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General equations to estimate the CO, production of (bio)catalytic reactions in early, ;..

SU00535J

development stages.

Pablo Dominguez de Maria*

SUSTAINABILITY SPOTLIGHT

Quantifying the Global Warming Potential (kg CO.eq - kg product') is fundamental to
assess the greenness of (bio)catalytic reactions. In particular, understanding the impact during
early-stage research steps may drive the research to more sustainable options, before
decisions are made and process implementation is executed. For such purpose, methods that
can rapidly-but-meaningfully provide data on the GWP would be useful. In this work, some
combinable equations are provided, to rapidly estimate GWP from available reactions
parameters: substrate loading, conversion, temperature, time, reaction media, etc.

Furthermore, the GWP of the reaction can be modelled by changing some of the parameters,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

to determine what are the hotspots for the environmental impact, and where to put the efforts

to improve the footprint.
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ABSTRACT

Global Warming Potential (GWP, kg CO.,eq - kg product') is a core impact indicator
when assessing the greenness of synthetic reactions in Life-Cycle-Assessments (LCA). GWP
contributions arise from the production and transportation of chemicals, solvents, and
catalysts to the chemical plant, from the reaction (upstream), from the purification steps
(downstream), and from the energy invested in the process. For (bio)catalysis, water and
spent organic solvents are the major waste contributors, from which CO, is generated through
their processing via wastewater treatment or incineration. Assessing GWP in organic
synthesis appears wearisome, demanding time, resources and expertise. However, GWP
estimations at early process stages would rapidly identify the hotspots to improve the
environmental impact. This paper proposes equations that can be combined depending on
the reaction, to estimate the GWP by using readily available process parameters (substrate
loading, conversion, reaction media, temperature, time, thermodynamic values). Once
equations are chosen for each reaction (e.g. conducted s in water or in organic media, type of

downstream, etc.), estimative GWP can be obtained. Scenarios can be simulated by changing
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parameters, to assist practitioners at process early-stages to understand how (pio)catafytic s irs

reactions can be established in a greener way.
1.- Motivation.

Measuring the environmental impact of chemical reactions is gaining increasing
importance motivated by the need of providing realistic figures of their (un)greenness, and
more importantly, to set timely recommendations to improve their ecological footprint.’-1° In
fact, nowadays industrial processes must not only be efficient and economically attractive, but
they also need to reach environmental standards to ensure sustainability. Significant debate
has emerged on how to measure such a complex aspect, and different metrics have been
proposed.’346-10 Moreover, there is discussion on where to set the boundaries of the Life-
Cycle-Assessment (LCA), i.e. including the impact of the production and transportation of the
solvent, chemicals and (bio)catalyst (“cradle-to-gate”), or approaching narrower “gate-to-gate”
strategies to evaluate a particular reaction set-up.6'* While the holistic vision covering the
entire production pipeline would be optimal, the complexity of energy- and mass- flows in

chemical industry often hampers that approach, due to lack of time, resources, and expertise.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Thus, tools that may serve in process early-stages for gate-to-gate assessments,'" and that

could allow practitioners to validate their lab reactions rapidly and meaningfully would be of

Open Access Article. Published on 24 oktébra 2024. Downloaded on 31.10.2024 13:23:45.

high interest.
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From the impact categories reflected in LCAs, Global Warming Potential (GWP) is
prominent when it comes to chemical industry. Expressed as kg CO.eq - kg Product!, GWP
reflects the contribution of the synthetic procedure to greenhouse emission gases, which may
come from the energy used in the reaction, and from the resources consumed and disposed
during the process. Also coined as “C-Factor” to validate the transition from fossil to bio-based
feedstock, GWP has been measured in LCAs for (bio)catalytic reactions, as some examples
illustrate.".13. 1517 More recently, the Gallou group at Novartis has proposed the TCR concept
(Total Carbon Dioxide Release), by providing valuable industrial data on the CO, production

when wastewater effluents or organic fractions are treated, either through mild Wastewater
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Treatment Plants (WWTP) or through incinerations when recalcitrant wastes or QrganicS are;; =sx;
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generated.'®'® The meaningfulness and straightforward use of these industrial TCR metrics
have stimulated their use by several groups, enabling the comparison between processes,

since everything is measured by the same “currency”, the CO, formation.".15. 16,20-22

