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Chemicals manufacture is among the top greenhouse gas contributors. More
than half of the associated emissions are attributable to the sum of ammonia
plus oxygenates such as methanol, ethylene glycol and terephthalic acid. Here
we explore the impact of electrolyzer systems that couple electrically-powered
anodic hydrocarbon-to-oxygenate conversion with cathodic H, evolution
reaction from water. We find that, once anodic hydrocarbon-to-oxygenate
conversion is developed with high selectivities, greenhouse gas emissions
associated with fossil-based NH; and oxygenates manufacture can be reduced
by up to 88%. We report that low-carbon electricity is not mandatory to enable
a net reduction in greenhouse gas emissions: global chemical industry emis-
sions can be reduced by up to 39% even with electricity having the carbon
footprint per MWh available in the United States or China today. We conclude

with considerations and recommendations for researchers who wish to
embark on this research direction.

Chemicals manufacture is among the top greenhouse gas (GHG) con-
tributors, at 18% of global industrial emissions'. Of these emissions of
chemicals, 85% arise from the large consumption of fossil-based
energy and feedstocks, while 15% are direct emissions from the
imperfect selectivity of present-day thermochemical production
methods: a significant proportion of the hydrocarbon feedstock is
oxidized all the way to carbon dioxide (CO,) instead of to the desired,
partially-oxidized product®. Thus, to turn fully carbon-neutral, it is not
sufficient simply to switch the energy source from fossil fuels to
renewable energy: today’s processes must be replaced by alternatives
that do not oxidize hydrocarbons all the way to CO,.

Considering all chemicals, more than 50% of GHG emissions are
attributable to the sum of ammonia (NH5) plus oxygenates such as
methanol, ethylene oxide, ethylene glycol, propylene oxide, phenol,

and terephthalic acid, which contain oxygen as part of their chemical
structure”. Dedicated research on new processes to manufacture these
chemicals can therefore achieve major impact in reducing net GHG
emissions.

The production of oxygenates via partial oxidation of hydro-
carbons such as ethylene, propylene, and p-xylene is important for the
plastics and textiles industries. These processes typically occur at high
temperatures and pressures to activate the inert hydrocarbons for
functionalization. Due to the exothermic nature of these reactions,
extensive cooling is also required to suppress thermal runaway and to
minimize the complete oxidation of the hydrocarbons to CO, which
limit selectivities of target oxygenates; for example, only about 80% of
ethylene will be incorporated into the final product ethylene oxide,
with the remaining converted to direct CO, emissions (Fig. 1A)°.
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Fig. 1| Global climate impact of chemicals manufacture. A Conceptual sche-
matic of the thermocatalytic hydrocarbons-to-oxygenates process (detailed
present-day processes can be found in Fig. S1-6), as well as H, production via
methane reforming and water-gas-shift reactions. The red arrows indicate the

sources of direct emissions in Fig. 1C. B Annual cradle-to-gate greenhouse gas
emissions of the chemical industry in 2030%**°*". C Breakdown of annual cradle-
to-gate emissions of NH; manufacture and hydrocarbon oxidations into feedstock,
direct emissions and waste treatment, thermal energy, and electricity.

Moving now to reduction reactions, NH; manufacture is the lar-
gest single contributor to the global GHG emissions of the chemical
industry’. This is due to the high production volume of NHs: over half
of global food production relies on ammonia-based fertilizers. The
bulk of the GHG emissions stem directly from methane reforming and
water-gas-shift reactions to produce the hydrogen (H,) feed-
stock (Fig. 1A).

Despite the existence of a cleaner alternative—water electrolysis
to H, and oxygen (O,)—less than 2% of the global H, demand is fulfilled
this way**. This is in part because the oxygen evolution reaction (OER)
at the anode of water electrolyzers adds considerably to the energy
cost of H,+0,°. Today’s state-of-art water electrolyzers consume
about 180 M]J of energy per kg H,’, which is significantly higher than its
lower heating value (LHV) of 120 M) per kg H,. With present-day price
of electricity, water electrolysis is therefore more expensive than
steam methane reforming’. Water electrolysis needs to be powered
using low-carbon electricity to achieve a net reduction in GHG emis-
sions. Such electricity is still limited in most industrialized countries
today, as electricity from renewable sources such as solar and wind are
intermittent and not yet widely available. We focused therefore on
strategies that take into account the high energy demand of water
electrolysis, and that seek to reduce GHG emissions without relying on
~100%-renewable electricity.

