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ABSTRACT

This study aims to compare different pathways for achieving CO2 emission reductions during the
production of methanol and, subsequently, formaldehyde, i.e., its major derivative. An equation-
oriented model of the formaldehyde sector is developed, incorporating a superstructure of various
transition pathways including feedstock switching (biomass, biogas, waste), process electrifica-
tion (Power-to-X), and CO; capture. The OSMOSE tool is used to evaluate the superstructure and
compare the alternative production pathways on the basis of thermodynamic, environmental, and
economic key performance indicators for future scenarios (2025 and 2050). Furthermore, to cope
with the limitations of predefined pricing scenarios, a parameter sweep is performed, exploring a
broader set of economic conditions and seeking to identify the zones of economic optimality as-
sociated with each configuration through the solving of a Mixed-Integer Linear Programming cost
minimization problem, while generalizing the analysis results beyond a specific year or geographic
context. Finally, the potential of industrial symbiosis implementation, between clinker and formal-
dehyde production facilities, as a cost-reduction measure for Power-to-X processes is assessed.

Keywords: Formaldehyde, Methanol, Energy Transition, Technoeconomic Analysis, Superstructure Optimiza-

tion, Industrial Symbiosis

INTRODUCTION

The chemical industry is an energy-intensive and
highly-emitting sector, representing 6.5% of the global
greenhouse gases emissions [1]. Methanol (MeOH) is a
key building block for solvents, plastics, and fuels. Its ma-
jor application is its conversion to formaldehyde which
accounted for 23% of global MeOH demand in 2023 [2].
Formaldehyde, of chemical composition CH20, is an or-
ganic chemical used as a raw material for the production
of resins, polyurethanes, paints and coatings, pharma-
ceuticals, food intermediates, and chelating agents. It is
produced from MeOH via two main routes: the silver pro-
cess and the metal oxide process [3]. In the silver pro-
cess, operated at high temperature (580-680°C) and un-
der air deficiency, MeOH is converted into formaldehyde
through catalytic dehydration (CH;0H = CH,O + H,) us-
ing a silver-based catalyst. On the other hand, the metal
oxide process consists of a direct catalytic MeOH oxida-
tion (CH;0H + 0.5 0, - CH,0 + H,0), performed over a
https://doi.org/10.69997/sct.118686

metal oxide catalyst (e.g. iron, molybdenum, or vanadium
oxide). The reaction is implemented at medium tempera-
tures (270-430°C) and in the presence of excess air, en-
abling very high MeOH conversion around 99%. Although
European formaldehyde production in 2017 was almost
evenly split between the silver and metal oxide pro-
cesses, this study focuses on the latter given that recent
investments tend to favor the metal oxide route [3].
Direct process emissions during formaldehyde pro-
duction, stemming from MeOH or formaldehyde over-ox-
idation, are negligeable [3]. The environmental impact of
formaldehyde is thus closely linked to the carbon foot-
print of MeOH feedstock. However, current methanol
production is almost entirely fossil-based. Indeed, MeOH
is predominately produced from natural gas with steam
methane reforming (SMR, ~65%) or coal gasification
(~35%, mainly in China), while biomass and other renew-
able feedstocks account for less than 1% of global pro-
duction [4]. This results in a high carbon footprint ranging
from 0.8 up to more than 4 t CO2/t MeOH produced [5].
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Figure 1. Superstructure for formaldehyde industry.

Hence, decarbonizing MeOH production through bio-
mass use, CO2 capture (CC), and process electrification
[6] is essential for reducing the environmental impact of
the European chemical sector.

METHODOLOGY

This study aims to compare various pathways for
achieving CO2 emission reduction during the production
of methanol and, subsequently, formaldehyde, i.e. its ma-
jor derivative. The methodological framework is adopted
from our previous study [7]. Thorough literature review
and data collection, from academic papers, institutional
reports, and Best Available Techniques reference docu-
ment [3], are first carried out, aiming at gathering infor-
mation on the production process under study and appli-
cable emission mitigation pathways. These pathways in-
clude energy efficiency improvement, feedstock switch-
ing, process electrification, and CO2 capture and storage.

