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A B S T R A C T

Bioderived advanced materials possess unique functional properties together with a potential to improve envi
ronmental sustainability. This study conducts a critical review of literature on life cycle sustainability assessment 
(LCSA) of biobased higher-value products with emphasis on bioderived advanced materials including nano
celluloses (cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs)), and carbon materials (lignin carbon 
fibre (LCF) and hard carbons (HCs)). The environmental impact of CNCs production from Kraft and dissolving 
pulp via sulfuric acid hydrolysis is significantly influenced by the end-of-life (EoL) management of sulfuric acid 
either via recycling or neutralisation with sodium hydroxide. This highlights trade-offs and the need for more 
sustainable EoL options. Likewise, the production of CNFs using Kraft, dissolving and sulfite pulp via 2,2,6,6-tet
ramethylpiperidine-1-oxyl (TEMPO) oxidation followed by mechanical homogenisation or sonication indicates 
higher environmental impact compared with enzymatic hydrolysis. Sustainability of LCF is significantly influ
enced by the lignin recovery and fabrication technique, thus low-cost sustainable solvents and pathways for LCF 
production should be prioritised. Existing studies indicate the advantages of HCs production via hydrothermal 
carbonisation (HTC). However, the sustainability performance of HC is highly influenced by the carbon yield and 
electrochemical performance, therefore, a comprehensive optimisation of the operating variables is crucial for 
advancing the sustainability and development of bioderived HCs for energy applications. Significant methodo
logical disparities were observed among the reviewed studies, leading to variations in assessment outcomes. 
Economic and environmental assessments are frequently presented as standalone results even for combined 
assessments, which further stresses the inherent heterogeneity across assessment tools.

1. Introduction

Substituting alternative materials for traditional ones across various 
applications represents a crucial measure in addressing the environ
mental challenges associated with the current conventional materials. 
This shift is also pivotal in achieving the net zero objectives, as the 
materials industry is energy intensive [1]. The emergence of advanced 
materials has facilitated remarkable technological progress across in
dustries such as aerospace [2], construction [3], energy [4,5], and 
biomedical applications [6]. Advanced materials are designed or 
modified to possess specific properties that can outperform conventional 
materials in terms of strength, durability, electrical conductivity, ther
mal resistance, or optical and magnetic properties [e.g., [2,4]]. Conse
quently, the exploration of these materials with superior performance 

and eco-friendliness has become a focal point for many researchers in 
the field of materials science and engineering [7]. In recent years, 
advanced materials belonging to the class of polymers, metals, ceramic, 
composites, and nanomaterials used in medical applications have 
developed considerably because of vast innovations in regenerative 
medicine and tissue engineering [8]. Biological and synthetic molecules 
such as polysaccharides, ceramic, polymer and metal based are being 
utilised for drug delivery, management of diseases, operative proced
ures, and post-operative applications (e.g., anti-adhesion barrier mem
branes) [9–12]. Achieving optimum functionality and biocompatibility 
with some of these materials such as metal-based (nanocrystalline 
metals) is a key challenge in the utilisation of advanced materials for 
biomedical applications. The construction and automobile and energy 
sectors have also witnessed significant progress in the use of new 
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functional materials including metal alloys, carbon materials, and 
nanocomposites. Nevertheless, despite the numerous functional advan
tages presented by new materials, some of these materials pose chal
lenges and uncertainties in terms of resource extraction (e.g., critical 
resources), intensive embodied environmental burdens [13], and high 
processing cost. More recently, research focus has shifted towards novel 
bioderived advanced materials for various applications [7,14].

There has been a growing interest in the use of biomass for pro
duction of higher-value products such as advanced materials, bio
chemicals and bioplastics, as the bioeconomy concept offers 
opportunities to reduce greenhouse gas (GHG) emissions associated with 
the materials production. It adds to economic growth, sustainability of 
industries and reduces fossil fuel dependence [15,16]. Several organi
sations and governments have indicated commitment towards building 
a circular bioeconomy across various nations [16,17]. Currently, around 
20,000 different types of bioderived products exist as identified by the 
USDA BioPreferred Program [18]. As at 2018, the global market size for 
the biobased sector (excluding fuel and feed) is valued at 3.43 trillion 
USD, which is projected to rise to 5.05 trillion USD by 2030, repre
senting a 50 % increase [17]. According to the European Commission, 
biobased products and biofuels represent approximately €57 billion in 
annual revenue and involve 300,000 jobs [16].

Currently, the largest biomass-consuming sector is the biorefinery, 
with 803 operating biorefineries [19] and estimated feedstock con
sumption of 2.0 billion Mt in 2018 [20]. The biorefinery concept is an 
approach that mirrors the conventional petroleum refinery but instead 
of crude oil, it processes biomass to obtain a range of fuel and chemical 
commodities [21]. The utilisation of biomass hugely relies on its avail
ability, suitability for specific applications and accessibility (optimal 
location of processing facilities). In this context, studies have proposed 
various design of sustainable supply chains to help address biomass feed 
supply issues [22,23] with lignocellulosic biomass considered as the 
most accessible bioresource for advanced materials.

The process of obtaining higher-value materials from lignocellulosic 
biomass starts with the identification and selection of suitable biomass 
material for the process and products to be developed. This is followed 
by the biomass pre-treatment stage to break down its complex structure 
via mechanical, chemical, or thermal methods to make the biomass 
more accessible for further processing [24]. The conversion routes to the 
various bioderived higher-value products vary with the intended 
application and type of biomass. For example, direct production of 
activated carbons from biomass would typically involve biomass prep
aration including sizing, pretreatment, thermal conversion (carbon
isation), separation, and surface treatment depending on desired 
application [25,26]. While the production of biochemicals, and engi
neered materials such as nanocelluloses may start with biomass frac
tionation to break down lignocellulosic biomass into its main 
components (cellulose, hemicellulose, lignin, etc. using solvents in 
chemical treatments) [27]. In the case of biobased platform chemicals, 
several approaches exist. Acid hydrolysis, chemical synthesis and 
fermentation are commonly employed in the production of some of the 
most recently researched biochemicals including HMF, FDCA, succinic 
acid, levulinic acid, and adipic acid [28]. Electrochemical synthesis of 
some of these chemicals has also garnered research attention in recent 
years ,[29–32], more so, improved performance of the systems relating 
to process parameters, product yield, catalyst development and product 
purity is driving the development of various approaches to address the 
listed issues. Bioplastics or biobased polymers have received unprece
dented global interest in the last decade, leading to several studies 
exploring different type of bioplastics to address the problems caused by 
fossil-based plastics. Common biobased polymers include polylactic acid 
(PLA), which may offer an alternative to polystyrene or expanded 
polystyrene; biobased polyethylene terephthalate (Bio-PET), which is a 
direct replacement for fossil-based PET; and biobased polybutylene 
succinate (Bio-PBS), which has similar properties to polypropylene [33, 
34]. PET is one of the most used among these polymers, and it is derived 

from ethylene glycol and terephthalic acid. The production of Bio-PET 
can proceed with the fermentation of sugarcane to produce ethylene 
glycol and the oxidisation of p-xylene from lignocellulosic biomass, to 
produce terephthalic acid [34]. Production of biobased polymers is still 
a work in progress as several challenges are associated with the current 
techniques, feed sources, product performance and end of life manage
ment. For nanocelluloses such as cellulose nanocrystals (CNCs), cellu
lose from the fractionation step is hydrolysed usually with sulfuric acid 
(Fig. 1). Following the hydrolysis, CNCs are isolated through washing 
and filtering cycles [35,36] Finally, the CNCs is characterised to deter
mine its properties such as particle size, surface charge, and crystallinity. 
The production of hard carbons via HTC involves filtration of the 
product from hydrolysis, the product is then dried to remove moisture 
prior to heating in higher temperature furnace, surface treatment and/or 
modification is then carried out improve performance depending on the 
specific application (Fig. 1). Specific description of all the bio-advanced 
materials covered in this review including lignin-based carbon fibres, 
are provided in further sections.

The transition to bioderived advanced materials will deliver a range 
of benefits, however, it is associated with great uncertainty, more so, 
proposed pathways require rigorous assessment and continuous review 
to employ best options. To speed up the adoption of bioderived mate
rials, it is necessary to show that these routes are both economically 
viable, environmentally beneficial, and socially sustainable. Policies and 
practices designed to prevent unacceptable environmental impacts 
should be based on comprehensive assessment that includes consider
ation of the economic and social concerns. Life cycle assessment (LCA) 
and techno-economic assessment (TEA) and social LCA (S-LCA) are 
standard methodologies that allow for the characterisation of environ
mental and economic and social aspects of technologies, respectively.

