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The production of Synthetic Amorphous Silica (SAS) is a billion-dollar industry. However, very little is
shared publicly on the environmental impact of SAS production. This work provides the first complete
treatment for the environmental impacts of SAS produced via the existing ‘dry’ and ‘wet’ industrial
methods using Life Cycle Assessment (LCA). To provide a more robust method, this includes an evaluation
of 8 environmental impact indicators and consideration for uncertainty during process comparison.
Predictions are then used to compare the impact of the existing dry and wet methods as well as theore-
tical methods in which rice husk (RH) is used as a biomass-derived feedstock alternative. Results highlight
cases in which using RH as an alternative feedstock is likely to be beneficial. However, it is demonstrated
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that these benefits are highly dependent on specifics of the process, region, and feedstock characteristics
rather than the inherent "green-ness” of RH alone. Findings are therefore of significance to those inter-
ested in the existing SAS industry and the sustainable development of SAS. Moreover, findings also have
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From glass and cement to tyres and textiles, an astounding
amount of everyday life is built on ‘Synthetic Amorphous
Silica’ (SAS). However, little information on the environmental
impact of SAS is available publicly. This study aims to address
this by evaluating the environmental impacts of the two most
industrially relevant SAS production processes.

Industrial methods of SAS production can be grouped
based on two broad categories, ‘wet’ or ‘dry’, depending on the
environment in which silica is formed. Dry processing of silica
is achieved by the process of flame pyrolysis in which a silane,
such as silicon tetrachloride (SiCly), is hydrolysed at high
temperature (i.e. >1000 K)." Alternately, wet processing relies
on the use of an aqueous catalyst to hydrolyse silica precursors
such as sodium silicate (Na,0-SiO) at lower temperatures (i.e.
<373 K)." Typical reaction stoichiometries of dry and wet synth-
eses are shown below:

SiCly 4+ 2H,0 — SiO, + 4HCI

Na,O - 5102 + H,SO, — SlOZ + Na,SO,4 + H,O
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potential implications for wider policy.

In both cases, the silica precursors used (SiCl,, Na,0-SiO)
are derived from mineral feedstocks such as quartz sand.>?
However, differences in each method lead to unique practical
challenges for each approach and create ambiguity as to which
process may be more environmentally impactful. While the
wet process avoids energy penalties associated the high temp-
erature synthesis of the dry process, it incurs energy penalties
elsewhere due to the need for solid-liquid separation post-syn-
thesis.* Differences in reagent chemistry also lead to the pro-
duction of by-products with environmental impacts that are
hard to compare directly; for example, the emissions to air
from the dry process are not equivalent to the emissions to
water of the wet process.” A method which quantifies the
overall environmental impact of each process in terms of a
common factor is therefore required.

Life Cycle Assessment (LCA) offers a systems approach to
quantifying the environmental impacts of manufacturing pro-
cesses. The principle of LCA is to model the overall impact of a
process as the cumulation of impacts arising throughout the
manufacturing life cycle from raw material acquisition, consid-
ering multiple environmental metrics. Importantly, the LCA
methodology framework has been formalised by international
standards®® and significant amounts of work have gone into
the development of the metrics and methods used for calculat-
ing impacts by the scientific community. Finally, LCA also
allows for sources of uncertainty (e.g. measurement error and
data quality) to be incorporated directly into impact calcu-
lations - a topic reviewed at length in previous works.'*™*?

This journal is © The Royal Society of Chemistry 2023
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Yet despite the development of LCA, gaps have emerged in
the literature with regards to the LCA of SAS production
methods. At the time of writing the author could find only two
independent publications in which the environmental impact
of mineral-derived SAS (M-SAS) is evaluated via LCA.'®"
However, to the best of the authors knowledge, only one
publication investigates both wet and dry SAS production
methods.!” Published in 2010, the work'” details a cradle-to-
gate LCA model based on material and energy inventories
reported from average consumption of the European Union-
15, (EU-15) industry.” However, the results of the study con-
sider only one impact metric, the global warming potential
(GWP), for which it finds the dry method to have the highest
impact. Furthermore, we believe the inventory for the wet
process developed by Roes et al.'” overestimates use of sodium
silicate due to an ambiguity of the source text (see ESI S17).
Consequently, the literature could benefit from a re-evaluation
of the impacts of industrial SAS production methods as well as
a more holistic understanding for the environmental footprint
of each method by considering multiple impact factors.’

Contrasting the state of SAS-LCA literature (above), experi-
mental research into the development of rice husk-derived
(RH-SAS) silica is thriving. For example, their have been studies
relevant for understanding the recovery of silica from rice husk
(RH) published within literature since at least the 1970s.'® RH is
the protective covering of rice which arises naturally during crop
growth; it accounts for approximately 20% of the paddy har-
vested (annual mass basis) in the rice cultivation life cycle'® and
is available in the scale of 100 s of Mtonnes annually.>® Major
methods for the recovery of silica from RH biomass focus on the
separation of inorganic materials from RH (step 1), which is
then followed by the separation of silica from remaining in-
organic materials (step 2). These steps are known as ‘thermo-
chemical processing’ and ‘hydrothermal processing’ respectively,
and have been summarised in the following two paragraphs.

Step one, the thermochemical processing of RH biomass, is
characterised by separating the organic fraction (fixed carbon
and volatile matter) from biomass.>' In its most direct form,
this occurs by the firing of solid biomass, which is beneficial
in enabling the recovery of biochemical energy as heat or elec-
tricity while leaving inorganic material as a “bio-ash” residual.
Contrarily, indirect methods also exist which focus on recover-
ing the organic fraction as simpler hydrocarbon fuels, which
can be used later in more efficient combustion engines.”?
However, this typically leaves behind a complex fixed carbon
(e.g. asphaltenes) and inorganic structure known as biochar,
rather than bio-ash, which makes subsequent silica recovery
harder.>® A summary of common indirect reduction methods
has been provided previously by Demirbas.??

Step two, hydrothermal processing, is characterised by the
recovery of silica from the inorganic products of thermochemi-
cal processing (bio-ash or biochar). Whether bio-ash or
biochar is used as a feedstock is dependent on the thermo-
chemical process used (see above). However, in both cases, the
recovery of silica is based on acid washing processes in which
the silica present reacts to form silicate compounds such as
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sodium silicate.”**® Importantly, stronger acids - particularly
hydrofluoric acid* - are used for the hydrothermal processing
of bio-chars when compared to bio-ash due to the greater
chemical complexity of biochar (see above).

In summary, the current SAS economy is energy intensive
and relies heavily on the use of non-renewable mineral
feedstocks.***" 1t is therefore unsurprising that the idea of
bio-derived SAS seems a welcome “green” alternative, especially
when sourced from agricultural wastes such as RH, given that:

- the use of a biomass feedstock removes the need for
mineral excavation;

« the use of agricultural wastes incorporates a circular econ-
omic aspect;

« under certain conditions, the thermochemical processing
of biomass is considered to have a net-neutral carbon flux;***?

