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This paper investigates the opportunity to produce chemicals from carbon dioxide rich side streams from
the agro-industry by the application of carbon capture and utilisation (CCU) technologies. It takes into
consideration economic feasibility and puts the potential from sugar beet factories into perspective by
comparison with current plastic use and forest area that would be needed to reach a comparable carbon
dioxide uptake. A sugar beet factory with anaerobic digestion of sugar beet pulp and fermentation of
molasses to ethanol was reviewed as a potential point source of carbon dioxide. Ethanol and methanol
were taken as example chemicals produced via CCU. Ethanol is assumed to be produced via gas
fermentation and methanol via reversed water gas shift and subsequent methanol synthesis. Mass
balances and economic key figures on relevant technologies were taken from literature. In the default
scenario, the production costs are 1738 € per ton for ethanol and 1058 € per ton for methanol. In both
cases, the major cost factor is the use of electricity that is largely used for the reduction of carbon
dioxide. If a significant penalty for fossil carbon dioxide emission (189 € per ton COy.q) is in place, the
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1 Introduction

To mitigate climate change, fossil-based resources need to be
phased out. In that light, many governments have committed
themselves to the Paris Agreement." Heat, electricity and
transport fuel demands can be (largely) fulfilled by wind
turbines, solar PV, hydro power, nuclear power, and geothermal
energy. However, to produce materials and chemicals that are
presently fossil based, an alternative source of renewable
carbon is needed.>

Plant biomass (e.g. crops such as sugar cane, sugar beet,
wheat, oil rich seeds, wood) is one source of renewable carbon
for chemical and material production. Carbohydrates from
these crops can be converted into valuable chemicals, such as
ethanol, lactic acid, furans, and others. Polyunsaturated vege-
table oils can be applied in thermosets. Wood can be a source of
aromatic components, or of pure cellulose. However, significant
amounts of arable land would be needed to fulfil the current
demand for chemicals when only biomass is used. Without
additional measures this land use could amount to a similar
magnitude as present land use for plant-based food production

Wageningen Food and Biobased Research, Bornse Weilanden 9, Wageningen, 6708
WG, The Netherlands. E-mail: Koen.Meesters@WUR.NL

This journal is © The Royal Society of Chemistry 2026

demand under the assumption that recycling will reduce the demand for virgin plastics by 50%.

but is still much smaller than the present magnitude of land use
for feed.® Environmental damage and loss of biodiversity could
result from extra land use for biomass production.*

Another option is the production of carbon-based materials
and chemicals from carbon dioxide, through Carbon Capture
and Utilisation (CCU) technologies. These technologies could
produce a wide range of products, such as alcohols, waxes,
acids, and subsequent polymers. However, these technologies
are under development. Capture of carbon dioxide from the
atmosphere is expensive and energy intensive due to the low
concentration of carbon dioxide in the atmosphere.® Therefore,
carbon dioxide rich point sources are preferred as input to
produce chemicals from carbon dioxide.

Current carbon dioxide point sources are mainly from fossil
industry and electricity production. However, the United
Nations have set a goal for a maximum temperature increase of
2 °C in the Paris Agreement." Next to that, the EU has set
arenewable energy target of 42.5% renewable energy by the year
2030 (ref. 6) and net zero greenhouse gas emissions by the year
2050.” Therefore, the availability of fossil-based carbon dioxide
point sources is expected to be strongly reduced soon. Agro-
industry, however, is expected to remain operating under
similar conditions, and is therefore a future-proof resource of
carbon.
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Fig. 1 Sugar beet factory with anaerobic digestion and ethanol fermentation (sugar beet refinery).

In Europe, sugar beet is an important agro-industrial crop,
especially in France, Germany, Poland, United Kingdom, Bel-
gium, The Netherlands, and Czech Republic.® This study
investigates the potential of using carbon dioxide rich side
streams from sugar beet factories to produce chemicals and
materials through CCU technologies. Sugar beet factories have
two important side streams: molasses and sugar beet pulp
(Fig. 1). Via established and well-known processes, ethanol and
methane can be produced from these side streams via
fermentation and anaerobic digestion, respectively. Both these
processes have a carbon dioxide rich side stream.