Here we propose that the electrification of hydrocarbon-to-
oxygenate conversions can make a significant impact in reducing the
carbon footprint of the chemicals industry, due to the high production
volumes and GHG emissions. The main intent of the present paper is to
evaluate electrolyzer systems that couple anodic hydrocarbon-to-
oxygenate conversion with the cathodic H, evolution reaction (HER)
from water under ambient conditions. We find that by redirecting the
energy that would otherwise be consumed in low-value O, evolution
reaction (OER), and instead synthesizing higher-value oxygenates, the

approach maximizes the utilization of electricity in producing valuable
chemicals. We evaluate, through a prospective life cycle assessment
(LCA), the GHG reduction potential compared to thermocatalytic
processes. This strategy differs from some prior LCA works which have
focused on carbon capture and utilization technologies to reduce
emissions associated with the chemicals industry by closing the carbon
cycle® ™. The present LCA model provides a lower bound for carbon
emissions showcasing the best-case scenario when the coupled elec-
trolyzer systems are implemented. It can be seen that, once anodic
hydrocarbon-to-oxygenate conversion is developed to target higher
selectivities, GHG emissions associated with fossil-based NH; and
oxygenates manufacture can be reduced by up to 88%. Low-carbon
electricity is not mandatory to enable a net reduction in GHG emis-
sions: indeed, we find that global chemical industry emissions could be
reduced by up to 39% even with electricity of carbon intensities
(defined as the carbon footprint per MWh electricity) available in the
United States and China today®. Taking into account regional pro-
duction facilities, ~18% of global chemical sites currently conduct both
NH3; manufacture and partial oxidations of hydrocarbons to oxyge-
nates at the same site®. These sites can be targeted for implementation
of coupled electrolyzer technologies. We close by discussing the gap
between industrial needs and present-day electrochemical studies, as
well as how the research community can develop electrocatalysts and
reaction conditions to realize these new electrolyzer technologies.

Results

Global climate impact of NH; and oxygenates manufacture

We evaluate the global climate impact of chemicals manufacture using
an LCA-based optimization model that comprises over 400 Life Cycle
Inventory (LCI)-compliant datasets of best available technologies for
large-volume chemicals and plastics (see Supplementary Materials for
details of the LCA model and datasets). The optimization model seeks
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to find the lowest-carbon avenue based on the available technologies
and generates technically feasible energy and material flows
throughout the chemical supply chains. These energy and material
flows are based on different processes available to produce the desired
chemicals. In this publication, the model is used to represent the
expected production of 20 large-volume chemicals by 2030. These
large-volume chemicals include ammonia, aliphatic hydrocarbons
(ethylene, propylene), aromatic hydrocarbons (benzene, styrene,
cumene, toluene, p-xylene, and mixed xylenes), oxygenates (metha-
nol, ethylene glycol, ethylene oxide, propylene oxide, terephthalic
acid, phenol), polyolefins (polyethylene, polypropylene) as well as
caprolactam, acrylonitrile and vinyl chloride (Table S2). In fact, these
20 large-volume chemicals have previously been reported to be
responsible for >75% of global GHG emissions of the chemical
industry’. We therefore use the result as a proxy for the chemical
industry. The calculated cradle-to-gate GHG emissions include emis-
sions from the provision of feedstock (i.e., ethylene for ethylene oxide
production), thermal energy (i.e., energy needed to power separations
and other equipment), electricity (i.e., energy needed for pumps and
other equipment) as well as direct emissions and waste treatment (i.e.,
CO; during steam methane reforming for ammonia production; and
waste treatment for inorganic waste from propylene oxide
production).

The model shows that the total cradle-to-gate GHG emissions of the
global chemical industry will reach 2.3 billion tons of CO,-equivalent (2.3
Gt CO,-eq.) per annum by 2030 (Fig. 1B). Over half of these emissions
arise from the sum of NH; manufacture (21%) plus the partial oxidation
of hydrocarbons to oxygenates (30%). These processes should therefore
receive directed efforts from the scientific community to develop
alternative production processes with reduced carbon footprint. The
remainder arise from the production of polyolefins (28%), aromatics
(12%), chlorine (3%), vinyl chloride (3%), and acrylonitrile (2%).