« the thermochemical processing of biomass provides
opportunity for co-recovery and utilisation of bio-energy;

» the thermochemical processing of biomass may incenti-
vise the processing of agricultural waste in a centralised way;

- the centralised processing of agricultural waste may miti-
gate pollution issues currently related to open burning of agri-
cultural wastes.’*>"

However, as with existing industrial methods, little infor-
mation is publicly available to compare the environmental
impacts that bio-derived SAS may have. In fact, relevant litera-
ture is largely split in two, focusing on either: (a) the process
of biomass burning;*® or (b) the recovery of silica from
biomass in very specific use-cases (i.e. “as a material itself
rather than a potential source of silica”*”).

The status-quo therefore fails to quantify the benefit of having
a bio-derived SAS life cycle despite the volume of experimental
investigations into this area. A more holistic investigation is there-
fore required. Consequently, this works aims to address research
gaps associated with existing SAS and bio-derived SAS by:

1. Providing an understanding for the environmental
impacts associated with SAS production (M-SAS and RH-SAS).

2. Using probabilistic LCA to establish the discernability of
environmental impacts evaluated for each SAS production process.

3. Advancing the understanding of the carbon reduction
potential/benefit of RH-SAS associated with by transitioning
from use of mineral-derived (M-SAS) to RH-derived (RH-SAS)
production methods.

1 Methods

Life cycle assessment has been coupled with statistical
methods to underpin the methodology in this work. As shown
in Fig. 1, this includes both the deterministic prediction of
environmental impacts as well as consideration of the sensi-
tivity of results to model uncertainty. A detailed method
description is provided in the following subsections.

1.1 Life cycle assessment models

An attributional LCA was adopted to derive quantitative
insights into the environmental impact of SAS derived from

Green Chem., 2023, 25, 4244-4259 | 4245
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Fig. 1 Workflow of methods carried out throughout this work.

different processes. Detailed descriptions of the LCA goal,
scope, functional unit, inventories and impact assessment are
provided below.

1.1.1 Goal. Four LCA models are developed in this work to
quantify the environmental impacts for the following pro-
cesses: the existing wet M-SAS method, the existing dry M-SAS
method, a theoretical wet RH-SAS method, and a theoretical
dry RH-SAS method.

1.1.2 Scope. As shown in Fig. 2, the system boundary for
LCA models has been defined as cradle-to-gate. This is based
on two considerations. Firstly, the coverage of publicly available,
reliable data sources best reflects industrial production only.
Secondly, the use cases of both wet and dry SAS are highly
varied, serving multiple industries;> therefore a cradle-to-gate
system boundary is defined to enable process comparison.

Importantly, for the biomass processes, a multi-product
system occurs across the rice supply chain (i.e. cultivation, col-
lection and processing of rice) as both rice grain (primary
product) and RH (co-product) are produced.*® An economic
allocation approach has been adopted to assign the environ-
mental impacts arising from rice grain agriculture - within
which RH is an unavoidable by-product®® and therefore carries
zero economic value.

1.1.3 Functional unit. The functional unit has been
defined as one kilogram of particulate SAS product produced.
This has been selected as it best reflects the interest of indus-
trial product users, who are the most likely customer of the
SAS product within the scope of this work.

1.1.4 Existing industrial process inventories. Life cycle
inventories (LCIs) of existing industrial methods are taken from
the industry ‘average’ reported for major sites in the EU-15 in
2007.%> Mass and energy balances (specific to the functional unit
outlined above) are summarised in Table 1; additional infor-
mation on source interpretation is available in ESI S1.}

Where the source text® reported the expected value of a flow
to within a range (e.g. see silicon tetrachloride in Table 1), the
mid-point of that range was used.
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Fig. 2 Summary of scope considered for life cycle assessment of
mineral (top) and rice husk (bottom) derived SAS production processes.
Dotted lines represent the system boundaries.

Supporting models for each mass and energy input were
taken from entries in the ecolnvent database® and are
detailed in the ESI S2.7

All energy use was modelled as heat from natural gas.
This was based on: (1) the energy in both wet and dry
methods is used primarily for heating;® (2) the use of
majority heat from natural gas in equivalent wet and dry

This journal is © The Royal Society of Chemistry 2023
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Table 1 Material and energy flow inventory for M-SAS silica models —
functional unit: 1 kg SAS

Amount Amount
Flow type Flow (wet process) (dry process) Unit
Reagent Sulfuric acid 0.6336 — kg
Sodium silicate 1.4040 — kg
Water 42.5224 — kg
Silicon — 2.7 kg
tetrachloride
Hydrogen — 0.082 kg
Energy Electricity 19.5” 16.5” M]
Air Carbon monoxide  0.000825¢ — kg
emission Carbon dioxide — 0.64% kg
Nitrogen oxides 0.000723“ 0.0001“ kg
Chlorine — 0.00005 kg
Hydrogen chloride — 0.0001“ kg
Volatile organic — 0.0003“ kg
compounds
Particulate matter/  0.0013 0.0003“ kg
dust
Water Sulfate 0.588 — kg
emission Chemical oxygen 0.01200“ — kg
demand
Dissolved solids 0.0066" — kg
Waste water 0.035 — kg
Waste Non-hazardous 0.029“ 0.01¢ kg
waste
Hazardous waste — 0.002¢ kg

“?values reported as less than or equal to this value in the source text,’
therefore max value used to provide worst case scenario. ? Value taken
based on midpoint of range reported in the source text.’

titaniumdioxide production processes present in the
ecolnvent database;*® (3) the LCI presented by Roes et al,"”
which was informed by private communications with
industry.

1.1.5 Theoretical biomass process inventories. Owing to
significant data gaps, LCIs for RH-SAS have been developed
based on data from three independent process models. These
are: (1) RH combustion (RHC); (2) conversion of RHA to
silica precursor (RHAC) to a silica feedstock, and (3) silica
synthesis (SS) based on the wet or dry industrial SAS pro-
duction method. A summary of the inventories used to model
the production of RH-SAS is provided in Table 2.
Abbreviated forms of each stage will be referred to throughout
this work.

1.1.6 Environmental impact assessment. The environ-
mental impact of all processes considered have been quanti-
fied using the ReCiPe 2016 Heirarchical mid-point characteris-
ation method.”® The total environmental impacts of SAS with
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regard to any key performance indicator (KPI), Ely,;, can be
summarised as eqn (1).

