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Biomass is a promising feedstock for reducing greenhouse gas emissions in the chemical industry.
Biomass availability, however, is limited. Still, many bio-based processes focus on producing a single
product. Thereby, valuable feedstock potential is often lost with undesired co-products. In this study, we
assess the environmental and economic potential of bio-based multi-product systems and provide
insights on the sustainability benefits of co-producing hydrogen and high-value acids from bio-alcohols
compared to fossil and green alternatives. We select dehydrogenation as a promising early-stage techno-
logy for producing hydrogen and four co-product candidates: formic acid, acetic acid, lactic acid, and
succinic acid. All investigated dehydrogenation multi-product systems show the potential to reduce
climate impacts and to become profitable. A higher carbon tax can improve the economic potential.
Acetic acid is the most promising co-product compared to both fossil and green benchmarks with poten-
tial benefits in various environmental impact categories. In contrast, co-producing lactic acid shows sub-
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stantial trade-offs compared to the benchmark technologies. Expected eutrophication impacts associated
with biomass use occur in all dehydrogenation routes. Our analysis highlights that multi-product systems
can increase benefits compared to single-product systems from both environmental and economic
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1. Introduction

Transitioning the chemical industry to net-zero greenhouse
gas (GHG) emissions is challenging due to its dependency on
fossil feedstocks as carbon and energy sources.' Replacing
fossil carbon feedstocks with sustainable biomass feedstocks
can reduce GHG emissions because biomass carbon uptake
and release are carbon neutral in total.> Therefore, biomass
feedstock becomes more relevant in the chemical industry: in
the European Union’s bio-economy, the manufacture of bio-
based chemicals, pharmaceuticals, plastic, and rubber shows
the highest value-added annual growth® (47% increase in
2008-2020) and employment increase (additional 86400
people employed in 2008-2020).* However, biomass resources
are limited. Therefore, an increasing biochemical production
will likely compete with other sectors, such as fuel, food, and
feed production for limited biomass resources.’
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1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
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Thus, limited biomass resources call for responsible use in
applications with the greatest potential to reduce environ-
mental impacts. One promising approach to fully exploit the
biomass potential is the co-production of several products.® A
particularly important co-product is green hydrogen, which is
a potential sustainable feedstock for products in the chemical
industry, e.g., ammonia and methanol,” and the refining
industry.® Green hydrogen can be produced from biomass
through thermochemical processes (e.g., gasification, pyrol-
ysis,” and steam reforming'®), biological processes (dark fer-
mentation and photo-fermentation'"), and electrochemical
processes.”>™* Several biomass-to-hydrogen processes are
close to reaching commercialisation.'® However, thermochemi-
cal conversion and biological conversion emit undesirable
GHG emissions as byproducts,'® and electrochemical conver-
sion produces oxygen, which is often disregarded for further
use.'® Consequently, the biomass feedstock potential remains
partly unexploited. One attempt to improve feedstock exploita-
tion is the production of several chemical products.

Recent publications highlight that co-producing hydrogen
and high-value chemicals is feasible and beneficial:
Bohnenkamp et al.'” show that Escherichia coli can anaerobi-
cally ferment glucose into hydrogen and ethyl acetate in lab-
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scale experiments concluding that co-production is promising
for improving economic feasibility. Liu et al.'® lowered costs by
increasing selectivity with improved Cu-catalysts for non-oxidative
dehydrogenation of ethanol to hydrogen and acetaldehyde. Zhao
et al.'® mention high-value acids, e.g., glucaric acid,® and lactic
acid®' as other possible co-products, besides hydrogen, from
photocatalytic dehydrogenation of biomass. Wang et al.*
compare catalysts for dehydrogenation of glycerol to lactic acid
and ethanol to acetaldehyde (a precursor in, e.g., acetic acid pro-
duction). Shvalagin et al*® co-produce acetal from the photo-
catalytic dehydrogenation of ethanol to acetaldehyde and hydro-
gen. The authors conclude that, despite immaturity, co-produ-
cing hydrogen with esters, aldehydes, or acids from biomass-
derived alcohols is an interesting case study for investigating
environmental co-production synergies. In particular, bio-acids
are important bio-chemical products**** opening a promising
pathway for environmental synergies from the co-production of
hydrogen and bio-acids from bio-alcohols.

Typically, the environmental impacts of technologies are
compared using life cycle assessment (LCA) to identify the
best option. In hydrogen production, LCA studies showed that
biomass-derived hydrogen reduces environmental impacts
compared to grey hydrogen from coal gasification, steam
methane reforming, auto-thermal reforming, or grid-mix-elec-
tricity powered electrolysis.”*™° In biochemical production,
Liang et al.*° found GHG emission savings for 10 of 13 bio-
chemicals with near-term market potential. The identified bio-
chemicals can be produced, e.g., from sugar.’® While several
publications®’** show that biomass can produce green hydro-
gen and bio-chemical, the environmental impacts from co-pro-
ducing hydrogen and bio-chemicals have not yet been investi-
gated. Indeed, assessing an emerging technology’s potential to
reduce environmental impacts compared to industrial-scale
benchmarks is challenging because the required data for a
detailed LCA is usually unavailable.