With this paper we intend to research the relevancy of
production of chemicals from sugar beet refineries to fulfil
future plastic demand and reduce greenhouse gas emissions. As
example chemicals, ethanol and methanol were chosen. Both
are primary alcohols with limited functionality (only one -OH
group) that can be used to produce building blocks for the
synthesis of larger molecules. Their small size enables easy
purification via distillation. However, production of these
chemicals from carbon dioxide has not been implemented on
industrial scale yet.

H2

Electrolysis

y

Ethanol fermentation

Pathways for production of ethanol at small scale (via syngas
fermentation®*%) and methanol at large scale (via reversed water
gas shift'*"” and methanol synthesis'®*>*) have been identified
and described in literature. Below, both options will be
described in more detail.

1.1 Production of ethanol via fermentation/distillation
(local, small scale)

The local processing of carbon dioxide studied in this paper
involves a fermentation of carbon dioxide and carbon monoxide
into ethanol (Fig. 2). First, 50% of the carbon dioxide is con-
verted to produce carbon monoxide and hydrogen in a co-
electrolysis process (eqn (1)). Extra hydrogen, which is needed
for further reduction of carbon dioxide and carbon monoxide
into ethanol, is produced via electrolysis (eqn (2)). Finally,
carbon dioxide, carbon monoxide and hydrogen are fermented
into ethanol (eqn (3)).° Ethanol is recovered from the fermen-
tation broth via distillation. All processing is assumed to be
done adjacent to the sugar beet factory.

Ethanol

Distillation

Cco2 C0O2/CO/H2

|

Co-Electrolysis

Fig. 2 Production of ethanol from carbon dioxide via fermentation/distillation.
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Co-electrolysis

CO, + H,O0 — CO + H, + O, )]

Water electrolysis
2H,0 — 2H, + O, (@)

Gas fermentation
CO, + CO + 5H, — C,HO + 2H,O (3)

1.2 Production of methanol via reverse water gas shift
(RWGS) and synthesis (large-scale)

Fig. 3 presents the flow scheme for the thermochemical pro-
cessing of carbon dioxide into methanol. The large-scale pro-
cessing involves electrolysis, reverse water gas shift and
methanol synthesis. Hydrogen is produced via electrolysis (eqn
(2)). Part of the hydrogen is used to convert carbon dioxide into
carbon monoxide in a reverse water gas shift reactor (eqn (4)).
High temperature heat is added to push the equilibrium into
the desired direction. Carbon monoxide and carbon dioxide are
converted into methanol in a synthesis reactor (eqn (5) and (6)).
Reverse water gas shift

CO, + H, —» CO + H,0 (4)
Methanol synthesis from carbon dioxide
CO, + 3H, — CH,O + H,0O (5)
Methanol synthesis from carbon monoxide
CO + 2H, — CH,0 (6)

Thermochemical processes usually have considerable
economy of scale (the process is cheaper at larger scale than at
smaller scale).”® Therefore, these processes need a large scale
for economical operation. One sugar beet factory cannot
produce sufficient carbon dioxide to feed such a large-scale
facility. Therefore, transport of compressed carbon dioxide to

a central facility will be needed.
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2 Method

As the first step, we estimated the quantity of carbon dioxide
that could be retrieved from a sugar beet factory with molasses
fermentation and pulp anaerobic digestion (paragraph 2.1).
From there, two options for producing chemicals were investi-
gated: (1) the small-scale local processing of carbon dioxide into
ethanol via fermentation (paragraph 2.2) and (2) the large-scale
centralized processing of carbon dioxide into methanol via
thermochemical conversions (paragraph 2.3).

The economic evaluation method is adopted from Lanting
et al.** The process costs are calculated as the sum of annualized
capital costs (CAPEX) plus operational costs (OPEX). The
annualized capital costs are derived from the total capital
investment multiplied by a yearly costs of capital of 0.2 €/(€ per
year).>* The costs of capital include 10% amortization, 5%
maintenance and 5% interest. For the operational costs, only
energy costs were considered. Other operational costs (such as
salaries, laboratory costs, insurance, taxes) were neglected.
Energy costs are calculated from the demand for high-quality
energy (electricity and high temperature heat) and low-quality
energy (heat up to 100 °C). For high quality energy, a price of
100 € per MWh was taken. This is less than the current energy
prices in most European countries.” For low-quality energy,
a price of 40 € per MWh was taken. Low quality heat is assumed
to be produced with heat pumps, taking into account a COP of 4
(25 € per MWh) plus 15 € per MWh for the utilities. These
energy costs are higher than used in Lanting et al.,* taking into
account the Dutch situation with less sun and no options for
cheap energy storage in hydropower reservoirs.