We performed a further breakdown of the annual cradle-to-gate
emissions and identified the major emission components to be the
production of H, feedstock for NH; manufacture, over-oxidation of
hydrocarbons to CO,, and fossil-based heat and electricity supply
required to reach thermocatalytic process conditions (Fig. 1C and
Table S3). For NHz manufacture, the bulk of associated GHG emissions
are direct emissions from the steam reforming of methane with sub-
sequent water-gas-shift reactions to produce the H, feedstock, which is
then converted with nitrogen (N,) to NH; via the Haber-Bosch reaction.
This process accounts for 0.4 Gt CO,-eq. or 18% of the global chemical
industry emissions (Fig. 1C).

The direct emissions of hydrocarbon oxidation processes result
from limited selectivity towards the target oxygenate products, i.e., a
portion of hydrocarbons oxidize all the way to CO,. This accounts for
0.19 Gt CO,-eq. (8.4% of global chemical industry emissions, Fig. 1C)
and arises primarily from methanol, ethylene glycol, and terephthalic
acid production. These direct emissions can be eliminated if alter-
native anodic hydrocarbon-to-oxygenate conversion methods are
developed with near-unity selectivity. As less hydrocarbon feedstock
will be required to produce a given amount of oxygenate, this will
concurrently reduce feedstock emissions, i.e., emissions arising from
hydrocarbon generation via naphtha cracking, which account for 2.6%
of global chemical industry emissions.

To reach the required temperatures and pressures for thermo-
catalytic reactions, feedstocks need to be heated and compressed. For
instance, present-day thermocatalytic reactions run at 200 to 300 °C
for ethylene oxide, 800 °C for ammonia production, and 175 to 225°C
in the case of terephthalic acid. The heat and electrical energy come
from fossil fuels today and account for 0.25 and 0.11 Gt CO,-eq.
(Fig. 1C, i.e., 11 and 5% of global GHG emissions associated with the
chemical industry). Although heat can be supplied by renewable-
electricity-powered resistive heating, i.e., by retrofitting existing
heating devices with electrode boilers, such electrical power-to-heat

processes require vast amounts of electricity. The development of
cathodic HER and anodic hydrocarbon oxidations that can be con-
ducted at ambient temperatures and pressures will reduce the GHG
emissions associated with compression and heating.

GHG reduction potential of electrified hydrocarbon-to-
oxygenates

As the bulk of GHG emissions associated with NH; manufacture arise
from the production of H, feedstock, these emissions can be elimi-
nated by using H, produced from renewable-electricity-powered water
electrolysis™. However, the GHG reduction efficiency of today’s water
electrolysis (WE) replacing steam-methane reforming is 0.26 t CO,-eq.
per MWh of electricity (Fig. 2A). Thus, the limited renewable electricity
resource should only be allocated to water electrolysis if such more
efficient options are not available.

The proposed renewable-energy-powered electrolyzer systems
that couple cathodic HER with anodic hydrocarbon-to-oxygenate
conversion under ambient conditions (Fig. 2B) can increase the GHG
reduction efficiency to as much as 0.48 t CO,-eq. per MWh of elec-
tricity under ideal conditions (Fig. 2A).

We proceed to evaluate the overall GHG reduction potential of
renewable-energy-powered electrolyzer systems that couple cathodic
HER with anodic hydrocarbon-to-oxygenate conversion under ambi-
ent conditions (known herein as Scenario 4, Fig. 2C). The models are
then used to contrast three scenarios: (1) fossil-based NH; manufacture
and partial oxidations of hydrocarbons to oxygenates with the current
global electricity supply in ecoinvent®” for 2018 (-750 g CO,-eq. per
kWh of electricity), (2) using electricity only from renewable sources,
without further changes to the manufacturing processes, and (3)
funneling all H, production to renewable-energy-powered water elec-
trolysis. For this purpose, we use the same LCA model as in the pre-
vious section but limit the scope to the final demand for NH; and
oxygenates for the year 2030 (see Supplementary Material “Final
demands”). In Scenario 3, hydrogen is produced by water electrolysis.
In Scenario 4, coupled electrolyzer systems are added to produce
oxygenates (see Supplementary Materials “Modelling of coupled
anodic hydrocarbon-to-oxygenates and cathodic hydrogen evolution
reactions”). As the global demand of hydrogen for NH; manufacture
exceeds the demand of oxygenates, the remaining hydrogen demand
unmet by the coupled electrolyzer systems is fulfilled by water elec-
trolysis in Scenario 4. To first establish the maximum potential for GHG
reductions, the renewable energy is assumed to be of zero-carbon
intensity and the electrochemical routes of ideal efficiencies. With
fossil-based Scenario 1 as the benchmark, Scenario 2 can reduce GHG
emissions by 11%, while Scenario 3 can enable further reductions up to
53% by using hydrogen (Fig. 2C). Scenario 4 can reduce GHG emissions
even further by up to 88%. The remaining 12% of emissions are due to
the operation of steam crackers and refineries to provide hydrocarbon
feedstock, and can be eliminated by replacing petrochemicals with
cleaner and more sustainable feedstocks. This means that the coupled
electrolyzer systems can avoid lock-in fossil technology by allowing for
the transition from current fossil feedstocks to a completely carbon-
neutral situation with green feedstocks.

