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Nowadays there is a strong urge to replace the fossil-based
chemicals and fuels with biobased ones. In this context, the 7th
principle of the green chemistry, the Sustainable Development
Goals (SDGs) and the recent Safe and Sustainable by Design
(SSbD) approach are the main references. Among the various
biorefineries, lignocellulosic biomasses represent the most
abundant resource to explore. Considering the vast plethora of
useful molecules produced from lignocellulosic biomasses,
levulinic acid embodies a potential starting material for the
preparation of high value-added chemicals. This review ex-
plores the preparation of levulinic acid form lignocellulosic bio-
masses and its further valorization to high-value added
compounds (y-valerolactone, ketals and methyl/ethyl
levulinate), considering the current state of the art of the avail-
able synthetic strategies, in a life cycle perspective considering
the adoption of the life cycle assessment (LCA) methodology.
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Introduction

Currently, the transformation of biomasses and waste
biomasses represent the most attractive alternatives to
substitute the traditional chemical processes, mainly
based on oil refining, for the preparation of chemicals,
products, materials, and energy [1—3] particularly if
waste biomasses are exploited. As a matter of fact, non-
renewable fossil sources are still the main contributor to
the worldwide energy and material demand and their
over-consumption is still increasing with severe re-
percussions on environmental pollution and global
warming [4]. The emerging biobased chemical industry
branch is currently small compared to the entire
manufactory [5], but its coverage is going to grow in the
next years, as long as market can rely on new feasible
green economy strategies [1]. Therefore, the scientific
community is focused on two main objectives: discov-
ering novel methods for processing biomasses to
generate energy and chemicals and maximizing the
value of the resulting molecules. Biomasses include a
wide range of starting materials, such as crops and res-
idues, agricultural, aquatic plants, wood, wood residues,
vegetable oils and animal wastes [6]. Among these
particular interest is devoted to residual and non-edible
lignocellulosic biomasses (LCB) [7]. Indeed, LCB
seems to become as a functional feedstock since they
are abundant and well distributed worldwide resource,
limiting inequalities and social conflicts [8]. Moreover,
LCB are low-cost, easily available and non-competitive
feedstock with the food industry [9]. LCB are gener-
ally composed of cellulose (35—50 wt%), hemicellulose
(25—30 wt%), and lignin (15—30 wt%) and they can be
exploited for the biofuel and chemicals production
through physic-chemical transformation into platform
molecules [10].

Among the wide plethora of chemicals obtained from
LCB, levulinic acid (LLA) has attracted high interest.
According to U.S. Department of Energy (DOE) and
National Renewable Energy Laboratory (NREL) LA
appears as one of the 12 most promising platform mol-
ecules [11,12]. In 2019 the global LA market achieved
$27.2 million, and it is expected to reach $60.2 million
by 2030 [13].

In the last decades, manuscripts and papers about LA
and its derivatives have been steadily increasing because
of their potential industrial applications in several
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sectors, including pharmaceutical and cosmetic
manufacturing, agriculture and food industries, and
chemical, polymer and fuel industries [9,14].

The presence of two versatile functional groups (i.e.
carbonylic and carboxylic) on LA and levulinic esters
(LEs), makes them very attractive and versatile mole-
cules due to the variety of possible conversions and
functionalization [6—15]. To date, several strategies to
convert LA to green solvents, biofuels and platform
chemicals have been reported [16]. Among these, in this
review we want to focus our attention on LEs (in
particular methyl and ethyl levulinate [15,17], diphenolic
acid (DPA) [18], ketals [19—21] and 7-valerolactone
(GVL) [22,23]. All the mentioned products can be
considered attractive as they could replace (in part or in
toto) products nowadays produced using fossil sources. In
particular, LEs potentially have the largest markets: for
example, ethyl levulinate provides a good blending
option with fuels [24], ketals can be used as additives in
ink and paint formulations, GVL [25] as additive for
diesel blends, DPA as a replacement of Bisphenol A for
the production of polyurethane foams [26].

