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Producing environmentally benign and economically viable nanomaterials is critical for large-scale appli-
cations in energy and other industries. This study presents a modeling framework to identify environmentally
greener and lower-cost pathways of large-scale nanomaterial production, which encompasses life cycle
assessment, Green Chemistry principles, techno-economic analysis, and eco-efficiency analysis. The frame-
work is demonstrated by case studies of cellulose nanomaterials produced in the U.S. For cellulose nano-
crystals, the framework identifies pathways that simultaneously reduce the life-cycle global warming poten-
tial (GWP) from 17.7 to 2.6 kgCOse per dry kg cellulose nanocrystals and the minimum selling price (MSP)
from USS$7540 to USS$S4587 per dry t cellulose nanocrystals. For cellulose nanofibrils, the strategies present
trade-offs of reducing GWP from 7.8 to 0.1 kgCO,e per dry kg cellulose nanofibrils but increasing MSP
slightly from US$2873 to US$2985 per dry t cellulose nanofibrils. Eco-efficiency analysis quantifies the mag-
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1. Introduction

The unique properties and performance of nanomaterials have
attracted much attention in various fields, such as energy, elec-
tronics, water treatment, medicine, and agriculture.'
Sustainable design and development of nanomaterials need
holistic consideration of environmental sustainability, econ-
omic viability, and material functionality.* Metrics-based
frameworks have been developed, such as the well-known
Ashby material selection framework and other adapted frame-
works that include more environmental and human health
considerations.>*> These frameworks focus on streamlined
nanomaterial screening and selection, which suit early-stage
material design; however, more comprehensive assessments
are needed to understand potential environmental impacts
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production strategies and supports decision making for sustainability-informed process optimization.

and techno-economic performance for large-scale commercial
production and application of nanomaterials.® Life cycle
assessment (LCA) and techno-economic analysis (TEA) have
been explored for specific nanomaterial classes and
applications.®® Previous studies have shown large variations
in the environmental and economic performances of different
nanomaterial production pathways; however, it is unclear how
the pathways of reducing environmental burdens affect the
economic feasibility of nanomaterial production. There is a
strong need to understand the drivers of and trade-offs/co-
benefits between the economic and environmental perform-
ance of different nanomaterials production pathways and
provide guidance on how to use such understandings to
inform process design and optimization for producing greener
and more cost-effective nanomaterials.

To address this gap, we develop a framework powered by
LCA, Green Chemistry (GC) principles, TEA, and eco-efficiency
analysis to identify the pathways of producing greener and
lower-cost nanomaterials. In this framework, LCA assesses the
life-cycle environmental impacts of a material;'*"*> TEA evalu-
ates the economic performance of emerging technologies and
various production pathways.®'*'* This framework uses the
GC principles to develop improvement strategies and scenarios
towards greener production.”® An eco-efficiency analysis
quantifies the co-performance of a product in environmental
and economic dimensions; eco-efficiency is typically measured
as the ratio of environmental impacts to economic value or

This journal is © The Royal Society of Chemistry 2024
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vice versa."®>° We demonstrate this framework through a con-
ceptual case study of cellulose nanomaterials in the U.S. at a
large scale.

Cellulose nanomaterials have received increasing research
interest due to their high mechanical strength, aspect ratio,
biodegradability, biocompatibility, and other advantages.*'
Two common categories of cellulose nanomaterials are cell-
ulose nanofibrils (CNF) and cellulose nanocrystals (CNC).>?
CNC are “rod-like” or “needle-like” nanoparticles with high
crystallinity, while CNF may have higher amorphous cellulose
than CNC and a larger aspect ratio (length/width).>* Besides
the morphological differences, CNC- and CNF-based materials
can differ in mechanical properties (e.g., tensile strength and
density).>**” Many applications of cellulose nanomaterials
have been reported, e.g., coatings,*® gel inks,*® tissue engineer-
ing,’® wound dressing,®’ smart sensors,’> and soft elec-
tronics.>® Previous LCA has shown high environmental
burdens of CNC and CNF, majorly due to high energy con-
sumption, waste produced, and chemical usage (e.g., acid, neu-
tralizing agent).>* Hence, exploring the pathways of reducing
environmental burdens and production cost is essential for
large-scale commercial production of CNC and CNFE.**
Previous LCA and TEA studies have investigated the environ-
mental impacts and economic feasibility of CNC or CNF pro-
duction with different methods (see ESI Section S1 for litera-
ture reviewt).>**™*° However, few studies have explored varied
process design strategies (e.g., different choices of acid recov-
ery, energy sources, and neutralizing agents) or alternative pro-
duction means (e.g., organic or inorganic acid,**** acid hydro-
lysis or autohydrolysis,*®>® with or without pretreatment®>?%),
Nor have they simultaneously explored the corresponding
economic performance of alternative pathways and the poten-
tial trade-offs between the environment and economic per-
formance. Additionally, few studies have considered the end-
of-life emissions of CNC and CNF, which is a common chal-
lenge for nanomaterial LCAs.”*

Using this framework, we have identified 11 scenarios (7
scenarios for CNC and 4 scenarios for CNF) to explore their
impacts on environmental performance and economic feasi-
bility. The results of production economics and environmental
impacts, and their trade-offs/co-benefits provide information
for stakeholders (e.g., investors and researchers) on different
manufacturing strategies and highlight future opportunities
and research directions for producing greener and more cost-
effective cellulose nanomaterials. Although the case studies
only include CNC and CNF materials, the framework is
broadly applicable to other materials and can be applied to
other nanomaterials for identifying lower-cost and greener
manufacturing pathways.