For our analysis we selected three papers that included
sufficient details on process scheme, mass balances, energy
balances and economic parameters: Huang et al., Rezaei and
Dzuryk, and Rajaee et al.>***® Data from Lacerda et al.*® are
comparable to the data used in this study (as derived from
Rajaee et al.'®). Other literature found was unsuitable for
a variety of reasons. Most publications did not provide a full
data set.'®'*1%172021 Data from Bown et al'®> on RWGS used
a separate set of starting points that could not be easily recal-
culated to the starting point of this paper where fossil resources
are excluded. Wu et al.** describe a highly integrated process
fuelled with biomass that cannot be easily adopted to a process
fuelled with electricity.
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Fig. 3 Production of methanol via Reverse Water Gas Shift (RWGS) and synthesis.
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Where indicated, adaptations were made to fit the 2050
situation where natural gas will not be used for process heat (see
Annex 3 and 4). Cost data on electrolysis and co-electrolysis
were taken from Lanting et al.**

2.1 Sugar beet factories as a resource of carbon dioxide

This study was started from the sugar beet factory example from
SuperPro Designer.”® The input and output of the sugar beet
factory example is given in Tables 1 and 2.

The sugar beet factory has two side streams: molasses, and
sugar beet pulp. It was assumed in our assessment that
molasses is fermented to ethanol and that sugar beet pulp is
digested to biogas. Both these processes yield a side stream that
is rich in carbon dioxide. To calculate the quantity of ethanol,
methane and carbon dioxide produced in these processes, the
following was assumed: a yield for ethanol of 0.511 kg kg ™"
sucrose and for carbon dioxide of 0.489 kg kg ' sucrose was
assumed (95% of stoichiometric yield). A yield of methane of
0.297 kg kg™' and carbon dioxide of 0.433 kg kg™ pulp dry
matter was used (derived from Hutnan et al.*’ and Muzik et al.*)
(see Annex 1). Ethanol fermentation yields a gaseous side
stream with almost pure carbon dioxide gas. The biogas from
anaerobic digestion is separated in pure methane and pure
carbon dioxide. It is assumed that both molasses and pulp are
stored, so that ethanol fermentation and anaerobic digestion
can run continuously throughout the year.

2.2 Production of ethanol via fermentation/distillation
(local, small scale)

For production of ethanol from carbon monoxide a stoichio-
metric conversion according to eqn (3) was assumed. The costs
of electrolysis, co-electrolysis and ethanol fermentation were
adapted from Lanting et al>* (Annex 2). The basis for the
fermenter costs were taken from Humbird et al.* for a reactor of
1000 m® with a capacity of 20 kton per year.

2.3 Production of methanol via reverse water gas shift
(RWGS) and synthesis (large-scale)

Before transport, carbon dioxide will need to be compressed to
reduce the volume. It is assumed that carbon dioxide will be
transported from Roosendaal (the current location of a large
sugar beet factory) to Rotterdam harbour area (where other large-
scale carbon dioxide streams can easily be collected), 60 km one
way. The costs of compression were taken from Chen and

Table 1 Sugar beet factory main input stream

Input Component % Ton per year Ton per year
Sugar beet  Sucrose 13.99 130275

Non-sucrose® 2.70 25142

Pulp 5.30 49354

Water 78.01 726 429

Total 931200

“ Non-Sucrose refers to dissolved components that are not sucrose (such
as glucose, amino acids, betaine).
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Table 2 Sugar beet factory main output streams

Output Component % Ton per year Ton per year
Dry pulp Sucrose 0.39 195

Non-sucrose 1.74 875

Pulp 87.87 44172

Water 10.00 5027

Total 50270
Molasses Sucrose 43.96 28367

Non-sucrose 28.18 18184

Water 24.68 15922

Other 2055

Total 64528
Sugar Sucrose 99.97 101 667

Other 0.03 21

Total 101 698

Morosuk® (19.1 € per ton), the costs of transport per ship were
taken from van der Meulen et al.** (4.7 € per ton) (Annex 7).

