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Abstract

Most industrial processes depend on heat, electricity, demineralized water, and chemical
inputs, which themselves are produced through energy- and resource-intensive industrial
activities. In this work, acetic acid (AA) production from syngas (CO, CO2, and H2) fer-
mentation is explored and compared against a thermochemical fossil benchmark and other
thermochemical/biological processes across four main Key Performance Indicators (KPI)—
electricity use, heat use, water consumption, and carbon footprint (CF)—for the years
2023 and 2050 in Portugal and France. CF was evaluated through transparent and public
inventories for all the processes involved in chemical production and utilities. Spreadsheet-
traceable matrices for hotspot identification were also developed. The fossil benchmark,
with all the necessary cascade processes, was 0.64 kg CO2-eq/kg AA, 1.53 kWh/kg AA,
22.02 MJ/kg AA, and 1.62 L water/kg AA for the Portuguese 2023 energy mix, with a
reduction of 162% of the CO2-eq in the 2050 energy transition context. The results demon-
strated that industrial practices would benefit greatly from the transition from fossil to
renewable energy and from more sustainable chemical sources. For carbon-intensive sec-
tors like steel or cement, the acetogenic syngas fermentation appears as a scalable bridge
technology, converting the flue gas waste stream into marketable products and accelerating
the transition towards a circular economy.

Keywords: life cycle assessment; waste gaseous stream recycling; methanol carbonylation;
natural gas; biomethane; e-methanol; syngas fermentation

1. Introduction
The global demand for acetic acid (CH3COOH, CAS 64-19-7) has been steadily in-

creasing over the past years, from ~14 million tons in 2015 to ~18 million tons in 2022. This
growth was driven not only by a rising demand for paints, adhesives, and coatings in
end-use industries, but also by an increasing demand for food additives and preservatives
in the expanding food and beverage sector, as well as its growing use in pharmaceutical and
chemical applications. Moreover, acetic acid is a versatile and essential chemical in many
other industries. For example, in the textile industry, acetic acid contributes to various
stages of fabric production by enhancing the final quality and performance [1–4]. In the
energy sector, it can be used to produce lipids through yeast fermentation, which can
subsequently be converted into jet fuel and/or maritime fuels [5–8].
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The production of acetic acid is primarily dominated by the People’s Republic of China
and the United States of America (USA). In 2020, Asia led the global acetic acid demand,
consuming 68%, followed by North America at 16%, with Russia accounting for a distant
third place at 2% [2]. Acetic acid production predominantly relies on thermochemical
processes, with methanol serving as the primary raw material. Equations (1)–(5) are
the main chemical reactions present in methanol synthesis and carbonylation to acetic
acid pathways:

■ Methanol synthesis

CH4 + H2O → CO + 3 H2 (1)

CH4 + 3H2O → CO2 + 4 H2 (2)

CO2 + 3H2 → CH3OH + H2O (3)

CO + 2H2 → CH3OH (4)

■ Methanol carbonylation

CH3OH + CO → CH3COOH (5)

Industrially, methanol is typically produced through natural gas steam reforming,
followed by chemical synthesis (Equations (1)–(4)). Alternative methods for methanol pro-
duction include coal or biomass gasification, followed by chemical synthesis from syngas,
as well as e-methanol, generated using hydrogen from electrolysis, and CO2, captured
through carbon capture technologies. Besides serving as the basis for the production of
different chemicals, e-methanol is currently being explored as an alternative maritime trans-
portation fuel and a substitute road transportation fuel and is classified as a renewable fuel
of non-biological origin [9,10]. This resulted in competition regarding e-methanol, which
may boost alternative processes of acetic acid production that are non-methanol-dependent,
such as syngas fermentation, as summarized in Figure 1.

 

Figure 1. Methanol and non-methanol routes for acetic acid production (based on [11–13]). Numbers
1 to 5 represent each process step from hydrocarbon source to acetic acid, while letters “a” to “e”
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represent the different routes, allowing backtrack of main process contribution in each step. Grey
boxes correspond to fossil syngas sources and green boxes correspond to green syngas sources.

Methanol carbonylation is the leading acetic acid production method, with approxi-
mately five times more patents than fermentation-based processes [14], and has evolved
over time, with the Cativa™ Iridium Catalyst replacing the earlier Monsanto Rhodium Cat-
alyst process [15]. The dependence of such production methods on methanol is substantial;
in 2021, acetic acid production consumed 7.89 million tons of methanol [16], reflecting the
established infrastructure, efficiency, and cost-effectiveness of thermochemical processes
for large-scale acetic acid production [17]. Recently, BP (British Petroleum) developed a
proprietary process called SaaBre™, which provides an innovative methanol-free route for
producing acetic acid directly from syngas. This technology emerges as a direct competitor
to syngas fermentation. However, given the growing global demand for acetic acid and the
need for diversified production methods, both processes will likely coexist in the market.

Long-term climate strategies to mitigate climate change focus on reducing greenhouse
gas (GHG) emissions, particularly CO2. Decarbonization efforts aim to eliminate fossil
fuel consumption in industrial processes, enabling a transition to sustainable chemical
production. In this context, the acetic acid production process must adapt by utilizing
carbon from waste gases generated by carbon-intensive industries or through integrated
carbon capture technologies, rather than relying on fossil fuel feedstocks. Furthermore, the
production process must follow circular standards and be thoroughly assessed along the
value chain to determine the actual impacts of the selected technologies.

An environmental life cycle assessment (e-LCA), conducted in accordance with ISO
14040/44 standards [18,19], is a well-established methodology that provides a comprehen-
sive understanding of the environmental impacts associated with chemical production. e-
LCA encompasses the entire lifecycle of a chemical, from cradle to gate (i.e., from feedstock
extraction to the factory exit). Among the environmental impact studies, characterization
of the carbon footprint, as specified by ISO 14067 [20], is the most common determiner and
will also be the focus of this research.

The fossil benchmark for acetic acid production, using methanol and carbon monoxide
derived from natural gas reforming, is estimated to be 1 kg CO2-eq/kg AA (99.8% purity)
based on a cradle-to-gate analysis conducted in the USA in 2012 [21]. When transportation
is included, the cradle-to-gate emissions in the same region increase to 1.2 kg CO2-eq/kg
AA [22]. Another study for the USA reports cradle-to-gate emissions of 2.84 tons CO2-
eq/ton AA [23]. Proprietary databases such as Ecoinvent 3.4 (2017) provide varying
values, reporting emissions of 1.3921 to 1.8746 kg CO2-eq/kg AA [24]. Furthermore, when
using databases like Ecoinvent or commercially available inventories from the U.S. LCI
database [25], significant variations in the gate-to-gate emissions of acetic acid production
have been observed, primarily due to differences in direct CO2 and CH4 emissions data.
This variation highlights discrepancies related to the chosen inventory database [26,27].

