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ABSTRACT

The growing demand for sustainable energy has driven research into renewable methane produc-
tion to reduce greenhouse gas emissions and reliance on fossil fuels. Promising feedstocks include
lignocellulosic dry residues, wet waste, and captured CO2, converted via gasification, anaerobic
digestion, and synthetic processes with renewable hydrogen. This study uses a multiscale ap-
proach to compare these sources, incorporating a techno-economic evaluation to identify key
performance indicators (KPI) for facilities and renewable energy sources. A facility location pro-
blem (FLP) determines plant locations and production capacities, considering material availability
and transportation costs. The analysis focuses on the decentralised use of wastes and CO; from
point and diluted sources across Spain, employing an MILP model to optimise waste and CO: uti-
lisation alongside solar and wind energy systems. Results highlight lignocellulosic dry waste and
CO2 captured with MEA from point sources as the most promising options. Sensitivity analysis
predicts methane prices between 13.028 €/MWh and 47.216 €/MWh through 2050, requiring sub-
stantial investment for full methane self-sufficiency. With carbon taxes, the price could drop to
10.735 €/MWh by 2050, competitive with current natural gas prices.

Keywords: DAC, electrolysis, green hydrogen, synthetic natural gas, strategic CO2 and biomass waste valori-

sation, methane production and distribution

1. INTRODUCTION

Industrial and transportation growth has increased
atmospheric CO; levels from 300 ppm in the late 19*" cen-
tury to 425 ppmin 2024, contributing to a 1°C global tem-
perature rise [1]. The 2015 Paris Agreement aims to limit
warming to 1.5°C, reducing emissions by 55% by 2030
and achieving net zero by 2050 [2].

Meeting these targets requires transitioning to de-
carbonised energy systems, especially in the energy and
chemical sectors. Geopolitical disruptions, mainly the
Ukraine conflict, highlight Europe's energy vulnerabilities,
emphasising the need for self-reliant solutions. Synthetic
methane production offers a promising route to energy
resilience and reduced fossil fuel dependence. The CO,
capture methods include biomass growth, which absorbs
CO, naturally and engineered systems that capture

https://doi.org/10.69997/sct.149267

emissions from industrial sources and the atmosphere.
Biomass can be used to produce bioethanol, DME, meth-
anol [3], and biodiesel, but challenges such as land, wa-
ter, and fertiliser limit its scalability. Dry wastes such as
lignocellulosic raw material are used via gasification to
produce synthetic biomethane. Manure, municipal solid
waste (MSW), and sludge are processed via anaerobic
digestion to produce biogas and biomethane [4], though
logistics and environmental issues reduce efficiency,
leading to landfill or incineration. Carbon capture, utilisa-
tion, and storage (CCUS) technologies are crucial for
meeting climate targets by capturing CO, from industrial
sources for storage or conversion. Methods such as phy-
sisorption and amine-based chemisorption face chal-
lenges in capturing ambient CO, due to high energy de-
mands. Direct air capture (DAC) technologies, such as al-
kaline solutions and BPMED, show promise, especially
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when combined with renewable hydrogen to produce
methanol or synthetic methane [5].

Current research often addresses processes sepa-
rately from biomass supply chain optimisation, MSW-to-
liquid-fuel, and biogas and CO, utilisation, but few inte-
grate waste, biomass, and CO, for synthetic methane
production [6]. This study fills this gap by offering a mul-
tiscale framework to enhance energy security, using an
extended Facility Location Problem (FLP) is formulated as
a Mixed-Integer Linear Programming (MILP) across 356
Spanish shires to optimise waste utilisation into methane,
integrating various feedstocks and technologies for sus-
tainable energy independence.

2. METHODOLOGY

This work evaluates renewable resources and bio-
wastes, such as lignocellulosic waste, manure, MSW,
sludge, and captured CO,, to reduce fossil fuel depen-
dence. It optimises waste treatment, CO, capture, hydro-
gen electrolysis, and methane production, relying on de-
centralised utilisation powered by PV and wind energy

[6].

2.1. Process level analysis

This section depicts technologies for waste man-
agement, CO, capture, and methane conversion, focus-
ing on waste recovery, gasification, digestion, hydrogen
production, and renewable energy harvesting.

2.1.1. Waste treatment technologies

Gasification: This process converts lignocellulosic
waste into syngas for biomethane production using anin-
direct gasifier-combustor. H,S is removed with ZnO, and
methanation produces biomethane, refined by PSA to re-
duce CO, to 2% [7].

Anaerobic digestion: This technology processes
high-water-content biowaste to produce biogas, upgrad-
ing it to biomethane with H,S, CO,, NH3, and H,O removal
[7].