The collected data are used to develop an equation-
oriented model of the formaldehyde sector, written in Lua
language, consisting of mass and energy balances, as
well as economic considerations such as annualized in-
vestment (CAPEX) and operating (OPEX) costs. This
model incorporates a superstructure (depicted in Figure
1) of various MeOH production routes, including synthe-
sis from syngas generated via (1) conventional Steam
Methane Reforming (base case, NG), (2) biomass gasifi-
cation (BM), (3) biogas tri-reforming (BG), (4) refuse-de-
rived fuel (RDF, from municipal solid waste (MSW)) gasi-
fication, as well as (5) power-to-MeOH (P2X) process
Mitraki et al. /| LAPSE:2026.0247

converting CO2 and hydrogen (Hz, produced by alkaline
electrolysis) into e-methanol. CO: in flue gases, from
MeOH or formaldehyde production, may be emitted to
the environment or captured through monoethanolamine
(MEA)-based chemical absorption, using waste heat from
the metal oxide process. Configurations abbreviations,
process descriptions, and modeling details can be found
in the Supplementary Sections S1 and S2.

The production routes previously mentioned are
compared based on different key performance indicators
(KPIs) including specific energy demand (GJ/t CH:0),
CO2 emissions (t CO2/t CH20), and total cost (€/t CH-0).
Specific energy demand encompasses fuel and electric-
ity requirements for an easier comparison across config-
urations. Specific total emissions include direct and indi-
rect emissions. Direct, or scope 1, CO2 emissions stem
from product/feedstock over-oxidation or fuel combus-
tion during formaldehyde or MeOH production. Biogenic
CO2 does not contribute to scope 1 emissions, while cap-
tured biogenic CO:2 is accounted as negative emission.
Indirect emissions arise from feedstock supply and elec-
tricity production. CO2 emission factors are listed in the
Supplementary Section S3. Finally, the specific total cost
(STC) encompasses both annualized CAPEX (for a green-
field scenario) and OPEX considerations including feed-
stock, fuel, electricity, CO2 emission (no free allowances
or revenues for negative emissions), as well as transport
and storage (T&S) of captured CO..

The OSMOSE tool, developed by the IPESE group of
EPFL [8], is used to evaluate the superstructure and a
Mixed-Integer Linear Programming (MILP) problem is
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Figure 2. Specific energy demand (left axis) and scope 1 and total CO2 emissions (right axis) in 2025 (electricity is
sourced from the current Belgian grid) and 2050 (electricity is supplied by the 2050 European electricity mix)

scenarios for different production routes.

solved to identify the optimal decarbonization configura-
tions for two different energy and emissions scenarios:
(1) the 2025 scenario, considering current energy and
CO: prices in Belgium, and (2) the 2050 scenario, based
on estimated future marginal production costs, consider-
ing higher ETS and lower energy prices [9-13]. Economic
data for both scenarios are listed in Table 1.

Table 1: Economic parameters considered for 2025 and
2050 scenarios.

year or geographic context. The price of natural gas
(png), electricity (pg), municipal solid waste (pasys), bio-
mass (pgu), biogas (pgg), and CO2 supply (pco2), as well
as the ETS price (pgrs) are varied within the pricing sets
specified in Table 2. For each of the 30, 000 resulting
combinations, MILP optimization is performed, seeking
total cost minimization. The results are analyzed to iden-
tify robust decarbonization pathways.

Table 2: Pricing sets considered for the parameter
sweep.

Scenario 2025 2050
Electricity (€/MWh) 78 58 Parameter Set of values
Natural gas (€/MWh) 36 40 PNG [10, 25, 50, 75, 100] €/MWh
Biomass (€/MWh) 17 18 PE [10, 25, 50, 75, 100] €/MWh
Biogas (€/MWh) 40 30 Daisw [-5, 0, 5] €/MWh
MSW (€/MWh) 9 9 Peu [10, 25, 50, 75, 100] €/MWh
ETS (€/tCO2) 80 200 Psc [10, 25, 50, 75, 100] €/MWh
CO2 T&S (€/tC0O2) 50 50 Pcos [0, 25, 75, 100] €/t
CO2 supply (€/tCO2) 80 80 Pets [75, 100, 200, 300] €/t

