvents (COSMO-RS). COSMO-RS performs unimolecular 

quantum chemical calculations to predict the thermodynamic properties of mixtures, 

considering the interactions of molecules in a fluid (electrostatic, hydrogen bonding, and van 

der Waals) (Eckert and Klamt, 2002). These interactions are represented as a function of 
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surface polarities of the partners. COSMO-RS converts molecular polarity information into 

standard thermodynamic data using statistical thermodynamics (Klamt, 2005). Section 3.2.1 

of this thesis presents additional information on the COSMO-RS method. 

 

COSMO-RS method predicts activity coefficients based only on molecules' σ-profiles 

(screening charge density distributions). Considering the existing σ-profile databases, large-

scale solvent screening can be performed efficiently (Eckert and Klamt, 2002). Also, the 

activity coefficients of systems involving novel molecules can be estimated directly without the 

need for molecular and group-specific parameters (Chai et al., 2022). However, the 

parameterisation of COSMO-RS is complex and physically based parameterisation strategies 

should be developed and published (Kontogeorgis et al., 2021).  

 

Because of the use of experimentally regressed group interaction parameters, UNIFAC is 

usually quantitatively more accurate than the COSMO-RS model. However, COSMO-RS can 

provide qualitatively satisfying predictions on solvent performance (Zhou et al., 2020). 

Recently, COSMO-RS has been successfully applied to solvent selection in many 

applications, with recent contributions combining rigorous process model simulations with 

solvent selection using COSMO-RS (Song et al., 2017, Rodriguez-Llorente et al., 2020b). For 

example, COSMO-RS has been applied and validated with experimental data for prediction of 

liquid-liquid equilibria of binary and ternary mixtures of ionic liquids and molecular solutes 

(Paduszyński and Królikowska, 2020, Paduszyński, 2018); screening of eutectic solvents in 

the separation of aromatic−aliphatic hydrocarbon azeotropic mixtures (Gouveia et al., 2016); 

screening of eutectic solvents and terpenoids for separation of phenols (Rodriguez-Llorente 

et al., 2020b); screening of green solvents for the extraction of limonene from orange peel 

waste (Ozturk et al., 2019); prediction of distribution coefficients and selectivity of renewable 

eutectic solvents for fractionation of essential oils (Ozturk et al., 2018); screening of ionic 

liquids for extraction of Omega-3 fatty acids from algae (Rezaei Motlagh et al., 2019); 

screening of solvents for bio-organic acid recovery (López-Porfiri et al., 2020); and screening 

of solvents for the separation of volatile fatty acids from aqueous streams (Rodríguez-Llorente 

et al., 2019).  

 

COSMO-RS predictions can also be used to estimate health, safety, and environmental 

properties of solvents. For example, Calvo-Serrano et al. (2018) used molecular descriptors, 

thermodynamic properties, and σ-profiles obtained with COSMO-RS to predict global warming 

potential and cumulative energy demand of chemicals. Results demonstrated that including 

COSMO-based σ-profiles along thermodynamic and molecular attributes leads to more 
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accurate environmental assessment predictions, facilitating the design of new chemicals with 

scarce experimental data. Recently, González-Miquel and Díaz (2021) summarised recent 

advances in solvent screening using COSMO-based models to predict phase equilibrium and 

health, safety and environment properties of green solvents (i.e., ionic liquids, eutectic 

solvents, and biobased solvents). 

 

Integrating COSMO-derived molecular descriptors with quantitative structure-property 

relationship models, process simulation, and machine learning tools emerge as a versatile 

multiscale computational strategy to promote the design of chemical processes based on new 

solvents. Also, further studies exploring integration and intensification opportunities, 

combining COSMO-RS, techno-economic evaluation, and life cycle assessment are key to 

offering competitive green solvents for efficient and sustainable processes (González-Miquel 

and Díaz, 2021). 

 

2.2.1.3 Thermodynamic properties for solvent selection 

Important properties for solvent selection, such as partition coefficient, capacity and selectivity, 

can be obtained from experimental data or predictive thermodynamic models (Gmehling and 

Schedemann, 2014). Partition coefficients at infinite dilution (𝐾𝑖
𝑜) can be calculated from the 

ratio of infinite-dilution activity coefficients for the solute dissolved in the solvent and in the 

feed solution (Equation (2)), which often provides a reasonable estimate of the partition 

coefficient for dilute concentrations (Frank et al., 2008).  

 

𝐾𝑖
𝑜 = 

𝛾𝑖
∞

𝛾𝑖
∗,∞ (2) 

 

where * denotes the solvent phase. Partition coefficients at finite concentrations can be 

estimated from these data by extrapolation from infinite dilution using a suitable correlation 

equation such as NRTL. Comparing the magnitude of the activity coefficient for the solute of 

interest dissolved in the solvent phase is a suitable approach to rank solvents since a smaller 

value of 𝛾𝑖
∗ suggest a higher partition coefficient, which is necessary for an economical 

extraction process (Frank et al., 2008). 

 

The partition coefficient of the extracted component can be used as a measure of the solvent 

capacity. If the solvent capacity is high, a lower solvent flowrate is required. The solvent 

selectivity can be estimated by the ratio of the partition coefficients of the components i and j. 

A high selectivity reduces the number of theoretical stages of the extraction column (Gmehling 
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and Schedemann, 2014). Additional information on these thermodynamic properties is 

presented in section 3.2 of this thesis. 

 

Gmehling and Schedemann (2014) proposed two different strategies for the selection of 

suitable solvents based on thermodynamic properties: 1) selection based on experimental 

phase equilibrium data stored in the Dortmund Data Bank, and 2) selection based on 

prediction models, such as UNIFAC and modified UNIFAC (Dortmund). The advantage of 

using experimental data is that the results are reliable; however, the selection is limited to the 

experimental data pool. The use of prediction models has the advantage that any solvent can 

be considered for which the required group interaction parameters are available; predictions, 

however, may be less accurate than experimental data (Gmehling and Schedemann, 2014).  

 

When only using thermodynamic properties for solvent selection, promising solvent 

candidates may be excluded before process performance information is available (Scheffczyk 

et al., 2016). Also, this method does not necessarily lead to the optimal combination of solvent 

and process (e.g., extraction device and distillation column for solvent recovery) (Kruber et al., 

2018, Kampwerth et al., 2020, Scheffczyk et al., 2016). For example, Scheffczyk et al. (2016) 

reported that the best solvent identified based on the distribution coefficient has an energy 

demand 160% higher than the best solvent found in the screening based on shortcut process 

models. Therefore, knowledge is required about the effect of thermodynamic properties on the 

performance of the process in which the solvent is used (e.g., energy consumption, costs). 

Also, health, safety and environmental aspects of solvents are important for solvent selection. 

These aspects are reviewed in the following sections. 

 

2.2.2 Use of health, safety and environmental criteria 

Rankings of solvents in terms of health, safety, and environmental (HSE) criteria have been 

developed as solvent selection guides (Henderson et al., 2011, Diorazio et al., 2016, Alfonsi 

et al., 2008, Prat et al., 2013, Prat et al., 2016, Alder et al., 2016). Early examples include 

EcoScale (Van Aken et al., 2006) and Ecosolvent (Capello et al., 2007a, Capello et al., 2008, 

Capello et al., 2007b), which integrate environmental factors of solvents in the process 

development stage.  

 

Most solvent selection guides have been developed by the pharmaceutical industry. 

Henderson et al. (2011), from GlaxoSmithKline, proposed a methodology to rank solvents 

based on their physical properties, life cycle impacts, and inherent environmental, health and 

safety issues. A single overall score is given to each solvent based on these factors. Alder et 

al. (2016) consolidated and updated this methodology in a solvent selection guide. However, 
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there is a danger in calculating an overall score, as this can mask the one serious issue that 

should prevent the use of a particular solvent.  

 

Diorazio et al. (2016), from AstraZeneca, developed an interactive tool to facilitate solvent 

selection, considering chemical reactivity, physical properties, and HSE impact. This tool 

allows users to identify promising solvents for a particular application before screening 

experiments. However, this tool categorised a reduced number of solvents and should be 

expanded to include larger data sets. Also, the solvent’s technical performance, e.g., solubility 

and partitioning in the solute of interest, was not considered. Prat et al. (2016), as part of a 

consortium of pharmaceutical companies, developed CHEM21 solvent selection guide. 

CHEM21 methodology is based on a simple combination of health, safety, and environment 

criteria to give an overall preliminary ranking of any solvent (recommended, problematic, or 

hazardous), facilitating green solvent selection. Further description of the CHEM21 

methodology is presented in section 3.2.2 of this thesis.  

 

2.2.3 Process system engineering approaches 

Process system engineering approaches have been developed for integrated solvent and 

process design (Papadopoulos and Linke, 2006, Scheffczyk et al., 2016, Kruber et al., 2018, 

Kampwerth et al., 2020, Kampwerth et al., 2022). Two different design philosophies are 

identified. One design philosophy involves screening for solvent molecules based on 

prespecified property targets. Process simulation and optimisation are performed on 

molecules meeting these targets to assess their performance. The other design philosophy 

involves optimising solvent-process superstructures simultaneously; however, challenges 

arise due to the huge number of solvent-process design options and the complexities of non-

convex models, leading to low confidence in the quality of the results (Papadopoulos and 

Linke, 2006). 

 

Computer-aided molecular and process design (CAMPD) is a powerful technique for pre-

screening existing solvents and designing novel ones. In this approach, a set of preselected 

building blocks of molecules (functional groups) are assembled by mathematical algorithms to 

generate promising molecules according to the objective functions and constraints (e.g., 

structural constraints, property constraints, process constraints) (Chai et al., 2022). The 

inclusion of performance indicators based on thermodynamic and HSE properties of solvents, 

along with the computer-aided design at the process level, provides a comprehensive 

framework for solvent selection (González-Miquel and Díaz, 2021). 
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The molecular and process design problem can be stated as follows: Given a process (e.g., 

extraction) that requires a molecule (e.g., solvent), find the optimal molecular structure that 

maximise/minimise a selected performance criterion (e.g., process energy demand) 

(Scheffczyk, 2018). This leads to a problem that can be formulated as Equation (3): 

 

𝑚𝑖𝑛𝑖𝑚𝑖𝑠𝑒 𝐹(𝑥, 𝑦) 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝑔1(𝑥, 𝑦) = 0 (𝑡ℎ𝑒𝑟𝑚𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑚𝑜𝑑𝑒𝑙) 

𝑔2(𝑥, 𝑦) = 0 (𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝑚𝑜𝑑𝑒𝑙) 

ℎ(𝑥, 𝑦) ≤ 0 (𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑙𝑖𝑚𝑖𝑡𝑠) 

𝑐(𝑦) ≤ 0 (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡) 

𝑥 ∈ ℝ𝑛, 𝑦 ∈ 𝑌 

(3) 

 

Here, 𝐹(𝑥, 𝑦) is the objective function (e.g., minimise process energy demand) and depends 

on two types of design variables: process variables 𝑥 (e.g., temperature) and the structure 𝑦 

of the molecule employed in the process (e.g., solvent). The molecular structures are found 

within the design space of all possible molecules 𝑌 that can be generated from a defined set 

of building blocks (e.g., molecular fragments or groups). Equality constraints 𝑔(𝑥, 𝑦) relate the 

molecular structure and process variables to thermodynamic properties and process models 

(mass and energy balances for all unit operations). Inequality constraints ℎ(𝑥, 𝑦) relate the 

molecular structure and process variables to operating limits (e.g., maximum boiling 

temperature), while 𝑐(𝑦) are molecular constraints imposed by structural feasibility and size 

of the designed solvents (Scheffczyk, 2018).  

 

The most intuitive approach to solving the design problem is to start with a systematic selection 

of a fixed set of molecules, either based on expert knowledge or from molecule databases 

(Blumenthal et al., 2016). For example, the selection can include solvents with low hazards, 

high efficiency and selectivity, low boiling point, etc. Clustering techniques, which classify 

molecules based on a statistical analysis of extensive datasets, are often employed to assess 

these molecular properties (Scheffczyk, 2018). However, this approach can be time-

consuming and costly, and promising solvents may be missed if the selection is based on a 

fixed solvent database (Zhou et al., 2020). For each selected molecule, the objective function 

is evaluated to rank solvents based on their predicted performance. Top-performing solvents 

are selected for detailed investigation, e.g., rigorous process model evaluation (Scheffczyk, 

2018).  
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An alternative approach for solvent selection is to create novel molecular structures, which 

extend the design space beyond pre-determined sets of molecules. These molecular 

structures are a combination of molecular fragments (functional groups) and can lead to 

unconventional but outstanding solvent structures (Zhou et al., 2020). Design methods include 

generate-and-test methods (Harper and Gani, 2000), mathematical optimisation (Zhou et al., 

2015), decomposition methods (Papadopoulos and Linke, 2006) and hybrid stochastic-

deterministic optimisation (Zhou et al., 2017). 

 

Papadopoulos and Linke (2006) proposed a CAMPD approach for designing solvents using 

multiple objective optimisation to capture the relations between the solvents’ physical 

properties and their impact on process performance. The first stage involves the solvent 

design level, where multiple objective optimisation extracts the Pareto optimal solvent 

candidates for the set of molecular design objectives relevant to the separation task. Then, 

these promising solvent candidates are part of the process synthesis stage, where the optimal 

solvent is identified for a given process performance indicator, such as minimum total 

annualised cost. Overall, this study showed that desired solvent properties inherently include 

trade-offs, e.g., a high affinity of the solute to the solvent is desired for efficient extraction, 

whereas a low affinity between solvent and solute can reduce energy consumption in solvent 

recovery.  

 

CAMPD design approaches for solvent selection are usually based on group-contribution 

models, which need experimental data for parameterisation. To avoid the limitations of group-

contribution models, methods based on the prediction of thermodynamic properties by 

COSMO-RS have been proposed (Kruber et al., 2018, Scheffczyk et al., 2016).  

 

Scheffczyk et al. (2016) presented an automated approach for large-scale solvent screening 

based on process-level assessment in a hybrid extraction–distillation process. Computer-

aided molecular design is used to generate the chemical structure of solvents, and COSMO-

RS is used to predict their thermodynamic properties (e.g., activity coefficients, vapour 

pressure, enthalpy of vaporisation). The predicted properties are used in pinch-based shortcut 

separation models to calculate the minimum amount of solvent and minimum energy demand 

for solvent recovery by distillation. The solvent candidate with the lowest energy demand can 

be identified from this information. A case study on the purification of y-valerolactone from a 

fermentation broth showed a reduction of 63% in the minimum energy demand using the best-

predicted solvent compared to the literature benchmark n-butyl acetate. However, Scheffczyk 

et al. (2016) neglected the influence of investment costs on solvent selection, since columns 
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of infinite height are assumed in pinch-based process models. Also, solvent design limits on 

melting point and boiling point temperature, as well as toxicity, were not considered. 

 

Kruber et al. (2018) proposed a hierarchical approach for solvent selection based on the 

prediction of thermodynamic properties by COSMO-RS and the combination of advanced 

pinch-based shortcut models with rigorous superstructure optimisation. This approach 

integrates economic evaluation of the extraction process based on equilibrium-stage models 

in combination with sizing and costing equations. A case study on the purification of y-

valerolactone from a fermentation broth showed that the solvent 3-methylfurane could reduce 

the total annual cost by more than 50% compared to the benchmark solvent n-butyl acetate. 

However, Kruber et al. (2018) assumed that the solvent in the raffinate is lost, which may have 

a significant impact on the process economics and environmental sustainability. 

 

Kampwerth et al. (2020) developed a model-based method for the holistic evaluation of 

solvents requiring physicochemical and thermodynamic property data of pure components. A 

rate-based model of an extraction column, considering the effect of fluid dynamics and mass 

transfer on separation efficiency, and a short-cut model of the distillation column for solvent 

regeneration are combined to calculate the required investment and operating costs. A solvent 

ranking is obtained based on the minimum total costs, corresponding to the optimal operation 

point in terms of feed-to-solvent flow ratio. A relevant outcome of this study was that fluid 

dynamics significantly affect the height equivalent of a theoretical stage and, thereby, the 

solvent selection, required extraction column dimensions, and costs. However, Kampwerth et 

al. (2020) performed their screening based on pure component parameters, and mutual 

solubilities were neglected by assuming that the carrier component of the feed stream (e.g., 

water) was not soluble in the selected solvent and vice versa. This consideration is important 

because mutual solubilities lead to different properties of both phases, influencing extraction 

performance and costs. 

 

Kampwerth et al. (2022) improved his previous study (Kampwerth et al., 2020) by considering 

the impact of mutual solubilities, mixture properties, and fluid dynamics on extraction 

performance and costs. They proposed a model-based methodology for simultaneous solvent 

screening and dimensioning of extraction columns, combining a rate-based extraction model 

with a short-cut distillation model for solvent recovery from the extract and raffinate streams. 

As a result, the optimal operating conditions, energy demand, column dimensions, and total 

costs are determined for each solvent candidate. Then, minimum total costs (which 

correspond to an optimum solvent-to-feed volume flow ratio) are used as a basis for solvent 

ranking. A case study on the extraction of levulinic acid from an aqueous stream is presented, 
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where seven solvents are evaluated. A significant outcome of this study was that accounting 

for mutual solubilities during the calculation of fluid dynamics and mass transfer significantly 

affects the resulting extraction performance and, thereby, the required column dimensions. 

However, Kampwerth et al. (2022) assumed the same price for fresh solvent in all cases and 

neglected solvent selectivity and raffinate disposal costs, which can significantly impact 

extraction performance and costs. 

 

Recently, several advances have been made in integrating CAMPD and life cycle assessment 

(LCA). For example, Fleitmann et al. (2021) proposed a CAMPD framework integrating 

predictive LCA of solvents. In this framework, COSMO-CAMPD (Scheffczyk et al., 2018) is 

used for predictive design of solvents, and cradle-to-grave LCA is enabled by combining 

artificial neural network with life cycle inventory data from the process models. The results 

highlight the trade-offs in the objective functions, as heuristics, economics, or LCA impacts 

lead to suboptimal solvents.  

 

Even though CAMPD approaches have attracted a lot of attention, further efforts are needed 

toward their implementation in flowsheet simulations. Also, the parameterisation of CAMPD 

models is complex, and the large number of parameters makes solvent selection tedious and 

computationally demanding (Scheffczyk et al., 2016). Designing and selecting optimal 

solvents for separation processes remains challenging since requirements and properties vary 

for different applications. In particular, property prediction models need to be extended to more 

complex problems, such as biomass and biorefinery operations (Chai et al., 2022). 

 

Despite the progress made in solvent selection and design, challenges remain. Much of the 

previous work focuses on maximising some measures of solvent performance, such as 

selectivity, solvent loss or phase distribution coefficients. Many approaches rely on basic 

performance indicators, simplified process models, or heuristics to select promising solvents, 

which may result in suboptimal selection. Also, most design approaches of extraction 

processes focus on enhancing sustainability during process design, but only a few works 

consider simultaneously environmental, economic, and social dimensions. To overcome 

simplification and heuristic weighting of multiple performance indicators, solvent candidates 

should be evaluated with rigorous process models, considering sustainability indicators and 

multicriteria decision analysis. The following section describes indicators and methods that 

can be applied to evaluate the sustainability of extraction processes. 
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2.3 Sustainability evaluation of extraction processes 

In recent decades, chemical process design has undergone major changes as sustainability 

principles have become a design goal instead of a constraint. In this regard, it is essential to 

include economic, environmental, and social indicators at every stage of process design and 

engineering, from the very early synthesis and design stages to the end of life of production 

facilities (Argoti et al., 2019). 

 

Extraction process sustainability can be evaluated with quantitative indicators, which are 

capable of translating information about process performance, feedstocks, utilities, equipment, 

and products into a summary measure that provides information on the system sustainability 

and helps with decision-making in process design and operation (Smith et al., 2015). These 

indicators can be used to analyse and select appropriate process alternatives, to reveal the 

bottlenecks of the process, or can be incorporated into the process−design procedure with 

multiobjective optimisation methods (Chang et al., 2021). 

 

Sustainability indicators can be divided into three groups: economic, environmental, and social 

indicators. Economic indicators include conventional cost indicators (e.g., profit, capital costs, 

operating costs, product selling price). Environmental indicators cover emission and waste 

impacts on air, soil, and water (e.g., global warming potential). Finally, social indicators, such 

as those related to health and safety issues, can be obtained with a social life cycle 

assessment (UNEP, 2020). Given the complexity and interrelationships, the best strategy is 

to adopt a systems approach, considering simultaneously all three sustainability indicators 

(Azapagic et al., 2016).  

 

Sustainability indicators should be considered at various process design stages in a 

systematic way, combining quantitative and qualitative methods to be effective for decision-

making. Argoti et al. (2019) highlighted these challenges and proposed a framework to select 

sustainability metrics according to the process design stages. In early process design, 

indicators for chemical route selection (e.g., atom economy, yield) and process synthesis (e.g., 

mass intensity, energy intensity, economic potential) are recommended. Indicators based on 

techno-economic and environmental analysis are proposed for conceptual design, including 

net present value, greenhouse gas emissions, land use, safety, among others. 

 

Green chemistry metrics, such as solvent intensity or energy intensity, are commonly used to 

assess the sustainability of extraction processes (Sheldon, 2018). Solvent intensity measures 

the amount of solvent required to obtain a unit mass of products. Energy intensity measures 
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the energy demand of the process; it is calculated per unit mass of products and primarily 

focuses on nonrenewable energy (Martins et al., 2007). Integration of these metrics with 

quantitative assessment of environmental impacts using life cycle assessments enhances the 

evaluation of extraction processes (Sheldon, 2018). To date, there is still a need for simple 

and reliable metrics for quick evaluation of extraction processes in an early stage of 

development. In particular, solvent selection approaches that consider their HSE performance 

and their impact on the economic and environmental performance of the application are 

needed. 

 

Various methodologies have been proposed for evaluating the sustainability of extraction 

processes, from simple methods focusing on a single issue at specific process stages to 

complex methods that consider multidimensional aspects through the process life cycle 

(Chang et al., 2021). The next sections detail the most relevant methods used to evaluate the 

three dimensions of sustainability: economic, environmental, and social. 

 

2.3.1 Economic evaluation 

Techno-economic assessment (TEA) is a widely used framework to evaluate the technical 

and economic feasibility of a given technology, based on mass and energy balances that are 

used to calculate capital and operating costs (Escobar and Laibach, 2021). TEA is used to 

calculate the cost-effectiveness of different configurations, determine the minimum selling 

price for the technology to be competitive, identify cost bottlenecks at early design stages, or 

compare alternative process designs (Escobar and Laibach, 2021). The dynamic character of 

TEA, where a change in one parameter affects all output indicators, is key in identifying the 

most influencing parameters for a feasible technology (Thomassen et al., 2018). Also, TEA 

can provide the inventory data needed to conduct life cycle assessments (Scown et al., 2021). 

 

TEA consists of four steps. In the first step, a market study is performed to estimate prices 

and market volumes. The process flowsheet is synthesised in the second step, and mass and 

energy balances are calculated with commercial process modelling tools. Process system 

engineering tools, such as pinch analysis, can be included to reduce energy consumption. 

This is followed by the economic analysis, in which investment criteria (e.g., net present value, 

internal rate of return) are used to determine the system's profitability. Finally, a sensitivity 

analysis is included to assess the uncertainty of the indicators (Thomassen et al., 2019a). 

 

Model-based approaches used for TEA can be classified into two types. Simulation-based 

approaches assume a certain process configuration and operating strategy and determine the 

cost for the same (Gupta and Shastri, 2022, Richardson et al., 2012, Davis et al., 2011). 
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Optimisation-based approaches formulate an optimisation problem that determines the best 

processing route to achieve a particular economic objective, such as production cost. Here, a 

network of different processing routes, known as the superstructure, is developed, and the 

optimal solutions are calculated (Gebreslassie et al., 2013b, Galanopoulos et al., 2019, Wang 

et al., 2013, Rizwan et al., 2013). Data inputs, choice of thermodynamic models, and detail of 

unit operations models all influence the accuracy, reliability, and scalability of these modelling 

approaches (Scown et al., 2021). 

 

Other methodologies for economic profitability evaluation 

Other methods, such as economic potential and life cycle costing, can be used to evaluate the 

economic profitability of chemical processes. Economic potential is applied to measure 

revenues and costs of low technology readiness level (TRL) applications. However, it is a 

rough assessment, and the results could be inaccurate (Thomassen et al., 2019a).  

 

Life cycle costing (LCC) is a methodology to assess a plant's or product's economic feasibility 

considering its full life cycle. Thus, it includes the costs of raw materials and energy, production 

and packaging costs, transport, and costs of construction, operation and decommissioning of 

the plant. However, important costs such as labour and equipment are often excluded from 

the analysis (Hunkeler et al., 2008). Life cycle costs are closely related to total annualised 

costs, which are life cycle costs equalised over a product's lifespan (Azapagic et al., 2016). 

 

2.3.2 Environmental evaluation 

The life cycle assessment (LCA) is a holistic, standardised methodology to calculate the 

environmental impacts of a specific product or process (International Organization for 

Standardization, 2006b, International Organization for Standardization, 2006a). The holistic 

features of LCA are its consideration of the entire life cycle of a process or a product (from the 

supply of raw materials and energy to the product manufacturing, use and final disposal) and 

the evaluation of multiple environmental impacts. These holistic features make LCA a powerful 

tool for preventing burden shifting between life cycle stages (e.g., more efficient production 

can result in more hazardous waste treatment) and environmental impacts (e.g., lower carbon 

emissions might require more toxic materials). As a result, LCA provides a balanced 

assessment of all stages and impacts of the product life cycle (Kleinekorte et al., 2020). 

 

LCA involves four steps: goal and scope definition, life cycle inventory analysis, life cycle 

impact assessment, and interpretation, which are described in detail in section 3.6.1 of this 

thesis. LCA outcomes are determined by the goal and scope of the study, where the system 

boundaries, the functional unit in which the environmental impacts of the given system will be 
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estimated, and the main methodological assumptions are defined (Hessel et al., 2021). The 

second step is life cycle inventory analysis, which concerns the data collection and 

quantification of the input and output materials and energy flows included in the system 

boundaries. Typical data sources can be organised in the following hierarchy: industry data, 

LCA databases, and simulation or laboratory data scaled up to industrial scale. Data accuracy 

typically decreases across these approaches (Kleinekorte et al., 2020). 

 

The third step is life cycle impact assessment, where the potential environmental impacts of 

the system are calculated with characterisation models. Different characterisation models 

have been proposed to quantitatively measure the environmental fate, exposure, and effect of 

emissions and substances during their full life cycle. The result can be shown by indicators 

categorised for different areas of protection that are based on the cause−impact pathway of 

specific substances on the environment (Chang et al., 2021). Impact assessment methods 

(e.g., CML, UBA, Eco–Indicator 99, ReCiPe, etc.) differ in their approach, focus and 

environmental impact categories, ranging from resources (fossil fuels, minerals, land and 

water) to ecosystem services (e.g. eutrophication, acidification and ecotoxicities) and human 

health (human toxicities, particulate matters) (Corona et al., 2019). A general good practice 

dictates the inclusion of as many impact categories as possible to minimise the risk of ‘burden 

shifting’ (i.e. a decision leading to an increased impact in another impact category) (Bjørn et 

al., 2020). For example, in a study of biobased solvents, impact categories typically of concern 

in agricultural production (such as land use, eutrophication and greenhouse gas emissions) 

should be prioritised. 

 

The last step of an LCA is the interpretation, which includes the presentation and discussion 

of the life cycle impact assessment. This section usually includes identifying the most critical 

impact categories and hotspots and performing sensitivity analyses, to draw valid conclusions 

and recommendations. By identifying the hotspots, LCA studies can propose redesigning and 

retrofitting actions that minimise environmental impact (Santos et al., 2019). LCA results can 

be strengthened through sensitivity and uncertainty analysis by considering variations in 

inventory data, which facilitates decision-making. (Escobar and Laibach, 2021).  

 

LCA methodology presents certain limitations, including (1) compiling inventory data can be 

time-consuming and expensive, and in some cases, data unavailability and uncertainty can 

affect the reliability and validity of results; (2) selecting the relevant impact categories can limit 

the interpretation and conclusions, as choosing another set of impact categories may lead to 

a different perspective of sustainability; (3) generating a single environmental score with 

normalisation and weighting methods involves subjective decisions regarding the relative 
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importance of the environmental impact categories (Hessel et al., 2021, Curran, 2014). 

Despite these disadvantages, LCA has been widely applied in academia and industry to 

assess the environmental impacts of chemical processes (Santos et al., 2019). 

 

LCA can be integrated into process design at three different levels. First, LCA can be applied 

to fixed process flowsheets and used as decision criteria for process selection. Second, LCA 

can be integrated into process optimisation to minimise the environmental impacts of a fixed 

flowsheet, providing feedback for the selection of mass and heat flows, temperatures, and 

pressures. Finally, LCA can be integrated into process synthesis to generate the flowsheet 

under environmental consideration (Kleinekorte et al., 2020). 

 

Other methodologies for environmental sustainability assessment 

Simplified gate-to-gate LCA methods have been proposed due to the limitations on data 

availability and resources, time and expertise required to apply a full, cradle-to-grave LCA. 

Examples include the waste reduction algorithm (gate-to-gate tool to estimate 

environmental/health potential impacts of manufacturing processes during the early design 

phase (Mallick et al., 1996)), material flow analysis, and input-output analysis. 

 

Material flow analysis (MFA) is a flexible and simple method that considers the state and 

changes of each material flow of a system. In MFA, calculations of mass balances over time 

within a defined space are performed, and patterns and comparisons among systems are 

identified. However, the main challenges are data uncertainty and information availability 

(Corona et al., 2019).  

 

Input-output analysis (IO) evaluates the environmental impacts associated with the activities 

of different sectors (regional, national, or international), avoiding cut-off criteria that exclude 

minor processes and expanding the scope from a product level to a national/global level. Most 

IO models lack detailed and disaggregated information for each technology and process, 

which makes them inappropriate for environmental analysis at the product level (Corona et 

al., 2019). 

 

2.3.3 Social evaluation 

Sustainability assessments include a holistic evaluation of economic, environmental, and 

social aspects of chemical processes. In practice, however, social impacts are usually omitted 

as there are no widely accepted methodologies for their calculation. One method that can be 

used is the social life cycle assessment (UNEP, 2020), which evaluates different social 

aspects in the life cycle of products or processes with quantitative (e.g., number of jobs 
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provided, number of worker injuries and health impacts) and qualitative (e.g., child labour, 

corruption, and cultural heritage) indicators.  

 

A simplified approach to evaluate social issues is to use classical impact categories from the 

life cycle assessment. For example, human health is a social issue that can be evaluated with 

the LCA impact categories related to human toxicity potential. Also, intergenerational equity 

can be assessed with the LCA impact categories related to the use of abiotic resources (fossil 

and metal depletion) (Azapagic et al., 2016). 

 

Overall, an integrated sustainability evaluation takes multiple dimensions into account. As a 

result, the decision maker has multiple criteria to consider. There are various ways to deal with 

this multicriteria decision-making, which are explained in the following section. 

 

2.3.4 Multicriteria decision-making 

The choice of the decision-making technique to identify the most sustainable system among 

the evaluated options is crucial. A widely used approach is multicriteria decision analysis 

(MCDA), a structured framework where different criteria (quantitative and qualitative) are 

weighted and analysed. MCDA assigns weights to the different criteria or objectives to obtain 

one output value that allows stakeholders and decision-makers to compare the options easily 

(Thomassen et al., 2019a). For example, the Simple Multi-Attribute Rating Technique 

(SMART) method (Edwards, 1977) is easy to implement and can cover many criteria. 

Therefore, it has been used in previous studies (Cooper et al., 2018, Konstantas et al., 2020, 

Stamford et al., 2019) to identify sustainable products and process designs. A detailed 

description of the SMART method is found in section 3.7 of this thesis. The main disadvantage 

of MDCA methods is the difficulty in handling trade-offs and identifying optimal solutions. 

 

Another approach for decision-making is multiobjective optimisation (MOO), a rigorous 

mathematical approach that can provide precise solutions to complex problems, which can 

result in a set of Pareto-optimal scenarios instead of one optimal scenario. MOO explicitly 

addresses trade-offs between different objectives, allowing decision-makers to identify optimal 

solutions that balance different priorities. However, MOO does not provide a structured 

approach for incorporating stakeholder perspectives and priorities, which can limit stakeholder 

involvement in the decision-making process. Also, MOO can be difficult to interpret, 

particularly for decision-makers who are not familiar with the mathematical techniques 

involved (Azapagic and Clift, 1999). 
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Only a handful of studies have proposed integrated frameworks considering more than one 

dimension of sustainability and multicriteria decision analysis. Examples include the 

environmental techno-economic assessment framework, based on the integration of LCA and 

TEA methodologies (Thomassen et al., 2019a); the Ecoefficiency method, which includes both 

economic and environmental aspects and has been successfully applied to more than 600 

industrial studies (Uhlman and Saling, 2017); the decision-support framework DESIRES 

(Decision Support IntegRating Economic Environmental and Social Sustainability), that 

integrates all three aspects of sustainable development (economic, environmental and social) 

based on a life cycle approach (Azapagic et al., 2016); and the Sustainable Process System 

Engineering method, which provides a hierarchical assessment of process sustainability, 

considering technology-specific sustainability indicators (environment, efficiency, health, 

safety, and economic) (Argoti et al., 2019). 

 

As mentioned in section 2.1 of the literature review, extraction processes are key to the 

sustainable production of value-added products and biofuels from biomass. The production of 

algae-derived biofuels is a relevant example, and it has become of particular interest in 

biorefinery research in the past decade. This process involves several technical, economic, 

environmental, and social issues due to the use of hazardous organic solvents (i.e., hexane) 

for lipid extraction. The next section describes the algae biodiesel production process, 

including previous studies that have suggested alternative solvents and evaluated the 

economic viability and environmental sustainability of algae biodiesel. 

 

2.4 Biodiesel production from algae biomass 

The use of algae biomass as a third-generation biofuel feedstock has been regarded as a 

promising alternative to first and second-generation biofuels. First-generation biofuels, 

obtained from sources including starch, sugar, and vegetable oil, present social and 

environmental issues related to the high demand for water, land, and fertilisers. Second-

generation biofuels, obtained from lignocellulosic residues, agricultural residues, or waste, 

require energy-intensive thermochemical pretreatment to break their complex structure 

(Jeswani et al., 2020).  

 

Advantages of algae over conventional feedstocks for biofuel production include high 

productivity, high content of lipids, cultivation in saline and wastewater sources or non-arable 

land, and production of high-value coproducts (Cruce and Quinn, 2019). Also, algae can 

recycle carbon from CO2 -rich flue gas emissions from stationary sources, including power 

plants and other industrial emitters (Barry et al., 2016). 
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Algae biomass can be processed thermochemically or biochemically to produce biofuels using 

various processes such as combustion, pyrolysis, gasification, transesterification, 

hydrothermal liquefaction, fermentation, and anaerobic digestion (Sirohi et al., 2022). In 

particular, biodiesel production using transesterification is a major area of interest, given the 

high content of lipids in algae biomass (Barry et al., 2016). However, lipid extraction from algae 

biomass is still an energy-intensive and costly process and has been regarded as one of the 

major economic bottlenecks in the industrial-scale production of algae biofuels (Rogers et al., 

2014, Gifuni et al., 2019, Marrone et al., 2018).  

 

The following section describes the processing stages for algae biodiesel. 

 

2.4.1 Process description 

The process flowsheet to convert algae biomass into biodiesel is presented in Figure 8 in 

Chapter 4 of this thesis. It includes upstream stages (cultivation and harvesting), followed by 

downstream stages (extraction, refining and conversion of lipids to biodiesel).  

 

Algae can be cultivated via autotrophic methods (using light to generate new biomass) in open 

systems or via heterotrophic methods (without light and fed with a carbon source) in closed 

bioreactors. Each of these methods has advantages and disadvantages from both technical 

and economic perspectives; therefore, the selection of cultivation method is largely dependent 

on the application (Barry et al., 2016).  

 

The harvesting stage is used to concentrate algae cultures with as low as 0.5 g L-1 to slurries 

containing at least 20% dewatered algae. The final concentration depends on the subsequent 

extraction method (Barry et al., 2016). Centrifugation is the industry standard for harvesting 

algae. However, it has high capital costs and is energy-intensive (Marrone et al., 2018). 

 

Following harvesting, lipids are extracted from the biomass with multiple agitation and phase 

separation steps using an organic solvent (e.g., hexane). Conventional lipid extraction 

processes require previous drying of algae biomass, which hampers economic feasibility due 

to the high energy demands (Pôjo et al., 2021). Thus, wet algae biomass is preferred over dry 

biomass, which skips drying and dewatering steps and reduces energy use and operational 

costs (Jeevan Kumar et al., 2017). At the end of the extraction, the solvent is recovered (by 

distillation) and recycled into the process. The raffinate from extraction undergoes further 

conversion, such as using anaerobic digestion to generate heat and power and recover 

nutrients for algae cultivation (Barry et al., 2016). 
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The extracted lipids mainly contain triglycerides but also free fatty acids (FFA) and non-

saponifiable compounds, which may cause problems in the conversion to biodiesel via 

transesterification (Grima et al., 2013). For example, base-catalysed transesterification can 

only be done if the free fatty acid (FFA) content of lipids is < 1% wt. (Canakci and Van Gerpen, 

1999). However, algae lipids tend to have a high content of FFA (> 5% wt.) (Felizardo et al., 

2011). Several methods are used commercially to decrease the FFA content of lipids, 

including acid esterification, caustic washing, and glycerolysis. Glycerolysis produces an 

intermediary material with a low content of FFA, which can be used directly in the 

transesterification reaction to produce biodiesel (Anderson, 2014). The only reagent needed 

for the reactions is glycerol (the kinetic model is presented in Equation (25) in Chapter 4), 

which can be recycled from the transesterification process. Typical conversions of FFA are 

around 90% after three hours of reaction at 200 °C (Felizardo et al., 2011).  

 

Refined lipids can be converted to fatty acid methyl esters (biodiesel) through base-catalysed 

transesterification (the kinetic model is presented in Equation (26) in Chapter 4), a widely used 

method given the mild reaction conditions (60–65°C, ambient pressure) and high conversion 

(usually more than 96%) (Freedman et al., 1984). Methanol is the most used alcohol because 

of its low cost, while bases such as NaOH or KOH are commonly used as catalysts (Freedman 

et al., 1984). Biodiesel from algae must meet regulatory requirements (ASTM International, 

2019). Quality properties of biodiesel (e.g., viscosity, cetane number, flash point, cloud point 

and pour point) can be accurately predicted with knowledge of the properties of its individual 

components (Knothe, 2013, Su et al., 2011)  

 

2.4.2 Lipid extraction 

Lipids can be extracted from harvested algae biomass using solvent extraction, which is the 

most common and simplest method (Siddiki et al., 2022). However, before extraction, algae 

cells must be broken through a cell disruption process, which guarantees opening of the cell 

wall, decrease in mass transfer limitations, and increase in lipid recovery (Pôjo et al., 2021).  

 

The selection of the cell disruption method depends on the algae cell type, biomass water 

content, operational costs, scaleup potential, and sensitivity of target compounds, e.g. thermal 

degradation of fatty acids (Wicker et al., 2021). Cell disruption methods can be physical (e.g., 

microwave, heat, electric field, ultrasound, and pressure treatment), chemical (e.g., acid, 

oxidant, ionic liquids, and surfactant treatments), and biological (e.g., enzymatic lysis) (Sirohi 

et al., 2022, Sati et al., 2019, Tang et al., 2016). 
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A physical method with a high-pressure homogeniser is the standard for large-scale cell 

disruption (Grima et al., 2013). However, it is a costly and energy-intensive process (Marrone 

et al., 2018). As an alternative, acid hydrolysis (chemical disruption method) has proven to be 

a simple, effective, and easy-to-scale-up method to disrupt cells and increase lipid recovery 

from wet algae biomass. For example, Laurens et al. (2015) reported a 97% recovery of lipids 

with dilute sulfuric acid pretreatment and hexane extraction. Other advanced methods using 

microwave (Pan et al., 2016) and ultrasound (Kim et al., 2013) assisted extraction have been 

developed to achieve high lipid recovery and lower costs and energy consumption. These 

technologies, however, are difficult to scale to industrial processes (Lee et al., 2021). 

 

The appropriate selection of the solvent remains a key challenge to developing sustainable 

biodiesel production processes (Vasistha et al., 2021). The polarity of the solvent and lipids to 

be extracted need to match, following the principle “like dissolves like” (Grima et al., 2013). 

Non-polar lipids (triglycerides and free fatty acids), the main precursors of biodiesel, can be 

extracted with nonpolar solvents (e.g., hexane, chloroform, benzene). Polar lipids, bound by 

hydrogen and electrostatic forces, require polar solvents (e.g., methanol, ethanol, acetone). 

Other desirable features in a solvent include high volatility (to ease recovery and recycling), 

ability to form a two-phase system with water, and selectivity (to maximise the extraction of 

desirable non-polar lipids) (Grima et al., 2013). 

 

Hexane is the benchmark solvent for lipid extraction, given its low cost and high selectivity to 

non-polar lipids (Davis et al., 2014). Also, hexane has a low latent heat of vaporisation (29 

kJ/mol), which facilitates its recovery via distillation. However, the use of hexane has led to 

several economic, environmental, and social issues due to its high volatility (high losses) and 

hazardous nature (toxic, flammable) (Kerton and Marriot, 2013). Thus, from environmental 

and safety perspectives, hexane is unlikely to be viable for the commercial-scale extraction of 

algae lipids (Lee et al., 2021). 

 

Biobased solvents (e.g., terpenes, biobased ethers and esters) have been suggested as 

promising alternatives to hexane for lipid extraction (Wan Mahmood et al., 2017, Dejoye Tanzi 

et al., 2012, Dejoye Tanzi et al., 2013, Jeevan Kumar et al., 2017, Schuur et al., 2019, de 

Jesus et al., 2019). For example, terpenes (limonene, cymene, pinene) have low viscosities, 

making them easy to handle in solvent extraction applications. Also, densities of terpenes 

(between 0.8 g ml-1 and 0.9 g ml-1) aid phase separations, and their low vapour pressure 

prevents solvent loss by evaporation (Płotka-Wasylka et al., 2017). However, the major 

drawback of using terpenes is the high energy consumption for recovery by distillation, given 
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their higher boiling points (e.g., 176 °C for limonene) and enthalpies of vaporisation (e.g., 39 

kJ/mol for limonene), compared to hexane (Dejoye Tanzi et al., 2012).  

 

Also, biobased ethers (e.g., 2-MeTHF, CPME) and esters (e.g., ethyl acetate, ethyl lactate) 

derived from renewable resources (e.g., furfural or levulinic acid) show high potential for lipid 

extraction due their high solubility in lipids. For example, Wan Mahmood et al. (2017) obtained 

two-fold and three-fold lipid extraction yields with 2-MeTHF and ethyl lactate, respectively, 

compared with hexane. However, these biobased solvents remain uncompetitive compared 

to fossil-based solvents, given their high price, which may decrease with higher demand and 

production in the future. 

 

As discussed previously, many conventional and alternative solvents have been proposed for 

algae lipid extraction. However, most studies reported in the literature are only demonstrated 

on a laboratory scale, without clear measurements of the resulting product or the energy or 

cost implication if the process is scaled-up. Experimental studies use different algae strains 

(e.g., Chlorella vulgaris and Nannochloropsis salina), biomass conditions (dry algae or wet 

algae biomass), and cell disruption methods (e.g., high-pressure homogeniser, ultrasound), 

which have a significant impact on lipid recovery from algae biomass. Therefore, comparing 

experimental lipid recovery with various solvents to identify efficient solvents is challenging. 

Also, the performance of the solvent at process-level needs to be evaluated, considering 

factors like energy consumption, operating costs, and environmental impacts of algae biofuels. 

These factors have been evaluated in previous studies with a combination of techno-economic 

analyses and life cycle assessments, which are discussed in the following sections.  

 

2.4.3 Techno-economic analyses of algae biofuels 

Techno-economic analysis (TEA) has become the primary assessment tool for understanding 

cost benchmarks for algal biofuels, as well as the potential feasibility and viability of the 

process (Quinn and Davis, 2015). Given the wide variety of options available at every step of 

the production process (i.e. choice of algae strain, harvesting and dewatering system, 

extraction, conversion, and co-products), TEA can provide information on the best production 

path, as well as initial estimates of the production cost (Borowitzka, 2013). Besides, TEA can 

show which steps in the process are the most energy and material intensive and can direct 

the research and development of algae biofuels (Borowitzka, 2013). 

 

The system boundary for most TEAs of algae biofuels ends at the plant gate, and the functional 

unit is selected to allow for direct comparison with a conventional fuel (e.g., fossil diesel). 

Minimum product selling price is a commonly reported metric in TEAs. It is calculated based 
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on the unit price required to achieve a net present value of zero for a specific facility lifetime 

and internal rate of return (often 10%) (Scown et al., 2021). 

 

TEA has been applied in previous studies of algae biofuels for evaluation of baseline price 

(Davis et al., 2016), comparison of alternatives in terms of capital and operating costs (Davis 

et al., 2014), profitability analysis (Rogers et al., 2014), technical evaluation of novel process 

designs (Ou et al., 2015, Du et al., 2015, Nezammahalleh et al., 2018), evaluation of potential 

energy demand (Song et al., 2015, Du et al., 2015), and process optimisation (Gupta et al., 

2016, Galanopoulos et al., 2019). Commercial software from Aspen Tech (Aspen Plus, Aspen 

HYSIS, Aspen Plus Economic Analyser) has been used to perform material and energy 

balance, estimate capital and operational costs, conduct sensitivity analyses, and analyse 

profitability.  

 

A meaningful comparison of previous studies is challenging, given the broad differences in 

system boundaries, feedstock type and prices, process configuration, operating conditions, 

plant capacity, product yield and economic assumptions. However, most studies agree that 

the energy consumption and selling price of algae biofuels (ranging from US$ 1.65 gal-1 

(Benemann and Oswald, 1996) to US$ 33.16 gal-1 (Richardson et al., 2012)) are higher than 

those of fossil diesel.  

 

The study of Davis et al. (2014), which integrates algae-specific thermodynamic and kinetics 

data into techno-economic models, provides a quantitative framework for assessing progress 

and gaps in algae biofuel development. Overall, Davis et al. (2014) demonstrated that 

economically viable conversion of algae to biofuel requires improvements in cultivation to 

increase productivity, better harvesting and extraction methods tested at large scales to 

increase lipid recovery, and maximising recycles in the production process.  

 

To the best of the thesis author’s knowledge, the study of Préat et al. (2020) is the only one 

that investigated the use of a biobased solvent (2MeTHF) in different algae biorefinery 

scenarios. Two methods of cell disruption (bead milling (BM) and high-pressure 

homogenisation (HPH)) were evaluated, as well as the impact of using 2-MeTHF for lipid 

extraction instead of hexane. A lipid extraction yield of 25% and 50% wt. of total lipids in the 

initial biomass was considered for hexane and 2-MeTHF, respectively, based on literature 

data. The energy demand for lipid extraction was found to be 12.80 and 15.62 MJ kg-1 input 

dry biomass when using hexane and 2MeTHF, respectively. Such difference is related to the 

heating capacity and the specific heat of vaporisation of both solvents, as well as the 

azeotrope in 2-MeTHF extraction, requiring additional distillation and decantation steps for its 
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recovery. However, Préat et al. (2020) argued that the higher energy demand for the recovery 

of 2-MeTHF is compensated by its increased lipid extraction yield. 

 

The use of superstructures to model and optimise algae processing has been proposed by 

previous studies (Gebreslassie et al., 2013a, Gupta et al., 2016, Galanopoulos et al., 2019). 

For example, Gupta et al. (2016) formulated a superstructure-based model to optimise the 

algae biodiesel production flowsheet for the minimum annualised life cycle cost of biodiesel. 

The model included algae growth, harvesting, lipid extraction, and transesterification. 

Sensitivity analysis showed that lipid extraction is the most crucial step in the flowsheet due 

to the numerous decisions involved and the non-trivial relations between the extraction 

performance indicators (feed rate, extraction efficiency, cost) and other parameters. Gupta et 

al. (2016) recommended selecting a solvent with higher affinity and selectivity towards non-

polar lipids, thereby enhancing lipid recovery.  

 

Up-to-date TEAs of algae-based production schemes (Wicker et al., 2021, Singh and Dhar, 

2019, Wiatrowski et al., 2022, Slegers et al., 2020) suggest that every profitable component 

of algae biomass should be extracted, processed, and commercialised in an integrated 

biorefinery. For example, Wicker et al. (2021) highlighted the need for synergistically coupled 

upstream and downstream stages to improve the economic viability of algae biorefinery 

systems. They recommended an overall process chain, from harvesting to biofuel production, 

with priority on the most efficient and sustainable technologies (e.g., electricity-based, 

powered with renewable energies, such as electrocoagulation for biomass harvesting and 

electro-assisted lipid extraction). According to Wicker et al. (2021), the economic obstacles 

that remain for algae biofuels are efficient and low-cost biomass harvesting, and high-yield 

and eco-efficient extraction and conversion. 

 

2.4.4 Life cycle assessments of algae biofuels 

LCA is a useful approach for assessing the environmental impacts of algae biofuels, including 

greenhouse gas emissions and other resource utilisation (e.g., water, energy) impacts, which 

can be compared to those of fuels based on other renewable and non-renewable feedstocks 

(Barry et al., 2016).  

 

Previous LCA studies of algae biofuels (Passell et al., 2013, Souza et al., 2015, Hou et al., 

2011, Cox et al., 2014, Ajayebi et al., 2013, Mu et al., 2014, Pragya and Pandey, 2016, Yuan 

et al., 2015, Soratana et al., 2012, Chowdhury and Freire, 2015, Medeiros et al., 2015, 

Adesanya et al., 2014, Sills et al., 2013, Campbell et al., 2011, Stephenson et al., 2010, 

Sander and Murthy, 2010, Holma et al., 2013, Woertz et al., 2014, Bennion et al., 2015, Azari 
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et al., 2019) have been used to evaluate potential environmental impacts, for environmental 

hotspots analysis, for process optimisation based on environmental aspects, and for 

comparing different production pathways. To the best of the thesis author’s knowledge, there 

are not yet LCA studies of algae biodiesel production with alternative solvents (e.g., biobased 

solvents). 

 

Meaningful comparisons and objective evaluation of previous LCA studies are challenging. 

The literature shows a wide variability in the underlying assumptions on many parameters. For 

example, studies select different functional units based on their specific objectives, scope, and 

system boundary. Also, multiple databases (e.g. Ecoinvent and GREET), impact assessment 

methods (e.g. ReCiPe, CML, EPA-TRACI), and software tools (e.g., GaBi, SimaPro, 

OpenLCA) have been used for LCA modelling. Furthermore, non-consistent co-product 

allocation and other factors such as variation in plant size, pathway designs, and 

environmental impacts, limit meaningful comparisons between research results.  

 

Climate change and primary energy demand have been the most frequently examined 

environmental impacts. However, it is not recommended to focus only on these two indicators, 

as other impacts, including human and aquatic toxicity, abiotic depletion, potential 

acidification, eutrophication, and ozone layer depletion, are relevant due to the use of solvents 

and chemicals in the process (Jimenez-Gonzalez, 2019). In terms of environmental hotspots 

in algae processing stages, cultivation, harvesting, and extraction of lipids have been identified 

as important determinants of the environmental impacts of biodiesel production (Reijnders, 

2020, Mata et al., 2014). For example, Mata et al. (2014) reported that lipid extraction is the 

hotspot where improvements will have the most significant impact on the environmental 

sustainability of algae biodiesel.  

 

Estimates for primary energy demand, PED (ratio of the primary energy input in the biofuel life 

cycle to the energy generated by its combustion) of algae biodiesel are wide, ranging from 

0.15 to 40.5 MJ.MJ−1, given the technological uncertainties and the diversity of feedstocks and 

production systems (Jeswani et al., 2020). Most studies agree that algae biofuels have a high 

PED because of high energy requirements for dewatering and lipid extraction operations 

(Pragya and Pandey, 2016, Zaimes and Khanna, 2013, Slade and Bauen, 2013).  

 

Estimates of greenhouse gas emissions of algae biodiesel are also wide, ranging from 

favourable (−2,400 g CO2 eq MJ−1, where negative emissions are linked to the use of energy 

credits) to unfavourable (2,880 g CO2 eq MJ−1), given the differences in the assumptions, data 

sources, allocation methods, process designs, system boundaries, and co-product 
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management (Jeswani et al., 2020). However, most studies agree that, at the present state of 

development, algae biodiesel has higher life cycle greenhouse emissions than fossil diesel 

(the reference value is 93 g CO2 eq MJ−1 (Argonne National Laboratory, 2019)). 

 

Only a few studies (Lardon et al., 2009, Beal et al., 2015, Singh and Olsen, 2013) have 

reported other environmental impacts of algae biofuels. For example, Lardon et al. (2009) 

were one of the first to address abiotic depletion, potential acidification, eutrophication, ozone 

layer depletion, and human and marine toxicity. They found that cultivation and lipid extraction 

significantly impact the energy balance and the environmental impacts of algae biodiesel. 

However, the data used for the lipid extraction process (i.e., solvent mass flowrate, extraction 

efficiency, energy consumption) came from the soybean extraction process, which is far from 

reality.  

 

In recent years, there has been an increasing interest in the simultaneous evaluation of both 

the economic feasibility and environmental sustainability of algae biofuels. Many approaches 

(Gupta and Shastri, 2022, Dutta et al., 2016, Barlow et al., 2016, Thomassen et al., 2018, 

Thomassen et al., 2019b, Kleinekorte et al., 2020, Chen and Grossmann, 2017, Gong and 

You, 2014, Posada et al., 2016, Préat et al., 2020) have been proposed, including the use of 

multicriteria decision analysis or multi-objective optimisation to select optimum pathways using 

findings from TEA and LCA results. For example, Gong and You (2014) optimised an algae-

to-biodiesel process for minimum cost and greenhouse gas emissions. The results showed 

trade-offs between both variables, demonstrating that large emissions savings can be 

achieved but only at a higher cost. 

 

Dutta et al. (2016) conducted a TEA and LCA of algae biofuel production. Two conversion 

pathways were evaluated: transesterification of extracted lipids to produce biodiesel (TR) and 

hydrothermal liquefaction of algae biomass to produce renewable diesel (HTL). The computed 

minimum fuel selling prices were $10.55/GGE (gasoline gallon equivalent) and $4.35/GGE for 

the TR and HTL pathways, respectively. Greenhouse gas emissions (GHG) of TR and HTL 

pathways were found to be 1.32 and 0.06 kg CO2 eq MJ−1, respectively. The lipid extraction 

process in the TR pathway was found to be the main hotspot, contributing 94% to GHG 

emissions and 84% to fossil energy consumption. Thus, decreasing solvent consumption and 

increasing its recovery can play a major role in reducing total GHG emissions.  

