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Abstract 

Background

The agricultural sector is one of the leading producers of agro-
industrial solid organic waste. This waste, mainly disposed of by 
incineration or landfilled, could be used for the production of high-
value chemicals. In this study, a fermentation process for the 
production of microbial oil from waste lemon extract (LE), an aqueous 
side-stream deriving from waste lemon peel and pulp processing, was 
developed and assessed for its impact. Microbial oil can have many 
diverse applications, from plasticizers in plastic and rubber 
compounds to moisturizers in cosmetic formulations.

Methods and results

Characterization of LE revealed that its autoclaving process is effective 
for increasing the concentration of readily available glucose and 
fructose, reaching 28.77 ± 0.08 g L-1 and 25.68 ± 0.27 g L-1. Nitrogen 
content was measured too, revealing a C/N ratio of 85, optimal for 
triggering lipid accumulation in the selected microbial cell factory. 
Therefore, the oleaginous yeast Cutaneotrichosporon oleaginosum was 
cultivated in an unmodified LE-based medium in 2 L bioreactors, 
resulting in a lipid accumulation of 0.47 ± 0.08 goil gCDW -1. Finally, a 
new lipid extraction method using green solvents was developed, 
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which allowed to extract and purify 11.79 g of oil, corresponding to 
35% of the cell dry weight.

The carbon footprint of this laboratory-scale production was 
estimated to be 71 – 434 kgCO2eq kg-1 of microbial oil, with electricity 
consumption of the fermentation step as the main factor. Sensitivity 
analysis suggests that the overall impact can be reduced with process 
optimization and scale-up.

Conclusions

The proposed process is promising in terms of production and does 
not compete with edible resources and land use. However, the 
microbial oil yield and the downstream must be optimized to make 
the process sustainable.

Plain language summary  
This work is part of the results from the European project 
“Agro2Circular”, which aims at the development of circular economy 
examples in the European territory by giving new life to the waste of 
the agricultural sector. In this study, we developed a strategy to 
convert lemon juice residues into microbial oil. Microbial oil is not 
made from vegetables (such as olive oil or seed oils), but from 
microorganisms, such as yeasts, which are similar to the one we use 
for beer, bread and wine. This microbial oil can be used to substitute 
vegetable oils in the cosmetic industry, which have a huge 
environmental impact. To avoid the use of non-renewable chemicals, 
we also developed a green and safe extraction method. Finally, we 
performed a carbon footprint analysis, which allowed us to 
understand the climate impacts and how to further modify the 
process to improve its sustainability from an environmental point of 
view.

Keywords 
Cutaneotrichosporon oleaginosum , Microbial oil, Green solvents, 
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          Amendments from Version 1
The updated version of the manuscript contains the changes 
requested by the reviewers. The most relevant updates are 
the inclusion of a sensitivity analysis and the alignment of the 
functional unit to ISO 14040/14044 standards.

Any further responses from the reviewers can be found at 
the end of the article

REVISED

Introduction
The agricultural sector is one of the leading producers of  
agro-industrial solid waste, deriving from crops for food  
supply, energy production, animal feed, the post-harvest indus-
trial processing, and from the huge amount of plastic and non- 
recyclable materials vastly employed along the entire value 
chain. The problem of loss of resources and waste management 
concerns all industrial fields and has a large impact on both the 
economy and the environment: each year, about 1.3 billion tons 
of food are lost or wasted, accounting for $680 billion in indus-
trialized countries and $310 billion in developing countries  
(Zhu et al., 2023). Agricultural waste is mainly disposed of by 
incineration or landfilling, as farmers find these practices to be 
the most convenient with regard to time, labor, and finance, while 
also being beneficial for pest control (Ogbu & Okey, 2023). 
This waste represents a huge potential resource for the pro-
duction of high-value chemicals (Gontard et al., 2018), which  
can be harvested by cascading (upstream or downstream), with  
the aim of upgrading the diverse components of the (bio)masses 
with as much added value as possible, while considering their  
origin and potential (specific) application(s).

Microorganisms possess the remarkable capacity to metabolize 
a broad spectrum of substrates and favor the flux of elements 
and molecules within biogeochemical cycles. This capacity 
- whether naturally occurring or enhanced via genome edit-
ing and metabolic engineering - enables the conversion of 
diverse feedstocks into an array of novel products. Harnessing 
this versatility at an industrial scale offers a solution to reduce 
reliance on fossil-derived resources and to return the biomol-
ecules into biogeochemical cycles in a compatible timeframe,  
thereby minimizing the environmental impact (Branduardi,  
2021).

In the framework of the Agro2Circular (A2C) project (https://
agro2circular.eu/), with the aim to boost the upcycling of agri-
food waste (from fruits and vegetables to multilayer plas-
tic films), we focused our work on the upcycling of lemon peel  
extract, derived from lemon peel waste generated by the juic-
ing industry in the region of Murcia (ES). Globally, lemon  
production exceeds 20 million tonnes per year (FAO, 2021), and 
industrial processing produces large volumes of by-products, 
with peels representing the major fraction, accounting for 
approximately 40–50% of the fruit weight (Negrea et al., 2025). 
The majority of lemon waste are often discarded or burned; 
however, these residues contain valuable chemicals, such as 

volatiles, pigments and essential oils (Martínez-Abad et al.,  
2020). In the A2C framework, CTNC (Centro Tecnológico 
Nacional de la Conserva, Murcia, Spain) extracted polyphenols 
from this waste, generating an aqueous side-stream enriched in  
sugars, herein referred to as lemon extract (LE).

LE was used as the substrate to grow the oleaginous yeast  
Cutaneotrichosporon oleaginosum. Under nutrient limitations, 
but in the presence of abundant organic carbon sources, oleagi-
nous yeasts are able to accumulate large amounts of lipids in 
the form of storage particles, called droplets or lipid bodies, 
which can constitute up to 70% (w w-1) of their cell dry weight  
(CDW) (Abeln & Chuck, 2021). C. oleaginosum is a GRAS 
(Generally Recognized As Safe) microorganism character-
ized by fast growth and by the ability to exploit a wide range 
of carbon sources. This yeast was selected as a proof of con-
cept among the many industrially-relevant oleaginous species, 
such as Yarrowia lipolytica, Rhodotorula toruloides, Lipomyces 
starkeyi and Rhodotorula glutinis (Abeln & Chuck, 2021). 
This yeast has already proven to be an excellent candidate for  
another part of the A2C project, where it was exploited for 
the upcycling of ethylene glycol derived from the enzymatic 
hydrolysis of polyethylene terephthalate (Senatore et al., 2024).  
The profile of its lipid fraction, characterized by over 50% 
unsaturated long-chain fatty acids, and composed predominantly 
of oleic acid and linolenic acid (Di Fidio et al., 2021; Kourist  
et al., 2015), can be of interest in cosmetics. For example, argan 
oil is mainly composed of oleic and linoleic acids, and micro-
bial production might represent an alternative solution to the 
more traditional plant-based resources, which suffer from many  
limitations such as seasonality and land use.

With the aim of investigating the potential of LE in the produc-
tion of microbial oil, in this study we focused on the ability of 
C. oleaginosum to grow and accumulate lipids using this side 
stream rich in sugars. Moreover, we also proposed an alternative  
approach for the extraction of lipids from yeast biomass, sub-
stituting the traditional potentially carcinogenic Folch proto-
col (requiring chloroform and methanol) with a combination 
of two green and safer solvent blends (ASTROBIO™ Green  
Solvents) chosen from the portfolio of Soft Chemicals S.r.l.

As new bio-based and circular products are developed, such 
as the microbial oil from agri-food waste in this study, it is  
necessary to evaluate the environmental impact of the new solu-
tions to assess whether they are more sustainable than other  
microbial-based solutions used in different applications. Some 
LCA studies have been published in the field of yeast-based 
microbial oil applications. These studies examine microbial oils 
in the use of biofuels (Chopra et al., 2020; Longati et al., 2022; 
Sae-ngae et al., 2020 and Sharma et al., 2020) and in water treat-
ment (Vera et al., 2015). LCA studies that cover only micro-
bial oil production were performed by Abelleira et al. (2024),  
Balina et al. (2023), Bonatsos et al. (2020) and Masri et al. 
(2019). These studies highlight some critical points of the cur-
rent microbial oil production process. For instance, Bonatsos et al.  
(2020) reported the high impact of (i) using monosaccharides 
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and yeast extract as nutrient sources, (ii) high water con-
sumption, and (iii) using hexane as solvent for oil extraction  
(Bonatsos et al., 2020). Moreover, Abelleira et al. reported 
that biomass dehydration - necessary for efficient oil extrac-
tion - also has high energy requirements (Abelleira et al., 2024). 
In an effort to understand if our process can overcome the  
current challenges, this study also included the examination of  
the carbon footprint of the process.

Materials and methods
Strains and media
The haploid Crabtree-negative yeast Cutaneotrichosporon oleagi-
nosum (culture collection ATCC 20509, previously known as 
Trichosporon oleaginosum) was used in the experiments. The 
strain was maintained in 20% (v v-1) glycerol at - 80 °C after 
growth in YPD medium composed of (per liter): yeast extract  
10 g, peptone 20 g, and glucose 20 g.

Reagents
Unless otherwise stated, all reagents were obtained from  
Merck KGaA (Darmstadt, Germany).

Generation of Lemon Extract (LE) from polyphenol 
extraction from citrus waste
Verna lemon (Citrus limon (L.) Burm. f.) was collected and proc-
essed by Citromil, S.L, Spain. After peeling and juice extrac-
tion, both peel (after oil extraction) and pulp were considered 
as citrus waste material for further valorization in A2C by 
CTNC (Centro Tecnológico Nacional de la Conserva, Murcia,  
Spain).

The citrus waste from the juicing company was transported 
to CTNC in a lorry with a conservation container within 30 
min. Since the raw material was initially washed meticulously 
by the company, the citrus residue was directly subjected to 
a pre-treatment of homogenization (cutting) using a cubing 
machine (Model G-A, Urschel), reducing the particle size to  
1 cm × 1 cm.

For the extraction phase, 50 kg of lemon peel residues were 
accurately weighed, mixed in a 1:3 ratio with reverse osmosis 
water, and introduced into an industrial vacuum mixing reac-
tor, to which 5 g of a multi-enzyme cellulase complex were 
added, and the mixture was agitated at 25 °C for 1 h. Enzyme 
inactivation was carried out by incubating the sample at 98 °C  
for 25 min. The samples were cooled to room temperature, phase 
separation was carried out using a decanter, and both phases  
underwent specific processing for valorization.

