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A B S T R A C T

The application of supercritical fluids (SCF) in industrial and research processes has gained attention in recent 
years for their unique properties and potential environmental benefits. Frequently described as “green solvents”, 
SCF can reduce of replace the use of conventional organic solvents. However, broader adoption requires a clear 
understanding of their full life cycle environmental impacts. Life cycle assessment (LCA) has been widely used to 
evaluate the environmental performance of SCF technologies.

This study critically reviews 70 LCA studies of SCF processes across various applications through the four 
phases of LCA: goal and scope definition, life cycle inventory, life cycle impact assessment, and interpretation to 
identify methodological gaps and trends in energy use, solvent consumption, and environmental impacts. Despite 
variability in modelling approaches, process-level trends emerge: for gasification, global warming results range 
from − 0.2 to 5 kg CO2eq.kginput

− 1 ; for extraction from 0.2 to 153 kg CO2eq.kginput
− 1 depending on feed and scale. 

Contribution analyses highlight that energy is the main hotspot, especially in supercritical water gasification and 
transesterification, even though yielding higher-quality output and lower solvent consumption. Benchmarking 
results are mixed: 27 studies reporting lower environmental impacts for SCF processes, while 18 studies report 
higher impacts, especially in extraction applications. Sensitivity analyses highlight the influence of electricity 
mix, feed concentration, and solvent recycling on LCA outcomes.

This review provides targeted recommendations to enhance consistency and accuracy in future LCA studies. By 
synthesizing current findings, it supports the development of more sustainable SCF technologies from early stage 
to support their broader adoption.

1. Introduction

Supercritical fluids (SCF) are described in a distinct domain, above 
its critical temperature (Tc) and pressure (pc), where fluids exhibit in
termediate physical and chemical properties between gas and liquid 
phases. These properties – such as density, viscosity and diffusivity - can 
be tuned by varying temperature and pressure, enabling SCFs to serve a 
variety of functions, including solvents, anti-solvents, or reagents (Li 
and Xu, 2019; Knez et al., 2014; Manjare and Dhingra, 2019). Their 
versatility makes SCFs highly promising for a wide range of applications, 
including synthesis, extraction, recycling, and waste treatment pro
cesses (Knez et al., 2019; Munshi and Bhaduri, 2009). In particular, the 
use of SCFs demonstrates a wide range of alternative processes that 

totally or partially replace the use of organic solvents (Knez et al., 2014). 
One prominent example is the use of SCFs in extraction, such as in 
caffeine or oil removal, where SCFs act as effective nontoxic solvents. 
The critical parameters—temperature and pressure—needed to achieve 
this domain vary across fluids. For instance, water has a critical tem
perature of 374 ◦C and a critical pressure of 221 bar, while carbon di
oxide (CO2) reaches its critical point at 31 ◦C and 73.8 bar. Ethanol and 
methanol exhibit critical temperatures of 241 ◦C and 239 ◦C, with cor
responding critical pressures of 62.7 bar and 81 bar, respectively 
(Aymonier et al., 2018). These variations in critical conditions influence 
the physicochemical properties of supercritical fluids, thereby deter
mining their suitability for diverse industrial applications, including 
extraction, reaction engineering, and material processing.
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The development of SCF technologies has been particularly active in 
recent decades, as researchers and industry aim to demonstrate their 
environmental and economic feasibility compared to conventional 
methods (Chemat and Vian, 2014; Preetam et al., 2023). SCFs have 
shown notable potential to reduce environmental impacts across various 
industrial processes, leading to their adoption in diverse applications 
such as green chemistry, pharmaceutical extraction and drug particle 
formulation (Chakravarty et al., 2019), food industry processes (e.g., 
decaffeination of coffee and tea) (Peker et al., 1992), and the synthesis of 
advanced materials (Aymonier et al., 2006).

As aforementioned, the environmental benefits of SCFs are associ
ated with their ability to minimize the reliance on conventional organic 
solvents. By utilizing the adjustable chemical and physical properties of 
SCFs, the need for volatile organic compounds, such as hexane, typically 
employed in traditional extraction technologies, can be substantially 
reduced (Manjare and Dhingra, 2019). However, the extent of these 
environmental benefits is highly dependent on specific process param
eters, including energy requirements, infrastructure demands, and the 
use of co-solvents, and therefore requires rigorous evaluation and 
validation.

Life Cycle Assessment (LCA) is an international standardized method 
for evaluating the environmental impacts of a product or process across 
its entire life cycle, from raw material extraction to disposal 
(International Organisation for Standardization, 2006a). LCA is an 
effective method to evaluate trade-offs and guide the design of 

sustainable processes even from lab-scale (Thonemann and Schulte, 
2019). In recent years, there has been a growing interest in assessing 
environmental impacts and optimizing SCF processes through eco- 
design strategies. While prior reviews, such as Kamjam et al., have 
recognized the need for LCA in evaluating SCF’s environmental impacts 
(Kamjam et al., 2024), they have not conducted the kind of structured 
and in-depth analysis presented here. Similarly, works by Hessel et al. 
have focused more broadly on technical aspects of SCF technologies, 
without applying a systematic LCA framework to discuss gaps and trends 
(Hessel et al., 2022).

The analysis begins with a broad categorization of relevant LCA 
studies using a landscape grid to provide an overview of existing 
knowledge. This is followed by an in-depth analysis of 70 selected case 
studies focusing on the four phases of LCA standards (International 
Organisation for Standardization, 2006a) – goal and scope definition, 
life cycle inventory (LCI), life cycle impact assessment (LCIA), and 
interpretation of results. Although all reviewed studies aim to provide 
quantitative insights to support the development of emerging SCF 
technologies, they vary significantly in scope and focus. By critically 
analysing these 70 studies, this review identifies methodological in
consistencies, highlights key environmental hotspots, and offers prac
tical recommendations to improve future assessments. Through this 
structured approach, grounded in the four LCA phases, this review seeks 
to promote more robust and consistent LCA studies, ultimately sup
porting the development and broader adoption of SCF technologies.

Fig. 1. Review method for articles collection, selection and analysis based on 2 grids: a landscape grid and a critical review grid based on the 4 phases of LCA.
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2. Materials and methods

2.1. Selection of LCA papers dealing with supercritical fluid processes

As illustrated in Fig. 1, the initial document pool consisted of 437 
papers identified through the following words search in Web of Science: 
(“life cycle assessment” OR “life cycle analysis” or “LCA”) AND “su
percritical”. Each document was manually screened against two primary 
selection criteria: 

• The paper must be an LCA study or contain a dedicated LCA section,
• The paper must discuss a supercritical fluid-based process within the 

LCA context.

After applying these criteria, 166 papers were selected for the 
landscape analysis. This subset provides insights into the increasing 
focus on assessing the environmental impacts of SCF processes. The 
analysis includes trends across different sectors, countries, and journals, 
illustrating the growing academic and industrial interest in SCF envi
ronmental assessments.

For the critical review, additional quantitative and qualitative in
formation aligned with the four phases of LCA are required. This in
cludes disclosing LCI data and modelling the supercritical fluid process 
at the unit process level—the smallest modelling entity in LCA—both 
serving as key selection criteria for the review grid. This approach en
sures the collection of process-specific data for accurately assessing the 
technology’s environmental implications. Power plant applications 
were excluded from this analysis, as they are typically modelled at the 
plant level, making it impossible to isolate data specific to the super
critical fluid process. Supercritical fluids are commonly used in such 
applications due to their high thermal efficiency and enhanced heat 
transfer properties, which enable a more efficient energy conversion 
(Kamjam et al., 2024; Wang et al., 2025). As a result, 70 LCA papers 
were selected for the critical review.

2.2. Analysis criteria

2.2.1. Global analysis grid criteria (landscape)
The analysis criteria for this landscape review (166 papers) include 

journal sources, years of publication, and process sectors. Examining 
journal sources helps to identify the main publishers and research con
tributors in the field. Analysing publication years allows for tracking 
trends and developments over time. Finally, categorizing studies by 
process sectors provides insights into the industries where supercritical 
fluid processes are the most commonly applied.

2.2.2. Critical analysis grid criteria
The analysis criteria for the critical review (70 papers) follow the 

four established phases of LCA, as defined by ISO standards 
(International Organisation for Standardization, 2006a): phase 1 – 
definition of goal and scope, phase 2 – life cycle inventory, phase 3 – life 
cycle impact assessment, and, phase 4 – interpretation of the results. The 
set of criteria is detailed below and a summary is provided in Fig. 1.

2.2.2.1. Criteria for LCA phase 1 – goal and scope. The goals of the 
studies vary based on their intended applications and motivations. In 
this review, they are categorized according to goal archetypes 
commonly found of goals definitions found in the literature (Schrijvers 
et al., 2020). These goals fall into three categories: (i) ecodesign, where 
LCA is used to guide process development and establish strategies to 
reduce environmental impacts; (ii) benchmarking, which compares su
percritical fluid processes with conventional alternatives to demonstrate 
their (potential) relevance; and (iii) quantification, which focuses on 
identifying environmental hotspots without necessarily proposing spe
cific improvements. In analysing the scope definitions, we examined 

several key elements, including: the choice of functional unit (FU), 
system boundaries—specifically, whether and how inputs are modelled 
within the studies, and the specific process components considered, such 
as energy, chemicals, infrastructure, and waste.

2.2.2.2. Criteria for LCA phase 2 – LCI. The LCI phase involves tracking 
all material and energy flows in and out of the modelled system, 
including those identified in the steps in the goal and scope pha
se—namely, energy, chemicals, infrastructure, and waste. These flows 
are categorized as either foreground or background data. The fore
ground system consists of processes directly controlled by the decision- 
maker involved in the study, while the background system encompasses 
processes that are part of the system but not directly managed, with data 
typically sourced from established LCA databases. Data sources for the 
foreground system vary, including literature reviews, manual calcula
tions, primary experimental data, and process simulations, a tool to 
extract LCI data discussed in the review by Gutiérrez Ortiz et al. 
(Gutiérrez Ortiz and Kruse, 2020). Background data, on the other hand, 
often requires access to specific databases, which may be either 
subscription-based or freely available.