 

Despite the benefits of combining TEA and LCA in algae biofuel research, most studies focus 

on either TEA or LCA. Several TEA-LCA integration approaches have been proposed, but 

there is a lack of consistent integration procedures to explore the impact of process parameter 
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modifications (Mahmud et al., 2021). Challenges for the analysis and connection of TEA and 

LCA models are data gathering and validation of the technical and economic performance of 

algae technologies with very few pilot-scale projects (Barry et al., 2016).  

 

2.5 Concluding remarks 

Solvents are widely used in extraction processes and contribute significantly to their economic 

and environmental sustainability. However, most industrial extraction processes use 

conventional organic solvents, which are hazardous and produce adverse environmental 

impacts. Many alternative solvents have been proposed to improve the technical performance 

of extraction processes; however, little is known about their impact on economic viability and 

environmental sustainability at process-level. For this reason, solvent screening 

methodologies, and process design and evaluation methods with a life cycle perspective are 

needed to guide the development of more sustainable extraction processes. 

 

Conventional approaches for solvent selection are usually based on expert knowledge, 

thermodynamic properties (e.g., distribution coefficients and selectivity of the solvent), health, 

safety and environmental hazards, and process performance indicators (e.g., energy demand, 

total costs, etc.). Although these approaches have been widely studied, solvent selection is 

still a research topic not fully developed, and most solvents are still selected through 

experimental trial and error. The literature review of the state-of-the-art methods for solvent 

screening has revealed that there is still a knowledge gap regarding comprehensive 

frameworks for solvent selection and design of extraction processes. Such frameworks need 

to incorporate performance indicators based on thermodynamic properties, HSE parameters, 

as well as computer-aided design at the process level with a robust sustainability evaluation, 

considering economic, environmental, and social indicators. This is important, as solvents can 

significantly impact the economic viability (e.g., production costs, energy consumption) and 

environmental and social issues (e.g., global warming potential, human toxicity) of chemical 

processes. 

 

The literature review of sustainability evaluation methods of extraction processes has revealed 

that current approaches focus on either TEA or LCA, which may not be sufficient to address 

sustainability challenges. Most of the studies in the literature often focus on isolated, individual 

metrics (e.g., product selling price, greenhouse gas emissions, primary energy demand) 

instead of reframing sustainability as a multidimensional problem of complex systems. There 

is still a knowledge gap regarding the integration of TEA and LCA methods in a robust 

methodological framework to perform a comprehensive sustainability evaluation and 
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investigate the impact of process parameter modifications. Also, current methods usually 

neglect the social impacts of extraction processes and do not include a multicriteria decision 

analysis to identify the most sustainable option considering the simultaneous evaluation of 

economic, environmental, and social indicators. This is especially relevant for biorefinery 

processes, given their importance in addressing the UN Sustainable Development Goals, the 

challenges involved in the separation of the biomass components and products (i.e., thermal 

instability, broad range of impurities, and high dilution of the feed streams), and the lack of 

data to evaluate their sustainability.  

 

A relevant biorefinery application is the production of algae-derived biofuels (i.e., biodiesel), 

where organic solvents are used to extract lipids from algae biomass. The literature review 

has shown that selecting an effective approach for algae lipid extraction through an 

economical and environmentally sustainable route remains challenging. In particular, using 

hexane to extract algae lipids has caused adverse environmental impacts due to its 

hazardous, volatile, and flammable nature. As a result, alternative solvents, such as biobased 

solvents, have been suggested to replace hexane. These alternative solvents have been 

mostly evaluated experimentally, focusing on increasing lipid recovery and decreasing health 

and safety hazards. However, the impact of alternative solvents on the economic viability and 

environmental and social sustainability of the biodiesel production process has not been 

evaluated.  

 

From an environmental sustainability perspective, most LCA studies of algae biofuels have 

only focused on two environmental impacts (climate change and primary energy demand), 

excluding relevant impacts related to the use of solvents, such as photochemical oxidant 

formation, eutrophication, ozone layer depletion, and toxicity. Therefore, while previous LCA 

studies can be useful for identifying the best option for one environmental problem, they 

cannot support decisions regarding environmental sustainability, which need to consider all 

potential environmental problems and acknowledge potential trade-offs. In addition, previous 

studies of algae biofuels have not evaluated the social impacts of the process, which are 

important to have a broad view of the sustainability of algae biofuels. 

 

Although previous techno-economic and LCA studies of algae biofuels have developed 

methodological frameworks to estimate the selling price and environmental impacts of the 

product, the direct influence that the selected solvent and the lipid extraction process have on 

the sustainability of algae biofuels have not been properly addressed. For example, some 

factors that can influence algae biofuels' price, such as solvent extraction efficiency or 

selectivity towards the algae lipids, have not been appropriately addressed. Also, 
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oversimplified models for the extraction process have been used that do not consider the 

impact of phase equilibrium and mass transfer limitations. These gaps in existing literature 

and modelling knowledge have presented an ongoing challenge in designing commercial-

scale systems and reducing uncertainty in algae biofuel sustainability indicators. 

 

The research question and the objectives mentioned in CHAPTER 1 are set to address the 

gaps in knowledge identified in the literature review. The aim is to develop a methodological 

framework to design sustainable extraction processes for biorefinery applications, by 

identifying alternative solvents and evaluating the sustainability of proposed process 

flowsheets, taking a life cycle approach to consider economic, environmental, and social 

impacts. This framework is demonstrated in a case study on biodiesel production from algae 

biomass given its technical, economic, and environmental challenges. The next chapter 

details the methodology developed in this research. 

  



59 
 

CHAPTER 3  

METHODOLOGY 

 

Figure 1 shows the methodological framework developed in this research and the 

corresponding chapters where it is applied. The framework consists of seven steps, which are 

systematically integrated to identify promising solvents and design more sustainable 

extraction processes.  

 

1. Benchmark study of a conventional extraction process: identification of the 

conventional solvent and evaluation of the associated process flowsheet to establish 

a representative benchmark against which to compare process modifications. 

2. Computational screening: prediction of activity coefficients, extraction efficiency and 

selectivity of alternative solvents to the target solute with the COSMO-RS method, 

followed by a screening based on equilibrium, physicochemical, and HSE properties 

of solvents. 

3. Extraction process simulation and evaluation: calculation of mass and energy 

flows of a fixed process flowsheet with Aspen Plus (rating mode) and evaluation of 

process performance indicators. 

4. Overall process design and simulation: construction of the process flow diagram 

integrating upstream and downstream stages, calculation of mass and energy flows 

using rigorous models in Aspen Plus, heat integration and process equipment sizing 

for each candidate solvent. 

5. Economic analysis: calculation of capital and operating costs and minimum product 

selling price via cash flow analysis for each candidate solvent. 

6. Environmental and social sustainability assessment: calculation of environmental 

impacts via life cycle assessment and social indicators relevant to the process, and 

identification of hotspots and improvement opportunities. 

7. Multicriteria decision analysis: integration of economic, environmental, and social 

sustainability criteria of the candidate solvents to identify the most sustainable option. 

 

The previous steps are described in detail in the following sections, and the demonstration of 

the methodology to the exemplar case study on biodiesel production from algae biomass is 

presented in Chapters 4, 5, and 6, which include the scientific publications of this research. 
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Figure 1. Methodological framework developed to identify promising solvents and design more 

sustainable extraction processes  
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3.1 Benchmark study: conventional extraction process design and 

evaluation 

As discussed in section 2.1.1 of the literature review, volatile organic solvents derived from 

fossil resources are typically used in extraction processes. Most of these solvents, such as 

hexane, have a flammable and hazardous nature and can be detrimental to the environment. 

Therefore, the search for alternative solvents is key to developing sustainable extraction 

processes. An overview of this step is provided here, and the specific application to the 

exemplar case study on biodiesel production from algae biomass is found in CHAPTER 4. 

 

In this step, a conventional solvent and extraction process are identified, including the 

associated flowsheet, base case variables (e.g., feed composition, operating conditions), 

product flowrate and quality specifications, based on a critical review of the literature. Then, 

rigorous process design and simulation, techno-economic analysis, and life cycle assessment 

are combined to evaluate the economic and environmental sustainability of the process, with 

a focus on the solvent's impact. Special attention is paid to the interactions between the feed 

and the solvent in the extraction process (phase equilibrium thermodynamics and mass 

transfer efficiency), which directly affect the process performance. As a result, a representative 

benchmark is established against which to compare process modifications (i.e., use of 

alternative solvents or technologies). 

 

Also, this step is used to validate the process design and evaluation approach. This is 

performed by comparing the results obtained for the benchmark process with previous studies 

in the literature and conducting sensitivity analyses on the process environmental hotspots. 

Once the benchmark solvent and associated process flowsheet are evaluated, it is time to find 

suitable alternative solvents. This is done by following steps 2 and 3 of the methodology, which 

are presented in detail in the following sections. 

 

3.2 Computational screening of alternative solvents 

As discussed in section 2.2.1 of the literature review, the Conductor-like Screening Model for 

Real Solvents (COSMO-RS) provides a fast and efficient method to estimate the 

thermodynamic properties of fluid mixtures using quantum chemical calculations and does not 

rely on any experimental parameters (Klamt, 2005). Therefore, it can be applied to new 

compounds, such as biobased solvents, for which experimental data (e.g., partition 

coefficients, liquid-liquid equilibria) are not available. 
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In this step, the COSMO-RS method is used to predict infinite-dilution activity coefficients of 

the target solute and the solvents identified in an initial database. The target solute depends 

on the particular application (defined in the previous step), and a long list of potential solvents 

is sourced from the literature. The partition coefficient and selectivity of solvents to the target 

solute are calculated from the infinite-dilution activity coefficients. Then, a computational 

screening of the solvents' equilibrium, physicochemical, and HSE properties is performed to 

identify promising solvents for the particular application.  

 

An overview of this step is provided in the following sections, and the specific application to 

the exemplar case study on lipid extraction from algae biomass is found in CHAPTER 5. 

 

3.2.1 Calculation of activity coefficients with the COSMO-RS method 

COSMO-RS calculations procedure consists of two stages, presented in Figure 2.  

 

1. Quantum chemical calculations for the molecular species, where the geometries of 

the compound structures are optimised based on the state of minimum energy (most 

stable configuration depending on the atoms/molecules position) (Klamt, 2005). 

2. Statistical calculations implemented in COSMOthermX software, which uses the 

chemical potentials derived from COSMO-RS theory to build screening charge 

distributions (σ-profile and σ-potential) that represent molecular interactions. From this 

information, COSMOthermX computes equilibrium thermodynamic properties of the 

mixture (Klamt, 2005).  

 

The COSMO-RS method is based on the Gibbs free energy concept of non-compressible 

fluids. Statistical thermodynamics is used to calculate the pseudo-chemical potential 𝜇 of a 

compound 𝑖 in a system 𝑆. This results from the integration of the σ-potential, 𝜇𝑠(𝜎), over the 

system 𝑆, given in Equation (4) (Eckert and Klamt, 2002). 

 

𝜇𝑖 = 𝜇𝑖
𝐶 +∫𝑝𝑖(𝜎)𝜇𝑠(𝜎)𝑑𝜎 (4) 

 

where 𝜇𝑖
𝐶 is the combinatorial contribution to the chemical potential, including the differences 

between the shape and size of the molecules in the system; 𝑝𝑖(𝜎) represents the σ-profiles of 

the molecules in the system (probability of each molecule having a specific charge density in 

a specific location); 𝜇𝑠(𝜎) is the σ-potential, a measure of the affinity of the system 𝑆 to a 

surface of polarity 𝜎, which contains the main chemical information necessary to predict the 

interactions of a compound in a fluid phase (Eckert and Klamt, 2002). 
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Figure 2. Flow chart of the COSMO-RS calculations procedure (Eckert and Klamt, 2014) 

 

The pseudo chemical potential of a compound 𝑖 in a system 𝑆, 𝜇𝑖 , is related to the standard 

chemical potential 𝜇𝑖
∗ by Equation (5), which takes into account the temperature and 

concentration of the system. 

 

𝜇𝑖 = 𝜇𝑖
∗ − 𝑅𝑇𝑙𝑛𝑥𝑖  (5) 

 

where 𝑅 is the universal gas constant; 𝑇 is the temperature of the system; and 𝑥𝑖 is the mole 

fraction of the compound 𝑖 in the fluid phase. In the COSMO-RS method, the solute activity 

coefficient at infinite dilution is calculated from the chemical potential according to Equation 

(6), where 𝜇𝑖
𝛼 and 𝜇𝑖

𝑝
 are the chemical potential of compound 𝑖 in the α-phase (solvent or 

carrier liquid) or as a pure substance, respectively (Eckert and Klamt, 2002). 

 

𝑅𝑇𝑙𝑛(𝛾𝑖
𝛼) =  𝜇𝑖

𝛼 − 𝜇𝑖
𝑝
 (6) 
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Calculations of infinite-dilution activity coefficients for the solutes dissolved in the solvents are 

performed with COSMOThermX software, version 18.0.2, which implements the COSMO-RS 

method. The activity coefficients are calculated with the "ACTIVITY COEFFICIENT" panel in 

COSMOThermX. The parameterisation BP_TZVPD_FINE_19.ctd is used as it is considered 

to be the "best quality" calculation method (Eckert, 2015).  

 

Extraction efficiency and selectivity are calculated from the equilibrium distribution (ratio of the 

solute concentrations in the extract phase over the raffinate phase). Extraction efficiency is 

expressed as the partition coefficient of the solute (𝐾𝑖 in mol·mol−1) between the carrier liquid 

and solvent phases. At low solute concentrations, the partition coefficient can be predicted 

from the solute activity coefficient at infinite dilution (𝛾𝑖
∞ /mol· mol−1) according to Equation (7), 

where 𝑥 is the mol fraction of the solute 𝑖, 𝑠 corresponds to the solvent phase and 𝑤 to the 

carrier liquid phase (Burghoff et al., 2008).  

 

𝐾𝑖 =
𝑥𝑖
𝑠

𝑥𝑖
𝑤 =

𝛾𝑖
𝑤

𝛾𝑖
𝑠 ≈

𝛾𝑖
𝑤,∞

𝛾𝑖
𝑠,∞  

 

(7) 

 

The relative selectivity of the solvent between components 𝑖 and 𝑗 (𝛽𝑖,𝑗) is defined as the ratio 

of the partition coefficients (Equation (8)), where the component 𝑖 represents the target solute, 

and the component 𝑗 represents another component in the feed.  

 

𝛽𝑖,𝑗 =
𝐾𝑖
𝐾𝑗

 
 

(8) 

 

High selectivity means that, at equilibrium, there is a high concentration of component 𝑖 and a 

low concentration of component 𝑗 in the solvent. Also, the solvent should be highly selective 

for the solute compared to the carrier liquid to minimise the need to recover the carrier from 

the solvent (Seader, 2011). 

 

Finally, COSMO-RS predictions of partition coefficients are compared to experimental data for 

validation. A direct comparison is challenging, as COSMO-RS predictions may not be 

quantitatively accurate, especially for complex systems (e.g., aqueous biomass) with many 

solutes (polar, non-polar) affecting the experimental extractions. Also, the kinetic aspects of 

the extraction process, due to mass transfer limitations between solute and solvent, are not 

considered in the calculation of activity coefficients in COSMO-RS. However, the capability of 

the COSMO-RS method to predict qualitatively correct trends of experimental extraction 
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efficiencies as a key parameter for solvent selection has been successfully validated in 

previous studies, as discussed in section 2.2.1 of the literature review.  

 

3.2.2 Screening based on equilibrium, physicochemical, and HSE properties 

A three-part screening is carried out in this step, considering: 1) Liquid-liquid equilibrium (LLE) 

properties; 2) physicochemical properties of solvents; and 3) health, safety and environmental 

(HSE) performance of solvents. The aim is to identify promising solvents for the application 

based on practical limits on thermodynamic, physicochemical and HSE properties. 

 

3.2.2.1 Liquid-liquid equilibrium screening 

The first part aims to classify the solvents into groups (clusters) of similar solvents based on 

COSMO-RS predictions of partition coefficient and selectivity towards the target solute. A non-

supervised machine learning method (i.e., k-means clustering method) is used, as it is a 

simple and efficient method (Bock, 2007). Cluster inertia (sum of squared distances of 

samples to the nearest cluster centre) is used to select the number of clusters. A small value 

of inertia is aimed because it is a sign of good and meaningful clustering (Alade, 2018). More 

details about the clustering method can be found in CHAPTER 5 of this thesis. 

 

The cluster of solvents with the highest partition coefficient and selectivity towards the target 

solute is identified, resulting in an initial list of solvents potentially useful for the application. 

These solvents are selected for further screening on their physicochemical properties. 

 

3.2.2.2 Physicochemical properties screening 

A screening of the selected solvents is conducted based on practical considerations: (a) 

preventing solvent loss to the raffinate phase (the solvent should be insoluble in the carrier 

liquid); (b) preventing thermal degradation of the solute; (c) ease of recovery (high boiling 

points can lead to high reboiler duties); (d) ease of handling (dense and viscous solvents result 

in poor mass transfer rates and increased pumping requirements) (Koch and Sniveler, 2015). 

Solubility in the carrier liquid, boiling point, density, and viscosity are properties of solvents 

that can be used to assess such practical considerations. These properties can be found in 

the literature (Smallwood, 1996) and online databases (Knovel, 2020). 

 

Limits for the physicochemical properties of solvents are set depending on the application. For 

example, if the feed has a high content of water (dilute system), the water solubility of the 

solvent should be low (< 1% wt.) to form a two-phase system and minimise solvent loss to the 

water phase. Also, in the case of organic solutes (e.g., lipids), the boiling point of solvents 

should be lower than 200°C (Crossley et al., 1962) to prevent thermal degradation of the 
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solute. Finally, a solvent density < 1.5 kg/L and viscosity < 2 mPa.s are recommended for 

ease of handling and storage (Koch and Sniveler, 2015). Solvents that do not meet these limits 

are discarded.  

 

3.2.2.3 Health, safety and environmental performance screening 

The health, safety, and environmental performance (HSE) of the solvents resulting from the 

previous step are obtained using the CHEM21 methodology (Prat et al., 2016). As discussed 

in section 2.2.2 of the literature review, CHEM21 gives an overall preliminary ranking of any 

solvent, and it is particularly useful for a simplified evaluation of solvent greenness.  

 

CHEM21 is based on the combination of safety, health and environmental criteria aligned with 

the Global Harmonised System (GHS) of hazard statements. The data required for the 

evaluation are the solvent's physical properties (boiling point, flash point, ignition temperature) 

and GHS hazard statements, which are included in the solvent's material safety data sheet. 

Based on the combination of HSE hazards, a preliminary ranking is scored from 1 to 10, where 

the highest number represents the highest hazard level. Then, a colour code, shown in Table 

1, is associated with the score. 

 

Table 1. HSE scores and colour codes 

HSE score Colour 

1 - 3 Green 

4 - 6 Yellow 

7 – 10 Red 

 

The safety score (Table 2) depends on the solvent flammability, based on the solvent’s flash 

point and fire hazard statements. In the absence of data, a default score of 5 (corresponding 

to an intermediate hazard level) is assigned (Prat et al., 2016).  

 

Table 2. Safety score according to CHEM21 solvent guide (Prat et al., 2016) 

 

 

The health score (Table 3) reflects the occupational hazard and derives from the solvent's 

most severe health hazard statements. Solvents without GHS hazard statements are assigned 

a default health score of 5 (intermediate hazard level) (Prat et al., 2016). 
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Table 3. Health score according to CHEM21 solvent guide (Prat et al., 2016) 

 

 

The environmental score (Table 4) depends on the solvent volatility and the energy demand 

for recycling (assuming vapour-liquid separation). These parameters are linked to the solvent 

boiling point. In addition, the solvent's environmental hazards are considered, and the final 

score is based on the most severe of these factors. If environmental hazards are not available, 

a default environmental score of 5 (intermediate level of hazard) is assigned (Prat et al., 2016). 

 

Table 4. Environmental score according to CHEM21 solvent guide (Prat et al., 2016) 

 

 

The safety, health and environmental scores are combined to give an overall score for the 

solvent. The final ranking (Table 5) is set by the most severe combination, defining whether 

the solvent is hazardous, problematic or recommended (Prat et al., 2016). 

• Hazardous: the substitution of these solvents during process development is a priority. 

• Problematic: solvents that can be used at industrial scale but require specific safety 

measures or significant energy consumption for recovery. 

• Recommended: solvents to be tested first in a screening exercise. 

 

Table 5. Final ranking according to CHEM21 solvent guide (Prat et al., 2016) 
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The supplementary information of Prat et al. (2016) includes a spreadsheet of the CHEM21 

method, where the solvent’s physicochemical properties and hazard statements can be 

entered. Data for conventional solvents are abundant in the literature. However, data collection 

is challenging for several alternative solvents. After entering the data in the spreadsheet, the 

solvent's hazard level (recommended, problematic, or hazardous) is obtained, and hazardous 

solvents are discarded. Finally, a list of promising solvents for the application is obtained, 

which are evaluated at process-level in the following step. 

 

3.3 Extraction process simulation and evaluation 

In this step, a conceptual extraction process (defined in step 1 of this methodology) is modelled 

in Aspen Plus. An equilibrium model is used, with a fixed process flowsheet, extraction 

conditions, and column design for all the promising solvents obtained in the previous step. As 

a result, the mass and energy flows of the extraction process are obtained, and these are used 

to calculate process performance indicators related to material and energy efficiency. These 

indicators, inspired by green chemistry metrics (discussed in section 2.3 of the literature 

review), enable a simple evaluation of the sustainability of the extraction process and help to 

identify the most promising solvent candidates.  

 

An overview of this step is provided in the following sections, and the specific application to 

the exemplar case study on lipid extraction from algae biomass is found in CHAPTER 5. 

 

3.3.1 Extraction process simulation 

As discussed in section 2.1.3 of the literature review, the design basis for modelling an 

extraction process includes feed composition, product specifications (production rate and 

purity), and extraction conditions (temperature, pressure, solvent rate), which are defined in 

step 1 of the methodology.  

 

Figure 3 shows the flowsheet of the extraction process, which consists of two units: solvent 

extraction and solvent recovery. The EXTRACT model in Aspen Plus, used for rating 

calculations, is used to simulate the extraction column. In this model, the partition coefficients 

are calculated with an activity coefficient model capable of representing two liquid phases (i.e., 

NRTL), assuming theoretical equilibrium stages and adiabatic operation. Also, a fixed solvent-

to-feed ratio is defined based on data from the literature. The solvent is separated by 

distillation after the extraction process and recycled to the extraction column. When the solvent 

is partially soluble in the carrier liquid of the feed, an additional distillation column is used to 

recover the solvent from the raffinate stream. Heat is required in the extraction process to 
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satisfy the reboiler duty of the distillation columns. Additional details on the extraction process 

modelling are found in CHAPTER 5 of this thesis. 

 

 

Figure 3. Flowsheet of the extraction process, showing the extraction and recovery units 

 

As the process includes extraction and distillation units, liquid-liquid equilibrium (LLE) and 

vapour-liquid equilibrium (VLE) are important considerations for the choice of physical 

property and thermodynamic models. An activity coefficient model, such as NRTL, is 

recommended for modelling phase equilibrium for liquid mixtures with polar components (e.g., 

water) and nonideal thermodynamics (Carlson, 1996). For systems with scarce experimental 

data, estimation methods (e.g., UNIFAC) can be used to predict phase equilibrium. Additional 

properties of interest for modelling extraction processes are pure-component and mixture 

enthalpy and heat capacity, which are crucial for unit operations such as heat exchangers and 

distillation columns. Also, transport properties, such as density, viscosity, and thermal 

conductivity, are important to size the process equipment. These data are sourced from Aspen 

Plus databases, which have been validated with experimental data (National Institute of 

Standards and Technology, 2018). 

 

3.3.2 Extraction process evaluation 

Mass and energy flows obtained from process simulation are used to calculate the following 

process performance indicators, which are inspired by green chemistry principles and 

consider the impact per unit of product: 

 

• Solute recovery: ratio of extracted solute to the total solute in the feed. This indicator 

depends on the solvent's physicochemical and equilibrium properties, extraction 

conditions and column design. 
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• Solvent intensity: total mass of solvent used in the process to extract a specified 

mass of solute. 

• Total capital costs: these are estimated from the equipment size (extraction and 

distillation columns and heat exchangers) using the factorial method and installation 

factors (Towler and Sinnott, 2020). Plant lifetime, annual interest rate, and plant 

operational time per year are used to calculate annualised capital costs.  

• Total operating costs: these include raw materials, consumables, effluent disposal, 

and utilities, which are calculated from the mass and energy flows obtained in the 

process simulation. 

• Energy intensity: ratio of the energy (heat and power) input to the process to the 

extracted solute mass flow rate (Schwarz et al., 2002). Heat and power inputs are 

converted to fuel energy using steam and power generation efficiency factors, which 

depend on the plant location and can be sourced from the literature (GreenHouse Gas 

Protocol, 2006).  

• Global warming potential: it can be estimated given the greenhouse gas (GHG) 

emissions (expressed in mass of CO2 equivalent) resulting from the combustion of fuel 

that supplies the energy to the process. Emission factors and GHG emissions of 

different types of fuels can be sourced from the literature (Intergovernmental Panel on 

Climate Change, 2006). 

 

The process performance indicators are calculated for each solvent, and the results are 

compared to identify the most promising candidates. This simplistic approach considers a very 

limited range of indicators and ignores upstream and downstream processes; however, the 

indicators capture important process dimensions that depend heavily on the selected solvent 

(e.g., solvent make-up, capital and operating costs, energy consumption, greenhouse gas 

emissions) and are useful for an initial screening.  

 

Finally, a shortlist of potentially attractive solvents is obtained for a more detailed evaluation, 

e.g., evaluation of mass-transfer limitations in the extraction process, integration with 

upstream and downstream processing, detailed sizing and costing, and life cycle assessment, 

which is presented in the following sections. 

 

3.4 Overall process design and simulation 

The design of a chemical process usually begins with establishing product purity and recovery 

specifications. Purity specifications are established by customers, while recovery 

specifications are set to assure an economic process (Smith, 2016). Then, the process 
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flowsheet is defined with the potential configurations, integrating the upstream and 

downstream stages identified in step 1 of this methodology.  

 

This step involves detailed and specific kinetic modelling for simulating chemical reactors, as 

well as rigorous models of separation units (i.e., extraction units and distillation columns), such 

that the final product meets the required specifications. Process simulation software (Aspen 

Plus) is used to solve the material and energy balances and the process equipment models, 

which are represented by mathematical models. Mathematical models are a collection of 

equations that relate the process variables (stream temperature, pressure, flow rate, and 

composition) to the process equipment conditions (surface area, geometrical configuration, 

and others) (Seider, 2017). Process simulators include a library of models (known as blocks) 

that automate the equation-solving algorithms.  

 

The rigorous modelling of the extraction process, which is the focus of this thesis, is presented 

in detail in the following section. The modelling approach for the other processing stages and 

the specific application to the exemplar case study on biodiesel production from algae biomass 

are found in CHAPTER 4 and CHAPTER 6. 

 

3.4.1 Rigorous design of the extraction process 

As discussed in section 2.1.3 of the literature review, rigorous design of the extraction process 

requires knowledge of phase equilibrium between the components to be separated and the 

extraction solvents. Also, mass-transfer limitations, which depend on the physical properties 

of the substances (densities, viscosities, interfacial tension) and extraction device, should be 

considered (Rousseau, 1987).  

 

A rigorous model for the extraction process is used here. This modelling approach differs from 

that considered in step 3 of this methodology, where an equilibrium-based model is conducted 

in Aspen Plus without consideration of mass transfer limitations or interactions with other 

processing stages. Also, as this research focuses on the impact of alternative solvents on 

process sustainability, the extraction model can be used to estimate the recovery fraction of 

the target solute from the feed and for preliminary design of the extraction unit. The same 

conditions for the extraction process (feed composition, temperature, pressure, and residence 

time in the extractor) can be used for all the solvents, allowing a fair comparison between the 

benchmark and alternatives based on a theoretical approach.  

 

Mixer-settlers are selected as the extraction equipment, as they are well-proven and common 

industrial extractors that have been widely modelled in the literature (Treybal, 1980). Mixer-
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settlers can deliver high stage efficiencies (up to 95%) and handle high-viscosity liquids, 

systems with low to high interfacial tension, and high production rates (Frank et al., 2008). A 

mixer-settler is a single-stage device consisting of two parts: a mixer for contacting the two 

liquid phases and a settler for their mechanical separation. The mathematical models consider 

each stage as a theoretical or equilibrium stage, such that the effluent extract and raffinate 

solutions are in equilibrium. Then, efficiency factors (Murphree stage efficiency) are calculated 

to correct the deviation from theoretical behaviour (Treybal, 1980).  

 

Efficiency factors depend on mass-transfer coefficients, interfacial area, contact time between 

the phases, and agitation. These parameters are complex functions of fluid properties and the 

operational variables of the extractor and can be difficult to obtain (Berk, 2018). However, 

mathematical models can estimate these parameters with reasonable accuracy. For example, 

Skelland and Moeti (1990) correlation can be used to estimate mass-transfer coefficients. 

 

The extraction model is used to estimate the recovery fraction of the target solute from the 

feed with the benchmark and alternative solvents. The main assumptions of the extraction 

model are: 

• No solute is present in the solvent phase. 

• The solvent corresponds to the dispersed phase, and the feed to the continuous phase. 

• Dilute solute conditions, without significant changes in the feed and solvent flowrates 

at the inlet and outlet of the extraction unit. 

 

The manipulated variable of the model is the volume fraction of solvent in the feed mixture 

(𝜙𝐷𝐹), which is given in Equation (9). 

 

𝜙𝐷𝐹 =
𝑄𝐷

𝑄𝐷 + 𝑄𝐶
 

 

(9) 

 

where 𝑄𝐷 is the dispersed phase (solvent) volume flowrate, and 𝑄𝐶 is the continuous phase 

(feed) volume flowrate. The maximum value of 𝜙𝐷𝐹  is set at 0.5 to prevent inversion of phases, 

(the dispersed phase transforms in continuous phases), which increases solvent loss and 

separation costs (Seader, 2011). The recovery fraction of the solute (𝑓𝑖) is obtained by mass 

balance over the extractor (Equation (10)): 

 

𝑓𝑖 =
𝑄𝐷  𝜂𝑜𝑣 𝐾𝑖

𝑄𝐶 + 𝑄𝐷 𝜂𝑜𝑣  𝐾𝑖
 

 

(10) 
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where 𝐾𝑖 is the partition coefficient of the solute in the continuous and dispersed phases 

(calculated in step 2 of the methodology), and 𝜂𝑜𝑣 is the Murphree stage efficiency. Mass-

transfer limitations in the extraction process are accounted for by calculating the Murphree 

stage efficiency, which is obtained from the overall mass transfer coefficient, 𝑘𝑜𝑣, as shown in 

Equation (11) (Seader, 2011). 

 

𝜂𝑜𝑣  =
𝑘𝑜𝑣  𝑎 𝑉𝑡

𝑘𝑜𝑣  𝑎 𝑉𝑡 + 𝑄𝐷
 

 

(11) 

 

where 𝑎 is the interfacial area, and 𝑉𝑡 is the total volume of liquid in the vessel. The interfacial 

area and the overall mass transfer coefficient can be calculated using available theory and 

empirical correlations (Treybal, 1980).  

 

The model parameters depend on the density, viscosity, and interfacial tension of the 

continuous (feed) and dispersed (solvent) phases, and the diffusivity of the solutes in the 

continuous and dispersed phases. These data are obtained from the Aspen Plus database. 

The complete set of equations and the procedure to solve the extraction model are presented 

in detail in CHAPTER 4 and CHAPTER 6 of this thesis. The extraction unit is represented with 

a Component Separator block in Aspen Plus, applying the recovery fraction of the solute 

calculated with the extraction model. Solvent recovery is modelled with a distillation unit.  

 

After the extraction process is modelled, integration with the upstream and downstream 

processing units is needed. Literature data, process simulation, or a combination of both can 

be used to obtain the mass and energy flows of the integrated process, which are the inputs 

for the economic analysis and life cycle assessment. Detailed information about the modelling 

of upstream and downstream units is presented in CHAPTER 4 and CHAPTER 6 of this thesis. 

 

3.4.2 Heat integration and process equipment sizing 

Here, the energy targets of the process (minimum heating and cooling utility requirements) 

are calculated. The utilities available to the process (e.g., cooling water, steam) are defined, 

as well as the minimum approach temperature (usually 10°C (Smith, 2016)). Then, heat 

integration software (SPRINT (Centre for Process Integration, 2018)) is used for pinch analysis 

to obtain the minimum utility requirements of the process.  

 

Mass and energy flows are used to size the main process equipment (e.g., extractor, 

distillation columns, reactors, separators). Heuristics (Towler and Sinnott, 2020, Treybal, 
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1980) are used for the preliminary design (geometry and capacity) of process equipment. Such 

heuristics include length-to-diameter ratio, utilisation of internal volume, residence time, 

among others. For example, the preliminary design of the mixer-settler extractor (capacity) 

assumes 80% utilisation of internal volume (Treybal, 1980). Detailed information about heat 

integration and process equipment sizing is presented in CHAPTER 4 and CHAPTER 6. 

 

Once the overall process is modelled and heat integration and process equipment sizing are 

completed, it is time to evaluate the process sustainability (economic, environmental, and 

social impacts). This evaluation is conducted for each solvent candidate and is explained in 

detail in the following sections. 

 

3.5 Economic analysis 

This step aims to quantify capital and operating costs and product selling prices, with 

emphasis on the impact of the candidate solvents used in the extraction process. A techno-

economic analysis (TEA) is used here to couple process modelling results with economic 

estimates and financial assessment. As discussed in section 2.3.1 of the literature review, 

TEA is useful to calculate the cost-effectiveness of different process configurations, determine 

the minimum selling price for the technology to be competitive, and compare alternative 

technological options. 

 

The following activities are conducted here for each solvent candidate: 

1. Cost estimation: calculation of the fixed capital investment, working capital, and 

operating costs. Data sources include chemical engineering handbooks (Towler and 

Sinnott, 2020), internal databases, and vendor information. 

2. Economic evaluation: evaluation of the economic performance of the process by 

using indicators such as minimum product selling price.  

 

An overview of each activity is provided in the following sections, and the specific application 

to the exemplar case study on biodiesel production from algae biomass is found in CHAPTER 

4 and CHAPTER 6. 

 

3.5.1 Cost estimation 

 

3.5.1.1 Fixed capital investment 

The fixed capital investment is the cost of designing, constructing, and installing a plant and 

is composed of the following: 
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1. Inside battery limits (ISBL) investment: cost of procuring and installing all the process 

equipment that makes up the new plant. ISBL investment is divided into direct (e.g., 

major process equipment, piping, civil works) and indirect field costs (e.g., construction 

equipment rental, field expenses and services, labour benefits) (Towler and Sinnott, 

2020). 

 

2. Offsite battery limits (OSBL) investment: modifications and improvements on the site 

infrastructure to accommodate a new plant or increase the capacity of an existing plant 

(e.g., main electric substations, power generation plants, boilers, cooling towers, 

wastewater treatment plants). OSBL is typically estimated as a proportion of ISBL 

costs in the early design stages. For typical chemical plants, 40% of ISBL cost is used 

as an initial estimate (Towler and Sinnott, 2020). 

 

3. Engineering and construction costs: detailed design and other engineering services 

required for the project. A rule of thumb for engineering costs is: 30% of ISBL plus 

OSBL cost for small projects and 10% of ISBL plus OSBL cost for large projects 

(Towler and Sinnott, 2020). 

 

4. Contingency charges: extra costs to allow for variation from the cost estimate (e.g., 

changes in project scope and raw materials prices). A minimum contingency charge of 

10% of ISBL plus OSBL cost is used in this study (Towler and Sinnott, 2020).  

 

5. Working Capital: money needed to start the plant up and run it until it starts earning 

income, including raw material inventory, product and by-product inventory, cash on 

hand, etc. A typical value for working capital in chemical plants is 15% of the fixed 

capital (ISBL + OSBL + Engineering + Contingency) (Towler and Sinnott, 2020). 

 

A preliminary cost estimation with the factorial method is used to calculate the fixed capital 

investment. The typical accuracy of preliminary cost estimation is ± 30%, and it is used to 

make preliminary choices between design alternatives (Towler and Sinnott, 2020). The 

factorial method of cost estimation consists of the following steps: 

 

1. Size major process equipment items and select materials of construction. 

2. Estimate the purchased cost of the major equipment items.  

3. Calculate the ISBL capital cost using installation factors (Hand, 1958).  

4. Calculate the OSBL, engineering and contingency costs. The sum of ISBL, OSBL, 

engineering and contingency costs is the fixed capital investment.  



76 
 

5. Estimate the working capital as a percentage of the fixed capital investment (15%). 

The sum of the fixed and working capital is the total investment required. 

 

The best source of purchased equipment costs is recent data on actual prices paid for similar 

equipment. If this information is not available, cost data can be obtained from the open 

literature or estimating software (e.g., Aspen Process Economic Analyser). Equipment cost 

correlations used for preliminary estimates can be found in chemical engineering textbooks 

(Towler and Sinnott, 2020, Turton, 2018, Seider, 2017, Peters et al., 2004). These correlations 

are of the form given in Equation (12): 

 

𝐶𝑒 = 𝑎 + 𝑏 𝑆
𝑛 (12) 

 

where 𝐶𝑒 is the purchased equipment cost (which needs to be updated with the most recent 

cost index, such as the Chemical Engineering Plant Cost Index (CEPCI)); 𝑎, 𝑏 are cost 

constants depending on the type of equipment; 𝑆 is a size parameter depending on the type 

of equipment, and 𝑛 is an exponent depending on the type of equipment. 

 

The annualised capital cost (ACC) is the fraction of the fixed capital investment that must be 

paid out each year to fully repay the fixed capital investment and all accumulated interest over 

the life of the investment (Equation (13)). 

 

𝐴𝐶𝐶 = 𝐴𝐶𝐶𝑅 × 𝐹𝑖𝑥𝑒𝑑 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 (13) 

 

where ACCR is the annual capital charge ratio. For a typical cost of capital of about 10% and 

a plant life of 30 years, the value of the annual capital charge ratio (ACCR) is 0.101 (Towler 

and Sinnott, 2020). 

 

3.5.1.2 Operating costs 

Operating costs comprise fixed and variable costs of production. Fixed costs are incurred 

regardless of the plant operation rate or output. These include operating labour, supervision, 

salary and plant overheads, maintenance, property taxes and insurance, rent of land, 

environmental charges, license fees, and marketing costs (Towler and Sinnott, 2020). 

 

Variable costs of production are proportional to the plant output. These include raw materials, 

utilities (e.g., fuel, steam, cooling water, electricity), consumables (e.g., solvents, acids, bases, 

catalysts that require continuous replacement), effluent disposal, and packaging. Price 
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estimation of alternative solvents, such as biobased solvents, is challenging due to the lack of 

data in the literature. Online databases (e.g., ICIS Chemical Business, Alibaba) can be used 

to source costs of raw materials, utilities, and consumables. In any case, data should be 

specific for the plant's location and time-updated.  

 

The total cost of production (TCOP) is calculated assuming a plant generates a specified 

return on investment. In this case, the annualised capital cost (ACC) is added (Equation (14)). 

 

𝑇𝐶𝑂𝑃 = 𝑉𝐶𝑂𝑃 + 𝐹𝐶𝑂𝑃 + 𝐴𝐶𝐶 (14) 

 

where 𝑉𝐶𝑂𝑃 are the sum of all the variable costs of production minus by-product revenues; 

𝐹𝐶𝑂𝑃 are the fixed costs of production; and 𝐴𝐶𝐶 is the annualised capital cost. The unit 

production cost (e.g., USD/gal) can be calculated by dividing the annual total cost of 

production by the annual production rate. 

 

3.5.2 Economic indicators 

As discussed in section 2.3.1 of the literature review, the minimum product selling price 

(MPSP) can be used to assess the cost-competitiveness of the product in comparison with 

other products or alternative flowsheets. Also, MPSP is suited for performing sensitivity 

analyses that indicate where process performance improvements are needed. Therefore, this 

step uses the MPSP obtained with the solvent candidates as the economic indicator. 

 

The capital and operating costs are used in a discounted cash flow rate of return analysis to 

obtain the MPSP required to obtain a net present value of zero (after taxes) for the selected 

internal rate of return. Table 6 summarises the main assumptions made in the economic 

analysis. These assumptions are based on "nth-plant" economics, which reflects a mature 

future in which a successful industry of n plants has been established (Davis et al., 2014).  

 

Table 6. Economic assumptions to calculate the minimum product selling price 

Item Assumption 

Internal rate of return 10% 

Plant financing schedule 40% Equity, 60% debt at 8% interest 

Depreciation method IRS-7 MACRS  

Income tax 35%  

Plant design and construction time  36 months 

Facility start-up time 6 months 

Facility on-stream time 8400 hours/year 

Plant lifetime 30 years 
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The average annual cash flow is obtained with Equation (15). 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑛𝑛𝑢𝑎𝑙 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤 = 𝑁𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡 + 𝐷𝑒𝑝𝑟𝑒𝑐𝑖𝑎𝑡𝑖𝑜𝑛 𝑐ℎ𝑎𝑟𝑔𝑒 (15) 

 

The gross profit is the sum of product and by-product revenues minus raw material costs 

(Equation (16)). The net profit is the amount left after taxes are paid (Equation (17)). 

 

𝐺𝑟𝑜𝑠𝑠 𝑝𝑟𝑜𝑓𝑖𝑡 = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠 − 𝑅𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝑐𝑜𝑠𝑡𝑠 (16) 

 

𝑁𝑒𝑡 𝑝𝑟𝑜𝑓𝑖𝑡 = 𝐺𝑟𝑜𝑠𝑠 𝑝𝑟𝑜𝑓𝑖𝑡 − 𝑇𝑎𝑥𝑒𝑠 (17) 

 

Depreciation charges are allowances for the deterioration of the property as a result of its use. 

The depreciation charge is added back to the net income after taxes to give the total cash flow 

from operations (Towler and Sinnott, 2020). Details on the calculation of the average annual 

cash flow and MPSP are found in CHAPTER 4 and CHAPTER 6 of this thesis. 

 

3.6 Environmental and social sustainability assessment 

This step aims to assess the environmental and social sustainability of the process and identify 

hotspots around the processing stages that can help improve the overall performance, with 

emphasis on the impact of the solvents used in the extraction process. Life cycle assessment 

(LCA) is used to assess environmental sustainability, and social indicators are used to assess 

social sustainability. The mass and energy flows generated in step 4 of this methodology are 

used here to carry out the assessment. The LCA methodology is discussed first, followed by 

the social indicators. 

 

3.6.1 Environmental sustainability assessment 

As discussed in section 2.3.2 of the literature review, LCA is an environmental tool that 

considers the whole life cycle of a process or product and evaluates the potential 

environmental impacts. LCA strongly support the development of greener processes by 

studying the relationship between environmental impacts and the selection of raw materials 

and process parameters. Significant improvements in energy consumption, solvent 

consumption, and process performance can be achieved with the combination of LCA and 

process design. Also, relevant hotspots can be identified and avoided in advance (Kralisch et 

al., 2015).  

 

LCA is typically performed in a relative way through comparative analysis of different products 

and process designs. In this step, a comparative LCA is performed to evaluate the 
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environmental impacts of the candidate solvents identified in step 3 of the methodology. The 

standards ISO 14040 and 14044 (International Organization for Standardization, 2006a, 

International Organization for Standardization, 2006b) define the principles, framework and 

guidelines of LCA, which consist of four major components: goal and scope definition, life 

cycle inventory analysis, life cycle impact assessment, and interpretation, as Figure 4 shows. 

An overview of each LCA stage is provided in the following sections, and the specific 

application to the exemplar case study on biodiesel production from algae biomass is found 

in CHAPTER 4 and CHAPTER 6. 

 

 

Figure 4. Stages of the LCA (International Organization for Standardization, 2006a) 

 

3.6.1.1 Goal and scope definition 

In this stage, the purpose (goal) of the LCA study is set, as well as its system boundaries 

(scope) and relevant methodological procedures (e.g., allocation procedures, data quality 

requirements, and selection of environmental impacts). In addition, the function of the system 

is defined to establish a functional unit or basis for analysis. System boundaries include “cradle 

to grave”, “cradle to gate”, and “gate to gate”, as Figure 5 shows.  

 

The cradle-to-gate boundaries consider all activities starting from the raw material extraction 

until the product manufacture at the factory gate. The cradle-to-grave boundaries involve the 

same steps as the cradle-to-gate, expanded up to the product end-of-life (distribution, use, 

disposal). Finally, the gate-to-gate boundaries focus only on a single stage of the product life 

cycle (Hessel et al., 2021). In the case of a comparative study, the boundaries of the systems 

under study must be compatible.  
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Figure 5. LCA system boundaries 

 

Two types of LCA modelling approaches exist: attributional and consequential. In the 

attributional approach, the system is represented in isolation from the rest of the economy, so 

that impacts can be attributed (allocated) to the product. Also, attributional LCA is associated 

with the use of average processes in the background system, which reflects the modelling of 

an average supply chain (Hauschild et al., 2018). On the other hand, the consequential 

approach describes the changes to the economy caused by the introduction of the studied 

system, i.e., the product's environmental consequences (Hauschild et al., 2018). In this study, 

an attributional approach is used as the dynamics of the economic system, which requires a 

different engineering perspective on product supply chains, are out of the scope. 

 

The goal of the LCA study is to estimate the life cycle environmental impacts of the product 

(biofuel) using alternative solvents and the benchmark solvent for the extraction process. The 

functional unit is defined as “the production and combustion of 1 MJ of biofuel”. Even though 

this research focuses on the extraction process, a "cradle-to-grave" approach is 

recommended and therefore adopted here to understand the challenges and improvement 

opportunities at the overall system level. Thus, it includes all the stages directly used to 

produce the biofuels (foreground and background systems). The foreground system includes 

upstream and downstream stages, while the background system comprises the extraction and 

processing of raw materials (e.g., solvents, chemicals) and the energy (heat and power) used 

by the foreground system. 

 

3.6.1.2 Life cycle inventory analysis 

In this stage, the collection and calculation of inventory data are performed within the 

boundaries of the process. The mass and energy flows of the process, which are obtained in 

step 4 of this methodology, correspond to the quantities of inputs (e.g., raw materials, solvents, 

energy consumption) and outputs (e.g., emissions, wastes, and coproducts) predicted by the 

process model. These quantities are used to estimate the environmental burdens associated 

with each activity in the life cycle of the system under study. Also, background data are 
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considered, including the markets providing the raw materials, solvents, and energy (heat and 

power) for the process. Missing inventory data are obtained from the literature or LCI 

databases, such as Ecoinvent (Ecoinvent, 2019), which includes consistent, transparent and 

updated life cycle inventory data (Kralisch et al., 2015). 

 

In the case of multifunctional systems (i.e., delivering more than one product output), allocation 

methods are applied to share the environmental burdens between the products. The ISO 

14044 standard (International Organization for Standardization, 2006b) presents a hierarchy 

for solving multifunctionality, where the coproduct displacement method (also termed "system 

expansion") is recommended when conventional ways to produce secondary functions 

(coproducts) can be identified. In this research, the coproduct displacement method is used, 

based on displacing an existing product with the one produced by the system, so that impacts 

from the existing product can be displaced or avoided (Hauschild et al., 2018).  

 

3.6.1.3 Life cycle impact assessment 

In this stage, the environmental burdens are translated to potential environmental impacts. 

The ISO 14040 standard lists the following mandatory steps for the life cycle impact 

assessment (LCIA) phase:  

 

Selection of impact categories, category indicators and characterisation models 

This is typically done by choosing an existing impact assessment method, which includes 

different characterisation models and potential impact categories. Characterisation models 

describe the relationship between the inventory data and category indicators (quantifiable 

representation of an impact category) using characterisation factors based on confirmed 

scientific insight, which indicate the environmental impact per unit of emission/resource 

(Hauschild et al., 2018).  

 

Two different types of impact categories exist: midpoint and endpoint, as shown in Figure 6. 

Midpoint impact categories give a measurable result with less environmental relevance and 

more remote from the concerns directly observable in the environment (e.g., terrestrial 

acidification). Midpoint categories provide a detailed understanding of the environmental 

impact of a product or process and are useful for identifying the environmental hotspots that 

need to be addressed. Endpoint impact categories, on the other hand, give more relevant but 

hardly verifiable information (e.g., damage to ecosystems), which are representative of 

different “Areas of Protection” that support human health, ecosystems or planetary life 

(Hauschild et al., 2018). Endpoint categories are more appropriate when the goal of the LCA 

study is to communicate the overall environmental impacts of products or processes to 
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stakeholders. Additional midpoint-to-endpoint characterisation factors (also known as severity 

or damage characterisation factors) are required to go from midpoint to endpoint indicator 

scores (Hauschild et al., 2018). 

 

 

Figure 6. Overview of mid and endpoint impact categories (Huijbregts et al., 2017) 

 

One of the most relevant midpoint impact categories is climate change, which compiles the 

effects of elementary output substances that contribute to global warming. Global warming 

potential (GWP) accounts for the radiative properties of greenhouse gases and their lifetimes 

in the atmosphere (IPCC, 2013). GWP gives values relative to those for the reference gas 

CO2, which has a global warming potential of 1. Characterisation factors for greenhouse gases 

have been defined in the report of the Intergovernmental Panel on Climate Change (IPCC, 

2013). GWP is expressed in terms of CO2 equivalents in a 100-year time frame. 

 

Some consistent and well-established impact assessment methods are CML 2002 (Guinée, 

2002), IMPACT 2002 (Jolliet et al., 2003), Eco-Indicator 99 (Goedkoop et al., 2000), and 

ReCiPe (Huijbregts et al., 2017). The selection of the method depends on the type of impact 
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categories to be estimated, which must be consistent with the goal and scope of the LCA 

study. Additional criteria for the selection of impact assessment methods can be found in 

Hauschild et al. (2018), including a comparative overview of the main characteristics of current 

LCIA methods. 

 

ReCiPe 2016 impact assessment method is used here, as it includes a wide range of 

indicators to ensure that any potential burden-shifting is identified and addressed accordingly 

(Hauschild et al., 2018). ReCiPe 2016 includes the following 18 midpoint impact categories: 

climate change (CC), fossil depletion (FD); freshwater consumption (FC); freshwater 

eutrophication (FE); freshwater ecotoxicity (FET); human toxicity, cancer (HTC); human 

toxicity, non-cancer (HTNC); ionising radiation (IR); land use (LU); metal depletion (MD); 

marine eutrophication (ME); marine ecotoxicity (MET); ozone depletion (OD); particulate 

matter formation (PMF); photochemical ozone formation, ecosystems (POFE); photochemical 

ozone formation, human health (POFH); terrestrial acidification (TA); terrestrial ecotoxicity 

(TET). The definition of the midpoint impact categories included in ReCiPe is presented in 

Table 46 in the Appendix of this thesis. 

 

As this thesis is focused on extraction processes to produce biofuels (whose function is to 

provide energy), primary energy demand (PED) is also calculated following the method 

available in GaBi v.9.5 (Thinkstep, 2019). PED measures the total amount of energy resources 

used to make a product or provide a service, identifying all non-renewable and renewable 

energy resources as primary energy values. It also includes the energy contained in the 

product itself. No characterisation factors are used, which means that the PED is not an impact 

category but a life cycle inventory parameter (Sutter and Merz, 2018).   

 

Classification and characterisation 

Classification entails assigning inventory data to impact categories according to their potential 

effects. Characterisation consists of calculating category indicator results quantifying 

contributions from the inventory data to the impact categories. In practice, this is done 

automatically by LCA software, such as OpenLCA, Gabi and Simapro. In this research, the 

LCA modelling is carried out in GaBi v9.5 (Thinkstep, 2019). 

 

Life cycle environmental impacts can be estimated with Equation (18). 

 

𝐸𝑘 = ∑ 𝐶𝐹𝑘,𝑗𝐵𝑗
𝐽
𝑗=1                 

 𝑘 = 1,2, … , 𝐾 
(18) 
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where 𝐸𝑘 is environmental impact 𝑘; 𝐵𝑗 is environmental burden 𝑗 causing the impact; and 

𝐶𝐹𝑘,𝑗 is the relative contribution of burden 𝑗 to impact 𝑘 (characterisation factor). Environmental 

burdens represent materials and energy consumption and air, water and soil emissions. The 

characterisation factors are obtained from different models and parameters specific to a 

particular impact category, which is modelled to represent its underlying impact pathway or 

environmental mechanism (Hauschild et al., 2018).  

 

Optional steps 

These include normalisation (expressing LCIA results relative to those of a reference system), 

weighting (assigning weights to each impact category according to its importance), and 

grouping (aggregating impact indicator results into a group). These steps are not included in 

this research as it falls outside the scope of the work. 

 

3.6.1.4 Life cycle interpretation 

This step involves: identifying significant issues (i.e., hotspots) by analysing the results of the 

inventory and impact assessment stages, sensitivity analyses, and conclusions and 

recommendations of the LCA study. Sensitivity analyses are essential due to the uncertainties 

related to the data obtained from secondary sources, including LCA databases, process 

simulation tools, and research literature. Besides, the validity and reliability of LCA are affected 

by definitions and assumptions, the non-inclusion of relevant process steps, and the choice of 

the functional unit or environmental impacts (Kralisch et al., 2015). 

 

In this research, sensitivity analyses are performed to understand which parameters, 

specifications and assumptions have a significant impact on the sustainability performance of 

the process under study, with a focus on the solvent and the extraction process design. 

 

3.6.2 Social sustainability assessment  

Besides economic and environmental perspectives, sustainability also has a social dimension. 

However, in contrast to the environmental and economic dimensions, only limited work has 

been done on social impact assessment (Azapagic et al., 2016, Othman et al., 2010). 

Therefore, it has not formally been included in this thesis but is indirectly accounted for with 

the following indicators: 

 

• Human health: this social issue is evaluated with the LCA categories human toxicity 

(cancer and non-cancer) and photochemical ozone formation for human health.  
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• Intergenerational equity: this social issue is evaluated with the LCA categories 

related to the use of abiotic resources (fossil and metal depletion), as considered by 

Azapagic et al. (2016). 