Specifically, the liquid phase was treated for the recovery of 
polyphenols. For this purpose, it was concentrated using a pilot 
filtration plant (SIVE Fluid Systems). Then, for the purifica-
tion of phenolic compounds, adsorption-desorption processes 
were employed, using resins such as PAD950 resin (Ecolab  
Purolite™). A flow rate of 80 L h-1 was used and three  
15-minute adsorption cycles were carried out, which is the esti-
mated time after which the resin becomes saturated. Once the 

three cycles were completed, the phenolic compounds were  
eluted with ethanol 96%, freeze-dried and evaluated.

Total polyphenol content was analyzed according to the  
Folin-Ciocalteu method. The presence of specific phenolic  
compounds in the extract was determined by High-Performance  
Liquid Chromatography (HPLC).

The lemon permeate liquid extract (hereinafter, lemon extract 
LE) after the adsorption-desorption process was concentrated 
to 18–20 ºBrix and evaluated as substrate for the production of  
microbial oil.

Characterization of sugar and nitrogen content of 
lemon extract
Sugar and nitrogen content of LE as provided by CTNC and 
after autoclaving (121 °C, 20 min, 2 atm) was measured with 
commercially available kits from Megazyme: K-FRUGL was 
used to measure the glucose and fructose content; K-LARGE 
and K-PANOPA were used to measure the Total Yeast Available 
Nitrogen (YAN

T
), comprised of free ammonium ions, urea, pri-

mary amino nitrogen from amino acids and the guanidine group 
of L-arginine. Presence of additional compounds was assessed  
by HPLC analysis.

Growth conditions in 24 wells microplates
Different LE-based media were prepared for the medium opti-
mization experiment (Table 1). Autoclaved LE (LE80) was 
used as the unbalanced medium for oil accumulation; to obtain 
a balanced growth medium, urea was added to a final con-
centration of 4.5 g L-1, corresponding to a C/N ratio of 8.8 as  
in the standard synthetic minimal medium (Verduyn et al., 
1992); this medium was called LE8. Additionally, the effects of 
trace elements and vitamins (v) and the effects of MgSO

4
·7H

2
O 

0.5 g L-1, KH
2
PO

4
 3 g L-1 (salts, s) were tested either alone or in 

combination. This resulted in a total of eight different growth 
media, as described in Table 1. All media were buffered with  
100 mM potassium hydrogen phthalate buffer, pH 6.

Seed cultures of C. oleaginosum from YPD plates were grown 
in 50 mL glass tubes filled with 10 mL YPD for 24 h. Cells 
were then harvested, washed and inoculated in a 24-deepwell  
microplate (CR1424, manufactured by Enzyscreen, Heemstede, 
The Netherlands) filled with 2 mL of the different LE-based  
media under evaluation, at a final OD of 0.1. Growth was per-
formed at 30 °C under constant agitation (250 rpm) in the 
Growth Profiler 960 (Enzyscreen, Heemstede, The Netherlands). 
Samples were collected at the end of the experiment (72 h) for  
HPLC analysis and total lipid evaluation.

Analytical method for total lipid extraction
Total lipid accumulation in C. oleaginosum from the experiment 
in 24-deepwell microplates was evaluated with the Folch extrac-
tion method (Folch et al., 1957). Cells from 1 mL samples were 
dried overnight at 60 °C in pre-scaled 1.5 mL tubes. The next  
day, the tubes were weighed to obtain the total cell dry weight 
(g L-1). Then, 500 μL of 1:2 MeOH/CHCl

3
 solution were added. 
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The tubes were vortexed, parafilmed and incubated overnight 
in a thermoblock at 40 °C, 1400 rpm overnight. Afterwards, the 
samples were centrifuged (5’, 21000 g) and the supernatant 
was transferred into new, pre-scaled 1.5 mL tubes. The solvent  
was evaporated for 24 h at 60 °C under vacuum; the dry  
1.5 mL tubes were then weighed to obtain the total amount of  
lipids.

Process conditions in batch bioreactor
For batch fermentations, 2 L stirred tank bioreactors (BIOSTAT® 
A plus, Sartorius Stedim Biotech GmbH, Goettingen, Germany) 
equipped with Visiferm DO ECS 225 for pO

2
 measurement and  

Easyferm Plus K8 200 for pH measurement (both from  
Hamilton Bonaduz AG, Bonaduz, Switzerland) were used at a 
working volume of 1000 mL. The temperature was kept con-
stant at 30 °C and the pH was set to 6.0, maintained by auto-
matic addition of 2 M KOH and 1 M HCl. The stirring rate was 
set to 300 rpm in cascade to maintain the oxygen concentration,  
which was set to 25% saturation to guarantee a completely 
aerobic condition for the cell culture. Filtered air (pore size  
0.2 μm) was continuously sparged through the reactor at a flow 
rate of 1 vvm. Foam formation was controlled by the addition 
of polypropylene glycol (PPG) at a concentration of 1 mL/L. 
Gas analyzers (BlueVery, BlueSens gas sensor GmbH) were 
attached to the outgas for online measurement of %CO

2
 and  

%O
2
 in the air.

Seed cultures from YPD plates were grown for 8 h in glass 
tubes in 10 mL YPD; cells were then inoculated for the inter-
mediate inoculum (starting OD 0.05) in 250 mL baffled shake 
flasks containing 50 mL of pre-inocula medium and grown 

overnight (16 h). The pre-inocula were performed in a rotary 
shaker (stroke: 1.9 cm) at 300 rpm and 30 °C. For the inocu-
lum, cells were harvested, washed with sterile dH

2
O, and used  

to inoculate the bioreactor (starting OD
600

 = 0.5).

The pre-inocula medium was buffered (autoclaved) LE8.vs, 
consisting of LE diluted to a total final concentration of glu-
cose and fructose of 45 g L-1, urea 4.5 g L-1, MgSO

4
·7H

2
O  

0.5 g L-1, KH
2
PO

4
 3 g L-1, trace elements 1X and vitamins 1X 

as described above. The medium was buffered with 100 mM 
potassium hydrogen phthalate buffer, pH 6. The medium for 
the production was LE80 medium, consisting of autoclaved 
LE diluted to a total final concentration of glucose and fructose  
of 45 g L-1 (roughly 0.8 L for a final volume of 1 L).

Small scale extraction trials with green solvents
After the fermentation was stopped (52 h), 12 samples of 1 mL 
each were collected from each reactor in pre-weighted 1.5 mL 
tubes to test the extraction methods. Each sample was centri-
fuged (20 min, 4 °C, 21 000 g) and the supernatant was discarded;  
the pellets were frozen at -20 °C overnight. Half of the sam-
ples were dried overnight at 60 °C. Samples were thawed and 
weighed to measure the (net) amount of dry or wet biomass. 
Both dry and wet pellets were then processed in the same way: 
five different solvent combinations (Table 2) were compared 
to the standard Folch extraction; in particular, 1000 μL of sol-
vent were added to each tube and samples were incubated under  
strong agitation (1400 rpm) at 40 °C for 24 h.

Then, the dried samples were centrifuged, and the superna-
tant (containing the extracted lipids) was transferred into a new  

Table 1. Composition of LE-based media in 24 wells microplates. Lemon extract (LE) was 
autoclaved and buffered with 100 mM potassium hydrogen phthalate buffer, pH 6 (LE80); to 
reach a C/N of 8.8, urea 4.5 g/L was added (LE8). Both media were modified by adding either 
vitamins and trace elements (v), salts (s), both (vs) or no additional nutrient. Vitamins and trace 
elements consisted of (per liter): D-biotin 0.10 mg; calcium D-pantothenate 2 mg; nicotinic 
acid 2 mg; myo-inositol 50 mg, and EDTA, 30 mg; ZnSO4·7H2O, 9 mg; CoCl2·6H2O, 0.6 mg; 
MnCl2·4H2O, 2 mg; CuSO4·5H2O, 0.6 mg; CaCl2·2H2O, 9 mg; FeSO4·7H2O, 6 mg; Na2MoO4·2H2O, 
0.8 mg; H3BO3, 2 mg; KI, 0.2 mg; thiamine hydrochloride, 2 mg; pyridoxal hydrochloride, 2 mg; 
para-aminobenzoic acid, 0.4 mg. Salts consisted in (per liter): KH2PO4, 3 g; MgSO4·7H2O, 0.5 g. 
Composition of vitamins, trace elements and salts was obtained from (Verduyn et al., 1992).

C/
N Base Medium composition

80 Buffered autoclaved LE LE80 LE

LE80.v LE + vitamins and trace elements

LE80.s LE + salts

LE80.vs LE + vitamins and trace elements + salts

8.8 Buffered autoclaved LE 
+ urea 4.5 g L-1

LE8 LE

LE8.v LE + vitamins and trace elements

LE8.s LE + salts

LE8.vs LE + vitamins and trace elements + salts
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pre-weighted 1.5 mL tube. For the wet samples, NaCl 0.9% 
was added until the formation of two (or more) distinct phases 
(Table 2); samples were centrifuged (5’, 21 000 g), and the 
organic phase (containing the extracted lipids) was transferred 
into a new pre-weighted 1.5 mL tube. The organic phase is 
the lightest for all the solvents used, except for MeOH/CHCl

3
. 

Solvents were then evaporated under vacuum at 60 °C for  
24 h, and weighed to measure the yield of extracted lipids per  
gram of cell dry weight.

The Folch method was included as the reference condition; 
ethanol/ethyl acetate was included as a suggested alterna-
tive from an in-depth study on lipid extraction from yeasts 
(Breil et al., 2017). The remaining solvent blends were kindly 
provided by ASTROBIO™ Green Solvents Division of Soft 
Chemicals S.r.l.; the specific tested combinations were deter-
mined according to their solvency power and physical-chemical  
properties of the mixtures and recommended by the company 
itself.

Large-scale lipid extraction from wet biomass with 
BA/K1 1:2
The fermentation broth from both reactors was collected in 
a 1 L glass graduated cylinder and the overall volume was 
measured. Then, the broth was transferred in pre-weighed  
500 mL centrifuge bottles and was pelleted at 4000 g for 1 h  
at 4 °C. The volume of the supernatant (spent LE) was measured 
with a graduated cylinder and then discarded. The remaining  
pellet was weighed and frozen at -20 °C until oil extraction.

For the large-scale extraction, the frozen biomass was thawed 
and transferred into a 5 L beaker with 500 mL of BA and 
1000 mL of K1; the suspension was stirred for 24 h at room  
temperature to minimize solvent evaporation; about 40 mL 

g
CDW

-1 (or 10 mL g
wet pellet

-1) of BA/K1 were used. At the end of 
the extraction, 600 mL of NaCl 0.9% were added for phase  
separation, the solution was mixed for 15 min and then trans-
ferred to centrifuge bottles to decant. The organic fraction (top 
layer) was transferred into a pre-weighted 1 L evaporating flask  
and the solvent was evaporated using a rotavapor (67 °C, 50 rpm).

