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ABSTRACT: The chemical industry aims to reduce its greenhouse
gas emissions (GHGs) by adopting biomass as a renewable carbon
feedstock. However, biomass is a limited resource. Thus, biomass
should preferentially be used in processes that most reduce GHG
emissions. However, a lack of harmonization in current life cycle
assessment (LCA) literature makes the identification of efficient
processes difficult. In this study, 46 fermentation processes from
literature are harmonized and analyzed on the basis of their GHG
reduction compared with fossil benchmarks. The GHG reduction per
amount of sugar used is defined as Sugar-to-X efficiency and used as a
performance metric in the following. The analyzed processes span a
wide range of Sugar-to-X efficiencies from —3.3 to 6.7 kg of CO,
equiv per kg of sugar input. Diverting sugar from bioethanol
production for fuels to the fermentation and bioconversion processes with the highest Sugar-to-X efficiency could reduce the
chemical industry’s GHG emissions by an additional 130 MT of CO, equiv without requiring any more biobased feedstocks.

 Sugar-to-X efficiency |
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B INTRODUCTION

The production of chemicals and plastics is predicted to account
for approximately 50% of growth of global oil consumption by
2050, with direct CO, emissions from the chemical industry
increasing by 30% if no disruptive measures are taken.'
Renewable carbon sources are required to reduce these climate
impacts. One promising renewable carbon feedstock for
chemical production is biomass.”* The adoption of biomass is,
therefore, facilitated by multiple national*® and transnational®
bioeconomy action plans.

This development is supported by the recent reviews on life
cycle assessments (LCA) for biobased chemicals by Montazeri
et al.” and for biobased polymers by Spierling et al.” that suggest
biobased chemicals and polymers can reduce GHG emissions
for most products.

Nevertheless, the proposed large-scale allocation of biomass
to chemical production has not remained without criticism” of
environmental burden-shifting, indirect land-use change
(iLUC), and competition between food and material
production.'’ Taking these concerns into account, it is unclear
if sufficient sustainable biomass will be available to switch from a
fossil-based chemical industry to one based on biomass.
Estimates of the worldwide potential of sustainable biomass
differ widely between 45 and 450 EJ.'"'”'® Given this
uncertainty, sustainable biomass should be considered a scarce
resource, and thus, the development of biobased processes
should prioritize technologies that make efficient use of limited

biomass resources. In this work, we focus on the efficient
abatement of climate impacts, specifically, as concerns about
global warming are the leading driver in the push to transform
the chemical industry.

However, the identification of resource-efficient technologies
requires sound quantification and comparison of climate
impacts. Unfortunately, LCA studies of biobased processes in
literature are usually not directly comparable.”® This lack of
comparability can mainly be attributed to the following reasons.

First, assumptions often differ for the environmental impacts
of processes in the background system, e.g., processes that are
not directly modeled but adapted from LCA databases.
Background processes are often used for energy supply, the
fossil reference system, and biomass feedstock. The impact of
biomass feedstock, especially, can vary widely. For instance,
Renouf et al. studied the impact of fermentable sugar
production, an essential input of many biobased chemicals."”
They determined that sugar’s climate impact varies by a factor of
S depending on whether sugar cane or corn is used. The impact
of biomass cultivation also varies strongly with local conditions:
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Figure 1. System boundaries and functional unit used for the LCA. The functional unit is 1 kg of sugar used by the biobased process. The output of the
fossil system is set to be equivalent to the output of the biobased system. If the biobased process produces more than one output, system expansion is
used. The system boundaries are cradle to grave, assuming eventual release of all carbon as CO, at end-of-life and equal impacts for equivalent bio- and

fossil-based products during the use phase.

Pelton found that corn production’s climate impacts lie between
4.9 kg of CO, equiv/bushel and 17.7 kg of CO, equiv/bushel for
the 10th and 90th percentile of counties in the U.S."® Even for a
fixed feedstock and production process, impacts can vary
considerably because of methodological choices. Trisopolos et
al. studied the effect of allocation and substitution approaches on
the LCA of glucose production via corn wet-milling and arrived
at impacts of 0.7—1.1 kg of CO, equiv/kg."” Differences in the
environmental impact of the fossil-based reference chemicals
can further hinder interpretation. For instance, when studying
the replacement of fossil-based adipic acid, Cok et al. assume the
global warming impact of fossil-based adipic acid as 8.8 kg of
CO, equiv/kg,zo Corona et al. assume between 12.9 and 22.6,'
and Aryapratama et al. assume 25.6 kg of CO, equiv/kg,*
mainly because of different assumptions about N,O abatement.
For the study of biobased ethylene, several authors used nearly
identical inventories for biobased ethylene production.”*”*®
However, they arrive at GHG reduction between —0.4 and 2.4
kg of CO, equiv/kg for biobased ethylene because of differences
in the background system. These variations in the background
system make it challenging to identify the most efficient
biobased process by comparing individual studies’ results
without an in-depth analysis of the background system. Thus,
even if studies considered resource efficiencies, comparison of
the efficiencies between studies is challenging. The required
harmonization is tedious and a major barrier for comparing
individual processes.

In addition to the large uncertainties introduced by the
feedstock and the background system, studies differ in selecting
the functional unit. While most studies use 1 kg of chemical/
polymer as a functional unit, other functional units are also used,
such as clamshell containers,”® packing films,”” or plastic
bottles.”® Conversion from a product to a mass basis is generally
possible but introduces another layer of complexity.

