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The prospective assessment of the environmental and economic costs of emergent technologies based
on biomass feedstocks has a vital role in guiding academic research and corporate investments. This
study evaluates a new pathway for the synthesis of the established monomer N-vinyl-2-pyrrolidone (NVP)
from succinic acid, a suggested biorefinery platform chemical. For this purpose, conceptual process
design is combined with recent progress in catalysis research to deliver the life cycle inventories of the
novel process route. LCA projects that bio-based NVP production reduces global warming impacts by
25-53% compared to the fossil alternative practiced today. Within this range, the magnitude of reductions
depends on the biomass feedstock, the chosen hydrogenation catalyst, and separation technology.
However, these global warming impact reductions have to be weighed against increasing other environ-
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mental impacts, mainly eutrophication and acidification, which are associated with farming and the
expenditure of noble metal catalysts. The operational cost analysis suggests that succinic acid-based NVP
production is competitive if the substrate cost ratio (succinic acid/y-butyrolactone) is lower than 0.7. The
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1. Introduction

The integration of biomass feedstocks into traditionally fossil-
based production sectors may be key to enabling human pros-
perity within the resource and climate constraints of planet
earth."™ The biomass-based (short: bio-based) synthesis of
chemicals and fuels has therefore been an important subject
of political efforts,>® societal discussions, and academic
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insights gained in this study provide goals for catalyst research and process development.

research.’™* In this context, polylactic acid,'>'® bio-ethanol'”
and bio-diesel'® have emerged as encouraging examples,
showing that bio-based production can be brought to the com-
mercial scale.

Yet, a broader transition to biomass feedstocks requires
biorefineries that integrate a large network of processes con-
verting the highly functionalized substrates into energy car-
riers and chemical building blocks.' Regarding chemical
building blocks, several studies®®?® have evaluated potential
bio-economy platform chemicals based on criteria such as
application versatility, market potential, and technology readi-
ness. Often-reported key candidates include chemicals of
carbohydrate origin, such as hydroxymethylfurfural (or derived
furandicarboxylic acid), sorbitol (or derived glycols), and succi-
nic acid.>**"** Consequently, value chains starting from these
compounds should be of special interest to the chemical
research community.

In the specific case of succinic acid, a major research
focus has been on liquid-phase hydrogenations yielding
y-butyrolactone (GBL), 1,4-butanediol, and tetrahydrofuran
(THF).>>*° While each of these products can be preferentially
formed with the correct choice of catalyst system and reaction
conditions, some selectivity issues remain due to the sequen-
tial nature of the ongoing hydrogenation steps.** More impor-
tantly, however, current succinic acid price estimates (~2.5 $
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per kg)*' will challenge the prospects for economical pro-
duction of comparably inexpensive lactones, alcohols and
ethers (e.g. 1,4-butanediol price of 2.3 $ per kg).*?

In contrast, the synthesis of heteroatom-containing chemi-
cals from biomass may allow for easier market access due to
higher prices and long synthesis pathways starting from fossil
resources.”*® Concerning the conversion of succinic acid into
such chemicals, pyrrolidones could offer an attractive option
with applications e.g. in pharmaceuticals and specialty poly-
mers. As a potential pathway, White et al. discussed producing
N-methyl-2-pyrrolidone (NMP) and 2-pyrrolidone (2PYD) from
succinate-containing fermentation broth.>* The respective
process comprises thermal imide formation, distillation, and
reduction over a rhodium catalyst (220 °C, 100 bar H,). While
the catalytic conversion of succinic anhydride into N-phenyl-2-
pyrrolidone was also reported,® the total number of studies
on value chains from succinic acid to pyrrolidones has
remained comparably limited, with patents comprising the
bulk of available literature.>®*”

In this context, we recently proposed a sequence of liquid
phase amidation-hydrogenation and gas-phase dehydration
processes to synthesize N-vinyl-2-pyrrolidone (NVP) from
aqueous succinic acid solutions (Fig. 1).*>*° Yields of 70 mol%
(succininc acid to NVP) were achieved with commercial hydro-
genation catalysts and improved by further material develop-
ment.*! Consequently, this reaction sequence seems to be a
promising way of obtaining a high-value monomer from a
potential biomass platform using two conversion steps. While
this value proposition appears intriguing, a detailed evaluation
of process inputs and outputs is required to determine the
expected merit of the proposed transformation.

Here, life cycle assessment (LCA)** offers a tool for the hol-
istic analysis of value chains, as already demonstrated for
biomass utilization scenarios."™** Previous early-stage LCA
studies have resolved the influence of design choices, includ-
ing catalyst materials and biomass feedstocks, thus helping to
guide future research priorities.***> Consequently, to quantify
the environmental and economic impact of bio-based NVP
production, an LCA study on the current state of the succinic
acid-to-NVP conversion technology is presented herein.

