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Abstract 10 

The glass industry faces critical decarbonisation challenges due to high energy demand and reliance on 11 

fossil fuels. This study presents a comprehensive techno-economic analysis of diverse decarbonisation 12 

pathways for flat glass production, including electrification, energy efficiency, fuel switching and 13 

carbon capture and storage (CCS). A multi-scenario mapping explores sensitivity to future energy and 14 

carbon prices, while uncertainty quantification (UQ) assesses economic resilience under market 15 

volatility. From the results, a hybrid furnace (Hybfur), combining oxy-combustion and partial 16 

electrification, reduces emissions by 33% compared to conventional gas-fired furnaces (NGfur). All-17 

electric (ELfur) and hydrogen-fired (H2fur) furnaces reduce emissions by 41% and 50%, respectively, 18 

eliminating combustion emissions. CCS achieves 50–74% emissions reductions, with a 5–22% energy 19 

demand increase. While NGfur remains cost-effective today, it faces a 57% total annual cost (TAC) 20 

increase in the 2050 scenario (scenario with high-carbon & low-renewable prices). Integrating CCS, 21 

though cost-intensive today, moderates the TAC increase in 2050. Hybfur achieves 40% and 20% lower 22 

TAC with and without CCS, respectively, compared to NGfur. ELfur, though currently expensive, 23 

achieves a 25% TAC reduction by 2050. Multi-scenario mapping shows that hybrid and oxy-fuel CCS 24 

configurations dominate across a wide range of future price conditions, whereas full electrification and 25 

hydrogen pathways require significant energy price reductions to become viable. Uncertainty analysis 26 

confirms that hybrid configurations maintain the highest probability of economic competitiveness under 27 

evolving market conditions. These findings highlight partial electrification as a key decarbonisation 28 

strategy, with CCS essential for deep emissions cuts and economic resilience under stringent climate 29 

policies. 30 

Keywords: Glass industry, industrial decarbonisation, techno-economic analysis, electrification, 31 

carbon capture and storage (CCS), industrial energy transition, scenario-based analysis. 32 

1. Introduction 33 

Rising CO2 levels pose a global threat, intensifying extreme weather and socio-economic risks 34 

(European Commission, 2023). Decarbonising the industrial sector is complex due to its high energy 35 

use, capital intensity and strict quality standards, especially in key sectors like steel, cement and glass 36 

(Bataille et al., 2018; Napp et al., 2014). Yet, their economic importance demands cost-effective, 37 

feasible solutions. The glass industry is a major source of industrial CO2 emissions, contributing about 38 

15 MtCO2 annually in Europe (ETS, 2023a), with flat and container glass leading production. In 39 

Belgium, it emits 0.6 MtCO2 per year, 78% of which is from flat glass (ETS, 2023b). The melting 40 

process, requiring temperatures of 1400–1650 °C (Joint Research Centre, 2013), entails high energy 41 

demand and offers limited decarbonisation alternatives. The strong dependency of the glass industry on 42 

natural gas (NG) emphasises the need for low-emission alternatives. 43 

The flat glass industry has made significant progress in reducing emissions through improvements 44 

in furnace design, increased use of cullet (recycled glass) and enhanced energy efficiency (raw material 45 

preheating). As a result, emissions in the European flat glass industry decreased by 43% between 1990 46 

and 2018 (Glass for Europe, 2020a). Although further refinements to the float process may yield slight 47 
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efficiency gains, these rely on advanced technologies. Best available technologies and incremental 48 

improvements will continue to reduce emissions, but achieving climate neutrality by 2050 will require 49 

transformative measures like waste heat recovery, electrification, fuel switching and carbon capture and 50 

storage (CCS) (British Glass, 2021; Colangelo, 2024; Glass for Europe, 2020a; Griffin et al., 2021). 51 

These strategies could reduce emissions by 75–85% compared to 2018 levels (Glass for Europe, 2020a). 52 

Recently, industries, researchers and governments have increasingly focused on exploring 53 

extensive decarbonisation options and technologies for flat glass production. A recent review of glass 54 

industry decarbonisation by Zier et al. (2021) identified key decarbonisation strategies, including 55 

electric melting, hydrogen combustion, waste heat recovery and process intensification. From the study, 56 

hybrid and all-electric melting, along with hydrogen oxy-fuel combustion, are promising, but they 57 

require further research, cost reductions and infrastructure adjustments. The study also emphasised 58 

advanced process controls, furnace efficiency and effective waste heat utilisation, while highlighting 59 

the need for lower renewable energy prices and robust infrastructure to enable the energy transition of 60 

the sector. Another study conducted by Zier et al. (2023) utilised a bottom-up model to assess CO2 61 

emissions and the impact of various decarbonisation options from 2020 to 2050 on the German 62 

container and flat glass industries. The study revealed that none of the modelled pathways are 63 

compatible with the strict 1.5 °C carbon budget, with even the best-case scenario exceeding it by 64 

+200%. Indeed, even the 2 °C target is reportedly feasible only through a complete fuel switch to green 65 

hydrogen or renewable electricity. The study also highlighted the significant CO2 reduction potential of 66 

green hydrogen and stressed the importance of process-related emissions reductions, such as increasing 67 

cullet use, adopting alternative raw materials, or implementing CCS technologies. Papadogeorgos and 68 

Schure (2019) analysed decarbonisation options for the Dutch container and tableware glass industry, 69 

identifying key strategies, such as transitioning to all-electric furnaces, hydrogen combustion and using 70 

biomethane to replace NG. They emphasised the importance of increased cullet recycling to lower 71 

energy demand and emissions, as well as the potential of residual heat utilisation and CCS technologies. 72 

While these measures could significantly reduce emissions, their implementation requires further 73 

technological development, infrastructure upgrades and strong policy support, including carbon pricing 74 

and incentives for renewable energy. Barón et al. (2023) presented another perspective on the potential 75 

of decarbonisation along with the utilisation of captured CO2. Their study presented a comprehensive 76 

analysis of Power-to-Gas (P2G) integration in the glassmaking industry. By combining CO2 captured 77 

via Calcium Looping and green hydrogen from proton exchange membrane (PEM) electrolysers, 78 

synthetic natural gas replaces fossil NG in a closed-loop system. The proposed solution achieves up to 79 

95% NG savings and 86% CO2 emissions reduction with energy penalties of 32–35 GJ/tCO2. Although 80 

the calculated carbon abatement costs (261–367 €/tCO2) are relatively high, future scenarios with 81 

increased carbon taxes and renewable energy deployment may arguably enhance economic feasibility. 82 

Although the studies mentioned above provide valuable insights into decarbonisation options, 83 

several critical gaps remain unaddressed. Most previous research focuses on individual technologies or 84 

strategies, lacking a systemic techno-economic analysis (TEA) that compares different decarbonisation 85 

pathways in terms of capital expenditures, operating expenses and energy consumption. Additionally, 86 

the potential of waste heat utilisation for carbon capture remains underexplored. Another key gap is the 87 

limited research on the impact of energy prices on the performance and economic feasibility of the 88 

system, particularly in the context of future energy scenarios. Recognising the conditions under which 89 

certain decarbonisation options become viable is crucial in aligning the configuration selection with 90 

future energy policies. Energy and carbon prices are subject to future uncertainties, making 91 

deterministic assessments insufficient. A robust analysis is needed to assess how variable energy prices 92 

and carbon taxes affect the suitability and ranking of various pathways over time. 93 

Addressing these gaps is essential for identifying decarbonisation strategies that align with 94 

emissions reduction targets, such as the Fit-for-55 framework (European Commission, 2021) and the 95 

2050 long-term strategy (European Commission, 2018). In this study, a bottom-up approach to analyse 96 

decarbonisation pathways in the glass industry is performed, focusing on detailed process-level 97 

modelling of key systems, including melting furnaces, energy systems and decarbonisation options. The 98 

options examined include electrification (all-electric and Hybrid (electric boosting) furnaces), hydrogen 99 

fuel switching, waste heat recovery and CCS. This study evaluates the tradeoff between the overall 100 



performance indicators, such as capital expenditures, operating expenses, energy consumption and CO2 101 

emissions. A multi-scenario mapping based on parameter sweep explores various decarbonisation 102 

options across a complex solution space. This approach identifies the conditions under which specific 103 

configurations/options are most viable and assesses their behaviour under various future energy 104 

scenarios. Lastly, to account for uncertainties in commodities and CO2 emission prices, this study 105 

applies Uncertainty Quantification (UQ) in which Polynomial Chaos Expansion (PCE) is used as a 106 

surrogate-assisted UQ method, ensuring an efficient and reliable analysis with reduced computational 107 

cost. Hence, this study offers a robust framework for comparing decarbonisation options, assessing their 108 

technical and economic resilience, and providing policymakers and industry stakeholders with valuable 109 

insights to support cost-effective, energy-efficient strategies for deep decarbonisation of the glass 110 

industry. Its broader goal is to feed into the development of INDECATE (indecate.com), a web-based 111 

tool designed to aid decarbonisation decisions across sectors like glass, cement, steel, fertilisers, lime, 112 

and others. 113 

2. Methodology 114 

This bottom-up techno-economic assessment (TEA) of decarbonisation options for the glass 115 

industry follows four parts: data collection, model development, analysis and optimisation, and 116 

reporting (Figure 1).  117 

 118 

Figure 1. Comprehensive framework used to design and analyse decarbonisation pathways for glass production. 119 

Data is sourced from open databases (e.g., EU-ETS (ETS, 2023b), (Glass for Europe, 2020a)), 120 

including process descriptions, emissions, and production capacities. Existing studies are reviewed to 121 



identify low-emission pathways. In the model development part, a superstructure integrates multiple 122 

decarbonisation options using data from the Best Available Techniques (BAT) document (Joint 123 

Research Centre, 2013) and simulation tools like Aspen Plus®. Validated models ensure mass and 124 

energy balances across equipment (Cervo et al., 2020). The analysis and optimisation evaluate energy 125 

use and economic performance across configurations. A multi-scenario parameter sweep identifies cost-126 

effective pathways under diverse energy market conditions, while UQ assesses how energy price 127 

variability influences decarbonisation choices. The reporting part delivers insights to support informed 128 

decision-making. The methodology developed in this study (Figure 1) builds upon our previous work 129 

(Flórez-Orrego et al., 2022), with further improvements and extensions to include the parameter sweep 130 

method and the uncertainty quantification. 131 

2.1 Modelling of the superstructure (description of the process, decarbonisation 132 

options and utility units) 133 

A comprehensive set of decarbonisation options (Figure 2) is modelled using the equation-oriented 134 

or sequential modular simulation approaches. These models include mass and energy balance equations, 135 

CO2 emissions data, costing parameters and other process design variables, rigorously validated against 136 

the literature to ensure accuracy. These ex-ante models are the foundation of the process synthesis and 137 

optimisation framework called OSMOSE Lua (Flórez-Orrego et al., 2022), which solves a mixed-138 

integer linear programming (MILP) problem using the AMPL suite to identify the most cost-effective 139 

operating conditions and technologies for decarbonising the industrial sectors.  140 

 141 

Figure 2. Superstructure of flat glass production incorporating a comprehensive set of options of energy 142 
resources, melting processes, CCS units and waste heat recovery methods. 143 

This study considers a flat glass production plant with a capacity of 800 tonnes per day (tpd). 144 

