Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Technoeconomic assessment of bacterial
nanocellulose production from second generation
sugars derived via the OxiOrganosolv pretreatment
process

Konstantinos Kalogiannis

kkalogiannis@uowm, gr

University of Western Macedonia

Anthi Karnaouri
Agricultural University of Athens

Koar Chorozian
Agricultural University of Athens

Stylianos Stefanidis
Centre for Research and Technology Hellas

Research Article

Keywords: technoeconomic evaluation, sensitivity analysis, bacterial nanocellulose, biorefineries, second
generation sugars

Posted Date: October 14th, 2026
DOI: https://doi.org/10.21203/rs.3.rs-9627266/v1

License: €© @ This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.


https://doi.org/10.21203/rs.3.rs-9627266/v1
https://doi.org/10.21203/rs.3.rs-9627266/v1
https://doi.org/10.21203/rs.3.rs-9627266/v1
https://creativecommons.org/licenses/by/4.0/

O JN N W~

e T e T = S Sy SN
NN B W= OO

Technoeconomic assessment of bacterial nanocellulose production from second
generation sugars derived via the OxiOrganosolv pretreatment process

Konstantinos G. Kalogiannis'**, Anthi Karnaouri®, Koar Chorozian®, Stylianos S. Stefanidis>
'Department of Chemical Engineering — University of Western Macedonia, 50100, Kozani,
Greece

2Chemical Process and Energy Resources Institute (CPERI), Centre for Research and
Technology Hellas (CERTH), 6th km Harilaou-Thermis, 57001 Thessaloniki, Greece
3Laboratory of General and Agricultural Microbiology, Department of Crop Science,
Agricultural University of Athens, Athens 11855, Greece

* Corresponding author
Address: University of Western Macedonia, 50100, Kozani, Greece
E-mail address: kkalogiannis@uowm.gr



17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Abstract

The techno-economic performance of bacterial nanocellulose (BNC) production by
Komagataeibacter sp has been evaluated in a process utilising second generation sugars, more
specifically glucose derived from forestry residues via their delignification pretreatment and
subsequent enzymatic hydrolysis towards sugars. Two distinct scenarios were evaluated. In the
first scenario, the end product was BNC with 15 wt. % moisture, it involved a drying step. In
the second scenario, the end product was a BNC hydrogel containing 99 wt. % water. To
achieve a payback period (PBP) of 8 years minimum selling prices of 202.9 €/kg and 2.07 €/kg
were calculated for scenarios A and B respectively. A sensitivity analysis showed that the main
contributor to the process cost was the fixed capital investment (FCI) and more specifically the
cost of the seed growth reactors and the tray bioreactors that accounted for around 77 % of the
FCI. In terms of annual costs, peptone as a raw material, electricity costs and wastewater
treatment costs were the main contributors. Designing a more efficient process with lower cost
bioreactors, higher automation and shorter fermentation cycles can help cut down the total
product cost. In addition, understanding how dewatering and drying of the BNC affect its
properties and designing an efficient drying section is key to minimizing process costs.
Strategies for wastewater treatment also need to be considered as there are high volumes of
wastewater that necessitate its efficient and sustainable treatment so that ideally fresh water
consumption is minimized.

List of Acronyms

- BNC: Bacterial Nanocellulose

- CNF: Cellulose Nanofibers

- CNC: Cellulose Nanocrystals

- COL: Operating Labor Expenses

- CRM: Raw Material Expenses

- CUT: Utilities Expenses

- CWT: Wastewater Treatment Cost
- DCF: Discounted Cash Flow

- DD: Delignification Degree

- DM: Dry Matter

- FCI: Fixed Capital Investment

- FOB: Free-on-Board

- HS: Hestrin—Schramm

- MACRS: Modified Accelerated Cost Recovery System
- MARR: Minimum Acceptable Rate of Return
- MSP: Minimum Selling Price

- NPV: Net Present Value

- OD: Optical Diameter

- PBP: Payback Period

- PC: Plant Cellulose

- TEA: Techno-Economic Evaluation
- TPC: Total Product Cost

- VVM: Vessel Volumes per Minute
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biorefineries, second generation sugars
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Highlights
e BNC production resulted in a selling price of 202.9 €/kg and a PBP of 8 years.
e NPV was estimated at 21.5 M € for a total plant lifetime of 30 years.
e The Fixed Capital Investment was the main contributor to the selling price of BNC.
e Seed growth reactors and bioreactors costs accounted for 77 % of equipment cost.
e Raw materials and wastewater treatment costs are critical to the process design.

1. Introduction
1.1 Background and Importance of Bacterial Nanocellulose (BNC)

There is an increasing demand for sustainable and biodegradable materials, chemicals and fuels
that has resulted in increased interest in biorefinery technologies that can provide appropriate
solutions. In this context, plant cellulose (PC) is considered a valuable resource due to its
availability, renewability, and natural degradability. PC can be recovered from different types
of lignocellulosic biomass such as forestry and agricultural residues (Moniri et al. 2017). A
more interesting variant of cellulose is nanocellulose.

Overall nanocellulose is divided into two types, cellulose nanofibers (CNF) and cellulose
nanocrystals (CNC), both of which are derived from plant sources (Wong et al. 2025).
Typically, CNF and CNC are produced with an array of treatment/extraction processes from
plant cellulose including mechanical, chemical, and enzymatic methods (Zhou et al. 2021;
Jirathampinyo et al. 2023; Hu et al. 2024). However, lignocellulosic biomass is not the sole
source of cellulose; it can also be produced from microorganisms, such as Gram-negative and
Gram-positive bacteria, e.g. Acetobacter and Agrobacterium and Lactobacillus, that have been
found capable of synthesizing cellulose (Gromovykh et al., 2017, Jonas and Farah, 1998; Saleh
et al., 2022). Bacterial nanocellulose (BNC) is produced predominantly by acetic acid bacteria
of the genus Komagataeibacter (e.g., K. xylinus), that convert carbon sources such as glucose
directly into cellulose microfibrils during aerobic fermentation (Brugnoli et al., 2025;
Rajasekharan et al., 2021). Moreover, BNC has no lignin, pectin or hemicelluloses in its
structure (Skocaj 2019; Abol-Fotouh et al. 2020). In addition, BNC is well within the nanoscale
with fiber diameters ranging from 20 to 100 nm and demonstrates exceptional properties and
unique characteristics, including higher crystallinity, liquid absorption capacity, degree of
polymerization, superior mechanical properties, high strength, Young’s modulus, significant
surface area and biodegradability, making it highly sought after for applications in advanced
composites, packaging, biomedical engineering, filtration membranes, and sustainable
materials research (Chen et al. 2016; Barja 2021).

A distinct advantage of BNC is that it may be grown on external scaffolds and thus be shaped
in different ways and sizes facilitating the fabrication of tubes, spheres, scaffolds or membranes
according to tailored specifications and niche applications such as materials and biomedical
applications (Luo et al. 2019; Wang et al. 2020; Sreedharan et al. 2024). Typically formed as
a hydrated pellicle containing over 99 % water, BNC is extensively utilized in biomedical
scaffolds, wound dressings, cosmetic masks, food coatings and biodegradable packaging. Its
biocompatibility and tunable properties open avenues for green technological applications in
healthcare and sustainable materials (Barja 2021; R et al. 2021; Ong et al. 2023).

1.2 Production Processes and Challenges
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Industrial BNC synthesis typically employs feedstocks that resemble the Hestrin—Schramm
(HS) medium, formulated with 20 g/L glucose, along with yeast extract, peptone, and mineral
salts to supply essential nutrients and cofactors for vigorous bacterial growth and cellulose
biosynthesis. The process initiates with medium sterilization, inoculation with an actively
growing bacterial culture followed by incubation in shallow reactors or trays to maximize
oxygen transfer at the air-liquid interface (Makharita et al., 2025; Phan et al., 2024). Aerobic
conditions, controlled pH (5-6), and temperatures around 30°C are maintained, with
fermentation periods extending up to 7-10 days, depending on the reactor configuration and
productivity requirements (Chen et al. 2019).