To still assess emerging technologies, Meys et al.®*! intro-
duced the environmental potential methodology for low
technology readiness level (TRL). The environmental potential
methodology compares the ideal life cycle inventory (LCI) of
the low TRL technology with the complete LCI of the indus-
trial-scale benchmark. Consequently, the environmental
impacts of the low TRL technology are underestimated, while
the benchmark’s environmental impacts include all real-life
losses and inefficiencies. Thus, only a low TRL technology that
shows environmental potential compared to the benchmark is
worth studying in detail. In contrast, a low TRL technology
should be discarded if even the ideal assessment shows no
environmental potential compared to the benchmark.

In this study, we assess the environmental potential of co-
producing hydrogen and high-value acids from bio-alcohols to
identify promising dehydrogenation routes. We monitor
burden shifts between impact categories since biomass use is
often associated with elevated eutrophication and impacts on
land use.**?° Moreover, we calculate the economic potential
that is aligned with the environmental potential to evaluate
the profitability of the dehydrogenation routes.

This journal is © The Royal Society of Chemistry 2025
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2. The environmental and economic
potential method for bio-alcohol
dehydrogenation

In this section, we (i) introduce the environmental potential
methodology for multi-product systems (section 2.1), (ii) select
dehydrogenation routes for our case study (section 2.2), and
(iii) set assumptions and system boundaries for the environ-
mental potential methodology (section 2.3). Moreover, we (iv)
formulate the economic potential to assess the profitability of
the selected dehydrogenation routes (section 2.4).

2.1. Applying the environmental potential to multi-product
systems

The environmental potential initially proposed by Meys et al.**

identifies reliable low TRL technologies without environmental
benefits compared to state-of-the-art production technologies.
The methodology can compare any emerging low TRL techno-
logy with a minimum of available data to state-of-the-art
technologies. The minimum available data for low TRL techno-
logy is used to model the ideal process. The ideal process has
the minimum environmental impact possible. In the ideal
process, the LCI only requires the feedstock mass flows and
reaction enthalpy at standard conditions that can be assessed
based on the stoichiometric chemical reaction at 100% yield.
The environmental potential is the difference between the
environmental impacts of the ideal low TRL technologies and
an industrial-scale benchmark. A positive environmental
potential indicates that the investigated low TRL technology
has the potential to outperform the benchmark technology. A
negative environmental potential indicates that the ideal low
TRL technology already has greater environmental impacts
than the benchmark and should, therefore, be discarded
because the technology can never outperform the benchmark
in real life.

In theory, the environmental potential methodology can be
applied to single-product and multi-product systems. However,
the multi-product systems lead to a multi-functionality
problem. In previous environmental potential assessments, co-
products are credited with an avoided burden.***” In these
studies, however, multi-product systems are not the focus: the
functional unit in Meys et al.** and Pillich et al.*” is the treat-
ment of a fixed amount of plastic waste. Therefore, the
common ground of comparison is the feedstock in the system
and not the products. In the present study, however, we focus
on the co-production of high-value chemicals from various
feedstocks. Therefore, we reconsider the available methods to
solve multi-functionality.

The ISO 14044 norm®® provides a hierarchy to overcome
multi-functionality: (i) dividing the process into sub-processes,
(ii) or expanding the system, (iii) allocation based on physical
relationships, and (iv) allocation based on economic relation-
ships. In this study, we consider multiple products stoichiome-
trically coupled through a single reaction. The coupling makes
a division into sub-processes impossible. Therefore, we follow
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the ISO 14044 hierarchy and use system expansion to solve the
multi-functionality problem: first, we aggregate all products in
the multi-product system and regard it as a joint functional
unit. Second, we expand the benchmark system to produce the
same functional unit (Fig. 1). Third, we calculate the environ-
mental potential with the multi-product system and the com-
bined benchmark system as described in section 2.3.

2.2. Selecting dehydrogenation routes

Biomass can be processed into various bio-alcohols. To select
promising dehydrogenation routes for our study, we search
available bio-alcohols in the chemical industry. Therefore, we
screen the IEA Bioenergy Report™ for bio-alcohols with near-
term market potential and select nine candidates (documen-
ted in the ESI section S27). For the selected bio-alcohols R;C-
OH, we follow the idealized assumptions of the environmental
potential and formulate the stoichiometric dehydrogenation
reactions 1 while neglecting possible side reactions that might
occur in a real application.