The study starts with defining the underlying LCA method-
ology (section 2), including the goal and scope definition
(section 2.1), the system boundaries for bio- and fossil-based
NVP production (section 2.2), the methodology for compilation
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N-(2-hydroxyethyl)-2-
pyrrolidone

N-vinyl-2-
pyrrolidone

succinic acid

Fig. 1 Targeted value chain from succinic acid, as a bio-based platform
chemical, to N-vinyl-2-pyrrolidone.®
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and evaluation of process inventories (section 2.3), process
simulations for bio-based NVP production (section 2.4) and
economic evaluation (section 2.5). Life-cycle inventories of
different process options are presented and discussed next
(section 3.1). The following life cycle impact assessment
(section 3.2) focuses first on global warming impact and is
extended to other non-tox impacts of the CML2001/
2016 method.*® Toxicology related impacts are available in the
ESIL.} Next to these environmental metrics, operational cost
estimates are presented as an economic indicator (section 3.3).
The comparative analysis highlights the environmental and
economic potential of replacing fossil NVP production, consid-
ering different biomass feedstocks, separation technologies,
and succinic acid market scenarios. After discussing uncer-
tainties in the early stage evaluation (section 3.4), directions
for future catalyst and process development are formulated
(section 3.5). To the best of our knowledge, we present the first
LCA study of bio-based pyrrolidone production.

2. Methodology

2.1. Goal and scope definition

The presented LCA aims to compare the environmental
impacts of 1 kg of NVP produced through conventional and
succinic acid-based processes. Thus, the functional unit of the
evaluation is 1 kgnyp (molar purity >99%). Moreover, cradle-to-
gate system boundaries are applied - including all processes
from feedstock extraction to the factory gate. Since convention-
al and bio-based NVP are chemically identical at the factory
gate, the use-phase of NVP can be assumed to be independent
of the chemical’s origin. Consequently, gate-to-grave impacts
on LCA results cancel in the comparative approach and are
therefore not considered.*”*®

Moreover, the evaluation is prospective and relates to a
potential implementation of NVP production from succinic
acid, obtained by sugar fermentation. To assess the impact of
technological choices and developments that cannot be fully
foreseen at this stage, several catalyst and separation scenarios
are included. Furthermore, the source and type of biomass
feedstock has been shown to have a vast effect on the environ-
mental impact of bio-based chemicals.*>*° Thus, we include a
set of typical first and second-generation feedstocks for sugar
production in this study: sugar beet (base case), sugar cane,
corn, and corn stover. While these feedstocks are often associ-
ated with distinct production regions,*® other regional differ-
ences are not considered for the early-stage assessment, and
production of succinic acid and pyrrolidone is assumed to
occur in Europe. Finally, the purified C5/Cé-sugars derived
from the named biomass feedstocks are assumed to yield iden-
tical results in succinic-acid production, though further
research on feedstock variability may be required.”* >’

2.2. Process description and system boundaries

2.2.1. Fossil-based production. Within this analysis, con-
ventional (i.e. fossil) NVP production is based on the maleic

This journal is © The Royal Society of Chemistry 2022
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anhydride platform. This route is assumed to be the most
economical way of accessing the required GBL intermediate,
though older alternatives based on acetylene and formal-
dehyde (so-called Reppe chemistry) remain in operation.**
First, maleic anhydride is converted to GBL by selective gas-
phase hydrogenation over base metal catalysts.***
Subsequently, the product is aminated to 2-pyrrolidone, which
in turn can be reacted with acetylene to yield NVP (Fig. 2).>°

Several process options are disclosed in the patent litera-
ture, especially for realizing the last two stages (from GBL to
NVP).>*%% A comparison of these options suggests that high-
pressure, liquid-phase amination in a concentrated, aqueous
solution without catalyst is state-of-the-art in 2-pyrrolidone
synthesis.”® Subsequently, vinylation is performed with press-
urized acetylene using potassium pyrrolidate, which forms
from 2-pyrrolidone and KOH in water-free conditions, as a
homogeneous catalyst.””"*

While this option is not implemented herein, an extensive
array of patents has targeted the avoidance of acetylene in gen-
erating the vinyl-group of NVP.°"*> Most notably, the conden-
sation of GBL and monoethanolamine yields N-(2-hydro-
xyethyl)-2-pyrrolidone (HEP), which can be dehydrated to
NVP.®® Despite its dependence on fossil carbon due to the
commercial sources of GBL, this alternative has inspired part
of the succinic acid-based NVP production chain. This option
also opens a path to bio-based NVP from bio-based GBL,
which is not within the scope of the current article.®!

2.2.2. Bio-based production. In the bio-based value chain,
low-pH yeast fermentation of sugars yields succinic acid,
which is purified by direct crystallization.®® The acid is sub-
sequently mixed with monoethanolamine in a concentrated
aqueous solution. High-pressure, liquid-phase hydrogenation
of the mixture yields HEP as main product, which is then de-
hydrated in a gas-phase reaction, using nitrogen as an inert

Conversion path
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diluent (Fig. 3).*° Additional details on process layouts and
conditions are given in the process simulation section 2.4.

2.3. LCI compilation and LCIA

2.3.1. Life cycle inventories (LCI). The life cycle inventory
of this study is based on various data sources to best reflect
the current state of knowledge. Where possible, data from the
GaBi LCA database (V8.7 SP 40)°® and from published litera-
ture was preferred. Secondly, inventory data was obtained from
the THS Markit chemical economics handbook.®” If no data
was available in either of these sources, process simulations
based on available patents or novel process ideas were used to
generate the lacking inventories.

Since carbohydrates are frequently used as starting point of
biomass-based chemical production, inventory data for the
required agricultural and processing steps is present in scienti-
fic literature. The evaluation at hand specifically uses data
compiled by Winter et al. for bio-based aniline production
(ESI, section 371).>° Moreover, information on fermentation to
yield succinic acid was taken from Cok et al.®® Lastly, commer-
cial inventory data on ethanolamine produced from ethylene
oxide was obtained from IHS Markit.