During this process, bacteria use glucose both as an energy substrate and as the carbon skeleton
for cellulose synthesis. The produced BNC hydrogel, which comprises >99 % water, is
subsequently harvested, washed with hot alkaline solutions (typically 0.5 M NaOH at 60°C)
for cell removal, and thoroughly rinsed to remove residual impurities (Jagtap and Dastager
2024a). The resulting hydrogel may be further dried under controlled conditions to obtain either
films with defined moisture (~15 %) or wet gels for tailored downstream applications.

Despite the high purity and performance of BNC, its industrial-scale production faces
significant technical constraints: oxygen transfer limitation due to aerobic fermentation, long
batch fermentation cycles necessitating multiple reactors for continuous production and high
energy consumption during drying of the hydrogels. The oxygen mass transfer rate and
bioreactor design critically govern productivity, while the week-long batch process constrains
the throughput. Additionally, drying energy for removing over 100 times the dry mass in water
is a major cost driver, although the critical drying effect is not in terms of cost but rather in
terms of how it affects the nanocellulose properties (Andree et al., 2021).

1.3 Technoeconomic Aspects, Current Bottlenecks and Market Potential

Technoeconomic analyses consistently identify feedstock cost (glucose or alternative carbon
sources), media components (peptone, yeast extract), and energy demands (drying,
sterilization) as primary factors influencing production cost and profitability. Glucose and
nutrient media typically account for 35-45 % of operating expenses, followed by energy
utilities at 25-35 %. Sensitivity studies highlight that improving yield, reducing glucose cost,
and optimizing energy consumption are critical levers to enhance economic viability. Using
low-cost feedstocks such as lignocellulosic hydrolysates offers promising cost reductions but
requires addressing associated inhibitors and process complexity (Blair and Mabee 2021). In
addition, sensitivity analyses highlight that accelerating fermentation and enhancing drying
efficiency are the largest levers for cost reduction (Phan et al., 2024; Rajasekharan et al., 2021).

Despite elevated production costs relative to plant cellulose derivatives, the unique purity and
biocompatibility of BNC support high-value applications in medical, cosmetic, and packaging
sectors. This niche market justifies ongoing research and investment in process innovation and
scale-up. Recent advances focus on continuous or fed-batch fermentation, process
intensification, and integration of energy recovery systems to offset utility demands (Kargupta
et al. 2023; Wong et al. 2025). There is also great interest in composite materials, hybrid
scaffolds, and nanostructured BNC-based systems (Jonas and Farah 1998; Moniri et al. 2017;
Folmann Lima et al. 2023).

Despite economic hurdles, the unmatched combination of properties and the potential for
biotechnological advancements position BNC at the forefront of next-generation sustainable

4
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biomaterials research and commercialization. Ongoing research into new feedstocks, metabolic
engineering of producing strains and new reactor architectures will be vital for future
breakthroughs.

1.4 Review of Previous Technoeconomic Evaluations

Technoeconomic models for BNC production have been developed in the literature, typically
based on batch fermentation using synthetic (glucose-based) or renewable (lignocellulosic
hydrolysate) substrates. Low overall carbon conversion efficiencies are noted (~0.25 kg
BNC/kg glucose) and the necessity for substantial batch capacities to achieve economies of
scale (Blair and Mabee 2021). Moreover, high cost sensitivity to substrate, energy, and culture
medium composition was noted while there seem to be opportunities for substantial cost
reductions with continuous processes, improved reactor aeration, and valorization of side
streams (Chen et al. 2019; Kargupta et al. 2023; Putranto et al. 2025). Alternative carbon
sources and bioprocess innovations hold the key to more competitive and sustainable BNC
supply chains, provided technical and regulatory challenges can be addressed.

There are a few technoeconomic assessments in the literature that have analyzed BNC
production from different carbon sources, focusing on costs, process configurations, and
scalability. Most studies model a batch fermentation process using synthetic glucose media
with varying assumptions on bioreactor size, aeration efficiencies, and downstream processing.
Capital expenditures are heavily influenced by bioreactor design and drying equipment due to
batch operation and the volumetric oxygen transfer needs.

For instance, Dourado et al. found that for an industrial plant with a capacity of 504 tons of wet
BNC per year, the total capital investment was around US$ 13 million. Around 71 % of this
corresponded to direct costs (DC) from equipment and relevant installation auxiliary costs such
as piping, instrumentation, electrical facilities, building costs, and land. Indirect costs were
around 29 % of the total capital cost and consisted of engineering and construction costs. To
achieve profitability, the market price for BNC was assumed to be USS$ 25 per kg and resulted
to net profit amounts of US$ 3.3 million per year and a payback period of 4 years. It should be
highlighted that the selling price of US$ 25 per kg refers to wet BNC that contains around 99%
water; on a dry basis this price increases by at least 100-fold. Clearly, BNC can be profitable
when it finds niche application that can justify its high selling price. Another critical parameter
in BNC production technologies is the use of water. Forte et al. (2021) assumed that 36 tons of
water are used per kg of dry BNC that is produced, indicating the intensity of the process in
terms of use of water resources; 98 % of the used water was assumed to be returned to the
environment without further treatment. They also found that around 31.6 MJ per kg of dry BNC
was needed, indicating the energy demands of the process; 27 % of the energy demand was
during the static culture fermentation. These are critical constraints as wastewater treatment
can be a significant cost contributor and needs to be carefully considered.
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2. Materials and Methods

In this section, a detailed analysis of the critical steps of the technoeconomic analysis is
presented, focusing on providing details on the biomass source and how the second-generation
sugars were produced, the actual production setup that was used to convert the sugars to
nanocellulose and the main assumptions that were made.

2.1 Description of biomass source and pretreatment

In previous work a novel pretreatment process was developed, a variant of the organosolv
pretreatment process, named OxiOrganosolv. OxiOrganosolv, is an oxidative organosolv
pretreatment method that replaces traditional homogeneous acid catalysts with oxygen gas to
delignify biomass, enabling a milder, acid-free approach. The process uses water-organic
solvent mixtures (30—70 % v/v) at 150-200 °C and employs O gas to drive delignification. It
has been demonstrated to effectively delignify both beechwood (hardwood), pine (softwood)
where traditional organosolv process typically fails to achieve high delignification degrees
(DD) and corn stover (agricultural residue) in prior work (Katsimpouras et al. 2017, 2018;
Kalogiannis et al. 2020; Asimakopoulou et al. 2021). In summary, the key underlying
mechanisms and advantages are the fact that the primary mechanism involves oxidative
cleavage and removal of lignin facilitated by oxygen, increasing cellulose accessibility while
preserving cellulose integrity. This approach aims to avoid acid-catalysis, reducing corrosion
and acid-stream handling requirements. In addition, the process is very flexible, able to
use different solvents, temperatures, times, and O» pressures, pretreating efficiently different
types of lignocellulosic biomass. The design goal was a versatile fractionation process capable
of adapting to various biomass inputs. The main milestones and achievements of the
OxiOrganosolv were high DDs 95 %, close to 100 % cellulose recovery in a low-lignin pulp,
production of highly fermentable cellulose pulps suitable for downstream bioprocessing,
minimal formation of sugar degradation products such as 5-hydroxymethylfurfural (HMF) and
furfural (Kalogiannis et al. 2020). The OxiOrganosolv pretreatment process offers significant
advantages for generating high-purity fermentable sugars from lignocellulosic biomass, ideal
for subsequent bacterial nanocellulose (BNC) production using Komagataeibacter
medellinensis, a strain noted for its robust glucose utilization and high BNC yields. Unlike
conventional acid or alkaline pretreatments, OxiOrganosolv achieves >90% cellulose-to-
glucose conversion while minimizing inhibitory byproducts like furfural or
hydroxymethylfurfural that hamper Komagataeibacter fermentation (Zou et al. 2017).

Based on previous work, wheat straw leftover biomass was successfully delignified with the
OxiOrganosolv process resulting in a cellulose rich pulp that was used as a sugars source. More
specifically, wheat straw was pretreated with the OxiOrganosolv process utilizing a water and
acetone (50:50) mixture, oxygen as the reaction gas, and a reaction temperature of 175°C for
120 min. The process resulted in a solubilization rate of 55.2% and significant delignification,
achieving 88.1% lignin removal. The pretreated wheat straw pulp had a cellulose content of
84.4 % and a reduced hemicellulose content of 8.9 %. Residual lignin was 1.9 % and 0.9 % for
the acid-insoluble and acid-soluble fractions respectively. This highlights the effectiveness of
the pretreatment in enhancing cellulose accessibility while removing non-cellulosic
components. This optimized OxiOrganosolv pretreated wheat straw served as the substrate for
subsequent enzymatic treatments to isolate and functionalize cellulose.