LCA is a globally recognised environmental impact assessment tool 
that examines the environmental impact of a product, process, or service 
over its entire life cycle, “from cradle to grave” [37,38]. It follows a 
standardised procedure set by ISO 14040–14044 [39], and systemati
cally analyses a system to account for all the inputs and outputs within a 
defined system boundary.

TEA is focused on evaluation of the feasibility and economic viability 
of a process system. It uses information derived from mass and energy 
data for process development and technical optimisation [40,41]. It 
combines technical and economic data to evaluate the feasibility and 
profitability of the system. TEA is mostly applied at a stage where there 
is a commercial prospect for developing the technology at a pilot scale 
[40].

Social sustainability is about identifying and managing impacts, both 
positive and negative on different stakeholders. Social Life Cycle 
Assessment (S-LCA) is a methodology used to evaluate the social and 
socio-economic impacts of product or process system throughout its 
entire life cycle from cradle-to-grave (from extraction of raw material to 
the end-of-life e.g., disposal). It aims to improve the social performance 
of an organisation and ultimately the well-being of stakeholders [42]. 
Like the environmental LCA, social LCA follows a set of procedures as 
described by ISO 14044 [39,43], starting with goal and scope definition, 
inventory analysis, impact assessment, and interpretation. The frame
work for social LCA is based on a stakeholder approach where potential 
impacts on different stakeholder categories are considered. It extends 
the traditional LCA framework by considering social aspects like labour 
conditions, community well-being and human rights [42]. One of the 
complexities relating to S-LCA is data availability and system boundary 
definition, the use of generic data to conduct S-LCA has certain limita
tions [43]. Meanwhile it was argued that generic data has an advantage 
over using site specific data in relation to practicality [44], although 
many authors behind the S-LCA approaches claim that reasonable ac
curacy can only be achieved using site-specific data. Therefore, avail
ability of data was recommended as basis for defining what to include in 
the LCA [43].

While the objective of sustainability assessment can be met by 
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adopting these three aspects, the concept of LCSA incorporates the Life 
cycle costing (LCC) [45]. A practical LCSA framework promoted by the 
Life Cycle Initiative is based on LCA, LCC, and S-LCA and addresses all 
three pillars of sustainability while building interconnectedness among 
these pillars [46]. LCSA also addresses sustainability issues from a ho
listic perspective, clarifying trade-offs between the three sustainability 
pillars, life cycle stages and impacts, products, and generations. 
Although both TEA and LCC are cost analysis tools used in modelling 
and calculating processes’ economic impacts, the LCC follows stand
ardised guidelines and have broader regulatory boundaries [47]. TEA 
and LCC may exhibit similarities in their choice of methods, indicators, 
and boundaries, influenced by the study’s goal and scope. Considerable 
methodological flexibility in both methods makes it challenging to 
pinpoint specific differences. However, usually in TEA technological 
assessment is integrated with an investigation of economic feasibility 
from an investor’s point of view. An high- in contrast typically aims to 
encompass the entire life cycle, emphasising a strong cost focus but not 
necessarily prioritising technical feasibility or revenue- and 
profit-related indicators that are crucial in business and investment 
decisions [48]. In the context of advanced materials from biomass, a 
preliminary search indicates that TEA has been more widely employed 
to assess economic impact while evaluating the technological perfor
mance of products.

Previous works have looked into existing sustainability assessments 
of some bioderived advanced materials [17,49,50], however, a holistic 
analysis that expands on the methodological aspects and dynamic 
landscape, and evaluates the potential for reducing environmental and 
cost impacts in the context of advanced materials is still required. Here, 
we critically review and analyse 71 studies related to sustainability 
assessment of higher-value bioderived products. The specific objectives 
of the review include the following; 

✓ To establish an understanding of the current landscape in LCSA 
related to the production of biobased chemicals, bioplastics and 
bioderived advanced materials including CNCs, CNFs, LCF and HCs

✓ To provide quantitative comparative analysis of outcomes from 
existing assessments on LCSA of CNCs, CNFs, LCF and HCs

✓ To identify and highlight barriers for reduction of environmental, 
cost, and social implications of bioderived advanced materials and 
suggest possible directions for future research.

2. Review methodology

This section describes the approach employed in identifying and 
collecting existing studies for this review. A systematic review approach 

was used [51], the objective of the review and time frame (i.e., articles 
on LCSA of bioderived advanced materials published from the year 
2000–2023) served as the foundation for gathering relevant research 
studies. The timeframe was chosen considering the emerging nature of 
the subject reviewed – both development of life cycle methods [52] and 
research in the area of bioderived materials [53,54] have gained mo
mentum in the last two decades. A literature search of previous studies 
on LCA, TEA and S-LCA was conducted in Scopus and Google scholar. 
The full names and the acronyms LCA, TEA and S-LCA (also SLCA, 
sLCA), were combined with key words to retrieve related studies on 
LCSA of bio-advanced materials. The initial search only focused on LCA 
and TEA, and a further search incorporated the social aspect. A set of 
search strings that combined two set of search key words (Fig. 2) and 
utilising the OR Boolean was used to run multiple searches at the same 
time. Keywords were interchanged for different search levels.

Screening of the search results was conducted first using title, ab
stract, and keywords. Articles not related to sustainability assessment (e. 
g., LCA, TEA or S-LCA) or biobased or bioinspired advanced materials (e. 
g., biorefinery co-products) were removed. The selected articles were 
further screened by full-text reading. Research articles adopting any of 
the sustainability assessment methodologies following standard guide
lines (including review articles) were considered for detailed analysis 
(Fig. 2). Additional relevant articles from a separate review conducted 
by the authors were collected and merged with the screened articles for 
further analysis. Further screening of the collected articles was con
ducted to remove articles that are not focused on biobased nano
materials, biochemicals and bioplastics. All articles collected were in 
English language.

3. Review of life cycle sustainability assessment of bioderived 
advanced materials

3.1. Bibliometric analysis

The VOSviewer software was used to perform a bibliometric network 
analysis of the collected studies by publication year, journal source, 
country, and keyword co-occurrence maps, and identify research areas 
receiving greater focus. A large number of the collected studies were in 
the past 2 years, United states of America (USA) and China had the most 
research activities followed by Canada, United Kingdom (UK) and India, 
while journals with the most published articles include Bioresource 
Technology, Carbohydrate Polymers, Journal of Cleaner Production and 
Green Chemistry (see Figure S 1 for illustration of the listed observa
tions). Analysis on the keywords used across the collected publications is 
illustrated in Fig. 3. Each circle represents a keyword, while its size 

Fig. 1. A simplified flow for biomass conversion to advanced materials (example illustration).
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represents the number of times a pair of keywords co-occurred in the 
publications. From Fig. 3, research on the utilisation of lignocellulosic 
biomass precursors such as cellulose and lignin, the use of LCA and TEA, 
and to some extent S-LCA are receiving great research attention in this 
domain. More so, products of interest include biobased-chemicals, bio
plastics, and nanomaterials. Hence, analysis in this study is focused on 
the listed biomass derived higher-value products.

3.2. Landscape of LCSA of biomass to higher-value products

Life cycle sustainability assessment framework entails sustainability 
assessment of products and services according to a triple bottom line 
model: environmental, economic, and social, by utilisation of LCA, TEA/ 
LCC and s-LCA, respectively. LCSA framework adopts systems perspec
tive and enables identification of potential conflicts or trade-offs be
tween sustainability aspects. LCSA is based on three different methods 
which have different levels of maturity as well as different levels of data 
availability and its applications are only developing. Nevertheless, LCSA 
is globally accepted and the need of systematic application of LCSA for 
complex sustainability problems is constantly growing [45,55]. Today, 
environmental aspect of sustainability performance of biobased 

chemicals and materials is by far the most studied one [19,56,57]. LCA is 
particularly well-suited for the evaluation of environmental impacts of 
various biobased product systems throughout entire lifecycles by uti
lisation of a set of quantitative metrics [58]. When economic aspect of 
production is considered, Life Cycle Costing (LCC) [59–61] or 
Techno-Economic Analysis (TEA) [48] could be employed alongside 
LCA to examine how process conditions and feedstock properties affect 
the feasibility and economic sustainability of technological solutions 
while concurrently assessing their environmental impacts. TEA and LCA 
are commonly applied simultaneously to assess biotechnological pro
cesses [62],though these are usually presented as standalone. While 
efforts are being made to combine TEA and LCA to enable systematic 
analysis of the different dimensions of sustainability [63,64] and/or to 
obtain single analysis indexes for products [41], there are significant 
hurdles with methods harmonisation and integration therefore, devel
opment of robust integrated methodology is still required [65]. LCC is 
better aligned with LCA as follows similar framework. Integration of 
LCA and LCC results has been demonstrated for chemicals production 
[61] and for biorefinery case study [66] through Multiple Criteria De
cision Analysis (MCDA).