 

3.7 Multicriteria decision analysis 

As discussed in section 2.3.4 of the literature review, sustainability assessments include a 

holistic evaluation of economic, environmental, and social impacts of the process under study. 

As a result, the decision maker has multiple criteria to consider. An effective way to integrate 

and understand the results is multicriteria decision analysis (MCDA). 

 

In this step, the candidate solvents and associated flowsheets are compared based on MCDA, 

including economic, environmental, and social indicators of the overall process (obtained in 

steps 5 and 6 of the methodology). The Simple Multi-Attribute Rating Technique (SMART) 

method (Edwards, 1977) is applied here, as it is simple to implement and can cover many 

criteria. Also, the SMART method has been used in previous studies (Cooper et al., 2018, 

Konstantas et al., 2020, Stamford et al., 2019) to identify sustainable products and process 

designs.  

 

The SMART method, described in detail by Cooper et al. (2018), includes the following steps:  

 

1. Identify the options to be compared.  

2. Identify the decision criteria (e.g., economic, environmental, and social indicators).  

3. Score the criteria in order of importance and assign the weighting of their importance. 

4. Rating of the options on a scale of 0 for the worst to 1 for the best. 

5. Estimate the overall scores and rank the options on a scale from 0 for the worst to 1 

for the best. 

6. Identify the most sustainable option. 

 

Table 7 shows the indicators used for each sustainability dimension. The selection and 

weighting of the sustainability indicators is application-specific and depends on the 

stakeholders' priorities. In this study, it is assumed that every sustainability dimension is 

equally important, as are its indicators. The calculated scores are used to estimate the overall 

sustainability, where the option with the highest score is considered to be the most 

sustainable. Also, a sensitivity analysis on the weights is performed to verify the robustness 

of the results. 
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Table 7. Sustainability indicators used in the multicriteria decision analysis 

Sustainability dimension* Indicators 

Economic Minimum product selling price. 

Environment Climate change; freshwater consumption; freshwater eutrophication; 

freshwater ecotoxicity; ionising radiation; land use; marine 

eutrophication; marine ecotoxicity; ozone depletion; particulate 

matter formation; photochemical oxidants formation for ecosystems; 

primary energy demand; terrestrial acidification; terrestrial 

ecotoxicity. 

Social Fossil (fuel) depletion; metal depletion; human toxicity cancer; 

human toxicity non-cancer; photochemical ozone formation for 

human health. 

* Each dimension and indicator are assumed to have equal weight (i.e., 0.33 for each dimension, 0.024 for each 

environmental indicator, and 0.067 for each social indicator).  
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CHAPTER 4  

BENCHMARK STUDY: CONVENTIONAL EXTRACTION 

PROCESS DESIGN AND EVALUATION 

 

This chapter addresses the first objective of this research (i.e., to evaluate the sustainability 

of conventional solvents used in extraction processes with a combination of process 

simulation, techno-economic analysis, and life cycle assessment) by following the first step of 

the methodology (i.e., benchmark study, refer to Figure 1).  

 

In this chapter, the economic and environmental sustainability of using hexane for algae lipid 

extraction and biodiesel production are evaluated using a combination of rigorous process 

simulation, techno-economic analysis, and life cycle assessment. Such an evaluation is used 

to: 1) establish a representative benchmark against which to compare process modifications 

(i.e., use of alternative solvents or technologies), which are covered in later chapters of this 

thesis; and 2) validate the process design and evaluation approach, by comparing the results 

of the benchmark study with previous studies in the literature, as well as by conducting 

sensitivity analyses on the process environmental hotspots. The interactions between the feed 

and the solvent, including phase equilibrium thermodynamics and mass transfer efficiency, 

are given special consideration in this chapter as they have an impact on the process 

sustainability.  

 

The content of this chapter has been published in Industrial & Engineering Chemistry 

Research and can be found in the literature as follows: 

 

Zapata-Boada, S.; Gonzalez-Miquel, M.; Jobson, M.; and Cuéllar-Franca, R. M., A 

Methodology to Evaluate Solvent Extraction-Based Processes Considering Techno-

Economic and Environmental Sustainability Criteria for Biorefinery Applications. Ind. 

Eng. Chem. Res. 2021, DOI: https://doi.org/10.1021/acs.iecr.1c02907 

 

 

 

 

 

 

https://doi.org/10.1021/acs.iecr.1c02907
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Abstract 

Extraction processes are widely used in biorefinery applications to recover target products 

from biomass, and their comprehensive evaluation is key to improving their economic and 

environmental sustainability. This paper applies a systematic methodology that combines a 

rigorous process design, techno-economic analysis, and life cycle assessment to evaluate the 

sustainability performance of solvent extraction-based processes, with a focus on downstream 

activities. The methodology, which consists of seven iterative steps that combine process 

simulation and economic and environmental sustainability assessment tools, is demonstrated 

using a biodiesel production process from algae biomass, with hexane as the lipid extraction 

solvent. The minimum biodiesel selling price is estimated at U.S. $8.95 per U.S. gal, using the 

discounted cash flow rate of return. This is 3.5 times the average price of fossil diesel, mostly 

due to the cost of algae biomass and lipid recovery capacity of the solvent. Eighteen 

environmental impact categories are estimated from cradle to grave using the ReCiPe V1.1 

method. For example, the climate change and primary energy demand are calculated at 95 g 

CO2 eq./MJ and 1.52 MJ/MJ biodiesel, which are 5 and 24% higher compared to fossil diesel, 

respectively. Lipid extraction is identified as the hotspot of the downstream processing stages 

for all impact categories (52%- 97%), and an opportunity for improving the overall sustainability 

performance of algae biodiesel, e.g., solvent selection. These findings provide a benchmark 

for future improvements to biodiesel production from algae biomass, with a focus on the 

interactions between biomass and the solvent, e.g., phase equilibrium thermodynamics. 

 

Keywords: Algae biodiesel; Lipid extraction; Hexane; Process simulation; Life cycle 

assessment. 
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4.1 Introduction 

Solvent extraction is widely used in the chemical industries to separate components based on 

their relative solubility (Koch and Sniveler, 2015). Key applications of solvent extraction include 

removal of high-boiling organics from wastewater (Chang, 2020), purification and refining of 

precious metals (El-Nadi, 2017), and downstream processing in biorefinery applications, 

where target products are recovered from biomass at their required specifications (IEA 

Bioenergy, 2019, Cuellar and Straathof, 2020), e.g. lipid extraction from algae biomass to 

produce biofuels (Menegazzo and Fonseca, 2019, Grima et al., 2013), and furfural production 

from lignocellulosic biomass (Nhien et al., 2017). Biorefinery separations are challenging, 

given the thermal instability, broad range of impurities, and high dilution of feed streams9. 

Since separations in biorefineries can account for 15% to 80% of the total costs (Ghosh, 2007), 

attention needs to be paid to solvent selection and extraction process design (Kiss et al., 2016, 

Blahušiak et al., 2018).  

 

The production of algae-derived biofuels has become of particular interest in biorefinery 

research in the past decade (Barry et al., 2016, Gouveia et al., 2017, Shirvani et al., 2011, 

Passell et al., 2013). This is because algae offer several advantages over conventional 

feedstocks for biofuel production, such as food crops and waste biomass, including higher 

productivity, e.g. higher biomass yields per area of cultivation, higher lipid content, non-

conventional cultivation methods, e.g. use of nonarable land and saline or wastewater 

sources, and production of high-value coproducts (Cruce and Quinn, 2019). However, lipid 

extraction from algae biomass is still energy-intensive and costly (Morales et al., 2019, 

Richardson et al., 2014, Coons et al., 2014); consequently, it is regarded as a major economic 

barrier to industrial-scale production of biodiesel from algae (Rogers et al., 2014, Gifuni et al., 

2019, Marrone et al., 2018). High costs are mainly due to the complex chemical composition 

of algae cells, as well as their small size and high water content, which creates technical 

challenges for biomass processing and subsequent lipid extraction (Grima et al., 2013, 

Marrone et al., 2018).  

 

Lipid extraction from algae biomass includes cell disruption by mechanical (e.g., high-pressure 

homogenisation (Olmstead et al., 2013), ultrasound (Lee et al., 2017), microwave (Cheng et 

al., 2013)), chemical (e.g., hydrothermal acid treatment (Laurens et al., 2015), ionic liquids 

(Kim et al., 2012)) and biological (Chen et al., 2016) methods, and posterior lipid collection by 

solvents. Cell disruption is needed to remove or weaken the protective cell walls of algae to 

make the intracellular lipids more accessible in solvent extraction, thus increasing product 

recovery (Dong et al., 2016). Conventional lipid extraction processes use non-polar organic 
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solvents such as hexane due to their high lipid selectivity and ease of recovery, e.g. via 

evaporation (Davis et al., 2014). Hexane is typically used in modelling (Davis et al., 2014) and 

experimental (Wan Mahmood et al., 2017) studies of lipid extraction from algae biomass. 

Based on reported practical industrial applications (Laurens et al., 2015, Davis et al., 2014), 

cell disruption and lipid extraction from wet algae biomass directly harvested from the 

cultivation ponds is required, to avoid the energy and costs required for drying the biomass.  

 

Numerous studies on algae biofuels reported in the literature have looked at various techno-

economic (Wu et al., 2018, Richardson et al., 2012, Davis et al., 2018, Beal et al., 2015, 

Nagarajan et al., 2013, Silva et al., 2013, Nezammahalleh et al., 2018, Kang et al., 2019, Davis 

et al., 2016, Davis et al., 2011, Leow et al., 2018) and environmental sustainability (Posada et 

al., 2016, Brentner et al., 2011, Borkowski et al., 2012, Batan et al., 2010, Stephenson et al., 

2010, Handler et al., 2014, Schneider et al., 2018, Lardon et al., 2009, Tu et al., 2017, Frank 

et al., 2011, Gebreslassie et al., 2013b) aspects across the production process, which 

comprises upstream (cultivation and harvesting) and downstream processing stages 

(extraction, refining and conversion). Although the algae biofuels production process has been 

modelled extensively using process simulation tools (Rogers et al., 2014, Davis et al., 2014, 

DeRose et al., 2019, Davis et al., 2016, Wu et al., 2018, Wu et al., 2019, Richardson et al., 

2012, Silva et al., 2013, Nezammahalleh et al., 2018, Davis et al., 2011, Leow et al., 2018, 

Posada et al., 2016, Stephenson et al., 2010, Gebreslassie et al., 2013b), the direct 

contributions from the lipid extraction process to the economic viability and environmental 

sustainability of these processes as a whole are still largely unquantified. Key reasons for this 

gap are the lack of publicly available data (Richardson et al., 2014) and the use of 

oversimplified models of lipid extraction (Silva et al., 2013, Lardon et al., 2009). For example, 

Silva et al. (2013) evaluated pathways to produce algae biofuels in a cost-effective way at a 

commercial scale. While the study included rigorous thermodynamic and kinetic models to 

simulate the cultivation, refining, and transesterification stages, the operating costs of the lipid 

extraction process were obtained from the literature and associated capital costs were not 

accounted for. Similarly, Lardon et al. (2009) conducted a life cycle assessment (LCA) to 

estimate the environmental impacts of algae biodiesel production. Nevertheless, the inventory 

data for estimating the contributions from the lipid extraction stage, e.g. the solvent mass 

flowrate, extraction efficiency, and energy consumption of the process, were sourced from a 

soybean extraction process (Ecoinvent, 2019) instead of an algae lipid extraction process; the 

study thus fails to effectively represent the extraction process of interest. Such simplistic 

approaches, therefore, prevent a proper understanding of the effects that the complex 

interactions between algae biomass and solvents (e.g., phase equilibrium thermodynamics) 

have on the performance of algae lipid extraction processes.  
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Estimated selling prices of algae-derived biofuels, e.g. biodiesel and renewable diesel, are 

reported widely in the literature (Wu et al., 2018, Richardson et al., 2012, Davis et al., 2018, 

Beal et al., 2015, Nagarajan et al., 2013, Silva et al., 2013, Nezammahalleh et al., 2018, Kang 

et al., 2019, Davis et al., 2016, Davis et al., 2011, Leow et al., 2018), ranging from U.S. $1.63 

(Wu et al., 2018) to 33.86 per U.S. gal (Richardson et al., 2012). Such disparity, which is 

largely due to the different algae strains selected as feedstock, technologies, and process 

design configurations available, alongside data availability and assumptions made, makes it 

very difficult to compare these values. For instance, Silva et al. (2013) conducted a techno-

economic analysis of the commercial-scale biodiesel production from algae biomass, and 

reported a biodiesel selling price of U.S. $4.34 per U.S. gal. However, the impact of the 

extraction process on the biodiesel production chain was not evaluated, and the capital costs 

of the extraction process were neglected. Davis et al. (2018) reported that the estimated selling 

price of algae renewable diesel ranges from U.S. $2.69 to 8.30 per U.S. gal, depending on 

assumed costs and values of biomass valorisation. The study assumed that the algae strain 

Nannochloropsis salina was cultivated in open ponds, and the lipid content of the algae 

biomass was 26% on a dry basis. It also assumed wet biomass (20% water) lipid extraction 

using hexane and lipid conversion via hydrotreating (HT). The latter selling price also 

considered the co-production of succinic acid (produced from a fraction of lipids) and 

polyurethane (produced via fermentation of algal sugars). These findings agree with the latest 

techno-economic assessment studies of algae-derived biofuels (Gifuni et al., 2019, Singh and 

Dhar, 2019, Thomassen et al., 2019b), which indicate that for algae biofuels to be 

economically viable, every profitable component of the algae biomass should be extracted, 

processed and commercialised, within a multiproduct biorefinery design philosophy. The 

fraction of lipids recovered from the algae biomass can influence the selling price of algae 

biofuels to some extent, as demonstrated by Davis et al. (2014), where the selling price ranged 

from U.S. $4.56 to 5.11 per U.S. gal, when recovering 95% to 85% of lipids, respectively. 

However, other factors that can also influence the price of algae biofuels, such as solvent 

extraction efficiency or selectivity to non-polar lipids (e.g., triglycerides (TAG)) have not been 

appropriately addressed.  

 

From an environmental sustainability perspective, previous studies (Posada et al., 2016, 

Brentner et al., 2011, Borkowski et al., 2012, Batan et al., 2010, Stephenson et al., 2010, 

Handler et al., 2014, Schneider et al., 2018, Lardon et al., 2009, Tu et al., 2017, Frank et al., 

2011, Gebreslassie et al., 2013b) consistently demonstrated that primary energy demand 

(PED) and climate change (CC) impacts of algae biodiesel tend to be higher than those of 

fossil diesel. For instance, Stephenson et al. (2010) reported that these impacts are between 

3 and 4 times higher than those of fossil diesel, respectively, when cultivating algae biomass 
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in tubular bioreactors. Similarly, Passell et al. (2013) found that PED and CC of algae biodiesel 

are around  20 and 50% higher, respectively, than those of fossil diesel. Most of the previous 

LCA studies of algae biofuels (Posada et al., 2016, Brentner et al., 2011, Borkowski et al., 

2012, Batan et al., 2010, Stephenson et al., 2010, Handler et al., 2014, Schneider et al., 2018, 

Lardon et al., 2009, Tu et al., 2017, Frank et al., 2011, Gebreslassie et al., 2013b) agree that 

upstream processing stages (cultivation and harvesting) are the main contributors to the total 

PED and CC of algae biofuels. However, lipid extraction is considered the main hot spot 

across downstream stages (extraction, refining and conversion) due to the high energy 

demand of cell disruption and solvent recovery operations. For example, Passell et al. (2013) 

found that lipid extraction from wet algae biomass is responsible for around 75% of PED and 

71% CC of the total contributions from the downstream processing stages, while Borkowski et 

al. (2012) identified this stage as the main hot spot of the entire algae-to-biodiesel process 

when including a biomass drying stage, although this is not common practice. Davis et al. 

(2018) and Brentner et al. (2011) went beyond conventional biofuel production processes and 

explored optimised and intensified processing options, such as hydrotreating and direct 

transesterification, aiming to exploit the environmental credits of coproducts and, therefore, to 

compete with fossil diesel.  

 

The majority of LCA studies of algae biofuels (Posada et al., 2016, Brentner et al., 2011, 

Borkowski et al., 2012, Batan et al., 2010, Stephenson et al., 2010, Handler et al., 2014, 

Schneider et al., 2018, Lardon et al., 2009, Tu et al., 2017, Frank et al., 2011, Gebreslassie 

et al., 2013b) have focused on estimating PED and CC, and while climate change mitigation 

is a main driver for sourcing fuels from renewable feedstocks, there is a risk of burden-shifting 

from one environmental issue to another unless all potential environmental problems are 

considered (Morales et al., 2019). For example, Passell et al. (2013) found that the 

photochemical oxidation potential and particulate matter formation (PMF) of algae biodiesel 

are  250 and 50% higher, respectively, than those of fossil diesel. The increased impacts are 

due to hexane and particulate matter emissions arising from the lipid extraction process and 

electricity production and consumption in the upstream stages, respectively. On the other 

hand, the study conducted by Brentner et al. (2011) found that the cultivation of algae in 

photobioreactors and the “in situ” transesterification of lipids to biodiesel with supercritical 

methanol can lead to significant reductions in eutrophication potential and energy demand 

because of the higher production of algae biomass, fewer nutrients required for its cultivation, 

and higher energy efficiency of the combined lipid extraction and conversion process. 

Furthermore, process integration has been explored in an effort to improve the environmental 

and economic performance of biorefineries. For example, Hernández and Martín (2017) 

proposed an integrated facility that produces algae biodiesel using manure treated via 
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anaerobic digestion (AD). The resulting biogas and digestate are used to produce methanol 

for the lipid transesterification process and as nutrients to increase algae yield during 

cultivation, respectively, thus reducing the overall production cost to competitive levels and 

avoiding the use of fossil-based resources. 

 

Previous studies on algae biofuels have developed frameworks for estimating the selling price 

(Richardson et al., 2012, Nagarajan et al., 2013, Silva et al., 2013, Kang et al., 2019, Davis et 

al., 2016, Leow et al., 2018, Gebreslassie et al., 2013b), environmental impacts (Brentner et 

al., 2011, Borkowski et al., 2012, Batan et al., 2010, Stephenson et al., 2010, Handler et al., 

2014, Schneider et al., 2018, Lardon et al., 2009, Tu et al., 2017, Frank et al., 2011, Wu et al., 

2019), or both (Wu et al., 2018, Davis et al., 2018, Beal et al., 2015, Nezammahalleh et al., 

2018, Posada et al., 2016, DeRose et al., 2019), of these fuels. However, the direct influence 

of the lipid extraction stage and the choice of solvent on the economic viability or 

environmental impacts have not been properly addressed, even though hexane is a hazardous 

and toxic solvent (Clarke et al., 2018, Kerton and Marriot, 2013). In an effort to address such 

a knowledge gap, this paper applies a systematic methodology that combines process 

simulation and economic and environmental sustainability assessment tools to provide a 

robust evaluation of the sustainability performance of solvent extraction-based processes, with 

a focus on downstream processing stages. This methodology is demonstrated in a process 

for biodiesel production from algae biomass using hexane, which is a well-established, 

benchmark solvent for the extraction of lipids. This work extends from previous studies using 

rigorous modelling of the lipid extraction process, with detailed consideration of the 

interactions between biomass and the solvent, e.g., phase equilibrium thermodynamics and 

mass transfer, which directly affect the performance of the downstream processing stages. 

The next section discusses the methodology proposed here, illustrating its application to the 

particular case of algae biodiesel production. Section 4.3 presents the results for the modelling 

of the lipid extraction stage, process design and simulation of the whole process, the economic 

analysis and environmental impact assessment. Finally, conclusions and recommendations 

are presented in Section 4.4.  

 

4.2 Methodology 

The methodology proposed in the present study is illustrated in Figure 7. It comprises seven 

steps: 1) problem definition, 2) selection of physical property and thermodynamic model, 3) 

solvent extraction modelling, 4) process design and simulation, 5) economic analysis, 6) life 

cycle assessment, and 7) sensitivity analysis. Each step is described below, followed by a 

demonstration using the production of algae biodiesel as an example.  



94 
 

 

Figure 7. Methodology proposed for evaluating the sustainability performance of solvent extraction-

based processes 



95 
 

4.2.1 Problem definition 

The proposed methodology aims to assess the techno-economic and environmental 

sustainability performance of solvent extraction-based processes. The problem definition step 

identifies the process to be evaluated, establishes the main objectives of the process, 

determines the base case variables (e.g., feed flowrate, composition, and operating 

conditions), product quality specifications and process configuration based on a critical review 

of the literature. Adequate information regarding the feedstock (i.e., composition and moisture 

content) is required to define the initial process flowsheet.  

 

4.2.1.1 Algae biodiesel production process description 

The base case extraction process is defined for the continuous production of 10,000 t year-1 

(minimum production rate for continuous processes (de Haan and Padding, 2022)) of biodiesel 

that meets the quality specifications given by the ASTM D675 standard (ASTM International, 

2019). It is assumed that the plant is located in the south of the U.S. due to the favourable 

climate conditions for algae growth (National Alliance for Advanced Biofuels and Bioproducts, 

2014). The overall process flowsheet is presented in Figure 8. Algae cultivation and harvesting 

processes are part of the upstream processing, while lipid extraction, refining and conversion 

to biodiesel via transesterification belong to the downstream processing. It is assumed that 

the algae are cultivated in an open pond system due to its simplicity and low operating costs 

(Handler et al., 2014, Schneider et al., 2018). The algae strain N. salina is selected for its high 

lipid content (Balasubramanian et al., 2013), availability of composition data (Silva et al., 2013, 

Yao et al., 2015), and refining and conversion kinetic data (Silva et al., 2013). It is assumed 

that a pure stream of CO2, captured from a coal-fired power plant via post-combustion using 

monoethanolamine (MEA), is fed to the ponds as a source of nutrients at a rate of 2.68 kg 

CO2/kg of dry algae biomass (Davis et al., 2018). Diammonium phosphate and ammonia 

(Davis et al., 2014), common fertilisers, are also added to the cultivation ponds to support the 

growth of algae biomass up to a concentration of 0.5 g/L (Davis et al., 2016).  

 

The biomass is routed to the harvesting/dewatering stage, where the biomass is concentrated 

from 0.5 to 200 g/L (Davis et al., 2016) using a combination of settling tanks and a centrifuge. 

Alternative processing options for lipid conversion exist, such as hydrotreating (reaction with 

hydrogen at high temperatures and pressures, e.g., 325°C and 34.5 bar) (Gebreslassie et al., 

2013b). However, this process requires a pure hydrogen stream and more severe operating 

conditions than transesterification. The hydrotreating route produces renewable diesel, a fuel 

with different quality specifications (namely, ASTM D975). Thus, transesterification is selected 

to convert algae lipids to biodiesel. The downstream processing stages are discussed in more 

detail in the following section. 
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Figure 8. Algae biodiesel production process flowsheet, adapted from Davis et al. (2011) and Silva et 

al. (2013) 

 

4.2.1.2 Downstream processing in algae biodiesel production 

The first stage in downstream processing is lipid extraction; the composition of the algae 

biomass feed is presented in Table 8. The water content of the feed is 80 wt. %, as previously 

considered by Laurens et al. (2015) and Davis et al. (2014), to avoid the energy required for 

drying the biomass. The lipid content of the feed (i.e., triglycerides and free fatty acids) is 30% 

on a dry algae biomass basis. The algae biomass is modelled as a mixture of triglycerides 

(TAG), free fatty acids (FFA), and water (Silva et al., 2013). Proteins and carbohydrates are 

included in the water fraction because they are essentially insoluble in nonpolar solvents such 

as hexane (Pace et al., 2004).  

 

Table 8. Composition of the feed algae N. salina (wet basis) (Yao et al., 2015) 

Component Name Symbol % Weight 

Lipids 

Triglycerides 

C14:0 Trimyristin MMM 0.24 

C16:0 Tripalmitin PPP 0.95 

C18:1 Triolein OOO 1.96 

C18:2 Trilinolein LLL 1.96 

Free fatty 

acids 

C14:0 Myristic acid M-ACID 0.07 

C16:0 Palmitic acid P-ACID 0.14 

C18:1 Oleic acid O-ACID 0.41 

C18:2 Linoleic acid L-ACID 0.28 

Protein and carbohydrate fractions 14 

Water 80 

TOTAL 100 

 

The lipid extraction stage includes the following units: a cell disruption unit, where the algae 

cell walls are broken down with a high-pressure homogeniser (Kang et al., 2019) to facilitate 

the contact between the solids (in the feed) and the solvent, a mixer-settler unit, where the 

lipids are extracted from the algae biomass with a solvent – hexane in this case –, and a 

distillation unit for solvent recovery. The lipid refining stage comprises a reactor, where an 

esterification reaction with glycerol (glycerolysis) is carried out to decrease the free fatty acid 
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content in the extracted lipids, and a three-phase separator is used for glycerol recovery. The 

lipid conversion stage includes a reactor (where the refined lipids are converted to biodiesel 

with an alkali-based transesterification reaction with methanol), a distillation unit for methanol 

recovery, and a three-phase separator used for biodiesel purification. A fraction of the glycerol 

produced in the lipid conversion step is recycled back to the refining process, and the rest is 

treated as waste due to glycerol’s current low price and market saturation (Bagnato et al., 

2017). An integrated anaerobic digestion and combined heat and power (AD/CHP) unit 

recovers nutrients for algae cultivation in the AD effluent and digestate cake streams and 

generates heat and power from the waste biomass (lipid-extracted algae) and waste glycerol.  

 

4.2.2 Selection of physical property and thermodynamic model 

To enable process simulation and design, an adequate physical property and thermodynamic 

model must be selected. Carlson (1996) presents a systematic methodology to select a 

physical property model, considering the nature of the chemical mixture (linked to the polarity 

of the components), the pressure and temperature range of the process, and the availability 

of binary interaction parameters.  

 

4.2.2.1  Physical property and thermodynamic model for algae biodiesel production 

The physical properties of pure components are obtained from the database “Biodiesel” of 

Aspen Plus, which includes the data from the National Institute of Science and Technology 

(NIST) ThermoData Engine (National Institute of Standards and Technology, 2018). Since 

polar components are present, the NRTL activity coefficient model is used to model 

liquid−liquid equilibrium (LLE) and vapour-liquid equilibrium (VLE). Binary interaction 

parameters for the system triolein-oleic acid-hexane-methanol-water-glycerol, which are 

presented in Section 1 in the Supporting Information (SI), were obtained from the built-in 

databanks of Aspen Plus, which have been validated with experimental data from the 

Dortmund and NIST Databanks. The remaining binary interaction parameters were estimated 

with the Dortmund UNIFAC method, which was validated with experimental data of LLE and 

VLE for the system biodiesel-methanol-water-glycerol by Kuramochi et al. (2009). 

 

4.2.3 Solvent extraction modelling 

The first step in modelling an extraction process is to outline the design basis (specification of 

feed composition, extraction conditions, required solute recovery, product purity, and 

production rate). Key considerations in the standard design approach (Treybal, 1980) of 

extraction processes are phase equilibrium and mass-transfer principles. Equilibrium models 

consider an extraction process as a series of theoretical equilibrium stages. Then, efficiency 
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factors (Murphree stage efficiency) are used to approximate the deviation from theoretical 

behaviour. The efficiency factor depends on the type of extraction equipment and requires 

knowledge of equilibrium (partition coefficients of the solutes in the aqueous and organic 

phases) and mass-transfer principles (Seader, 2011). Robbins (1997) provides the guidelines 

for selecting extraction equipment for a specific application. Frank et al. (2008) and Seader 

(2011)  give an overview of the methodologies for modelling solvent extraction processes. 

Solvent recovery – typically via evaporation or distillation – also needs to be modelled, 

especially to estimate the associated heat duty, which is usually related to the boiling point of 

the solvent. The extraction unit model is used to estimate the required solvent flowrate to 

obtain the specified solute recovery from the feed and for preliminary design considering its 

capacity. The recovery fraction of the solute can be calculated in terms of the volume fraction 

of solvent in the feed mixture (𝜙𝐷𝐹), which is given by Equation (19). 

 

𝜙𝐷𝐹 =
𝑄𝐷

𝑄𝐷 + 𝑄𝐶
 

(19) 

 

where 𝑄𝐷 is the dispersed phase (solvent) volume flowrate and 𝑄𝐶 is the continuous phase 

(feed) volume flowrate. Typically, the maximum value of 𝜙𝐷𝐹 is set at 0.5 to prevent phase 

inversion (e.g., the solvent phase becomes the continuous phase), which can increase solvent 

loss and the cost of separating the solvent and solute (Seader, 2011).  

 

The partition coefficient of the solute between the continuous and dispersed phases, 𝑚𝐶𝐷, and 

the Murphree stage efficiency, 𝜂𝑜𝑣 are also needed to calculate the recovery fraction of the 

solute. The partition coefficient, which can be calculated from activity coefficients of the solute 

in the continuous and dispersed phases, varies with composition and temperature. When the 

extract and raffinate are both diluted (not more than 10% wt. solute (Seader, 2011)), solute 

activity coefficients can be approximated by values at infinite dilution, as shown in Equation 

(20), so the partition coefficient is taken as a constant at a given temperature (Seader, 2011).  

 

𝑚𝐶𝐷 =
𝑥𝑖
𝐷

𝑥𝑖
𝐶 =

𝛾𝑖
𝐶

𝛾𝑖
𝐷 ≈

𝛾𝑖
𝐶,∞

𝛾𝑖
𝐷,∞ 

 

(20) 

 

where 𝑥 is the mass fraction of the solute 𝑖, 𝐶 corresponds to the continuous phase, and 

𝐷 corresponds to the dispersed phase. The Murphree stage efficiency is obtained from the 

number of transfer units in the dispersed phase, 𝑁𝑂𝐷, which is calculated from the overall mass 

transfer coefficient, 𝑘𝑜𝑣, as shown in Equations (21), (22), and (23). (Seader, 2011) 
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1

𝑘𝑜𝑣
=
1

𝑘𝐷
+

1

𝑚𝐶𝐷𝑘𝐶
 (21) 

 

𝑁𝑂𝐷 =
𝑘𝑜𝑣𝑎𝑉𝑡
𝑄𝐷

 

 

(22) 

 

𝜂𝑜𝑣  =
𝑁𝑂𝐷

1 + 𝑁𝑂𝐷
 

 

(23) 

 

where 𝑘𝐶 and 𝑘𝐷 are the mass-transfer coefficients for the continuous and dispersed phases, 

𝑎 is the interfacial area, and 𝑉𝑡 is the total volume of liquid in the vessel, respectively. These 

parameters, and the power consumption of the extractor (for agitation), can be calculated 

using available theory and empirical correlations (Treybal, 1980). Finally, the recovery fraction 

of the solute is obtained with Equation (24) by mass balance over the extractor: 

 

𝑓𝑙𝑖𝑝 =
𝑄𝐷 𝜂𝑜𝑣/𝑄𝐶𝑚𝐶𝐷

1 + 𝑄𝐷  𝜂𝑜𝑣/𝑄𝐶𝑚𝐶𝐷
 

 

(24) 

 

4.2.3.1 Modelling and design of lipid extraction from algae biomass with hexane 

This work assumes that the lipids are extracted from wet algae biomass by hexane. Mixer-

settler extractors, common industrial equipment that can deliver high stage efficiencies (Frank 

et al., 2008), were selected based on the guidelines of Robbins (1997). Hexane is dispersed 

in the aqueous (wet algae biomass) phase. The mixture of solvent and wet biomass is agitated 

in the mixer to create contact between the phases, enabling the lipids to leach and dissolve in 

the solvent. Then, the phases separate in the settler. This study uses one mixer-settler unit 

(representing one equilibrium stage) (Stephenson et al., 2010). The temperature, pressure 

and residence time for the extraction process are set to be 25°C, 101.325 kPa and 500 

seconds, respectively; these are typical values for algae lipid extraction in mixer-settler units 

(Seader, 2011, Stephenson et al., 2010). The lipid production target is 10,000 t /year.  

 

The desired recovery of triglycerides (TAG) from the feed is 89%, in line with the literature 

(Davis et al., 2014, Beal et al., 2015, Richardson et al., 2014). The standard approach for lipid 

extraction modelling is to consider only TAG in the feed and to calculate the TAG recovery 

from algae biomass by using a specific solvent-to-feed mass ratio. For example, Davis et al. 

(2014) obtained 95% TAG recovery using a solvent-to-feed mass ratio of 5:1. This study is 

more rigorous, as it models the extraction of two classes of lipids – TAG and free fatty acids 

(FFA), considering the solvent selectivity. Table 9 shows the average diffusivities and partition 

coefficients of the solutes in the continuous (algae biomass) and dispersed (hexane) phases. 
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Table 10 shows the density, viscosity, and interfacial tension of the continuous and dispersed 

phases. These values were obtained in Aspen Plus considering the thermodynamic 

equilibrium of the system at 25°C and 101.325 kPa. 

 

Table 9. Average diffusivities and partition coefficients of TAGs and FFAs in the continuous 

(aqueous) and dispersed (hexane) phases at 25°C and 101.325 kPa 

Solute   
Diffusivity of solute, D [m2 s-1] Partition 

coefficient, mDC  Continuous phase, C Dispersed phase, D 

Triglycerides 1.55E-10 6.71E-10 19.28 

Free fatty acids 4.18E-10 1.82E-09 6.13 

 

Table 10. Density, viscosity, and interfacial tension of the continuous and dispersed phases at 25°C 

and 101.325 kPa 

  Continuous phase, C Dispersed phase, D 

Density, p [kg m-3] 989.02 657.64 

Viscosity, u [kg m-1 s-1] 9.15E-04 2.95E-04 

Interfacial tension, σ [N m-1] 6.87E-02 

 

The solvent flow rate for a specified TAG recovery is calculated using MS Excel – the algorithm 

for solvent extraction modelling is presented in Figure 9. Initially, a value for the volume 

fraction of solvent in the feed mixture, 𝜙𝐷𝐹 , is set and a recovery fraction of the solute 

assumed. Equilibrium and mass transfer limitations are accounted for with the calculation of 

the partition coefficient, overall mass transfer coefficient, number of transfer units, and 

Murphree stage efficiency, using Equations (20), (21), (22) and (23), respectively. The model 

converges when the assumed recovery fraction is equal to the calculated with Equation (24). 

Additional information about the model, including the equations to obtain the parameters 

shown in Figure 9, is presented in Section 2 in the SI. 

 
Figure 9. Algorithm for solvent extraction modelling 
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4.2.4 Process design and simulation of the integrated flowsheet 

The objective of this step is to design and simulate the process flowsheet proposed in the 

problem definition step to meet the required product specifications. Apart from the solvent 

extraction unit, the process flowsheet includes reaction and distillation units to produce the 

desired product.  

 

4.2.4.1 Process design and simulation of downstream processing of algae biodiesel 

In the present study on downstream processing of algae biodiesel, the process comprises four 

stages: extraction, refining, conversion, and AD/CHP unit, as shown in Figure 8. The mixer-

settler extractor is modelled as a Component Separator, applying the recovery fractions of 

triglycerides and free fatty acids calculated in Step 3. It is assumed that all the water in the 

biomass leaves in the raffinate stream and that all hexane is recovered in the extract stream. 

Hexane is separated by distillation (specifying a hexane recovery in the distillate of 99.5 wt. 

%) after the extraction process and recycled to the extractor inlet. The maximum temperature 

in the column is set at 250°C to prevent the thermal degradation of lipids (Palanisamy and 

Gevert, 2016, Crossley et al., 1962, Goodrum and Geller, 2002, Zhang, 2003). The resulting 

column design parameters are discussed in Section 4.3.2, and additional information on the 

operating conditions and sizing of the column can be found in Section 5 in the SI. 

 

A CSTR reactor is used to model the glycerolysis reaction (reaction scheme (Moquin et al., 

2005, Kumoro, 2012) is shown in Equation (25)), applying kinetic parameters (activation 

energies and pre-exponential factors) obtained from Silva et al. (2013); these are presented 

in Section 3 in the SI.  

 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑇𝐺) +  𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙   
𝑘1,𝑘2
↔    𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺)  +   𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒(𝐷𝐺) 

𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺) +  𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙   
𝑘3,𝑘4
↔    2𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑇𝐺) +  𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺)    
𝑘5,𝑘6
↔    2𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺) 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑇𝐺) +  𝐻2𝑂   
𝑘7,𝑘8
↔    𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺)  +   𝐹𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 (𝐹𝐹𝐴) 

𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺) +  𝐻2𝑂   
𝑘9,𝑘10
↔     𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺)  +   𝐹𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 (𝐹𝐹𝐴) 

𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) +  𝐻2𝑂   
𝑘11,𝑘12
↔      𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙  +   𝐹𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 (𝐹𝐹𝐴) (25) 

 

The glycerolysis reactor operates at 245°C and 46 kPa, with a residence time of 2 h. Glycerol 

is fed in excess: a glycerol to extracted lipids molar ratio of 13:1 is selected based on the 

sensitivity analysis presented in Section 3 in the SI. The reactor operates under vacuum and 

at high temperature to ensure that minimal water is present in the liquid phase (Silva et al., 

2013). A three-phase separator is used to model the separation of refined lipids, glycerol, 
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hexane, and water in the reactor outlet stream. The design specifications for the refined lipids 

stream are free fatty acid content <1% wt. (Canakci and Van Gerpen, 1999), glycerol content 

< 2% wt., and water and hexane content < 1% wt. (Zhang, 2003). Since hexane is much more 

volatile than the lipids and glycerol, it is recovered from the three-phase separator as a high-

purity vapour. Unreacted glycerol is recovered as the denser liquid phase recycled back to the 

glycerolysis reactor.  

 

The transesterification reaction (reaction scheme is shown in Equation (26)) is modelled in a 

CSTR reactor using reaction kinetic parameters (activation energies and pre-exponential 

factors) obtained from Silva et al. (2013); these are presented in Section 3 in the SI.  

 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑇𝐺) +  𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (𝑀𝑒𝑂𝐻)   
𝑘1,𝑘2
↔    𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺)   +    𝑅1 − 𝐶𝑂𝑂 − 𝐶𝐻3 

𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺) +  𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (𝑀𝑒𝑂𝐻)
𝑘3,𝑘4
↔   𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) +  𝑅2 − 𝐶𝑂𝑂 − 𝐶𝐻3 

𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) +  𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (𝑀𝑒𝑂𝐻)  
𝑘5,𝑘6
↔      𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 (𝐺𝐿)    +   𝑅3 − 𝐶𝑂𝑂 − 𝐶𝐻3 (26) 

     

The transesterification reactor operates at 82°C and 200 kPa, with a residence time of 2 h. 

Methanol is fed in excess, with a methanol-to-refined lipids molar ratio of 6:1 (Dimian and Kiss, 

2019). These operating conditions were obtained from the sensitivity analysis presented in 

Section 3 in the SI. The pressure keeps the methanol in the liquid state at 82°C (DDBST 

Dortmund Data Bank Software & Separation Technology, 2019). The process design 

specification is 99% conversion of triglyceride to fatty acid methyl ester (FAME), i.e. biodiesel, 

which is consistent with typical transesterification reaction conversion (Freedman et al., 1984). 

A two-stage transesterification design with intermediate glycerol recovery, as proposed by 

Dimian and Kiss (2019), is applied to ensure that the biodiesel product meets the quality 

specifications. Note that the proposed design does not require a neutralisation step or any 

other purification steps, thus avoiding the use of energy-demanding separations such as 

vacuum distillation. The mass flow rate of the NaOH catalyst is set as 0.01 of the feed flow 

rate of refined lipids (Freedman et al., 1986). Unreacted methanol is recovered by distillation 

(specifying a methanol recovery in the distillate of 97 wt. %) and recycled to the reactor inlet. 

The column is operated at vacuum pressure (50 kPa) to keep the temperature in the reboiler 

below 150°C to prevent thermal degradation of glycerol (Zhang, 2003). A three-phase 

separator is used to model the purification of biodiesel, namely, removal of glycerol, methanol, 

and catalyst from the reactor outlet stream. The Excel spreadsheet developed by Su et al. 

(2011) is used to predict the biodiesel product properties, including viscosity, cetane number, 

flash point, cloud point, and pour point; these are then checked against specifications (ASTM 

standard D6751 (ASTM International, 2019)). 
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Waste biomass recovered from the extractor and the raw glycerol (low market value (Bagnato 

et al., 2017)) produced in the transesterification reactor feed an anaerobic digestion unit, the 

products of which are biogas, digestate cake, and AD effluent. AD biogas yield is assumed to 

be 130 mL/g volatile solids, as reported by Park and Li (2012), who evaluated methane 

production of algae biomass residue (e.g., lipid-extracted algae). Volatile (digestible) solids 

are 77% of the total solids of algae biomass residue (Davis et al., 2014). It is assumed that 

the biogas is burned in a gas turbine to generate power and heat, thus supplying part of the 

energy requirements of the downstream process. The flue gas obtained from the combustion 

of the biogas in the CHP unit is recycled to the cultivation ponds to reduce the amount of CO2 

required for algae biomass growth. The digestate cake and AD effluent are recycled to the 

cultivation ponds, reducing the amount of fertiliser, e.g., diammonium phosphate and 

ammonia, required for algae biomass growth. The operating conditions and yield assumptions 

of the AD/CHP unit are based on the studies of Davis et al. (2014) and Park and Li (2012), 

and are presented in Section 6 of the SI.  

 

4.2.4.2 Heat integration of downstream processing of algae biodiesel 

Table S11 in the SI shows the utilities available for the process. Minimum utility targets are 

calculated assuming a minimum approach temperature of 10°C (Smith, 2016), where SPRINT 

software (Centre for Process Integration, 2018) is used for pinch analysis of the downstream 

process shown in Figure 8. The electricity demand is calculated considering the power 

required for cell disruption (Kang et al., 2019), pumping, and agitation of the extraction unit 

and CSTR reactors and for pumping cooling water, assuming a power consumption of 1.5 

kWh/1000 US gal of circulating cooling water (Turton, 2018). The heat and power demand for 

the AD/CHP unit are assumed to be 0.22 kWh/kg solids and 0.085 kWh/kg solids (Davis et al., 

2014), respectively. 

 

4.2.4.3 Sizing of downstream process equipment  

The mass and energy balances of the downstream process are used to size the main 

equipment (mixer-settler extractor, reactors, distillation columns, vessels, and pumps). The 

mixer is assumed to be a cylindrical vessel with a length-to-diameter ratio of 1 and a  residence 

time of 500 s (Towler and Sinnott, 2020). The settler is assumed to be a horizontal cylindrical 

vessel with a length-to-diameter ratio of 3 and a  residence time of 800 s, which is usually 

sufficient where emulsions are not likely to form (Towler and Sinnott, 2020). The preliminary 

design of the mixer-settler extractor (capacity, required power) assumes 80% utilisation of 

internal volume (Treybal, 1980). The power demand for extractor agitation is calculated 

assuming that power losses contribute 35% to the overall power requirement (Perry, 2008).  
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The reactors volume is calculated assuming 70% utilisation of internal volume (Towler and 

Sinnott, 2020). For distillation columns, the Tray Sizing module in Aspen Plus is used to 

calculate the column diameter using default settings. The required volume of decanters is 

calculated assuming a hold-up time of 10 min and a length-to-diameter ratio of 3 (Towler and 

Sinnott, 2020). The required power for the pumps is calculated assuming a total pressure drop 

of 200 kPa (Smith, 2016) between process equipment, pump efficiency of 80%, and driver 

efficiency of 90%. The resulting design parameters of the main process equipment (mixer-

settler extractor, reactors, and distillation columns) are discussed in Section 4.3.2. Additional 

information on the operating conditions and sizing of the equipment is presented in Section 5 

in the SI. 

 

4.2.5 Economic analysis 

The economic performance of the overall process is evaluated in this step based on data 

generated during process design and simulation. Process equipment sizes and mass and 

energy balances are used to estimate the total capital investment and operating costs of the 

plant, respectively. Other performance metrics, e.g., production costs, internal rate of return, 

net present value and minimum product selling price, can be estimated using established 

methods (Remer and Nieto, 1995, Peters et al., 2004). The discounted cash flow rate of return 

(DCFRR) is used to calculate the minimum product selling price to assess the cost-

competitiveness of algae biodiesel, relative to fossil diesel and biodiesel produced using 

different routes and technologies (Towler and Sinnott, 2020). 

 

4.2.5.1 Minimum selling price of algae biodiesel 

This step calculates the minimum biodiesel selling price (MBSP, $/U.S. gal) assuming a 10% 

internal rate of return (IRR) after taxes (Davis et al., 2014) and accounting for the estimated 

total capital investment and operating costs of the plant. The cost of algae biomass reported 

in the literature (Davis et al., 2016) for Nannochloropsis salina (assuming 20% dry weight and 

updated to 2020 using an inflation rate of 1.4% (USA Labor Department’s Bureau of Labor 

Statistics, 2020)) is used to account indirectly for upstream processing costs; the costs of 

downstream processing are calculated as discussed below.  

 

The inside battery limits (ISBL) capital investment for downstream processing is estimated 

using the factorial method and installation factors presented by Towler and Sinnott (2020); 

Section 8 in the SI provides details. The purchase cost of equipment, i.e. reactors, pressure 

vessels, heat exchange units, and pumps, are sourced from the literature (Towler and Sinnott, 

2020) and updated using the Chemical Engineering Plant Cost Index of 2019 (value of 607.5) 

(Jenkins, 2020). Outside battery limits (OSBL) investment is assumed to be 40% of the ISBL, 
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while engineering charges, and working capital are taken to be 20 and 15% of the combined 

ISBL and OSBL costs, respectively (Towler and Sinnott, 2020). The operating costs of 

downstream processing, i.e., raw materials, consumables, effluent disposal, and utilities, are 

estimated based on the material and energy balance of the process calculated in Step 3. The 

recommendations of Towler and Sinnott (2020) are used to estimate the fixed costs; Section 

8 in the SI provides details. These costs are summarised in Table 11. Costs of raw materials 

and consumables are obtained from ICIS Chemical Business (ICIS Chemical Business, 

2020a), using 2019 data specific for the US. Effluent disposal and utilities costs are obtained 

from Turton (2018) 

 

Table 11. Downstream processing costs in USD ($) 

Category Material Cost  Units Source 

Raw materials 

Algae biomass (20% DW) 0.558  

$/kg 

(Davis et al., 2016) 

Hexane 1.100  (S&P Global, 2018) 

Glycerol 0.900  (ICIS Chemical Business, 2019b) 

Methanol 0.334  (ICIS Chemical Business, 2019c) 

Consumables NaOH 0.600  (ICIS Chemical Business, 2019a) 

Effluent disposal Wastewater 0.002  (Towler and Sinnott, 2020) 

Utilities 

Cooling water 0.380  

$/GJ 

(Turton, 2018) 

LP steam 2.030  (Turton, 2018) 

MP Steam 2.780  (Turton, 2018) 

HP steam 5.660  (Turton, 2018) 

Electricity 0.070  $/kWh (Turton, 2018) 

 

The revenue generated from selling biodiesel and the co-products from the AD/CHP unit are 

included in the economic analysis. These coproducts include nitrogen and phosphorous 

nutrients obtained from the digestate cake and the AD effluent, and CO2 from the CHP flue 

gas, as shown in Table 12. Details and data are provided in Section 6 of the SI. 

  

Table 12. Selling price of coproducts from AD/CHP unit 

Co-product Stream Selling Price ($) Unit Source 

Nitrogen Digestate cake 500.00  $/ton bio nitrogen (Davis et al., 2014) 

Ammonia AD effluent 499.60 $/ton 

(United States 

Department of 

Agriculture, 2019) 

Diammonium 

phosphate 
AD effluent 468.90  $/ton 

(United States 

Department of 

Agriculture, 2019) 

CO2 Flue gas 33.90  $/ton of CO2 (Davis et al., 2014) 

 

Table S13 in the SI summarises other assumptions made in the economic analysis, based on 

“nth-plant” economics (Davis et al., 2014), i.e., a mature technology. Income tax, plant 

operational time, and plant lifetime are assumed to be 35%, 8,400 hours year-1, and 30 years, 
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respectively. Plant design and construction time are assumed to be 36 months. The plant 

construction schedule and the cash flow during that time follow Davis et al. (2014) and Perry 

(2008), where  8% of the project’s costs are incurred in the first 12 months, 60% in the next 

12 months, and the remainder during the final 12 months of the construction period. It is 

assumed that the start-up time of the plant is 25% of the construction time (Perry, 2008) (6 

months); during this period, an average of 50% production of biodiesel could be achieved, 

incurring 75% of the variable expenses and 100% of the fixed expenses (Davis et al., 2014). 

 

4.2.6 Life cycle assessment  

This step aims to assess the environmental sustainability of the process and identify hotspots 

around the processing stages that can help to improve the process’ overall performance. To 

this end, the life cycle assessment (LCA) methodology is recommended to quantify the 

environmental impacts using the data generated in the process design and simulation step.  

 

4.2.6.1 Environmental impact assessment of algae biodiesel 

The LCA estimates the environmental impacts of algae biodiesel. Each phase of the LCA 

methodology is described in detail in the following sections according to the ISO 14040/44 

guidelines (International Organization for Standardization, 2006a, International Organization 

for Standardization, 2006b).  

 

Goal and scope 

The goal of this study is to estimate the life cycle environmental impacts of the production and 

combustion of biodiesel derived from algae, using hexane as the extraction solvent. Although 

the proposed methodology focuses on downstream processing, a ‘cradle to grave’ approach 

is recommended, and therefore adopted, to fully understand the challenges, limitations and 

improvement opportunities of solvent extraction-based processes within the systems in which 

they are applied, e.g., biorefineries, and in comparison with other fuel-production processes. 

Similar to the economic analysis, the environmental impacts of the algae biodiesel are 

compared with fossil diesel and other biofuels.  

 

Figure 10 shows the system boundaries considered here, which include the production of the 

algae biodiesel (for a detailed description, see Sections 4.2.1.1 and 4.2.1.2) and the 

combustion of the biofuel. The extraction and processing of the raw materials and solvents 

used are also considered, including algae growth nutrients, hexane, methanol, and NaOH. 

The functional unit is defined as “the production and combustion of 1 MJ of biodiesel”. 
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Figure 10. System boundaries from “cradle to grave” of algae biodiesel 

 

Inventory data and assumptions 

The inventory data are summarised in Table 13 to Table 16 and discussed along with the data 

sources and assumptions regarding production (upstream and downstream processing, as 

illustrated in Figure 8) and combustion of the algae biodiesel in turn. Inventory data for algae 

cultivation and harvesting processes are widely available (Posada et al., 2016, Brentner et al., 

2011, Borkowski et al., 2012, Batan et al., 2010, Stephenson et al., 2010, Handler et al., 2014, 

Schneider et al., 2018, Lardon et al., 2009, Tu et al., 2017, Frank et al., 2011, Gebreslassie 

et al., 2013b) within numerous LCA studies on algae biofuels. The data for the cultivation stage 

are obtained from Davis et al. (2018), and the CO2 capture data reported by Pehnt and Henkel 

(2009) and Koornneef et al. (2008) are used in this study. In this study, the impacts of CO2 

sourcing, corresponding to the energy penalty in the coal-fired power plant for capturing and 

injecting the CO2, are allocated to the cultivation stage, following Davis et al. (2018). 

 

The CO2 emissions released from the cultivation ponds, i.e. attributed to CO2 retention 

efficiency losses, shown in Table 15, are treated as biogenic carbon emissions, following 

accepted methodologies for CO2 accounting in algae biofuels LCA (Davis et al., 2018, Fisher 

et al., 2007). Since the selected algae strain requires saline water, water is assumed to be 

sourced directly from the sea. It is assumed that the cultivation ponds are located on degraded 

land; thus, the associated land change burdens are negligible (Stephenson et al., 2010). 

Inventory data for the harvesting stage are from Davis et al. (2018).  

 

Inventory data for downstream processing are presented in Table 13 to Table 15; these data 

are obtained from the process simulation carried out in Step 4 (see Section 4.2.4). The total 

hexane make-up is estimated including lipid retention losses (calculated in the process 

simulation) and solvent evaporation losses, e.g., fugitive emissions due to hexane’s high 

volatility. Solvent loss of 5 g of hexane/kg of hexane used is assumed, based on the 

experience in soybean processing (Martin, 2016, Woerfel, 1995). Cooling water make-up 

losses are calculated assuming a 5% loss (Kupfer et al., 2020).  
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The heat and power generated in the AD/CHP unit are assumed to generate credits for the 

displacement of natural gas and electricity from the U.S. grid (US Energy Information 

Administration, 2019). Regarding nutrients present in the AD effluent, it is assumed that 40% 

of the diammonium phosphate and ammonia are bioavailable (Davis et al., 2014) and, 

therefore, recycled back to the cultivation ponds, thus displacing nitrogen and phosphorus 

nutrients from mineral origin, e.g. fertilisers. The construction of the biodiesel plant is excluded 

from this study since previous studies have shown these contributions to be negligible (Tu et 

al., 2017, Frank et al., 2011).  

 

Table 13. Raw materials used per MJ of algae biodiesel 

Life cycle stage Material Unit Quantity Data Source 

CO2 sourcing 

Monoethanolamine kg/MJ 5.16E-4 (Pehnt and Henkel, 2009), 

(Davis et al., 2018) 

Water m3/MJ 4.64E-3 (Ecoinvent, 2019) 

Cultivation and 

harvesting 

CO2 kg/MJ 0.276 (Davis et al., 2018) 

Ammonia kg/MJ 2.05E-3 (Davis et al., 2018) 

Diammonium 

phosphate 

kg/MJ 1.03E-3 (Davis et al., 2018) 

Lipid extraction 

Algae biomassa  kg/MJ 0.103 Own calculationsb 

Hexane make-up kg/MJ 8.49E-4 Own calculationsb 

Cooling water kg/MJ 0.067 Own calculationsb 

Lipid refining 

Lipids extracted kg/MJ 0.027 Own calculationsb 

Glycerol make-up kg/MJ 2.87E-3 Own calculationsb 

Cooling water kg/MJ 0.012 Own calculationsb 

Lipid conversion 

Lipids refined kg/MJ 0.027 Own calculationsb 

Methanol make-up kg/MJ 3.10E-3 Own calculationsb 

NaOH kg/MJ 2.74E-4 Own calculationsb 

Cooling water kg/MJ 0.027 Own calculationsb 

AD/CHP Lipid-extracted algae kg/MJ 0.487 Own calculationsb 

a Dry weight. b From mass and energy balances of downstream processing carried out in Step 4. 
 