Although flat and container glass serve different applications, their production processes share key 145 

similarities regarding melting technologies, furnace design, and energy efficiency strategies (B. 146 

Fleischmann, 2018; Joint Research Centre, 2013). Therefore, this study focuses only on the analysis of 147 

flat glass production to provide insights applicable to the broader glass sector. The process begins with 148 

batch preparation, where silica sand, soda ash, sodium sulfate, limestone, dolomite and cullet (recycled 149 

glass) are mixed and preheated to 200 °C using flue gas waste heat (Joint Research Centre, 2013). The 150 

batch is then melted at 1400–1600 °C in furnaces. In this work, various melting technologies and fuels 151 



are considered, as illustrated in Figure 2, including an air-gas furnace using NG or hydrogen as fuel 152 

(Joint Research Centre, 2013); an oxy-fuel furnace using NG as fuel; a hybrid furnace (combination of 153 

oxy-firing with 50% electric boosting); and an all-electric cold-top melting furnace. The OSMOSE Lua 154 

framework enables technology selection based on energy prices and emissions reduction goals. During 155 

melting, CO2 is emitted from both fuel combustion and raw material decarbonation. The molten glass 156 

undergoes refining at 1300–1400 °C, followed by sheet formation in a tin float bath and gradual cooling 157 

in an annealing lehr (Joint Research Centre, 2013). A detailed process description and a flow diagram 158 

(courtesy of Glass for Europe (2020b)) are provided in supporting information Section S1. Operating 159 

parameters of a typical European facility, used in this study, are given in Table 1. 160 

Table 1. Design parameters of a typical European flat glass production plant (Ecofys et al., 2012; Joint Research 161 
Centre, 2013) 162 

Parameter Value 

Size 800 tpd (33 333 kg/h) 

Raw Materials 1.15 t of solid mass/t of glass melted 

Fuel Natural gas (NG) 

Fuel Consumption 49 MW (5.34 GJ/tglass) 

Power Consumption 7.4 MW (0.8 GJ/tglass) 

Emissions (Direct) 0.48 tCO2/tglass 

CO2 Concentration 8 – 16% mol. 

To mitigate emissions, two carbon capture options are assessed. The first is chemical absorption 163 

using monoethanolamine (CC-MEA), where CO2 is selectively absorbed from flue gas (40 °C) in an 164 

absorber, producing a CO2-rich solvent. This is regenerated in a stripper at 120 °C using steam, releasing 165 

purified CO2, which is then compressed for transport and storage, while lean MEA is recycled. The 166 

process is modelled in Aspen Plus® and integrated into OSMOSE. Detailed process description, 167 

operating parameters and a schematic diagram (Figure S2) of CC-MEA are provided in supporting 168 

information in section S2.1. Further design details can be found elsewhere (Salman et al., 2024). 169 

The second carbon capture option is cryogenic CO2 compression and purification (CC-CPU), used 170 

for flue gases from oxy-fuel and electric furnaces, which are rich in CO2. After cooling and impurity 171 

removal, the gas is compressed to 25 bar, dried to 1 ppm moisture and sent to a cold box where CO2 is 172 

separated from inerts. Depending on purity targets, multi-stage distillation or cold box configurations 173 

(as in the case of this study) can be applied. The regasified CO2 is compressed for transport and storage 174 

(Shah, 2011). Energy, mass balances and cost data are taken from (Costa et al., 2024; Gardarsdottir et 175 

al., 2019; Shah, 2011). The detailed process description, operating parameters and a schematic diagram 176 

(Figure S3) of CC-CPU are provided in supporting information in section S2.2. 177 

To draw a comparison between CC-MEA and CC-CPU, flue gases from air-blown furnaces are 178 

directed to CC-MEA and high CO2 concentration streams from oxy-fired and all-electric systems are 179 

directed to CC-CPU, since cryogenic capture is generally employed in settings with high concentration 180 

oxy-combustion flue gases (Barlow et al., 2023). Both capture technologies include a compression train, 181 

compressing CO2 up to 40 bar with a purity of 95% mol, aligning with the suggested Belgian CO2 182 

transport network requirement (Fluxys, 2022). 183 

Two main external waste heat recovery approaches, namely, the electricity generation and the 184 

steam generation for amine solvent regeneration, are assessed. The flue gas from the furnace, after air 185 

preheating, serves as a heat source for a supercritical CO2 Rankine cycle (CRC) (Figure S4). This cycle 186 

is more compact than conventional steam-based systems, benefiting from the higher density and 187 

operating pressures of CO2 (>70 bar). It also uses superior heat transfer properties of supercritical fluid 188 

and a gliding evaporation temperature profile exceeding 300 °C, which aligns well with the hot air 189 

initial and final temperatures (400-600 °C) (Flórez-Orrego et al., 2023). This power cycle is modelled 190 

using the thermodynamic database CoolProp (CoolProp, 2023) and an equation-oriented simulation 191 

approach to optimise its performance and integration. The second integration route uses waste heat to 192 

generate steam (~120–150 °C) for the CC-MEA stripper reboiler, reducing external energy demand and 193 

auxiliary consumption while minimising waste heat rejection. 194 

Table 2 summarises a list of the potential decarbonisation configurations (along with the 195 



abbreviations which are used throughout the paper) combining five primary melting furnace options, 196 

namely NG air-blown, NG-oxy-fired, Hybrid, Hydrogen air-blown and All-electric furnaces. Each 197 

furnace configuration can include or exclude carbon capture (-CC), resulting in a total of ten possible 198 

configurations. The oxyfiring configurations also include an air separation unit (ASU) for oxygen 199 

generation (description and operating parameters are given in the supporting information section S4). 200 

In addition, external waste heat recovery is implemented across all the configurations. 201 

Table 2. Selected decarbonisation configurations for flat glass production. 202 

Configuration Abbreviation 

NG air-blown furnace w/o CC (base case) NGfur  

NG air-blown furnace w/ CC NGfur-CC 

NG oxy-fuel furnace w/o CC NGOxyfur 

NG oxy-fuel furnace w/ CC NGOxyfur-CC 

Hybrid furnace (NG-oxy + 50% Electric boosting) w/o CC Hybfur 

Hybrid furnace (NG-oxy + 50% Electric boosting) w/ CC Hybfur-CC 

All-electric furnace w/o CC ELfur 

All-electric furnace w/ CC ELfur-CC 

H2-air-blown furnace w/o CC  H2fur 

H2-air-blown furnace w/ CC H2fur-CC 

2.2: Emissions and Energy Performance Indicators 203 

This section defines the performance indicators used to evaluate and compare decarbonisation 204 

configurations in terms of their emissions and energy intensities. It considers both the total CO2 205 

emissions and total energy demand (thermal and electrical) per tonne of flat glass produced, associated 206 

with each configuration. These indicators provide a consistent basis to assess the effectiveness of energy 207 

efficiency measures, fuel switching, electrification, and carbon capture strategies. The indicators are 208 

evaluated for each configuration using detailed process modelling and heat integration analysis, 209 

enabling a transparent comparison of energy use and environmental impact. 210 

2.2.1 Carbon Footprint Calculation 211 

To assess the CO2 impact of each configuration, a carbon footprint analysis is performed, covering 212 

direct emissions from combustion and raw material decomposition (Scope 1), and indirect emissions 213 

from electricity and fuel supply chain (Scope 2). 214 

Direct CO2 emissions from NG combustion are calculated based on the thermal energy demand 215 

and the lower heating value of NG (50 MJ/kg). The fuel mass flow rate is determined, and CO2 216 

emissions are derived using stoichiometry, while considering furnace efficiency. Process-related CO2 217 

emissions stem from the decomposition of carbonate-based raw materials, such as sodium carbonate 218 

(Na2CO3), calcium carbonate (CaCO3) and dolomite (CaMg(CO3)2). The emissions are quantified using 219 

stoichiometric emission factors based on molecular weights: 0.415 kg CO2/kg Na2CO3, 220 

0.44 kg CO2/kg CaCO3, and 0.477 kg CO2/kg  CaMg(CO3)2. These are multiplied by the corresponding 221 

mass flow rates of each material per tonne of glass to calculate the raw material-based direct emissions. 222 

Indirect emissions are included to account for the upstream energy-related impact. A factor of 69 223 

gCO2/kWh (DG-Energy European Commission, 2015) is used for NG, based on its supply chain CO2 224 

emissions. For electricity and hydrogen, emission factors vary depending on the energy scenario. In the 225 

2025 scenario, electricity is assumed to be predominantly fossil-based, with an indirect emissions factor 226 

of 145 gCO2/kWh (EEA, 2024). For the 2050 scenario, a lower factor of 44 gCO2/kWhe (Frischknecht 227 

and Krebs, 2021; Schlömer et al., 2014) is applied, reflecting a shift to renewable electricity. In the 228 

2025 scenario, hydrogen is assumed to be produced via steam methane reforming with CCS (blue 229 

hydrogen), with an emission factor of 87 gCO2/kWh (IEA, 2023). For the 2050 scenario, 44 gCO2/kWh 230 

is used, reflecting production through water electrolysis powered by renewable electricity (green 231 

hydrogen).  232 

This carbon footprint calculation offers a simplified representative impact of the operational phase 233 



and supports the evaluation of the decarbonisation potential. A full life cycle assessment (LCA) is 234 

beyond the scope of this study. 235 

2.2.2 Energy Consumption Analysis 236 

This section outlines two key performance indicators: waste heat recovery potential and total 237 

specific energy consumption. Waste heat recovery identifies opportunities to reuse excess thermal 238 

energy, enhancing process efficiency and reducing external energy demand. Specific energy 239 

consumption quantifies the total energy (thermal and electrical) required per tonne of glass, considering 240 

both direct use and savings from recovery systems. 241 

Energy efficiency is assessed using the pinch analysis method implemented in the OSMOSE Lua 242 

platform, which evaluates waste heat availability and its allocation to solvent regeneration (CC-MEA) 243 

or electricity generation (CRC). Two main waste heat sources are considered:  244 

1) High-temperature flue gases exiting the furnace at 1300–1400 °C, which are used internally to 245 

preheat oxidants and raw materials, with residual heat available for external recovery at 246 

approximately 600 °C, assuming no air infiltration is done at the stack. 247 

2) Glass annealing and cooling from 650 °C to 350 °C yields hot air at 200 °C available for 248 

recovery.  249 

The optimisation framework ensures the physical constraint imposed by the minimum temperature 250 

difference (Δ𝑇min) between hot and cold streams. Equation (1) determines the amount of waste heat 251 

available after the regeneration and raw material preheating is discounted: 252 

𝑄𝑤𝑎𝑠𝑡𝑒𝑖
= (𝑄𝑚𝑒𝑙𝑡𝑖𝑛𝑔 ∙ (1 − 𝜂𝑓𝑢𝑟𝑖

) ) − (
𝑄𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑜𝑥𝑖𝑑𝑎𝑛𝑡𝑖

+ 𝑄𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑅𝑀

𝜂𝑙𝑜𝑠𝑠𝑒𝑠𝑖

) − 𝑄𝑤𝑎𝑙𝑙 𝑙𝑜𝑠𝑠𝑒𝑠𝑖
253 

+ 𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔 (1) 254 

where 𝑄𝑤𝑎𝑠𝑡𝑒𝑖
 is total waste heat (in MW) available for external recovery in the ith configuration, 255 

