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Abstract: 7 
Lime manufacturing is a hard-to-abate industry, owing to high-temperature heat requirements and 8 

process-related CO2 emissions from limestone calcination. Although numerous mitigation technologies have 9 
been proposed, existing studies generally evaluate individual options or rely on predefined economic 10 
scenarios, providing limited guidance for technology selection under uncertain future energy and carbon 11 
prices. This study presents a systematic techno-economic assessment of multiple decarbonization options, 12 
including fuel switching, electrification, and CO2 capture (CC) with storage or utilization. A unified 13 
superstructure model is coupled with scenario analysis and a parameter sweep of key energy and CO2 14 
prices to assess robustness under market volatility. Results show that the fuel switching alone achieves only 15 
18% CO2 emission reduction, making CC implementation inevitable for deep decarbonization. Implementing 16 
CC enables up to 78% emission reduction for fossil-based routes and net-negative emissions down to -0.22 17 
tCO2/tlime for biomass-based configurations, at the expense of an energy penalty of 1.4–6.2 GJ/tlime. Current 18 
economic conditions favor unabated and bioenergy-based production (€147–176/tlime vs. €257–380/tlime with 19 
CC), whereas CC becomes competitive only under high CO2 pricing, achieving cost reductions up to 45% 20 
compared to the base case. Electrification and hydrogen-based production require very low-cost 21 
(≤€62/MWh) low-carbon energy to become competitive, whereas CCU remains constrained by its high 22 
energy demand (12.2 GJ/tlime). Finally, oxycombustion appears as the most promising decarbonization 23 
pathway, as it consistently provides the best trade-off between energy penalty, CO2 emissions, total cost, 24 
and robustness to market fluctuations, outperforming amine-based capture across all pricing scenarios.  25 
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1. Introduction 28 

The ever-increasing greenhouse gases (GHG) emissions from human activities, inducing an 29 
atmospheric CO2 concentration rise from 278 ppm in 1750 [1] to more than 424 ppm in 2024 [2], are 30 
reportedly responsible of climate change. To meet the Paris Agreement climate targets, global warming 31 
mitigation has become a major concern for many countries including Belgium. In 2024, industry represented 32 
29% of the Belgian GHG emissions, whereas energy production accounted for 15% [3]. While the 33 
decarbonization of the power sector is progressing, with renewable sources representing 35% of the total 34 
electricity generation in Belgium in 2024 [4], hard-to-abate industrial sectors, such as steel, glass, lime or 35 
cement, representing approximately 20% of the global CO2 emissions [5], are facing more challenges in 36 
terms of CO2 emissions reduction due to high-temperature heat requirements and process-related 37 
emissions. However, addressing emissions in hard-to-abate industries is key for reaching the Fit-for-55 38 
package [6] and European Green Deal [7] reduction targets.  39 

Lime is an essential product used in a wide variety of applications [8]: construction (treatment of soils, 40 
hot mix asphalt, mortars, plasters), iron and steel-making (sinter strand process, impurity removal during 41 
the steelmaking process, desulfurization of pig iron), effluent treatment (water pH adjustment, acidic gases 42 
removal from flue gases), agrifood (insecticides and fungicides, sugar beet and sugar cane refining), 43 
chemicals production (source of calcium, causticizing agent, flocculant, hydrolyzing agent), etc. However, 44 

mailto:rafailia.mitraki@uliege.be


the lime sector is a major CO2 emitter, which represents alone around 1% of the global anthropogenic CO2 45 
emissions [9]. In 2024, the European CO2 emissions of the lime industry amounted to approximately 21.5 46 
MtCO2, 6.5% of which can be attributed to Belgium [10]. 47 

Lime manufacturing is an energy-intensive process, with more than 90% of the energy demand 48 
associated with limestone calcination [11]. To date, significant effort has been dedicated to enhancing 49 
process efficiency by investing in best available kiln technologies and optimizing fuel consumption [12], 50 
reaching a European average thermal efficiency for lime production of 88% in 2023 [13]. However, with the 51 
calcination reaction alone emitting about 0.8 tCO2/tlime, significant efforts are still required to achieve net-52 
zero or net-negative emissions in the lime industry, as noted by the European Lime Association (EuLA). 53 
State-of-the-art decarbonization strategies, identified by Simoni et al. [14], include fuel switching, 54 
electrification, and CO2 capture (CC).  55 

Different alternative fuels are envisaged to substitute fossil fuels like coal and natural gas, namely 56 
waste-derived fuels (plastics, paper or textiles [15]), biomass (grape seeds, olive stones, almond shells [15] 57 
[16], coconut cores, sugar can, rice hull [17], biodiesel, biogas, biomethane [18]), e-fuels, and hydrogen [12] 58 
[13]. About 16 lime kilns in Europe are currently known to operate using finely ground wood as fuel [17]. 59 
Electrification of cement and lime kilns is also gaining interest [13] [19]. Indeed, the patented Electric Arc 60 
Calciner (EAC) technology, developed by SaltX and relying on a plasma generator providing high-61 
temperature heat (>1600°C), has already been demonstrated on a 300 kW pilot-scale in 2022. It has been 62 
upscaled to a 2 MW electric kiln pilot commissioned in Sweden in November 2023 in the framework of the 63 
ZEQL project [20]. Following successful results, SaltX and SMA Mineral are aiming for full-scale production 64 
by 2027. The project reached technology readiness level (TRL) 7 [17], while the construction of a 40,000-65 
ton-per-year pilot plant is expected for 2026 [21] [22]. Nevertheless, due to the fact that the majority of CO2 66 
emissions are intrinsic to the calcination reaction, fuel switching and electrification alone are not sufficient 67 
for significant emissions abatement, thus, implementation of CO2 capture (CC) seems unavoidable. 68 

Various CC technologies are studied for lime kilns, including absorption, membrane separation, 69 
adsorption, direct separation, oxy-fuel combustion, and cryogenic separation [14]. The absorption-based 70 
CO2 capture process entails contacting a gaseous effluent with a liquid solvent, the so-called absorbent, in 71 
a gas-liquid contactor. The selective dissolution of CO2 in the absorbent leaves a CO2-lean gas at the top of 72 
the column. A regeneration step of the CO2-rich solvent enables the release of the captured CO2 (which can 73 
then be transported for geological sequestration or used) and the recycling of the solvent back to the 74 
absorption column [23]. Absorption is characterized by a capture efficiency of ≥90% and a recovery of >99% 75 
pure CO2 [24] [25]. Amine-based CO2 capture is studied by Lhoist, Arcelor Mittal, TotalEnergies and IFP 76 
Energies Nouvelles in the DINAMX project, in which lower energy requirements for the regeneration step 77 
have been achieved by using a special de-mixing amine blend. A lab scale pilot has been validated for lime 78 
kiln flue gases, reaching TRL 7 [17]. The use of selective permeable membranes for post-combustion CO2 79 
capture is an interesting alternative to absorption thanks to its low CAPEX and OPEX, slow performance 80 
degradation, and easy installation and transport. Membrane-based separation is still at research or 81 
development stages. [26]. Even if this technology has not been tested yet in a lime plant, the Norcem CO2 82 
capture project (2013-2017, in Brevik, Norway) demonstrated at pilot scale the possibility of CO2 capture 83 
from cement plant flue gases (similar in composition to lime kiln fumes [14]) with a polyvinylamine hollow 84 
fiber membrane [26] [27]. Adsorption processes for CC consist in contacting a gaseous effluent with solid 85 
adsorbents, leading to selective (physical or chemical) CO2 adsorption on the adsorbent’s surface [26]. 86 
Typical adsorbents include activated carbon, (natural or synthetic) zeolites, and metal-organic frameworks 87 
[24]. Once saturation is reached, the captured CO2 is released by temperature or/and pressure swing, thus 88 
regenerating the adsorbent. Typical capture efficiency of adsorption-based CC lies between 70 and 95% 89 
[24]. CC by adsorption, with polyethyleneimine loaded on silica, was studied at the Brevik cement plant in 90 
2016 by the Research Triangle Institute, demonstrating capture rates of 80–90% [26]. Meanwhile, 91 
oxycombustion, i.e., fuel combustion in pure oxygen instead of air, is considered as one of the most 92 
promising decarbonization routes for the lime sector [18]. Oxy-fired lime production was investigated in the 93 
Zero-Carbon Lime (ZERCAL) pilot plant. The increased CO2 concentration in the flue gases (>80 vol%) 94 



enables an easier CO2 capture with a cryogenic CO2 purification unit (CPU) [12] [26] [28]. The ZERCAL pilot 95 
plant (3000 tlime/y), located at Singleton Birch’s Melton Ross site, reportedly operated under oxycombustion 96 
conditions and captured all the CO2 generated during lime production process [16]. Oxycombustion is also 97 
being studied in the Butterfly project, which aims to reach TRL 8 by 2026 [17]. In 2024, Carmeuse 98 
commissioned an in-house oxyfuel pilot kiln in Seilles, Belgium [17]. Following encouraging results, 99 
Carmeuse’s ambition is to capture CO2 at all its production sites by the end of 2028 [29]. Within the 100 
framework of the EVEREST project, involving Rheinkalk Gmbh and Air Liquide, oxyfuel kilns concentrating 101 
CO2 will be developed, which will reduce energy consumption and increase capture efficiency. The 102 
EVEREST project is planned to enter into operation in September 2031 in Flandersbach, Germany. It targets 103 
achieving TRL 8 and the capture of more than 1,000,000 tCO2/y [30]. Finally, cryogenic CO2 capture consists 104 
in cooling flue gases at low temperature to exploit differences in condensation or sublimation points and 105 
separate CO2 from other gases. The rising interest in cryogenic CO2 capture can be explained by the 106 
absence of chemical solvents, the high capture efficiency (90–99%) and the high product purity (>99%) 107 
associated with such processes [31] [32]. Within the CalCC project, Lhoist targets capturing and 108 
sequestrating 600 ktCO2/y thanks to Air Liquide’s CryocapTM FG cryogenic separation technology [13] [33]. 109 
The CalCC project will cover CO2 capture, transport, and offshore geological storage, and is expected to 110 
enter into operation by March 2029 at Lhoist Group’s site in Réty, France [34]. TRL 8 is targeted [17]. End-111 
of-pipe cryogenic CO2 capture is also investigated in the Saturn project, through a mobile CO2 capture pilot. 112 
The project, launched in 2024, is funded by the European Union and involves Aperam, AGC, Prayon, CRM 113 
Group, Vocsens, UMons, and ULiège [35] [36]. TRL 7 is targeted. 114 

More recently, hybrid solutions are also investigated. Carmeuse’s LEOPARD project, which started 115 
in April 2026, will combine an oxy-fired lime kiln (for CO2 pre-concentration in the fumes) with a membrane-116 
based CO2 capture unit [37]. By using bioenergy (biogenic carbon) and permanent sequestration, negative 117 
emissions are expected. The demonstration pilot of 80,000 tlime/y will be located in Aisémont, Belgium, and 118 
is expected to enter into operation by the end of 2031 [38]. The ambitious CARBON HUB CPT01 project 119 
will combine end-of-pipe pressure swing adsorption (PSA) and cryogenic carbon capture [39]. Its key 120 
innovation is a first-of-a-kind shared system that simultaneously treats flue gases from cement and lime 121 
production facilities. This integrated configuration is expected to reduce electricity demand and achieve 122 
more than 30% savings in capital expenditure compared with standalone installations. Located in 123 
Câmpulung, Romania, the project targets the annual production of approximately 2,000,000 tons of near-124 
zero cement and 200,000 tons of near-zero lime. Its entry into operation is planned for the end of 2031 [40] 125 
[41]. 126 

Although CO2 is typically captured for geological sequestration, some CO2 Capture and Utilization 127 
(CCU) projects have also been launched over the years: LOWCO2 (2019–2022, involving Lointek and 128 
Calcinor, and investigating captured CO2 conversion towards methane or methanol), Neutral Kero Lime 129 
(2022–2026, involving industrial (such as Lhoist) and academic partners (such as ULiège and UMons) 130 
aiming at producing e-kerosene from CO2 captured from lime kilns), CO2ncrEAT (2023–2033, involving 131 
Lhoist, Prefer, Orbix, and Fluxys, and aiming at CO2 mineralization for sustainable building blocks 132 
production), or Colombus (involving Engie, Carmeuse, and John Cockerill, and aiming at converting 133 
captured CO2 into e-methane) [16]. The latter has been cancelled in 2024 due to high energy costs and 134 
regulatory uncertainties [42]. 135 

Based on the numerous projects previously mentioned, the lime industry is faced with a wide variety 136 
of CO2 emission mitigation pathways. However, these studies focus on isolated solutions or predefined 137 
economic scenarios. As a result, there is a lack of techno-economic assessments that systematically 138 
evaluate and compare competing decarbonization options for the lime sector while considering uncertainties 139 
associated with future energy and carbon prices. This limitation is particularly important for decision-makers, 140 
as pathway attractiveness may vary significantly depending on developments in the global geopolitical 141 
landscape and regulatory shifts. 142 