Elipi = Z Z ir?kpi o+ Z Z CoipiFes’ (1)
T S C S

where Cir“kpi is the characterisation factor for a resource, r;
Cng‘fpi is the characterisation factor for a compound, c; F}y is

the amount of resource, r, arising from process stage, s; FOy is
the amount of compound, r arising from process stage, s. '
The 8 KPIs considered within this work (summarised in
Table 3) are Global Warming Potential (GWP), Land Use
Potential (LUP), Mineral Resource Scarcity (MRS), Marine
Eutrophication  Potential (MEP), Stratospheric = Ozone
Depletion Potential (ODP), Terrestrial Acidification Potential
(TAP), Terrestrial Ecotoxicity (TEP) and Water Consumption
Potential (WCP). These factors were selected to provide reflec-
tion of impacts on-land, in-water and in-air; importantly, they
provide specific attention to trans-boundary pollution pro-
blems (GWP, ODP, TAP) as well as factors relevant to the agri-
cultural (LUP, TEP and WCP) and mineral (MRS) theme of
resources considered in this work. To achieve a trade-off
between solution accuracy and computational time, a simu-
lation calculation cut-off of 0.1% was applied.
In the case of biomass processes, EI{}{~5*, overall process
impacts were calculated based on the summation of impacts
occurring at independent stages (RHC, RHAC and SS) along
the life cycle as shown in eqn (2).
EIgi 5 = B¢ Qbp + EL iy, + EL;(2) (2)
where EIRIC is the environmental impact of RHC stage (KPY/
kwWh); Qb,p is the electrical energy recovered from a biomass, b,

Table 3 Definition of KPIs used in this work — CO,: carbon dioxide,
CFC: chloro-fluorocarbon, N: nitrogen, Fe: iron, SO,: sulfur dioxide,
DCB: dichlorobenzene

Impact metric per

Indicator Definition functional unit
WCP Water consumption m?

TEP Terrestrial ecotoxicity kg 1,4-DCB

TAP Terrestrial acidification kg SO,-Eq

ODP Ozone depletion® kg CFC-11-Eq
MRS Mineral resources kg Cu-Eq

MEP Marine eutrophication kg N-Eq

LUP Land use m? crop-eq

GWP Global warming kg CO,-equivalent

“ Specifically stratospheric ozone depletion.

Table 2 Material and energy flow inventory for RH-SAS silica models — functional unit: 1 kg SAS

Process stage Inter-model flow Region Basis Ref.
RHC RH — RHA GLO State-of-the-art wood combustion. References to wood removed 41
RHAC (wet) RHA — sodium silicate RER Assumed for wet process use-case. References to mineral feedstock removed 42
SS (wet) Sodium silicate — SAS GLO Based on this work. References to mineral feedstock removed N/a
RHAC (dry) RHA — SiCly GLO Assumed for dry process use-case. References to mineral feedstock removed 2
SS (dry) SiCl, — SAS GLO Based on this work. References to mineral feedstock removed N/a

This journal is © The Royal Society of Chemistry 2023
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based on an process design, p, of the RHC stage (kWh
kgsas ); E[*¢ is the environmental impact of the RHAC
stage (KPI/Kgfecdstock); Hp is the mass of biomass feedstock
required to produce one functional unit of SAS (kgfeedstock/
kgsas); Elyy; is the environmental impact of the RHC stage
(KPI/ kgs AS) .

The value of 1, was taken directly from that used in the
equivalent M-SAS model as described in Table 1. The value of

Qb was calculated based on eqn (3).**

§RHC (QEHV(l — xpH0) — /1bu20> -

Qbp = »
P ngHACnls)s X510z (1 — x,H20)

where #RHC¢

is the electricity recovery efficiency of the RHC
stage; n5"'A¢ is the silica recovery efficiency of the RHAC stag
for the production method, p; ;7;‘5 is the synthesis conversion
efficiency of the SS stage for the production method, p (see
Table 2), (Kgprecursor/kgsas); OL is the lower heating value
(kWh kggua~") of dry biomass, b; 4 is the latent heat of vapori-
sation of water (assumed 2.25 MJ kg™); x,"2° is the moisture
content of a wet biomass, b, (Wt%); x,°* is the silica content
of a dry biomass, b, (wt%).

The fraction outside of brackets may be considered as the
contribution of technological inefficiency to overall bioenergy
recovery potential. Contrarily, values within the brackets of
eqn (3) describe limitations to the theoretical energy recover-
able due to biomass feedstock quality.

Notably, the combustion model
energy required for drying of wood biomass. The moisture
content of wood is typically larger than that of RH. This is
due to fact that rice kernels are dried to a moisture content
of 14% prior to milling and separation of RH from rice
grain within the rice grain value chain.*® Additionally, inven-
tory models do not include the transport of RH or RHA
between RGA, RHAC and SS sites; this is due to the fact
that such information is case-specific and would therefore
require further work considered outside of the scope of this
work given the lack of information already available on the
environmental impacts of RH-SAS, and the aim of this work
to provide a baseline model.

Finally, the carbon released from the combustion of
biomass was assumed to be net neutral with regards to the
GWP KPI. This was justified as the crop rotation period of rice
is short enough for the GWP time horizon being considered to
make the assumption satisfactory.*’

For a more thorough investigation into method surround-
ing calculation of EI{} ™% and the sensitivity of recoverable
bioenergy, @b,p, and biomass demand, 7, to uncertainty in
process efficiencies and feedstock properties, the reader is
referred to our recent work.*®

used considers the

1.2 Bio-energy impacts

1.2.1 Benefits of bio-energy co-recovery from rice husk.
The environmental ‘benefit’ to GWP of co-recovering bio-
energy from RH within the RH-SAS life cycle has also been
considered separately to the impact of M-SAS and RH-SAS.

4248 | Green Chem., 2023, 25, 4244-4259
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This benefit was modelled assuming any bio-energy recovered
was used to substitute the environmental impact of medium-
voltage electricity generated by local regional grids. This has
been calculated to account for: (a) benefit of processes used to
meet new market demand, By, (GWP/kgsas), and (b) benefit
of processes used to supply existing market demand, BEwsi"¢
(GWP/kggas)-

new, _ RH-SAS A grid
Bowp = Elgwp ~ — Qbp EIGWP,I (4)

existing,j _ newj M-SASj
BGWP - BGWP - EIGWP (5)

where EIE%SASJ is the GWP of RH-SAS silica produced accord-

ing to a process, j (wet or dry), without consideration for co-
recovery (see section 1.1 (GWP/kgsas); Elgv;iASJ is the GWP of
the existing M-SAS silica produced according to a process, j
(wet or dry), (GWP/kgsas); Elér‘;‘,jp_l is the environmental impact
of electricity (GWP/kWh) produced within a local region, I;
EIBG/IV(,IS,ASJ is the environmental impact of the mineral-derived
SAS currently being used to meet existing market demand
(GWP/kWh).