𝜂𝑓𝑢𝑟𝑖
 is the efficiency of ith furnace, 𝑄melting is the total theoretical heat required for melting, 256 

𝑄𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑜𝑥𝑖𝑑𝑎𝑛𝑡𝑖
 is the theoretical heat required for preheating of air or oxygen, 𝜂𝑙𝑜𝑠𝑠𝑒𝑠𝑖

 represents 257 

preheating losses (~10%),  𝑄𝑝𝑟𝑒ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑅𝑀 represents the preheating required by raw materials, 𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔 258 

represent the waste heat recovered via glass cooling and 𝑄wall losses is the heat lost through furnace 259 

walls. 260 

The total specific energy consumption 𝑄𝑇𝑖
 is evaluated using Equation 2, which accounts not only 261 

for the total energy demand but also for potential heat recovery opportunities within each configuration: 262 

𝑄𝑇𝑖

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑔𝑙𝑎𝑠𝑠
=

[∑ (𝑄𝑢 + 𝑃𝑢)𝑢 ∈ 𝑢𝑛𝑖𝑡𝑠 ] − 𝑄𝑟𝑒𝑐 − 𝑃CRC   

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑔𝑙𝑎𝑠𝑠
   (2) 263 

where, 𝑄𝑢 refers to the thermal energy demand 𝑃𝑢 denotes the electric power required by each unit 𝑢. 264 

Meanwhile, 𝑄rec is the energy recovered through heat integration (for instance, for driving the CC) unit 265 

and 𝑃CRC is the power generated by the waste heat recovery CRC for each configuration. 266 

2.3 Economic analysis 267 

The economic analysis comprises the total annual cost (TAC), the annualised capital expenditure 268 

(CAPEX) and operating expenditures (OPEX). Obtaining vendor quotes requires detailed equipment 269 

sizing and costly design decisions. Consequently, an engineering cost estimation method (Turton et al., 270 

2018) that employs empirical correlations, estimation charts and correction factors to provide reliable 271 

cost estimates is implemented. The underlying principles and specific assumptions used in this analysis 272 

are outlined below. 273 

2.3.1 Capital expenditures (CAPEX) 274 

The CAPEX considers not only the equipment cost but also expenses owing to the installation, 275 

civil or engineering activities. Equation 3 calculates the total annualised CAPEX of each configuration.  276 



𝐴𝑛𝑛. 𝐶𝐴𝑃𝐸𝑋𝑖 = ∑ [(𝐶𝐴𝑃𝐸𝑋(𝑢𝑟𝑒𝑓) ∙ (
𝑆0

𝑆𝑟𝑒𝑓
)

0.6

∙ 𝐶𝐵𝑀 ∙
𝐶𝐸𝑃𝐶𝐼2025

𝐶𝐸𝑃𝐶𝐼𝑟𝑒𝑓
) ∙

𝑑∙(𝑑+1)𝑛

(𝑑+1)𝑛−1
] /(

𝑡𝑔𝑙𝑎𝑠𝑠

𝑦𝑒𝑎𝑟
)𝑢 ∈ 𝑢𝑛𝑖𝑡𝑠 (3)  277 

where, 𝐴𝑛𝑛. 𝐶𝐴𝑃𝐸𝑋𝑖  (€/tglass) is the specific annual CAPEX of the ith configuration, 𝑢 stands for 278 

unit, 𝑆 is the sizing factor of a given unit (e.g., glass production rate in case of furnace and CO2 capture 279 

volume in case of CO2 capture units), ref is the reference unit for calculations, and 𝐶𝐵𝑀 is the bare 280 

module cost factor encompassing direct and indirect expenses. Moreover, CAPEX is updated to 2025 281 

values using the Chemical Engineering Plant Cost Index (CEPCI), with 2001 as the reference year, to 282 

account for inflation and market changes. The discount rate (d) and lifetime (n) are adjusted based on 283 

the type of unit used in each configuration.  284 

Estimating the CAPEX of furnaces is challenging due to limited data availability and 285 

confidentiality concerns. Therefore, an alternative approach is adopted by splitting the CAPEX into 286 

burner (melting) system costs and fixed costs for other furnace components (e.g., forming, annealing, 287 

cooling and finishing). According to Blackburn (2016), the CAPEX for a flat glass production facility 288 

with a capacity of 500 tpd is estimated at €162 million. Assuming that the burner system accounts for 289 

approximately 30% of the total investment, the CAPEX attributable to the remaining plant infrastructure 290 

is €113.4 million. In this study, the total CAPEX for an 800 tpd facility is scaled accordingly using the 291 

CAPEX correlation presented in Equation (3). Furthermore, specific burner system costs are adopted 292 

from (Lyons et al., 2018), with values set at 236 €/kW for NGfur, 272 €/kW for H2fur, 225 €/kW for 293 

ELfur and 250 €/kW for NGOxyfur configurations. These values are applied consistently across the 294 

relevant furnace designs, ensuring a robust and technology-specific cost assessment framework. The 295 

cost of Hybfur is estimated as a 50% share of both electric and oxy-combustion furnaces. Hydrogen 296 

systems have higher CAPEX due to burner modifications and infrastructure upgrades. The electric 297 

furnaces feature the lowest CAPEX, as they avoid the regenerators and high-temperature crowns. Oxy-298 

fuel systems slightly increase CAPEX due to the change in furnace type to a recuperator. This 299 

methodology ensures that only the incremental cost owing to fuel switching influences the CAPEX 300 

figures, while the remaining furnace cost remains unchanged across configurations. 301 

Furnace lifetimes and discount rates are based on the BAT document (Joint Research Centre, 2013) 302 

and Technology Readiness Levels (TRL), with higher TRLs leading to lower discount rates and longer 303 

plant lifetimes. It can be explained by reduced risks and proven reliability. Lower TRLs entail higher 304 

discount rates and shorter lifetimes to account for uncertainties (Fujita, 2021). These factors are 305 

essential for assessing the feasibility of emerging decarbonisation technologies. Details on lifetimes, 306 

interest rates and TRLs are taken from multiple sources and compiled in Table 3 (Fuller et al., 2022; 307 

Joint Research Centre, 2013; Kobayashi, 2004; Morris, 2020; Rademaker and Marsidi, 2019; Zier et 308 

al., 2021).  309 

Table 3. Technology readiness level, lifetime and discount rates are considered for each configuration. 310 

Type TRL (1-9) Lifetime (years) Discount rate (%) 

NGfur 9 20 6 

NGOxyfur 8 – 9 20 6 

Hybfur 7 – 8 15 8 

ELfur 6 – 7 10 8 

H2fur 3 – 4 15 8 

The flue gas composition and flow rate used to calculate the CAPEX of the CO2 capture units are 311 

given in Table 4. For the CC-MEA unit, CAPEX includes all pre-operational costs, such as process 312 

engineering, equipment purchase, construction and installation. The simulation of the CC-MEA setup 313 

is developed in Aspen Plus®, whereas the previously described method is used to calculate the 314 

equipment costs as a function of various parameters, such as heat exchange area, column size, etc. 315 

Detailed CAPEX calculation steps are provided in our previous study (Kim and Léonard, 2025). The 316 

total specific 𝐶𝐴𝑃𝐸𝑋(𝑢𝑟𝑒𝑓)/𝑆𝑟𝑒𝑓 from Equation 2 for the CC-MEA unit is 315 €/(tCO2/y) in the case 317 

of NGfur and 420 €/(tCO2/y) in the case of H2fur furnace. For the CC-CPU setup, the specific 318 

𝐶𝐴𝑃𝐸𝑋(𝑢𝑟𝑒𝑓)/𝑆𝑟𝑒𝑓 is reported by Gardarsdottir et al. (2019) as 148 €/(tCO2/y) (𝑆𝑟𝑒𝑓 = 0.87 MtCO2/y). 319 



The lifetime of the CO2 capture units is set at 20 years, with a discount rate of 6%. CAPEX of both 320 

capture options contains the cost of capture and compression. For ASU 𝐶𝐴𝑃𝐸𝑋(𝑢𝑟𝑒𝑓) of €120 million 321 

is taken for the 𝑆𝑟𝑒𝑓 of 92 tonnes per hour (Air Liquide, 2020). 322 

Table 4. CO2 concentration and reference yearly CO2 emissions for the different configurations when using a 323 
corresponding CO2 capture Unit 324 

Furnace type mol% of CO2 (wet basis) 𝑺𝟎 = Direct Emissions 

(MtCO2/year) 

CO2 capture Unit 

NGfur 8 – 16% (Joint Research Centre, 

2013; Li et al., 2014) 

0.14 CC-MEA 

H2fur 6% (Calculated with Aspen Plus) 0.05 CC-MEA 

NGOxyfur 40 – 50% (Kapoor and Schatz, 1997) 0.11 CC-CPU 

Hybfur 60% (Calculated with Aspen Plus) 0.082 CC-CPU 

ELfur >60% (Assumed highly concentrated 

since only process emissions) 

0.05 CC-CPU 

For the CRC, the specific 𝐶𝐴𝑃𝐸𝑋(𝑢𝑟𝑒𝑓)/𝑆𝑟𝑒𝑓 is based on the power generated by the CRC. In this 325 

study, the typical specific CAPEX of the supercritical CO2 power cycle is around 1070 €/kW according 326 

to Wright and Anderson (2017). A lifetime of 20 years and a discount rate of 6% are considered.  327 

2.3.2 Operating expenses (OPEX) 328 

The OPEX (€/tglass) encompasses fixed costs (e.g., labour, insurance and maintenance) and variable 329 

costs (e.g., electricity, steam, cooling water and raw materials) (Turton et al., 2018). Fixed operating 330 

costs are omitted to highlight the incremental OPEX. In this regard, variable costs associated with raw 331 

materials and utilities are included, considering the respective specific prices: 332 

𝑂𝑃𝐸𝑋𝑖 = ([∑ (∑ (𝑝𝑒𝑢
∙ 𝑄̇𝑒𝑢)𝑒 + (𝑝𝑒𝑚𝑢

∙ 𝑚̇𝑒𝑚𝑢) + ∑ (𝑝𝑅𝑀𝑢 ∙ 𝑚̇𝑅𝑀𝑢)𝑅𝑀 ) ∙𝑢∈𝑢𝑛𝑖𝑡𝑠 ℎ𝑟𝑠] +333 

(𝑆𝐶𝐶 ∙ 𝑇&𝑆 𝑐𝑜𝑠𝑡) ) /  (
𝑡𝑔𝑙𝑎𝑠𝑠

𝑦𝑒𝑎𝑟
)   (4)  334 

Where, 𝑂𝑃𝐸𝑋𝑖 (€/tglass) is the total specific OPEX of the ith configuration, 𝑝 is the specific price 335 

(€/unit), Q̇ (kW) and 𝑚̇ (kg/h) denote energy and mass flow rates, respectively, 𝑒 refers to energy 336 

utilities (i.e., electricity, hydrogen and NG), 𝑒𝑚 refers to emissions (i.e. CO2), 𝑅𝑀 stands for raw 337 

materials, and ℎ𝑟𝑠 are the operating hours (8760 hours). The CO2 transport and storage (T&S) costs are 338 

part of the OPEX and calculated on a per-tonne basis, based on the capture capacity (𝑆𝐶𝐶) in 339 