Alternative production methods have also been compared to the fossil benchmark:
(I) Dry reforming of biogas requiring high temperatures (>900 ◦C), with reported

emissions of 2 kg CO2-eq/kg AA in the USA [28].
(II) Fermentation of sugars, primarily for food applications such as vinegar production.

European studies on this fermentation process, using corn stover as a feedstock to produce
acetic acid (15 wt.%, aqueous solution), report emissions ranging from 0 to 5 kg CO2-eq/kg
AA [29].

(III) Microbial electrosynthesis (MES), as a reference to assess a novel process for acetic
acid production. A study from the United Kingdom used benchmark data for fossil-based
acetic acid production and estimated rates of 1.3 kg CO2-eq/kg AA [30].
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Given yearly variations, boundary or allocation assumptions, database differences,
and inventory availability, these studies cannot be directly compared. Therefore, a compre-
hensive benchmark for European countries must be developed, with a particular focus on
case studies for Portugal and France. Additionally, publicly available and transparent in-
ventory data for chemicals remain scarce, and company claims regarding carbon footprints
often lack transparency. For example, the assertion that “LENZING™ Acetic Acid Biobased
has a reduced carbon footprint that is 85% lower than that of fossil-based acetic acid” is not
supported by credible scientific evidence, highlighting a significant shortcoming [31].

This research aims to develop a transparent inventory for both fossil-based acetic acid
production and alternative production pathways, such as methanol carbonylation with
methanol produced from refuse waste gasification and reforming, microbial electrosyn-
thesis, CO2 + H2 fermentation using thermophilic acetogenic bacteria, and acetogenic
syngas fermentation (results obtained from own experiments). This last process relies on
the acetogenic bacteria Butyribacterium methylotrophicum (Eubacterium callanderi) to perform
biological carbon capture while resisting flue gas and syngas impurities [32,33]. This study
addresses discrepancies in carbon footprints across various production processes while
examining the potential impact of a fully decarbonized electricity grid on future carbon
emissions, with a specific focus on Portugal and France. Furthermore, it explores the
burden of utilities (energy, heat and water) in each of the analyzed processes, to find the
most favorable for implementation in an industrial setting, i.e., using the CO2 of a cement
plant to produce acetic acid.

2. Materials and Methods
The goal and scope of this study was to evaluate the carbon footprint (CF) of acetic acid

produced via several biochemical and thermochemical pathways. The system boundaries
were defined as cradle-to-gate. While infrastructure construction materials are excluded,
energy-related emission factors primarily consider direct emissions from combustion,
aligning with the EU ETS benchmarks. All indirect emissions from chemicals and water
were included. All direct energy production emissions were also accounted for.

The declared unit (DU) was 1 kg of acetic acid, while the functional unit (FU) repre-
sented the yearly feasible amount of high-purity acetic acid, constrained by the availability
of cement CO2 and biomethane. Transportation and gray materials were considered out
of scope.

Data were categorized as foreground or background and as belonging to either the
technosphere or ecosphere [34]. Process schematics can be found in Section S1 of the
Supplementary Materials. The impact assessment focused on the Global Warming Potential
(GWP) over a 100-year timeframe, using IPCC AR5 as the basis for determining the CF [35].
The CF was defined as the sum of the CO2-eq emissions from purchased energy (electricity
or heat) consumed throughout the unitary process chain j, and the direct CO2-eq emissions
released into the atmosphere during each process, as expressed in Equation (6):

CF =
n

∑
j

(
Electricityj × EFElectricity + Heatj ∗ EFHeat + Air CO2eqj

)
(6)

where n is the number of unitary processes for each thermochemical or biological pathway;
EF is the emission factor for heat and electricity and depends on the analyzed country
(location-based method); air CO2-eq is based on the carbon related emissions of the unitary
process, be it direct, fossil or biogenic. According to IPCC AR5, biogenic CO2 is not
accounted for, but fossil/biogenic CH4 has a CO2 equivalency of 28 and N2O has a CO2

equivalency of 265 [35]. GHG savings refers to the comparison of the analyzed processes
with the fossil industrial benchmark.
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2.1. Foreground Inventory for Methanol Carbonylation Thermochemical Process

In this work, methanol carbonylation was one of the base processes evaluated as the
production method adopted by industry, being primarily dependent on fossil inputs. The
fossil methanol carbonylation inventory, based on Equation (5), was retrieved from the
literature [25] and is presented in Table 1.

Table 1. Inventory for the foreground production of 1 kg of acetic acid through methanol carbonyla-
tion [25].

Material Flows Quantity Unit

Inputs

Methanol 0.539 kg
CO 0.509 kg

Heat 1.752 MJ
Electricity 0.002 kWh

Outputs

CO 0.022 kg
CO2 0.002 kg
CH4 0.001 kg

Acetic acid * 1 kg
* ≥99 wt.% purity.

Methanol for this process can be produced from natural gas reforming or from refuse-
derived waste gasification [36]. As part of a chemical input, its production is part of the
background inventories of this main process and can be found in Section 2.4 and in Section
S2 of the Supplementary Materials.

2.2. Foreground Inventory for Acetogenic Syngas Fermentation

The production of acetic acid through syngas fermentation, be it from the gasifica-
tion of biomass, from industrial off-gases supplemented with green hydrogen, or from
both, can provide an alternative to methanol carbonylation. Figure 2 shows a schematic
representation of the process, with the possible inputs, outputs, and utility flows.

In order to better evaluate the necessary inputs and outputs of an acetic acid production
process based on the biological fermentation of syngas, a lab-scale bioreactor assay was
performed, and all the mass balances were calculated. The bacterial cells used for this
study were Butyribacterium methylotrophicum, recently renamed Eubacterium callanderi, strain
Marburg (DSM 3468, DSMZ, Braunschweig, Germany), a carboxydotrophic acetogenic
bacteria that uses CO and CO2 + H2 as carbon and energy sources, producing mainly acetic
and butyric acids as fermentation products [32,33,37]. The microorganism was grown in a
2050 mL air-tight glass bioreactor with pH control and all the inlets and outlets necessary
for sampling, pH correction, and syngas feeding. The operating volume was 800 mL
of Syn1 culture medium [33,37], and the cells were grown at pH 7.0 and 37 ◦C, with an
agitation of 150 rpm, for approximately 290 h. To better simulate an industrial syngas
fermentation process, synthetic syngas with the same composition as the syngas obtained
from the gasification of lignin was used: 31.9 vol.% H2, 29.0 vol.% CO, 23.0 vol.% CO2, and
16.0 vol.% CH4 [33]. The bioreactor assemblage was performed as described in Pacheco
et al., 2021 [33]; however, in this assay, a peristaltic pump with Viton® tubing (Watson-
Marlow, Falmouth, UK) was used to force a stable and continuous flow of syngas into
the bioreactor, maintaining a medium syngas flow rate of 217 mL/h (batch assay with
continuous syngas flow).
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Figure 2. Process schematic of a syngas to acetic acid fermentative process, with the description of
possible inputs (light green arrows and boxes), outputs (red arrows and boxes), and utilities (blue
arrows—water; yellow arrows—energy; black arrows—steam), depending on origin (ecosphere
or technosphere).