Indeed, despite significant efforts have been spent into
the synthesis of LA derivatives (the adoption of het-
erogeneous catalysts, the valorization of each compo-
nent of biomass, the use of biomass-derived reagents,
the adoption of co-catalysts in order to improve the
selectivity toward the target product, the optimization
of the main reaction parameters, the kinetic studies, the
use of continuous flow reactor, the adoption of the cat-
alytic transfer hydrogenation approach), a lack of
knowledge about the environmental sustainability of
these processes still needs to be overcome. For this
purpose, life cycle analysis stands as a powerful tool to
guide future developments in this context in view of
large-scale development and in Table 1 are reported the
main contributions. Life cycle assessment (LLCA) is a
standardized methodology (ISO 14040; ISO 14044) [27]
able to contextualize punctual chemical and techno-
logical data within the wider view of the entire life cycle
of a product or a process, from the extraction of raw
materials to the end of life and consequent disposal of it
(and its components) as a waste [28]. To ensure con-
sistency, the LLCA methodology is divided into four
conceptual phases:

1. Goal and scope definition: The field of application is
specified by identifying the system boundaries and
the functional unit (FU). The system boundaries
clarify what should be included in the study and what
can be optional. The functional unit relates all input
and output streams within the boundaries to a
common reference unit, enabling model creation and
comparison.

2. Inventory analysis (or LCI: life cycle inventory): This
phase involves data collection. Using primary data is

highly recommended to construct an LLCI that accu-
rately reflects reality.

3. Impact assessment (or LCIA: life cycle impact
assessment): Researchers choose standardized
methods to evaluate the environmental performance
of the created model. The quality of the data directly
influences the reliability of the LCIA results.

4. Interpretation: This phase is crucial for assessing the
LCIA results to identify critical issues and develop
effective solutions to reduce the environmental
impact.

Levulinic acid preparation from biomass in
a life cycle perspective

As matter of fact, only few papers have been reported in
literature so far concerning the adoption of the LCA
within the LA biorefinery, and most of them deal with
the preparation of LA from biomasses. LA can be
industrially produced from both hemicellulose and cel-
lulose; in details, the hydrolysis of hemicellulose yields a
mixture of C5 and C6 sugars, while C6 sugars are majorly
obtained through the hydrolysis of cellulose (Figure 1)
[4]. Acid-catalyzed degradation of cellulose gives C6
sugars which are the main components of LCB. The C6
(mainly glucose) pathway involves the dehydration
giving 5-hydroxymethylfurfural (HMF), going through
the isomerization of glucose to fructose. As a result, the
as-obtained HMF is subsequently hydrolyzed to LA
[11]. The C5 pathway includes furfural as the first hy-
drolysis intermediate, which is consequently hydroge-
nated to furfuryl alcohol and hydrolyzed to LA [9]
(Figure 1) [38]. Recent market data show that HMF has
a market value of 1105%/ton, with an overall production
capacity of 54,000 ton/year [39], vs 1700%/ton and
360,000 ton/year for furfural [40]. These data must be
compared with the ones reported for levulinic acid,
being 1349%/ton and 20,000 ton/year [41]. By comparing
the numbers, it is evident that the C6 platform can be
considered more economically attractive being the prize
of the intermediate lower than the final product.

Isoni and coworkers [29] explored the levulinic acid
preparation from agriculture residues (i.e., empty fruit
bunches (EFB) and rice straw) as lignocellulosic feed-
stock. In that work both C5 and C6 sugars are converted
into LA, formic acid, and acetic acid. The proposed
cradle-to-gate LCA was carried out considering some
relevant aspects and data for the life cycle inventory
(LCI): different feedstock choices including cultivation
and land use, logistics and storage, energy demands,
CO;-eq emissions, plant capacity (20 kton/year) and
costs [29]. First, it was estimated that approximately
7 kg of biomass (glucan content 30—34 wt%) are needed
for 1 kg of levulinic acid (functional unir) production. Also,
three different LA isolation method have been analyzed:
direct distillation of the aqueous stream, and liquid—
liquid extraction testing 2-methyl tetrahydrofuran (2-
MeTHF) or methyl isobutyl ketone (MIBK). The
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Table 1

Main LCA studies on LA and its derivatives proposed in the current study.