2.2 Glucose production method from lignocellulosic biomass
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The cellulose-rich solid fraction obtained from the OxiOrganosolv pretreatment was
saccharified via enzymatic hydrolysis, following a previously described method. Hydrolysis
was carried out using the commercial cellulolytic cocktail Cellic® CTec2 (Novozymes A/S,
Denmark), quantified at 95.6 mg/mL protein content via Bradford assay. Reactions were set up
in 250 mL Erlenmeyer flasks at 50 °C, shaken at 160 rpm, with an initial dry matter (DM)
content of 9 % (w/v) and an enzyme dosage of 9 mg g' solids in 80 mM phosphate buffer (pH
5), targeting a hydrolysate sufficiently rich in sugars to support Komagataeibacter
medellinensis growth. The wheat straw hydrolysate had a sugar concentration of 58.70 + 4.3
and 5.74 £ 0.4 for glucose and xylose respectively, as evaluated via HPLC.

2.3 Bacterial nanocellulose production setup

Komagataeibacter medellinensis cells together with the associated nanocellulose were
harvested from fresh agar plates, resuspended in HS medium that was produced from the
hydrolysates of wheat straw. They were then mechanically dispersed to detach the polymer,
followed by centrifugation and adjustment of the supernatant to ODsoo = 1.2 to standardize the
inoculum. Cultures were inoculated at 0.1 % (v/v) into fresh HS medium and incubated
statically at 26 °C for 15 days with a 1:5 liquid-to-flask ratio, promoting reproducible bacterial
nanocellulose pellicle formation that was favored at the air—liquid interface. Throughout the
incubation period, no agitation was applied, allowing the bacteria to develop stable cellulose
pellicles and optimizing the structural integrity of the produced nanocellulose. The productivity
was found to surpass 5 g/L of dry BNC and this is the value we used for our technoeconomic
analysis, a value that can be further increased in the future with optimization. After cultivation,
BNC pellicles were purified by alkaline treatment (5 % w/v KOH), extensively washed to
neutral pH and freeze-dried to constant weight.

2.4 Technoeconomic analysis methodology: parameters, cost assumptions, models

In this work an industrial process for bacterial nanocellulose production was designed and
evaluated based on experimental findings. To simplify this study, some assumptions were
made. First of all, the sugar streams are considered a raw material that can be bought from the
market rather than including the pretreatment process in the technoeconomic evaluation (TEA).
The aim was to focus the study and discussion on the nanocellulose production scheme without
the added complexity and uncertainty introduced by the production of second generation
sugars. A cost for the sugars of around 450 euros per ton is assumed, similar to the cost of first-
generation sugars, this however is not the case for second generation sugars that are still not
competitive in terms of pricing as the various lignocellulosic pretreatment technologies are still
under development. The production capacity of the plant is 100 tonnes of dry bacterial
nanocellulose per year, however, the final product is also considered to contain 15 wt. %
moisture as completely drying the bacterial nanocellulose can have a detrimental effect on
some of its properties (Andree et al., 2021). Therefore, the actual production in terms of end
product is 117.64 tonnes of bacterial nanocellulose containing 15 wt. % moisture.

This TEA is preliminary (accuracy up to + 30 %) targeting the estimation of the Fixed Capital
Investment (FCI) and the Total Product Cost (TPC). The FCI was estimated by multiplying the
Free-on-Board (FOB) equipment purchase cost with a Lang factor of 5, to showcase the novelty
and hence uncertainties of the technology (Dheskali et al. 2017). The TPC was calculated on
an annual basis and covers the period that the industrial plant operates. The TPC was
determined considering the FCI, the operating labor expenses (COL), the raw material
expenses (CRM), wastewater treatment cost (CWT) and the utilities expenses (CUT) using
equation (1) taken from Turton et al. (Turton et al. 2008):
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TPC=1.22(CUT +CRM+CWT)+2.66*COL+0.195*FCI (1)

The cost of utilities used in this study (Table 2) has been taken from Turton et al. (2008), while
the CUT was estimated by multiplying the utility requirements presented in Table 2 with the
unitary costs. The cost of raw materials and the corresponding annual quantities are used for
the calculation of the CRM. The COL has been estimated considering the workers per shift
required for the plant operation, the total number of workers required in the industrial plant
based on the annual plant operation (multiplied by 4.5), the working time of each worker and
the average annual labor cost.

A discounted cash flow (DCF) analysis was performed to assess the profitability of the
proposed process. The assumptions for performing the DCF analysis were adopted by Humbird
et al. as follows: the interest rate is 10 %, the plant lifetime is 30 years (not including the 3 year
construction phase), the equity financing is 50 %, the depreciation is 7 years based on the
Modified Accelerated Cost Recovery System (MACRS), the corporate tax rate is 35 %, the
duration of the plant construction is 3 years, the percentage of project costs is 8 %, 60 % and
32 % for the 1st, the 2nd and 3™ year of the plant construction period respectively, the working
capital is 5 % and the salvage value and land purchase costs are considered zero (Humbird et
al. 2011). The techno-economic indicators used for the assessment of process profitability are
the Net Present Value (NPV) and the Minimum Selling Price (MSP) that corresponds to a
PayBack Period (PBP) of 8 years. A sensitivity analysis took place to better understand the
effect of the main cost contributors, such as FCI, cost of raw materials and electricity, on the
NPV.

3. Results and Discussion

In this section, a thorough discussion takes place, focused on the nanocellulose production
scheme, material and energy balances, equipment sizing and costs, detailed costs breakdown
leading to economic and sensitivity analyses.

3.1 Bacterial Nanocellulose Production Scheme

The process diagram of BNC production begins with the feeding of raw materials from storage
tanks into a mixing vessel for the preparation of the culture medium. The prepared medium
then passes through a continuous sterilization system, which consists of two heat exchangers
and a holding tube. Upon exiting, it is cooled to fermentation temperature and is ready to be
introduced into the seed production reactors and the tray bioreactors.

In this production scheme, well known industrial practices were chosen for growing the initial
bacteria that will later produce the nanocellulose. More specifically, the inoculum protocol
described by Humbird et al. (2011) was adopted; in this case there is a direct transfer of cells
without a cell concentration step. The process starts off with a small-scale bioreactor that is fed
part of the sterilized culture medium. The required inoculum volume corresponds to 10 % of
the culture medium volume in each bioreactor. The very first bioreactor is a laboratory scale
one that produces the first inoculum. In this process scheme 6,000 liters of inoculum are
required, corresponding to the 6x10 m> = 60,000 liters of medium needed daily from the 6
bioreactors that start a fresh production cycle. Therefore, the first vessel needs to produce 60
liters of inoculum that will be fed to the next bioreactor that will in turn produce 600 liters of
inoculum that will feed the reactor that will produce the 6,000 liters needed for the tray
bioreactors. Bioreactors of total volume of 100 liters, 1,000 liters and 10,000 liters are sufficient
to produce the corresponding inoculum for each step. These reactors are part of the two seed

8
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reactor trains presented in figures 1 and 2. To simplify the production scheme, the 100-liter
bioreactor is not taken under consideration; due to its lab scale volume, it can work separately
from the rest of the production process and is also cheap to obtain and operate. In addition, the
culture medium that is spent for the initial growth of the inoculum in each step is also
contributing in the final BNC production and therefore, no additional raw materials are needed.
This is a rational hypothesis as BNC-producing bacteria such as Komagataeibacter xylinus
have been found to accumulate intracellular precursors like UDP-glucose during the growth
phase. These are then polymerized into cellulose chains even as external carbon sources are
exhausted. This enables a second phase of pellicle formation in static cultures, where bacteria
shift to stored metabolites or alternative metabolic pathways for sustained biosynthesis (Jacek
etal. 2019).