Table 2 shows the inventory for foreground production of 1 kg acetic acid through
syngas fermentation by B. methylotrophicum (Eubacterium callanderi) in the lab-scale assay.

Table 2. Inventory for the foreground production of 1 kg acetic acid through syngas fermentation by
B. methylotrophicum. Support equipment includes the peristaltic pump, pH meter, reactor agitation,
water bath, and syngas flowmeter.

Material Flows Quantity Unit

Inputs

Water 10.19 kg
Yeast extract 0.13 kg

NaCl 0.13 kg
NH4Cl 0.16 kg

KCl 0.02 kg
KH2PO4 0.02 kg

MgSO4.7H2O 0.03 kg
CaCl2.2H2O 0.01 kg

NaH2PO4 0.23 kg
Na2HPO4 0.75 kg
Inoculum 0.03 kg
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Table 2. Cont.

Material Flows Quantity Unit

Syngas 4.01 kg
CO 1.51 kg
CO2 1.90 kg
H2 0.12 kg

CH4 0.48 kg

Energy 8.30 kWh
Reactor + support

equipment 1.10 kWh

Centrifuge 7.20 kWh

Outputs

Liquid products 1.18 kg
Acetic acid * 1.00 kg
Butyric acid 0.18 kg

Off-gas 3.56 kg
CO 0.53 kg
CO2 2.43 kg
H2 0.06 kg

CH4 0.49 kg

Dry Biomass 0.0994 kg
* 85 wt.% purity.

2.3. Foreground Inventory for Other Biochemical Processes

To better emulate the production alternatives for acetic acid, two other biochemical
processes were selected for a cross-comparison with the benchmark process. One is also
based on syngas fermentation but uses a thermophilic microorganism, while the other is a
process that uses bio-electrolysis.

2.3.1. PYROCO2

CO2 capture plus hydrogen from water electrolysis and subsequent fermentation was
explored in the PYROCO2 European project [38]. The PYROCO2 project aims to produce
acetone through a thermophilic microbial bioprocess that uses industrial CO2 and hydrogen
derived from renewable electricity. One of the steps in this process is the production of
acetic acid; the foreground inventory for the pilot-scale process can be found in Table 3.

Table 3. Inventory for foreground production of 1 kg acetic acid using the PYROCO2 fermentation
process [38].

Material Flows Quantity Unit

Inputs

H2 0.158 kg
CO2 1.710 kg
NH3 0.019 kg

Electricity 0.003 kWh
Water 23.527 kg

Outputs

Acetic acid * 1 kg
* 68 wt.% purity.
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2.3.2. Microbial Electrosynthesis

Microbial electrosynthesis (MES) is a bio-electrochemical process that uses biocatalysts
to capture and convert CO2 into valuable carbon-based compounds. This approach inte-
grates established carbon capture and utilization technologies with anaerobic consortia and
an electric current, leveraging CO2 as a substrate to produce value-added products [39].
The inventory for acetic acid production through MES can be found in Table 4.

Table 4. Inventory for the foreground production of 1 kg acetic acid from MES [39].

Material Flows Quantity Unit

Inputs

Energy for CO2 capture 0.390 kWh
MES electricity 2.800 kWh
Anolyte water 0.680 kg
CO2 capture 1.470 kg

Sodium phosphate 1.000 kg

Outputs

Acetic acid * 1 kg
O2 1.070 kg

* 99 wt.% purity.

2.4. Background Data

Background data for heat, electricity, water and chemicals (e.g., methanol, CO2, H2,
H2O, KCl, KOH, H2SO4, H3PO4, NaCl, NaOH, and NH3) can be found in the Supplemen-
tary Materials, with reference to the respective literature sources. All inventories were
formulated as a function of energy utility (electricity and heat) so the energy transition
principles could be evaluated.

Background data regarding energy, electricity, and heat was found for Portugal and
France. Emission factor (EF) trends for electricity in selected countries are presented in
Figure 3, considering direct emissions from the power system at high voltage. This EF is
related to the remaining combustion in power generation, since renewable sources have an
associated EF of 0 g CO2-eq/kWh.
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Figure 3. Power system in selected countries [40]. Left: carbon intensity; right: generation mix.

In 2023, the Portuguese energy mix comprised 26% fossil sources in its production,
having relied mostly on natural gas (88%) from 2021 onward, following the national ban
on coal for energy production, and a small percentage of oil. In France, energy from
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combustion is much lower than in Portugal, with production comprising 68% natural gas,
27% oil, and 5% coal [40]. For the same year (2023), the emission factor (EFElectricity; see
Equation (6)) for the foreground emissions of electricity production was 166 g CO2-eq/kWh
for continental Portugal and 56 g CO2-eq/kWh for France. When considering a 5-year
average, these values increase to 230 g CO2-eq/kWh and 62.8 g CO2-eq/kWh, respectively.
By 2050, an EFElectricity of 0 g CO2-eq/kWh is projected for both countries due to Europe’s
2050 net-zero-emissions goal.

Heat can be provided via the combustion of natural gas. In an energy-transition sce-
nario, industrial natural gas will likely be replaced by biogas/biomethane/hydrogen from
electrolysis [41]. Figure 4 is a simplified representation of the production of biomethane
from food and garden residues.

Waste Pre-treatment + 
Anaerobic digester Reactor

Food

Garden

Biogas

Digestate

Upgrading
BioCH4

CO2

Figure 4. Simplified scheme of biogas processing to biomethane.

The natural gas provided to Portugal and France is assumed to be mainly liqui-
fied natural gas (with a heating value of 49.1 MJ/kg and a combustion of emission
56.4 gCO2-eq/MJ [42]), whose extraction burden is presented in Table S1 in the Supple-
mentary Materials. The resulting EFheat can thus be assumed to be EFHeat = 60.3 gCO2e/MJ
(see Equation (6)) for 2023.

