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

1. Material balances

Preparation of the culture medium
For the preparation stage of the culture medium, the quantities required for one batch that produces 50 kg of dry BNC are presented in Table S1. 

[bookmark: _Ref211855604][bookmark: _Toc209436852][bookmark: _Toc209685166][bookmark: _Toc211944076]Table S1. Quantities of HS medium components per batch for 50 kg of dry BNC.
	Component
	kg/batch

	Glucose
	200

	Peptone
	50

	Yeast extract
	50

	Na2HPO4
	27

	Citric acid
	11,5

	Water
	9.661,5

	Total
	10,000



Aeration requirements
Moving on to the fermentation stage, the aeration requirements of the static bioreactor were initially calculated. According to the literature, a typical aeration rate during fermentation for the production of bacterial nanocellulose is around 0.5 VVM (Vessel Volumes per Minute) (Babaeipour, 2021). Thus, the volumetric airflow rate during one batch with a medium volume of 10 m³ will be:
 
For 168 h (7 days) of fermentation, the amount of air required is equal to 50,400 m³ per batch, and for 2,000 batches per year, with an air density of 1.164 kg/m³, the annual quantity of air required is 117,331.2 t/y. 

[bookmark: _Toc211145684]Washing stage with NaOH and Deionised Water
After the completion of the cultivation, the produced BNC exits in the form of a hydrogel (stream S-9) from the TB-01/48 units, consisting of 99 % water (wet BNC) along with a fraction of liquid waste, and is prepared to be directed to the bleaching stage with sodium hydroxide. It should be noted that the waste stream is considered non-hazardous and is directed to treatment. Table S2 presents the outputs from the fermentation stage in kg/batch. The density of the culture medium is assumed equal to that of water, i.e., 1,000 kg/m³.

[bookmark: _Toc209436854][bookmark: _Toc209685168][bookmark: _Toc211944078]Table S2. Outputs in kg/batch from the fermentation stage.
	Output Stream
	Description
	Mass (kg/batch)

	Wet BNC
	Stream with 1 % w/w BNC
	5,000

	▸ Dry BNC
	Dry BNC
	50

	▸ Water
	Remaining water
	4,950

	Liquid waste
	Cellular residues
	5,000

	Total outputs
	Total
	10,000



Drying stage
Drying takes place at 50 °C with a continuous supply of hot dry air. The outlet stream of the product is approximately 14.8 kg/h, consisting of 85 % dry BNC and 15 % water, corresponding to ~12.5 kg/h of dry BNC, which equals 102 t/year. 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). Dry air at 50 °C can absorb 0.0845 kg H₂O/kg of air. Given the requirement to evaporate 1,235.29 kg/h of water, the corresponding mass flow of air is 14,618.8 kg/h. With a density of 1.087 kg/m³, the volumetric airflow is calculated as 13,448.76 m³/h. 

2. Energy balances
Medium Preparation
The calculation begins with the energy required during the sterilization stage of the culture medium. With the requirement for 6 batches per day, and assuming that the time needed to feed the reactors is 10 hours, a culture medium flow rate of 6,000 kg/h is used (60 m³ required for 6 batches). Furthermore, for the calculations, the specific heat capacity (Cp) of the culture medium is considered equal to that of liquid water at 25 °C, i.e., 4.18 kJ/kgK.
Thus, for heat exchanger E-101, knowing that the medium is heated from ambient temperature (20 °C) up to 128 °C the required energy is :
 Assuming an overall heat exchanger efficiency of 0.9, the actual heating needs will be 
Next, stream S-5 enters E-102 and is further heated up to the sterilization temperature (140 °C) using low-pressure steam. Similarly to E-101, for ΔT = (140 – 128) = 12 °C, the energy required for E-102 is:
. 
Once again an overall heat exchanger efficiency of 0.9 results in a heating demand of .

Fermentation – Static Bioreactors
Regarding the energy balances for the fermentation stage, the calculation here focuses on the energy required to heat the air from ambient temperature (20 °C) to the culture temperature (30 °C). With an air flow per reactor equal to 300 m³/h, as calculated in the mass balances, and density 1.164 kg/m³, the heat required for preheating the air is:

With one batch lasting 168 h (7 days) and the annual requirement of 2,000 batches, the annual energy consumption for air heating amounts to 327,600 kWh/year.