Raw material Product Functional Unit Data source Background Area of interest System Software LCIA method Reference
database boundaries
Empty fruit Levulinic Acid 1 kg of levulinic Literature Unknown Southeast of Asia Cradle to gate Unknown / [29]
bunches and acid
rice straw
Corn stover and  Levulinic Acid 100 ktons of Literature NREL, Ecoinvent China, Us, From farming GaBi / [30]
rice straw levulinic acid Japan, Germany, activities up to
Singapore the final product
distribution
Dried chips Levulinic Acid 100 kg of Pinus ~ Experimental Ecoinvent Europe Cradle to gate SimaPro ReCiPe MidPoint [31]
(residual pinaster (dried data
wood) chips)
Almond shells Levulinic Acid 0.066 g of Experimental Ecoinvent Spain Cradle to gate / PEF Guidelines  [32]
Levulinic acid data
/ y-valerolactone 10 g of y- Experimental Ecoinvent / Gate to gate SimaPro IMPACT 2002+ [33]
valerolactone data V2.14/IPCC
GWP
Residual Ketal-diester 1 g of Experimental Ecoinvent / Cradle to gate SimaPro ReCiPe 2016 [34]
C. cardunculus bioplasticizers bioplasticizer data
Rice straw Methyl Levulinate 1 kg of ML Pilot plant Chinese Life China Cradle to gate eFootprint ReCiPe [17]
(ML) Cycle Database MidPoint,
(cLcb) IMPACT 2002+,
CML 2002
Corn stover Ethyl Levulinate 1t of EL Pilot Plant Ecoinvent China Cradle to grave SimaPro ReCiPe method  [35]
(EL)
Brassica carinata Ethyl Levulinate 1 ha of marginal  Hypothetic case  Ecoinvent South ltaly Cradle to gate SimaPro CLM 2001 and [36]
(EL) land cropped with CED
B. carinata for
one year
Rice straw Ethyl Levulinate 1 kg of EL Simulation Ecoinvent Colombia Cradle to gate Open LCAv 1.10 ILCD 2011 [37].
(EL) midpoint
+ baseline
method
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Levulinic acid obtained through C6 and C5 sugars.

study has revealed that the use of 2-MeTHF required
less energy demand than the other two methods. Lower
energy requirements are closely linked to both reduced
annual energy costs and decreased indirect greenhouse
gas emissions. Moreover, a clear correlation between
deforestation and the increase in CO, emissions has
been demonstrated. In this context, rice straw could be
considered an innovative lignocellulosic feedstock for a
biorefinery process, as it has a lower impact on defor-
estation. However, looking ahead, the increasing global
population could lead to a significant rise in rice demand
and, consequently, a greater need for land available for
agriculture. Therefore, attention should be paid to the
potential deforestation associated with this phenome-
non. Furthermore, LCA demonstrated that both rice
straw and EFB are remarkably rich in silicon and po-
tassium, thus biomass continue removing could cause on
the long run mineral depletion and consequently infer-
tility land issues. This problem could be got around
using the aqueous stream deriving from the pre-
treatment of lignin favoring their reuse as potential
fertilizer. Additionally, it has been shown that when the
reference biomass (empty fruit bunches and rice straw)
involves deforestation, the impact of the entire process
in terms of GHG emissions can be up to 1600 times
higher than in the most optimistic scenario (without
deforestation practices). Further evaluations and a

redefinition of life-cycle boundaries are suggested to
achieve a bio-designed and more sustainable process.

In a recent study of Khoo et al. [30], supply and distri-
bution of 100 ktons of LA (functional unit) to China,
United States (US), Germany, Japan, and Singapore are
discussed. Considering the LA demand from chemical
industries, corn stover and rice straw have been chosen
as starting biomasses, as they are the main feedstocks in
the U.S. and Asia, respectively. The study boundary
encompasses all steps from farming activities to the final
product distribution. All data were modeled using the
software GaBi [42], and the following impact categories
were identified as the most relevant: (a) Global Warm-
ing Potential (GWP) due to greenhouse gas emissions
(GHGs) produced at farms, CO;, uptake during crop
cultivation, and GHG emissions during transportation;
(b) acidification and eutrophication potential resulting
from the use of fertilizers and emissions related to
farming activities. It derives that paddy fields are the
main contributors of greenhouse gases (GHGs), such as
nitrous oxide (N0O) and methane (CHy). Additionally,
the transportation of biomass by sea significantly con-
tributes to the global warming potential (GWP).
Consequently, farming activities are responsible for
emissions of NOy and NHj3 due to the use of N-fertilizer
applications that could affect both eutrophication and
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acidification. Additionally, land footprint highest values,
related to the use of agricultural areas dedicated to grow
crops, are recorded especially for India and Thailand. A
qualitative evaluation of the study shows that scenarios
involving the use of corn stover from the U.S. as feed-
stock are identified as having the lowest environmental
impacts [30].