To address this gap, the present study offers a comprehensive techno-economic comparison across 143 
multiple options, namely fuel switching, electrification, CO2 capture and storage (CCS), and CO2 capture 144 
and utilization (CCU). Unlike previous assessments that typically examine individual technologies or a 145 
limited set of predefined scenarios, this work integrates all candidate options within a common 146 
superstructure framework based on the methodology developed by Salman et al. [43]. This approach 147 
enables a consistent evaluation and comparison of alternative configurations using key performance 148 
indicators such as energy demand, CO2 emissions, and costs, thereby offering a more robust basis for 149 
selecting emission mitigation pathways. Moreover, while techno-economic studies are typically derived from 150 
predefined scenarios regarding energy and carbon prices, the present work explicitly investigates the impact 151 
of energy and CO2 cost volatility on economic performance and configuration ranking through a parameter 152 
sweep analysis. This enables the identification of optimal energy transition pathways, from an economic 153 
point of view, under a wide range of market conditions, aiming at the selection of resilient and cost-effective 154 
decarbonization strategies.  155 

The objectives of this study are therefore: (i) to compare fuel switching, electrification, CCS, and 156 
CCU options for the lime industry based on technical, environmental, and economic indicators; and (ii) to 157 
evaluate the impact of energy and carbon price variability on pathway selection in order to support resilient 158 
and cost-effective decision-making by industrial stakeholders and policymakers. In addition, this work 159 
contributes to the development of INDECATE (indecate.com), a web-based decision-support tool for 160 
industrial decarbonization in sectors such as glass, cement, lime, and fertilizers. 161 

 162 

2. Methodology 163 

The methodology applied in this work consists of three main steps, namely (i) data collection, (ii) 164 
model development and validation, and (iii) superstructure optimization and analysis. First, a thorough 165 
literature review and data collection from open literature, including academic papers, institutional reports, 166 
e.g., International Energy Agency (IEA), European Lime Association (EuLA), Mineral Products Association 167 
(MPA), and the Best Available Techniques (BAT) reference document for lime sector [44], aim at collecting 168 
knowledge on the studied production process and the applicable emission mitigation pathways. These 169 
include energy efficiency improvement, fuel switching, process electrification, CCS, CCU, and bioenergy 170 
with CO2 capture and storage (BECCS). The collected data are then used to develop detailed blueprints 171 
(BP) for lime production. BPs are equation-oriented models written in Lua language, consisting of detailed 172 
mass and energy balances, as well as economic considerations such as annualized investment and 173 
operating costs. Furthermore, model validation is conducted through the industry, ensuring physically 174 
informed, consistent results regarding the order of magnitude of several process KPIs including heat and 175 
electricity demand, as well as process emissions. Finally, the OSMOSE tool, developed by the IPESE group 176 
of École Polytechnique Fédérale de Lausanne (EPFL) [45], is used to evaluate and optimize the 177 
superstructure encompassing all the identified energy transition strategies. A systematic techno-economic 178 
comparison of the various lime production configurations is performed, based on technical, economic, and 179 
environmental aspects, using various key performance indicators (KPI) including specific energy demand 180 
(GJ/tlime), CO2 emissions (kgCO2/tlime), CAPEX (€/tlime), and total cost (€/tlime). Moreover, the impact of market 181 
volatility is assessed through a systematic parameter sweep analysis. 182 

2.1. Lime production process description 183 
After being extracted and processed, limestone, a natural mineral found widely around the world and 184 

consisting mainly of calcium carbonate (CaCO3), is fed to the lime kiln where its calcination, i.e. thermal 185 
decomposition [8], according to reaction (1), produces quicklime (CaO), also called lime. 186 

 𝐶𝑎𝐶𝑂3 + ℎ𝑒𝑎𝑡 ⇌ 𝐶𝑎𝑂 + 𝐶𝑂2    (Δ𝐻 = 1819.4 𝑘𝐽/𝑘𝑔𝐶𝑎𝐶𝑂3
) (1) 



Limestone calcination, releasing 0.786 tCO2/tlime, is performed at high temperature (900–1100°C), usually 187 
reached by fossil fuel combustion. Total energy requirements range from 3200 to 9200 MJ/tlime [44], resulting 188 
in specific CO2 emissions between 1 and 1.8 tCO2/tlime [14], and depend on the implemented kiln technology.  189 

Common types of lime kilns include Parallel Flow Regenerative Kilns (PFRK), Annular Shaft Kilns 190 
(ASK), Mixed Feed Shaft Kilns (MFSK), Long Rotary Kilns (LRK), and Rotary Kilns with Preheater (PRK). 191 
Some less frequent kiln technologies include double-inclined shaft kilns, central burner shaft kilns, external 192 
chamber shaft kilns, multi-chamber shaft kilns, beam burner shaft kilns, flash calciner kilns, internal arch 193 
shaft kilns, rotating hearth kilns, and ‘topshaped’ kilns [8] [44]. According to a 2013 report of the European 194 
Commission [44], 90% of lime kilns installed in Europe were shaft kilns (551 kilns). From these 551 kilns, 195 
158 were PFRK (29%), 116 were MFSK (21%), 74 were ASK (13%), and the remaining 203 kilns (37%) 196 
were “other” kilns.  197 

The PFRK design is the predominant type of kiln used across the EU, combining maximal energy 198 
efficiency and minimal emissions. Fuel injection and conveyor belt operation require 20–40 kWh/tlime of 199 
electricity, while heat use ranges from 3200 to 4200 MJ/tlime [44] which represents specific CO2 emissions 200 
between 1 and 1.2 tCO2/tlime [14]. The PFRK design depicted in Figure 1 consists of two shaft kilns 201 
connected by a cross-over channel. Each shaft kiln consists of three zones: the preheating zone (where 202 
limestone is preheated by direct contact with kiln gases, i.e., the products of combustion and excess air), 203 
the burning zone (where the calcination reaction takes place) and the cooling zone (where produced lime is 204 
cooled down to 100°C with cooling air, to avoid conveyor belt damage [46]). The operation of such a kiln 205 
takes place in two stages of 8–15 minutes. During the first stage, fuel is injected into the left shaft, through 206 
lances at the top of the burning zone, and its combustion takes place in a counter-current fashion with the 207 
cooling air being blown at the bottom of the shaft. Limestone calcination occurs at temperatures between 208 
950°C and 1050°C. A mixture of off-gases and cooling air at around 1050°C is transferred through the 209 
crossover channel towards the right shaft, before being mixed with the cooling air from the bottom of this 210 
shaft and allowing the heating of the limestone in the preheating zone. The second stage (inversion) then 211 
begins and fuel is injected into the right shaft while flue gases are vented at the top of the left shaft [14]. 212 
Flue gas exits the kiln at relatively low temperature (120°C [44] [46]) and moderate CO2 content (21 mol% 213 
[14]). 214 

 215 

Figure 1:Schematic representation of a Parallel Flow Regenerative Kiln (Adapted from [14] under CC-BY license). 216 

In Table 1, the model parameters used for the base case simulation, i.e., a natural gas-fired PFRK, can be 217 
seen. 218 



 219 

 220 

Table 1: Model parameters for limestone calcination (base case). 221 

Parameter Value 

Production capacity 240,000 tlime/y 
Limestone-to-lime ratio 1.94 kgCaCO3/kglime 
Limestone inlet temperature 25°C 
Reaction temperature 1000°C 
Flue gas temperature 120°C 
Lime outlet temperature 100°C 
Fuel type Natural gas 
Heat demand 3.49 MJ/kglime 
CO2 generated by reaction 0.786 kgCO2/kglime 
CO2 generated by fuel combustion  0.172 kgCO2/kglime 
CO2 concentration 21 mol% 
Electricity requirement 30 kWh/tlime 

 222 

2.2. Superstructure development 223 
This decarbonization study focuses solely on the Parallel Flow Regenerative Kiln (PFRK) design, the 224 

most prevalent type of kiln in the EU, combining high efficiency (3200–4200 MJ/tlime [44]) and minimal 225 
emissions (1–1.2 tCO2/tlime [14]). Several emission mitigation options for the lime sector are considered, 226 
including fuel switching towards low-carbon alternatives, kiln electrification, and CO2 capture, use and 227 
sequestration. These transition pathways are consolidated within a single superstructure, illustrated in 228 
Figure 2, in which each colored dotted box represents a decision point.  229 

 230 

Figure 2: Superstructure of lime production encompassing fuel switching, electrification, CCS, and CCU routes. 231 



The first decision relates to the energy resource used for heat supply to the lime kiln. The lime production 232 
base-case considers a natural gas air-fired kiln. To further reduce CO2 emissions, kiln electrification with 233 
CO2-based plasma torches can be investigated. An average thermal efficiency of 80% is considered in the 234 
plasma-based model [19]. Other fuel switching options include:  235 

- Biomethane obtained by biogas upgrading or by biomass thermal gasification and methanation [47]. 236 
It can substitute natural gas in lime kilns without significant technological changes [18]. In this case, 237 
a 100% substitution of fossil gas is considered. 238 

- Hydrogen utilization, instead of natural gas, avoids the fuel-related CO2 emission. A typical 239 
hydrogen-fired kiln efficiency of 85% is considered [48] [49] . 240 

- Solid biomass firing, instead of natural gas, avoids fuel-related (scope 1) CO2 emissions. In this 241 
case, a 3% energy input increase, compared to a lignite-fired kiln (requiring typically 3.7 GJ/tlime), is 242 
considered for a 100% fossil fuel substitution [18]. 243 

The second decision concerns the combustion mode for non-electric kilns. While fuel combustion in air 244 
is conventionally implemented, lime kilns can also be operated in oxycombustion mode, yielding higher CO2 245 
concentration in the flue gases (>80 vol%) [28], owing to the absence of inert nitrogen ballast, and enabling 246 
an easier subsequent CO2 capture. However, additional electricity requirement for oxygen production by an 247 
Air Separation Unit (ASU) must be included, amounting to 226 kWh/tO2 [50].  248 

The third decision point deals with whether to emit CO2 into the environment (‘No capture’ option) or to 249 
capture it via a suitable technology. The most mature CC technology is chemical absorption using amines 250 
such as monoethanolamine (MEA). In this work, the energy requirement and investment cost for CO2 251 
capture with amine (90% efficiency) and CO2 compression up to 150 bar are based on correlations 252 
developed by Kim & Léonard [51]. Details are available in Supplementary Material (section S1). On the 253 
other hand, the cryogenic CPU, i.e. an electricity-driven cold box, is designed for highly concentrated flue 254 
gas streams. Therefore, it is chosen only for oxycombustion and electric kilns. It facilitates the CO2 capture 255 
process, although entails an energy penalty of 0.35 kWh/kgCO2 for 90% capture and further compression 256 
up to 150 bar [50].  257 

Finally, post-capture CO2 storage and utilization are also considered. Captured CO2 can be permanently 258 
stored in geological formations, such as depleted gas fields and aquifers [52]. However, it can be also 259 
combined with hydrogen, produced on-site through water electrolysis, to produce e-methane (via 260 
methanation) substituting fossil fuel in the lime kiln. The lime kiln operates in oxyfiring mode and is supplied 261 
with oxygen coming from the electrolyzer. 262 

The 12 steady-state lime production configurations studied are summarized in Table 2. More information 263 
about configuration selection is provided in Supplementary Material (section S2).  264 

Table 2: Proposed configurations for lime production decarbonization. 265 

Abbreviation Configuration details 

NG (base case) Natural gas air-fired kiln without CC 
NG-CC Natural gas air-fired kiln with CC (chemical absorption) 
NGOxy-CC Natural gas oxy-fired kiln with CC (CPU) 
Plasma-CC Electric kiln with CC (CPU) 
BioCH4 Biomethane air-fired kiln without CC 
BioCH4-CC Biomethane air-fired kiln with CC (chemical absorption) 
BioCH4Oxy-CC Biomethane oxy-fired kiln with CC (CPU) 
H2Oxy-CC Hydrogen oxy-fired kiln with CC (CPU) 
Biomass Solid biomass air-fired kiln without CC 
Biomass-CC Solid biomass air-fired kiln with CC (chemical absorption) 
BiomassOxy-CC Solid biomass oxy-fired kiln with CC (CPU) 
CCU E-methane (from captured CO2 in CPU and electrolytic H2) oxy-fired kiln 

 266 



2.3. Key performance indicators 267 
In order to rank the proposed decarbonization pathways, the lime production routes are compared 268 

based on thermodynamic, environmental and economic key performance indicators (KPI), namely total 269 
energy demand, CO2 emissions, initial investment, and total cost. 270 

2.3.1. Energy demand 271 
The specific energy demand (GJ/tlime), calculated by Equation (2) represents the total energy 272 

required for producing one ton of lime for a given configuration. The metrics includes both fuel and electricity 273 
requirements for easier comparison across different production routes. However, the exact share of each 274 
energy vector is clearly represented in all figures. Depending on the studied configuration, energy demand 275 
may stem from kiln operation, as well as CC unit operation, oxygen production (ASU), and e-methane 276 
production. 277 

 
𝑆𝑝𝑒𝑐. 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑚𝑎𝑛𝑑 =

∑ (𝑄𝑢 + 𝑃𝑢)𝑢 ∈ 𝑢𝑛𝑖𝑡𝑠

𝑡𝑜𝑛 𝑜𝑓 𝑙𝑖𝑚𝑒
 

(2) 

where, 𝑄𝑢 and 𝑃𝑢 represent, respectively, the fuel consumption and the electricity demand of unit 𝑢. 278 