In addition, we calculate the GHG reduction potential of each sce-
nario with electricity supply of different carbon intensities (Fig. 2D). Our
optimization approach minimizes the GHG emissions for the entire
supply chain of the chemical industry. We note that Scenario 3 can only
reduce GHG emissions with an electricity supply of low carbon intensity
(i.e., <200g COy-eq. per kWh), which is not available in most indus-
trialized countries today or even in 2030. For Scenario 4, the GHG
emissions decline non-linearly; below 200 g CO,-eq. per kWh, the supply
chain of NH3 manufacture switches fully from fossil- to renewable-
electricity-based hydrogen production. Thus, the supply chain in Sce-
nario 4 is based on the combination of hydrocarbon-to-oxygenate
reactions and water electrolysis to produce hydrogen. More
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importantly, the optimization approach further determines that cou-
pled electrolyzer technologies have the potential to reduce GHG emis-
sions irrespective of the carbon intensity of electricity supply. GHG
emissions can be reduced by up to 39% even with today’s electricity
supply in the United States or China (Fig. 2D). This highlights the GHG
reduction potential and the need for further research on efficient anodic
hydrocarbon-to-oxygenate conversions that can be coupled to HER.

To seek insight into the operating costs of NH; manufacture and
hydrocarbon-to-oxygenate conversions, we estimate the annual elec-
tricity and oil-equivalent consumption in the four scenarios (Table S5).
It can be seen that while the coupled electrolyzer technologies lead to
an increase in annual electricity consumption for Scenario 4, the
annual oil-equivalent consumption of fossil resource for feedstock and
energy input decreases as well. Given that oil prices range between $50
to 71 per barrel and electricity prices range between 2 to 6 cents/kWh,
this overall leads to comparable or even slightly lower energy and
feedstock costs compared to Scenarios 1-3 (Fig. S7). This is true even
with low oil cost (i.e., oil price at the lower bound of the range) and
high electricity cost (i.e., electricity price at the upper bound of the
range). This suggests benefit from investing in research and develop-
ment of coupled electrolyzer technologies. While oil prices are known
to fluctuate, the present model adheres to guidelines by the IEA; if oil
prices increase relative to these values, the finding of comparable or
even slightly lower energy and feedstock costs in Scenario 4 compared
to Scenario 1-3 will be further strengthened.

An analysis of state-of-art databases shows that 18% of global che-
mical sites currently conduct both NH; manufacture and partial oxida-
tions of hydrocarbons to oxygenates®”. These sites can be targeted for
implementation of coupled electrolyzer technologies in the short term.

These co-production sites tend to be large production sites such as the
one located in Ludwigshafen, Germany. In this “Verbund”-site, almost 1
Mt of ammonia and oxygenates (i.e., methanol, ethylene oxide, and
propylene oxide) are produced jointly and thus offer excellent condi-
tions for the implementation of the coupled electrolyzer technologies.