Lastly, the difference in resource efficiency between biobased
processes is often not a key concern for LCA studies of biobased
materials. However, for bioenergy, approaches considering the
efficient use of resources were already proposed more than ten
years ago,”” and multiple studies look into the efficient use of
biomass for energy services. For instance, Steubing et al¥
consider the optimal use of waste biomass in Europe; Codina
Girones et al.’" assess the CO, mitigation potential of biomass in
Switzerland; Calvo-Serrano et al.** optimize the allocation of
biomass for fuel, electricity, and ethylene production; and
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Daioglou et al. developed future scenarios for biobased energy
use on the basis of the TIMER model.*

However, for biobased chemicals, such comprehensive
assessments of efficiency are lacking. While some studies
consider multiple biomass processes, they still only consider a
fraction of the published data. Adom et al. assess the production
of seven biobased chemicals for integration in the GREET
model.”* However, no efficiencies are assessed. Gerssen-
Gondolach et al. study the land-use efficiency for the chemicals
ethylene, PLA, PHA, PTT, and butanol in different production
scenarios and predict that PLA will have the highest land-use
efficiency in the future.”> However, because of the early stage of
their assessment, uncertainties are high, and since their
publication, a large number of additional pathways to biobased
production have been published. We, thus, conclude that a study
assessing the resource efficiency of current biobased processes is
still missing from the literature.

This study identifies the most climate-efficient biomass
utilization pathways by applying a consistent LCA methodology
and background system to assess 46 bioconversion processes
based primarily on simple sugars and their value chains to 16
biobased chemicals. We calculate the greenhouse gas reduction
for all biobased processes and value chains using consistent
harmonized background, reference, and feedstock data and are
thereby able to rank the biobased bioconversion processes by
their climate impact reduction efficiency.

B METHODOLOGY

Goal and Scope. Our study aims to identify processes that
utilize biobased feedstocks most efficiently to reduce climate
impacts. However, as discussed above, the nature of biobased
feedstocks varies widely in the environmental impact of
production, local availability, and suitability for different
processes. Thus, defining a single efficiency for all feedstocks
requires some equivalence between the different feedstock
types. This need does not arise if the selection of processes is
limited to bioconversion processes since they can use the same
resource: fermentable sugar. While focusing on bioconversion
processes removes any pyrolysis-based processes and the direct
catalytical conversion of biomass from the scope of this study,
bioconversion processes already cover many critical biobased
processes. For example, 7 of 12 processes with near potential
identified by National Renewable Energy Laboratory (NREL)
are bioconversion processes.36 Furthermore, bioconversion
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Table 1. List of Processes Reviewed and Harmonized for This Study”

Product Process variants Prefix Source
bioconversion/reaction separation comment
hydration of 3HPA to 1,3- o
v N via distillation 3HPA Adom et al. 2014%
ol propanediol
1,3-propanediol direct bioconversion to 1,3 via extraction LLE Adom etal. 2014
propanediol via distillation Anex et al. 2006
irect bi ion to 1,4-
! direct bl'oconverswn to o Adome et al. 2014%
1,4-butanediol butanediol via distillation
hydrogenation of succinic acid Samat et al. 201947
via multi-stage vapor s
recompression + distillation
m bioconversion to 2-
2-butanol vacuum bioconversion to via temperature swing absorption + Pereira et al. 2017%8
butanol o S2
distillation
via vapor absorption + distillation S3
only for use in other
3-HPA direct bioconversion to 3-HPA  via distillation vrorusel Adome et al. 20143
processes
id-catalyz hydration of
acrylic acid acid-cataly. ed'de Yd ation of via distillation Adome et al. 20143
3-HPA to acrylic acid
direct bioconversion to adipic . S,
acid P via crystallization Aryapratama et al. 201722
adipic acid
bioconversion to muconic acid
! > : u " I I via crystallization Corona et al. 20182}
+ hydrogenation to adipic acid
bioconversion to
aniline aminobenzoic acid + via crystallization + distillation Winter et al. 202137
decarboxylation to aniline
dehydration and catalytic LEB Cespi et al. 2016%
dehydrogenation of ethanol to  via distillation base case |
) . ) . Moncada et al. 20185
butadiene + side products improved yield I
butadiene conversion of ethanol to
acetaldehyde => reaction to via distillation osT Cespi et al. 2016%°
butadiene + side products
direct bioconversion to
ethanol : via distillation + molecular sieves Moncada et al. 2018%°
ethanol
Adom et al. 2016%
Alvarenga et al. 20132
tic dehvdration of Beldoom et al. 2015
ethylene catalytic dehydration of via distillation Chen et al. 20165t
ethanol
Hong et al. 2016%*
Liptow et al. 201225
Posen et al. 2015%
direct bioconversion to iso-
iso-butanol ! via distillation Adom et al. 2016%
butanol
bioconversion to mesaconic
isoprene ' N I N ' via distillation Lundberg et al. 201954
acid + multiple reaction steps
direct bioconversion to Al
itaconic acid N o crystallization Nieder-Heitmann et al. 20185
itaconic acid A2
direct bi ion to lacti dditi f sulfuric acid + I
Jactic acid rect bioconversion tolactic  addition of sulfuric acid +low Dacosta et al. 20195
acid pressure distillation + crystallization
Dunn et al. 201557
bioconversion using Bacteria Manandhar et al. 202058
addition of sulfuric acid +
esterification with methanol and bioconversion using Fungi Manandhar et al. 202058
distillation + splitting to menthol
and lactic acid + distillation bioconversion using Yeast Manandhar et al. 202058
Morales et al. 2015%°
Ogmundarson et al. 20205
PHBA direct bioconversion to pHBA filtration + crystallization Krémer et al. 202051
reaction from lactic acid to Lokesh et al. 20192
polylactic acid lactide followed by -
. Papong et al. 201453
polymerization to PLA
DC
via crystallization ammonium sulfate as Cok et al. 201420
AS
co-product
succinic acid via extraction + crystallization LLE Adom et al. 20143
direct bioconversion to
succinic acid EDI Adom et al. 20143
via electrodialysis + crystallization
EDI Cok et al. 20142°
Klein et al. 20175
via absorption titer of 13.7 g/L low
) . Efe et al. 2013%°
titer of 27.2 g/L high