2.1.2. CO2 capture technologies

Point sources: CO, is captured using aqueous
amine solutions (MEA) at 25-30°C and partial pressures
over 0.05 bar, achieving 90-95% removal at 0.1 bar, with
a 20% MEA concentration.

Diluted sources: CO, is captured from the air via
DAC technology. Fans pass air through KOH-based solu-
tions, where KOH converts CO, into HCO3;~ and CO3?-
ions. KOH is regenerated with Ca(OH),, producing
CaCOg3;, which is dried and calcinated with biogas to re-
generate Ca(OH),[6].

2.1.3. Electrolytic hydrogen production

Green hydrogen is produced via water electrolysis
using solar or wind power, and purified by condensation,
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deoxygenation, and zeolite dehydration.

2.1.4. Energy harvesting

Wind energy: A GE 1.5sle turbine with a nominal
power of 1,500 kW is considered. Installation costs in
2022 are 1,600 €/kW, and operating costs are 0.026
€/kWh. CO, emissions are 0.012 kgCO,/kWhe.

Solar energy: PV panels generate power, with each
4 m? panel producing 1 kW peak (kWp) at 25% efficiency
(nev). The total panel surface reaches up to 7 m? due to
installation needs. In 2022 costs are 1,050 €/kWp and
0.042 €/kWh, with CO, emissions of 0.048 kgCO,/kWhe.

2.1.5. Methane synthesis

e-Methane is produced from CO, via methanation
using renewable hydrogen and captured CO, at 1-30 bar
and 140°C-350°C. Synthetic biomethane is obtained
from syngas methanation, while biomethane comes from
biogas upgrading. Purification achieves over 95% me-
thane purity.

2.2. Process technologies surrogate
modelling and process scale-up

The formulation of the FLP requires surrogate input-
output models for the waste processing technologies, in-
cluding manure, 63-368 kt/year, MSW, 20-53 kt/year,
and lignocellulosic biomass, 10-820 kt/year, with corre-
sponding CAPEX and OPEX. Up to 50 designs are mode-
lled, yielding 0.012, 0.070, and 0.285 kggiomethane/Kg [7].

The CO, capture modelling includes yields, energy
requirements, and linearised CAPEX and OPEX for MEA
and conventional DAC systems. CAPEX and OPEX follows
Sinnott's methodology, excluding waste disposal. Auxil-
iary costs (steam, water, energy) are based on mass and
energy balances. CAPEX includes equipment sizing for
compressors, heat exchangers, filters, and cyclones.

2.3.1. Description of resources

The extended FLP model includes CO, capture, bio-
mass availability, and processing methods across 356
Spanish shires, limiting surface use by up to 2%. It priori-
tizes PV panels for renewable power. Gasification pro-
cesses dry lignocellulosic biomass, while wet wastes re-
quire anaerobic digestion. CO, emissions, measured in
ktco./year, include industrial, agricultural, livestock, and
transport sources using MEA and DAC systems. Solar and
wind availability are based on annual averages of solar
irradiance, and wind velocity.

2.3.2. Formulation of the FLP problem

Each shire is defined by its capital city's latitude and
longitude, evaluating CO, capture, sun and wind availa-
bility, and shire area for PV panels, considering:

1. Biowaste, CO, captured from point and diluted
sources using MEA solutions and DAC technology, solar
radiation and wind velocity data, and land availability to
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build infrastructures.

2. Surrogate models using first principles such as
mass and energy balances, thermodynamic equilibrium
and correlations based on predicting yield, production,
and costs for CO, capture, renewable energy, biomass
gasification, anaerobic digestion, hydrogen production,
and methane synthesis, estimating performance and
costs, such as CAPEX and OPEX, based on the last pro-
cesses facility capacities.

3. Network modelling for biomass, CO,, and hydro-
gen transportation between production sites and pro-
cessing installations, optimising the use of decentralised
resources to reduce transportation costs.

4. An objective function to maximise CO, usage
within the budget, minimising network costs. The objec-
tive is to maximise the CO, captured within the assigned
budget, focusing on minimising network costs through
the integration of transportation, processing, and renew-
able energy generation.

Key variables include selecting biomass and CO,
sources, facility capacities, and locations for CO, cap-
ture, hydrogen, and renewable energy production.