Another key criterion is the modelled scale—whether the data are 
drawn from lab-scale, pilot-scale, or industrial-scale processes. If scale- 
up adjustments were applied, these were carefully documented in the 
analysis. In terms of data type, we collected and reviewed values related 
to feedstock, raw material inputs and products outputs, nature and 
quantity of solvent, key parameters (temperature, pressure, and reaction 
time with the supercritical fluid), as well as any secondary solvents used, 
including their types and quantities. Finally, data on heating energy and 
electricity consumption was also collected, as these energy metrics are of 
particular interest to experts in the field.

2.2.2.3. Criteria for LCA phases 3 and 4 – LCIA and interpretation. The 
criteria used to analyse the LCIA phase of the case studies include the 
selected LCIA methodology, the range of impact and damage categories 
considered, and whether normalization and weighting—optional ele
ments—were applied.

In Phase 4, interpretation criteria focus on whether studies con
ducted a mono- or multicriteria analysis, addressed contribution anal
ysis, performed comparative analysis, examined sensitivity scenarios, 
discussed quantitative results, and outlined key conclusions regarding 
their processes. Specific LCIA results were collected and compared 
across studies that share relevant characteristics, such as the type of 
fluid, modelled scale, and process type. To ensure consistency, global 
warming (GW) impact results were harmonized based on input and 
output values among studies with similar parameters.

3. Results

3.1. Overview of the landscape analysis

The landscape analysis reveals that supercritical fluid technologies 
are primarily applied to four key sectors: energy (45 %), chemicals (26 
%), recycling and waste treatment (21 %) and materials (8 %), as pre
sented in Fig. 2 (pie chart). There is a notable growth in interest over 
time, particularly in the last decade, reflecting increasing attention to 
address sustainability and evaluating the environmental impacts of su
percritical fluids processes in different sectors, especially energy and 
chemicals. A clear increase is observed from 2010 onward, with a peak 
in 2020–2024.

While many documents were excluded during the screening process, 
the share of publications meeting our review criteria has steadily grown 
since 2016. The steady growth of these publications meeting the land
scape or critical review criteria from 2016 onward underscores a shift 
toward more structured, focused assessments of environmental impacts 
in these studies, especially following LCA framework. Moreover, SCFs 

I. Gaalich et al.                                                                                                                                                                                                                                  Environmental Impact Assessment Review 116 (2026) 108106 

3 



are increasingly referenced in broader discussions on green technologies 
and cleaner production, underscoring their relevance in sustainability 
research (Hessel et al., 2022; Ramsey et al., 2009).

3.2. Types of processes for the critical review

After conducting the landscape analysis of 166 papers, we narrow 
our focus to 70 studies that met our selection criteria for the critical 
review. The selected studies span various supercritical fluid applica
tions, which we categorize into seven process types: gasification/ 
reforming, extraction, transesterification, recycling, waste treatment, 

synthesis, and drying.
Among the reviewed studies, extraction processes were the most 

frequently analysed (37 %), followed by gasification and reforming (21 
%). Energy-related studies primarily focus on supercritical water gasi
fication, while chemical studies emphasize extraction and synthesis 
processes. As shown in Fig. 3, supercritical fluids are widely applied 
across various processes:

Gasification and reforming consist of using supercritical water (sc- 
H2O) to decompose organic molecules in the absence of oxygen through 
hydrothermal reactions (Pinkard et al., 2019). Depending on the desired 
output, the process is classified as reforming, which aims to produce 

Fig. 2. Overview of LCA studies collected in the landscape review. The top graph shows the temporal distribution of publications (2004–2025), with selected critical 
review papers in green. The middle table presents the main journals by sector. The bottom pie chart illustrates the sectoral distribution and key research topics. *2025 
papers only cover January and February 2025, date at the last keywords search. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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hydrogen (H2), or gasification, which involves three main reactions such 
as steam reforming converting biomass in sc-H2O into a mixture of H2 
and CO, followed by the water-gas shift reaction where CO reacts with 
water to form CO2 and H2, and finally methanation, where CO reacts 
with H2 to produce methane (CH4) and water.

Transesterification processes involve an alcohol in supercritical 
conditions (e.g. methanol or ethanol) to produce biodiesel from tri
glycerides found in vegetable oils and animal fats by obtaining the 
corresponding ester without the need of a catalyst (Ngamprasertsith and 
Sawangkeaw, 2011).

Extraction processes employ supercritical CO2 (sc-CO2) or sc-H2O to 
selectively recover valuable compounds such as lipids from plants or 
algae, particularly for biodiesel production (Cooney et al., 2009). Other 
common target extractions involve protein (McKuin et al., 2023; Syrpas 
et al., 2018), rosemary leaves oil (Rodríguez-Meizoso et al., 2012; Moura 
et al., 2022), beta-carotene (Ferreira et al., 2024; Espada et al., 2020), 
antioxidants (Arias et al., 2022), and phenolic compounds from spruce 
bark (Carlqvist et al., 2022) or asparagus (Santiago et al., 2021).

Waste treatment processes include supercritical water oxidation for 
wastewater treatment eliminating organic pollutants, in the presence of 
oxygen from sewage sludge (Loppinet-Serani et al., 2010) and printing 
ink wastewater (Yuan et al., 2025). Additionally, sc-CO2 has been 
employed for surface cleaning, effectively removing paint, carbon de
posits, grease, and rust from various materials (Peng et al., 2016).

In recycling applications, supercritical fluids, including sc-CO2, sc- 
butanol and sc-H2O, are used to remove pollutants from polymers, 
recycle carbon fibers from carbon fiber-reinforced polymers (CFRPs), 
recycle asphalt, and recover valuable metals from Li-ion batteries 
(Pillain et al., 2019; Khalil, 2018; Hermansson et al., 2022; Arena and 
Ardolino, 2022; Liu et al., 2021; Premathilake et al., 2024; Li et al., 
2024). The choice of solvent depends on factors such as solubility, re
action requirements, and separation efficiency (Goto, 2009).

Synthesis processes cover chemicals and materials synthesis where 
sc-H2O is commonly used for the synthesis of talc (Glogic et al., 2021), 
titanium dioxide (TiO2) nanoparticles (Tsang et al., 2018), and barium 
strontium titanate Ba1− xSrxTiO3 (Tsang et al., 2016), while sc-CO2 has 
been applied in the synthesis of formic acid (Thonemann and Schulte, 
2019).

Finally, drying processes with sc-CO2 enable the production of aer
ogels for diverse applications, including drug delivery (e.g., starch aer
ogels (De Marco et al., 2018a; De Marco et al., 2019; De Marco et al., 
2016)), tissue engineering (e.g., PLA aerogels (Gay et al., 2018)), and 
insulation materials (e.g., silica aerogels) (Dowson et al., 2012).

The specificities of these processes, including their inputs, outputs, 
quantities, and environmental considerations, will be discussed in the 
following section.

3.3. Phase 1: goal and scope definition

3.3.1. Goal of the studies
The goals of the studies are categorized into three types according to 

literature (Schrijvers et al., 2020), with their respective percentages 
shown in Fig. 3, where studies can pursue multiple goals at ounce. 
Approximately one-third (41 %) aim to quantify the environmental 
impacts of their processes, focusing primarily on determining their 
environmental footprint. Among these, some also compare their results 
with existing literature or alternative scenarios, although such com
parisons are not always explicitly stated as an initial goal. Notably, only 
five studies did not include any form of comparison while focusing on 
quantifying the environmental impacts.

Another third approximately of these studies (accounting for 34 % of 
the total) prioritized identifying and addressing hotspots in their pro
cesses to lower the environmental impacts of their scenarios, high
lighting eco-design strategies as the main stated goal.

Finally, a significant proportion of LCA studies (47 %) explicitly 
stated their primary goal as performing a benchmark analysis. These 
studies aimed to compare their results and demonstrate the environ
mental advantages of their supercritical fluid processes, standing apart 
from studies that solely focused on assessment.

3.3.2. Scope, FU, system boundaries, life cycle steps
Table 1 summarizes key elements collected from the 70 papers under 

review, categorized by process type, functional unit (FU), elements 
considered, modelled scale, feed type, and nature of supercritical fluid 
(sc-fluid) used. For better readability, the data is also available in Sup
porting Information (SI). The choice of functional unit varies across 

Fig. 3. Quantitative results of the reviewed paper after screening for the critical analysis.
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Table 1 
Key elements from the critical review analysis of the 70 papers. Elements of the process are abbreviated: Input = In; Energy = En; Chemicals = Chem; Infrastructure =
Infra; Waste = W.