“The table lists the bioconversion/reaction type and the major separation units used. Processes are labeled following the scheme: product—prefix—

first author—year. The prefix is added if one author proposes multiple processes for the same product and is being kept close to the naming
conventions of the original publication. Most of the time, this refers to differences in downstream processing, though in some instances the
bioconversion, itself, changes. If the difference between processes is not in bioconversion/reaction or separation, a comment on the difference
between processes is provided. A more detailed breakdown of the processes is found in the Supporting Information.
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yields the biobased chemical with by far the largest production
volume worldwide, ethanol.

Functional Unit and System Boundaries. For each
biobased process evaluated in this study, our system boundaries
include the biobased process and its upstream activities.
Furthermore, it is assumed that all carbon taken from the
atmosphere is released at the end of life. Additionally, the system
boundaries include the fossil-based production chain to produce
an equivalent output to the biobased process’s output (Figure
1). Since the product of the biobased and fossil-based process
are assumed to be functionally equivalent, it is also assumed that
the use phase is equivalent and can, thus, be neglected,

The resource efficiency of a process is calculated by defining
the functional unit as 1 kg of sugar consumed by the biobased
production pathway. The difference in global warming impact
between bio- and fossil-based production is then defined as the
Sugar-to-X efficiency (S2X).

GWI fossil GWIbio—based

S2X =
kg of sugar )

As the Sugar-to-X (S2X) efficiency is expressed relative to the
sugar input, the contribution of sugar production to the S2X
efficiency is the same for all processes. Thus, changes in the sugar
production’s environmental impact result in identical changes in
the S2X efficiency for all biobased processes, which eliminates
one of the largest uncertainties between LCA studies of biobased
processes. This feature allows us to rank the biobased processes
according to their potential to reduce climate impacts without
the uncertainties of biobased feedstock production.

We calculate the S2X efficiency by considering four
production scenarios for the biobased feedstock: sugar-based
on corn stover, sugar cane, and corn with either no or high iLUC.
The production of the sugar considers all life cycle stages from
the cultivation of the feedstock to transportation and the final
processing to sugar. However, the different scenarios only affect
the absolute value of the S2X efficiency, not the ranking of the
processes relative to each other. As a base case, we assume that
the sugar is produced from corn in the U.S. and disregard
contributions from iLUC, with a cradle-to-gate climate impact of
sugar production of 0.65 kg of CO, equiv per kg of sugar.”” For
corn stover, sugar cane, and corn with the inclusion of indirect
land-use change, the global warming impact of 1 kg of sugar is
0.0, 0.26, and 1.06 kg of CO, equiv, respectively.’® The scale of
land-use change is still a topic under active discussion. Scully et
al. found that land-use change for fuel ethanol production in the
U.S. varies between —2 to 30 g of CO, equiv/M] with a single
outlier reported at 104 g of CO, equiv/ MJ.”” Here, we assume
land-use change emissions of 0.41 kg of CO, equiv/kg of sugar
from corn, which is equivalent to 30 g of CO, equiv/MJ for fuel
ethanol production providing a pessimistic bound. For sugar
derived from corn stover, we assume a pretreatment process
with diluted acid based on the biochemical sugar model by
NREL.* Furthermore, C6 and C5 sugars are both assumed to
achieve the same yield in the fermentation. Since it is very
optimistic for any given process to achieve the same yield
without any further process changes, this assumption provides
an upper limit to the S2X efliciency. The biobased production
begins with bioconversion but can include further conversion
steps. For instance, biobased ethylene production includes the
fermentative conversion of sugar to ethanol and the gas-phase
dehydration of ethanol to ethylene,*" while succinic acid can be
produced directly from sugar in a single bioconversion step."”
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Furthermore, different separation sections are considered for the
same product (Table 1).

Biobased processes can have one or more outputs, e.g. the
production of butadiene also yields 2-butanol and butene. In
such a case, the additional outputs will also be produced by the
reference production system. Ideally, the reference system
produces identical products. However, an identical product is
not always available. In this case, a functional substitute is used.
A functional substitute does not have the same chemical
structure but is assumed to fulfill the same function; e.g.,
biobased succinic acid could substitute fossil-based adipic acid in
nylon due to its diacid functionality, or bioethanol can substitute
gasoline.”” For functional substitution, we assume equivalence
on an mass basis for chemicals and an energy basis for fuels. The
following functional substitutes are considered: succinic acid
substituting adipic acid, PLA substituting PET, itaconic acid
substituting acrylic acid, and ethanol substituting gasoline. For
succinic acid, PLA, and itaconic acid, we assume that 1 kg of
biobased chemical can replace 1 kg of fossil-based chemical. For
ethanol, we assume that 1 kg of ethanol substitutes 0.587 kg of
gasoline due to ethanol’s lower heating value.