VR, C*OHRl C-OH + VH20H20 — VH, H2 + VR;C*OOHRZC_OOH
(1)

For simplicity, R, represents the rest of the (primary or
higher) alcohol, and C-OH represents the alcohol group. The
alcohol group reacts with water, producing hydrogen and the
acid R,C-OOH. The acid consists of the acid group C-OOH
and the acid rest R,. The stoichiometric factors v; balance the
reactants and products. Hydrogen is the common dehydro-
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genation product in any dehydrogenation reaction, while the
resulting co-produced acids depend on the nine selected bio-
alcohol feedstocks. We compare the resulting co-produced
acids with the near-term market acids in the IEA Bioenergy
Report to identify acids from dehydrogenation with market
demand.

We then search relevant benchmark processes in the ecoin-
vent database®® (version 3.9) and LCIs in the literature (see the
benchmarks in Table 2 and LCIs in ESI section S37). Typically,
LCA databases are based on state-of-the-art technologies in the
fossil industry. Therefore, many fossil acid and hydrogen
benchmarks are available in the ecoinvent database with LCIs
including the whole plant infrastructure and mass and energy
flows for the plant operation.

While fossil technologies represent the most relevant
benchmarks today, a comparison of dehydrogenation to emer-
ging green benchmarks is desirable to ensure future compe-
tition. Thus, we also include green benchmarks from the lit-
erature in our analysis (Table 2 and ESI Tables S5-S97).

After the screening of the nine dehydrogenation routes, we
select four routes for producing acids with C1 to C4 carbon
atoms with established markets in 2023 and sufficient avail-
able data for the LCA (Table 1): (1) formic acid (0.9 Mt),*° (2)
acetic acid (21.7 Mt),** (3) lactic acid (1.7 Mt),** and (4) succi-
nic acid, substituting fossil adipic acid*? (4.5 Mt)** (LCIs docu-
mented in the ESI Table S3t). In the LCIs of the dehydrogena-
tion routes, formic acid is produced from woodchip-based
methanol, whereas sugar is the feedstock for the ethanol for
acetic acid, the propylene glycol for lactic acid, and the butane-

Elementary
flows ittt

Complete life cycle inventory:
feedstocks, energy demands,

System
environment

o Wat N f i E
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Fig. 1 System boundaries in a cradle-to-grave analysis of the dehydrogenation route and the benchmark with system expansion for the production
of hydrogen and acid. The functional unit is highlighted in green. The use phase and end of life (EoL) of the acid (blue) and the hydrogen (orange)

are equal for identical products.
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Table 1 Selected dehydrogenation routes (LCls displayed in ESI Table S37)
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Feedstock Dehydrogenation co-product Chemical reaction Mass of co-product in kg per kg H,
Methanol Formic acid CH;O0OH + H,0 —» H, + HCOOH 114
Ethanol Acetic acid C,H;0H + H,0 — H, + CH;COOH 14.9
Propylene glycol Lactic acid C;H0, + H,0 — H, + CH;CH(OH)COOH 22.4
1,4-Butanediol Succinic acid C4H;00, + HyO — 2H, + (CHy),(CO,H), 14.7

Table 2 Benchmarks for the fossil and the green benchmark scenarios (LCls displayed in ESI Tables S4-S9+)

Co-product Benchmark fossil scenario

Benchmark green scenario

Methane steam reforming®®
Methyl formate route®®

Hydrogen
Formic acid
Acetic acid

Lactic acid
Succinic acid

Calanese process from methanol®

Synthetic production from acetaldehyde®”
Adipic acid from nitric acid oxidation of

Wind-powered water electrolysis*®
CO, hydrogenation®

Calanese process from bio-based

methanol and renewable energy®®
Glucose fermentation®

Glucose fermentation®'

cyclohexane-cyclohexanol-mixture®®

diol for succinic acid. The ethanol is produced from sugar-
cane, maize, or rye. The propanediol and butanediol are pro-
duced from glucose from maize.

2.3. Assumptions and system boundaries for
dehydrogenation routes

Our goal is to assess the environmental potential of each low
TRL dehydrogenation route compared to the industrial bench-
marks. In cases of positive environmental potential, it is worth
investigating whether the mature multi-product dehydrogena-
tion technology could replace the two single-product bench-
mark technologies. From a stoichiometric perspective, each of
the four selected dehydrogenation routes is a multi-product
system that can theoretically replace industrial hydrogen and
high-value acid production.

For each dehydrogenation route (DR), we calculate the
environmental potential. The LCI of each ideal dehydrogena-
tion route comprises the required feedstock amounts of bio-
alcohol and water to produce hydrogen and the co-produced
acid. For each dehydrogenation route j, the amounts of pro-
ducts are fixed in a functional unit FUpg; of 1 kg of hydrogen
and the corresponding mass of acid based on the stoichio-
metric factors v; and the molar masses M; (1):

FUDR‘j =1 kg hydrogen + Macid, stoichiometric, j

Vacid Macid,j

(2)
=1kg hydrogen- 1+7-~7).
hyeros ( Vhydrogen Mhydrogen

Note that the total mass of products in the functional unit
differs between the four dehydrogenation routes because the acid
mass varies and the mass of the co-produced acids largely
exceeds the hydrogen production—at a minimum, by a factor of
11.4 for formic acid and at a maximum of 22.4 for lactic acid.