In Portugal, during 2018, the total amount of food waste (FW) and garden waste (GW)
generated was 120.2 kg/capita/year and 123.8 kg/capita/year, respectively [43]. By mass,
organic waste composition was 49% FW and 51% GW. For France, in the same year, these
values were 122.3 kg/capita/year and 115.7 kg/capita/year, respectively, with a similar
composition of 51% FW and 49% GW [43]. The biogas potential, derived from González
et al. [44], is estimated to be 0.135 kgbiogas/kgFW and 0.473 kgbiogas/kgGW, corresponding
to 0.317 kgbiogas/kgorganic waste for Portugal and 0.301 kgbiogas/kgorganic waste for France.

The background inventory used to produce biogas from anaerobic digestion is pre-
sented in Table S2 in the Supplementary Materials [45,46]. Further biogas processing
to biomethane via pressure swing adsorption (PSA) can be found in Table S3 in the
Supplementary Materials [47]. If biomethane is to replace natural gas at an industrial
scale, under the condition of electricity production with 0 g CO2-eq/kWh, the result-
ing emissions (excluding biogenic CO2), yield an EFHeat of 1005.7 kg CO2-eq/50 MJ, or
equivalently, EFHeat = 20 kg CO2-eq/MJ (see Equation (6)).

Demineralized water is widely used in industrial processes. However, the increasing
pressure to meet both drinking and industrial water demands, exacerbated by the scarcity
of freshwater in many European countries, particularly in southern Europe, has made
seawater treatment through reverse osmosis a viable solution for producing freshwater in
coastal regions. Therefore, the reverse osmosis of seawater was considered in this work to
produce industrial water [48]. The corresponding background inventory for this process
can be found in Table S4 in the Supplementary Materials.

As previously mentioned, industrial methanol production is commonly performed by
natural gas reforming; however, in this work, methanol produced from the gasification of
refuse-derived waste and the reforming of syngas was also considered. The background
inventory for the two processes (natural gas reforming and refuse-derived waste gasifi-
cation and reforming) can be found in Tables S5 and S6 of the Supplementary Materials.
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The inventory presented in Table S5 concerns not only natural gas extraction but also its
transport to the processing facility [49].

NaOH, HCL, CL2, and H2 can be simultaneously produced through the direct elec-
trosynthesis of brine [50,51]. The respective inventory is presented in Table S7 of the
Supplementary Materials.

Ammonia (NH3) is industrially synthesized through the Haber–Bosch process, which
involves the catalytic reaction of nitrogen (N2) and hydrogen (H2) under high temperature
and pressure. Nitrogen is typically sourced from the air, while hydrogen can be produced
from water electrolysis. The background inventory for this process can be found in the
Supplementary Materials—Tables S8–S10, showing N2 capture, H2 electrolysis, and NH3

production [52–54].
CO2 capture can be implemented using a variety of sources, including direct air

capture (DAC), which extracts CO2 directly from the atmosphere, as well as point sources
such as coal and natural gas power plants, crude oil refineries, cement production facilities,
and natural gas reforming plants used for hydrogen production [55]. Each source presents
unique challenges and opportunities depending on the concentration of CO2 in the flue gas,
the scale of emissions, and the integration of capture technologies with existing industrial
processes. In this work, CO2 capture from the cement industry was considered, and the
inventory is presented in Table S11 of the Supplementary Materials.

CO production is predominantly performed through the reverse water–gas shift
(RWGS) reaction, a catalytic process that converts CO2 and H2 into CO and H2O.
This reaction, which is highly endothermic, typically occurs at elevated temperatures
(700–1200 ◦C) and is facilitated by catalysts such as iron, copper, or nickel-based mate-
rials [38]. This process is particularly significant in the context of carbon utilization and
sustainable chemistry, as it provides a pathway to convert CO2—a major GHG—into valu-
able chemical feedstocks. The RWGS is often integrated with other industrial processes,
such as Fischer–Tropsch synthesis or methanol production, to enable the synthesis of hy-
drocarbons and other high-value chemicals. The background inventory for CO production
via RWGS can be found in Table S12 of the Supplementary Materials.

Sodium phosphate is typically produced through the neutralization reaction of phos-
phoric acid (H3PO4) with sodium hydroxide (NaOH), as described in Table S13 of the
Supplementary Materials and Equation (7) [56].

H3PO4 + 3 NaOH → Na3PO4 + 3 H2O (7)

Phosphoric acid, a key precursor, is primarily synthesized via the wet process, which
involves the reaction of sulfuric acid (H2SO4—Table S14 of the Supplementary Materi-
als [57]) with phosphate rock (primarily composed of calcium phosphate, Ca3(PO4)2). The
mining of phosphate rock, a critical step in this process, is typically carried out using
diesel-powered machinery, resulting in significant diesel consumption and associated GHG
emissions. To account for these emissions, the diesel inventory was included, as detailed
in Table S15 of the Supplementary Materials, based on data from the PRELIM (Process
Emissions Lifecycle Inventory Model) developed by the University of Calgary [58].

2.5. Allocation

Both “no allocation” and “physical-based mass allocation” were assessed. The decision
to evaluate physical-based mass allocation was driven by its straightforward applicability,
particularly in contrast to energy allocation, which is less suitable when certain co-products
lack a quantifiable energy content. Additionally, all marketable outflows were considered
as co-products, while off-gas emissions were considered as by-products.
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2.6. Assuring the Same Level of Acetic Acid Purity

The inventoried processes deliver 1 kg of acetic acid with different purities, for exam-
ple, methanol carbonylation yields acetic acid with a purity of 99 wt.%, while the PYROCO2
process yields acetic acid with a purity of 68 wt.%. Information about the acetic acid purity
of each of the analyzed processes can be found in the footnote of Tables 1–4.

To ensure that the processes would yield the same 1 kg of acetic acid as the final
product, the burden estimated in Gadkari et al. was used as a proxy [30]. The purification
energy was calculated as a function of the acetic acid concentration at the inlet (%wt.) to
achieve a final purity of 99.9 wt.% [30]. For example, if acetic acid is produced with an
initial purity of 20 wt.%, the energy required would be 50 MJ/kg AA. Conversely, if the
inlet concentration is 10 wt.%, the energy requirement increases to 250 MJ/kg AA. This
approach allows for a consistent calculation of energy requirements based on the initial
acetic acid concentration, ensuring comparability across different production processes.

3. Results and Interpretation
The carbon footprint and utilities (water, electricity, and heat) were selected as the

Key Performance Indicators (KPIs) to evaluate and compare the following five acetic acid
production processes:

• Thermochemical route, using natural gas reforming and methanol carbonylation
(benchmark);

• Thermochemical route, using refuse-derived waste gasification and methanol carbonylation;
• Bio-electrochemical route, using MES;
• Biochemical route, using CO2 capture and hydrogen from water electrolysis and

thermophilic acetogenic fermentation;
• Biochemical route, using CO2 capture and hydrogen from water electrolysis and aceto-

genic syngas fermentation under mesophilic conditions from lab-scale own experiments.