Industrial needs vs. present-day electrochemical technologies
Having established the GHG reduction potential of the coupled elec-
trolyzer technologies, we proceed to discuss the gap between indus-
trial needs and state-of-art reactions. The development of anodic
oxidations as a synthetic toolkit for chemical upgrading has been
recently gaining attention as a means to overcome the thermodynamic
limits of OER and increase the efficiency of renewable electricity con-
version to chemical value. These include the anodic oxidation of
alcohols to aldehydes®”, amines to nitriles®, and tetra-
hydroisoquinolines (THIQs) to dihydroisoquinolines (DHIQs)*°, which
are thermodynamically more favorable than OER (Fig. 3A). Redox
mediators can also be used to target certain functional groups and
promote partial oxidation at lower applied potentials than direct oxi-
dation at the anode” (Fig. 3B). For example, the redox mediator
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) is often used to
target alcohol groups selectively for oxidation?.

Target products have been achieved with high Faradaic effi-
ciencies (>90%) (Fig. 3A); however, research to date was not focused
on the primary chemicals contributing to global GHG emissions, nor
the associated markets commensurable with that of NH;. In contrast,
the electrification of hydrocarbon-to-oxygenate conversions can make
a significant impact in reducing the carbon footprint of the chemicals
industry, due to the high production volumes and GHG emissions.
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technology of different energy efficiencies, based on Scenario 4 with electricity
supply of different carbon intensities. The cradle-to-gate system boundary includes
the process steps from the extraction of resources (oil, gas, renewable resources) to
the production of the chemicals in scope. This assessment thus also includes
consumption of power.

Recently, there has been progress in anodic hydrocarbon oxidations,
via sp3 C-H functionalization in the case of methane®, in the allylic
carbon of propylene?*, and addition across the C=C bond such as in
ethylene and propylene. These reactions were characterized by high
Faradaic efficiencies and specificities of over 50% (Fig. 3C). High sta-
bilities of 100 h have been achieved for C=C additions such as the
dihydroxylation of ethylene and propylene”. However, the current
densities of such reactions are generally below that required for
commercial implementation (i.e., <10 mA/cm?). Taking the anodic
production of ethylene oxide and propylene oxide for example,
technoeconomic analysis showed that high current densities (i.e.,
300-1000 mA/cm?) are required to minimize the surface area of
electrochemical reactors and thereby lower capital costs**?".

High energy efficiencies indicate the yield of desired chemical
products for a given electrical input, particularly that of limited renew-
able electricity. Energy efficiency is defined as the ratio between the
useful output of the electrolyzer system and the electricity input, and is
related to parameters such as conversion, Faradaic efficiency, and the
voltage required to drive a given current density (see Equations 8-10 in
Supplementary Materials). To quantify the energy efficiencies required
to meet the carbon reduction target, we perform a sensitivity analysis
based on Scenario 4 with electricity of different carbon intensities
(Fig. 3D). As mentioned in the previous section, Scenario 4 can enable a
maximum GHG reduction potential of 88% (Fig. 2C) with a GHG
reduction efficiency of 0.46 t CO, per MWh of renewable electricity
(Table S4). Although the GHG reduction potential of Scenario 4
decreases with decreasing energy efficiency, it is insensitive to energy
efficiency if electricity can become entirely renewable (i.e., carbon
intensity of 0g CO, per kWh). At 25% energy efficiency, the GHG

reduction efficiency is 0.33 t CO, per MWh of renewable electricity, still
>25% higher than for water electrolysis at 0.26 t CO, per MWh.

Lastly, we note that the anodic partial oxidation of higher carbon
reactants, such as the oxidation of benzene to phenol and xylene to
terephthalic acid, are also important towards mitigating GHG emis-
sions from the chemicals industry. These reactions are less explored
and should receive dedicated efforts from the scientific community.

How should we move towards these new technologies?

To accelerate the realization of the coupled electrolyzer technology from
Scenario 4, we highlight technological targets that must be achieved by
researchers who wish to embark on this burgeoning research direction. An
important technological target is the activation of saturated C-H bonds
without the need for thermalinput,in order to enable the functionalization
ofhydrocarbons such as methane. A potential solution is the adaptation of
the Shilov system, in which the partial oxidation of a hydrocarbon such as
methane to methanol or methyl chlorideis catalyzed by anaqueous Pt" salt
with Pt" as a stoichiometric oxidant, in an electrochemical setting in which
the anode acts as the oxidant®.