Due to the relative recency of social life cycle assessment method, 

Fig. 2. Approach for selection of relevant studies (*gs = google scholar).

Fig. 3. keywords across collected studies related to LCSA of bio-advanced materials.
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consideration of social and socioeconomic aspects alongside LCA for 
biobased bulk chemicals and materials is still rare, let alone integration 
of environmental and social assessments results.

The life cycle perspective spans from the extraction of resources, 
material production, manufacturing, logistics, use, maintenance, 
repairing, recovery of resources, and re-manufacturing, until the final 
disposal of waste [45]. A typical system boundary (cradle-to-grave) for 
the production of higher-value biobased products would include culti
vation of the biomass feedstocks, post-cultivation processes, trans
portation, production (storage, pretreatment, material fabrication, 
assembly, storage), transportation, distribution, use, and End of life 
phase (Fig. 4). Adopting the complete cradle-to-grave or a more circular 
cradle-to-cradle, or truncated versions of the LCA system boundary de
pends on the assessor and it is often driven by the set questions, scope, 
and data availability.

This section provides a comprehensive review of the status and de
velopments in sustainability assessment of higher-value products from 
biomass. A total of 71 studies evaluating the sustainability of various 
bioderived products including biochemicals, bioplastics, nanocelluloses 
and carbon materials were analysed. Table S 1 and Table S2 summarise 
the number of publications in each category of bioderived advanced 
products considered in this review. Among these products, biochemicals 
and bioplastics have been widely studied and their sustainability 
assessment and performance against their fossil counterparts have been 
reviewed in recent studies [17,28,33,34]. Hence, an overview of most 
recent developments is provided as it relates to these products, while a 
more detailed analysis on nanocelluloses and carbon materials is pro
vided in further sections.

Fig. 5 shows the proportion of studies related to the various products 
evaluated in the reviewed studies, and the different sustainability 
assessment tools and system boundaries employed across these studies. 
Among the 71 studies, 27 studies conducted sustainability assessments 
related to various biochemicals, 12 studies were related to bioplastics/ 
biopolymers, and 32 studies are related to nanocelluloses (CNCs, CNFs) 
and carbon materials (LCF, HC) (Fig. 5). Meanwhile, the system 
boundary adopted varies across the various studies with ~60 % 
employing a cradle-to-gate boundary which is common among LCA 
studies related to emerging technologies [28,40,67], 13 % and 1 % of 
the studies used the gate-to-gate and gate-to-grave assessment bound
aries. Only 12 % of the studies used the full cradle-to-grave system 
boundary while the remaining did not specify system boundary used in 
the assessment. Most of these studies largely employed LCA in their 
analysis, about 38 studies conducted or included TEA in their analysis 
while only 6 studies focused on S-LCA (Fig. 5), this distribution corre
lates with the maturity of the assessment tool and data availability [45], 
but also highlights gaps in complete sustainability assessment among the 

reviewed studies. Even so, the studies employing S-LCA focused on 
methodological development related assessment framework and in
dicators [68,69]. Other published works on social assessment of bio
based products broadly discusses methodological approaches, such as 
identification of relevant indicators, stakeholders’ categories, data 
collection methods and application of social impact assessments [68, 
70−72].

3.2.1. Overview of LCSA of Biochemicals
Bioderived platform chemicals are considered key players in estab

lishing a circular bioeconomy as they constitute the starting feedstocks 
for a diverse range of products used in various applications. Some of the 
biobased platform chemicals analysed in the reviewed studies include 
lactic acid, adipic acid, 2,5-furandicarboxylic acid (FDCA), 5-hydroxy
methylfurfural (HMF), succinic acid, dimethyl ether (DME) [73–77]
and other bulk chemicals assessed in previous review articles [19,78, 
79]. Some of the studies assessing the impacts of biobased chemicals 
adopted the integrated biorefinery concept. A comprehensive review of 
biomass to bulk chemicals was conducted by Blanco-Cejas et al., [19]
where they discussed methodological approaches in the context of 
emerging biochemical technologies as well as the complexities related to 
modelling of multifunctionality in LCA studies of biobased platform 
chemicals. The authors indicated the relevance of utilising a conse
quential approach in modelling several flows in the multi-systems, even 
so, such complex systems require careful consideration as it relates to 
the allocation process, a hybrid approach in some cases could be more 
useful. Ryan & Yaseneva [79] also provided an in-depth analysis related 
to pre-treatment technologies of woody biomass focusing on sugar 
production. The authors highlighted organsolv as the most environ
mentally friendly pre-treatment route but also discussed inconsistencies 
related to methodological approaches across the reviewed studies. More 
so, only a small fraction (~25 %) of the collected studies were 
harmonised to enable comparative analysis and usability of data and 
findings related to the environmental impacts. Most of the reviewed 
studies in this paper reported environmental impact related to global 
warming potential (GWP). Employing biobased routes to produce 
chemicals such as adipic acid could reduce greenhouse gas emission by 
up to 78 % compared with conventional adipic acid, meanwhile, envi
ronmental impacts of approximately 1.55 kgCO2-eq, 9.16 kgCO2-eq, and 
2.72 kgCO2-eq were associated with the production of 1 kg of capro
lactone from corn stover [80], 1 g of FDCA from maize grain [81] and 
1 kg of succinic acid from municipal organic biowaste [82] respectively. 
Schoppe et al.,[83] reported the sensitivity of CO2 impact to solvent 
(dichloromethane (DCM)) recyclability in the production of HMF, with 
80 % reduction in CO2 impact (kgCO2-eq) when recycling of DCM was 
increased from 90 % and 98 %. An estimated GWP impact of 

Fig. 4. life cycle stages of biomass to bioderived advanced materials (the case of LCF) showing various assessment boundaries.
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levoglucosan production from sugarcane bagasse, range from 21 to 117 
kgCO2-eq per kg for different scenarios considered in a study by Zhang 
et al., [76]. While environmental impact reduction related to GWP 
(kgCO2) could be achieved by adopting biobased chemicals, other 
impact categories are being overlooked particularly those related to 
toxicity and land use. Meanwhile, the economic performance may not 
fully align with the environmental benefits, which often raises the issues 
of trade-offs across these sustainability pillars.

For economic performance, the minimum selling price is the com
mon economic indicator used among the reviewed studies. A baseline 
minimum product selling price (MPSP) of $1.57 for 1 kg of lactic acid 
presents a market competitive product considering the market price of 
$1.7/kg to $2.1/kg for this commodity [84]. An estimated cost of pro
ducing dimethyl ether (DME) was $11.9 for each GJLHV with recycling, 
while a lower cost of $3.1 could be achieved with credit allocation for 
the CO2 captured [85], emphasising the benefit of an integrated system. 
The product cost of biobased p-xylene and succinic acid were reported at 
$3.9/kg [86] and $1.6/kg [87] respectively. As for its environmental 
impact, HMF was the cost driver in the production of biobased p-xylene, 
estimated at $1.22/kg based on $0.34/kg of fructose. Therefore, a 
decrease in the price of fructose would lower the cost of HMF. Mean
while, an MSP of $1.5 was estimated for 1 kg of FDCA [88] and $1.8 for 
1 kg of caprolactone [80]. Biochemicals seem to attract high production 
costs compared to their fossil counterparts, which remains a challenge in 
the adoption of bio-sources for chemicals production. Additionally, the 
value of the product plays a crucial role in determining the overall ef
ficiency of the product system. Consequently, the production of chem
icals demonstrate greater potential for economic profitability when 
compared to fuels or less valuable by-products. Even so, it is worth 
noting that unlike the commodity chemicals, the higher-value chemicals 
are generally obtained in small quantities, so the high commercial value 
has to compensate the small scales of the projects.