The high volatility of energy prices—stemming from RESULTS

changing global political landscape, availability limita-
tions, and regulatory shifts—prevents the accurate iden-
tification of future optimal production routes. To cope
with the limitations of predefined pricing scenarios, a pa-
rameter sweep is performed, exploring a broader set of
economic conditions and seeking to identify the zones of
economic optimality associated with each configuration,
while generalizing the analysis results beyond a specific

Mitraki et al. /| LAPSE:2026.0247
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Energy demand and CO; emissions reduction

From Figure 2, total energy requirement (including
fuel and electricity, and excluding feedstock) of conven-
tional formaldehyde production (NG) amounts to 11.96
GJ/t CH20. Feedstock switching options result in higher
total energy requirements: +61% for BG and +248% for
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Figure 3. Specific total cost (€/t CH20) vs. total CO2 emissions (t CO2/t CH20) — 2025 scenario.

P2X due to H2 production via alkaline electrolysis; +48%
for BM and +189% for MSW due to lower process effi-
ciency (e.g., drying requirements, lower carbon conver-
sion) and additional energy requirements during MSW
pre-treatment. Direct CO2 emissions from formaldehyde
production (i.e., 0.018 t CO2/t CH20 generated by over-
oxidation) or fossil CO2 emitted by MeOH production can
be captured through chemical absorption with MEA. Heat
integration between formaldehyde production and CC
unit completely covers the additional heat demand and
reduces the energy penalty of CO2 capture to 0.01-1.1%
compared to counterparts without CC.

While feedstock switching decreases drastically
scope 1 CO2 emissions (96-100%) compared to NG
(0.452 t CO,/t CH20), the contribution of indirect emis-
sions, stemming from upstream material extraction and
electricity production, results in a shift in trends as can
be seen in Figure 2. Total CO2 emissions breakdown can
be found in Supplementary Material (Figure S3).

Based on current emission factors in Belgium (2025
scenario), BG and P2X routes are associated with total
emissions, respectively, only 1% lower and 88% higher
than NG due to large electric demand. The least emitting
options are BM-CC (-69%) and BM (-68%), followed by
NG-CC and MSW-CC (-47%). On the other hand, clear
environmental advantage appears for feedstock switch-
ing options when low-carbon electricity (e.g., from the
projected 2050 European electricity grid) is considered.
Carbon footprint reduction between 45% and 77% can be
achieved with alternative feedstocks, making NG-CC
less environmentally competitive (-49% compared to
base case), while P2X corresponds to a modest emission
mitigation of 23%. While a 47-49% reduction in CO:

Mitraki et al. /| LAPSE:2026.0247

emissions can be achieved by implementing CC in natural
gas-based facilities, capturing CO2 from electrified, bio-,
and waste-based processes represents little interest in
terms of carbon footprint (1-3% additional reduction)
since only a limited amount of CO2, stemming from for-
maldehyde production, is treated.

Scenario-based economic assessment

Economics being an important decision variable for
industrial energy transition, scenario-based economic
assessments are depicted in Figure 3 and Figure 5. De-
spite the environmental benefit of alternative feedstocks,
the economically optimal configuration in the 2025 sce-
nario is NG (€489/t CH20), closely followed by NG-CC,
reducing total CO2 emissions by 47% and increasing STC
only by 5%. High specific CAPEX (204-399% increase
compared to NG for P2X and BM-CC respectively, as can
be seen in Figure 4), low CO: ETS price, and expensive
electricity (€78/MWhe vs. €36/MWhng) result in alterna-
tive production pathways being economically uncompet-
itive compared to fossil-based chemicals. Indeed, con-
figurations relying on MSW achieve similar environmental
performance as NG-CC with a 67% higher cost. The cur-
rent Belgian electricity mix results in P2X configurations
being the least attractive, both from an economic and en-
vironmental perspective. On the other hand, BM and BM-
CC achieve drastic emission mitigation (68-69%) at a
reasonable cost (+28-32% compared to NG).