Reference Process type Functional unit Elements of the 
process 
considered

Modelled 
scale

Feed type (input) Sc-fluid

Kiwjaroun et al., 
2009

Transesterification 1 kg of biodiesel based on 100,000 tons of 
annual production capacity

En, Chem, W scale-up palm oil Methanol

Morais et al., 2010 Transesterification 1000 kg of biodiesel In, En, Chem, W scale-up waste vegetable oil Methanol
Brentner et al., 

2011
Extraction/ 
Transesterification

Production of 10 GJ Algal biodiesel In, En, Chem, 
Infra, W

scale-up algae CO2/ 
methanol

Rodríguez-Meizoso 
et al., 2012

Extraction 10 g rosemary extract having an equivalent 
antioxidant activity

En, Chem, W lab Rosemary CO2

Sawangkeaw et al., 
2012

Transesterification 1 kg of biodiesel based on 100,000 tons of 
annual production capacity

En, Chem scale-up crude palm oil Methanol/ 
Ethanol

Dowson et al., 
2012

Drying 1 m3 of aerogel In, En, Chem lab aerogel Methanol

Ferreira et al., 
2013

Extraction 1 MJ of biodiesel In, En, Chem lab microalga CO2

Kralisch et al., 
2013

Transesterification 1 kg of biodiesel En, Chem, W lab/scale- 
up

waste oil Methanol

Pérez-López et al., 
2014

Extraction 1 kg of valorized biomass In, En, Chem, W lab macroalgal (S. muticum) CO2

Kiss et al., 2014 Transesterification 1 kg of biodiesel produced In, En, Chem lab rapeseed oil Methanol/ 
Ethanol

Galera and 
Gutiérrez Ortiz, 
2015

Reforming 1 kg of H2 produced In, Chem, W lab glycerol Water

Chan et al., 2015 Extraction 1 kg of bio-oil produced En, Chem scale-up oil palm biomass Water
Monari et al., 2016 Extraction 1 MJ of biodiesel In, En, Chem lab algae (Nannochloropsis) CO2

Shimako et al., 
2016

Extraction 1 MJ of produced energy In, En, Chem, 
Infra, W

scale-up microalgae CO2

De Marco et al., 
2016

Drying 1 g of final aerogel In, En, Chem lab aerogel CO2

Tsang et al., 2016 Synthesis 1 kg of dry BST (Barium Strontium Titanate) 
nanoparticles

In, En, Chem, W lab/scale- 
up

barium isopropoxide; 
titanium isopropoxide; 
strontium isopropoxide

Water

Peng et al., 2016 Waste treatment Cleaning a square meter of paint and oil 
fouling on the workpieces’ surface until 
reach certain cleanliness

En, Chem, Infra, 
W

scale-up N/A CO2

Lombardi et al., 
2018

Transesterification 1 ton of used cooking oil En, Chem lab used cooking oil (mixture of 
99.8 % triolein and of 0.2 % 
oleic acid)

Methanol

Albarelli et al., 
2018

Extraction Extraction of lipids and proteins from wet 
microalgal biomass

In, En, Chem, W lab algae CO2

Chan et al., 2018 Extraction 1 kg of bio-oil extract (containing improved 
phenol concentration of ~7–8 wt% as 
compared to ~5 wt% in raw bio-oil)

En, Chem scale-up milled palm kernel shell (PKS) CO2

De Marco et al., 
2018a

Drying 1 g of starch aerogel obtained on bench or 
pilot scale plant

In, En, Chem lab/pilot/ 
industrial

alcogel from corn starch CO2

Syrpas et al., 2018 Extraction Production of 1 g of oil extract En, Chem, W lab cyanobacterial biomass CO2

De Marco et al., 
2018b

Extraction 1 kg of decaf blend coffee beans (600 g of 
Arabica and 400 g of Robusta) corresponding 
to 11.4 g of dry caffeine recovered from the 
blend

In, En, Chem industrial coffee beans CO2

Gay et al., 2018 Drying 50 units of PLA scaffolds of 1 mL each In, En, Chem scale-up polymer solution CO2

Tsang et al., 2018 Synthesis 1 kg of dry nano-TiO2 powder In, En, Chem, W scale-up titanium isopropoxide Water
Khalil, 2018 Recycling 1 kg of carbon fiber reinforced polymer En, Chem, W N/A carbon fiber reinforced 

polymer (CFRP)
Water

De Marco et al., 
2019

Drying 120 mg SA tablet containing the daily 
therapeutic dose of TOC (15 mg)

In, En, Chem industrial alcogel - from starch CO2

Thonemann and 
Schulte, 2019

Synthesis Production of 1 kg of FA in commercial purity 
grade (85.0 wt%)

In, En, Chem, 
Infra, W

lab/scale- 
up

aqueous solution CO2

Chen et al., 2019 Gasification 1 kg H2 In, En, Chem, 
Infra, W

pilot wood sawdust Water

Garcia-Garcia and 
Rahimifard, 
2019

Extraction 1.35 kg of pure wax obtained in one 
valorisation batch

In, En, Chem, W industrial barley straw CO2

Pillain et al., 2019 Recycling Managing the end of life of 1 kg of CFRP 
composed of 60 wt% carbon fibers and 40 wt 
% resin

En, Chem, W scale-up carbon fiber reinforced 
polymer (CFRP)

Water

Bora et al., 2020 Gasification Management of 1000 kg of fresh or wet 
poultry litter with a 25 % w/w moisture 
content

En, Chem, Infra, 
W

N/A poultry liter Water

Pankratz et al., 
2020

Gasification Production of 1 MJ of energy from algae 
cultivation

In, En, Chem industrial algae Water

(continued on next page)
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process types, reflecting their different objectives.
Gasification and reforming processes primarily use energy and 

mass-based FUs, such as 1 MJ of energy produced (Gutiérrez Ortiz et al., 
2020; Pankratz et al., 2020) or 1 kg of hydrogen generated (Khalil, 2021; 
Chen et al., 2019; Galera and Gutiérrez Ortiz, 2015). Most gasification 
LCA studies model the input feedstock characteristics, due to its 

influence on the process efficiency. However, two studies took different 
approaches – one attributed the environmental impact of the input to an 
upstream system by applying a cut-off method (Chen et al., 2022), while 
another assumed the feedstock to be identical across scenarios for 
benchmarking purposes (Bora et al., 2020).

Extraction studies often define FU in terms of mass-based outputs, 

Table 1 (continued )

Reference Process type Functional unit Elements of the 
process 
considered 

Modelled 
scale 

Feed type (input) Sc-fluid

Gutiérrez Ortiz 
et al., 2020

Reforming 1 MJ biofuel In, En, Chem, W scale-up aqueous phase from bio-oil 
(pine wood chips)

Water

Fózer et al., 2020 Gasification 1 kWh retrieved electricity from storage In, En, Chem scale-up microalgae (Spirulina 
platensis)

Water

Espada et al., 2020 Extraction 1 kg of β-carotene with a plant capacity of 8 
tons year− 1

In, En, Chem, W industrial dried biomass from 
microalgae (Dunaliella salina)

CO2

Gwee et al., 2020 Extraction Extraction of 1 kg of crude volatile oil In, En, Chem scale-up lignified biomass (Aquilaria 
sinensis)

CO2

Iannotta et al., 
2020

Gasification 1 ton of treated waste: carbon black, heavy 
oil, and leachate

En, Chem pilot carbon black; heavy oil; 
leachate

Water

Khalil, 2021 Reforming 1 kg of produced H2 In, En, Chem N/A glycerol Water
Bussa et al., 2021 Extraction 1 kg of algal biomass In, En, Chem, 

Infra, W
scale-up microalgae (C.vulgaris) CO2

Yan et al., 2021 Extraction 1 kg of bio-oil output En, Chem, W lab palm kernel shell (PKS) Water
Santiago et al., 

2021
Extraction 1 kg of rutin En, Chem, W lab asparagus waste CO2

Liu et al., 2021 Gasification 1 kg of ammonia In, En, Chem, 
Infra

scale-up algae Water

Glogic et al., 2021 Synthesis Gel containing 1 kg of synthetic talc In, En, Chem, W lab/scale- 
up

sodium metasilicate; 
magnesium acetate; acetic 
acid

Water

Liu et al., 2021 Recycling Treatment of 1 kg CFRP waste In, En, Chem, 
Infra, W

pilot carbon fiber reinforced 
polymer (CFRP)

n-butanol

Chen et al., 2022 Gasification 1 ton of SSF (simultaneous saccharification 
and fermentation) residue

En, Chem scale-up corn stover residue (SSF) Water

De Marco, 2022 Synthesis 180 mg tablet consisting of 150 mg of PVP 
and 30 mg of prednisolone

In, En, Chem scale-up PVP + PDS solution CO2

Carlqvist et al., 
2022

Extraction Production of an extract with 1 kg phenolic 
compounds

In, En, Chem, W scale-up spruce bark (Picea abies) CO2

Arias et al., 2022 Extraction Production of 1 g of antioxidant extract, with 
a purity of 95 %

In, En, Chem, W scale-up beet leaves/beet stalk residues CO2

Moura et al., 2022 Extraction 1 g of aromatic extract/1 g of alpha-pinene En, Chem, W lab rosemary CO2

Arena and 
Ardolino, 2022

Extraction Management of 1 t of the selected polymers En, Chem, W N/A plastic waste CO2

Hermansson et al., 
2022

Recycling The service provided by one piece of 
fictitious product φ used for σ years

In, En, Chem N/A composite (70 % polyamide 
+30 % carbon fiber)

Water

McKuin et al., 
2023

Extraction 1 kg crude protein In, En, Chem, W scale-up microalgae (Nannochloropsis 
sp.)

CO2

Liang et al., 2023 Gasification 1 ton of printing paper In, En, Chem pilot black liquor Water
Krzyżaniak et al., 

2023
Extraction 1 kg of packaged dry extract In, En, Chem industrial poplar biomass CO2

Ferreira et al., 
2024

Extraction obtaining 1 kg of carotenoids In, En, Chem lab dry biomass CO2

Qiu et al., 2024 Gasification N/A En, Chem N/A oily sludge sewage Water
Li et al., 2024 Recycling The production of 1 ton of alternative asphalt 

mixtures for road pavements located in China
In, En, Chem, W scale-up crumb rubber CO2

Huang et al., 2024 Gasification 1 ton of crude steel produced En, Chem scale-up black liquor Water
Premathilake 

et al., 2024
Recycling The treatment of 1 kg of NMC111 cathode 

active material
En, Chem, W scale-up NMC111 cathode active 

material
CO2

Arias et al., 2024 Extraction 1 batch process In, En, Chem, W lab algae CO2

Fonseca-Pérez 
et al., 2024

Extraction 1 kg of grape seed oil produced at the refinery In, En, Chem, 
Infra, W

scale-up grape pomace CO2

Sadeghi Sheshdeh 
et al., 2024

Gasification The management of 1000 kg bagasse/1 kWh 
net electricity

En, Chem, W N/A bagasse biomass Water

Silva et al., 2024 Recycling One aeronautic composite laminate In, En, Chem, W pilot aeronautic carbon composite 
residues

Water

Yuan et al., 2025 Waste treatment COD removal capacity of 268.8 kg En, Chem scale-up printing ink wastewater (high 
COD wastewater)

Water

Deng et al., 2025 Gasification 1 kg of dry sewage sludge (DDS) En, Chem, W scale-up sewage sludge Water
Caudle et al., 2025 Recycling Mass of recycled PP that has been extruded 

into pellets
In, En, Chem, W lab plastic waste (PP 24 %wt.) propane

Peng et al., 2025 Synthesis Preparing 1 kg of Cu In, En, Chem lab biomass Water
Yanhong et al., 

2025
Waste treatment 1 kg of shrimp shell consumption En, Chem, W lab shrimp shell CO2

Vogiantzi and 
Tserpes, 2025

Recycling 1 kg of CFRP waste In, En, Chem, W lab CFRP waste Water
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such as 1 kg of crude protein (McKuin et al., 2023), oil extract (Syrpas 
et al., 2018; Chan et al., 2018), or carotenoids (Ferreira et al., 2024; 
Espada et al., 2020), caffeine (De Marco et al., 2018b). Purity-based 
criteria can be used in the FU definition, such as 1 g of antioxidant 
extract with 95 % purity (Arias et al., 2022).