In assessing the social and socio-economic impacts, 4 out of the 6 

(Fig. 5; Table S 1) studies on S-LCA were related to biochemical pro
duction. These studies focused more on methodological developments 
while evaluating the biorefinery concept for production of various bio
products including biochemicals [71,89] and biofuels [90,91]. As 
described in section 1.3, social sustainability assessment requires more 
attention in promoting bioeconomy strategies, more so, it is particularly 
challenging in the application of S-LCA to emerging technologies mainly 
due to data limitations and uncertainty in relevant stakeholder and in
dicators. At the biorefinery process design stage, the stakeholders’ 
knowledge and engagement in the system are very limited, and data is 
not available to assess social aspects. However, it is a top priority to 
ensure proper social conditions when the process is implemented [89]. 
Meanwhile, social performance of biorefineries was studied in other 
works where primary social data was available and a wider stakeholder 
perspective was investigated [89,92,93]. Rebolledo-Leiva et al.,[71]
reviewed recent developments and gaps in assessing social elements 
from the life cycle perspective within the bioeconomy context. The re
view highlighted critical methodological issues including system 
boundaries and cut-off criteria, impact assessment methods, the selec
tion of societal issues and stakeholders, and uncertainty. Unlike the 
environmental LCA, and TEA, where studies employed both tools in 
assessing the system sustainability profile, none of the 4 studies assessed 
the S-LCA in combination with either LCA or TEA.

3.2.2. Overview of LCSA of Bioplastics
Substituting fossil-based plastics with biobased ones presents po

tential for reduced energy cost, environmental and health related im
pacts of conventional fossil plastics. Key biopolymers analysed in the 
collected studies include polyhydroxyalkanoates (PHA), polylactic acid 
(PLA) and bioPET [94–97] and other bioplastics reviewed in previous 
studies [98–100]. In comparison with other products analysed in this 
study, a large part of the studies on bioplastics employed a 
cradle-to-grave system boundary, which may be attributed to the 

Fig. 5. Type of bioderived advanced products, assessment tools and boundaries reported in the reviewed studies.
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significant attention on evaluating the sustainability of fossil-based 
plastics and alternatives in recent years, thus, emphasis has been on 
the end of life (EoL) management of plastics waste. Biopolymers 
including PLA, PHA, and polyhydroxybutyrate (PHB) were reported as 
having lower environmental impact and potentially lower cost impli
cations compared with their fossil-based counterparts [97,101]. A study 
by Bassi et al., [94] showed that PHA from food waste and sewage sludge 
had four times lower environmental impact and eight times lower cost 
than fossil-based polyurethane and showed better performance than 
PHA from first-generation sugarcane and maize. Meanwhile, the use of 
depolymerised lignin as a replacement for polyol and phenol to produce 
polyurethane and phenolic resins attracted an MSP of $1.4/kg of [95]. 
Biopolymers such as PHA attract high production cost due to high 
feedstock cost, small production scale, and uncertainty in the use of new 
technologies. The plastics pyramid and plastic spectrum have been used 
in previous studies [96] to rank various types of polymers according to 
their toxicity and preferability in terms of End of life (EoL) management, 
where biobased polymers appeared to be the least hazardous and most 
preferred in terms of EoL management [96]. Whilst it is generally 
believed that biopolymers such as PLA outperform fossil-based polymers 
in energy use and GWP, they perform worse in other impact categories 
such as eutrophication. While biopolymers are favoured due to their 
origin from renewable resources and their potential for biodegradability 
and composability, practical challenges arise from the demands of feed 
processing, cultivation, and uncertainties surrounding the end-of-life 
fate and pathways of biopolymers. In real-world scenarios, for bio
polymers to excel in all aspects of sustainability compared to their 
fossil-based counterparts, certain studies have stressed the importance 
of optimising production parameters like chemicals (e.g., sodium hy
pochlorite during PHA extraction) and the utilisation of waste feed 
materials [101,102]. Advances in emerging biopolymer production 
technologies is imperative, even so, the sustainability evaluation of 
these new technologies may face obstacles due to limitations in available 
data, lack of maturity (scaling issues), limitations in consensus meth
odological choices, and among other factors.

3.2.3. Nanocelluloses
Nanocellulose is a promising candidate in replacing traditional fossil- 

based materials in many applications due to its exceptional functional 
and environmental properties (high mechanical strength, optical prop
erties, reinforcing capabilities and tunability of properties, non-toxicity 
and biodegradability) [103,104]. The nanoscale form of cellulose is 
obtained through the breakdown of larger cellulose structures, which is 
achieved by disrupting the hydrogen bonding within and between the 
chains of cellulose molecules [105]. Nanocelluloses are characterised 
with unique properties such as high mechanical strength, biodegrad
ability, and renewability. Three types of nanocelluloses exist including 
cellulose nanocrystals CNCs, CNFs and bacterial nanocellulose (BNC) 
[103,106]. CNCs are rod-like particles with diameters in the nanometre 
range and lengths of several hundred nanometres, while CNFs are long 
and thin nanofibers. Bacterial nanocellulose has the form of twisting 
ribbons with micrometre lengths with large surface area per unit. Due to 
advanced functionality, nanocellulose presents a wide range of potential 
applications in various areas including biodegradable films, composites, 
coatings, electronic devices, sensors, and drug delivery system [103, 
106].

In this review 22 out of the 71 reviewed studies were focused on 
nanocelluloses and its derivatives. 19 of these studies addressed the 
environmental aspects of sustainability and 8 of the studies analysed 
economic indicators via TEA. The environmental impacts and price of 
nanocellulose production are primarily driven by the choice of initial 
feedstock and manufacturing process. The main production process for 
cellulose nanocrystals is sulfuric acid (SA) hydrolysis of Kraft pulp 
[107]. For Cellulose nanofibers (CNFs), production typically comprises 
several operations including mechanical disintegration process (high 
pressure homogenization, microfluidisation or micro-griding) and 

chemical pretreatment methods to facilitate mechanical disintegration 
[108].

3.2.3.1. Cellulose nanocrystals (CNCs). Table 1 presents literature 
analysis of environmental impacts and minimum selling price (MSP) for 
the CNCs produced from different feedstocks via acid hydrolysis 
method. Most of the studies used 1 kg CNC as a functional unit and 
employed cradle-to-gate system boundary. Kraft, dissolving pulps and 
cotton are processed directly into CNCs, while lignocellulosic feedstocks 
such as woody biomass, agricultural resides or sugarcane bagasse 
require additional pretreatment and bleaching steps.

Most of reviewed studies investigated production of CNCs from Kraft 
and dissolving pulp via sulfuric or citric acid hydrolysis [107–113]. 
Detailed analysis of environmental impacts of large-scale CNC produc
tion from Kraft pulp via sulfuric acid hydrolysis has demonstrated that 
major GWP contribution comes from management of sulfuric acid end of 
life either via recycling or neutralisation with sodium hydroxide. In 
countries with renewable energy mix the GWP impact value is ~ 12 kg 
CO2eq/ kg CNC in scenario with sulfuric acid recycling and 15 kg 
CO2eq/ kg CNC in scenario without acid recycling [109]. These GWP 
values corresponds well with similar study by Rajendran et al. [108]
showing GWP of 11 for both scenarios with and without sulfuric acid 
recycling in the USA [112] LCA studies of sulfuric acid hydrolysis of 
dissolving pulp have demonstrated that GWP impact depends on the 
scale of CNC production process with impact values of 21 and 30 kg 
CO2eq/ kg CNC for pilot scale process with [112] and without [113]
sulfuric acid recycling respectively; and values of 7.5 and 12 kg CO2eq/ 
kg CNC for large scale production with and without sulfuric acid recy
cling [107]. Acidification potential was the second most assessed impact 
category with only two studies looking at the range of different impacts 
[108,109]. The production of 1 kg of lignin derived CNCs (LCNCs) from 
thermomechanical pulp following acidic deep eutectic solvent pre
treatment had an average GWP of 39 kgCO2-eq and acidification po
tential of 0.17 kgSO2-eq [114].

The reported MPSP of 1 kg CNCs produced from Kraft and dissolving 
pulp varied significantly between different studies. Thus Rajendran et al. 
reported MPSP value of ~ $4.7 per kg CNC from Kraft pulp, while 
Rosales-Calderon et al.,[110] and Lan et al., [107] obtained MPSP 
values of $10 and $4.4 per kg CNC from dissolving pulp, respectively. 
Substitution of sulfuric acid with citric acid for production of CNCs 
increased MPSP significantly to $16.5 per kg CNC [111]. Two of 
reviewed studies investigated environmental impacts of CNC production 
from cotton. Zhang et al., [115] obtained GWP of 30–40 kgCO2-eq/ kg 
CNC for production via SA hydrolysis with impact allocation to recov
ered sulfuric acid and glucose streams. While Ruiz-Caldas et al.[116]
studied gate-to-gate process of CNC production from post-consumer 
textiles via citric acid hydrolysis and obtained GWP of 40 kgCO2-eq/ 
kg citrated CNC.