Gonzalez-Garcia and coworkers discussed the high
environmental impacts associated with the pretreatment
of LCB, in terms of energy requirements for the purifi-
cation/conversion processes in the valorization of LCB to
LA [31]. In this study, a cradle-to-gate LLCA has been
built setting 100 kg of dried chips (residual wood) as
functional unit, using ecomvent [43] as database and the
software SimaPro to carry out the analysis [44]. The
current LLCA report covers all activities, from the pro-
duction of raw materials to the final refining into high-
value-added chemicals. The impact assessment step
carried out through the Recipe Midpoint methodology
displays that the amount of energy required for LCB
acidic treatment represents the environmental hotspot of
the process. In particular, the post-autohydrolysis phase
for both the liquid and solid fractions necessitates a
substantial amount of energy. This is primarily due to the
operation of the reactor at 170 °C for 5 h and to the
process of Acetosolv pulping (an organosolvent treatment
that has been used to separate cellulose, hemicellulose,
and lignin from lignocellulosic material by taking advan-
tage of the higher affinity for the lignin oligomers to
dissolve in organic solvents). Especially for post-auto
hydrolysis-solid subsystem the large amount of acetic
acid consumed is accountable for around 99.8% of the
whole process impacts. The current work paves the way
for future research in which to focus on optimizing
extraction techniques to reduce the impacts ascribed to
large energy contribution.

In another work, it has also been reported LA prepa-
ration through H3POy-assisted hydrothermal carbon-
ization (HTC) together with the co-production of
activated carbon (obtained through pyridine function-
alization), at a laboratory-scale [32]. A life cycle
approach in an attributional perspective [45] has been
also applied to this innovative process. Herein, the
functional unit is represented by the quantity of LA
obtained at laboratory scale (0.066 g of LA per gram of
almond shell) and the system boundaries cover the
cradle-to-gate area. Three scenarios have been
compared: reference scenario (A), which stands for the
baseline process, the “Max /lab” scenario (B), which
contemplates the maximization of both the laboratory
equipment capacity and the product yield, and the
“Improved scenario” (C), which proposes all the tech-
nological improvements to overcome the critical issues
derived from the LCA. In detail, the Max Lab scenario
consists of the following operational adjustments aimed
at reducing electricity consumption (spread over
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multiple steps): 40 g of biomass, instead of 1 g, is
washed using the same stirring plate; stove utilization
is maximized; a 50 mL autoclave is replaced witha 1 L
autoclave; the rotary evaporator used for liquid phase
purification is utilized at its maximum capacity
(2000 mL.), whereas only 0.75% of its capacity is used in
the reference scenario; and the washing and oven ca-
pacities have been increased. The Improved scenario
has been upgraded by validating each modification at
the laboratory scale. The changes considered in this
scenario mainly involve reducing the duration of the
liquid phase purification, washing cycles, and func-
tionalization stages.

In the first scenario (Reference), electricity consump-
tion is the main contributor to many impact categories,
accounting for more than 45—80% (climate change,
photochemical ozone formation, acidification, fresh-
water cutrophication, freshwater ecotoxicity, fossil
resource use), followed by the use of pyridine, which
significantly impacts both human carcinogenic toxicity
and marine eutrophication (20.2% and 42.8%, respec-
tively). The second scenario (Max Lab) is character-
ized by a reduction in energy use, as well as reductions
in human toxicity and marine eutrophication by 20%
and 40%, respectively. Nevertheless, the reduction in
energy consumption does not significantly impact the
overall environmental impacts, and the use of pyridine
still significantly affects human toxicity and marine
eutrophication.

The Improved scenario results in a 30% reduction in
environmental impacts compared to the Max Lab sce-
nario, except for those related to the use of pyridine,
which remains the main contributor to environmental
impacts. Furthermore, it was found that potential opti-
mization during process upscaling could lead to a more
significant reduction (30—60%) in environmental im-
pacts while maintaining the same quality of the final
product. In conclusion, although these results seem
encouraging, they refer to an emerging laboratory-scale
technology and are significantly affected by a high
variability factor. In this regard, further investigation
through a techno-economic analysis is suggested to
provide an effective evaluation of the feasibility of the
proposed process [32].