A critical parameter in the design of the production scheme is the fermentation time necessary
for each step. Typically, the seed or bacteria growth stage needs between 1 and 3 days.
Komagataeibacter xylinus and similar bacteria primarily undergo adaptation and growth with
minimal or no nanocellulose production, transitioning to BNC synthesis in the exponential or
stationary phase thereafter. In glucose-based cultures, glucose decreases slowly during the first
day, corresponding to the lag growth phase where BNC synthesis is negligible; rapid
consumption and production follow over days 2-4. Studies confirm a lag phase of ~6 hours to
3 days before significant BNC mass increase, with pellicle formation aligning with the late
exponential/early stationary transition around 24-72 hours (Bagherniya et al., 2021; Melani et
al., 2025; Shavyrkina et al., 2021). Each seed growth reactor, the 1,000 L and 10,000 L ones,
require 2 days residence time in total. Therefore, given that the production cycle of the tray
bioreactors is 8 days, 2 seed trains consisting of a 1,000 L and a 10,000 L bioreactor each can
cover the needs of all 48 bioreactors, these are detailed below. In contrast to the tray
bioreactors, the seed reactors need not be static ones but can rather be batch agitated and aerated
vessels. The objective in these bioreactors is to grow the initial bacteria and not produce the
nanocellulose. It has been found that growing BNC under agitation results in small particles
rather than well-formed sheets. In addition, BNC produced in agitated culture has a lower
degree of polymerization, lower crystallinity, lower mechanical strength, lower content of la
cellulose (Watanabe et al. 1998). Other issues noted were strain instability, high viscosity, and
non-Newtonian behavior of the culture medium due to the production of exopolysaccharides
(Bagherniya et al. 2021).

However, this is not an issue during the initial stage of the bacteria growth as the nanocellulose
film begins to form after the first 48 hours (Humagain 2018). This was also in accordance to
experimental campaigns that were conducted on second generation sugars. Figure 1 presents a
Gantt chart of the production scheme of the seed growth and fermentation reactors. The
horizontal axis is in days. The light and dark blue bars represent the scheduling of the first seed
train, while the grey and black bars represent the second seed train. As explained above in both
seed trains the inoculum is grown for 48 hours in each 1,000 L and 10,000 L seed reactor before
it is fed to the tray bioreactors; their scheduling is represented by the green bars lasting 8 days
each, this includes the preparation of the bioreactor, the growth stage and the unloading of the
product and clean up. This is a fairly optimized scheme as there is essentially zero downtime
for the most expensive and important equipment, the seed trains and the tray bioreactors. The
upstream and downstream equipment is considered to work in a continuous mode, hence there
is no need for any type of scheduling. As discussed later on, minimizing the time spent in each
of these steps can considerably improve the process economics.
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Figure 1. Gantt chart of scheduling of seed trains and tray bioreactors.

The fermentation stage is carried out under static conditions on specially designed trays placed
inside a chamber that provides the appropriate conditions (e.g., aeration, humidity, and
temperature) for bacterial growth. This static cultivation lasts for 7 days, yielding 5 g/L of BNC
(on a dry basis). A complete operational cycle of the bioreactor in this case spans 8§ days. To
achieve the target annual production of 100 tons of dry BNC, 48 identical bioreactors, each
with a capacity of 10 m3, were used. These bioreactors host the culture medium, consisting of
second generation sugars, peptone, yeast extract, disodium phosphate, and citric acid. This
medium provides the essential nutrients and the appropriate pH for BNC biosynthesis, which
occurs as a pellicle at the air—liquid interface.

At the end of the cultivation, the resulting BNC pellicles are transported via conveyor belts at
a controlled speed to the washing stage. Here, they are sprayed for 2 hours with a 0.5 M NaOH
solution at 60 °C, to remove residual cells and proteins. After alkaline washing, the BNC
pellicles continue along the conveyor system and undergo neutralization with deionized water
until their pH reaches neutrality and any remaining alkali or impurities are removed. The final
stage of the process is drying, which is performed in conveyor dryers. At this stage, the freshly
produced BNC, which initially consists of approximately 99 % water, is dried at 50 °C under
circulating dry air until the final moisture content is reduced to 15 %, where the remaining 85
% 1s the dry BNC. The goal of this stage is to achieve the desired moisture content without
significantly altering the product’s properties. After drying, the BNC is packaged and made
available for market distribution. It should also be noted that the production plant is equipped
with its own deionized water system (DIS) due to the large quantities required both for washing
and for the preparation of NaOH solutions. To simplify the production process, well known
technologies for washing and drying were adopted; they employ conveyor belt systems that are
reliable and cheap and have been used extensively in relevant industries such as the food
industry. Figure 2 presents the flow diagram of the entire bacterial nanocellulose production
process.
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Figure 2. Flow diagram of the bacterial nanocellulose (BNC) production process. P/ PM stands
for Pump, V for Vessel, for SFR for Seed Fermentors, ST for Steriliser, TR for Tray Reactor,
M for Mixer, WSH for Washer, D/CDR for Conveyor Dryer

3.2 Material balances of the process

In this section the material and energy balances are summarised in the main process steps of
the production scheme. A more detailed breakdown of the material balances can be found in
the supplementary material; here the most critical aspects are presented.

3.2.1 Medium preparation — Fermentation stage

The most commonly used formulation of the cultivation medium for BNC production is the
HS medium, an aqueous solution composed of glucose (2 % w/v), peptone (0.5 %), yeast
extract (0.5 %), disodium hydrogen phosphate (Na2HPO4 — 0.27 %), and citric acid (1.15 g/L)
(Schramm and Hestrin 1954). The medium is prepared in a mixing tank and prior to being
transferred to the bioreactors, it undergoes sterilization using the standard method applied in
industry, as illustrated in Figure 2.

Vessel V-101 is used for storing glucose (in a 15 % solution), that is fed (stream S-2) into V-
103, a mixing tank. Together with the remaining nutrients of the medium supplied via stream
S-3 and water provided by the network (stream S-1), these are mixed in V-103 to prepare the
cultivation medium. The outlet from the mixing tank is then directed to the continuous
sterilization system.

For the mass balance calculations, it is noted that, according to the bench scale results, the yield
of the culture is 5 g of dry BNC per liter of cultivation medium. This is a conservative estimate
as up to 6.2 g of dry BNC per liter of cultivation medium was achieved in our work. The
duration of each fermentation batch, based on literature data and confirmed by our own work,
is 7 days, carried out at 30 °C. Fermentation takes place in static bioreactors (trays) with a
working volume of 10,000 L, housed in a specially designed chamber that maintains optimal
conditions of temperature and aeration for culture development.

The amount produced per batch is calculated to be 50 kg of dry BNC, which represents 0.05 %
of the total annual BNC production target. Therefore, to achieve the target of 100 tons of dry
BNC per year, it is necessary to conduct 2,000 batches annually. Considering that the plant
operates 340 days per year, this corresponds to approximately 6 batches per day. One bioreactor
operating 340 days/year with an 8-day full cycle produces 42.5 batches annually). For this
reason, 48 identical bioreactors are used, operating in parallel, with 6 bioreactors starting and
6 finishing each day, thereby achieving a production of 300 kg of dry BNC per day; this
corresponds to the annual production target of 100 tons.
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To simulate the continuous operation of the plant, the mass balance calculations were initially
carried out in kg/h, and then converted to the required quantities per batch. First, given that the
yield of BNC is 5 g of dry BNC per liter of cultivation medium, the required volume of
cultivation medium was calculated to meet the target production of 100 tons of dry BNC per
year.

100,000 kg/y L 3
Vinedium = 0.005 kg/L => Vinedium = 20;000;000; o7 Vinedium = 20,000m>/y

Having calculated the annual requirement of the cultivation medium and taking into account
its composition, as described above, the corresponding flow rates of the remaining nutrients
were determined. These results are presented in Table 1.

Table 1. Consumption of components from the HS medium on an annual basis.

Component g/L tly
Glucose 20.00 400.0
Peptone 5.00 100.0
Yeast extract 5.00 100.0
NaHPO4 2.70 54.0
Citric acid 1.15 23.0
Water 966,10 19,323.0
Total 20,000.0

Table 2 presents the aeration requirements of the fermentation stage; the detailed breakdown
can be found in the supplementary file.