Biocatalysis has emerged as a powerful tool to establish efficient and (allegedly) more
sustainable industrial processes, and numerous applications have reached a successful
industrial implementation.2324 A reason for that success is the versatility of enzymes, which
enable processes not only in aqueous solutions — the natural media for biocatalysts —, but also
in @ myriad of non-aqueous systems (the so-called non-conventional media), such as organic
(neoteric) solvents, biphasic systems, micro-aqueous conditions, solvent-free, etc.?52¢ That
“‘media-agnostic” skill of many enzymes facilitates their integration within synthetic steps.
Likewise, (bio)catalysis intensification to reach economically-sound conditions (e.g. high
substrate loadings and excellent yields and selectivity) is key to reach industrial

implementation.27-28

When establishing new (bio)catalytic strategies — from laboratory design to scale-up
and commercialization —, it would be useful to have at hands straightforward methods to
determine the GWP of the applied reactions, to timely pinpoint how process development
could be driven to create more environment-friendly conditions, before efforts on scale-up are
invested. ldeally, it should enable the direct conversion of readily available reaction
parameters (e.g. substrate loading, conversion, temperature, reaction time, etc.) to GWP,
which could be then modelled depending on the process parameters (e.g. GWP at more or
less conversion, higher temperature, etc.). Based on these premises, this paper develops
some equations for such estimative GWP values — with a focus on mass- and energy
contributions —, that enable the assessment of scenarios to rapidly determine the
environmental hotspots for improvement. Likewise, such a tool could serve as training strategy

for Green Chemistry students, who could perform simulation exercises to (better) understand
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their chemical processes. For synthetic systems in which more data are available, fhe geneic s rirs

equations can be rapidly adapted to them, to get more accurate GWP figures.

Figure 1 depicts a generic biotransformation unit (“gate-to-gate”), comprising the
synthetic (upstream) and the purification (downstream) subunits. From both sections

wastewater and spent organic solvents are collected as wastes, generating CO, through their

g treatment.’®'® Adding to that, the energy invested in the process produces further CO,. Thus,
@

(]

§ equations for these three CO, main contributors are established in this paper. In a final section,
g H H “ ” .

5 some notes on the pre-steps (envisaging a “cradle-to-gate” approach) are provided,
o

o

S considering the GWP impact on production of solvents, chemicals, enzymes, and on their
]

Q

g transportation to the chemical plant.
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Figure 1. Generic “gate-to-gate” biotransformation, from where the GWP equations

are deduced in the following sections.

2.- Defining the equations for the LCA template on GWP for the upstream part.

During the upstream part, an exemplary (bio)catalytic reaction will produce two main
waste effluents, the aqueous media — in the form of wastewater —, and a pooled organic
fraction, where all collected (spent) solvents are sent to incineration (Figure 1). In addition to

that, one should account for the waste generated from the energy invested in the process, to
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heat the reactor and hold it for the reaction time. Therefore, GWP contributions fr%ﬂﬁ‘idﬂ%

and from the energy inputs during the upstream must be considered.

2.1.- Equations for the upstream part.

Equations (1-7) have been developed for the upstream, providing GWP contributions
from mass (1-4) and from energy (5-7) (Table 1). Following the Novartis industrial TCR
data,'®1° the equations have been built to enable the introduction of readily available reaction
parameters like the “conversion” (conv, in “%”), the substrate loading (SL, in “kg L-""), and the
proportion of the effluent that is sent to treatment (and not recycled), in “%”. In this way, GWP
can be rapidly estimated by picking one equation for the mass contribution (1-4), and another
one for the energy (5-7), depending on the reaction media (water or non-conventional, Table
1). In the S| a detailed development of the equations and approximations is provided. For
practitioners or researchers having more data on their actual solvent and systems, the
equations can be easily adapted to those real conditions by following the rationale provided in

the SI.