Washing with NaOH 
Proceeding to the washing stage, the NaOH solution (stream S-10), is first preheated in heat exchanger E-103 to reach the required temperature of 60 °C. The specific heat capacity of the solution is assumed equal to that of water, i.e., 4.18 kJ/(kg K). The flow rate of the solution was calculated at 706.25 kg/h and thus; , resulting in a heating demand of , assuming an overall heat exchanger efficiency of 0.9.

Drying
Finally, the drying stage represents the most energy-intensive part of the plant, as it involves the removal of water from the wet BNC until the desired final moisture content of 15 % w/w is achieved. The energy balance for the drying stage is presented below. Drying is carried out at a temperature of 50 °C. The heat required for drying is calculated using the latent heat of water evaporation, the heat required to raise the material to the drying temperature, and the heat to raise the air from 20 °C to 50 °C.
From the mass balances, the amount of water to be evaporated is 1,235.29 kg/h. Using the latent heat of water evaporation at 50 °C, equal to 2,257 kJ/kg, the required heat is:

To calculate the heat required to raise the wet BNC (1,250 kg/h) from 25 °C (after the washing stage) to 50 °C, it was assumed that, since it consists of 99 % water, its specific heat capacity would be approximately equal to that of water, i.e., Cp= 4,18 kJ/kgΚ. Thus, the required heat is:

The air enters at 20 °C from the environment with a flow of 14,618.8 kg/h and exits the dryer at approximately 50 °C. The specific heat capacity of air was taken as 1.007 kJ/kg K. Therefore, the total heat transfer required to heat the air is:

Consequently, the total heat consumption required for the drying process will be the sum of the three components above. However, since the drying efficiency is 85 % (Sturgeon, 1995), the overall heat requirement is the sum divided by the efficiency:


3. Equipment sizing

[bookmark: _Toc209436781][bookmark: _Toc211145693]Conveyor Belt filters
For the alkaline washing of bacterial conveyor belts are used, on which the BNC is carried and sprayed with the solution through nozzles. Technical specifications for sizing the equipment were taken by examining various belt conveyors available on Alibaba.com. Since this unit processes 6 batches per day, corresponding to 30,000 kg of wet BNC, the collection was distributed into six 4-hour periods to reduce equipment load. The calculated flow rate is 1,250 kg/h. Based on this data, the conveyor belts were dimensioned. Table S3 below presents the technical characteristics of the equipment that will be used for the final design.
[bookmark: _Ref211858104][bookmark: _Toc209436868][bookmark: _Toc209685182][bookmark: _Toc211944092]Table S3. Equipment characteristics according to market data.
	Belt conveyor

	Active filter width
	1.0 m

	Active filter length
	10-30 m

	Active filter surface area
	18-33 m2

	Motor power
	~5.25 kW

	Dimensions

	Length
	25 m

	Width
	3 m


Additionally, table S4 presents the data used for equipment design based on the mass balances.
[bookmark: _Ref211858146][bookmark: _Toc209685183][bookmark: _Toc211944093]Table S4. Data for equipment sizing based on balances.
	Parameter
	Value

	Quantity of wet BNC per batch
	5,000 kg (≈ 5.0 m³)

		Density of wet BNC



	



	1.0 kg/L

	Layer thickness on belt (assumption)
	2.5 cm

	Residence time
	2 h

	Quantity per filter per batch
	2,500 kg (≈2,5 m³)

	Operating duration per cycle
	2 h/filter

	NaOH concentration
	0.5 M

	Washing temperature
	60 °C


Based on these data, the required filter area is calculated as:
 
With a filter width of 1.0 m, the filter length is calculated as: . Since this length exceeds the available equipment specifications, five conveyor belts of 20 m length each will be used, and the required filter area will be 100/5 = 20 m2. In addition, the required belt speed during washing is calculated, so that the BNC remains on the belt and is washed for two hours: 
Finally, the required amount of 0.5 M NaOH solution for washing the wet BNC is calculated. Based on a wet BNC flow of 1,250 kg/h, the required solution volume from the mass balances is 706.25 L/h. Since the flow is distributed across five conveyor belts operating in parallel, the required solution volume is approximately 141.25 L/h per belt. Thus, based on the calculated parameters for this unit and the technical specifications of the selected belt conveyor, the final equipment data are presented in Table S5.
[bookmark: _Ref211858216][bookmark: _Toc209685184][bookmark: _Toc211944094]Table S5. Characteristics of each belt conveyor in the unit.
	Parameter
	Value

	Filtration area
	20 m²

	Belt width
	1.0 m

	Belt length
	20 m

	BNC layer thickness
	0.025 m

	Inlet flow 
	2.5 m³ per 2 h

	Belt speed
	0.365 cm/s

	Motor power
	5.25 kW

	Solution temperature
	60 °C

	NaOH solution
	141.25 L/h



In summary, the total power consumption for operating the five conveyor belts is: 5*5.25kW*24h/d*340d/y = 214,200 kWh/y.

