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Abstract. The glass industry faces significant challenges in achieving carbon neutrality due to 
its reliance on fossil fuels and process-related CO2 emissions from raw material decomposi-
tion. While most defossilization efforts focus on CO2-neutral heating, batch-related emissions 
remain largely unaddressed. This study investigates a closed carbon cycle approach for glass 
manufacturing by integrating carbon capture and utilization (CCU) with power-to-gas technol-
ogies. The proposed process captures both combustion- and batch-related CO2 emissions and 
converts them into synthetic natural gas using renewable hydrogen. The techno-economic 
model, based on a typical oxy-fuel container glass furnace (300 t per day) and current (2022) 
German market conditions, covers all key process steps: flue gas cleaning, CO2 separation, 
hydrogen production via electrolysis, and methanation. Results show that more than 99 % of 
scope 1 emissions and about 62% of scope 1+2 emissions can be abated. However, the pro-
cess is associated with high energy demand and costs, with energy supply alone amounting 
to €559 (2022) per metric ton glass at an electricity price of €60 per MWh. The cost of CO2 
abatement is estimated at €1132 (2022) per metric ton. While all process steps are based on 
established industrial technologies, the overall economic viability remains highly sensitive to 
electricity prices and further technological improvements. The approach is especially relevant 
for high-quality glass production with low cullet content and in regions with abundant renewable 
electricity.  

Keywords: CO2-Neutral Glass, Carbon Capture and Storage/Utilization, Techno-Economic 
Assessment 
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List of Abbreviatons 

AEL   alkaline electrolysis 
AEM   All-electric melter 
BECCS  bioenergy with carbon capture and storage 
BP   byproduct 
DACCS  Direct air carbon capture and storage 
CAPEX  capital expenditures 
CCS   Carbon Capture and Storage 
CCU   Carbon Capture and Utilization 
CCUS   Carbon Capture and Utilization / Storage 
CEPCI   chemical engineering plant cost index 
CW   cooling water 
DH   district heating 
EU ETS  European Union Emission Trading System 
FCI   fixed capital investment 
FLh   full load hours 
GHG   greenhouse gases 
GWP   global warming potential 
HI   heat integration 
LCOH   leveled cost of hydrogen 
LHV   lower heating value 
Nb-CDR  nature-based carbon dioxide reduction 
NG   natural gas 
NPC   net product cost 
NRU   nitrogen removal unit 
OPEX   operational expenditures 
PEM   proton exchange membrane electrolysis 
PH   preheating 
SOEC   solid oxide electrolysis cell 
P2G   power to gas 
SC   steam cycle 
SNG   synthetic natural gas 
TEPET+  DLR’s Techno-Economic and Ecological Process Evaluation Tool 
TREMP™  Topsøe Recycle Energy-efficient Methanation Process 

1. Introduction 

Climate change represents one of the most pressing challenges of our time. Since society first 
recognized the implications of the greenhouse effect, we have witnessed a growing impact of 
greenhouse gases (GHGs) on the global climate, accompanied by an escalation of environ-
mental hazards [1]. Recent studies indicate that previous and unavoidable future human-in-
duced emissions will result in a permanent global average income reduction of 19 % over the 
next 26 years, compared to a scenario without anthropogenic climate change [2]. To mitigate 
further societal costs, the international community has committed to “…holding the increase in 
the global average temperature to well below 2 °C above pre-industrial levels…” [3]. This goal 
is approximately equivalent to a 20-year global average temperature of 16 °C [4]. The Euro-
pean Union Emissions Trading System (EU ETS) serves as a key instrument in this effort, 
setting a cap on GHG emissions within the EU through tradable allowances [5]. Market partic-
ipants can purchase these allowances, creating an effective incentive to limit emissions [6]. As 
CO2 accounts for about 78 % of the anthropogenic greenhouse effect [7], all GHG emissions 
are expressed as metric tons of CO2 equivalents (tCO₂eq). In contrast to the anthropogenic GHG 
emissions, only a few processes can effectively reduce GHG emissions, most notably among 
these direct air carbon capture and storage (DACCS), bioenergy with carbon capture and stor-
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age (BECCS) and nature-based solutions for carbon dioxide removal (Nb-CDR) [8]. Each ap-
proach presents challenges including high water consumption, significant land-use, or sub-
stantial energy demand [9]. This results in considerable societal costs (land-use for Nb-CDR 
or BECCS) and economic burdens (BECCS, DACCS), alongside high energy consumption, 
particularly for DACCS. The combined potential of BECCS and DACCS to generate negative 
CO2 emissions is limited, estimated between 0.3 to 1.9 Gt CO2 annually by 2050 [10], [11]. 
Projections suggest that carbon capture and storage (CCS) technologies could cost between 
$100 to $825 per metric ton of CO2 by 2050 [10], [12], [13].  