In the 2050 scenario, relying on lower energy costs
and higher ETS price, NG-CC reduces the STC by 9%
compared to the base case (€553/t CH20). Access to de-
carbonized electricity improves the environmental rank-
ing of electricity-intensive configurations such as MSW,
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Figure 5. Specific total cost (€/t CH20) vs. tot

BG, and P2X. Biogas-based options benefit from cheaper
electricity, reducing the cost gap with the base case
down to only 23%, while production pathways relying on
MSW are still 44% more expensive than NG. Despite
lower emissions, formaldehyde produced from e-metha-
nol feedstock remains the most expensive option with
STC exceeding €1, 000/tCH»0. Formaldehyde production
from biomass represents the most promising non-fossil-
based route, with a 13-15% increase in STC and 73-75%
of emission reduction compared to NG.

Parameter sweep

The ranking of production pathways previously pre-
sented is valid solely for the commodities prices consid-
ered for the analysis. To cope with the high uncertainty
of future energy and feedstock prices, a parameter

Mitraki et al. /| LAPSE:2026.0247
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al COz emissions (t CO2/t CH20) — 2050 scenario.

sweep is performed, exploring a broad set of economic
conditions. For each price combination, the configuration
achieving the lowest production cost is identified. The re-
sults of the parameter sweep are represented in parallel
coordinates plots (see Figure 6 and Supplementary Sec-
tion 85), enabling the identification of robust and flexible
solutions for decarbonized formaldehyde production. As
a general comment, CC implementation is favored over
counterparts without CC for high ETS prices (=€200/t
COz2). Moreover, as can be seen in Figure 6, natural gas
price is a key parameter driving technology selection.
According to the performed analysis, SMR is the
technology with the highest number of occurrences (14,
744), followed by biogas reforming (4, 884), MSW gasifi-
cation (4, 837), and power-to-X (4, 071), while biomass
gasification was found to be optimal only in 1, 464 times
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out of 30, 000 scenarios tested.
Natural gas-based (Figure 6a) routes are identified
as optimal for a wide range of economic conditions,

Mitraki et al. /| LAPSE:2026.0247
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making it a flexible and robust solution from an economic
point of view. On the other hand, for BM and BM-CC (Fig-
ure 6b) to appear as economically optimal solutions,
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market conditions must combine cheap biomass
(=€25/MWh) and expensive natural gas (=€75/MWh).
Moreover, electricity price should not be in the lower
bracket (=€25/MWh for a biomass price of €10/MWh;
=€75/MWh when biomass is available at €25/MWh) to
avoid favoring electricity-intensive configurations.

Biogas-based options (Figure 6c), which offer
greater flexibility than biomass-dependent alternatives,
become economically viable when natural gas prices ex-
ceed €25/MWh and €50/MWh for, respectively, BG-CC
and BG. These options may remain optimal even at higher
biogas prices (€50/MWh), provided that electricity prices
are low to moderate (€25-50/MWh).

Economic optimality for P2X and P2XCC (Figure 6¢)
requires extremely cheap electricity (<€25/MWh) com-
bined with natural gas and biogas available at a higher
price. Moreover, the lower the MSW price, the lower the
CO2 supply price should be to remain competitive with
MSW-based options. On the contrary of other technolo-
gies, P2X-CC is always favored over P2X except when
low ETS price (€75/tC0O3) is combined with free CO, feed-
stock.

Finally, a negative MSW price alone is not sufficient
to ensure the economic optimality of MSW and MSW-CC
configurations (Figure 6d). The availability of natural gas
at a sufficiently high price (=€50/MWh) is required.

As a conclusion, the parameter sweep revealed that
NG and NG-CC are the most flexible and robust produc-
tion pathways. This highlights the challenge of transition-
ing the chemical sector away from fossil feedstocks.
However, biogas and waste-based technologies arise as
interesting candidates for non-fossil MeOH and formal-
dehyde production.