The data for electrolysis were taken from Lanting et al.>* The
data for the Reverse Water Gas Shift (RWGS) process were
adapted from the data given by Rezaei and Dzuryk' for a capacity
of 1.8 Mton per year syngas (Annex 3). In the study by Rezaei and
Dzuryk, all heat is produced from natural gas. In our study, we
consider a fossil free future, so natural gas is not an option.
Therefore, the reboiler was assumed to be heated with electricity
via a heat pump with a COP (Coefficient of Performance) of 4, the
natural gas fired heater was replaced by an electric heater. The
investment costs were corrected for the year 2024 using CEPCI
numbers for 2024 and 2017.** The data for the methanol
synthesis reactor were adapted from Rajaee et al.*® and corrected
for the year 2024 using CEPCI numbers for 2019 and 2024 (Annex
4). The data for RWGS and synthesis were collected and recal-
culated per ton methanol produced (Annex 5).

2.4 Overview of process data

Table 3 provides an overview of model data, literature data and
derived data. A full overview of all data can be found in Annex 9.

3 Results and discussion

3.1 Production of biobased chemicals from Dutch sugar
industry side streams

In the Netherlands, 7.3 Mton per year of sugar beets are grown
on 82 000 ha.** This harvest is processed in two factories, so the
Dutch sugar factories are a factor 4 larger than the SuperPro
Designer example*® we used as starting point. The data from
Table 2 were multiplied by this factor to calculate the avail-
ability of molasses (sucrose) and pulp (dry matter) from the two
Dutch sugar factories as shown in Table 4. The side streams
from these factories (molasses and sugar beet pulp) could be
used to produce 114 kton ethanol per year and 93 kton methane
per year (see Annex 1) via ethanol fermentation and anaerobic
digestion respectively. Both are well established processes that
operate at TRL 9 and could be implemented relatively easily at
full scale. Besides ethanol and methane, these processes would
produce 279 kton carbon dioxide per year.

This journal is © The Royal Society of Chemistry 2026
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Parameter Reference component Value Unit Ref.
Generic Scenario high energy prices

High quality energy price 100 € per MWh

Low quality energy price 40 € per MWh

Scenario low energy prices

High quality energy price 50 € per MWh

Low quality energy price 20 € per MWh

Cost of capital 0.2 €/(€year)

CEPCI 2017 567.5 32

CEPCI 2019 607.5 32

CEPCI 2024 797.9 32

USD to euro ratio 0.9 USD per € 33
Electrolysis CAPEX electrolysis Hydrogen 1358.4 €/(ton per year) 24

HQE electrolysis Hydrogen 45.45 MWh per ton 24
Co-electrolysis CAPEX co-electrolysis Syngas 449.3 €/(ton per year) 24

HQE co-electrolysis Syngas 550 MWh per ton 24
Ethanol

Case CO and CO,

Ethanol yield on syngas Syngas 1 mol mol ™ 9

Ethanol yield on additional H, Hydrogen 0.25 mol mol ! 9

Case CO

Ethanol yield on syngas Syngas 0.5 mol mol 9

Ethanol yield on additional H, Hydrogen 0.5 mol mol * 9

CAPEX fermentation Ethanol 1425.9 €/(ton per year) 24

HQE fermentation Ethanol 87.2 MWh per ton 24

CAPEX distillation Ethanol 153.8 €/(ton per year) 24

LQE distillation Ethanol 74.4 MWh per ton 24
RWGS CAPEX RWGS co 88.6 €/(ton per year) Annex 3

HQE RWGS CO 1.465 MWh per ton Annex 3
Methanol Methanol yield on H, H, 1/3 mol mol*

Methanol yield on CO/CO, Cco 2 mol mol *

CAPEX methanol synthesis Methanol 384.9 €/(ton per year) Annex 4

HQE methanol synthesis Methanol 0.574 MWh per ton Annex 4
CO, transp Cost of compression CO, 21.3 USD per ton 30

Cost of transport by ship CO, 0.039 €/(ton km) 31

Travel distance (one way) 60 km 31

Methane produced from anaerobic digestion of pulp can be
fed into the natural gas grid or converted into methanol or other
chemicals.