As the end-of-life stage, the release of all stored carbon as CO,
without any energy recovery is assumed. This assumption is
conservative for the life cycle emissions and allows us to capture
differences in the carbon content of functional substitutes. Apart
from carbon released during the end oflife, it is assumed that use
phase and end of life are the same for functional substitutes and,
thus, cancel in the S2X efficiency.

Inventory Data for Bio- and Fossil-Based Processes. In
the previous section, we established the S2X efficiency as the
metric for biobased processes. However, for a comprehensive
assessment, this metric should be applied to as many biobased
processes as possible. We identify these biobased processes by
screening the LCA and process design literature to extract
inventories of biobased processes for our study. Apart from
publications mentioned in current reviews of the LCA literature,
we searched SCOPUS with the search term ”(“life cycle
assessment” OR “lca” OR “techno economic” OR “process
design”) AND (“biobased”) to find additional publications. This
search led to 610 results that were first screened by title and
abstract to identify relevant publications, with that number
further reduced to 94 because most of the found studies were not
LCA studies and were, thus, disregarded. Since conducting an
LCA study requires complete inventories, we only considered
studies that contained either complete inventory data or
sufficient data to reconstruct the inventory. Our literature
screening yielded 26 studies that contain sufficient inventory
data for 46 processes producing 16 different chemicals (Table
1).

Not all reviewed studies contained complete inventories. In
this case, we tried to reconstruct the inventory using the original
publication, additional sources, or further assumptions. Any
steps undertaken to reconstruct inventory data are discussed in
detail for each process in the Supporting Information. Several
seemingly promising studies had to be disregarded because no
inventory data could be extracted. A more transparent
deposition of inventory data for LCA studies would be helpful
for any similar future studies and should be encouraged
throughout the LCA community."

Some bioconversion processes discussed in the literature use a
feedstock different than sugar, e.g,, glycerol, and would, thus, not
fit our methodology. However, these processes are included if
similar yields are reported for the bioconversion from sugar as

https://doi.org/10.1021/acssuschemeng.2c03275
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Figure 2. Merit order curve for the S2X efficiency of biobased processes and value chains. The legend shows the fossil-based chemicals substituted by
the biobased chemicals. The fossil-based chemical is not always substituted by a chemically identical biobased chemical. The dashed lines show the
position of the zero lines if the feedstocks corn stover, sugar cane, or corn + iLUC would be considered instead of corn. Since all processes are
normalized to 1 kg of sugar input, a change in feedstock would result in a constant offset for all products. Processes are labeled following the scheme:
product, prefix, first author, year. The prefix is added if one author proposes multiple processes for the same product and is being kept close to the
naming conventions of the original publication (Table 1). Tabulated results are available in the Supporting Information.
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from the original feedstock. It is assumed that the downstream
processing is not affected by switching feedstock as long as
similar titer and yields are reached. All processes that were
originally considered a different bioconversion medium are
discussed in more detail in the Supporting Information.

While the biobased inventory data is based on literature, the
fossil-based inventory data is based on industrial data from IHS
Markit, which has been used in other studies to model large
fossil-based production networks."**> A list of all fossil-based
value chains and the name of each selected individual process is
available in the Supporting Information. The background
system is modeled with ecoinvent (see Supporting Informa-
tion).

B RESULTS

Merit Order Curve for Biobased Processes. The $S2X
efficiency is used to rank all 46 biobased processes identified in
our literature screening in a merit order curve (Figure 2). As
discussed previously, the order of the processes in this merit
order curve does not depend on the feedstock since the input is
the same for all processes. However, the absolute Sugar-to-X
efficiency does depend on the feedstock.

Using corn as feedstock, 34 of the 46 processes have a positive
S2X efficiency, while 11 processes have a negative S2X
efficiency. However, the S2X efficiency has a large range from
6.1 kg of CO, equiv/kg of sugar for the replacement of adipic
acid with succinic acid produced by the direct process proposed
by Cok et al,”” to —3.0 kg of CO, equiv/kg of sugar for the
replacement of PET with PLA produced via the fungi-based
process proposed by Manandhar et al.*® Furthermore, the $2X
efficiency varies considerably between process variants produc-
ing the same product.

Three alternatives to corn as sugar source are considered in
this study: corn stover, sugar cane, and corn + iLUC (dashed
lines Figure 2). Changing the feedstock results in the same
change in S2X efficiency for all processes. When corn stover is
used as feedstock, the S2X efficiency is 0.7 kg of CO, equiv/kg of
sugar higher than for the base case of corn, 0.4 kg of CO, equiv/
kg of sugar higher for sugar cane, and 0.4 kg of CO, equiv/kg of
sugar lower for corn + iLUC. Thus, the type of biomass
feedstock is primarily relevant for processes with an S2X
efficiency within this range of variation. In these cases, the
feedstock type decides whether this process reduces climate
impacts compared with fossil-based production. This affects
primarily biobased ethanol or products derived from biobased
ethanol. While biobased ethanol derived from corn still has a
positive S2X efficiency of 0.2 kg of CO,/kg of sugar, this S2X
efficiency becomes negative once iLUC is considered and would
increase impacts compared with gasoline. The same is true for
most of the processes to produce ethylene and butadiene.

In the following, individual products are discussed in more
detail, and differences in the processes that lead to different S2X
efficiencies are highlighted in order of decreasing S2X efficiency.