2.3.3. Resolution method and limitations

The resolution method optimises resource integra-
tion and cost efficiency, starting with a process-level
analysis of waste treatment, CO, capture, hydrogen pro-
duction, and energy generation. This is expanded into a
multiscale framework that integrates different levels of
analysis: a process-level evaluation, which assesses
technologies and costs; a resource availability analysis,
which considers the spatial distribution of biomass,
waste, and CO, sources; and a country-level optimisation
scale, which determines the optimal locations for facili-
ties based on economic and geographic constraints. The
FLP is formulated as an MILP model to optimise facility
locations and costs, ensuring decentralised production
and strategic energy security. Limitations include data
availability, uncertainties in technology performance, and
external factors like legislative changes, which may im-
pact technology deployment and require further investi-
gation.

3. CASE STUDY

3.1. General settings, constraints, and
assumptions of the case study

The FLP optimisation model is formulated analysing
356 Spanish shires. It considers 29,900 kt/year of dry
waste, 121,400 kt/year of manure, 9,500 kt/year of MSW,
3,400 kt/year of sludge, and CO, emissions from human
activities, totalling 93,327 ktco,/year and 102,250
ktcoz/year, from point and diluted sources. Renewable
energy data is sourced from Sun and Wind Atlas. The
MILP considers a 10,195 M€ MITECO budget, 23,911
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equations, and 91,192 variables, and is solved using
CPLEX.

3.2. Working data, parameters, variables, and
evolution over the time horizon

The study analyses waste availability in 2022, 2030,
and 2050, with Spain’s population of 50-60 million stabi-
lising waste generation through improved consumption,
ensuring consistent synthetic biomethane and biogas
production. CO, availability is based on 2022 data, as-
suming constant emissions despite policy cuts. By 2050,
CAPEX for PV panels drops from 1,050 to 297.8 €/kWp,
and wind turbines from 1,600 to 1,138.7 €/kW. OPEX falls
for PV from 0.042 to 0.009 €/kWh and wind turbines from
0.026 to 0.013 €/kWh. Synthetic methane production in-
tegrates CO, capture, water use, H, and O, generation,
while carbon taxes rise to 180 €/tco,.

4. RESULTS AND DISCUSSION

This section analyses decentralised methane pro-
duction from lignocellulosic waste, manure, MSW, and
CO,, focusing on costs in MITECO’s 2020-2050 budgets.
It assesses CAPEX and OPEX, a sensitivity analysis on in-
frastructure, prices, and carbon tax credits, as well as
limitations like data gaps and legislative uncertainty.

4.1. Analysis of current state: Year 2022

4.1.1. Use of the different waste materials, CO2
capture, and use

Without a carbon tax, synthetic bio-methane and
bio-methane are produced using 26,702 kt/year of ligno-
cellulosic dry biomass, 83,070 kt/year of manure, and
7,775 kt/year of MSW. Waste treatment needs 11,1774 M€
as investment and 5,341 M€/year in operating costs. The
optimal scenario prioritises lignocellulosic dry waste for
its high yield, especially in river-adjacent regions like the
Duero, Ebro, and Guadalquivir (Figure 1a). Manure and
MSW contribute 2,750 kt/year and 1,790 kt/year of bio-
methane, respectively. Shires where manure is used are
shown in Figure 1b, but sludge is excluded due to its
moisture content [7]. CO, capture reaches 5,858 kt/year,
below previous estimates of 10,000-12,500 kt/year [6].
MEA solutions, chosen for low costs, are used in northern
Spain and the Balearic Islands. Carbon taxes phase out
manure and MSW, cutting costs by over 50%.

4.1.2. Production of renewable energy

The system requires 147 km? of PV panels, approxi-
mately 2% of Spain’s available area, and 2,465 wind tur-
bines. Combined, investment and operating costs reach
up to 28,020 M€ and 2,430 M€/year, generating 7.3 GW,
over 6% of Spain’s 2022 electricity output. PV panels are
prevalent in southeastern Spain, with wind turbines in
coastal and mountainous regions (Figures 1e and 1f). With
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Figure 1. Distribution of lignocellulosic dry waste (a), manure (b), MSW (c), sludge (d), and methane production (f)
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a carbon tax, synthetic methane demand doubles the PV
panel area to 290 km?, representing an increase of almost
100%, while turbine numbers remain stable. Costs rise to
49,355 M€ and 4,282 M€/year, with energy output grow-
ing to 12.4 GW. PV panel deployment expands, but tur-
bine locations remain unchanged.