In the case of longer chain hydrocarbons, it can be challenging to
selectively oxidize the desired C atom. In the case of propylene, two
potential sites for partial oxidation exist (Fig. 4A); the allylic carbon,
which would produce acrolein, and the unsaturated double bond,
which would yield propylene oxide or glycol. Recently, the anodic
oxidation of propylene to acrolein over a nanostructured palladium
anode in acidic electrolyte conditions at potentials of 0.9 V vs RHE was
reported at 62% Faradaic efficiency (Fig. 4A)**. The dihydroxylation of
unsaturated C=C bonds appears to be favored over an activated pal-
ladium anode under neutral conditions and operating at relatively
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Fig. 4 | Technical targets that must be achieved for anodic hydrocarbon oxi-
dations and reported strategies to overcome them. A Funnelling selectivity
towards the desired product (adapted from ref. 24, copyright 2019 Royal Society of
Chemistry). B The interfacing of anodic partial hydrocarbon oxidation with

cathodic hydrogen evolution reaction®. C Flexibility between anodic hydrocarbon-
to-oxygenates conversion and oxygen evolution reaction (adapted from ref. 26,
copyright 2020 American Association for the Advancement of Science).

higher potential of 1.7 V vs RHE, with 81% Faradaic efficiency at 7.1 mA/
cm? towards ethylene glycol and 78% at 5.6 mA/cm? towards propylene
glycol. The activation of the palladium, to an oxidized form during the
first two hours, increases the current density by -3 fold and Faradaic
efficiency by -8 fold.

Another important technological target is to interface anodic
partial hydrocarbon oxidation with cathodic HER; yet these operate
optimally under different conditions of pH, electrolyte, operating
potential. For instance, HER is conducted in aqueous conditions, which
will limit the mass transport of hydrocarbon to the anode catalyst and
introduce competing OER. The large positive potentials necessary for
conducting these reactions at high current densities can lead to
uncontrolled over-oxidation and generate undesired byproducts such
as CO,. Control of operating potentials and electrolyte conditions is
used to suppress OER and funnel Faradaic efficiency towards the
desired product (Fig. 4B). Redox mediators such as CI” can also be
employed at the anode with extended heterogeneous:homogeneous
interfaces. The CI” buffers ethylene from uncontrolled oxidation and
thereby facilitates ethylene oxide production®.

Since the global demand for hydrogen exceeds the demand for
oxygenates, flexibility between anodic hydrocarbon-to-oxygenates
conversion and OER is another important target to achieving Scenario
4 (Fig. 4C). For example, in the anodic oxidation of ethylene to ethy-
lene oxide, the Faradaic efficiencies of ethylene oxide and O, can vary
depending on the concentration of CI” in the electrolyte®. Thus, there
is the potential for flexibility to tune the hydrogen-to-oxygenate ratio
as market demand evolves.

Discussion

The anodic oxidation of hydrocarbons to oxygenates such as propy-
lene oxide, phenol, ethylene glycol, terephthalic acid, and methanol is
a synthetic toolkit with significant GHG reduction potential. However,
current performance remains below that needed for commercial
implementation®. Dedicated efforts are needed to address the asso-
ciated technical challenges to electrify the chemical industry. One
must bear in mind that the increased demand for renewable electricity
will lead to higher demand for land and mineral resources. The land
required for photovoltaics and hydropower plants is 10-20 m?%/
MWh?*??, Renewable technologies can also be material- and mineral-
intensive; in particular, solar, wind, and electrolyzer technologies

increase demand for silicon, copper, cobalt, nickel, zinc, chromium,
manganese, molybdenum, and rare earth metals®.

It must also be noted that such electrochemical reactions are only
one element of the transition towards carbon-neutrality; they do not
address 12% of the cradle-to-gate emissions associated with NH;
manufacture and partial hydrocarbon oxidations (Fig. 2B, C), that are
due to the operation of steam crackers and refineries to provide
hydrocarbon feedstock such as ethylene and p-xylene. These emis-
sions can be reduced by the substitution of thermal energy with
electrified steam cracker furnaces™.

In a more distant future, these feedstock emissions can be elimi-
nated by replacing petrochemical feedstocks with those from cleaner
and more sustainable sources. Hydrocarbon feedstocks such as
methanol, olefins, and aromatics, when produced through the elec-
trochemical reduction of CO,, have the potential to close the carbon
cycle’*. In this way, the coupled electrolyzer systems can avoid lock-in
in fossil technologies. A successful demonstration has been conducted
in which CO,-derived ethylene is anodically converted to ethylene
oxide, thereby realizing an all electrochemical route with CO,, water,
and electricity as the only consumables®.