Quantification of sugars and citric acid by HPLC
Routine HPLC analyses were performed to quantify the 
amount of glucose, fructose, sucrose and citric acid. Prior 
to analysis, all samples were centrifuged (21,000 g, 20 min) 
and diluted when necessary. The HPLC was equipped with 
a Rezex ROA-Organic Acid H+ (8%) Ion Exclusion column  
300 × 7.8 mm, 8 μm (Phenomenex); 10 μL of samples were 
injected in the column. The mobile phase was H

2
SO

4
 0.005 

N, at a flow of 0.5 mL min-1; column temperature was set 
to 40 °C. Separated components were detected by a refrac-
tive index detector (RID) and by variable wavelength detector 
(VWD) set at 210 nm. Peaks were identified by comparison 
with reference standards dissolved in ultrapure H

2
O (18 MΩ).  

Calibration curves for peak quantification were prepared in  
a range between 0.625 and 20 g L-1.

A modified method was used for the initial characterization of 
sugar content in LE. For these preliminary analyses, the HPLC 
was equipped with a Rezex RPM-Monosaccharide Pb+2 (8%) 
Ion Exclusion column 300 × 7.8 mm, 8 μm (Phenomenex);  
10 μL of samples were injected in the column. The mobile 
phase was ultrapure H

2
O (18 MΩ), at a flow of 0.5 mL min-1; 

column temperature was set to 40 °C. Separated components 
were detected by a refractive index detector (RID) and by vari-
able wavelength detector (VWD) set at 210 nm. Peaks were 
identified by comparison with reference standards (glucose, fruc-
tose, sucrose, citric acid) dissolved in ultrapure H

2
O (18 MΩ). 

Calibration curves for peak quantification were prepared in a  
range between 0.625 and 20 g L-1.

Carbon footprint calculation
Carbon footprint calculation of microbial oil production was 
conducted based on the Life Cycle Assessment (LCA) method 
(ISO 14040:2006; ISO 14044:2006), commonly used for assess-
ing the potential environmental impacts of a product or serv-
ice. The life cycle of a product (or service) starts from the 
raw material and energy acquisition, and includes product 
manufacturing, transportations, and typically also use phase  
and final disposal at the end of life.

The carbon footprint was modeled with a cradle-to-gate sys-
tem boundary, excluding the use and end-of-life stages due to 
lack of data regarding these life cycle stages. The characteri-
zation factors of Environmental Footprint 3.1 (EF 3.1) impact 
assessment methodology (European Commission, 2021) were 
used in the assessment. The method includes 16 impact cat-
egories, but in this study only climate change as an impact cat-
egory was assessed. The calculations were carried out using  
Sulca software (Sulca, 2024).

In LCA, the included life cycle stages are built from proc-
esses having inputs (e.g. raw material, energy, other resources) 

Table 2. Extraction solutions tested for lipid 
extraction. Small scale lipid extractions were performed 
in 1.5 mL tubes using 1000 μL of solvent. For wet samples, 
NaCl 0.9% was added at the end of the extraction for 
phase separation: the required volumes for the creation 
of a biphasic system are listed in the last column. The 
extraction with MeOH/CHCl3 was adapted from (Folch  
et al., 1957); the extraction with EtOH/EtOAc was adapted 
from (Breil et al., 2017); the remaining solvents were 
provided by ASTROBIO™. MeOH: methanol; CHCl3: 
chloroform; EtOH: ethanol; EtOAc: ethyl acetate.

Extraction 
solution

Ratio Volume of 
solvent (μl)

Volume of 
NaCl 0.9% (μl)

MeOH/CHCl3 1:2 1000 200

EtOH/EtOAc 1:2 1000 500

BA/XT 1:2 1000 400

BA/SD 1:2 1000 400

BA/K1 1:2 1000 333

BA/K100 1:2 1000 200
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and outputs (e.g. products, waste, emissions), connecting the 
processes to previous and following ones. The data was col-
lected from project partners with an Excel template and inter-
views. This primary data collection was supported by academic  
literature, i.e., secondary data. Secondary data used in the assess-
ment was from ecoinvent 3.10 database, using the system  
model “cut-off by classification”.

Goal and scope
The goal of this study was to evaluate the early-stage carbon 
footprint of microbial oil manufactured on a laboratory scale 
from lemon waste. Additionally, the aim was to identify the 
life cycle stages and process types that contributed the most 
to the carbon footprint of microbial oil production for future  
technology development purposes.

Functional unit
The functional unit of the calculation was set to 1 kg of micro-
bial oil manufactured from lemon extract, at IndBiotech Lab 
at University of Milano Bicocca. The functional unit was 
scaled from an original production of 11.79 g of microbial oil  
in 2 L bioreactors.

System boundary
The studied system is illustrated in Figure 1. This Figure 
describes the system at a high level, and more detailed LCI data 
is available in the supplementary materials (Sections 1 and 
2). Overall, the carbon footprint assessment is a cradle-to-gate 
study that consists of manufacturing the lemon extract and the 
microbial oil. The study excluded any infrastructure, transport 
and packaging. Infrastructure is typically excluded from LCA  

studies because its impact is generally insignificant (European 
Commission, 2021). Transport and packaging were excluded  
because the study was an early-phase and partly laboratory-scale 
study.

Scenarios
Two scenarios were studied in the carbon footprint assessment. 
First, Spanish market electricity was used in all of the proc-
esses (scenario 1). In the second scenario (scenario 2) the elec-
tricity profile was switched to wind energy modeled with the 
ecoinvent 3.10 process electricity production, wind, 1–3 MW  
turbine, onshore, ES.

Assumptions
Assumptions were made to fill in the primary data gaps. The 
list of the used assumptions is available in the supplementary  
material (Section 2).

Allocation
Allocation of the environmental burden between the processes 
was required in this study for lemon extract manufacturing. 
Mass-based allocation was used in the lemon enzymatic extrac-
tion where both liquid extracts (e.g. phenolic extract) and solid 
extracts (e.g. fiber extract) were produced. The intermediate 
product of the liquid phase was used to produce the microbial  
oil. The impacts from the mutual processes (pre-treatment, 
extraction, filtration) were calculated based on the share of 
produced liquid extract (0.95 kg phenolic extract and 3.6 kg 
fiber extract). The liquid phase produced was approximately  
20%; hence, 20% of the impacts in the shared processes were 
allocated to the liquid phase. The possible environmental 

Figure 1. System boundary of the carbon footprint assessment. A detailed inventory table where the chemicals, electricity, heat and 
water consumptions are presented per process is available in the Supplementary material. Green arrows indicate the outputs; blue arrows 
indicate side streams.
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impacts from lemon production were excluded and allocated 
as zero for the used waste stream, lemon peel and pulp. The 
exclusion was performed based on a sensitivity analysis con-
ducted in A2C project LCA study (Paronen et al., 2025). The  
renewable electricity scenario was selected in the sensitivity 
analysis to estimate the maximum lemon production burden, 
since the impact of lemon production would be higher in the 
renewable electricity scenario than in the market electricity  
scenario, where electricity impacts dominated the results. In 
the A2C LCA, the microbial oil production was only one 
part of an agrifood waste system in which in total five prod-
ucts were manufactured from lemon waste. The share of the 
lemon production burden covers about 3% of the total carbon  
footprint of the agrifood system (that is caused by the five 
products using lemon waste), and similarly the microbial oil 
manufacturing contributes about 9% to the total carbon foot-
print of the agrifood waste system’s carbon footprint (Paronen  
et al., 2025).

In the microbial oil manufacturing, allocation procedures were 
not applied and all the environmental burden was assigned to 
the microbial oil and its precursors due to the early stage and  
laboratory scale nature of the carbon footprint assessment.

Limitations and uncertainties
As this study was an early phase evaluation, it had various 
limitations. In the microbial oil manufacturing stage, labora-
tory-scale data from UNIMIB experiments and more upscaled 
data from CTNC were used together, which affected the inter-
pretation of the results. The electricity consumption data was 
partly estimated from secondary data created based on the 
device models. Hence, the data in this life cycle stage contained  
various uncertainties.

Data quality
This study used primary data for lemon extract manufactur-
ing processes. In microbial oil manufacturing, part of the elec-
tricity consumption data was based on secondary data of the 
typical electricity consumption of the used devices. Secondary 
data was also used to model the input chemicals, energy pro-
duction and waste treatment emissions from ecoinvent data-
base. Primary data from the solvent manufacturer was applied to  
model the solvents.

Life cycle inventory
The inventory tables are available in the supplementary material 
(Section 1).

Statistical analysis
GraphPad PRISM 10.1.0 was used for the statistical analysis of 
fermentation parameters. For the medium optimization experi-
ment, a two-way ANOVA was performed to analyse differ-
ences between samples, followed by a post hoc Tukey–Kramer 
test for multiple comparisons. The remaining statistical analy-
ses were performed using a two-tailed, unpaired, heteroscedastic  
Student’s t-test.

Results and Discussion
Characterization of sugar and nitrogen content of 
lemon extract
Lemon Extract (LE) was obtained from CTNC (Centro Tec-
nológico Nacional de la Conserva, Murcia, Spain) in ster-
ile bags. Briefly, lemon waste (consisting mostly of peels and 
pulp) produced as residual biomass by the company Citromil  
(Murcia, Spain) was initially provided to CTNC for polyphenol 
extraction. The aqueous residues (LE) were processed to sepa-
rate the solids by high-pressure filtration and stored in aseptic  
bags at 4 °C.

Before the fermentation process, characterization of this side 
stream was necessary to identify and quantify the available fer-
mentable sugars, as well as the nitrogen content. While the 
provided LE was already sterile and could theoretically be 
directly used for fermentation without any further processing,  
such an approach on a large scale would not be applicable. 
For this reason, we decided to assess the effect of autoclav-
ing on LE to reproduce, at the lab scale, what would happen in  
a scaled-up process. For the identification and quantification 
of sugars, samples before and after the autoclavation step were 
analyzed by HPLC using a column for monosaccharides and 
sugars analysis. Three peaks were identified by comparison  
with known standards, corresponding to sucrose, glucose and 
fructose; no other peaks could be observed. The obtained chro-
matograms are shown in Figure 2; the full recorded chro-
matograms (from 0 to 30 min) are reported in Figure S1. To  
confirm the correct identification of the peaks, the samples 
were analyzed using a commercially available enzymatic kit  
for the quantification of glucose and fructose.

Quantification from both HPLC analysis and the enzymatic 
kits confirmed the presence of glucose and fructose in LE; 
most importantly, the quantification was consistent with both 
methods. The quantification obtained with the enzymatic kits  
is reported in Table 3.