2.3.2. Direct and total CO2 emissions accounting 279 
During the lime production process, CO2 is emitted from both the calcination reaction (“process 280 

emissions”) and fuel combustion for heat supply (“fuel-related emissions”). The sum of the process- and 281 
fuel-related emissions represents the direct (scope 1) CO2 emissions of the lime production process. To 282 
evaluate this environmental indicator, the captured fossil CO2 and the emitted biogenic CO2 (e.g., from 283 
biomethane or solid biomass combustion) do not contribute to direct emissions, whereas captured biogenic 284 
CO2 is accounted as negative emissions. Direct emissions can thus be computed according to Equation (3). 285 

 𝐷𝑖𝑟𝑒𝑐𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 =  ∑ (𝑚̇𝑁𝐶𝐹𝐶𝑂2,𝑢 − 𝑚̇𝐶𝐵𝐶𝑂2,𝑢)

𝑢 𝜖 𝑢𝑛𝑖𝑡𝑠

  

 

(3) 

where 𝑚̇𝑁𝐶𝐹𝐶𝑂2,𝑢 represents fossil CO2 emitted by unit 𝑢 that has not been captured and 𝑚̇𝐶𝐵𝐶𝑂2,𝑢 represents 286 

biogenic CO2 that has been captured by unit 𝑢. 287 

It should be noted that additional CO2 emissions arise from limestone quarrying, and energy 288 
production and procurement. While indirect CO2 emissions due to resource extraction (i.e., limestone, 289 
natural gas, and biomass supply chains) and biomethane production are assumed unchanged by 2050, the 290 
emission factor of electricity and hydrogen is expected to vary from 2025 to 2050. The Ecoinvent database 291 
[53] as well as scenarios for future European electricity mix [54] and global hydrogen production [55] are 292 
used to determine the indirect emissions of these supply chains. Further details are provided in 293 
Supplementary Material (section S3). Finally, total emissions combine both direct and indirect emissions. 294 

 𝑇𝑜𝑡𝑎𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 = 𝐷𝑖𝑟𝑒𝑐𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + 𝐼𝑛𝑑𝑖𝑟𝑒𝑐𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (4) 

2.3.3. Capital expenditure and total cost 295 
The Capital Expenditure (CAPEX) considers a greenfield situation without retrofitting costs and 296 

encompasses the equipment cost, as well as other additional necessary expenses such as installation, land 297 
exploitation and engineering design [51].  298 

For each configuration, CAPEX related to the kiln, the ASU, the CC, and the methanation unit are 299 
added up. The specific CAPEX (€/tlime) is computed according to Equation (5). The reference CAPEX 300 
(𝐶𝐴𝑃𝐸𝑋(𝑢𝑟𝑒𝑓)) is scaled up and updated to 2025 values through the Chemical Engineering Plant Cost Index 301 

(CEPCI) [56]. The scaled-up and updated CAPEX is finally annualized (€/y) and normalized with respect to 302 
annual lime production (tlime/y). The parameters used for CAPEX estimation are provided in Supplementary 303 
Material (section S4). 304 
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(5) 

where 𝐶𝐴𝑃𝐸𝑋(𝑢𝑟𝑒𝑓) is the reference cost of the unit, 𝑖 is the discount rate, 𝑛 is the project lifetime, and 𝑆𝑢𝑟𝑒𝑓
 305 

and 𝑆𝑢 are the reference and actual size of the units, respectively. 306 

Moreover, Operational Expenses (OPEX) like electricity, fuel, cooling water, raw material, and CO2 307 
emission allowances are considered in the present study. The specific OPEX (€/tlime) can be computed 308 
according to Equation (6). Although CO2 emissions reduction by CC implementation reduces the respective 309 
emission costs, no additional revenue is considered when negative emissions are achieved. Furthermore, 310 
no free emission allowances are taken into account, assuming that the entirety of CO2 emitted is subject to 311 
payment. 312 
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𝑡𝑙𝑖𝑚𝑒

𝑦𝑒𝑎𝑟
)

 
(6) 

where 𝐶𝑒, 𝐶𝐶𝑂2
, 𝐶𝑚, and 𝐶𝑇&𝑆 represent, respectively, the energy resources costs (i.e., natural gas, electricity, 313 

biomethane, biomass, and hydrogen), the European Emissions Trading System (EU ETS) CO2 cost, the 314 
raw material prices (i.e., limestone, water), and the CO2 transport and storage cost. The latter assumes 315 
onshore pipeline transport to the Belgian Zeebrugge terminal and offshore pipeline transport to the 316 
geological storage sites located in the North Sea [57] [58]. In addition, 𝑄̇𝑒𝑢

 represents the energy demand 317 

of unit 𝑢 (kW), 𝑚̇𝑒𝑚𝑢
 represents the net direct emissions of unit 𝑢 (tCO2/h), 𝑚̇𝑚𝑢

 represents the raw material 318 

demand of unit 𝑢 (t/h), 𝑚̇𝐶𝐶 represents the captured CO2 flow (tCO2/h), and Δ𝑡 represents the number of 319 
operating hours (8760 h/y). 320 

For an economic comparison of the different CO2 mitigation options, the specific total cost (STC, 321 
€/tlime) is also introduced. This economic indicator accounts for both CAPEX and OPEX contributions. It 322 
should be noted that STC only provides an estimate of lime production costs for comparison between 323 
different decarbonization configurations and should not be interpreted as a prediction of current or future 324 
lime costs. 325 

 𝑆𝑇𝐶 = 𝑠𝑝𝑒𝑐. 𝐶𝐴𝑃𝐸𝑋 + 𝑠𝑝𝑒𝑐. 𝑂𝑃𝐸𝑋 (7) 

2.4. Energy and CO2 costs 326 
In the context of the energy transition, it is essential to select a technology that is not only cost-effective 327 

today but also remains viable in the future. To this end, a scenario-based analysis for present and future 328 
energy prices and CO2 costs, and a combination of those prices to generate a set of economic conditions, 329 
have also been proposed. 330 

2.4.1. Scenarios 331 
First, each option is assessed for several pricing scenarios, reflecting present and future market 332 

conditions. Three different scenarios are explored: (i) the 2025 scenario which considers the current energy 333 
and CO2 costs for a plant located in Belgium; (ii) the “ideal” scenario, where access to cheap electricity and 334 
bioenergy is combined with high CO2 ETS price, representing the ideal driving force for industrial 335 
decarbonization; and (iii) the “competition” scenario which considers high CO2 costs combined with 336 
increased bioenergy costs, reflecting the competition for limited bio-based energy vectors [59]. Energy and 337 
CO2 costs in the different scenarios are summarized in Table 3. Other economic parameters assumed to be 338 
identical between all scenarios can be found in Table 4. Further details of cost estimation for CO2 transport 339 
and storage (T&S) can be found in Supplementary Material (section S5). 340 

Table 3: Commodities costs adopted for different pricing scenarios. 341 

Costs 2025 Ideal   Competition 

Electricity (€/MWh)a 194 [60] [61] 95 111 



Hydrogen (€/MWh)b 83 [62] 81 135 
Natural gas (€/MWh)c 50 [63] 55 55 
Biomethane (€/MWh)d 84 [64] 54 168 
Biomass (€/MWh)e 27 [65] 27 66 
CO2 emission (€/t)f 75 [66] 300 200 
CO2 T&S (€/t) 50 50 50 
a Cost estimates for the “ideal” and “competition” scenarios are sourced from [67] 
b The 2025 scenario assumes grey hydrogen. The “ideal” scenario considers the lowest estimate for 
green hydrogen price by 2050 according to [65], while the conservative 2050 estimate is considered 
for the “competition” scenario 
c Stable prices are assumed for natural gas 
d The “ideal” scenario considers the lowest cost estimate for biomethane according to [64]. The 
“competition” scenario assumes a twofold price increase reflecting the strong competition for 
bio-based resources in the future [59] 
e The 2050 estimates for local biomass and biomass imports are considered for, 
respectively, the “ideal” and the “competition” scenarios [65] 
f The CO2 emission allowance cost is expected to drastically increase compared to current levels [65] 

 342 

Table 4: Limestone, cooling water, and water costs. 343 

Commodities Cost 

Limestone 0.02 €/kg [68] 
Cooling water 0.4 €/GJ  [51] 
Water 6 €/m3     [69] 

 344 

Naturally, in the 2025 scenario, 2025-specific emission factors are considered. By contrast, the 345 
“ideal” and the “competition” scenarios adopt 2050 projections for emission factors, as these scenarios 346 
represent potential future economic and technical conditions. 347 

2.4.2. Parameter sweep 348 
The previous scenario-based analysis is subject to the assumed commodities prices. However, the 349 

high uncertainty about energy prices, due to changing global political landscape, availability limitations, and 350 
regulatory shifts, prevents the accurate identification of future optimal production routes. To avoid the 351 
limitations of predefined prices, a parameter sweep is also performed, which helps explore a broader set of 352 
economic conditions and identify the zones of economic optimality, i.e., minimal STC associated with each 353 
configuration. Economic parameters, such as energy prices, ETS price, and CO2 transport and storage 354 
(T&S) cost, are systematically varied within ranges based on energy distributors and research institutes 355 
reports such as IEA [47], ENTSOE and ENTSOG [54], EnergyVille [70], Elia [71], Clean Air Task Force [72], 356 
IRENA [73], Eurostat [60] [63], and the European Hydrogen Observatory [74]. The final parameter sweep 357 
values considered for analysis can be found below: 358 

Electricity cost: [10,  25,  50,  75,  100,  125,  150,  175]  €/MWh 

Hydrogen cost: [10,  25,  50,  75,  100]  €/MWh 
Natural gas cost: [10,  35,  55,  75,  100]  €/MWh 

Biomethane cost: [30,  50,  70,  90,  110]  €/MWh 

Biomass cost: [20,  35,  50, 65,  80]  €/MWh 

CO2 cost: [75,  100,  150,  200,  250]  €/t 

CO2 T&S cost: [25,  50,  75,  100]  €/t 

 359 

For each of the 100,000 combinations resulting from the aforementioned pricing sets, a Mixed-Integer 360 
Linear Programming (MILP) optimization is performed to identify the configuration that minimizes the 361 
specific total cost (Equation (7)). To enable a concise visualization of the results, decision-rule tables are 362 
derived from a supervised machine-learning approach. These tables summarize the commodity price 363 
conditions under which each configuration is economically optimal and highlight the most robust solutions 364 



(i.e., the configurations offering a high flexibility regarding energy prices and appearing as optimal under 365 
moderate conditions), which result in more confidence for future investment and deployment. Details about 366 
the development of decision-rule tables are provided in Supplementary Material (section S6). 367 

 368 

3. Results and Discussion 369 

In this section, the base-case and alternative lime production routes are first compared based on 370 
different thermodynamic, environmental, and economic indicators. A ranking of the most suitable 371 
configurations is established for three different energy and CO2 pricing scenarios (i.e., 2025, ideal, and 372 
competition scenarios). Next, a parameter sweep approach provides insights on the robustness of each 373 
decarbonization route for volatile market conditions. 374 

3.1. Energy demand and CO2 emission reduction potential 375 
The specific energy demand, and the direct and total CO2 emissions for the base-case and the 376 

alternative lime production routes are depicted in Figure 3. More details of the reported values can be found 377 
in Supplementary Material (section S7). The breakdown of the specific energy demand shown in Figure 3 378 
highlights the relative importance of the kiln and CC units, compared to the ASU. Accordingly, the total 379 
energy demand required to produce one ton of lime varies between 3.60 GJ/tlime for the base case and 12.21 380 
GJ/tlime for the CCU-based configuration. These values encompass both heat and electricity requirements 381 
to facilitate a straightforward comparison between configurations using different energy sources. Auxiliary 382 
operations, such as fuel injection and conveyor belt operation (labeled ‘Elec kiln’ in Figure 3), require about 383 
30 kWhe/tlime. This electricity demand is assumed identical for all configurations.  384 

 385 

Figure 3: Specific energy demand breakdown, and direct and total CO2 emissions for different lime production routes. 386 
The difference between total and direct emissions are indirect emissions associated to the energy supply chains. 387 

Since natural gas substitution with biomethane does not entail a major technical challenge [18], the 388 
kiln heat requirement in the base case (‘NG’), estimated as 3.5 GJ/tlime, is equivalent to that of ‘BioCH4’ 389 
case. In contrast, other fuel switching options may reduce kiln efficiency and, consequently, lead to higher 390 
fuel consumption. For instance, when solid biomass is fed to the air-fired kiln, heat requirement slightly 391 
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increases up to 3.8 GJ/tlime due to higher moisture content. These values are in line with the ranges reported 392 
in the Best Available Techniques (BAT), namely 3.2–4.2 GJ/tlime [44]. 393 

Despite reduced nitrogen ballast, additional wall heat losses in the oxy-firing mode and lower TRL 394 
result in an increased fuel demand of approximately 7% compared to the air-fired counterpart. In fact, heat 395 
requirements for oxy-fired natural gas, biomethane, and biomass kilns amount to 3.8, 3.8, and 4.1 GJ/tlime, 396 
respectively, representing conservative estimates as the technology is not yet fully optimized. Similar 397 
performance is observed for the ‘H2Oxy-CC’ configuration, where heat requirement reaches 3.9 GJ/tlime. 398 
Moreover, when oxycombustion is implemented, additional electricity is necessary for oxygen production 399 
(ASU). The minor contribution of the ASU to the total energy demand ranges from 0.21 GJ/ t lime (~59 400 
kWh/tlime) to 0.25 GJ/tlime (~71 kWh/tlime) depending on the specific oxygen demand of the fuel.  401 