2. Methods and materials
2.1. Framework overview

Fig. 1 shows the four main modules of the framework:
pathway selection and process analysis, LCA, TEA, and result
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interpretation. Pathway selection starts from a baseline scen-
ario that can be current practices or traditional/emerging
technologies that have not been optimized. Then alternative
pathway scenarios (Scenario jj, j,, ..., ji) are generated by apply-
ing relevant GC principles. One or multiple changes can be
added in one scenario, depending on the expected granularity
in understanding the effects of changes. If an alternative
pathway (Scenario j;) has met improvement criteria compared
to the previous scenario (Scenario j; ,, n depends on techno-
logy choices), then the scenario is selected for further improve-
ment. Otherwise, the scenario is rejected. These improvement
criteria can be lowered environmental impacts, better econ-
omic performance, or improved material circularity, depend-
ing on the users’ needs. This study only focuses on carbon and
economic improvement as a demonstration, but other focuses,
such as circular economy principles®** can be easily incorpor-
ated. Future users can also set rejection criteria (e.g., at least
5% poorer performance). Process analysis for each scenario
provides mass and energy balances that are essential inventory
data needed by LCA. Various methods can be used for process
analysis, including theoretical calculations, process simu-
lation, data-driven approach, and other methods.>* This study
adapts the TEA framework proposed by Zimmermann et al.*®
The selection of specific environmental and economic indi-
cators depends on the goal and purpose of projects and will
need to be determined on a case-by-case basis. The results of
LCA and TEA can be interpreted separately or incorporated
into an eco-efficiency analysis to quantify the extent to which a
trade-off or co-benefit exists (see Section 2.8).

2.2. Case study overview

The framework is applied to cellulose nanomaterials. 7 scen-
arios for CNC production and 4 scenarios for CNF production
were generated using GC principles (see Sections 2.3 and 2.4,
and ESI Sections S2 and S3%). Fig. 2 shows the summarized
flow diagram of each scenario (the detailed flow diagrams are
shown in ESI Fig. S1-S7%). In this study, the potential improve-
ment pathways were identified from the previous literature
that tested the technical feasibility or conducted related experi-
ments. Note that these pathways do not cover all possible
opportunities. But future users like researchers and engineers
can utilize this framework to analyze the environmental and
economic performance of other opportunities or other GC
principles and the potential trade-offs or co-benefits.

The mass and energy balances in each scenario were gener-
ated by process simulations for each scenario in Microsoft
Excel (see results in ESI Section S4, Tables S1 and S27). In this
study, global warming potential (GWP) is selected as the
environmental impact indicator to determine the acceptance
or rejection of Scenario ji. For eco-efficiency analysis, we adopt
the indicator, environmental cost efficiency (ECE), proposed
by Hellweg et al'® to quantify the trade-offs between the
environmental and economic performance of various path-
ways. In this study, the primary functional unit is mass-based
as 1 dry kg of cellulose nanomaterials produced; then the
results are converted to the performance-based functional unit
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Fig. 1 Schematic diagram of the modeling framework. The framework consists of four modules, namely pathway selection and process analysis,

life cycle assessment, techno-economic analysis, and result interpretation.

that considers material performance (see Section 2.6 for
details).

2.3. Cellulose nanocrystal production

In this study, the feedstock for CNC production is dissolving
pulp which has been widely selected by the previous
studies.*®*”**%” Dissolving pulp can be produced from varied
biomass sources (typically hardwood, softwood, and cotton
fibers) via sulfite pulping or pre-hydrolysis kraft pulping.”® In
this study, the dissolving pulp type is pre-hydrolysis kraft pulp
which is aligned with the pilot plant experiment of Gu et al.*®
The compositions of the dissolving pulp are 97.9% (dry basis)
cellulose, 1.5% xylan (dry basis), 0.6% lignin (dry basis), with
5.3% moisture content (dry basis).”®°

For CNC production, there are a total of seven scenarios as
mentioned above (all the technical and modeling details are
available in ESI Sections S2 and S5t). In the CNC baseline
process, the dissolving pulp is first fed into a shredder to gene-
rate small particles that allow for sulfuric acid
hydrolysis.>®*”%® After the acid hydrolysis, the hydrolysate is
transferred to the tank for dilution with reverse osmosis water
and added with sodium chlorite to preserve the brightness.*”
After this step, the acid solution is neutralized by adding 10%
NaOH solution.’® The suspension goes through filtration to
remove the remaining large particles. Then the stream is fed

3468 | Green Chem., 2024, 26, 3466-3478

to the diafiltration process for 36 hours to remove sugars and
salts and concentrated by the ultrafiltration system to 8 wt%.>®
In the CNC baseline, the unrecovered weak sulfuric acid solu-
tion needs to be neutralized with NaOH to generate an effluent
consisting of Na,SO, and water. Hence, one possible improve-
ment to prevent waste generation can be using CaO to produce
gypsum as a byproduct in Scenario CNC-1. After the neutraliz-
ation, the solids and liquid are separated in the decanter and
then gypsum is assumed to be sold. To further prevent waste,
Scenario CNC-2 recovers the acid. The acid recovery includes
two steps, namely separating H,SO, from the hydrolysate and
then concentrating the acid solution to 64 wt%.*” The separ-
ation step uses electrodialysis with 90% recovery efficiency.®**
Then, the separated sulfuric acid solution is evaporated in a
three-effect evaporator to achieve 64 wt% and sent back to the
acid hydrolysis reactor.