Table 14. Energy consumption per MJ of algae biodiesel 

Life cycle stage Energy source Unit Quantity Data Source 

CO2 sourcing Coal power plant MJ/MJ 0.174 (Davis et al., 2018) 

Cultivation and 

harvesting 

Electricity from US grid MJ/MJ 0.149 
(Davis et al., 2018) 

Lipid extraction Heat from natural gas MJ/MJ 0.062 Own calculationsa 

Electricity from US grid MJ/MJ 0.067 Own calculationsa 

Lipid refining Heat from natural gas MJ/MJ 9.49E-3 Own calculationsa 

Electricity from US grid MJ/MJ 1.36E-4 Own calculationsa 

Lipid conversion Heat from natural gas MJ/MJ 0.03 Own calculationsa 

Electricity from US grid MJ/MJ 1.32E-4 Own calculationsa 

AD/CHP 

Heat from natural gas MJ/MJ 0.06 Own calculationsa 

Electricity from US grid MJ/MJ 0.023 Own calculationsa 

Heat produced MJ/MJ -0.116 Own calculationsa 

Electricity produced MJ/MJ -0.081 Own calculationsa 

a From mass and energy balances of downstream processing carried out in Step 4. 
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Table 15. Products, waste and emissions from the production of 1 MJ of algae biodiesel 

Life cycle stage Type of Waste or 

Emissions 

Unit Quantity  Data Source 

CO2 sourcing Monoethanolamine kg/MJ 3.1E-06 (Pehnt and Henkel, 2009), 

(Koornneef et al., 2008) 

CO2 kg/MJ 1.29E-04 (Ecoinvent, 2019) 

CH4  kg/MJ 5.11E-04 (Koornneef et al., 2008) 

Wastewater  m3/MJ 4.64E-3 (Ecoinvent, 2019) 

Cultivation and 

harvesting 

CO2 released from 

pondsa 

kg/MJ 0.068 
(Davis et al., 2018) 

Lipid extraction Hexane evap. losses kg/MJ 7.4E-4 Own calculationsb 

Lipid refining Wastewater kg/MJ 2.18E-3 Own calculationsb 

Lipid conversion Biodiesel kg/MJ 0.027 Own calculationsb 

Glycerol kg/MJ 3.47E-3 Own calculationsb 

Wastewater kg/MJ 3.1E-4 Own calculationsb 

AD/CHP 

AD effluent kg/MJ 0.386 Own calculationsb 

Ammonia in 

effluent 

kg/MJ 1.01E-3 
Own calculationsb 

Diammonium 

phosphate in 

effluent 

kg/MJ 3.01E-4 

Own calculationsb 

Digestate cake kg/MJ 0.053 Own calculationsb 

Flue gas kg/MJ 0.031 Own calculationsb 

CO2 in flue gas kg/MJ 0.019 Own calculationsb 

a Biogenic carbon. b From mass and energy balances of downstream processing carried out in Step 4. 

 

In practice, algae-biodiesel is blended with fossil diesel, e.g., B5, B10, B20, to fuel an internal 

combustion diesel engine. In this study, it is assumed that the algae biodiesel will be blended 

with fossil diesel, and it only considered the emissions associated with the combustion of 1 

MJ of algae biodiesel, the functional unit of this study. Thus, the contributions from the 

production and combustion of fossil diesel are excluded, as it falls outside the scope of this 

study. The combustion emissions reported in GREET (Argonne National Laboratory, 2019) for 

fossil diesel, shown in Table 16, are used here as assumed in Stephenson et al. (2010) due 

to the lack of data. While the CO2 emissions are biogenic and excluded, the other emissions 

are included in the LCA model. The transportation of the biodiesel from the plant to the 

distribution network is excluded since their contributions have been shown to be negligible (Tu 

et al., 2017).  

 

All the background data, e.g. grid electricity, provision of heat from natural gas, production of 

chemicals for upstream and downstream processing (MEA, fertilisers, hexane, methanol, 

NaOH, glycerol), and wastewater treatment, are sourced from the Ecoinvent database V3.5 

(Ecoinvent, 2019). The average U.S. electricity mix for 2019 (US Energy Information 

Administration, 2019) is used to estimate the environmental impacts of grid electricity. 
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Additional information about the processes used to model the background systems in 

Ecoinvent database V3.5 (Ecoinvent, 2019), as well as the environmental impacts of the 

production of 1 MJ of electricity in the U.S. grid, can be found in Section 9 in the SI.  

 

Table 16. Emissions from combustion of 1 MJ of algae biodiesel (Argonne National Laboratory, 2019) 

Compound emitted to air Unit Quantity 

Black carbon (soot) mg/MJ 0.42 

Carbon dioxide (CO2)a g/MJ 71.28 

Carbon monoxide (CO) g/MJ 0.74 

Methane (CH4) mg/MJ 27.46 

Nitrogen oxides (NOx) mg/MJ 34.75 

Nitrous oxide (N2O) mg/MJ 0.17 

Particulate matter PM10 mg/MJ 6.22 

Particulate matter PM2.5 mg/MJ 2.57 

Volatile organic compound (VOC) mg/MJ 30.60 
         a Biogenic carbon. 

 

Life cycle impact assessment 

The LCA modelling is carried out using GaBi v9.5 (Thinkstep, 2019), and the environmental 

impacts are estimated using the ReCiPe 2016 V1.1 impact assessment method (Huijbregts et 

al., 2017), assuming a hierarchist perspective.  

 

In addition to primary energy demand (PED) and climate change (CC), this study considers 

17 additional midpoint impact categories available in the ReCiPe method to ensure that any 

potential burden-shifting is identified and addressed accordingly. These categories are fossil 

depletion (FD); freshwater consumption (FC); freshwater eutrophication (FE); freshwater 

ecotoxicity (FET); human toxicity, cancer (HTC); human toxicity, non-cancer (HTNC); ionising 

radiation (IR); land use (LU); metal depletion (MD); marine eutrophication (ME); marine 

ecotoxicity (MET); ozone depletion (OD); particulate matter formation (PMF); photochemical 

oxidants formation, ecosystems (POFE); photochemical oxidants formation, human health 

(POFH); terrestrial acidification (TA); terrestrial ecotoxicity (TET). PED is estimated following 

the method available in GaBi v.9.5 (Thinkstep, 2019).   

 

4.2.7 Sensitivity analysis 

This final step of the methodology is a series of sensitivity analyses aiming to understand 

which parameters, specifications and/or assumptions have a major influence on the technical, 

economic, and environmental performance of the process under study.  
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4.3 Results and discussion 

This section presents the techno-economic and environmental assessment results for the 

production and combustion of biodiesel from algae biomass, with emphasis on the 

contributions from the lipid extraction stage using the methodology presented above. The 

results of the solvent extraction modelling and process design and simulation steps are 

discussed below, followed by the results of the economic analysis and life cycle assessment, 

including the comparisons with other types of fuels and results of other studies. Finally, 

sensitivity analyses for the economic analysis and environmental assessment are presented 

and discussed. 

 

4.3.1 Modelling of lipid extraction from algae biomass with the solvent hexane 

The solvent extraction process is modelled using the equations presented in Section 4.2.3.1. 

Figure 11 shows the effect of the volume fraction of hexane in the feed mixture on the recovery 

of triglycerides (TAG) and free fatty acids (FFA) from the algae biomass, as well as the 

required volumetric flowrates of algae biomass (QC) and hexane (QD) to produce 10,000 t year-

1 of triglycerides. The maximum recovery of triglycerides (94.9%) is obtained when the volume 

fraction of the solvent in the feed mixture is maximised (0.5). Previous studies have reported 

experimental (Laurens et al., 2015) and commercial (Davis et al., 2014) lipid recovery over 

95% from wet algae biomass (20% dry weight) using hexane; our model prediction of 94.9% 

is in agreement with the predictions made in these studies.  

 

 

Figure 11. Effect of volume fraction of solvent in the feed mixture on recovery of triglycerides (TAG) 

and free fatty acids (FFA) from the algae biomass and on flowrates of algae biomass (QC) and hexane 

(QD). Basis: 10,000 ton year-1 of triglycerides 

 

The fractional recovery of FFA is lower than that of TAG due to the lower partition coefficient 

of FFA in hexane. As seen in Figure 11, at low volumetric fractions of solvent, recovery of TAG 
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is low, so higher volumetric flowrates of feedstock (algae biomass) are required. The effect on 

algae biomass flowrate is less significant when the volume fraction of the solvent is above 0.2.  

 

Table 17 shows the results obtained for a TAG recovery of 89%, corresponding to a volume 

fraction of hexane in the feed mixture of 0.3. Clearly, hexane is not selective for the extraction 

of TAG: the recovery of FFA is 72%. This is a drawback because the extracted lipids need to 

be refined (to decrease the FFA content) before their conversion to biodiesel. The effect of the 

volume fraction of the solvent in the feed mixture on the extractor volume and power 

consumption is presented in Section 2 in the SI. 

 

Table 17. Results obtained for a TAG recovery of 89% from the algae biomass 

Variable Description Value Units 

𝑓𝑇𝐴𝐺 Recovery fraction of triglycerides 0.89  -  

𝑓𝐹𝐹𝐴 Recovery fraction of free fatty acids 0.72 - 

𝜙𝐷𝐹 Volume fraction of solvent in the feed mixture 0.30 - 

𝑄𝐶 Algae biomass flowrate 0.0074 m3 s-1 

𝑄𝐷 Solvent flowrate 0.0032 m3 s-1 

𝑣𝐿 Extractor volume 5.27  m3 

𝑃 Impeller power output 6110.2 W 

 

4.3.2 Process design and simulation of downstream processing of algae 

biodiesel 

This section presents the results for the mass and energy balances, equipment sizing and 

pinch analysis of the downstream processing of algae biodiesel. 

 

4.3.2.1 Mass and energy balances 

Table 18 shows compositions and conditions of the main process streams shown in Figure 8. 

Further data are presented in Section 4 in the SI. The flowrate and composition of streams 1 

and 5 (Algae biomass and Extracted lipids) confirm recovery fractions of 0.89 for triglycerides 

and 0.72 for free fatty acids. Free fatty acids in the extracted lipids comprise 12.2 wt. %. 

 

The conversion of free fatty acids in the glycerolysis reactor is 93.3%. Free fatty acids 

comprise 0.8 wt. % of stream 8 (Refined lipids). Thus, this stream is suitable for base-

catalysed transesterification (Canakci and Van Gerpen, 1999). The total conversion of 

triglycerides in the two-stage transesterification reaction is 99%. The final purity of the 

biodiesel product is 98%. The raw glycerol stream has a glycerol purity of 97%. Thus, this 

stream has the potential to be reused in the lipid refining process, decreasing the need for a 

glycerol make-up. 
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Table 18. Flows (kg/h), temperatures and pressures of the main process streams 

Line no. 1 2 3 5 6 8 9 11 12 

Stream 

Component 

Algae 

biomass 

Hex. 

m-up 

Lipid-ext. 

algae 

Extrac. 

lipids 

Glycer. 

m-up 

Ref. 

lipids 

Methan

ol m-up 

Raw 

glycerol Biodiesel 

MMM 62.2 - 6.8 55.3 - 54.5 - - 0.4 

PPP 248.4 - 27.3 221.1 - 204.2 - - 1.5 

OOO 513.5 - 56.5 457.1 - 420.2 - - 3.0 

LLL 513.5 - 56.5 457.1 - 400.6 - - 2.9 

M-ACID 18.4 - 5.1 13.3 - 0.8 - 5E-4 8E-1 

P-ACID 36.5 - 10.1 26.4 - 1.7 - 4E-4 1.7 

O-ACID 108.9 - 30.2 78.7 - 5.2 - 5E-4 5.2 

L-ACID 72.4 - 20.1 52.3 - 3.5 - 4E-4 3.5 

Water 24654.0 - 24654.0 - - 0.1 - 5E-4 2E-4 

Hexane - 37.6 - 37.6 - 5.4 - 2E-4 1E-1 

MM - - - - - 11.4 - 7E-8 1E-1 

PP - - - - - 41.4 - 3E-8 4E-1 

OO - - - - - 85.5 - 1E-8 1.0 

LL - - - - - 80.1 - 2E-8 9E-1 

1-M - - - - - 4.0 - 1E-3 7E-2 

1-P - - - - - 4.3 - 1E-3 2E-1 

1-O - - - - - 39.1 - 1E-3 4E-1 

1-L - - - - - 38.0 - 5E-4 4E-1 

Glycerol - - - - 146.2 1.8 - 171.6 4E-1 

Methanol - - - - - - 158.2 5.3 2.2 

METHYL-M - - - - - - - 4E-3 68.3 

METHYL-P - - - - - - - 4E-3 246.1 

METHYL-O - - - - - - - 4E-3 531.9 

METHYL-L - - - - - - - 4E-3 506.3 

NaOH - - - - - - - - 3.5 

Total 26227.7 37.6 24866.6 1398.8 146.2 1401.8 158.2 176.9 1381.3 

Press. kPa 101.3 101.3 101.3 101.3 101.3 101.3 101.3 301.3 101.3 

Temp. °C 25 25 28.4 159.7 25 100 25 70.0 70 

 

Table 19 compares the specified and predicted properties of the biodiesel product, showing 

that all ASTM D6751 (ASTM International, 2019) specifications are met. The cloud point and 

pour point of the biodiesel product are relatively low due to the presence of unsaturated fatty 

acid chains (methyl oleate and methyl linoleate) in the product. Therefore, it is expected that 

the product would likely exhibit moderate cold flow properties (Knothe, 2013). Conversely, the 

presence of saturated fatty acid chains (methyl myristate and methyl palmitate) in the product 

results in a high cetane number. 

 

Table 19. Comparison of specified and predicted properties of biodiesel  

Property ASTM standard D6751 Predicteda 

Monoglyceride content, % mass, max 0.4 0.08 

Flash point (closed cup), °C, min 93 161.5 

Methanol content, mass %, max 0.2 0.16 

Water and sediment, % volume, max 0.05 0.02 

Kinematic viscosity, D mm2 s-1, 40°C 1.9 - 6 4.45 

Cetane number, min 47 54.5 

Total glycerol, % mass, max 0.24 0.03 

Cloud point, °C - 0.67 

Pour point, °C - -2.50 
a Using the method developed by Su et al. (2011)  
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4.3.2.2 Process equipment sizing 

Extractor mixer (V1) and settler (V2) volumes resulted in 7.3 m3 and 11.6 m3, respectively. 

Glycerolysis reactor (R-1) volume resulted in 15.9 m3, and transesterification reactors (R-2 

and R-3) volumes resulted in 5.9 and 5.3 m3, respectively. A stripping column (T-1) with two 

stages, a reboiler duty of 1008 kW and a diameter of 0.85 m was designed to separate hexane 

in the extraction stage. Two stripping columns (T-2 and T-3) with two stages each, a reboiler 

duty of 220 and 244 kW, respectively, and a diameter of 0.2 m each, were designed to 

separate methanol in the conversion stage.  

 

Additional information about the design conditions and sizing of the main process equipment 

(mixer-settler extractor, reactors, and distillation columns) is presented in Section 5 in the SI 

shows. 

 

4.3.2.3 Heat integration 

The estimated minimum demand for hot and cold utilities for the process are 1,384 and 1,249 

kW, respectively; maximum heat recovery is 663 kW. The stream table and composite curves 

used to obtain the energy targets are presented in Section 7 in the SI.  

 

Table 20 shows the final heat and power consumption of the downstream processing stages. 

Of the processing stages, lipid extraction has the highest consumption, consuming 61% of the 

heat required and 95% of the power required. The high heat demand of the lipid extraction 

stage is for evaporative hexane recovery, while the dominant requirement for power is for the 

high-pressure homogeniser carrying out cell disruption.  

 

Table 20. Heat and power consumption of the downstream processing stages 

Stage Heat consumption (kW) Power consumption (kW) 

Lipid extraction 878 949 

Lipid refining 135 1.9 

Lipid conversion 432 1.9 

Utilities - 43 

AD/CHP -793 -823 

TOTAL 650.9 172.1 

 

The AD/CHP unit produces 793 kW of heat and 823 kW of power (net), which is used to meet 

power and heating demand. The energy generation of the AD/CHP decreases the total heat 

and power demand of the process by 55 and 83%, respectively. These results clearly show 

the advantages of using an integrated AD/CHP unit that enables significant sustainability 

benefits in terms of nutrient recycling and energy recovery. 
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4.3.3 Economic analysis of algae-derived biodiesel 

This section presents the results for the total capital investment, operating costs and the 

economic performance indicators, including minimum selling price, estimated for the 

production of algae biodiesel, as well as comparisons with other types of fuels. 

 

4.3.3.1 Total capital investment 

The estimated total capital investment required for the biodiesel plant is U.S. $28.21 million. 

The ISBL investment is U.S. $14.93 million; the high-pressure homogeniser is the most 

expensive unit in the biodiesel plant, contributing 23% of the cost. The refining and conversion 

reactors together account for 21% of the ISBL investment, while the AD/CHP unit and mixer-

settler extractor contribute 19 and 9%, respectively. The distillation columns, separation 

vessels, heat exchange units and miscellaneous are responsible for the remaining 28% of the 

ISBL investment. When looking at the capital investment by processing stage, lipid extraction 

is the most expensive stage and accounts for 37% of the ISBL investment. The OSBL was 

estimated at around U.S. $6 million: The engineering and contingency charges and working 

capital are U.S. $4.2 and 3.1 million, respectively. 

 

4.3.3.2 Operating costs 

Table 21 shows a breakdown of the total operating costs to produce algae biodiesel, estimated 

at U.S. $28 million/year. Raw materials comprise 96% of the total costs, with algae biomass 

the major contributor to the raw materials costs (92%). The solvent, hexane, accounts for only 

3% of the raw material costs, and utility costs for downstream processing are less than 1% of 

the total operating costs, in part assisted by both heat recovery and energy generation by the 

AD/CHP unit.  

 

Table 21. Total operating costs of the algae biodiesel plant 

Category Value (million $ year-1) 

Raw materials 26.83 

Fixed costs 3.63 

Utilities 0.19 

Consumables and effluent disposals 0.07 

Co-products revenue -2.67 

Total operating costs 28.05 

 

The revenue from the co-products decreases the total operating costs by 10%. An increase in 

lipid recovery from algae biomass, e.g., by increasing the solvent flowrate in the extraction 

process, could reduce the amount of required algae biomass to achieve the desired biodiesel 

production. This and other design degrees of freedom are further explored in the sensitivity 

analysis presented in Section 4.3.5. 
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4.3.3.3 Minimum biodiesel selling price 

The MBSP and additional economic performance indicators of the biodiesel production 

process are presented in Table 22. The cash flow analysis used to estimate these economic 

performance indicators is presented in Section 8 in the SI. The estimated MBSP is U.S. $8.95 

per U.S. gal, which is around 3.5 times higher than the annual average price of fossil diesel 

reported in 2020 for the US (U.S. $2.55 per U.S. gal) (US Energy Information Administration, 

2020), as shown in Figure 12. When compared to the minimum selling price of first-generation 

(e.g. derived from soybean (US Department of Energy, 2020), rapeseed (ICIS Chemical 

Business, 2020c) and palm (LMC International, 2020) oils) and second-generation biodiesel 

(e.g. sourced from used cooking oil (Greenea, 2020) and tallow (Greenea, 2020)), reported in 

2020, it can be observed in Figure 12 that the algae biodiesel is 2.2 and 2.6 times higher, 

respectively. The margin of the downstream processing of algae biodiesel, calculated as the 

difference between the total revenue and the production costs, is U.S. $1.76 million/year. The 

margin as a percentage of revenue is around 5.5%, which is typical for commodities such as 

fuels, where margins are typically low (less than 10% of revenue) (Towler and Sinnott, 2020).    

 

Table 22. Economic performance indicators for biodiesel production from algae 

Indicator Value Unit 

Minimum biodiesel selling price  8.95 $ per US gal 

Margin (revenue – production cost)  1.76 Million $ per year 

Pay-back time  10.8 Years 

 

These results suggest that significant research and development progress is needed to 

improve the economics of algae biodiesel production. In particular, the cost of algae biomass 

must decrease significantly if algae biodiesel is to compete with fossil diesel and biodiesel 

derived from other biomass sources in the market. One option would be to increase algae 

biomass productivity and lipid content with efficient use of nutrients (nitrogen and phosphorus) 

in the cultivation stage, as demonstrated in previous studies (Yaakob et al., 2021, An et al., 

2020, Van Vooren et al., 2012, Yang et al., 2018). In addition, if the recovery of lipids from 

algae biomass increases, fewer algae biomass would be needed to achieve the desired 

biodiesel production. Thus, a solvent that can increase recovery of lipids from algae biomass 

could improve the economics of the process. Besides, various by-product opportunities for 

lipid-extracted algae should be fully explored to improve the process economics. These 

include options for alternative carbohydrate utilisation, such as conversion to hydrocarbon 

fuels or succinic acid (Davis et al., 2018), protein utilisation options, including high-value 

animal or fish feed materials (Davis et al., 2014), and extraction of bioactive compounds to 

produce antioxidants (Wan Mahmood et al., 2019). 
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4.3.3.4 Comparison with other techno-economic studies of algae-derived fuels 

The MBSP obtained in this study for algae biodiesel is also compared to other similar studies 

reported in the literature (Silva et al., 2013, Davis et al., 2011, Davis et al., 2014, Davis et al., 

2018, Richardson et al., 2012, Leow et al., 2018, US Department of Energy, 2020, US Energy 

Information Administration, 2020), as shown in Figure 12. However, the nascent status of the 

algae biofuel industry, with many competing technologies and process designs, as well as 

differences in assumptions and process data, make it difficult to compare the selling price of 

algae biofuels. For example, Silva et al. (2013), who also looked at the transesterification of 

algae lipids to biodiesel, reported a biodiesel selling price of U.S. $4.34 per U.S. gal. This is 

half of the one calculated in this study at U.S. $8.95 per U.S. gal. Silva et al. (2013) assumed 

a higher lipid content in algae biomass (37%) and neglected the capital costs of the extraction 

process, which may explain such differences in prices.  

 

 

Figure 12. Comparison of minimum selling price of algae biodiesel with other types of biodiesel and 

fossil diesel reported in the literature* 

*[All algae biofuels studies compared here considered open pond cultivation with carbon capture and wet lipid 

extraction. The main technology differences are the lipid conversion route: transesterification (TR) (Silva et al., 

2013) or hydrotreating (HT) (Leow et al., 2018, Davis et al., 2011, Davis et al., 2014, Davis et al., 2018, Richardson 

et al., 2012); and treatment of waste biomass: valorisation via anaerobic digestion (AD) (Leow et al., 2018, Davis 

et al., 2011, Davis et al., 2014, Davis et al., 2018, Richardson et al., 2012) or direct recycling to cultivation ponds 

(RE)(Silva et al., 2013). 1st generation biodiesel includes biodiesel derived from soybean oil (US Department of 

Energy, 2020), rapeseed oil (ICIS Chemical Business, 2020c), and palm oil (LMC International, 2020); 2nd 

generation biodiesel includes used cooking oil (Greenea, 2020), and tallow (Greenea, 2020). Fossil diesel price 

obtained from US Energy Information Administration (2020)] 

 

The rest of the studies looked at the hydrotreating conversion process and reported selling 

prices for algae renewable diesel, which ranged between U.S. $2.69 and 13.4 per U.S. gal. 

The lowest selling price, which was reported by Davis et al. (2018), considered the valorisation 

of waste biomass into high-value-added co-products such as succinic acid and polyurethane, 

thus improving the process economics significantly. The study carried out by Richardson et 

al. (2012) reported the highest selling price for algae renewable diesel at U.S. $13.4 per U.S. 

gal. The study fully accounted for the financial costs and risk, including debt servicing costs 

on capital expenditure, dividend payments to investors, and risk related to production and 
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prices, using a Monte Carlo financial feasibility model. The selling price reported by Davis et 

al. (2018) at U.S. $8.3 per U.S. gal for algae renewable diesel is the closest to the one 

calculated in this study. This is because the studies considered same algae biomass cost and 

valorisation techniques for lipid-extracted algae, i.e., anaerobic digestion, and the difference 

can be attributed to the conversion process, e.g., hydrotreatment requires less raw materials.  

 

Overall, the MBSP estimated in this study is within range with the ones reported in other 

related studies and in agreement with the trend observed for algae biofuels in general, 

presented in Figure 12, where the selling price tends to be significantly higher than fossil diesel 

and biodiesel. 

 

4.3.4 Life cycle assessment of algae-derived biodiesel  

The total life cycle environmental impacts of algae biodiesel are presented in Figure 13. For 

example, the total climate change (CC) and primary energy demand (PED) were estimated at 

95 g of CO2 eq./MJ biodiesel and 1.52 MJ/MJ biodiesel, respectively. The latter indicates that 

52% more energy is consumed than fuel energy produced; clearly, this is undesirable. As can 

be observed in Figure 13, the production stage accounts for the large majority of the impacts 

(>90%) across all impact categories, whilst the combustion (i.e., use) stage contributes around 

10% to OD, PMF, POFE, POFH and TA. Contributions from this stage are negligible for the 

remaining impact categories due to the biogenic nature of algae biodiesel.  

 

The credits generated by the AD/CHP unit decrease the environmental impacts of algae 

biodiesel between 8 and 67%. For example, CC decreases by 16% due to the displacement 

of fossil-based energy (natural gas and electricity from the grid) with the biogas produced by 

the AD unit. Significant reductions are also achieved for TET (67%) as a result of the 

displacement of mineral fertilisers used for algae cultivation by nutrients present in the AD 

effluent.  

 

Upstream processing activities (cultivation and harvesting) account for 43 to 93% of the 

impacts estimated for the production stage, as these are highly energy intensive. As explained 

in section 4.2.6.1, the impacts of CO2 sourcing were allocated to the cultivation stage. The 

contribution of CO2 sourcing to the environmental impacts of algae biodiesel is significant (e.g., 

56% to PED and 74% to CC), mainly because of the energy penalty in the coal-fired power 

plant. Therefore, the environmental impacts of algae biodiesel would be significantly lower if 

the impacts of CO2 sourcing are allocated to the power plant instead, leaving burden-free CO2 

for the algal cultivation stage.  
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Downstream processing activities (extraction, refining and conversion) are also identified as a 

hotspot across 15 environmental impact categories considered, as they contribute 10 to 57% 

of the total impacts of the production stage. Given that the goal of this study is to identify 

hotspots around the downstream processing activities that can improve the overall 

performance of the algae biodiesel production process, downstream processing is explored in 

more detail in the following sections. 

 

(a) 

 

(b) 

 

Figure 13. Total environmental impacts of the production and combustion of 1 MJ of algae biodiesel* 

*[Figures in red indicate the net environmental impacts, e.g., impacts from production and combustion minus 

avoided burdens due to credits generated in AD/CHP unit. Some impacts have been scaled to fit and should be 

multiplied by the factor shown on the x-axis to obtain the original values. (a) Climate change (CC); Freshwater 

consumption (FC); Human toxicity, non-cancer (HTNC); Ionising radiation (IR); Marine eutrophication (ME); Marine 

ecotoxicity (MET); Particulate matter formation (PMF); Terrestrial ecotoxicity (TET). (b) Primary energy demand 

(PED); Fossil depletion (FD); Freshwater eutrophication (FE); Freshwater ecotoxicity (FET); Human toxicity, cancer 

(HTC); Land use (LU); Metal depletion (MD); Ozone depletion (OD); Photochemical oxidants formation, 

ecosystems (POFE); Photochemical oxidants formation, human health (POFH); Terrestrial acidification (TA)]. 
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4.3.4.1 Downstream processing environmental impact contributions  

The total environmental impacts of the downstream stage in algae biodiesel production are 

presented in Figure 14, showing contributions from the three main activities considered here: 

lipid extraction, lipid refining and lipid conversion. The total CC and PED from this stage are 

16 g CO2 eq./MJ and 0.42 MJ/MJ, respectively. Lipid extraction and lipid conversion are 

identified as the two main hotspots for both impact categories. For example, lipid extraction 

contributed 73% of CC and 67% of PED, whilst lipid conversion accounted for 25% of CC and 

31% of PED. The main contributors behind lipid extraction are the high energy requirements 

associated with cell disruption and solvent recovery; in the case of lipid conversion, impacts 

are due to the production and consumption of methanol and NaOH and the energy required 

for methanol recovery. The refining stage contributes less than 3% of the total CC and PED, 

thus considered negligible.  

 

As for the other impact categories, and according to the breakdown provided in Figure 14, 

lipid extraction is the main hotspot for all the impact categories, with contributions between 52 

and 97%. In the cases of IR, POFE, and POFH, this stage contributes over 90% of the total 

impacts, thus representing the only hotspot. These impacts are mostly related to the high 

energy requirements for cell disruption and solvent recovery. The former is associated with 

the electricity mix assumed for electricity generation, as it has a significant share of fossil fuels 

(US Energy Information Administration, 2019). For instance, electricity consumption accounts 

for 57 - 99% of all impact categories, with the exception of POFE and POFH. Hexane losses 

due to evaporation in the extraction unit contribute over 85% to POFE and POFH, whilst 

hexane production accounts for 30% of MD and TET. A hotspot analysis for the lipid extraction 

process is included in Figure S16 in the SI.  

 

Lipid conversion is the second hotspot for FD, FC, FE, FET, HTC, HTNC, LU, MD, ME, MET, 

OD, PMF and TA, as it contributes between 10 and 46% of the total impacts of the downstream 

stage. These impacts relate to methanol and NaOH production, as well as the energy needed 

for methanol recovery. Commercial production of methanol via the steam reforming process 

is an energy-intensive process that relies on fossil-derived feedstock such as natural gas and 

emits methane, nitrogen oxides, and sulphur oxides to air (Chen et al., 2019). NaOH 

production via the chloralkali electrolysis process (assumed here) has a significant 

contribution to FC, PMF and TET because of the energy-intensive processes involved, e.g. 

evaporation and crystallisation of sodium, chloride solution, and the co-production of chlorine 

and hydrogen gas (Du et al., 2018a). 
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(a) 

 

(b) 

 

Figure 14. Environmental impact contributions of downstream processing activities in the production of 

algae biodiesel* 

*[Some impacts have been scaled to fit and should be multiplied by the factor shown on the x-axis to obtain the 

original values. (a) Climate change (CC); Freshwater eutrophication (FE); Human toxicity, cancer (HTC); Ionising 

radiation (IR); Land use (LU); Metal depletion (MD); Marine eutrophication (ME); Photochemical oxidants formation, 

human health (POFH); Terrestrial acidification (TA). (b) Primary energy demand (PED); Fossil depletion (FD); 

Freshwater consumption (FC); Freshwater ecotoxicity (FET); Human toxicity, non-cancer (HTNC); Marine 

ecotoxicity (MET); Ozone depletion (OD); Particulate matter formation (PMF); Photochemical oxidants formation, 

ecosystems (POFE); Terrestrial ecotoxicity (TET)]. 

 

 Lipid refining, on the other hand, has negligible contributions to all impact categories as this 

is not an energy-intensive process and the glycerol required for the glycerolysis reaction is 

recycled from the conversion stage. Net negative impact contributions were obtained for FC 

for the refining stage due to the wastewater treatment activities in this stage. 
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4.3.4.2 Comparison with fossil diesel and other types of biofuels  

The CC and PED impacts of algae biodiesel estimated in this study are compared with those 

of fossil diesel in Figure 15, using the same functional unit “per MJ” rather than per unit mass 

or volume since the fuels have different energy content. For instance, the net heating value of 

fossil diesel is 42.6 MJ/kg (National Laboratory Pacific Northwest US, 2020), compared to 36.9 

MJ/kg for algae biodiesel.  

 

(a) 

 

(b) 

 

Figure 15. Comparison of (a) climate change (CC) and (b) primary energy demand (PED) of biodiesel 

production* 

*[Studies all consider open pond cultivation and wet lipid extraction. The main technology differences are the lipid 

conversion route: transesterification (TR) (Stephenson et al., 2010, Zaimes and Khanna, 2013, Passell et al., 2013, 

Gnansounou and Kenthorai Raman, 2016, Mu et al., 2017) or hydrotreating (HT) (Davis et al., 2018); and treatment 

of waste biomass: valorisation via anaerobic digestion (AD) (Stephenson et al., 2010, Gnansounou and Kenthorai 

Raman, 2016, Mu et al., 2017, Davis et al., 2018), combined heat and power (CHP) (Zaimes and Khanna, 2013) 

or production of fish feed (Passell et al., 2013). 1st generation biodiesel includes biodiesel derived from soybean, 

rapeseed, and palm oils (Jeswani et al., 2020); 2nd generation biodiesel uses cooking oil and tallow (Jeswani et al., 

2020). Fossil diesel data CC and PED obtained from GREET (Argonne National Laboratory, 2019)]. 

 

Figure 15 shows that the CC of algae biodiesel is 5% higher than the average CC of fossil 

diesel produced in the US (91 g CO2 eq./MJ, average value taken from CC results reported in 

GREET (Argonne National Laboratory, 2019) and Ecoinvent (Ecoinvent, 2019)). The large 
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majority (83%) of the contributions to CC for fossil diesel come from the combustion of the 

fuel, whilst, in the case of algae biofuels, these contributions are negligible due to the biogenic 

nature of the carbon emissions. The PED of algae biodiesel, on the other hand, is 24% higher 

compared to the average PED of fossil diesel (1.23 MJ/MJ diesel, average value taken from 

PED results reported in GREET (Argonne National Laboratory, 2019) and Ecoinvent 

(Ecoinvent, 2019)).  

 

The results for the other environmental impact categories are also compared and presented 

in Section 9 in the SI. Results for the other environmental impacts of the production of fossil 

diesel are sourced from the Ecoinvent database V3.5 (Ecoinvent, 2019) only, as this 

information was unavailable from GREET (Argonne National Laboratory, 2019). The 

environmental impacts of algae biodiesel are between 1.1 to 27 times higher than fossil diesel. 

The reason for this higher impact is the resource- and energy-intensive processes required to 

produce algae biodiesel, as discussed in Section 4.3.2. When compared to first-generation 

biodiesel, CC of algae biodiesel is found to be 1.4 times lower, mostly because of the 

contributions from land-use change in first-generation biodiesel, which is an important source 

of GHG emissions (Jeswani et al., 2020) (see Figure 15). Conversely, PED of algae biodiesel 

is around 3.6 times higher than PED of first-generation biodiesel due to the energy-intensive 

processes involved in the former process. When compared to second-generation biodiesel, 

CC and PED of algae biodiesel are 4.3 and 3.4 times higher, respectively. This is because the 

waste oil feedstock in second-generation biodiesel is readily available for conversion, unlike 

algae biodiesel, where several energy- and resource-intensive steps are required.  

 

Figure 15 also shows CC and PED results of algae biofuels reported in the literature 

(Stephenson et al., 2010, Zaimes and Khanna, 2013, Passell et al., 2013, Gnansounou and 

Kenthorai Raman, 2016, Mu et al., 2017, Davis et al., 2018). Whilst a direct comparison among 

the results from existing LCA studies is difficult due to the differences in processing options, 

assumptions and process data used, the results obtained in this study are within the same 

range, especially with those that considered a transesterification conversion option.  

 

As can be observed in Figure 15, the CC and PED ranges reported in these studies are 19-

280 g CO2 eq./MJ and 0.17-3.75 MJ/MJ fuel. The lowest CC and PED values are reported by 

Stephenson et al. (2010), where flue gas from a coal power plant is directly injected into the 

cultivation ponds instead of CO2 capture, significantly reducing the energy consumption and 

emissions of the upstream stage. Mu et al. (2017), on the other hand, report the highest CC 

and PED for algae biodiesel due to lower biodiesel yields, resulting from the low lipid content 

in the algae biomass (14 wt. %) and higher energy demand in the cultivation stage. However, 
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the majority of the studies that considered lipid conversion via transesterification (Zaimes and 

Khanna, 2013, Passell et al., 2013, Gnansounou and Kenthorai Raman, 2016, Mu et al., 2017) 

reported higher CC and PED values for algae biodiesel compared to fossil diesel, whilst the 

hydrotreating route led to lower values of CC and PED as reported by Davis et al. (2018).  

 

Based on these findings, it is essential to reduce the energy consumption of the algae 

biodiesel production process if this is to become a more environmentally sustainable 

alternative to fossil diesel. Energy demand can be reduced by applying less energy-intensive 

cell disruption technologies, such as ionic liquid-based ones (Orr et al., 2015) and 

hydrothermal acid treatment (Laurens et al., 2015), as opposed to high-pressure 

homogenisation. The solvent hexane has negative impacts on HTC, HTNC, OD, POFE, POFH 

and TET; thus, alternative solvents could mitigate these impacts.  

 

4.3.5 Sensitivity analysis 

This section explores the economic and environmental implications of algae biomass costs, 

lipid recovery rate, and solvent evaporation losses, applying the models and methods 

presented above.  

 

4.3.5.1 Algae biomass costs 

The cost of algae biomass feedstock is identified as a major contributor to the total cost of 

biodiesel production. The impact of algae biomass cost on the MBSP is explored in this 

sensitivity analysis. In the absence of data for algae biomass cost, the cost of U.S. $0.558/kg 

(Davis et al., 2016) used in this study is varied by ± 50%.  

 

Figure 16 shows that if the algae biomass cost is reduced by 50%, the MBSP decreases by 

38%, from U.S. $8.95 to 5.53 per U.S. gal, but the MBSP is still higher than that of fossil diesel 

(U.S. $2.55 per U.S. gal (US Energy Information Administration, 2020)). The cost of algae 

biomass must decrease to U.S. $0.04/kg, 93% lower than the baseline cost, to reach a 

competitive MBSP. While improvements in upstream processing stages could reduce the 

MBSP, further improvements in the downstream stages are also likely to be needed. 

Therefore, further research should explore improvement to the lipid extraction process and 

alternative solvents, as well as the valorisation of co-products and wastes.   
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Figure 16. Effect of algae biomass cost on minimum biodiesel selling price (MBSP) of algae biodiesel 

 

4.3.5.2 Lipid recovery from algae biomass 

The recovery of lipids reported in the literature (Davis et al., 2014, Kang et al., 2019, Davis et 

al., 2011, Gebreslassie et al., 2013b, Beal et al., 2015) ranges from 80 to 95%. The baseline 

recovery in this study is 89%; this sensitivity analysis explores how recoveries of 80 and 95% 

affect the MBSP and environmental impacts of algae biodiesel. The results are presented in 

Figure 17 and Figure 18.  

 

 

Figure 17. Effect on lipid recovery on minimum biodiesel selling price (MBSP) of algae biodiesel 

 

Figure 17 shows a corresponding range of MBSP from U.S. $9.67 to 8.64 per U.S. gal since 

less algae biomass is needed to achieve the desired biodiesel production, even though costs 

of hexane make-up and energy consumption increase. Further details are provided in Section 

10 in the SI. Note that the lowest price is still 3.5 times that of fossil diesel, so further cost 

reductions are needed to achieve a competitive price.  
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Figure 18 shows that the total CC and PED of algae biodiesel decrease by 3 and 0.2%, 

respectively, when the lipid recovery increases from 89% (baseline) to 95%. These decreased 

impacts correspond to lower contributions from upstream processing, as fewer algae biomass 

is needed to achieve the desired biodiesel production, but higher contributions from 

downstream processing, related to higher solvent flows and lower heat and power generation 

by the AD/CHP unit. Conversely, the CC and PED of algae biodiesel increase by 10 and 8%, 

respectively, when the lipid recovery decreases from 89% (baseline) to 80%. This is driven by 

the higher contributions from the upstream processing, as more algae biomass, CO2, 

fertilisers, and electricity are needed to achieve the desired biodiesel production. These results 

demonstrate the importance of evaluating changes in a process on a life cycle basis to identify 

the interactions and trade-offs between upstream and downstream processing.  

 

The results for the other environmental impacts are presented in Section 10 in the SI, where 

most impacts have trends similar to those for CC and PED. However, in the case of POFE, 

POFH, and TET, a lower recovery reduces these impacts because of the lower solvent flows. 

Increasing the lipid recovery, on the other hand, increased OD, POFE, POFH, and TET due 

to the higher solvent flows. The contributions from the lipid refining stage also increased with 

higher lipid recovery, as greater recovery increased reactor operating temperature and 

glycerol consumption in order to achieve the design specifications of the refining stage, i.e. > 

1 wt. % free fatty acid in the refined lipids. 

 

 

Figure 18. Total climate change (CC) and primary energy demand (PED) of algae biodiesel considering 

a lower (80%) and higher (95%) lipid recovery rate with respect to an 89% lipid recovery baseline* 

*[Figure indicates net values of the environmental impacts, e.g., impacts from production and combustion minus 

avoided burdens due to credits generated in AD/CHP unit]. 
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4.3.5.3 Solvent evaporation losses 

Figure 14 shows that the lipid extraction stage is the main hotspot of the downstream 

processing stages, with solvent evaporation losses contributing significantly to POFE and 

POFH. Solvent evaporation losses may be reduced through process modifications or with the 

use of less volatile solvents. Solvent losses of 0.05% (0.5 g/kg solvent) are achieved in the 

soybean oil processing industry. Therefore, this study investigates the economic and 

environmental impact of reducing solvent losses from 5 to 0.5 g/kg (Martin, 2016).  

 

Figure 19 shows that POFE and POFH of algae biodiesel decrease by around 44 and 34%, 

respectively, because hexane make-up decreases by 78% relative to the baseline value, 

accounting for contributions from hexane production. Minimal reductions were observed (less 

than 3%) for the other environmental impacts, as shown in Section 10 in the SI. Given that 

hexane production is not a significant contributor to the MBSP of algae biofuels, this change 

has a negligible effect on the MBSP (–1% relative to the baseline). 

 

 

Figure 19. Comparison of the photochemical ozone formation for ecosystems (POFE) and human 

health (POFH), for the base (0.5%) and low (0.05%) solvent evaporation loss cases* 

*[Figure indicates net values of the environmental impacts, e.g., impacts from production and combustion minus 

avoided burdens due to credits generated in AD/CHP unit]. 
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Besides combining process simulation, economic and environmental sustainability 

assessment tools, the novelty of this study relies on the detailed consideration of the 

interactions between biomass and the solvent, e.g., phase equilibrium thermodynamics and 

mass transfer, which directly affect the performance of the downstream processing stages. 

The methodology was illustrated using the case of biodiesel production from algae biomass 

using hexane, which is a well-established, benchmark solvent for the extraction of lipids. The 

MBSP of algae biodiesel was estimated at U.S. $8.95 per U.S. gal, which is 3.5 times the 

average price for fossil diesel, and 2.2-2.6 times the price of first- and second-generation 

biodiesel. The high costs are mainly due to algae biomass feedstock. The climate change and 

primary energy demand of algae biodiesel were estimated at 95 g of CO2 eq./MJ and 1.52 

MJ/MJ biodiesel, respectively. These values are 5 and 24% higher than for fossil diesel. As 

for the other environmental impacts, these were between 1.1 and 27 times those for fossil 

diesel. These higher impacts are mostly due to the resource and energy intensity of algae 

production.  

 

Lipid extraction was identified as the main hotspot among downstream processing activities, 

as this stage contributed between 52 and 97% of all impacts. This is because of the energy 

required for cell disruption, solvent recovery, and solvent evaporation losses. The results from 

a sensitivity analysis indicated that the economic and environmental sustainability 

performance of algae biodiesel can be improved through higher lipid recovery, which results 

in fewer algae biomass consumption per MJ of biodiesel.  

 

Clearly, the choice of solvent can influence the MBSP of biodiesel as well as several 

environmental impact categories, especially human toxicity and photochemical oxidant 

formation. The selection of more energy-efficient cell disruption technology will also 

significantly affect the process energy demand. The findings from this work have 

demonstrated that changes in downstream processing stages can have a significant influence 

on the overall performance of the process, thus highlighting the importance of a whole-

systems approach and rigorous process modelling. 

 

Building from the work on algae biodiesel production presented here and the benchmark 

established for lipid extraction using hexane, future research efforts should explore the use of 

alternative and non-hazardous solvents for lipid extraction and cell disruption technologies to 

minimise contributions from downstream activities. It is also recommended that the recovery 

of high-value-added products from waste algae biomass, such as succinic acid and 

antioxidants, is considered to enhance the economics of the process. 
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Supporting Information 

Supporting Information (SI) includes the following: binary interaction parameters for the 

system triolein-oleic acid-hexane-methanol-water-glycerol used for the process simulation; 

solvent extraction modelling equations; glycerolysis and transesterification reactions kinetic 

data (activation energies and pre-exponential factors); sensitivity analysis of the glycerolysis 

and transesterification reactors; complete mass and energy balances of the downstream 

processing of algae biodiesel; details of the economic analysis; information about the 

background system used in the life cycle assessment; and additional information of the 

sensitivity analysis in terms of lipid recovery and solvent evaporation losses. The SI is found 

in the following link: https://pubs.acs.org/doi/10.1021/acs.iecr.1c02907 

  

https://pubs.acs.org/doi/10.1021/acs.iecr.1c02907?goto=supporting-info
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CHAPTER 5  

IDENTIFICATION AND EVALUATION OF ALTERNATIVE 

SOLVENTS 

 

This chapter addresses the second objective of this research (i.e., to identify and evaluate 

alternative solvents applied to extraction processes using thermodynamic equilibrium 

properties and process performance indicators) by following the second and third steps of the 

methodology (i.e., computational screening and extraction process evaluation, respectively, 

refer to Figure 1). 

 

In this chapter, thermodynamic equilibrium properties and process performance indicators of 

alternative solvents applied to the extraction of lipids from algae biomass are obtained by 

applying molecular simulation techniques (COSMO-RS method), computational screening, 

and process simulation. The interactions at the molecular level, represented by the COSMO-

RS predictions of the partition coefficient and selectivity of the candidate solvents to the target 

solute, are given special attention in this chapter. The candidate solvents are evaluated 

considering techno-economic, environmental, and safety criteria at process-level. As a result, 

three alternative solvents (limonene, ethyl tertbutyl ether, and cyclohexane) are identified as 

promising for algae lipid extraction. These alternative solvents are evaluated with more 

comprehensive approaches (TEA, LCA) in later chapters of this thesis.    

 

The content of this chapter has been published in ACS Sustainable Chemistry & Engineering 

and can be found in the literature as follows: 

 

Zapata-Boada, S.; Gonzalez-Miquel, M.; Jobson, M.; and Cuéllar-Franca, R. M., 

Integrating Technoeconomic, Environmental, and Safety Criteria in Solvent Screening 

for Extraction Processes: The Case of Algae Lipid Extraction. ACS Sust. Chem. & Eng. 

2022, DOI: https://doi.org/10.1021/acssuschemeng.1c06756 

 

 

 

 

 

 

https://doi.org/10.1021/acssuschemeng.1c06756
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Abstract 

Volatile organic solvents derived from fossil resources are typically used in extraction 

processes, but this usually involves high energy consumption for solvent recovery and 

negative environmental impacts due to solvents’ hazardous, volatile, and flammable nature. 

This study presents a systematic approach to solvent screening, using molecular and process 

simulation techniques, data analysis and classification methods applying techno-economic, 

environmental and safety criteria. This methodology is demonstrated for lipid extraction from 

wet algae biomass in biofuel production. First, relevant thermodynamic equilibrium data are 

predicted with the Conductor-like Screening Model for Real Solvents (COSMO-RS) method. 

The resulting solvents are clustered according to their partition coefficient and selectivity 

towards the target solute and then screened further, considering their physicochemical 

properties and health, safety and environmental (HSE) performance. Finally, the lipid 

extraction process is simulated in Aspen Plus using all screened solvents to obtain technical, 

economic, and environmental performance data. Out of 88 initial candidates, cyclohexane, 

limonene, and ethyl tert-butyl ether are identified as potential alternatives to the benchmark 

solvent, hexane. While these solvents tend to be more expensive and their recovery more 

energy intensive (higher boiling points) compared to hexane, they have higher selectivity 

towards lipids, thus reducing the solvent intensity of the process, and are less volatile and 

non-hazardous according to the HSE classification. This methodology can be applied to other 

extraction process applications or implemented at early stages in process design to evaluate 

techno-economic, environmental and safety trade-offs when considering and selecting more 

sustainable alternatives to fossil-derived solvents.  

 

Keywords: COSMO-RS, process simulation, green solvents, biodiesel, sustainability. 
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5.1 Introduction 

Solvent extraction is an important separation technology for a wide range of applications in 

the chemical process industries. The viability of a solvent depends on its application-specific 

technical performance (e.g., extraction efficiency and selectivity), health, safety, and 

environmental (HSE) criteria (e.g., toxicity, corrosivity, thermal stability), and process-specific 

economic considerations (e.g., energy consumption, solvent make-up and recovery costs, 

availability) (Clarke et al., 2018). Often, candidate solvents violate one or more of the criteria 

for an ideal solvent, so a comparative study is required to identify the best solvent for a 

particular application.  

 

A favourable partition ratio and low mutual solubility between the solvent and the carrier liquid 

are necessary for an effective extraction process from a thermodynamic point of view. Thus, 

ranking solvents according to relevant thermodynamic properties enables initial selection of 

promising candidates (Frank et al., 2008). Conductor-like Screening Model for Real Solvents 

(COSMO-RS), originally proposed by Klamt (2005), has emerged as a reliable tool for solvent 

screening based on structural information of the compounds, without the need for 

experimental data.  

 

Current advances in green solvent screening using quantum chemistry-based COSMO 

methods have been recently reviewed (González-Miquel and Díaz, 2021). In particular, the 

capability of the COSMO-RS method to predict partition ratios as a key parameter for solvent 

selection has been successfully validated in previous studies (López-Porfiri et al., 2020, 

Diorazio et al., 2016). For example, López-Porfiri et al. (2020) used a combination of 

experimental and COSMO-RS methods to propose a green solvent selection approach for the 

recovery of bio-organic acids in solution.  

 

Rankings of solvents in terms of health, safety, and environmental (HSE) criteria have also 

been developed to guide solvent selection. Byrne et al. (2016) provide an extensive critical 

review of solvent selection guides. One of the most widely supported solvent selection guides 

is CHEM21, (Prat et al., 2016), which gives an overall preliminary ranking of solvent 

“greenness” based on physical properties and hazard statements of the solvents. Up-to-date 

solvent screening methods, such as Sustainable Solvents Selection and Substitution Software 

(SUSSOL) (Sels et al., 2020), use data analysis and artificial intelligence to cluster solvents 

based on their physical properties and HSE ranking.  
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While COSMO-RS and the CHEM21 guide can provide valuable information on the technical 

and HSE performance of solvents, these tools do not capture all the important dimensions of 

solvent selection. For example, process-specific considerations, such as economic viability 

and environmental sustainability, should also be considered in the decision-making process. 

These can be done through process simulation, to obtain the mass and energy flows of the 

extraction process, followed by the calculation of green chemistry metrics such as energy 

consumption, economic viability and environmental sustainability for the solvent candidates 

(Beller et al., 2017, Sheldon, 2018). Evaluation of these metrics can help to identify 

opportunities to improve the sustainability of extraction processes, in particular, the 

replacement of toxic solvents by safer alternatives. However, it is important that all dimensions 

are considered side by side to identify the most suitable trade-offs. For example, economically 

driven solvent selection may lead to higher environmental impact due to the use of fossil-

derived and toxic solvents. Environmentally driven solvent selection, on the other hand, may 

require complex synthesis and costly extractions from alternative feedstocks, leading to a 

solvent that cannot compete with the traditional solvents (Clarke et al., 2018). To date, there 

is still a need for simple and reliable methods for quick evaluations of separation processes in 

an early stage of development.  

 

Solvent extraction plays a key role in biorefinery downstream processes for the recovery and 

purification of target bioproducts from natural sources. Screening methodologies for solvents 

in the context of bioprocessing have been proposed (Soh and Eckelman, 2016). For example, 

Rosinha Grundtvig et al. (2018) developed a screening strategy for organic solvents, based 

on technical requirements for separation (including solubility, selectivity and recoverability) 

and HSE criteria (including toxicity, flammability and volatility) to identify the most promising 

solvents for further investigation. However, process-specific considerations, such as energy 

consumption, economic viability, and environmental sustainability, were not considered here. 

 

The production of biodiesel from algae biomass is a major area of research in the field of 

biorefineries (Chen et al., 2018). Lipid extraction from algae biomass, an energy-intensive and 

costly process, is considered one of the major challenges for the industrial-scale production 

of biodiesel (Morales et al., 2019). Conventional processes for lipid extraction typically use 

volatile organic solvents derived from fossil resources, such as hexane, where their toxicity 

and high losses make them environmentally unfavourable (Clarke et al., 2018). Alternatives 

to hexane have been proposed before. For example, Wan Mahmood et al. (2017) conducted 

experimental lipid extraction studies on two algae strains (Chlorella vulgaris and 

Nannochloropsis sp) and obtained extraction yields with 2-methyl tetrahydrofuran (2-MeTHF) 

and ethyl lactate, which were double or triple, respectively, those of hexane. Similarly, Dejoye 



134 
 

Tanzi et al. (2012) experimentally evaluated lipid extraction from Chlorella vulgaris using 

terpenes (limonene, pinene, cymene) and achieved similar yields to those obtained with 

hexane.  

 

Although some experimental solvent screening (Dejoye Tanzi et al., 2012, Wan Mahmood et 

al., 2017, de Jesus et al., 2019) and modelling (Nezammahalleh et al., 2018, Du et al., 2018b) 

research has been carried out on lipid extraction from algae biomass, several aspects have 

not been deeply studied,  specifically, the impact of the solvent on the extraction efficiency, 

selectivity towards the target lipids (triglycerides), economic viability and environmental 

sustainability of the lipid extraction process. Also, to the best of our knowledge, no solvent 

selection guide for lipid extraction from algae biomass is reported in the literature, and there 

are no comprehensive process simulation studies of green solvent-based algae lipid extraction 

for biofuel production considering techno-economic, environmental and safety criteria. 

 

In an effort to integrate relevant techno-economic, environmental and safety criteria to assist 

in the screening and selection of solvents in a practical and timely way, this study presents a 

systematic approach that combines molecular and process simulation techniques, data 

analysis and classification methods. The methodology is demonstrated using the case of lipid 

extraction from algae biomass, where alternative solvents to hexane, sourced from a 

comprehensive solvent database (Sels et al., 2020), are evaluated in order to narrow down 

the number of candidates for further detailed evaluation. The methodology is described in 

detail over the next sections, followed by the presentation and discussion of the results and 

concluding remarks. 

 

5.2 Methodology 

The proposed methodology to evaluate solvents at the process development stage is 

illustrated in Figure 20. It consists of seven steps: problem definition, liquid-liquid equilibrium 

(LLE) data calculation using the COSMO-RS method, LLE data analysis and classification, 

evaluation of physicochemical properties of solvents, evaluation of HSE performance of 

solvents, extraction process simulation, and evaluation of process performance indicators.  