China (CN), Europe (RER), Japan (JP), South Korea (KR) and
the United States of America (US) were considered as regions
due to their large annual production amounts of SAS;*” India
(IN) was also considered due to its large annual rice
production.*®

1.2.2 Global perspective. The overall annual benefit of tran-
sitioning regional industry toward a RH-SAS silica with bio-
energy co-recovery for industry, Bg‘?vrll,ﬁt (GWP/kgsas), was calcu-
lated as:

market,] __ pexisting ~ market,]
Bowp = Bgwp = XM (6)
where ™™ is the annual mass production rate of SAS in a

market region (kgsas per year) and the subscript 1 represents
the region location (no units). Calculations were carried out
within python as described in section 1.3.2.

1.3 Uncertainty analysis

Analyses have been performed to account for: (a) uncertainty
in the quality of LCI data used for each LCA model (sections
1.1.4 and 1.15), (b) uncertainty in the amount of energy reco-
verable from RH based on material and process variability
(eqn (3)), and c) uncertainty in the benefit of transitioning to
an RH-SAS industry with bioenergy co-recovery (section 1.2).
Practically, uncertainties (a) and (b) were addressed at the LCI
stage, while (c) was addressed at the life cycle inventory assess-
ment (LCIA) stage. The workflow of information used during
uncertainty analysis is illustrated in Fig. 3.

1.3.1 Life cycle inventory stage

1.3.1.1 Data quality of life cycle inventories. The data quality
pedigree method was used to account for uncertainty present
in model LCIs based on the quality of data used. This was
done by following the method of scoring each LCI flow against
five quality criteria: reliability, completeness, temporal, geo-
graphic and technological representativeness.*® Quality scores
of each flow were then used to model overall uncertainty of a

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Workflow of steps taken in the modelling of uncertainty throughout this work.

flow amount, F, as a lognormal distribution with geometric
mean of, y*, and geometric variance, ¢** such that:

F = lognormal(ux, o #* ) (7)

where the value of u* is taken as the base LCI values (e.g
Table 1) and the value of ¢* is defined as a weighted sum of
the five quality criteria scoring such that:

where 7 is one of five data quality criteria.

Score weights used were taken from those of Frischknecht
and Jungbluth.”® Added measurement uncertainty of u* was
assumed to be negligible. The geographic score of all LCI data
was maximised to reflect uncertainty in the global impact of
SAS. A summary of all data quality scores used is provided in
ESI S2.t

1.3.1.2 Variability of bio-energy recovered from rice husk.
Uncertainty associated with energy recoverable from RHC,
Qb,p, Was simulated using a random sampling approach based
on algorithms from the numpy package (v 1.20.1) in python
(v3.7). Values used to calculate Qy, , were sampled for the vari-
ables in eqn (3) from uniform distributions based on range of
values reported previously in peer literature - see Table 4.

1.3.2 Life cycle impact assessment stage. The modelling of
LCIA uncertainty differs from that of the LCI stage in that
aggregates the impacts predicted of independent process LCIs
(M-SAS models as well as the RHC, RHAC and SS stages of

This journal is © The Royal Society of Chemistry 2023

Table 4 Properties of rice husk biomass and efficiencies of relevant
industrial energy and silica recovery processes

Value range

Variable (method) Ref.
Electric efficiency, 7~¢ g% 15-30 51-55
RHAC stage efficiency, 7 55-95 (dry) 18
73-90 (wet) 24 and 56-58
SS stage efficiency, #°° (%) 98-100“ (dry) 5
95 (wet) 5
Higher heating value (M] kg™") 13-16 59
Moisture content, x™° (wt%) 10-14 60-62
Silica content, xq‘02 t (Wt%) 15-20 63

¢ Calculation basis provided in ESI S3.}

RH-SAS) to quantify the variables defined in eqn (2) and (4)-
(6).

In doing this, Monte-Carlo simulation was used to generate
empirical estimates for the combined effect of LCI uncertainty
(section 1.3.1) of independent independent process models.
This was done exclusively using the OpenLCA 1.10.184 soft-
ware. Environmental impact of independent models were then
aggregated following eqn (2) and (4)-(6) using the numpy
package (v 1.20.1) in python (v3.7). Simulations were run a
minimum of 200000 times to provide reliable estimates (see
ESI S47).

1.4 Interpretation of uncertainty

In all cases, the uncertainty of variables have been represented
using prediction intervals (PIs) for 50%, 95% and 99% of prob-
ability (two-tailed hypothesis).
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For pairwise process comparisons, the “relative difference”
; kj .
of impacts, Appis has been used:
k _ pp
kj  Elipi — Bl 9)

kpi — ;
‘ EIkpi

where EI{EPi and EI{qDi are the environmental impacts of two
SAS-LCA models, k and j, under consideration. A relative basis
was selected to account for differences in the order of magni-
tude of impacts evaluated across impact factors.

Note that the prediction intervals provided in this work
should not interpreted as confidence intervals used in wider
statistical inference.®® For this reason, p-values for hypothesis

testing are not considered.

2 Environmental impact predictions
2.1 Existing mineral-derived processes

2.1.1 Understanding impacts by major contribution. The
predicted impacts of existing wet and dry M-SAS processes and
their immediate contributions are shown in Fig. 4.

Results in Fig. 4 show that the dry process is predicted to
have a larger environmental impact in 4 of 8 the categories
considered - GWP, ODP, TAP and WCP. This is mainly driven
by contributions from the reagents used, which account for
>80% predicted impacts in all cases for the dry method. On
the contrary, contributions from reagent use in the wet
method are slightly more variable - being >50% for all
impacts but Marine Eutrophication (MEP, in which emissions
play a major role — >90%).

Following reagents, energy acts as the second most consist-
ently important contributor to process impacts. This can be
seen particularly in the GWP and TAP categories for wet and
dry M-SAS processes. However, the importance of energy use is
far more sensitive to the impact factor being considered -
particularly due to the large contributions of reagents to
process impacts (as discussed above). This diminished
importance of energy (relative to reagents) is the most extreme
in the case of the dry process, wherein energy use contributes
no more than 20% to the total process impact across all
categories considered.

Given the higher energy requirement of the wet process
(Table 1), it would seem logical that energy provides greater
contributions to the impacts of the wet method - which is
observed. Moreover, the fact that energy contributions also
occur in categories such as GWP, ODP and TAP is also intuitive
because these categories are strongly associated with the pro-
duction of fossil-fuel energy.