Solvent selection is one of the most important research
areas in GC. Many conventional solvents have issues related to
toxicity or corrosion.'® Energy-intensive distillation for solvent
recovery is another concern.'”> To improve the environmental
performance of CNC production based on this principle, two
possible alternative solvents have been identified in the pre-
vious literature: citric acid and subcritical water. On the basis
of Scenario CNC-2, CNC-3 changes the unit operations of acid
hydrolysis and acid recovery. In Scenario CNC-3, citric acid

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Derived improvement pathway and summarized process flowcharts. (a) CNC production. (b) CNF production. The final product of CNC and
CNF is at 8% consistency. In (a), the CNC baseline employs sulfuric acid for hydrolysis and NaOH for neutralization without acid recovery. Following
GC Principle 1 of waste prevention, Scenario CNC-1 replaces NaOH with CaO for neutralization that generates gypsum as a valuable byproduct.
Based on Scenario CNC-1, Scenario CNC-2 further recovers sulfuric acid from the hydrolysate. Scenario CNC-3 and Scenario CNC-4 use citric acid
and subcritical water as the hydrolysis solvent, respectively, following the GC Principle 5 of solvent change. Scenario CNC-5 and CNC-6 explore
alternative fuel (residue-derived wood pellets) and electricity source (wind power), respectively, by following Principle 6 minimizing impacts of
energy requirements. In (b), the CNF baseline deploys mechanical treatment as a common method. To potentially reduce the high energy consump-
tion of the CNF baseline, Scenario CNF-1 adds enzymatic hydrolysis as pretreatment to reduce the polymer length, following GC Principle 6 minimiz-
ing the impacts of energy requirements. By applying the GC Principle 6, Scenario CNF-2 combusts wood pellets as renewable fuel; Scenario CNF-3
adopts renewable electricity rather than grid electricity.
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hydrolysis is operated at 120 °C for 4.5 h with 60 wt% citric acid
fed in and 7% pulp consistency.>® After being separated from the
hydrolysate in the centrifuges, the citric acid solution is recovered
by ion exchange.®® Other than using citric acid, Scenario CNC-4
employs subcritical water for hydrolysis that uses water as the
hydrolyzing agent in a high-pressurized reactor.>>®* The advan-
tage of subcritical water hydrolysis is that it is free of substantial
usage of acid; therefore, no need for recovery.

GC Principle 6 mentions that the economic and environ-
mental impacts of the energy requirements should be mini-
mized.'> Rather than combusting natural gas for heat supply,
Scenario CNC-5 utilizes the biomass solid fuel boiler by com-
busting wood pellets to provide the heat source.

Electricity is an important energy source in CNC pro-
duction. Switching from current grid electricity (majorly gener-
ated by fossil fuel) to renewable electricity can reduce the GWP
of CNC production. On the basis of Scenario CNC-5, Scenario
CNC-6 further explores the impacts of using renewable electri-
city for the CNC plant by using onshore wind power.

2.4. Cellulose nanofibril production

In this study, the feedstock for CNF production is northern
bleached softwood kraft (NBSK) pulp, a common type of pulp
in the market.”® NBSK pulp has been used as feedstock in the
CNF pilot plant®®®® and other studies.*®®*”"*® The compo-
sitions of the dissolving pulp are 85% (dry basis) cellulose,
14% (dry basis) hemicellulose, and 1% lignin (dry basis), with
11% moisture content (dry basis).*>”°

For CNF production, there are 4 scenarios as mentioned
above (all the technical and modeling details are available in ESI
Section S31). The CNF baseline process uses mechanical treat-
ment. The NBSK pulp and water are mixed in the hydropulper to
achieve 3 wt% consistency and transferred to a buffer tank and
re-circulated to a dual-disk disk refiner. Then, the stream passes
through the homogenization at 1000 bar with one pass.”*
Finally, the CNF is concentrated by ultrafiltration to derive the
final product. High energy consumption for producing CNF is a
major disadvantage compared to CNC or cellulose microfibrils.*®
According to the GC Principle 6, increasing the overall process
energy efficiency is important for minimizing the impacts of
energy requirements.'® To achieve this, pretreatment of the pulp
can be one solution.”” Hence, Scenario CNF-1 selected enzy-
matic hydrolysis as the pretreatment method to compare with
the CNF baseline process. After the pulp shredder, the pulp is
mixed with enzyme and buffer solution for enzymatic hydrolysis.
After the enzymatic hydrolysis, the pulp is diluted to 1 wt% for
disk refining and microfluidization. Similar to Scenario CNC-5
and CNC-6, Scenario CNF-2 utilizes wood pellets as the fuel
source; Scenario CNF-3 further deploys wind power.