Succinic and Adipic Acid. The processes with the highest
S2X efficiency (6.1-3.5 kg of CO, equiv/kg of sugar) all
substitute adipic acid, either directly with biobased adipic acid or
functionally with succinic acid. Their considerable reduction
potential is based on avoding the large climate impacts of adipic
acid’s fossil-based production. This fossil-based adipic acid
production emits 11.2 kg of CO, equiv from cradle to grave. Our
calculation for the climate impacts of fossil-based adipic acid is
even conservative, as 100% N,O abatement is assumed. Other

studies arrive at climate impacts of fossil-based adipic acid
exceeding 20 kg of CO, equiv/kg (cradle to grave).”'

The S2X efficiency of Cok et al.’s** succinic acid production
processes is generally higher than that of the processes by
Adome et al.”* because of the significantly lower yield assumed
by Adome et al. (0.5 kg of succinic acid/kg of sugar) compared
with Cok et al. (0.67 kg of succinic acid/kg of sugar). In contrast,
the impacts due to energy and auxiliary demand are very similar.
Both studies propose processes with separations on the basis of
crystallization, which is either direct (DC-Cok) or first increases
the concentration of succinic acid by electrodialysis (EDI-Cok,
EDI-Adom) or liquid—liquid extraction (LLE-Adome). The
DC-Cok process has a S2X efficiency of 6.1 kg of CO, equiv/kg
of sugar versus 4.6 kg of CO, equiv/kg for LLE-Adome and 4.9
kg of CO, equiv/kg of sugar (Cok) versus 3.5 kg of CO, equiv/
kg of sugar (Adome) for the EDI process. Cok et al. propose a
third process where ammonium sulfate is produced as a
byproduct (AS-Cok), and separation occurs via ultra- and
nanofiltration with S2X efficiency of 5.4 kg of CO, equiv/kg of
sugar.

Succinic acid production based on purification via adsorption
on ZSM-5 zeolite and desorption with hot water followed by
evaporative crystallization are proposed by Efe et al.”* and Klein
et al.>* The desorption process’s large energy demand leads to a
much lower S2X efficiency than the process by Cok et al.”* and
Adome et al.>* discussed above. Efe et al.*® analyze the effect of
different titers on the process. For the base case titer of 13.7 g/L
(low), the process has an S2X efficiency of 1.4 CO, equiv/kg of
sugar. When the titer is doubled to 27.2 g/L (high), the S2X
efficiency increases to 4.0 CO, equiv/kg of sugar. However, the
use of Actinobacillus succinogenes in the processes by Adome et
al.** suggests a substantially higher titer of 45.5—53.2 g/L, which
might explain the better performance of their processes.”” The
process proposed by Klein et al.’* has a heat requirement about
twice as high as low-Efe, which leads to an overall negative S2X
efficiency of —2.2 CO, equiv/kg of sugar. Nevertheless, the
assumed titer of the bioconversion is 21.8 g/L is 50% higher than
the titer of low-Efe. Both Efe et al. and Klein et al. conduct a
techno-economic assessment instead of an LCA for their
processes, and thus, higher heat requirements might be an
economically worthwhile trade-off.

For adipic acid production, two different processes have been
proposed. Aryapratama et al.>* consider the direct bioconver-
sion of C6 sugars to adipic acid with a yield and titer of
approximately 1.49 kg of sugar/kg of adipic acid and 1.4 g/L,
respectively. The adipic acid is purified via evaporative
crystallization. The process proposed by Corona et al*!
considers the bioconversion of depolymerized lignin aromatics
to muconic acid, followed by hydrogenation to adipic acid. For
the bioconversion, a yield close to 100% and a titer of 80 g/L is
assumed, which are projections onto possible targets. Overall,
both processes result in similar and high S2X efficiencies of 5.0
and 4.4 CO, equiv/kg of sugar for Aryapratama et al. and
Corona et al,, respectively. The higher S2X efficiency of succinic
acid production compared with adipic acid production makes a
strong case for functional substitution where technically
possible.

1,3-Propanediol and 1,4-Butanediol. 1,3-Propanediol and
1,4-butanediol show the next highest S2X efficiency. Again, high
S2X efficiencies result from the high climate impacts of the fossil
pathways with 11.0 and 5.8 kg of CO, equiv/kg for 1,3-
propanediol and 1,4-butanediol, respectively.
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For 1,3-propanediol, Adome et al.>* propose an extraction
process (LLE-Adome) using an ethanol/K,HPO, mixture that
lowers the energy requirements of the process compared with
the vacuum distillation proposed by Anex et al.,,** which leads to
a better S2X efliciency of 4.1 kg of CO, equiv/kg of sugar for
LLE-Adome compared with 3.9 kg of CO, equiv/kg of sugar for
Anex et al. because both processes have a similar yield of around
2 kg of sugar/kg of 1,3-propanediol. It should be noted that the
consumption of K,HPO, is substantial, with 0.63 kg/kg of 1,3-
propanediol, and adds significantly to the climate impact. The
second process proposed by Adome et al. (3HPA-Adome) first
ferments glucose to 3-hydroxypropionic acid (3HPA) and then
converts it to 1,3-propanediol. However, the 3HPA-Adome
process has an overall lower yield of 2.8 kg of sugar/kg of 1,3-
propanediol that results in the lowest S2X efficiency of all 1,3-
propanediol processes, with 1.6 kg of CO, equiv/kg of sugar,
though it should be noted that the bioconversion to 3HPA
originally utilized glycerol.