Transesterification processes for biodiesel production frequently 
express FU in terms of mass and energy content, such as 1 kg (Kralisch 
et al., 2013; Sawangkeaw et al., 2012; Kiwjaroun et al., 2009; Kiss et al., 
2014) or 1 ton (Morais et al., 2010), or 10 GJ (Brentner et al., 2011) of 
biodiesel, allowing direct comparison with other energy sources.

Recycling and waste treatment studies define FU based on waste 
management goals, such as 1 kg of treated composite waste, that can be 
polymer waste (Arena and Ardolino, 2022; Caudle et al., 2025), carbon 
fiber waste (Pillain et al., 2019; Khalil, 2018; Liu et al., 2021), or spent 
Li-ion batteries (Premathilake et al., 2024), but also for example shrimp 
shell valorisation (Yanhong et al., 2025).

Synthesis processes focus on the output quantity such as 1 kg in the 
case of nanoparticles of titanium oxide (Tsang et al., 2018), or barium 
strontium titanate (Tsang et al., 2016), or still for synthetic talc (Glogic 
et al., 2021) but also for pharmaceuticals applications for example 
tablets with a quantity of therapeutic dose (De Marco et al., 2019).

Drying cover aerogel preparation, with FU expressed per unit of 
aerogel prepared (De Marco et al., 2018a).

Regarding modelled scale, process types exhibit distinct trends. 
Gasification studies are often modelled at pilot scale or with a scale-up 
projection, demonstrating efforts to transition from laboratory 
research to industrial application. Extraction studies, on the other hand, 
exist at lab scale but also at industrial scale, such as for the caffeine 
extraction.

As presented in Fig. 3 on the system boundaries data, the elements 
considered across studies reveal key priorities in process assessment. 
Energy and chemical usage are the most frequently analysed elements in 
the system boundaries, whereas infrastructure and waste management 
are often overlooked due to limited availability of primary data – only 
14 % and 59 % of studies include these elements, respectively.

In terms of supercritical fluid usage, 49 % of case studies employ 
water, 38 % use CO2, and 13 % alcohols. CO2 is mainly used in extrac
tion processes, while water is commonly applied in gasification and 
reforming. Methanol and ethanol are primarily involved in trans
esterification, serving as reactants in biodiesel production.

3.4. Phase 2: life cycle inventory

Source of data. Foreground LCI data originates from direct mea
surements (26 %), from industrial processes real data, laboratory ex
periments, or pilot-scale plants. Additionally, 46 % of foreground data is 
derived from process modelling using software like Aspen Plus, Aspen 
HYSYS, or SuperPro Designer. Literature sources also play a consider
able role, either as the sole data source or in combination with experi
ments or modelling, contributing to 53 % of foreground data in the 
studies under review.

Background data is often drawn from LCA databases, with ecoinvent 
(versions 2.2 to 3.6) being the most cited due to its extensive coverage of 
international LCI (77 % of the papers under review). Other databases 
include Sphera (formerly GaBi) database, the European Life Cycle 
Database (ELCD), and Agri-footprint. However, eight studies do not 
specify the database used. A summary of the distribution of foreground 
and background data sources is presented in Fig. 3.

Modelled scale. The modelled scale is important in LCA, especially 
for emerging technologies like supercritical fluids. While some indus
trial applications exist (e.g., decaffeination), a significant portion of 
studies (32 %) focus on lab-scale processes. At this stage, LCA results are 
influenced by limited process optimization and incomplete data on 
infrastructure, waste generation, and energy efficiency.

Scaling up data from laboratory experiments to project outcomes at 
industrial scale is the most common approach in the reviewed studies, 

representing 41 % of cases. This shift increasingly relies on process 
simulations for LCI data generation, especially to benchmark against 
conventional processes at the industrial scale, as lab-scale models often 
rely on approximations. A smaller share evaluates pilot (8 %) or 
industrial-scale (9 %) implementations.

Fig. 4 categorizes processes by solvent type (CO2, water, alcohol) on 
the x-axis and displays key parameters extracted from the 70 LCA studies 
(e.g., solvent use, energy inputs, GW per kg input) on a log-scaled y-axis. 
Process types are color-coded. Data used are detailed in the Supporting 
Information (SI). Table 2 presents the ranges of solvent use, energy 
consumption, and global warming impacts, categorized by process type, 
solvent, and modelled scale.

Solvents. The consumption of solvents in supercritical fluids-based 
processes varies widely based on the process type, scale, and optimiza
tion level, as shown in Fig. 4 (third panel from the left). For sc-CO2-based 
processes, extraction requires between 10 g and 4 kgCO2.kginput

− 1 , (i.e. 
quantity of solvent CO2 per kg of input) which can rise up to 40 kg for 
more resource-intensive extractions, in the case of algae extraction 
(Syrpas et al., 2018; Pérez-López et al., 2014). Aerogel drying generally 
uses 35–78 kgCO2.kginput

− 1 (De Marco et al., 2018a; De Marco et al., 2019; 
Gay et al., 2018), while synthesis and precipitation processes consume 
around 20 kgCO2.kginput

− 1 (De Marco, 2022). However, extreme in
efficiencies are observed at the lab scale, where aerogel drying can 
require as much as 1000 kgCO2.kginput

− 1 (De Marco et al., 2018a). Despite 
this variability, a median value for CO2 solvent consumption across 
applications is 0.9 kgCO2.kginput

− 1 .
In sc-H2O processes, consumption tends to follow a more compact 

trend: 0.2–19 kgwater.kginput
− 1 (avg. 7 kg), but can spike in unoptimized 

lab-scale cases (e.g., 120 kgwater.kginput
− 1 for talc synthesis (Glogic et al., 

2021) and 47 kgwater.kginput
− 1 for nanoparticles (Tsang et al., 2016)).

Supercritical alcohols, such as methanol and ethanol, are primarily 
used in transesterification reactions, with a mean value around 0.2 kg. 
kginput

− 1 . Outliers like a 42:1 methanol-to-input molar ratio have been 
reported in lab-scale waste oil conversion (Kralisch et al., 2013).

Secondary solvents (e.g., ethanol, acetone, toluene) vary from 10 g to 
48 kg.kginput

− 1 , with the high end observed in lab-scale barium strontium 
titanate synthesis (Tsang et al., 2016).

Energy. Energy consumption is a key consideration in nearly all LCA 
studies, as the high temperature and pressures require considerable in
puts of heating energy and electricity for pumps and cooling, respec
tively (Chen et al., 2019). Electricity and heating energy values per kg of 
input are presented in Fig. 4.

Electricity consumption in sc-H2O processes, especially in gasifica
tion is generally low, as these systems require less energy for pumps and 
cooling compared to CO2-based systems. Reported values range from 
0.3 Wh to 2 kWh.kginput

− 1 , with an average of 0.4 kWh.kginput
− 1 . However, 

the heating demand is significantly higher due to the higher critical 
temperature of water, ranging from 4 to 80 MJ.kginput

− 1 , with an average 
of 40 MJ.

Supercritical CO2 extraction processes require more electricity, with 
reported values between 10 Wh and 8 kWh.kginput

− 1 , averaging 1.5 kWh. 
kginput

− 1 , usually linked with energy for CO2 cooling. Some extreme values 
(e.g., 500 kWh.kginput

− 1 ) appear in non-optimized lab-scale studies. 
Heating energy demand ranges from 0.3 to 20 MJ.kginput

− 1 , averaging at 6 
MJ, which is lower than that of sc-H2O processes due to lower temper
ature requirements.

Energy consumption in supercritical transesterification, which in
volves supercritical alcohols falls between that of water and CO2 pro
cesses. The average electricity requirement is 0.02 kWh.kginput

− 1 , while 
heating energy needs average 4 MJ.kginput

− 1 . This lower energy demand is 
due to alcohols typically being injected as a liquid, requiring less energy 
for pumping than CO2, which needs to be cooled before compression.

When primary energy data for industrial-scale processes are avail
able, they are obtained from studies on aerogel production (De Marco 
et al., 2019), pharmaceutical manufacturing (De Marco, 2022) and 
caffeine extraction (De Marco et al., 2018b). However, when primary 
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data are unavailable, energy use is estimated through: 

• Process simulations (e.g. Aspen HYSYS, SuperPro Designer) to model 
energy requirements, differentiate between heating and electricity 
energy needs, and assess system performance (Thonemann and 
Schulte, 2019; Espada et al., 2020; Khalil, 2021),

• Experimental and theoretical approaches using equipment specs 
(equipment power ratings, operational times, and component ca
pacities) (Peng et al., 2016; Peng et al., 2025) or thermodynamic 
properties (Tsang et al., 2018),

• Secondary data from related LCA literature (e.g., using caffeine 
extraction data for oil extraction (Chan et al., 2018)).