To confirm the sucrose peak, the samples were also analyzed 
by HPLC using a column for organic acids and fermentation  
by-products, and compared to calibration standards. Sucrose 
(as well as glucose and fructose) quantification was the same 
with both chromatographic methods (data not shown). A further  
confirmation of the correct identification of the sucrose peak 
was obtained by running the HPLC analysis at 80 °C: in these 
conditions, sucrose is partially hydrolyzed to glucose and  
fructose, due to the acidic mobile phase. Finally, analysis of 
samples with the organic acid HPLC column also revealed 
the presence of citric acid, which is to be expected when  
considering the source of LE.

Apart from the quantification of sugars, nitrogen content is also 
a key parameter to be considered when designing a fermen-
tative process. In addition, lipid production is strictly related 
to the carbon to nitrogen (C/N) ratio of the medium. Indeed, 
lipid accumulation in oleaginous yeasts is triggered by nutrient  
limitation (Abeln & Chuck, 2021) and nitrogen limitation is 
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Figure 2. HPLC chromatograms obtained from the analysis of 
Lemon Extract (LE). The RID signal of the calibration standards 
(top panel) is shown in blue; the RID signals from the LE (bag) 
sample (middle) and LE (autoclave) sample (bottom) are shown in 
yellow and orange, respectively. Suc: sucrose; Glc: D-glucose; Fru: 
D-fructose.

Table 3. Composition of lemon extract (LE) before and after autoclaving. The 
pH, sugar content, nitrogen content and C/N ratio of LE were measured before (LE 
bag) and after (LE autoclave) the autoclaving step. See the main text for additional 
information. Glc: D-glucose; Fru: D-fructose.

pH Glc (g L-1) Fru (g L-1) YANtot (mgN L-1) C/N

LE (bag) 3.90 10.49 ± 0.04 7.96 ± 0.24 290.14 ± 2.14 30

LE (autoclave) 3.99 28.77 ± 0.08 25.68 ± 0.27 298.44 ± 3.65 85

one of the most commonly exploited strategies to decouple 
cell growth and lipid accumulation. For these reasons, the total 
yeast available nitrogen (YAN

tot
) in LE was measured. Samples 

before and after the autoclaving step were analyzed with two 
commercially available enzymatic kits for the quantification of  
free ammonium, urea and L-arginine, and primary amino nitro-
gen (from amino acids). The obtained results (Table 3) were 
utilized to calculate the C/N ratio of LE before and after the  
autoclavation step.

As it can be observed in Table 3, autoclavation of LE caused 
an increase in the concentrations of glucose and fructose and 
a decrease in the concentration of sucrose: the heat treat-
ment in acidic conditions (pH < 4) caused the partial hydroly-
sis of sucrose. The same behavior can be observed in the HPLC  
chromatograms (Figure 2), where the relative areas of the peaks 
are significantly different after the autoclavation step. On the 
other hand, no significant difference could be observed in terms  
of YAN

tot
, suggesting that the heat treatment does not affect 

the total yeast available nitrogen content. Thanks to the release 
of glucose and fructose, the autoclaved LE is characterized by  
an increased C/N ratio, compared to the LE from the bag. 
Indeed, sucrose was not considered in the calculations of the  
C/N ratio as no consumption of this sugar by C. oleaginosum 
was observed in preliminary tests (data not shown). Overall, 
these data suggest that autoclaving of LE is not detrimental; 
on the contrary, it increases the concentration of fermentable  
sugars and concomitantly the C/N ratio, which is beneficial for 
lipid accumulation. Thus, autoclaved LE was used for all the  
following growth experiments.

Medium optimization for growth and lipid accumulation
After the characterization of the sugar and nitrogen content of 
LE, the substrate was assayed as a potential growth and produc-
tion medium for C. oleaginosum. A simple medium optimiza-
tion experiment was carried out. The objective was to identify  
(i) a condition to maximize growth and sugars consumption 
and (ii) a condition to maximize lipid accumulation. Indeed, the 
former is necessary for the expansion of pre-cultures, while the 
latter is required as the lipid production medium. Apart from 
the nitrogen content, growth might also be limited by the lack 
of other nutrients, such phosphates, sulphates, vitamins or trace  
metals. As described above, after autoclaving LE is characterized  
by a C/N ratio of 85: to balance the nitrogen content of the 
medium, urea was added as the nitrogen source to reach a  
C/N ratio of 8.8, which is the standard C/N ratio of synthetic  
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minimal media used for growing yeasts (Verduyn et al., 1992); 
this medium is herein called LE8. Urea was chosen over ammo-
nium sulfate as it has been shown that in batch fermentations  
the latter causes a significant drop in the pH during growth 
(Mastella et al., 2022). To account for the addition of the nutri-
ents, autoclaved LE was slightly diluted (herein referred to as 
LE80). MgSO

4
 and KH

2
PO

4
 were added to both media (LE8.s  

and LE80.s) as a source of sulphates and phosphates, respec-
tively. Finally, the addition of vitamins and trace elements was 
tested as well, either alone or in combination with the inorganic 
salts (LE8.v and LE80.v; LE8.vs and LE80.vs, respectively).  
Table 1 provides an overview of the tested media.

To assess the impact of the different media, C. oleaginosum 
was grown in 24-deepwell plates and growth was monitored 
over time. At the end of the lipid accumulation phase (72 h), 
the supernatant was analyzed to measure sugar and citric acid 
consumption; to assess lipid production, the cell pellets were 
extracted with the standard analytical Folch method (Folch  
et al., 1957) (Figure 3).

At the end of the fermentation, glucose and fructose were found 
to be depleted in all conditions, both in LE8 and in LE80;  
interestingly, sucrose consumption was only observed in one 
condition, that is the balanced medium with inorganic salts, vita-
mins and trace elements (LE8.vs); coherently, the cells reached  
the highest OD obtained in the experiment (86 OD), compared 
to all other conditions. It is interesting to note that both inor-
ganic salts, and vitamins and trace elements were required to 
allow the consumption of sucrose, as this behavior was not 

observed in either LE8.s or LE8.v. Most likely, nitrogen also 
plays a role, as in the corresponding limiting condition (LE80.vs)  
no sucrose consumption was observed. Citric acid consump-
tion was not observed under any of these conditions. The growth  
profiles are shown in Figure S2. From these results, LE8.vs 
was selected as the medium for the pre-cultures, as it allowed 
the highest biomass accumulation and sugar consumption. The 
level of statistical significance is indicated only for differences  
between the samples.

In terms of lipid production, the cells grown in the balanced 
media (LE8-based media) accumulated a lower amount of lip-
ids compared to the unbalanced media (LE80-based media), as 
expected. When considering the balanced conditions, addition  
of vitamins and trace elements (LE8.v, LE8.vs) significantly 
reduced lipid accumulation (P-values < 0.001). In nitrogen- 
limited conditions, however, it was the addition of salts  
(LE80.s, LE80.vs) that significantly reduced lipid accumulation  
(P-values < 0.05). Overall, the highest accumulation (0.73 ± 
0.05 g

oil
 g

CDW
-1) was obtained with LE80, without the addition 

of any nutrient; anyhow, lipid accumulation was above 60% g
oil

  
g

CDW
-1 in all other conditions with LE80. Most likely, LE80  

allowed to reach the highest lipid content because some other 
nutrients (such as phosphates, vitamins or trace metals as 
observed with the supplemented LE80 media) became limiting,  
participating in increasing the cellular response to stress, and 
thus lipid accumulation (Beopoulos et al., 2011). For this rea-
son, LE80 without any nutrient addition was selected as 
the production medium; this is also amenable from a proc-
ess point of view, as no further additions are required for the  

Figure 3. Growth and production medium optimization results. C. oleaginosum was cultivated in different LE media (see main text and 
Table 1 for more information), with the aim to maximize growth (LE8 media) or lipid accumulation (LE80 media). A. OD and carbon source 
concentrations in the medium at 72 h, compared to fresh medium. At the stop of the fermentation (72 h) the OD was measured at 600 nm; 
the supernatant was analyzed by HPLC to measure the concentration of sucrose (Suc), fructose (Fru), glucose (Glc) and citric acid (CIT). The 
x-axis shows the different growth conditions; the left y-axis shows the concentration of sucrose (dark green bars), fructose (green bars) 
and glucose (light green bars) in g L-1 and OD (blue dots); bars are stacked. The right y-axis shows the concentration of citric acid (orange 
bars) in g L-1. B. Lipid content at 72 h. At the end of the fermentation (72 h) total lipids were extracted from the pellets. The x-axis shows the 
different growth conditions; the left y-axis shows the percentage of oils of the accumulated biomass (% goil gCDW

-1); the right y-axis shows the 
corresponding titer of oil per 1 mL of culture, expressed as a concentration (goil L-1, blue dots). Values are the mean ± standard deviation of 
three independent experiments.
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fermentation, thus reducing the overall cost and preparation  
time.

2 L bioreactor fermentations for lipids production and 
extraction
After identifying the best production medium, the process 
was directly scaled-up to 2 L bioreactors for the production 
of lipids and the development of a suitable and simple down-
stream processing protocol. LE8.vs resulted in an effective 
pre-culture medium, allowing the accumulation of > 50 OD in  
less than 16 h of growth; moreover, upon inoculation, no lag 
phase was observed. The obtained fermentation profile is 
reported in Figure S3, A; after the exponential phase (12 h), 
the cells started accumulating lipids until the depletion of glu-
cose and fructose, at 48 h; the two different growth phases can 
clearly be identified by the CO

2
 production and O

2
 consumption  

profiles (Figure S3, B). At 48 h, 22.7 ± 2.2 g
CDW

 L-1 of bio-
mass were accumulated. After the depletion of the fer-
mentable sugars, a drop in the cell dry weight was observed  
(19.6 ± 0.3 g

CDW
 L-1), possibly due to the cells starting the con-

sumption of the accumulated lipid. The fermentation was 
stopped (52 h) and the broth from the two reactors was col-
lected for lipid extraction. Overall, the cells accumulated  
0.47 ± 0.08 g

oil
 g

CDW
-1, in a relatively short process time. This 

result is significantly lower than the accumulation obtained 
in the medium optimization experiment. One possible expla-
nation, in addition to the one mentioned above, can be given 
by the controlled environment in the bioreactor: maintenance 
of optimal pH and oxygenation might be reducing the stress  
conditions, and thus the overall lipid accumulation.