2.5. End-of-life of cellulose nanocrystals and cellulose
nanofibrils

In this study, CNC and CNF are assumed to be landfilled with
landfill gas recovery. Landfilled CNC or CNF majorly emits
Greenhouse Gas (GHG) emissions (mainly CO, and CH,)
through the decay process.”” Since CNC and CNF contain a

3470 | Green Chem., 2024, 26, 3466-3478
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neglectable amount of nutrient elements or other elements,
this study only accounts for the GHG emissions from landfill
gas. However, future research can include more emissions
depending on the data availability. Due to the high GWP factor
and energy value of CH,, landfill gas recovery for energy gene-
ration is increasingly practiced in the U.S.”> The GWP of CNC/
CNF end of life were estimated by two steps: (1) the GHG emis-
sions of landfill gas evaluated by using the
Intergovernmental Panel on Climate Change (IPCC) First
Order Decay (FOD) method;’* (2) it is assumed that part of the
landfill gas is recovered, and then combusted for power gene-
ration. The details of landfill and landfill gas recovery are
described in ESI Section S6 and Table S3.t

were

2.6. Life cycle assessment for cellulose nanomaterials

The cradle-to-grave LCAs were conducted in this study to
assess the environmental performance of CNC and CNF pro-
duction in the U.S., following 1SO14040 and 14044
standards.'®”* The cradle-to-grave system boundary includes
raw material extraction, transportation, production, and end-
of-life of CNC and CNF. Since cellulose nanomaterials have
broad applications (e.g., electronics, coating), this study does
not include the use phase (e.g., electronic usage). The use
phase can be added in future research for specific CNC/CNF
applications. Two functional units are used. A quantity of 1 dry
kg of cellulose nanomaterials is the mass-based functional
unit, which is widely used in the previous LCA literature of
CNC and CNF.?® The LCA results are then converted to the per-
formance-based functional unit that incorporates material per-
formance, specific tensile strength (see ESI Section S7 for
detailst).”>7¢

Different scenarios of CNC and CNF productions are devel-
oped to analyze the impacts of implementing GC principles.
In each scenario, a process-based model was established to
generate the mass and energy balance data that are utilized as
life-cycle inventory (LCI) data in the LCA. The LCI of producing
fuels, chemicals, and electricity (background processes) were
collected from the ecoinvent 3.6 cut-off database’” and are
documented in ESI Table S4.

The LCI data for producing NBSK pulp (for CNF pro-
duction) was derived from the study by Thomas and Liu,”® and
shown in ESI Table S5.7 The cradle-to-gate life-cycle environ-
mental impacts of producing viscose grade dissolving pulp
(for CNC production) were based on the work by Echeverria
et al. and shown in ESI Table $6.f >® The emission factors of
combusting natural gas and wood pellet follow the U.S.
Environmental Protection Agency (EPA) AP-42 External
Combustion Sources emission factors for natural gas and
wood residue combustion.” In this study, the feedstock pulp
contains biogenic carbon that has two destinations. One is in
nanocellulose that ends in landfill; the other is emitted as
sugars or other organic compounds (e.g., unreacted cellulose,
furfural) to wastewater. The biogenic carbon ending in land-
fills is tracked by using the IPCC FOD method as mentioned
above. In this study, the biogenic carbon in wastewater is

This journal is © The Royal Society of Chemistry 2024
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assumed to be eventually oxidized into CO, that is emitted to
the atmosphere.

For the life cycle impact assessment method, as mentioned
above, this study uses the GWP factors by the IPCC AR6
GWP-100 factors and TRACI 2.1 by U.S. EPA.®>®' Hence, 10
impact categories are used: acidification, human health
cancer, human health noncancer, ecotoxicity, eutrophication,
fossil fuel depletion, global warming, ozone depletion, respir-
atory effects, and smog formation.

2.7. Techno-economic analysis for cellulose nanomaterials

The TEA investigates the CNC and CNF plant that produces
25-100 dry t cellulose nanomaterials per day. The capacity of 50
dry t per day is the plant scale used in the previous
literature.*>*” The selected indicator of economic performance
is the minimum selling price (MSP). MSP was calculated by the
discounted cash flow rate of return (DCFROR) analysis con-
ducted in Microsoft Excel.®” The MSP was derived by setting the
10% IRR and the Net Present Value (NPV) to be zero.?” The year
of analysis is 2020 given the data availability. The key assump-
tions of the TEA are shown in ESI Tables S7 and S8.7 In TEA,
the original purchased costs, installation factors, equipment
scaling factors, material and energy prices, and feedstock costs
were collected from the literature and discussed in ESI Section
S8 and Tables S9-S12 for capital expenditures, and ESI Section
S9 and Tables S13-S16 for operating expenditures.f

2.8. Eco-efficiency analysis

We adopt the indicator, ECE, proposed by Hellweg et al.'® to
quantify the eco-efficiency performance. ECE, s is measured as
the net environmental benefit of technology A over technology
B divided by the additional financial cost of technology A over
technology B, as shown in eqn (1)."° Technology A is defined
as the more environmentally benign technology. In eqn (1), IP,
and IPg is the environmental impact of technology A and B,
respectively; NC, and NCp is the net financial cost of techno-
logy A and B, respectively.’® According to the definition, the
numerator of eqn (1) is always positive. If NC, > NCg (or say
ECE, is positive), it means the trade-offs appear between
environmental and economic aspects. The larger ECE, 3 is, the
higher eco-efficient the technology A is over technology B."® If
NC, < NCp (or say ECE is negative), it means that the co-
benefit exists between environmental and economic aspects
for technology A over B. The larger the absolute value of ECE
is, the higher the co-benefit of technology A is over technology
B when harvesting the same amount of cost benefit. In this
study, GWP is selected as the environmental impact indicator
and MSP is chosen as the financial cost indicator. Each scen-
ario is compared with the baseline (technology B). Hence, if
ECE > 0, the absolute value of ECE indicates how much GWP
can be reduced when MSP is increased by US$1; if ECE < 0, the
absolute value of ECE indicates how much GWP can be
reduced when MSP is decreased by US$1.