Table 5 and Figure 5 summarize the average global warming potential over 100 years
(GWP100), showing results relative to the five production processes for Portugal and
France, with and without allocation, under three scenarios: (1) the 2023 electricity mix,
(2) a 5-year average electricity mix (2019–2023), and (3) the projected 2050 electricity mix.
Scenario (3) considers either the use of fossil natural gas for industrial heating or a complete
energy transition to utilizing biomethane for heating. The “2050 fully renewable energy
and heat” scenario is directly related to the objectives stated in the European Green Deal
and is a hypothetic ideal scenario, as contrast to the actual energetic mix of both Portugal
and France.

Table 5. GWP100 (kg CO2-eq/kg AA) of the fossil benchmark for the production of acetic acid, from
the literature, and for Portugal and France (own calculations), with and without mass allocation and
using different electricity mixes.

Electricity Mix/
Literature Source

GWP100, IPCC AR5 (kg CO2-eq/kg AA)

No Allocation Mass Allocation

Portugal France Portugal France

Own
calculations

2023 0.94 0.58 0.66 0.49
5-year average (2019–2023) 1.15 0.61 0.76 0.50

2050—Natural gas 0.40 0.40 0.40 0.40
2050—Biomethane −0.38 –0.38 −0.38 −0.38

Literature
UK—2016 [30] 1.3
USA several

years [17,21–26] 1–2.84
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Figure 5. Comparison of GHG emissions of each of the five acetic acid production processes, in kg
CO2-eq/kg AA, (a) without and (b) with allocation (GWP100, IPCC AR5).

Rather than relying on the typical ‘black box’ emission values found in the literature,
“our own” calculated benchmark GWP100 was used for greater accuracy and relevance.
However, inaccuracies still exist, particularly in processes other than our own acetogenic
fermentation, as the process inventories were derived from the literature and could lack
certain inputs/outputs due to the oversimplification of those processes.

From the analysis shown in Figure 5, the impact of energy transition is, as anticipated,
more significant in Portugal than in France, as France already has a highly decarbonized
electricity mix. As can be observed in Table 5, the GWP100 values for the fossil bench-
mark vary considerably with the energy transition, even reaching negative values when
biomethane is used as the heat source. This is due to processes such as CO production using
CO2 from carbon capture and H2 from electrolysis (see inventory Table S12 of the Supple-
mentary Materials) and methanol production (see inventory Table S5 of the Supplementary
Materials), which are either energy-intensive or use natural gas as a raw material. Such
processes benefit greatly from the transition to an all-renewable + biomethane scenario.
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Comparing the benchmark with the other thermochemical and biochemical routes,
as presented in Figure 5, it is possible to observe that the biochemical process using CO2

capture, H2 from water electrolysis, and acetogenic syngas fermentation (from lab-scale
own experiments) performs better in all scenarios (approximately three times better than
the bio-methanol carbonylation process in the 2050 full-renewable scenario), except for
the 2023 Portuguese electricity mix. Acetogenic syngas fermentation demonstrates lower
GHG emissions compared to thermophilic acetogenic fermentation, primarily because it
requires less energy-intensive purification. While thermophilic fermentation produces
acetic acid at only 68 wt.% purity (necessitating additional purification to reach 95 wt.%),
acetogenic fermentation directly yields a higher-purity product (85 wt.%), thereby reducing
both energy demands and the associated GWP100 impacts. Furthermore, mass allocation
significantly impacts the obtained GWP100 results, as all these processes yield multiple
products rather than solely producing acetic acid.

In addition to GHG emissions, utility requirements (energy, heat, and water) for each
process were analyzed, based on the 2050 fully renewable scenario. Traceback matrices
with conditional formatting were developed for all thermochemical and biochemical pro-
cesses applying mass allocation to identify process hotspots (see Supplementary Materials,
Section S3). A synthesis table is presented in Table 6, indicating the hotspots for each
production process and utility.

Table 6. Synthesis table of the hotspot processes for each production process and utility for the 2050
energy-transition power system and biogas scenario.

Process Electricity Heat Demineralized Water

Fossil–methanol
carbonylation (benchmark) CO production Methanol synthesis Methanol synthesis

Bio-methanol
carbonylation Methanol synthesis Acetic acid production Methanol synthesis

Microbial electrosynthesis Acetic acid production Acetic acid production Sulfuric acid (for sodium
phosphate production)

Thermophilic acetogenic
fermentation H2 production Acetic acid production Acetic acid production

Acetogenic fermentation Acetic acid production
CO production

Sodium phosphate
production

Sulfuric acid (for sodium
phosphate production)
Acetic acid production

Process steps with the highest utility demand are marked in bold.

The utility requirements of the analyzed processes fall into three distinct categories
based on their dominant demands.

Electricity-intensive processes are primarily driven by gas production, namely CO syn-
thesis via gas reforming in the benchmark, as well as electrolysis for H2, bio-electrochemical
steps in MES, and electricity for acetogenic fermentation. These steps, particularly those
involving electrochemical reactions or gas synthesis, exhibit high power consumption. In
the acetic acid production step in acetogenic fermentation, electricity demand was greatly
overestimated, since data were collected from low-efficiency bench scale equipment. The
electricity consumption of bench-scale apparatus, such as reactors, pumps, and heating
baths, frequently depends on the age and size of the machinery. Normally, pilot-scale
machinery is built in an integrated way, is optimized for specific uses, and is, overall, more
efficient in maintaining temperature, mixing, and pH than its bench-size counterparts [59].

Heat demand peaks during acetic acid production in the bio-methanol, MES, and
thermophilic fermentation routes and chemical handling stages, such as sodium phosphate
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production for acetogenic fermentation, where reforming, synthesis, and purification
operations require significant thermal energy.

On the other hand, water-intensive processes are most prominent in methanol syn-
thesis (both the fossil and bio-methanol pathways) and acid production (e.g., sulfuric acid
used for sodium phosphate production for both the MES and acetogenic fermentation
processes). Water is critical not only for electrolysis-dependent reactions (e.g., salt and acid
production) but also for gas reforming processes, particularly the water–gas shift reaction
central to methanol synthesis.

To facilitate the evaluation of the most efficient process, a KPI system was created to
standardize comparisons (calculations for the KPI system can be found in Section S4.1 of
the Supplementary Materials). The KPIs use a 1–10 scoring scale, where 10 represents the
lowest utility/emission value (optimal) and 1 corresponds to the highest utility/emission
value (least favorable). A multicriteria comparison of the analyzed processes can be found
in Figure 6.