As stated above, biocatalytic reactions can be conducted in aqueous media — with or
without an organic cosolvent —, or in non-conventional systems. Following the metrics provided
by the Gallou group at Novartis,'®'° different fates can be envisaged for these wastes; i) direct
wastewater treatment plant (WWTP), if the aqueous effluent can be mildly treated (equation
(3)); ii) wastewater treatment involving some pre-treatment steps before WWTP, to remove
hazardous chemicals that hamper the biodegradability (equation (2)); iii) water or organic
fraction incineration, in case of recalcitrant effluents (water) (equation (4), or for organics
(equation (1)). Thus, each strategy leads to different GWP, e.g. organic fraction incineration
generates more CO,than the wastewater incineration (equations (1) vs. (4). The best scenario
would be an aqueous effluent that can be mildly treated in the WWTP (equation (3)). However,

given the broadness of (intensified) reactions, (co)solvents, and reagents used in
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(bio)catalysis, equation (2) is the recommended one for water effluents, as it ipcludes:thie s oS
necessity of some pre-treatment steps to remove hazardous components that hamper the
direct WWTP. These pretreatments will generate more CO, than the simple WWTP (equations

(2) vs. (3)).

With respect to energy contribution to GWP, equations (5—7) have been deduced from
thermodynamic values of heating organic solvents or water (see Sl). As approximation, an
average solvent density of 0.9 g cm has been taken, and an average heat capacity for the
organic solvents of Cp 2.1 KJ / °C kg was considered (Table S1). For water, its concrete
thermodynamic values were taken (1 g cm3, and Cp 4.184 KJ / °C). A 15 % extra energy is
added for each hour of reaction in which the system must be held at that temperature.
Moreover, a 25% extra energy was added in the equations to account for losses of ideal
behaviour, etc. As stated above, equations can be adapted to more precise figures if data of

exact solvent, conditions, etc., are available (see Sl).

Therefore, the GWP of the upstream part (Figure 1) can be rapidly estimated by

selecting the two equations — one for mass contributions and another one for the energy —,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

that better suit to the process (reaction media, type of wastewater treatment, reaction

temperature, time). And scenarios can be defined to compare process conditions. In the

Open Access Article. Published on 24 oktébra 2024. Downloaded on 31.10.2024 13:23:45.

following sections, two generic case studies are discussed as examples.
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Table 1. Defined equations for the GWP in the upstream unit of a standard (bio)catalytic reaction. See Sl for details on their deduction. The
industrial data used, related to the CO, produced by kilogram of solvent (incineration) or by kilogram of water (WWTP or incineration), were

retrieved from literature.!8.19,

Open Access Article. Published on 24 oktébra 2024. Downloaded on 31.10.2024 13:23
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Metric Process type General Equation for GWP (Upstream)
Reaction in organic _ 2.1 - %SolventTreated
media. GWP(org) = Conv - [SL] ™M
Reaction in aqueous
media _ 0.35 -%WaterTreated (2)
(recommended, with GWP(water(recommended)) = Conv-[SL]
pre-treatment).
Mas_s Reaction in aqueous
metrics media, to mild 0.073 -%WaterTreated (3)
WWTP without GWP(water(wwtp)) = ConpTSL
pretreatment (best onv-[SL]
case).
Reaction in aqueous
o med_la, to o ) 0.63 - %WaterTreated (4)
incineration due to GWP(water(incineration)) = C 5
recalcitrance (worst onv-[SL]
case).
Reaction in organic
Ener_gy media, heated up to ()
metrics *
a temperature.
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_ 0.017 -AT 0.0025-AT
GWP(organics(energy)) = (—Conv-[SL]> + t'(—Conv-[SL])

Reaction in water

Thisarticleislicensed under a Creative Commons Attribution 3.0 lﬁportw

Open Access Article. Published on 24 oktébra 2024. Downloaded on 31.10.2024 43:23

(buffer) without
cosolvent, heated up CWP 3 (0.037 -AT) (0.0056-AT) (6)
to a temperature.* (water(energy)) = \conpsiy) T '\ Conv[sL]
GWP(water — cosolv(energy))
Reaction in water [(0.00037 Y%water -AT) <0.00017 %cosolv -AT)]
(buffer) with N Conv-[SL] + Conv-[SL] (7)

cosolvent, heated up
to a temperature.”