The carbon dioxide that results from molasses fermentation
and pulp anaerobic digestion can furthermore be used to produce
either additional ethanol (Case 1) or methanol (Case 2) (Table 5).
Assuming stoichiometric yields, the 279 kton per year carbon
dioxide could yield 146 kton ethanol per year or 203 kton meth-
anol per year (see Annex 6). The total potential production of

ethanol or methanol from the side streams of the two Dutch sugar
factories thus amounts to 260 kton ethanol per year (Case 1) or
114 kton ethanol plus 203 kton methanol per year (Case 2).

3.2 Costs of biobased chemicals from carbon dioxide

Fig. 4 provides an overview of the calculated production costs of
ethanol and methanol from carbon dioxide. The total produc-
tion costs of ethanol are higher (1738 € per ton) than for
methanol (1056 € per ton) on a weight basis.

Table 4 Possible biobased chemicals production from the fermentation of molasses and digestion of the pulp of the two Dutch sugar beet

refineries

Quantity Process Ethanol Methane Carbon dioxide
Raw material [kton per year] [kton per year] [kton per year] [kton per year]
Molasses (sucrose) 222 Fermentation 114 109
Pulp (dry matter) 394 Anaerobic digestion 93 171
Total 114 93 279

This journal is © The Royal Society of Chemistry 2026

Sustainable Energy Fuels, 2026, 10, 311-321 | 315


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01283j

Open Access Article. Published on 27 November 2025. Downloaded on 3/19/2026 5:34:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Sustainable Energy & Fuels Paper
Table 5 Total ethanol and methanol potential from side streams of Dutch sugar beet factories
Quantity Process Case 1: ethanol Case 2: ethanol Methanol

Raw material [kton per year] [kton per year] [kton per year] [kton per year]
Molasses (sucrose) 222 Fermentation 114 114
Carbon dioxide 279 Gas fermentation 146
Carbon dioxide 279 RWGS + synthesis 203

Total 260 114 203

It is clear from Fig. 4 that both for ethanol and for methanol
production the electrolysis step (production of hydrogen gas
from water) is by far the costliest step. In both cases it is the cost
of energy (OPEX) that is the culprit. Energy costs are thus
a crucial factor for production of chemicals from carbon
dioxide. This is mainly because the reactions involved are highly
endothermic. In other words: reduction of carbon dioxide to
methanol or ethanol takes a lot of electric energy. In traditional
ethanol production, the distillation energy costs are a signifi-
cant contribution to total costs. From Fig. 4 it is clear that here
the electricity costs for electrolysis and co-electrolysis are far
larger.

Besides high costs for electricity, the production of ethanol
via gas fermentation also has high capital costs (Fig. 4). Gas
fermentation is still in its infancy, but large savings are not
expected. A considerable cost factor is associated with the gas to
liquid mass transfer of carbon monoxide and hydrogen. Mass
transfer of carbon monoxide and hydrogen from the gas phase
to the reaction medium might be increased by increasing the
pressure (increasing the concentration gradient), but options
are limited and come at a cost, so large breakthroughs are not to
be expected.

An option to reduce the electricity costs could be the use of
cheaper electricity in periods of sunshine or high winds (energy
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Total costs of ethanol
production 1738 €/ton
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surplus scenario). The costs of offshore wind energy are near 50
€ per MWh,* but surplus availability is limited to only 4500
hours per year. So instead of a constant supply of high-quality
energy at 100 € per MWh and low-quality energy at 40 € per
MWh, we may shift to a sun and wind-based supply that delivers
energy at half the price during half the time. As low-quality
energy is assumed to be produced with heat pumps (that use
electricity to pump heat from ambient temperature to the
desired temperature level), the costs of low-quality energy are
also assumed to drop by 50%. To maintain the same production
volume, all equipment would need to be twice as large, doubling
the capital costs. Fig. 5 shows that the production costs of
methanol could be reduced by 30% in such a scenario.
Electricity costs are expected by some authors to be further
reduced in the future due to the implementation of new energy
technologies. Jouny et al.*® have suggested an electricity price as
low as 18 € per MWh. Such a low electricity price would yield
CO, based methanol at a price lower than the current market
price for fossil based methanol (see ‘Very low cost scenario’).
It should be noted that discontinuous processing may be
troublesome for the ethanol fermentation process as the
bacteria cannot be left without ‘food’ for longer periods. Storage
of intermediate products (hydrogen and carbon monoxide) to
equalize the supply of hydrogen and carbon monoxide to the