The environmental impacts EI of a dehydrogenation route j
are calculated as the sum of the bio-alcohol’s environmental
impacts Elpjoalconot,; and the water’s environmental impacts
Elyater, multiplied with the mass m per functional unit

This journal is © The Royal Society of Chemistry 2025

(reported in Table S3 in the ESIf). The feedstock mass
demands are calculated from the stoichiometric eqn (1):

EIDR, j — mbio-alcohol,stnichinmetric, i EIbio-alcohol, j
J J J

+ Myater stoichiometric,j * Elwater

= 1 kg hydrogen
(Vbio-alcohol Mbio-alcohol, Elbio atconol (3)
. - . io-alcohol, j
Vhydrogen Mhydrogen

Vwater Myater
————  =—— - Elyater |-
Vhydrogen Mhydrogen

The original environmental potential by Meys et al>*
included the expected minimum energy demand. The
minimum energy demands of the dehydrogenation routes,
expressed as reaction enthalpies (displayed in ESI Table S27),
are one order of magnitude lower than the energy demands of
the fossil industrial benchmarks and, therefore, not shown.
Moreover, the energy supply technologies in emerging techno-
logies, such as dehydrogenation, are often to be decided. The
energy supply could include renewable or fossil resources. In
the LCI of the ideal dehydrogenation, we neglect infrastructure
and energy demands, such as reaction enthalpy. Under this
assumption, the results of the study are valid for any techno-
logy performing the considered dehydrogenation reactions,
disregarding the process-specific design and the source of heat
or electricity. In the case of a positive environmental potential,
the technology-dependent infrastructure and energy demands
must be included for a more detailed analysis. Therefore, in
section 4.2, we perform a sensitivity analysis on the energy
demand, assuming a thermochemical dehydrogenation reac-
tion and natural gas as a heat source as a conservative
approach, to quantify the minimum heat and yield, required
to still yield a positive environmental potential.

For each dehydrogenation route j, we combine the hydrogen
and acid benchmarks, expanding the system boundary to form
the overall benchmark. We introduce benchmark scenarios s,

Green Chem., 2025, 27, 2968-2979 | 2971
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where the fossil benchmark consists of a fossil acid and fossil
hydrogen technology, and the green benchmark scenario consists
of green technologies for both products. Each benchmark pro-
duces the same functional unit as the dehydrogenation route.
Consequently, the benchmark’s environmental impacts
Elpenchmarkjs are the sum of the separate benchmark processes (4).

EIbenchmark,j,s =1 kg . EIbenchmark,hydrogen,s (4)
+ macidﬁstoichiometric,j . EIbenchmark’acid,j‘,s

A life cycle impact assessment method (LCIA) method has
to be selected to calculate the environmental impacts EI in (3)
and (4). In this work, we select the Environmental Footprint
EN 15804 cut-off method”” that counts biogenic carbon uptake
as a negative emission, also referred to as —1/1 approach.*®

The environmental potential Epoteny calculates the differ-
ence in environmental impacts between the benchmark
scenario s and the dehydrogenation route j for each impact
category k in the LCIA method:

Epot,env;jﬁk.,s = EIbenchmarkJ’,k,s - EIDR,}’,Ip (5)

We perform a cradle-to-grave analysis under the assumption
that a chemical product’s use phase is production-technology-
independent. Identical activities in the dehydrogenation route
and the benchmark cancel each other out in the environ-
mental potential. We incinerate the produced chemicals at the
end of life (EoL).

2.4. Formulating the economic potential of bio-alcohol
dehydrogenation

A dehydrogenation route with a positive environmental poten-
tial should also be evaluated from an economic perspective. As
we consider low TRL technologies, the required data for an
economic assessment is often unavailable, similar to an
environmental assessment. Hence, performing a detailed
techno-economic analysis with process information is challen-
ging. However, metrics for early-stage economic assessments
exist: Roh et al.*® used the work of Douglas et al.*® to calculate
a gross operating margin for CO, utilization technologies at
low TRLs based on product market prices for feedstocks and
energy demands, and revenues from carbon emission credits.
In our work, we adapt the example for CO, utilization techno-
logies to the dehydrogenation case study. Thus, we formulate
an economic potential based on the same assumptions as the
environmental potential—we apply the same system bound-
aries and use the same functional units. We consider indus-
trial-scale benchmarks represented by the global chemical
product markets and use costs from global trading platforms
from July 2024.>'* The global chemical markets represent the
fossil industry. In contrast, global market prices for green
chemical production are unavailable. Therefore, we only assess
the economic potential in a fossil benchmark scenario.