(ec)

(0.000056-%water -AT) (0.000025 -%cosolv -AT)
tr Conv-[SL] + Conv-[SL]

* Reaction in organic or aqueous media, heated up to a certain temperature and hold for the reaction time. 15 % of extra energy is assumed by
hour of reaction hold at that temperature. 25 % of extra energy added to the total calculated energy, to assume non-ideal losses. Values of CO,-

kWh-' from average current European grid (~ 0.25 kg CO, - kWh-").29
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2.2.- Case Study I: Biotransformation in water or in organic media, at different;; s
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temperatures.

The benchmark reaction to estimate the GWP is a (bio)catalytic process with 50 g
substrate L', at 30 °C during 6 h, and with 100 % conversion. It is assumed that 20 °C is the
room temperature. The benchmark process can be conducted either in an organic solvent, or
in agueous media with 10 % cosolvent to assist substrate dissolution. No solvent or water is
recovered after the reaction (single use). Likewise, for comparison, GWP will also be
estimated when the process is conducted at: i) same conditions, but with 80 % conversion; ii)
same conditions, but for 16 h (o/n) of reaction; iii) same conditions, but at 80 °C; iv) same

conditions, but recovering 80 % of the solvent or the water/cosolvent mixture for reuse.

For the reaction in organic solvent, equations (1) (mass) and (5) (energy) must be
taken (Table 1). For the aqueous media with cosolvent, the “recommended” equation (2),
WWTP with pretreatment, is taken for the mass contribution, and the equation (7) is taken for
the energy part, as a water-cosolvent system. Results are depicted in Figure 2.

Mass contribution M Energy Contribution

0.08

50 A
a5 0.064 0.114 0.384
c X
_g 40 4
Q
fed
o
[
)
T 30
Q'
o 52.5
oo
)
20 42 42 42
J 0.167
10 0.133 — 0.247 0.477 0:064
- 8.75 7 7 8.4 0.133
0 14
Benchmark Benchmark 80% conv. 80% conv. 16h 16 h (water) 80°C 80°C 80% solv. 80% water
(organic) (water) (organic) (water) (organic) (organic) (water) recovered recovered

Figure 2. GWP estimations for the (bio)catalytic reaction, either in an organic media
or in an aqueous system with cosolvent and assessing different scenarios of process

conditions.
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A notable difference is observed in the benchmark if an organic sglyent Of 87’
water/cosolvent is employed (single use in both), consistent with previous works.?® The
incineration of the pooled (spent) organics leads to a 6-fold higher GWP than in the case of
the aqueous system, when the “recommended” equation (2) for wastewater treatment is taken.
The energy contribution to GWP remains less relevant, in agreement with literature.'® It must
be noted that the case study considers heating (and holding) the reaction at 30 °C (from r.t.
20 °C) for 6 h, a narrow temperature range. Also, the extension of the reaction to 16 h does
not create a significant energy impact either. Increasing the temperature to 80 °C results in
higher GWP for energy for water (due to its much higher Cp than those of the organic media),
but still the energy contribution is not as relevant as the solvent or wastewater treatment are.
In a different line, when the conversion decreases to 80 %, larger liquid fractions are needed
to generate one kilogram of product, and this leads to higher GWP from the mass contribution.
Connected to that, when 80 % of the effluent is recycled — and thus only 20 % needs to be
treated —, more decent GWP values are observed (8.4 for organics, 1.4 for water). Therefore,

the simulation shows that the highest GWP impact in the upstream of a biocatalytic reaction

at mild temperatures is driven by the reaction media treatment after use. Organics are more

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

impactful than aqueous systems, and media recycling is mandatory to reach acceptable GWP

for the upstream.’"20 Increasing the substrate loadings from 50 g L-! to higher ranges would

Open Access Article. Published on 24 oktébra 2024. Downloaded on 31.10.2024 13:23:45.

also ameliorate the impact, since less water or solvent would be needed." 120

(cc)

2.3.- Case study Il. Biotransformation in water, at increasing temperatures and with

different wastewater treatment options.