High value-added compounds derived from
levulinic acid: a focus using LCA
methodology

The efforts of the scientific community are addressed to
develop an effective LLA-based biorefinery, by making its
derivatives of good economic value, sustainable and able
to reduce the chemical industry’s reliance on petroleum
[29]. Herein, we focused our attention on some of the
most relevant LA-derived products, such as GVL,
LA/LEs ketals, methyl levulinate (ML) and ethyl levu-
linate (EL).

www.sciencedirect.com
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GVL

GVL is among the most investigated green solvents due
to its excellent chemical—physics properties and its
preparation which involves the use of renewables. It has
a low melting point (—31 °C), a high boiling point
(207 °C), and a high flash point (96 °C), thus resulting
to be stored and transported and at the same time, it
does not generate peroxide in the air and does not react
with water at a temperature above 60 °C for four weeks
[46]. GVL serves as a solvent with extraction efficiency
comparable to widely used polar organic solvents. It also
boasts low toxicity (LLDsy = 8800 mg/kg) and ecotoxicity
and excellent biodegradability [47]. Specifically, it’s
defined as readily biodegradable, as it degrades >60%
within 28 days [48]. GVL is a dipolar, aprotic solvent,
with a relatively high dielectric constant (¢ = 36.5) and
a high dipole moment of (i = 4.30 D). It is similar to
solvents like N-methyl-2-pyrrolidone, dimethylaceta-
mide, dimethylformamide, N,N’-dimethylpropyleneur-
ea, acetone, and dimethyl sulfoxide. Consequently, it
can find application in organic synthesis, industrial
processes, and consumer products where these highly
polar aprotic solvents are frequently employed. Thus,
GVL is a suitable candidate for Heck or Negishi cross-
coupling reactions, polymers synthesis (e.g. poly-
imides, polyethersulfones, polyacrylates, polyvinyl-
chloride), metal-catalyzed arylations and alkenylations,
halogenations, esterification, and pharmaceutical and
cosmetic formulations [48]. In biomass transformation,
GVL has been investigated as co-solvent for glucan
saccharification, furfural production, and high-quality
lignin recovery [34], cellulose and biomass hydrolysis
and transformation [49—51].

The extraordinary versatility of GVL. makes it one of the
most important derivatives of LA [46]. The traditional
hydrogenation of LA to GVL involves noble metal-based
catalyst (Pt, Pd, Ru and Au) either homogeneous or
heterogeneous and a hydrogen source [52].

Moreover, the LA hydrogenation by either external H,
gas or by organic hydrogen donors (such as formic acid or
alcohols) through a catalytic transfer hydrogenation
(CTH) over non-noble metal catalysts has been
explored on laboratory scale. Therefore, future research
aims to the development of green catalysts (non-noble
metals, mild conditions) on large-scale for this kind of
process [46].

In a recent study, a LCA gare-to-gate has been carried out
with the scope to evaluate the environmental impacts
associated to different Shvo-catalysed hydrogenation
pathways of levulinic acid to give Yy-valerolactone. In
detail, three different hydrogenation pathways - (a)
transfer hydrogenation with formic acid or (b) with
isopropyl alcohol, (c) direct hydrogenation with H; -
have been modelled in SimaPro V8 [44] and the impacts

have been calculated using the IMPACT 2002+ V2.14
[53] method choosing 10 g of GVL product as functional
unit. The environmental impacts related to the syn-
thesis of LA (upstream) were excluded because they are
too specific to the location or feedstock. Similarly, the
‘end-of-life’ scenario (downstream) is left undefined, as
gamma-valerolactone (GVL) has applications in several
fields. The analysis considers damage to human health
(including human toxicity, respiratory effects, ionizing
radiation, ozone layer depletion, and photochemical
oxidation), ecosystem quality (both terrestrial and
aquatic ecotoxicity), climate change related to green-
house gas emissions, and resource depletion, which in-
cludes the sum of energy derived from non-renewable
feedstocks. The results reveals that the total electricity
consumption and the catalyst synthesis are the main
contributors to the environmental impacts for all the
investigated reactions. Moreover, assuming a quantita-
tive conversion of LA, the most impactful process
resulted to be the pathway b, employing isopropanol as
reducing agent, followed by formic acid and H;
(isopropanol >> formic acid > Hj). Several ways to
reduce catalyst impacts are proposed. Firstly, the po-
tential for catalyst recycling was assessed to minimize
the impact of catalyst synthesis. Although recycling the
Shvo catalyst has been shown to be incompatible with
LA due to deactivation caused by co-produced water, it
could be explored for other reactions. The benefit in
terms of impacts was estimated by dividing the GWP
value associated with catalyst synthesis by the number
of catalytic cycles. This evaluation indicated that 147
cycles are needed to reduce the impacts to below 1%.
Furthermore, another solution could involve catalyst
immobilization to facilitate simple catalyst separation.
This approach could reduce the environmental impact
associated with the distillation purification step by 31%.
However, immobilization presents several drawbacks,
such as an additional synthesis step, catalyst decompo-
sition due to water sensitivity, and potentially lower-
purity GVL. Finally, reducing the reaction time could
be another way to lower environmental impacts. LLCA
results showed that shortening the reaction time from
5 h to 3 h could result in a significant decrease of 0.5 kg
CO2 eq. per 10 g GVL,, corresponding to a 7% reduction
[33]. The process flowchart is shown in Figure 2a.