Energy consumption trends across studies vary widely, but most 
indicate that supercritical fluid processes tend to require more energy 
than conventional alternatives (Ferreira et al., 2024; Kiwjaroun et al., 
2009; Pérez-López et al., 2014). However, one study notes that despite 
the high energy intensity of supercritical methanol processing, the 
simplified downstream operations (e.g., easier methanol recovery and 
product purification) result in lower overall energy consumption 
compared to alternative processes (Morais et al., 2010).

Infrastructure. Fewer than 15 % of studies explicitly model infra
structure. Approaches range from simplified reactor modelling, such as 
considering only steel by using the dataset from ecoinvent “steel, low- 
alloyed” with 10− 4 kg of steel per kg of input biomass for extraction and 
transesterification (Shimako et al., 2016), to more detailed designs 

Fig. 4. Overview of the trends on solvent use (CO2, water, alcohol), heating energy, electricity and GW result associated from different processes, organized by 
solvent. Colours represent the type of processes. The mean value is just indicative for each solvent.

Table 2 
Ranges of data reported in the reviewed LCA studies, categorized by process type, solvent, and modelled scale. N indicates the number of studies used to calculate each 
range. Extreme values are not displayed. An asterisk (*) denotes cases where only a single value was available.

N Electricity range (kWh.kginput
− 1 ) Heating energy range (MJ.kginput

− 1 ) Solvent consumption range 
(kg.kginput

− 1 )
GW results range (kgCO2eq.kginput

− 1 )

Process
Gasification and reforming 12 0.01–2.7 4.6–84 0.01–19 − 0.2–5.8
Transesterification 7 0.004–0.03 1.2–8.1 0.1–42 0.68*
Extraction 18 0.01–8 0.3–18 0.01–4 0.2–30
Waste treatment 2 0.5–7 2* 1.2–15 1–7.8
Recycling 8 0.03–3 0.6–66 1–10 0.2–30
Synthesis 6 0.01–57 0.1–20 0.6–20 0.3–35
Drying 3 2.9–200 9–171 0.5–35 15–100

Solvent
CO2 27 0.01–200 0.3–171 0.01–35 0.2–100
Water 22 0.01–2.7 0.5–84 0.1–19 − 0.2–30
Alcohol 5 0.004–3 1.2–21 0.1–42 0.68–30

Modelled scale
Lab 15 0.1–580 0.5–85 0.1–123 0.2–187
Pilot 3 0.3–3 21–25 0.5–10 1–30
Scale-up 21 0.01–57 0.1–80 0.1–42 − 0.2–35
Industrial 5 0.01–13 0.3–171 0.1–35 1–100

I. Gaalich et al.                                                                                                                                                                                                                                  Environmental Impact Assessment Review 116 (2026) 108106 

9 



accounting for material strength, thickness, and high-temperature ma
terials like stainless steel with chromium and nickel. In Liu et al. study, a 
stainless steel reactor was modelled with 6.89.10− 3 kg of stainless steel 
and 3.6.10− 3 kg of aluminum silicate wool – used as an insulating layer – 
per kg of carbon fiber input (Liu et al., 2021).

Others expand the scope to include entire chemical plants, using 
datasets from ecoinvent such as “chemical factory, organics”, with values 
ranging from 6.74.10− 11 and 6.10− 10 items.kginput

− 1 (Bussa et al., 2021). 
Similarly, sector-specific datasets can be employed, as seen in a study on 
oil extraction that used the “vegetable oil refinery” dataset from ecoin
vent, assigning 1.18.10− 10 items per kg of extracted grape seed oil 
(Fonseca-Pérez et al., 2024).

Thonemann and Schutle took a different approach by adapting 
generic dataset from ecoinvent and incorporating additional infra
structure elements, such as Nafion membranes and copper electrodes. In 
their lab-scale model, 2.4.10− 9 items of chemical factory and 5.5.10− 3 

kg of copper electrode are assigned per kg of formic acid produced. After 
scaling up, these values were significantly reduced to 5.10− 10 items of 
chemical factory, 10− 11 kg of copper electrode and 10− 7 kg of Nafion 
membrane per kg of formic acid (Thonemann and Schulte, 2019).

Waste. Some studies assert that supercritical processes result in 
outputs with little to no waste requiring treatment. These studies often 
model their processes assuming “waste-free” operation (Kiwjaroun 
et al., 2009) or report reduced waste generation (Morais et al., 2010). 
For example, it has been noted that the absence of catalysts in the su
percritical methanol process simplifies biodiesel purification steps, 
thereby reducing waste production. In terms of downstream emissions, 
liquid residuals—such as wastewater rich in nitrogen and organics 
pollutants are a notable by-product and are typically treated using 
conventional wastewater treatment methods (Yan et al., 2021).

Post-extraction residues are often valorised to produce energy in the 
form of heat or electricity. For instance, residual biomass from algae 
extraction can be anaerobically digested at 38 ◦C to generate biogas and 
recover nutrients (Espada et al., 2020; Brentner et al., 2011). Similarly, 
solid waste from asparagus extraction, such as residues containing rutin, 
can be digested and integrated in the model as foreground data for en
ergy recovery (Santiago et al., 2021).

In some cases, wastewater is assumed to be sent to conventional 
water treatment facilities (Santiago et al., 2021). Other studies model 
the management of solid waste, wastewater, and solvent mixtures using 
datasets from ecoinvent (Syrpas et al., 2018; Rodríguez-Meizoso et al., 
2012; Pillain et al., 2019). However, not all studies clearly specify how 
waste management is incorporated into their models. Approximately 60 
% of studies explicitly model waste within their analyses, while the 
remaining studies omit these considerations.

3.5. Phase 3: life cycle impact assessment

A variety of LCIA methods were applied in the reviewed studies, 
including IMPACT 2002+, ReCiPe, CML-IA, TRACI, Eco-indicator 99, 
IPCC, ILCD and BEES. ReCiPe was the most frequently applied method 
(40 % of the studies), likely due to its broad impact coverage and mul
ticriteria analysis. It was followed by CML (29 %) and IMPACT 2002+
(11 %). Endpoint-based assessments were conducted in 24 % of the 
studies. Other methods, including IPCC GWP, TRACI, EI99, ILCD, and 
BEES, were employed less frequently.

Notably, 23 % of the reviewed studies applied a monocriteria anal
ysis, exclusively evaluating global warming (GW) impacts. In addition, 
15 studies incorporated Cumulative Energy Demand (CED) as an energy- 
centric impact category, quantifying the primary energy consumed 
throughout the process (Frischknecht et al., 2015). Other commonly 
reported midpoint categories included acidification, eutrophication, and 
toxicity, reflecting broader environmental concerns beyond GW 
impacts.

Among the 59 studies that explicitly reported GW impacts, results 
varied widely depending on the process type, system boundaries, and 

included inventory elements (e.g., energy use, chemical inputs, infra
structure, waste). The reported GW impacts ranged from − 0.2 kgCO2eq. 
kginput

− 1 observed in a gasification process incorporating carbon capture 
and storage (CCS) (Chen et al., 2022), or applying heat and electricity 
substitution avoided burdens in another gasification case study (Sadeghi 
Sheshdeh et al., 2024), to 2500 kgCO2eq.kginput

− 1 in a lab-scale starch 
aerogel drying process (De Marco et al., 2018a).

Despite the variability in system modelling approaches, certain 
processes trends emerge when analysing larger sample groups. For 
gasification processes, reported GW values range between − 0,2 and 5 
kgCO2eq.kginput

− 1 with an average of 1.6 kgCO2eq.kginput
− 1 . In extraction 

processes, GW impacts span from 0.2 to 153 kgCO2eq.kginput
− 1 , corre

sponding to a scale-up scenario for spruce bark extraction (Carlqvist 
et al., 2022) and a lab-scale rosemary oil extraction (Rodríguez-Meizoso 
et al., 2012), respectively, with an average of 15 kgCO2eq.kginput

− 1 . For 
other process groups, mean values are more challenging to interpret due 
to limited data availability. A more detailed visualization of these trends 
is provided in Fig. 4.

3.6. Phase 4: interpretation

In Phase 4 (interpretation), the reviewed studies investigate three 
main aspects: identification of environmental hotspots (notably energy 
and solvent use), assessment of mitigation strategies through sensitivity 
analyses, and comparison of supercritical processes with conventional 
alternatives to evaluate benefits and trade-offs.

3.6.1. Contribution analysis
In this study, seven examples were selected to illustrate contribution 

analyses, covering applications in gasification/reforming (Gutiérrez 
Ortiz et al., 2020), extraction (Carlqvist et al., 2022), transesterification 
(Lombardi et al., 2018), recycling (Premathilake et al., 2024), synthesis 
(Thonemann and Schulte, 2019), drying (Gay et al., 2018), and waste 
treatment (Yanhong et al., 2025), as presented in Fig. 5.

The results highlight that energy consumption is a predominant 
contributor in most cases, particularly in gasification and trans
esterification, due to the higher temperature requirements of super
critical water and alcohol-based processes. For example, Brentner et al. 
highlighted the high energy burden of supercritical methanol trans
esterification due to reaction temperatures (~250 ◦C) and methanol 
recovery requirements. However, this process eliminates the need for 
biomass drying and integrates lipid extraction with conversion, offering 
advantages over sc-CO2 extraction (Brentner et al., 2011). Across 
studies, electricity and heat usage consistently emerge as major GW 
contributors, with extraction processes being particularly affected by 
electricity demand for CO2 cooling and pumping (Ferreira et al., 2024; 
Arias et al., 2022; Pérez-López et al., 2014; Lombardi et al., 2018).

Solvent use is another environmental hotspot, particularly in 
extraction, synthesis, and recycling applications. In the extraction of 
spruce bark (in the example in Fig. 5), ethanol use accounts for 74 % of 
the total impact, mainly due to solvent losses in residual bark, with only 
82 % recoverable and reusable (Carlqvist et al., 2022). The use of sc-CO2 
as a solvent also appears as a major hotspot in recycling and drying 
applications. In the Li-ion battery recycling example (Fig. 5), solvent use 
and waste generation are key contributors, with sodium hydroxide 
consumption playing a major role in cleaning vented CO2 emissions 
(Premathilake et al., 2024).