For the production of 1,4-butanediol, two processes are
proposed. The process by Satam et al.*’” directly ferments sugar
to 1,4-butanediol and separates it by vapor scrubbing and
distillation, while Adome et al.** first ferment sugar to succinic
acid, which is then hydrogenated to 1,4-butanediol. Both
processes have a similar yield of 0.5 kg of 1,4-butanediol/kg of
sugar. However, the two-step process of Adome et al. requires
about twice the energy, thus leading to a lower S2X efficiency of
1.1 kg of CO, equiv/kg of sugar versus 1.9 kg of CO, equiv/kg of
sugar for Satam et al.

Lactic Acid and Polylactic Acid. Nine studies for the
production of lactic either or polylactic acid (PLA) are
identified. Processes that only produce lactic acid (Dunn et
al,”” Manandhar et al.,>® égmundarson et al.*®) are extended by
a process from IHS markit to convert the lactic acid to PLA. This
process contributes about 0.64 kg of CO, equiv/kg of PLA to the
climate impacts in addition to the lactic acid production. We
assume that this PLA would avoid the fossil production of PET.

The production of PLA shows a large spread in S2X efficiency,
varying between +2.1 and —3.0 CO, equiv/kg of sugar. Two
processes, Papong et al.”> and Lokesh et al.,”> have a positive
S2X efficiency of 1.9 and 2.1, respectively. However, the process
by Lokesh et al. has no heating requirement, which seems
unlikely, and thus, this process should be treated with caution.
The gate-to-gate impact (2.1 kg of CO, equiv/kg of PLA) of
Papong et al. agrees reasonably well with the LCAs published by
commercial PLA producers (1.9 kg of CO, equiv/kg of PLA).®’

However, the remaining processes for PLA production all
have negative or close to zero S2X efficiencies. The S2X
efficiency is close to zero for égmundarson et al*® (0.3) and
Dacosta et al.>® (0.1). The $2X efficiencies for Dunn et al.*’
(—0.8), Morales et al.”” (—1.1), and Manandhar et al.>* (= 1.5 to
—3.0) are significantly lower and lead to no positive S2X,
regardless of feedstock. This large discrepancy in S2X efficiency
is not due to any differences in yield but is primarily related to
drastically different heat requirements. Additionally, the process
of Dunn et al. requires large amounts of yeast, and the process by
Ogmundarson et al. requires large amounts of triethanolamine
and lime, which also adds significant environmental impact to
the process. This large and consistent difference in energy
requirement between industrial and simulated results points to
some fundamental differences in lactic acid and PLA production
modeling and begs further investigation.

2-Butanol, Aniline, Acrylic Acid, Isoprene, and ltaconic
Acid. For the production of 2-butanol, aniline, acrylic acid,

isoprene, and itaconic acid, only one process, or in the case of 2-
butanol three variants of the same process, are available.
2-Butanol has a $2X efficiency of 1.2—1.1 kg of CO, equiv/kg
of sugar. 2-Butanol is followed by biobased aniline and isoprene
with S2X efficiencies of 1.1 and 0.5 kg of CO, equiv/kg of sugar,
respectively. More research might be warranted into 2-butanol,
isoprene, and aniline because of their high S2X efficiency but few
available studies. Especially, a more direct route toward isoprene
might be interesting, as the process by Lundberg et al.>*
ferments sugar to mesaconic acid, followed by multiple
reactions, while more direct metabolic pathways are available.*®

Biobased acrylic acid via 3HPA, as proposed by Adome et
al,** has a barely positive S2X efficiency of 0.03 kg of CO,
equiv/kg of sugar. This low S2X efficiency is primarily due to the
low impact of fossil-based acrylic acid production (2.8 kg of CO,
equiv/kg of acrylic acid), not by gate-to-gate impacts of biobased
acrylic acid production (0.9 kg of CO, equiv/kg of acrylic acid).

Apart from the production of acrylic acid via 3HPA, we
consider itaconic acid as a potential replacement for acrylic acid.
Two scenarios (Al and A2) for itaconic acid are proposed by
Nieder-Heitmann et al.>> The scenarios differ in the titer of the
bioconversion with 148 g/L and 88.4 g/L for Al and A2,
respectively. Scenario Al has a slightly positive S2X efficiency of
0.2 kg of CO, equiv/kg of sugar, while A2 has an S2X efliciency
of —1.7 kg of CO, equiv/kg of sugar. The S2X is low for both
processes because of their high heating demands and the low
global warming impact of fossil-based acrylic acid production.
However, with further process optimization or other applica-
tions, itaconic acid could have climate benefits in the future.

Ethanol, Ethylene, Butadiene, Isobutanol. The last large
block of processes produces the chemicals ethanol, ethylene, and
butadiene, with all processes having an S2X efficiency in the
range of 0.35 to —0.3 kg of CO, equiv/kg of sugar. For ethanol,
the low S2X efficiency is based on the low impact of the fossil-
based reference (0.587 kg gasoline) with 2.3 kg of CO, equiv/kg
of ethanol. For the case of ethylene and butadiene, low yields
lead to a low S2X efficiency with 3.8—4.0 kg of sugar/kg of
ethylene and 5.0—8.6 kg of sugar/kg of butadiene. However, in
the case of butadiene, significant amounts of coproducts are
additionally generated.