In the case of fossil production, maleic anhydride reduction
to GBL is the first process stage absent from the LCA database.
Thus, commercial inventory data was obtained from IHS
Markit. Subsequent steps in both value chains - starting from
GBL and succinic acid, respectively - had to be analyzed by
process flowsheet simulations due to a lack of published
inventory data. These flowsheet simulations yielded a variety
of output streams, some of which require further treatment.
The output streams were categorized as (i) product, (ii) inert
gas purge, (iii) wastewater, (iv) organic residue, and (v) com-
bustible gas purge. While inert gases (ii) are released to the
environment without further treatment, wastewater (iii) is dis-

System boundaries for fossil-based NVP
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Fig. 2 Conversion path and system boundaries for the evaluation of NVP synthesis from the maleic anhydride platform. Yellow color highlights

process simulations conducted in this work.
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Fig. 3 System boundaries for the evaluation of NVP synthesis from biomass via succinic acid. Yellow

color highlights process simulations con-

ducted in this work. Refer to Fig. 1 for a chemical representation of conversion steps.

carded through a sequence of wet air oxidation and mechani-
cal-biological treatment, and organic residue and combustible
gases (iv—v) are jointly incinerated. The required inventory data
for the treatment of (iii-v) is based on the literature analysis of
waste treatment facilities in commercial plants.®®*°

2.3.2. Life cycle impact assessment (LCIA). The compiled
inventories of NVP production scenarios were evaluated using
the CML2001/2016 method due to its wide acceptance.*®
Calculations were run in Gabi V8.7 SP40 using the list of back-
ground processes provided in the ESI (section 4af).

For the treatment of biogenic carbon, we followed Pawelzik
et al. in accounting for all its uptake from and release into the
atmosphere.”® Consequently, the GWI of bio-based NVP expli-
citly accounts for the amount of carbon uptake in plant culti-
vation but also the direct release during processing (e.g. fer-
mentation) and NVP production. This treatment reflects the
carbon flows from cradle-to-gate in line with the goal and
scope of this study. Assuming combustion as an exemplary
end-of-life scenario, the expansion towards cradle-to-grave
boundaries closes the circle of carbon capture and release in
the case of bio-based NVP, whereas conventional NVP would
be burdened with additional carbon emissions, ultimately
stemming from a fossil reservoir. However, our approach of
explicitly accounting for biogenic carbon leads to very small -
and sometimes negative - GWI attributed to succinic acid
from cradle-to-gate. This negative carbon footprint does not
imply that succinic acid production is a carbon-negative
technology since the comparative assessment does not include
end-of-life emissions.””

Moreover, the impacts of indirect land-use change (iLUC)
have been discussed as a major factor in assessing chemicals
and fuels from biomass.”” To incorporate this aspect despite
the remaining large uncertainty in this field,”® iLUC effects on
global warming impacts are estimated explicitly by exploiting

6674 | Green Chem., 2022, 24, 6671-6684

knowledge on bio-ethanol which shares the sugar basis with
bio-based NVP.”° The variability of results related to iLUC is
shown by adapting values from several studies for each of the
discussed biomass feedstocks.”*®" Lastly, it is noted that the
models applied in the original iLUC research papers often do
not exclude effects from direct land-use change. Keeping with
the authors of those studies, the adaptation of their results to
the bio-based NVP scenario is still referred to as iLUC. The
reader is referred to the supplementary (section 4) for
additional details on iLUC and other LCA aspects.

2.4. Process simulations

As discussed in section 2.3, part of the LCI data is obtained by
rigorous process simulations using the flowsheeting software
Aspen Plus® V11. Required process information is derived
from scientific and patent literature as well as additional
experiments (ESI, section 1 and 27). In particular, amidation-
hydrogenation of succinic acid with ethanolamine (Fig. 4,
Mamine/Macid = 1, Mywater/Macia = 1) is implemented as a batch
operation at 200 °C and 200 bar H,, with yield and by-product
formation depending on catalyst choice. Three alternative
simulations are implemented: (1) a commercial benchmark
catalyst (Ru/C, 74% yield),*® (2) a recently described optimized
system (Pt-Re/TiO,, 83% yield)*" and (3) a hypothetical future
case with much reduced by-product formation (98% yield). To
account for uncertainty in the handling of oligomeric hydro-
genation by-products in the bio-based process, an alternative
HEP separation is also considered supported by experiments
(ESL, section 2b + ct): a sequence of (vacuum) distillations is
implemented with or without prior removal of oligomers by
extraction, resulting in conservative and optimistic process
scenarios, respectively. Temperatures above the product’s
normal boiling point (>280 °C) are assumed to cause thermal
stability issues. This limit imposes the need for vacuum separ-

This journal is © The Royal Society of Chemistry 2022
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ation, especially when high-boiling oligomers are removed by effective Na,O/SiO, catalyst.>**° Conversion of 10 vol% HEP in
distillation. nitrogen carrier gas at 385 °C yields 95% NVP and 3% of 2-pyr-

Subsequent dehydration of purified HEP (Fig. 5) is based rolidone by-product. Pressure levels (199-66 mbar) in the
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Table 1 Overview of process scenarios analyzed in this study
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Process description Acronym
Fossil NVP production from GBL (reference) Fos
Succinic acid-based NVP production using Ru/C catalyst, distillation only Bio-Ru-D
Succinic acid-based NVP production using Ru/C catalyst, extraction-distillation Bio-Ru-Ex
Succinic acid-based NVP production using Pt-Re/TiO, catalyst, extraction-distillation Bio-Pt-Ex
Succinic acid-based NVP production using ideally optimized catalyst, extraction-distillation Bio-Id-Ex

patent-reported product stability.®> The distillation train also
removes co-formed water and acetaldehyde. Due to spatial
limitations, flowsheets and detailed descriptions of the fossil-
based process simulation are presented in the ESI (section 57).
All compared process scenarios are summarized in Table 1.