Feedstock composition also influences environmental performance, 
particularly in gasification and recycling. In the gasification example, 
pine wood bio-oil aqueous phase (35 % wt.) was used as feedstock. 
While the process is highly energy-intensive, heat recovery mitigates its 
impact by 12 %. In the synthesis of formic acid, a batch reactor scale-up 
has been considered, where the carbon savings from CO2 solvent supply 
(captured from emitting plants) can reduce the overall global warming 
impact by up to 25 %. However, energy remains the dominant hotspot. 
Infrastructure is included in the modelling but contributes only 4 % to 
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the GW impact, categorized under “Other” (Thonemann and Schulte, 
2019). In some cases, chemical precursors are the dominant contribu
tors, such as in TiO2 and talc synthesis (Glogic et al., 2021; Tsang et al., 
2018).

Drying processes require an important amount of CO2 to dry PLA 
aerogels. The process also generates a substantial amount of waste, 
mainly vented gases released into the atmosphere. The authors suggest 
that future work should consider recycling gaseous and liquid solvents, 
though a lack of data on retreatment scenarios currently limits this (Gay 
et al., 2018). Lastly, for the waste treatment process of shrimp cell val
orisation, energy consumption is the primary contributor to the impact, 
but its energy requirement is still lower than that of the conventional 
process (Yanhong et al., 2025).

Overall, a contribution analysis is included in 64 % of the studies 
under review, assessing either the contribution of the supercritical 
process within a system or the breakdown of hotspots within the su
percritical process itself, as presented above. However, only 28 case 
studies (40 %) specifically examine contributions within the supercrit
ical processes, allowing for a more detailed identification of environ
mental hotspots.

3.6.2. Comparative analysis
Among the 70 reviewed LCA studies, 55 (79 %) conducted compar

ative analyses, often benchmarking SCF processes against conventional 
methods. This means that 15 studies did not compare SCF processes to 
non-supercritical alternatives. Among these 55 comparative studies, 
conclusions varied: 

• 27 studies found SCF processes to have lower environmental im
pacts. Six credited this to carbon capture (CC) scenarios, while one 
attributed improved outcome to methane co-production using an 
avoided burden approach have reported that the supercritical pro
cess under study had lower environmental impacts, compared to 
conventional methods (Iannotta et al., 2020).

• 10 studies reported conditional advantages based on several factors: 
○ The relative environmental performance of SCF processes often 

depends on which processes they are compared to, which represent 
6 case studies. For instance, sc-H2O gasification outperformed 
landfilling poultry litter but was less favourable than conventional 

gasification due to electricity and heat recovery (Bora et al., 2020). 
Similarly, sc-H2O glycerol reforming had lower global warming, 
ecotoxicity, and acidification impacts than autothermal reforming, 
but was surpassed by aqueous-phase reforming (Khalil, 2021).

○ Allocation methods also influenced outcomes. In carbon fiber 
recycling, applying an avoided burden approach favoured solvol
ysis due to higher material quality (Pillain et al., 2019).

○ One study found SCF extraction advantageous for aromatic com
pounds but less for alpha-pinene due to selectivity issues (Moura 
et al., 2022).

○ Two studies highlighted trade-offs between impact categories: a 
lower carbon footprint but a higher toxicity (Espada et al., 2020), 
and a lower carbon footprint but a higher human health impact 
(Tsang et al., 2018), emphasizing the necessity of multicriteria 
analysis.

• Finally, 18 LCA studies reported that the supercritical process under 
study had higher environmental impacts than conventional alter
natives, mainly on extraction processes, due to higher energy 
requirement (Glogic et al., 2021; Garcia-Garcia and Rahimifard, 
2019) or solvent use, particularly when derived from fossil sources 
(Kiwjaroun et al., 2009).

However, several of these studies highlighted specific trade-offs in 
SCF applications, where higher environmental impacts were counter
balanced by process advantages: 

• SCF extraction yielded higher-quality pigments and extracts despite 
higher environmental impacts (Ferreira et al., 2013),

• Integrating anaerobic digestion for residual biomass reduced net 
energy use, improving environmental outcomes (Santiago et al., 
2021; Krzyżaniak et al., 2023),

• Supercritical water processing of wet biomass cut drying energy, 
though excess water sometimes increased material inputs and CO2 
emissions (McKuin et al., 2023; Pankratz et al., 2020; Fózer et al., 
2020).

Studies assessing the environmental impact of supercritical methanol 
transesterification have reached conflicting conclusion: 

Fig. 5. Contribution analysis of GW impact across seven selected examples of supercritical fluid-based processes.
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• Kiwjaroun et al. (Kiwjaroun et al., 2009) questioned its environ
mental viability due to high energy demand and important fossil fuel 
consumption,

• Morais et al. (Morais et al., 2010) reported lower impacts compared 
to conventional alkali-catalysed methods, citing reduced waste and 
more efficient conditions (lower temperatures, methanol-to-oil ra
tios, and an alternative distillation process).

• Kiss et al. (Kiss et al., 2014) explored the use of bioethanol instead of 
petroleum-based methanol to lower environmental impacts by 
leveraging more renewable sources.

Overall, SCF processes present advantages including reduced solvent 
toxicity, shorter extraction time and higher product quality. However, 
their environmental performance is nuanced and context-dependent. 
Some disadvantages include high energy demands for pressurization 
and heating, as well as the need for auxiliary solvents, even in small 
amounts which can offset some of their benefits.

3.6.3. Sensitivity analysis
Sensitivity analysis was conducted in 63 % of the reviewed LCA 

studies to assess the effects of varying key parameters, including elec
tricity mix, feed concentration, and solvent recycling loops, as detailed 
below.

Given that supercritical processes require considerable energy input, 
the choice of the electricity mix is a critical factor influencing the 
environmental footprint. Studies have demonstrated that modifying the 
energy mix can lead to variations in LCA results. For example, replacing 
Poland’s coal-heavy energy mix with the European average in a poplar 
biomass SCF extraction notably reduced impacts (Krzyżaniak et al., 
2023), due to the latter’s higher share of low-carbon sources. Similarly, 
analyses using European, Swedish, and Nordic energy mixes for spruce 
bark extraction helped identify optimal locations for implementation 
(Carlqvist et al., 2022). Substituting fossil energy with renewables like 
photovoltaics (De Marco et al., 2018b; De Marco, 2022), or hydroelec
tricity (Arias et al., 2022) was also explored to lower impacts. Another 
study compared in situ electricity generation to U.S. grid electricity for 
powering pumps and compressors in sc-H2O reforming, reducing emis
sions 0.4 kgCO2eq per kg of H2 produced (Khalil, 2021).

Beyond the energy mix, sensitivity analysis has been employed to 
assess the effects of modifying key process parameters such as biomass 
concentration before and after harvesting, solvent ratio, lipid and pro
tein content in the case of a microalgae biorefinery. A global sensitivity 
analysis with 4000 input sets aimed to identify optimal configurations 
for minimizing energy use and environmental impacts (Bussa et al., 
2021).

Sensitivity analysis also plays a crucial role in evaluating ecodesign 
actions. One prominent approach involves solvent recycling, particu
larly ethanol, which has been identified as a major contributor to 
emissions during alcogel formation. Scenario analysis has shown that 
recycling ethanol can substantially reduce emissions, and modifications 
in carbon dioxide condensation conditions within supercritical pro
cesses can further decrease environmental impact. A study proposed an 
improved solution, achieving a 30 % reduction in global impact 
compared to the base case (De Marco et al., 2019). Lowering tempera
tures in sc-CO2-assisted hydrothermal liquefaction from 390 to 300 ◦C 
reduces thermal energy consumption by 23 % (Chan et al., 2018).

Finally, sensitivity analysis has been used to test the effects of system 
boundaries choices. For starch aerogels, including or excluding the 
agricultural phase significantly altered impact assessments: agriculture 
(corn cultivation and starch production) dominated ecosystem impacts, 
while industrial processing contributed more to human health, global 
warming, and resource depletion (De Marco et al., 2018a).

4. Discussions and perspectives

4.1. Key findings and implications

The reviewed LCA studies on SCF processes reveal a complex sus
tainability profile, with both promising advantages and notable chal
lenges. SCF technologies have demonstrated potential environmental 
benefits, particularly in reducing chemical consumption, improving 
process efficiency and using less toxic solvent thus reducing waste 
generation. However, despite these advantages, the environmental 
benefits of SCF processes are not uniform across applications. One of the 
most critical findings is the high energy demand associated with 
achieving and maintaining supercritical conditions. Many studies 
highlight that the energy required for heating and pressurization often 
outweighs the reductions in solvent use, particularly in processes such as 
transesterification and aerogel drying. This trade-off is particularly 
evident in lab-scale studies, where the process efficiency is often not 
optimized for industrial application.

Another key insight is the strong dependency of SCF processes on the 
energy mix. Several studies show that integrating renewable energy 
sources, such as hydro or solar, significantly reduces their carbon foot
print, underscoring the need for low-carbon energy infrastructure.

Fig. 4 illustrates the high variability in environmental impacts across 
SCF processes, even for similar applications—largely due to inconsistent 
system boundaries, functional units, and process parameters. These 
findings highlight that SCF processes should not be broadly labelled as 
“green” technologies without a comprehensive environmental evalua
tion. To maximize their potential environmental benefits, future 
research and industrial applications must prioritize process optimiza
tion, solvent recovery, energy efficiency, and apply scale-up frameworks 
when technologies are still at the lab scale. Nonetheless, these conclu
sions must be interpreted with caution given several limitations in the 
reviewed studies—limitations that are discussed along with recom
mendations in the following section.

4.2. Limitations and recommendations

This review highlights limitations in applying LCA to supercritical 
fluid technologies. Addressing these gaps is essential to improve the 
robustness, comparability, and relevance of future studies. Key aspects 
requiring improvement are detailed below, and summarized in Table 3.