Sugarcane bagasse is another commonly studied feedstock for CNC 
production via pretreatment/bleaching/SA hydrolysis process. Two 
reviewed directly comparable LCA studies on CNC production from 
sugarcane bagasse had a 10-fold difference in the evaluated GWP: Leao 
et al., [117] reported GWP of ~ 20 kgCO2-eq/ kg CNC, while Kata
kojwala et al., [118] obtained ~200 kgCO2-eq/ kg CNC. Bondancia 
et al., [35] reported GWP of 40 kgCO2-eq/ kg CNC for production from 
sugarcane bagasse via enzymatic/organosolv pretreatment/
bleaching/SA and citric acid hydrolysis. MPSP of CNC produced from 
sugarcane bagasse via sulfuric acid hydrolysis was reported by two 
studies as $6.5/kg CNC [111,118].

3.2.3.2. Cellulose nanofibres (CNFs). Fig. 7 presents the environmental 
global warming potential impact (GWP) of CNFs production from 30 
case studies among 8 reviewed articles. All the case studies have been 
normalised to a uniform functional unit of 1 kg CNF and a cradle-to-gate 
assessment boundary as shown in Fig. 6 (Table S2). Further 8 case 
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studies from 2 articles related to nanolignin synthesis are also discussed 
in this section. Case studies on nanolignin are shown in Table S2. Most of 
the studies reported environmental impacts in terms of GWP while 
others reported a range of other environmental indicators [132,133] and 
only one study provided economic indication of CNF production [107].

The common feedstocks used for CNF production among the 
reviewed studies, include Kraft pulp, dissolving pulp, unbleached sul
phate pulp and sulphite pulp [107,132,134,135]. Some of the studies 
used direct biomass or did not mention the specific precursor for all the 
case studies utilised [132,133]. In terms of pretreatment and fabrication 
approach, TEMPO oxidation followed by homogenisation is the most 

widely utilised across the reviewed studies.
A GWP range from 190 kgCO2-eq to 1160 kgCO2-eq was associated 

with a lab scale production of nanocellulose via four different routes by a 
combination of chemical and mechanical approaches, including 1) 
TEMPO oxidation followed by sonication (TOSO) or homogenisation 
(TOHO) and 2) chloroacetic etherification followed by sonication 
(CESO) or homogenisation (CEHO) [134]. Of all the scenarios, TOHO 
had the least environmental implication as the TEMPO oxidation re
quires only ethanol while chloroacetic etherification requires iso
propanol followed by ethanol, and unlike the homogenisation route, the 
sonication requires additional centrifuge step for purification which 
translates to increase energy usage. Turk et al., [133] reported similar 
range of values using unspecified precursor from wood source. Likewise, 
Piccinno et al., [136] reported a GWP values of 150 kgCO2-eq from 
carrot food waste for a baseline scenario, and 140 kgCO2-eq for another 
scenario with adapted Brazilian electricity mix. Meanwhile, GWP values 
in the range of 17.7 kgCO2-eq to 88 kgCO2-eq were obtained from cotton 
linters and recycled industrial waste sources (Table S2) via TOHO and 
enzymatic treatment followed by homogenisation (ENZHO) [132], in 
this case, lower GWP values were realised using the ENZHO method 
which may be attributed to less chemical use compared with TEMPO.

Apart from the biomass sources, pre-treatment approach and fabri
cation pathways significantly influence the environmental performance 
of CNFs. Moreso, the energy source plays a critical role in CNFs pro
duction as most of the case studies indicate high contribution of elec
tricity use, thus, the environmental impact would strongly depend on 
the source of electricity. For example, a noticeable reduction in GWP 
was achieved from a baseline value of 7.56 kgCO2-eq to −0.98 kgCO2-eq 
by switching to renewable wind power from the country’s energy mix, 
using dissolving pulp in both cases. However, this difference was not 
captured in the economic impacts with MSP values of $2.87 and $2.98 
for the baseline and renewable wind energy scenarios respectively 
[107]. This highlights the imperative for developing integrated 

Table 1 
Review of LCA and TEA assessments of CNC production from different feedstocks via acid hydrolysis All studies except ones marked * have the functional unit of 1 kg of 
CNC product and cradle-to-gate system boundary.

Feedstock Process Scale LCA/TEA 
method

GWP, kg CO2- eq per kg CNC MSP CNC, $/kg CNC Reference

with acid 
recycling

w/o acid 
recycling

with acid 
recycling

w/o acid 
recycling

Bleached Kraft 
pulp (softwood)

Sulfuric acid (SA) hydrolysis 100 MT/day TRACI/ 
TEA

11.4 11.2 4.2–5.2 4.5–5.5 [119]

Bleached Kraft 
pulp (softwood)

SA hydrolysis 1 MT/day EF/TEA 12.6 15.7 - - [120]

Bleached Kraft 
pulp (eucalyptus)

SA hydrolysis with 
acid recycling

125 MT/day TEA - - 10.03 - [121]

Bleached Kraft 
pulp (eucalyptus)

Citric acid (CA) hydrolysis with acid 
recycling

5 MT/day TEA - - 16.5 - [122]

Dissolving pulp SA hydrolysis with acid recycling 100 kg/day ReCiPe 21 - - - [123]
Dissolving pulp SA hydrolysis with acid neutralisation with 

NaOH
25 kg/day TRACI - 30 - - [124]

Dissolving pulp SA hydrolysis different scenarios 50 MT/day TRACI/ 
TEA

7–8 12 4.6 4.3 [125]

Softwood Thermomechanical treatment following by 
acidic treatment

Lab scale TRACI - 39 - - [126]

Woody & 
agricultural 
residues

SA hydrolysis 50 MT/day TEA - - 5.1 7.2 [127]

Cotton SA hydrolysis with acid and glucose recovery 
with co-products allocation

25 kg batch Impact 
2002+

30–40 - - - [128]

Post consumer 
textile*

Citric acid (CA) treatment to obtain citrated 
CNC

Lab scale, 
gate-to-gate

EF - 40 - - [116]

Sugarcane bagasse Feedstock pretreatment, bleaching and SA 
hydrolysis (different parameters / scenarios 
investigation)

Upscaled 
from lab scale

CML 13.7–23.5 - - - [129]

Sugarcane bagasse Enzymatic hydrolysis/organosolv 
pretreatment / bleaching / SA-CA hydrolysis

72000 MT SB 
/a

CML 40 ​ 6.5–7.4 for 
SA CNC

9.9–11 for 
CA CNC

[130]

Sugarcane bagasse Feedstock pretreatment / bleaching / SA 
hydrolysis within biorefinery scenario

4 MT/a Impact 
2002+

200–250 - 6.5 - [131]

More environmental impacts category values can be found in [108]; * Gate-to-gate boundary

Fig. 7. Global warming potential impact (kgCO2-eq) of Hard carbon production 
across the reviewed studies(O=organic).
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sustainability assessments approaches. Krexner et al., [137] also 
assessed the production of 1 kg nano fibrillated cellulose (NFC) from 
manure and wood chips with specific values of 4.41 kgCO2-eq and 9.74 
kgCO2 respectively [137]. Production of NFC from manure had 45 % 
lower impact than that produced from woodchips across all environ
mental impact categories assessed in the study. At the cradle stage, the 
maize feed used in the woodchip scenario for biogas generation was 
considered to have a market value, unlike the manure scenario. Similar 
process components were used in the two scenarios, prioritising uti
lisation equality over allocation [39]. The pulp to NFC production stage 
had the largest impact contribution with electricity use contributing 
over 99 % to the NFC production stage. Meanwhile, Hohenthal et al.,
[138] obtained GWP values in the range of 0.75 kgCO2-eq to 3.1 
kgCO2-eq for CNF production with sulphite pulp, using the enzymatic 
approach and TEMPO oxidation, this was captured in a review by For
oughi et al., [139]. In contrast with the other reviewed studies, the 
TEMPO route in the study by Hohenthal et al. [138] showed lower 
environmental impact compared to the Enzymatic route. While the 
reviewed studies are widely varied even for case studies from the same 
report, most of the studies reported lower environmental impact of the 
enzymatic pre-treatment route, and higher intensity of the chemical 
treatments.