The conveyor belts used for washing with deionized water are sized in the same way and their main characteristics are presented in table S6.

[bookmark: _Toc209685185][bookmark: _Toc211944095]Table S6. Characteristics of WSH-102.
	Parameter
	Value

	Filtration area
	20.2 m²

	Belt width
	1.0 m

	Belt length
	20.2 m

	BNC layer thickness
	0.025 m

	Inlet flow
	2,525 m³ per 2 h

	Belt speed
	~0.368 cm/s

	Motor power
	5.25 kW

	Deionized water
	1,262.7 kg/h











In summary, the total power consumption for operating the five filters is again:
5*5.25kW*24h/d*340d/y = 214,200 kWh/y

Deionized-water production system
Deionized water is produced on site using a reverse-osmosis deionized water production system (DIS). The selected unit has a capacity of 8,000 L/h (~65,280 t/y), which is sufficient to cover the plant’s demand for deionized water, approximately ~56,000 t/y. Table S7 presents the characteristics of the system.

[bookmark: _Ref211859439][bookmark: _Toc209685187][bookmark: _Toc211944097]Table S7. Characteristics of the deionized-water system.
	Production capacity 
	8,000 L/h

	Salt rejection
	≥ 99.5 %

	Frames
	SUS304

	Recovery rate
	≥ 70 %

	Membrane elements
	Vontron

	Operating pressure
	0.5-1.0 MPa

	Power consumption
	10 kW

	Filter accuracy
	0.0001 microns

	Membrane size – Number of membranes
	8,040-8 membranes


The unit’s demand for deionized water is 7,005.3 kg/h, required for NaOH solution preparation and BNC neutralization. With a recovery rate of 70 %, the water feed to the system must be . 
The corresponding annual water volume is 10,008 kg/h * 24h * 340d = 81,665.3 t/y. Finally, the annual electricity consumption is 10kW*24h/d*340d/y = 81,600 kWh/y. 

Conveyor Dryer
[bookmark: _Toc209685186][bookmark: _Toc211944096]The key assumptions focus on the evaporation rate and the residence time of the BNC sheets in the dryer; they are presented in Table S8 along with the conveyor dryer’s characteristics.
Table S8. Sizing data for CD-01.
	Parameter
	Value

	Wet BNC flow
	1,250 kg/h

	BNC moisture
	99 % → 1,237.5 kg/h water

	Final moisture
	15 %

	Water to be evaporated
	1,235.29 kg/h

	BNC layer thickness
	2.5 cm

	Evaporation rate
	9.91 kg/m²/h (Perry’s Chemical Engineers’ Handbook, Eighth Edition, 2008)

	Residence time
	240 min

	BNC density
	≈ 1,000 kg/m³ (like water)

	Belt width
	3 m (Perry’s Chemical Engineers’ Handbook, Eighth Edition, 2008)


According to Perry’s Chemical Engineers’ Handbook typical evaporation rates for sheet like wet materials are around 10 kg/m²/h. However, the water is strongly bound within the BNC. In addition, it is typically much easier to dry sheets of small thickness, 5 to 10 mm; increasing the sheet thickness introduces additional resistance to water removal. Therefore, given that the BNC in this study will have a thickness of 25 mm, we assumed that the average evaporation rate was reduced by 4 times to a value of 2.5 kg/m²/h. Based on the required quantity of water to be evaporated (1,235.3 kg/h), the residence time of 4 hours and the evaporation rate (2.5 kg/m²/h), the required drying surface area is
. 
Furthermore, with a belt width of 3 m, the required belt length is
. 
Since this length is considered relatively large, multiple levels are used to reduce the dryer footprint and improve unit efficiency. In this case two levels are used. Thus, the required surface area per level is 123.5/2 = 61.7 m2 and the required length per level is approximately 20.6 m. Finally, the required belt speed for a residence time of 4 h (240 min), assuming the material stays for two hours on each level, is calculated as:
 . 
Regarding the fans used, it is assumed that they operate with a pressure increase of 1,000 Pa, and for a volumetric flow rate of 13,448.8 m³/h the power consumption is approximately 4 kW, according to the power-consumption vs. volumetric-airflow diagram taken from the literature*. According to the energy balances, the total thermal load required during drying is 1,098.5 kW. Therefore, including the fan consumption, the annual operating energy requirement is: 