Lipid extraction is usually the most complex and costly part 
of microbial oil production, and it often requires toxic chemi-
cals (Uğur et al., 2024). Indeed, the literature standard meth-
ods (Folch method, Bligh and Dyer) are based on a mixture 
of MeOH/CHCl

3
 (Bligh & Dyer, 1959; Bonturi et al., 2015;  

Folch et al., 1957). MeOH and CHCl
3
 are both highly toxic and 

harmful: MeOH is known to cause damage to organs (H370) 
with practically every know exposure route, while CHCl

3
 is  

also suspected of causing cancer (H351), just to name a cou-
ple of recognized chemical risks to work with these substances 
(GHS06 and GHS08). These solvents should be avoided for 
commercial use, as this would hinder the use of such lipids in  
the sectors where they could benefit the most: cosmetic and 
pharma. The most common alternative to ensure lipid extrac-
tion is the use of a combination of polar and non-polar sol-
vents (Breil et al., 2017; Uğur et al., 2024). Another variable 
in the process is the drying of the yeast biomass: usually dry 
biomass improves the extraction yield, but comes at a greater  
cost in terms of energy consumption and time.

To find an alternative extraction method tailored to our spe-
cific process, we compared the standard Folch method with  
five different pairs of solvents blends provided by the ASTRO-
BIO™ Green Solvents Division of Soft Chemicals S.r.l. 
ASTROBIO™ BA was employed as an alternative to MeOH;  
the solvents ASTROBIO™ XT, SD, K1 and K100 (more apo-
lar), on the other hand, were proposed as an alternative to 

CHCl
3
. Finally, ethanol and ethyl acetate were also tested as 

potential candidates, as this pair was selected by Breil and col-
leagues in an in depth study aimed at lipid extraction opti-
mization from Yarrowia lipolytica (Breil et al., 2017). All  
ASTROBIO™ Green Solvents tested, as well as ethanol and 
ethyl acetate, are just recognized to be irritant (GHS07), thus  
making them a more suitable option for large-scale applications.

All solvents were tested with both wet and dry samples to 
assess whether the additional drying step would increase the 
extraction yield (as in the traditional protocol). The test was  
performed on a small scale using a sample of the fermen-
tation broth (see Materials and Methods section for more 
details). Table 4 summarizes the results. As expected, the Folch 
method performed best with both dried and wet samples; the 
obtained lipid yield showed no significant difference between  
the two strategies. The best green solvent alternative resulted 
in the pair BA/K1, which showed an extraction efficacy of 78% 
(for dry samples) and 79% (for wet samples) when compared 
to the MeOH/CHCl

3
 (Folch) method. BA/XT and BA/K100 

were also effective but showed slightly lower efficiency with  
respect to BA/K1, especially when extracting from wet sam-
ples. Interestingly, the optimized EtOH/EtOAc pair performed 
worse than any of the tested pairs from ASTROBIO™, except 
for BA/SD, which showed the lowest efficiency with dried 
samples (16%) and a large variability (approximately 30%) 
for wet samples. Based on these considerations, BA/K1 was 
selected as the solvent for lipid extraction at a larger scale. As 
no significant differences were observed between dry and wet  
samples, the wet extraction method was selected.

For large-scale extraction, our goal was to design a simple down-
stream process. First, the biomass was pre-treated by freezing 
at -20 °C (a common temperature for storage) and thawing 
before extraction, in an effort to increase the accessibility of 
the solvents to the lipid structure (Meullemiestre et al., 2016).  
The biomass obtained from the two bioreactors was com-
bined, and the extraction was carried out in a beaker. Overall,  
11.79 g of oil were obtained, corresponding to 35% of the dry 
weight of the biomass. The extraction yield is well in line with 
the results obtained in the 1 mL scale (0.41 ± 0.03 g

oil
 g

CDW
-1), 

indicating that our extraction protocol is effective and robust  
to the scale-up. Figure 4 shows a picture of the obtained oil.

Carbon footprint - Impact assessment
A carbon footprint assessment was carried out based on the 
described results. Given the small scale at which the micro-
bial oil was produced, this analysis was conducted as an initial 
evaluation of the process, with the aim to highlight the hotspots  
for a sustainable scale-up.

As shown in Figure 5, A in scenario 1, the estimated carbon 
footprint of producing 1 kg of microbial oil from lemon extract 
was 434 kgCO

2
eq if Spanish market electricity was applied. 

From the same figure, it can be seen that the life cycle stages  
“Yeast fermentation” and “Solvent evaporation” contributed 
the most to the carbon footprint with shares of 54% and 35%, 
respectively. This was due to the intense electricity consumption 
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Table 4. Small scale extraction trials with green solvents. The table shows the 
obtained lipid content (% goil gCDW

-1) with each extraction method and its efficiency 
compared to the MeOH/CHCl3 (Folch) method. MeOH: methanol; CHCl3: chloroform; 
EtOH: ethanol; EtOAc: ethyl acetate. Values are the mean ± standard error of two 
independent experiments.

Solvent pair Lipid content (% goil/gCDW) Efficiency compared 
to MeOH/CHCl3

dried samples MeOH/CHCl3 47.03% ± 7.9% 100%

EtOH/EtOAc 29.4% ± 4.51% 62.67% ± 0.93%

BA/XT 35.37% ± 0.31% 77.5% ± 13.69%

BA/SD 7.37% ± 0.58% 15.91% ± 1.43%

BA/K1 36.67% ± 6.27% 77.92% ± 0.24%

BA/K100 35.6% ± 1.54% 77.33% ± 9.72%

wet samples MeOH/CHCl3 52.3% ± 6.83% 100%

EtOH/EtOAc 28.17% ± 2.56% 54.14% ± 2.17%

BA/XT 33.41% ± 4.27% 63.9% ± 0.18%

BA/SD 56.85% ± 23.73% 104.55% ± 31.73%

BA/K1 41.01% ± 3.04% 79.00% ± 4.49%

BA/K100 30.14% ± 2.32% 58.03% ± 3.13%

Figure 4. Extracted oil from C. oleaginosum grown on LE.

in these two stages. The lemon extract manufacturing did not 
significantly impact the carbon footprint, covering only 2% 
of the total carbon footprint in Scenario 1. The dominance of 
the emissions from electricity consumption is also visible in  
Figure 5, B where electricity consumption comprised 91% of  
the total carbon footprint in Scenario 1.

In scenario 2, where we hypothesized that wind electricity 
was used, the carbon footprint of producing 1 kg of microbial 
oil from lemon extract was 71 kgCO

2
eq (Figure 5, A). In this  

scenario, the life cycle stage “Extraction” contributed the most 
(50%) to the total carbon footprint of scenario 2, due to the  
consumption of the solvents, despite a 90% solvent recovery. 
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Figure 5. Estimated carbon footprints. A. Estimated carbon footprint of 1 kg of the laboratory-scale microbial oil from lemon extract 
per life cycle stage with market (Scenario 1) and wind (Scenario 2) electricity in all the processes. B. Estimated carbon footprint of 1 kg of 
the laboratory-scale microbial oil from lemon extract per process type with market (Scenario 1) and wind (Scenario 2) electricity in all the 
processes.

On process type level, Figure 5, B demonstrates that consump-
tion of electricity and chemicals contributed most to the carbon  
footprint, 44% and 51% of the total carbon footprint, respec-
tively. In this scenario, the electricity emissions are the upstream 
emissions of the wind electricity, and the most contributing  
chemicals are the solvents, similarly to Scenario 1.

Carbon footprint - Sensitivity analysis
Sensitivity analysis was conducted to test how improving 
selected key operation parameters would impact the carbon 
footprint of the process. As seen in Table 5, the tested param-
eters are (i) lipid content and (ii) fermentation yield which take 
place in the life cycle stage “Yeast fermentation”, and (iii) lipid 
extraction efficiency of solvent which occurs in the life cycle  
stage “Extraction”. These three parameters impact the amount 
of produced microbial oil. In all cases the BA/K1 solvent blend 
was used. The baseline is Scenario 1, where microbial oil is  
manufactured using market electricity.

Regarding the fermentation yield, the data used for the  
sensitivity analysis was obtained from the medium optimization  
experiment, showing that C. oleaginosum is able to reach a 
much higher lipid content (0.73 g

oil
/g

CDW
) in the same medium  

(LE80). The higher yield in microtiter plates could be attrib-
uted to a plethora of factors, most likely to a condition where 
the cells were more stressed due to, as an example, a lower 
pH and a lower dissolved oxygen percentage, if compared to 
the bioreactor fermentation. These process parameters could  
be easily tweaked and optimized in a bioreactor.

Regarding the solvent extraction, the strategy proposed in this 
paper for large scale extraction is very simple and rudimen-
tary. For the sensitivity analysis, we hypothesized a 90% extrac-
tion efficiency of the blend BA/K1 compared to the traditional 
MeOH/Chloroform method: the value is only slightly higher 

than the one measured experimentally, and most likely will 
be improved with a more sophisticated extraction set up, like  
with a soxhlet extractor.

In the sensitivity analysis, it was assumed that only the final 
output microbial oil amount parameter is changed in the LCI 
data, although other LCI data could potentially be altered as 
well (for example, a lower amount of KOH would be used if a  
low pH stress is considered in the process). Hence, in the sensi-
tivity analysis A and B, is it assumed that more microbial oil 
can be produced from the same LCI data than in the baseline 
case. Therefore, to calculate the results of sensitivity analy-
sis A and B, the total carbon footprint of the baseline case is 
divided with the factor of how many times more microbial oil 
is produced than in the baseline case. The factor for sensitivity  
analysis A is 2.54, and 2.16 for the sensitivity analysis B. 
Hence, the share of each life cycle stage or process type of the 
total carbon footprint remains the same as in the baseline case  
(Scenario 1).

The results of the sensitivity analysis are shown in Figure 6, 
where it can be noted that in the sensitivity analysis A, where 
both fermentation parameters and extraction efficiency improve  
compared to the baseline case, the carbon footprint is 171 
kgCO

2
eq/kg microbial oil which is 2.54 times smaller than in 

the baseline case. In the sensitivity analysis B, where the extrac-
tion efficiency is the same as in the baseline but fermentation 
parameters improve, the carbon footprint is 201 kgCO

2
eq/kg 

microbial oil. This carbon footprint is 2.16 times smaller than 
in the baseline case. When comparing the carbon footprints of  
sensitivity analysis A and B, it can be noted that the carbon 
footprint of sensitivity analysis B is 17.5 % higher than the 
carbon footprint of sensitivity analysis A. This is caused by 
the lower extraction efficiency (79% vs 90%) which means 
that less microbial oil is produced. Based on the sensitivity  
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Table 5. Carbon footprint sensitivity analysis scenarios. The baseline (Scenario 1) corresponds to the carbon footprint 
calculation presented in the study.