Considering Nano lignin, Teh et al., [140] compared nanolignin 
production from Birch chips and oil palm Empty fruit bunch (EFB) via 
two synthesis pathways including treatment with alkali or organosolv 
followed by homogenisation and/or ultrasonication, respectively. In 
their study, the production of 1 kg nanolignin had a range of GWP 
impact from 76.2 kgCO2-eq to 1052.13 kgCO2-eq across eight scenarios. 
The two pathways associated with organosolv treatment for both 
biomass materials and synthesis routes, had the highest GWP impact. 
While homogenisation have higher GWP regardless of the biomass 
source, novel delignification method like organosolv is not necessarily a 
more ecologically benign alternative as compared to a conventional 
alkali pre-treatment process but dependent on the source of lignocellu
losic biomass. Likewise, the environmental performance of 
lignin-nanoparticles from wheat straw showed relatively similar trend in 
a study by Koch et al., [141] with GWP range from 36.6 to 199 kgCO2-eq 
per kg across various scenarios in a biorefinery setting. Out of all the 

production stages/components, the burden of solvent (ethanol) and 
thermal energy use had the highest contributions to the GWP impact 
across all scenarios. Highlighting the need for more sustainable solvents 
and energy sources within the lignin value chain.

It is apparent that the selection of most appropriate pre-treatment 
combination, biomass type and energy source underpin the viability of 
CNFs production.

3.2.4. Carbon materials
Carbon materials such as carbon fibres and carbon nanostructures 

possess unique properties including high tensile strength, thermal and 
electric conductivity, stiffness, and chemical resistance which makes 
them also suitable for wide range of applications in aerospace con
struction, automotive and sport equipment, and energy devices, com
posites, and nanotechnology [142]. Bioderived carbon fibres can be 
produced by compounding and pelletisation of the organic precursors (e. 
g., lignin), followed by a series of heating and stretching processes to 
align the carbon atoms and improve the mechanical properties [143, 
144]. Carbon nanostructures can be produced through various methods, 
including laser ablation, chemical vapor deposition (CVD), and hydro
thermal carbonisation (e.g., hard carbons) [145].

Interest in biosourced nanocelluloses and carbon materials is 
mirrored by increasing concern and questions about their sustainability 
status. 8 of the 71 reviewed studies were related to carbon materials 
(lignin carbon fibres and hard carbons). All the 8 studies addressed the 
environmental aspect of sustainability with 3 of the studies incorpo
rating the economic aspect via TEA.

3.2.4.1. Lignin carbon fibres (LCF). The results of 3 case studies related 
to lignin-based carbon fibres (LCF) is discussed in this section. Biobased 
LCF are commonly produced via the wet spinning, electro spinning and 
melt spinning technologies which supersedes the lignin recovery (lignin 
isolation) stage [142,146]. Industrial scale production of carbon fibre is 
currently via wet spinning while other technologies are still at labora
tory scale.

LCF production from corn stover attracted a GWP of 19 kgCO2-eq 
and 38 kgCO2-eq using ethanol and acetic for isolation of the lignin 
precursor from corn stover respectively [146]. The two pathways were 

Fig. 6. Global warming potential impact(kgCO2-eq) of CNFs across the reviewed studies (U=unbleached).
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associated with minimum selling price of $12.02/kg and $38/kg for 
ethanol and acetic acid pretreatment pathways, respectively. The type of 
solvent used indicates strong influence on the environmental and eco
nomic performance. While the energy requirement of acetic acid is 
higher due to higher boiling point (117.9◦C) to evaporate the water from 
the solvent compared to ethanol (78.4◦C), the cost of ethanol is almost 
2x that of acetic acid. A prospective assessment of lignin-based carbon 
fibre attracted 1.50 kgCO2-eq per kg of carbon fibre showing a potential 
32 % reduction in climate impact compared to glass fibres [147]. 
Compared with other studies, the lower value 1.50 kgCO2-eq per kg 
GWP impact obtained is attributed to several methodological choices 
and advanced technology for lignin recovery (lignoboost process), for 
example, the lignin precursor was considered a waste by-product of the 
pulp production and fossil energy was replaced with cleaner renewable 
sources in the Swedish region. Moreso, energy generated during pulping 
was used within the lignin-carbon fibre production system. A wide 
variation can be observed among the reviewed studies related to lignin 
carbon fibres, which shows that even within the same studies, factors 
such as the type of solvent employed and/or its utilisation approach, the 
type of biomass, energy sources, and LCA methodological choices can 
lead to variations in outcomes of assessments. This is common with LCA 
studies, and several efforts are being made to minimise the potential 
variations in LCA studies. Focus should be on developing low-cost sus
tainable solvents and fabrication approaches, likewise alternative en
ergy sources for LCF production.

3.2.4.2. Hard carbons. Carbon materials with low dimensions, ordered 
nanostructures, and large surface areas with potential application as 
electrode materials, fuel, and catalysis, maybe produced via hydro
thermal carbonisation (HTC) [148]. HTC utilises biomass or 
biomass-derived precursors such as glucose, xylose and starch in an 
aqueous-phase process to produce carbon materials [149]. The hydro
thermal treatment is aim at improving quality of the hard carbons 
compared with its conventional fossil counterparts. With renewed in
terest in the utilisation of carbon materials for advanced applications 
[148,150], sustainability assessments of hard carbons have also 
increased in the last decade [151–153]. However, a few studies related 
to environmental and/or economic performance of hard carbons exist. 
In this section, we reviewed and compared 6 studies and 16 case studies 
related sustainability of hard carbons production from biobased sources.

Fig 7shows environmental impacts for the production of 1 kg hard 
carbons using various feed sources across the reviewed studies. Three 
data points that appeared as outliers including 1 case study by Trotta 
et al., [154] and 2 case studies reported by Moon et al., [155], are not 
shown in Fig. 7 but in Table S2. All the studies reported the environ
mental impact in terms of GWP (kgCO2-eq) while only two out of the six 
studies assessed the economic impact. All the reported values were 
normalised to a uniform system boundary of cradle-to-gate and func
tional unit of 1 kg.

Liu et al., [156] employed the CML 2001 impact assessment method 
to compare four case scenarios of hard carbons from cellulose precursor 
via the HTC pretreated and direct pyrolysis routes. A range of GWP 
impact from 4.006 to 9.92 kgCO2-eq was associated with the presented 
case scenarios. The HTC treatment stage and higher pyrolysis temper
atures (1300◦C) favour lower environmental impacts owing to higher 
electrochemical performance of the hard carbons. Using similar opera
tional conditions and LCIA method (CML 2001), Xu et al [157] reported 
a GWP value of 3.25 kgCO2-eq per kg of hard carbon obtained from 
glucose, further highlighting the influence of feed biomass on the 
assessment outcome. In comparison with the aforementioned studies, a 
higher GWP value of 246 kgCO2-eq was reported for the production of 
hard carbons from glucose, this was associated with production cost of 
$1.20 for the base case. Although hard carbons from glucose appeared to 
have higher electrochemical performance, the cost of glucose seem to be 
higher than that of cellulose. The cost of hard carbons from these two 

precursors is dominated by the cost of electricity which constitute 60 % 
and 72 % of the total cost hard carbons from cellulose and glucose 
respectively. Meanwhile, using the ReCiPe method and a lignin 
based-precursor, Wickerts et al., [158] reported a range of GWP for three 
different energy sources using a mass-based allocation or main product 
bears all the burden (Fig. 7, Table S2). Using the same LCIA method, 
GWP values were obtained within the same range for other types of 
feedstock including sugar, starch, cellulose and organic waste as shown 
in Fig. 7[159]. For all the reviewed case studies, apart from the three 
outliers, GWP impact of hard carbons production from various 
bio-sources was in the range of 3–21 kgCO2-eq per kg hard carbons. In a 
most recent study by Liu et al.[160], climate change impact values per 
kg of hard carbon were within the range reported in the reviewed study 
but could be as low as 0.4 kgCO2-eq in a hypothetical future scenario. 
Although some of the reviewed studies reported a range of environ
mental impact categories including human toxicity potential, fossil 
depletion potential, eutrophication potential and water consumption 
[154,157,161], focus of analysis was mainly on GWP which also pro
vides opportunity for comparison across all the studies. Existing studies 
have demonstrated the potential of HTC in production of hard carbons 
for anode materials in battery systems, however, combine optimisation 
of the carbon yield, electrochemical performance, feed biomass and 
choice of energy source would be essential for further sustainability 
assessment and development of the HTC technology.