Finally, the size of the glucose storage tank vessel was calculated. V-101 is the glucose storage tank, capable of storing glucose needed for 5 days of production and was designed to have a volume of 182.4 m3.
* https://www.engineeringtoolbox.com/fans-efficiency-power-consumption-d_197.html

4. Equipment cost estimation

[bookmark: _Toc211145699]Conveyor belts 
Regarding the costs of belt conveyors, market data were used (e.g., Alibaba.com) along with diagrams from Peters et al. (2004). Typically, the purchase cost for a washing system with conveyor belts is approximately 1,200 $/m, for belts with a width of 1 m. For the conveyor belts used in washing with caustic WSH-101, the length is 20 m with a width of 1 m. Therefore, the purchase cost of the belt conveyors for the NaOH washing system was calculated to be 120,000. For the WSH-102 conveyors used in the deionized-water washing stage, the length of each is 20.2 m with the same width. Therefore, the purchase cost of this equipment was 121,219  .

[bookmark: _Toc209685188][bookmark: _Toc211944098]Table S9. Summary of purchase costs for conveyor belts.
	Item
	Characteristic size
	Purchase cost $@2024
	Purchase cost (M €@2024)

	WSH-101
	L = 20 m
	120,000
	0.105

	WSH-102
	L= 20.2 m
	121,219
	0.106

	Total
	0.211



[bookmark: _Toc211145700]Conveyor dryer
Regarding the purchase cost of this type of conveyor dryer the purchase cost per square meter for dryers of a specific belt length and width was taken from the reference (Perry’s Chemical Engineers’ Handbook, Eighth Edition, 2008). The conveyor dryer used in the bacterial nanocellulose production plant consists of two belts with a surface area of 61.7 m², with each belt having a length of 20.6 m. The final cost for two such dryers was calculated to be 1,343,000  
[bookmark: _Toc211145701]
Heat exchangers
The cost of heat exchangers and relevant details is provided in the following tables.

[bookmark: _Toc209685190][bookmark: _Toc211944100]Table S10. Summary of heat-exchanger purchase costs.
	[bookmark: _Hlk200539009]Item
	Characteristic size
	Material
	Purchase cost $
	CEPCI
	Purchase cost 
(M €@2024)

	E-101
	69.67 m2
	SS304
	24,888.41
	240
	0.072

	E-102
	2.2m2
	SS304
	5,093.83
	240
	0.015

	Holding tube
	Lht = 60 m,
dht 0.065 m
	SS316
	72,000
	390.4
	0.129

	E-103
	0.12m2
	CS,SS
	1,800
	395.6
	0.003

	Total
	0.219



[bookmark: _Toc211145702]Mixing tanks
The cost of the mixing tanks and relevant details are given in the table below. 

[bookmark: _Toc209685191][bookmark: _Toc211944101]Table S11. Summary of stirred tank purchase costs.
	Item
	Characteristic size
	Material
	Purchase cost $
	CEPCI
	Purchase cost 
(M €@2024)

	Μ-101
	21.2 m3
	SS304
	164,746.5
	550
	0.209

	Μ-102
	1.25 m3
	SS304
	34,735.4
	550
	0.044

	Total
	0.253


[bookmark: _Toc211145703]
[bookmark: _Toc211145704]The water deionization system cost was taken from various industrial-equipment supplier websites; it was between 20,000-25,000, an average value of 22,500 was used. The storage tank cost was also calculated via relevant equations and found to be only a fragment of the total equipment costs. Specifically, it was calculated at 68,000€.

5. Utilities cost
Table 8 summarizes the utility consumption data for the production plant of 100 t/y dry BNC. Regarding water usage, the total amount required is the sum of the water fed directly into the culture-medium vessel plus the water used for preparing the 15 % glucose solution. The water requirement for the 15 % glucose solution is 1,333.3 kg/batch (quantity for the 15 % solution fed to M-01) – 2,857 kg/batch (70 % glucose solution purchased from the market) = 1,047.6 kg/batch. Thus, together with 8,528.2 kg/batch, the total amount required will be 19,152 t/y.

