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Figure S1. Comparison of eco-indicators of bleached kraft wood fiber, and common CNF/MFC (with enzymatic
and carboxymethylation pretreatments, or without pretreatment) from references [1-5]; CED = cumulative energy
demand, GWP = global warming potential, WD = water depletion. The denominator in the units is weight of final
material. Adapted with permission [1], Copyright 2021, American Chemical Society.

Cumulative Energy Demand for Industrial Production of MFC or CNF from

Different Treatment Routes

Life cycle assessment (LCA) of cellulose nanowhiskers by de Figueirédo et al. [6] estimates 1,800
16,000 MJ/Kg cumulative energy demand. Li et al. [5] calculated cumulative energy demand of 3,500
17,600 MJ/Kg (1,000-1,700 MJ/Kg for industrial-scale production) for CNF/MFC fabrication. Nguyen [7]
and Arvidsson et al. [3] reported cumulative energy demand of 90-2,100 MJ/Kg for CNF/MFC
fabrication. Although these absolute values are high, they are still low compared to most other
nanomaterials [7].



A lot of the information from the above-mentioned studies was used in our estimates. However,
our critical assumptions for industrial-scale fabrication resulted in considerably lower values. The
factors which made major differences are assuming no material (yield) loss and 80 % recycling of
solvents. It should also be noted that in our calculations, we only consider cumulative energy demand
of fabrication and not the quality of the prepared MFC/CNF, i.e. dimensions, chemical compositions,
etc. For instance, Fig. S2 shows the weight fraction of nanocellulose content in the produced MFC/CNF
gel depends on energy input. The rest of the material is typically wood fiber fragments which could be
of microscale. It is apparent that chemical pretreatment facilitates so that the final yield of fine fibrils
becomes high, whereas enzymatically pretreated fibers result in coarser MFC fractions. However, here
we have considered an average energy demand, disregarding the yield of fine nanocellulose fibrils.
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Figure S2. Evolution of weight fraction of nanocellulose yield for various pretreatments of the wood

fibers used. Figure from [8].

“Cradle-to-gate” boundaries are commonly used for life cycle assessment of materials like
nanocellulose, which have a wide variety of applications. This boundary includes energy demand for
the extraction of the raw materials, chemicals, and various processing and drying steps, but not the use
or disposal phase. This boundary is shown in Fig. S3, representing the steps related to the nanocellulose
fabrication, starting from wood fiber, followed by chemical modification, washing, and mechanical
fibrillation until the nanocellulose water dispersion is ready to deliver at the “factory gate” [5].
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Figure S3. Cradle-to-gate LCA system boundary of nanocellulose colloidal dispersion production.

Main assumptions for cumulative energy demand assessment:

1-

Transport energy of raw materials and chemicals is negligible to total cumulative energy
demand. This agrees with studies of Nguyen [7] and Arvidsson et al. [3]. Their studies show
that transportation energy demand at different scenarios is mostly below 3 % of total
cumulative energy demand.

The energy demand of each raw material or chemical is considered the average of different
extraction/preparation routes. For instance, energy demand associated with wood fibers
considered an average sulfite or kraft pulp in modern mills [2,9,10]; and for ethanol, the average
from ethylene or corn preparation routes was considered.

According to references [5,11], for the industrial scenario, an 80 % solvent recycling relative to
lab experiments should be considered.

Yield loss was considered negligible. Isogai et al. [12] reported a yield of > 90 % for TEMPO-
oxidized CNF in the lab experiment. No weight loss was considered for the LCA study of
enzymatic and no-pretreated CNFs [13]. Li et al. [5] estimated a total weight loss of below 3 %
for CNF production.

Homogenization energy was considered the relevant industrial fibrillation method of
pretreated fibers and energy demand of auxiliary mechanical treatments (e.g. refining,
beating,...) was considered insignificant or included in the homogenization energy. For
instance, in Nguyen's study [7], the energy demand for pre-refining of chemically or
enzymatically treated fibers is very small compared to homogenization. The study of Li et al.
[5] showed that energy demand of sonication is much larger than homogenization, and as
homogenization has already industrial use, it is considered the suitable industrial approach for
CNF production.

Fibrillation Energy demand:
For calculation of homogenization energy demand, we have used the previous studies and made

the following assumptions:

For the homogenization of non-pretreated fibers, energy consumption of 2300-70,000 KWh/ton
was reported [14-19], although the range of 20,000-30,000 KWh/ton is more common [17]. Fibrillation
of non-pretreated fibers using a micro-grinder is more energy-efficient, though the quality might differ.
Eriksen et al. [15] and Spence et al. [18] calculated energy consumption of 1500-24,000 KWh/ton using



a micro-grinder instead of a homogenizer. Due to the comparison aspect, we considered the
homogenization route and the average value of 25,000 KWh/ton (90 MJ/Kg) for fibrillation of non-
pretreated fibers.