4.1.3. Methane production

Synthetic methane production requires 3 kgco./kgcH,
and 0.41 kgw,/kgcn, [6]. Without carbon taxes, Spain pro-
duces 11,104 kt/year of renewable methane, covering
nearly 46% of national consumption in 2022 [7]. Synthetic
biomethane comes mainly from lignocellulosic waste,
7,610 kt/year. Investment and operating costs are 14,440
M€ and 5,900 M€/year. Hydrogen needs are 805
ktn./year, costing 3,202 M€ and 304 M€/year. With a car-
bon tax, lignocellulosic waste generates 7,610 kt/year of
biomethane, 31.5% of consumption, and synthetic me-
thane rises to 3,300 kt/year, with total methane produc-
tion reaching 10,910 kt/year and costs dropping to 11,989
M€ and 3,284 M<€/year.

4.1.4. Evolution of self-sufficiency methane
percentage, and methane prices

In 2022, methane self-sufficiency without carbon
taxes is 30.7%, with lignocellulosic waste contributing
25% of the budget. MEA solutions raise self-sufficiency
to 42.9% at 300%, with full self-sufficiency needing
410.4% and methane prices reaching 124.69 €/MWh.
With a carbon tax, CO, capture accelerates, favouring
MEA. Lignocellulosic waste provides 31.5% self-suffi-
ciency at 15% of the budget, while MSW replaces manure
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at 125%, adding 2.1%. Full self-sufficiency requires four
times the budget, reducing methane prices to 100.35
€/MWh. By 2030 and 2050, MEA and DAC reduce prices
and self-sufficiency.

4.1.5. Environmental impact of energy generation:
CO:2 emissions, minerals required, and water use

Among renewable sources, PV panels emit 2,325
ktco./year and wind turbines 188 ktco,/year, contributing
1.19% and 0.10% to Spain's 2022 CO, emissions. PV pa-
nels are preferred for cost-effectiveness, requiring
55,759 t of minerals, accounting Cu, Ni, Mn, Cr, Mo, Zn,
Rare Earths, Si. Mineral extraction emits 321 ktco, for PV
and 86 ktco, for wind, totalling 2,646 ktco,. Water usage is
1.6-107” m3/year for PV, 6.7-10%° m3/year for wind turbines,
and 7.3-10% m3/year for hydrogen production. A carbon
tax boosts PV panel deployment, increasing emissions
from mineral extraction and resource demands. Mineral
needs rise to 90,077 t of minerals. The CO, emissions
reach 5,051 ktcoz for PV and 273 ktco2 for wind turbines.
Water use is up to 3.06-10” m3/year for PV.

4.2. Analysis of the future status: Years 2030
and 2050

4.2.1. Use of the different waste materials, CO:
capture, and its use

By 2030, lignocellulosic dry waste will produce
25,292 kt/year of synthetic biomethane, a 5.28% de-
crease from 2022 due to lower technology costs and im-
proved efficiency (Figure 2a). Investment and operating
costs will drop to 5,604 M€ and 1,826 M<€/year, a

750



reduction of 49.84% and 65.81%, excluding manure and
MSW (Figures 2b, 2c). Point sources will emit 29,378
ktco./year, increasing by 400% with lower costs and effi-
ciency gains (Figure 2d). Spain's carbon tax of 150 €/tco,
will reduce lignocellulosic waste use to 20,328 kt/year,
lowering costs to 3,688 M€ and 1,130 M<€/year, while
MEA solutions capture 32,231 ktco./year (Figure 2d).By
2050, lignocellulosic waste use will drop to 24,052
kt/year, with costs at 5,044 M€ and 1,591 M€/year. With
a 180 €/tco, tax, waste use will fall to 2,719 kt/year, and
MEA will capture 42,258 ktco,/year (Figure 2d).

b)
Biomass 2: Manure

=T
==

2050

§ 200
H

5000 10000 15000 20000 25000 30000 35000 o 20000 40000 50000 80000 100000
Total Consumption (ktfyear) Total Consumption (ktfyear)

€O capture: MEA solutions

42258

0 2000 4000 6000 8000 10000 0 10000 20000 30000 40000 50000
Total Consumption (ktfyear) Total Consumption (ktfyear)

Investment Cost

Operating Cost

(a), manure (b),
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total operating costs (f) for 100% methane self-
sufficiency, without and with carbon taxes, 2022, 2030,
2050.

4.2.2. Production of renewable energy

By 2030, energy production will rely on PV panels
across Almeria, the Canary Islands, and central regions,
covering 1,042 km?, up from 147 km? in 2022 (Figure 3a).
Investment and operating costs will reach 59,956 M€ and
2,892 M<€/year, generating 36.7 GW (Figures 3b-3d). A
carbon tax boosts synthetic methane production to 40.2
GW, concerning 2022 levels, at costs of 65,910 M€ and
3,173 M€/year (Figures 3b-3d). By 2050, PV panels will
cover 1,511 km?, generating 52.8 GW at 64,280 M€ (Figu-
res 3a-3c).