Total costs of methanol
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Fig. 4 Production costs (CAPEX and OPEX) in € per ton product for ethanol and methanol production from carbon dioxide.
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Base Surplus Surplus Very low Base Surplus Surplus Very low
scenario energy  energy with energy cost scenario energy  energy with energy cost
scenario buffer scenario scenario buffer scenario

scenario

Case 1: Ethanol

scenario

Case 2: Methanol

B CAPEX mOPEX

Fig. 5 Sensitivity analysis: base scenario vs. surplus energy scenario (with low energy costs and high capital costs) vs. surplus energy with buffer

scenario vs. very low energy cost scenario.

fermenter will bring significant costs due to the low density of
gases. Also the risk of explosions and the risks involved with
toxicity of carbon monoxide should be taken into account.
According to Cocco et al.,”” syngas can be stored on a daily basis
with capital costs of 21.1 € per ton and electricity costs of 65 €
per ton. According to Abdin et al.*® the costs of hydrogen storage
on a daily basis could be as low as at 330 USD per ton (lump sum
costs). These data were recalculated per ton ethanol respectively
methanol (Annex 8) and added to Fig. 5 as the ‘surplus energy
with buffer scenario’. Production costs of ethanol are decreased
by 24% compared to the base scenario. Production costs of
methanol are only slightly reduced compared to the surplus
energy scenario.

Another option next to intermittent production might lie in
storage of energy for use during periods when renewable energy
is not available. Storage costs of electricity in batteries are ex-
pected to drop to around 100 € per MWh in 2050,* so stored
electricity would cost 150 € per MWh (wind derived electricity at
50 € per MWh plus storage at 100 € per MWh). The average of
direct wind derived electricity at 50 € per MWh and stored
energy at 150 € per MWh would be exactly equal to 100 € per
MWh. The same will hold for low quality energy costs. From this
it is concluded that no cost reduction is expected from the use
of batteries.

The introduction of policies to tax abatement costs for
products based on fossil resources is a further option to
increase the market potential of carbon dioxide based chem-
icals. Methanol is currently made from fossil resources. If
carbon dioxide abatement costs of 189 € per tonCOjcq,"

Table 6 Alternative options for basis of comparison

(marginal carbon dioxide abatement costs for full abatement in
the USA) are added to the price of fossil-based methanol
(Table 6), the market price increases to 641 € per ton (taking
into account a carbon dioxide emission of 1.37 kgCO, per kg
methanol). This comes close to the costs of methanol produced
from carbon dioxide rich side streams in the surplus energy
usage scenario (Fig. 5). From this we can conclude that a serious
carbon dioxide tax can help to reach political goals by
enhancing the feasibility of production of methanol from
carbon dioxide.

Alternatively, a subsidy on renewable plastics could make
production viable. A subsidy of at least 2.35 € per kg ethylene
would be needed to replace fossil ethylene. The authors do not
advocate the use of measure subsidies. Measure subsidies
provide more security to industry but may also encourage large
scale implementation of less efficient processes and impede
implementation of more efficient alternative options. There-
fore, target subsidies are preferable.

A capital subsidy cannot make the process profitable as the
electricity costs (OPEX) are dominant.

Fig. 4 compares ethanol and methanol on a weight basis
(where the cost of ethanol is 64% more than the cost of meth-
anol). But obviously, ethanol and methanol are not identical
products. The production costs of these two chemicals might
therefore better be compared based on higher heating value
(HHV) or alternatively based on carbon content. Both HHV and
carbon content have an intrinsic value that is also apparent
from the current market price that is 19% higher for ethanol
than for methanol. Table 6 shows that ethanol has a 29% higher

HHV* Carbon content C-C bonds Market price Ref.
M] kg™ [kg C kg™ '] [mole mole ] [€ per ton]
Ethanol 29.7 0.521 1 452¢ 42
Methanol 23.0 0.375 381 43

¢ produced from sugar cane.

This journal is © The Royal Society of Chemistry 2026
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HHYV and a 39% higher carbon content compared to methanol.
From this, we can conclude that the cost of ethanol from carbon
dioxide is higher than the cost of methanol from carbon
dioxide, independent of the basis of comparison.

Ethanol produced from carbon dioxide is considerably more
expensive than the current main method for ethanol produced
from sugar cane (current market price, Table 6), which is
a competing renewable production route. Main advantage is
that ethanol produced from carbon dioxide does not need
additional agricultural area in tropical regions.