Table 2. Aeration requirements during the fermentation stage.

Parameter Value Unit Comments
Production of dry BNC 100,000 kg/year Annual production target
Aeration 0.5 VVM From literature data
Volumetric air flow rate 300 m’/h During 7 days
Air density 1,164 kg/m? At30°Cand I atm
Annual air consumption 117,331 tly For the entire plant
O: content in air 21 % (vol) Typical atmospheric value
O: consumption 63 m’/h During 7 days

3.2.2 Washing stage with NaOH and Deionised Water

Another critical process step is the washing and purification of the produced BNC in a special
belt-type filter using a 0.5 M NaOH solution at 60 °C for two hours (de Araujo e Silva et al.
2020; Girard et al. 2024). The purpose of this step is to remove impurities such as cell debris,
residual sugars, and proteins. Furthermore, the process following fermentation is considered
continuous, with an outlet stream of BNC from the bioreactors equal to 1,250 kg/h (WSH-101).
This is consistent with the total daily amount processed by the unit, i.e., 30,000 kg of wet BNC
from 6 daily batches, corresponding to 300 kg of dry BNC per day. For every kilogram of dry
BNC, 1.13 kg of pure NaOH is required (Forte et al., 2021).

The BNC is subsequently washed with deionized water to remove residual alkaline compounds
as well as trace amounts of cellular debris; these are considered negligible in the mass balance
calculations. The process is carried out in a manner similar to the NaOH washing stage. The
BNC, conveyed at a controlled speed via the WSH-102 conveyor belts, is sprayed with
deionized water for a period of 2 hours until it is fully neutralized. After exiting this stage, the
now neutral BNC is ready for the drying step and the recovery of the final product. According
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to Forte et al., the required amount of washing water is approximately 5 times the mass of the
wet BNC (Forte et al., 2021). Thus, a total of ~6,313.5 kg/h of deionized water is required, this
corresponds to a daily demand of 151,500 kg. The purified wet BNC exits the neutralization
stage (stream S-12) at ~1,250 kg/h, ready for the final drying stage.

3.2.3 Drying stage

For the estimation of the required air quantity as well as the air properties at 50 °C, data from
the literature were used (Dute et al., 2025). The volumetric airflow was calculated as 13,448.76
m?/h.

3.3 Energy balances breakdown

The energy balances of the process are presented in detail in the supplementary material. In
summary, roughly around 930 kW are needed by the heat exchangers (E-101 and E-102),
around 36.5 kW are needed for heating up to 60 °C the NaOH solution (stream S-10) for the
washing stage and around 1,098.5 kW are needed for the drying of the BNC in the conveyor
belt dryer. The aeration and the agitation electricity costs were considered.

3.4 Equipment sizing

In this section, the results regarding the equipment sizing are briefly presented. Details for more
general equipment such as storage and mixing tanks, heat exchangers and pumps are not
provided for brevity, however the main assumptions, literature data used and an overall
synopsis of this section are provided.

3.4.1 Static Reactors with trays

For the design of the static bioreactors, data from the techno-economic study of Dourado et al.
(Dourado et al., 2016) were used, along with reasonable assumptions regarding the thickness
of the medium inside the trays, which are summarized in table 5. Each bioreactor was
calculated to be able to process 10 m* of culture medium to achieve an annual production of
100 tons of dry BNC, corresponding to 50 kg of dry BNC per batch. This corresponds to 800
trays, each with a surface area of 0.25 m? (50 cm x 50 cm), resulting in a total active cultivation
surface of 200 m? per reactor. With a medium layer height of 5 cm/m?, each tray contains 12.5
L of medium, giving a total active culture volume of 10 m?® per reactor, producing
approximately 2.5 cm thick BNC per tray. The plant includes 48 bioreactors, each completing
a full fermentation cycle in 8 days, thereby enabling the completion of 6 batches per day, with
an outlet flow rate to the subsequent stages of about 1,250 kg/h. Table 3 presents the sizing
details for the 48 bioreactors. It is important to note that the term static bioreactor refers to a
chamber with controlled parameters (temperature, humidity, and aeration), inside which the
trays are housed, and the cultivation process takes place.

Assuming a spacing between trays of 0.115 m, and a typical chamber height of 2.4 m, each
column can contain 20 trays. Therefore, one reactor with 800 trays will accommodate 40
columns. The total surface area occupied by these tray columns is approximately 10 m? (40
columns x 0.25 m?/tray). Considering an additional 30 % allowance for access, air circulation,
and structural needs, the total footprint per reactor is 13 m?. Finally, the overall footprint
required for 48 static bioreactors is 624 m? (48 x 13 m?). It should be noted that there is a great
degree of flexibility in terms of actually implementing this type of design. A potential industrial
plant could have different formulations, e.g. larger bioreactors with more columns and hence
trays per bioreactor, potentially simplifying the design and reducing costs of auxiliary
equipment. On the other hand, an alternative design could opt for more and smaller bioreactors
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for better process control, lower danger of contaminating large volumes of feedstock and more
flexibility in final product characteristics at the expense of higher auxiliary and personnel costs.

Table 3. Sizing data for TB-01/41 bioreactors.

Parameter Value
Temperature 30 °C
Full operating cycle 8d
Fermentation duration 7d
Culture yield 5 g/L (dry base)
Medium thickness per m? S5cm
Active volume 10 m®
Required active surface area 200 m?
Tray area 0.25 m?
Medium volume per tray 125L
Trays/bioreactor (number of) 800
Final wet BNC thickness per tray 2.5 cm
Tray spacing 0.115m
Champer height 24 m
Trays/column 20
Number of Columns 40
Column footprint 10 m?
Total reactor footprint 13 m? (+30% over column area)
Total footprint (48 reactors) 624 m?

To maintain the necessary oxygen concentration in the fermentation substrate as well as to
ensure the optimum temperature conditions, each bioreactor is equipped with an autonomous
heated air supply system. The air is introduced into the bioreactor through a duct and is evenly
distributed above the trays, contributing both to oxygenation and thermal stability. The supply
of heated air is achieved via a centrifugal fan, which draws air from the environment, heats it
using electrical resistances up to 30 °C, and subsequently delivers it to the reactor. The system
was designed based on the required air flow, which is 0.5 Vessel Volumes per Minute (VVM)
per bioreactor, corresponding to 300 m*h for the 10 m* volume of culture medium. The
characteristics of the fan are presented in Table 4.

Table 4. Bioreactor feed air fan characteristics.
Parameter Value

Airflow 300 m’/h
Static Pressure 400 Pa
Fan Type Centrifugal
Fan Power 0.165 kW
Fermentation Time 7d(168h)

Consumption per batch  27.72 kWh
Annual Consumption 55,440 kWh
Source ebmpapst.com

Furthermore, to protect the culture from contamination, the incoming air passes through high-
efficiency particulate air filters. These filters are made of glass fibers arranged in pleats,
providing a large filtration surface. They offer a filtration efficiency of >99.97 % for particles
with a diameter of >0.3 pum, according to various standards (e.g., ISO 29463). They are capable
of retaining bacteria, dust particles, aerosols, and microorganisms, thus ensuring protection for
both the culture and the surrounding environment (Soleha et al. 2024). The combination of air
supply and filters guarantee stable and safe fermentation conditions during the BNC production
process. Finally, for heating the air from ambient temperature (20 °C) to a fermentation
temperature (30 °C), the energy required was calculated from the energy balances to be 0.975
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kW per bioreactor. The total annual energy consumption for air heating, as also derived from
the energy balances, is 327,600 kWh/y. Including the aeration system, the total energy
consumption of the unit during the fermentation stage amounts to 55,440 + 327,600 = 383,040
kWh/y.