4.2.3. Methane production

By 2030, synthetic biomethane production will fo-
cus on gasifying lignocellulosic dry waste and synthesis-
ing methane from CO, captured via MEA solutions, ex-
cluding anaerobic digestion. Output will be 7,208

Ktgiomethane/year, a 5.29% decrease from 2022. Methane
consumption will drop to 18,990 ktcn./year [6], with syn-
thetic production rising to 9,793 ktcn,/year. Costs will to-
tal 19,968 M€ and 4,609 M€/year (Figures 2e, 2f). By
2050, lignocellulosic waste use will decrease by 9.93%,
producing 6,855 ktsiomethane/year. Domestic methane con-
sumption will drop to 13,815 ktcu./year [6], while synthetic
methane rises to 11,690 ktcn./year. Costs will total 16,359
M€ and 4,824 M€/year (Figures 2e, 2f).
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Figure 3. PV panel surface, wind turbines (a), power ge-
neration (b), investment (c) and operating costs (d), wi-
thout and with carbon taxes, 2022, 2030, 2050.

4.2.4. Evolution of self-sufficiency methane
percentage, and methane prices

By 2030, lignocellulosic dry waste and MEA solu-
tions will remain key for cost efficiency. Methane prices,
excluding carbon tax, will rise to 17.545 €/MWh when
employing lignocellulosic dry waste. Once lignocellulosic
dry waste is depleted, MEA solutions for CO, capture
begin to be used until a methane price of 53.547 €/MWh
is reached. However, at 100% budget utilisation, the price
drops to 43.170 €/MWh. At 300% budget use, lignocellu-
losic waste will provide 38% of methane self-sufficiency.
Carbon taxes will benefit synthetic methane over bio-
methane, with prices potentially dropping to 23.336
€/MWh. By 2050, advancements will favour MEA solu-
tions. Without a carbon tax, methane will cost 17.545
€/MWh, with MEA solutions at 47.214 €/MWh. At 100%
budget utilisation, methane costs 39.577 €/MWh, 40.12%
lower than in 2022. Methane self-sufficiency will be
achieved with 66.7% of the budget at 35.171 €/MWh, with
prices dropping to 12.540 €/MWh at 100% budget use.

4.2.5. Environmental impact of energy generation:
CO:2 emissions, minerals required, and water use

By 2030, PV panels will be the main energy source,
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emitting 6,427 ktcoyyear, with 2,095 ktco, from mineral
extraction, accounting for 29% of CO, captured by MEA
solutions, 29,378 ktcoz/year. Mineral requirements are
2.50-10% t, accounting for Cu, Ni, Zn, Si. PV panels use
1.06-108 m3/year of water, 0.19% of Spain's capacity,
while hydrogen production uses 3.64:10” m3/year. Car-
bon taxes increase PV emissions to 7,052 ktco,/year, con-
tributing 29% of CO, captured by MEA solutions. By
2050, expanding PV panels will raise emissions, mineral
demand, and water usage. PV panels emit 3,836
ktco,/year, with 2,501 ktco, from mineral extraction, total-
ling 6,337 ktco,/year, or 18.07% of CO2 captured by MEA
solutions, 35,069 ktcoz/year. Mineral needs reach
2.98-10% t, and water use rises to 1.27-108 m3/year.

5. CONCLUSIONS

This study examines large-scale renewable syn-
thetic methane production from biomass gasification, an-
aerobic digestion, and CO, hydrogenation using green
hydrogen. Gasification processes lignocellulosic dry
waste, while anaerobic digestion whereas manure, MSW,
and sludge, upgrading biogas to biomethane and produc-
ing synthetic methane using CO, captured from point and
diluted sources.

Lignocellulosic dry waste gasification is the most ef-
ficient due to its high yield and low moisture content. CO,
capture from point sources is preferable to DAC, poten-
tially reducing Spain’s industrial emissions by half. A land-
use analysis considers decentralised deployment across
356 shires, allocating 2% for PV and wind turbines. By
2050, expanded capacity will ensure energy for CO, cap-
ture and hydrogen production.

Economic integration of lignocellulosic waste gasifi-
cation with MEA-based CO, capture shows a potential
134.2% natural gas substitution. Investment costs in
waste treatment, CO, capture, and power generation are
projected to decrease, with cumulative costs of 14,008
M€ and 64,000 M€ by 2050.

Synthetic methane production will grow, with emis-
sion reductions between 49.8% and 59.6%. The integra-
tion of waste treatment, CO, capture, and hydrogenation
offers a promising path for defossilising the energy sec-
tor, requiring strategic investments and policies.
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