It should also be noted that ethanol has a valuable C-C bond
and therefore can be converted into bifunctional molecules
(such as ethylene and glycol). This makes ethanol a suitable raw
material for making more complex chemicals and polymers,
which should be from a renewable source if we phase out fossil
feedstocks. Methanol is not an alternative in this respect.
Therefore, in paragraph 3.3, the discussion will be limited to the
production of polymers from ethanol.

As electricity costs are dominant in the total costs, it would
be a promising idea to reduce the demand for reduction
equivalents. This could be done by production of chemicals that
contain more oxygen than methanol and ethanol, such as for-
mic acid, glycol, or lactic acid. Unfortunately, it is not easy to
steer biological fermentations that use a C; feed to produce C,
and C; fermentation products. Currently all available research
is still in an early laboratory phase. Hence this option was not
considered.

3.3 Polymers

The production of ethanol from Dutch sugar factories is
a potential feedstock for the chemical industry, for instance as
feedstock for plastics production. It is interesting to compare
the magnitude of this additional production to the present
plastics demand of the Dutch society (see Fig. 6). The current
use of plastics in the Netherlands, is around 1900 kton per
year.** A substantial portion of the plastics is (partially) made
from ethylene (PE 26.9%, PVC 12.9%, PET 6.2%"). The total

2000
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use derived demand demand
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Ethanol from molasses
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Potential demand reduction
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Fig. 6 Dutch plastic use, ethylene derived portion thereof, ethylene
demand to produce ethylene derived portion, ethanol demand
equivalent to ethylene demand, reduction potential in 2050 compared
to the potential supply from Dutch Sugar Beet Refineries (SBR) as
calculated in Annex 6.
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amount of ethylene used in the production of these products is
638 kton per year (see Annex 6). This ethylene could be
produced from ethanol. In total, 1048 kton per year of ethanol
would be needed to produce the ethylene based portion of these
plastics.

The role of recycling in future scenarios for the plastics
industry has been investigated by several authors,*®* and the
recycling rate (according to the authors) is expected to lie
around 43%. The demand for virgin plastic could thus be
reduced by 43% due to recycling practices. Furthermore, the EU
has implemented regulations to reduce the amount of pack-
aging by 15% in 2040.*® Since packaging makes up approxi-
mately 40% of the market share of plastics, we assume an
additional 6% reduction in demand for virgin plastics. For ease
of calculation, we assume a total potential reduction of 50%
virgin plastics demand in a 2050 scenario. In such a future
scenario, 524 kton per year of ethanol may suffice.

It is interesting to see that the potential production of
ethanol from the Dutch sugar beet factories side streams might
account for 25% of the ethylene derived portion of today's virgin
plastic demand of the Dutch society. From this 25%, 11% can
come directly from molasses fermentation, a technology that is
well established and the additional 14% may come from CCU,
which is still at low TRL. If the demand is indeed reduced
according to the 2050 scenario, the Dutch sugar beet refineries
could contribute 50% of the future demand.

3.4 Environment

When the side streams from existing sugar beet factories are
used to produce chemicals, the carbon dioxide emissions could
be reduced. Ethanol from molasses fermentation and methane
from pulp anaerobic digestion could replace fossil alternatives.
After use, these fossil alternatives would have emitted 473 kton
carbon dioxide per year (Fig. 7). The use of carbon dioxide from
molasses fermentation and pulp digestion could capture
another 280 kton carbon dioxide per year, adding up to a total of
752 kton per year. These numbers are minor compared to the
current Dutch carbon dioxide emission of 158 Mton per year,*
but targets have been set to drastically reduce carbon dioxide
emissions in the near future.®

In this light, the Dutch agro-industry could help to reduce
carbon dioxide emissions and contribute to production of
renewable chemicals and or polymers without the need to use
extra land, provided renewable energy can be used.

As comparison, the carbon dioxide uptake of Dutch forests is
around 4.6 ton CO,/(ha per year).*>** To reach the 752 kton per
year reduction, which the Dutch sugar beet production could
contribute, a forest of 164 000 ha would be needed. That is more
than 40% of the forest area in the Netherlands in the year
2021.°%%* and twice as much as the area currently used for sugar
beet cultivation.** This clearly shows that use of side streams
from crop production may yield larger carbon dioxide capture
than additional forestry.