3.4.2 Conveyor Dryer

Drying the BNC is a critical step in the production process. Removing water from BNC, via
dewatering and drying, while retaining its nanoscale properties is a major challenge that needs
to be overcome to achieve commercialization of BNC products. Indeed, reducing the water
content of nanocellulose products is very much needed to reduce their transportation costs; it
is also a requirement depending on the end-use applications. There are several different types
of drying that can be employed apart from traditional oven drying such as freeze drying,
supercritical CO> drying and spray drying. Both freeze drying and supercritical CO> drying
avoid heating up the BNC and thus can avoid its hornification and loss of desirable properties
(Andree et al., 2021). However, they are energy intensive and also need specialized equipment
that cannot be easily scaled up for industrial purposes. Dewatering by applying pressure is a
cheap and well known solution from the paper industry that has also been applied for reducing
the water content of CNFs and CNCs that were suspended in water (Sinquefield et al. 2020).
However, this method has not been studied for BNC and may potentially be detrimental to the
properties of BNC and the structural integrity of the produced films. More specifically, Andree
et al. (2021) found that during drying or pressing at high temperature (100°C), intermolecular
hydrogen bonds were formed that resulted in the interconnection of the individual fibres; this
led to mechanical stiffening and a denser cellulose nano-fibre network. The water retention
capacity of BNC could not be recovered by rehydration. The above were even more
pronounced when uniaxial pressure was applied to remove water before drying. The upside of
this is that the drying step can be leveraged to control the BNC properties and produce different
BNC products (Andree et al., 2021).

In this technoeconomic study, a traditional drying process for the BNC was chosen, carried out
in a continuous-operation conveyor dryer, designed for sheet-form materials with high
moisture content. In these systems, the product is transported inside the dryer using conveyor
belts moving at appropriate speed, while hot air is blown through or over the product layer
(Sturgeon 1995). For the sizing of this system, it is necessary to calculate the required drying
surface area and the length of the conveyor belt. It should be pointed out that there is a lack of
robust data in the literature regarding the drying process of BNC. Several assumptions were
made; these may need to be revisited in the future, once more concrete data are available. These
details are presented in the supplementary material. The total required surface area of the
conveyor dryer was found to be 123.5 m?, split in two levels, 61.75 m? each and the energy
consumption to achieve the desirable moisture content at the exit was calculated to be
8,996,400 kWh/y.

Finally, the design and sizing of the conveyor belt filters and the deionized water production
system used in washing are presented in detail in the supplementary material along with their
energy demands.

3.5 Equipment cost

For the estimation of the individual equipment cost of the plant, purchase-cost estimation
formulas were used for each type of equipment, taken from literature sources related to the
economics of plant design (Peters et al. 2004, 2008). Since most of these formulas give
equipment costs in U.S. dollars, the following conversion factor was used: 1$ = 0.8744 €. In
addition, the CEPCI (Chemical Engineering Plant Cost Index) index was applied to estimate
costs at the reference year 2024; its value was equal to 798.8.
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3.5.1 Seed growth bioreactors

These bioreactors are standard aerated and agitated bioreactors, their technology is well known.
For an estimation of the cost, data from Humbird et al. (2011) were used for seed reactor trains
at various sizes; these costs refer to complete skids. The costs for both the 1,000 and 10,000 L
bioreactors were estimated by employing the following equation obtained from Peters et al.
(2004):

C=Ci(Vo/ V)" (2)
where:

C2: cost of the new bioreactor

Ci: known cost of the reference bioreactor

V2: new capacity (volume)

Vi: known capacity

n: scaling exponent (typically 0.5-0.6 for reactors)

In this work, the known costs for 20 and 200 gallons bioreactors were used along with an
exponent value of n=0.6.

3.5.2 Static tray bioreactors

The cost of static bioreactors was taken from the literature on BNC production using static
trays, and amounts to 115,500% @2024 per unit (Behera et al. 2022). Thus, the total purchase
cost for 48 bioreactors is 4.85 M €. It should be noted that this price also includes the aeration
systems as well as the filters used in each reactor.

The costs and technical specifications of the conveyor belt filters, the conveyor belt dryer, the
heat exchangers, the mixing tanks and the deionisation system are presented in detail in the
supplementary material.

From the above individual equipment costs, the Fixed Capital Investment (FCI) was calculated;
it includes all expenditures required for the construction and operation of the bacterial
nanocellulose production plant, excluding operating costs. It is primarily based on the
equipment purchase cost, which represents the core of the fixed capital. The FCI can be
estimated from the purchase cost of equipment C; as follows; FCI=5*C,,. Table 5 presents the
purchase cost of all equipment to produce 100 tons per year of dry bacterial nanocellulose.

Table 5. Summary of equipment purchase cost for a 100 t/'y dry BNC production plant.

Characteristic . Purchase Total purchase cost

Ttem size Material i guni¢ ~ CEPCI (M €@2024)
M-101 (mixing tank) 21.20 m? SS304 164,746.5 240 0.209
M-102 (mixing tank) 1.25 m? SS304 34,735.4 240 0.044
SFR-103/104 Seed reactors 1.00 m? SS304 251,095.0 585.7 0.596
1,000 L
SFR-105/106 Seed reactors 10.00 m? SS304 339,386.0 585.7 0.807
10,000 L
TR-101/148 (bioreactors) 13.00 m? - - - 4.848
WSH-201/205 (NaOH belt 20.00 m - 21.0 357.6 0.105
CONveyors)
WSH-206/210 (H20 belt 20.2. m - 21.5 357.6 0.106
conveyors)
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CDR-201 (Belt conveyor 62.3*2 =124.60 - 641.7 381.7 1.174
dryer) m?
E-101 (heat exchanger) ’ 69.67 m? SS304 24,888.4 240 0.072
E-102 (heat exchanger) 2.20 m? SS304 5,093.8 240 0.015
E-103 (heat exchanger) ’ 0.12 m? CS,SS 1.8 395.6 0.003
Holding Tube Lnt = 60.00 m, SS316 72 390.4 0.129
dut 0.06m
P-101/102 (pumps) ‘ 2 hp SS304 2*1,279.4 - 0.002
DIS (Deionised H20 unit) - - - - 0.020
V-101 (glucose storage 182.4 m3 CS 23,255 240 0.070
vessel)
TOTAL EQUIPMENT PURCHASE COST (M €) 8.20
TOTAL FIXED CAPITAL COST (M €) 41.01

Figure 3 shows the equipment cost distribution, depicting clearly that the bioreactors are the
main contributor.

3.6 Raw material cost

One of the main cost contributors are raw materials. The main raw materials used in this plant
are those of the culture medium and the NaOH for washing BNC. Prices for their purchase
were obtained from websites such as Alibaba.com and from various other sources for peptone
(Cardoso et al. 2020). It should also be noted that glucose is available on the market as a 70 %
solution. Since 200 kg/batch is required, the total quantity corresponds to 200/0.7 = 285.71
kg/batch. With 2,000 batches per year, this results in an annual requirement of ~571.4 t/y of 70
% glucose solution, these data are presented in Table 6.

Table 6. Summary of raw material consumption data for a 100 t/y dry BNC plant.

Raw materials Price Annual Annual cost
(€/t) demand t/y M €ly)
Culture medium
Glucose (70%)  450.0 571.4 0.26 (Dourado etal.,
2016)
(Cardoso et al.,
Peptone 6,100 100 0.61 2020)
(Cardoso et al.,
Yeast extract 1,700 100 0.17 2020)
(Cardoso et al.,
Na,HPO4 2,000 54 0.11 2020)
Citric acid 1,200 23 0.03 (Latif et al., 2025)
Total medium production cost 1.18
NaOH (98 %) 550 117.61 0.06 *
Total raw material cost (EM) Cru=1.24

As shown below, peptone represents around half of the total raw material cost, due to its high
market price. Although this culture medium is considered very suitable for BNC production, it
is relatively expensive compared to other non-conventional media. Moreover, it should be
noted that the purchase price assumed for the glucose (450.0 €/t) corresponds to the high end
of 1% generation sugars. The glucose cost is still a major cost contributor, corresponding at 21
% of the total raw material cost; this will increase given that the cost of 2" generation sugars
can be up to 3,000 €/t (Cheng et al. 2019).
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Seed trains
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Figure 3. Distribution of raw material and equipment costs.

3.7 Utilities cost

In this plant, the utilities used are electricity, low-pressure steam, and water for the preparation
of the culture medium and for the production of deionized water. These costs are classified as
direct costs and form part of the total production cost. Total utility costs were estimated at
0.611 M €. The largest share is by far occupied by electricity consumption. This is because the
plant primarily relies on the use of electric motors and electric resistances. However, it should
be noted that since the required temperatures in the fermentation section are low, this type of
direct electric heating could be replaced by much more efficient heat pumps, allowing for a
significant cost reduction due to electricity consumption. This is also true for the drying stage
of the process as heat pumps can heat air with a significantly reduced energy cost.