All ethylene processes identified in the literature rely on the
same technology: the gas-phase dehydration of ethanol to
ethylene. Many of the processes reference the design by Knochar
et al.*' and achieve similar high yields between 98% and 100%.
The difference in their environmental impact thus mainly results
in different energy requirements. However, the top-performing
ethylene process by Chen et al.”® has no heating input, which
seems unrealistic, given that the dehydration of ethanol to
ethylene is endothermic, and the process should thus be treated
with caution.

The production of butadiene in a gas-phase reaction from
ethanol produces many side products, such as ethylene, butanol,
acetaldehyde, and others. The yield of butadiene and the side
products drive the S2X efficiency of the four butadiene processes
considered here, which lies between 0.25 and —0.27 kg of CO,
equiv/kg of sugar.

Ethanol is the biobased chemical with the currently largest
production volume worldwide. However, we only identified one
inventory to produce ethanol from sugar directly, as most studies
integrate feedstock processing with ethanol production. Ethanol
achieves an S2X efficiency of 0.2 kg of CO, equiv/kg of sugar,
which is within the range of ethylene. The high production
volume of ethanol, coupled with its low S2X efficiency, provides
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the opportunity to optimize the biobased industry by shifting
production from biobased ethanol to chemicals with higher S2X
efficiency—an opportunity that we are exploring in the next
section.

PpHBA. The production of pHBA has a negative S2X efficiency
of —=2.6 kg of CO, equlv/k of sugar. However, the process
described by Kromer et al.’" is an example for a conceptual
framework to assess the possible costs and life cycle impacts of
biobased aromatics, not an optimized process design.
Furthermore, the comparison with benzene might not be
100% fair as pHBA offers more functionality than benzene, and
thus the low S2X efficiency, in this case, should not discourage
any further research into biobased aromatics.

Relation of S2X Efficiency to Oxygen Content. The
maximum S2X efficiency increases with the oxygen content of
the substituted product (Figure 3). Two factors are likely the
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Figure 3. Relation between oxygen content of the substituted product
and the S2X efliciency. The dashed line indicates the Pareto front of
S2X efficiency and oxygen content from this study. However, the line
does not reflect a fundamental law, and points above the line could exist
even if they were not identified in this study. The oxygen content of
petrol is assumed to be 2%.

main contributors to this effect. First, products with a high
oxygen content generally substitute products with similarly high
oxygen content, with ethanol substituting gasoline being the
exception. As less energy is needed to reduce the glucose for
such products, less CO, is created during bioconversion, and
thus, higher yields are achieved. Second, fossil-based feedstocks
such as natural gas and oil have a very low oxygen content. Thus,
multiple reaction steps are often required to reach a target
molecule with higher oxygen content. These multiple reaction
steps lead to higher impacts for fossil-based oxygenated
products. It therefore seems preferable to focus research and
development efforts on substituting oxygen-containing mole-
cules, since large S2X efficiencies can be expected here. Still, this
heuristic can be misleading because, for example, acrylic acid has
a high oxygen content in the substituted product but a low S2X
efficiency due to the relative ease of fossil-based acrylic acid
production. While oxygen content might give some indication, a
more in-depth analysis of fossil-based production is still
required.

Changes of the Background and Reference System.
The calculation of the S2X efficiency normalizes the systems for
the input of sugar to eliminate the effect of uncertainties in the
sugar production in direct comparisons. Still, the S2X efliciency
is sensitive toward the background system and the fossil-based
reference processes because each process consumes different
amounts of utilities and substitutes different products. Thus, the

given merit order curve represents a current state of the chemical
industry and might change with changes in the background
system and reference processes.

Concerning the background system, the S2X efficiency would
be most sensitive toward changes in heat production because
heat demands contribute most to the global warming impacts of
the processes. A switch from the assumed heating with natural
gas to heating with clean electricity or biomass would strongly
increase the S2X efficiency of all processes. Furthermore, some
processes have substantial electricity demands. As a result, a
lowering of the electric grid intensity would favor succinic acid
production by EDI-Cok and EDI-Adom and 1,4-butanediol by
Adom because of the relatively large electricity consumption. In
the same way, a lowering of global warming impacts in lime
production would most favor lactic acid production processes.

Moreover, the reference processes will also change in the
future. Currently, the chemical industry is based on fossil
resources for feedstock and utilities. However, the overall global
warming emissions of the chemical industry are expected to
decrease as new feedstock is adapted and electrification is
increased. An overall lower global warming impact of the
reference chemical industry would lower the S2X efficiency and
might also change the merit order of the processes discussed in
this study. However, it should be noted that a future lower S2X
efficiency resulting from a lower climate impact of the chemical
industry is still desirable because this would indicate change
toward a more sustainable future.

Avoided Emissions by Optimized Feedstock Alloca-
tion. The limited availability of biomass is a crucial
consideration for the large-scale adoption of biobased processes.
First-generation feedstocks such as corn and wheat have drawn
considerable criticism because of concerns about the disruption
of food supply and environmental impacts caused by indirect
land-use change.'® Because of these concerns, the E. U plans to
phase out first-generation biobased ethanol by 2030.%

Energy crops or waste biomass might have less undesired side
effects but are still only available in limited quantities. However,
even today, it is possible to increase biobased products’
contribution toward lower carbon emissions without requiring
any more feedstock by reallocating feedstock currently used in
processes with low a S2X efficiency, such as ethanol, to more
efficient processes. In a future, where ethanol might get phased
out as combustion fuel, the S2X efliciency could serve as an
indicator of what bioprocess to prioritize.