To evaluate more in-depth the energy contribution, and the different options for
wastewater treatment (equations (2) to (4), Table 1), in this second case the benchmark is a
biotransformation in water (without cosolvent) at 20 g substrate L-!, conducted during 24 h at

30 °C, reaching 75 % conversion, and with the “recommended” wastewater path (equation

10
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(2)). Other considered scenarios are: i) the same process but at an increasing temperafiire 5 Lrs
range of 40-80 °C; ii) the same process at 30 °C or at 60 °C where mild wastewater treatment
is possible (equation (3)); iii) the same process at 30 °C where wastewater must be incinerated

due to recalcitrance (equation (4)). Results are depicted in Figure 3.

Mass contribution B Energy Contribution

45 -

1.15
]
40
-
T 35 -
-E 6.86
CEO 30 A 3.43 4.57
cxi i o H W
5] am  EE
3]
8 20 - e
)
=
15 A
10 23.3 23.3 23.3 23.3 23.3 4.57
1.15 .
5 ey
4.87 4.87
0
Benchmark at40°C at 50 °C at 60 °C at 80°C Mild WWTP, Mild WWTP, Water
(30°C,24h) 30°C 60°C inciner., 30°C

Figure 3. GWP contributions from a biotransformation in water at 20 g substrate L
and assessing different scenarios with varying process conditions (temperature range, type of

wastewater treatment).

In this case, the low substrate loading (20 g L") and moderate conversion (75 %)
penalizes the GWP of wastewater treatment in its “recommended” form, equation (2), leading
to more than 23 kg CO, - kg product-'. Moreover, given that the reaction needs a large volume
fraction, and it is conducted in water (high Cp) for a long time (24 h) and at increasing
temperatures, the GWP from energy affects more clearly than in the previous case study. At
60-80 °C, GWP of the energy is in the range of 4.5-6.8 kg CO, - kg product. In a different

line, when a mild WWTP can be implemented for the water effluent (equation (3)), a much

11
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lower GWP is observed, leading to a total GWP less than 10 kg CO; - kg product’, at 6080 S
°C. Conversely, if wastewater contains hazardous components that cannot be pretreated,
incineration should be the fate (worst case, equation (4)), and a considerably high GWP

contribution for the upstream is observed.

Beyond the specific obtained values for both case studies, the proposed equations
may become a useful tool for lab practitioners and students, to simulate how GWP can
change, and how to set greener conditions by adapting the process to the observed

environmental hotspots.

3.- Incorporating the downstream sub-unit.

The above-defined equations focus on the first part of a biotransformation, that is, the
enzymatic reaction (“upstream”). However, a complete process must involve a second step —
the downstream unit — where the product is purified to reach a marketable form (Figure 1).
There are several methods to perform downstream processing — even involving combined
steps, from extraction to crystallization, etc. —, depending on the reaction and on the purity
needed for the final product (e.g. technical grade vs. pharmaceutical quality). For this work,
the downstream part focuses on two widely used strategies, the distillation of the organic
solvent for processes conducted in non-aqueous conditions, and the extraction with an organic

solvent when reactions are performed in aqueous media.

3.1. Equations incorporating the downstream. Distillation for non-conventional

systems and extraction for aqueous media.