(=1P,) — (—1IPg)

ECE,p =
4B NC, — NCg

(1)
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2.9. Scenario analysis

The derived scenarios for the case study of cellulose nano-
materials are shown in ESI Table S17.7 As mentioned above,
there are 7 scenarios in CNC production and 4 scenarios in
CNF production, including the baselines. As mentioned above,
the detailed flowcharts of scenarios are available in ESI
Fig. S1-S7.1

3. Results and discussion

3.1. Life-cycle environmental performance of cellulose
nanomaterials

3.1.1. Cellulose nanocrystal scenarios. Fig. 3 shows the
normalized life-cycle impact assessment results of 1 dry kg
CNC produced (see source data in ESI Table S18, and Fig. S8
for the results of the performance-based functional unit). As
expected, the baseline has the second-highest environmental
burdens across all impact categories (Scenario CNC-3 has the
highest environmental impact), which are attributed to high
consumption of H,SO, (hydrolysis chemicals in ESI
Table S181) and NaOH (other chemicals in ESI Table S18%).
For example, in the CNC baseline, NaOH contributes to 64.8%
of the total GWP (17.7 kgCO,e per kg dry CNC). Changing the
neutralizing agent from NaOH to CaO in Scenario CNC-1
reduces the impacts across all categories by 29.3%-88.8% as
shown in Fig. 3, mainly due to lower environmental burdens
of the upstream production of CaO needed to neutralize the
same amount of acid (see ESI Table S187).

Given the high contribution of H,SO, to environmental
burdens, Scenario CNC-2 recovering acid decreases the
environmental impacts by 8.9%-68.7% across all categories
compared to Scenario CNC-1. GWP of Scenario CNC-2
decreases by 44.5% (6.5 kgCO,e in Scenario CNC-2 versus
11.7 kgCO,e in Scenario CNC-1, see ESI Table S18t). Though
chemical usage decreases, the energy-related GWP of Scenario
CNC-2 is 58.3% higher than CNC-1 due to natural gas con-
sumption of the acid recovery process.

The results of Scenarios CNC-3 and CNC-4 demonstrate the
importance of solvent selection. In Fig. 3, Scenario CNC-3
using critic acid has the highest GWP (22.8 kgCO,e per kg dry
CNC, even higher than the baseline), mainly contributed by
hydrolysis chemicals citric acid and HCI (65.6% of total GWP,
see ESI Table S187). Scenario CNC-3 also shows much higher
environmental burdens than Scenario CNC-2 (56.3%-547.3%
higher across all categories). Hence, using citric acid with the
current recovery technologies presented in this study is not
environmentally favorable and therefore this scenario is
rejected. Instead of using citric acid, Scenario CNC-4 employs
subcritical water hydrolysis and results in much lower environ-
mental burdens than CNC-3. Compared to Scenario CNC-2
that does not change solvents, Scenario CNC-4 shows lower
environmental impacts in most categories except GWP
(6.8 kgCO,e per kg dry CNC, 5.2% higher than Scenario
CNC-2), eutrophication, fossil fuel depletion, and respiratory
(17.6%-40.5% higher than Scenario CNC-2). This is mainly
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Fig. 3 The normalized life-cycle environmental impacts of 1 dry kg CNC. CNC baseline: sulfuric acid for hydrolysis and NaOH for neutralization
without acid recovery; Scenario CNC-1: sulfuric acid for hydrolysis and CaO for neutralization without acid recovery; Scenario CNC-2: sulfuric acid
for hydrolysis and CaO for neutralization with acid recovery; Scenario CNC-3: citric acid for hydrolysis and CaO for neutralization with acid recovery;
Scenario CNC-4: subcritical water for hydrolysis; Scenario CNC-5: combusting wood pellets, all other conditions same as Scenario CNC-2; Scenario

CNC-6: wind power, all other conditions same as Scenario CNC-5.

because of the lower CNC yield (30%) of Scenario CNC-4 than
Scenario CNC-2 (53.1%) (see ESI Table S181). Hence, increas-
ing CNC yield is recommended as the future research direction
to improve the environmental performance of the subcritical
water hydrolysis pathway.

The results of Scenarios CNC-5 and CNC-6 indicate the
environmental trade-offs of energy decarbonization. Scenario
CNC-5 combusts wood pellets instead of natural gas in
Scenario CNC-2, resulting in 25.8% lower GWP and 40.3%
lower fossil fuel depletion. However, Scenario CNC-5 has
0.3%-43.2% higher environmental burdens in other impact
categories than Scenario CNC-2 due to higher non-greenhouse
gas air emissions (e.g., benzene, formaldehyde, fluorene) of
wood pellet combustion. In Scenario CNC-6 which combusts
wood pellets and further deploys wind power, GWP is finally
reduced to 53.3% (2.6 kgCO,e per kg dry CNC) of Scenario
CNC-5 which uses grid electricity.

Overall, our results for CNC scenarios indicate larger
environmental reduction potentials of chemical and waste
related strategies than alternative energy supplies. The results
of each scenario shed light on individual steps and combined
pathways toward greener production of CNC materials. The
sensitivity analysis of Scenario CNC-2 (see ESI Fig. S9,
Table S19, and Section S10t) shows pulp consistency in acid
hydrolysis and CNC conversion rate as the main impactors on
GWP. Hence, increasing the pulp consistency in acid hydro-
lysis and the CNC conversion rate are recommended as future
research priorities for reducing the carbon footprint of CNC.
In previous literature, the cradle-to-gate (without end-of-life

3472 | Green Chem., 2024, 26, 3466-3478

stage) results range from 12.9 to 29.4 kgCO,e per kg dry
CNC.?®*3%> The cradle-to-gate portion of our GWP result in
the CNC baseline (17.5 kgCO,e per kg dry CNC, see ESI
Table S187) is within the range of the previous literature.