Biomass has the potential to serve not only as energy source, but
also as feedstock for anodic upgrading into commodity chemicals.
This use in commodity chemicals has the potential to maximize the
value created per amount of biomass used. With regards to this, lignin,
a material obtained from plant-based biomass, is the world’s largest
source of naturally occurring aromatics. Anodic oxidation has been
deployed to oxidize the alcohol groups in close vicinity to the B-O-4
ether bond, which constitutes 45-60% of the linkages in lignin, in order
to facilitate its cleavage and release value add sub-units®*.

Anodic upgrading can also be used to convert biomass-derived
small molecules to plastic precursors and enable sustainable polymers.
The sugar derivative hydroxymethylfurfural (HMF) can be anodically
oxidized to 2,5-furandicarboxylic acid (FDCA), a potential replacement
for terephthalic acid in polyethylene terephthalates (PET)**¥. The
major byproduct in biodiesel production, glycerol, of which 0.1 ton will
be generated per ton of biodiesel produced, can be anodically con-
verted to lactic acid, the precursor to polylactic acid®. This occurs
through the oxidation of the secondary alcohol group to form 1,3-
dihydroxyacetone (DHA)***, followed by base-catalyzed dehydration
and Cannizzarro rearrangement to form lactic acid®®. The
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aforementioned examples show that, even with the maturation of CO,
utilization and biomass-processing technologies, anodic oxidations
will be a central element of a fully renewable chemical industry.

Methods

General model description

The bottom-up model is based on the methodology of the Technology
Choice Model (TCM)* and a recent publication by the authors®. The
model can be used to calculate the environmental impact of large
production systems and complete supply chains for chemicals and
plastics while being in-line with the ISO standards for LCA****, The TCM
relies on the general calculation method of LCA** and adapts this cal-
culation method to represent a mathematical optimization problem,
as shown in Egs. 1 to 3.

Min hco2 = QCOZ BS (1)
S.t.As=Yy 2)
O<s<c 3)

where h¢o, represents the accumulated greenhouse gas emissions, A is
the technology matrix, y is the final demand, and c is the potential upper
bound for the scaling vector s. Matrix B represents how technologies
exchange elementary flows with the environment, i.e., consume natural
resources and release emissions. Here, Eq. 1 defines the objective to
minimize greenhouse gas (GHG) emissions from cradle-to-gate, while
Eq. 2 specifies the final demand being fulfilled. Thus, the supply always
meets the demand of the specified chemical products over the complete
supply chain. For instance, if the final demand of ethylene oxide is the
only specified demand, then the supply of ethylene would be exactly
that required by the ethylene oxide production technologies.

The elements in Qco, represent the 100-year global warming
potential of each elementary flow according to IPCC 2014*. Thus, the
objective function represents the accumulated equivalent CO, emis-
sions. Equation 3 defines that the scaling vector entries must be
between zero and the upper bound c. The upper bound ¢ can be used
to limit the supply of electricity or thermal energy to a specific tech-
nology. All technologies in the matrices A and B are described by full
mass- and energy balances. The matrices of the model are provided on
Zenodo*® whenever there are no additional licenses required. There
are 429 variables (processes in A) and 174 constraints (flows in y)
included in the analysis. c is set to infinite.

Overview of datasets

For the model, we construct the technology matrix A and elementary
flow matrix B from process data on the level of individual processes.
These processes are either unit or aggregated datasets.

Unit process datasets. Unit process datasets are the smallest possible
entity of a process with inputs and outputs. On this unit level, the
dataset considers all technical inputs and outputs. Only the elementary
flows of a single unit process are represented by the dataset.

Aggregated process datasets. Unlike unit process datasets that
represent only a single unit process, fully terminated aggregated
process datasets represent the entire production chain. For aggre-
gated process datasets, elementary flows enter or exit, and only one
technical flow exits the process. Other technical flows are created or
consumed within the production chain.

procedure, commercially available technologies that lead to the lowest
greenhouse gas emissions, which are denoted best available
technologies**’*%, are first identified. The mass and energy balances
for all best available technologies are then included as unit process
datasets. Next, we identify relevant renewable ammonia production
technologies, as well as coupled anodic hydrocarbon-to-oxygenates
and cathodic hydrogen evolution reactions based on literature review.
We then include the unit processes for these technologies (see the
following sections for further details). Lastly, aggregated datasets are
included for all missing inputs (e.g., chemicals, thermal energy, and
other utilities) not provided by one of the unit processes already
included in the previous steps.