Figure 6. Multicriteria comparison of utility and GWP with mass allocation for each process analyzed
in the 2050 full energy transition scenario. The number 10 corresponds to the most favorable
performance, while 1 corresponds to the least favorable performance.

As can be observed in Figure 6, the benchmark (in light green) shows the best results in
terms of energy efficiency, achieving a perfect score of 10 (best), alongside water efficiency
at 9.48 (excellent) and heat management at 8.88 (very good). These strengths position it
as a highly resource-efficient option, which should be expected as this is an established
industrial process that is extensively used in different industries. However, in terms of GWP,
the score of 3.56 (poor) reveals a significant environmental trade-off, mainly due to the
utilization of fossil-sourced natural gas. The bio-methanol carbonylation process (in yellow)
is very efficient in terms of heat and water utilization, both scoring a maximum 10 (best).
This is due to the utilization of syngas and not methane for methanol synthesis, which needs
less water and heat than the natural gas reforming process. In terms of energy efficiency, it
shows a moderate result, at 6.55. However, similarly to the benchmark, a GWP score of
2.78 (poor) highlights its high environmental impact, due to the carbon-intensive processes.
MES shows moderate energy efficiency, at 8.03 (good), but it is critically hampered by its
heat management and environmental impact, scoring 1 (worst) in both heat and GWP.
This difference is primarily derived from the substantial heat energy required for acetic
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acid purification, which demands approximately 117 MJ per kg of acetic acid produced
through this process (a value 13 times higher than the heat necessary for purification in
the thermophilic acetogenic fermentation process). In terms of water efficiency, it has a
moderate result, at 4.53, further limiting its appeal. Thermophilic acetogenic fermentation
stands out, with near-perfect energy efficiency (9.94, excellent) and heat management (9.50,
excellent), making it a top contender for energy-intensive industries. However, it suffers
from unsustainable water use (1.26, worst) and a moderate GWP score of 6.11. Finally,
acetogenic syngas fermentation (own results) is unparalleled in terms of environmental
impact, achieving a perfect GWP score of 10 (best), making it the most environmentally
friendly option. However, it is severely inefficient in terms of energy and water use, with
both scoring 1 (worst), and has moderate heat management, at 8.07 (good). These results
are due to the utilization of sodium phosphate, which has a background production process
that is highly water-intensive (Table S20 of the Supplementary Materials), and the water
necessary for the fermentation process itself, while the energy score for the fermentation
is greatly overestimated due to the utilization of bench-scale equipment, which is highly
inefficient in terms of energy consumption.

While acetic acid from methanol carbonylation might be ideal for applications that
prioritize energy and water conservation, the associated environmental impact limits its
viability when the objective is a process that is both efficient and environmentally friendly.
On the other hand, acetogenic fermentation sets the benchmark for low environmental
impact, but its extreme resource inefficiency limits its practicality unless paired with
renewable energy or water-recycling technologies. An alternative might be thermophilic
acetogenic fermentation which, at the pilot scale, proved to be very efficient in both energy
and heat optimization. However, its excessive water consumption and moderate carbon
footprint necessitate mitigation strategies for broader applicability. Looking at the processes
used in this study, acetic acid from microbial electrosynthesis seems to be the least favorable,
despite having a reasonable energy performance. Its severe shortcomings in terms of heat
management and environmental impact show that more research is still necessary to tackle
these inherent weaknesses.

However, the results obtained do not consider methodological inconsistencies present
in the studies used as basis for this work: acetogenic syngas fermentation data were derived
from own bench-scale experiments, whereas other processes (e.g., thermophilic acetogenic
fermentation) relied on pilot- or industrial-scale results. While bench-scale energy needs are
usually higher than pilot/industrial scales, higher-scale fermentation yields are often lower
when compared to bench-scale. This is primarily due to the significant challenges involved
in scaling up a biological process. While laboratory-scale fermenters offer highly controlled
and homogeneous conditions that can lead to optimized yields, precisely replicating these
conditions at larger scales (pilot or industrial) can be complex, due to less efficient mixing,
challenges in maintaining optimal gas mass-transfer rates, temperature, and pH gradients,
and an increased risk of contamination. Furthermore, inventories used in LCA studies,
especially those from biological processes, often lack complete information about the
culture medium or the different process outputs, especially regarding by-products or the
final biomass.

To harmonize the analysis, energy consumption and culture medium requirements
from thermophilic acetogenic fermentation were used as proxies for the bench-scale aceto-
genic system, since both processes are closely related, although fermentation temperature,
is superior and thus more energy-intensive in the thermophilic process (60 ◦C vs. 37 ◦C).
Bench-scale product yields were maintained, since scale-up studies or process modeling
would be necessary to obtain accurate production results.
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This standardization enables a fairer evaluation of utility spending. Additionally, a
revised hotspot analysis table (see Table S21 in the Supplementary Materials), KPI cal-
culation (Section S4.2 of the Supplementary Materials), and a multicriteria comparison
(Figure 7) were developed to visually contextualize performance differences across all
processes under uniform conditions.

Figure 7. Multicriteria comparison of utility and GWP with mass allocation for each process ana-
lyzed in the 2050 full-energy-transition scenario; in this example, acetogenic fermentation uses the
same culture media and electricity values considered for the thermophilic acetogenic fermentation.
The number 10 corresponds to the most favorable performance, while 1 corresponds to the least
favorable performance.

Comparing Figures 6 and 7 it is possible to observe a significant performance varia-
tion. The normalization of the acetogenic syngas fermentation enabled a more balanced
cross-process comparison, highlighting each method’s inherent strengths and weaknesses,
which were previously obscured by the disproportionately high utility demands of the
bench-scale process. As with the acetogenic fermentation process itself, it was possible
to observe a substantial optimization, with energy efficiency improving from visible in-
adequacy (1.00) to moderate competency (4.09) and water use increasing from the worst
(1.00) to a middle range (6.07), all while retaining an exemplary environmental perfor-
mance (GWP = 10.00). This standardization markedly reduces the reliance of acetogenic
fermentation on unsustainable resource trade-offs, such as sodium phosphate and sodium
chloride, while balancing operational feasibility (heat = 9.06, nearing the benchmark and
the results for bio-methanol carbonylation processes) with environmental concerns, re-
inforcing its viability in decarbonization strategies where environmental and technical
metrics are critical.