Case Produced 
microbial oil kg

Lipid 
content (%)

Fermentation 
yield goil/gCDW

Solvent Lipid extraction 
efficiency of solvent (%)

Baseline (scenario 1) 1 35 0.47 BA/K1 79

Sensitivity analysis A: best case 2.54 73 0.73 BA/K1 90

Sensitivity analysis B: only 
fermentation parameters improve

2.16 73 0.73 BA/K1 79

Figure 6. Carbon footprint sensitivity analysis results. Estimated carbon footprint of 1 kg of the laboratory-scale microbial oil from 
lemon extract with baseline case (Scenario 1), and Sensitivity analysis A (yield and extraction) and Sensitivity analysis B (yield).

analysis, the improvement of tested fermentation parameters 
can create a greater absolute reduction to the carbon footprint  
than the extraction efficiency.

Carbon footprint - Discussion
In this study, the carbon footprint of lemon extract was 71 – 434 
kgCO

2
eq kg-1 microbial oil, depending on the electricity pro-

file. In previous yeast-derived microbial oil studies the car-
bon footprints have ranged from 3.56 kgCO

2
eq kg-1 of yeast 

oil (Masri et al., 2019) to 26.94 kgCO
2
eq kg-1 of microbial oil 

(Abelleira et al., 2024). Previous LCA studies differ from the  
carbon footprint calculation presented in this article in terms of 
technology maturity level, utilization of co-products, and circu-
lating materials. Masri et al. (2019) performed a cradle-to-gate 
LCA of a commercial-scale yeast lipid production unit. In this 
study, all side-product streams were recycled within the proc-
esses. Allocation procedures were not applied. Abelleira et al.  
(2024) carried out a cradle-to-gate LCA where the fermenters 

had volumes ranging from 74 to 354 m3. The process system 
contained loops where the side streams were reapplied within 
the system. Furthermore, 89.4% of the system burden, which 
also had a waste management function, was allocated for the 
microbial oil. In this study, the input organic waste feedstock  
was assumed to be burden-free.

The environmental impact of microbial oil was also compared 
to the impact of conventional vegetable oils. More specifically, 
coconut oil was chosen as the conventional benchmark prod-
uct because the microbial oil produced in the A2C project has  
been applied in the cosmetic industry. In the ecoinvent database 
the carbon footprint of crude coconut oil is 2.58 kgCO

2
eq/kg. 

Crude coconut oil was used as a comparison because the 
microbial oil manufactured in this study also requires further 
processing before it can be applied in a cosmetic product. As 
expected, the carbon footprint of laboratory scale microbial oil  
is 28 - 168 times higher than industrial vegetable oil production, 
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indicating that substantial optimization is required before  
environmental competitiveness can be achieved.

The carbon footprint of the chemicals and solvents was 36.0 
kgCO

2
eq/kg microbial oil. This is significantly higher than 

all the benchmarks listed by Masri et al. (2019) and Abelleira  
et al. (2024) and more than 14 times higher than the carbon  
footprint of coconut oil. Therefore, it is essential to reduce  
chemical and solvent emissions through efficient recycling of 
chemicals, improving extraction methods as shown in the sen-
sitivity analysis, and, most importantly, by improving the yield 
through precise monitoring of the fermentation parameters. 
Indeed, regarding the last aspect, we showed that it is theoretically  
possible for C. oleaginosum to accumulate at least up to 0.73 ± 
0.05 g

oil
 g

CDW
-1, which is 50% more product compared to the 2 L 

fermentation. Consequently, the increase of fermentation yield 
and lipid content, together with an improved extraction effi-
ciency, showed a potential significant decrease in the carbon  
footprint in the sensitivity analysis.

The carbon footprint study was an early-stage estimation based 
on combining pilot-scale data of lemon extract manufactur-
ing with laboratory-level data of microbial oil manufacturing. 
The consumption of electricity and solvents in the microbial 
oil manufacturing stage dominated the results. However, the  
electricity consumption values in the microbial oil manu-
facturing were partially estimated. If market electricity is 
applied, the carbon footprint of the microbial oil manufacturing 
should decrease 168 times to reach the carbon footprint of the  
crude coconut oil. To do this, the electricity consumption and the 
chemical requirements would need to be significantly reduced 
in the scaling-up processes. While the required decrease is sub-
stantial, it is not unrealistic: large scale fermenters require far 
less power per unit of volume if compared to benchtop bioreac-
tors. As an example, the electricity consumption (per liter) of a  
300 L fermenter of one of the partners of the A2C project is 
160 times smaller than the one required by the 2L bioreactors 
used in study. From these observations and the results of the 
sensitivity analysis, combining scale-up and process optimi-
zation will most likely drastically reduce the carbon footprint  
of the process.

To evaluate the carbon footprint of the process in a more 
robust manner, a scale-up to the industrial level of the micro-
bial oil production system and downstream procedures is 
required to gather precise information on production processes,  
electricity consumption, and chemical emissions. Also, a techno-
economic assessment should be performed to evaluate the  
technical and economic feasibility of microbial oil production.

Conclusions
The aim of this work was to develop a fermentation process 
for the upcycling of an aqueous LE side stream rich in sugars 
derived from the extraction of polyphenols from waste lemon  
peel and pulp into microbial oil.

The first part of this work focused on the characterization of 
LE from the point of view of the sugars and nitrogen composi-
tions, two fundamental parameters for yeast growth and lipid  

accumulation. Autoclaving of LE resulted in hydrolysis of 
sucrose, and therefore with an advantageous increase in the glu-
cose and fructose concentrations. After the initial characteriza-
tion, LE composition was optimized to maximize either growth  
or lipid accumulation of C. oleaginosum. A screening of dif-
ferent growth conditions identified LE8.vs as the ideal medium 
for growth, while LE80 for production. Interestingly, sucrose 
was only consumed in one of the tested conditions. The high-
est lipid production obtained was 0.74 ± 0.05 g

oil
 g

CDW
-1. Overall, 

it was found that autoclaved LE is with minor adjustments the  
optimal medium for sustaining yeast oil production.

From the promising results obtained on the small scale,  
C. oleaginosum was cultivated in 2 L bioreactors and the 
obtained biomass was utilized for the development of a sustain-
able and easily scalable downstream protocol for the extrac-
tion of lipids, by comparing different extraction protocols. Our 
findings confirmed - as expected - that the traditionally used 
Folch method is the best at extracting lipids; however, three 
pairs of green solvents showed promising results as alternatives 
to methanol and chloroform, the best one being ASTROBIO™ 
BA/K1 (Soft Chemicals S.r.l.) with an efficiency of almost 80% 
when compared to the Folch method. Scale-up of the extraction  
process from 1.5 mL tubes to the biomass collected from the 
bioreactors showed consistent results and allowed to recover 
11.79 g of oil, corresponding to 35% of the cell dry weight. 
When considering the overall process, the oil yield from sugars  
was 0.14 g

oil
 g

S
-1; this result is promising, but further optimiza-

tions are required for an economically viable process. Green 
solvents used in this study, which are bio-based blends of small 
esters and alcohols, could be efficiently separated from the 
oils and thus efficiently recycled with several extraction tech-
niques like soxhlet extraction, standard or extractive distillation 
as well as less energy intensive procedures like membrane-
based pervaporation fostering overall sustainability and financial  
viability and of the process.

Future studies should focus on the improvement of fermenta-
tion parameters (pH, oxygenation, temperature), to increase 
the lipid content of the cells, similarly to what was obtained on 
the small-scale during media optimization. Additionally, the 
complete hydrolysis of sucrose (or further media optimiza-
tion) could increase the total amount of fermentable sugars, and  
consequently the theoretical maximum oil yield.

Overall, this study demonstrates that lemon peel side-streams 
can be efficiently upcycled into a fermentable extract, subse-
quently converted into microbial oil. This highlights the poten-
tial of agricultural by-products as feedstock for value-added 
bioprocesses. In contrast to conventional management prac-
tices for lemon peel waste (e.g., low-value feed, composting 
or incineration), our approach illustrates a circular bioecon-
omy pathway where waste is transformed into microbial lipids 
with potential applications in biofuels, bioplastics or cosmetic  
ingredients.

In this study, the carbon footprint of microbial oil from lemon 
extract was 71 – 434 kgCO

2
eq/kg microbial oil depending 

on the electricity profile. The consumption of electricity and  
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solvents in the microbial oil manufacturing stage dominated 
the results. The carbon footprint study was an early-stage esti-
mation based on combining pilot-scale data of lemon extract 
manufacturing with laboratory-level data of microbial oil  
manufacturing. The calculations should be updated when addi-
tional scaled-up data becomes available. It is also relevant to 
note that, with respect to other examples of oil production, this 
process valorizes a secondary residual biomass, which does 
not require complex, costly or time-consuming treatment to be 
used as feedstock. Therefore, it is well in line with the strategic 
action plan of the EU entitled “Building the future with nature: 
Boosting Biotechnology and Biomanufacturing in the EU”, pro-
viding a feasible example of maximizing the use of planetary  
resources, both in terms of value and time.
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SUMMARY 
This manuscript presents a fermentation process for converting lemon peel extract (LE), a waste 
stream from polyphenol extraction, into microbial oil using the oleaginous yeast 
Cutaneotrichosporon oleaginosum. The study includes three main components: (1) characterization 
and optimization of LE as a fermentation medium, (2) development of a green solvent extraction 
method, and (3) carbon footprint assessment of the process. 
Key findings include autoclaving LE to hydrolyze sucrose into fermentable glucose and fructose, 
achieving lipid accumulation of 0.47 ± 0.08 g_oil/g_CDW in 2L bioreactors, and developing an 
extraction method using ASTROBIO™ BA/K1 solvents with 79% efficiency compared to the 
traditional Folch method. The carbon footprint assessment reported 71-434 kgCO₂eq per kg 
microbial oil (depending on electricity source), significantly higher than conventional coconut oil at 
2.58 kgCO₂eq/kg. 
 
CRITICAL ISSUES REQUIRING CORRECTION 
 
1. Life Cycle Assessment Functional Unit 
Issue: The functional unit is stated as "11.79 g of microbial oil," which violates LCA standardization 
conventions and makes results non-comparable with existing literature. 
Required correction: The functional unit must be restated as 1 kg of microbial oil (or 
alternatively 1 g, though 1 kg is standard practice). This is a fundamental requirement for 
scientifically valid LCA reporting per ISO 14040/14044 standards and enables direct comparison 
with published microbial oil and vegetable oil studies. 
 