12
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For (bio)catalytic reactions conducted in organic media, the common downstreatiiis .

the solvent distillation (after filtration to remove cells, suspended enzymes, etc.).?6 The GWP
of such a downstream unit would include: i) GWP of heating the organic solvent from the
reaction temperature to its boiling point, and holding it for 1 hour (for distillation); ii) GWP
related to the distillation, based on the enthalpy of vaporization; iii) GWP related to the final
incineration/mineralization of the non-recovered or discarded organic solvent. The total GWP

would be:

GWP(org(dsp)) = (GWP(reactemp — bp)) + (GWTP(dist)) + (GWP(incineration))

Following an analogous procedure to the upstream part (see Sl for details), the

equation (8) can be used for the downstream of a biotransformation in organic media:

(0.02 -AT) + (0.008 -AH) + (2.1 -‘%SolventTreated)
GWP(org(dsp)) = ( Conv[SL] ) (8)

Where AT is the difference between the reaction temperature and the boiling point,
and AH is the enthalpy of vaporization of the solvent used (in KJ/kg). The broad diversity of
values of AH for different solvents does not allow, in this case, the provision of an average
enthalpy to simplify the equations in a meaningful way (as it could be previously done with the
density and with the Cp values). In any case, AH data are retrievable from the open literature

for commonly used solvents in (bio)catalysis.

On the other hand, if the reaction is conducted in aqueous media, an organic solvent
is typically needed for the extractive downstream. The GWP for the downstream in this case
would involve: i) GWP from heating the extractive phase from the reaction temperature to the
boiling point, and holding it for 1 hour (distillation); ii) GWP of the distillation of the organic
solvent, based on the enthalpy of vaporization (KJ/kg); iii) GWP of the incineration /
mineralization of the fraction of the organic solvent that is not recovered; iv) GWP of the

wastewater treatment of the aqueous media, where often the “recommended” equation (2)

13
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should be taken. Following analogous assumptions as above (see Sl), equation (9) drivesithie s rirs

GWP impact of the downstream processing in aqueous solutions:

GWP(extraction(dsp))
= (0.0002 -Vext-AT) + (0.00008-Vext- AH) + (0.021 -Vext-%SolventTreated)
0.35 -%WaterTreated

Conv-[SL]

(9)

If other scenarios are considered, beyond the “‘recommended” equation (2), and
wastewater must be incinerated or can be directly sent to WWTP, the last part of the equation
(9) (which comprises equation (2), see Table 1), can be replaced by equation (4) or by

equation (3), respectively.

3.2. Case Study. Biotransformation conducted in water and extracted with organic

media, or in organic solvent (CPME) followed by distillation.

To validate the equations — comprising upstream and downstream —, the following case

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

study was considered: A Biotransformation performed in CPME as organic media, or in water

Open Access Article. Published on 24 oktébra 2024. Downloaded on 31.10.2024 13:23:45.

without cosolvent, with 60 g substrate L', 80 % conversion, 30 °C, 8 h. The downstream for

(cc)

the reaction in organic media is conducted through solvent distillation (b.p. CPME 106 °C, AH
= 290 KJ / kg), and the downstream in the aqueous solution is performed with extraction with
2X ethyl acetate and subsequent solvent distillation (b.p. EtOAc 77 °C, AH = 366 KJ / kg).
Using the equations (1-9) the GWP of the upstream (energy for the reaction) and of the
downstream are estimated, assuming that: i) 90 % of the solvent (CPME or ethyl acetate) is
recovered; ii) 70 % is recovered. In the aqueous phase the water media is not recycled and is

sent to wastewater treatment (following the scenario “recommended”, equation (2), Table 1).

Since the wastewater and solvent treatments are now incorporated to the downstream

part (equations (8) or (9)), the upstream only considers the energy needed to heat the reactor

14
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to the temperature in which the process will take place (equations (5-7), Taple, 1), THeES: S
downstream GWP comprises the energy of the downstream (heating + distillation), and the
GWP of treating the solvent or the wastewater, considering the proportion that is discarded

and not recovered. Simulations are depicted in Figure 4.

40
H Solvent treatment (Downstream) —1.62
35 B Water treatment (Downstream) -0.17
'36. 30 M Energy (Upstream) 7.3
3 H Energy (Downstream)
o
= 25
o
2
. 20
o~
3
w 15 4
=~
10 1§
5 s
0 -
CPME media CPME media Water media Water media
90% solventrecovery 70% solvent recovery 909% extractive recovery  709% extractive recovery

Figure 4. GWP of different biotransformations performed either in organic media with
distillation as downstream, or in aqueous solutions with extraction with an organic solvent as

downstream.