Potential of industrial symbiosis for the
production of e-chemicals

As previously mentioned, bio-based options arise as
interesting candidates from an environmental and eco-
nomic perspective for the energy transition in the chem-
ical sector. However, availability issues are to be ex-
pected due to heavy reliance on biomass for industrial
decarbonization [14]. Hence, to completely phase out
chemicals production from fossil fuels, power-to-X pro-
cesses should be included to some extent in the produc-
tion mix. Nonetheless, the economic assessment reveals
that e-MeOH feedstock represents the least cost-effec-
tive decarbonization pathway for formaldehyde produc-
tion in a wide range of scenarios.

To address elevated costs, the potential of industrial
symbiosis (IS) as a cost-reduction measure is investi-
gated. IS [15] is a systemic approach that promotes col-
laboration among industries by resources exchanges,
such as energy, water, and by-products, enhancing col-
lective sustainability of industrial processes. In the pre-
sent study, synergies between a formaldehyde

Mitraki et al. /| LAPSE:2026.0247

production plant (0.1 Mt CH20/y) and nearby cement in-
dustry (0.9 Mt clinker/y) are considered. Commodities
prices assumed for this analysis are listed in Table 3.

Table 3 : Economic parameters for IS implementation.

Commodities Cost
Coal 11.5 €/MWh
Municipal Solid Waste 3 €/MWh
Electricity 58 €/MWh
CO2 ETS 200 €/tCO2
CO2 T&S 50 €/tCO2
Electricity
Raw materials ———— . CC Captured CO,
Fuel Kiln Clinker
Air ASU N, ©
Electricity
Electricity
— 0,
H,0 » Electrolyzer
H,
co, MeOH CH,0

.
production 'MeoH | production  CH,0

Figure 7. Case study for IS implementation between
cement and formaldehyde industries.

The base case configuration of the system is de-
picted in Figure 7. In our previous study [16], oxy-fired
kiln with cryogenic CO. capture arises as one of the most
promising decarbonization options for the cement indus-
try and hence is chosen as the production route for the
IS case. In this configuration, heat is provided by burning
a mixture of MSW and coal in oxygen produced by an Air
Separation Unit (ASU). The generated CO: is subse-
quently captured via a cryogenic capture unit, before be-
ing transported and stored. On the other hand, the for-
maldehyde facility generates oxygen as a by-product of
water electrolysis, which is necessary for hydrogen pro-
duction. Meanwhile, CO: is required as a feedstock for
MeOH production.

Competitiveness of clinker production and power-
to-X process can be improved by mutualizing CO2 cap-
ture unit and electrolyzer costs through CO2 and oxygen
exchanges, as highlighted in Figure 7. Such synergies re-
sultin an ASU that is no longer necessary, as the oxygen
generated by the electrolyzer (0.17 Mt O2/y) entirely co-
vers the oxygen demand of the cement kiln (0.12 Mt
O2/y). Furthermore, the cement plant provides the entire
CO: feedstock for methanol production (0.16 Mt CO2/y),
reducing the amount of CO. that needs to be transported
and stored (0.59 Mt COz/y vs. 0.75 Mt CO2/y without IS).

Removing the ASU from the system reduces total

Syst Control Trans 5:360-368 (2026) 366



electricity demand by 2% (-28 GWhe/y), which represents
4.2 kt CO2/y considering the current carbon intensity of
Belgian electricity. Regarding the economics of the sys-
tem, instead of buying CO: from the market at the ETS
price (€200/t COg, representing the maximum marginal
abatement cost industries are willing to bear, as well as
the long-term target cost of CO, supplied by Direct Air
Capture (DAC)), the formaldehyde facility is supplied by
the cement plant at a much lower cost (i.e., capture cost
of €27/t COz). Moreover, oxygen sales to the cement
plant result in annual economies of about €11.5M. Despite
the use of expensive oxygen (€91/t Oz when produced
via electrolysis vs. €30/t O2 when produced with ASU),
the cement plant benefits from CO: sales (€4.3M/y).
Moreover, the reduced amount of CO: to be transported
and stored represents additional economies of €8M/y.
The implemented synergies and corresponding econo-
mies achieved are schematically represented in Figure 8.