Contrarily, it is clear that the higher energy requirement of
the wet process is not reflected in the relative size of energy
use contributions when comparing results for GWP, ODP and
TAP between the wet and dry M-SAS results. This indicates that
even in cases where energy use is important the total process
impact is still heavily governed by reagents. It will be shown
that this is largely attributed to the importance of the silica
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ESI S5.%

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc01433e

Open Access Article. Published on 17 August 2022. Downloaded on 11/2/2025 1:28:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

precursor used by each method in the following section
(section 2.1.2). Consequently, the findings demonstrate that
process energy use cannot be used alone as a good gauge for
process impact or process comparison. This is in agreement
with findings for the dry and wet methods of titanium dioxide
and zirconium dioxide reported previously;' however, it also
demonstrates the presence of a trade-off in process design
given that energy requirement can be an important economic
factor.*

Finally, the negative contribution of waste to the WCP of
wet M-SAS stands out as a unique feature in Fig. 4. These con-
tribution is associated with the inclusion of wastewater treat-
ment in the life-cycle, which provides a reduction in the WCP
equal to 94% of the reported impact. Therefore future work
may benefit from refinement of the wastewater process model
used to ensure that impact predictions accurately reflect the
real wastewater treatment process used in industry.

2.1.2 Importance of the silica precursor and atom
economy. Results in section 2.1.1 demonstrate the importance
of reagent use on impacts of wet and dry M-SAS methods; in
this section it will be demonstrated that the magnitude of
reagent contributions are heavily governed by each process’
silica precursor - silicon tetrachloride (SiCl,;) and sodium sili-
cate (Sod. Sil.). Consequently a summary of the contribution of
the silica precursor to each process’ environmental impact is
provided in Table 5 (dry method) and Table 6 (wet method)
respectively.

Table 5 Contributions of silicon tetrachloride (SiCL4) and sub-units to
overall impact

SiCL, in Carbon Silica sand

Impact total impact  Chlorinein  black in in SiCL,
category (%) SiCL, (%) SiCL, (%) (%)
GWP 70.14 63.04 21.13 1.49
LUP 99.86 0.08 -0.23 141.40
MEP 98.54 94.52 0.55 0.16
MRS 21.85 92.61 0.02 0.01
ODP 92.36 78.35 16.92 0.34
TAP 94.06 61.99 29.71 2.27
TEP 99.03 85.76 5.20 2.86
WCP 96.72 67.72 0.36 0.41

Table 6 Contributions of sodium silicate (Sod. Sil) and sub-units to
overall impact

Sod. Sil. in Heat in Soda ash in  Silica sand
Impact total impact Sod. Sil. Sod. Sil. in Sod. Sil
category (%) (%) (%) (%)
GWP 51.41 19.62 16.30 3.85
LUP 100.00 32.35 17.14 46.46
MEP 8.07 19.88 71.63 1.62
MRS 100.00 0.16 99.67 <0.00
ODP 41.75 48.31 15.09 3.84
TAP 40.65 33.93 45.50 5.25
TEP 56.84 54.89 19.49 2.36
WCP 36.44 14.09 68.74 2.71
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For dry M-SAS, the contributions of silicon tetrachloride to
the total process impact is governed by two main factors -
chlorine and carbon black.

Chlorine, which is required for the tetrachloride (i.e. Cl,)
chemistry, is derived from the electrolysis of basic chemicals in
wet environments. Consequently, it contributes significantly
across all impacts largely due to its energy use as well as due to
the aquatic impact of the basic chemicals used (i.e. for MEP).®?
Meanwhile Carbon black is derived from petrochemical
sources,®® which causes it to provide significant contributions
to impacts on land and in air, such as GWP, ODP and TAP.

For wet M-SAS, the contributions of sodium silicate is also
explained by two main factors - energy/heat and soda ash.
Energy (split across electricity, heat from natural gas and heat
from other sources) - is required for the furnace process used
in sodium silicate production. Consequently, it contributes
20% to the GWP, 50% to the ODP and 55% to the TEP of
sodium silicate. Soda ash, which acts as a source of sodium
for sodium silicate, accounts for 46% TAP, 72% of MEP and
100% of the MRS of sodium silicate. This is because soda ash
is recovered from lime rock via the solvay process,”*° which is
both energy intensive, and requires aqueous alkaline solutions
- linking it to aquatic impact indicators (as similarly discussed
for the electrolysis of chlorine in basic solutions for the pro-
duction of SiCL, above).

It should be noted that the generally lower magnitude of
sodium silicate contributions to wet process impacts (when
compared with the typically >90% contribution of SiCL, to the
dry process impacts) is associated with the importance of sul-
furic acid use in the wet method. Similarly, the low contri-
bution of silicon tetrachloride to MRS (Table 5) is associated
with important contributions from hydrogen use (see Table 1)
for that impact factor.

Differences in the magnitude of contribution of each silica
precursor to overall impact can also be partly understood in
terms of the material efficiency of each process. Particularly,
the atom economy of silicon tetrachloride use in the dry
process (29%) is lower than that of the sodium silicate wet
process (42-59%, see ESI S1t). Given the similar conversion
efficiencies of each process (see Table 4), this increases the
amount of silicon tetrachloride required per functional unit of
SAS produced when compared to sodium silicate.
Consequently, the absolute impact associated with use of
silicon tetrachloride is amplified by the inefficiency of the
chemistry on which the process relies (silicon tetrachloride,
SiCl,). This is in agreement with findings for the wet and dry
methods used to produce titanium dioxide and zirconium
dioxide.*

Finally, the dominance of silicon tetrachloride in the
impact of dry SAS (also recently noted by Resalati et al.’®) also
has wider implications on the environmental impact that can
be expected for SAS produced by the Stober method®” — which
is used prolifically in academia. This is because the Stober
method uses organo-silane precursors, which are derived from
silicon tetrachloride.>” Further consideration of the Stober
method is considered outside of the scope of this work.
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2.1.3 Importance of the mineral feedstock. It is interesting
to observe that for both the wet and dry M-SAS processes the
use of mineral feedstock (silica sand) is not a major contribu-
tor to the environmental impact of silica precursor. This
demonstrates that a large portion of the footprint for existing
industrial production of SAS is dependent on the process of
converting feedstocks into precursors rather than the acqui-
sition of the feedstock itself. This is a key finding given the
interest of this work in assessing the benefits of RH as a bio-
derived alternative to the existing mineral feedstock.
Particularly, it suggests that there may be a low ceiling with
regards to the benefit of substituting the mineral feedstock
with lower-impact alternative. This is explored further in the
rest of this work. A summary of the contributions of silica
sand to the total impact of dray and wet M-SAS is provided in
Table 7.

2.2 Theoretical rice husk-derived processes

Predicted impacts of wet and dry RH-SAS processes and contri-
butions by process stage are shown in Fig. 5.

Results in Fig. 5 show that the wet process is predicted to
have the highest environmental impact in 2 of the 8 indicators
considered (MEP and TEP). This is different to the results for
processes in existing industry (Fig. 4), where the MRS of wet
M-SAS (3 x 10~* kgCu-eq) was larger than the dry M-SAS MRS
(9 x 107 kgCu-eq), and also 30 times greater than the largest
MRS reported for RH-SAS processes here (dry process, 9.1 x
107® kgCu-eq). Given the high contribution of the SS stage to
the dry process MRS and the low contribution of mineral feed-
stock (Table 7) identified for M-SAS predictions (section 2.1),
this difference is related to the use of a hydrothermal
method*? to model impacts of the RHAC stage in the wet
RH-SAS life cycle instead of the furnace method used for the
wet M-SAS process (see ESI S27). Specifically, the reduction
observed with this change in process can be related to the use
of sodium hydroxide in the hydrothermal method (as an
alternative to soda ash used by the Furnace method, see
section 2.1) for sodium silicate production.®*?