Industrial processes, in particular, remain significant sources of GHG emissions. In 2023, 
the sectors industrial combustion and processes in the EU27 contributed approximately 
508 MtCO₂eq [14]. Where process electrification is not feasible, hydrogen and its derivates rep-
resents promising alternatives to reduce GHG emissions [15]. However, many energy-inten-
sive industries – such as steel, cement and glass – emit additional GHGs through process-
related chemical reactions, necessitating carbon capture and utilization/storage (CCUS) tech-
nologies to achieve net-zero CO2 emissions [16], [17], [18]. Within this context, the EU27 glass 

industry alone accounted for 21 MtCO₂eq in direct (Scope 1) emissions in 2021 [19], with about 
25 % arising from batch decomposition. While recent initiatives have demonstrated the feasi-
bility of CCS in the cement sector [20] and direct hydrogen reduction in steel production [21], 
the glass industry currently lacks a comprehensive approach for eliminating all CO2 emissions. 
Most flagship projects concentrate on CO2-neutral heating methods – such as hydrogen com-
bustion [22], all-electric heating [23], or hybrid furnaces [24], combining hydrogen combustion 
and up to 80% electric boosting [25] – yet they defer addressing the challenge of unavoidable 
batch-related CO2 emissions. To date, batch emissions are primarily mitigated by increasing 
cullet usage which decreases scope 3 CO2 emissions by about 670 kg per metric ton cullet 
[26], and considering pre-calcined raw materials [27], [28], [29]; however, cullet availability 
limits these options, as losses during collection and processing reduce the amount of suitable 
recycled glass [30]. Analogously, pre-calcined raw materials mainly shift emissions upstream, 
rather than decrease overall emissions, although scope 3 emissions may benefit from carbon 
capture technologies with increased scaling, higher resource purity and decreased transpor-
tation emissions. Large-scale, low-cost, carbonate-free raw materials are not available yet, and 
the potential of CCUS for the glass sector remains underexplored in the literature, with the 
exception of few CCS-based projects [31], [32]. Without a solution for both heat- and batch-
related CO2 emissions, expensive EU ETS allowances will have to be obtained in the future, 
leading to largely unpredictable costs for the glass industry in 2045. 

In this study, we investigate the potential of Carbon Capture and Utilization (CCU) for glass 
manufacturing by integrating carbon capture with power-to-gas (P2G) technologies. As a 
strictly continuous process with campaigns often lasting longer than a decade, glass produc-
tion is a particularly suitable CO2 supplier for the equally continuous fuel synthesis. This ap-
proach targets not only combustion-related but also batch-related CO2 emissions, which are 
otherwise difficult to avoid. In rural regions without access to affordable hydrogen pipelines, 
glass plants can take advantage of abundant local renewable electricity, while local energy 
producers benefit from a stable industrial customer [33]. To enable a carbon-neutral glass pro-
duction, we selected suitable, mature technologies for a production cycle with CCU based on 
methane and CO2 as respective carbon carriers. Our design is especially advantageous for 
high-quality glass production with low cullet content, as it decouples the process from batch-
related emissions. Although the glass melting process itself is strictly continuous and cannot 
be interrupted during a campaign, the concept does allow retrofitting the flue gas treatment of 
an existing furnace. To evaluate the feasibility of such a CO2-neutral production route, we 
modeled the entire process chain, including flue gas cleaning, electrolysis and fuel synthesis, 
based on suitable and mature technologies. We then evaluated the techno-economic perfor-
mance of this closed carbon cycle, ensuring that glass quality remains unaffected. In our ap-
proach, we abate CO2 emissions by converting carbonates from batch raw materials (Na2CO3, 
CaCO3 and MgCO3) into a fuel surplus. Since these carbonates are not derived from renewable 
sources, we classify the resulting surplus as fossil-based. The following section outlines the 
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rationale for our technology selection and presents the main boundary conditions of our sys-
tem. 

2. Techno-economic approach to a carbon cycle process 

2.1 Model description 

Our model integrates five modules to establish a closed carbon cycle for glass manufacturing: 
(1) the glass furnace serves as the core process unit; (2) flue gas purification captures raw 
CO2 emissions; (3) the electrolyzer unit produces renewable hydrogen; (4) syngas purification 
prepares synthesis-grade H2/CO2 mixtures; and (5) the methanation unit converts syngas into 
furnace fuel. We selected each technology to ensure seamless integration with both upstream 
and downstream units. For instance, we tailored the methanation unit (5) to match the glass 
furnace’s fuel demand (1), while designing gas purification steps (2, 4) to meet stringent CO2 
specifications for methanation (5). Figure 1 illustrates the process chain schematically. 