The economic potential provides a conservative profit
margin (equations are displayed in the ESI section S4}): only
feedstock costs are included in each dehydrogenation route,
while energy demands, other operating costs, and investment

2972 | Green Chem., 2025, 27, 2968-2979
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costs, such as infrastructure, are neglected. The feedstock
costs represent the minimum production costs expected of the
dehydrogenation routes. In the benchmark scenarios, all costs
and revenues are included and represented by the hydrogen
and the co-product. Consequently, for a dehydrogenation route
to be profitable in terms of economic potential, the feedstock
purchase costs must be lower than the revenues arising from
selling the dehydrogenation products at current market prices.

Considering a transition to net zero CO, emissions, we
penalize CO, emissions based on climate change impacts with
costs in both the dehydrogenation route and the benchmarks.
For the carbon emission costs, we use the highest historic
EU-ETS carbon tax of 105€ per tonne (converted to 0.11 USS$ per
kg of CO,). In the cradle-to-grave assessment, we penalize the net
positive carbon emissions with a carbon tax: carbon from fossil
resources is penalized while biogenic carbon from biomass
resources is neutral over the life cycle. In that way, the economic
potential method identifies dehydrogenation routes that are
already under ideal assumptions more expensive than the bench-
mark. A positive economic potential represents the available
margin to cover utilities, infrastructure, labor, transportation,
taxes, and other costs*® and a profit when selling the products at
the same market prices as the benchmarks. A negative economic
potential can potentially turn positive, e.g., if a carbon tax
increase leads to higher revenues from carbon uptake in the
dehydrogenation route. Moreover, market prices are highly vola-
tile and can change the economic potential results.

3. Results: the environmental and
economic potential of dehydrogenation
routes

In this section, we present the environmental and economic
potentials of the investigated dehydrogenation routes for the co-
production of hydrogen and high-value acids. The environmental
potential depends on the benchmark scenario composed solely
of fossil or green benchmark technologies. For all dehydrogena-
tion routes, we show (i) the environmental potential in a fossil
benchmark scenario (section 3.1), (ii) the environmental potential
in a green benchmark scenario (section 3.2), and (iii) the econ-
omic potentials in a fossil benchmark scenario. The EF 3.1 EN
15804 method considered for the environmental potential
includes 25 impact categories. In this section, we focus on impact
categories of quality level I (recommended and satisfactory) and
quality level II (recommended, but some improvements needed)
according to the European Commission.>® The results for impact
categories of quality level II/IIl and IIT (recommended, but to be
applied with caution®) are briefly presented and available in the
ESI (section S6.27).

3.1. The environmental potential in the fossil benchmark
scenario

The environmental potential of the dehydrogenation routes is
positive in various impact categories in the fossil benchmark

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Environmental potentials per functional unit of dehydrogenation to hydrogen and four co-produced acids in a fossil and a green benchmark
scenario. In each benchmark scenario, the green intensity increases with the value of a positive environmental potential within the same impact cat-
egory. Negative environmental potentials are displayed in orange. The benchmarks comprised in the environmental potentials are individual for each
dehydrogenation route. Bold numbers represent positive environmental potentials in the fossil and green benchmark scenarios. Quality level | and Il
refer to the impact category classification of the European Commission.>®

scenario (see Fig. 2). In climate change, the environmental
potential ranges from formic acid and acetic acid (54 kg CO,
eq. per FU) to succinic acid (152 kg CO, eq. per FU).
Consequently, all dehydrogenation routes could reduce GHG
emissions. For all routes, we find positive environmental
potentials in all impact categories of quality level I. The only
exception occurs for particulate matter formation of lactic acid
because propanediol feedstock production requires a substan-
tial amount of heat, in this case, supplied by wood chip incin-
eration. The lactic acid dehydrogenation route shows other
adverse trade-offs in acidification, ionising radiation, photo-
chemical oxidant formation, and freshwater eutrophication. In
the marine and terrestrial eutrophication impact categories,
the environmental potentials are negative for lactic acid, acetic
acid, and succinic acid. Generally, eutrophication impacts rep-
resent a classical trade-off in crop-based biomass use.’® High
eutrophication impacts are usually associated with inorganic
fertilizer use in crop production. Formic acid dehydrogenation
consumes bio-methanol feedstock produced from wood chips,
which avoids the intensive use of fertilizer and, thus, the
burden shifts to eutrophication impact categories.