Notably, the simulated processes contain a mixture of batch
and continuous operations, with flowsheets omitting inter-
mediate storage containers and heat exchangers for the sake of
clarity. Reactors, distillation columns, and continuous extrac-
tions are implemented as RStoic, RadFrac, and Extract Aspen®
models. All simulations are based on Henry (permanent
gases) and NRTL (other components) thermodynamic models.
Most single component parameters, especially those related to
thermal separation (cpig, Pv, AH,), are sourced from databases
available in Aspen Plus®. For a few cases, including some pro-
perties of HEP, NVP, and oligomers, property data is estimated
by COSMO-RS and the Benson group contribution
method.?*®* Details are given in the ESI (section 61). NRTL
parameters for key component binary interactions unavailable
in Aspen® databases are also estimated by COSMO-RS.

2.5. Economic evaluation

The life-cycle inventories for the process scenarios from the
environmental impact assessment allow estimating oper-
ational cost estimates as an early-stage economic assessment.
Prices for chemicals and utilities are given in the ESI (section
7t). All prices are given in US dollars in the year 2020. The cost
of catalysts is estimated through heuristics given in the
CatCost™ calculation tool (V1.0.4).5¢

Given the scope of the evaluation and the low technology
readiness level of bio-based NVP, capital investment is not esti-
mated. However, the ESI (section 81) also contains comparative
lists of the main process equipment needed for conventional
and bio-based NVP production. The units are characterized by
their operating conditions and product-normalized flowrates
from the equilibrium-based simulations. Both the bio-based
route and the fossil-based route require a similar number and
type of vessels.

3. Results and discussion
3.1. Life cycle inventory data

LCI data associated with GBL and succininc acid synthesis was
compiled from commercial and open sources. The inventories
for converting these intermediates to NVP were obtained

6676 | Green Chem., 2022, 24, 6671-6684

through process simulations (section 2.4). In the following,
these inventories are discussed to improve our understanding
of the process scenarios. Initially, results are contrasted for the
fossil (Fos) and an exemplary bio-based (Bio-Ru-Ex) NVP pro-
duction scenario (Table 2).

While molar NVP yields are for the GBL-
(0.65 molgg;, per molyyp) and succinic acid-based (0.67 mol,ciq
per molyyp) scenario, a notable difference can be observed in
substrate consumption (fossil: 1.8 kgsubstrates PET Knvp VS. bio:
2.7 Kgsubstrates Per kgnyp). However, the higher substrate
demand in the bio-based scenario is related to four equiva-
lents of water, formed through condensation, hydrogenation,
and dehydration reactions when succinic acid is converted to
NVP. On the other hand, GBL is characterized by a lower C: O
ratio (higher degree of reduction), thus expelling only one
equivalent of water in this value chain. While the high C: O
ratio of succinic acid relates to a common challenge in making
chemicals from biomass," GBL itself is generated by hydrogen-
ation of an acid anhydride and subsequent removal of co-pro-
duced water. However, the choice of our system boundaries for
process simulations was not optimized towards the compar-
ability of the utilized intermediates. These upstream steps are
accounted for in the LCA.

The low amount of solvent (process water) and therefore
high concentration of reactant/product streams is a clear
benefit of the Fos scenario. Most importantly, the load on dis-
tillation columns is reduced and thus the need for steam and
natural gas for heating. Yet, the conventional process scenario
(Fos) is burdened with the expenditure of more costly utilities
(electricity and sub-ambient cooling) due to the extensive use
of vacuum distillations. Overall, exergy demand is thus com-
parable between the discussed alternatives, with 7.5% lower
exergy demand for the fossil alternative.

Lastly, Fos and Bio-Ru-D differ in the amounts of generated
wastewater, which are higher in the succinic acid-based pro-
duction scenario. While the latter also comprises an additional
inert gas purge (N, from dehydration), quantities of the
remaining waste streams (organics and flammable gas) are
comparable between Fos and Bio-Ru-D, not least due to similar
overall conversion selectivity.

The scenarios for NVP production from succinic acid con-
sider two separation strategies (distillation (-D) and extraction
(-Ex)) and three catalyst systems (ruthenium-based (-Ru-), plati-
num-based (-P¢-) and ideal, (-Id-)) (Table 3). Regarding separ-
ation, oligomer removal by extraction (Bio-Ru-Ex vs. Bio-Ru-D)
comes at the cost of an organic solvent (dichloromethane,