Regarding fully electric plasma-based kilns, the total energy demand for the kiln amounts to 402 
approximately 1151 kWhe/tlime, or equivalently 4.14 GJ/tlime, which is larger than other fuels due to the 403 
average electrical-to-thermal efficiency of 80%.  404 

Moreover, when MEA-based CC and subsequent CO2 compression are implemented to capture 405 
CO2 from diluted flue gases (~21 mol%), a high energy penalty is observed. Indeed, when comparing MEA-406 
based configurations with their counterparts without CC, the total energy demand heavily increases, 407 
depending on the capture capacity, adding between 4.89 and 5.89 GJ/tlime for natural gas-fired and biomass-408 
fired kilns, respectively, the latter leading to larger CO2 flowrates. This additional energy demand stems 409 
mainly from the solvent regeneration step that consumes steam produced by natural gas boilers. It should 410 
be noted that additional CO2 emissions from CC boilers are also captured by the CC unit. 411 

On the other hand, when a cryogenic CPU is implemented to capture CO2, the corresponding 412 
energy penalty is much lower than with chemical absorption (303–437 kWhe/tlime) representing an energy 413 
demand increase between 42% (for process-related emissions of hydrogen-fired kilns) and 59% (for 414 
process- and fuel-related emissions of solid biomass-fired kilns) compared to base case ‘NG’. This 415 
difference should be considered carefully, as it is partially due to the larger exergy content of electricity 416 
compared to heat. Indeed, MEA-based CC relies mainly on natural gas, while the CPU-based option fully 417 
relies on an electric process. The other main reason is related to the high CO2 concentration in the flue 418 
gases (>90 mol% CO2, dry basis) enabling a facilitated CO2 capture. Expressed per ton of CO2 captured to 419 
enable comparison with the literature, the energy penalty previously mentioned ranges from 1.48 to 1.54 420 
GJ/tCO2, which is consistent with the value of 1.6 GJ/tCO2 reported by Simoni et al. [14]. 421 

The ‘CCU’ configuration consists of a e-methane lime kiln operated in oxycombustion mode. The 422 
kiln heat requirements are thus identical to the ‘NGOxy-CC’ and ‘BioCH4Oxy-CC’ cases. After being 423 
captured with a CPU, CO2 is combined with hydrogen (produced on-site with an alkaline electrolyzer) to 424 
produce e-methane. The electrolyzer represents the major contributor to the energy demand and requires 425 
2033 kWhe/tlime (~7.3 GJ/tlime). Notably, no energy requirement stems from an ASU in the ‘CCU’ configuration, 426 
since oxygen production from the electrolyzer is sufficient to fully cover the oxygen requirements of the lime 427 
production process. The ‘CCU’ route is by far the most energy-intensive one, characterized by an energy 428 
demand that is more than triple that of the base case (+239% compared to ‘NG’). 429 

In Figure 3, direct process and energy-related CO2 emissions, i.e., both CO2 emitted from the 430 
calcination reaction and from fossil fuel combustion, are presented for all configurations. The maximum 431 
emission reduction potential relative to the base case for fuel switching alone is 18% due to the intrinsic 432 
process reaction emissions (786 kgCO2/tlime). Specific direct emissions for configurations not implementing 433 
CC vary between 786 kgCO2/tlime (for ‘Plasma’, ‘BioCH4’, ‘Biomass’, and ‘H2Oxy’) and 958 kgCO2/tlime (for 434 
‘NG’). The emission level of the base-case configuration ‘NG’ is representative of current industrial practice 435 
and agrees well with the 1–1.2 tCO2/tlime reported by Simoni et al. [14] for a PFRK. Lower CO2 emissions 436 
can be achieved by implementing CC, in exchange of higher natural gas or electricity demand, as discussed 437 
previously. An emission reduction potential of about 90% can be reached when producing lime via the ‘NG-438 
CC’, ‘NGOxy-CC’, ‘Plasma-CC’, ‘H2Oxy-CC’, or ‘CCU’ routes. Negative direct emissions can be achieved 439 



when biogenic CO2 is captured. In this case, the CO2 emissions reduction potential amounts to 106%, 109%, 440 
123%, and 129% for ‘BioCH4-CC’ (i.e., -59 kgCO2/tlime), ‘BioCH4Oxy-CC’ (i.e., -88 kgCO2/tlime), ‘Biomass-441 
CC’ (i.e., -222 kgCO2/tlime), and ‘BiomassOxy-CC’ (i.e., -274 kgCO2/tlime) options, respectively. The emission 442 
reduction potential of configurations implementing MEA-based CC is slightly lower than their counterparts 443 
implementing CPU, due to the additional CO2 emitted during natural gas combustion for steam generation 444 
(reboiler duty). 445 

Total emissions, encompassing both direct (i.e., resulting from fossil fuel combustion and the 446 
calcination reaction) and indirect emissions (i.e., stemming from the upstream energy production and supply 447 
chains of commodities), are also depicted in Figure 3, and the corresponding breakdown can be found in 448 
Figure 4. For pathways excluding CC, CO2 produced by the calcination reaction constitutes nearly all of the 449 
total emissions. On the other hand, for CC-based configurations, indirect emissions increase in absolute 450 
values due to the additional energy demand for CC, but also in relative terms as they contribute for more 451 
than 40% of the total emissions, e.g., between 48% (for ‘NG-CC’ route) and 85% (for ‘H2Oxy-CC’ route) in 452 
the 2025 scenario. Moreover, those values range between 41% (‘NGOxy-CC’ route) and 74% (‘H2Oxy-CC’ 453 
route) in the 2050 scenario, emphasizing the need to consider both direct and indirect emissions for a 454 
comprehensive CO2 emissions accounting. While indirect emissions associated with limestone, 455 
biomethane, and biomass supply chains have little impact, natural gas represents up to 35% of total CO2 456 
emissions when MEA-based CC is implemented. For large electricity and hydrogen consumers, including 457 
oxy-fired kilns, plasma-based kilns, and ‘CCU’ route, electricity and hydrogen supply chains contribute to 458 
28–84% of total emissions in the 2025 scenario. This share drops down to 14–72% in the 2050 scenario, 459 
owing to a higher share of renewables in the electricity and hydrogen production mixes. This large 460 
contribution is attributable to the higher emission factors associated with electricity (Belgian estimate for 461 
2025 and European projection for 2050) and hydrogen (global estimate) compared to other energy sources. 462 
Moreover, it can be observed that, in the 2025 scenario, switching to hydrogen leads to an overall higher 463 
CO2 emission ratio (0.516 tCO2/tlime) than other CC-based options, since the current global hydrogen 464 
production is almost entirely based on unabated fossil fuels [75]. Indeed, in 2025, natural gas reforming 465 
without CC accounted for approximately 62% of the global hydrogen production, while coal-based 466 
production without CC contributed 20%. In contrast, only about 0.7% and 0.2% of the global production 467 
originated from fossil fuels with CC and electricity, respectively [76]. Despite optimistic scenarios for 468 
hydrogen production by 2050, i.e., with a global share of only 25% of fossil-based hydrogen production 469 
without CCUS, the hydrogen-based lime kiln remains among the configurations with the highest carbon 470 
intensity (0.299 tCO2/tlime). Similar trends can be observed for the ‘CCU’ configuration, heavily relying on 471 
electricity for water electrolysis implementation. 472 



 473 

Figure 4: Total emissions breakdown by source for different lime production routes. For each production route, the left 474 
bar corresponds to the 2025 scenario and the right bar corresponds to the 2050 estimates. 475 

3.2. Economic analysis 476 
The economic performance of different energy transition pathways is evaluated through a 477 

comprehensive cost analysis, focusing on both CAPEX and OPEX contributions to the specific total cost 478 
(STC, €/tlime). This section presents a breakdown of key cost components for different scenarios and the 479 
results of a parameter sweep analysis, highlighting the impact of energy and CO2 pricing variations on 480 
economic feasibility and ranking of the pathways. 481 

3.2.1. CAPEX breakdown 482 
In Figure 5 is depicted the specific CAPEX breakdown for different configurations, assuming an 483 

annual plant production capacity of 240,000 tlime/y and a greenfield scenario. CAPEX values are assumed 484 
to be identical for the different pricing scenarios. More details about the reported values can be found in 485 
Supplementary Material (section S8). 486 



 487 

Figure 5: CAPEX breakdown for different lime production routes. 488 

The specific kiln CAPEX varies between €11/tlime and €15/tlime depending on the energy vector used 489 
for heat supply. These results are consistent with values reported by EuLA [77] (around €7–15/tlime). Fuel 490 
switching alone results in CAPEX increase below 35% compared to the base case due to burner 491 
modifications and increased capacity, whereas a CAPEX increase of 26% is expected for kiln electrification.  492 

On the other hand, while sharply reducing CO2 emissions, deploying CO2 capture in lime facilities 493 
drives a CAPEX increase of 171–458% above the base-case level, depending on the implemented CC 494 
technology and the capture capacity. Indeed, implementing MEA-based CC leads to a more than fourfold 495 
increase (+ €38–45/tlime) in specific CAPEX compared to the respective non-CC options, due to the CO2 496 
capture unit equipment and subsequent CO2 compression train. These configurations result in specific total 497 
CAPEX values between €49–61/tlime. For oxy-fired kilns, around €8/tlime must be added for ASU investment, 498 
whereas for cryogenic CPU the additional investment ranges between €16/tlime (for ‘Plasma-CC’ and 499 
‘H2Oxy-CC’ routes, capturing process emissions only) and €23/tlime (for ‘BiomassOxy-CC’ route, capturing 500 
process and biogenic energy-related emissions). Thus, total CAPEX values for CPU-based configurations 501 
vary between €30/tlime and €48/tlime. Beyond reducing energy requirements for performing CO2 capture, 502 
oxycombustion combined with CPU appears also less capital-intensive than amine-based CO2 capture. This 503 
observation stems from a more compact unit enabled by higher CO2 concentration and smaller flue gas 504 
volumes to be treated in the former case.  505 

Finally, regarding the ‘CCU’ route, roughly 45% of the total CAPEX can be attributed to the 506 
electrolyzer, while the contribution of the methanation unit is less significant. Moreover, since the electrolyzer 507 
covers both hydrogen and oxygen requirements of the process, no ASU investment is necessary. In this 508 
case, the total specific CAPEX amounts to €55/tlime. Consequently, besides being the most energy-intensive 509 
configuration and one of the most carbon-intensive CC-based options, ‘CCU’ is also among the most capital-510 
demanding decarbonization routes. 511 



3.2.2. Scenario-dependent cost ranking of production pathways  512 
In this section, twelve different lime production configurations are compared based on their specific 513 

total cost (STC, €/tlime), encompassing both investment (CAPEX) and operating expenses (OPEX). Aiming 514 
to identify configurations that are viable in both near and long terms, this economic comparison will be 515 
conducted under three distinct energy pricing scenarios, namely the 2025 scenario, the ideal scenario, and 516 
the competition scenario. The first scenario accounts for current energy prices, the second one represents 517 
the ideal incentive for industrial decarbonization (i.e., cheap electricity and bioenergy, and high CO2 price), 518 
while the latter reflects competition for bio-based energy vectors. 519 

Pareto plots for specific total cost vs. specific CO2 emissions are illustrated in Figure 6 for the three 520 
scenarios. The cost values provided are not intended to be predictive, but rather should be used for 521 
comparison between the different options. In these graphs, hollow symbols correspond to configurations 522 
where CO2 is directly emitted to the environment, leading to higher specific emissions. On the other hand, 523 
solid symbols represent configurations where CC is implemented. Finally, air-fired kilns are represented by 524 
circles, oxy-fired kilns by diamonds, and electric kilns by squares.  525 

MEA-based CC is a high-TRL option that is typically included in studies. However, the use of 526 
alternative solvents may reduce heat requirements for solvent regeneration by up to 30% [78] [79]. This 527 
improvement potential is represented by error bars (labeled “xx-CC/-30%”). The impact of heat demand 528 
reductions on the breakdown of energy demand, CO2 emissions, and CAPEX is elaborated further in 529 
Supplementary Material (section S9). Moreover, since CCU is a low-TRL configuration, it is also associated 530 
with a higher CAPEX uncertainty. Hence, a scenario with a 30% lower CAPEX is introduced through an 531 
error bar for the corresponding configuration (labeled “CCU/-30%”). 532 