MtCO2/year. The investment for T&S infrastructure is financed by enterprises developing and operating 340 

the networks, while industries pay only the cost of utilisation. In Belgium, the CO2 T&S chain assumes 341 

onshore pipeline transport to the Zeebrugge terminal; offshore pipeline transport to North Sea storage 342 

sites; and final storage in saline aquifers or depleted gas fields (Fluxys, n.d.). The total T&S cost is 343 

estimated as 45 €/tCO2. It includes both transport cost and storage cost, based on the work of Roussanaly 344 

et al. (2021). More details and assumptions for using the T&S cost calculation are provided in the 345 

Supporting Information Section S5. 346 

Two operating scenarios are used to evaluate the OPEX of different configurations: (1) the 2025 347 

Scenario, based on current market prices for electricity, NG, hydrogen and CO2 emissions, sourced 348 

from market references; and (2) the 2050 Scenario (future outlook), which incorporates estimated prices 349 

from the PATHS2050 study by Vito (EnergyVille, 2023), including marginal production costs for 350 

energy commodities and projected CO2 pricing. The aim is to assess the influence of future prices on 351 

the OPEX and the competitiveness of the various configurations. These prices are summarised in Table 352 

5. The 2050 prices are marginal production costs based on assumptions and not actual price forecasts. 353 

Table 5. Price scenarios and associated commodity prices. 𝑝𝐸𝐸  = electricity price, 𝑝𝑁𝐺  = NG price, 𝑝𝐻2 = 354 
hydrogen price, 𝑝𝐶𝑂2 = CO2 emissions price. 355 

Scenario Price Value Reference 

2025 𝑝𝐸𝐸  78 (€/MWh) (DG Energy, 2024a) 

.𝑝𝑁𝐺  36 (€/MWh) (DG Energy, 2024b) 

𝑝𝐻2  120 (€/MWh) (Business Analytiq, 2024) 



𝑝𝐶𝑂2  75 (€/tCO2) (Statista, 2024) 

2050 𝑝𝐸𝐸  56 (€/MWh) 

(EnergyVille, 2023) 
.𝑝𝑁𝐺  35 (€/MWh) 

𝑝𝐻2  78 (€/MWh) 

𝑝𝐶𝑂2  250 (€/tCO2) 

2.3.3 Total annual cost (TAC) 356 

The TAC (€/tglass) represents the sum of annualised CAPEX and OPEX for each configuration. It 357 

provides an overall economic assessment, allowing for the comparison of different decarbonisation 358 

pathways under varying energy price conditions. TAC accounts for both investment and operational 359 

costs, evaluating the long-term feasibility of each configuration. Like OPEX, to evaluate TAC across 360 

different decarbonisation options, the same 2025 and 2050 scenarios described in the previous section 361 

are utilised. These scenarios reflect the current market conditions and the projected energy costs, 362 

enabling a comparative analysis of cost evolution over time. By evaluating these two scenarios, this 363 

study identifies which price variables have the greatest influence on each configuration and how shifting 364 

energy markets impact costs over time. However, its purpose is not at all to predict accurate flat glass 365 

production costs, but rather to provide a semi-quantitative comparison between technological choices. 366 

2.4 Multi-scenario mapping of configurations (parameter sweep) 367 

Following the TEA, a parameter sweep analysis is conducted to identify the most cost-effective 368 

decarbonisation pathways across a broad range of future energy and emission price scenarios. This 369 

approach moves beyond single-point forecasts by systematically varying key inputs, such as electricity, 370 

hydrogen, NG and CO2 prices, reflecting uncertainties driven by policy changes, market volatility, 371 

infrastructure development, and geopolitical dynamics. The analysis reveals which configurations are 372 

most sensitive to pricing drivers and under what conditions they become economically viable. 373 

Technologies that only appear under extreme price scenarios suggest limited flexibility and heavy 374 

reliance on favourable but unlikely policy or market shifts, reducing their practical feasibility. In 375 

contrast, configurations that become viable under moderate variations in input prices indicate stronger 376 

economic robustness and adaptability, making them more suitable for future deployment in evolving 377 

energy systems. 378 

To define the parameter ranges, data is sourced from Belgian and European energy distributors 379 

(ELIA, 2017; ENTSO, 2024, 2022) and research institutes (Climact, 2021; EnergyVille, 2023), which 380 

provide plausible projections for future energy prices and carbon costs. Based on these studies and 381 

energy scenarios, a broad range of energy commodities and CO2 prices is considered. For instance, 382 

electricity prices range from as low as 10 €/MWh to as high as 200 €/MWh, covering the most plausible 383 

values to account for various possible scenarios. The same approach is applied to other commodity 384 

prices. The parameter space includes the following values: 385 

Electricity Price (𝑝𝐸𝐸 ) (
€

𝑀𝑊ℎ
) ∈ [10, 25, 50, 75, 100, 125, 150, 175, 200] 386 

Hydrogen Price (𝑝𝐻2) (
€

𝑀𝑊ℎ
) ∈ [10, 25, 50, 75, 100, 150, 200] 387 

NG Price (𝑝𝑁𝐺) (
€

𝑀𝑊ℎ
) ∈ [10, 35, 55, 75, 100] 388 

CO2 Price (𝑝𝐶𝑂2) (€/𝑡) ∈ [75, 100, 150, 200, 250] 389 

The parameter ranges are non-equidistant, the reason is to balance resolution and computational 390 

efficiency. Finer steps are used in low-price regions to capture sensitive shifts in competitiveness, while 391 

broader intervals at higher prices reflect regions where additional points add little value, as 392 

configurations consistently lose viability. This approach ensures focused insights with minimal 393 

redundant simulations. Next, the total number of parameter combinations is calculated based on the 394 

defined ranges: 395 

𝑁𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑠 =∣ 𝑝𝐸𝐸 ∣⋅∣ 𝑝𝐻2 ∣⋅∣ 𝑝𝑁𝐺 ∣⋅∣ 𝑝𝐶𝑂2 ∣= 9 ⋅ 7 ⋅ 5 ⋅ 5 = 1575 𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝑠   (4) 396 



For each of these 1575 combinations of energy pricing scenarios, a MILP optimisation is executed 397 

to determine the most cost-effective configuration. The optimisation objective function is defined as: 398 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =  𝑚𝑖𝑛
𝑖

𝑇𝐴𝐶𝑖 =  𝑚𝑖𝑛
𝑖

 (𝐴𝑛𝑛. 𝐶𝐴𝑃𝐸𝑋𝑖  + 𝑂𝑃𝐸𝑋𝑖)   (5) 399 

Results are analysed using parallel coordinate plots, which provide an intuitive visualisation of the 400 

impact of different energy prices on the configuration selection. These plots compare the cost-401 

effectiveness of technologies across scenarios, identify thresholds for which one configuration becomes 402 

more favourable and offer valuable insights into the competitiveness and suitability of decarbonisation 403 

technologies under varying conditions. 404 

2.5 Uncertainty analysis (characterisation and quantification) related to the 405 

energy vector prices 406 

The TAC of decarbonisation configurations is highly sensitive to energy vector and CO2 prices. 407 

While the deterministic parameter sweep identifies cost-effective pathways, it does not reflect the 408 

probability of different scenarios occurring. To address this, Bayesian inference is applied, assigning 409 

lognormal priors to energy vectors and normal priors to CO2 prices. Next, probable future values of the 410 

energy prices for 2030, 2040 and 2050 scenarios are obtained from studies conducted by Belgian and 411 

European energy distributors (ELIA, 2017; ENTSO, 2024, 2022) and research institutes (Climact, 2021; 412 

EnergyVille, 2023). The posterior distributions are estimated using a Markov Chain Monte Carlo 413 

(MCMC) method (Gefland & Smith, 1990), specifically the No-U-Turn Sampler (NUTS) (Hoffman 414 

and Gelman, 2014), a variant of Hamiltonian Monte Carlo (HMC). This approach leverages prior 415 

knowledge and observed data to model the uncertainty surrounding future energy and CO2 emissions 416 

prices. 417 

In this work, uncertainty in commodity price forecasts is assumed to increase with the time horizon 418 

due to factors like policy shifts, market volatility and technological change. Within the Bayesian 419 

framework, this is captured by assigning larger prior standard deviations and greater observational noise 420 

for later years. A total of 5,000 posterior samples are generated using MCMC (99% acceptance), with 421 

results shown in Figures S8 and S9. To propagate the input uncertainties through the model and quantify 422 

their effect on the quantities of interest, like TAC, PCE is adopted from the open-source Python 423 

framework RHEIA (Coppitters et al., 2022). For a detailed explanation of PCE, refer to Marelli and 424 

Sudret (2014). A brief description of the method is provided below. The PCE surrogate model (𝑀̂) 425 

represents the input-output relationship of the system model (𝑀) through a truncated series of 426 

multivariate orthonormal polynomials (𝛹), each scaled by corresponding coefficients (𝜆): 427 

𝑀̂𝑖(𝜉) = ∑ 𝜆{𝛼}𝛹{𝛼}(𝜉) ≈ 𝑀𝑖(𝜉)

{𝛼∈𝐴{𝛿,𝜌}}

   (6) 428 

where ξ  =  (𝑝𝐸𝐸 , 𝑝𝑁𝐺 , 𝑝𝐻2, 𝑝𝐶𝑂2) i.e., vector of independent random parameters, i ∈ {1,2, … ,10} 429 

represents the configuration index, 𝛿 represents the number of uncertain input parameters, and α is a 430 

multi-index. The truncation reduces the series to (𝜈 + 1) terms, determined by the polynomial order 𝜌 431 

and the number of uncertain parameters (𝛿 = 4). Here, 𝜈 + 1 denotes the total number of multivariate 432 

polynomial terms retained in the truncated expansion, where 𝜈 is the number of coefficients excluding 433 

the constant. The order of the multivariate polynomial in the series corresponds to the sum of the orders 434 

of its univariate components (i.e., |𝛼| = 𝜌). Consequently, the multi-indices for polynomials of order 𝜌 435 

or lower are stored in the truncated set (𝒜𝛿,𝜌) (Coppitters et al., 2020): 436 

𝒜δ,ρ = {α ∈ Nδ: |α| ≤ 𝜌}(7) 437 

𝑁 represents the set of natural numbers. The number of multi-indices in (𝒜𝛿,𝜌) is given by 438 

(Coppitters et al., 2020): 439 

card(𝒜𝛿,𝜌) = (
𝜌 + 𝛿

𝜌
) =

(𝛿 + 𝜌)!