similar
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Table 2 Exemplary comparison of LCl data for GBL- and succinic acid-based NVP production scenarios
Fos scenario Bio-Ru-D scenario
Stream Quantity Stream Quantity Units
Substrates Substrates
y-Butyrolactone 1.23 Succinic acid 1.71 kg kegnve "
Ammonia 0.26 Monoethanolamine 0.89 kg kgnvp
Acetylene 0.28 Hydrogen 0.088 kg kgnvp "
Auxiliaries Auxiliaries
Process water 0.50 Process water 1.71 kg kgnvp
KOH 0.016 Nitrogen 0.12 kg kegnve "
Ru/C 8.6 x 10" kg kgnve "
Na,0/SiO, 2.5 % 10° kg ngVp_1
Utilities Utilities
Natural gas 1.67 Natural gas 1.74 MJ kgnvp
Steam 2.23 Steam 9.49 M] kgnyp
Cryogen® 1.10 Cryogen” 0.37 M]J kgnyp
Water cooling 1.40 Water cooling 1.51 M] kgnyp
Air cooling 5.28 Air cooling 11.3 M] kgnyp "
Electricity 0.79 Electricity 0.15 kWh kgnvp ™!
(Total exergy)” (4.82) (Total exergy)” (5.21) MJ kgnyp
Waste® Waste®
Inert gas purge 0.13 kg kegnve "
Flam. gas purge 0.05 Flam. gas purge 0.044 kg kgnvp
Organic residue 0.46 Organic residue 0.41 kg kegnvp "
Wastewater 0.78 Wastewater 2.94 kg kgnve "

@At T = —25 °C. ? Calculated via the Carnot efficiency (Ties = 25 °C) of heat at 400 °C (natural gas), 200 °C (steam), —25 °C (cryogen). ¢ Exemplary
stream compositions and inventories of waste treatment in the ESI (section 10%);

Table 3 Comparison of LCI data for succinic acid-based NVP production scenarios

Bio-Ru-D Bio-Ru-Ex Bio-Pt-Ex Bio-Id-Ex
Stream Quantity Units
Substrates
Succinic acid 1.71 1.68 1.44 1.24 kg kegnve "
Monoethanolamine 0.89 0.87 0.74 0.64 kg kgnve '
Hydrogen 0.088 0.086 0.057 0.047 kg kgnvp "
Auxiliaries
Process water 1.71 1.68 1.44 1.24 kg kgnve '
Dichloromethane — 0.11 0.084 0.068 kg kegnvp "
Nitrogen 0.12 0.12 0.12 0.12 kg kenvp "
Hydrogenation catalyst® 8.6 x 10" 8.4 x 10" 7.2 x10* 6.2 x 10" kg kegnve "
Na,0/Si0, 2.5 x10° 2.5 x10° 2.5 x10° 2.5 % 10° kg kgnve
Utilities
Natural gas 1.74 1.58 1.70 3.19 M]J kgnyp "
Steam 9.49 6.93 5.68 3.25 MJ kgnvp
Cryogenb 0.37 1.48 1.32 1.13 M]J kgnyp "
Water cooling 1.51 4.62 4.01 3.55 M] kgnvp
Air cooling 11.3 4.86 4.11 3.54 M] kgnyp "
Electricity 0.15 0.087 0.076 0.065 kWh kgxyp
(Total exergy)” (5.21) (4.11) (3.63) (3.48) M] kgnyp
Waste?
Inert gas purge 0.13 0.13 0.13 0.13 kg kgnve
Flam. gas purge 0.044 0.043 0.011 7.2 x10° kg kegnvp "
Organic residue 0.41 0.22 0.18 0.11 kg kenvp "
Wastewater 2.94 3.14 2.57 2.11 kg kegnve "

“Ru/C or Pt-Re/TiO, depending on scenario. ” At T = —25 °C. “ Calculated via the Carnot efficiency (Trer = 25 °C) of heat at 400 °C (natural gas),

200 °C (steam), —25 °C (cryogen). ¢ Exemplary stream compositions and inventories of waste treatment in the ESI (section 107%).
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DCM) and higher cooling demand due its low boiling point
(~40 °C). Yet, this cost is balanced by lower steam and electri-
city requirements in Bio-Ru-Ex, which trace back to the heat of
evaporating DCM as opposed to water and a reduced vacuum
distillation need. Finally, waste quantities in the listed scen-
arios are affected by the purge of organic solvent and the
difference in allocation of organic by-products to waste
streams (see Fig. 4). For example, oligomeric by-products are
allocated to organic residue and wastewater streams in distilla-
tion and extraction scenarios, respectively.

Lastly, further distinctions between Bio-x-Ex scenarios are
caused by the choice of a hydrogenation catalyst, which deter-
mines overall NVP yields from succinic acid. While a recent
improvement of the commercially available Ru/C catalyst,
namely a bimetallic Pt-Re/TiO, material,”* reduces normalized
process inputs by about 14% relative, further optimization
(Bio-Id-Ex) would allow for 26%. For reasons of mass balan-
cing, waste quantities are inversely affected by the
implemented hydrogenation catalyst. Still, the total exergy
demand of the Bio-Pt-Ex scenario is less than 5% higher than
for the ideal Bio-Id-Ex scenario, indicating small room for
increasing energy efficiency through catalyst development.

3.2. Life cycle assessment

The environmental impacts of succinic acid-based NVP pro-
duction were determined by evaluating the LCIs described in
section 3.1 with the CML2001/2016 method. Results are sum-
marized in Fig. 6 for the global warming impact (GWI); other
categories are discussed subsequently.