 

Each step is described in detail in the following sections, and the methodology is applied to 

the process of lipid extraction from algae biomass as a case study.  
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Figure 20. Detail of the steps proposed in the methodology for evaluating alternative solvents, 

considering techno-economic, environmental and safety criteria 

 

5.2.1 Problem definition  

The following features of the feed mixture (comprising a carrier liquid, target solute, and other 

components) are collated and evaluated: type of system (dilute, < 20% wt., (Seader, 2011) or 

concentrated), affinity between the solute and the carrier liquid, boiling point of the solute 

(indicates whether the component is volatile), and thermal stability of the solute. Solvent 

extraction is mainly applied for dilute feeds, in which the solute and carrier liquid present 

affinity differences, and the solute is heat-sensitive or non-volatile (Koch and Sniveler, 2015). 

The concept of affinity is related to the components’ interactions, which involve macroscopic 

physical properties (e.g., refractive index, relative permittivity, density), microscopic 
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intermolecular forces (e.g., ion-dipole, dipole-dipole, hydrogen bonding), solvation in 

multicomponent systems (e.g., solubilisation), and chemical solvation (ionisation and 

dissociation processes) (Katritzky et al., 2004). These interactions are attributed to the solvent 

“polarity”, which is related to its capacity for solvating dissolved charged or neutral, apolar or 

dipolar, species. Several polarity scales have been developed based on empirical parameters, 

as the quantitative measurement of polarity is challenging (Reichardt and Welton, 2017). Also, 

the octanol/water partition coefficient can be used to characterise a compound regarding its 

polar or its hydrophobic character (Moldoveanu and David, 2015). 

 

For the case study on lipid extraction from algae biomass, the feed is a dilute aqueous stream 

(disrupted algae biomass) with a water content of 80% w/w, to minimise the energy 

requirements for drying the biomass as reported in Laurens et al. (2015) and Davis et al. 

(2014), where over 95% recovery of lipids was achieved from such feed composition. 

Upstream processing stages (algae cultivation and harvesting) are not considered within the 

scope of the present study. However, it is assumed that the algae are cultivated in an open 

pond system, harvested to a concentration of 20% dry weight, and fed to the lipid extraction 

stage. Other operations to recover high value-added compounds present in the algae biomass 

(i.e., succinic acid (Davis et al., 2018), antioxidants (Wan Mahmood et al., 2019)) could be 

included before the lipid extraction process.  

 

Nannochloropsis salina is selected as the algae strain due to its high lipid content, based on 

experimental values reported in the literature (Yao et al., 2015, Silva et al., 2013). The wet 

feed flow rate is taken to be 20 t/h, where the dry weight of the feed is 20% w/w (Davis et al., 

2016), comprising lipids (30% of dry weight) (Yao et al., 2015), carbohydrates, and proteins. 

The composition of the algae biomass is shown in Table 23, based on the experimental 

composition of algae biomass reported by Silva et al. (2013) and Yao et al. (2015) 

 

Table 23. Composition of the feed (wet algae Nannochloropsis salina) 

COMPONENT NAME SYMBOL % WEIGHT 

Lipids 

Triglycerides 

C14:0 Trimyristin MMM 0.24 

C16:0 Tripalmitin PPP 0.95 

C18:1 Triolein OOO 1.96 

C18:2 Trilinolein LLL 1.96 

Free fatty 

acids 

C14:0 Myristic acid M-ACID 0.07 

C16:0 Palmitic acid P-ACID 0.14 

C18:1 Oleic acid O-ACID 0.41 

C18:2 Linoleic acid L-ACID 0.28 

Proteins and carbohydrates 14.00 

Water 80.00 

TOTAL 100.00 
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The target solutes are the lipids of the biomass, e.g., triglycerides and free fatty acids. It is 

assumed that the lipids are represented by the molecule triolein, which is one of the most 

common triglycerides found in algae lipids (Yao et al., 2015). Affinity differences exist between 

triolein (non-polar, hydrophobic) and water (polar). Besides, triolein is a non-volatile 

compound, with an estimated normal boiling point of around 623°C (Design Institute for 

Physical Properties Sponsored by AIChE, 2020), although it starts to decompose at 

temperatures above 250°C (Palanisamy and Gevert, 2016, Crossley et al., 1962, Goodrum 

and Geller, 2002, Zhang, 2003). By the logic of Figure 20, solvent extraction can be applied 

to separate lipids from wet algae biomass. 

 

5.2.2 Liquid-liquid equilibrium (LLE) data calculation with the COSMO-RS 

method 

Extraction efficiency and selectivity, which are often measured by the equilibrium distribution 

(the ratio of the solute concentrations in the extract phase over the raffinate phase), are 

important parameters in the extraction process. Under phase equilibrium, extraction efficiency 

can be expressed as the partition coefficient of the solute (Ki in mol·mol−1) between the carrier 

liquid and solvent phases. At low solute concentrations (dilute systems), the partition 

coefficient can be predicted by modelling the solute activity coefficient at infinite dilution 

(γα,∞/mol· mol−1) according to Equation (27), where x is the mol fraction of the solute i, s 

corresponds to the solvent phase and w to the carrier liquid phase (Burghoff et al., 2008). 

 

𝐾𝑖 =
𝑥𝑖
𝑠

𝑥𝑖
𝑤 =

𝛾𝑖
𝑤

𝛾𝑖
𝑠 ≈

𝛾𝑖
𝑤,∞

𝛾𝑖
𝑠,∞  

 

(27) 

 

The COSMO-RS method uses unimolecular quantum chemical calculations to predict the 

thermodynamic properties of mixtures, considering the interactions of molecules in a fluid 

(electrostatic, hydrogen bonding, and van der Waals) (Eckert and Klamt, 2002). These 

interactions are represented as a function of surface polarities of the molecules. The COSMO-

RS method converts the molecular polarity information into standard thermodynamic data 

through the calculation of the chemical potential of components in the system using statistical 

thermodynamics (Eckert and Klamt, 2002). In the COSMO-RS method, the solute activity 

coefficient at infinite dilution is calculated from the chemical potential according to Equation 

(28), where 𝜇𝑖
𝛼 and 𝜇𝑖

𝑝
 are the chemical potential of compound 𝑖 in the α-phase (solvent or 

carrier liquid) or as a pure substance, respectively. The partition coefficient can be expressed 

according to Equation (29) (Eckert and Klamt, 2002). 
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𝑅𝑇𝑙𝑛(𝛾𝑖
𝛼) =  𝜇𝑖

𝛼 − 𝜇𝑖
𝑝
 (28) 

 

ln (𝐾𝑖) ≈
𝜇𝑖
𝑤,∞ − 𝜇𝑖

𝑠,∞

𝑅𝑇
 

 

(29) 

 

The selectivity of the solvent between components 𝑖 and 𝑗 is defined as the ratio of the partition 

coefficients, as represented in Equation (30). Here component 𝑖 represents the target solute, 

and component 𝑗 is another solute. A high selectivity, 𝛽𝑖,𝑗, enables selective transfer of 𝑖 to the 

solvent phase. 

𝛽𝑖,𝑗 =
𝐾𝑖
𝐾𝑗

 
 

(30) 

 

In the case study, the target solute in the feed (wet algae biomass) is the molecule triolein, 

and the other components are assumed to be represented by the amino acid glutamine, a 

polar molecule found in algae biomass (Vendruscolo et al., 2018). Triolein has been selected 

as a model compound representing the lipids in algae biomass, as previously considered by 

Hung et al. (2014), who also found that the presence of polar components (proteins, 

carbohydrates) in algae biomass does not affect the partitioning of lipids in organic solvents.  

Conveniently, both triolein and glutamine are available in the COSMO-RS database.  

 

The extraction conditions are set to 25°C and 101.325 kPa, which are typical values for algae 

lipid extraction (Seader, 2011, Stephenson et al., 2010). The data set of Sels et al. (2020) is 

used to propose a ‘long list’ of candidate solvents (initial database). Then, computational 

calculations are performed using COSMOthermX software (which implements the COSMO-

RS method), version 18.0.2, at the parameterisation of BP_TZVPD_FINE_18. In this way, 

triolein and glutamine activity coefficients at infinity dilution in the solvent and water phases 

are calculated. Then, partition coefficients of both triolein and glutamine between the solvent 

and water phases, and relative selectivity of the solvents to triolein are estimated. COSMO-

RS predictions of extraction efficiency are compared to values reported in the literature. The 

experimental data of Dejoye Tanzi et al. (2012) and Dejoye Tanzi et al. (2013) are chosen to 

validate COSMO-RS predictions because of the consistent and clear description of extraction 

conditions and extraction efficiency of lipids from algae biomass with several solvents.  

 

5.2.3 Liquid-liquid equilibrium (LLE) data analysis and classification 

The purpose of this step is to classify the solvents into clusters (groups of solvents with similar 

properties) based on their partition coefficient and selectivity towards the target solute. A 
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clustering method, namely the k-means method (Bock, 2007), is used to classify the solvents, 

and the cluster of solvents with the highest partition coefficient and selectivity towards the 

target solute is identified. As a result, an initial list of solvents potentially useful for the 

application is generated. The number of clusters is selected based on an analysis of the cluster 

inertia (sum of squared distances of samples to the nearest cluster centre), aiming for a small 

value of inertia, which is a sign of good and meaningful clustering (Alade, 2018).   

 

For the case study, partition coefficients and selectivities obtained in COSMOthermX are first 

normalised with respect to the maximum and minimum values in the dataset. Then, the k-

means method is used to cluster the solvents according to the partition coefficient of triolein 

in the solvent and water phases and the selectivity of solvents to triolein. Finally, the solvents 

belonging to the cluster with the highest partition coefficients and selectivities are chosen for 

further evaluation. Calculation of cluster inertia and solvent classification applying the k-means 

clustering method are implemented in Python; the code is presented in Sections 1.1 and 1.2 

in the Supporting Information (SI). 

 

5.2.4 Evaluation of physicochemical properties of solvents 

This step aims to conduct a preliminary screening (of the selected solvents resulting from the 

previous step) based on practical considerations: (a) avoiding loss of solvent to the raffinate 

phase, e.g. it is desirable that the solvent is insoluble in the carrier liquid; (b) avoiding thermal 

degradation of the solute; (c) ease of recovery, e.g. high boiling points can potentially lead to 

high reboiler duties; (d) ease of handling, e.g. highly dense and viscous mixture will lead to 

poor mass transfer rates and higher pumping requirements. Relevant physicochemical 

properties of solvents that are evaluated include solubility in the carrier liquid, boiling point, 

density, and viscosity.  

 

For the case study, the following limits are defined for the physicochemical properties of 

solvents, based on the LLE guidelines reported in Koch and Sniveler (2015): solubility in water 

< 1% wt. (to form a two-phase system and minimise solvent loss to the water phase; boiling 

point < 200°C (to prevent thermal degradation of triolein), density < 1.5 kg/L, and viscosity < 

2 mPa.s (ease of handling and storage).  

 

The physicochemical properties of solvents are obtained from Sels et al. (2020), Smallwood 

(1996) and Knovel database (Knovel Sampler). Solvents that do not meet these criteria are 

discarded. The screening of solvents according to their physicochemical properties is 

implemented in Python; the code is provided in Section 1.3 of the SI. 
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5.2.5 Evaluation of health, safety and environmental (HSE) performance of 

solvents 

The HSE performance of solvents is evaluated using the CHEM21 methodology (Prat et al., 

2016), which considers health, safety, and environmental scores. The health score reflects 

occupational hazards, informed by the most severe health hazard statements of the solvent. 

The safety score depends on the solvent flammability, indicated by its flash point. The 

environmental score depends on solvent volatility, energy demand for recycling (linked to the 

solvent boiling point and heat of vaporisation), and environmental hazards. The safety, health 

and environmental scores are combined to give an overall score for the solvent, which 

indicates whether the solvent is ‘hazardous’, ‘problematic’ or ‘recommended’ (Prat et al., 2016)  

In the case study, flash point and boiling point of solvents are found in Sels et al. (2020) and  

Smallwood (1996), and hazard statements are found in the material safety data sheets 

(MSDS) of solvents (Verisk 3E, 2021). Then, the CHEM21 method is applied to obtain the 

HSE ranking of the solvents. Hazardous solvents are discarded, as their substitution during 

process development is a priority of this work. Finally, a list of recommended and problematic 

potentially useful solvents for the application is obtained. The screening of solvents based on 

their HSE ranking is implemented in Python; the code can be found in Section 1.3 of the SI. 

 

5.2.6 Process simulation of solvent extraction 

In this step, a conceptual design of the extraction process is developed and simulated. This 

involves synthesis of the process flowsheet and the calculation of mass and energy flows. The 

design basis for modelling extraction processes includes specification of feed composition and 

flowrate, and extraction conditions (temperature, pressure, solvent to feed ratio). Accurate and 

detailed feedstock composition is essential since this is a boundary condition for the entire 

process simulation.  

 

In the case study, a process design is proposed for continuous extraction of lipids from 20 t h-

1 of wet algae biomass, with the plant located in the US. Aspen Plus V8.8 is used to simulate 

the process. To simplify feed characterisation and its modelling, the carbohydrate and protein 

fractions of the algae biomass are lumped with the water fraction of the biomass because they 

are soluble in water. As the process includes extraction and stripping units, liquid-liquid 

equilibrium (LLE) and vapour-liquid equilibrium (VLE) are important considerations for 

choosing the physical property and thermodynamic models. Physical properties of pure 

components are obtained from the Biodiesel database of Aspen Plus, which includes the 

recommendations of the National Institute of Science and Technology ThermoData Engine 

(National Institute of Standards and Technology, 2018). The NRTL activity coefficient model 
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is used to simulate phase equilibrium for the lipids-solvent-water system, in which nonideal 

thermodynamic behaviour in the liquid mixture is expected. Binary interaction parameters for 

the solvent-water system are obtained from the LLE and VLE built-in databanks of Aspen Plus, 

where available; otherwise, these parameters are regressed from experimental data; details 

are presented in Table S1 in the SI. Binary interaction parameters for the lipids-solvent and 

lipids-water systems are estimated using the UNIFAC method. The UNIFAC predictions for 

these mixtures are validated against experimental data by Belting et al. (2014) and Homrich 

and Ceriani (2018).  

 

Figure 21 provides a process flow diagram for the extraction process, showing the solvent 

extraction and solvent recovery units. To compare solvents’ performance, it is assumed that 

a counter-current extraction column with five stages is needed to extract lipids from algae 

biomass, based on the study of Stephenson et al. (2010). The temperature and pressure for 

the extraction process are assumed to be 25 °C and 101.325 kPa, respectively, which are 

typical values for algae lipid extraction (Seader, 2011, Stephenson et al., 2010). The solvent-

to-dry feed mass ratio is assumed to be 5 to 1, based on the study of Davis et al. (2014), who 

reported commercial lipid recovery over 90% from wet algae biomass (20% dry weight). Also, 

modelling studies by Zapata-Boada et al. (2021) show that the solvent-to-feed ratio does not 

significantly affect triolein recovery from wet algae biomass (20% dry weight) when the mass 

ratio is above 3. 

 

 

Figure 21. Process flow diagram of the lipid extraction process showing the extraction column and 

solvent recovery units 

 

The EXTRACT model in Aspen Plus is used to simulate the extraction column. The solvent is 

recovered with a stripping column and recycled to the extraction unit. The stripping column 

design specification is to recover 0.995 of the solvent to the distillate. An additional stripping 
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column is used when the solvent is partially soluble in water, to recover the solvent from the 

raffinate stream. The temperature in the column bottoms is limited to 250°C, to prevent the 

thermal degradation of lipids (Palanisamy and Gevert, 2016, Crossley et al., 1962, Goodrum 

and Geller, 2002, Zhang, 2003). The heat required in the lipid extraction process is that to 

satisfy the reboiler duty of the stripping column. The material and energy flows calculated by 

the simulation are used to size the main process equipment (extraction and stripping columns 

and heat exchangers).  

 

5.2.7 Evaluation of process performance indicators 

The mass and energy flows obtained from the process simulation step are used to calculate 

technical, economic, and environmental performance indicators of the extraction process. Two 

technical performance indicators are proposed: solute recovery, the ratio of extracted solute 

to the total solute in the feed, and solvent intensity (SI), the total mass of solvent used in the 

process to extract a specified mass of solute (Sheldon, 2018). Two economic performance 

indicators are proposed: total capital cost (TCC); and total operating cost (TOC). TCC can be 

estimated by knowing the equipment size, using the factorial method and installation factors 

(Towler and Sinnott, 2020). Then, plant lifetime, annual interest rate, and plant operational 

time per year are used to calculate annualised capital costs. TOC includes raw materials, 

consumables, effluent disposal, and utilities; these costs are estimated based on simulation 

results of the process. Both economic indicators can be added to estimate the total annualised 

cost of the plant (TAC).  

 

Finally, two simple indicators of environmental impact are used: energy intensity (EI); and 

global warming potential (GWP). This is a simplistic approach that considers a very limited 

range of environmental impacts and ignores upstream and downstream processes. However, 

these indicators capture two important dimensions of solvent extraction that depend heavily 

on the selected solvent. EI, which indicates the energy efficiency of the process (Schwarz et 

al., 2002), is calculated as the ratio of the energy (heat and power) input to the process 

(expressed as net fuel-energy consumed) to the extracted solute mass flowrate. Heat and 

power inputs to the process are converted to fuel energy using efficiency factors of steam and 

power generation. Efficiency factors depend on the plant location and can be sourced from 

the literature; for example, the GHG Protocol report (GreenHouse Gas Protocol, 2006) 

provides efficiency factors for the US. GWP, expressed in mass of CO2 equivalent, can be 

estimated given the greenhouse gas (GHG) emissions resulting from the combustion of fuel 

used to supply the energy to the process. The GHG emissions of the fuel can be obtained 

from the literature; for example, the IPCC Guidelines for Greenhouse Gas Inventories 
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(Intergovernmental Panel on Climate Change, 2006) provides emission factors for stationary 

combustion of different types of fuels.  

 

In the case study, solute or lipid recovery (LR) is calculated as the ratio of extracted lipids to 

total lipids in the algae biomass. SI is calculated as the ratio of the mass of solvent entering 

the extractor to the extracted lipids. Solvent entering the extractor comprises solvent make-up 

(covers the retention losses in the extracted lipids and lipid-extracted algae streams), solvent 

recycled in the stripping column, and solvent evaporation losses, e.g., organic emissions due 

to solvent’s volatility. Solvent make-up and recycle are obtained from the process simulation, 

while evaporation losses are estimated assuming a solvent loss of 0.5 g of hexane per kg of 

hexane used, based on the experience in soybean processing (Martin, 2016, Woerfel, 1995). 

Evaporation losses of other solvents are related to those of hexane by considering the relative 

evaporation rate of solvents according to the butyl acetate scale (Smallwood, 1993), which 

are presented in Table S2 in the SI. 

 

Capital and operating costs of the lipid extraction process are calculated using Aspen Process 

Economic Analyser (APEA) (Aspen Technology Limited, 2017), an economic evaluation tool 

that estimates costs from the simulation results. The base year for the calculations (2013) is 

updated using the Chemical Engineering Plant Cost Index of 2019 (value of 607.5) (Jenkins, 

2020). The US is set as the default country, which defines several economic parameters in 

APEA, such as currency, equipment costs and construction materials. Capital cost required 

for the plant is considered to be borrowed and repaid over the lifetime of the project (20 years) 

at an annual loan interest rate of 10%. Plant operational time per year is set at 8,400 hours 

year-1. Then, annualised capital costs can be calculated. 

 

Table 24 shows the data and their sources used to calculate operating costs. The cost of 

Nannochloropsis salina algae biomass was taken from Davis et al. (2016). The price of the 

benchmark solvent (hexane) is included in the table as an example. Prices of the other 

solvents are obtained from ICIS Chemical Business (2020a) and Alibaba.com (2020); these 

are presented in Table S3 in the SI. The selling price of lipids and lipid-extracted algae is 

estimated from Davis et al. (2014). The cost of utilities is taken from Turton (2018). Where 

necessary, prices of raw materials and utilities are updated to 2019 by using an inflation rate 

of 2.3% (USA Labor Department’s Bureau of Labor Statistics, 2020). 

 

EI of the lipid extraction process is calculated as the ratio of the energy input to the process 

(heat used in the stripping column for solvent recovery) to the mass flowrate of extracted lipids. 

Natural gas is assumed to generate the steam used in the reboiler of the stripping column. 
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The efficiency factor of steam generation in the US at 80%, which is recommended by 

GreenHouse Gas Protocol (2006), is used to convert heat input to the process to fuel energy. 

Greenhouse gas emissions of the lipid extraction process, resulting from the combustion of 

natural gas - here, GHG emissions of upstream processes (fuel extraction and distribution) 

are ignored - and corresponding GWP are calculated in Aspen Plus V8.8 (Aspen Technology 

Limited) using emission factors from the IPCC AR4 report (IPCC, 2013).  

 

Table 24. Cost of raw materials, consumables, effluent disposal, and utilities 

Category Material Cost Units Source 

Raw materials 
Algae biomass 0.558  

USD/kg 

(Davis et al., 2016) 

Hexane 1.100  (S&P Global, 2018) 

Products 
Lipids 2.500  (Davis et al., 2014) 

Lipid-extracted algae 0.005  (Davis et al., 2014) 

Utilities 

Cooling water (30 °C) 0.380  

USD/GJ 

(Turton, 2018) 

LP steam (160 °C) 2.030  (Turton, 2018) 

MP Steam (184 °C) 2.780  (Turton, 2018) 

HP steam (260 °C) 5.660  (Turton, 2018) 

 

5.3 Results and Discussion 

 

5.3.1 Liquid-liquid equilibrium (LLE) data calculation in COSMO-RS for the 

system lipid-solvent-water 

A total of 88 solvents are identified using the dataset of Sels et al. (2020). The COSMO-RS 

predictions of LLE data at 25°C and 101.325 kPa are presented in Table S4 in the SI. These 

are: solute activity coefficient at infinite dilution in the solvents, solute partition coefficient in 

the solvent and water phases, and relative selectivity of the solvents to triolein. Figure 22 

shows the relationship between the solute (triolein and glutamine) activity coefficient at infinite 

dilution in the solvents, and the solute partition coefficient in the solvent and water phases. As 

shown in Figure 22, the activity coefficient of both triolein and glutamine is inversely correlated 

with the partition coefficient in solvent-water mixtures. Chloroform and heptane (both non-

polar solvents) have the highest partition coefficient and selectivity to triolein, respectively, 

while glycerol and acetic acid (both polar solvents) have the lowest partition coefficient and 

selectivity, respectively.  

 

Figure S1 in the SI compares the experimental extraction efficiency of algae lipids in solvents 

(hexane, limonene, pinene and cymene) (Dejoye Tanzi et al., 2012, Dejoye Tanzi et al., 2013) 

to COSMO-RS predictions of the partition coefficient of triolein in solvent-water mixtures. The 

trends predicted by COSMO-RS agree with the experimental results. Hexane, for example, 

presented the lowest experimental extraction efficiency and partition coefficient according to 
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COSMO-RS predictions. On the other hand, p-cymene presented the highest experimental 

extraction efficiency and partition coefficient according to COSMO-RS predictions. 

 

  

Figure 22. COSMO-RS predictions of solute (triolein and glutamine) activity coefficient at infinite 

dilution and solute partition coefficient in solvent and water phases 

 

5.3.2 Liquid-liquid equilibrium (LLE) data analysis and classification of the 

system lipid-solvent-water 

The number of clusters according to the inertia value (density of the cluster) is presented in 

Figure S2 in the SI. Seven clusters were selected as the changes in the value of inertia were 

no longer significant after 7 clusters. Figure 23 shows the results of the solvent clustering, 

corresponding to Cluster 0 to Cluster 6. The complete list of solvents including the normalised 

value of triolein partition coefficient in the solvent and water phases, the normalised value of 

the relative selectivity of the solvents to triolein, and the categorisation of solvents in clusters 

according to the k-means method is presented in Table S5 in the SI. 

 

A total of 37 solvents are included in Cluster 2; these solvents exhibit the highest partition 

coefficients and selectivity to triolein. All the solvents in Cluster 2 are non-polar and 

hydrophobic, according to the high octanol/water partition coefficient (presented in Table S6 

in the SI), and have an affinity towards the non-polar molecule triolein. The solvents include: 

hydrocarbons derived from fossil resources, such as hexane, heptane, and benzene; bio-

based hydrocarbons, including limonene, pinene, and cymene; ethers, such as ethyl tert-butyl 

ether (ETBE), dibutyl ether, cyclopentyl methyl ether; and esters, such as isobutyl acetate, 

methyl laurate. Conversely, the solvents in Cluster 3 (acetic acid and lactic acid), Cluster 5 

(e.g., ethylene glycol and glycerol), and Cluster 0 (1,3-propanediol and methanol) exhibit low 

partition coefficients due to their polar nature.  



146 
 

Solvents in Clusters 4 and 6 include esters (e.g., methyl acetate, dimethyl carbonate, 

propylene carbonate) and alcohols (e.g., ethanol, butanol, octanol), respectively, that exhibit 

high selectivity for triolein but moderate partition coefficients. Most of the solvents in Clusters 

4 and 6 are soluble in water. Solvents in Cluster 1 include ketones (e.g., 3-pentanone, methyl 

isopropyl ketone), ethers (e.g., dibenzyl ether), and esters (e.g., ethyl acetate, diethyl 

succinate), with lower partition coefficients and selectivities than the solvents in Cluster 2. 

Based on the analysis of the clusters, only the solvents in Cluster 2 are selected for further 

evaluation.  

 

 

Figure 23. Clustering of solvents according to COSMO-RS predictions of partition coefficient of 

triolein in solvent and water phases and selectivity of the solvent to triolein  

 

5.3.3 Evaluation of physicochemical properties of solvents for lipid extraction 

The solubility in water, boiling point, viscosity, and density of the selected solvents (from 

Cluster 2) are presented in Table S6 in the SI. Most of the solvents are insoluble in water; this 

is advantageous because there is no need to recover solvent lost to the raffinate stream. 

Within the cluster, the boiling point, viscosity and density of solvents vary significantly, as 

shown in Figure S3 in the SI. However, most of them are within practical limits. After evaluating 

the physicochemical properties of the 37 solvents in Cluster 2, ten solvents are discarded. 

Eight solvents (tetrahydrofuran, 2-MeTHF, MTBE, CPME, dichloromethane, diethyl ether, 

TAME, and triethyl amine) are discarded because their solubility in water is higher than 1% 

wt. Methyl laurate is discarded because its boiling point and viscosity are higher than 200°C 

and 2 mPa.s, respectively, while carbon tetrachloride is discarded because of its high density. 

The remaining 27 solvents are shortlisted for further investigation. 
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5.3.4 Evaluation of health, safety, and environmental (HSE) performance of 

solvents for lipid extraction 

The CHEM21 HSE category (recommended, problematic, hazardous) of the shortlisted 

solvents from Cluster 2 is presented in Table S7 in the SI. Nine of the 27 solvents are classed 

as recommended; these include ethers and esters with low volatility and low persistence in 

the environment, e.g., anisole, isobutyl acetate, and pentyl propionate. Almost no hazards are 

indicated in the MSDS of these ‘recommended’ solvents.  

 

Eleven solvents are classed as problematic, mostly due to their high boiling points and high 

energy requirements associated with solvent recovery and recycling (Prat et al., 2016). These 

include fossil-based solvents, such as heptane and methylcyclohexane, and terpenes, e.g., 

limonene, a-pinene, p-cymene. Even though terpenes can be obtained from renewable 

resources, they are also ranked as problematic because of their aquatic toxicity. The 

remaining seven solvents are identified as hazardous; these include many common fossil-

based solvents, such as pentane and hexane, and chlorinated ones, such as chloroform and 

chlorobenzene. Their MSDS include numerous health and environmental hazards, and their 

volatility implies safety risks of fire and explosion.  

 

Based on these results, 18 recommended and problematic solvents are selected for further 

evaluation. In addition, although the methodology identifies hexane as a hazardous solvent, it 

is retained as a benchmark solvent; 2-MeTHF and ethyl acetate, discarded in a previous step 

of this methodology, are also retained because experimental data are available for these 

solvents for extraction of lipids from algae biomass (Wan Mahmood et al., 2017). These three 

solvents are used for validation of the methodology. The 21 solvents are listed in Table 25, 

along with normalised COSMO-RS predictions of the partition coefficient and selectivity to 

triolein, key physical properties, and HSE category. 

 

The solvents included in Table 25 are further analysed, and only those solvents with a high 

partition coefficient and selectivity (enhancing extraction efficiency) and with a low boiling point 

and low solubility in water (enhancing solvent recovery via distillation) are selected for further 

evaluation via process simulation in the next step. The resulting list of solvents is presented 

in Figure S4 in the SI. Specifically, hydrocarbons (cyclohexane, heptane, ethyl cyclopentane, 

methyl cyclohexane, toluene, and o-xylene), terpenes (a-pinene, p-cymene, limonene), dibutyl 

ether and ETBE are selected.  
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Table 25. List of 21 solvents to be evaluated, including COSMO-RS predictions, physical properties, 

and HSE category 

Name 

Norm. part. 

coef. triolein-

solvent-water 

Norm. 

selectivity 

to triolein 

Solubility 

Water (20°C 

g/L) 

Boiling 

Point 

(°C) 

Density 

(25°C 

kg/L) 

Viscosity 

(25°C 

mPa.s) 

HSE 

ranking a 

Anisole 0.867 0.956 0.108 153.7 0.950 0.890 R 

Cyclohexane  0.867 0.999 0.056 81.0 0.774 0.894 P 

Dibutyl ether 0.879 0.983 0.300 140.0 0.770 0.690 P 

ETBE 0.887 0.974 6.190 72.0 0.742 0.504 P 

Ethyl butyrate 0.844 0.954 6.168 121.5 0.870 0.630 R 

Ethyl cyclopentane 0.856 0.999 0.010 103.0 0.763 0.535 P 

Heptane 0.845 1.000 0.002 98.5 0.700 0.390 P 

n-Hexyl acetate 0.867 0.957 0.510 171.5 0.880 1.050 R 

Isoamyl acetate 0.853 0.953 2.000 142.5 0.880 0.790 R 

Isobutyl acetate 0.843 0.950 7.000 116.5 0.880 0.690 R 

Methyl amyl acetate 0.860 0.957 5.000 147.5 0.860 0.980 R 

Methylcyclohexane 0.856 0.999 0.014 100.9 0.769 0.679 P 

n-Butyl Acetate 0.845 0.950 4.320 126.4 0.876 0.600 R 

n-Butyl Propionate 0.862 0.957 1.500 146.4 0.871 0.780 R 

n-pentyl propionate 0.867 0.960 0.810 169.0 0.873 1.000 R 

o-Xylene 0.908 0.973 0.221 144.5 0.870 0.760 P 

p-Cymene 0.895 0.980 0.034 177.1 0.860 0.760 P 

R-limonene  0.882 0.987 0.014 176.0 0.840 0.923 P 

Toluene 0.930 0.966 0.540 110.6 0.870 0.550 P 

α-Pinene 0.870 0.993 0.003 155.0 0.859 1.300 P 

Hexane b 0.855 0.999 0.013 68.7 0.660 0.300 H 

Ethyl acetate b 0.752 0.942 80.00 75.0 0.895 0.423 R 

2-MeTHF b 0.901 0.957 140.0 78.0 0.860 0.610 P 
a Recommended (R); Problematic (P); Hazardous (H). b Hexane, ethyl acetate and 2-MeTHF were discarded with 

the methodology, but are evaluated for benchmarking and validation purposes. 

 

5.3.5 Process simulation of lipid extraction from wet algae biomass 

Table 26 presents mass flowrates of the main process streams (see Figure 21) and column 

operating conditions when using the selected solvents. The same mass flowrate (19880 kg/h) 

and composition (see Table 23) of the feed stream (wet algae biomass) were considered for 

all solvents.  

 

The solvent make-up flow depends on evaporation losses and the amount of solvent lost in 

the extracted lipids and lipid-extracted algae streams (related to the solubility of the solvent in 

water). Based on simulation results, ETBE make-up is the highest: around 100 kg/h is lost in 

the extracted lipids, and 88 kg/h is lost in the lipid-extracted algae; a further 5 kg/h is lost by 

evaporation. On the other hand, limonene make-up is the lowest – losses in lipid-extracted 

algae are negligible (0.01 kg/h) due to low solubility of limonene in water, as are evaporation 

losses of limonene (0.24 kg/h). Limonene yields the highest flowrate of extracted lipids (1199 

kg/h): the lipids are completely extracted. Conversely, the flowrate of extracted lipids is the 

lowest for ethyl acetate, where only 50% of the lipids are extracted. The purity of the extracted 

lipids, represented as the mass fraction of TAGs and FFAs in the stream, is 92% for all 
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solvents, except for ethyl acetate and 2MeTHF, where purity is 87 and 90%, respectively. 

Other components in the extracted lipids are water (less than 0.5%) and solvent. 

 

Table 26. Mass flowrates of the main process streams and conditions of the stripping columns for 14 

selected solvents  

Solvent Solvent 

make-up 

(kg/h) 

Solvent 

recycle 

(kg/h) 

Extracted 

lipids 

(kg/h) 

Lipid-

extracted 

algae (kg/h) 

Total 

reboiler 

duty 

(kW) 

Cond. 

T (°C) 

Reb. 

T (°C) 

Column 

diameter 

(m) 

Hexane a 110 19887 1198 18783 2522.8 68.9 123.8 1.49 

Cyclohexane 108 19881 1196 18785 2692.6 81.0 149.3 1.46 

Methylcyclohexane 104 19883 1195 18786 2776.3 101.0 168.6 1.50 

Heptane 105 19882 1198 18784 2858.1 98.7 156.2 1.57 

Ethyl cyclopentane 105 19882 1195 18786 2843.2 103.6 170.1 1.51 

Toluene 113 19880 1176 18815 3032.3 110.9 201.1 1.46 

O-xylene 105 19886 1188 18796 3426.8 145.2 244.1 1.51 

Limonene 100 20075 1199 18781 3532.4 158.2 234.1 1.76 

Cymene 101 19882 1197 18783 3386.7 160.7 242.1 1.70 

Pinene 110 20963 1158 18831 3855.9 144.0 230.8 1.63 

ETBE 192 19935 1098 18970 2375.5 71.6 147.3 1.38 

Dibutyl ether 117 19922 1151 18846 3236.9 140.6 218.3 1.56 

Ethyl acetate a 105 20814 638 19349 4874.1 74.7 103.2 1.46 

2-MeTHF a  105 20886 831 19161 4930.3 75.6 139.4 1.43 
a Hexane, ethyl acetate and 2-MeTHF are evaluated for benchmarking and validation purposes. 

 

The simulation is carried out with two stages in the stripping column for all solvents since the 

boiling point difference between the solvent and lipids is large in all cases (see Table 25). 

Table 26 also presents key distillation column performance data – top and bottom 

temperatures, reboiler duty and diameter. The columns are assumed to operate at 

atmospheric pressure (101.325 kPa) for all solvents, except for cymene and limonene, which 

operate under vacuum (65 kPa) to keep the reboiler temperature below 250 °C. Only ethyl 

acetate and 2-MeTHF need an additional distillation column due to their partial solubility in 

water (see Figure 21). In both cases, the columns have four equilibrium stages; they operate 

at atmospheric pressure (101.325 kPa), giving a reboiler temperature of 100 °C.  

 

The total reboiler duty is highest for ethyl acetate (4,874 kW) and 2-MeTHF (4930 kW), both 

of which are partially soluble in water (80 g ethyl acetate/L and 140 g 2-MeTHF/L in the 

raffinate), and require a second distillation column. Conversely, the total reboiler duty is least 

for ETBE (2376 kW), i.e. less than that for hexane because of its low heat of vaporisation 

(0.323 kJ/kg ETBE and 0.367 kJ/kg hexane) (Design Institute for Physical Properties 

Sponsored by AIChE, 2020). It may be concluded that solvent selection should consider both 

the boiling properties and solubility of the solvent in water. 
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5.3.6 Evaluation of process performance indicators 

Table 27 presents process performance indicators of the selected solvents calculated from 

the simulation results. The indicators consider the impact per unit of product (kg lipid). Note 

that the flow rate of the wet feed is fixed (20 t h–1), while the flowrate of recovered lipids 

depends on the performance of the solvent. Table S8 in the SI gives details of the total capital, 

operating, and annualised costs for the selected solvents.  

 

The performance indicators are normalised against those of hexane, as shown in Figure 24, 

where solvent evaporation losses (organic emissions, OE) is also included as a quantitative 

indicator. Normalised data of the performance indicators are presented in Table S9 in the SI. 

The results are discussed for conventional solvents – fossil-based hydrocarbons, shown in 

Figure 24 (a) and (b) – and non-conventional solvents (bio-based and oxygenated 

compounds, i.e., terpenes, ethers) shown in Figure 24 (c) and (d).  

 

Table 27. Process performance indicators of 14 selected solvents 

Solvent 

Lipid 

Recovery  

(%) 

TCC 

(USD/kg 

lipid) 

TOC 

(USD/kg 

lipid) 

EI 

(MJ/kg 

lipid) 

GWP (kg 

CO2 eq./kg 

lipid) 

SI (kg 

solvent/k

g lipid) 

OE (g 

solvent/k

g lipid) 

Hexane 99.9 0.05 2.06 9.48 0.49 0.09 7.70 

Cyclohexane 99.8 0.05 2.08 10.13 0.52 0.09 5.14 

Methylcyclohexane 99.7 0.05 2.10 10.46 0.54 0.09 2.75 

Heptane 99.9 0.05 2.13 10.73 0.55 0.09 3.02 

Ethyl cyclopentane 99.7 0.05 2.09 10.71 0.55 0.09 2.94 

Toluene 98.1 0.05 2.10 11.60 0.60 0.10 1.86 

O-xylene 99.2 0.05 2.17 12.98 0.67 0.09 0.70 

Limonene 100 0.05 2.63 13.26 0.68 0.08 0.18 

Cymene 99.9 0.05 2.75 12.73 0.66 0.08 0.18 

Pinene 96.6 0.05 2.50 14.98 0.77 0.09 0.38 

ETBE 91.6 0.05 2.24 9.74 0.50 0.18 4.17 

Dibutyl ether 96.0 0.05 2.52 12.65 0.65 0.10 0.81 

Ethyl acetate 53.2 0.10 3.79 34.38 1.68 0.16 6.99 

2-MeTHF 69.3 0.08 3.40 26.71 1.35 0.13 5.43 

TCC: Total capital costs; TOC: Total operating costs; EI: Energy intensity; GWP: Global warming potential; SI: Solvent intensity; 

OE: Organic emissions 

 

For all the conventional solvents (fossil-based hydrocarbons), lipid recovery (LR) is over 98%, 

as they all have a high partition coefficient and high selectivity towards the lipids in algae 

biomass. TCC is similar across conventional solvents. TOC of cyclohexane is comparable to 

that of hexane (1% higher), while TOC of o-xylene is the highest for all conventional solvents 

(5.3% higher than TOC of hexane). Cyclohexane, which has the lowest reboiler duty, has the 

lowest EI and GWP. The solvent intensity of all conventional solvents is comparable due to 

the similar losses of solvent in the extract and raffinate phases. As expected, the conventional 

solvents yield significant reductions in OE (between 33 and 91%) due to their higher boiling 

points, e.g., less evaporation losses. For example, heptane emissions are 61% lower than 
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those of hexane. According to the HSE ranking, none of the conventional solvents are classed 

as hazardous, an added advantage compared to hexane.  

 

 

Figure 24. Normalised process performance indicators of the solvents with respect to hexane. (a) and 

(b): conventional solvents (fossil-based hydrocarbons); (c) and (d): non-conventional solvents 

(terpenes, ethers)*  

*[Lipid recovery (LR); Total capital costs (TCC); Total operating costs (TOC); Energy intensity (EI); Global warming 

potential (GWP); Solvent intensity (SI); Organic emissions (OE)] 

 

The results for the non-conventional solvents (bio-based and oxygenated compounds) are 

presented in Figure 24 (c) and (d). Lipid recoveries of over 96% are achieved by terpenes 

(limonene, cymene and pinene), as Table 27 shows. These results agree with the findings of 

Wan Mahmood (2020), who demonstrated experimentally that limonene has a high extraction 

efficiency and selectivity towards triglycerides in algae biomass. Figure 24 (c) illustrates that 

limonene, cymene and pinene perform better than hexane in terms of SI, OE and HSE. For 

example, SI and OE of limonene are 9 and 98% lower, respectively. However, terpenes have 

higher EI, GWP, and TOC than hexane. For limonene, EI, GWP, and TOC are 40, 39 and 28% 

higher than hexane. 
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Table 27 indicates that lipid recovery by ethers (96 and 92% with dibutyl ether and ETBE, 

respectively) is lower than lipid recovery with hexane. The lower recovery can be attributed to 

the more polar nature of ethers, compared to hexane. Figure 24 (d) shows that ETBE is the 

only ether that performs similarly to hexane, where EI and GWP are within 3% of those of 

hexane; OE are 46% less; however, TOC is 9% higher, and SI is nearly double that of hexane.  

Ethyl acetate and 2-MeTHF, the solvents discarded because of their solubility in water (80 g 

ethyl acetate/L and 140 g 2-MeTHF/L), performed poorly across all indicators. EI and GWP of 

2-MeTHF are nearly three times that of hexane; its SI, TCC, and TOC are 41, 60, and 65% 

higher than those of hexane. This poor performance is a consequence of 2-MeTHF being 

partially soluble in water, thus requiring an additional distillation column to recover it from the 

raffinate stream. Similarly, ethyl acetate, which is also partially soluble in water, has an even 

higher EI (3.6 times that of hexane, per kg of lipid). Ethyl acetate also has the lowest lipid yield 

(53%), and its TCC and TOC are 100 and 84% greater than those of hexane. The results for 

2-MeTHF and ethyl acetate demonstrate the ability of the proposed methodology to discard 

unpromising candidate solvents using simple metrics at the early stages of process 

development.   

 

The methodology, when applied to this case study, identified cyclohexane, limonene and 

ETBE as the most promising alternative solvents to hexane. These are non-hazardous 

solvents with high recovery and selectivity towards lipids. However, their use involves higher 

energy requirements, operating costs, and greenhouse gas emissions in the lipid extraction 

process. Cyclohexane performs well in SI, OE and HSE ranking, with almost complete 

recovery of lipids from algae biomass; EI and, consequently, GWP are the lowest among the 

hydrocarbon solvents investigated. However, cyclohexane is a conventional solvent obtained 

commercially from fossil resources and bio-based processes are still under development. 

Limonene and ETBE, on the other hand, are non-conventional solvents that can be obtained 

from renewable biomass-based resources. Limonene performs extremely well in terms of lipid 

recovery and OE, and well in terms of SI and HSE ranking. ETBE has the lowest EI and GWP 

of all solvents other than hexane; its good performance is accompanied by some yield losses, 

though.  

 

The cost of the feedstock and the value of the lipid product dominate the overall extraction 

process economics. Savings that could be achieved through heat recovery could bring 

significant benefits, especially in terms of operating costs, EI, and GWP. Currently, hexane is 

significantly cheaper than the nonconventional solvents (in particular, limonene), but the price 

of non-conventional solvents may decrease in future as new bio-based processes become 

commercially established.  
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The application of the proposed methodology to the case study shows that there is not a clear 

‘winner’ that outperforms hexane in every dimension, as evidenced by the trade-offs in the 

process performance indicators. On the other hand, the proposed methodology is useful for 

searching among candidate solvents (with relatively little investment of time and resources), 

while accounting for a wide range of criteria, providing a short list of potentially attractive 

solvents for more detailed evaluation. 

 

5.4 Conclusions 

This work proposes a systematic approach to solvent screening that considers a wide range 

of criteria, from technical performance to economic, environmental and safety metrics. The 

approach combines advanced computer-aided tools (for molecular and process simulation), 

data analysis and classification methods, as well as established solvent guides such as 

CHEM21, in an effort to promote the use of more sustainable solvents in industry.  

 

The methodology presented in this work focuses on solvent screening for liquid-liquid 

extraction from aqueous mixtures. This methodology is demonstrated using the case of lipid 

extraction from wet algae biomass, with the aim of finding alternative solvents to the 

benchmark solvent, hexane, whose use involves negative environmental impacts due to its 

hazardous, volatile, and flammable nature. Out of the 88 possible alternative solvents 

identified in the database employed, a short list of solvents comprising cyclohexane 

(conventional solvent), limonene and ethyl tert-butyl ether, which are non-conventional 

solvents that can be obtained from renewable biomass-based resources, were considered 

promising based on the performance indicators used in this methodology. For example, their 

solvent intensity (except for ethyl tert-butyl ether), organic emissions, and HSE performance 

are better than for hexane while recovering a high amount of lipids from algae biomass. 

However, the energy intensity, global warming potential, and total operating costs of the 

process are lower when using hexane.  

 

Although a clear ‘winner’ that outperforms hexane in every dimension was not found, the 

methodology provides a clear indication of the strengths and weaknesses of the solvent 

candidates, relative to hexane and hence relative to each other. Thus, the methodology 

presented here is flexible, as it allows to identify the best solvents from a shortlist of potentially 

attractive candidates, based on the process performance indicators of the application.  

 

Moving forward, the selected solvents will need to be tested experimentally and subjected to 

a detailed evaluation which is outside the scope of this work, e.g., evaluation of mass transfer 
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limitations, detailed sizing and costing, cost-benefit analysis, and more detailed hazard 

analysis. Also, the promising solvents need to be evaluated on a life cycle basis using robust 

techniques, namely life cycle assessment and life cycle costing, to fully understand the trade-

offs in support of the final decision-making process. Although the methodology is 

demonstrated for lipid extraction applications, this approach could be applied to a wide range 

of extraction process applications if data are available and key technical performance 

parameters are identified. 

 

SUPPORTING INFORMATION 

Supporting Information (SI) includes the code implemented in Python for the k-means 

clustering method, the binary interaction parameters for the system solvent-water, solvent 

prices, and the relative evaporation rates of the solvents according to the n-butyl acetate scale. 

COSMO-RS predictions of partition coefficient and selectivity with the different solvents, their 

validation with experimental data, and their HSE ranking according to the CHEM21 solvent 

guide are also included in the SI. The SI is found in the following link: 

https://doi.org/10.1021/acssuschemeng.1c06756 

  

https://doi.org/10.1021/acssuschemeng.1c06756
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CHAPTER 6  

SUSTAINABILITY EVALUATION OF ALTERNATIVE SOLVENTS 

APPLIED TO EXTRACTION PROCESSES 

 

This chapter addresses the third objective of this research (i.e., to demonstrate the 

methodological framework in a case study of algae biodiesel production using alternative 

solvents). In this chapter, the sustainability performance of the solvents previously screened 

in CHAPTER 5 (i.e., limonene, ethyl tertbutyl ether and cyclohexane) is evaluated at process 

level, using a combination of process simulation, techno-economic analysis (TEA), life cycle 

assessment (LCA), and multicriteria decision analysis (MCDA) tools, in line with steps 4 to 7 

of the methodology (refer to Figure 1).  

 

This chapter is divided into three main sections, as the results of the process design and 

simulation and TEA, and the LCA work, have been prepared as two separate manuscripts for 

publication, while the MCDA work that integrates the results from the previous two is discussed 

at the end of this chapter.  

 

The first part of this chapter presents the results of the process design and simulation and the 

TEA of algae biodiesel production using alternative solvents. The approach followed here is 

based on the concepts presented in CHAPTER 4. However, improvements are made in the 

solvent extraction modelling, considering the mutual solubilities of the system solvent-water to 

account for solvent losses in the extract and raffinate streams. Also, partition coefficients are 

obtained from COSMO-RS predictions, as opposed to CHAPTER 4, where partition 

coefficients are obtained from UNIFAC predictions. The results from process design and 

simulation are used as data for the TEA and LCA analysis. The content of this section has 

been published in Industrial & Engineering Chemistry Research and can be found in the 

literature as follows: 

 

Zapata-Boada, S., Gonzalez-Miquel, M., Jobson, M. and Cuéllar-Franca, R. M., 

Techno-Economic and Environmental Analysis of Algae Biodiesel Production Via Lipid 

Extraction Using Alternative Solvents. Ind. Eng. Chem. Res. 2022, DOI: 

https://pubs.acs.org/doi/10.1021/acs.iecr.2c03016 

 

 

 

https://pubs.acs.org/doi/10.1021/acs.iecr.2c03016
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The second part of this chapter presents the LCA results of algae biodiesel production, 

focusing on the environmental sustainability evaluation of the alternative solvents used for lipid 

extraction. Also, the LCA tool is used to identify hotspots and improvement opportunities that 

are tested using process design and simulation in an iterative way, as shown after step 6 of 

the methodology (refer to Figure 1). The results show that combining LCA and process design 

can enable the development of more environmentally sustainable algae biodiesel production. 

The content of this section has been submitted for publication, and it is currently under peer 

review in ACS Sustainable Chemistry & Engineering, with details of this manuscript below: 

 

Zapata-Boada, S., Gonzalez-Miquel, M., Jobson, M. and Cuéllar-Franca, R. M., Life 

cycle environmental evaluation of alternative solvents applied in algae lipid extraction 

– The case of algae biodiesel.  

 

The final part of this chapter presents the multicriteria decision analysis, which integrates the 

TEA and LCA results to identify the most sustainable biodiesel production flowsheet, 

considering the benchmark and alternative solvents for lipid extraction, and the process design 

modifications identified in the previous section of this chapter. Some of the LCA impacts (i.e., 

fossil depletion; metal depletion, human toxicity cancer; human toxicity non-cancer; and 

photochemical ozone formation for human health) are used here to address the social issues 

intergenerational equity and health risk, which represent the social dimension of the process.  
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6.1 Process design and simulation and techno-economic analysis 

 

Techno-economic and environmental analysis of algae biodiesel 

production via lipid extraction using alternative solvents 

Santiago Zapata-Boada1, María Gonzalez-Miquel1,2, Megan Jobson1 and Rosa M. Cuéllar-

Franca*1 
1 Department of Chemical Engineering, The University of Manchester, M13 9PL Manchester, United 

Kingdom. 
2 Department of Chemical and Environmental Engineering, Universidad Politécnica de Madrid, 28006 

Madrid, Spain. 

 

*Corresponding author: rosa.cuellarfranca@manchester.ac.uk 

 

Abstract 

Lipid extraction and biodiesel production from algae biomass rely on volatile organic solvents 

obtained from fossil resources such as hexane, whose use involves high energy consumption 

for recovery and negative environmental impacts due to their volatile and hazardous nature. 

This study presents a techno-economic and environmental analysis of using alternative lipid 

extraction solvents in algae biodiesel production in an effort to understand how they may affect 

the performance of the process. Lipid recovery (LR), minimum biodiesel selling price (MBSP), 

solvent intensity (SI), energy intensity (EI) and water consumption (WC) are considered here 

as performance indicators at process and downstream processing levels. The studied solvents 

are limonene, ethyl tert-butyl ether (ETBE), and cyclohexane, which were screened in a 

previous study by the authors, and hexane for reference. The assessment is carried out using 

data sourced from literature (upstream processing), whilst downstream processing data is 

generated in this study using the COnductor-like Screening MOdel for Real Solvents 

(COSMO-RS) method and process simulation tools in the absence of experimental data for 

the solvents. The results indicate that while there is no single candidate solvent that 

outperforms hexane in every criterion considered here, ETBE and limonene are promising 

alternative solvents for lipid extraction and should be explored further. For example, ETBE 

presented the highest LR (95.5%) and lowest MBSP (8.58 $/US gal), whilst limonene has a 

SI that is 35% lower than hexane. In terms of EI and WC, ETBE is the best-performing solvent 

after hexane, with a 4% difference. The MBSP of ETBE is still around 3.5 times the selling 

price of fossil diesel and further efforts to improve the economic viability of algae biodiesel 

production are still needed. Besides decreasing algae biomass costs (upstream processing), 

other improvement opportunities worth exploring in downstream processing includes 

alternative cell disruption technologies, as this is the most energy-intensive stage in lipid 

extraction. Whilst the use of biobased and less hazardous solvents can help improve the 

mailto:rosa.cuellarfranca@manchester.ac.uk
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environmental performance of downstream processing in algae biodiesel production, it is 

recommended that their environmental impacts are quantified on a life cycle basis, i.e. solvent 

production and disposal.  

 

Keywords: biobased solvents, process simulation, biofuels, COSMO-RS, sustainability. 

 

6.1.1 Introduction 

Algae have been widely studied as a valuable feedstock for biofuel production because of their 

high lipid content (Pôjo et al., 2021). As a feedstock, algae have several advantages, including 

a high biomass productivity, capture of atmospheric pollutants such as CO2 and NOx, and 

cultivation on non-arable land, wastewater, and saline water (Jeswani et al., 2020). Thus, 

algae biofuels could avoid the issues of first-generation biofuels (e.g., food competition and 

land use) (Jeswani et al., 2020). However, the commercial production of algae biofuels faces 

challenges in terms of energy input and production cost, which must be solved to allow 

economic viability and environmental sustainability (Escobar and Laibach, 2021). In particular, 

the choice of an effective approach for lipid extraction (i.e., solvent selection and processing 

route) is regarded as one of the main challenges for algae biodiesel production (Vasistha et 

al., 2021). For example, Gupta et al. (2016) performed model-based optimisation of algae 

biodiesel production to identify an optimal processing route and found that lipid extraction has 

a significant impact on the process economics. They recommended selecting a solvent with 

higher affinity and selectivity towards algae lipids, thereby enhancing the extraction efficiency 

and decreasing biodiesel production cost. Similarly, Rogers et al. (2014) assessed the 

economic viability of algae biofuel production and found that extraction efficiency and lipid 

content in algae biomass are the major cost barriers to the economic viability of the process. 

 

The selection of an appropriate solvent is the most critical factor in the efficient extraction of 

lipids from algae biomass (Saini et al., 2021). Organic solvents like hexane are frequently used 

because of their high extraction efficiency and selectivity toward algae lipids, as well as their 

low cost. However, hexane is a fossil-derived solvent, and its use gives rise to several 

economic, environmental and social issues due to the high energy consumption required for 

its recovery (Martin, 2016), volatility, and hazardous nature, e.g. toxicity and flammability 

(Clarke et al., 2018, Kerton and Marriot, 2013). Several initiatives, including the USA's Clean 

Air Act of 1990 (United States Code, 1990), the European Union Solvents Emission Directive 

1999/13/EC (Official Journal of the European Communities, 2006), and the REACH regulation 

(EC 1907/2006) (European Parliament, 2006) established measures to control the use of 

potentially harmful or environmentally damaging solvents. These initiatives encourage the use 

of “green solvents”, e.g., biobased solvents (Clarke et al., 2018), which aim to minimise the 
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environmental impacts resulting from the use of fossil-based solvents in the chemical industry 

(Capello et al., 2007a). 