LA/LEs ketals

Levulinic ketals are promising chemicals with potential
applications as additives for biofuels and as building
blocks for producing plasticizers and surfactants [54].
The synthesis of levulinic ketals is generally carried out
through a direct Fischer esterification (e.g. in presence
of an alcohol under acidic conditions). Unfortunately,
the esterification side-reaction becomes competitive
under such conditions due to the bifunctional nature of
LA, leading to the formation of both the desired ketal
and ester byproduct [55].
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Figure 2
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Process flowcharts for the LCA of GVL obtained from LA through three different pathways (panel a) and for the LCA of ketal-diester bio-plasticizers

production from LA (panel b).

The synthesis involves strong homogeneous mineral
acids like sulfuric, hydrochloric, and phosphoric acid as
catalysts even though their use is associated with some
well-known negative issues such as the non-recyclability
and unsafety [56].

A cradle -to- gate LLCA of bio-plasticizers obtained from
the reaction of LA with five different fatty acids (e.g.
myristic, phenylacetic, benzoic, and isovaleric acids),
has been recently reported [34]. In this work, 1 g of each
bio-plasticizer was selected as the functional unit for
their environmental impact comparison. The in-
ventories have been modeled using SimaPro [44] while
ReCiPe 2016 [57] was used for the life cycle impact
assessment (LLCIA). The system boundaries include

crop production, biomass pretreatment, LA preparation
through microwave-assisted acid-catalyzed hydrolysis,
and the purification step. Additionally, the trans-
formation of LA into the five ketal-diester derivatives is
discussed. The reactions are schematized and illus-
trated in Figure 2b. The environmental impacts related
to these processes are not competitive with those
associated with commercially available phthalates and
bio-plasticizers. This result is explained by the impacts
evaluated at a laboratory-scale process. In fact, lower
environmental impacts are generally associated with
pilot or industrial-scale production. Single-score in-
dicators obtained through endpoint analysis showed
that, in all cases, the most significant categories are
global warming and human health. In particular, human
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health accounts for 45% of the impacts for all the
products, with the primary contributor (approximately
91%) being fossil-derived carbon dioxide. The ketal
diester deriving from a stearic acid precursor resulted in
the one characterized by the lowest environmental im-
pacts among those taken in account in the analysis.
Furthermore, the research has delved into exploring the
effects associated with the preparation of 1 g of the
current ketal diester. It is evident that the primary
factors contributing to its impacts are attributed to the
diester derivative itself, the energy consumed during
the heating process, and the management of waste
generated from the workup.

Methyl levulinate

Methyl levulinate is the smallest LA derivative. It is
largely used in a wide range of relevant fields, including
pharmaceutical, fuel additive, solvents. Its singular
molecular structure makes it very similar to the bio-
diesel. In this sense, adding ML to biodiesel can actually
improve the cleanness of fuel combustion, and the
resulting new type of mixed fuel shows excellent
lubricating ability, flash point stability, and low tem-
perature fluidity [7].

LEs can be directly obtained from LLCB by one-pot acid
alcoholysis, involving mineral or solid acids, where the
latter are favored over the first concerning the well-
known problems associated with their use as equip-
ment corrosion and pollution issues. Moreover, mineral
acids may affect the selectivity favoring the degradation
of the intermediates (e.g. glucose) and the formation of
humins [58]. It has also been reported that the forma-
tion of dialkyl ethers can be limited by using solid cat-
alysts other than working at very low mineral acid
concentrations [59]. Despite this, the performances of
homogenecous systems are still generally superior to
those of heterogeneous ones and more robust and highly
active solid catalysts need to be developed [58]. The
opportunity to tune acid-base composition and strength,
hydrophobicity/hydrophilicity, and the surface area/
porosity is fundamental to develop new and more effi-
cient catalysts for the one-pot acid alcoholysis of LCB.
As a result, most of the scientific community efforts
have recently spent in the design of solid acid catalysts
such as zeolites, metal oxides and acidic ion-exchange
resins [60].

A LCA of ML production from rice straw in a cradle to
grave boundary was reported in literature [17]. This study
was developed considering an existing biorefinery settled
in China. The scope of the study is to identify the
bottleneck of the process, that is the step associated with
most of the impacts. The analysis has been carried by
using the software efoorprint and the database Chinese Life
Cycle Database (CLLCD) [61]. The functional unit for this
life cycle model is set as 1 kg of ML (purity >98 wt %).