For carboxymethylated fibers, one pass of homogenization at a concentration of 2-8 wt % reported
to have an energy demand of 500-2300 KWh/ton [14,16]. For two passes of homogenization at a
concentration of 0.5 wt %, a much larger value was reported [5]. Hence, we considered 2300 KWh/ton
as homogenization energy demand of carboxymethylated fibers.

For the enzymatically treated fibers, homogenization energy demand of 1500-11,000 KWh/ton was
reported [13,16]. Hence, we considered 6000 KWh/ton as the average homogenization energy of
enzymatic CNF.

For TEMPO-oxidized fibers, depending on the type of homogenizer and concentration of the
suspensions, energy demand was reported in the range of 500-4900 KWh/ton [13,14]. It is well-known
that TEMPO-oxidized fibers are very easy to homogenize, especially when they are highly charged.
Isogai et al. [12] reported energy demand of < 1950 KWh/ton (7 MJ/Kg). Hence, we considered an
average number toward the low side of this range, i.e., 1500 KWh/ton.

Table S1. Summary of the estimated fibrillation energy of MFC/CNF at industrial-scale production.

Energy Energy
MEFC/CNF Type Fibrillation Method Consumption Consumption
(KWh/ton) (M]/Kg)
No-pretreated High-pressure homogenization 25,000 90
Enzymatic High-pressure homogenization 6000 21.6
Carboxymethylated High-pressure homogenization 2300 8.3
TEMPO-oxidized  High-pressure homogenization 1500 5.4

Cumulative energy demand:

Further data used for the calculations in the tables below was extracted from studies and references
[3,5,7,13,20-25].

Table S2. Energy use for the no-pretreatment route.

Energy Use Mass Energy Use
(M]/kg) (kg/kg CNF)  (MJ/kg CNF)
Input materials
Wood fiber 14 1 14
Deionized water 0.01 100 1
15
Manufacturing processes
Homogenization 90
90

Total
105




Table S3. Energy use for the enzymatic route.

Energy Use Mass Energy Use
MJ/kg) (kg/kg CNF)  (MJ/kg CNF)
Input materials
Wood fiber 14 1 14
Deionized water 0.01 133 1.33
Enzyme 120 0.00017 0.02
Trisodium phosphate 21.4 0.042 0.9
16.25
Manufacturing processes
Enzyme incubation & 11
denaturation
Homogenization 21.6
32.6
Total
48.85
Table S4. Energy use for the TEMPO-oxidation route.
Energy Use Mass Energy Use
(M]/kg) (kg/kg CNF)  (MJ/kg CNF)
Input materials
Wood fiber 14 1 14
TEMPO Not available 0.0014-0.016 -
Sodium hypochlorite 10 0.42 4.2
Sodium bromide 0.58* 0.08 0.05
Sodium hydroxide 18.7 0.079 1.47
Deionized water 0.01 137 1.37
Hydrochloric acid 17.3 0.05*
21.09
Manufacturing processes
Mixing, washing 2.3
Homogenization/agitation 54
7.7
Total
28.79
*Due to lack of data, energy use of NaBr was considered as NaCl.
Table S5. Energy use for the carboxymethylation route.
Energy Use Mass (kg/kg  Energy Use
(M]/kg) CNF) (M]J/kg CNF)
Input materials
Wood fiber 14 1 14
Deionized water 0.01 476 (x 20 %)*  4.76 (x 20 %)
Ethanol 55 28.7 (=20 1578.5 (% 20 %)
%)*
Monochloroacetic acid 44 0.09 3.96
Isopropanol 32.7 17.9 (x20 %)*  585.33 ( x 20 %)
Sodium hydroxide 18.7 0.15 2.81
Methanol 33.2 3.6 (%20 %)*  119.52 (x 20 %)



Acetic acid 43.1 0.11 4.74

Sodium carbonate 13.8 0.73 10.07
493.2
Manufacturing processes
Heat, mixing, washing 2.3
Homogenization 8.3
10.5
Total
503.7

* 80 % solvent recycling.

As shown in other studies, the difference in cumulative energy demand of wood fibers and

MEFC/CNEF at lab scale fabrication is very large. However, the cumulative energy demand estimation of
MEFC/CNF produced at industrial-scale shows some CNF/MFC grades could possibly be produced at
2-3 times the energy demand for wood fibers. One should note that the final nanocellulose product is

a water dispersion, and drying will require perhaps an additional 25 % energy compared with the total

CED. This is significantly lower than the energy demand for most other nanomaterials.
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