(a) (b)  533 



(c)  534 

Figure 6: Specific direct emissions and total cost for different lime production routes in the (a) 2025 scenario, (b) ideal 535 
scenario, and (c) competition scenario. Circles, squares, and diamonds denote air-fired, electric, and oxy-fired kilns, 536 
respectively. Hollow and filled markers represent configurations without and with CC, respectively. Colors distinguish 537 

configurations according to the energy resource used. 538 

From Figure 6a, the total cost of the base case configuration (‘NG’ route) reaches €176/tlime in the 539 
2025 scenario, which is slightly higher than that of the ‘Biomass’ case (€147/tlime), but lower than that for the 540 
‘BioCH4’ configuration (€196/tlime). Although they are the most cost-efficient configurations in 2025 scenario, 541 
the corresponding CO2 emissions of the cases without CO2 capture are relatively high (ranging between 542 
0.812 and 1.005 tCO2/tlime) since only fuel-related emissions are addressed. Hence, for the relatively low 543 
CO2 ETS prices currently observed (<€75/tCO2), there are few incentives for implementing CC technologies.  544 

A trade-off between low CO2 emissions and moderate total costs can be found in the ‘NGOxy-CC’ 545 
(€257/tlime or 46% higher STC compared to the base case), ‘BiomassOxy-CC’ (€261/tlime or 48% higher 546 
STC), and ‘BioCH4Oxy-CC’ options (€285/tlime or 62% higher STC). These configurations are closely 547 
followed by MEA-based configurations: ‘NG-CC’ (€288/tlime), ‘Biomass-CC’ (€299/tlime), and ‘BioCH4-CC’ 548 
(€314/tlime).  549 

Despite the increased total energy demand of the ‘Biomass’ route (+9%) compared to the base case 550 
(‘NG’), lower CO2 emissions and lower fuel costs (€31/MWhBiomass vs. €50/MWhNG) result in a STC reduction 551 
of 14% compared to ‘NG’ configuration. Meanwhile, the ‘BiomassOxy-CC’ route exhibits a modest 1% 552 
increase in specific total cost compared to the ‘NGOxy-CC’ case. Likewise, the ‘Biomass-CC’ configuration 553 
becomes more expensive than its natural gas-based counterpart (‘NG-CC’) owing to a higher CC unit 554 
capacity required for capturing both fossil and biogenic CO2. This leads to a higher CAPEX, electricity 555 
demand, and amount of CO2 to be transported and stored. Despite the similar energy demand and reduced 556 
CO2 emissions of the biomethane-fired options compared to the gas-fired counterparts, higher fuel costs of 557 
biomethane (€84/MWhBioCH4 vs. €50/MWhNG) result in higher specific total costs for ‘BioCH4’ option (+11%) 558 
compared to ‘NG’ route. This is also the case for the ‘BioCH4Oxy-CC’ option (+9%) compared to the 559 
‘NGOxy-CC’ configuration, and for ‘BioCH4-CC’ (+11%) compared to ‘NG-CC’ route. 560 

Reducing heat requirements for CC solvent regeneration enables STC reduction between €25/tlime 561 
(for ‘BioCH4-CC’ option) and €26/tlime (for ‘Biomass-CC’ option) compared to the initial estimates. The cost 562 
difference between configurations can be attributed to different capture capacities required. Moreover, the 563 
total CO2 emissions can be reduced by 0.03 tCO2/tlime. However, even if energy demand for solvent 564 
regeneration can be reduced, oxy-fired options remain cheaper than their air-fired counterparts coupled with 565 
absorption-based CC. This result stems from lower total energy demand, lower CAPEX, and lower specific 566 
emissions characterizing oxycombustion options, which are consistent with observations from the literature 567 
[14]. 568 



The ‘H2Oxy-CC’ case is characterized by a moderate STC increase relative to ‘NG’. Its STC reaches 569 
€273/tlime, which is comparable to the values observed for other oxy-fired configurations. However, because 570 
current hydrogen production remains predominantly fossil-fuel-based [76], the carbon footprint of the 571 
‘H2Oxy-CC’ case exceeds 516 kgCO2/tlime, which represents a more than 162% increase compared to other 572 
oxy-fired configurations. If electrolytic hydrogen is used instead of grey hydrogen, the STC of the ‘H2Oxy-573 
CC’ is significantly increased, reaching €475/tlime. This observation is attributable to the availability of 574 
electrolytic hydrogen at a very high price (€269/MWh in Belgium [74]). Hence, hydrogen is currently not a 575 
competitive decarbonization option from either an environmental or an economic perspective. 576 

Furthermore, elevated electricity prices are detrimental for lime kiln electrification as ‘Plasma-CC’ 577 
ranks among the most expensive configurations. The corresponding STC amounts to €380/tlime, which is 578 
116% higher than the one observed for the base case ‘NG’. Despite a lower energy penalty than oxy-fired 579 
configurations (+39% compared to ‘NG’ vs. +44–59% for ‘NGOxy-CC’ and ‘BiomassOxy-CC’, respectively), 580 
‘Plasma-CC’ is 46–48% more expensive than ‘NGOxy-CC’ and ‘BiomassOxy-CC’, owing to much pricier 581 
energy resource (€194/MWhe vs. €27/MWhBiomass and €50/MWhNG). 582 

Finally, the most expensive lime production route in the 2025 scenario is ‘CCU’ (€595/tlime), whose 583 
cost is 238% higher than that of the base case configuration and 56% more expensive than the ‘Plasma-584 
CC’ option. This significant cost increase is the result of increased CAPEX (+403%), higher energy demand 585 
(+239%, mostly due to the electrolyzer), and higher electricity cost (€194/MWhe) compared to natural gas 586 
(€50/MWhNG). Moreover, as the error bar in Figure 6 shows, even under a scenario of 30% CAPEX reduction 587 
[80], the improved economic condition cannot offset the significantly higher investment and operating 588 
expenses compared to the other configurations. This observation is consistent with the challenges 589 
highlighted by industrial CCU projects [42]. 590 

In Figure 6b, specific total cost is plotted against the corresponding specific CO2 emissions for each 591 
configuration in the “ideal” scenario. In this scenario, lower bio-energy and electricity costs, as well as higher 592 
CO2 allowance costs compared to 2025 are considered, as can be seen in see Table 3. In particular, the 593 
CO2 cost for 2025 (€75/tCO2) is assumed to reach €300/tCO2, which is in line with the upward trend in future 594 
ETS prices [81]. These future assumptions result in a decreased specific total cost for CC-based options, 595 
whereas configurations without CC are penalized. Indeed, when no CO2 capture is adopted, the specific 596 
total cost for lime production varies between €320/tlime (for ‘Biomass’ option) and €393/tlime (for ‘NG’ option). 597 
Meanwhile, lower total costs between €214/tlime and €314/tlime can be reached when CCS is implemented, 598 
and up to €382/tlime when CCU is considered. Provided that CO2 transport and storage infrastructure is 599 
available, all CC-based configurations (excluding ‘CCU’) become more cost-effective than the configurations 600 
without CC under the economic conditions of the “ideal” scenario. More interestingly, the specific total cost 601 
of the base case increases by 124% compared to 2025 (reaching €393/tlime), making it more expensive than 602 
any alternative production pathway, including ‘CCU’. Consequently, high CO2 ETS price and access to 603 
cheap low-carbon energy are strong incentives for long-term CC implementation in the lime industry.  604 

In the “ideal” scenario, the top five cost-beneficial lime production routes are ‘BiomassOxy-CC’ 605 
(€214/tlime or 45% cheaper than the base case), ‘BioCH4Oxy-CC’ (€215/tlime), ‘NGOxy-CC’ (€245/tlime), 606 
‘BioCH4-CC’ (€251/tlime, if energy efficiency improvements are considered), and ‘H2Oxy-CC’ (€255/ tlime). 607 
The use of electrolytic hydrogen and the access to a decarbonized electricity grid strongly improves the 608 
environmental ranking of ‘H2Oxy-CC’ and ‘Plasma-CC’ configurations. Moreover, the access to cheap green 609 
hydrogen and electricity renders these cases economically viable: 34–35% cheaper than the base case 610 
‘NG’, and only 19–21% more expensive than the cost-optimal (i.e., ‘BiomassOxy-CC’ case). It is assumed 611 
that cost reductions between €27/tlime and €33/tlime can be achieved by reducing heat requirements related 612 
to chemical absorption CC. However, this action is insufficient to outperform their oxy-fired counterparts, 613 
highlighting again the economic advantage of CPU-based configurations over amine-based CC options, 614 
owing to lower CAPEX, lower energy demand, favorable electricity costs, and lower direct emissions subject 615 
to CO2 pricing, as previously discussed. Finally, similar to the 2025 scenario, CCU remains the most 616 
expensive decarbonization solution. However, despite slightly lower total costs compared to the ‘NG’ case 617 



(€382/tlime for ‘CCU’ vs. €393/tlime for ‘NG’), the access to a decarbonized electricity grid enables a carbon 618 
footprint in the ‘CCU’ case of 237 kgCO2/tlime which is 76% lower than the base case. 619 

In Figure 6c, specific total and CO2 emissions are represented for each configuration in the 620 
“competition” scenario. In this scenario, favorable electricity and hydrogen prices are considered, whereas 621 
competition for bio-based resources induces a drastic increase in biomethane and biomass prices. The ETS 622 
price is fixed at €200/tCO2, which is higher than current levels but reflects a less aggressive incentive than 623 
in the “ideal” scenario. 624 

These assumptions render biomethane-based options less economically attractive than the base 625 
case. The STC of the former lies between €340/tlime (for ‘BioCH4Oxy-CC’ case) and €391/tlime (for ‘BioCH4-626 
CC’ case). Moreover, except for the ‘Biomass’ case, high biomass prices lead to biomass-based 627 
configurations that are more expensive than their natural gas-fired counterparts. For example, ‘BiomassOxy-628 
CC’ and ‘Biomass-CC’ are 10% more expensive than, respectively, ‘NGOxy-CC’ and ‘NG-CC’. This 629 
observation can be attributed to the larger capture capacity required to capture both fossil and biogenic 630 
CO2. On the contrary to the previous scenarios, the high biomass prices considered in the “competition” 631 
scenario do not compensate anymore for the increased energy demand and higher CAPEX associated with 632 
the biomass-based options. Moreover, despite similar electricity prices in the “ideal” and “competitive” 633 
scenarios (respectively €95/MWh and €111/MWh), with the latter being only 17% higher, the ‘CCU’ option 634 
is now 38% more expensive than the ‘NG’ case. This result highlights the critical influence of the ETS price 635 
on the decarbonization of the lime industry. 636 

Finally, in the “competition” scenario, the cost-optimal production pathways are ‘NGOxy-CC’ and 637 
‘BiomassOxy-CC’ provided that CO2 transport and storage infrastructure is available. These options are 638 
characterized by STCs of €242–266/tlime, which are 11–19% less expensive than ‘NG’ (€298/tlime). The 639 
aforementioned configurations are closely followed by ‘Plasma-CC’ (€274/ tlime), ‘NG-CC’ (€275–304/tlime), 640 
and ‘Biomass-CC’ (€303/tlime if lower heat requirements are assumed for solvent regeneration). Access to 641 
low-cost green hydrogen results in a STC for the ‘H2Oxy-CC’ case that is 4% higher than the one observed 642 
for the ‘NG’ case. 643 

The specific cost breakdown for different lime production routes in the 2025, the ideal, and the 644 
competition scenarios can be seen in Figure 7, Figure 8, and Figure 9 respectively. In these figures, the 645 
relative shares of specific CAPEX and OPEX, including raw materials (limestone and water), fuel (i.e., 646 
natural gas, biomethane, solid biomass, and hydrogen), electricity, cooling water, as well as CO2 emissions, 647 
and CO2 transport and storage are depicted.  648 

 649 



 650 

Figure 7: Specific total cost breakdown for different lime production routes in the 2025 scenario. 651 

According to Figure 7, in 2025 scenario, total cost is mainly driven by OPEX, which ranges from 652 
€132/tlime to €540/tlime (i.e., 89–97% of the STC). Meanwhile, CAPEX contributes only between 6–20% to 653 
the total cost. Moreover, for configurations with no CC, the relative share of CO2 costs varies between 30% 654 
(for ‘BioCH4’ option) and 41% (for ‘NG’ option). This share drops to values between 0% and 3% when a CC 655 
unit is implemented thanks to the sharp reduction in scope 1 CO2 emissions. 656 

On the other hand, electricity represents 71% of the specific total cost for ‘Plasma-CC’ option and 657 
77% for ‘CCU’ option, attributable to the heavy reliance of these configurations on electricity consumption 658 
(1395 and 2334 kWhe/tlime, respectively). Moreover, no explicit fuel-related expenses are observed in these 659 
cases since ‘Plasma-CC’ is a fully electric configuration, while e-methane is produced on-site in the ‘CCU’ 660 
configuration.  661 

In general, implementing chemical absorption CC leads to an increased relative share of fuel- and 662 
electricity-related expenses due to the additional natural gas and electricity consumption associated with 663 
the operation of CO2 capture regeneration process and CO2 compression train. When coupled with amine-664 
based solutions, fuel-related expenses rise from €49/tlime for ‘NG’ option to €112/tlime for ‘NG-CC’ option (i.e., 665 
relative share increases from 28% to 39% of the STC). Comparatively, fuel consumption contribution for the 666 
biomethane-fueled route increases from €82/tlime (42% of ‘BioCH4’ STC) to €145/tlime (46% of ‘BioCH4-CC’ 667 
STC). When comparing ‘Biomass’ and ‘Biomass-CC’ options, fuel contribution rises from €28/tlime to 668 
€104/tlime, i.e., the fuel share goes from 19% to 35% of the specific total cost due to the additional natural 669 
gas consumption to fuel the CC process. When improved energy efficiency for solvent regeneration is 670 
considered, i.e., 30% less heat is required, the fuel-related cost penalty amounts to only €52/tlime, €57/tlime, 671 
and €84/tlime for natural gas-, biomethane-, and biomass-fired kilns respectively. Moreover, MEA-based CC 672 
implementation results in a moderate increase (+€19–22/tlime) of electricity expenses. 673 