Energy conservation and emission reduction have been
estimated by using Aspen Plus® [62], while an economic
allocation is very difficult to apply considering the ML
small market size. The process is summarized in Figure 3.

Results showed that impacts related to GWP, primary
energy depletion (PED) and water usage (WU) are
significantly high. In details, environmental impacts of
the life cycle of ML mostly come from electricity, steam,
methanol, and sodium hydroxide, and it is worth noting
that the cellulose supply step alone contributes approx-
imatively half of the total GWP and PED. Considering
the potential use of ML as fuel additive, a comparative
life cycle study between ML and diesel has been also
proposed to evaluate if ML has the potential to reduce
emissions compared to diesel. Also in this case, the re-
sults are quite encouraging because it has been
concluded that, when a local database is used, the
biomass-based fuel (ML) has proven able to reduce the
GWP by approximately 16%—29% compared to the fossil
diesel. Nevertheless, this result shows the opposite trend
when a non-local database is selected. Additionally, the
study proposes several interventions aimed at reducing
impacts, such as the potential energy conservation,
thermal efficiency and the use of biomass electricity.
Moreover, if hemicellulose is incorporated in the model
for its application in future cycles, impacts are expected
to decrease [17].

Ethyl levulinate

Ethyl levulinate is listed among the most interesting LA
derivatives because of its several utilizations as in fra-
grances and in the flavorings, solvents and plasticizers,
or as a blending component in biodiesel [63]. EL can be
obtained through esterification of LA with ethanol or
from the alcoholysis of LCB or cellulose. Alternatively,
EL can be also produced from furfural, combining hy-
drogenation/transfer hydrogenation and alcoholysis re-
actions [64—67].

The EL application as a biobased diesel additive is also
known. Only few works have reported a LLCA study for
producing EL from biomass. For instance, Wang [35]
reported a cradle-to-grave LLCA to produce 1 ton of ethyl
levulinate (EL) (functional unit) from cornstalk, based
on a representative EL. plant located in Henan, the
largest agricultural province in China. The Ecoinvent
database and SimaPro software were used to assess both
energy consumption (EC) and greenhouse gas (GHG)
emissions. The entire process is organized into three
subsystems: feedstock collection (upstream), EL pro-
duction (core), and EL use (downstream). Energy
consumption sources were not considered, as they were
found to be negligible throughout the process, and
cornstalk was assumed to be a waste product of corn
production. It is worth noting that cornstalk has signif-
icant market value and can be used as a raw material for
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other industries. Additionally, CO; absorption and
emissions for each step were included in the study. The
total EC was found to be 109.9 GJ per functional unit,
with 104.1 GJ of that coming from biomass energy. The
EL production stage accounted for the highest EC,
representing 96.8% of the total, with 97.8% of this being
biomass energy. In terms of GHG emissions, the overall
global warming potential was 2.34 kg CO,-eq/kg, mainly
due to NOy emissions during the EL production stage.
Notably, a large amount of CO; is fixed during the

cornstalk growth, which offers a significant opportunity
for GHG emission reduction. The EL production and
utilization stages account for the highest GHG emis-
sions in the LCA, representing 53.4% and 44.5% of the
total positive GHG emissions, respectively.

Moreover, Fiorentino [36] discussed the production of
EL from Brassica carinata, chosen as a suitable crop for a
biorefinery located in Campania, Southern Italy. The
study aimed to provide an environmental, energetic, and
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economic assessment of the production of biodiesel and
ethyl levulinate as the main products of the Biofine
process, which involves converting the oilseed crop
(B. carinata) into these value-added products. The
functional unit was set as 1 ha of marginal land cultivated
with B. carinata for one year. For the life cycle inventory
(LCI) phase, the background dataset was assembled
using data from Ecoinvent, especially for the upstream
process, and materials and energy items were selected to
match the Campania region as closely as possible. The
life cycle impact assessment (ILCIA) results, obtained
using CML 2001 and Cumulative Energy Demand
(CED), referred to the following macro-categories:
Abiotic Depletion Potential (ADP, in kg Sb eq), Acidifi-
cation Potential (AP, in kg SO, eq), Eutrophication Po-
tential (EP, in kg PO?;_ eq), Global Warming Potential
(GWP, in kg CO; eq), Human Toxicity Potential (HTP, in
kg 1,4-DB eq), and Photochemical Oxidation Potential
(POP, in kg C;Hy).