The biobased chemical with the largest production volume is
ethanol at around 100 Mt/year in 2019, with the production
mainly centered around the U.S. and Brazil.”’ In comparison,
the production volume of all bioplastics is only around 2 Mt/
year in 2019.”" However, while ethanol is by far the most
produced biobased chemical, it has a low S2X efficiency
compared with other chemicals such as succinic acid or 1,3-
propanediol. Thus, the overall global warming impact reduction
of the biobased industry could be significantly increased by
allocating biomass currently used in ethanol production, around
220 Mt of sugar per year, to other biobased chemicals with a
higher S2X efficiency, even if the reduction in fuel ethanol
production results in a higher consumption of gasoline.

We calculate these additional climate impact reductions by
first calculating the difference in S2X efficiency between
biobased ethanol production and all other processes and then
allocating sugar to the process with the highest S2X efficiency
until the market demand for this process is reached (see Table
SS). We then continue with the next highest S2X efficiency
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Figure 4. Additional reduction in GHG emissions due to substituting bioethanol fuel production with biobased chemical production. Products with
high S2X efliciency are assumed to substitute ethanol first until their current production volume is reached.

process until the feedstock limit of 220 Mt of sugar/year is
reached. Since the additional reductions only depend on the
difference in S2X efliciency between ethanol and the target
chemical, they are independent of the feedstock, and it therefore
should not matter whether Brazilian sugar cane or U.S. corn is
used as the feedstock for ethanol.

Because of the concerns about the missing energy inputs, PLA
production by Lokesh et al.°” and ethylene production by Chen
et al.”® are excluded from this assessment.

Following this approach, the current biobased industry could
reduce an additional 134 Mt of CO, equiv of emission compared
with the base case of ethanol production (Figure 4). All sugar
currently used for ethanol production could be used for a
process with a higher S2X efficiency than ethanol.

As in the merit order curve, adipic acid substitution by
succinic acid has the highest S2X efficiency. However, the
absolute reduction potential is limited by the relatively low
production volumes of adipic acid. Adipic acid is followed by
1,3-propanediol and 1,4-butanediol, which also have high S2X
efficiencies but relatively small production volumes. Never-
theless, the production of adipic acid, 1,3-propanediol, and 1,4-
butanediol instead of ethanol could reduce climate impacts by
an additional 40 Mt of CO, (30% of all additional reductions)
while only consuming 6.3% of the biomass feedstock. The three
top chemicals are followed by PLA substituting PET, which
offers the largest additional reduction of 63 Mt of CO, because
of its combination of high S2X efficiency and the high
production volume of PET. However, PLA will likely not
substitute PET in all applications, thereby reducing the real-
world additional reductions.

2-Butanol and aniline still offer substantial improvements in
S2X efficiency compared with ethanol and have, in the case of
aniline, decent market sizes combined, which allows for an
additional 20 Mt of CO, reductions. Isoprene only brings minor
contributions because of its low S2X efficiency and small market
size.

Finally, ethylene offers only slight improvements over ethanol
regarding S2X efficiency, and these improvements are likely
within the uncertainty of this assessment. Thus, it is debatable
whether the processing of ethanol to biobased ethylene archives
any additional reduction.

If we suppose the production of biobased ethylene is not
regarded as desirable, then in that case, 130 Mt of sugar are left
for ethanol production, for which a better use might be found in
new, yet to be developed, and matured biobased processes.

B CONCLUSIONS

Biobased chemicals are gaining renewed interest in reducing the
climate intensity of the chemical industry. However, the
availability of sustainable biobased feedstock remains an open
question. This question is exasperated by the current state of
LCA for biobased chemicals, which makes it challenging to
identify biobased processes that efficiently use limited biomass
resources to avoid climate change.

In this work, we screened and harmonized the current
literature on bioconversion processes to determine their
resource efficiency in reducing climate impacts to identify
promising biobased processes by defining the Sugar-to-X
efficiency as a measure of resource efficiency. Our analysis
shows substantial differences in efficiency between both
biobased products and process designs. High S2X efficiencies
are achieved by diacids and diols, such as succinic acid, adipic
acid, 1,4-butanediol, and 1,3-propanediol. Generally, as
oxidation content in the target molecule increases, so does
their S2X efficiency. S2X efliciency likely increases because of
higher yields for more oxidized molecules and the higher climate
impact of fossil-based production for highly oxidized molecules.
However, many highly oxidized chemicals have only a limited
market capacity. Thus, we found that even with their high
reduction potential, their absolute reduction in climate impacts
is small.

While outside of the scope of this study, economic effects will
be crucial for the contribution of bioconversion processes
toward climate change mitigation. The most environmentally
beneficial processes might not be the most economical processes
and, thus, reshuffle the abatement curve and reduce overall
reduction. A shift in production from ethanol to other
biochemicals might increase profit margin but also supply,
which affects market prices. With carbon pricing being adopted
by more and more regulatory bodies, a high S2X efficiency
indicates a large economic lever to exploit higher carbon prices.

Nevertheless, replacing the current ethanol production for
fuel use with biobased chemicals could reduce 130 Mt of CO,
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emissions per year. Notably, the replacement of only 6.3% of the
current ethanol production with high reduction biobased
chemicals could already achieve 30% of this potential, which
makes a strong case to favor high-value biobased chemicals over
biofuel production. The presented Sugar-to-X (S2X) efficiency
allows identifying biobased chemicals promising to reduce
climate impacts in a resource-efficient way.
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