𝛿!  𝜌!
= 𝜈 + 1   (8) 440 



The PCE coefficients λ are estimated using a regression-based approach (Coppitters et al., 2020). 441 

To ensure a well-posed least-squares minimisation, at least 2(ν + 1) training samples are used. These 442 

are generated via quasi-random Sobol sampling and evaluated using the full system model 𝑀. A 443 

polynomial order of 𝜌 = 3 results in 70 required samples, ensuring a Leave-One-Out (LOO) cross-444 

validation error below 1% per PCE. Once constructed, PCEs enable analytical computation of statistical 445 

moments and sensitivity indices, while allowing efficient probability density function (PDF) 446 

reconstruction without further model evaluations. The process is repeated for each configuration across 447 

three target years (2030, 2040 and 2050), resulting in 30 PCE models.  448 

3 Results and Discussion 449 

This section presents the results of the proposed decarbonisation pathways, evaluated across a 450 

range of energy scenarios. The analysis begins with a detailed carbon footprint comparison to quantify 451 

the climate impact of each furnace configuration. This is followed by an energy performance 452 

assessment, highlighting waste heat recovery potential and specific energy demand, particularly in the 453 

context of carbon capture and power generation integration. An economic analysis sheds light on the 454 

impact of the energy and CO2 prices and capital investment on the TAC of each configuration. Results 455 

of a multi-scenario mapping are explored, showing how variations in the prices influence the optimality 456 

of specific configurations, thus providing a clear understanding of the solution space. Finally, by 457 

considering uncertainties in the prices, the analysis determines which configurations are likely to be a 458 

cost-optimal solution. 459 

3.1 Emissions and Energy Performance Indicators 460 

This section presents two key performance aspects of the assessed configurations. First, the carbon 461 

footprint is evaluated by accounting for direct process and combustion emissions, as well as indirect 462 

emissions from electricity and the fuel supply chain. Next, the energy consumption is analysed to assess 463 

the specific energy demand and waste heat recovery potential of each configuration. 464 

3.1.1 Carbon Footprint Calculation 465 

The CO2 emissions performance of the various configurations depends on choices about energy 466 

vectors and the inclusion of carbon capture units. The detailed emissions breakdown is shown in Figure 467 

3. For the 2025 scenario, in which electricity and hydrogen are assumed fossil-derived, the NGfur 468 

configuration shows the highest CO2 emissions ratios at 0.61 tCO2/tglass, driven by direct NG combustion 469 

emissions (0.29 tCO2/tglass), process emissions from the raw material decomposition (0.19 tCO2/tglass), and 470 

indirect/upstream emissions of NG (0.10 tCO2/tglass) and electricity (0.023 tCO2/tglass). Integrating CC-471 

MEA (NGfur-CC) reduces the net emissions to 0.22 tCO2/tglass, leaving only unabated emissions (0.053 472 

tCO2/tglass) due to CO2 capture inefficiency and indirect emissions (0.16 tCO2/tglass). 473 

NGOxyfur configuration shows modest improvement in terms of fuel savings, resulting in 11.5% 474 

lower emissions (0.54 tCO2/tglass) than NGfur. With carbon capture (NGOxyfur-CC), it achieves 0.16 475 

tCO2/tglass, aided by capture via CC-CPU and reduced fuel use, though indirect emissions of NG supply 476 

still contribute 0.081 tCO2/tglass. Hybfur configuration benefits from partial electrification, reducing total 477 

emissions to 0.41 tCO2/tglass. Paired with carbon capture, Hybfur-CC reaches 0.15 tCO2/tglass, i.e. the lowest 478 

total emissions in the 2025 scenario. This emphasises the importance of combining electrification with 479 

CCS techniques.  480 

Full electrification (ELfur) eliminates direct combustion-related emissions, resulting in a total of 481 

0.36 tCO2/tglass (41% lower than in NGfur), attributable entirely to process emissions and indirect 482 

emissions from electricity use. With carbon capture (ELfur-CC), CO2 emissions are further reduced 483 

(0.19 tCO2/tglass) by tackling process-related CO2 and modest power-related emissions (0.18 tCO2/tglass). 484 

Hydrogen-fired furnaces result in similar CO2 emissions profiles while eliminating the direct 485 

combustion CO2 emissions. In the 2025 scenario, H2fur and H2fur-CC reach net emissions of 0.35 and 486 

0.19 tCO2/tglass, respectively, due to zero combustion CO2 emissions and process emissions cut down via 487 

CCS implementation. By 2050, with fully renewable electricity and hydrogen, indirect emissions drop 488 

sharply. ELfur-CC and H2fur-CC outperform with 0.06 and 0.09 tCO2/tglass total emissions, respectively, 489 



leveraging upstream decarbonisation. NG-based configurations see limited improvement in 2050.  490 

As a result, CCS implementation is essential across all configurations to address process CO2 491 

emissions. Hybrid furnaces offer an effective transitional solution, with significant emissions reduction 492 

through partial electrification. Electrification and hydrogen become most effective at the same time that 493 

electricity grids and hydrogen supply chains are decarbonised.  494 

 495 

Figure 3. CO2 emissions breakdown per tonne of glass across all configurations for 2025 and 2050 scenarios, 496 
including direct, indirect and process-related emissions. For CCS-based configurations, captured CO2 emissions 497 

are shown with hatched bars to illustrate the total CO2 generated and the portion effectively captured. 498 

3.1.2 Waste heat recovery 499 

Waste heat recovery analysis was conducted for each configuration, with results shown in Figures 500 

4–6 and summarised in Table 6. The total available waste heat and its internal and external recovery 501 

are reported. Notably, in cases where CC-MEA is activated, CRC is not selected, as the available waste 502 

heat is prioritised for solvent regeneration, leaving insufficient heat for CRC.  503 

Table 6. Waste heat recovery potential and resultant emissions reduction for all configurations. 504 

Configuration Total Waste 

heat available 

(MW) 

Heat recovered for 

preheating, including 

losses (MW) 

Heat Recovered 

for CC-MEA unit 

(MW) 

Electricity generated 

via the CRC system 

(MW) 

NGfur 17.4 10.6 - 2.0 

NGfur-CC 17.4 10.6 6.1 - 

NGOxyfur (-CC) 12 5 -  2.1 

Hybfur (-CC) 7.46 2.9 - 1.36 

H2fur 16.6 9.45 - 2.15 

H2fur-CC 16.6 9.45 4.7 - 

ELfur (-CC) 0 0 0 0 

For the NGfur option, 14 MW of heat is recovered from exhaust gases and 3.4 MW from cooling 505 

at 200 °C. After allocating 9 MW to air (1200 °C) and 1.6 MW to raw material (200 °C) preheating, the 506 

remainder 6.8 MW (𝑄𝑤𝑎𝑠𝑡𝑒) is utilised in a CRC system (450 °C) that generates 2.0 MW of electricity 507 

with an efficiency of 30%. This reduces auxiliary power demand by 27% (from 7.4 to 5.4 MW) and 508 

cuts indirect emissions by 2.5 ktCO2/year, considering the grid emission intensity of 145 gCO2/kWhe 509 

(EEA, 2024). The integrated composite curve is shown in Figure 4(a). In the NGfur-CC case (Figure 510 

4b), out of 17.4 MW, 6.1 MW (𝑄𝑤𝑎𝑠𝑡𝑒) is used by the CC-MEA unit (at ~120 °C), with the remainder 511 

covering the preheating need. Carbon capture with amines requires 3.6 GJ/tCO2 (Salman et al., 2024), 512 

resulting in a total heat demand of 13.4 MW in this case. The remaining 7.3 MW heating demand is 513 



met using an auxiliary NG-fired boiler. This heat recovery results in reduces the energy demand of CC-514 

MEA from 3.6 to 1.6 GJ/tCO2 and results in an emission reduction of 4.3 ktCO2/year as a result of fuel 515 

savings, assuming 85% boiler efficiency and 69 gCO2/kWh indirect emission intensity of NG (DG-516 

Energy European Commission, 2015). 517 

In the NGOxyfur configuration, 12 MW of waste heat is recovered, 8.6 MW from exhaust gases 518 

(1400 °C) and 3.4 MW from forming cooling (200 °C). Prioritising high-temperature process streams, 519 

3.4 MW is allocated for oxygen preheating (600 °C) and 1.6 MW for raw material preheating. The 520 

remaining 7.0 MW (𝑄𝑤𝑎𝑠𝑡𝑒) powers a CRC system, generating 2.1 MW of electricity, reducing 521 

electricity import by 28% (from 7.4 MW to 5.3 MW) and avoiding 2.66 ktCO2/year. Figure 5(a) shows 522 

the integrated composite curves. Although the NGOxyfur configuration produces less waste heat than 523 

the NGfur option, its lower preheating demand for oxygen also offsets this difference. The NGOxyfur-524 

CC case involves higher power demand due to added CC-CPU and ASU units. In comparison, Hybfur 525 

(Figure 5b) has lower NG combustion and waste heat but still generates 1.36 MW via CRC. 526 

 527 

Figure 4. Integrated composite curves: (a) for NGfur configuration, recovering waste heat via CRC, (b) NGfur-528 
CC configuration, recovering waste heat for CC-MEA unit. 529 

 530 

  Figure 5. Integrated composite curves of (a) NGOxyfur configuration and (b) Hybfur configuration, 531 
highlighting the power generation potential using a CRC system. 532 

Figures 6(a) and 6(b) illustrate the integrated composite curves for the H2fur and H2fur-CC 533 

configurations. In the H2fur setup, approximately 2.15 MW of electricity is generated through a CRC 534 

system, which reduces electricity purchase from the grid and avoids around 2.73 ktCO2/year. In the 535 

H2fur (-CC) configurations, there are no combustion-related emissions. As a result, only 4.7 MW of 536 

heat is needed for the CC-MEA unit, which can be fully supplied using available waste heat, eliminating 537 

the need for an auxiliary boiler. This configuration shows how using a clean fuel like hydrogen can 538 

lower combustion emissions and reduce the energy demand of the capture system, allowing it to be 539 

fully supplied by waste heat and making the setup self-sufficient, preventing approximately 3.3 540 

ktCO2/year in terms of fuel savings. In contrast, the ELfur configuration lacks sufficient flue gas energy, 541 

limiting the effectiveness of waste heat recovery and preventing integration of the CRC system. 542 



 543 

Figure 6. Integrated composite curves of (a) H2fur configuration recovering waste heat via CRC system and (b) 544 
H2fur-CC configuration recovering waste heat for CC-MEA unit. 545 

3.1.3 Specific energy consumption 546 

Figure 7 shows the energy breakdown (thermal and electrical demand, and heat recovery in 547 

GJ/tglass) and total CO2 emissions (direct and indirect) across all configurations.  548 

 549 

Figure 7. Energy consumption breakdown (left axis) and total CO2 emissions (right axis) for all the studied 550 
configurations. Q-process and EL-process: heating demand and electricity consumption of the glass process; Q-551 
CCS and EL-CCS: heating demand and electricity consumption of the CC-MEA unit; EL-CPU and EL-ASU: 552 

electricity consumption of the CC-CPU and the ASU of the oxy-combustion process; Heat and power recovered: 553 
avoided heating and electricity import via waste heat recovery. 554 

In the base case (NGfur), the total energy demand is 5.92 GJ/tglass, of which thermal demand is 5.34 555 

GJ/tglass, electrical demand is 0.58 GJ/tglass, with emissions of 0.61 tCO2/tglass. Although total electrical 556 

demand is 0.8 GJ/tglass, it is reduced to 0.58 GJ/tglass, thanks to 0.22 GJ/tglass power generated by CRC 557 

via waste heat recovery. Switching to NGOxyfur lowers energy demand to 5.1 GJ/tglass, despite an 558 

increase in electrical consumption due to the addition of the ASU. Hybfur reduces total emissions by 559 

33% and further lowers overall energy demand to 3.93 GJ/tglass, although it results in a 2.5-fold increase 560 

in electricity consumption (2.03 GJ/tglass). H2fur shows a slightly higher thermal demand but achieves 561 

lower emissions (0.31 tCO2/tglass) compared to NGfur. The ELfur configuration eliminates fuel use, 562 

requiring 4.19 GJ/tglass of total energy. Emissions are entirely dependent on raw material decarbonation 563 

and the carbon intensity of the electricity grid, amounting to 0.36 tCO2/tglass. A direct comparison between 564 