When oxycombustion is implemented, the relative share of electricity demand varies between 24% 674 
(for ‘H2Oxy-CC’ option) and 35% (for ‘BiomassOxy-CC’ option) mainly due to the electrified CO2 capture via 675 
CPU. The additional OPEX associated to CPU-based configurations compared to their counterparts without 676 



CC amounts to €53–81/tlime. The difference in cost penalties between configurations implementing CPU 677 
stems from different capture capacities depending on the fuel that is used.  678 

Finally, when comparing amine-based and CPU-based CC routes, it can be observed that CO2 T&S 679 
expenses are higher in the former. This can be explained by higher CO2 flows to be treated in case of amine-680 
based CC, as CO2 is emitted through both the lime production process and the CC auxiliary boilers, unlike 681 
the fully electrified CPU. CO2 T&S expenses arise also for the ‘CCU’ configuration as e-methane production 682 
covers only the energy demand of the lime kiln, while the remaining captured CO2 is permanently 683 
sequestrated. Transport and storage represent between €33/tlime (for ‘CCU’ option) and €65/tlime (for 684 
‘Biomass-CC’ option). This cost variation can be explained by differences in the amount of CO2 transported 685 
and stored (e.g., 0.668 tCO2/tlime for ‘CCU’ option vs. 1.214 tCO2/tlime for ’Biomass-CC’ option). 686 

Despite kiln heat requirements in the ‘H2Oxy-CC’ configuration being only 12% higher, fuel-related 687 
expenses are almost double those of the base case ‘NG’ option. This observation can be attributed to the 688 
hydrogen price being almost twice that of natural gas (€83/MWhH2 vs. €50/MWhNG). Plasma-based kilns 689 
exhibit a similar trend, with energy-related expenses almost five times those of ‘NG’ option, despite energy 690 
demand being only 19% higher, owing to higher electricity prices relative to natural gas prices (€194/MWhe 691 
vs. €50/MWhNG). On the other hand, although specific energy requirements are 9% higher in the ‘Biomass’ 692 
case than in ’NG’ configuration, lower fuel-related costs can be observed due to biomass available at almost 693 
half the price of natural gas (€27/MWhBiomass vs. €50/MWhNG).  694 

 695 

Figure 8: Specific total cost breakdown for different lime production routes in the ideal scenario. 696 



 697 

Figure 9: Specific total cost breakdown for different lime production routes in the competition scenario. 698 

It is important to note that, in the “ideal” scenario, low-carbon energy prices are reduced while CO2 699 
cost sharply increases. Thus, the relative share of energy-related expenses decreases compared to 2025 700 
scenario, while the opposite trend is observed for CO2-related expenses. As it can be seen in Figure 8, when 701 
no CC is implemented, the specific cost related to CO2 emissions is preponderant, representing between 702 
69% (for ‘BioCH4’ option) and 74% (for ‘NG’ option) of the specific total cost. This share typically drops to 703 
between 0% and 12% when a subsequent CC step is included, although these values are still higher than 704 
in 2025 scenario. For CC-based configurations, specific total cost is primarily driven by energy use (i.e., fuel 705 
and electricity), which accounts for 35% for ‘BiomassOxy-CC’ option, and up to 59% for ‘CCU’ option. 706 
Meanwhile, CO2 T&S contributions range from 9% in ‘CCU’ option up to 25% in ‘BiomassOxy-CC’ option.  707 

Finally, in the “competition” scenario (Figure 9), bio-energy prices are sharply increased compared 708 
to the 2025 scenario, while CO2 cost increases. The relative share of CO2-related expenses increases (+3–709 
23%) compared to 2025 scenario. Moreover, the contribution of energy-related costs in biomethane- and 710 
biomass-based configurations is increased by 1–9% compared to 2025 levels. Similarly to the previous 711 
scenario, the specific cost related to CO2 emissions is preponderant for configurations without CC, 712 
representing a relative share of 42–64%. When CC is implemented, this share lies below 8%. In the ‘BioCH4’ 713 
case, the cost is almost equally distributed between fuel- and CO2-related expenses (respectively 44% and 714 
42%). The specific cost of ‘BioCH4Oxy-CC’ and ‘BioCH4-CC’ is primarily driven by fuel combustion, 715 
representing 52–60%. On the other hand, costs related to biomass combustion account for 25–46% of 716 
biomass-based options. 717 

3.2.3. Economic optimality mapping of production pathways 718 
The outcomes based on scenario analysis are valid solely for assumed energy and carbon prices, 719 

which are subject to significant uncertainty. Accordingly, it is essential to identify robust solutions over a wide 720 
range of energy prices and stringent environmental regulations in order to mitigate associated risks. The 721 
broader the price ranges acceptable for a solution to be optimal, the greater the flexibility of the configuration. 722 
Thus, a parameter sweep analysis is performed for the prices of electricity (pE), hydrogen (pH2), natural gas 723 
(pNG), biomethane (pBG), and biomass (pBM), as well as CO2 emission (pCO2), transport and storage costs 724 



(pTS), aiming at the simulation of market volatility. The results of the parameter sweep are summarized in 725 
decision tables highlighting the commodity price conditions under which each configuration is the cost-726 
optimal solution. 727 

Table 5: Conditions for cost-optimal electrified lime production. All prices are expressed in €/MWh, except pCO2 and 728 
pTS which are expressed in €/tCO2. 729 

Configuration pE pNG pH2 pBG pBM pCO2 pTS 

Plasma  
≤ 18         ≤ 125 > 62 

18 < p ≤ 38 > 22 > 18 > 40 > 28 ≤ 125  

Plasma-CC 

≤ 18      > 125  

18 < p ≤ 38  
 > 18   > 28 

≤ 88 ≤ 38 

88 < p ≤ 125 ≤ 62 

>125  

38 < p ≤ 62 > 22 > 38 > 60 > 42 > 125  

 730 

According to Table 5, plasma-based options become economically competitive only for low 731 
electricity prices (≤€62/MWh), explained by their strong reliance on electricity. Aside from ‘Plasma’ option 732 
without CC, which requires low CO2 costs (≤€125/tCO2) and typically moderate to high CO2 T&S costs 733 
(≥€62/tCO2) to be competitive, ‘Plasma-CC’ route can feasibly operate even at lower CO2 costs (≤€88/tCO2) 734 
as long as CO2 T&S cost remains also low (≤€38/tCO2). Moreover, moderate to high biomethane and solid 735 
biomass prices are required to render plasma options attractive (e.g., >€40/MWhBioCH4 and >€28/MWhBiomass 736 
when electricity is priced at more than approximately €20/MWh; >€60/MWhBioCH4 and >€42/MWhBiomass when 737 
electricity costs more than €40/MWh). 738 

Table 6: Conditions for cost-optimal hydrogen-based lime production. All prices are expressed in €/MWh, except pCO2 739 
and pTS which are expressed in €/tCO2. 740 

Configuration pH2 pE pNG pBG pBM pCO2 pTS 

H2Oxy 

≤ 18 
18 < p ≤ 38       ≤ 125 > 62 

> 38  > 22    28 < p ≤ 42  ≤ 125  

18 < p ≤ 38 
38 < p ≤ 88 > 22 > 40 > 42 ≤ 125 > 38 

> 88 > 22 > 40 > 28 ≤ 175 > 88 

H2Oxy-CC 

≤ 18        > 125  

18 < p ≤ 38  > 38 > 22 > 40 > 28 
125 < p ≤ 175 ≤ 88 

> 175  

38 < p ≤ 62 > 62 > 22 > 60 > 58 > 125  

 741 

From Table 6, hydrogen-based options appear as suitable lime production routes only when low 742 
hydrogen prices are available (≤€38/MWhH2 for ‘H2Oxy’ and ≤€62/MWhH2 for ‘H2Oxy-CC’). These 743 
thresholds are significantly lower than current green hydrogen prices, varying between €120–480/MWhH2 in 744 
Europe in 2024 [74]. An additional condition is that electricity cost must exceed hydrogen cost, otherwise 745 
plasma-based kilns are favored over the hydrogen-fired systems. This constraint suggests that hydrogen 746 
used for heat supply must either be produced from fossil resources (e.g., derived from cheaper conventional 747 
natural gas reforming or even coal gasification), imported at significant low cost from large renewable hubs, 748 
or only produced when low-cost electricity is available, which makes unlikely a scenario entirely based on 749 
hydrogen combustion. It should be noted that the cost of indirect emissions is not considered in this analysis. 750 
Moreover, as the price of hydrogen increases, biomethane and biomass costs must lie within the upper 751 



range to maintain economic attractiveness of hydrogen. As a result, unless more favorable economic 752 
conditions are achieved, fuel switching towards hydrogen seems improbable in lime kilns. 753 

Table 7: Conditions for cost-optimal natural gas-based lime production. All prices are expressed in €/MWh, except 754 
pCO2 and pTS which are expressed in €/tCO2. 755 

Configuration pNG pE pH2 pBG pBM pCO2 pTS 

NG 

≤ 22 > 18 > 18    > 28 ≤ 125 > 38 

22 < p ≤ 45 >38 > 38 > 60 > 42 ≤ 125  

45 < p ≤ 65 >38 > 38 > 60 > 58 ≤ 125  

NGOxy-CC 
≤ 22 38 < p ≤ 88 > 38 > 60 > 42 > 125  

22 < p ≤ 45 > 62 > 62 > 80 > 58 > 125  

NG-CC ≤ 22 
38 < p ≤ 88 

  > 28 88 < p ≤ 125 ≤ 38 

> 38 40 < p ≤ 60  > 42 > 125  

> 88 > 38 > 60 > 42 > 125  

 756 

According to Table 7, the attractiveness of natural gas-based options relies mainly on natural gas 757 
availability at favorable prices. For ‘NG’ option to be selected, natural gas must be available at low to 758 
moderate prices (typically ≤€65/MWh), whereas electricity, biomass and biomethane should be more 759 
expensive than natural gas. Moreover, ‘NG’ option remains suitable only at low CO2 costs (≤€125/tCO2), 760 
owing to the high specific CO2 emission levels associated to this energy vector. In other words, high natural 761 
gas prices combined with low electricity prices and high CO2 costs render the base case (‘NG’) economically 762 
unattractive. Certainly, by achieving affordable decarbonized electricity and penalizing CO2 emissions, the 763 
energy transition in the lime industry can be accelerated. Meanwhile, lower natural gas prices are required 764 
(≤€45/MWh) to make attractive the ‘NGOxy-CC’ configuration due to its higher energy demand compared 765 
to ‘NG’ option. Moreover, all other energy commodities must be more expensive than natural gas, while the 766 
CO2 cost must be set above €125/tCO2 for ‘NGOxy-CC’ to be selected. Finally, ‘NG-CC’ option is the most 767 
restrictive configuration, requiring simultaneously inexpensive natural gas (≤€22/MWh), costly electricity, 768 
moderate to high CO2 ETS cost, and bioenergy prices more than twice those of natural gas.  769 

Table 8: Conditions for cost-optimal biomass-based lime production. All prices are expressed in €/MWh, except pCO2 770 
and pTS which are expressed in €/tCO2. 771 

Configuration pBM pE pNG pH2 pBG pCO2 pTS 

Biomass 

≤ 28   > 18  ≤ 125 > 62 

28 < p ≤ 42 > 38 > 22 > 18 > 40 
≤ 125  

125 < p ≤ 175 > 62 

42 < p ≤ 58 > 38 > 45 > 38 > 60 ≤ 125  

> 58 > 38 > 65 > 38 > 80 ≤ 125  

BiomassOxy-CC 

≤ 28 
18 < p ≤ 38  > 18  > 125  

> 38 > 22 > 38  > 175    

28 < p ≤ 42  38 < p ≤ 88  > 38 > 40 
125 < p ≤ 175  ≤ 62 

> 175   

42 < p ≤ 58 > 62 > 22 > 38 > 60 > 125  

> 58 > 62 > 45 > 62 > 80 > 125  

Biomass-CC ≤ 42 > 88 ≤ 22 > 38   > 125  

 772 



As can be seen in Table 8, ‘Biomass’ configuration is more robust in terms of energy prices than the 773 
systems previously mentioned, its economic attractiveness mainly requiring higher biomethane prices than 774 
biomass prices. For instance, when electricity price is higher than €38/MWh and natural gas price exceeds 775 
€45/MWh, biomass price can still go as high as €58/MWh, while maintaining a cost-competitiveness. Similar 776 
trends are observed for ‘BiomassOxy-CC’ option when CO2 cost is above €125–175/tCO2, depending on 777 
biomass cost. Finally, the main conditions for the ‘Biomass-CC’ configuration to become an economically 778 
attractive solution are (i) moderate to high electricity prices (€88/MWh or higher) to disfavor CPU-based CC; 779 
(ii) low natural gas prices (≤€22/MWh) attributable to the natural-gas-fired boilers used for solvent 780 
regeneration; (iii) low to moderate biomass price (less than approximately €40/MWh).  Similar trends are 781 
observed for biomethane-based options, as can be seen in Table 9. 782 