 

Several experimental studies (Wan Mahmood et al., 2017, Dejoye Tanzi et al., 2012, 

Golmakani et al., 2014, de Jesus et al., 2019) have identified biobased solvents as promising 

alternatives to hexane for extracting lipids from algae. For example, Wan Mahmood et al. 

(2017) found that ethyl acetate and 2-methyl tetrahydrofuran extract around twice as many 

lipids from the algae Nannochloropsis sp. as hexane. Dejoye Tanzi et al. (2012) examined 

terpene-based (limonene, pinene, cymene) lipid extraction from Chlorella vulgaris and 

achieved yields that were comparable to those obtained with hexane. de Jesus et al. (2019) 

reported that cyclopentyl methyl ether is a more efficient and selective solvent than hexane 

for lipid extraction in wet algae biomass. However, none of these studies has tested the 

economic and environmental performance, e.g., resources and energy demand, of biobased 

solvents used at a process level.  

 

Modelling studies (Du et al., 2018b, Zapata-Boada et al., 2022a, Préat et al., 2020, 

Nezammahalleh et al., 2018) have also identified promising biobased solvents for lipid 

extraction. For example, Zapata-Boada et al. (2022a) developed a systematic approach for 

solvent screening, using the COnductor-like Screening MOdel for Real Solvents (COSMO-

RS) method (Eckert and Klamt, 2002) to predict thermodynamic equilibrium, in combination 

with process simulation to obtain techno-economic, environmental, and safety indicators. 

Limonene, ethyl tert-butyl ether (ETBE) and cyclohexane were identified as promising 

alternatives to hexane, as these solvents are less volatile, less hazardous, and have a higher 

selectivity toward algae lipids. However, the use of these solvents resulted in higher energy 

consumption and total operating costs in the lipid extraction process. Similarly, Préat et al. 

(2020) investigated the lipid extraction yield from algae biomass with two solvents (hexane 

and 2-MeTHF) and found that it increases from 25% with hexane to 50% with 2-MeTHF. 

However, the energy demand for the extraction step increased by 22% when using 2-MeTHF 

due to the formation of an azeotrope with water, thus requiring additional distillation and 

decantation steps to recover the solvent from the aqueous stream.  

 

Whilst numerous experimental (Wan Mahmood et al., 2017, Dejoye Tanzi et al., 2012, 

Golmakani et al., 2014, de Jesus et al., 2019) and modelling (Du et al., 2018b, Zapata-Boada 

et al., 2022a, Préat et al., 2020, Nezammahalleh et al., 2018) studies have focused on 

identifying alternative solvents capable of increasing lipid extraction yields and minimising the 

environmental impacts associated with lipid extraction processes, there is a need to evaluate 

the technical performance, economic viability and environmental sustainability of the 
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processes where these alternative solvents are being applied, i.e. biodiesel production 

process. Therefore, this paper presents a techno-economic and environmental analysis of 

algae biodiesel production using limonene, ETBE and cyclohexane as alternative solvents to 

hexane (also included here for reference) in the lipid extraction stage of the process. The 

findings from this study will provide a better understanding of the potential of alternative 

solvents in developing more sustainable extraction processes. 

 

The methodology employed for the robust evaluation was developed, and the selected 

solvents were identified in previous studies by the authors (Zapata-Boada et al., 2021, Zapata-

Boada et al., 2022a). A novel aspect of this study is the detailed consideration of the 

interactions between biomass and the selected solvents, including phase equilibrium 

thermodynamics and mass transfer, which contribute directly to the process’s performance. 

Although some experimental information is available (Wan Mahmood et al., 2017, Dejoye 

Tanzi et al., 2012, Golmakani et al., 2014, de Jesus et al., 2019), systematic comparisons 

about the performance of alternative solvents for algae lipid extraction at process level are 

scarce. Therefore, this paper entails a novel contribution in this respect. The techno-economic 

performance of the process is evaluated using well-established indicators such as lipid 

recovery and biodiesel selling price, while a preliminary environmental analysis is carried out 

using indicators suitable for process level evaluations (Schwarz et al., 2002), i.e., solvent 

intensity, energy intensity, and water consumption. The next section presents the 

methodology used in this study and its application to algae biodiesel production. Section 6.1.3 

shows the process design and simulation results, including the techno-economic and 

environmental sustainability indicators for the solvents studied here. Finally, Section 6.1.4 

presents the conclusions and recommendations.  

 

6.1.2 Methodology 

The methodology developed in a previous work (Zapata-Boada et al., 2021) is used here to 

evaluate the technical, economic and environmental performance of algae biodiesel 

production using limonene, ETBE and cyclohexane in the lipid extraction stage of the process, 

in comparison with the benchmark solvent hexane. These solvents will be referred to as 

“candidate solvents” in the context of this work.  

 

The environmental performance is evaluated at downstream process level only using three 

environmental sustainability indicators proposed by Schwarz et al. (2002), i.e. solvent 

intensity, energy intensity and water consumption. This is to provide a quick screening of the 

environmental aspects of the process and will be followed by a whole system evaluation using 

the life cycle assessment methodology in a forthcoming study. 
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6.1.2.1 Process description 

The system boundaries and scope of the analysis considered here are illustrated in Figure 25. 

As indicated in the Figure, the economic analysis is carried out at process level using a 

combination of data from the literature for upstream processing, and process simulation data 

obtained in this study for downstream processing, as this is currently non-existing for the 

alternative solvents studied here. The environmental analysis is conducted at downstream 

processing level only, as previously explained. A detailed description of the downstream 

processing is shown in Figure 26. 

 

 

Figure 25. System boundaries and scope of analysis for the algae biodiesel production process 

 

The choice of lipid extraction solvents used in algae biodiesel production only concerns the 

downstream processing stages; therefore, upstream processing stages (algae cultivation and 

harvesting) are considered in this study using data sourced from literature (Davis et al., 2016). 

It is assumed that the algae are cultivated in an open pond system. CO2 is fed to the cultivation 

ponds with fertilisers (diammonium phosphate and ammonia) to promote the growth of algae 

biomass to a concentration of 0.5 g/L (Davis et al., 2016). The biomass is routed to the 

harvesting stage, where it is concentrated from 0.5 g/L to 200 g/L (Davis et al., 2016), and 

then it is directed to the downstream processing stages. 

 

A conceptual design of the downstream processing for algae biodiesel production is carried 

out, involving the construction of the process flowsheet and the calculation of mass and energy 

flows with the aid of the process simulation tool Aspen Plus V8.8. The algae strain N. salina 

is selected as the feedstock for its high lipid content (Balasubramanian et al., 2013), availability 

of composition data (Silva et al., 2013, Yao et al., 2015), and refining and conversion kinetic 

data (Silva et al., 2013). Table 28 lists the composition of the algae biomass feed. The feed’s 

water content is set as 80% (Davis et al., 2014) with a 30% lipid content (i.e. triglycerides and 

free fatty acids) on a dry algae biomass basis. Triglycerides (TAG), free fatty acids (FFA), and 

water are used to model the algae biomass. Given that proteins and carbohydrates are soluble 

in water (Pace et al., 2004), they are included in the water fraction. 
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Table 28. Feed (algae N. salina) composition on a wet basis (Yao et al., 2015) 

Component Name Symbol % Weight 

Lipids 

Triglycerides 

C14:0 Trimyristin MMM 0.24 

C16:0 Tripalmitin PPP 0.95 

C18:1 Triolein OOO 1.96 

C18:2 Trilinolein LLL 1.96 

Free fatty 

acids 

C14:0 Myristic acid M-ACID 0.07 

C16:0 Palmitic acid P-ACID 0.14 

C18:1 Oleic acid O-ACID 0.41 

C18:2 Linoleic acid L-ACID 0.28 

Proteins and carbohydrates  14.00 

Water 80.00 

TOTAL 100.00 

 

The system is designed for the production of 10,000 t year-1 of biodiesel (minimum production 

rate for continuous processes (de Haan and Padding, 2022)) that meets the quality 

specifications given by the ASTM D675 standard (ASTM International, 2019). Figure 26 

represents the downstream processing flowsheet, which involves lipid extraction, refining and 

transesterification to produce biodiesel.  

 

 

Figure 26. Downstream processing of algae biomass for biodiesel production, from harvested algae 

biomass (20% dry weight) 

 

Lipid extraction comprises a cell disruption unit, where algal cell walls are disrupted with a 

high-pressure homogeniser (Kang et al., 2019) to allow solvent access to intracellular lipids; 

a mixer-settler unit; and a stripping column to recover the solvent. Lipid refining includes a 

reactor (where the free fatty acids in the extracted lipids decrease to < 1% wt. (Canakci and 

Van Gerpen, 1999) with an esterification reaction with glycerol) and a three-phase separator 

to recover glycerol. Lipid conversion comprises a reactor (where the refined lipids undergo an 

alkali-based transesterification reaction with methanol to produce biodiesel), a distillation 

column to recover methanol, and a three-phase separator to purify the biodiesel product. 

Some of the glycerol produced in the transesterification reaction is recycled back to the refining 

process, and the rest is considered a waste since glycerol is currently at a low price (Bagnato 
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et al., 2017). The remaining biomass (lipid-extracted algae) and waste glycerol are routed to 

an integrated anaerobic digestion with a combined heat and power unit (AD/CHP), where AD 

effluent and digestate cake provide nutrients for algae cultivation, while biogas generates heat 

and power. 

 

6.1.2.2 Process modelling 

 

Selection of a thermodynamic model 

Data from the National Institute of Standards and Technology (NIST) ThermoData Engine 

(National Institute of Standards and Technology, 2018), which is included in the database 

Biodiesel of Aspen Plus, provides information on the physical properties of pure components. 

Because polar components are present in the feed mixture, the Non-Random Two Liquid 

(NRTL) activity coefficient model is used to predict liquid-liquid equilibrium (LLE) and vapour-

liquid equilibrium (VLE). The built-in databanks of Aspen Plus are used to obtain binary 

interaction parameters for the systems solvent-water and oleic acid-methyl oleate-methanol-

water-glycerol (presented in Section 1 of the supporting information), which have been 

validated using experimental data from the Dortmund and NIST Databanks. The UNIFAC 

method is used to estimate the remaining binary interaction parameters for the systems lipids-

solvent and lipids-water, which have been validated by Kuramochi et al. (2009), Belting et al. 

(2014), and Homrich and Ceriani (2018) with experimental data of LLE and VLE.  

 

Lipid extraction modelling 

The high-pressure homogenisation (HPH) process is selected for the cell disruption unit, as it 

is effective in aqueous environments and can be operated continuously on a large scale 

(Spiden et al., 2013). The operating pressure of the HPH unit is assumed to be 1,500 bar, as 

this allows a high disruption efficiency for Nannochloropsis salina biomass (Kang et al., 2019).  

 

The extraction model is used to estimate the recovery fraction of lipids from the feed with the 

candidate solvents. It is assumed that the triglycerides and free fatty acids are represented by 

the molecules triolein and oleic acid, respectively, which are common lipids found in algae 

biomass (Yao et al., 2015). A mixer-settler unit, representing one equilibrium stage, is selected 

as the extraction device based on the guidelines of Robbins (1997) and Stephenson et al. 

(2010). The extraction temperature, pressure, and residence time are set to 25°C, 101.325 

kPa, and 500 seconds, respectively, as these are conventional values for algae lipid extraction 

in mixer-settler units (Seader, 2011, Stephenson et al., 2010). The feed-to-solvent volume 

ratio is assumed to be 1:1 (equivalent to a volume fraction of the solvent in the feed mixture, 

𝜙𝐷𝐹, of 0.5), based on our previous study (Zapata-Boada et al., 2021). The target flowrate of 



164 
 

lipids extracted from the algae biomass is 10,000 t year-1 to achieve the required plant 

production.  

 

Solute recovery fraction is obtained according to the model proposed in our previous study 

(Zapata-Boada et al., 2021), which takes into account thermodynamic equilibrium and mass 

transfer limitations. Equilibrium in the extraction process is accounted for by calculating the 

partition coefficient of the solute in the aqueous (feed) and organic (solvent) phases. The 

solute activity coefficients in the aqueous and organic phases are used to calculate the 

partition coefficient 𝐾𝑖. When the aqueous and organic phases are diluted (not more than 10% 

wt. solute, values at infinite dilution can be used to approximate solute activity coefficients 

(Seader, 2011), as given in Equation (31).  

 

𝐾𝑖 =
𝑥𝑖
𝑂

𝑥𝑖
𝐴 =

𝛾𝑖
𝐴

𝛾𝑖
𝑂 ≈

𝛾𝑖
𝐴,∞

𝛾𝑖
𝑂,∞ 

 

(31) 

 

where 𝑥 is the mass fraction of the solute 𝑖, 𝛾𝑖 is the activity coefficient of the solute 𝑖, 

𝐴 corresponds to the aqueous phase and 𝑂 to the organic phase. This work uses the 

COnductor-like Screening MOdel for Real Solvents (COSMO-RS) method to estimate the 

solute partition coefficient in the aqueous and organic phases. The COSMO-RS method 

calculates the solute activity coefficient at infinite dilution from the chemical potential of 

compound 𝑖 in the α-phase (aqueous or organic), 𝜇𝑖
𝛼, or as a pure substance, 𝜇𝑖

𝑝
, according 

to Equation (32) (Eckert and Klamt, 2002). Therefore, Equation (33) can be used to calculate 

the partition coefficient. 

 

𝑅𝑇𝑙𝑛(𝛾𝑖
𝛼,∞) =  𝜇𝑖

𝛼,∞ − 𝜇𝑖
𝑝
 (32) 

 

ln (𝐾𝑖) ≈
𝜇𝑖
𝐴,∞ − 𝜇𝑖

𝑂,∞

𝑅𝑇
 

 

(33) 

 

Calculations of triolein and oleic acid partition coefficients are performed using the 

COSMOthermX software, version 18.0.2, at the parameterisation of BP_TZVPD_FINE_18. 

Mass-transfer limitations in the extraction process are accounted for by calculating the 

Murphree stage efficiency, which is used to approximate the deviation from theoretical 

behaviour. The Murphree stage efficiency (𝜂𝑜𝑣) is obtained from the overall mass transfer 

coefficient, 𝑘𝑜𝑣, as shown in Equation (34) (Seader, 2011). 
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𝜂𝑜𝑣  =

𝑘𝑜𝑣𝑎𝑉𝑡
𝑄𝑂

1 +
𝑘𝑜𝑣𝑎𝑉𝑡
𝑄𝑂

 

 
 

(34) 

 

where 𝑄𝑂 is the organic phase volume flowrate, 𝑎 is the interfacial area, and 𝑉𝑡 is the total 

volume of liquid in the vessel. The interfacial area and the overall mass transfer coefficient are 

calculated using available theory and empirical correlations (Treybal, 1980), which are shown 

in Section 2 of the supporting information. Lastly, using mass balance over the extractor, the 

solute recovery fraction is calculated with Equation (35): 

 

𝑓𝑖 =
𝑄𝑂  𝜂𝑜𝑣/𝑄𝐴𝐾𝑖

1 + 𝑄𝑂  𝜂𝑜𝑣/𝑄𝐴𝐾𝑖
 

 

(35) 

 

where 𝑄𝐴 is the aqueous phase volume flowrate. The parameters of the extraction model 

depend on the density, viscosity, and interfacial tension of the aqueous and organic phases, 

and the diffusivity of the solutes in the aqueous and organic phases. These data, presented 

in Table S3 in the supporting information, are sourced from the Aspen Plus database at 25°C 

and 101.325 kPa.  

 

The mixer-settler unit is modelled as a Component Separator in Aspen Plus, specifying the 

calculated recovery fractions of triglycerides and free fatty acids. The mutual solubilities of 

solvents and water at 25°C, presented in Table 29, are used to specify the split fractions of 

solvent and water in the organic and aqueous phases. These values are sourced from 

experimental data in the literature (Tamura and Li, 2005, Wypych, 2019, Fandary et al., 1999, 

Yaws, 2012, Yaws, 2014, Poole, 2019).  

 

Table 29. Mutual solubilities of solvents and water at 25°C 

Solvent 
Solubility of solvent 

in water (ppm)* 

Solubility of water 

in solvent (ppm)* 
Source 

Limonene 13.8 687.0 (Tamura and Li, 2005, Wypych, 2019) 

ETBE 4240.0 7020.0 (Fandary et al., 1999) 

Cyclohexane 56.1 157.9 (Yaws, 2012, Yaws, 2014) 

Hexane 14.0 89.9 (Poole, 2019) 

       *Grams in 106 grams of solution (ppm by weight). 

 

Solvent make-up is calculated considering the amount of solvent lost in the extracted lipids 

and lipid-extracted algae streams (related to the mutual solubilities of solvents and water) and 

the evaporation losses, which depend on solvent’s volatility (e.g., boiling point). Solvent 

recovery is also modelled to calculate the related heat duty. The solvent is separated with a 
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stripping column (specifying a solvent recovery of 99.5% wt.) and recycled to the extractor 

inlet. To avoid the thermal degradation of lipids, the column’s maximum temperature is limited 

to 250°C (Zhang, 2003). 

 

Lipid refining modelling 

The glycerolysis reaction shown in Equation (36) (Moquin et al., 2005) is modelled in a CSTR 

reactor using experimentally determined reaction kinetic parameters from Silva et al. (2013). 

These are presented in Section 3 in the supporting information.  

 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑇𝐺) +  𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙   
𝑘1,𝑘2
↔    𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) +   𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒(𝐷𝐺) 

𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺) +  𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙   
𝑘3,𝑘4
↔    2𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑇𝐺) +  𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺)   
𝑘5,𝑘6
↔    2𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺) 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑇𝐺) +  𝐻2𝑂   
𝑘7,𝑘8
↔    𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺) +   𝐹𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 (𝐹𝐹𝐴) 

𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺) +  𝐻2𝑂   
𝑘9,𝑘10
↔     𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) +   𝐹𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 (𝐹𝐹𝐴) 

𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) +  𝐻2𝑂   
𝑘11,𝑘12
↔      𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙  +   𝐹𝑟𝑒𝑒 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 (𝐹𝐹𝐴) 

(36) 

 

The operating conditions of the glycerolysis reactor (245°C, 46 kPa, residence time of 2 h 

glycerol-to-extracted lipids molar ratio of 13:1) are obtained from our previous study (Zapata-

Boada et al., 2021). The separation of refined lipids, glycerol, solvent, and vapour from the 

reactor exit stream is modelled using a three-phase separator, which is designed to obtain a 

refined lipid stream with <1% wt. free fatty acid (Canakci and Van Gerpen, 1999), < 2% wt. 

glycerol, and < 1% wt. of water and solvent (Zhang, 2003). Unreacted glycerol is recovered 

and recycled to the glycerolysis reactor.  

 

Lipid conversion modelling 

The transesterification reaction shown in Equation (37) is modelled in a CSTR reactor using 

experimentally determined reaction kinetics parameters from Silva et al. (2013), which are 

presented in Section 3 in the supporting information.  

 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑇𝐺) +  𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (𝑀𝑒𝑂𝐻)   
𝑘1,𝑘2
↔    𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺)   +    𝑅1 − 𝐶𝑂𝑂 − 𝐶𝐻3 

𝐷𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝐷𝐺) +  𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (𝑀𝑒𝑂𝐻)
𝑘3,𝑘4
↔   𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) +  𝑅2 − 𝐶𝑂𝑂 − 𝐶𝐻3 

𝑀𝑜𝑛𝑜𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒 (𝑀𝐺) +  𝑀𝑒𝑡ℎ𝑎𝑛𝑜𝑙 (𝑀𝑒𝑂𝐻)  
𝑘5,𝑘6
↔      𝐺𝑙𝑦𝑐𝑒𝑟𝑜𝑙 (𝐺𝐿)    +   𝑅3 − 𝐶𝑂𝑂 − 𝐶𝐻3 

(37) 

 

The operating conditions of the transesterification reactor (82°C, 200 kPa, residence time of 2 

h, and methanol-to-refined lipids molar ratio of 6:1), obtained from our previous work (Zapata-

Boada et al., 2021), are used to obtain 99% conversion of triglycerides to fatty acid methyl 
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ester (biodiesel) that meets quality specifications. Unreacted methanol is recovered by 

distillation (specifying a recovery of 97%) and returned to the reactor inlet. A three-phase 

separator is used to model the purification of biodiesel, which involves removing catalyst, 

glycerol, and methanol from the reactor outlet stream. Finally, quality properties of biodiesel, 

including viscosity, cetane number, flash point, cloud point, and pour point, are predicted with 

the method proposed by Su et al. (2011) and checked against biodiesel specifications (ASTM 

standard D6751 (ASTM International, 2019)). 

 

Valorisation of waste algae biomass 

Lipid-extracted algae and raw glycerol streams are routed to an anaerobic digestion unit to 

produce AD effluent, digestate cake, and biogas. Part of the energy needed for downstream 

processing is supplied by the biogas, which is burned in a gas turbine to produce heat and 

power. AD effluent, digestate cake and flue gas are recycled to the cultivation stage, 

decreasing fertiliser, e.g., diammonium phosphate and ammonia, and CO2 needed for the 

growth of algae biomass (Zapata-Boada et al., 2021). Operating conditions of the anaerobic 

digestion/combined heat & power unit (AD/CHP) used in this study are obtained from Davis et 

al. (2014) and Park and Li (2012), and are shown in Section 4 in the supporting information.  

 

Heat integration of downstream processing of algae biomass 

Minimum utility targets of the downstream process (Figure 26) are calculated using pinch 

analysis (SPRINT software (Centre for Process Integration, 2018)), considering a minimum 

approach temperature of 10°C (Smith, 2016). Section 5 in the supporting information provides 

details of the utilities (cooling water, low pressure (LP), medium pressure (MP), and high 

pressure (HP) steam) available for the process. The power requirements for cell disruption 

(0.1784 kWh/kg dry biomass (Yap et al., 2015)), pumping (process streams and cooling water 

(Turton, 2018)), and agitation of the extraction unit and CSTR reactors are used to calculate 

the electricity demand of the downstream process. Also, AD/CHP unit heat and power demand 

(0.22 kWh/kg solids and 0.085 kWh/kg solids, respectively) and generation (Davis et al., 2014) 

are accounted for in this study (Section 4 in the supporting information provides details). 

 

6.1.2.3 Process evaluation 

 

Economic analysis of algae biodiesel production 

The economic performance of algae biodiesel production (see Figure 25) is assessed using 

literature data for upstream processing and the mass and energy flows obtained via process 

simulation here for the downstream processing, with emphasis on the impact of the solvents 

used for lipid extraction. Operating costs and capital investment of the plant are estimated 
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from the mass and energy flows and process equipment sizes. The minimum biodiesel selling 

price is then determined using a discounted cash flow rate of return (Davis et al., 2014) to 

determine whether algal biodiesel generated with the candidate solvents is cost-competitive. 

 

Capital and operating costs estimation 

Upstream processing costs are indirectly accounted for with the cost of algae biomass (N. 

salina, 20% dry weight) reported in the literature (Davis et al., 2016) and updated to 2020 with 

an annual inflation rate of 1.4% (USA Labor Department’s Bureau of Labor Statistics, 2020).  

 

Capital costs of downstream processing are estimated from the process equipment sizes 

using the factorial method and installation factors proposed by Towler and Sinnott (2020). A 

list of the main process equipment and their design parameters (e.g., geometry, capacity, 

required power) are presented in Section 6 in the supporting information. The purchase costs 

of process equipment are updated using the Chemical Engineering Plant Cost Index of 2020 

(value of 596.2) (Jenkins, 2021). Installation costs are assumed to be 40% of the total 

purchase costs (Towler and Sinnott, 2020). Engineering fees and working capital are taken as 

20% and 15% of the total purchase and installation costs, respectively (Towler and Sinnott, 

2020). The annualised capital costs are then determined using the plant lifetime (30 years), 

annual interest rate (10%), and plant operational time (8,400 h/year). 

 

Operating costs of downstream processing, summarised in Table 30, are calculated from the 

mass and energy flows obtained from the process simulation. Raw materials and consumables 

costs are obtained from ICIS Chemical Business (2020b), using 2020 data specific to the USA. 

Prices of the candidate solvents are obtained from ICIS Chemical Business (2020b) and other 

specialised sources (Alibaba, 2020b, ICIS Chemical Business, 2020b, Alibaba, 2020a, S&P 

Global, 2018). Effluent disposal and utilities costs are obtained from Turton (2018). Finally, 

fixed costs are estimated using the recommendations of Towler and Sinnott (2020); Section 6 

in the supporting information provides the details. 

 

The revenues generated from the main product (biodiesel) and the co-products from the 

AD/CHP unit (nitrogen in the digestate cake, ammonia and diammonium phosphate in the AD 

effluent, and CO2 in the flue gas) are included in the economic analysis. Selling prices of co-

products are shown in Table 31. Finally, annualised capital costs and operating costs of 

downstream processing of algae biomass are added to estimate the total annualised cost for 

the selected solvents. 
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Table 30. Operating costs of downstream processing in USD ($) 

Category Material Cost Units Source 

Raw materials 

Algae biomass (20% dry weight) 0.56  

$/kg 

(Davis et al., 2016) 

Glycerol 0.90  (ICIS Chemical Business, 2019b) 

Methanol 0.33  (ICIS Chemical Business, 2019c) 

Solvents 

Limonene 7.50 (Alibaba, 2020b) 

ETBE 0.73 (ICIS Chemical Business, 2020b) 

Cyclohexane 1.40 (Alibaba, 2020a) 

Hexane 1.10  (S&P Global, 2018) 

Consumables NaOH 0.60  (ICIS Chemical Business, 2019a) 

Effluent disposal Wastewater 0.002  (Towler and Sinnott, 2020) 

Utilities 

Cooling water 0.38  

$/GJ 

(Turton, 2018) 

LP steam 2.03  (Turton, 2018) 

MP Steam 2.78  (Turton, 2018) 

HP steam 5.66  (Turton, 2018) 

Electricity 0.07  $/kWh (Turton, 2018) 

 

Table 31. Selling price of co-products from AD/CHP unit 

Co-product Stream Selling Price ($) Unit Source 

Nitrogen Digestate cake 500  
$/ton bioavailable 

nitrogen 
(Davis et al., 2014) 

Ammonia AD effluent 500 $/ton 
(United States Department of 

Agriculture, 2019) 

Diammonium 

phosphate 
AD effluent 469  $/ton 

(United States Department of 

Agriculture, 2019) 

CO2* Flue gas 34  $/ton of CO2 (Davis et al., 2014) 

*CO2 in the flue gas is recycled for algae cultivation and mixed with fresh flue gas from coal power plant operations. 

Its price translates to a cost savings for the cultivation step by requiring less make-up flue gas delivered from offsite, 

which is more costly than on-site recycle (Davis et al., 2014). Davis et al. (2014) calculated the CO2 credit (34 $/ton 

CO2) considering the explicit cost per ton of offsite CO2 capture and delivery. 

 

Minimum biodiesel selling price 

The minimum biodiesel selling price (MBSP, $/US gal) for the processing options with the 

candidate solvents is calculated considering a 10% internal rate of return after taxes with a 

discounted cash flow rate of return analysis (Davis et al., 2014). Table 32 summarises the 

main assumptions, based on "nth-plant" economics (Davis et al., 2014), i.e. a mature 

technology. The plant construction schedule and the cash flow during that time are taken from 

Davis et al. (2014) and Perry (2008). More details on the assumptions made can be found in 

our previous study (Zapata-Boada et al., 2021).  

 

Table 32. Assumptions made in the discounted cash flow rate of return analysis 

Item Assumption 

Plant financing schedule 40% Equity, 60% debt at 8% interest 

Depreciation method IRS-7 MACRS  

Income tax 35%  

Plant design and construction time  36 months 

Facility start-up time 6 months 

Facility on-stream time 8400 hours/year 

Plant lifetime 30 years 
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Environmental performance analysis  

The mass and energy flows obtained from the simulation of downstream processing are used 

to measure three relevant environmental performance indicators: solvent intensity, energy 

intensity, and water consumption. These were proposed by Schwarz et al. (2002) as 

sustainability indicators for production processes and are selected here to evaluate the impact 

of the candidate solvents on the solvent make-up, energy consumption, and fresh water 

requirements of the process.  

 

Solvent intensity 

Solvent intensity (SI) is a measure of solvent utilisation in the process, and it is calculated as 

the ratio of the solvent mass flowrate used in the process to the biodiesel product mass 

flowrate (Sheldon, 2018). The solvent make-up is estimated considering retention losses in 

the extracted lipids and lipid-extracted algae streams and solvent evaporation losses, i.e., 

fugitive emissions due to solvent's volatility. Solvent loss of 5 g of hexane per kg of hexane 

used is assumed (Martin, 2016, Woerfel, 1995), and evaporation losses of other solvents are 

correlated considering their relative evaporation rate according to the butyl acetate scale 

(Smallwood, 1993). The SI is calculated using Equation (38) and the detailed calculations are 

shown in Section 7 of the supporting information. 

 

𝑆𝐼 =  
𝑘𝑔 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑖𝑛 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑙𝑖𝑝𝑖𝑑𝑠 +  𝑘𝑔 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑖𝑛 𝑙𝑖𝑝𝑖𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑎𝑙𝑔𝑎𝑒 + 𝑘𝑔 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑 

𝑘𝑔 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
  

(38) 

 

Energy intensity 

Energy intensity (EI) is used to measure the energy efficiency of the downstream stages, and 

captures process improvements such as better heat integration or higher production (Schwarz 

et al., 2002). EI is calculated as the ratio of the energy consumed in the process (heat and 

power, expressed as fuel energy) to the biodiesel product mass flowrate. Heat and power 

inputs to the process are converted to fuel energy using the recommended efficiency factors 

in the US for steam generation (80%) and power generation and transmission (35%) 

(GreenHouse Gas Protocol, 2006). Heat and power generated in the CHP unit are credited in 

the indicator by subtracting the energy generated (expressed as fuel energy) from the fuel 

energy consumed in the process (Schwarz et al., 2002). The EI is calculated using Equation 

(39) and the detailed calculations can be found in Section 7 of the supporting information. 

 

𝐸𝐼 =  
(𝐻𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡 − 𝐻𝑒𝑎𝑡 𝑔𝑒𝑛. 𝑖𝑛 𝐶𝐻𝑃) ÷ 0.8 + (𝑃𝑜𝑤𝑒𝑟 𝑖𝑛𝑝𝑢𝑡 − 𝑃𝑜𝑤𝑒𝑟 𝑔𝑒𝑛. 𝑖𝑛 𝐶𝐻𝑃) ÷ 0.35

𝑘𝑔 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
  

(39) 
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Water consumption 

Water consumption (WC) is calculated as the ratio of the volumetric flowrate of fresh water 

consumed to the biodiesel product mass flowrate. The fresh water flowrate is obtained 

considering cooling water system and steam system losses. Cooling water make-up is 

calculated assuming evaporation losses of 7% (Schwarz et al., 2002); blowdown losses are 

estimated assuming five cycles of concentration (Smith, 2016). Steam system losses depend 

on the mass of steam generated and the percentage of condensate return. In this study, steam 

system make-up is calculated assuming 90% of condensate return; blowdown losses for the 

steam boilers are taken as 3% of the steam generated (Smith, 2016). WC is calculated using 

Equations (40), (41) and (42) and the detailed calculations are included in Section 7 of the 

supporting information. 

 

𝑊𝐶 = 
𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 𝑚𝑎𝑘𝑒𝑢𝑝 [

𝑙
ℎ
] + 𝑆𝑡𝑒𝑎𝑚 𝑠𝑦𝑠𝑡𝑒𝑚 𝑚𝑎𝑘𝑒𝑢𝑝 [

𝑙
ℎ
]

𝑘𝑔 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 

 

 

(40) 

𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 𝑚𝑎𝑘𝑒𝑢𝑝 = 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 𝑒𝑣𝑎𝑝. 𝑙𝑜𝑠𝑠𝑒𝑠 + 𝐵𝑙𝑜𝑤𝑑𝑜𝑤𝑛 𝑙𝑜𝑠𝑠𝑒𝑠 

 

(41) 

𝑆𝑡𝑒𝑎𝑚 𝑠𝑦𝑠𝑡𝑒𝑚 𝑚𝑎𝑘𝑒𝑢𝑝 = 𝑆𝑡𝑒𝑎𝑚 𝑛𝑒𝑒𝑑𝑒𝑑 × (% 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑒 𝑟𝑒𝑡𝑢𝑟𝑛 +% 𝑏𝑙𝑜𝑤𝑑𝑜𝑤𝑛 𝑙𝑜𝑠𝑠𝑒𝑠) (42) 

 

6.1.3 Results and Discussion 

This section presents the results of the techno-economic and environmental analysis of algae 

biodiesel production with emphasis on the performance of the candidate solvents used for lipid 

extraction. The process modelling results of downstream processing are discussed below, 

followed by the economic and environmental analysis results.  

 

6.1.3.1 Process modelling 

Lipid extraction modelling 

Table 33 shows the results obtained for modelling triolein and oleic acid extraction from the 

feed with the candidate solvents. Feed and solvent flowrates are different for the solvents 

studied here as they depend on the solvent physicochemical properties (e.g., density, 

viscosity) and extraction performance (e.g., partition coefficient, Murphree stage efficiency). 

For example, limonene mass flowrate (18,524 kg/h) is the highest as it is the densest solvent 

(840 kg/m3) and has the lowest Murphree stage efficiency for triolein extraction (0.924). 

 

All solvents have similar 𝐾𝑇𝐴𝐺, meaning they are suitable for extracting triolein from the feed, 

as both solvent and triolein are non-polar, hydrophobic substances. The alternative solvents 

(limonene, ETBE, and cyclohexane) provide a slightly higher 𝐾𝑇𝐴𝐺  than hexane, although 
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differences are not significant (less than 2%). However, 𝜂𝑇𝐴𝐺 is different among the solvents. 

For example, 𝜂𝑇𝐴𝐺 with limonene is 6% lower than with hexane; this can be related to the 

higher density and viscosity of limonene, which enhances mass-transfer limitations in the 

extraction process. Meanwhile, ETBE yields the highest triolein recovery (0.965), as it 

presents the highest 𝐾𝑇𝐴𝐺 and 𝜂𝑇𝐴𝐺 among the candidate solvents.  

 

Table 33. Results obtained for the modelling of triolein and oleic acid recovery from algae biomass for 

the candidate solvents, for a biodiesel production of 10,000 ton/year and a feed-to-solvent volume 

ratio of 1:1 

Variable Description Limonene ETBE Cyclohexane Hexane Units 

𝑄𝐶 Feed flowrate* 20,500 20,560 20,750 20,700 kg/h 

𝑄𝐷 Solvent flowrate† 18,524 15,846 17,143 14,582 kg/h 

𝐾𝑇𝐴𝐺 Triolein partition coefficient in 

water and organic phase 
27.59 27.77 27.54 27.28 - 

𝜂𝑇𝐴𝐺 Murphree stage efficiency for 

triolein extraction 
0.924 0.993 0.938 0.979 - 

𝑓𝑇𝐴𝐺 Recovery fraction of triolein 0.962 0.965 0.962 0.964 -  

𝐾𝐹𝐹𝐴 Oleic acid partition coefficient 

in water and organic phase 
7.10 9.02 6.69 6.59 - 

𝜂𝐹𝐹𝐴 Murphree stage efficiency for 

oleic acid extraction 
0.977 0.998 0.981 0.995 - 

𝑓𝐹𝐹𝐴 Recovery fraction of oleic acid 0.874 0.900 0.867 0.868 - 

* Wet basis, total feed entering the mixer-settler unit. 
† Total solvent entering the mixer-settler unit. 

 

In all cases, it can be seen that 𝐾𝐹𝐹𝐴 is lower than 𝐾𝑇𝐴𝐺. This could be explained because oleic 

acid is more polar than triolein, and thus its solubility in the organic phase is lower. This is 

evidenced in the recovery fractions of oleic acid from the feed, which are lower than 0.9 for all 

the solvents, while the recovery fractions of triolein are higher than 0.96. In particular, ETBE 

yields the highest recovery of oleic acid (0.9), as it presents the highest 𝐾𝐹𝐹𝐴 and 𝜂𝐹𝐹𝐴 among 

the solvents. Therefore, as the recoveries of oleic acid range between 86% and 90% for all 

solvents, this indicates that the extraction is not completely selective for triolein, and oleic acid 

will also be present in the extracts. Thus, this involves that the extracted lipids need to be 

refined before converting to biodiesel.  

 

Downstream processing modelling 

Table 34 shows the mass flowrates of the main process streams depicted in Figure 26. 

Additional information on streams compositions is presented in Section 3 in the supporting 

information. Table 35 shows the design parameters of the main process equipment.  

 

Differences in lipid recovery (LR) between the solvents studied here are not significant, as all 

of them show similar recovery fractions of both triolein and oleic acid, as shown in Table 33. 

However, ETBE achieves the highest LR (95.5%). This is followed by limonene and hexane, 
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with a LR of 94.9% each, and cyclohexane with 94.8%. These values are calculated as the 

ratio of the extracted lipids (TAGs and FFAs) to the total lipids in the feed, for each solvent 

candidate (data is presented in Section 3 in the supporting information). The predicted lipid 

recovery of 94.9% is in agreement with previous bench-scale experimental studies using 

hexane described in the literature (Laurens et al., 2015, Davis et al., 2014), which reported 

lipid recovery rates over 95% from wet algae biomass. No experimental data for limonene, 

ETBE, and cyclohexane at process level were found in the literature. 

 

Table 34. Mass and energy flows of the main process streams for the candidate solvents 

Stage Stream Limonene ETBE Cyclohexane Hexane 

Lipid extraction 

Algae biomass* (kg/h) 4,100 4,112 4,150 4,140 

Solvent make-up† (kg/h)          95        184             143       146  

Extracted lipids‡ (kg/h)     1,259     1,256          1,266     1,252  

Lipid refining 
Glycerol make-up (kg/h)        170          90               93          91  

Refined lipids (kg/h)     1,212     1,209          1,210     1,210  

Lipid conversion 

Methanol make-up (kg/h)        131        132             132        132  

Biodiesel product (kg/h)      1,191     1,190          1,192     1,191  

Glycerol by-product (kg/h)        147        151             150        151  

AD/CHP 

Lipid-extracted algae (kg/h)   19,334   19,479        19,570   19,521  

AD effluent (kg/h)   15,364   15,496        15,552   15,514  

Digestate cake (kg/h)     2,109     2,127          2,134     2,129  

Flue gas (kg/h)     1,187     1,187          1,202     1,198  

Utilities 

Cooling water (MW) 3.36 1.85 2.33 1.78 

LP steam (MW)  0.69 2.31 2.85 2.24 

MP steam (MW)             -              -    0.31             -    

HP steam (MW) 3.56 0.42 0.04 0.43 

 Electricity (MW) 1.11 1.06 1.09 1.07 

* Dry weight. 
† Values include solvent evaporative losses. 
‡ Values include lipids and impurities (for a detailed breakdown please see Section 3 in the supporting 

information) 

 

The production flowrate (10,000 tons/year of biodiesel) is fixed in this study; therefore, the 

algae biomass flowrate depends on the selected solvent. For example, as lipid recovery with 

ETBE is higher than when using hexane, the required algae biomass feed flowrate is slightly 

lower. However, differences are not significant (less than 1% in all cases). On the other hand, 

solvent make-up shows significant differences for the candidate solvents, as it depends on 

evaporation losses and solvent lost in the extracted lipids and lipid-extracted algae streams.  

 

According to simulation results, ETBE make-up is the highest: 78 kg/h is lost in the extracted 

lipids, and 66 kg/h is lost in the lipid-extracted algae due to the partial solubility of ETBE in 

water; a further 39 kg/h is lost through evaporation. Limonene make-up is the lowest: about 

92 kg/h is lost in the extracted lipids, while losses in the lipid-extracted algae (0.26 kg/h) and 

evaporation losses (2.22 kg/h) are negligible due to limonene's low solubility in water and low 

volatility. Compared to hexane, limonene make-up is 35% lower. 
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Table 35. Design parameters of the main process equipment † 

Stage Item Feature Limonene ETBE Cyclohexane Hexane 

Lipid 

extraction 

Extractor V-

1,2 

Volume mixer (m3) 7.4 7.5 7.5 7.5 

Volume settler (m3) 11.9 11.9 12.0 12.1 

Stripping 

column T-1 

Pressure (kPa) 70 101 101 101 

Top temp (°C) 164 71 81 69 

Reboiler temp (°C) 240 121 113 103 

Reboiler duty (kW) 3,119 1,810 2,220 1,766 

Number of stages* 2 2 2 2 

Column diameter (m) 1.6 1.3 1.4 1.3 

Lipid refining 

Glycerolysis 

reactor R-1 

Temperature (°C) 237 238 237 237 

Pressure (kPa) 46 46 46 46 

Volume (m3) 11.5 11.3 11.3 11.5 

FFA conversion (%) 92 92 91 91 

Flash V-3 Pressure (kPa) 25 70 70 70 

Lipid 

conversion 

Transesterifi

cation 

reactor R-2 

Temperature (°C)* 82 82 82 82 

Pressure (kPa)* 200 200 200 200 

Volume (m3) 3.9 3.9 4.1 3.9 

TAG conversion (%) 91 91 91 91 

Stripping 

column T-2 

Pressure (kPa) 101 101 101 101 

Top temp (°C) 95 88 84 86 

Reboiler temp (°C) 239 241 157 240 

Reboiler duty (kW) 202 200 160 201 

Number of stages 2 2 2 2 

Column diameter (m) 0.18 0.17 0.20 0.17 

Transesterifi

cation 

reactor R-3 

Temperature (°C)* 82 82 82 82 

Pressure (kPa)* 200 200 200 200 

Volume (m3) 3.6 3.5 3.7 3.5 

TAG conversion (%) 92 91 91 92 

Stripping 

column T-3 

Pressure (kPa)* 101 101 101 101 

Top temp (°C) 99 93 85 91 

Reboiler temp (°C) 241 245 160 244 

Reboiler duty (kW) 203 200 157 201 

Number of stages* 2 2 2 2 

Column diameter (m) 0.18 0.17 0.20 0.17 
† Refer to Figures S1, S2 and S3 of Supporting information for equipment list 

*Specified values. 

 

The reboiler duty in the extraction process is highest for limonene (3.1 MW) due to its high 

heat of vaporisation (46 kJ/mol) (Stephenson and Malanowski, 1987). Also, recovery of 

limonene requires vacuum pressure (70 kPa) to keep the reboiler temperature lower than 

250°C and avoid thermal degradation of lipids (Zhang, 2003). Conversely, the reboiler duty is 

lowest for hexane (1.8 MW) due to its low heat of vaporisation (31 kJ/mol) (Stephenson and 

Malanowski, 1987). From an energy consumption perspective in the extraction process, ETBE 

seems the best option to replace hexane, as its recovery requires the lowest reboiler duty after 

hexane, and, at 1.8 MW, only 2% higher.  

 

In terms of the lipid refining stage, glycerol make-up is similar for the candidate solvents, 

except for limonene, which requires a higher make-up because more glycerol (around 

129 kg/h) is lost in the vapour outlet of the three-phase separator used to recover glycerol (see 
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Figure 26), compared to glycerol losses when working with hexane (47 kg/h), cyclohexane 

(50 kg/h), and ETBE (46 kg/h). Table 35 shows that free fatty acids conversion in the 

glycerolysis reactor is around 91% for all the solvents, which ensures that the free fatty acid 

content of the refined lipids is lower than 1% wt.  

 

Regarding the lipid conversion stage, methanol make-up is similar for all the solvents, as is 

the conversion of the refined lipids in the transesterification reactors (91% in each reactor; an 

overall 99% conversion of the refined lipids to biodiesel). The biodiesel production target is 

achieved for all the candidate solvents, as evidenced in the mass flowrate of biodiesel product 

(around 1,190 kg/h, with an operating time of 8,400 h year-1). Design conditions and sizes of 

the stripping columns for methanol recovery are similar for all the solvents. The reboiler 

temperature of the stripping columns is lower than 250°C, meaning that thermal degradation 

of lipids is avoided. However, some losses are expected for glycerol, the degradation 

temperature of which is lower than 250°C (Zhang, 2003). These losses are not considered in 

this study. 

 

Mass flowrates of the AD/CHP unit are similar for all the candidate solvents, as the mass 

flowrate of the feed to this process (lipid-extracted algae) is similar. On the other hand, the 

duties of utilities show significant differences. For example, cooling water duty when using 

limonene is 88% higher than when using hexane. This can be explained because more energy 

(2.79 MW) needs to be rejected to condense and cool down limonene coming from the 

stripping column in the extraction process, as the heat of vaporisation of limonene is high 

(46 kJ/mol) (Stephenson and Malanowski, 1987). Conversely, the energy required to 

condense and cool hexane (1.54 MW) is lower due to its low heat of vaporisation (31 kJ/mol) 

(Stephenson and Malanowski, 1987). Also, the recovery of limonene requires HP steam to 

reach the required reboiler temperature (240°C). Consequently, the duty of HP steam is 

highest for the processing option with limonene, as evidenced in Table 34. The duty and 

quality of steam required for ETBE are similar to hexane, as energy consumption in both 

processing options is similar. 

 

The biodiesel product's specified and predicted properties are compared in Table 36, which 

demonstrates that all ASTM D6751 (ASTM International, 2019) requirements are met. 

Predicted properties of biodiesel are similar for all the candidate solvents, indicating a 

relatively low cloud point and pour point (e.g., due to the existence of methyl oleate and methyl 

linoleate, two unsaturated fatty acid chains) and a high cetane number (e.g., due to the 

presence of methyl myristate and methyl palmitate, two saturated fatty acid chains). 
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Table 36. Comparison of biodiesel’s specified and predicted properties 

 

Heat integration 

The stream table, composite curves, and energy targets of the downstream processing for the 

candidate solvents are shown in Section 5 in the supporting information. The heat recovery 

opportunities in the process are limited by design, i.e., the operating pressure of the stripping 

column for solvent recovery. The largest enthalpy duties correspond to the extraction process 

streams, e.g., inlet to the stripping column for solvent recovery and evaporated solvent from 

the top of the stripping column (see Figure S4 in the supporting information).  

 

Hot and cold utility demand is highest for limonene. Also, the processing option with limonene 

has the lowest heat recovery among the candidate solvents because of the design limitations 

for heat recovery opportunities, as the operating pressure of the stripping column for limonene 

recovery is 70 kPa. On the other hand, the processing option with hexane has the lowest hot 

and cold utility demand and the most heat recovery of all solvents. Minimum hot and cold utility 

demand (and heat recovery) for ETBE are similar to those for hexane, showing that ETBE is 

a promising option to replace hexane from an energy point of view.  

 

Table 37 shows the energy consumption of the downstream stages and the net energy 

generated in the AD/CHP unit after heat integration. Overall, more energy is consumed when 

using limonene and cyclohexane than when using hexane due to the higher enthalpy of 

vaporisation of these solvents. On the other hand, the energy consumption of downstream 

processing when using ETBE is similar to that of hexane, meaning that ETBE is the best option 

among the alternative solvents from an energy point of view. Also, Table 37 shows that lipid 

extraction is the most energy-intensive stage of downstream processing due to the large heat 

and power requirements for solvent recovery and cell disruption, respectively. In particular, 

heat consumption for lipid extraction with limonene is around 100% higher than with hexane 

due to limonene's high boiling point and enthalpy of vaporisation. Power consumption in the 

extraction stage is similar among the candidate solvents due to the similar mass flowrate of 

algae biomass that needs to be disrupted.  

Property ASTM D6751 Limonene ETBE Cyclohexane Hexane 

Monoglyceride content, % mass, max 0.40% 0.10% 0.09% 0.10% 0.09% 

Flash point (closed cup), °C, min 93.0 161.5 161.5 161.5 161.5 

Methanol content, mass %, max 0.20% 0.11% 0.10% 0.09% 0.10% 

Water and sediment, % volume, max 0.05% 0.00% 0.00% 0.00% 0.00% 

Kinematic viscosity, D mm2 s-1, 40°C 1.9 - 6 4.65 4.65 4.65 4.65 

Cetane number, min 47.00 54.5 54.5 54.5 54.5 

Total glycerol, % mass, max 0.24% 0.04% 0.03% 0.03% 0.03% 

Cloud point, °C - 1.23 0.66 0.73 0.62 

Pour point, °C - -1.92 -2.50 -2.44 -2.54 
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The AD/CHP unit presents a significant energy consumption due to the heat and power 

needed for anaerobic digestion of lipid-extracted algae and biogas turbine generator. 

However, AD/CHP unit produces a significant amount of energy that can partially cover the 

energy requirements of the downstream processing stages. Energy consumption of refining 

and conversion stages are similar for all the candidate solvents, except for cyclohexane, which 

shows a higher consumption in the refining stage because of the limitations in process heat 

recovery (see Figure S4 in the supporting information). In terms of utilities, Table 37 shows 

that power consumption is the highest when using limonene (86% higher than for hexane) due 

to the higher demand for cooling water to condense limonene.  

 

Table 37. Energy net consumption (MW) of the downstream stages 

Stage Energy consumption (MW) Limonene ETBE Cyclohexane Hexane 

Lipid extraction 
Heat 3.119 1.622 2.053 1.547 

Power  0.742 0.746 0.751 0.755 

Lipid refining 
Heat  0.035 0.024 0.198 0.025 

Power  0.002 0.002 0.002 0.002 

Lipid conversion 
Heat  0.449 0.443 0.308 0.446 

Power  0.002 0.002 0.002 0.002 

Utilities Power  0.114 0.063 0.079 0.061 

AD/CHP 
Net heat*  −0.599 −0.599 −0.607 −0.605 

Net power*  −0.622 −0.622 −0.630 −0.627 

*Consumption minus generation. 

 

6.1.3.2 Process Evaluation 

 

Economic analysis 

Capital and operating costs 

Table 38 shows a breakdown of the total capital, operating, and annualised costs of 

downstream processing of algae biomass with the candidate solvents. For all solvents, the 

contribution of capital costs to the total annualised costs is around 10%, while the contribution 

of operating costs is about 90% in all cases. The high-pressure homogeniser used for cell 

disruption is the most expensive unit in the plant, contributing around 20% to the total installed 

cost, while the refining and transesterification reactors and the stripping column for solvent 

recovery contribute about 20 and 10%, respectively (see Table S25 in the supporting 

information).  

 

Table 39 shows the cost of the raw materials used in the biodiesel production process. Raw 

materials costs, dominated by algae biomass costs, contribute between 85 and 98% of the 

total annualised costs of downstream processing of algae biomass. For ETBE, raw materials 

represent 85% of the total annualised costs, 90% of which is algae biomass costs and 5% of 

which is solvent makeup. For limonene, on the other hand, raw materials represent 98% of 
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the total annualised costs, with algae biomass the major contributor to the raw materials costs 

(72%) and a higher contribution (22%) of the solvent makeup. For cyclohexane and hexane, 

raw materials comprise 87 and 86% of the total annualised costs, respectively. 

 

Table 38. Total capital, operating, and annualised costs of the algae biodiesel plant 

Category Limonene ETBE Cyclohexane Hexane 

Capital 

costs  

Fixed Capital Cost (million $) 24.47 23.21 23.57 23.34 

Working Capital (million $) 3.06 2.90 2.95 2.92 

Total capital costs (million $) 27.53 26.11 26.51 26.26 

Annualised capital costs 

(million $/year) 
2.60 2.46 2.50 2.48 

Operating 

costs 

(million $ 

year-1) 

Raw materials 26.85 21.45 22.21 21.81 

Co-products revenue -6.49 -2.37 -2.79 -2.48 

Utilities 0.69 0.21 0.22 0.21 

Others* 3.63 3.47 3.52 3.49 

Total operating costs 24.69 22.76 23.15 23.02 

Total annualised costs (million $/year) 27.28 25.22 25.65 25.50 

*Others: consumables, effluent disposal, and fixed costs. 

 

Table 39. Cost of raw materials for biodiesel production per solvent candidate 

Raw material 

Cost (million $/year) 

Limonene ETBE Cyclohexane Hexane 

Algae biomass 19.22 19.27 19.45 19.41 

Solvent 5.99 1.12 1.68 1.35 

Glycerol 1.28 0.68 0.70 0.69 

Methanol 0.37 0.37 0.37 0.37 

TOTAL 26.86 21.44 22.20 21.82 

 

Credits for sales of co-products reduce the total annualised costs by 10% (for hexane, 

cyclohexane, and ETBE) and 24% (for limonene). Co-products include nitrogen, ammonia, 

diammonium phosphate, and CO2 recovered in the AD effluent and digestate cake, and 

solvent recovered in the three-phase separator for glycerol recovery (see Figure 26). Revenue 

for co-products is higher for limonene because of its higher price (7.5 $/kg) compared to the 

other solvents. The costs of utility requirements for downstream processing of algae biomass, 

listed in Table 38, comprise about 1% of the total annualised costs, except for limonene, where 

utility costs are around 3%, corresponding to the high energy consumption for solvent 

recovery. 

 

Annualised capital costs are highest for limonene (5% higher than for hexane) due to the high 

cost of the stripping column used for solvent recovery (large diameter, vacuum operation) and 

heat exchange units (see Table S25 in the supporting information). Also, total operating costs 

for limonene are the highest among the candidate solvents due to the higher price of limonene 

and the higher demand for energy in the lipid extraction process. As a result, the total 

annualised costs for limonene are 7% higher than those for hexane. Conversely, annualised 
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capital and operating costs are the lowest for ETBE due to the lower cost of the refining and 

conversion equipment and the lower price of ETBE (0.73 $/kg) compared to hexane (1.1 $/kg). 

Differences in total annualised costs of hexane and ETBE are similar (within 1% of each other), 

which is an encouraging result, as ETBE offers other benefits due to its non-hazardous and 

renewable nature. 

 

Minimum biodiesel selling price 

The minimum biodiesel selling price (MBSP) is presented in Figure 27, based on the cash flow 

analysis presented in Section 6.1.2.3 and in Section 7 of the supporting information. Limonene 

has the highest MBSP compared to hexane and the other candidate solvents as a result of 

the higher capital and operating costs of downstream processing. The MBSP of limonene is 

7% above that of hexane. Cyclohexane and ETBE, on the other hand, have similar MBSP to 

hexane (within 1% of each other), with ETBE having the lowest MBSP. This is because ETBE 

has the highest lipid recovery of all the candidate solvents and the lowest price, which benefits 

the process economics.  