Table S12. Summary of utility consumption data for the plant.
	Item
	Electricity
kWh/y
	Lower pressure steam t/y
	Water t/y

	DIS
	81,600
	
	81,662

	M-101
	24,480
	-
	19,152

	M-102
	1,175
	-
	-

	TR-101/148
	382,990
	-
	-

	WSH-201/205 
	214,200
	-
	-

	WSH-206/210 
	214,200
	-
	-

	CDR-201
	8,993,490
	-
	-

	E-102
	-
	520
	-

	E-103
	-
	457
	-

	P-01
	12,240
	
	-

	Total
	9,924,375
	977
	100,814

	Unit cost 
	0.053 €/kWh
	26.2 €/t
	0.59 €/t

	Utility Costs
	€ 525,991
	€ 25,597
	€ 59,480

	TOTAL UTILITY COSTS CUT = 0.611 M €



6. Waste treatment cost

[bookmark: _Ref211862589][bookmark: _Toc209685199][bookmark: _Toc211944107]Table S13. Summary of waste treatment cost data.
	Item
	kg/batch
	t/y

	TR-101/148
	5,000
	10,000

	WSH-201/205
	2,775
	5,550

	WSH-206/210
	25,300
	50,600

	Total
	66,150

	Unit cost
	31.5 €/t (Peters et al., 2004)

	TOTAL WASTE TREATMENT COST CWT = 2.08 M €



7. Labor cost

Table S14. Summary of waste treatment cost data.
	Equipment Items
	Workers / Shift
	Number

	Mixing tanks
	0.2
	2

	Batch reactors
	1
	6

	Belt filters
	0.1
	10

	Conveyor dryer
	0.6
	1

	Pumps
	0
	1

	Storage tanks
	0
	1

	Heat exchangers
	0.05
	4

	Total workers / shift = 8.2



For full operation in three shifts (3·8 hours/day), 8 workers per shift are required to cover all critical process stages (reactors, washing, drying, etc.). Considering days off, holidays, and potential sick leaves, the total workforce is estimated at 8*4.5 = 36 workers. The need for significant manual operation increases the labor cost. Introducing more automated processes for high-capacity production will also bring this cost down in the future.

8. Sensitivity analysis

Tables S15 and S16 present the results of this analysis. In the first column, the percentage variation of each parameter is shown, and in the subsequent columns, the value of the NPV calculated for the change of the respective parameter.

[bookmark: _Ref211867138][bookmark: _Toc209685204][bookmark: _Toc211944112]Table S15. Sensitivity analysis results for ±20 % range, showing the NPV value (in M €) for scenario A (15 wt. % moisture content).
	Deviation
	Peptone price
	FCI
	CWT
	Glucose price
	Electricity cost

	
	NPV (M €)

	-20 %
	22.39
	38.002
	24.614
	21.86
	22.243

	-15 %
	22.159
	33.9
	23.827
	21.762
	22.049

	-10 %
	21.928
	29.779
	23.04
	21.66
	21.855

	-5 %
	21.697
	25.638
	22.253
	21.565
	21.661

	0 %
	21.466

	5 %
	21.236
	17.244
	20.676
	21.368
	21.272

	10 %
	21.005
	12.962
	19.881
	21.27
	21.078

	15 %
	20.771
	8.495
	19.086
	21.171
	20.882

	20 %
	20.538
	3.916
	18.29
	21.073
	20.686



Table S16. Sensitivity analysis results for ±20 % range, showing the NPV value (in M €) for scenario B (no drying).
	Deviation
	Peptone price
	FCI
	CWT
	Glucose price
	Electricity cost

	
	NPV

	-20 %
	19.366
	36.62
	21.6
	18.837
	18.499

	-15 %
	19.136
	29.103
	20.8
	18.738
	18.485

	-10 %
	18.905
	25.507
	20
	18.64
	18.471

	-5 %
	18.674
	22.02
	19.2
	18.542
	18.457

	0 %
	18.443

	5 %
	18.213
	14.824
	17.7
	18.345
	18.429

	10 %
	17.981
	11.154
	16.9
	18.247
	18.416

	15 %
	17.748
	7.325
	16.1
	18.148
	18.4

	20 %
	17.515
	3.4
	15.3
	18.05
	18.388
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