The end-of-life stage (i.e., landfill with landfill gas recovery
for power generation) of CNC shows a minor influence on LCA
results of the baseline, Scenarios CNC-1 and CNC-3. For
example, in the CNC baseline, the end-of-life stage accounts
for —3.6%-1.2% across all impact categories (negative values
are the avoided environmental burdens of electricity substi-
tuted by landfill gas energy recovery) (see ESI Table S18%). The
end-of-life impact increases to —28.3%-8.2% in Scenario
CNC-6.

Integrating material performance into the LCA provides
additional insights. Although the overall trends of the LCA
results using the performance-based functional unit (see ESI
Fig. S8%) are similar to the results based on 1 dry kg basis in
Fig. 3, CNC-3 shows lower environmental impacts than the
baseline due to better material performance, which is not the
case using 1 kg dry CNC as the functional unit. However,
CNC-3 is still rejected, given the higher environmental
burdens than CNC-2 scenario.

3.1.2. Cellulose nanofibrils scenarios. Normalized life-cycle
environmental impacts of CNF scenarios are shown in Fig. 4
(source data in ESI Table S20 and Fig. S10 for the results of the
performance-based functional unit}). The CNF baseline shows
the highest impacts across most impact categories except for
ecotoxicity. For the CNF baseline, energy accounts for 57.7%-—
104.5% of all environmental impacts; feedstock contributes

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The normalized life-cycle environmental impacts of 1 dry kg CNF. CNF baseline: mechanical treatment; Scenario CNF-1: enzymatic hydro-
lysis as the pretreatment; Scenario CNF-2: combusting wood pellets, other settings are the same as Scenario CNF-1; Scenario CNF-3: wind power,
other settings are the same with Scenario CNF-2. Note that the normalized result of Scenario CNF-3 GWP is 1.5% which is too small to be observed

in the figure.

the second largest part by 10.7%-46.0% (see ESI Table S207).
CNF baseline has a lower life-cycle GWP (7.8 kgCO,e per kg
dry CNF) than CNC, because many chemicals intensively used
in CNC production are not used in CNF production. Scenario
CNF-1 deploys enzymatic hydrolysis to break the cellulose
chain and reduce electricity consumption. Compared to the
CNF baseline, the results of Scenario CNF-1 decrease by
26.9%-48.8% across all impact categories, except for fossil fuel
depletion (a minor increase of 1.6% due to increased natural
gas consumption and CNF loss during the process). GWP of
Scenario CNF-1 decreases by 36.3% to 4.9 kgCO,e per kg dry
CNF. In addition, alternative energy supply scenarios CNF-2
and 3 show environmental trade-offs similar to the results of
Scenarios CNC-5 and 6.

The end-of-life stage in Scenario CNF-3 (wind power)
accounts for —47.2% to —5.3% of the life-cycle environmental
impacts across all the categories except global warming (nega-
tive values due to the electricity displacement by recovering
landfill gas for power generation). For example, for all CNF
scenarios, the GWP of end-of-life includes the greenhouse gas
(GHG) emissions from landfills (0.75 kgCO,e per kg dry CNF)
and electricity displacement (—0.54 kgCO,e per kg dry CNF),
and results in 0.21 kgCO,e per kg dry CNF (see ESI
Table S20t). For other impact categories, the end-of-life stage
shows negative values, indicating the environmental benefits
of recovering landfill gas for electricity generation. Hence,
emissions from the end-of-life and landfill gas recovery are not
neglectable, especially for Scenarios CNF-2 (total GWP
3.6 kgCO,e per kg dry CNF) and CNF-3 (total GWP 0.1 kgCO,e

This journal is © The Royal Society of Chemistry 2024

per kg dry CNF). The cradle-to-gate GWP results (without
end-of-life) in the CNF baseline (7.57 kgCO,e per kg dry
CNF, see ESI Table S20f) and CNF-1 (4.74 kgCO,e per kg
dry CNF, see ESI Table S207) are within the range of the cradle-
to-gate GHG emissions reported by the previous literature
(0.79-23.0 kgCO,e per kg dry CNF).>>*%83

The sensitivity analysis of Scenario CNF-1 (see ESI Fig. S11
and Section S10t) shows that pulp consistency in enzymatic
hydrolysis has the largest impact on GWP, as it determines the
water consumption, heat for hydrolysis, and electricity in
hydrolysis and purification. The landfill gas recovery rate in
the end-of-life stage, electricity consumption, and electricity
carbon intensity are other important factors of GWP results.
The results of the performance-based functional unit (see ESI
Fig. S101) show similar trends to the results on the basis of 1
dry kg CNF.

3.2. Economic feasibility of cellulose nanomaterials

The MSP and operating cost of CNC and CNF scenarios on 1
dry metric ton (t) of product basis are shown in Fig. 5a and b.
The MSP, capital investment, and operating cost of varied
plant capacities are displayed in ESI Tables S9-S16 and S21.}
In Fig. 5a and b, the GWP results from LCA are exhibited as
green triangles. Fig. 5c shows the MSP and GWP of all scen-
arios. Fig. 5d shows the ECE results of the scenarios. The
results of performance-based functional unit are available in
ESI Fig. S12} that shows similar trends to Fig. 5.