Table 9: Conditions for cost-optimal biomethane-based lime production. All prices are expressed in €/MWh, except 783 
pCO2 and pTS which are expressed in €/tCO2. 784 

Configuration pBG pE pNG pH2 pBM pCO2 pTS 

BioCH4 

≤ 40 > 18  > 22 > 18 > 28 ≤ 125  

40 < p ≤ 60 > 38 > 22 > 38 > 42 
≤ 125  

125 < p ≤ 175  > 62 

60 < p ≤ 80 > 38 > 65 > 38 > 58 ≤ 125  

BioCH4Oxy-CC 

≤ 40 > 38 > 22 > 18 > 28  > 125  

40 < p ≤ 60 > 38 > 22 > 38 > 42 
125 < p ≤ 175  ≤ 62 

> 175  

60 < p ≤ 80 > 62 > 22 > 62 > 58 > 125  

BioCH4-CC ≤ 40 > 38 ≤ 22 > 38 > 42 > 125  

 785 

3.3. Discussion: Implications, challenges, and future perspectives for lime 786 

industry decarbonization 787 

3.3.1. Decarbonization roadmap for the lime sector 788 
Lime is an essential material for numerous industrial value chains, including steelmaking, 789 

construction, and environmental applications. Consequently, decarbonizing lime production also contributes 790 
to the carbon-neutrality of downstream industries [17]. The present study consisted of a comprehensive 791 
comparative assessment of various energy transition pathways for the lime industry, including fuel switching 792 
(towards hydrogen, biomass, and biomethane), electrification, CCS, CCU, and BECCS. By combining 793 
thermodynamic, environmental, and economic analyses, the study provides a systematic comparison of the 794 
advantages, limitations, and deployment viability of each pathway. 795 

CO2 accounting performed in this study highlighted that fuel switching alone is insufficient to reach 796 
climate targets for lime production since the implemented calcination reaction is the major contributor to 797 
CO2 emissions. Hence, fuel switching towards biomass, biomethane, or hydrogen can be considered as a 798 
potential short-term solution, but CO2 capture implementation will become inevitable in the mid- and long-799 
term, contributing to the largest share of emissions reduction. Moreover, net-negative emissions are 800 
achievable through combination of sustainable bioenergy with CO2 capture and storage.  801 

The conclusions drawn from this study are consistent with the roadmap towards climate neutrality 802 
established by the European Lime Association (EuLA). According to EuLA, CO2 capture is expected to 803 
account for most of the CO2 emission reductions (approximately 80% compared to 2019 levels). Meanwhile, 804 
fuel switching will cut emissions by about 13%, and the emission reduction potential of electrified kilns will 805 
lie around 4%. Finally, BECCS as well as enhanced and natural carbonation are expected to enable net 806 
negative emissions by 2050. While not included in the scope of this study, natural carbonation occurs when 807 
lime or lime-based products gradually reabsorb CO2 from the atmosphere during the use stage. Hence, this 808 



carbonation permanently captures approximately 33% of the CO2 originally released during the process, 809 
with most of the reaction occurring within the first year. Enhanced carbonation relies on the same chemistry, 810 
but accelerates it by increasing CO2 concentrations and optimizing process parameters. EuLA estimates 811 
that enhanced carbonation could deliver an additional 12% CO2 removal by 2050 [13]. 812 

The different emission reduction strategies are currently at different stages of technological maturity 813 
(as can be seen in Table 10), impacting the timing of their large-scale deployment. Fuel switching is already 814 
commercially available [17], whereas electrified kilns and CO2 capture technologies remain at demonstration 815 
scale (TRL 6–8). Among the capture technologies assessed, amine-based CC is currently the most mature 816 
technology. The techno-economic assessment highlighted that oxycombustion is the most attractive long-817 
term option, owing to lower energy penalty and less stringent conditions for economic optimality compared 818 
to MEA-based CC. This observation is consistent with other studies [14], as well as institutional reports [17] 819 
[18]. However, oxycombustion requires further technological development before industrial deployment can 820 
be achieved. Advancing these decarbonization technologies to mature commercial systems (TRL 9) 821 
requires investment, combined with strong market signals and stable policy incentives that reduce the 822 
associated risk [17]. 823 

Table 10: Technology readiness level of different energy transition pathways for the lime industry [17] [82] [83]. 824 

Technology TRL 

Fuel switching 8-9 
Kiln electrification 7-8 
CO2 capture – amines 7-8 
CO2 capture – oxycombustion 6-8 
CCU – methanation 6-7 

 825 

Hence, the decarbonization of the lime sector will be implemented progressively. In the short term, 826 
investing in best available kiln technologies and fuel switching can reduce combustion-related emissions. 827 
Over the medium and long-term, large-scale deployment of CC will become essential to mitigate 828 
unavoidable process emissions, while the net-negative emissions of BECCS offer the possibility to 829 
compensate the sector’s residual emissions.  830 

However, the energy transition in the lime sector is associated with specific challenges discussed 831 
in the following sections. These include adequate carbon pricing mechanisms, availability and cost-832 
competitiveness of alternative energy vectors compared to fossil fuels, and CO2 and hydrogen infrastructure 833 
deployment. 834 

3.3.2. Kiln electrification: electricity supply and commercial scale-up 835 
For electrified lime kilns to retain environmental and economic benefits over alternative routes, 836 

decarbonized electricity should be available at low costs (≤ €62/MWh). This threshold is significantly lower 837 
than current electricity prices observed across Europe, which typically exceeded €100/MWh in 2025 [60]. 838 

Moreover, the electricity generation capacity or electricity imports should be sharply increased 839 
compared to current levels. Indeed, if the entire Belgian lime sector (i.e., 1 Mtlime/y [84]) were to transition to 840 
plasma-based kilns, an additional yearly green electricity demand of 1.37 TWh would be necessary, 841 
corresponding to 1.7% of the annual electricity demand in Belgium [85]. Similarly, depending on the 842 
configuration, an increased capacity of 0.1–0.4 TWhe/y would still be necessary for large-scale deployment 843 
of CC in Belgian lime production facilities.  844 

From a technological perspective, conventional PFRKs typically have a daily production capacity of 845 
100–600 tons [44]. The electrification of such kilns would represent an electric power demand of 846 
approximately 6–35 MW. SaltX has demonstrated its EAC technology at a scale of up to 2 MW [20], which 847 
is roughly three times lower than the smallest conventional PFRKs currently available. However, the 848 



commissioning of its new 100-tons-per-day pilot [21] [22] represents a significant step towards large-scale 849 
electrification of lime production.   850 

3.3.3. Competition for sustainable biomass available potential 851 
Despite rising interest in biomass- and biomethane-based options, driven by their potential for net-852 

negative emissions and higher resilience to fluctuations in energy prices, the main drawback remains the 853 
limited feedstock availability [59].  854 

Biomass is a scarce and valuable resource. Current projections estimate a biomass demand 855 
exceeding availability by 40–140%. Hence, bioenergy use must be prioritized in applications with high 856 
economic, environmental, and societal value, such as hybrid solutions for high-temperature industrial heat. 857 
However, maximum biomass availability in Belgium amounts to 13.89 TWh/y according to Eurostat data 858 
[86], while the International Energy Agency (IEA) [87] reports a European biomethane production of roughly 859 
38 TWh. Considering only Belgian production, the yearly biomass requirement for the lime industry would 860 
amount to 1.12 TWh, representing 8% of the Belgian biomass availability. If lime production originates from 861 
biomethane-fired kilns, the corresponding yearly demand would reach 1.04 TWhBioCH4 which corresponds to 862 
3% of the European biomethane production, while the entire European lime production, amounting to more 863 
than 20 million tons per year [88], would represent 55% of the European biomethane availability. Since 864 
several other industrial sectors rely on bioenergy for CO2 emission mitigation or use biomass as a feedstock 865 
(e.g., pulp and paper industry), biomass- and biomethane-fired kilns are not expected to meet alone the 866 
entire lime production needs in Belgium. 867 

While biomass can contribute to industrial energy transition, its sustainability depends on careful 868 
sourcing and management. Future biomass supply in Europe is expected to come from a combination of 869 
woody biomass (including wood removals, forestry residues, and industrial by-products), agricultural 870 
biomass (energy crops and agricultural residues), and recycled and waste streams such as paper waste, 871 
wood waste, or household waste [59]. Biomass delivers climate benefits when sourced sustainably and 872 
without generating an imbalance in the carbon cycle. For instance, the use of agricultural residues and 873 
short-rotation crops as fuel generally have favorable carbon balances as they regrow quickly. On the other 874 
hand, the impact of using forest residues is more complex. Harvesting them can increase CO2 emissions, 875 
but sustainable forest management strategies and thinning can also accelerate forest growth and prevent 876 
wildfires, consequently reducing CO2 emissions. Moreover, energy crops cultivated on surplus land 877 
contribute to emission reductions.  878 

Bioenergy growth raises additional concerns including worsening of water scarcity (particularly in 879 
water-stressed regions), degradation of soil quality (through fertilizer use, or excessive extraction rates), 880 
reduction of biodiversity (from deforestation or excessive extraction rates), and competition with food 881 
production (contributing to higher food prices and food-security risks if not managed carefully). 882 
Consequently, biomass should be viewed as a limited strategic resource whose use must be carefully 883 
targeted to sectors where it provides the greatest decarbonization benefit, while taking into account trade-884 
offs between greenhouse gases emissions, water use, soil health, and biodiversity [89]. 885 

3.3.4. Deployment of large-scale CCS: incentives and infrastructure availability 886 
The implementation of CC is inevitable for the hard-to-abate lime sector. However, it comes with a 887 

variety of challenges, including sufficient economic and policy incentives, transport infrastructure planning, 888 
and access to storage capacity. 889 

First, according to the results of the parameter sweep analysis, the energy transition in the lime 890 
industry can be accelerated by lower electricity prices and higher CO2 allowance costs. However, current 891 
CO2 ETS prices are too low to provide a strong incentive for CC implementation in lime production facilities. 892 
Indeed, after plummeting to around €55/tCO2 in February 2024, the EU-ETS carbon price experienced a 893 



slight increase, exceeding €70/tCO2 in February 2026 [66]. These values are far below the ETS price that 894 
would be required to rule out natural gas-fired lime production with unabated emissions. 895 

Even if economic conditions become favorable and CO2 is captured at industrial scale, CO2 896 
transport and storage infrastructure will also be required. In Belgium, there are five lime production plants 897 
located in Aisémont, Seilles, Moha, Hermalle, and On-Jemelle (see Supplementary Material, Figure S1). 898 
When compared with the long-term vision of the Belgian CO2 pipeline network (see Supplementary Material, 899 
Figure S2), four out of these five production facilities are located along the Charleroi-Liège axis, where a 900 
pipeline for CO2 transport is planned. Capturing CO2 emissions from all Belgian lime plants would require 901 
approximately 1 MtCO2/y of transport and storage capacity, representing around 4% of Fluxys’ planned 902 
transport capacity towards North Sea storage sites by 2030 [90].  903 

However, the deployment of CO2 transport and storage infrastructure is still facing a “chicken-and-904 
egg” problem. Building pipelines, compression stations, shipping terminals, injection wells, and storage sites 905 
requires substantial upfront capital investment. Infrastructure developers are reluctant to invest without 906 
sufficient confidence about the captured CO2 volumes, while capture facilities will not start operating unless 907 
reliable transport and permanent storage are guaranteed. This paradox is expected to create a mismatch 908 
between required and available transport and storage capacity, as the Clean Air Task Force (CATF) 909 
estimates that, by 2030, only half of the volume of captured CO2 in Europe will be effectively stored [91]. 910 

For de-risking the implementation of CCS, permanent geological storage must be guaranteed, with 911 
sufficient storage capacity, adequate reservoir injectivity, and seal integrity ensuring long-term containment 912 
[92] [93]. Since several countries, such as Belgium, lack suitable geological sites for permanent CO2 913 
storage, large-scale implementation of CCS will depend on access to storage sites abroad. This reliance on 914 
cross-border storage is likely to increase competition among hard-to-abate sectors for access to limited CO2 915 
storage capacity [65], while regulatory and legal challenges associated with transporting CO2 across 916 
national borders represent an additional obstacle to the deployment of CCS projects. 917 

Nevertheless, important progress has been made towards the development of cross-border 918 
transport and storage in Europe. Belgium and the United Kingdom have signed a memorandum under the 919 
London protocol permitting the permanent storage of CO2 captured from Belgian industries in UK’s 920 
geological reservoirs. Such cooperation is expected to significantly reduce transport and storage costs for 921 
North-West European emitters (by up to 28% compared with scenarios without cross-border transport), 922 
while generating substantial revenues for the UK, estimated at approximately £2 billion annually by 2030 923 
[94]. Moreover, several countries, including the United Kingdom, Denmark, Norway, Germany, Japan and 924 
the United States, have recently introduced funding programs, storage licensing rounds and regulatory 925 
reforms to accelerate the deployment of CO2 transport and storage, recognizing that shared transport and 926 
storage infrastructure is essential for large-scale CCS deployment [95]. 927 