Electricity

Raw
materials

Kiln cc Captured CO, CO, for T&S >> -8 Mé€ly

Coal Clinker

+MSW
0, | >>91€/t0, (> < 306/t O, w/ ASU)
0.12Mtly | >> +7.6 Mé€ly

Electricity

L—— 0,

Electrolyzer 0.05 Mtly >> can be sold

H,O

H,

MeOH | CH,0

>> 27 €/tCO, (> < 200€/tCO, w/o 1) | production | mMeoH = production | CH,0

Figure 8. Synergies and corresponding economies
achieved by IS implementation.

Hence, the implementation of synergies between
these industries reduces the total production cost by 3%
and by 32% for clinker and formaldehyde, respectively,
compared to estimations without IS. Despite the de-
creased production cost in the IS case, P2X formalde-
hyde remains more expensive than other decarboniza-
tion options such as NG-CC and bio-based routes.
Therefore, this option only makes economic sense when
there is a scarcity of biomass, high natural gas prices, or
low electricity prices. These conditions make P2X options
difficult to appear as competitive decarbonization path-
ways for formaldehyde production.

Table 4: Specific total cost of clinker and formaldehyde
with and without implementation of IS.

No symbiosis  With symbiosis
Clinker 121 118 -3%
(€/tc|inker)
Formaldehyde 1207 815 -32%
(€/tch20)

Mitraki et al. /| LAPSE:2026.0247

Total (M€/y) 229.8 187.5 -18%

CONCLUSION

This study provides a foundation for decision-mak-
ing regarding CO2 emission mitigation for formaldehyde
production based on thermodynamic, environmental, and
economic KPlIs for future scenarios. For this purpose, an
equation-oriented superstructure of formaldehyde in-
dustry was developed, encompassing various energy
transition pathways including feedstock switching (bio-
mass, biogas, waste), process electrification (Power-to-
X), and CO: capture.

Despite requiring more energy (+ 48-247%) than the
base case (11.96 GJ/tCH20), alternative feedstocks result
in reductions of total CO2 emissions up to 77% when low-
carbon electricity is used, while emissions are cut by al-
most half when CC is implemented at NG-based facilities.

The economic assessment in the 2025 scenario
identified NG as the most interesting configuration from
an economic perspective, closely followed by NG-CC (5%
cost increase, 47% emissions reduction compared to
base case). Conversely, expensive and fossil-based
electricity results in P2X being both the most expensive
and most emitting configuration. The most promising bio-
based options are BM and BM-CC: 28-32% cost increase,
65-67% emissions reduction compared to NG. If lower
energy prices and higher ETS price are assumed (2050
scenario), NG-CC becomes the most cost-effective op-
tion, followed by biomass-based configurations, while
electrification (P2X) remains the most expensive produc-
tion route.

A parameter sweep, exploring a broad set of energy
pricing scenarios, was also performed. An MILP problem
was solved with the OSMOSE tool for each price combi-
nation to identify the solution space in which each con-
figuration is associated with the lowest specific total
cost. From the 30, 000 pricing scenarios tested, NG-
based options (NG and NG-CC) were found to be the
most flexible and robust production pathways, repre-
senting 49% of the optimal solutions identified. NG-CC
exhibits reasonably good environmental performance,
with emissions cuts reaching nearly half of current levels,
despite its continued reliance on fossil fuels. The most
interesting bio-based route is biogas reforming, appear-
ing as optimal as long as moderate-to-high natural gas
prices are combined with low-to-moderate electricity
prices. On the contrary, stringent conditions for eco-
nomic optimality arise for BM and P2X configurations re-
quiring extremely low biomass and electricity prices re-
spectively (=25€/MWh).

Finally, the potential of industrial symbiosis as a
cost-reduction measure for power-to-X process was as-
sessed. Synergies between oxy-fired clinker production
(requiring oxygen and capturing CO2) and formaldehyde
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production from e-MeOH (generating oxygen by electrol-
ysis and requiring CO: as feedstock) result in reduced
electricity demand (-2%) and reduced production costs
(-3% for clinker and -32% for formaldehyde). However,
P2X formaldehyde remains more expensive than other
emission mitigation options, only making economic sense
when biomass scarcity, high natural gas prices, and low
electricity prices are observed.

These observations highlight the difficulty for the
chemical sector to decarbonize and the importance of
process efficiency improvements as well as policy frame-
works and governmental funding to ensure competitive-
ness of low-carbon formaldehyde production routes.