3.2.1. Economic feasibility of cellulose nanocrystals. In
Fig. 5a, the CNC baseline results in the highest MSP of US

Green Chem., 2024, 26, 3466-3478 | 3473
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the CNC baseline.

$7540 per t dry CNC which are primarily contributed by chemi-
cals and materials, specifically NaOH (US$3360 per t dry CNC)
and H,S0, (US$955 per t dry CNC, see ESI Tables S1 and
S15%). Replacing the neutralizing agent NaOH by CaO in
Scenario CNC-1 shows co-benefits of substantially reducing
MSF (43.2% to US$4286 per t) and environmental impacts
(GWP in Fig. 5 and other impacts in Fig. 3). Recovering acid in
Scenario CNC-2 substantially reduces environmental burdens
(Fig. 3) and cost of chemicals and materials (drops to US$461),
but the overall MSP increases to US$4601, which is a trade-off.
This is caused by much higher capital investment in Scenario
CNC-2 (US$188.1 million) than Scenario CNC-1 (US
$49.6 million, see ESI Table S9t). The high cost of citric acid
(US$2682 per dry t CNC) makes Scenario CNC-3 economically
unfavorable (MSP of US$7263 per t), similar to the LCA results.
Scenario CNC-4 deploying subcritical water hydrolysis still
shows slightly higher MSP (3.2%) than Scenario CNC-2.
Scenario CNC-4 has capital investment (US
$109.5 million), but this advantage is canceled out by lower

lower

3474 | Green Chem., 2024, 26, 3466-3478

CNC yield than Scenario CNC-2. The results presented in
Fig. 5a are consistent with previous economic analysis (US
$4829-$10 974 per dry t CNC).>>*’

The MSP of Scenario CNC-5 (combusting wood pellets)
increases to US$4713 from US$4601 per t in Scenario CNC-2,
though the GWP of Scenario CNC-5 decreases by 25.8%
compared to Scenario CNC-2. When switching to wind
power, the MSP of Scenario CNC-6 decreases to US$4587 per
t. Note that the onshore wind power cost was estimated by
the levelized cost of energy estimated by the U.S. National
Renewable Energy Laboratory.®* This can be further tailored
depending on wind power type (e.g., onshore, fixed-bottom,
floating offshore) and locations.®* The sensitivity analysis of
Scenario CNC-2 (see ESI Fig. S9 and Section S10%) exhibits
pulp consistency in acid hydrolysis, internal rate of return
(IRR), plant capacities, and CNC conversion rate as the main
drivers of the MSP. For example, increasing the CNC conver-
sion rate from 53.1% to 65.7% can reduce the MSP to US
$4085 per dry t CNC.®® Future research can further explore

This journal is © The Royal Society of Chemistry 2024
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the methods to increase CNC yield,*” especially for large-
scale production.

3.2.2. Economic feasibility of cellulose nanofibrils. Fig. 5b
shows the MSP and operating cost of CNF scenarios at the
capacity of 50 dry t per day. Across all CNF scenarios, feedstock
cost is the largest contributor to the MSP, ranging from US
$1055 in the CNF baseline to US$1128 in the other CNF scen-
arios. The difference is caused by cellulose degradation and loss
in enzymatic hydrolysis and purification steps. The energy cost
is the second largest contributor (US$429-$1011 per t dry CNF)
due to energy-intensive mechanical treatment. The CNF base-
line has an MSP of US$2873 per t in Fig. 5b. When enzymatic
hydrolysis is employed as the pretreatment method, the MSP
increases to US$3087 per t. This phenomenon has three contri-
butors. The first one is the higher capital investment in
Scenario CNF-1 (US$111.7 million, see ESI Table S1071) than US
$60.5 million in the CNF baseline due to the added equipment
for enzymatic hydrolysis. The second one is the higher feed-
stock cost due to cellulose degradation and yield loss as men-
tioned above. The third one is the largely decreased energy cost
from US$1011 in the CNF baseline to US$530 in Scenario
CNF-1. As an integrated effect of the three major causes,
Scenario CNF-1 shows higher MSP than the baseline. However,
Scenario CNF-1 has lower environmental impacts than the base-
line (e.g., 5.0 kgCO,e in CNF-1 and 7.8 kgCO,e in the baseline),
which is a trade-off. By switching to wood pellets, the MSP is
further increased to US$3178 per t due to higher energy cost per
M] than natural gas. Scenario CNF-3 shows the MSP of US$2985
per t by changing the grid electricity to wind power. The trends
of Scenarios CNF-2 and CNF-3 in Fig. 5b are similar to
Scenarios CNC-5 and CNC-6 in Fig. 5a. The sensitivity analysis
of Scenario CNF-1 (see ESI Fig. S11 and Section S10t) shows
that plant capacity, IRR, electricity cost, and pulp consistency in
enzymatic hydrolysis, are the main drivers of the MSP. The MSP
results in this study (US$2873-$3178 per t dry CNF) are higher
than the previous study de Assis et al.’® (MSP US$1893-$2440
per t dry CNF), due to more unit operations deployed in this
study to refine microfibrils to nanofibrils.