4.2.1. Goal and scope
A first challenge in LCA studies on SCF processes lies in the definition 

of the functional unit, which is often unclear or incomplete. This issue is 
particularly critical when SCF processes are compared with conven
tional technologies, as differences in product quality, yield, or perfor
mance may not be properly captured. To improve comparability, FU 
definitions should explicitly reflect these parameters and be aligned 
with the study objectives.

Another common limitation is incomplete system boundaries, where 
key aspects such as inputs, infrastructure, and waste generation are 
omitted—reported in only 64 %, 14 %, and 59 % of reviewed studies, 
respectively. All relevant elements should be included or explicitly 
excluded with justification. Infrastructure is especially overlooked 
despite SCF systems’ need for corrosion-resistant materials and specific 
design. Waste generation, whether reduced or shifted, also requires 
thorough modelling, using literature-based data when necessary (Doka, 
2023).

Allocation choices, particularly when co-products are involved, are 
often unclear or absent. Studies should explicitly state whether co- 
products are generated and justify the selected allocation method 
(Schrijvers et al., 2020), to improve transparency and comparability.

These limitations often reflect a lack of consistency in how LCA is 
applied across studies. Some research presents well-structured assess
ments with clear methodological choices, while others adopt LCA more 
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as a supporting tool for experimental work (Syrpas et al., 2018; Caudle 
et al., 2025; Fózer et al., 2020; Chan et al., 2015). Ensuring methodo
logical rigor and transparency, by systematically following ISO 14040- 
44 standards is essential for conducting robust and reliable LCA.

4.2.2. Life cycle inventory
A first limitation in LCI step on the reviewed studies on supercritical 

fluid processes is their reliance on prior research data, such as caffeine 
extraction (Chan et al., 2018), highlighting the pressing need for vali
dated, high-quality reference datasets to ensure robust environmental 
impact. In fact, limited LCI data availability, only in 52 % of the studies 
in the landscape analysis, significantly reduced our number of LCA 
studies for the critical review, reducing overall the reproducibility and 
benchmarking efforts. This is particularly critical as many analyses 
remain done at laboratory-scale, introducing major uncertainties when 
extrapolating results to industrial scales. To address this, future studies 
should integrate structured scale-up frameworks early in process 
development, combining experimental measurements, process simula
tions, and sensitivity analyses on key parameters like solvent ratios and 
energy consumption (Carlqvist et al., 2022). Pilot-scale experimental 
validation should also be considered a critical step to help build 
industrial-scale projections.

Moreover, transparency and quality of LCI remain areas for 
improvement. Many studies do not clearly document data modelling 
choices, particularly in differentiating between foreground and back
ground data, which undermines the interpretability and comparability 
of results as highlighted by Chan et al. (Chan et al., 2015). Ensuring 
transparent reporting of all input/outputs data sources, modelling as
sumptions, and mass and energy balances is essential. Foreground data 
quality remains a particular weakness, with studies often relying on 
generic proxies instead of process-specific data. This calls for a shift 
toward collecting experimental or simulation-based data wherever 
possible, supported by structured scale-up and validation frameworks. 
Since several supercritical fluid applications—such as sc-CO2 decaffei
nation of coffee, oil extraction, cleaning of cork closures for wine bottles, 

Table 3 
Limitations of existing studies and recommendations and perspectives regarding 
Life Cycle Assessment of supercritical fluid technologies.

Limitations Recommendations Literature for further 
discussion

Goal and scope
Functional unit 

lacking precision
Define FU clearly, including 
product quality if relevant.

ILCD Handbook (European 
Commission et al., 2010)

System boundaries 
are unclear, 
especially 
regarding feedstock

Clearly define boundaries, 
model feedstock explicitly 
especially when feedstock 
characteristics differ from 
conventional processes.

ISO 14040, ILCD 
Handbook (International 
Organisation for 
Standardization, 2006a; 
European Commission 
et al., 2010)

Infrastructure 
considerations are 
overlooked

Incorporate infrastructure 
considerations with specific 
material requirements, due 
to high pressure and 
corrosive media.

Liu et al. (2021); Sarrade 
et al. (2017)

Waste generation is 
partially omitted

Incorporate waste 
generation, even if reduced, 
to ensure a comprehensive 
assessment. Use literature- 
based modelling approaches 
(e.g., Doka, 2023) for 
specific waste streams.

Doka (2023)

Allocation issues State the co-products if 
applicable and apply the 
selected allocation 
procedure with clarity.

Schrijvers et al. (2020)

Life cycle inventory
LCI data are 

unavailable
Ensure data is reported for 
benchmarking and 
reproducibility.

Hauschild and Rosenbaum 
(2018)

LCI lacks 
transparency in 
data sources and 
assumptions

Clearly document 
foreground and background 
data sources. 
Validate mass and energy 
balances.

ISO 14044, ILCD 
Handbook (International 
Organisation for 
Standardization, 2006b; 
European Commission 
et al., 2010)

Generic proxy for 
foreground data

Prioritize process-specific 
foreground data collection 
through experimental 
measurements, process 
simulations, and structured 
scale-up frameworks.

ILCD Handbook (European 
Commission et al., 2010)

Data approximation 
at lab scale

Apply scale-up methods 
early with sensitivity 
checks.

Tsoy et al. (2020); 
Piccinno et al. (2016)

Emerging technology 
future scenarios

Prospective LCA on 
foreground and background 
data, if possible.

Arvidsson et al. (2018)

Life cycle impact assessment
Monocriteria analysis 

– only assessing 
carbon footprint

Conduct multicriteria 
analysis to assess trade-offs 
(e.g., energy vs. toxicity 
related impacts) including 
both midpoint (e.g., global 
warming, toxicity) and 
endpoint indicators 
(ecosystem quality, human 
health, resource use).

Hauschild and Rosenbaum, 
2018

Inclusion of carbon 
capture scenario

Integrate CCS/CCU 
scenarios accurately and 
improve carbon accounting, 
following LCA guidelines for 
carbon capture modelling.

Müller et al. (2020)

Coverage of toxicity 
related impacts

Include potential indirect 
toxicity impacts of SCFs 
(high pressure and 
temperature, leaks, 
aerosol). 
Follow SSbD principles to 
accurately assess the 

JRC report on SSbD (
European Commission and 
Joint Research Centre, 
2024); Clavier and Perrut 
(1996); 
Burgess et al. (2011)

Table 3 (continued )

Limitations Recommendations Literature for further 
discussion

toxicity trade-offs or 
benefits of SCFs in process 
development stage.

Interpretation
Reporting LCIA 

results
Provide absolute and 
relative values to help build 
comparison.

Hauschild and Rosenbaum, 
2018

Contribution analysis Conduct detailed 
contribution analyses to 
identify environmental 
hotspots; 
Efforts in eco-design 
development on the most 
contributing processes, 
especially for emerging 
technologies.

Hauschild and Rosenbaum, 
2018

Sensitivity analysis Test influence of key 
variables (e.g., recovery, 
yield, energy source).

Hauschild and Rosenbaum, 
2018

Comparison analysis Benchmark SCF processes 
against conventional 
alternatives under 
consistent system 
boundaries and FU.

International Organisation 
for Standardization, 2006b

Non-LCA comments
Sustainable relevance 

of the SCF process
Include TEA and LCSA to 
capture economic and social 
trade-offs.

Valdivia et al. (2021), 
Thomassen et al. (2019),  
Padilla-Rivera et al. (2023)
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and bioactive compound extraction from biomass—are already operated 
at industrial scale, future efforts should prioritize collaborations be
tween researchers and the companies identified in the literature 
(Kamjam et al., 2024) to access high-quality, process-specific data 
essential for robust modelling in LCA studies of SCF processes.

Ex-ante LCA of emerging technologies often face methodological 
challenges due to fundamental data gaps, as illustrated by a study on 
Aquilaria sinensis plant oil extraction using sc-CO2, which recognized the 
absence of commercial-scale data as a critical limitation (Gwee et al., 
2020). In this context, applying prospective LCA—where both fore
ground and background systems are adjusted to reflect future con
ditions—should become standard practice to better inform long-term 
environmental impact (Arvidsson et al., 2018) and toward achieving 
carbon neutrality goals (Fang et al., 2025) for future emerging 
technologies.

Finally, clear process descriptions and detailed infrastructure 
modelling are essential. Studies should include flow diagrams mapping 
all inputs, outputs, and transformations, alongside explicit reporting of 
materials, energy use, and key process parameters (e.g., temperature, 
pressure, solvent ratios). If based on laboratory-scale data, studies must 
include preliminary industrial-scale projections supported by process 
simulation tools that provide thermodynamic insights, ensuring a more 
realistic representation of scaling effects.

4.2.3. Life cycle impact assessment
LCIA step in reviewed studies are often limited by narrow impact 

scope. Notably, 18 % of studies apply monocriteria assessments focused 
solely on carbon footprint, neglecting potential environmental trade- 
offs. Multicriteria analysis is essential to capture a comprehensive 
range of impacts and analyse trade-offs —including global warming, 
toxicity, resource depletion—using both midpoint and endpoint 
indicators.

Additionally, although SCF such as CO2 and water are often pro
moted as safer alternatives to conventional solvents, LCA studies 
frequently neglect toxicity-related impacts—especially those arising 
indirectly from high-pressure, high-temperature operating conditions, 
potential leaks, aerosol formation, or co-solvent use (Clavier and Perrut, 
1996; Burgess et al., 2011). To align with the Safe and Sustainable by 
Design (SSbD) framework, it is essential to strengthen both LCI and LCIA 
data regarding solvent emissions, occupational exposure, and potential 
local environmental effects. This will support a more accurate evalua
tion of SCF toxicity trade-offs or benefits and guide the development of 
low-toxicity, sustainable technologies from the early design stages.