The global warming impact of fossil NVP production is esti-
mated at 7.6 kgco, €q. per kgnyp. Thus, even the commercial
Ru/C catalyst in the Bio-Ru-D scenario (5.3 kgco, €q. per kgyvp)
reduces GWI. Emission savings are mostly due to a large con-
tribution of the fossil-derived GBL intermediate (~60%) to the
global warming impact in the Fos scenario. Bio-Ru-D, on the
other hand, has a larger global warming impact due to energy
use (0.95 kgco, eq. per kgnvp vs. 0.48 kgco, eq. per kgnyp) and
waste disposal (0.83 kgco, eq. per kgyvp vs. 0.37 kgco, €q. per
kgnve). However, increases in utility impacts are more than
compensated for by the low contribution of the succinic acid
feedstock due to its biogenic origin. Avoiding four equivalents
of fossil carbon per molecule of NVP lowers the global
warming impact of the Bio-Ru-D scenario substantially.

Even utilizing bio-based feedstocks, the production of NVP
is not carbon neutral. Remaining global warming impacts of
bio-based NVP production are mainly driven by the utilization
of fossil-based resources for energy provision or in the educts
monoethanolamine and hydrogen. Global warming impacts
could thus be decreased by utilizing renewable energy for elec-
tricity and heat generation and supplying monoethanolamine
and hydrogen from renewable sources. However, such improve-
ments would also lower the carbon intensity of the fossil-
based supply chain.

Due to our cradle-to-gate system boundaries, the use phase
and end-of-life of NVP is not considered. Assuming combus-
tion with no heat recovery as the end of life of NVP would add
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Fig. 6 Cradle-to-gate global warming impact of NVP production as a
function of (a) value chain, (b) catalyst technology, (c) fermentation
feedstock and (d) succinic acid production process. The process scen-
ario is Bio-Pt-Ex, unless specified otherwise, ?Succinic acid is derived
from sugar beet using a process by Cok et al.%® unless specified other-
wise, ? other substrates include H, and monoethanolamine (Bio) as well
as ammonia and acetylene (Fos), € catalysts (heterogeneous and KOH),
solvents (H,O, DCM) and inerts (N,) are summarized as auxiliaries.

additional 2.3 kgco, €q. per kgyvp to the global warming
impacts of fossil and bio-based NVP.

The overall GWI of the extractive alternative (Bio-Ru-EX) is
in-between the Bio-Ru-D case and the Fos case, with a global
warming impact of 5.7 kgco, €q. per kgnyp. Compared to Bio-
Ru-D, the GWI primarily increases due to the production and
disposal of the extraction solvent, which is partially purged to
avoid the accumulation of impurities. Yet, Bio-Ru-Ex should be
considered a base case of Bio scenarios due to its conservative
approach to removing oligomeric residue. Thus, changes in
the catalyst system are only discussed in detail for the extrac-
tion case (Bio-x-Ex).

Here, using the more efficient Pt-Re/TiO, catalyst as
opposed to Ru/C lowers substrate consumption and waste
treatment demand, thereby reducing the global warming
impacts of NVP production (Bio-Pt-Ex: 4.6 kgco, €q. per kgnvp).
Notably, the large specific global warming impact of platinum

This journal is © The Royal Society of Chemistry 2022
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(19600 kgco, eq. per kgp) as compared to ruthenium
(3570 kgco, €q. per kgry) has a negligible impact due to cata-
lyst stability and metal recycling (ESI, section 3b + 4bft). In
extrapolation of this case study, a potential improvement of
the Pt-catalyst (Y(HEP) = 98 mol%) would bring the global
warming impact of bio-based NVP production down to
3.5 kgco, €q. per kgnvp - 53% less than in the Fos scenario.
This change is primarily due to an efficient succinic acid con-
version to NVP, which reduces normalized process input and
waste output quantities. Due to these benefits, an ideal catalyst
would also reduce the carbon footprint by an additional 24%
compared to the best current scenario Bio-Pt-Ex, much more
than the small improvement potential found for energy in
section 3.1.

Also, fermentative succinic acid production is a rapidly
developing field, with current efforts focusing, among others,
on the use of alternative feedstocks.®>®” Thus, a sensitivity
analysis considers four feedstocks for sugar production
(Fig. 6¢). While variations between cases (3.6-4.9 kgco, eq. per
kgnvp) are smaller than those observed for different catalyst
systems, the implementation of corn stover leads to the
highest GWI savings (53% relative reduction vs. Fos). This
finding is expected as corn stover represents a lignocellulosic
side-product of food and feed production, with limited alterna-
tive use.

Further variability in the total GWI of Bio-Pt-Ex is connected
to sugar fermentation and succinic acid separation. Three
scenarios for succinic acid production are compared in this
regard (Fig. 6d): (i) the base case of Cok et al.®® with glucose
and energy demands of 1.35 kg and 9.9 MJ per kg of succinic
acid, (ii) an alternative evaluation by Adom at al.’* demanding
1.90 kg and 17 MJ per kg of acid and (iii) a best case, where
the theoretical minimum glucose demand of 1.04 kg per kg of
acid®® is assumed within the process of Cok et al. (Cok-Id).
Comparing the scenarios based on Cok et al. and Adom et al.
shows a mild impact of assumptions for succinic acid pro-
duction on the general advantage of Bio-Pt-Ex. Global warming
impacts increase from 4.5 kgco, €q. per kgyvp to 5.1 kgco, €q.
per kegnvp between these cases. On the other hand, pushing
succinic acid fermentation to the theoretical limit could
reduce the global warming impacts of the Bio-P¢t-Ex scenario to
4.3 kgco, €9. per kgnvp.