Contrarily, an importance in the difference of process at the
RHAC stage is not observed for the TAP and MEP impact indi-
cators — where the RHC stage contributes to impacts signifi-
cantly (i.e. >30% for both wet and dry RH-SAS processes). In
both cases, the large contributions of the RHC stage to TAP

Table 7 Contributions of mineral feedstock to the impact of SAS pro-
duced by wet and dry methods

Impact category Wet process (%) Dry process (%)

GWP 1.98 1.05
LUP 46.46 141.21
MEP 0.13 0.16
MRS <0.00 <0.00
ODP 1.60 0.31
TAP 2.13 2.14
TEP 1.34 2.83
WCP 0.99 0.39
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may be unsurprising as the production of sulphur oxides is a
well-known problem associated with the organic chemistry of
biomass fuels.’®® Therefore the findings highlight the impor-
tance of considering multiple impact categories when compar-
ing the environmental footprint of processes.

By comparing contributions for wet and dry RH-SAS
methods, it is also possible to see that differences exist in the
magnitude of relative contribution from the RHC stage. This is
interesting given that the absolute impacts of the RHC stage
are similar in their contribution to the impacts of both wet
and dry RH-SAS. Consequently, the difference in relative con-
tribution can be thought of as a direct indication of higher
absolute impact associated with the RHAC and SS stage of
both processes. This further reflects the high dominance of
silica precursors (silicon tetrachloride and sodium silicate) in
process footprints — as identified for existing industrial
methods in section 2.1.

Importantly, to the best of the author’s knowledge these are
the first predictions for the impact of rice-husk derived silica.
Consequently, no data exists for direct comparison within the
literature. However, it is worth noting that differences in the

View Article Online

Paper

economic allocation for rice grain cultivation may become an
important point of uncertainty when comparing results here
to any similar work produced in the future.

3 Comparison of process
performance

Fig. 6 illustrates prediction intervals for the relative difference,
A, of th f pairwi ison. Th :

kpi Of three cases of pairwise comparison. These are: wet
M-SAS and dry M-SAS (Fig. 6a), dry M-SAS and dry RH-SAS
(Fig. 6b), and wet M-SAS and wet RH-SAS (Fig. 6c).
Interpretations of each comparison are provided in the follow-
ing subsections.

3.1 Existing industrial methods (wet M-SAS vs. dry M-SAS)

Prediction intervals for the relative difference, A:;it’dry, of

M-SAS production methods are shown in Fig. 6a. Of the 8 indi-
cators considered, TAP and TEP show no discernability (for
the prediction intervals considered). Contrarily, GWP, LUP and
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Fig. 6 Prediction intervals for uncertainty in the difference between mineral processes (a), wet processes (b) and dry processes (c). A summary of all

deterministic impact predictions used in the plot are tabulated in ESI S5.1
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WCP show discernability to the 50% PI and MEP, MRS and
ODP show discernability above the 99% PIL.

Interestingly, results suggest that of the 4 impact categories
in which the wet process is highlighted as having impacts
larger than the dry process by deterministic predictions (LUP,
MEP, MRS and TEP and GWP), only the MRS impact can be
considered to be significantly different to the highest level of
certainty considered. Similar outcomes can also be seen for
cases in which the dry process was predicted to have a larger
impact by deterministic predictions. These findings thereby
demonstrate the importance of accounting for uncertainty
when making pairwise comparisons.

3.2 Dry method feedstock choice (M-SAS vs. RH-SAS)

Amineral.biomass

Prediction intervals for the relative difference, 4, ,
in impact of M-SAS and RH-SAS processes according to dry
method are provided in Fig. 6b.

Results in Fig. 6b show that, for the prediction intervals
considered, only 5 of the 8 indicators show some level of dis-
cernible comparison. Specifically, GWP, MRS and MEP show
no discernability (for the prediction intervals considered).
Contrarily, ODP, TAP and WCP show discernability at the 50%
PI, while TEP shows discernability at the 95% PI and LUP is
discernible at the 99% PI.

The lower discernability of the dry methods (compared to
Fig. 6a and c) may be thought of as the product of two
factors: (a) near-equivalence of methods (notwithstanding a
change in feedstock and inclusion of the RHC stage for the
RH-SAS method), and (b) the low contribution of feedstock
to impact of indicators considered (as discussed in section
2.1.3). Consequently, any difference in discernability for the
dry methods may be interpreted largely as arising from con-
tributions of the RHC stage in the RH-SAS process.
Nonetheless, multiple impact factors display strong skews
toward RH-SAS having a larger impact when compared to
M-SAS, which suggests contributions from the RHC stage
are important. Finally, the high discernability of LUP can be
linked to the transition away from amineral derived feed-
stock — which provides a large contribution to the LUP of
the dry M-SAS process. Finally, the lack of agreement
between deterministic and probabilistic predictions for LUP
in Fig. 6 reflect sensitivities of the data quality method (par-
ticularly the use of lognormal distributions to represent
uncertainty) to uncertainties across the M-SAS and RH-SAS
life cycles - for which more investigation could be done in
future work.

3.3 Wet method feedstock choice (M-SAS vs. RH-SAS)

mineral,biomass

Prediction intervals for the relative difference, Akpi ,
in impact of M-SAS and RH-SAS processes according to wet
methods are provided in Fig. 6c.

Results in Fig. 6¢ show that, for the prediction intervals
considered, 6 of the 8 indicators are discernible to some pre-
diction interval. GWP and MEP show no discernability (for the
prediction intervals considered). Contrarily, TAP, TEP and
WCP show discernability to the 50% PI, while ODP is discern-
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ible to the 95% PI, and LUP, MRS and ODP are discernible to
the 99% PI. Also, ODP, TAP and TEP seem biased towards
values of A{f;{leral‘bi"ma“ < 0 (i.e. RH-SAS having a larger impact
than M-SAS), which is understandable from the higher contri-
bution of RHC to these categories (see section 2.2).

As previously discussed in section 2.2, the discernability of
wet methods may be considered as being affected by one
additional factor when compared to the dry M-SAS and
RH-SAS methods - the difference in process assumed for the
recovery of sodium silicate from RHA (i.e. the RHAC stage,
which uses a hydrothermal method** instead of the furnace
method® used in existing M-SAS industry). Consequently,
differences may be attributed to a combination of the RHC
stage and technological differences in hydrothermal RHAC
stage in the RH-SAS process.