We developed the process chain in three stages: First, we used a Python-based simula-
tion to model chemical interactions, define initial mass flows, and identify enrichment dynamics 
within the carbon cycle. Next, we constructed a detailed thermodynamic and kinetic model of 
all unit operations using Aspen Plus®. Finally, we embedded the Aspen model into DLR’s in-
house Techno-Economic and Ecological Process Evaluation Tool (TEPET+) to calculate net 
product costs, fixed capital investment and abatement costs. The decomposition of glass batch 
materials introduces CO2 into the process chain, generating a methane surplus as byproduct 
(BP). Table 1 summarizes key parameters for the techno-economic evaluation, including plant 
location, CEPCI and exergy demand. For further information on the selected equipment func-
tions, see Rahmat et al., 2025 [34]. 

For the estimation of SNG net production cost (NPCSNG), we adopted a projected long-
term electricity price of €60 per MWhel (2022) for Germany [35]. As electricity dominates the 
cost structure, we conducted a sensitivity analysis to evaluate NPCSNG variations against elec-
tricity price fluctuations (section 5.4). Additionally, we calculated CO2-abatement costs using 
Equation 1, where scope 1 CO2(x) (that is direct emissions at the plant) differentiate synthetic 
fuel from natural gas. These abatement costs imply that the synthetic fuel surplus is processed 
with implemented carbon capture and storage technologies.  

𝐶𝑂2 𝑎𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 [€2022 𝑡𝐶𝑂2

−1 ] =
𝑁𝑃𝐶𝑠𝑦𝑛𝑓𝑢𝑒𝑙−𝑁𝐺 𝑝𝑟𝑖𝑐𝑒

𝐶𝑂2𝑁𝐺−𝐶𝑂2𝑠𝑦𝑛𝑓𝑢𝑒𝑙

   (1) 

Germany’s projected 2030 renewable electricity mix (37.6 % onshore wind, 23.9 % off-
shore wind, 32.5 % photovoltaics, 2.4 % hydropower, 3.6 % bioenergy) [36] meets the sys-
tem’s demand. We derived the global warming potential (GWP) of this mix from literature-
based CO2 footprints for each energy source [37]. Additionally, we considered water disposal 
costs of €1.31 per cubic meter, as stated in the literature [38]. 
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Figure 1. Schematic overview of the model design. 

We prioritized maximizing synergy effects through heat integration – for instance, utilizing 
methanation waste heat for feedstock preheating. Details about the Aspen Plus® equipment 
and thermodynamic models employed are given in [34].  

Table 1. Key parameters for techno-economic assessment. 

 
  

Parameter   

Plant location Germany 

Secondary product (surplus) Methane 

Reference year  2022 

CEPCI (2022)  816 

Currency € 

Full load hours (FLh) 8760 h a-1 

Plant lifetime 15 a 

Interest rate 7 % 

Labor cost €45.1 h-1 

Nominal labor index (2022) 113 

Assumed natural gas price (HHV / LHV; for reference) €125.72 / €138.29 MWh-1
 [39] 
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2.2.1 Glass furnace 

We constructed our model based on a typical container glass production line producing 300 t 
molten glass daily. Given the major influence of energy efficiency and flue gas volume on net 
production costs, we employed oxy-fuel combustion to enhance process efficiency. We ac-
counted for a 1% fuel increase per year due to furnace degradation. Unless otherwise noted, 
all values refer to the average-aged furnace.  

The specific glass type minimally affects the overall process chain. For this study, we se-
lected amber glass because it poses particular challenges for all-electric melting [40]. Accord-
ing to the best available technologies report [41], oxy-fuel furnaces achieve specific heat con-
sumption (LHV) of 3.0 to 3.5 GJSNG per metric ton of molten glass. This includes wall losses, 
oxidizer / SNG preheating, and 70% cullet content. The reported range incorporates up to 15% 
electrical boosting, which was not considered in our model. Since these data derive from only 
two plants, we adopted a more conservative specific heat consumption (LHV) of 4.18 GJ per 
metric ton of glass at a lower cullet content of 50 % in a new furnace (see Table 2). This figure 
breaks down into a theoretical energy demand of 2.26 GJ [42], [43], 0.87 GJ lost through wall 
heat losses, 1.29 GJ lost via flue gas, and 0.25 GJ energy saved by preheating oxygen and 
fuel. For a degraded, end-of-life furnace, fuel needs rise to approximately 4.8 GJ SNG (LHV) 
per metric ton of molten glass, comprising 1.45 GJ wall losses, 1.9 GJ flue gas heat loss, and 
0.3 GJ energy saved by fuel and oxygen preheating. To capture cost implications, we set the 
oxidation rate λ to 1.02, corresponding to 1 % oxygen content in the hot flue gas. Additionally, 
we assumed a 1 % leak air rate, reflecting typical air ingress contributing to flue gas composi-
tion. Under these conditions, the total combustion power (LHV basis, average-aged furnace) 
reaches 15.6 MWth for a daily throughput of 300 t molten glass, resulting in annual CO2 emis-
sions of approximately 35 kt.  