Finally, impacts from indirect land use change (iLUC) have
recently attained increasing interest in assessing biomass-
based production, especially for first-generation feedstocks.®®
Thus, several iLUC estimates for the proposed feedstocks were
derived for the succinic acid-based production scenario Bio-Pt-
Ex considered most realistic (Fig. 7). The analysis shows that
iLUC (—0.1-0.7 kgco, eq. per kgnyp) has a mild impact on the
environmental merits of Bio scenarios, but should always be
analyzed in real-life implementation.

As far as other categories are concerned, environmental
impacts are estimated to decrease by up to 65% relative (Bio-Id-
Ex vs. Fos) in the categories of photochemical ozone creation,
ozone layer depletion, and abiotic depletion of fossil energy
(Fig. 8). In contrast, Bio scenarios increase impacts in the cat-
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Fig. 7 Impact of different iLUC estimates on total GWI for the Bio-Pt-
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Fig. 8 Relative non-tox environmental impacts of bio-based NVP pro-
duction compared to fossil-based production. Tabulated absolute
values are given in the ESI section 11.}

egories of eutrophication potential, acidification potential,
and abiotic resource depletion. This increase is due to
biomass feedstock production in the case of eutrophication
and due to the supply of noble metal catalyst components in
the case of acidification and resource depletion.
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Moreover, heightened eutrophication presents a commonly
observed drawback in bio-based chemical production and is
primarily related to direct fertilizer emissions from agriculture.
Thus, surges in this category vs. Fos vary between 70 and 560%
relative, depending on biomass feedstock. The minimum of
this range corresponds to corn stover (US) and the maximum
to sugar cane (Thailand), due to high fertilizer use in the avail-
able inventories.

In the category of acidification, increases of up to 300% for
routes using ruthenium catalysts and up to 690% for routes
using platinum catalysts are found. Mining and refining activi-
ties of the noble metals are the root cause and contribute
between 80-90% to the total impact estimate. These contri-
butions, in turn, mostly stem from direct sulfur dioxide emis-
sions in the refining process, which may be avoidable through
the implementation of suitable gas treatment standards.
Finally, the category of abiotic resource depletion is also domi-
nated by the catalytic material, contributing 50-80% of the
total impact estimate.

This analysis highlights the need to establish a sustainable
catalyst supply chain to avoid excessive acidification and to
utilize waste feedstocks such as corn stover to reduce eutrophi-
cation. Yet, it must be noted that current estimates on catalyst
stability are conservative due to a lack of long-term stability
data. Thus, catalyst-related impacts could be lowered in the
course of future technology development.

3.3. Operational cost analysis

Economic viability is another important factor in the
implementation of bio-based processes. In contrast to the GWI
estimates, an initial comparison of Bio-Ru-D (6.2 $ per kgxvp)
and Fos (5.4 $ per kgnyp) scenarios shows higher operational
costs associated with NVP from succinic acid (Fig. 9). The root
cause of this difference between GWI and cost evaluations is
the CO, benefit of biomass feedstocks, which does not directly
affect their economics.

However, cost and GWI trends within the set of Bio scen-
arios are identical. Thus, Bio-Ru-Ex yields slightly higher costs
(6.3 $ per kgnvp), mostly due to the expenditure of extraction
agent and waste treatment. The cost of Bio-x-Ex can be reduced
by up to 27% relative by new catalyst technologies in amida-
tion-hydrogenation (Bio-Ru-Ex vs. Bio-Id-Ex). NVP from Bio-Id-
Ex would then be produced at 15% lower cost than Fos.

The pronounced impact of catalyst selectivity on overall cost
is rooted in the large contribution of substrate costs in Fos as
well as Bio scenarios. For example, substrates account for 5.8 $
per kgnyp (93.5%) in Bio-Ru-D. This dominance of substrate
cost is due to low solvent loads (see section 3.1) and straight-
forward separation schemes, which lead to modest energy
demands. Also, waste treatment contributes more to emissions
than to overall costs.

Within the substrate cost segment, succinic acid and GBL
are the largest contributors, implying a strong dependence on
the price of biogenic succinic acid set by a rapidly developing
market. Thus, a sensitivity analysis for succinic acid price is
presented in Fig. 9c (base case = 2.5 $ per kg,.q).>* The ana-
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Fig. 9 Operational cost of NVP production as a function of (a) value
chain, (b) catalyst technology and (c) substrate cost. 2.5 $ per kgacia
unless specified otherwise. Succinic acid is derived from sugar beet,
b other substrates include H, and monoethanolamine (Bio) as well as
ammonia and acetylene (Fos), € catalysts (heterogeneous and KOH), sol-
vents (H,O, DCM) and inerts (N,) are summarized as auxiliaries.

lysis shows that bio-based NVP production through the
improved Pt-Re/TiO, catalyst (Bio-Pt-Ex) is likely to remain
cost-competitive for succinic acid prices below 2.5 $ per kg.
This break even point equates to a price ratio of 0.69 for the
utilized C4 intermediates (succinic acid/GBL, mass-based),
which could be used as a rough indicator of feasibility in
different GBL market conditions.