 

 

Figure 27. Minimum biodiesel selling price ($/US gal) for the different solvents*  

*[Other costs include fixed costs, annualised capital costs, consumables, utilities, and effluent disposal]  

 

As Figure 27 shows, the cost of algae biomass contributes significantly to the MBSP for all 

solvents (67% for limonene and 72% for the other solvents). Solvent cost represents between 

4 and 6% of the MBSP for all solvents except limonene, where the contribution is much higher 

(21%). Other costs, including fixed costs, annualised capital costs, consumables, utilities, 

effluent disposal, and by-product revenues, contribute between 7% (for limonene) and 18% 

(for ETBE). These results suggest that solvents with a low price, high recovery of lipids from 

algae biomass, and low energy consumption for solvent recovery are key to decreasing the 

MBSP, as evidenced by the results obtained with ETBE. 
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The average MBSP ($8.79 per US gal) falls within the range of prices of algae biodiesel 

reported in previous studies ($4.34 to $14.81 per US gal) (Silva et al., 2013, Lee et al., 2019, 

Heo et al., 2019). These algae biodiesel studies present costs in $ /US gal (Silva et al., 2013) 

or $ /kg (Lee et al., 2019, Heo et al., 2019). To convert costs to $/US gal, a biodiesel density 

of 820 kg/m3 is assumed in this work. The average MBSP found in this study is 2.6 and 2.2 

times higher, respectively, than the minimum selling price of first-generation (e.g. derived from 

soybean (US Department of Energy, 2020), rapeseed (ICIS Chemical Business, 2020c) and 

palm (LMC International, 2020) oils) and second-generation biodiesel (e.g. derived from used 

cooking oil (Greenea, 2020) and tallow (Greenea, 2020)), reported in 2020. Compared to the 

annual average price of fossil diesel reported in 2020 for the US (US Energy Information 

Administration, 2020) ($2.55 per US gal), the average MBSP obtained in this study is around 

3.5 times higher, as shown in Figure 28.  

 

 

Figure 28. Comparison of the average MBSP obtained in this study with the selling price of algae 

biodiesel reported in other studies, first and second-generation biodiesel, and fossil diesel* 

*[Algae biodiesel price of other studies obtained from (Silva et al., 2013, Lee et al., 2019, Heo et al., 2019). 1st 

generation biodiesel price sourced from (US Department of Energy, 2020, ICIS Chemical Business, 2020c, LMC 

International, 2020); 2nd generation biodiesel price sourced from (Greenea, 2020). Fossil diesel price sourced from 

(US Energy Information Administration, 2020) ] 

 

Environmental analysis 

Table 40 presents the environmental sustainability indicators used to evaluate the 

downstream processing of algae biomass with the candidate solvents. The results show trade-

offs across the three performance indicators, as they depend on solvent physicochemical 

properties (i.e., solubility in water, enthalpy of vaporisation, volatility), extraction performance 

(i.e., lipid recovery), and impact on lipid refining and conversion stages.  For example, the SI 

of limonene and cyclohexane are lower than for hexane, with the former being the best-

performing one because the losses in the lipid-extracted algae and evaporation losses (0.26 

kg/h and 0.5 kg/h, respectively) are negligible. This is because limonene has a low solubility 
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in water and low volatility (boiling point 176°C). ETBE, on the other hand, has the highest SI 

from all solvents, including hexane, as its solubility in water is the highest (see Table 29). As 

a result, losses of ETBE in the lipid-extracted algae (around 66 kg/h) are significant. Also, 

ETBE evaporation losses (39 kg/h) are higher than losses estimated for limonene and 

cyclohexane due to ETBE's higher volatility. Although hexane evaporation losses (72.9 kg/h) 

are higher than those for ETBE (because of hexane's lower boiling point at 69°C), the overall 

SI is in favour of hexane due to its low solubility in water.  

 

Table 40. Environmental sustainability indicators for downstream processing of algae biomass with 

the candidate solvents 

Indicator Limonene ETBE Cyclohexane Hexane 

Solvent intensity (SI), (g solvent/kg biodiesel) 79.77 154.76 120.16 122.64 

Energy intensity (EI), (MJ/kg biodiesel) 13.41 7.29 9.14 7.00 

Water consumption (WC), (L/kg biodiesel) 22.26 12.28 15.34 11.81 

 

Figure 29 shows a breakdown of the EI of downstream processing of algae biomass using all 

solvents studied here. None of the candidate solvents outperforms hexane in terms of EI 

because of its low heat of vaporisation and boiling point, which reduces the energy required 

for its recovery in the stripping column. However, the EI using ETBE is 4% higher compared 

to hexane, whilst the use of cyclohexane and limonene increases EI by 30% and 91%, 

respectively, due to the higher energy consumption of downstream stages (see Table 37). 

 

 

Figure 29. Energy intensity of downstream processing with different solvents for lipid extraction 

 

Figure 29 shows that lipid extraction is the most energy-intensive stage of downstream 

processing for all solvents because of the high energy demand for cell disruption and solvent 

recovery. Lipid extraction contributes between 64% (hexane) and 71% (limonene) to the EI of 

downstream processing. In the case of limonene, the contribution of the lipid extraction stage 
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is higher than for the other solvents due to the higher energy needed for limonene evaporation. 

This is followed by the energy consumption of the AD/CHP unit, with an EI contribution ranging 

from 22% (limonene) to 27% (hexane). Lipid refining and conversion, on the other hand, 

contribute with less than 3% and 9%, respectively, for all solvents. It can also be observed 

that the EI for all solvents reduces significantly from the credits obtained from the energy 

produced in the AD/CHP unit, with savings between 48% (limonene) and 64% (hexane).   

 

Similar to EI, none of the candidate solvents outperforms hexane in WC. However, ETBE has 

the closest performance (4% higher than hexane), followed by cyclohexane. Conversely, 

limonene has the highest WC (88% higher than hexane) due to the large demand for cooling 

water in the process, in particular to condense the solvent.  

 

6.1.4 Conclusions 

This study presents for the first time a techno-economic and environmental analysis of algae 

biodiesel production using limonene, ETBE, and cyclohexane, three alternative solvents to 

hexane, for algae lipid extraction. In addition to estimating lipid recovery rates (LR) and the 

minimum biodiesel selling price (MBSP), the solvent intensity (SI), energy intensity (EI) and 

water consumption (WC) indicators are used here to compare the environmental performance 

of the candidate solvents at the downstream processing level for screening purposes.  

 

The COSMO-RS method and the extraction model are used to estimate LR for the candidate 

solvents in the absence of experimental data, and a conceptual design of the downstream 

processing is simulated in Aspen Plus to obtain mass and energy flows to conduct the 

economic and environmental evaluations.  

 

The findings from this work indicate that whilst there is no single candidate solvent that 

outperforms hexane in every criterion considered here, ETBE and limonene are promising 

alternative solvents for lipid extraction and should be explored further. This includes 

generating experimental data for lipid recovery to validate the COSMO-RS predictions 

obtained here. It is also recommended to evaluate their environmental performance on a life 

cycle basis considering a wider range of environmental impacts that effectively captures their 

biobased and less hazardous nature. In this regard, a life cycle assessment study of algae 

biodiesel production using the candidate solvents is currently under development. This is to 

better understand the trade-offs that exist in support of developing more sustainable biofuel 

production processes. Other improvement opportunities worth exploring include alternative 

cell disruption technologies, as this is the most energy-intensive stage in lipid extraction. 
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Supporting Information 

The Supporting information (SI) includes the following: 1) binary interaction parameters for the 

systems solvent-water and oleic acid-methyl oleate-methanol-water-glycerol employed in the 

process simulation; 2) equations of the solvent extraction model; 3) glycerolysis and 

transesterification reactions kinetic data and mass and energy flows of the downstream 

processing; 4) operating conditions of the anaerobic digestion of lipid-extracted algae; 5) heat 

integration results (process stream tables); 6) details of the economic analysis (capital and 

operating costs calculation, and cash flow analysis); 7) details for the calculation of the 

environmental sustainability indicators. The SI is found in the following link: 

https://pubs.acs.org/doi/10.1021/acs.iecr.2c03016  

https://pubs.acs.org/doi/10.1021/acs.iecr.2c03016
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6.2 Life cycle assessment 

 

Life cycle environmental evaluation of alternative solvents applied 

in algae lipid extraction – The case of algae biodiesel 

Santiago Zapata-Boada†, María Gonzalez-Miquel†,‡, Megan Jobson†, and Rosa M. Cuéllar-

Franca†* 
† Department of Chemical Engineering and Analytical Science, The University of Manchester, 

Manchester, United Kingdom 
‡ Departamento de Ingeniería Química Industrial y del Medio Ambiente, Universidad Politécnica de 

Madrid, Madrid, Spain. 

 

* Corresponding author 

E-mail: rosa.cuellarfranca@manchester.ac.uk  

 

Abstract 

Lipid extraction is regarded as a major bottleneck in industrial-scale production of algae 

biodiesel because of the use of hazardous solvents, energy-intensive operations for cell 

disruption and solvent recovery. This study uses life cycle assessment (LCA) to evaluate the 

environmental impacts and primary energy demand (PED) of algae biodiesel production from 

‘cradle to grave’, focusing for the first time on alternative solvents used for lipid extraction, and 

to identify opportunities for process design improvements. The alternative solvents – 

limonene, ethyl tert-butyl ether (ETBE), and cyclohexane – are considered alongside hexane, 

the benchmark solvent. The ReCiPe method is used to estimate 18 midpoint environmental 

impacts of ’the production and combustion of 1 MJ of algae biodiesel’. For example, the CC is 

estimated at 94 – 101 g CO2 eq./MJ and 1.59 – 1.65 MJ/MJ, with ETBE and cyclohexane 

having the lowest CC and PED, respectively, and limonene presenting the highest CC and 

PED, which is around 2-10% higher compared to hexane. Lipid extraction is identified as the 

main hotspot in downstream processing due to the high energy consumption for cell disruption 

(i.e., high-pressure homogenization) and solvent recovery. The use of an acid pretreatment 

for cell disruption can reduce 11 out of 18 environmental impacts and PED of algae biodiesel 

for all solvents including hexane. For instance, the total CC and PED is reduced by 7% and 

10%, respectively. Although this approach is demonstrated to an algae biodiesel production 

process, this can be applied to other extraction applications to improve their environmental 

sustainability. 

 

Keywords: Life cycle assessment; Solvent extraction; Sustainability; Process simulation; 

Biorefinery. 
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6.2.1 Introduction 

The growing environmental concerns and the prospect of irreversible climate change highlight 

the need for the rapid transformation from a fossil-based economy to a biobased one, in which 

sustainable biorefineries that process biomass into a spectrum of biobased products and 

bioenergy play a vital role (Yang et al., 2021). Separation and purification of the biomass 

components and product streams, and their full integration with the overall process, can be 

the most significant factor influencing the success of biorefineries, thus ensuring their viability 

both economically and environmentally (Segovia-Hernández and Sánchez-Ramírez, 2022). 

Solvent extraction plays a vital role among the existing separation technologies and has 

demonstrated many advantages compared to other separation technologies, such as 

distillation (Bokhary et al., 2020).  

 

Over the past decade, algae-derived biofuels have become widely researched (Solis et al., 

2021, Tang et al., 2020, Davis et al., 2020), as algae offer several advantages compared to 

other renewable feedstock (food crops and waste biomass), including higher productivity, 

higher lipid content, and non-conventional cultivation techniques (e.g. use of non-arable land, 

saline or wastewater). In addition, algae have the potential to produce high-value co-products 

(Cruce and Quinn, 2019). However, the extraction of lipids from algae biomass is an energy-

intensive process, which continues to be an industrial-scale production challenge (Richardson 

et al., 2014, Gifuni et al., 2019). Organic solvents such as hexane (derived from fossil 

resources) are commonly used in lipid extraction processes, and their use has given rise to 

various environmental and safety issues. This is primarily because of the high energy 

requirement for their recovery (Martin, 2016), the high losses due to their volatility and safety 

concerns due to their toxic and flammable nature (Kerton and Marriot, 2013). Moreover, 

biomass pretreatment is needed to disrupt the algae cells and promote solvent access to 

intracellular lipids to increase lipid recovery. Current cell disruption methods, such as high-

pressure homogenisation, are energy-intensive, thus limiting the environmental sustainability 

of algae biodiesel production (Vasistha et al., 2021).  

 

In an effort to address some of the issues associated with the use of conventional organic 

solvents, alternative solvents have been proposed for algae lipid extraction, including less 

volatile organic solvents, e.g., cyclohexane (Zapata-Boada et al., 2022a), and biobased 

solvents, e.g., limonene (Dejoye Tanzi et al., 2012) and ETBE (Zapata-Boada et al., 2022a), 

that potentially present advantages over hexane, such as higher lipid recovery rates, lower 

toxicity, and production from renewable feedstock. Such advantages have been demonstrated 

in previous experimental (de Jesus and Filho, 2020) and modelling (Préat et al., 2020) studies 

of algae lipid extraction, including lower health, safety and environmental (HSE) hazards, 
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energy consumption and production costs. Although some of these alternative solvents can 

be produced from renewable feedstock (Wan Mahmood et al., 2017), their environmental 

sustainability should be determined on a life cycle basis and quantified using environmental 

management tools such as life cycle assessment (LCA) (International Organization for 

Standardization, 2006a). This is to estimate the environmental impacts associated with their 

production, application and disposal at their end of life, and to avoid burden-shifting, e.g., 

mitigating one environmental impact at the expense of another (Kleinekorte et al., 2020). For 

example, biomass cultivation may require the use of fertilisers, fresh water and lead to land 

use change, i.e., transformation into arable land (Ögmundarson et al., 2020).  

 

Previous LCA studies (Passell et al., 2013, Zapata-Boada et al., 2021, Dutta et al., 2016) have 

evaluated the environmental impacts of algae biofuels and identified lipid extraction with 

hexane as a hot spot across the processing stages due to the high energy demand of 

mechanical cell disruption and solvent recovery operations. For example, lipid extraction with 

hexane was found to be the main hotspot in algae biofuel production, contributing 94% to the 

total greenhouse gas emissions and 84% to fossil energy consumption (Dutta et al., 2016). 

Hexane was also identified as a significant contributor to human toxicity and photochemical 

oxidant formation, given its high evaporation losses (Zapata-Boada et al., 2021). As far as the 

authors are aware, no other solvents have been evaluated for lipid extraction. These studies 

have applied LCA as an a posteriori tool to evaluate a "fixed" process configuration without 

implementing and testing any opportunities for improvement resulting from the hotspot 

analysis, thus limiting the advancement of such process. Alternatively, the combination of LCA 

and process design over several iterations can assist in developing more sustainable 

processes (Kleinekorte et al., 2020, Mahmud et al., 2021).  

 

This study evaluates for the first time the environmental sustainability of algae biodiesel 

production using limonene, ethyl tert-butyl ether (ETBE) and cyclohexane, as alternative 

solvents to hexane, for lipid extraction. These solvents were selected following the findings 

from our previous study that demonstrated their higher selectivity to algae lipids, while being 

less volatile and hazardous (Zapata-Boada et al., 2022a). The aim is to determine their 

environmental performance and contributions at a process-level and to identify opportunities 

for process design improvements with a focus on downstream processing.  

 

The study follows an iterative approach where process design and simulation tools are 

combined with LCA to implement and evaluate such improvements, and to demonstrate the 

application of LCA as a sustainable process design tool. The findings from this work will help 

understand the advantages and limitations of using alternative solvents in extraction 
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processes from a life cycle environmental sustainability perspective. The following section 

discusses the methodology, including the inventory data for algae biodiesel production with 

the alternative and benchmark solvents. Then, the LCA results are presented, including the 

hotspots in the processing stages and the proposed improvements in the lipid extraction 

process design via sensitivity analysis. Finally, conclusions and recommendations for future 

work are presented. 

 

6.2.2 Methodology 

The environmental sustainability of the process was evaluated using the LCA methodology, 

following the ISO 14040/44 guidelines (International Organization for Standardization, 2006a). 

The LCA modelling of the process has been carried out using the GaBi v9.5 LCA software 

(Thinkstep, 2019), and Aspen Plus v8.8 simulation software has been used for the process 

design work. The goal and scope of the study, inventory data and impact assessment 

considerations are described in the next sections. 

 

6.2.2.1 Goal and scope 

The main goal of this study is to estimate the life cycle environmental impacts of the production 

and combustion of algae biodiesel using three alternative solvents for lipid extraction, and to 

improve the downstream process, which is the focus of this study. The latter, which will be 

presented in a sensitivity analysis, involves identifying opportunities for improvement via 

hotspot analysis, followed by a second iteration considering the implemented changes via 

process design. Hexane has also been considered here for reference. The system boundaries 

are presented in Figure 30, which are from 'cradle to grave', including biodiesel production, 

i.e., upstream processing (algae cultivation and harvesting) and downstream processing (lipid 

extraction, refining and conversion), and combustion. The production of the solvents has also 

been considered in this study.  

 

 

Figure 30. System boundaries considered in this study for the production and combustion of algae 

biodiesel*. 

*Please refer to our previous study (Zapata-Boada et al., 2022b) for a complete description of the process. 
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The functional unit is defined as "the production and combustion of 1 MJ of biodiesel", which 

is equivalent to 0.027 kg of biofuel considering a calorific value of 37 MJ/kg (Zapata-Boada et 

al., 2021). The system is modelled for the continuous production of 10,000 t/year of biodiesel 

that meets quality specifications (ASTM International, 2019) from the algae strain 

Nannochloropsis salina. The biodiesel facility is assumed to be located in the south of the U.S. 

due to the favourable climate conditions for algae growth (National Alliance for Advanced 

Biofuels and Bioproducts, 2014). 

 

6.2.2.2 Inventory data and assumptions 

The inventory data for the production and combustion of algae biodiesel are presented in 

Table 41 to 44. The data have been sourced from literature (Zapata-Boada et al., 2022b, Davis 

et al., 2018, Koornneef et al., 2008, Pehnt and Henkel, 2009), the Ecoinvent database V3.5 

(Ecoinvent, 2019), and in the case of the improved design, from Aspen Plus simulations. As 

the solvent limonene was not available in the Ecoinvent database, the environmental impacts 

of its production were estimated as part of this study. The construction of the facilities has 

been excluded as their contributions have been reported as negligible in past studies (Tu et 

al., 2017, Frank et al., 2011).  

 

Each activity in the life cycle of algae biodiesel is described in detail over the next sections, 

including the assumptions made. 

 

Table 41. Inventory for the production of algae biodiesel using different solvents (per MJ of algae 

biodiesel) 

Life cycle 

stage 

Material Unit Limonene ETBE Cyclohexane Hexane Data Source 

CO2 capture 

and injection 

MEA g/MJ 0.473 0.475 0.479 0.478 Pehnt and 

Henkel (2009) 

Davis et al. 

(2018) 

Water l/MJ 4.19 4.21 4.25 4.24 Ecoinvent 

(2019) 

Cultivation 

and 

harvesting 

CO2 g/MJ 231.70 232.97 234.70 234.28 

Davis et al. 

(2018) 

Ammonia g/MJ 0.979 0.986 0.991 0.990 

Diammonium 

phosphate 

g/MJ 0.667 0.671 0.676 0.674 

Lipid 

extraction 

Algae biomassa  g/MJ 92.94 93.43 94.15 93.97 
Zapata-Boada 

et al. (2022b) 
Fresh solvent  g/MJ 0.43 2.45 1.33 1.67 

Cooling water g/MJ 272.49 154.25 195.24 151.15 

Lipid refining 

Lipids extracted g/MJ 28.55 28.54 28.72 28.42 
Zapata-Boada 

et al. (2022b) 
Glycerol make-up g/MJ 3.85 2.05 2.10 2.06 

Cooling water g/MJ 26.39 6.71 5.63 3.91 

Lipid 

conversion 

Lipids refined g/MJ 27.47 27.47 27.46 27.46 

Zapata-Boada 

et al. (2022b) 

Methanol make-up g/MJ 2.97 2.99 2.99 2.99 

NaOH g/MJ 0.317 0.318 0.318 0.318 

Cooling water g/MJ 29.54 20.37 26.65 19.24 

AD/CHP 
Lipid-extracted 

algae 

g/MJ 438.26 441.91 443.97 443.09 Zapata-Boada 

et al. (2022b) 
a Dry weight 
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Table 42. Energy consumption for the production of algae biodiesel using different solvents (per MJ 

algae biodiesel) 

Life cycle stage Energy source Unit Limonene ETBE Cyclohexane Hexane Data Source 

CO2 capture and 

injection 

Coal power 

plant 

kJ/MJ 156.92 157.75 158.96 158.66 Davis et al. 

(2018) 

Cultivation and 

harvesting 

Electricity from 

US grid 

kJ/MJ 134.51 135.22 136.25 135.99 Davis et al. 

(2018) 

Lipid extraction 

Heat from 

natural gas 

kJ/MJ 254.51 132.68 167.66 126.42 

Zapata-Boada 

et al. (2022b) Electricity from 

US grid 

kJ/MJ 60.56 61.03 61.37 61.69 

Lipid refining 

Heat from 

natural gas 

kJ/MJ 2.86 1.96 16.18 2.03 

Zapata-Boada 

et al. (2022b) Electricity from 

US grid 

kJ/MJ 0.160 0.145 0.146 0.148 

Lipid conversion 

Heat from 

natural gas 

kJ/MJ 36.65 36.24 25.13 36.46 

Zapata-Boada 

et al. (2022b) Electricity from 

US grid 

kJ/MJ 0.137 0.135 0.138 0.136 

AD/CHP 

Heat from 

natural gas 

kJ/MJ 52.66 52.80 53.35 53.23 

Zapata-Boada 

et al. (2022b) Electricity from 

US grid 

kJ/MJ 20.35 20.40 20.61 20.56 

Heat produced kJ/MJ -101.53 -101.80 -102.86 -102.62 
Zapata-Boada 

et al. (2022b) 
Electricity 

produced 

kJ/MJ -71.07 -71.26 -72.00 -71.83 

 

 

Table 43. Co-products, waste and emissions for the production of algae biodiesel using different 

solvents (per MJ algae biodiesel) 

Life cycle 

stage 

Type of Product, 

Waste, Emission 

Unit Limonene ETBE Cyclohexane Hexane  Data Source 

CO2 capture 

and injection 

MEA mg/MJ 2.78 2.80 2.82 2.81 Pehnt and Henkel 

(2009), Koornneef et 

al. (2008) 

CO2 g/MJ 0.116 0.116 0.117 0.117 Ecoinvent (2019) 

CH4  g/MJ 0.459 0.462 0.466 0.465 Koornneef et al. 

(2008) 

Wastewater  l/MJ 4.19 4.22 4.25 4.24 Ecoinvent (2019) 

Cultivation 

and 

harvesting 

CO2 released 

from pondsa 

g/MJ 62.03 62.36 62.83 62.72 Davis et al. (2018) 

Lipid 

extraction 

Solvent 

evaporation 

losses 

g/MJ 0.05 0.89 1.28 1.65 Zapata-Boada et al. 

(2022b) 

Lipid refining Wastewater g/MJ 3.16 1.29 1.36 1.31 Zapata-Boada et al. 

(2022b) 

Lipid 

conversion 

Glycerol g/MJ 3.34 3.42 3.41 3.43 Zapata-Boada et al. 

(2022b) Wastewater g/MJ 0.41 0.34 0.32 0.32 

AD/CHP 

AD effluent g/MJ 348.29 352.11 352.82 352.14 

Zapata-Boada et al. 

(2022b) 

Ammonia in 

effluent 

g/MJ 0.880 0.882 0.891 0.889 

Diammonium 

phosphate in 

effluent 

g/MJ 0.262 0.263 0.266 0.265 

Digestate cake g/MJ 47.80 48.34 48.42 48.33 

Flue gas g/MJ 26.91 26.98 27.26 27.29 

CO2 in flue gas g/MJ 17.38 17.43 17.61 17.57 
a Biogenic carbon 
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Biodiesel production – Upstream processing  

The inventory data for upstream processing are presented in Table 41 to 43 and were obtained 

from Davis et al. (2018), Koornneef et al. (2008), and Pehnt and Henkel (2009). The mass and 

energy flows presented in these studies were converted to kg/MJ biodiesel and MJ/MJ 

biodiesel, respectively, by using the annual biodiesel production and calorific value (a sample 

calculation is presented in Section 1 of the Supporting Information (SI)). Note that the inventory 

data differs for each solvent, as the biodiesel flowrate and composition depend on the 

performance of each solvent (Zapata-Boada et al., 2022b). The algae are considered to be 

grown in open pond systems (i.e., paddlewheel-driven raceways) due to their simplicity and 

low operating costs (Handler et al., 2014). The cultivation ponds are assumed to be located 

on degraded land with negligible land change burdens (Stephenson et al., 2010), and the 

water is sourced directly from the sea as the selected algae strain requires saline water. The 

fertilisers diammonium phosphate and ammonia are added to the cultivation ponds to promote 

algae biomass growth up to a concentration of 0.5 g/L (Davis et al., 2018). A pure stream of 

CO2, assumed to be captured from a coal-fired power plant via post-combustion using 

monoethanolamine (MEA), is fed to the cultivation ponds (Davis et al., 2018). The energy 

penalty for capturing and injecting the CO2 is also obtained from Davis et al. (2018). The CO2 

emitted from the cultivation ponds is considered biogenic carbon following CO2 accounting 

methodologies of algae biofuels (Fisher et al., 2007, Davis et al., 2018).  

 

The algae biomass is collected at the harvesting stage, which consists of a series of 

operations, i.e., gravity settling and centrifugation, to concentrate the biomass from 0.5 to 200 

g/L (Davis et al., 2016). The dry weight content (DW) of the harvested algae biomass is taken 

as 20% (Davis et al., 2014), of which 30% are lipids (i.e., triglycerides and free fatty acids), 

and 70% are proteins and carbohydrates (Yao et al., 2015). The power demand for cultivation 

(excluding CO2 capture) and harvesting is obtained from the literature (Davis et al., 2018).  

 

Biodiesel production – Downstream processing  

The inventory data for the lipid extraction (including cell disruption and solvent requirements), 

refining, and conversion to biodiesel stages, and the anaerobic digestion and combined heat 

and power (AD/CHP) unit were obtained from own process simulations using Aspen Plus and 

reported in a previous work (Zapata-Boada et al., 2022b). A sample calculation is presented 

in Section 1 of the SI. The lipid extraction stage includes a high-pressure homogeniser for cell 

disruption, a mixer-settler unit for lipid extraction, and a distillation column for solvent recovery. 

The high-pressure homogeniser, which is a mechanical method, was selected because is the 

conventional method for large-scale cell disruption (Grima et al., 2013), and an alternative cell 

disruption method is considered in a sensitivity analysis. It is assumed that 99.5 wt% of solvent 
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is recovered in the distillation unit. Limonene is a biobased solvent derived from citrus waste, 

while ETBE is produced from bioethanol and fossil-based isobutylene. Cyclohexane and 

hexane, on the other hand, are fully derived from fossil resources. The environmental impacts 

of their production have been sourced from the Ecoinvent database V3.5 (Ecoinvent, 2019), 

except for limonene, as it is currently unavailable in the database. Therefore, limonene impacts 

have been estimated as part of this study.  

 

The refining stage comprises a reactor, where the free fatty acid content of the extracted lipids 

is reduced to less than 1% wt. (Canakci and Van Gerpen, 1999) with an esterification reaction 

with glycerol, and a three-phase separator used for glycerol recovery. The refined lipids are 

converted to biodiesel with an alkali-based transesterification reaction with methanol, 

achieving 99% conversion (Zapata-Boada et al., 2022b). Finally, methanol is recovered by 

distillation, and the biodiesel product is purified (e.g., removal of catalyst, glycerol, and 

methanol) in a three-phase separator. Only a fraction of the raw glycerol can be recycled to 

the lipid refining process (Zapata-Boada et al., 2022b) due to purity restrictions in the refining 

stage; however, this decreases the need for glycerol make-up.  

 

Lipid-extracted algae and the remaining raw glycerol are sent to the AD/CHP unit for 

treatment. Diammonium phosphate and ammonia, which can be used as nutrients, are 

recovered in the AD effluent and digestate cake streams, and heat and power are generated 

from the biogas (methane). The nutrients are recycled to the cultivation ponds and assumed 

to displace an equivalent amount of nitrogen and phosphorus from mineral origin based on 

their bioavailability. A sample calculation is presented in Section 1 of the SI. The heat and 

power generated in the AD/CHP unit (Zapata-Boada et al., 2022b) are assumed to supply part 

of the energy requirements of the process, thus displacing the equivalent amounts of natural 

gas and electricity from the U.S. grid (US Energy Information Administration, 2019).  

 

Biodiesel combustion 

Table 44 summarises the inventory data for the combustion of algae biodiesel. Algae biodiesel 

is usually blended with fossil diesel to fuel an internal combustion engine. However, this study 

only considers emissions associated with the combustion of 1 MJ of algae biodiesel, as the 

contributions from the production and combustion of fossil diesel fall outside the scope of this 

study. The combustion emissions for fossil diesel (Argonne National Laboratory, 2019) are 

used here, as assumed in Stephenson et al. (2010), due to a lack of other data. As CO2 

emissions are biogenic, these are excluded from the LCA model. Biodiesel transportation from 

the plant to the distribution network is excluded as its contributions are negligible (Tu et al., 

2017).  
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Table 44. Emissions from combustion of 1 MJ of algae biodiesel (Argonne National Laboratory, 2019) 

Compound Unit Quantity 

Black carbon (soot) mg/MJ 0.42 

Carbon dioxide (CO2)a g/MJ 71.28 

Carbon monoxide (CO) g/MJ 0.74 

Methane (CH4) mg/MJ 27.46 

Nitrogen oxides (NOx) mg/MJ 34.75 

Nitrous oxide (N2O) mg/MJ 0.17 

Particulate matter PM10 mg/MJ 6.22 

Particulate matter PM2.5 mg/MJ 2.57 

Volatile organic compound (VOC) mg/MJ 30.60 
     a Biogenic carbon. 

 

Alternative cell disruption method 

Acid pretreatment with sulphuric acid, a chemical method for cell disruption, is considered 

here as an alternative to the high-pressure homogeniser. The inventory data were obtained 

from process simulations using Aspen Plus v8.8 and consisted of a new simulation of the 

downstream processing stages, where the alternative cell disruption was combined with the 

lipid extraction using limonene, cyclohexane, ETBE and hexane, refining and conversion steps 

described in previous sections, following the methodology proposed in our previous work 

(Zapata-Boada et al., 2022b). The mass and energy flows obtained from the process 

flowsheet, and the inventory data can be found in Section 2 of the SI.  

 

This cell disruption method requires 40 mg of sulphuric acid for every g of dry biomass (Davis 

et al., 2014), which is added to the wet algae biomass (20% dry weight) in a reactor operating 

at 120°C and 200 kPa, and a residence time of 1 h (Czartoski et al., 2012). The power 

consumption for agitation was assumed at 2 kW/m3 (Towler and Sinnott, 2020). The 

neutralisation step was excluded here due to the low acid loading.  

 

The life cycle inventory data for all background systems have been sourced from the Ecoinvent 

database V3.5 (Ecoinvent, 2019). These include electricity generation systems, utilities 

(natural gas for heating), chemicals production (solvents, MEA, fertilisers, methanol, NaOH, 

glycerol, acid), and wastewater treatment. Grid electricity is modelled using the average U.S. 

electricity mix for 2019 (US Energy Information Administration, 2019), as described in Section 

3 in the SI. The inventory data for the quantification of the environmental impacts of limonene 

production are given in the next section.  

 

Production of Limonene 

The environmental impacts of the production of "1 kg of limonene" from citrus waste were 

calculated assuming the citrus waste is "burden-free", i.e., it does not have associated 

environmental impacts, as previously considered by Santiago et al. (2020). A 'cradle to gate' 
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approach is adopted, and it is assumed that the plant is located in the U.S. Limonene is 

assumed to be extracted via cold pressing (Santiago et al., 2020), as shown in Figure 31, and 

the inventory data for the production of limonene are given in Section 4 of the SI. 

 

 

Figure 31. System boundaries considered in this study for the production of limonene from citrus 

waste 

 

The citrus waste (CW), previously sun-dried to reduce its water content from 85% to 10% w/w 

(Zema et al., 2018), is pre-treated in a crusher to reduce its size, followed by a cold pressing 

method to extract limonene (Santiago et al., 2020). The outlet liquid stream is centrifuged to 

remove the citrus peel and then sent to a decanter to separate limonene from water. The solid 

stream from the extraction process is fed to an anaerobic digestion reactor to produce biogas 

and digestate. The biogas, with an energy content of 23 MJ/Nm3 (Swedish Gas Technology 

Centre Ltd, 2012), is assumed to be combusted to supply the heating requirements of the 

anaerobic digestion unit (Santiago et al., 2020), and the remaining heat displaces an 

equivalent amount of natural gas. The digestate, rich in nitrogen and phosphate, is assumed 

to replace mineral fertilisers (diammonium phosphate) (Pourbafrani et al., 2013). A 

bioavailability of nitrogen and phosphorus of 40% is assumed (Davis et al., 2014), which can 

be recovered and used as fertiliser. The construction of the limonene extraction plant is 

excluded from this study due to its negligible contributions (Santiago et al., 2020).  

 

6.2.2.3 Life cycle impact assessment 

The ReCiPe 2016 V1.1 impact assessment method (Huijbregts et al., 2017) is used to 

estimate the following 18 midpoint environmental impacts: climate change (CC); fossil 

depletion (FD); freshwater consumption (FC); freshwater eutrophication (FE); freshwater 

ecotoxicity (FET); human toxicity, cancer (HTC); human toxicity, non-cancer (HTNC); ionising 



194 
 

radiation (IR); land use (LU); metal depletion (MD); marine eutrophication (ME); marine 

ecotoxicity (MET); ozone depletion (OD); particulate matter formation (PMF); photochemical 

oxidants formation, ecosystems (POFE); photochemical oxidants formation, human health 

(POFH); terrestrial acidification (TA); terrestrial ecotoxicity (TET). Primary energy demand 

(PED) is also estimated following the method available in GaBi v.9.5 (Thinkstep, 2019).  

 

6.2.3 Results and Discussion 

This section presents and discusses the environmental impacts of the production and 

combustion of algae biodiesel using different solvents. The results are first discussed at the 

overall system level, followed by the downstream processing, which is the focus of this study, 

including the production of the solvents. The results are then compared with other relevant 

LCA studies for validation. Finally, the findings from combining LCA with process design 

following the hotspot analysis are presented in a sensitivity analysis.  

 

6.2.3.1 Environmental impacts 

In the next sections, the climate change (CC) and primary energy demand (PED) results are 

discussed first, as these are relevant metrics for evaluating biofuels as these can be directly 

compared with previously reported values in literature (Stephenson et al., 2010, Zaimes and 

Khanna, 2013, Passell et al., 2013, Gnansounou and Kenthorai Raman, 2016, Mu et al., 2017, 

Borkowski et al., 2012, Shirvani et al., 2011, Gupta and Shastri, 2022, Adesanya et al., 2014, 

Collet et al., 2014). This is followed by the other environmental impacts.. 

 

Algae biodiesel production and consumption 

The total CC and PED results are presented in Figure 32, and as shown, the CC is estimated 

at 92 – 101 g CO2 eq./MJ and 1.5 – 1.65 MJ/MJ, with hexane having the lowest and limonene 

the highest CC and PED, respectively. While using alternative solvents leads to higher CC 

and PED relative to hexane, such an increase is less than 10%.  

 

The large majority (>70%) of the impacts are dominated by upstream activities within the 

production stage, as CO2 capture and injection and algae cultivation and harvesting are highly 

energy-intensive. As mentioned in the inventory section, a coal-fired power plant was assumed 

to supply the energy for CO2 capture and injection, and this involves significant environmental 

impacts caused by coal mining, processing, and burning (Koornneef et al., 2008). Downstream 

processing contributes 17-24% for CC and 27-32% for PED, and the differences are directly 

linked to the choice of solvent used for lipid extraction. For example, the CC and PED of 

limonene production are 15 and 6 times higher than hexane, respectively (see Figure S9 in 

the SI), and the recovery is more energy intensive. The next section discusses the 
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downstream processing contributions in more detail. The combustion stage, on the other hand, 

contributes less than 1% to CC for all cases due to the biogenic nature of algae biodiesel. The 

resulting savings from displacing part of the natural gas, electricity, and mineral fertilisers 

requirements from waste valorisation (see Figure 30) decrease the total CC by 13-15% and 

PED by 15-17%, as shown in Figure 32.  

 

 

Figure 32. Climate change (CC) and Primary Energy Demand (PED) of the production and combustion 

of 1 MJ of algae biodiesel*  

*[The net values (impacts from production and combustion minus avoided burdens due to credits generated in 

AD/CHP unit) are shown in red; The PED values have been scaled to fit; multiply the values by the factor given on 

the x-axis to obtain the actual values] 

 

The results for the other environmental impacts are presented in Figures S3 and S4 in the SI. 

As shown in the Figures, the impact categories FD, FE, FET, HTC, HTNC, MET, PMF, TA and 

TET are not affected by the solvent used in downstream processing. However, using limonene 

can reduce FC, MD, POFE and POFH by 7-66% relative to hexane because of its lower 

volatility and the environmental credits in limonene production. Such credits result from the 

displacement of natural gas and mineral fertilisers resulting from the anaerobic digestion of 

citrus waste (see Figure S11 in the SI).  

 

Similarly, ETBE reduces POFE and POFH by 57-68% relative to hexane because of its low 

evaporation losses (see Table 43). The use of hexane and cyclohexane, on the other hand, 

showed better performance than limonene for IR, LU, ME and OD (which are 26-189% lower) 

and ETBE for FC, LU, ME and OD (which are 49-307% lower). This is because of the higher 

energy consumption for limonene and ETBE production and recovery, and the need for land 

and fertilisers to grow their biobased precursors, which increases the impacts LU and ME. 
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Similar to CC, the contribution from upstream processing dominates the large majority (60-

96%) of the total impacts, with POFE and POFH being the exception when using hexane and 

cyclohexane, LU when using limonene and ETBE, and ME and OD when using ETBE. In these 

cases, downstream processing contributes between 49-73% to the total impacts. Downstream 

processing contributes 4-40% for the rest of the impacts. The combustion stage contributes 

between 4-17% to OD, PMF, POFE, POFH and TA only, as these impacts are affected by the 

compounds emitted to air (see Table 44). Finally, the resulting savings from displacing some 

natural gas, electricity, and mineral fertilisers help decrease the total impacts by 5-72%. The 

effects and direct contributions from the choice of solvent used for lipid extraction are analysed 

and discussed over the next sections. 

 

Downstream processing stages 

According to Figure 33(a), the CC impact of the downstream processing is estimated at 19 – 

28 g CO2 eq./MJ, and the PED is calculated at 0.48 – 0.63 MJ/MJ. As can be observed, lipid 

extraction is the main hotspot in downstream processing, as it contributes 77-81% to CC and 

72-77% to PED. This is mostly due to cell disruption and solvent recovery, as shown in Figure 

33(b), which are energy-intensive operations. Lipid extraction with limonene results in the 

highest CC and PED of downstream processing due to the energy needed for its recovery 

(i.e., high boiling point and heat of vaporisation). Hexane leads to the lowest CC and PED 

observed for the downstream processing, as the production and recovery of this solvent is 

less energy-intensive compared to the other solvents, as shown in Figure 33(b).  

 

Lipid conversion contributes 15-22% to CC and 21-27% to PED. The production and 

consumption of methanol and NaOH, as well as energy for methanol recovery, are the main 

drivers for lipid conversion impacts. Finally, the lipid refining stage contributes between 1-6% 

to the CC and PED of downstream processing for all solvents, and the processing option with 

limonene has the highest contribution due to the need for a higher glycerol make-up (see 

Table 41), given the glycerol losses in the refining stage (Zapata-Boada et al., 2022b). 

 

The results for the other environmental impacts are presented in Figures S5-S6 in the SI. As 

these Figures show, the impact categories FD, FE, FET, HTNC, MET and PMF are not 

significantly affected by the solvent used in the lipid extraction stage, showing variations of -

14 - 40% with respect to hexane. Limonene and ETBE significantly increase LU, ME and OD 

(these are between 2 and 17 times higher compared to hexane), and reduce POFE and POFH 

by 81-92% relative to hexane. Cyclohexane also reduces POFE and POFH by 38-41% with 

respect to hexane. The use of limonene increases IR by 61% and ETBE increases FC, HTC, 

and TA by 43-393%, with respect to hexane, while limonene also reduces FC, MD and TET 



197 
 

by 46-345%. The use of land and fertilisers required for the production of the biobased 

precursors and reagents are responsible for the observed increases, while their lower 

volatilities have an added benefit, respectively (see Figures S7 and S8 in the SI for a 

breakdown of the lipid extraction stage).  

 

 

(a)

 

(b) 

Figure 33. Climate change (CC) and Primary Energy Demand (PED) for algae biodiesel production 

with candidate solvents (a) downstream processing; (b) lipid extraction process 

 

It is also observed from Figures S5 and S6 that the contribution from the lipid extraction 

process dominates the large majority (54-99%) of the total impacts, except FC, LU, MD, ME, 
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OD, and TET when using limonene. This is mainly due to the environmental credits obtained 

from the displacement of mineral fertilisers (see Figure S11 in the SI). Lipid refining is a 

significant contributor to FC, LU, ME, OD and TET when using limonene, as it accounts for 

35-83% of the impacts due to the higher glycerol make-up requirements (see Table 41). 

Glycerol production results in halogenated organic and pesticides emissions to fresh water, 

air, and agricultural soil, affecting these impact categories (Ecoinvent 3.5 dataset 

documentation). For the rest of the impacts and solvents, this stage can be considered a minor 

contributor (1-6%). Lipid conversion is a second hotspot for FD, FC, FE, FET, HTC, HTNC, 

MD, MET, OD, PMF, TA and TET, as it accounts for 10-44% of the impacts for all solvents, 

except ETBE in the case of FC. This is mostly because of the production and consumption of 

methanol, responsible for methane, nitrogen oxides, and sulphur oxides emissions (Chen et 

al., 2019), and the energy required for its recovery in the conversion stage.  

 

Solvent production 

The environmental impacts of solvent production, estimated per kg of solvent, are presented 

in Figures S9 and S10 in the SI. As can be observed in these Figures, limonene has the 

highest impacts for CC, PED, FD, FE, HTC, IR, POFE and POFH. For example, the CC is 

estimated at 9.2 kg CO2 eq./kg limonene and the PED at 237.8 MJ/kg limonene, which are 14 

and 5 times higher than those of hexane, respectively. This is because of the energy-intensive 

cold-pressing unit used to extract limonene from citrus waste. As Figure S11 in the SI shows, 

electricity consumption accounts for the large (>95%) majority of the impacts across all 

categories. Alternative pathways and feedstock for the production of limonene should be 

explored in an effort to supply this renewable solvent in a more environmentally sustainable 

way. Examples of recent developments include microbial production via aerobic fermentation 

of molasses (Sun et al., 2020) and the use of cardboard residues from the pulping process 

(Helmdach et al., 2017). However, it is recommended that a life cycle approach is followed 

when developing new processes to avoid burden shifting.  

 

ETBE presents the highest impacts for FC, LU, MD, ME, and OD, which, compared to hexane, 

are 2 ‒ 96 times higher. The reasons for this are the energy-intensive production of the 

precursors (bioethanol and isobutylene). It is also assumed that bioethanol is produced from 

rye, a first-generation feedstock, which uses land, fertilisers, and irrigation water (Ecoinvent 

3.5 dataset documentation). Hence, the use of second-generation bioethanol, e.g., from 

agricultural residues or municipal solid waste, should be considered (Jeswani et al., 2020). 

Intensified processes, such as the use of reactive dividing wall columns (Babaie and Nasr 

Esfahany, 2021), should also be explored to minimise the energy consumption of solvent 

production. The results for FET, HTNC, MET, PMF, TA and TET are the highest for 
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cyclohexane, ranging from 78-214% higher compared to hexane. This is because 

cyclohexane is produced via catalytic hydrogenation, an energy-intensive process, and uses 

benzene, a toxic chemical, as a precursor (Ecoinvent 3.5 dataset documentation). 

 

Hexane production has the lowest impacts in ten categories (CC, PED, FD, FE, FET, HTC, 

IR, ME, POFE, and POFH) as this is a co-product of naphtha fractionation (Ecoinvent 3.5 

dataset documentation), while limonene has the lowest impacts on the remaining eight (FC, 

HTNC, LU, MD, MET, PMF, TA, TET), which mostly resulted in net negative impacts because 

of the displacement of natural gas and mineral fertilisers from citrus waste treatment (see 

Figure S11 in the SI). 

 

6.2.3.2 Comparison with other studies 

Figure 34 presents a comparison of the CC and PED impacts estimated in this study for algae 

biodiesel (average values for all solvents only) with those reported in previous LCA studies 

(Stephenson et al., 2010, Zaimes and Khanna, 2013, Passell et al., 2013, Gnansounou and 

Kenthorai Raman, 2016, Mu et al., 2017, Borkowski et al., 2012, Shirvani et al., 2011, Gupta 

and Shastri, 2022, Adesanya et al., 2014, Collet et al., 2014) and fossil diesel (Ecoinvent, 

2019, Argonne National Laboratory, 2019). The system boundaries are from 'cradle to grave', 

and the functional unit of "the production and combustion of 1 MJ of fuel" was used as the 

fuels have different energy content.  

 

As shown in Figure 34, the CC and PED of algae biofuels reported in previous studies range 

from 19 ‒ 280 g CO2 eq./MJ and 0.17 ‒ 4.27 MJ/MJ fuel, respectively. While a direct 

comparison is not possible due to variations in processing options, assumption and allocation 

techniques, the results estimated in this study are within the range of values reported in the 

literature. For example, Stephenson et al. (2010) reported the lowest CC (19 g CO2 eq./MJ) 

and PED (0.17 MJ/MJ fuel), where flue gas is assumed to be directly injected into the 

cultivation ponds instead of injecting a pure stream of CO2 captured from the flue gas, thus 

decreasing the impacts from the upstream stages. Conversely, Mu et al. (2017) reported the 

highest CC (280 g CO2 eq./MJ) due to higher energy demand at the cultivation stage and a 

lower biodiesel yield, while Borkowski et al. (2012) reported the highest PED (4.27 MJ/MJ fuel) 

due to the use of an algae thermal drying step prior to lipid extraction using hexane. 

 

When compared to fossil diesel, it can be observed that the CC of algae biodiesel is 2% higher. 

However, in the case of fossil diesel, only 17% of the total CC is attributed to the refining of 

the crude oil (the combustion of the fuel is responsible for the rest of the CC) (Argonne National 

Laboratory, 2019), while the production of algae biodiesel is responsible for most of the total 
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CC due to the biogenic nature of the CO2 emitted. As for the PED of algae biodiesel, this is 

23% higher than fossil diesel.  

 

 

Figure 34. Comparison of climate change (CC) and primary energy demand (PED) of fossil diesel and 

algae biodiesel from cradle to grave*  

*[Algae biodiesel data from other studies obtained from (Stephenson et al., 2010, Zaimes and Khanna, 2013, 

Passell et al., 2013, Gnansounou and Kenthorai Raman, 2016, Mu et al., 2017, Borkowski et al., 2012, Shirvani et 

al., 2011, Gupta and Shastri, 2022, Adesanya et al., 2014, Collet et al., 2014). Fossil diesel data obtained from 

(Ecoinvent, 2019) and (Argonne National Laboratory, 2019)]. 

 

The comparison of the other environmental impacts of algae biodiesel and fossil diesel is 

presented in Figure S12 in the SI. As shown in the Figure, the environmental impacts of algae 

biodiesel are between 1.1 to 41 times those of fossil diesel. These higher impacts derive from 

the resource- and energy-intensive processes required to produce algae biodiesel, particularly 

the need for land and fertilisers in upstream stages, the high energy consumption and solvent 

use in downstream stages (e.g., lipid extraction).  

 

It is important to note that fossil diesel is produced in an optimised multi-product refinery, 

where the environmental impacts are allocated to different products. Therefore, it is 

recommended that biomass-derived fuels, such as algae biodiesel, are assessed in the 

context of an optimised biorefinery producing other high-value chemicals, such as pigments, 

proteins, and bioplastics, for a fairer comparison.  

 

6.2.3.3 Sensitivity analysis 

The aim of this sensitivity analysis is to implement an improvement identified via hotspot 

analysis using process design, and evaluate the environmental sustainability of the process 

through a second LCA iteration. The ultimate goal is to demonstrate the application of LCA as 

a sustainable process design tool.  
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The opportunities for improvements were focused on the hotspot analysis carried out in the 

downstream processing, as this is the focus of the study. Lipid extraction was identified as the 

main hotspot in downstream processing, specifically the cell disruption step that assumed the 

use of a high-pressure homogenisation, which is a mechanical method. Therefore, this 

analysis explores the environmental sustainability implications of using an acid pretreatment 

for cell disruption prior to lipid extraction using all four solvents. This is a chemical process 

that uses sulfuric acid, which has been reported to be an effective way to enhance lipid 

recovery at industrial scale yet inexpensive due to its simplicity (Laurens et al., 2015).  

 

The CC and PED results of the improved processes are presented in Figure 35, and as shown, 

the CC is estimated at 85 – 93 g CO2 eq./MJ and the PED at 1.35 – 1.49 MJ/MJ. Similar to 

the base case, hexane has the lowest and limonene the highest CC and PED results. 

Compared to the base case, the CC and PED decrease by around 8% and 10%, respectively, 

due to the less energy-intensive acid cell disruption method used in the downstream 

processing, as shown in Figure 36(a) and (b). The sulfuric acid contributes 7% and 12% to the 

total CC and PED of lipid extraction, respectively.  

 

 

Figure 35. Total climate change (CC) and primary energy demand (PED) of algae biodiesel considering 

acid cell disruption and lipid extraction with hexane, cyclohexane, limonene, and ETBE* 

*[The net values (impacts from production and combustion minus avoided burdens due to credits generated in 

AD/CHP unit) are shown in red. Results for the base case are presented as dots above the bars]. 

 

The results for the other environmental impacts are presented in Figures S13 – S18 in the SI. 

The use of an acid cell disruption method can reduce FD, FE, FET, HTC, IR, LU, ME, OD, 

POFE, and POFH by 2 – 37% relative to the base case. This is also due to the lower electricity 
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consumption in the lipid extraction process (see Figures S17 – S18 in the SI). On the other 

hand, the use of acid cell disruption increases FC, HTNC, MD, MET, PMF, TA and TET by 2 

– 65% relative to the base case (see Figures S17 – S18 in the SI). Sulfuric acid production 

requires the oxidation of sulphur-containing raw materials (e.g., elemental sulphur, pyrites, 

sulphide ores), resulting in halogenated organic and sulphur dioxide emissions to fresh water, 

air, and agricultural soil, which affect these impact categories (Ecoinvent 3.5 dataset 

documentation). 

 

 

(a) 

 

(b) 

Figure 36. Climate change (CC) and Primary Energy Demand (PED) for algae biodiesel production 

with acid cell disruption and candidate solvents (a) downstream processing; (b) lipid extraction process. 

Results for the base case are presented as red dots above the bars. 
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6.2.4 Conclusions 

This study comprehensively evaluated for the first time the environmental impacts of 

alternative solvents (limonene, ethyl tert-butyl ether, and cyclohexane, compared to the 

benchmark hexane) used for lipid extraction in algae biodiesel production. A ‘cradle to grave’ 

LCA was performed to determine the environmental impacts defined in the ReCiPe method, 

to provide a holistic view of algae biodiesel's environmental sustainability.  

 

The processing option with hexane presented the lowest environmental impacts in 11 out of 

19 categories, including climate change and primary energy demand. The use of limonene, 

on the other hand, decreased the impacts in most of the remaining categories, given its low 

volatility, non-hazardous nature, and environmental credits on its production. It was also found 

that specific impact categories were significantly affected by the choice of solvent. For 

example, photochemical ozone formation tends to increase when using volatile solvents such 

as hexane and cyclohexane, whilst land use increases when using biobased solvents such as 

limonene and ETBE.  

 

This study also demonstrated that the iterative integration of LCA with process simulation tools 

can guide the development of more environmentally sustainable alternatives, and therefore 

be applied as a sustainable process design tool. Taking a closer look at downstream 

processing, the lipid extraction stage was identified as the main hotspot mostly due to the 

energy requirements for the cell disruption step. Acid pretreatment was evaluated as an 

alternative method to the conventional high-pressure homogenizer, which resulted in the 

reduction of 11 out of 18 environmental impacts and PED for all the solvents, including hexane. 

This approach should be used to evaluate further opportunities for improving the 

environmental sustainability performance of algae biodiesel production, and to ensure that 

burden-shifting across life cycle stages and/or impact categories is minimised. Examples 

include the use of electricity-based technologies for lipid extraction or exploring the use of 

renewable energy sources across energy-intensive processes.  

 

Overall, this study showed that applying life cycle assessment to explore process design 

alternatives can significantly improve the environmental performance of algae biodiesel. The 

approach illustrated here can also be applied to other extraction-based processes to improve 

their environmental sustainability. 
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Supporting Information 

The Supporting information includes: 1) sample calculations of the inventory data for algae 

biodiesel production; 2) process flow diagram, mass and energy flows, and inventory data of 

the alternative cell disruption method; 3) information about the electricity mix and the 

background system for algae biodiesel production; 4) inventory data for the production of 

limonene from citrus waste; 5) environmental impacts of algae biodiesel; 6) environmental 

impacts of downstream processing and lipid extraction; 7) environmental impacts of solvents 

production; 8) comparison of the environmental impacts of algae biodiesel and fossil diesel; 

9) environmental impacts of algae biodiesel with the alternative cell disruption method. The SI 

is found in the following link: Supporting Information manuscript LCA. 

  

https://www.dropbox.com/s/afin9dbn669u9sa/LCA%20biodiesel%20alternative%20solvents%20Supporting%20Information.pdf?dl=0
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6.3 Multicriteria decision analysis 

The previous sections of this chapter have been conducted to obtain economic and 

environmental sustainability indicators for the candidate solvents and associated flowsheets. 

Also, as explained in Section 3.7 and the preface of CHAPTER 6, some of the LCA impacts 

(i.e., fossil depletion; metal depletion, human toxicity cancer; human toxicity non-cancer; 

photochemical ozone formation for human health) are used to represent the social dimension 

of the process.  