This journal is © The Royal Society of Chemistry 2025

In the benchmarks, the acid production contributes the
most to all impact categories. Hydrogen production contrib-
utes mostly below 14% and at a maximum of 31%. The contri-
butions of hydrogen and acids in the benchmarks reflect the
low mass ratios of hydrogen to acids in the functional units
(2). Consequently, the environmental benefits arise mainly
from the acids in the dehydrogenation routes. An extended
interpretation of the results in the quality level I and II is avail-
able in the ESI (section S6.17). In the quality level II/IIT and III
impact categories, all dehydrogenation routes show a positive
environmental potential in the impact category non-renewable
energy resources and negative environmental potential in land
use. Overall, the positive environmental potentials indicate
that co-producing two products in a dehydrogenation reaction
can be promising to replace fossil-based production.

3.2. The environmental potential in a green benchmark
scenario

Emerging green benchmarks increase the environmental com-
petition for bio-based technologies such as dehydrogenation.
Therefore, we analyze green benchmark scenarios. In climate
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change, co-producing acetic acid and succinic acid still results
in positive environmental potentials (see Fig. 2). Moreover, co-
producing acetic acid reaches the highest positive environ-
mental potential in climate change (39 kg CO, eq. per FU),
freshwater eutrophication (100 x 10~* kg P eq. per FU), ionis-
ing radiation (25 kBq U,3s eq. per FU), and photochemical
oxidant formation (10 x 107> NMVOC eq. per FU) impact cat-
egories, and only has negative environmental potentials in
marine eutrophication and terrestrial eutrophication. Co-pro-
ducing succinic acid results in positive environmental poten-
tials in all impact categories of quality levels I and II, but the
environmental impact in climate change (13 kg CO, eq. per
FU) is low. Formic acid as a co-product has negative environ-
mental potential in the quality level I impact categories, except
for particulate matter formation. Co-producing lactic acid
results in negative environmental potentials in all impact cat-
egories. Thus, formic acid and lactic acid show little potential
and their green benchmark technologies seem more
promising.

The benchmark scenarios highly influence the environ-
mental potentials of the dehydrogenation routes in the case
study and, thus, the decision of which option to select for a
more detailed analysis. When switching from a fossil to a
green benchmark scenario, we observe environmental poten-
tial shifts from positive to negative and vice versa. For example,
formic acid would be promising as a dehydrogenation co-
product in the fossil benchmark scenario, whereas it would be
investigated with less priority than acetic acid or succinic acid
in a green benchmark scenario. Overall, a desirable dehydro-
genation route maintains a positive environmental potential,
regardless of the benchmark scenario. The dehydrogenation
route to acetic acid is the only route maintaining a high posi-
tive environmental potential in climate change in both scen-

4  Economic potential
X  Economic potential without carbon tax
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arios and even turning positive in acidification. Both acetic
acid benchmarks are calanese processes. In the green calanese
process, fossil feedstock and energy demands are replaced
with biomass and renewable energy. Consequently, the bench-
mark’s impact on climate change decreases and the impacts of
eutrophication and acidification increase. An extended
interpretation of the results in the quality level I and II is avail-
able in the ESI (section $6.17). In the quality level II/III and III
impact categories, acetic acid’s environmental potential
remains positive in non-renewable energy resources and
metals/minerals material resources and turns positive in land
use impact categories. In the other impact categories, the
results are mixed. For further investigation of dehydrogena-
tion, acetic acid is the most robust co-product candidate in our
case study with respect to both benchmark scenarios.

3.3. The economic potential of dehydrogenation routes in a
fossil benchmark scenario

To assess early-stage profitability, we calculate the economic
potential in a fossil benchmark scenario as introduced in
section 2.4. The economic potentials per functional unit are
positive for all dehydrogenation routes (Fig. 3). The economic
potential is mainly driven by acid revenues and feedstock
costs. The dehydrogenation to succinic acid shows the highest
economic potential (including the carbon emission tax advan-
tage) with 35.42 USS$ per FU, mainly resulting from the succi-
nic acid revenues. Acetic acid has the lowest economic poten-
tial of 2.14 US$ per FU since the ethanol feedstock costs are
nearly as large as the expected revenues from acetic acid,
hydrogen, and carbon emission reductions.

The acid revenues are dominant compared to hydrogen rev-
enues because acid production dominates hydrogen pro-
duction on a mass basis in each dehydrogenation route.

Feedstock costs Acid revenues

Hydrogen revenues I Carbon emission tax advantage

D [
Y40
&
n
-} ¢
£
= 20+ X x
.
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a x
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Formic acid Acetic acid Lactic acid Succinic acid

Fig. 3 Economic potentials per functional unit with and without carbon tax of dehydrogenation to hydrogen and four co-products in a fossil

benchmark scenario.
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Consequently, the acid market prices impact the economic
potential more than the hydrogen price. The carbon emission
tax advantage can add a substantial advantage to the revenues:
for acetic acid, the revenues from carbon emission reductions
(6.17 US$ per FU) are nearly as large as the revenues from
acetic acid (6.41 US$ per FU). Even without carbon tax, the
economic potential of formic acid, lactic acid and succinic
acid is positive and only for acetic acid negative. The carbon
price for the economic potential of acetic acid to break even is
0.07 US$ per kg CO,. With increasing efforts to reach net zero,
the carbon tax might even increase. Consequently, dehydro-
genation can become even more economically beneficial. In
general, prices are dynamic, so the economic potential assess-
ment should be repeated frequently, and results should be
tested for stability.