The high discernability of MRS (Fig. 6¢) is due to differ-
ences in reagent use in hydrothermal and furnace methods for
sodium silicate production. In particular, the hydrothermal
method relies on the use of sodium hydroxide as a sodium
source as opposed to soda ash in the case of the furnace
process;>*? the contributions of sodium hydroxide to the MRS
are significantly lower than that of soda ash in the case of
mineral processes (see Table 6).

Finally, the high discernability of LUP can be linked to the
transition away from a mineral derived feedstock — which pro-
vided large contribution to the LUP of the dry M-SAS process.

3.4 Discussion

In all cases, findings demonstrate that the effect of feedstock
choice on environmental impact of SAS is most commonly not
discernible to a high extent of certainty when comparing
M-SAS and RH-SAS on the basis of feedstock importance. A
major outlier to this observation is the case of LUP, which
demonstrates a benefit of transition to RH-SAS that is discern-
ible to the 99% PI for both dry and wet methods. Moreover, by
comparing results in Fig. 6, a change in silica recovery to a
hydrothermal method (associated with the wet method) has a
relatively little effect on the discernability of relative impact in
most categories — MRS being an exception. This further
demonstrates that the importance of feedstock is relatively low
in comparison to the contribution of intermediate processing
steps, which cannot be avoided due to silica precursor chem-
istry (see section 2.2). However, it should be considered that
the extent of discernability may change in cases where the co-
recovery and utilisation of bio-energy released during RH com-
bustion is considered. This is explored further in section 4.1.
Additionally it is striking that the visual trend of data in
sub Fig. 6b and ¢, shows a tendency for greater certainty in the
impact of RH-SAS being larger the M-SAS according to prob-
abilistic methods (across the 8 impact factors considered).
This therefore provides a basis for suggesting that the “green-
ness” of a “green silica” feedstock may not be as important as
qualitatively seems. However, to the best of the authors knowl-
edge, results in this section are the first of their kind, therefore
no comparison can be made with previous literature.
Consequently care should be taken not to make strong con-
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clusions based on the results of this work alone. Particularly,
future work would benefit from refining the uncertainty
method used with regards to the scoring of data pedigree
matrix (section 1.3.1.1) and a further investigation of the source
of uncertainty associated with PIs reported in sub Fig. 6b and c.
Additionally, further work could be done on incorporating
effect of rice grain agriculture in specific cases where the econ-
omic allocation used in this work is not appropriate.
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4 Benefits of bio-energy co-recovery

Results in Fig. 7 illustrate uncertainty in the benefit of produ-
cing RH-SAS when the co-recovery and utilisation of bioenergy
is considered. Predictions are provided for cases where SAS
meets new market demand, Bg%‘(,vl;j, or replaces existing market
demand, Bgyp ™’ in subsections 4.1 and 4.2 (see eqn (4) and

(5)). A case study is then provided for the expected benefit of a

a) New Demand, Wet Method b) New Demand, Dry Method
RER [ RER |
usr us
KRt KR 1
JP ¢ JP |
CN} [ CN |
IN L [ IN |
-100  -80 60  -40 -20 0 20 -100  -80 60  -40 20 0 20
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Legend
Regions: Markers: Uncertainty:
IN: India, O - EEE N
CN: China, Impact Prediction EEE N I B
RER: Europe, _ g | | o0PL
JP: Japan, Z€To-{Ing P P
KR: South Korea, H Prediction Interval (PI) 95% Pl
US: United States of ; ;
America ' 99%PI '

Fig. 7 Prediction intervals for the benefit of rice husk-derived SAS derived from the wet (a, c) and dry (b, d) processing methods in combination
with co-recovery of bio-energy. Results are provided for separate scenarios in which rice husk-derived SAS is produced to meet new market
demand (a, b) and existing market demand (c, d) A summary of all deterministic impact predictions used in the plot are tabulated in ESI S5.1
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global transition to RH-SAS methods on the annual GWP of
SAS industry in subsection 4.3.

4.1 Benefit of meeting new market demand

Results in Fig. 7a and b demonstrate that the benefit of
RH-SAS production with bioenergy co-recovery lead to net-
negative GWP values in some cases. This net-negativity rep-
resents a net reduction in the GWP compared to a case in
which RH-SAS is not produced. Therefore it should be inter-
preted as GWP avoidance rather than carbon sequestration.

Interestingly, the net-negativity of benefit predictions is sen-
sitive to the region considered. Specifically, a consistent hierar-
chy exists in which India and China posses the greatest (i.e.
most negative) benefit and higher certainty of benefit (i.e. of
the value being net-negative). Contrarily, the United States and
Europe posses the least (i.e. lest negative) benefit and a lower
certainty of benefit.

The presence of a hierarchy in the benefits of bio-energy co-
recovery can be understood based on differences in regional
grid electricity. Particularly, it may be shown that the benefit
predicted for each region is heavily correlated with the use of
coal as a regional energy source (ESI S5}). Consequently, it
could be expected that the environmental benefit of RH-SAS
processes employed with bio-energy co-recovery to meet new
market demand may reduce if regional grids are de-carbonised
- which is probable for many countries given current trends in
international climate change policy.

4.2 Benefit of meeting existing market demand

Fig. 7c and d illustrate benefits associated with use of RH-SAS
to meet existing market demand. Unsurprisingly, meeting
existing market demand is associated with a greater benefit
and increased certainty of benefit for all regions when com-
pared to meeting new market demand (section 4.1). This is
unsurprising given that meeting existing demand includes the
benefit of meeting new market demand as well as the benefit
of avoiding any the impacts that would otherwise be created
from the production of M-SAS by existing industrial methods.

For wet RH-SAS (Fig. 7c), results show that the added
benefit of meeting meeting existing market demand is large
enough to provide prediction intervals of 99% for all regions
considered. This is significant in including relatively high cer-
tainty in benefit for RH-SAS even in regions with relatively low
coal reliance, which was not the case for RH-SAS meeting new
demand (section 4.1).

Similarly, results for dry RH-SAS (Fig. 7d) show that the
added benefit of meeting existing market demand also
improves certainty in benefit of RH transition - though albeit
to a lower extent (50% PI) for all regions. This is interesting in
that it demonstrates again that greater certainty is predicted of
the benefit of wet method despite that SAS produced by dry
M-SAS methods have a higher GWP. This is reflective of the
importance of a change in process in the wet RH-SAS method
(section 2.2) on the impacts of RH-SAS as a product, as well as
differences in bio-energy recoverable by wet and dry methods.
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4.3 Global benefit of an industry transition

The implication of expected benefit of RH-SAS in meeting exist-
ing demand based on historical regional production volumes
(eqn (6)) is summarised in Table 8. Results in Table 8 suggest
that 3.8 Mtonnes of carbon dioxide equivalent (100-year time
horizon) could be avoided by transitioning existing M-SAS
industry to a RH-SAS paradigm in which bio-energy is co-recov-
ered and utilised. This is equivalent to a reduction of 161% of
the GWP impact of the industry as whole, or 50 and 214% for
dry and wet industries independently. For wider context, this
total benefit is equivalent to roughly 0.01% of global annual
equivalent carbon dioxide emissions (36.3 Gt 7°).