4. Discussion

4.1. Methodological approaches in assessments of bioderived materials

Methodological challenges are common in sustainability assessments 
adopting the life cycle assessment approach. Previous LCA review 
studies have highlighted issues arising from differences in outcomes of 
various assessments [79,162−164]. This has resulted in a slow progress 
in terms of accessing useful and reliable information related to the 
sustainability of various technologies. Some of the recognised sources of 
methodological variability from life cycle perspective include reference 
functional unit, system boundary, management of multifunctional sys
tems (allocation of burdens), type and quality of data, variability and 
uncertainty, carbon accounting, impact assessment methodologies and 
considerations (fate and cause-effect chain) within the specific assess
ment models. The methodological analysis is focused on the 32 studies 
related to nanocelluloses and carbon materials as this information is 
currently lacking in the literature [165] [154,159]. It is critical for 
developing relevant framework providing appropriate assessment 
guidelines and improved process design for commercialisation of these 
emerging technologies. Since the issue of functional unit, system 
boundary was resolved by normalisation of the outcomes of the 
reviewed studies. the following discussion spans over four main cate
gories including scope and perspective, multifunctionality, data and 
uncertainty and impact assessment methods.

4.1.1. Scope and Perspective
Taking a closer look at the 32 studies related to bioderived advanced 

materials reviewed in this study. We note that, more than half of the 
studies used 1 kg of product as the reference functional unit (e.g.,[35, 
114,116,118,140,141]) and in reporting the assessment outcome which 
indicates some level of homogeneity in this regard. Moreover ~70 % of 
the 32 studies utilised the cradle-to-gate system boundary which is 
strongly attributed to the low TRL of these technologies and the absence 
of EoL data. The remaining studies adopted the gate-to-gate or 
cradle-to-grave system boundary (Section 3.2.3; Fig. 4). Adopting a 
uniform reference unit and scope across studies evaluating the potential 
of bioderived materials would facilitate progress in the utilisation of 
assessment outcomes for decision making and policy in this domain.

In terms of LCA perspective, Attributional (ALCA) and Consequential 
(CLCA) assessments respond to different questions. Attributional 
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approaches estimate the proportional share of global impacts attribut
able to the product being assessed and utilises average data within the 
specified system, while consequential study focuses on the changes 
implied by the use of analysed function [166], for example, the pro
duction of bioderived lignin-based carbon fibre (LCF) would entail a 
decrease in the demand of polyacrylonitrile (PAN)-based CFs, and thus it 
requires the use of marginal data [19]. While it is apparent that a large 
part of the reviewed studies employed an attributional perspective [114, 
134], majority of the studies did not specify the assessment perspective. 
The common application of ALCA approach may be linked with its 
straightforwardness and access to average data for the system being 
assessed, whereas employing a consequential perspective requires data 
outside of the system which may be subject to large set of assumptions. 
Nevertheless, with the available data, practitioners are encouraged to 
prioritise CLCA as it is considered more accurate [166].

4.1.2. Multifunctionality
The case of multifunctionality arises when a unit process is yielding 

more than one functional flow including co-products, by-products, 
waste etc. simultaneously within the same time-frame. This means that 
the environmental burden should not only be assigned to the main 
product, but accordingly distributed among all relevant products. Ap
proaches for handling multifunctionality can be broadly grouped into 
Allocation based on physical (e.g., mass, energy) or non-physical (e.g., 
economic) relationships and Avoidance of allocation through system 
boundary expansion, substitution or subdivision [37,39,167,168]. 14 
out of the 32 studies indicated the use of allocation principles in their 
studies [35,108,112,116,118,133,136,137,146,147,169,170]. Mean
while, only 10 of these studies clearly described the approach employed 
in managing the allocation within the assessments, and 4 of the 12 
studies vaguely addressed the issue of allocation, while the remaining 
studies did not state any approach utilised in manging allocation issues 
(Fig. 8). These disparities further increase the complexity in transparent 
comparison and useful conclusions. Economic allocation was more uti
lised among the 14 studies while some of the studies used a combined 
allocation approach (economic and mass) to solve multifunctionality 
issues within the assessment [146,147,169]. While economic allocation 
is considered a fairer approach, it is often difficult with emerging 
technologies at laboratory scale mainly due to limitation in economic 
data for the various products. However, the use of mass allocation could 
sometimes lead to unfair attribution of burden, for example, Kulas et al., 
[146] encountered a large difference in attributing environmental 
burden to activated carbon using mass vs economic allocation for a 
multifunctional system producing carbon fibre, polyurethane, and 
activated carbon from waste lignin. For all the three products, the 

relative mass of lignin derived AC was much greater than its value 
within the process. Similarly, in CNFs production, lignin as a co-product 
in the delignification stage constitute about 44 % mass of the output 
from that unit [133], attributing environmental burden to lignin would 
significantly influence the net impact of the final product CNF since 
56 % of the specific burden associated with delignification will be 
attributed to holocellulose instead of 100 % when lignin is considered as 
waste material (often combusted for process energy).

4.1.3. Data and Uncertainty
While early assessments provide the greatest opportunity to influ

ence design and ultimately environmental performance, it is the stage 
with the least available data, greatest uncertainty, and a paucity of 
analytical tools for addressing these challenges. Given the technological 
readiness level of the processes assessed in the reviewed studies, data 
availability, quality and reliability issues arise since the studies can be 
described as prospective in nature. This means that a large part of the 
data comes from the literature, laboratory experiments, numerous as
sumptions/projections and usage of multiple data sources[171], 
resulting in limitations of the outcome and increases variations among 
studies. The relative magnitudes of uncertainties associated with tech
nology and market maturation and subsequent changes was illustrated 
by Bergerson et al.,[172], in which low TRL processes aiming for 
emerging markets were characterised with the largest uncertainties 
among the four different cases, meanwhile greater uncertainty lies in the 
technology related activities for the same technology aiming for mature 
markets [172]. The latter then competes with existing technology in 
terms of environmental performance, technical and economic viability 
and ideally social implications. In recent years, efforts have been made 
in proposing methods for conducting prospective assessments[171,172], 
the importance of understanding both the level of technology maturity 
and the level of the market to which the technology will be deployed are 
critical in defining factors of the emerging technology assessments. 
Uncertainty may arise from input data for the assessment (parameter 
uncertainty), as a result of normative choices (scenario uncertainty), and 
uncertainty associated with mathematical relationships (model uncer
tainty) [163,173]. Data limitations, variability and knowledge of the 
entire system considered most relevant in parameter uncertainty. In 
dealing with this, depending on the source, assigning a variability to the 
input, and then propagating it through all calculations to evaluate its 
effect on the outputs is a common approach. If the uncertainty comes 
from the stochastic nature of the system, a common approach is to assign 
a probabilistic distribution of the initial parameters. Sensitivity analysis 
can also be incorporated to test the influence of input parameters on the 
results. A recent study by Baaqel et al., [174] proposed a new method of 

Fig. 8. The use of allocation principles among reviewed studies on nanocelluloses and carbon materials.
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handling uncertainty in LCA in the context of emerging technologies, 
where authors suggested calculation of uncertainty in both foreground 
and background data by using a set of lumped background parameters 
linked to immediate upstream and downstream processes in a sensitivity 
analysis. Scenario uncertainty [114,134,170,175] and sensitivity anal
ysis [35,137] was common among the works reviewed, this may be 
related to its usefulness for purposes beyond the study of uncertainty, for 
example, in the comparison of different operating configurations or the 
location of a production plant [19]. More so, it helps in predicting the 
range of possible outcomes which is welcome in the case of emerging 
technologies. Some of the studies assessed the parametric uncertainty 
[140,141] as data uncertainties are prevalent in the assessment of novel 
and emerging technologies. While assessing the sustainability of tech
nology at industrial scales by extrapolating the laboratory data is 
characterised by high uncertainty, some of the studies [114,133,136]
did not investigate the related uncertainties within such types of 
assessment, although Piccinno et al., [136] highlighted the absence of 
enough data for uncertainty due to single data source (laboratory ex
periments) and low number of experimental runs, and also argued that 
the absolute results would deviate more due to the scale of production 
chosen than to the uncertainty of the measurements. Hence, the study 
used scenario analysis to address variability related feed material 
handling. Even so, only the measurement of data quality and uncertainty 
can improve the robustness of the analysis. Despite the high uncertainty 
of laboratory data, implementing LCA studies in the early stages can 
assist in identifying hotspots which can facilitate future scale-up. 
However, laboratory scale assessment is often characterised with 
larger environmental impacts compared with similar technology at in
dustrial scale [133,160]. Scale up of laboratory process where data is 
available while utilising appropriate techniques would facilitate more 
accurate estimation of the industrial LCA impacts. An integrative 
approach is one of the most promising ways to reduce the uncertainty 
and methodological issues associated with sustainability assessments 
related to new and emerging technologies. Coupling assessment studies 
with process design, for generating scenarios and the iterative optimi
sation of the new technological developments from an environmental 
perspective would partially address the mentioned issues [176–178].