A list of datasets can be found in Table S6. Part of this table has
been originally published by Meys et al.5.

Aggregated datasets

Aggregated datasets are from the LCI database ecoinvent” and
represent the global production mix (global dataset). If a global data-
set is not available, a European dataset is used instead.

Used unit-process datasets

State-of-the-art processes. Datasets for conventional production
routes are obtained from the IHS Process Economics Program*. This
database contains process simulations and datasets that have been
verified by industrial experts. As it does not include elementary and
waste flow, such as inorganic or organic residues, we adapted and
included a model for waste incineration’**, based on data on hazar-
dous waste incineration in a chemical park in western Germany. In this
model, flue gas cleaning is based on wet scrubbers, electrostatic pre-
cipitators, and SCR-low dust and SNCR DeNOXx stages.

Ammonia production from hydrogen and nitrogen. NH; is produced
through the Haber-Bosch process, which uses a gaseous mixture of H,
and N, as the feed to a reactor operating at 450 °C and 200 bar. After the
reaction, liquid NH; is cryogenically separated from the product mixture.
Unconverted H, and N, are recycled back to the Haber-Bosch reactor®.
Our model utilizes the unit process data from an existing scientific
publication®. The H, feed is either supplied by water electrolysis or other
H, production processes, while N, is supplied by an air separation unit.

Water electrolysis. To model electrochemical H, and O, production,
we use the process data of low-temperature water electrolysis. The
average efficiency of this process is 67.15% based on net calorific
values, resulting in an electricity consumption of 178.7 MJ per kg of H,
produced’.

Modeling principles of coupled electrolyzer systems

In this publication, electrolyzer systems that couple cathodic HER with
anodic hydrocarbon-to-oxygenate conversion have been added to the
existing model of the chemical industry. As coupled electrolyzer
technologies are still in the early development stages, unit process
data for these reactions is therefore unavailable. To fill these data gaps,
we assume stoichiometric reactions with full conversion for the unit
processes:

UHydrocarbon M Hydrocarbon + UHZOM H,0 - UOxygenate M Oxygenate + UHZ M, H, (4)

where v denotes the stoichiometric coefficient and M the molar mass.
The list of all considered anodic hydrocarbons-to-oxygenates conver-
sions can be found in Table S1. The mass flow m of each reactant and
product i can then be calculated based on the stoichiometric reaction:

Dataset selection m= uiM; 5)
The methodology proposed by Kitelhon et al. is used to select the ! Uoxygenate Moxygenate

respective chemical and plastic production technologies®. In this
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The electricity requirement Py ;, of the electrochemical reaction
is equivalent to the enthalpy of reaction AHY, which is calculated from
the stoichiometric coefficient v and the standard enthalpy of forma-
tion Ah{ of each reactant and product i (see Table S2 for the standard
enthalpy of formation of each compound):

Pel,min = AHg = Z UiAh?.i (6)
i

Final demands
The final demand is the total output or the amount of waste treatment
of an intermediate flow. In this publication, two final demands are
considered:
(1) the final demand for the entire chemical industry, which is used
to derive the results shown in Fig. 1B, C, and
(2) the final demand for ammonia and oxygenates only, as given in
Table S3 and used to calculate the results shown in Fig. 2C, D.

Calculation of the GHG reduction efficiency

The GHG reduction efficiency of scenario s is calculated as the ratio of
the GHG reduction, which is obtained by subtracting the GHG emis-
sions of scenario s from that of the scenario in which fossil fuels con-
tinue to be utilized, to the electricity demand of scenario s:

— GHC‘I’ossiI — GHGS
TNGHG reduction,s = W

@)

el,s

This scenario-specific definition of the GHG reduction efficiency
generalizes the technology-specific definition by Sternberg et al., in
which the GHG emissions of a new technology is compared to that of
an incumbent technology**. Figure 2A shows the scenario-specific GHG
reduction efficiencies for water electrolysis and coupled electrolyzer
systems.

Data availability

The model parameters as well as all data used are publicly available.
However, a license by IHS Markit is required in some cases. All data that
can be made openly available is provided via Zenodo (https://zenodo.
org/record/5118762#.YWacOByxWUk)*®.
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