For the organic reaction process, equations (5) (upstream, energy) and (8)
(downstream) are taken, while for the aqueous media reaction, equations (6) (upstream,
energy), and (9) (downstream, with “recommended” wastewater treatment, equation (2)) are
selected. As observed (Figure 4), processes in non-conventional media are less impactful if
an appropriate solvent recovery and reuse is implemented (90 or 70 %), consistent with recent

literature.’®20 For processes conducted in aqueous media, the solvent surplus — typically used

15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00535j

Page 17 of 24 RSC Sustainability

to assure an optimized product extraction —, penalizes the GWP. This is particulagly relevantss s
when only 70% of the extractive solvent is recycled, what leads to more than 25 kg CO, - kg
product for the solvent incineration part, and to almost 40 kg CO, - kg product in total (Figure
4). The environmental impact of solvents in chemical processes has been addressed
before,’1630 and recycling is mandatory. It should be noted, though, that industry must follow
strict regulations in terms of solvent recycling, what may hamper that option in some cases.?'3!
From a different angle, the use of potentially biogenic solvents, such as ethyl acetate or
CPME,*? may decrease the environmental burden, since bio-based (neutral) carbons would
be fed in the GWP. In another line, for this case study the water treatment (recommended
path, equation (2)) also accounts for a significant proportion of the GWP, due to the low
substrate loadings applied (20 g L"), what forces to the use of a large volume effluent.

Intensified processes would ameliorate the impact of the aqueous fraction as well, by

optimizing the loading-to-volume ratio.2%-28

4.- Notes on background steps — impact of production of enzymes, solvents, and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

chemicals, transportation to the chemical plant —, and on the energy source.

Open Access Article. Published on 24 oktébra 2024. Downloaded on 31.10.2024 13:23:45.

The proposed equations assume a gate-to-gate assessment (Figure 1), where

(cc)

enzymes, chemicals and solvents are already in the chemical plant, and therefore no
environmental impact is considered for their production and transportation.3® The herein
presented approach may be useful for lab practitioners, as simulations can be rapidly derived
for processes that are under development. However, if a more holistic study is intended
(towards a “cradle-to-gate” assessment, Figure 1), the GWP of the production and
transportation of the used chemicals, solvents, and catalysts must be considered as well. With
respect to transportation, several estimations can be made based on distances and the means

of transportation, being train delivery the most preferred one.3°33 With respect to the enzyme
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production, some papers reported by industrial research groups provide figures on the GWP 5 7Lrs
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for the (bio)catalyst biosynthesis, depending on the enzyme and the expression.3*3% Values
span from 10-25 kg CO, - kg enzyme™', ranging from free to immobilized enzyme forms, and
from recombinant to wild-type microorganisms. These figures may serve as basis to estimate
of the GWP impact of industrial enzyme production, to be added in the assessment (e.g.
considering the mass of enzyme needed to produce one kilogram of product, considering
biocatalyst reuse). It must be stressed, though, that more elaborated industrial data on the
environmental impact of enzyme production are necessary, to have more accurate figures to

benchmark biocatalytic processes.

Data on the GWP of solvent production are retrievable from the open literature and
available databases, at least from the commonly used solvents. However, discrepancies on
data can be observed, since the same solvent may have different origin (petro-chemical vs.
biogenic), may follow different synthetic routes, and/or the LCA may set different boundaries.
For instance, the reported GWP for the production of ethyl acetate ranges from ~1.6 kg CO, -
kg EtOAc (petro-chemical) to ~5 kg CO, - kg EtOAc" when it is produced from switch grass
and the study also includes land use and fertilizers (broader boundaries). However, in that
latter case one has to keep in mind that, advantageously, the produced solvent is biogenic.3¢
On the other hand, it is not clear what is included (or what is not) in the petro-chemical
synthesis (boundaries), as some previous steps of those processes (e.g. pumping energy of
oil, distillation/refine steps, etc.), may add significant CO, production to the final environmental
impact. Some works propose 2.56 kg CO, - kg EtOAc" as the (compromise?) value for GWP
estimations of the background (solvent)."* The same accounts for CPME, where GWPs from
~ 1.8 kg CO, - kg CPME-" to ~ 4 kg CO, - kg product' are given.3® As observed, those data
must be taken with caution, and perhaps adopting the worst ones (worst case), or two values
(as best and worst case scenario, respectively) would be the most appropriate way for