From this analysis, it is possible to observe distinct technical profiles for each process
that determine their adaptability to specific industrial scenarios. Fossil methanol carbony-
lation, with high energy efficiency and water conservation, is best suited for industries
where resource optimization is critical, such as high-throughput chemical manufacturing or
industries in water-constrained regions, although its moderate GWP requires supplemen-
tal carbon-mitigation strategies. The thermophilic acetogenic syngas fermentation excels
in energy and heat management but suffers from poor water efficiency. This technology
would be best deployed in energy-intensive sectors (e.g., steel, cement) where heat-recovery
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systems and water availability are manageable. The same applies to the acetogenic syngas
fermentation. Allowing for high GWP savings and future improvements in energy and
water use, this technology is uniquely suitable for carbon-intensive industries that seek
decarbonization without complete infrastructural overhaul, particularly where waste gas
valorization can offset moderate energy costs. Conversely, bio-methanol carbonylation,
despite its heat and water efficiency, is undermined by its energy inefficiency, relegating it
to niche applications such as low-energy, heat-driven batch processes. The microbial elec-
trosynthesis process still lacks practical adaptability without a radical redesign, meaning
that research and development is still necessary to further develop this technology.

Using the optimized results for the acetogenic fermentation, a simulation of the
KPI deviations between the biological and the benchmark fossil process was performed,
considering the implementation of both processes near a cement plant, in order to use the
CO2 emitted from the production of cementitious products (CP). In Portugal, the SECIL
cement plant located at Pataias has a publicly available EMAS (EcoManagement Audit
Scheme), from which the CO2 emission data can be retrieved. The emission data from 2010
to 2023 and location of the Cibra—Pataias SECIL cement plant can be found in Figure 8.

 
 

(a) (b) 

Figure 8. (a) Portuguese SECIL Cibra—Pataias cement plant EMAS data for CO2 emissions from 2010
to 2023 [60,61], and (b) location in the Iberian Peninsula. CP—cementitious products.

As can be observed from Figure 8a, even though the specific CO2 emissions are quite
stable, averaging 0.58 kg CO2/kg CP, CP production is variable from year to year, and this
variation is reflected in the CO2 emission values (blue line). Hence, yearly variability in
production will influence not only the amount of acetic acid produced in an integrated
process, but also the KPIs, when compared to the fossil benchmark.

Table 7 presents the results of the simulation for a full energy transition scenario,
considering a 5-year variation in emission levels from the cement plant.

As shown in Table 7, acetic acid production fluctuates significantly with CO2 availabil-
ity from the cement plant, ranging from a maximum of 1035 kton in 2020 to just 33 kton in
2023. This shows that acetic acid production using CO2 from carbon-intensive industries
cannot fully replace the thermochemical processes as the main production source but can
serve as an auxiliary process due to its sustainability–yield trade-off. For an average value
of acetic acid production, for 405 kton of captured CO2, the acetogenic fermentation is
expected to consume 1860 kWh of electricity, 7867 MJ of heat, and 4255 L of demineralized
water, while emitting −1236 kton of CO2-eq. The KPI analysis highlights the advantages
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of acetogenic fermentation over fossil–methanol carbonylation, demonstrating increased
efficiency in terms of heat-spending and GWP100 mitigation. Water utilization can still
be further optimized, even if, at an industrial scale, a maximum difference of 9 m3 of
water-spending between processes can be considered not significant. Regarding the need
to reduce resource dependency, water recirculation and reutilization can provide necessary
technology to tip the scale to negative values.

Table 7. Acetic acid production through acetogenic fermentation (using the same culture media and
electricity values considered for the thermophilic acetogenic fermentation method) with CO2 from a
nearby cement plant. CO and H2 amounts were calculated relative to the CO2 supplied by the cement
plant to maintain the gas ratio used in the fermentation experiments. KPI values are the difference
between the acetogenic fermentation process and the benchmark (fossil–methanol carbonylation).

Year
CO2 Flow

fromCement
Plant (kton)

CO and H2 Adjusted for
CO2 from Cement Plant Acetic Acid

Production
(kton)

KPI Acetogenic Fermentation
vs. Benchmark

CO (kton) H2 (kton) Electricity
(kWh)

Heat
(MJ)

Water
(L)

CO2-eq
(kton)

2019 1367 1087 88 721 2201 −1883 6401 −1911
2020 1962 1560 126 1035 3159 −2703 9187 −2743
2021 353 281 23 186 568 −486 1653 −493
2022 97 77 6 51 156 −134 454 −136
2023 63 50 4 33 101 −87 295 −88

Furthermore, the convergence of carbon capture and utilization (CCU) and renewable
hydrogen (H2) presents a transformative framework for sustainable biorefinery systems. By
coupling CO2-rich waste streams (e.g., steel or cement off-gases) with green H2—produced
via electrolysis powered by renewable energy—syngas fermentation can bridge the gap
between emission reductions and circular carbon economies. To ensure microbial com-
patibility, the cleaning and conditioning of industrial off-gases (e.g., tar removal, H2S
scrubbing) can be pivotal. However, as stated in a previous publication, B. methylotrophicum
emerges as a robust microorganism for integration with industrial processes due to its
substantial resistance to tar and other contaminants present in industrial gases [33,37].
Together, these synergies position acetogenic syngas fermentation as a scalable platform
that promotes carbon-neutral chemical production, contingent on advancements in gas
logistics (e.g., compression, transport) and a reduction in the cost of renewable H2. These
results also highlight the potential of acetogenic fermentation to reconcile ecological and
industrial goals without compromising system performance, advancing the transition
toward a circular and sustainable industry.

4. Conclusions
This study evaluated the carbon footprint across two European national contexts

(France and Portugal), and the utility demands (energy, heat, and water) of five acetic
acid production pathways, assessing both current (2023) and future energy transition
scenarios. By analyzing the effects of allocation (no allocation or mass-based allocation)
and the imposition of certain system boundaries, particularly the requirement for con-
sistent product purity across all processes, it identifies critical trade-offs and synergies
between environmental performance and resource efficiency. The primary advantage of the
methodology employed in this work lies in its fully traceable and transparent inventories,
which minimize reliance on “black box” assumptions and proprietary databases, thereby
enhancing the reproducibility of the work.
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However, limitations arise from disparities in the temporal and operational scales of
the source inventories, as well as the selection of specific processes from a range of potential
alternatives. For instance, variations in process design—such as hydrogen production via
biomethane reforming instead of water electrolysis, methanol synthesis from biomethane
rather than natural gas reforming, or alternative CO2 capture sources—could significantly
influence the obtained results. Additionally, extrapolating lab-scale data to industrial-
scale operations introduces uncertainties, particularly regarding the assumed acetic acid
conversion efficiencies and energy consumption, which may differ at larger scales (e.g.,
energetic demands decrease at higher scales due to equipment optimization).