All these aspects make the potential use of carbon dioxide
side streams from the Dutch sugar beet production for CCU
a more interesting option than it might seem at first glance.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Carbon dioxide emission reduction from sugar beet refinery
residues (see Annex 6).

3.5 Global outlook

This paper has focused on the Dutch situation with carbon
dioxide rich side streams from sugar beet processing as
a resource for production of chemicals. Sugar beets, however,
can be grown in many countries with a temperate climate (i.e.
United Kingdom, Germany, Poland, Denmark). Using sugar
production numbers from the European Association of Sugar
Manufacturers,* the production of chemicals in the EU from
sugar beet refinery residues could be a factor 13 larger than the
production in the Netherlands (3.4 Mton of ethanol per year).
The use of plastics in the EU is a factor 28 larger than in the
Netherlands,*** so around 25% of the plastic demand in the
2050 scenario could be fulfilled from sugar beet refinery
residues.

Other crops have similar side products (e.g. sugar cane has
molasses and trash as comparable side products). So, in many
countries, carbon dioxide from agricultural side streams could
be a relevant source for production of renewable chemicals.

Future electricity prices may be lower in countries near the
equator, where the intensity of sunlight is higher or in countries
where buffering of electricity supply/demand via hydro-electric
storage is an option (Sweden, Switzerland, Brazil). Consid-
ering the high costs for electricity, CCU may be more profitable
in these countries.

4 Conclusions

Side streams of the Dutch sugar beet production can potentially
be used to produce 114 kton ethanol per year from molasses, 93
kton methane per year from sugar beet pulp, plus 146 kton per
year of ethanol or 203 kton per year of methanol via CCU.

Compression, transport, and central large-scale thermo-
chemical conversion of carbon dioxide to methanol is cheaper
(1056 € per ton) than smaller scale fermentative conversion to
ethanol (1738 € per ton). This is independent of the basis of
comparison (weight, Higher Heating Value, carbon content,
market price).

Ethanol produced from carbon dioxide is far more expensive
(1738 € per ton) than the current market price of ethanol (452 €
per ton, produced from sugar cane), even at lower energy prices.

This journal is © The Royal Society of Chemistry 2026
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Flexible use of surplus energy from sun and wind could
reduce energy costs but would lead to higher capital costs.
Assuming halved electricity prices and doubled capital invest-
ment costs, the costs of methanol production may be reduced
by 29% and the costs of ethanol production may be reduced by
14%. Production costs of both chemicals from carbon dioxide
are then still higher than their present market prices. Use of
syngas and hydrogen storage reduces costs of ethanol produc-
tion by 24% compared to the base scenario.

Sugar beet refineries could fulfil 50% of the ethanol needed
for the ethylene based portion of the future plastic demand of
the Netherlands assuming a reduction of plastic use for pack-
aging and recycling applied to the max (22% from molasses
fermentation and 28% from utilization of carbon dioxide rich
side streams).

The use of sugar beet refinery side streams could capture 752
kton of carbon dioxide per year. This is equivalent to the carbon
dioxide uptake of a forest of 164 000 ha, more than 40% of the
current Dutch forest area and twice as much as the area
currently used for sugar beet cultivation.

Altogether, extra ethanol from sugar beet refinery side
streams (molasses, pulp, and carbon dioxide) comes at a cost,
but could contribute to extra renewable chemicals/polymers
production and a decrease in carbon dioxide emissions.
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Abbreviation

CAPEX CApital EXpenditures

OPEX OPerational EXpenditures

CEPCI Chemical Engineering Plant Cost Index

COyeq Carbon dioxide equivalent

CoC  Cost of Capital (=0.2 €/(€ per year))

COP  Coefficient of Performance of heat pumps (heat output/
electric energy input)

CCU  Carbon Capture and Utilization

HQE High Quality Energy

LQE  Low Quality Energy

MWh  Unit of energy: 1 MWh is equal to 3.6 GJ

PE Polyethylene

PET Polyethylene Terephthalate

PVC Poly Vinyl Chloride
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RWGS Reverse Water Gas Shift

SBF Sugar Beet Factory

SBR Sugar Beet Refinery (a sugar beet factory with molasses
fermentation and pulp digestion)

ton Unit of weight: 1 ton is equal to 1000 kg

USD  United States Dollar
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