Lastly, further improvements in fermentation and separ-
ation technology have been suggested to reduce the cost of
succinc acid production to 1.5 $ per kg,.q.*® Therefore, the
operational cost for Bio-Pt-Ex may become as low as 3.9 $ per
kgnve — almost 30% less than in the Fos scenario. In addition,
the ESIf explores the dependence of economic viability on
patent-based assumptions for fossil NVP production, showing
that a fossil-based production nearing stoichiometric yield
would still have higher operating costs of 4.1 $ per kgxvp (ESI,
section 97).

3.4. Uncertainty

Previous sections have discussed the environmental and econ-
omic impacts of bio-based pyrrolidone production. Therein
multiple process and market scenarios, covering a broad range
of potential futures were considered. Thus, the ultimate feed-
stock choice and availability, the separation and catalyst

This journal is © The Royal Society of Chemistry 2022
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technology are key variables in determining the environmental
and economic performances of bio-based N-vinyl-2-
pyrrolidone.

It is clear that the presented, scenario-based sensitivity ana-
lysis does not include all potential uncertainties for a nascent
process technology. For example, the energy system in general
is in a state of transition and might change drastically till an
eventual implementation of bio-based pyrrolidone production.
Furthermore, bio-based succinic acid production is not yet
established and thus production is simulated on literature, not
industrial data. On the economic side, the market develop-
ment for succinic acid provides the largest uncertainty.

Despite these unkowns, the presented spread of scenarios
provides a suitable error margin for the given assessment.
Accordingly, there is clear potential for improved environ-
mental impacts through the production of NVP from succinic
acid, whereas the economic success is very dependent on
market developments.

3.5. Relevance and future research

To the best of our knowledge, the environmental impacts of
bio-based pyrrolidone production have previously remained
unreported. Lammens et al. have investigated the economics
of NVP made from glutamic acid but did not address environ-
mental impacts.”® Based on simplifying assumptions, these
authors found economic potential for the production of NVP
and the substrate (glutamic acid) price was identified as the
dominant operational cost driver. Notably, the value chain
studied by Lammens and coworkers was based on decarboxyl-
ation and vinylation instead of amidation-hydrogenation and
dehydration reactions. Thus, our analysis not only adds
environmental aspects to the evaluation of bio-based NVP, but
also expands the scope of available synthesis pathways.

The evaluation at hand can also direct future research
towards an economically feasible and environmentally friendly
process. In this regard, it is noted that the succinic acid con-
version to NVP is a nascent technology with knowledge gaps to
be addressed prior to industrial implementation. For example,
the detailed properties and continuous separation behavior of
oligomeric residue from amidation-hydrogenation must be
explored to validate the proposed purification technologies.
Moreover, DCM represents a suboptimal extraction agent in
terms of performance and green chemistry,”® which leaves
potential for more benign alternatives. However, our analysis
followed a conservative approach by only considering DCM
due to its demonstration in the laboratory.

Our results also indicate the large potential for further cata-
lyst research, optimizing the selectivity and long-term stability
of materials for amidation-hydrogenation. Promising catalyst
candidates are other Pt-MeO,, combinations (e.g. Pt-MoO,. and
Pt-VO,) already explored in the general context of amide
reduction.’®®® Due to their impact on investment cost, factors
such as operation pressure and space-time-yield will also
become more important as the process moves to a pilot stage.

Finally, succinic acid from fermentation must be available
at a stable, competitive price to generate investment interest in
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succinic acid conversion technologies to bio-products. It is
therefore paramount to continue research on efficient succinic
acid production and separation. Methods that allow for an
integration of succinic acid production and downstream con-
version are also promising to lower the effective cost contri-
bution of substrates to NVP production.

4. Conclusions

In this work, we proposed and analyzed processes for the bio-
based production of N-vinyl-2-pyrrolidone. Currently practiced
fossil alternatives served as benchmark. The analysis is based
on laboratory data, scientific and patent literature. Where
necessary, life cycle inventories of process steps were derived
from Aspen® flowsheet simulations. Finally, process scenarios
were evaluated in terms of environmental impacts, such as
global warming impact, and operational costs. Within these
metrics, the succinic acid conversion scenario could reduce
the impact/cost of NVP by up to 53% and 15%, respectively.
Notably, the best current laboratory technology (Bio-Pt-Ex) still
delivers substantial GWI reductions of 40% and reaches parity
for operational cost.

Yet, economic and environmental benefits of bio-based pro-
duction via succinic acid largely depend on the availability of
an efficient catalyst for amidation-hydrogenation. The catalyst
must convert succinic acid and ethanolamine into N-(2-hydro-
xyethyl)-2-pyrrolidone, while limiting the formation of side-
products, such as oligomers. This challenge is currently best
addressed by a tailored Pt-Re/TiO, material.**

On the supply side, the bio-based processes for NVP pro-
duction would benefit significantly from further developments
in succinic acid production from sugars and the emergence of
a well-developed market for this platform chemical. Especially,
lignocellulosic feedstocks would be desirable, resulting in
lower succinic acid prices and reduced environmental impacts.

The study has also highlighted the potential of combining
laboratory research on nascent processes with rigorous process
modeling and assessment. In this regard, it should be reward-
ing to enter upscaling experiments for the chemical conver-
sions and separations described herein. Respective results
could be fed back, thus improving the quality of the given esti-
mates and generating new research priorities in an iterative
approach.
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GBL  y-Butyrolactone

THF  Tetrahydrofurane

NMP  N-Methyl-2-pyrrolidone
2PYD 2-Pyrrolidone

LCA  Life cycle assessment
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