"The normalization step showed that fertilizers, especially
ammonium sulfate and nitrate, are the major contributors
to each category, with abiotic depletion and global
warming being the most impacted categories. Specif-
ically, the entire agricultural step is responsible for 70% of
the total global warming impact, with nitrogen fertilizers
accounting for about 63% of the total emissions. CED
analysis indicated that 60% of the cumulative energy
demand is due to lignocellulosic residues used as a heat
source. Thus, the agricultural phase is the hotspot of the
entire supply chain and requires improvements to reduce
fertilizer use. The Biofine process provides an energy
saving of between 11 and 33 kton of oil equivalent per
year compared to the conventional route, which involves
obtaining EL from starch or sugar, a very energy-intensive
process.

In conclusion, the study highlights the feasibility of a
biorefinery-oriented system that utilizes raw materials
and converts them into value-added products. It also
identifies potential improvements needed to enhance
profitability in terms of both environmental and eco-
nomic benefits.

A cradle-to-gate life cycle assessment of 1 kg of EL ob-
tained from Colombian rice straw has been also reported
[37]. This study consists of a comparison of two sce-
narios, where the “base scenario” refers to the production
of EL. from rice straw via acid hydrolysis. The system
boundaries include LA purification and EL preparation
by esterification reaction, using fossil fuel to cover all the
energy demand for the overall process. System bound-
aries also include the manufacturing of chemicals, cata-
lysts, cultivation stage, use of energy, and transport of
biomass. The “alternative scenario” includes the afore-
mentioned conditions, but it considers (a) an increase of
paddy rice yield (from 4.97 t/ha to 5.7 t/ha, considering

the maximum for rice cultivation in Orinoquia region),

and (b) the use of the residual solid to produce low
pressure steam (LLPS) and medium pressure steam
(MPS) as resources to supply the energy demand. Aspen
Plus® [62] and ecoinvent [43] have been used (Figure 3).
Mass allocation has been performed and solid residue was
initially considered as “avoided product”.

The highest impact for the base scenario is the one related
to the acid hydrolysis stage, requiring a huge energy
demand, and in this context the fossil fuel-derived
steam is the main contributor. Subsequently, the
second highest impact is related to the requirements of
paddy rice water and to the amount of water necessary
for acid hydrolysis. On the other hand, the alternative
scenario 1s associated with remarkable reduction for
several impacts as climate change, photochemical ozone
formation, acidification, ozone depletion, water resource
depletion and freshwater eutrophication.

In fact, paddy rice fields are the main contributor of
anthropogenic CHy4 emissions, while rice straw produc-
tion brings the highest contribution to marine eutrophi-
cation, terrestrial eutrophication, and water resource
depletions. In detail, emissions of NOy associated with
use of nitrogen fertilizers are the main responsible for
environmental impact. Moreover, a considerable amount
of water necessary for rice cultivation accounts for water
resource depletions. An economic analysis displayed that
EL from RS results to be competitive within the current
EL market size, as the environmental impacts in terms of
GWP (2.71 kg CO;-eq/kg EL) are similar to that reported
for current plants in China from corn (2.34 kg CO;-eq/kg
EL). Nevertheless, more studies are needed to assess the
logistic and cost deriving from biomass (RS) trans-
portation to plants and, in the second place, the avail-
ability of raw materials could represent a limiting point
for the implement of this method on a large scale.

Conclusion and future perspectives

With this contribution an overview of the use of LCA
tool to address the environmental impacts related to the
LA production from biomasses and its further valoriza-
tion to GVL, LA/LEs ketals, methyl and ethyl levulinate
has been provided. However, there is an urgent need of
LLCA-based works comparing the traditional routes for
LA preparation and valorization with the newly devel-
oped ones, often based on the use of heterogenous
catalysts instead of homogeneous ones. In summary,
considering the existing publications and identified
knowledge gaps, we propose several predominant needs
for the scientific community:

- a comparative LCA study evaluating the preparation of
LA from C5 and C6 sugars is essential

- a comparative LLCA study to identify the environ-
mental impacts related to the preparation of LEs from
LA or directly from biomasses alcoholysis
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- the adoption of LCA methodology also for the prepa-
ration of other LA derivates as DPA, levulinates (in
addition to ML and EL) and GVL-RP

Furthermore, the LCA approach is the key to develop
hotspot-driven research of existing processes and to
identify the bottleneck steps able to direct new research
projects and directions [68].
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