4.1.4. Impact Assessment methodology
Life cycle sustainability assessment outcomes is hugely influenced by 

the assessment methods employed. Impact assessment methodologies 
constitute different scientific models that can be used to translate the life 
cycle inventory amounts into environmental impacts using characteri
sation factors. The impact assessment phase is associated with dispar
ities across studies resulting from differences in the models, impact 
categories considered, and the indicators used in communicating the 
results. Several factors such as considerations used to model the cause- 
effect-chain, the substances consider in the pathway, and other model
ling consideration differ across these assessment methodologies. For 
example, in the case of human toxicity, the CML2001 score is dominated 
by contribution from metals while the EDIP97 score is influenced by 
solvents and nitrogen oxides. Meanwhile, metals are also the main 
contributors for aquatic ecotoxicity in both methods but while it is va
nadium for CML2001, it is strontium for EDIP97, resulting in consider
able differences in the results even after normalisation [179]. Therefore, 
assessment methods should be chosen based on their relevance to the 
products or processes under consideration, even so, developments of 
guidelines for different product classification (e.g., PEF approach [180]) 
is strongly required to support uniformity among assessments. Studies 
analysing nanocelluloses and carbon materials employed a variety of 
methods, even within the same studies. The distribution of the methods 
employed in the reviewed studies is shown in Fig. 9. ReCiPe midpoint 
(H) [181] is the most utilised among the studies; it is considered a 
default assessment methodology that covers a broad range of impact 
categories relevant across many technologies. Very few studies reported 
the endpoint indicators (damage-oriented approaches) [136] which 
relate to issues of concern including Human health and natural re
sources. The utilisation level of CML [182], and TRACI [183] was similar 
across the studies, meanwhile, only two studies employed the Product 
environmental footprint (PEF) [180] method.

The global warming potential (GWP) which is the main indicator for 
climate change effects was the most reported category and available in 
almost all the impact assessments methods, implying greater di
vergencies in models used for its calculations. The method developed by 
The Intergovernmental Panel on Climate Change (IPCC) was largely 
employed among the studies, even studies combining economic and 

Fig. 9. Common LCIA methods used in sustainability assessments of Nanocelluloses and Carbon materials.
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environmental performance mainly focus on GWP [140,146] and to 
some extent energy related indicators [35], while some of the studies 
presented a range of other impact categories [108,118]. Other studies 
combined various relevant methods according to the need of the 
assessment [112,133,134]. The assumptions necessary for the applica
tion of any methodology require an in-depth knowledge of both the 
protocol to be used and the process itself. Providing clear information 
related to the scenarios used for emissions flow should also be incor
porated in assessments. It is important to develop a unified approach/
guidelines for impact assessment related to emerging biobased advanced 
materials, which should ideally embed considerations for the main 
product categories being investigated across research domains.

While it is difficult to draw realistic conclusions based on existing 
studies, some of the common methodological issues and system related 
issues across the studies of bioderived functional materials include i) 
resource use mainly acid utilisation and recovery approaches, ii) credit/ 
burden allocation, carbon, iii) the effects of land use as an important 
resource indicator for bioderived products not fully captured, more so, 
biodiversity related issues, iv) limited process data, and lack of data 
related to toxicity of nanomaterials (knowledge on interaction of these 
materials with the environment is required), iv) clarity on projected 
performance in target markets for these materials.

4.2. Future perspective

Societies have increasingly focused on economic and climate change 
concerns, prioritising the reduction of energy-intensive processes, and 
the advancement of low-carbon materials has gained significant 
importance. Thus, research and development efforts are ongoing to 
explore the full potential of bioderived advanced materials such as 
nanocelluloses and carbon materials for high-value applications, and to 
scale up production for commercialisation. Sustainability assessment is 
the best and most promising way to measure the performance of new 
alternative materials against existing ones, at the same time, support the 
selection and process optimisation of most sustainable pathways. 
Addressing the three dimensions of sustainability considering all the 
three elements including social, economic and environmental concerns 
fully aligns with the ISO14040 standard, it requires building intercon
nectedness among these pillars and addressing trade-offs [45].

Due to the developing nature of LCSA and differences in maturity of 
sustainability assessment tools, research in the area of bioderived 
advanced materials is focused on development and improvement of 
assessment frameworks. Existing studies investigating the sustainability 
of these products indicate a significant gap in holistic assessments, 
lacking the elements of the three dimensions. The results of the indi
vidual assessments are presented separately without a broader discus
sion of inter-relationships between environmental, economic, and social 
aspects. None of the reviewed studies on nanocelluloses and carbon 
materials applied the three aspects of sustainability (3.2.3), more so, the 
low TRL of the assessed technologies presents limited data for complete 
assessments. In this case, a multilevel approach of assessment could be 
utilised where assessments are focused on different phases of the prod
uct development, while adopting an integrated approach to ensure 
appropriate components of the product system are incorporated and 
relevant indicators are used to inform decisions. Furthermore, applica
tion of tools such as the multicriteria decision analysis (MCDA) to 
complex sustainability problems to support integrated LCSA results 
interpretation and decision-making, has been broadly discussed in the 
scientific literature [184,185]. It is worth noting that no single tool is 
enough to cover all aspects of sustainability as the different tools 
constitute conflicting perspectives [186], highlighting the necessity for 
establishing a more uniform assessment approaches that would facilitate 
identification of most promising and sustainable pathways for 
commercialisation.

It is worth noting that the review methodology utilised in this paper 
maybe associated with some level of uncertainty due to the separate 

search streams utilised, further the bibliometric analysis could also be 
improved by adopting advanced techniques to improve conciseness of 
the observation.

5. Conclusions

This study has presented developments and some of the bottlenecks 
in life cycle sustainability assessments of higher-value bioderived 
products with a focus on advanced materials including CNCs, CNFs, LCF 
and HCs, and suggestions to direct future research is highlighted. The 
production of CNCs from Kraft and dissolving pulp via sulfuric or citric 
acid hydrolysis is common among existing studies. For the sulfuric acid 
route, major GWP contribution comes from end-of-life management of 
sulfuric acid either via recycling or neutralisation with sodium hy
droxide. Most of the studies related to CNFs, utilised Kraft, dissolving 
and sulfite pulp for production. While TEMPO oxidation followed by 
mechanical treatment (homogenisation or sonication) is the most widely 
used method for CNF production, enzymatic hydrolysis presents lower 
GWP (kgCO2-eq) compared with the TEMPO route as a result of less 
chemical use. For LCF, the lignin recovery pathway and choice of solvent 
indicate strong influence on the environmental and economic impacts. 
Advance lignin recovery technologies such as the ligno-boost combined 
with low carbon renewable energy sources highlights potential savings 
on environmental impacts, however, development of low-cost sustain
able solvents should be prioritised. Another potential hotspot within the 
LCF value chain is the fabrication technique which is dependent on the 
type of fibre and potential applications. Existing studies have demon
strated the potential of HTC in the production of HCs for anode materials 
in batteries, however, comprehensive optimisation of the carbon yield, 
electrochemical performance, feed biomass and choice of energy source 
is essential for further assessments and development of the HTC 
technology.

Compared with nanocelluloses and carbon materials, biochemicals 
and bioplastics have received wider coverage, even so, the existing in
formation on their sustainability profile does not support robust decision 
as a result of wide variations in outcome of assessments.

A holistic approach in the assessment of bioderived advanced ma
terials by addressing the three pillars of sustainability is currently scarce; 
the few studies that incorporated social aspects are focused on meth
odological development relating to S-LCA tool. A large part of the 
reviewed studies used the GWP indicator which shows potential 
reduction in environmental impact of these materials compared with 
their fossil counterparts. However, the issues of toxicity, land use and 
trade-offs are needing further attention. Biomass feed variability, 
availability and additional processing energy cost remains a challenge in 
sustainable production of bioderived advanced materials from biomass.

The adoption of a whole system approach to support science-based 
decisions in moving to green materials is imperative. Transition to 
green materials requires a robust multilevel assessment approach and 
continuous review of proposed options. Significant challenges observed 
with methods harmonisation and integration could be addressed 
through development of uniform integrated methodologies/guidelines 
for assessments.
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