4. Discussion of the environmental
potential

In this section, we turn from ideal to non-ideal conditions in
the dehydrogenation routes. The positive environmental
potentials of the dehydrogenation routes should account for
expected impact contributions from infrastructure and energy
demands under realistic reaction conditions. In section 4.1, we
compare the feedstock contribution and the remaining contri-
butions in the benchmarks representing industrial-scale appli-
cations. In section 4.2, we carry out a sensitivity analysis, to
determine performance targets for non-ideal reaction yields
and heat demands to guide the further development of the
dehydrogenation routes. We focus on the fossil benchmarks
that present state-of-the-art technologies and climate change

Dehydrogenation reaction
m Hydrogen fossil feedstock
7 Incineration

m Environmental potential
m Remainder
¢ Dehydrogenation total
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as the most relevant impact category. Performance targets
based on the economy show that the environmental potential
is the limiting factor to the minimum reaction yield (ESI
section S6.47), except for acetic acid with a minimum reaction
yield of 46% based on the economic potential.

4.1. Contribution analysis

For the fossil benchmarks, the feedstock dominates the
climate change impacts of lactic acid (59%) production and
still contributes substantially to the production of acetic acid
(44%), formic acid (38%), and adipic acid production (37%,
assuming that succinic acid substitutes fossil adipic acid,
Fig. 4). The heat demand contribution ranges from 6% (acetic
acid) to 23% (formic acid). The remaining impacts (remainder)
include climate change contributions from, e.g., infrastructure,
electricity, and transport. The incineration impacts of a dehy-
drogenation route and its benchmark are equal, except for suc-
cinic acid with 4 kg CO, eq. per FU lower incineration impacts
than the substituted adipic acid benchmark.

For the dehydrogenation routes, the positive environmental
potential must cover such remaining impacts, while the feed-
stock contributions at 100% reaction yield are already included
in the environmental impacts. The environmental potential of
acetic acid, with the most promising environmental potential
results, is 1.9 times higher than the remaining climate change
rest contributions (including the heat demand) in the fossil
benchmarks. Even the environmental potential of succinic
acid is 1.4 times higher than the remaining contributions in
the fossil benchmark. Considering that the fossil benchmarks
include real-life reaction yields and heat demands, the
environmental potentials of the dehydrogenation routes seem
promising.

Acid fossil feedstock
m Heat demand

200 T 7 T
| | |
| | |
g 150 : : : /
(\Il | | |
8 | | B
2100 ! ! !
c | | |
o 1 = 1 1
< i i i
g 50 i % i / i
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Fig. 4 Dehydrogenation impact, environmental potential, and fossil benchmarks impact in climate change with feedstock contributions of acid and
hydrogen production, heat demand, and remaining contributions. Here, succinic acid substitutes fossil adipic acid.
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However, the inventory for industrial-scale dehydrogenation
is unknown and can substantially differ from the ideal
assumptions. Therefore, we next use the environmental poten-
tials to quantify feasible reaction yields and heat demands in
competition with the fossil benchmarks. The methods of the
contribution analysis are documented in the ESI section S5.1.F

4.2. Trade-offs between reaction yield and heat demand

Turning from the ideal to the realistic dehydrogenation routes
involves reaction yields below the previously assumed 100%.
Moreover, the dehydrogenation reactions are endothermic.
Therefore, a real dehydrogenation reaction needs heat supply
in addition to energy supply for downstream processing, such
as product separation. Consequently, the environmental
potentials of the dehydrogenation routes should cover lower
reaction yields (e.g., a higher feedstock consumption) and heat
demands to relate the potential to performance targets. We
assume that heat is supplied by natural gas, so we include
climate change impacts of natural gas production. Knowing
the dehydrogenation route feedstock and heat supply impacts,
we can calculate the minimum allowed feedstock demand and
maximum allowed natural gas consumption of each dehydro-
genation route by setting the environmental potential to zero
(method presented in ESI section S5.2f). As a conservative

Formic acid

Lactic acid

Heat demand proxy for chemical plants

Industrial reaction yields
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assumption, we incinerate unconverted feedstock (ESI section
S5.31). The reaction yield and heat supply are calculated per
functional unit, e.g., 1 kg of hydrogen and 11.4 kg of methanol
in the formic acid route.