3.8 Waste treatment cost

The production process of bacterial nanocellulose is accompanied by the generation of
significant amounts of liquid waste, mainly from the product washing stages (with NaOH
solution and subsequently with water), as well as from fermentation residues. These wastes
consist mostly of water but also contain small amounts of organic load, inorganic salts, and
alkaline residues that must be treated before disposal. The wastes are considered non-toxic, and
their treatment cost is estimated at 31.5 €/t, according to Perry’s handbook. In the
supplementary material, the quantities of waste as well as the annual cost for their treatment
for 2,000 batches per year are presented. The total wastewater treatment cost was found to be
CWT =2.08 M €. Rodrigues et al. suggest that the production of BNC could be coupled with
more advanced wastewater treatments that aim to recycle back a significant portion of the
water, up to 45 % was recycled without affecting BNC yields; in addition methane was
produced from the organic load of the wastewaters (Rodrigues et al. 2025). Given that the
wastewater treatment cost is significant, it is clear that alternative strategies need to be
considered to make BNC production more competitive.

3.9 Direct labor cost

Direct labor mainly includes both skilled and unskilled work. Estimating the personnel
requirements of a chemical plant has proven to be quite complex, as it largely depends on
factors such as know-how, degree of automation, and final product specifications. The method
followed in this study to estimate the required workers per shift is based on Ulrich’s method
(ULRICH 2025). It should be noted that although the plant includes 48 bioreactors, the
assumption is that 6 reactors are completing 6 batches per day and are the ones that require
attention. The gross annual cost of the employees was assumed to be 21,860 €/y. Therefore,
the total direct labor cost was found to be CL =0.79 M €/y.

3.10 Total production cost
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The fixed capital cost (FCI) was found to be 41.01 M € as presented in Table 6. The total annual
cost of raw materials (CRM) amounts to 1.24 M €. The annual cost of utilities (CUT) is 0.61
M € and finally, the cost of waste treatment (CWT) as well as the direct labor cost (CL) amount
to 2.08 M € and 0.79 M €, respectively. Thus, the total product cost is

TPC = 1.22(1.24 4+ 0.61 + 2.08) + 2.66 * 0.79 + 0.195 * 41.01
TPC = 14.89 M €/year

Next follows the determination of the total cost per kilogram of bacterial nanocellulose
produced, as well as the cost per batch of the plant. The plant’s target has been set at 100 tons
of dry product per year. This includes an additional water content (15 %), resulting in a final
capacity of 100/0.85 =117.65 t/y of BNC with 15 % moisture. Furthermore, the plant can carry
out a total of 2,000 batches per year using 48 bioreactors. Thus, the cost per kilogram of BNC
is calculated as:

M €
it production cost (1) = =202 I _ 1656 €
nit production cost (—) = — = = 126.56 —
P kg) Capacity 117.65§ kg
Cost bth( )— rre = 7,445.0
St PET DAL\ aren) = batch ~ " batch
2,000 y

The above costs refer to obtaining the final product with 15 % moisture after the drying stage.

3.11 Economic analysis results: cost breakdown, sensitivity analysis

For the financial evaluation of the investment, a cash flow analysis was carried out based on
annual revenues, expenses, and capital flows. The net cash flows were discounted at a
Minimum Acceptable Rate of Return (MARR) of 10 % to calculate the Net Present Value
(NPV) and assess the viability of the investment. Additionally, the MACRS method was
applied for equipment depreciation over 7 years, with a residual value of 3 %. Working capital
was also considered, which is released at the end of the plant’s useful life together with the
residual value. Table 7 presents the parameters used for the calculation of cash flows.

Table 7. Parameters for cash flows calculation from the construction of a BNC plant.

Construction time (years) 3

Plant useful time (years) 30

Working capital 5% of fixed capital
Residual value 3%

Equity financing 50%

Loan Repayment in 10 years at 8% interest
Distribution of fixed capital 1% year / 2" year 8%/ 62% /30%
Equipment depreciation 7 year-MACRS

Income tax 35%

Cost of capital or MARR 10%

Production level in first year 100% of nominal capacity

Subsequently, two scenarios will be examined for the calculation of the Net Present Value. In
the first scenario BNC with 15 wt. % moisture is produced while in the second one BNC gel
with 99 wt. % water content is sold without any drying taking place. Since no accurate selling
price exists for such a large-scale production of BNC, the selling price of BNC will be
determined so that the investment achieves a payback period (PBP) of 8 years. In the second
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scenario, (99 % water content) the selling price according to the literature amounts to
approximately ~21.9 €/kg (Dourado et al., 2016).

3.11.1 Scenario A — Payback period of 8 years

As shown above, capital expenditures are distributed as 8 % of the FCI (3.28 M €) in the first
year (year -2), 62 % (24.61 M €) in the second year and 30 % (13.12 M€) in the third year (year
0). 50 % of the fixed capital is covered by equity, while 50 % is financed by a bank loan with
a 10-year repayment period and an interest rate of 8 %. It should also be noted that, since the
plant operates at a loss in the first years, there is a tax refund.

The results obtained by setting PBP = 8 years gave a selling price of 202.9 €/kg, which
corresponds to the sale of 117.65 t/y of BNC with 15 % moisture, leading to annual revenues
of 23.86 M €. After calculating the net cash flows, the Net Present Value (NPV) was found to
be 21.5 M €. Subsequently, the diagram of cumulative present value is presented (Figure 4),
illustrating how the accumulated, discounted net cash flow evolves over the useful lifetime of
the plant.

According to the graph, a positive NPV is observed after the 8th year, i.e., at the point in time
when the defined PBP is achieved. The continuation of operation up to 30 years provides
additional return for this plan, further increasing the NPV.

CUMULATIVE NET PRESENT VALUE OVER PLANT LIFETIME

30

N
o

=
o

o

2-101 2 3 45 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Clumulative NPV, M€
=
o

-20

-30

Figure 4. Accumulation of net present value over the years for Scenario A (15 wt. % moisture
content).

3.11.2 Scenario B — Sale of BNC-gel (99 % water content)

In this scenario, the investment plan is evaluated for selling bacterial nanocellulose in hydrogel
form. The drying stage is omitted, so the product is sold directly after neutralization with
deionized water. This BNC form targets mainly skincare markets, e.g., facial masks. It should
also be noted that, with the target set at 100 tons of dry product, the total annual quantity at 99
% moisture is 10,000 t/y of wet BNC.

The PBP was once again set at 8 years. The result was a positive NPV equal to 18.4 €M, figure
5 presents the diagram of cumulative net present value. The selling price of BNC with 99 %
moisture was calculated at 2.07 €/kg, generating annual revenues of 20.74 M €. Compared to
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the price of ~21.9 €/kg of wet biomass calculated by Dourado et al. (2016) we notice an order
of magnitude of difference. This difference can be attributed to several factors. Firstly, there is
a significant difference in the production scale, in this work the plant capacity is set at 100 tons
per year of dry BNC or approximately 10,000 tons of wet BNC, while in the work of Dourado
et al. the production capacity is 504 tons of wet BNC annually. In addition, there is a significant
difference in the assumed bioreactor cost. Dourado et al. assume a cost of 500,000 US$ (2016
prices) for a clean room with a capacity of 12,340.29 L. in this work a similar capacity
bioreactor (10,000 L) is assumed to cost 115,5008 @2024 per unit according to Behera et al.
(2022). This highlights even more the importance of scaling up the technology in pilot scale
and subsequently in a first of its kind plant to gain insight into actual equipment costs and ways
to minimize them.

CUMULATIVE NET PRESENT VALUE OVER PLANT LIFETIME

30

20

=
o

o

-2-101 2 3 45 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Cumulative NPV, M€

=
o

-20

-30
Figure 5. Accumulation of net present value over the years for Scenario B (no drying).

Projected on a dry basis, 0 wt. % moisture, scenario A results in a price of 238.7 €/kg of dry
BNC and scenario B results in a price of 207.4 €/kg of dry BNC. The price difference is
attributed to the reduced FCI and operating costs due to the removal of the dryer section of the
plant. However, it should be noted that in scenario B, higher transportation costs per kg of dry
BNC should be expected.