NGfur and electric-based options (Hybfur and ELfur) reveals that electrification significantly cuts down 565 

the total energy demand due to higher efficiency, but it increases the reliance on green electricity 566 



availability. 567 

Integrating CCS cuts emissions by 50–74% but increases energy demand. NGfur-CC reduces 568 

emissions by 64% but has the highest energy use (7.20 GJ/tglass) due to additional heating for CO2 569 

capture. NGOxyfur-CC (5.6 GJ/tglass), though having higher electricity demand for ASU and CC-CPU, 570 

is more efficient (0.14 tCO2/tglass), owing to higher capture efficiency and reduced flue gas volume. 571 

Hybfur-CC is the most energy-efficient carbon capture configuration (4.3 GJ/tglass), minimising CCS 572 

penalties through lower fuel use. H2fur-CC (6.5 GJ/tglass)  is also more efficient than NGfur-CC due to 573 

lower combustion emissions, reducing MEA regeneration heat needs. Moreover, waste heat recovery 574 

supports CCS integration by supplying energy for MEA regeneration and electricity via CRC. 575 

From an energy efficiency perspective, Hybfur is the most efficient non-CCS option, reducing NG 576 

use through partial electrification. It is closely followed by ELfur. NGOxyfur benefits from oxy-577 

combustion, while H2fur, despite zero combustion emissions, has a slightly higher demand. Only ELfur 578 

eliminates external fuel use, though its performance depends on the carbon intensity of the grid. Among 579 

CCS configurations, Hybfur-CC and ELfur-CC are the most energy-efficient options and effectively 580 

minimise CCS-related penalties. NGfur-CC has the highest energy demand, while H2fur-CC improves 581 

efficiency by lowering capture-related heat needs. Overall, Hybfur and Hybfur-CC offer the best trade-582 

off between efficiency and emissions reduction, although the ELfur configurations also perform quite 583 

similarly. 584 

3.2 Economic feasibility analysis 585 

The study of the economic feasibility of the different decarbonisation pathways for flat glass 586 

production considers the CAPEX and OPEX as elements of the TAC of each configuration. The former 587 

captures the impact of the required infrastructure investments on furnaces, carbon capture systems and 588 

waste heat recovery. Meanwhile, the OPEX reflects operational expenses, such as fuel, electricity, 589 

hydrogen, emissions allowances and T&S cost of captured CO2. A cost analysis across two different 590 

scenarios sheds light on how shifting energy prices, adopting carbon taxes and promoting technological 591 

improvements influence the long-term competitiveness of the studied configurations. 592 

3.2.1 Comparative analysis of the capital expenditures 593 

According to Figure 8, furnace CAPEX ranges from 55 €/tglass for the conventional NGfur 594 

configuration to 60 €/tglass for the ELfur configuration. The slightly higher costs for ELfur (60 €/tglass) 595 

and H2fur (59 €/tglass) reflect the need for specialised equipment, such as electric boosters, high-596 

temperature-resistant materials and advanced burner systems. Hybrid furnaces (58 €/tglass) also exhibit 597 

marginally higher costs than the NGfur, due to the integration of electric boosting and oxy-fuel 598 

components, which increases system complexity. 599 

As shown in Figure 8, the addition of carbon capture significantly raises the initial investment. For 600 

instance, NGfur-CC incurs an additional 11.3 €/tglass over the base case, primarily due to the CC-MEA 601 

system, which includes absorption and stripping columns, heat exchangers and CO2 compression. In 602 

contrast, CC-CPU adds 7.56 €/tglass in NGOxyfur-CC, 5.26 €/tglass in Hybfur-CC and 3.40 €/tglass in 603 

ELfur-CC. CC-CPU is more compact and omits thermal amine regeneration, making it less capital-604 

intensive. However, ASU costs must also be considered in CC-CPU-based options. NGOxyfur-CC and 605 

Hybfur-CC require an additional 4.89 €/tglass and 2.19 €/tglass, respectively, for ASU investment. This 606 

brings the total carbon capture CAPEX for NGOxyfur-CC to 12.45 €/tglass, which is 9.2% higher than 607 

NGfur-CC. Despite added ASU costs, CC-CPU configurations benefit from lower thermal energy 608 

demand (cf. Section 3.1.2). In the case of H2fur-CC, the CC-MEA system results in an additional 609 

CAPEX of 3.91 €/tglass, which is 65% lower than the CC-MEA CAPEX of the NGfur-CC configuration. 610 

This indicates that the decrease in capture size results in lower CAPEX per tonne of glass while 611 

eliminating combustion emissions.  612 

The CRC system contributes modestly to CAPEX, ranging from 0.39 €/tglass to 0.54 €/tglass across 613 

configurations, reflecting the cost of heat exchangers, expanders and auxiliary components. Overall, 614 

fuel switching and electrification increase the furnace CAPEX by approximately 4% to 9%, reflecting 615 

the additional equipment and integration requirements. Implementing carbon capture systems incurs 616 



significantly higher capital costs, adding approximately 6% to 20% over the respective non-CC cases. 617 

H2-fired systems with minimal capture needs offer another favourable balance between cost and 618 

emissions reduction. 619 

Moreover, it is worth mentioning here, that these CAPEX figures assume a greenfield scenario (new 620 

build). In brownfield (retrofit) projects, integration complexity, equipment modifications and downtime 621 

would likely increase total investment costs. 622 

 623 

Figure 8. Breakdown of the annualised CAPEX of all the studied configurations (€/tglass). Note: The y-axis of the 624 
graph starts from 40 €/tglass to highlight the relative incremental burners and additional units’ costs. 625 

3.2.2 Comparative analysis of the operating expenditures 626 

The breakdown of the OPEX under current and future carbon pricing and energy cost scenarios is 627 

shown in Figure 9. The furnace OPEX ranges from 181 €/tglass for NGfur to 300 €/tglass for H2fur under 628 

2025 market conditions. NGOxyfur (177 €/tglass) offers the lowest OPEX due to low NG and moderate 629 

CO2 prices. It benefits from improved combustion efficiency but requires additional electricity for the 630 

ASU, slightly offsetting energy-saving gains. Hybfur (178 €/tglass) remains competitive, with partial 631 

electrification reducing NG use and emission cost. In contrast, ELfur (214 €/tglass) and H2fur (300 €/tglass) 632 

exhibit higher OPEX due to high electricity and hydrogen prices.  633 

In the 2050 scenario, with higher carbon and lower renewable energy prices, advanced 634 

configurations become more viable. NGfur and NGOxyfur see significant OPEX increases to 317 €/tglass 635 

(+43%) and 289 €/tglass (+40%), respectively, highlighting the vulnerability of fossil-based systems in 636 

carbon-constrained economies. Hybfur increases modestly to 239 €/tglass (+25%), while ELfur remains 637 

relatively stable at 218 €/tglass (+2%), demonstrating resilience under favourable renewable energy 638 

scenarios. Although H2fur benefits from hydrogen price reductions, its OPEX remains high at 283 639 

€/tglass, indicating a need for a significant decrease in hydrogen prices for it to be favourable.  640 

Carbon capture integration (-CC) is initially costly in 2025 but offers economic benefits in 2050 641 

(i.e., for high emission and low renewable prices scenario). In 2025, NGfur-CC (206 €/tglass) adds 23 642 

€/tglass over NGfur, primarily due to CCS operating costs. Similar trends are seen for NGOxyfur-CC 643 

(186 €/tglass), Hybfur-CC (185 €/tglass) and ELfur-CC (218 €/tglass), where CCS integration modestly 644 

increases OPEX. However, in 2050, NGfur-CC sees only a 2% OPEX increase (209 €/tglass) versus a 645 

43% increase for NGfur. Likewise, NGOxyfur-CC (171 €/tglass) and Hybfur-CC (157 €/tglass) outperform 646 

their non-CC counterparts. ELfur-CC (165 €/tglass) also emerges as one of the most cost-effective 647 

options, second only to Hybfur-CC. Although H2fur-CC (236 €/tglass) is not the lowest-cost option in 648 

terms of OPEX by 2050, it remains more economically viable than its non-CC counterpart. 649 

Configurations without carbon capture units have an operating cost advantage in the current 650 

scenario of energy and CO2 emissions prices. However, they become more expensive in 2050, rendering 651 

the configurations equipped with carbon capture technologies more viable. Nevertheless, given the 652 



uncertainty of future energy markets, a balanced approach is crucial for cost stability and emissions 653 

reduction.  654 

Fossil fuel reliance without carbon capture is unsustainable under stringent carbon costing 655 

scenarios, whereas full electrification and hydrogen adoption depend on significant cost reductions in 656 

renewable electricity and power-to-gas systems. Hybrid furnaces (with or without carbon capture) 657 

provide a practical transition, as they simultaneously reduce emissions and ensure cost stability. Their 658 

compatibility with carbon capture technologies enhances the long-term viability, thus advancing glass 659 

industry decarbonisation with marginal risk from energy price volatility. 660 

 661 

Figure 9. Breakdown of operational expenses (OPEX) for the studied configurations using commodity prices for 662 
2025 and 2050. Note: The y-axis begins at 50 €/t to account for the constant cost of raw materials and to better 663 

emphasise the relative contribution of energy commodities. 664 

3.2.3 Total annual cost estimation 665 

The TAC reflects the overall impact of decarbonisation strategies under evolving energy and CO2 666 

pricing. A Pareto plot comparing TAC, CO2 emissions (direct emissions + energy-related indirect 667 

emissions) and specific energy consumption is shown in Figure 10. 668 

In the 2025 scenario, NGfur has the lowest TAC (237 €/tglass), but this surges to 373 €/tglass in the 669 

2050 scenario due to rising carbon prices. While NGfur-CC reduces emissions, its 2025 TAC increases 670 

to 272 €/tglass, making it economically unviable in the short term. However, in 2050, its TAC drops to 671 

269 €/tglass, below that of NGfur, revealing its potential to mitigate long-term CO2 taxation risks despite 672 

limited efficiency gains compared to other decarbonisation options. 673 

NGOxyfur shows higher efficiency than NGfur, with lower fuel use and a slightly reduced TAC in 674 

2050 (351 €/tglass) compared to the TAC of NGfur. When combined with carbon capture (NGOxyfur-675 

CC), emissions drop significantly and the 2050 TAC decreases further to 241 €/tglass, outperforming 676 

NGfur-CC. This highlights the advantage of oxy-combustion integrated with CC-CPU, especially under 677 

a higher carbon pricing scenario. 678 

The Hybfur configuration integrates partial electrification, reducing NG dependence, energy 679 

consumption and environmental impact. Its TAC in 2025 (239 €/tglass) is comparable to NGfur, but in 680 

2050, it increases moderately to 299 €/tglass, unlike NGfur, which increases more dramatically. Improved 681 

efficiency and lower CO2 emissions make Hybfur the most cost-effective non-CC option in a high 682 

carbon price scenario. When paired with CO2 capture (Hybfur-CC), emissions decrease further and 683 

TAC drops to 223 €/tglass in 2050, positioning it among the most viable decarbonisation pathways. 684 