2. Scale-Up Modeling and Data Quality 
Issue: The study combines laboratory-scale (2L) primary data with speculative industrial-scale 
(300L) calculations without rigorous process modeling. The electricity consumption reduction 
claim (163-fold) is based solely on fermenter volume scaling without accounting for downstream 
processing, utilities, and auxiliary equipment. 
Required corrections:

Either conduct comprehensive process simulation using software (Aspen Plus, SuperPro 
Designer) for industrial-scale material and energy balances, OR

○

Clearly restrict the scope to "laboratory-scale environmental screening" and remove direct 
comparisons with industrial vegetable oil production

○
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Add explicit uncertainty ranges for all scaled-up estimates○

Include all unit operations (not just fermentation) in scale-up calculations○

If direct comparison with industrial coconut oil (2.58 kgCO₂eq/kg) is retained, explicitly state: 
"This laboratory-scale carbon footprint is 27-168 times higher than industrial vegetable oil 
production, indicating substantial optimization is required before environmental 
competitiveness can be achieved"

○

3. Incomplete Sensitivity Analysis 
Issue: Only electricity source variation is analyzed. Critical parameters that substantially affect 
environmental impact are omitted. 
Required additions:

Lipid extraction efficiency (current 35% vs. theoretical 73% achieved in optimization 
experiments)

○

Fermentation yield variations (0.47 vs. 0.73 g_oil/g_CDW)○

Solvent recovery and recycling rates (currently assumed zero recovery, yet solvents 
contribute 36.0 kgCO₂eq/kg or 51% of scenario 2 impact)

○

C/N ratio optimization effects on yield○

Plant capacity scenarios (batch size effects)○

Present results showing relative impact of each parameter on the overall carbon footprint to 
identify which factors most critically affect environmental performance and where optimization 
efforts should focus. 
RECOMMENDATION 
Major revisions required to address the three issues above. The fermentation and extraction 
optimization work is solid, but the LCA component requires substantial methodological 
corrections to meet scientific standards.
 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and does the work have academic merit?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Partly

Are all the source data underlying the results available to ensure full reproducibility?
Partly

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Process modeling and simulation, techno-economic analysis, life cycle 
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assessment (LCA) and carbon footprint analysis, industrial scale-up of sustainable technologies, 
waste valorization, and circular economy systems.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 27 Nov 2025
Vittorio Giorgio Senatore 

Comment: This manuscript presents a fermentation process for converting lemon peel 
extract (LE), a waste stream from polyphenol extraction, into microbial oil using the 
oleaginous yeast Cutaneotrichosporon oleaginosum. The study includes three main 
components: (1) characterization and optimization of LE as a fermentation medium, (2) 
development of a green solvent extraction method, and (3) carbon footprint assessment of 
the process. Key findings include autoclaving LE to hydrolyze sucrose into fermentable 
glucose and fructose, achieving lipid accumulation of 0.47 ± 0.08 g_oil/g_CDW in 2L 
bioreactors, and developing an extraction method using ASTROBIO™ BA/K1 solvents with 
79% efficiency compared to the traditional Folch method. The carbon footprint assessment 
reported 71-434 kgCO₂eq per kg microbial oil (depending on electricity source), significantly 
higher than conventional coconut oil at 2.58 kgCO₂eq/kg.   CRITICAL ISSUES REQUIRING 
CORRECTION 1. Life Cycle Assessment Functional Unit Issue: The functional unit is stated as 
"11.79 g of microbial oil," which violates LCA standardization conventions and makes results 
non-comparable with existing literature. Required correction: The functional unit must be 
restated as 1 kg of microbial oil (or alternatively 1 g, though 1 kg is standard practice). This 
is a fundamental requirement for scientifically valid LCA reporting per ISO 14040/14044 
standards and enables direct comparison with published microbial oil and vegetable oil 
studies.   
Response: We thank the reviewer for their very useful suggestion. The functional unit was 
changed to 1 kg (Page 8). All the corrections to the values are marked with red font 
throughout the carbon footprint calculation.    
 
Comment: 2. Scale-Up Modeling and Data Quality Issue: The study combines laboratory-
scale (2L) primary data with speculative industrial-scale (300L) calculations without rigorous 
process modeling. The electricity consumption reduction claim (163-fold) is based solely on 
fermenter volume scaling without accounting for downstream processing, utilities, and 
auxiliary equipment.   Required corrections:

Either conduct comprehensive process simulation using software (Aspen Plus, 
SuperPro Designer) for industrial-scale material and energy balances, OR

○

Clearly restrict the scope to "laboratory-scale environmental screening" and remove 
direct comparisons with industrial vegetable oil production

○

Add explicit uncertainty ranges for all scaled-up estimates○

Include all unit operations (not just fermentation) in scale-up calculations○

If direct comparison with industrial coconut oil (2.58 kgCO₂eq/kg) is retained, 
explicitly state: "This laboratory-scale carbon footprint is 27-168 times higher than 
industrial vegetable oil production, indicating substantial optimization is required 

○
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before environmental competitiveness can be achieved"
Response: We thank the reviewer for the comments and suggestions. Regarding the scale-
up calculations, we do agree that the data is too speculative. For this reason, we changed 
that part to be more conservative:   Page 16 If market electricity is applied, the carbon 
footprint of the microbial oil manufacturing should decrease 168 times to reach the carbon 
footprint of the crude coconut oil. To do this, the electricity consumption and the chemical 
requirements would need to be significantly reduced in the scaling-up processes. While the 
required decrease is substantial, it is not unrealistic: large scale fermenters require far less 
power per unit of volume if compared to benchtop bioreactors. As an example, the 
electricity consumption (per liter) of a 300 L fermenter of one of the partners of the A2C 
project is 160 times smaller than the one required by the 2L bioreactors used in study. From 
these observations and the results of the sensitivity analysis, combining scale-up and 
process optimization will most likely drastically reduce the carbon footprint of the process.   
Regarding the last comment, we have revised the manuscript, and state clearly at the 
beginning of the carbon footprint section that the scope is an initial evaluation. We thank 
the reviewer for the suggestion, and we added it on page 16, lines 632-634.   Page 14 A 
carbon footprint assessment was carried out based on the described results. Given the 
small scale at which the microbial oil was produced, this analysis was conducted as an initial 
evaluation of the process, with the aim to highlight the hotspots for a sustainable scale-up.   
Page 16 As expected, the carbon footprint of laboratory scale microbial oil is 28-168 times 
higher than industrial vegetable oil production, indicating that substantial optimization is 
required before environmental competitiveness can be achieved. 
 
Comment: 3. Incomplete Sensitivity Analysis Issue: Only electricity source variation is 
analyzed. Critical parameters that substantially affect environmental impact are omitted.   
Required additions:

Lipid extraction efficiency (current 35% vs. theoretical 73% achieved in optimization 
experiments)

○

Fermentation yield variations (0.47 vs. 0.73 g_oil/g_CDW)○

Solvent recovery and recycling rates (currently assumed zero recovery, yet solvents 
contribute 36.0 kgCO₂eq/kg or 51% of scenario 2 impact)

○

C/N ratio optimization effects on yield○

Plant capacity scenarios (batch size effects)○

Present results showing relative impact of each parameter on the overall carbon 
footprint to identify which factors most critically affect environmental performance 
and where optimization efforts should focus.

○

  RECOMMENDATION Major revisions required to address the three issues above. The 
fermentation and extraction optimization work is solid, but the LCA component requires 
substantial methodological corrections to meet scientific standards. 
Response: We thank the reviewer for the suggestion to include a more detailed sensitivity 
analysis. Based on the available data, we evaluated the carbon footprint keeping into 
account the lipid extraction efficiency, the fermentation yield variation and solvent recovery. 
We included the results in pages 14-16, and in Figure 6.   Plant capacity scenarios were not 
analyzed due to lack of information; more upscaled data from a TEA would be needed to 
effectively discuss this aspect. C/N ratio optimization was not considered as no in vivo data 
is available; however, the oil yields in the screening experiments are close to the highest 
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ones reported for oleaginous yeasts, suggesting that further optimization of this parameter 
would only bring to very small changes in the yield. We now discuss the fermentation yield 
more in detail in the manuscript:   Page 15 The higher yield in microtiter plates could be 
attributed to a plethora of factors, most likely to a condition where the cells were more 
stressed due to, as an example, a lower pH and a lower %DO, if compared to the bioreactor 
fermentation. These process parameters could be easily tweaked and optimized in a 
bioreactor.   Finally, we would like to underline that solvent recovery was indeed already 
considered, with a recycling rate of 90% (as we measured experimentally). This aspect was 
most likely not clear, so we clarify it on Page 14. No further optimizations were performed, 
as 90% recovery was considered to be already a very high percentage.   Sensitivity analysis 
on the lipid extraction efficiency and fermentation yield variation was conducted and 
described in Pages 14-16; results are shown in Figure 6.  

Competing Interests: No competing interests were disclosed.

Reviewer Report 27 September 2025
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© 2025 Niyommaneerat W. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Wilailuk Niyommaneerat  
Sustainable Environment Research Institute, Chulalongkorn University, Bangkok, Bangkok, 
Thailand 

“With the aim of investigating the potential of LE in the production of microbial oil, in this study we 
focused on the ability of C. oleaginosum to grow and accumulate lipids using this side stream rich in 
sugars. Moreover, we also proposed an alternative approach for the extraction of lipids from yeast 
biomass, substituting the traditional potentially carcinogenic Folch protocol (requiring chloroform and 
methanol) with a combination of two green and safer solvent blends (ASTROBIO™ Green Solvents) 
chosen from the portfolio of Soft Chemicals S.r.l.” 
 
1. The above statement is quite conflict with the topic as focusing on Carbon footprint of microbial 
oil from waste lemon peel extract and the part of the results showed that carbon footprint is much 
contributed than conventional vegetable oil. What is the research more focus on environment 
impact of microbial oil or waste valorization? 
 
2. In somehow as microbial oil in this study were defined as Green Solvent: please elaborate in this 
study as the process of LE extract and microbial fermented required solvents and chemicals. 
Please state in the introduction or summary of the finding. 
 
3. Please add clarification of the details of function unit as 11.79 g of microbial oil from lemon 
extract. What application will you for LCI database and further application of this data? 
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4. What is the significant finding based on the research otherwise potential added value of 
agricultural waste. The comparative analysis between conventional waste management and 
production as value added product (microbial oil).
 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and does the work have academic merit?
No

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
I cannot comment. A qualified statistician is required.