performing estimations on GWP when a broader “cradle-to-gate” system is considered.
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Finally, it must be noted that the energy included in the equations is assumindsthe s
impact of using electrical sources (related to the CO, production per kWh-"), taking the average
value applied currently in Europe (0.25 kg CO, - kWh-").22 While this may be the case for some
chemical plants and processes, other systems may use energy sources based on natural gas,
fossil fuels, etc., from which higher CO, contributions are expected, in the range of 600-700 g
CO, kWh-! (ca. 3-fold the average value in Europe today, from electricity).3”:38 Or lower, if
hydropower renewable energy is used (~0.04 g CO, kWh-)."® Assuming that the penetration
of renewable energy in the chemical industry will make its path in the coming years, the
average assumptions made in this paper seem somewhat as a fair trade-off. Nevertheless, if
more data on the process to be assessed are available (e.g. knowing the energy sources), an

adaptation of the equations to reflect the actual impact of the kWh-" in CO, production may be

considered.

6.- Conclusions & Outlook.

The reported equations (1-9) enable a rapid estimation of the GWP of different

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(bio)catalytic reactions, on a gate-to-gate manner. Depending on the process conditions

Open Access Article. Published on 24 oktébra 2024. Downloaded on 31.10.2024 13:23:45.

applied (e.g. higher or lower substrate loadings, reaction time, temperature, conversion,

(cc)

solvent vs. water, etc.), the GWP changes, and thus hotspots for improvement can be rapidly
monitored. Moreover, the strategy enables the GWP allocation on different units (upstream or
downstream) or on different fractions (water, spent organics, etc.). The reported tool appears
particularly useful for processes at early stage, where data are still scarce and more in-depth
LCA analyses are not feasible. Moreover, the approach may represent a useful exercise for
students, to monitor reactions and define the best processing (environmental) conditions.
Making the GWP measurement an early (routine) activity for practitioners may certainly help
reaching more sustainable processes in subsequent steps. For those cases, estimative values

at the order of magnitude can serve as basis to put forth mitigation actions. Once more
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processing data become available (e.g. which specific solvent, actual water, gr, solgnt
recovery or reuse, conversion, yield, etc.), the equations can be rapidly modulated to be
adapted to those more accurate figures. One particular aspect here is the downstream unit,
as many combinations of different DSP can be envisioned, depending on the actual process
and convenience. In this work, the emphasis has been put on extractions or distillations, as
they are arguably the most popular DSP units at research scale or at early stages. However,
equations for other DSP units (or combinations thereof) may be developed as well (e.g.
crystallizations, where anti-solvents are typically used, or chromatographic steps, with large
solvent/water volumes used). It is hoped that this work may trigger other groups to adapt the

equations to their particular cases, to provide more meaningful environmental assessments.

Another important aspect is the energy impact, due to the difficulty in determining the
actual energy source in a chemical plant (what will generate different CO, amounts, as
discussed above). In this work the equations were developed assuming an electrical source
with an average European impact (0.25 kg CO, - kWh-"), but data can be adapted if other
energy sources are considered. For “worst-case” scenarios, the values of a truly fossil source

(range of 600-700 g CO, - kWh") may be taken as “conservative” benchmark.

Finally, it must be noted that measuring GWPs enable that (bio)synthetic processes
can be fairly compared using the same metric, from which also the proportion of biogenic

carbon in the CO, can be estimated (and withdrawn) when bio-based solvents are used.
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