In addition to these methodology limitations, some processual key limitations were
also observed, namely the availability of biomethane to fully replace natural gas not only
for industrial heating, but also for chemical synthesis processes, as is the case in acetic acid
production. Moreover, the dependency of acetic acid production on continuous CO2 and
hydrogen supplies and the competing demands for methanol between the transportation
sector (e.g., maritime/heavy-duty fuels) and the chemical industry (e.g., acetic acid synthe-
sis) underscore the complexity of scaling sustainable production systems within a circular
economy framework.

From the analysis performed herein, both fermentation processes benefit greatly from
high investment in renewable/fossil-free energies (as is the case in France, with nuclear
power), or from an energy transition scenario. However, each acetic acid production
process has a niche application. Carbon-intensive industries can benefit greatly from
the acetogenic fermentation process due to its unparalleled GWP100 mitigation, and with
optimization and improved operational metrics, this process provides a good alternative for
decarbonization strategies provided its moderate energy and water demands are feasible.
In terms of resource efficiency, the benchmark methanol carbonylation process leads in both
energy and water conservation but requires supplementary carbon-mitigation measures
(e.g., carbon capture technologies, or the replacement of natural gas with biomethane).
Some sector-specific applications can benefit from the thermophilic acetogenic fermentation
process, since it can easily use the resources provided by heat-intensive industries in water-
abundant regions, increasing GWP100 mitigation om these industries, as shown in the
simulation of the benchmark and the acetogenic fermentation process, showing CO2 capture
from the cement industry in the 2050 renewable + biomethane scenario. Ultimately, process
selection hinges on the alignment of technical strengths with sector-specific priorities;
for example, fossil methanol carbonylation can be considered if the objective is resource
efficiency but requires additional GWP-mitigation strategies, thermophilic acetogenic
syngas fermentation is ideal for heat–energy synergy, and acetogenic syngas fermentation
is suitable for sustainable integration into legacy carbon-intensive systems.

In conclusion, this analysis reinforces that sustainable industrial practices will benefit
greatly from the energy transition from fossil to renewable energy/chemical sources. How-
ever, strategic prioritization is necessary, whether for carbon neutrality, resource efficiency,
or sector-specific needs, coupled with an acknowledgment of the inherent trade-offs for
each process. For sectors like steel or cement, where decarbonization is structurally com-
plex, the acetogenic fermentation process offers a scalable bridge technology, turning waste
liabilities into marketable products, exemplifying how industrial symbiosis between waste
valorization and sustainable production can redefine the economics of decarbonization.
In this context, future research should focus on a techno-economic analysis to quantify
the scalability and economic viability of the acetogenic syngas fermentation processes,
particularly their integration with the existing carbon-intensive infrastructure, to ensure an
alignment between their environmental benefits and industrial feasibility.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/c11030054/s1. Figure S1. Process schematic of fossil origin
methanol carbonylation to acetic acid, with the description of possible inputs (light green arrows and
boxes), outputs (red arrows and boxes) and utilities (blue arrows—water, yellow arrows—energy,
black arrows—steam), depending on origin (ecosphere or technosphere). Figure S2. Process schematic
of methanol carbonylation (with methanol from refuse derived waste) to acetic acid, with the descrip-
tion of possible inputs (light green arrows and boxes), outputs (red arrows and boxes) and utilities
(blue arrows—water, yellow arrows—energy, black arrows—steam), depending on origin (ecosphere
or technosphere). Figure S3. Process schematic of microbial electrosynthesis to acetic acid, with the
description of possible inputs (light green arrows and boxes), outputs (red arrows and boxes) and
utilities (blue arrows—water, yellow arrows—energy, black arrows—steam), depending on origin
(ecosphere or technosphere). Figure S4. Process schematic of the thermophilic acetogenic CO2+H2

fermentation to acetic acid, with the description of possible inputs (light green arrows and boxes),
outputs (red arrows and boxes) and utilities (blue arrows—water, yellow arrows—energy, black
arrows—steam), depending on origin (ecosphere or technosphere). Table S1. Inventory for back-
ground extraction and processing of liquified natural gas [39]. Table S2. Inventory for background
production of 1 kg biogas in Portugal and in France [42,43]. Table S3. Inventory for background
production of 1 kg biomethane [44]. Table S4. Inventory for background production of 1 kg industrial
water [45]. Table S5. Inventory for background production of 1 kg methanol through natural gas
reforming [46]. Table S6. Inventory for background production of 1 kg methanol through refuse
derived waste gasification and reforming [46]. Table S7. Inventory for background production of
1 kg NaOH through electrolysis [47,48]. Table S8. Inventory for background N2 capture [50]. Table
S9. Inventory for background green H2 production through electrolysis [51]. Table S10. Inventory
for background NH3 production [49]. Table S11. Inventory for background CO2 capture [35]. Table
S12. Inventory for background CO production [35]. Table S13. Inventory for background sodium
phosphate production [53]. Table S14. Inventory for background H2SO4 production from odorous
gases [54]. Table S15. Inventory for background diesel production [55]. Table S16. Traceback utility
matrices for the foreground and background processes involved in acetic-acid production through
the benchmark process (fossil-methanol carbonylation). Green to red color gradation differentiates
the values from the lowest to the highest. Table S17. Traceback utility matrices for the foreground and
background processes involved in acetic-acid production through the bio-methanol carbonylation
process. Green to red color gradation differentiates the values from the lowest to the highest. Table
S18. Traceback utility matrices for the foreground and background processes involved in acetic-acid
production through the microbial electrosynthesis process. Green to red color gradation differentiates
the values from the lowest to the highest. Table S19. Traceback utility matrices for the foreground
and background processes involved in acetic-acid production through the thermophilic acetogenic
fermentation process. Green to red color gradation differentiates the values from the lowest to the
highest. Table S20. Traceback utility matrices for the foreground and background processes involved
in acetic-acid production through the acetogenic fermentation process. Green to red color gradation
differentiates the values from the lowest to the highest. Table S21. Traceback utility matrices for the
foreground and background processes involved in acetic-acid production through the acetogenic
syngas fermentation process, but using the same culture media and electricity values considered for
the thermophilic acetogenic fermentation. Green to red color gradation differentiates the values from
the lowest to the highest.
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Abbreviations
The following abbreviations are used in this manuscript:

AA Acetic acid
CF Carbon footprint
CP Cementitious products
DAC Direct air capture
DU Declared unit
EF Emission factor
e-LCA Environmental life cycle assessment
FU Functional unit
FW Food waste
GHG Greenhouse gas
GW Garden waste
GWP100 Average global warming potential over 100 years
KPI Key performance indicator
MES Microbial electrosynthesis
RWGS Reverse water–gas shift reaction
USA United States of America
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