The fact that reductions are greater in the wet industry is
heavily driven by transition in the wet method industry, which
accounts for ~90% of the predicted benefit despite accounting
for ~80% of SAS production by mass. This is rationalised by the
fact that the information available for regional production (CN,
RER, JP, SK and US) fall slightly short of the reported world pro-
duction values. Therefore values in Table 8 provide a slight sys-
tematic underestimation for the total world benefit. Care should
be taken in interpretation of this result as making a case for a
transition toward RH utilisation. Particularly, further studies are
required to understand the additional costs (both environ-
mental and economic) associated with physically implementing
changes associated with the suggested feedstock transition.

Finally, deterministic predictions for the amount of RH
requirement to produce RH-SAS are 8.4 and 7.6 kggry per 1 kg
of RH-SAS for wet and dry processes respectively — which is in
agreement with estimates for wet RH-SAS reported in our pre-
vious work.** Differences in the predictions for wet and dry
RH-SAS can be attributed to slight differences in process
efficiencies detailed in Table 4. This would suggest that a total
of 7.0 and 1.5 MTonnes of RH required annually to supply the
global demand provided in Table 8. Importantly, both of these
values are significantly lower than the 100 s MTonnes of RH
produced globally each year.”®

Table 8 Estimated benefits of transitioning industry to biomass feed-
stock by region

Expected  Transition
Annual benefit benefit (kT
production® (kTco, per  COco, per
Region Method (kTsas per year) KkTsas) year)
China, CN Dry N.G. -7.8 —
Wet 250 -7.4 —1850.0
Europe, RER Dry 61 -2.6 —158.6
Wet 280 -2.5 —700.0
Japan, JP Dry 21 -5.3 -111.3
Wet 45 =5.1 —229.5
South Korea, KR Dry N.G. -4.7 —
Wet 45 —4.6 207.0
United State, US Dry 37 —4.1 -151.7
Wet 191 -4.0 -764.0
World Dry 191 — —421.6
Wet 839 — —3750.5

N.G.: Data not given within reference used. “ Annual production based
on values reported by Wadell.”*
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5 Conclusions

In conclusion, this work has aimed to develop an understand-
ing for the environmental impact of industrial SAS production
methods and their biomass-derived equivalents. This has been
done in three stages: (1) improvement of existing SAS-LCA
models to evaluate the environmental footprint of existing
industrial M-SAS production and potential RH-SAS production
(section 2), (2) consideration for the effect of uncertainty on
the discernability of the environmental impacts of M-SAS and
RH-SAS (section 3), and (3) scenario-based analysis of the
benefit associated with the co-recovery of bio-energy within the
RH-SAS life cycle (section 4).

Findings from section 2 reaffirm previous literature that the
impact of the dry process is higher than the wet process.
However, estimates for the wet process were found to be lower
than previously thought due to a misinterpretation of source
text in prior works (see ESI S1f). For both production
methods, the silica precursor (silicon tetrachloride or sodium
silicate) acts as a major hotspot for the environmental impact
of SAS regardless of production method - though in some
cases energy use is important too. Through further analysis, it
is also shown that the footprint of silica precursors are un-
avoidable due to the processing demands (energy demand,
material chemistry and atom economy) associated with achiev-
ing their chemistries, rather than the derivation of either silica
precursor from a specific feedstock (mineral or biomass).

In section 3, the importance of chemistry (rather than feed-
stock source) is then demonstrated in a further two ways. Firstly,
it is found that the discernability of current industrial tech-
niques are much higher in relative comparison to biomass pro-
cesses, which have been found to remain largely indiscernible
for all but one impact factor. This case is attributed to the effect
of feedstock change on process use rather than sustainability of
the RH feedstock itself. Secondly, it is shown, that uncertainty
favours the existing mineral derived processes having a lower
impact (than the equivalent RH-SAS process) in most cases.
This can be related to the impact of incorporating an RHC stage
being higher than the impact avoided by avoiding mineral feed-
stocks (as mineral feedstock contributions are typically small,
except for in the case of LUP). However, these findings are
limited only to the scenario in which the co-recovery and use of
bio-energy during RH-SAS production is not considered.

Finally, in Section 4 the effect of co-recovering bioenergy for
use in offsetting grid demand is considered for two scenarios.
Results show that it may be possible to reduce the global
warming potential of existing SAS industry by using RH-SAS
methods. However, this is heavily dependent on the amount of
bio-energy recoverable, and sensitive to the GWP of regional
electricity grids. For the scenario in which RH-SAS is produced
to meet new SAS market demand, this causes regions such as
China and India to have a greater certainty of a benefit from
producing RH-SAS (which also coincides with regions of
higher RH production), but also indicates that the benefit of
RH-SAS with bio-energy recovery will be reduced by future
energy grid de-carbonisation. Contrarily, a high level of cer-
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tainty is found in the benefit of a scenario where RH-SAS is
produced (with co-recovery of bioenergy) to replace M-SAS
meeting existing market demand for all regions - suggesting a
far greater robustness in the benefit of using RH-SAS to meet
existing market demand when compared to meeting new
market demand.

This work therefore highlights three key points to consider
within the future development of sustainable SAS: (a) the con-
sideration of uncertainty may significantly affect the degree to
which the impact of wet and dry methods are considered dis-
cernable (relative to when using only deterministic prediction
methods); (b) there is little certainty in the inherent merit of
the “green-ness” of using RH or other biomasses as a silica
feedstock across many of the impact categories considered, and
thus RH-SAS should only be considered beneficial under very
clear circumstances; and (c) the conditions required for RH-SAS
silica to be beneficial to a high level of certainty (with regards to
GWP) include proper management and utilisation of bio-energy
released during the initial combustion of biomass feedstocks.

Findings of this work are novel given the lack of infor-
mation currently available on the environmental impacts of
both M-SAS and RH-SAS. Consequently, it is hoped that the
findings may act to provide a baseline from which further and
more refined LCAs of both M-SAS and RH-SAS processes can
be made in the future. Particularly, results for the impact of
RH-SAS are the first of their kind and may act as a reference
point which future works can use to investigate more specific
case studies such as the optimum allocation of RH - including
re-purposing of RH already being utilised in other industries —
from an environmental impact perspective.

Finally, as findings demonstrate the importance of process
rather than material feedstock in the impact of SAS, readers
should be cautious in equating a study limited to combustion
of biomass as a recovery method to other methods of recover-
ing silica and energy from biomass.
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