Are all the source data underlying the results available to ensure full reproducibility?
Partly

Are the conclusions drawn adequately supported by the results?
Yes

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Environmental Management and Sustainability, Municipal Waste 
Management and Circular, Economy- Enterprise-level, greenhouse gas assessment- 
Environmental and toxicological risk assessment.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 27 Nov 2025
Vittorio Giorgio Senatore 

Comment: “With the aim of investigating the potential of LE in the production of microbial 
oil, in this study we focused on the ability of C. oleaginosum to grow and accumulate lipids 
using this side stream rich in sugars. Moreover, we also proposed an alternative approach 
for the extraction of lipids from yeast biomass, substituting the traditional potentially 
carcinogenic Folch protocol (requiring chloroform and methanol) with a combination of two 
green and safer solvent blends (ASTROBIO™ Green Solvents) chosen from the portfolio of 
Soft Chemicals S.r.l.” 1. The above statement is quite conflict with the topic as focusing on 
Carbon footprint of microbial oil from waste lemon peel extract and the part of the results 
showed that carbon footprint is much contributed than conventional vegetable oil. What is 
the research more focus on environment impact of microbial oil or waste valorization?   
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Response: We agree with the reviewer on the fact that currently this proof-of-concept, lab-
scale process is not more sustainable than the industrial production of coconut oil. To 
answer the last question, the focus of this work was indeed both on waste valorization and 
environmental impact. The reason we performed a carbon footprint analysis this early in 
process development was to conduct an initial assessment of the hotspots of the process, 
highlighting important aspects to keep into consideration when scaling up. We included a 
disclaimer at the beginning of the carbon footprint section (see below, Page 14).   Page 14 A 
carbon footprint assessment was carried out based on the described results. Given the 
small scale at which the microbial oil was produced, this analysis was conducted as an initial 
evaluation of the process, with the aim to highlight the hotspots for a sustainable scale-up. 
 
Comment:  2. In somehow as microbial oil in this study were defined as Green Solvent: 
please elaborate in this study as the process of LE extract and microbial fermented required 
solvents and chemicals. Please state in the introduction or summary of the finding.   
Response: We believe that a misunderstanding might have led to the following comment. 
Throughout this work, the term ‘green solvent’ refers to the use of the blend BA/K1 during 
the extraction process of the microbial oil. The microbial oil obtained is the target product 
to be extracted from within the yeast cells, not the solvent itself.   
 
Comment: 3. Please add clarification of the details of function unit as 11.79 g of microbial 
oil from lemon extract. What application will you for LCI database and further application of 
this data?   
Response: We agree with the reviewer that the choice of 11.79 g  as functional unit was 
arbitrary, despite the fact that 11.79 g of oil was the quantity effectively produced at 
UNIMIB. As suggested by another reviewer as well, we changed the functional unit to 1 kg 
of microbial oil (ISO 14040/14044) to facilitate the interpretation of the results.   Regarding 
the comment on the inventory, the LCI data generated in this study are publicly available as 
“underlying data,” in accordance with the journal’s guidelines. In addition, it enables 
comparative (lab-scale) LCAs with conventional lipid feedstocks and provides a basis for 
modeling scale-up scenarios, process optimization strategies, and downstream applications. 
In future work, this dataset may be further expanded and validated at pilot scale to broaden 
its applicability.   
 
Comment: 4. What is the significant finding based on the research otherwise potential 
added value of agricultural waste. The comparative analysis between conventional waste 
management and production as value added product (microbial oil).   
Response: We thank the reviewer for the suggestion. We included a comment in the 
conclusion.   Page 18 Overall, this study demonstrates that lemon peel side-streams can be 
efficiently upcycled into a fermentable extract, subsequently converted into microbial oil. 
This highlights the potential of agricultural by-products as feedstock for value-added 
bioprocesses. In contrast to conventional management practices for lemon peel waste (e.g., 
low-value feed, composting or incineration), our approach illustrates a circular bioeconomy 
pathway where waste is transformed into microbial lipids with potential applications in 
biofuels, bioplastics or cosmetic ingredients.  

Competing Interests: No competing interests were disclosed.
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Reviewer Report 16 September 2025

https://doi.org/10.21956/openreseurope.22564.r60222

© 2025 Díaz-Secades L. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Luis Alfonso Díaz-Secades   
Universidad de Oviedo, Oviedo, Spain 

This study develops a fermentation process to produce microbial oil from lemon peel extract, an 
agro-industrial waste stream, and evaluates its environmental performance through carbon 
footprint assessment. The results show promising lipid yields and highlight that scaling up and 
solvent optimization are essential for making the process more sustainable and competitive with 
conventional vegetable oils. 
 
Introduction

The introduction cites recent literature but could better highlight the gap this study fills.○

Why was lemon peel chosen over other citrus or agro-wastes? If provide data on global 
lemon waste quantities to justify relevance.

○

The rationale for choosing C. oleaginosum is given, but comparison with other oleaginous 
yeasts seems to be a bit limited.

○

 
Materials and Methods

Statistical analysis methods are not explained in detail, in particular the significance testing.○

Why was urea chosen over other nitrogen sources besides pH control?○

Please, provide justification for the chosen LCA boundary and if possible add sensitivity 
analysis for LCA assumptions.

○

 
Results and Discussion

I believe the comparison with other studies is limited to carbon footprint.○

The discussion does not integrate techno-economic feasibility with sustainability.○

 
Conclusions 
How could solvent use be reduced or recycled? 
 
Is the work clearly and accurately presented and does it cite the current literature?
Partly

Is the study design appropriate and does the work have academic merit?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Partly
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If applicable, is the statistical analysis and its interpretation appropriate?
Partly

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Carbon footprint analysis.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Author Response 27 Nov 2025
Vittorio Giorgio Senatore 

Comment: This study develops a fermentation process to produce microbial oil from lemon 
peel extract, an agro-industrial waste stream, and evaluates its environmental performance 
through carbon footprint assessment. The results show promising lipid yields and highlight 
that scaling up and solvent optimization are essential for making the process more 
sustainable and competitive with conventional vegetable oils.   Introduction The 
introduction cites recent literature but could better highlight the gap this study fills. Why 
was lemon peel chosen over other citrus or agro-wastes? If provide data on global lemon 
waste quantities to justify relevance. The rationale for choosing C. oleaginosum is given, but 
comparison with other oleaginous yeasts seems to be a bit limited.   
Response: We thank the reviewer for the suggestions. For both questions, we need to point 
out that this paper is the result of a European Horizon 2020 project, and poses itself as a 
case study and proof of concept of sustainable upcycling of agricultural waste, rather than a 
systematic study.   In terms of the choice of substrate, we included the following in the 
introduction (Page 3): Globally, lemon production exceeds 20 million tonnes per year (FAO, 
2021), and industrial processing produces large volumes of by-products, with peels 
representing the major fraction, accounting for approximately 40–50% of the fruit weight 
(Negrea et al., 2025).   Regarding the choice of the yeast, as anticipated above, we selected 
C. oleaginosum as a proof of concept. We changed the text to make it more evident, while 
also mentioning other industrially-relevant oleaginous yeasts (Page 3).   
 
Comment: Materials and Methods Statistical analysis methods are not explained in detail, 
in particular the significance testing. Why was urea chosen over other nitrogen sources 
besides pH control? Please, provide justification for the chosen LCA boundary and if 
possible add sensitivity analysis for LCA assumptions.   
Response: We thank the reviewer for spotting the mistake about the statistical analysis: we 
included a dedicated paragraph at the end of Materials and Methods section (Page 10):   
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Statistical analysis GraphPad PRISM 10.1.0 was used for the statistical analysis of 
fermentation parameters. For the medium optimization experiment, a two-way ANOVA was 
performed to analyse differences between samples, followed by a post hoc Tukey–Kramer 
test for multiple comparisons. The remaining statistical analyses were performed using a 
two-tailed, unpaired, heteroscedastic Student’s t-test.   As far as urea is concerned, we 
already state in the text why we chose this nitrogen source over the more commonly used 
ammonia. We have colored the sentence in blue in the main text and we reported it below 
(Page 12): Urea was chosen over ammonium sulfate as it has been shown that in batch 
fermentations the latter causes a significant drop in the pH during growth (Mastella et al., 
2022).   Sensitivity analysis was conducted and added to the manuscript. The carbon 
footprint calculation’s system boundary (cradle-to gate) was selected because data was not 
available on the downstream use, transport and end-of-life life cycle stages. This 
justification is added to page 8. For the lemon burden assumption, text about the small 
contribution of the lemon production to the carbon footprint of a wider A2C food waste 
system was added to p. 9 to justify the assumption. Regarding the resin production 
assumption, it was added to the supplementary data (Section 2 - Assumptions - 
Assumptions in the life cycle stages - Lemon extract manufacturing - Purification) that in the 
A2C project the burden from reusable resins was divided to other products besides the 
microbial oil.   
 
Comment: Results and Discussion I believe the comparison with other studies is limited to 
carbon footprint. The discussion does not integrate techno-economic feasibility with 
sustainability.   
Response: We thank the reviewer for the suggestions, and we do agree that a techno-
economic feasibility study should be conducted, however we decided not to include it 
because of the very limited available literature, as well as the fact that such analysis was 
outside of the scope of the Agro2Circular European project. As this point is relevant, we 
included a comment in the discussion (page 16):   To evaluate the carbon footprint of the 
process in a more robust manner, a scale-up to the industrial level of the microbial oil 
production system and downstream procedures is required to gather precise information 
on production processes, electricity consumption, and chemical emissions. Also, a techno-
economic assessment should be performed to evaluate the technical and economic 
feasibility of microbial oil production.   
 
Comment: Conclusions How could solvent use be reduced or recycled?   
Response: We thank the referee for the interesting question. Solvents are currently recycled 
(90% recovery); as we realized this was not clear, we specified it in page 14, line 566. In 
general, we believe that solvent use could be reduced by improving both the extraction 
strategy (e.g., a soxhlet extraction just to name one), and the yield of the process. Indeed, 
less solvent would probably be needed to extract a higher amount of oils. We do agree that 
an optimization of the extraction method should be carried out. We added a few comments 
in this regard in the new section on the sensitivity analysis and in the conclusions.    Page 15 
Regarding the solvent extraction, the strategy proposed in this paper for large scale 
extraction is very simple and rudimentary. For the sensitivity analysis, we selected a 90% 
extraction efficiency of the blend BA/K1 compared to the traditional MeOH/Chloroform 
method: the value is only slightly higher than the one measured experimentally, and most 
likely will be improved with a more sophisticated extraction set up, like with a soxhlet 
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extractor.    Page 16 The carbon footprint of the chemicals and solvents was 36.0 kgCO2
eq/kg microbial oil. This is significantly higher than all the benchmarks listed by Masri et al. 
(2019) and Abelleira et al. (2024) and more than 14 times higher than the carbon footprint of 
coconut oil. Therefore, it is essential to reduce chemical and solvent emissions through 
efficient recycling of chemicals, improving extraction methods as shown in the sensitivity 
analysis, and, most importantly, by improving the yield through precise monitoring of the 
fermentation parameters.   Page 17 Green solvents used in this study, which are bio-based 
blends of small esters and alcohols, could be efficiently separated from the oils and thus 
efficiently recycled with several extraction techniques like soxhlet extraction, standard or 
extractive distillation as well as less energy intensive procedures like membrane-based 
pervaporation fostering overall sustainability and financial viability and of the process.  

Competing Interests: No competing interests were disclosed.
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