3.3. Eco-efficiency analysis

Fig. 5¢ co-presents MSP and GWP results of all scenarios;
Fig. 5d shows the ECE results of CNC and CNF scenarios. ECE
is calculated as the net environmental benefit of scenarios
over baselines divided by the financial cost differences
between scenarios and baselines. A positive ECE reflects a
trade-off between higher costs and lower environmental
burdens than the baseline. In other words, a positive ECE
shows how much environmental burdens can be reduced by
increasing the cost by US$1. A negative ECE, on the other
hand, reflects a co-benefit of simultaneously reducing cost and
environmental impacts, specifically showing how much
environmental burdens can be reduced simultaneously with a
cost reduction of US$1. Since CNC-3 is rejected given higher
environmental burdens than CNC-2, CNC-3 is not included in
ECE analysis according to the definition in Section 2.8. All
CNF scenarios fall into trade-off regions. Scenario CNF-3 has

This journal is © The Royal Society of Chemistry 2024
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higher ECE (68.5 kgCO,e per $) than Scenarios CNF-1
(13.2 kgCO,e per $) and Scenario CNF-2 (13.8 kgCO,e per $).
This is mainly contributed by wind power that largely reduces
GWP and electricity cost. Wind power in Scenario CNF-3
results in a decrease of GWP by 7.7 kgCO,e per kg dry CNF
and an increase of MSP by US$111.8 per t dry CNF, compared
to the CNF baseline. Scenario CNF-2 without wind power
shows a much smaller GWP decrease (by 4.2 kgCO,e per kg
dry CNF) but a larger MSP increase (US$304.9 per t dry CNF).
The MSP increase can be mitigated in the future by lowering
the cost of renewable energy. In contrast to the CNF scenarios,
CNC scenarios show co-benefits as shown in Fig. 5a. As the
value of ECE shows the magnitude of environmental burden
changes when 1 unit of financial performance is changed, the
ECE results of different scenarios show the extent to which co-
benefits or trade-offs exist for various process design choices,
informing decision making towards maximum environmental
cost-effectiveness. For example, CNF scenarios all have trade-
offs, but Scenario CNF-3 has the highest ECE in Fig. 5d, indi-
cating the largest environmental benefits when increasing the
same US$1 cost. Thus, Scenario CNF-3 is the most favorable in
terms of eco-efficiency. This conclusion is consistent with the
results shown in Fig. 5b where three CNF scenarios all have
higher MSP than the baseline, but Scenario CNF-3 has a lower
GWP and MSP than Scenarios CNF-1 and 2.

For CNC scenarios, decision-makers can decide the best
option depending on their targets of GWP reduction and
budget or technological limits. However, ECE values provide
additional information on the effectiveness of using their
investment in reducing environmental burdens. When the cost
benefits of various scenarios are similar, the higher absolute
value of negative ECE is better. For example, Scenario CNC-5
shows better results (—4.5 kgCO,e per $) than Scenario CNC-4
(=3.9 kgCO,e per $) when MSP reduction compared to the base-
line is similar (US$2793 for CNC-4 and US$2827 for CNC-5).
These results demonstrate the usefulness of the framework and
ECE indicator in supporting decision-making for sustainable
cellulose material production. This case study only uses GWP
and MSP for demonstration, but other indicators (e.g., other
environmental impacts presented in this study or aggregated
environmental impacts as shown in the study by Van
Schoubroeck et al®®) can be used, depending on decision-
makers’ needs and preferences. Moreover, ECE provides
insights on trade-offs and co-benefits, but it should not be used
alone without reporting the absolute values of environmental
and economic performance which provides insights on the
scale of financial investment and environmental issues, both of
which are important for decision making.*

4. Conclusions

This study develops a modeling framework to support the
decision-making for producing more sustainable materials.
The framework is demonstrated by a case study of cellulose
nanomaterials produced by various pathways in the U.S. The
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pathways are identified based on the applicable GC principles.
For CNC, the Ilife-cycle GWP across scenarios is
2.6-17.7 kgCO,e per kg dry CNC; the MSP is US$4286-$7540
per dry t CNC. Other environmental impacts such as acidifica-
tion, eutrophication, and human health impacts, are also
quantified. The results show that changing the neutralization
agent from NaOH to CaO in CNC production largely reduces
the life-cycle environmental impacts and MSP. The environ-
mental impacts can be further reduced by adding acid recov-
ery, although this change requires additional capital invest-
ment. Subcritical water is a better solvent than citric acid in
terms of both environmental impacts and MSP. Future
improvement in CNC yield can further reduce the GWP and
MSP of the subcritical water pathway. For CNF, the life-cycle
GWP across scenarios is 0.1-7.8 kgCO,e per kg dry CNF; the
MSP is US$2873-$3178 per dry t CNF. Enzymatic hydrolysis in
pretreatment reduces the overall environmental impacts but
increases MSP of CNF scenarios. In both CNC and CNF scen-
arios, renewable energy sources reduce most environmental
impacts but not necessarily MSP. The eco-efficiency analysis
assesses the trade-offs or co-benefits of economic and environ-
mental performances of various scenarios and identifies the
most cost-effective routes to reduce the environmental
burdens, i.e., using sulfuric acid with acid recovery and CaO
neutralization combined with renewable fuel and electricity
for CNC, and using enzymatic hydrolysis combined with
renewable fuel and electricity for CNF. The case study demon-
strates how LCA and TEA can be coupled with GC and eco-
efficiency analysis in one consistent framework to identify
more sustainable pathways of cellulose material production.
This framework is broadly applicable and can be applied to
other materials to support process design and optimization
towards more sustainable directions.
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