Although its 2025 cost aligns closely with NGfur, hybrid electrification outperforms NGfur under rising 685 



carbon prices and expanding access to cheap renewable electricity. 686 

On the other hand, the ELfur configuration eliminates fossil fuel use and shows notable cost stability. 687 

Its TAC in 2025 (274 €/tglass) is higher than NGfur, but in 2050, it becomes the lowest-cost option 688 

without carbon capture (278 €/tglass), due to the absence of combustion emissions and lower electricity 689 

prices. The ELfur-CC configuration sees a significant TAC reduction from 281 €/tglass in 2025 to 229 690 

€/tglass in 2050, making it more competitive than NGfur-CC. This suggests that, although electrification 691 

with carbon capture is currently expensive, it may become a viable option as renewable electricity prices 692 

decline. 693 

 694 

Figure 10. Pareto plots relating the TAC, CO2 emissions and specific energy consumption of all the studied 695 
configurations for (a) 2025 (left) and (b) 2050 (right) scenarios. 696 

The H2fur configuration remains the least cost-effective in 2025, with a TAC of 359 €/tglass, driven 697 

by high energy consumption and hydrogen prices. In 2050, its TAC decreases to 342 €/tglass, narrowing 698 

the gap with NGOxyfur, but still exceeding those of Hybfur and ELfur. When combined with carbon 699 

capture (H2fur-CC), emissions are nearly eliminated, and TAC drops from 370 €/tglass in 2025 to 300 700 

€/tglass in 2050. However, it remains less competitive than other decarbonisation options, highlighting 701 

that its long-term viability depends on substantial reductions in clean hydrogen prices. 702 

Overall, while the NGfur-CC configuration is costly today, it may become viable under stricter 703 

environmental regulations. To meet net-zero targets and manage economic risks, a balanced strategy is 704 

essential, favouring hybrid configurations that reduce CO2 emissions while ensuring cost stability. This 705 

approach is further strengthened by integrating CCS technologies, which offer flexibility to adapt to 706 

both high carbon prices and low electricity costs with minimal financial risk. Oxy-combustion with 707 

CCS is well-suited for scenarios with limited electrification potential. Full electrification remains 708 

sensitive to electricity prices, but the ELfur-CC option gains competitiveness with a decarbonised 709 

electricity grid. The long-term success of full electrification or hydrogen-based systems hinges on a 710 

significant decline in renewable energy prices. It is worth noting that these TAC results are based on 711 

the single-point price scenarios given in Table 5; the next section explores a broader price range to 712 

assess the feasibility of configurations under varying market conditions. 713 

3.3 Multi-scenario mapping of configurations 714 

The economic analysis identifies key cost drivers and the most cost-effective configurations under 715 

current and future energy scenarios. A multi-scenario mapping approach, using a deterministic 716 

parameter sweep, evaluates a wide range of electricity, NG, hydrogen, and CO2 price combinations. 717 

This reveals the conditions under which each configuration is most economical, offering insights into 718 

their competitiveness and resilience across diverse future contexts. This mapping is illustrated by 719 

parallel coordinate plots given in Figures 11–15. Each line in the parallel coordinates plot represents an 720 



optimal solution for a specific combination of energy and emissions prices. The vertical axes show input 721 

parameters (electricity, hydrogen, NG, CO2 prices), the selected technology, fuel and electricity 722 

demand, carbon capture deployment and resulting emissions. By following a line from left to right, one 723 

can trace how a particular price scenario leads to a specific configuration and its associated performance 724 

metrics. 725 

According to Figure 11, NGfur remains the most competitive option under low to moderate carbon 726 

pricing, low NG prices, and moderate to high electricity prices. However, its competitiveness declines 727 

with rising emissions and NG prices, reflecting its sole reliance on NG and its high emissions intensity. 728 

In contrast, NGfur-CC becomes competitive only under extremely low NG and high electricity prices. 729 

It performs well in high carbon price scenarios (150–200 €/tCO2), where CO2 penalties justify the 730 

additional operational costs associated with carbon capture. It is only selected as optimal when full 731 

electrification becomes unfeasible, typically under high electricity price scenarios, while NG remains 732 

relatively cheap and CO2 prices are elevated. This reflects that NGfur-CC depends on extreme boundary 733 

conditions to become economically viable, highlighting its limited robustness. It remains competitive 734 

only in scenarios where fuel switching or electrification is economically unfavourable. For both NGfur 735 

and NGfur-CC, carbon pricing and NG costs are the primary determining factors. 736 

 737 

Figure 11. Parallel coordinates plot depicting the solution space of the NGfur configuration (top) and the NGfur-738 
CC configuration (bottom) as a function of the commodities and CO2 emissions prices. 739 

Oxy-combustion-based configurations show a distinct sensitivity. NGOxyfur is selected under low 740 

to moderate carbon prices, moderate NG prices (35–55 €/MWh), and high electricity prices (>125 741 

€/MWh), in scenarios where electrification options are uneconomical. Its moderate fuel and electricity 742 

use, combined with the lack of carbon capture, limit its suitability under strict carbon pricing. Compared 743 

to NGfur, it shows slightly more tolerance to NG price variations. Meanwhile, NGOxyfur-CC has a 744 

broader competitive range, viable under moderate to high carbon pricing (100–250 €/tCO2), low to 745 

moderate NG prices (10–55 €/MWh) and electricity prices between 75–200 €/MWh. CCS integration 746 

mitigates emissions costs, enhancing resilience of NGOxyfur-CC even with a moderate increase in NG 747 

price. The solution spaces for NGOxyfur and NGOxyfur-CC configurations are shown in Figure 12. 748 

Hybrid configurations, particularly the Hybfur-CC option, show remarkable versatility (Figure 13). 749 

Their balanced reliance on both NG and electricity allows them to adapt to a wide range of price 750 

scenarios. The moderate fuel demand and higher electricity use mean that both NG and electricity prices 751 

influence their competitiveness, but neither dominates entirely, by distributing exposure to volatile 752 



energy prices. Importantly, the Hybfur-CC configuration can maintain low emissions with a relatively 753 

modest increase in energy consumption, making it resilient in high CO2 emissions price scenarios, 754 

without being overly sensitive to energy price fluctuations. This broad competitiveness suggests that 755 

the Hybfur-CC configuration effectively balances electrification and carbon capture, rendering it 756 

adaptable to a wider range of energy and emission price scenarios, proving its economic robustness. 757 

 758 

Figure 12. Parallel coordinates plot depicting solution space of NGOxyfur (top) and NGOxyfur-CC (bottom), as 759 
a function of the commodities and CO2 emissions prices. 760 

 761 

Figure 13. Parallel coordinates plot depicting solution space of Hybfur (top) and Hybfur-CC (bottom), as a 762 
function of the commodities and CO2 emissions prices. 763 



All-electric systems (ELfur and ELfur-CC) are, as expected, highly sensitive to electricity prices 764 

due to their complete reliance on electric input (Figure 14). The solution space for ELfur indicates that 765 

its viability is limited to scenarios with extremely high NG prices, very low emission costs, and 766 

electricity prices below 75–100 €/MWh. Any deviation, particularly an increase or decrease in 767 

electricity prices, quickly renders it less competitive, reflecting poor economic flexibility. The addition 768 

of carbon capture (ELfur-CC) improves its competitiveness by mitigating exposure to emissions costs. 769 

The combination of zero direct emissions through electrification and capture of process-related 770 

emissions makes ELfur-CC a promising option in highly decarbonised systems powered by cheap, low-771 

carbon electricity. However, its feasibility remains strongly constrained by electricity prices, confirming 772 

that electricity cost is the dominant factor shaping the viability of all-electric configurations. 773 

 774 

Figure 14. Parallel coordinates plot depicting solution space of ELfur (top) and ELfur-CC (bottom), as a 775 
function of the commodities and CO2 emissions prices. 776 

Hydrogen-based configurations (H2fur and H2fur-CC) are primarily influenced by hydrogen 777 

prices, given the role of hydrogen as the primary energy input. H2fur remains viable under conditions 778 

of low hydrogen prices (<75 €/MWh), moderate to high electricity prices (>50 €/MWh) and low carbon 779 

pricing (<150 €/tCO2) (Figure 15). Although H2fur-CC incurs higher electricity demand due to carbon 780 

capture, its substantially reduced CO2 emissions make it competitive under high carbon pricing. The 781 

key factor is that the emissions savings can compensate for the additional energy demand, but only 782 

when affordable green hydrogen is available. An interesting takeaway from Figures 14 and 15 is that if 783 

the prices of renewable electricity and hydrogen are in the same range, the optimiser will choose 784 

electrification as the preferred solution. Hence, for H2fur configurations to be feasible, hydrogen prices 785 

must be comparatively lower than electricity prices. 786 

The occurrence of each configuration in the solution space reflects a complex interplay of energy 787 

demand, emissions, and economic viability. High energy demand increases sensitivity to price 788 

fluctuations, while carbon-intensive systems are penalised under rising CO2 prices. Carbon capture 789 

broadens the solution space, enhancing competitiveness in high-emission-cost scenarios. Among all 790 

options, Hybfur and Hybfur-CC configurations emerge as the most robust and adaptable options, as 791 

they appear for a wide range of prices, followed by NGOxyfur (-CC). ELfur-CC performs well in low-792 

carbon electricity scenarios, while hydrogen-based systems offer long-term potential, contingent on the 793 

availability of low-cost hydrogen. 794 



 795 

Figure 15. Parallel coordinates plot depicting solution space of H2fur (top) and H2fur-CC (bottom), as a 796 
function of the commodities and CO2 emissions prices. 797 

3.4 Uncertainty analysis 798 

While multi-scenario mapping identifies optimal conditions, it does not reflect uncertainties in 799 

future energy and CO2 prices. This section addresses this gap by integrating probabilistic scenario inputs 800 

through PCE, enabling a stochastic evaluation of each configuration’s cost-effectiveness. TAC 801 

distributions are generated for each configuration and target year, based on input price distributions 802 

(given in Figures S8 and S9). Figure 16 presents the resulting cumulative distribution functions (CDFs), 803 

where each curve shows the probability that the TAC of a configuration remains below a certain value 804 

across a wide range of price scenarios. Curves positioned further to the left represent more cost-effective 805 

options, while steeper slopes indicate higher cost stability (i.e., predictable performance). In contrast, 806 

flatter curves suggest greater sensitivity to price fluctuations. Comparing curves across 2030, 2040, and 807 

2050 highlights how economic robustness evolves over time. 808 

3.4.1 Stochastic performance of technologies 809 

Figure 16 illustrates the stochastic TAC performance across future energy scenarios. In 2030 810 

(moderate energy and CO2 prices, low uncertainty), NG-based configurations remain cost-optimal, with 811 

small differences in TAC. Hybfur (with and without CC) emerges as the most stable option, followed 812 

by NGOxyfur, indicated by steep CDF profiles showing low TAC variance. In contrast, all-electric and 813 

hydrogen-based configurations exhibit higher TAC values and significant cost uncertainty, reflecting 814 

their sensitivity to volatile energy prices. 815 

By 2040 (lower energy prices, higher CO2 prices, increased uncertainty), alternative fuel 816 

configurations gain competitiveness but remain highly uncertain, with flatter CDF curves. For example, 817 

at a TAC threshold of 280 €/tglass, H2fur-CC surpasses NGOxyfur-CC in the probability of being lower. 818 