DIGITAL SUPPLEMENTARY MATERIAL

Process descriptions, modeling details, and addi-
tional results can be accessed here: LAPSE:2026.0027

ACKNOWLEDGEMENTS

This paper is supported by the Belgian Fund for Sci-
entific Research (FRS-FNRS) through a FRIA grant. The
authors would like to acknowledge the Energy Transition
Fund project ‘TRILATE’ organized by Belgium FPS econ-
omy. The authors also acknowledge Frangois Maréchal
for providing access to the OSMOSE tool.

AUTHOR IDENTIFIERS

Mitraki R.: 0009-0007-0990-0514
Salman M.: 0009-0001-5348-0701
Léonard G.: 0000-0003-2237-8306

REFERENCES

1. Isella A, Manca D. GHG emissions by
(petro)chemical processes and decarbonization
priorities—a review. Energies 15:7560 (2022).
https://doi.org/10.3390/en15207560

2. Methanol Institute. https://methanol.org/methanol-
price-supply-demand/index.html

3. Falcke H et al. Best available techniques (BAT)
reference document for the production of large
volume organic chemicals. Publications Office of
the European Union (2017)

4. |IRENA, Methanol Institute. Innovation outlook:
Renewable methanol (2021)

5. Methanol Institute. Carbon footprint of methanol
(2022)

6. Danish Energy Agency. Renewable fuels:
Technology descriptions and projections for
long-term energy system planning (2025)

7. Salman M, Flérez-Orrego D, Coppitters D, Mitraki R,
Maréchal F, Léonard G. Decarbonising the glass

Mitraki et al. /| LAPSE:2026.0247

industry: a comprehensive techno-economic
assessment of low-emission pathways. Computers
& Chemical Engineering 203:109329 (2025).
https://doi.org/10.1016/j.compchemeng.2025.1093
29

8. Floérez-Orrego D, Ribeiro Domingos ME, Maréchal F.
A systematic framework for the multi-time
integration of industrial complexes and urban
systems. In: Proceedings of the 7th International
Conference on Contemporary Problems of Thermal
Engineering (2022)

9. IEA. Outlook for Biogas and Biomethane: Prospects
for Organic Growth (2020)

10. DG Energy. Quarterly Report on European
Electricity Markets (2024)

11.  Laguna JC, Moglianesi A, Vingerhoets P, Nijs W,
Lodewijks P. PATHS 2050 - Scenarios Towards a
Carbon-Neutral Belgium by 2050 (2023)

12. DG Energy. Quarterly Report on European Gas
Market (2024)

13. Statista.
https://www.statista.com/statistics/1322214/carbo
n-prices-european-union-emission-trading-
scheme/

14. LUhmann M. Sustaining the european bioeconomy:
the material base and extractive relations of a bio-
based eu-economy. Bioeconomy and Global
Inequalities :287-307 (2021).
https://doi.org/10.1007/978-3-030-68944-5_14

15. Chertow MR. “uncovering” industrial symbiosis. J of
Industrial Ecology 11:11-30 (2008).
https://doi.org/10.1162/jiec.2007.1110

16. Salman M, Flérez-Orrego D, Maréchal F, Léonard G.
Comparative assessment of fuel-switching options
for the energy transition in the cement industry. In:
35th European Symposium on Computer Aided
Process Engineering (ESCAPE 35): Book of Short
Papers (2025)

© 2026 by the authors. Licensed to PSEcommunity.org and PSE
Press. This is an open access article under the creative com-
mons CC-BY-SA licensing terms. Credit must be given to creator
and adaptations must be shared under the same terms. See
https://creativecommons.org/licenses/by-sa/4.0/

Syst Control Trans 5:360-368 (2026) 368


https://psecommunity.org/LAPSE:2026.0027
https://doi.org/10.3390/en15207560
https://doi.org/10.1016/j.compchemeng.2025.109329
https://doi.org/10.1016/j.compchemeng.2025.109329
https://doi.org/10.1007/978-3-030-68944-5_14
https://doi.org/10.1162/jiec.2007.1110