The maximum allowed heat demands reflect the environ-
mental potentials of the dehydrogenation routes (Fig. 5): the
succinic acid dehydrogenation route can consume the most
heat (1398 M]J per FU) and formic acid the least (497 MJ per
FU) at 100% reaction yield. The maximum allowed heat
demands are substantially higher than the estimated heat
demands per functional unit based on a commonly used proxy
for industrial chemical plants®” (lactic acid 47 M]J per FU,
acetic acid and succinic acid 32 M]J per FU, formic acid 25 MJ
per FU). For all dehydrogenation routes, the environmental
potential could even cover heat demands that are as high as
the heat demands per functional unit in the fossil benchmarks
(succinic acid 1000 MJ per FU, lactic acid 303 M]J per FU,
formic acid 272 M] per FU, acetic acid 134 MJ per FU); assum-
ing that the rest in the benchmark contribution analysis in
section 4.1 corresponds to heat demands.

With heat demands as high as estimated in the fossil
benchmarks, the reaction yields could decrease to as much as
43% for lactic acid, 35% for succinic acid, 33% for acetic acid,
and 32% for formic acid. If no heat utilities are required, the

Acetic acid
Succinic acid

[m] Heat demand of fossil benchmark
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Reaction yield in %
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Heat from natural gas in MJ per functional unit

Fig. 5 Trade-off for dehydrogenation routes between reaction yield and allowed heat demand to arrive at zero environmental potential for the
investigated dehydrogenation routes in a fossil benchmark scenario in the climate change impact category. The triangles represent heat demands
based on a proxy for chemical plants.>” The squares represent the heat demands of the fossil benchmarks. The circles represent industrial reaction

yields.
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reaction yields can decrease to a minimum of 38% for lactic
acid, 19% for acetic acid, 16% for formic acid, and 14% for
succinic acid. The minimum allowed reaction yield depends
on the environmental potential and the impact of feedstock
incineration. E.g., although formic acid has the lowest environ-
mental potential in climate change, the reaction yield can
decrease nearly as much as succinic acid with the highest
environmental potential since the incineration impacts of
methanol feedstock are the lowest. These low impacts from
incineration are advantageous when yield decreases and
unreacted excess feedstock increases. The minimum reaction
yields are below the industrial-scale production yields of 90%
for acetic acid,”® 95% for formic acid,>® 95% for lactic acid,*®
and 90% or larger for succinic acid.®* If the dehydrogenation
reactions reach the corresponding industrial-scale production
yields of the benchmarks, 488 M]J per FU heat from natural gas
remains available for acetic acid, 492 M] per FU for formic
acid, 787 MJ per FU for lactic acid, and 1375 M]J per FU for suc-
cinic acid. Overall, the environmental potentials in the fossil
benchmark scenario can cover industrial-scale reaction yields
and heat demands, from the reaction enthalpies to industrial-
scale, while leaving a margin for impacts from infrastructure
and downstream processing.

5. Conclusion

In this study, we assess the environmental potential®* of four
dehydrogenation routes for producing multiple products from
bio-based feedstock. We calculate the environmental potential
for co-producing hydrogen and (i) formic acid, (ii) acetic acid,
(iii) lactic acid, and (iv) succinic acid in 16 impact categories
and compare the environmental potentials in fossil and green
benchmark scenarios.

All dehydrogenation routes show a positive potential in the
climate change impact category compared to fossil bench-
marks. Therefore, we conclude that multi-product systems
such as dehydrogenation can bring an advantage in feedstock
exploitation. However, burden shifts to the eutrophication
impact categories must be considered as commonly observed
for biobased processes.

The dehydrogenation to acetic acid as a co-product is the
most promising because the potentials remain positive in
fossil and green benchmark scenarios. In contrast, lactic acid
is the least favourable co-product compared to the other
assessed co-products. Our sensitivity analysis on reaction yield
and heat demand indicates that the positive environmental
potentials in climate change can cover real-life reaction yields
and heat demands of all dehydrogenation routes.

Using current chemical and historically high CO, tax
prices, we find positive economic potentials for all dehydro-
genation routes indicating that the revenues cover the feed-
stock costs when a carbon tax is included that credits CO,
emission savings. Overall, the economic potential is driven by
the large amounts of bio-alcohol feedstocks and co-products
and their market prices. The market prices are volatile, which

This journal is © The Royal Society of Chemistry 2025
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can change the results. A higher carbon tax can improve the
economic potential. Therefore, the economic potential holds
as a first proxy, but results should be interpreted cautiously
and recalculated throughout the technology development.

In conclusion, our case study results indicate potential
environmental and economic benefits from co-producing
hydrogen and acids from bio-alcohols.

However, early-stage LCA and TEA intrinsically involve
many assumptions, so the potentials should be monitored
throughout a technology’s development. Once the technology
is deployed and the required inventory data is available, full
LCA and TEA need to be conducted to refine the estimates of
the environmental impacts and profitability of the dehydro-
genation routes. Design choices and reaction conditions, such
as reaction yield, selectivity, catalyst, and energy demands,
affect the potentials, and potentials decrease with increasing
levels of technology configuration details.
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