However, at higher TAC thresholds, NGOxyfur-CC remains preferred due to greater cost stability; at 819 

300 €/tglass, NGOxyfur-CC has a 70% probability of staying below the threshold, to 55% for H2fur-CC. 820 

In 2050 (i.e., with further CO2 price increases, lower energy prices and heightened uncertainty), 821 

configurations integrating carbon capture achieve the lowest TAC, driven by rising CO2 penalties. 822 

However, their flatter CDFs reflect higher uncertainty compared to alternatives without carbon capture. 823 

For example, the ELfur-CC configuration becomes more competitive at lower TAC thresholds, 824 

although its relatively flatter CDF indicates greater cost variability than NGfur. Notably, Hybfur-CC 825 



demonstrates both low TAC values and steeper CDF curves, highlighting its superior stability and 826 

adaptability in an uncertain energy landscape, owing to its balanced integration of partial electrification 827 

and fuel flexibility. 828 

Overall, the stochastic analysis shows that NG-based configurations remain cost-optimal in 2030, 829 

but they lose competitiveness with market uncertainties. Hybfur and NGOxyfur configurations offer 830 

greater resilience. By 2040, lower energy and higher CO2 prices boost alternative fuels, although the 831 

economic performance of hydrogen and electrified systems remains uncertain, holding lower TAC. In 832 

2050, technologies incorporating carbon capture achieve low TAC values, but at the expense of higher 833 

uncertainty; whereas Hybfur-CC configuration remains the most stable and adaptable option, balancing 834 

both partial electrification and fuel flexibility. 835 

 836 

Figure 16. Cumulative distribution functions (CDFs) of the TAC for all the studied configurations over time. 837 

3.4.2 Probability of Achieving a Competitive TAC  838 

To further assess uncertainty in the economic performance of the configurations, a TAC threshold 839 

of 300 €/tglass is selected from the CDFs for 2030, 2040 and 2050. Since the 2025 TAC for the base case 840 

(NGfur) was 237 €/tglass (cf. Section 3.2.3), a moderate increase over time makes 300 €/tglass a suitable 841 

benchmark for evaluating configuration under evolving energy and emissions scenarios (Figure 17). 842 

In 2030, NGfur, NGOxyfur and Hybfur configurations show high probabilities (>90%) of 843 

maintaining TAC below 300 €/tglass, reaffirming the near-term cost-effectiveness of NG-based options. 844 

Conversely, ELfur and H2fur configurations show significantly lower probabilities, reflecting their 845 

economic disadvantage under moderate carbon and energy prices. By 2040 and 2050, as carbon prices 846 

rise and energy market uncertainty increases, the probability for NG-based configurations declines 847 

sharply, making them riskier. Meanwhile, ELfur and H2fur gain competitiveness, achieving higher 848 

probabilities of remaining below the threshold in 2050. Hybfur, despite a probability decline, remains 849 

the most stable non-CC option, with a much less pronounced decrease than NGfur and NGOxyfur, 850 

highlighting its resilience in increasingly uncertain markets. Among carbon capture configurations, 851 

Hybfur-CC and NGOxyfur-CC remain the most reliable, maintaining a 98% probability in 2030, 852 

slightly decreasing to 90% by 2050. NGfur-CC shows a sharper decline, dropping from 90% in 2030 to 853 

79% in 2050, reflecting its increasing exposure to carbon cost risks. ELfur-CC improves from 73% in 854 

2030 to 86% in 2040, before slightly declining to 79% in 2050 due to electricity price uncertainty. 855 

These findings highlight that if future policies enforce high carbon prices, continued reliance on 856 

NGfur will lead to significant cost volatility and elevated TAC risks. In contrast, electrification-based 857 

solutions, particularly Hybfur, offer greater stability and lower TAC exposure. If CCS becomes 858 

essential, NGfur-CC faces higher financial risks compared to NGOxyfur-CC and Hybfur-CC, which 859 

show lower uncertainty and reduced cost exposure. While ELfur-CC and H2fur-CC serve as viable low-860 

emission alternatives, their greater cost variability makes them less predictable than other CCS-based 861 

solutions. Overall, these insights emphasise the importance of fuel flexibility and risk-mitigation 862 



strategies in selecting a cost-effective, future-proof decarbonisation pathway for the glass industry. 863 

 864 

Figure 17. Probability of each configuration achieving a TAC of 300 €/tglass or lower for each target year. 865 

4 Conclusions 866 

This study presents a comprehensive techno-economic assessment of decarbonisation pathways for 867 

the glass industry, integrating energy efficiency, fuel switching, electrification and CCS. Moreover, a 868 

combination of multi-scenario mapping and uncertainty assessment was employed to evaluate the 869 

competitiveness and economic feasibility of various configurations under evolving energy markets and 870 

CO2 emission prices. 871 

The analysis begins with a detailed carbon footprint assessment of each configuration, accounting 872 

for both direct and indirect emissions. Results show that NGfur (base case) systems have the highest 873 

emissions in the 2025 scenario, while carbon capture (NGfur-CC) can reduce net emissions by up to 874 

74%. Hybrid configurations emerge as an effective transitional pathway, achieving significant emission 875 

reductions through partial electrification and CCS integration. Electrification and hydrogen eliminate 876 

combustion-related emissions and offer maximum emission reductions when coupled with renewable 877 

electricity or green hydrogen. 878 

The energy consumption analysis shows that the NGOxyfur configuration enhances thermal 879 

efficiency, while Hybfur reduces NG use and emissions by 33% compared to the base case (NGfur). 880 

ELfur, based on full electrification, eliminates fossil fuel dependency but relies entirely on green 881 

electricity. Carbon capture reduces emissions but increases total energy demand by 5–22% to achieve 882 

50–74% emission reductions. NGfur-CC holds the highest energy demand, while Hybfur and Hybfur-883 

CC offer the best balance between efficiency and emissions reduction. 884 

The TAC analysis shows that while NGfur remains the least-cost option in 2025 (237 €/tglass), its 885 

TAC rises by 57% in 2050, making NGfur-CC more attractive. NGOxyfur-CC offers a 10% lower TAC 886 

than NGfur-CC in 2050, benefiting from improved efficiency and lower emissions. Hybfur and Hybfur-887 

CC configurations emerge as the most resilient pathways, with Hybfur-CC achieving a 17% lower TAC 888 

than NGfur-CC in 2050 while offering superior stability under varying market conditions. ELfur-CC 889 

also gains competitiveness, reducing its TAC by 19% from 2025 to 2050, reflecting the advantages of 890 

renewable electricity. In contrast, despite achieving significant emissions reduction, H2fur-CC remains 891 

costlier, emphasising the need for substantial declines in green hydrogen prices. Ultimately, hybrid 892 

configurations provide the most flexible and stable route toward net-zero glass production, offering the 893 



best balance between emissions reduction, cost stability and energy market adaptability. 894 

A multi-scenario mapping shows that emissions and energy prices heavily influence the selection of 895 

the optimal configuration. NGfur setup remains viable at low carbon (75–100 €/tCO2) and NG (10–35 896 

€/MWh) prices, while NGfur-CC becomes competitive only at extremely low NG and high CO2 prices, 897 

exhibiting its limited robustness. NGOxyfur-CC configuration, with lower energy demand and better 898 

capture efficiency, remains viable across a broader range of scenarios. Hybfur and Hybfur-CC 899 

configurations offer the highest adaptability, making hybrid configurations the most robust choice under 900 

varying market conditions. ELfur-CC configuration gains competitiveness with low electricity (<100 901 

€/MWh) and high CO2 prices, but remains cost-sensitive. H2fur-CC configuration requires hydrogen 902 

prices below 75 €/MWh and is relatively cheaper than renewable electricity, therefore relying on major 903 

cost reductions in energy vectors. 904 

Finally, an uncertainty analysis showed that NG-based technologies remain cost-effective in 2030, 905 

but lose competitiveness as carbon prices rise. Hybfur and NGOxyfur configurations offer greater 906 

resilience, with the Hybfur-CC configuration emerging as the most stable due to partial electrification 907 

and emission reductions. By 2040, alternative fuels gain traction, although hydrogen and electrification 908 

pathways remain uncertain. In the 2050 scenario, configurations integrating carbon capture achieve 909 

lower TAC, but with higher uncertainty, while Hybfur-CC configuration balances cost and 910 

predictability among carbon capture options. Hybfur-CC and NGOxyfur-CC solutions are the most 911 

reliable, while the NGfur-CC configuration faces higher financial risks.  912 

In summary, the decarbonisation potential of flat glass production depends heavily on energy and 913 

carbon pricing. Hybrid configurations emerge as the most cost-effective and resilient solutions, 914 

balancing emissions reduction, efficiency and cost stability, while offering more predictability. Oxy-915 

combustion options remain a strong alternative only when electrification options are rendered 916 

infeasible. Fully electrified pathways depend entirely on low-cost renewable electricity, while 917 

hydrogen-based furnaces offer limited potential unless hydrogen prices drop significantly. Although 918 

carbon capture may face near-term economic challenges, declining renewable costs and moderate 919 

increases in carbon cost could make Hybfur-CC and NGOxyfur-CC configurations more cost-920 

competitive. The analysis highlights the Hybfur (-CC) configuration as the most adaptable and 921 

strategically viable pathway, ensuring economic stability in an evolving energy landscape. 922 

The future of glass industry decarbonisation will hinge on scaling CCS infrastructure and decreasing 923 

renewable electricity costs. Focus on flexible decarbonisation strategies, such as partial electrification, 924 

is essential for ensuring cost stability and emissions reductions. The industry must focus on scalable, 925 

adaptable technologies, while policymakers should create regulatory frameworks that promote low-926 

carbon electricity and CCS deployment. This study focused on only two capture options (CC-MEA and 927 

CC-CPU), excluding other promising methods like membranes or solid sorbents, which should be 928 

explored in future research. Moreover, the analysis assumes full access to electricity, hydrogen, NG, 929 

and CO2 networks, excluding infrastructure connection costs, except for CO2 transport. Fixed OPEX, 930 

owner’s costs, and material factors were also omitted, assuming similar values across configurations, 931 

which may not hold in practice and affect absolute cost accuracy. Results should therefore be interpreted 932 

as relative indicators of cost competitiveness. Future research should also explore on-site renewables, 933 

CO2 utilisation, circular economy strategies like increased cullet recycling and scenario-based policy 934 

modelling to evaluate carbon cost and regulations. A multi-sector integration approach involving 935 

industrial symbiosis can also be explored for a cost-effective net-zero transition in the glass industry. 936 

Finally, this study illustrates the effectiveness of the process systems engineering (PSE) tools for 937 

assessing decarbonisation options in the energy-intensive industries. The integration of energy, 938 

emissions, and cost calculations into an equation-oriented modelling framework enables a holistic 939 

evaluation and comparison of multiple configurations. Notably, the incorporation of uncertainty 940 

analysis, which captures the impact of fluctuating energy and CO2 prices, allowed the identification of 941 

robust solutions. While the current approach demonstrates strong sectoral applicability, broader 942 

adoption across other industries could benefit from improved interoperability, integration of detailed 943 

LCA and tighter integration with uncertainty quantification and surrogate modelling techniques. These 944 

enhancements could increase the accessibility of such methods to several industrial sectors. 945 
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