Accurate accounting of CO2 flows is crucial during both the in
ventory and impact assessment phases. This becomes particularly 
important in SCF processes that incorporate Carbon Capture and Storage 
(CCS) or Carbon Capture and Utilization (CCU) strategies. In such con
texts, CO2 serves dual roles—as a feedstock and as an emis
sion—necessitating precise differentiation between positive emissions 
(CO2 released into the atmosphere) and negative emissions (CO2 
captured or sequestered). The guidelines developed by Zimmermann 
et al. provide comprehensive methodologies for conducting LCAs on 
CCU technologies, emphasizing the importance of consistent accounting 
practices to accurately assess environmental impact (Müller et al., 2020; 
Zimmerman et al., 2018).

4.2.4. Interpretation
Robust interpretation of LCIA results is vital for meaningful conclu

sions in SCF-related LCA studies. It is recommended to report both ab
solute and relative impact values to facilitate clear comparisons across 
processes, scenarios, and studies. Detailed contribution analysis should 
also be performed to identify environmental hotspots—such as energy 
consumption, solvent use and feedstock—and guide ecodesign efforts 
toward the most impactful processes, particularly in emerging 
technologies.

To enhance the robustness of findings, sensitivity and uncertainty 

analyses can be conducted, especially when relying on lab-scale data. 
These analyses help refine conclusions by testing the influence of key 
parameters and assumptions. It is also recommended to include pro
jected data estimations at industrial scale. Discussions on material 
quality considerations are necessary to ensure fair comparisons across 
different studies (Pillain et al., 2019; Glogic et al., 2021). Early-stage 
scale-up projections are particularly useful in bridging the gap be
tween laboratory research and industrial feasibility (Carlqvist et al., 
2022; Chan et al., 2018). Benchmarking SCF processes against conven
tional alternatives under consistent system boundaries and functional 
units is also strongly recommended.

4.2.5. Broader sustainability aspects
Finally, future studies should expand beyond environmental impacts 

by integrating techno-economic analysis (TEA) and life cycle sustain
ability assessment (LCSA). This comprehensive approach will support 
early-stage SCF ecodesign by assessing environmental, economic, and 
social trade-offs for both emerging and established SCF technologies. As 
highlighted in a recent review on the industrial versatility of SCF pro
cesses, future research is expected to increasingly combine TEA and LCA 
to evaluate profitability alongside environmental performance when 
considering industrial applications (Kamjam et al., 2024). Existing 
frameworks in the literature aim to bridge environmental, economic, 
and social dimensions (Hoogmartens et al., 2014).

From an economic perspective, significant progress has already been 
made, with nearly 20 % of the reviewed LCA studies including cost 
analyses. Supercritical fluid technologies are often perceived as expen
sive due to high capital investment requirements compared to conven
tional low-pressure equipment, although they generally offer lower 
operating costs. However, economic feasibility remains process-specific 
and requires systematic evaluation (Clavier and Perrut, 2025). Among 
the various methodologies, life cycle costing is the most commonly 
applied approach for evaluating the economic dimension within LCSA 
for emerging technologies (Padilla-Rivera et al., 2023).

In contrast, social aspects are absent from current assessments and 
are rarely considered even as a future research direction. Yet, social life 
cycle assessment (s-LCA) provides a framework to address important 
topics relevant to SCF implementation, particularly regarding worker 
health and safety. This includes evaluating chemical and mechanical 
hazards, safety measures, use of protective equipment, and injury rates 
associated with operating high-pressure (Traverso et al., 2021). Given 
the inherent risks of handling pressurized equipment, incorporating 
social indicators will be crucial for a comprehensive sustainability 
assessment of SCF technologies (Clavier and Perrut, 1996).

4.3. Authors’ perspective on SCF: Limits and opportunities

Based on this critical review, we consider SCF technologies to be 
promising, but not yet optimized from an environmental point of view. 
From a technical point of view, SCF offer valuable properties such as 
tuneable density and solubility, improved mass transfer, and the possi
bility to combine extraction and reaction steps. These features can 
reduce or eliminate the use of conventional solvents, avoid energy- 
intensive purification steps, and allow for more compact processes. 
However, our review also highlights several key limitations: 

• High energy demand: SCF processes often require significant 
amounts of energy to reach and maintain supercritical conditions. 
This also raises safety concerns, such as risks of leaks.

• Dependence on the electricity mix: Because of their energy intensity, 
the environmental impacts of SCF processes are highly dependent on 
the carbon intensity of the electricity used. Their deployment should 
be prioritized in regions with low-carbon electricity mix.

• Infrastructure impacts often overlooked: Most studies we reviewed 
do not account for the environmental impact of specific SCF 
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equipment, especially at lab scale. This should be addressed trans
parently in future LCA to better assess real impacts.

In our view, the environmental future of SCF depends on how well 
they are integrated into sustainable systems, rather than their perfor
mance as a standalone process. Unlocking their full potential will 
require: 

• Integration with low-carbon energy sources (e.g., solar heat, waste 
heat recovery, hydroelectricity…),

• Closed-loop solvent systems to minimize losses, especially for vola
tile compounds like CO2,

• Eco-design approaches that combine environmental analysis and 
process design from early development stages,

• And transparent and standardized LCA practices, especially for sys
tem boundaries, allocation rules, and scale-up assumptions.

In conclusion, SCFs are not a sustainability solution by default. But 
with the right design choices and system-level integration, they can 
contribute meaningfully to less impactful processes. We see them as 
enabling technologies with real potential, if developed with clear envi
ronmental thinking from the start in a life cycle perspective.

5. Conclusion

This review provides a comprehensive analysis of 70 LCA studies on 
supercritical fluid processes, highlighting both their environmental po
tential and key challenges. SCF technologies are often promoted for their 
reduced solvent use and ability to deliver high-quality outputs. How
ever, their environmental performance strongly depends on energy 
consumption, solvent recycling strategies, and modelled scale. Contri
bution analyses consistently identify energy use—particularly in gasi
fication, transesterification, and extraction processes—as the primary 
environmental hotspot. Benchmarking results remain mixed, with 
nearly half of the reviewed studies reporting environmental benefits of 
SCF processes compared to conventional alternatives, while others 
highlight higher impacts, especially for extraction applications.

To improve the robustness of future assessments, this review rec
ommends improving system boundary transparency, systematically 
including infrastructure and waste management, enhancing toxicity 
impact evaluations, and applying sensitivity analyses to key process 
parameters. Integrating LCA with techno-economic analysis (TEA) and 
social life cycle assessment (s-LCA) will also be essential to fully capture 
sustainability trade-offs, particularly for processes at early development 
stages.

The future development and industrial deployment of SCF technol
ogies will depend on their capacity to achieve environmental and eco
nomic competitiveness compared to conventional processes. In this 
context, LCA will serve as a critical tool to quantify environmental im
pacts, identify optimization opportunities, inform ecodesign strategies, 
and provide benchmarking data to support decision-making. By 
addressing current limitations and broadening the sustainability scope, 
future studies can better support the responsible deployment of SCF 
technologies, ensuring that safety, environmental, and economic criteria 
are considered from the design stage.
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Bioenergy with carbon emissions capture and utilisation towards GHG neutrality: 
power-to-gas storage via hydrothermal gasification. Appl. Energy 280, 115923. 
https://doi.org/10.1016/j.apenergy.2020.115923.
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Gutiérrez Ortiz, F.J., Alonso-Fariñas, B., Campanario, F.J., Kruse, A., 2020. 7. Life cycle 
assessment of the Fischer-Tropsch biofuels production by supercritical water 
reforming of the bio-oil aqueous phase. Energy 210, 118648. https://doi.org/ 
10.1016/j.energy.2020.118648.

Gwee, Y.L., Yusup, S., Tan, R.R., Yiin, C.L., 2020. 25. Techno-economic and life-cycle 
assessment of volatile oil extracted from Aquilaria sinensis using supercritical carbon 
dioxide. J CO₂ Util 38, 158–167. https://doi.org/10.1016/j.jcou.2020.01.002.

Hauschild, M.Z., Rosenbaum, R.K., Olsen, S.I., 2018. Life Cycle Assessment: Theory and 
Practice. Springer International Publishing, Cham. https://doi.org/10.1007/978-3- 
319-56475-3. 

Hermansson, F., Ekvall, T., Janssen, M., Svanström, M., 2022. 55. Allocation in recycling 
of composites - the case of life cycle assessment of products from carbon fiber 
composites. Int. J. Life Cycle Assess. 27, 419–432. https://doi.org/10.1007/s11367- 
022-02039-8.

Hessel, V., Tran, N.N., Asrami, M.R., Tran, Q.D., Van Duc Long, N., Escribà-Gelonch, M., 
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Ibáñez, E., 2012. 22. Life cycle assessment of green pilot-scale extraction processes to 
obtain potent antioxidants from rosemary leaves. J. Supercrit. Fluids 72, 205–212. 
https://doi.org/10.1016/j.supflu.2012.09.005.

Sadeghi Sheshdeh, A., Sabour, M.R., Mohammadi, F., Hui, J., Birkved, M., 
Khoshnevisan, B., 2024. 68. Early environmental sustainability guidance on 
supercritical water gasification technologies for sugarcane bagasse management. 
Sustain. Prod. Consump. 44, 312–329. https://doi.org/10.1016/j.spc.2023.12.014.

Santiago, B., Feijoo, G., Moreira, M.T., González-García, S., 2021. 21. Identifying the 
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Sarrade, S., Féron, D., Rouillard, F., Perrin, S., Robin, R., Ruiz, J.-C., Turc, H.-A., 2017. 
Overview on corrosion in supercritical fluids. J. Supercrit. Fluids 120, 335–344. 
https://doi.org/10.1016/j.supflu.2016.07.022.

Sawangkeaw, R., Teeravitud, S., Piumsomboon, P., Ngamprasertsith, S., 2012. 32. 
Biofuel production from crude palm oil with supercritical alcohols: comparative LCA 
studies. Bioresour. Technol. 120, 6–12. https://doi.org/10.1016/j. 
biortech.2012.06.014.

Schrijvers, D., Loubet, P., Sonnemann, G., 2020. Archetypes of goal and scope definitions 
for consistent allocation in LCA. Sustainability 12, 5587. https://doi.org/10.3390/ 
su12145587.
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