To address these barriers, the IEA identified three key priorities to accelerate the deployment of CO2 928 
transport and storage infrastructure. Firstly, as developing storage sites typically requires 3–10 years, 929 
geological storage resources should be assessed as early as possible using standardized methods, while 930 
permitting procedures should be simplified. Secondly, legal and regulatory frameworks should be reviewed 931 
to ensure the safe transport and permanent storage of CO2, support CCUS business models, facilitate cross-932 
border cooperation, and cover different transport modes. Finally, public policies should encourage private 933 
investment in shared CO2 transport and storage infrastructure as well as multi-user CCUS hubs, enabling 934 
economies of scale and reducing investment risks [95]. 935 

3.3.5. Challenges for large-scale hydrogen deployment in the lime industry 936 
CO2 accounting revealed that, today, hydrogen-fired systems would exhibit considerably higher CO2 937 

emissions than other low-carbon alternative production routes, owing to the higher indirect emission factor 938 



of hydrogen. Despite rapid growth in announced projects, the production of low-emissions hydrogen remains 939 
a challenge as electrolytic and CCUS-based hydrogen currently represent less than 1% of global hydrogen 940 
production. Indeed, although global electrolysis capacity doubled in 2025 to exceed 4 GW, the current 941 
production mix is dominated by unabated natural gas and coal-based production [96]. This observation is 942 
attributable to the high production cost of low-emissions hydrogen compared with conventional fossil-based 943 
production. According to the IEA [96], global fossil-based (without CCUS) hydrogen production costs lie 944 
between USD 1–4.5/kg H2. On the other hand, CCUS-based production costs USD 1.6–5/kg H2, while 945 
electrolysis results in hydrogen costs of USD 3.5–15/kg H2. Electrolytic hydrogen production costs are driven 946 
by electricity prices, operating hours, and electrolyzer investment costs. The latter remain relatively high, 947 
typically ranging between USD 1900–2500/kW. Except in China, where electrolyzer manufacturing and 948 
installation amounts to USD 500–1100/kW [96], reductions in equipment costs are essential for a 949 
widespread deployment.  950 

Although hydrogen production costs are expected to decline by 2030, projected ranges remain wide, 951 
especially for electrolytic hydrogen: USD 2–10/kg H2 for wind onshore-based electricity, and above USD 952 
12/kg H2 if electricity is produced with offshore wind turbines or solar panels [96]. This large uncertainty 953 
reflects volatile electricity prices, and persistent uncertainty regarding technology costs and financing 954 
conditions, complicating investment decisions for energy-intensive industries considering hydrogen as a 955 
decarbonization pathway. 956 

Moreover, as highlighted by the parameter sweep analysis, economic attractiveness of hydrogen-957 
based configurations is also challenging, since electricity costs exceeding those of hydrogen are required. 958 
This suggests that hydrogen must either be produced from cheaper fossil resources (assuming that indirect 959 
emissions do not come with an additional cost), imported at low cost from large renewable hubs, or be 960 
produced only when low-cost electricity is available. These stringent conditions result in large-scale 961 
deployment of hydrogen-fired lime kilns that seems highly improbable.  962 

Beyond economic considerations, fuel switching towards hydrogen in lime kilns is also constrained 963 
by the limited availability of hydrogen transport infrastructure. Similar to CCS, hydrogen deployment is 964 
affected by a "chicken-and-egg" dilemma: investors are reluctant to develop large-scale hydrogen 965 
production plants and transmission infrastructure without guaranteed industrial demand, while industrial 966 
consumers will not commit without reliable, affordable hydrogen supply and transport infrastructure.  967 

This uncertainty is reflected in recent projections. In its 2026 report [96], the IEA reduced its estimate 968 
of announced hydrogen production capacity for 2030 from 37 Mt/y (reported in 2025) to 27 Mt/y, mainly due 969 
to high production costs, insufficient public support, permitting delays, regulatory uncertainty, and a lack of 970 
secured demand. Moreover, only 3.2 Mt/y (i.e., approximately 9% of announced capacity) has reached final 971 
investment decision (FID) or is currently under construction [96]. By comparison, complete fuel switching in 972 
the European lime industry would require approximately 0.65 Mt H2/y, i.e., 2.4% of the announced production 973 
capacity by 2030 or equivalently 20% of the capacity beyond the FID stage, highlighting the gap between 974 
announced ambitions and projects likely to materialize. 975 

Even if sufficient hydrogen production capacity becomes available, large-scale hydrogen supply will 976 
require substantial infrastructure development, including transmission pipelines, compression and 977 
liquefaction facilities, as well as import and export terminals.  978 

For pure hydrogen, pipelines are usually the cheapest transportation mode where suitable routes 979 
are available and sufficient demand exists. While more than 40,000 km of hydrogen transport pipelines have 980 
been announced worldwide for completion by 2035, only around 9% of this network is operational, under 981 
construction, or has secured investment, highlighting the gap between announced ambitions and actual 982 
deployment. Nevertheless, major milestones have been reached in 2025, as the world’s longest repurposing 983 
of a natural gas pipeline (400 km) was completed in Germany, and the construction of the world’s longest 984 
hydrogen pipeline (1000 km) started in China [96].  985 



Alternatively, where pipelines are not technically or economically feasible, hydrogen may be 986 
transported by ship either in liquid form or via alternative carriers, such as ammonia or liquid organic 987 
hydrogen carriers. However, this transport mode requires energy-intensive liquefaction and reconversion 988 
processes, consuming more than 30% of hydrogen's energy content. In addition, these alternatives have 989 
not yet reached commercial maturity, limiting their near-term potential for large-scale hydrogen supply [96]. 990 

3.3.6. Study limitations and future research directions 991 
Several limitations should be considered when interpreting the results of this study. First, the 992 

analysis was restricted to the PFRK design, which represents the most performant and dominant technology 993 
for industrial lime production but do not capture the full diversity of kiln designs currently in operation. 994 
Second, the cost estimates focus solely on greenfield scenarios, excluding retrofitting that may present 995 
different technical and economic characteristics. Furthermore, learning curve effects, i.e., reductions in 996 
CAPEX that would occur once the technology becomes Nth-of-a-Kind (NOAK), are not considered. Finally, 997 
fixed operating and maintenance costs, infrastructure modification costs (e.g., electric grid capacity 998 
increase), and process units including flue gas pre-treatment and CO2 polishing are neglected for the 999 
economic assessment. Hence, addressing these in future research would contribute to more accurate 1000 
estimations and greater confidence in the techno-economic assessments.  1001 

In addition, this study focuses on industrial-scale lime production through thermal calcination of 1002 
CaCO3. While these technologies represent the most realistic options for achieving substantial emission 1003 
reductions over the coming decades, alternative “cold” production routes, avoiding or reducing CO2 1004 
emissions, are also investigated at lab scale (TRL 2–3 [97]). Among these emerging production routes, Ellis 1005 
et al. [98] demonstrated an electrochemical process operating at ambient temperature, decarbonating 1006 
CaCO3 and precipitating Ca(OH)2. During this process, a gaseous mixture of O2 and CO2 is produced at the 1007 
anode, with a relatively high CO2 concentration enabling a facilitated CO2 capture process. The hydrogen 1008 
produced at the cathode might be used to partially fulfill the process energy demand. The key benefit of this 1009 
electrochemical production process is that it bypasses the production of the CaO intermediate when 1010 
Ca(OH)2 is the desired product, while Ca(OH)2 dehydration to CaO is less energy-intensive than 1011 
conventional thermal treatment. Alternatively, Hanein et al. [99] proposed a liquid-solid reaction between 1012 
CaCO3 and NaOH for Ca(OH)2 production at room temperature. This process stores CO2 in mineral form 1013 
Na2CO3.xH2O, thus, avoiding both fuel- and process-related emissions. Including these emerging 1014 
technologies in future assessments could further complete the picture of decarbonization pathways in the 1015 
lime sector. 1016 

Additional sensitivity analysis considering kiln efficiency improvement as well as alternative CC 1017 
technologies (e.g., membrane- and adsorption-based processes or hybrid configurations) characterized by 1018 
higher capture rates, and CCUS routes (e.g., CO2 mineralization) should also be explored. Detailed Life 1019 
Cycle Assessment (LCA) should be conducted to evaluate environmental impacts beyond CO2 emissions 1020 
accounting. Finally, further research should focus on an industrial cluster-level optimization approach, 1021 
considering material and energy exchanges between industries. 1022 

Beyond its application to the lime sector, the methodological framework developed in this study 1023 
provides a systematic approach for comparing alternative decarbonization pathways across multiple key 1024 
performance indicators, and can thus be applied to other industrial sectors. By combining thermodynamic 1025 
modelling with environmental and economic assessments, the framework enables consistent evaluation of 1026 
competing technologies The study offers estimates of the additional energy requirements for key 1027 
components of the industrial energy transition such as process electrification and CO2 capture. The results 1028 
offer energy providers insights into potential infrastructure modification requirements, such as the need for 1029 
increased electricity supply capacity and molecules transport infrastructure deployment. Moreover, the cost 1030 
estimates presented in the economic analysis serve as a basis for comparison of the investigated options 1031 
relative to one another, while identifying viable and robust strategies that support the decarbonization of the 1032 
industry.  1033 



4. Conclusion 1034 

This study provides a systematic techno-economic analysis of a comprehensive set of 1035 
decarbonization pathways for the lime industry, by integrating fuel switching (biomass, biomethane, 1036 
hydrogen), electrification, CO2 capture and storage (CCS, via MEA-based chemical absorption or electrified 1037 
CO2 purification unit (CPU)), and CO2 capture and utilization (CCU, via e-methane production from captured 1038 
CO2 and electrolytic hydrogen) within a unified superstructure optimization framework. In addition to 1039 
comparing alternative production routes using thermodynamic, environmental, and economic indicators, the 1040 
proposed methodology accounted for uncertainty in future energy and carbon prices through scenario-1041 
based and parameter sweep analyses. This approach provides a more robust basis for technology selection 1042 
than conventional assessments relying on a limited number of predefined market scenarios. 1043 

The base case ‘NG’, i.e., conventional natural gas-fired parallel flow regenerative kiln, is 1044 
characterized by the highest carbon footprint and the lowest energy demand, amounting to 1 tCO2/tlime and 1045 
3.6 GJ/tlime, respectively. According to the CO2 accounting, fuel switching alone is insufficient to deeply 1046 
decarbonize lime production, resulting in modest emissions reduction of approximately 18% compared to 1047 
the base case. It can be explained by the dominance of the CO2 emissions coming from the calcination 1048 
reaction itself (0.786 tCO2/tlime). Consequently, implementing CO2 capture (CC) becomes unavoidable to 1049 
reduce process-related emissions at the expense of higher investments and increased energy demand. 1050 
Among the pathways investigated, MEA-based CC is characterized by a CO2 emission reduction potential 1051 
of 73–116% but exhibits a significant energy penalty (+136–172%) stemming from solvent regeneration, 1052 
mostly heat-related. Oxycombustion coupled with cryogenic CO2 purification consistently demonstrated the 1053 
best compromise between energy efficiency (energy penalty of 44–59% compared to ‘NG’), capital 1054 
investment (+€27–37/tlime vs. +€38–50/tlime with MEA), emission reduction (80–122%), and production costs. 1055 
Furthermore, net-negative emissions are achievable through bioenergy combined with CO2 capture and 1056 
storage (BECCS), provided that sustainable biomass resources remain available. Conversely, hydrogen- 1057 
and electricity-based production routes show promising long-term potential under decarbonized electricity 1058 
and hydrogen supply chains, while the CCU pathway remains constrained by its high electricity demand 1059 
(+8.6 GJ/tlime or +239% compared to ‘NG’) stemming almost entirely from the electrolyzer operation. 1060 

The study also highlights the critical influence of future energy and CO2 emission allowance prices on 1061 
technology competitiveness. While conventional natural gas-fired production remains economically 1062 
attractive under current market conditions, increasing CO2 emission allowance prices and the availability of 1063 
affordable low-carbon electricity substantially improve the competitiveness of CC-based options. The 1064 
parameter sweep analysis, systematically exploring a broad set of economic conditions, further identified 1065 
the ranges of energy and carbon prices under which each configuration becomes economically optimal, 1066 
providing practical decision rules for selecting resilient strategies under market uncertainty. Overall, 1067 
oxycombustion coupled with CC appears as the most promising emission mitigation pathway for the lime 1068 
industry, offering the best compromise between environmental performance and economic competitiveness. 1069 
However, the successful deployment of this pathway will require the rapid development of CO2 transport 1070 
and storage infrastructure, making its development a key priority for enabling industrial-scale CO2 capture. 1071 

Beyond the lime industry, the methodology can readily be adapted to other industrial sectors facing 1072 
similar challenges. Future work should improve economic assessments by incorporating brownfield 1073 
scenarios and learning curve effects. Moreover, infrastructure modification, flue gas pre-treatment prior to 1074 
CC, and CO2 polishing to meet transport purity requirements should be included in the scope of the study. 1075 
Additional CC technologies, low-TRL “cold” production pathways, as well as other CCUS routes should also 1076 
be explored. Finally, detailed Life Cycle Assessment (LCA) should be conducted to evaluate environmental 1077 
impacts beyond CO2 emissions accounting.  1078 

 1079 
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