3.11.3 Sensitivity analysis

A sensitivity analysis is carried out to determine which of the following parameters has the
greatest influence on the NPV. The price of bacterial nanocellulose (BNC) is kept constant and
equal to the value calculated in the previous scenarios. Initially, an analysis is performed
considering parameter variations within a +10 % range from their baseline values, and
subsequently, a detailed tornado diagram is provided showing how NPV changes under
variations from -10 % to +10 %. The parameters selected for the analysis are the fixed capital
investment (FCI), the price of peptone and glucose as raw materials, the cost of waste treatment
CWT, and the cost of electricity.

The variation of the NPV for the £10 % range of the selected parameters is presented below
(Figure 6). From this diagram, it becomes evident that the variation in fixed capital cost has a
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very pronounced effect on the NPV. Specifically, a -10 % change in FCI results in an +40.0 %
change in NPV. Conversely, the smallest impact on NPV is observed with the price of glucose,
where a +10 % increase leads to a negative change of approximately -1.1 % in NPV. The same
analysis was conducted for scenario B where no drying took place. In this case the FCI is
reduced since no dryer is purchased and installed and there is also a significant reduction in
electricity consumption. Still FCI is the parameter that affects predominantly the NPV. The
effect of electricity cost is even less pronounced in this case as it is now minimized.

NPV Sensitivity analysis NPV Sensitivity analysis
Electricity cost [l Electricity cost
Glucose price || Glucose price [|
awr ] L ]
- < I —

Peptone price [l Peptone price [ill

-50,00 -40,00 -30,00 -20,00 -10,00 0,00 10,00 20,00 3000 40,00 50,00 50,00 -40,00 -30,00 -20,00 -10,00 0,00 10,00 20,00 30,00 40,00 50,00

m 10% reduction  m 10% increase A W 10% reduction m10% increase B

Figure 6. Effect of +£10 % variation of parameters on NPV a) for scenario A (15 wt. % moisture
content), b) for scenario B (no drying). FCI — Fixed Capital Investment, CWT — Wastewater
Treatment Cost

As anext step to the analysis, a variation of the selected parameters up to £20 % was performed,
and in each case the NPV was calculated. These data are presented in tables in the
supplementary material. From the above analysis, it is clear that the FCI is the parameter that
determines whether an investment in BNC production is viable or not. A significant reduction
in FCI is needed to achieve financial viability and bringing down the selling prices of BNC.
To highlight further the significance of the equipment cost’s contribution to the economics of
a BNC industrial plant, the case where glucose has a procurement price of 1,350 € per ton is
presented. This price is 3 times higher compared to the base case scenario of 450 € per ton that
was previously considered. Assuming a procurement price of 1,350 € per ton for glucose results
ina CRM of 1.75 M € annually. To maintain the same PBP of 8§ years the selling price of BNC
needs to be increased from 202.9 €/kg to 208.1 €/kg for scenario A. This is an increase of 5.2
€/kg or 2.5 %, a very small increase compared to the 200% increase in the price of glucose.
The NPV in this case marginally decreases from 21.5 M € to 21.44 M €. As stated above, a -
10 % change in FCI results in an +40.0 % change in NPV. The bioreactors cost is by far the
main cost contributor that strongly affects FCI. To better highlight this, a scenario is examined
where the bioreactors’ cost is halved, that is the cost of the bioreactors is reduced from 4.848
M € to 2.424 M € and the total cost of equipment is reduced to 5.78 M € that corresponds to an
FCI 0f 28.88 M €. To maintain the same PBP of 8§ years, the selling price of dry BNC is reduced
to 165.6 €/kg, a decrease of 37.9 €/kg or 18.4%. Should the selling price of dry BNC remain at
202.9 €/kg, the PBP is reduced to around 3.3 years and the NPV at the end of the 30 years that
was considered as the plant life time is almost doubled to 42.06 M €.

This scenario considers a reduction in cost only for the bioreactors, given the maturity of the
technology used in the other process steps. However, a scale up of the production capacity, use
of alternative, cheaper drying equipment and a reduction in the cost of the seed reactors as their
scale increases can also lead to significant cost gains represented as a reduction in the selling
price of BNC.

To achieve these reductions in equipment and hence production costs, genetic engineering and
innovative reactor solutions need to be developed. Genetic engineering of Komagataeibacter
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strains and novel bioreactor designs offer promising strategies to accelerate bacterial
nanocellulose (BNC) production, potentially cutting fermentation times from 7—-14 days to 3—
5 days while reducing costs by 30-50% through higher yields and lower energy inputs. Genetic
manipulation of BNC-producing strains and in situ modifications of the culturing conditions
can lead to BNC with enhanced yield, productivity and properties (Moradi et al. 2021). In
addition, new genetic tools enable biosynthesis of patterned cellulose, functionalization of the
cellulose surface with proteins, and tunable control over cellulose production, allowing the
engineering of new cellulose-based biomaterials with added value (Florea et al. 2016).
Moreover, novel bioreactor schemes allow for maximization of productivity. Rotary disc
bioreactors have been found to significantly reduce scale up cost while achieving 13.0 g/L dry
yield of BNC in just 5 days (Jagtap and Dastager, 2024).

Such advancements are critical for the industrialization of BNC production. Once this scale of
equipment cost reduction is achieved, other parameters such as peptone, sugars and electricity
prices along with waste water treatment will have a stronger effect and will also need to be
further evaluated to optimize the process.

4. Conclusions

Bacterial nanocellulose (BNC) has superior physical properties such as improved mechanical
strength, water holding capacity, and barrier characteristics. These properties along with the
fact that it can be grown on scaffolds to form desirable shapes give it unique advantages for its
use in high added value applications, e.g. biomedical scaffolds, wound dressings, cosmetic
masks, food coatings and biodegradable packaging.

Technoeconomic analyses consistently identify feedstock cost (glucose or alternative carbon
sources), media components (peptone, yeast extract), and energy demands (drying,
sterilization) as primary factors influencing production cost and profitability. In this work two
different scenarios were evaluated. In one case the end product was a nanocellulose with 15
wt. % moisture; this was achieved with drying the BNC hydrogel with the help of a conveyor
dryer. A selling price of 202.9 €/kg of final product resulted in a PBP of 8 years and an NPV
of 21.5 M € at the end of the 30-year lifetime of the plant. In the second scenario, the BNC
hydrogel, containing 99 wt. % water, was sold as it was produced without additional drying.
To achieve a PBP of 8 years, a selling price of 2.07 €/kg was needed, resulting in an NPV of
18.4 M € for the same plant lifetime. It is more likely that a commercial plant will have an
integrated drying section to produce different products of varying moisture content.

Overall, the main cost contributor was found to be the capital costs and more specifically the
bioreactors section with the tray bioreactors and the seed trains contributing 60 % and 17 % of
the total capital cost; combined they accounted for more than 3 quarters of the total capital cost.
For the technology to move forward and to become a sustainable and realistic solution, it is
imperative that the bioreactors’ cost is significantly reduced. There are several ways to achieve
this. Economies of scale can help cut down significantly the contribution of the equipment cost
in the final product price. Scaling up bioreactor volumes by a factor of 10 results in only
doubling or tripling of the equipment cost. Novel reactor configurations and genetic
engineering can reduce fermentation time, typically now between 7-10 days, achieving great
savings. A higher degree of automation can also reduce both the time the bioreactors remain
inactive and the labor costs. Minimising down time in these types of processes is also a critical
factor, therefore the seed trains and the bioreactors must have capacities that ensure that
downtime is close to zero. Moreover, research should focus on efficient dewatering and drying
of the BNC to significantly reduce its water content without altering its properties. It is still
unclear how drying or cheap dewatering methods, such as applying pressure, affect BNC.
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Selling the BNC hydrogel is an option that eliminates the cost of drying, however it comes with
higher transportation costs and it limits the usage cases of BNC. Using more efficient
technologies for drying, such as heat pumps, can also result in a significant reduction in
electricity costs. As the above costs fall, the sugars’ cost contribution will become more
prevalent; at this point the sugars’ cost contribution is low.
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