 

This section presents the results of the decision-making step of the methodology, where the 

SMART method (Edwards, 1977) is used to identify the most sustainable process flowsheet 

considering economic, environmental, and social indicators of the overall biodiesel production 

process. The SMART method includes a normalisation step where the options are ranked on 

a scale of 0 for the worst to 1 for the best. This analysis considers equal weightings for the 

economic, environmental, and social sustainability indicators. Also, this analysis assumes 

linear value functions for the indicators (i.e., 10% higher product price is 10% worse). 

However, in some cases the effect of an indicator on the overall performance may be non-

linear, meaning that small changes in its value may have a disproportionate effect on the 

overall performance. For example, a small increase in the product price may have a significant 

impact on its overall sustainability, while a large increase in the product's safety may have a 

relatively minor effect. In such cases, it may be necessary to use alternative MCDA methods 

that allow for non-linear relationships between criteria and performance, such as the Analytic 

Hierarchy Process (Stamford et al., 2019). 

 

The evaluated flowsheets are presented in Table 45. These include the benchmark process 

(i.e., case 1, cell disruption via high-pressure homogenisation and hexane extraction) and the 

alternative scenarios considering cell disruption via high-pressure homogenisation (cases 2, 

3, and 4) and dilute acid pretreatment (cases 5, 6, 7 and 8).  

 

Table 45. Process flowsheets for biodiesel production using the benchmark and alternative solvents 

Process flowsheet ID 

High-pressure homogeniser + Hexane extraction Case 1* 

High-pressure homogeniser + Limonene extraction Case 2 

High-pressure homogeniser + ETBE extraction Case 3 

High-pressure homogeniser + Cyclohexane extraction Case 4 

Acid cell disruption + Hexane extraction Case 5 

Acid cell disruption + Limonene extraction Case 6 

Acid cell disruption + ETBE extraction Case 7 

Acid cell disruption + Cyclohexane extraction Case 8 

            * Benchmark process 
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The values of the economic, environmental, and social indicators of the scenarios evaluated 

here are presented in Table 47 in the Appendix. As Table 47 shows, the difference between 

the best and worst values of several sustainability indicators of the candidate solvents (e.g., 

product selling price, climate change, human toxicity cancer and non-cancer, fossil depletion, 

marine and freshwater eutrophication, freshwater ecotoxicity) is less than 10%. For practical 

purposes (e.g., engineering design), both options could be considered equivalent. This is a 

limitation of the SMART method used here, and it may be better to have a holistic view of the 

solvent’s sustainability comprising all the impact categories.  

 

Results of the MCDA are presented in Figure 37 (individual contributions of the sustainability 

indicators are shown in Table 48 in the Appendix). As Figure 37 shows, the most sustainable 

option is case 5, with a score of 0.70, followed closely by case 7, with a score of 0.66. 

Generally, process flowsheets that include acid cell disruption are more sustainable than those 

with high-pressure homogeniser. This is because acid cell disruption is less energy-intensive, 

as discussed in section 6.2.3.3 of this chapter. On the other hand, the least sustainable option 

is case 2, with a score of 0.40. This is mainly because of the high capital and operating costs, 

resulting in a high biodiesel price and a low economic score, as Figure 37 shows.  

 

 

Figure 37. Ranking of the process flowsheets of biodiesel production assuming equal weightings for 

the economic, environmental, and social sustainability aspects and indicators (functional unit: 1 MJ 

biodiesel) 

 

Case 7 has the highest economic score, as the price of biodiesel is the lowest when using 

acid cell disruption and ETBE extraction, given the high recovery of lipids and ETBE low price 

(refer to Table 33). Meanwhile, case 5 has the highest environmental score, as the 

combination of acid cell disruption and hexane extraction is the least energy-intensive option. 

This results in the lowest PED, CC, FET, FE, IR, and LU among the process flowsheets (refer 

to Figure 35).  
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Figure 37 shows that the environmental score has an even contribution for most of the process 

flowsheets, except for case 3, where the environmental score is lower. This is because several 

environmental impact categories, including PED, PMF, FC, FET, LU, MET, ME, and OD, are 

the highest compared to the other process flowsheets, given the high energy consumption 

and the need for land and fertilisers for ETBE production. Finally, case 6 has the highest social 

score, as human toxicity and metal depletion are the lowest when using acid cell disruption 

and limonene extraction. This is mainly because of the non-hazardous nature of limonene, its 

low volatility, and the environmental credits obtained in its production (refer to section 6.2.3.1 

of this chapter). 

 

Figure 38 shows sensitivity analyses carried out for the MCDA, considering different weights 

for the economic, environmental, and social aspects of the biodiesel production process. 

Three scenarios were evaluated: 

 

• Economic-focused (50% weight to the economic aspect and 25% weight to both the 

environmental and social aspects), shown in Figure 38(a);  

• Environmental-focused (50% weight to the environmental aspect and 25% weight to 

both the economic and social aspects), shown in Figure 38(b); and 

• Social-focused (50% weight to the social aspect and 25% weight to both the economic 

and environmental aspects), shown in Figure 38(c).  

 

Taking an economic-focused approach, case 5 was identified as the most sustainable option, 

with a total score of 0.748 (individual contributions of the sustainability indicators are shown 

in Table 49 in the Appendix). This is because of two reasons: 1) biodiesel price is the second 

lowest when using acid cell disruption and hexane extraction, and 2) the energy consumption 

(related to PED) is the lowest relative to the other cases, which results in low environmental 

impacts. Case 7, which has the lowest biodiesel price, was identified as the second most 

sustainable option with a total score of 0.742. This is because the PED of case 7 is higher 

than that of case 2, resulting in higher environmental impacts. Case 2, on the other hand, was 

identified as the least sustainable option, with a total score of 0.297, as biodiesel price is the 

highest when using high-pressure homogenisation and limonene extraction. 

 

When the environmental dimension takes priority, case 5 was identified as the most 

sustainable option, with a total score of 0.727 (individual contributions of the sustainability 

indicators are shown in Table 50 in the Appendix). This is because the environmental score is 

the highest when using acid cell disruption and hexane extraction, as most of the impacts are 
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lower than for the other cases, given the low energy consumption in the overall process. Case 

1 was identified as the second most sustainable option, with a total score of 0.627. Therefore, 

if given priority to the environmental dimension, the processing options with hexane are the 

most sustainable. Case 3, on the other hand, was identified as the least sustainable, with a 

total score of 0.378, as it has the lowest environmental score. 

 

 

(a) 

 

(b)

 

(c) 

Figure 38. MCDA sensitivity analysis: ranking of the process flowsheets of biodiesel (functional unit: 1 

MJ biodiesel). (a) economic-focused; (b) environmental-focused; (c) social-focused 

 

Finally, looking at the results from a social-focused approach, case 5 was identified as the 

most sustainable option, with a total score of 0.634 (individual contributions of the 

sustainability indicators are shown in Table 51 in the Appendix). However, case 5 does not 

have the highest social score, as shown in Figure 38(c), given hexane’s contribution to the 
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impacts HTNC and POFH (related to the social issue health risk). Case 6, on the other hand, 

has the highest social score, as the impacts related to the social issues (i.e., HTC, HTNC, MD, 

and POFH) are among the lowest relative to the other cases, given limonene’s low volatility 

and non-hazardous nature. However, case 6 ranks fourth according to the total sustainability 

score, mainly because of its low economic score (i.e., high biodiesel price). Case 3 was 

identified as the least sustainable option mainly because the impact HTC (related to human 

health) is the highest relative to the other cases.   

 

Case 5 remains the most sustainable option in all three scenarios, closely followed by case 7. 

These cases include acid cell disruption (an energy-efficient technology) and hexane (case 5) 

or ETBE (case 7) extraction in the process flowsheet, which yield a low biodiesel price and 

low environmental and social impacts, relative to the other cases. Conversely, the least 

sustainable options in all three scenarios are cases 2 and 3, which include high-pressure 

homogenisation (an energy-intensive technology) and limonene (case 2) or ETBE (case 3) 

extraction. This is because case 2 has the lowest economic score (i.e., highest biodiesel price 

among all cases) and case 3 the lowest environmental and social scores (i.e., highest PED, 

PMF, FC, FET, LU, MET, ME, and HTC), relative to the other cases. 

 

Figure 39 shows the MCDA of biodiesel production flowsheets (cases 1 to 8) and fossil diesel 

production, considering equal weightings for the economic, environmental, and social 

sustainability aspects and indicators.  

 

 

Figure 39. Ranking of biodiesel production flowsheets (cases 1 to 8) and fossil diesel production, 

assuming equal weightings for the economic, environmental, and social sustainability aspects and 

indicators (functional unit: 1 MJ fuel) 

 

By far, the most sustainable option is the production of fossil diesel, with a total score of 1 

(individual contributions of the sustainability indicators are shown in Table 52 in the Appendix). 

This is because biodiesel price is around 3.5 times the fossil diesel price, and the life cycle 

impacts of algae biodiesel (except for climate change) are between 1.1 to 50 times higher than 
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those of fossil diesel. As explained in section 6.2.3.2 of this chapter, the reasons for these 

higher impacts are the resource- and energy-intensive processes required to produce algae 

biodiesel. However, these results may not reflect a fair comparison, as fossil diesel is produced 

in an optimised, multi-product refinery, while this analysis considers that algae biodiesel is the 

only product of a non-optimised biorefinery.  

 

By modifying the indicators of algae biodiesel in the MCDA process through various iterations, 

it is possible to identify the economic, environmental, and social improvements that would be 

needed for algae biodiesel to become the most favoured alternative. For example, assuming 

linear value functions and economic-focused scenario (50% weight to the economic aspect 

and 25% weight to both the environmental and social aspects), a 72% reduction in selling 

price would lead to algae biodiesel produced via acid cell disruption and ETBE extraction 

becoming the favoured alternative. Assuming equal weighting among economic, 

environmental, and social categories, no price reduction was found to make algae biodiesel 

the preferred option. 

 

In environmental terms, it is difficult to improve algae biodiesel to the point where it becomes 

the preferred alternative. For instance, 96% reduction in all the environmental indicators with 

a simultaneous increase in the weighting placed on environmental importance (50% weight to 

the environmental aspect and 25% weight to both the economic and social aspects) would be 

sufficient to make algae biodiesel produced via acid cell disruption and hexane extraction the 

preferred option.  

 

Improvements in the social indicators could also result in algae biodiesel ranking in first place, 

but these would include, for instance, 92% reduction in all the social indicators (assuming a 

social-focused scenario, i.e., 50% weight to the social aspect and 25% weight to both the 

economic and environmental aspects). In this case, the option of acid cell disruption and 

limonene extraction becomes the preferred alternative. Overall, it appears that in this case the 

targets necessary for algae biodiesel to become the preferred alternative are too ambitious to 

achieve. However, without the MCDA process this understanding could not have been gained.  

 

The previous results show that for algae biodiesel to be a sustainable alternative to fossil 

diesel, it is essential to select energy-efficient technologies in both upstream and downstream 

processing stages. The use of acid cell disruption in the lipid extraction stage demonstrates 

this, as the total sustainability score increased consistently from the flowsheets that use high-

pressure homogenisation (cases 1 to 4) to those that use acid cell disruption (cases 5 to 8). 

Also, these results demonstrate that alternative solvents (i.e., limonene, ETBE, cyclohexane) 
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are not necessarily more sustainable than conventional solvents (i.e., hexane), as evidenced 

in case 5 (the most sustainable option) that uses hexane for lipid extraction. Therefore, 

implementing alternative solvents must be considered on a process-by-process basis and 

analysed taking a whole systems approach. This can be done by using the methodology 

developed in this thesis, which allows a holistic and systematic evaluation of the sustainability 

of extraction processes.  

 

To sum up, the decision-making step presented in this Chapter does not provide a simple, 

straightforward answer to the most sustainable solvent and associated flowsheet. However, 

this study hopes to give some insights into the design of sustainable extraction processes and 

inspire further research on more comprehensive approaches. In particular, the results 

demonstrate the importance of evaluating multiple rather than single criteria to identify trade-

offs and support sustainable decision-making. 
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CHAPTER 7  

CONCLUSIONS AND FUTURE WORK 

 

This thesis has presented a methodological framework for solvent selection and design of 

sustainable extraction processes. The framework combines prediction of thermodynamic 

properties using COSMO-RS with process-level modelling that supports quantification of 

economic, environmental, and social sustainability metrics, to gain a holistic view of a solvent’s 

performance and thus promote development of sustainable extraction processes.  

 

The aim of this thesis, as stated in section 1.1.1 of Chapter 1, has been achieved with the 

development of a methodological framework (Figure 1) to identify alternative solvents and 

evaluate the sustainability of proposed process flowsheets. The objectives of this thesis, as 

stated in section 1.1.2 of Chapter 1, have been met as follows: 

 

• The sustainability of conventional solvents used in extraction processes has been 

evaluated using a combination of process simulation, techno-economic analysis, and 

life cycle assessment. This work, presented in CHAPTER 4, has been used to validate 

the process design and evaluation approach (i.e., comparison with previous studies in 

the literature) and to establish a representative benchmark against which to compare 

process modifications. 

 

• The application of molecular simulation techniques (COSMO-RS method), 

computational screening, and process simulation has been investigated to obtain 

thermodynamic equilibrium properties and process performance indicators of 

alternative solvents applied to extraction processes. CHAPTER 5 takes this approach 

to identify and evaluate promising alternative solvents considering techno-economic 

and safety criteria at process level. 

 

• The methodological framework developed in this thesis has been demonstrated in a 

case study on algae biodiesel production using alternative solvents. This framework, 

presented in CHAPTER 6, has been used to assess the impact of alternative solvents 

on the sustainability of algae biodiesel, considering economic, environmental, and 

social indicators. 

 

The following sections present the main findings and conclusions from this research, followed 

by recommendations for future work. 
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7.1 Conclusions 

The conclusions address the methodological framework developed in this research and its 

application to the case study on biodiesel production from algae biomass. 

 

7.1.1 Methodological framework 

 

• This thesis presents a systematic and integrated framework that allows the evaluation 

of economic, environmental, and social impacts of extraction processes at an early 

stage of process development. This framework provides a basis for 1) identifying 

process hot spots and 2) evaluating the benefits (or not) of alternative process designs, 

offering decision-makers a tool to quantify and compare the potential of different 

solvents and extraction technologies.  

 

• This research intends to provide an understandable and sound discussion to promote 

the selection of alternative solvents and the design of sustainable extraction 

processes. However, as this thesis shows, evaluating the sustainability of solvents 

used in extraction processes, particularly using life cycle assessment, is a complex, 

multicriteria decision-making process, given the complexity of information and 

dependence on the system boundaries that define the life cycle inventory. Therefore, 

sustainability assessments do not guarantee simple, straightforward answers about 

the most sustainable solvent. 

 

• The methodology focuses on liquid−liquid extraction from aqueous mixtures. For 

example, the extraction model is developed for dilute feeds, typical of downstream 

processing in biorefinery applications. Some inaccuracies are expected in the model 

predictions since phase equilibrium and mass transfer limitations in complex mixtures 

(e.g., algae biomass) are difficult to model (Kampwerth et al., 2022). The model 

predictions are used for techno-economic and environmental analysis at process level, 

in order to identify promising solvents that can improve the sustainability of the 

application. Because of the modelling capabilities, and especially the 'ab initio' 

prediction of thermodynamic properties using COSMO-RS, experimental and pilot 

studies can be targeted to focus on the most promising technologies. Therefore, this 

modelling approach can help to save time and resources for solvent selection, and 

support research toward sustainable process developments. 
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7.1.2 Algae biodiesel case study 

 

• In CHAPTER 4, the economic and environmental sustainability of hexane usage in 

algae lipid extraction and biodiesel production was assessed through a combination of 

rigorous process design and simulation, techno-economic analysis, and life cycle 

assessment. This evaluation served two purposes: 1) to establish a benchmark for 

process modifications (i.e., use of alternative solvents or technologies), as covered in 

subsequent chapters of this thesis, and 2) to validate the process design and 

evaluation approach through comparison with prior studies and sensitivity analysis of 

environmental hotspots.  

 

• In CHAPTER 5, COSMO-RS predictions were used to calculate partition coefficients 

of lipids in the organic and aqueous phases and selectivity of solvents to lipids. Process 

simulation of the lipid extraction process was used to obtain techno-economic and 

environmental indicators, including solute recovery (ratio of extracted lipids to total 

lipids in the algae biomass), solvent intensity (ratio of the mass of solvent used in the 

process to the extracted lipids), total capital and operating costs, energy intensity (ratio 

of the energy input to the process to the extracted lipids), and greenhouse gas 

emissions. Out of 88 initial candidates, limonene, ethyl tert-butyl ether (ETBE), and 

cyclohexane were identified as promising alternatives to the benchmark solvent 

hexane because of their good performance. The results showed that these solvents 

have a higher recovery and selectivity toward lipids, compared to hexane. Also, these 

solvents are less volatile and non-hazardous according to the health, safety, and 

environmental (HSE) classification (Prat et al., 2016). However, they currently tend to 

be more expensive, and their recovery is more energy-intensive (higher boiling points 

and enthalpy of vaporisation) compared to hexane. 

 

• In CHAPTER 6, a biodiesel production flowsheet with rigorous models was designed 

and simulated in Aspen Plus. An extraction model with detailed consideration of the 

interactions between algae biomass and the solvent (phase equilibrium 

thermodynamics and mass transfer limitations) was used to estimate the recovery of 

lipids from algae biomass with the alternative and benchmark solvents. Equilibrium in 

the extraction process was accounted for by calculating the partition coefficient of lipids 

in the aqueous and organic phases obtained from COSMO-RS predictions. Mass 

transfer limitations were accounted for by calculating the overall mass transfer 

coefficient and Murphree stage efficiency. Then, lipid refining and conversion to 
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biodiesel were modelled using experimentally determined reaction kinetics 

parameters.  

 

• Techno-economic analyses presented in CHAPTER 6 were used to determine 

minimum biodiesel selling prices (8.58, 8.70, and 9.24 $/US gal with ETBE, 

cyclohexane, and limonene, respectively), while the price obtained with the benchmark 

hexane was 8.66 $/US gal. ETBE was identified as the most promising alternative, as 

it presented the highest lipid recovery (95.5%) and lowest biodiesel selling price, while 

the use of limonene reduced the solvent intensity by 35% relative to hexane. 

 

• In CHAPTER 6, an environmental sustainability evaluation of the production of algae 

biodiesel using the alternative and benchmark solvents was conducted via life cycle 

assessment. Hexane presented the lowest environmental impacts in 11 out of 19 

categories defined in the ReCiPe method, including climate change (92 g CO2 eq./MJ 

biodiesel) and primary energy demand (1.5 MJ/MJ biodiesel). The alternative solvents 

increased both climate change and primary energy demand of algae biodiesel by 2-

10%, where the performance of ETBE was closest to that of hexane. It may be 

concluded that the alternative solvents performed poorly, relative to hexane, due to the 

higher energy required for their production and recovery, and the need for land, water, 

and fertilisers to produce the biobased precursors of limonene and ETBE.  

 

• Lipid extraction was identified as the main environmental hotspot in downstream 

processing of algae biodiesel due to the high energy consumption for cell disruption 

and solvent recovery. Based on this finding and applying process simulation and LCA 

in an iterative approach, the use of a chemical cell disruption technology in the process 

flowsheet was evaluated; this change in cell disruption technology reduced 12 of the 

19 environmental impacts of algae biodiesel with respect to the base case (mechanical 

cell disruption). 

 

• The multicriteria-decision analysis presented in CHAPTER 6 indicated that the 

promising alternative solvents (i.e., limonene, ETBE, and cyclohexane) are less 

sustainable than the benchmark hexane. When considering the economic, 

environmental, and social dimensions, a flowsheet with chemical cell disruption and 

hexane as the solvent was identified as the most sustainable. For example, this design 

decreased the biodiesel selling price and climate change by 2 and 7%, respectively, 

compared to the base case (mechanical cell disruption). On the other hand, processing 
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options with limonene extraction were found to be the least sustainable, given the high 

energy consumption for solvent recovery and the high capital and operating costs, 

resulting in a high biodiesel selling price. 

 

• The case study demonstrates that the choice of solvent directly affects the economic, 

environmental, and social impacts of algae biodiesel production and that the selection 

of energy-efficient technologies can significantly improve the sustainability of the 

process. The evaluation of such improvements was achieved with the iterative 

approach proposed in the methodological framework, where process design and 

simulation tools are combined with techno-economic analysis and life cycle 

assessment.  

 

• The case study demonstrates that alternative, biobased solvents (e.g., limonene) are 

not necessarily more sustainable than conventional solvents (e.g., hexane), given the 

complex interactions and trade-offs between sustainability indicators across the 

product life cycle stages. Therefore, implementing alternative solvents in extraction 

processes should be considered on a process-by-process basis and evaluated 

following a whole systems approach. This is important, as although a particular solvent 

can lead to a more sustainable process, its use in a different process could result in 

increased environmental impacts or negatively affect process economics (Clarke et 

al., 2018). 

 

• According to the case study results, algae biodiesel is less sustainable than fossil 

diesel. For example, the average biodiesel selling price was estimated at 

8.79 $/US gal. This is 3.5 times the average price of fossil diesel, where the high cost 

is mostly due to the cost of algae biomass. Also, the average climate change and 

primary energy demand of algae biodiesel were found to be 92 g CO2 eq./MJ and 

1.51 MJ/MJ biodiesel, which are 2 and 23% higher than those of fossil diesel, 

respectively. Based on these findings, producing only biofuels from algae biomass is 

not recommended. Full valorisation of algae biomass within an integrated biorefinery, 

which exploits the value of other products (e.g., proteins, pigments, antioxidants), 

could provide a more sustainable route, as pointed out by Wicker et al. (2021). Also, 

algae upstream and downstream processing stages should be optimised to decrease 

the costs of algae biomass, increase recovery of lipids and other valuable components, 

and reduce energy consumption in the extraction process.  
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Some inaccuracies and uncertainties are expected in the case study results, namely in 

COSMO-RS predictions, modelling approach, economic and environmental sustainability 

indicators, and multicriteria decision-making. 

 

• The COSMO-RS method has a limited ability to make accurate quantitative predictions 

about molecule and mixture properties (Kontogeorgis et al., 2021), especially of 

systems such as algae biomass, which is a complex mixture of many solutes (e.g., 

lipids, carbohydrates, proteins). There were limited opportunities to validate the 

COSMO-RS predictions of partition coefficients of lipids in the organic and aqueous 

phases because of the limited available experimental data for lipid recovery with 

alternative solvents. Validation of COSMO-RS predictions was challenging, as 

experimental studies reported in the literature use different algae strains (e.g., 

Chlorella vulgaries and Nannochloropsis salina), biomass conditions (dry algae or wet 

algae biomass), and extraction conditions (temperature, extraction time, amount of 

solvent), which have a significant impact on the lipid recovery from algae biomass.  

 

• Inaccuracies in the modelling results are expected, given the use of model compounds 

(i.e., triolein and glutamine) to represent a complex mixture of lipids, carbohydrates, 

and proteins in algae biomass. Also, the lack of binary interaction parameters, 

regressed against experimental data of systems involving lipids and alternative 

solvents, is expected to generate inaccuracies, particularly in predicting phase 

equilibrium and modelling separation units in the process flowsheet. In this research, 

it was necessary to use parameter estimation methods, i.e., UNIFAC, to predict phase 

equilibrium. These predictions were validated with limited experimental data, as 

equilibrium data of systems involving lipids and solvents are scarce.  

 

• Uncertainties are expected in the price estimation of alternative solvents (e.g., 

biobased solvents) and algae biodiesel due to the lack of data in the literature and the 

absence of industrial-scale processes to produce these biobased products. Other 

limitations for price estimation arise given the range of agricultural practices, sources 

of biomass, and regional variations in price of biobased products. Also, the 

assumptions made in the economic analysis to calculate the minimum biodiesel selling 

price are based on "nth-plant" economics, which reflects a mature future in which a 

successful industry of n plants has been established (Davis et al., 2014). However, if 

these conditions are not met, competing with conventional products (e.g., fossil diesel) 

may not be a viable approach. 
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• Uncertainties are expected in the resulting environmental impacts of the alternative 

solvents and emerging technology (algae biodiesel production) evaluated in this thesis, 

as industrial data on the production of these products were not available. Life cycle 

inventory data were obtained from secondary sources, including databases, the 

literature, and own process simulation, which is the best strategy in the absence of 

industrial data (Hauschild et al., 2018).  

 

• Uncertainties are expected in the multicriteria decision method (SMART method 

(Edwards, 1977)) used to identify the most sustainable solvent and associated process 

flowsheet. For example, the decision-making involved weighting the sustainability 

dimensions, which is generally subjective and can induce the loss of important 

information (Hauschild et al., 2018). As an initial approach, this work assumed that all 

sustainability dimensions and indicators (i.e., economic, environmental, and social) 

were equally important. Then, sensitivity analyses were performed involving other 

scenarios with different weightings (economic, environmental, and social-focused), 

and the flowsheet with chemical cell disruption and hexane as the solvent was 

identified as the most sustainable in all these scenarios. These sensitivity studies 

served to demonstrate that hexane outperforms the alternative solvents in all cases. 

 

• It is challenging to compare the economic, environmental and social impacts of 

biobased products (e.g., limonene, algae biodiesel) to that of established, fossil-based 

products (e.g., hexane, fossil diesel). Very few pilot-scale projects have studied 

biobased products and technologies, and there is wide variability in the underlying 

assumptions of previous studies (e.g., functional unit, system boundaries, feedstock 

type and prices, process configuration, operating conditions). The results presented in 

this study may not reflect a fair comparison, as fossil-based products are produced in 

an optimised and multi-product refinery, where the impacts are allocated to different 

products. Conversely, the impacts of the biobased process quantified in this study were 

allocated to a single product. Therefore, comparing a conventional oil refinery with a 

highly efficient, highly integrated biorefinery may provide a clearer view of the 

economic and environmental impacts of fossil-based and biobased products. 

 

7.2 Recommendations for future work 

Recommendations for future work are presented from a straightforward and narrow focus (to 

address some limitations of this thesis) to a wider focus and broader scope that suggest 

potentially beneficial research opportunities. 
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• As mentioned earlier, the COSMO-RS method has limitations in making accurate 

quantitative predictions of equilibrium properties of complex mixtures, such as algae 

lipids and alternative solvents. For example, the kinetic aspects of solvent extraction 

processes (e.g., mass transfer limitations between solute and solvent) are not 

considered in the calculation of partition coefficients. Also, previous studies 

(Kontogeorgis et al., 2021) have noted the complexity of COSMO-RS model 

parameterisation and the challenges in validating the predictions with experimental 

data. Therefore, the impact of uncertainties in the COSMO-RS predictions on process 

design and evaluation needs to be taken into consideration in future studies, 

particularly how the modelling inaccuracies would affect solvent selection. Sensitivity 

studies could be used to explore the impact of the uncertainties giving a range of 

performance indicators for each solvent; these ranges could then be compared to 

identify which are the most promising solvents for a given application. This validation 

will provide valuable insights into the robustness of the proposed framework and help 

to ensure its accuracy and reliability in identifying promising alternative solvents. 

 

• Promising solvents for algae lipid extraction may be missed in the screening approach 

presented in CHAPTER 5 as the selection was based on a fixed and limited database 

of 88 solvents. Therefore, it is recommended to expand the database and include the 

design of novel solvents (e.g., combining functional groups). For example, computer-

aided molecular design (CAMD) methods can be integrated with the framework 

presented in this thesis to create novel molecular structures, which extend the design 

space beyond pre-determined solvent databases. 

 

• The use of model compounds to represent algae biomass simplifies solvent screening 

and extraction modelling in the case study, but this simplification introduces 

uncertainties in the estimation of equilibrium properties and process performance 

indicators. This limitation can be addressed in future work, taking this methodology 

further to include more components of biomass (e.g., proteins, carbohydrates) in order 

to design, model, and evaluate the processes to valorise them in an integrated 

biorefinery.  

 

• The lack of binary interaction parameters of systems involving lipids and alternative 

solvents, regressed against experimental data, limited the ability to simulate the 

biodiesel production process in Aspen Plus. Therefore, it is recommended to conduct 

experimental studies and generate phase equilibrium data, correlations, and 
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associated parameters, since partition coefficients, for example, depend on the mixture 

composition and conditions (temperature, pressure). In this manner, binary interaction 

parameters can be regressed and incorporated in commercial simulators (e.g., Aspen 

Plus) to improve the accuracy of the modelling results and facilitate the design space 

to be searched while minimising experiments. 

 

• The life cycle interpretation stage conducted in the case study included sensitivity 

studies (e.g., lipid recovery, solvent evaporation losses) and scenario analysis (e.g., 

acid-promoted cell disruption) of algae biodiesel production. However, a formal 

evaluation of the LCA uncertainties was not included. Therefore, it is recommended to 

expand the interpretation stage by considering further analysis (e.g., Montecarlo 

simulations) to estimate the uncertainties in the LCA results, in order to quantify and 

improve the precision and robustness of the LCA study. 

 

• Previous studies (Azapagic et al., 2016) have suggested that some LCA indicators 

strongly correlate with potential social impacts. Therefore, this work measured the 

social sustainability dimension of the biodiesel production process using LCA 

indicators related to health and safety and intergenerational equity, e.g., human toxicity 

(cancer and non-cancer), photochemical ozone formation for human health, and fossil 

and metal depletion. The evaluation of other social sustainability issues, such as total 

number of jobs, health and safety of local communities, and social security and 

benefits, using a combination of qualitative and quantitative social indicators (UNEP, 

2020), is recommended for future studies in order to expand the assessment. 

 

• The multicriteria decision method used in this work (SMART method) to identify the 

most sustainable solvent and process design involved a subjective weighting process 

to balance the importance of each sustainability dimension and indicator.  Evaluation 

of other multicriteria decision methods, such as multiobjective optimisation, is 

recommended for future studies to find a scenario that simultaneously optimises 

multiple, conflicting sustainability dimensions. As multicriteria decision methods 

involve weighting to balance the importance of each objective (Stamford et al., 2019), 

it is recommended to develop standardised methods for weighting, similar to those 

available for grouping and weighting environmental impact categories (International 

Organization for Standardization, 2006b). Such methods would need to consider the 

stakeholders’ and decision makers’ preferences, trade-offs, and priorities, to identify 

the most sustainable solvent and process design.  
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• The case study results demonstrated that producing only biodiesel from algae biomass 

via lipid extraction is neither economically viable nor environmentally sustainable. 

Therefore, it is recommended to expand research on algae biorefining to consider full 

valorisation of algae biomass, to allow the recovery and conversion of components into 

higher-value products (e.g., proteins, pigments, antioxidants) with energy-efficient 

technologies and optimised processes.  

 

• The methodology developed in this thesis aimed to be generic for extraction 

processes, but only one case study (algae biodiesel production) was considered. Also, 

the extraction model used in this work focuses on liquid−liquid extraction from aqueous 

mixtures, typical of downstream processing in biorefinery applications. Therefore, it is 

recommended to expand the applicability of the extraction model for concentrated 

systems and validate the methodology with additional case studies (e.g., organic acids 

recovery from fermentation broths, spent nuclear fuel reprocessing).  

 

• The availability and quality of information for novel compounds and mixtures (e.g., 

physical, thermodynamic, and safety properties) can limit a fast and accurate 

quantification of sustainability metrics of extraction processes, especially in biorefinery-

related processes. For example, commercial process simulation software, e.g., Aspen 

Plus, has limitations in making accurate predictions of complex mixtures' physical and 

thermodynamic properties (e.g., algae biomass). Therefore, it is recommended to 

evaluate the integration of process simulation with big data and artificial intelligence 

techniques so that properties of mixtures and sustainability indicators of extraction 

processes can be estimated rapidly. For example, a framework combining quantitative 

structure−property relationships and artificial intelligence has been used to predict 

properties for novel compounds, such as toxicity (Chang et al., 2021). 

 

• In this study, it was challenging to go back and forth and integrate the results from 

process simulation and different tools (techno-economic analysis and life cycle 

assessment) with inconsistent methodological guidelines, system boundaries and 

functional unit definitions. Therefore, it is recommended to incorporate sustainability-

assessment capability into commercial software to expand the current economic 

evaluation of processes with environmental and social indicators. A strategy can be 

the interconnection of process simulation software (e.g., Aspen Plus) with LCA 

software (e.g., Gabi), inventory databases (e.g., Ecoinvent), and digitised safety and 

health information of solvents within a single integrated and coherent platform.   
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APPENDIX 

 

Table 46. Definition of the midpoint impact categories considered in this thesis (Hauschild et al., 2018, Huijbregts et al., 2017) 

Impact category  Description Unit 

Climate change (global warming 

potential) 

CC Ratio of the cumulated radiative forcing of a greenhouse gas (e.g. CH4, N2O, etc.) and that of CO2, 

which causes change in the state of the climate and persists for an extended period.  

kg CO2 eq. 

Fossil depletion FD Depletion of fossil fuels resources kg oil eq. 

Freshwater consumption FC Measures the total freshwater consumption (direct and indirect use) with a focus on water 

deprivation, which depends on its scarcity in a region 

m3 

Freshwater eutrophication FE The potential to over-enrichment of freshwater environment with nitrogen and phosphorus-based 

nutrients, resulting in increased biomass production and degradation of freshwater quality 

kg P eq. 

Freshwater ecotoxicity FET The release of chemicals with potential toxic impact to freshwater ecosystems kg 1,4-DCB eq. 

Human toxicity potential, cancer HTC The release of chemicals that increase risk of cancer disease (e.g., pesticides) kg 1,4-DCB eq. 

Human toxicity potential, non-cancer HTNC The release of chemicals that increase risk of non-cancer disease (e.g., VOCs) kg 1,4-DCB eq. 

Ionising radiation IR The release of radionuclide emissions to air Bq Co-60 eq. 

Land use LU Reflects the damage to ecosystems (e.g., loss of biodiversity) by land occupation and 

transformation, such as agricultural production, mineral extraction, and human settlement 

m2 yr. 

Metal depletion MD Depletion of minerals and metal resources kg Cu eq. 

Marine eutrophication ME The potential to over-enrichment of marine environment with nitrogen and phosphorus-based 

nutrients, resulting in increased biomass production and degradation of water quality 

Kg N eq. 

Marine ecotoxicity MET The release of chemicals with potential toxic impact to marine ecosystems kg 1,4-DCB eq. 

Ozone depletion OD Global reduction in stratospheric ozone concentration due to the emissions of ozone depletion 

substances (e.g., chlorinated CFCs, halons, etc) 

kg CFC-11 eq. 

Particulate matter formation PMF Potential health impacts of exposure to particles with diameters less than 2.5 μm in the air kg PM 2.5 eq. 

Photochemical oxidant formation: 

ecosystems 

POFE Potential generation of photochemical pollutants (ozone, reactive oxygen compounds) from 

emissions of VOCs and nitrogen oxides, that affect ecosystems (damage to crops) 

kg NOx eq. 

Photochemical oxidant formation: 

human health 

POFH Potential generation of photochemical pollutants (ozone, reactive oxygen compounds) from 

emissions of VOCs and nitrogen oxides, that affect human health (respiratory tissues) 

kg NOx eq. 

Terrestrial acidification TA The potential to cause reduction in an ecosystem acid neutralising capacity due to man-made 

emissions including SO2, NOx, NH3 and other acidifying substances  

kg SO2 eq. 

Terrestrial ecotoxicity TET The release of chemicals with potential toxic impact to natural soil ecosystems kg 1,4-DCB eq. 
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Table 47. Economic, environmental, and social indicators of the algae biodiesel production flowsheets evaluated in the MCDA 

 

 

 

 

 

 

 

INDICATOR Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

Minimum biodiesel selling price ($/US gal) 8.66205 9.23632 8.57533 8.69939 8.51997 9.09733 8.42540 8.53604

Primary energy demand [MJ] 1.50288 1.64990 1.65762 1.58641 1.35278 1.48750 1.44489 1.42821

Climate change, default, excl biogenic carbon [kg CO2 eq.] 0.09181 0.10050 0.09449 0.09658 0.08512 0.09288 0.08625 0.08943

Fine Particulate Matter Formation [kg PM2.5 eq.] 0.00006 0.00006 0.00007 0.00006 0.00006 0.00006 0.00007 0.00007

Freshwater Consumption [m3] 0.00075 0.00070 0.00130 0.00078 0.00078 0.00072 0.00120 0.00081

Freshwater ecotoxicity [kg 1,4 DB eq.] 0.00031 0.00032 0.00034 0.00032 0.00030 0.00032 0.00032 0.00032

Freshwater Eutrophication [kg P eq.] 0.00003 0.00003 0.00003 0.00003 0.00003 0.00003 0.00003 0.00003

Ionizing Radiation [Bq C-60 eq. to air] 0.00726 0.00922 0.00734 0.00731 0.00468 0.00683 0.00462 0.00468

Land use [Annual crop eq.·y] 0.00117 0.00338 0.00583 0.00120 0.00105 0.00327 0.00470 0.00110

Marine ecotoxicity [kg 1,4-DB eq.] 0.00042 0.00043 0.00045 0.00044 0.00043 0.00043 0.00044 0.00044

Marine Eutrophication [kg N eq.] 0.00000 0.00001 0.00001 0.00000 0.00000 0.00001 0.00001 0.00000

Photochemical Ozone Formation, Ecosystems [kg NOx eq.] 0.00056 0.00020 0.00018 0.00039 0.00055 0.00020 0.00017 0.00039

Stratospheric Ozone Depletion [kg CFC-11 eq.] 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

Terrestrial Acidification [kg SO2 eq.] 0.00017 0.00017 0.00019 0.00018 0.00018 0.00018 0.00019 0.00019

Terrestrial ecotoxicity [kg 1,4-DB eq.] 0.02750 0.01916 0.03366 0.02929 0.04020 0.03154 0.04412 0.04279

Fossil depletion [kg oil eq.] 0.03375 0.03642 0.03507 0.03567 0.03059 0.03296 0.03096 0.03232

Human toxicity, cancer [kg 1,4-DB eq.] 0.00259 0.00273 0.00285 0.00270 0.00241 0.00256 0.00263 0.00252

Human toxicity, non-cancer [kg 1,4-DB eq.] 0.04936 0.04766 0.05022 0.04935 0.05158 0.04998 0.05127 0.05174

Metal depletion [kg Cu eq.] 0.00009 0.00003 0.00010 0.00009 0.00010 0.00004 0.00011 0.00011

Photochemical Ozone Formation, Human Health [kg NOx eq.] 0.00041 0.00019 0.00018 0.00031 0.00041 0.00019 0.00017 0.00030
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Table 48. Results of the MCDA of the algae biodiesel production flowsheets, considering equal weighting for the economic, environmental, 

and social indicators 

 

MBSP: Minimum biodiesel selling price; PED: Primary energy demand; CC: Climate change; PMF: Particulate matter formation; FC: Freshwater consumption; FET: Freshwater 

ecotoxicity; FE: Freshwater eutrophication; IR: Ionising radiation; LU: Land use; MET: Marine ecotoxicity; ME: Marine eutrophication; POFE: Photochemical Ozone Formation, 

Ecosystems; OD: Ozone depletion; TA: Terrestrial acidification; TET: Terrestrial ecotoxicity; FD: Fossil depletion; HTC: Human toxicity, cancer; HTNC: Human toxicity, non-

cancer; MD: Metal depletion; POFH: Photochemical Ozone Formation, Human Health 

INDICATOR Weight Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

MBSP 0.333 0.236 0.000 0.272 0.221 0.294 0.057 0.333 0.288

PED 0.024 0.012 0.001 0.000 0.006 0.024 0.013 0.017 0.018

CC 0.024 0.013 0.000 0.009 0.006 0.024 0.012 0.022 0.017

PMF 0.024 0.021 0.024 0.000 0.008 0.015 0.018 0.001 0.001

FC 0.024 0.022 0.024 0.000 0.020 0.021 0.023 0.004 0.019

FET 0.024 0.019 0.011 0.000 0.010 0.024 0.015 0.012 0.014

FE 0.024 0.010 0.000 0.006 0.002 0.024 0.013 0.022 0.016

IR 0.024 0.010 0.000 0.010 0.010 0.024 0.012 0.024 0.023

LU 0.024 0.023 0.012 0.000 0.023 0.024 0.013 0.006 0.024

MET 0.024 0.024 0.022 0.000 0.010 0.023 0.022 0.009 0.008

ME 0.024 0.023 0.011 0.000 0.022 0.024 0.012 0.006 0.023

POFE 0.024 0.000 0.022 0.023 0.010 0.000 0.022 0.024 0.011

OD 0.024 0.022 0.011 0.000 0.022 0.024 0.014 0.007 0.024

TA 0.024 0.022 0.024 0.002 0.015 0.014 0.016 0.000 0.006

TET 0.024 0.016 0.024 0.010 0.014 0.004 0.012 0.000 0.001

FD 0.067 0.031 0.000 0.016 0.009 0.067 0.040 0.062 0.047

HTC 0.067 0.039 0.018 0.000 0.023 0.067 0.044 0.034 0.051

HTNC 0.067 0.039 0.067 0.025 0.039 0.003 0.029 0.008 0.000

MD 0.067 0.016 0.067 0.009 0.015 0.005 0.057 0.001 0.000

POFH 0.067 0.000 0.060 0.064 0.028 0.002 0.062 0.067 0.030

0.236 0.000 0.272 0.221 0.294 0.057 0.333 0.288

0.238 0.185 0.059 0.179 0.266 0.216 0.152 0.206

0.125 0.211 0.113 0.114 0.143 0.232 0.171 0.128

0.598 0.396 0.444 0.513 0.703 0.505 0.656 0.621

4 8 7 5 1 6 2 3

Environmental score

Rank

Social score

Total score

Economic score
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Table 49. Results of the MCDA of the algae biodiesel production flowsheets for the economic-focused scenario (50% weight to the 

economic indicator and 25% weight for both the environmental and social indicators) 

 

MBSP: Minimum biodiesel selling price; PED: Primary energy demand; CC: Climate change; PMF: Particulate matter formation; FC: Freshwater consumption; FET: Freshwater 

ecotoxicity; FE: Freshwater eutrophication; IR: Ionising radiation; LU: Land use; MET: Marine ecotoxicity; ME: Marine eutrophication; POFE: Photochemical Ozone Formation, 

Ecosystems; OD: Ozone depletion; TA: Terrestrial acidification; TET: Terrestrial ecotoxicity; FD: Fossil depletion; HTC: Human toxicity, cancer; HTNC: Human toxicity, non-

cancer; MD: Metal depletion; POFH: Photochemical Ozone Formation, Human Health 

INDICATOR Weight Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

MBSP 0.500 0.354 0.000 0.408 0.331 0.442 0.086 0.500 0.432

PED 0.018 0.009 0.000 0.000 0.004 0.018 0.010 0.012 0.013

CC 0.018 0.010 0.000 0.007 0.005 0.018 0.009 0.017 0.013

PMF 0.018 0.016 0.018 0.000 0.006 0.011 0.013 0.000 0.001

FC 0.018 0.016 0.018 0.000 0.015 0.016 0.017 0.003 0.014

FET 0.018 0.014 0.008 0.000 0.007 0.018 0.011 0.009 0.010

FE 0.018 0.008 0.000 0.004 0.002 0.018 0.009 0.016 0.012

IR 0.018 0.008 0.000 0.007 0.007 0.018 0.009 0.018 0.018

LU 0.018 0.017 0.009 0.000 0.017 0.018 0.010 0.004 0.018

MET 0.018 0.018 0.017 0.000 0.007 0.017 0.016 0.007 0.006

ME 0.018 0.017 0.008 0.000 0.017 0.018 0.009 0.005 0.018

POFE 0.018 0.000 0.016 0.017 0.008 0.000 0.017 0.018 0.008

OD 0.018 0.016 0.008 0.000 0.016 0.018 0.010 0.005 0.018

TA 0.018 0.017 0.018 0.001 0.011 0.010 0.012 0.000 0.005

TET 0.018 0.012 0.018 0.007 0.011 0.003 0.009 0.000 0.001

FD 0.050 0.023 0.000 0.012 0.006 0.050 0.030 0.047 0.035

HTC 0.050 0.030 0.014 0.000 0.017 0.050 0.033 0.025 0.038

HTNC 0.050 0.029 0.050 0.019 0.029 0.002 0.022 0.006 0.000

MD 0.050 0.012 0.050 0.007 0.011 0.004 0.043 0.000 0.000

POFH 0.050 0.000 0.045 0.048 0.021 0.002 0.047 0.050 0.023

0.354 0.000 0.408 0.331 0.442 0.086 0.500 0.432

0.178 0.139 0.045 0.134 0.199 0.162 0.114 0.154

0.094 0.159 0.085 0.085 0.107 0.174 0.128 0.096

0.626 0.297 0.537 0.551 0.748 0.422 0.742 0.682

4 8 6 5 1 7 2 3

Environmental score

Social score

Rank

Total score

Economic score
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Table 50. Results of the MCDA of the algae biodiesel production flowsheets for the environmental-focused scenario (50% weight to the 

environmental indicators and 25% weight for both the economic and social indicators) 

 

MBSP: Minimum biodiesel selling price; PED: Primary energy demand; CC: Climate change; PMF: Particulate matter formation; FC: Freshwater consumption; FET: Freshwater 

ecotoxicity; FE: Freshwater eutrophication; IR: Ionising radiation; LU: Land use; MET: Marine ecotoxicity; ME: Marine eutrophication; POFE: Photochemical Ozone Formation, 

Ecosystems; OD: Ozone depletion; TA: Terrestrial acidification; TET: Terrestrial ecotoxicity; FD: Fossil depletion; HTC: Human toxicity, cancer; HTNC: Human toxicity, non-

cancer; MD: Metal depletion; POFH: Photochemical Ozone Formation, Human Health 

INDICATOR Weight Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

MBSP 0.250 0.177 0.000 0.204 0.166 0.221 0.043 0.250 0.216

PED 0.036 0.018 0.001 0.000 0.008 0.036 0.020 0.025 0.027

CC 0.036 0.020 0.000 0.014 0.009 0.036 0.018 0.033 0.026

PMF 0.036 0.032 0.036 0.000 0.013 0.022 0.027 0.001 0.002

FC 0.036 0.032 0.036 0.000 0.031 0.031 0.034 0.006 0.029

FET 0.036 0.029 0.016 0.000 0.014 0.036 0.022 0.017 0.021

FE 0.036 0.015 0.000 0.008 0.003 0.036 0.019 0.033 0.024

IR 0.036 0.015 0.000 0.015 0.015 0.035 0.019 0.036 0.035

LU 0.036 0.035 0.018 0.000 0.035 0.036 0.019 0.008 0.035

MET 0.036 0.036 0.033 0.000 0.015 0.034 0.032 0.013 0.012

ME 0.036 0.034 0.017 0.000 0.034 0.036 0.018 0.009 0.035

POFE 0.036 0.000 0.033 0.035 0.015 0.001 0.033 0.036 0.016

OD 0.036 0.033 0.017 0.000 0.032 0.036 0.020 0.011 0.036

TA 0.036 0.034 0.036 0.003 0.023 0.020 0.024 0.000 0.009

TET 0.036 0.024 0.036 0.015 0.021 0.006 0.018 0.000 0.002

FD 0.050 0.023 0.000 0.012 0.006 0.050 0.030 0.047 0.035

HTC 0.050 0.030 0.014 0.000 0.017 0.050 0.033 0.025 0.038

HTNC 0.050 0.029 0.050 0.019 0.029 0.002 0.022 0.006 0.000

MD 0.050 0.012 0.050 0.007 0.011 0.004 0.043 0.000 0.000

POFH 0.050 0.000 0.045 0.048 0.021 0.002 0.047 0.050 0.023

0.177 0.000 0.204 0.166 0.221 0.043 0.250 0.216

0.356 0.278 0.089 0.269 0.399 0.324 0.228 0.308

0.094 0.159 0.085 0.085 0.107 0.174 0.128 0.096

0.627 0.436 0.378 0.519 0.727 0.541 0.606 0.620

2 7 8 6 1 5 4 3

Environmental score

Social score

Rank

Total score

Economic score
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Table 51. Results of the MCDA of the algae biodiesel production flowsheets for the social-focused scenario (50% weight to the social 

indicators and 25% weight for both the economic and environmental indicators) 

 

MBSP: Minimum biodiesel selling price; PED: Primary energy demand; CC: Climate change; PMF: Particulate matter formation; FC: Freshwater consumption; FET: Freshwater 

ecotoxicity; FE: Freshwater eutrophication; IR: Ionising radiation; LU: Land use; MET: Marine ecotoxicity; ME: Marine eutrophication; POFE: Photochemical Ozone Formation, 

Ecosystems; OD: Ozone depletion; TA: Terrestrial acidification; TET: Terrestrial ecotoxicity; FD: Fossil depletion; HTC: Human toxicity, cancer; HTNC: Human toxicity, non-

cancer; MD: Metal depletion; POFH: Photochemical Ozone Formation, Human Health 

INDICATOR Weight Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8

MBSP 0.250 0.177 0.000 0.204 0.166 0.221 0.043 0.250 0.216

PED 0.018 0.009 0.000 0.000 0.004 0.018 0.010 0.012 0.013

CC 0.018 0.010 0.000 0.007 0.005 0.018 0.009 0.017 0.013

PMF 0.018 0.016 0.018 0.000 0.006 0.011 0.013 0.000 0.001

FC 0.018 0.016 0.018 0.000 0.015 0.016 0.017 0.003 0.014

FET 0.018 0.014 0.008 0.000 0.007 0.018 0.011 0.009 0.010

FE 0.018 0.008 0.000 0.004 0.002 0.018 0.009 0.016 0.012

IR 0.018 0.008 0.000 0.007 0.007 0.018 0.009 0.018 0.018

LU 0.018 0.017 0.009 0.000 0.017 0.018 0.010 0.004 0.018

MET 0.018 0.018 0.017 0.000 0.007 0.017 0.016 0.007 0.006

ME 0.018 0.017 0.008 0.000 0.017 0.018 0.009 0.005 0.018

POFE 0.018 0.000 0.016 0.017 0.008 0.000 0.017 0.018 0.008

OD 0.018 0.016 0.008 0.000 0.016 0.018 0.010 0.005 0.018

TA 0.018 0.017 0.018 0.001 0.011 0.010 0.012 0.000 0.005

TET 0.018 0.012 0.018 0.007 0.011 0.003 0.009 0.000 0.001

FD 0.100 0.046 0.000 0.023 0.013 0.100 0.059 0.094 0.070

HTC 0.100 0.059 0.027 0.000 0.035 0.100 0.066 0.051 0.076

HTNC 0.100 0.058 0.100 0.037 0.059 0.004 0.043 0.011 0.000

MD 0.100 0.024 0.100 0.013 0.022 0.007 0.086 0.001 0.000

POFH 0.100 0.000 0.090 0.095 0.042 0.003 0.093 0.100 0.045

0.177 0.000 0.204 0.166 0.221 0.043 0.250 0.216

0.178 0.139 0.045 0.134 0.199 0.162 0.114 0.154

0.187 0.317 0.169 0.170 0.214 0.348 0.257 0.192

0.542 0.456 0.418 0.470 0.634 0.552 0.620 0.562

5 7 8 6 1 4 2 3

Environmental score

Rank

Total score

Social score

Economic score
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Table 52. Results of the MCDA of algae biodiesel production flowsheets (cases 1 to 8) and fossil diesel production, considering equal 

weighting for the economic, environmental, and social indicators 

 

MBSP: Minimum biodiesel selling price; PED: Primary energy demand; CC: Climate change; PMF: Particulate matter formation; FC: Freshwater consumption; FET: Freshwater 

ecotoxicity; FE: Freshwater eutrophication; IR: Ionising radiation; LU: Land use; MET: Marine ecotoxicity; ME: Marine eutrophication; POFE: Photochemical Ozone Formation, 

Ecosystems; OD: Ozone depletion; TA: Terrestrial acidification; TET: Terrestrial ecotoxicity; FD: Fossil depletion; HTC: Human toxicity, cancer; HTNC: Human toxicity, non-

cancer; MD: Metal depletion; POFH: Photochemical Ozone Formation, Human Health 

INDICATOR Weight Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Fossil diesel

MBSP 0.333 0.029 0.000 0.033 0.027 0.036 0.007 0.040 0.035 0.333

PED 0.024 0.009 0.000 0.000 0.004 0.017 0.010 0.012 0.013 0.024

CC 0.024 0.013 0.000 0.009 0.006 0.024 0.012 0.022 0.017 0.021

PMF 0.024 0.007 0.008 0.000 0.003 0.005 0.006 0.000 0.000 0.024

FC 0.024 0.011 0.012 0.000 0.011 0.011 0.012 0.002 0.010 0.024

FET 0.024 0.002 0.001 0.000 0.001 0.003 0.002 0.001 0.002 0.024

FE 0.024 0.001 0.000 0.001 0.000 0.003 0.001 0.002 0.002 0.024

IR 0.024 0.006 0.000 0.005 0.005 0.013 0.007 0.013 0.013 0.024

LU 0.024 0.019 0.010 0.000 0.019 0.020 0.011 0.005 0.020 0.024

MET 0.024 0.002 0.002 0.000 0.001 0.002 0.002 0.001 0.001 0.024

ME 0.024 0.014 0.007 0.000 0.014 0.014 0.007 0.004 0.014 0.024

POFE 0.024 0.000 0.018 0.019 0.008 0.000 0.018 0.019 0.009 0.024

OD 0.024 0.020 0.010 0.000 0.020 0.022 0.012 0.007 0.022 0.024

TA 0.024 0.007 0.008 0.001 0.005 0.004 0.005 0.000 0.002 0.024

TET 0.024 0.013 0.019 0.008 0.011 0.003 0.010 0.000 0.001 0.024

FD 0.067 0.023 0.000 0.012 0.006 0.050 0.030 0.047 0.035 0.067

HTC 0.067 0.007 0.003 0.000 0.004 0.011 0.007 0.006 0.008 0.067

HTNC 0.067 0.003 0.006 0.002 0.003 0.000 0.002 0.001 0.000 0.067

MD 0.067 0.014 0.058 0.008 0.013 0.004 0.050 0.000 0.000 0.067

POFH 0.067 0.000 0.044 0.046 0.020 0.002 0.045 0.049 0.022 0.067

0.029 0.000 0.033 0.027 0.036 0.007 0.040 0.035 0.333

0.125 0.096 0.043 0.109 0.141 0.114 0.088 0.125 0.330

0.047 0.110 0.068 0.047 0.067 0.135 0.102 0.066 0.333

0.200 0.206 0.143 0.182 0.244 0.256 0.231 0.225 0.997

7 6 9 8 3 2 4 5 1Rank

Environmental score

Social score

Total score

Economic score
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