Table 2. Parameter set for the furnace model 

The flue gas results from both the decomposition of the glass batch (“batch related CO2 
emissions”) and the combustion of SNG (“heat related CO2 emissions”). The initial flue gas 
composition, defined by combustion products and batch decomposition products, is shown in 
Table 3. To sustain the desired glass melt, the process in the average-aged furnace generates 
a total flue gas volume of approximately 6290 Nm3

flue per hour at 1450 °C, corresponding to a 

Parameter   

Furnace capacity 300 t molten glass per day 

Combustion type Oxy-Fuel combustion 

Residual oxygen in flue gas (λ value) 1 % (λ = 1.02) 

Leak air rate 1.5 % of the flue gas 

Glass type Amber container glass 

Cullet rate 50 % 

Efficiency loss per year 1% 

Fuel requirement (HHV) of the furnace (n. / av. / 15y) 4.64 / 4.98 / 5.39 GJ t-1glass 

Fuel requirement (LHV) of the furnace (n. / av. / 15y) 4.18 / 4.48 / 4.85 GJ t-1glass 

Electric boosting Not considered 

Fuel / oxidizer heat-up  5.1 % of total heat input 

Wall losses (new / average / after 15 years) 0.88 / 1.15 / 1.44 GJ t-1
glass 

Efficiency (heat-to-melt, n. / av. / 15y) 46 % / 43 % / 40 % 

Flue gas heat loss (n. / av. / 15y) 1.74 / 1.86 / 1.98 GJ t-1glass 

Quenching th. power (water quenching, 1450°C to 1000°C) 1.6 / 1.7 / 1.8 MWth 

Assumed heat exchanger power (1000°C to 200°C) 3.0 / 3.2 / 3.4 MWth 
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heat flow rate of 6.4 MWth. This flue gas composition defines the boundary conditions for the 
subsequent purification steps. 

Table 3. Flue gas composition and contaminants as modeled after leaving the furnace area (1), raw 
CO2 after wet scrubber and NRU (2) and syngas formation (3, with additional 80% H2). Additionally, 
typical pipeline limits for CO2 transportation (corrosion prevention) are displayed in the last column. 

 Flue gas (1) Clean CO2 (2) Syngas (4) Pipeline guidelines 

CO2 37 %vol 90 %vol 20 %vol >= 95 %vol 
H2O 61 %vol 7 %vol 0.07 %vol < 630 ppm(vol) 
N2 1.3 %vol 0.07 %vol 0.03 %vol <= 4%vol 
O2 1.0 %vol 2.4 %vol < 0.01 %vol <= 10 ppm(vol) 
SO2 2300 mg Nm-3 5 mg Nm-3 < 0.1 mg Nm-3 <= 35 ppm(vol) 
NOx 660 mg Nm-3 130 mg Nm-3 < 10 mg Nm-3 <= 10 ppm(vol) 
HCl 150 mg Nm-3 0.4 mg Nm-3 < 0.01 mg Nm-3 <= 10 ppm(vol) 
CO 150 mg Nm-3 30 mg Nm-3 30 mg Nm-3 <= 10 ppm(vol) 
HF 130 mg Nm-3 0.02 mg Nm-3 < 0.01 mg Nm-3 <= 10 ppm(vol) 
dust 550 mg Nm-3 < 0.1 mg Nm-3 < 0.1 mg Nm-3 <= 10 ppm(vol) 

After heat exchange, the furnace module delivers flue gas at 200 °C, enabling efficient 
integration with the gas cleaning stage. As the flue gas exits the furnace at 1450 °C, a heat 
recovery step cools it to 200 °C, with entry temperatures of 1000 °C after quenching. This 
temperature range is suitable for steam cycle (SC) electricity generation. Further cooling is 
avoided to prevent sulfuric acid condensation from SO2 in humid gas. The interval from 
1450 °C to 1000 °C is not utilized for heat recovery; instead, temperature quenching is 
achieved by water injection into the flue gas stream. 

2.2.2 CO2 recovery from flue gas 

Fuel synthesis requires high-purity feedstocks. Effective flue gas purification, reducing pollu-
tant concentrations to the ppb range, is essential to protect the Ni-based catalysts used in SNG 
synthesis. This is particularly true for sulfur, halides and dust, all of which pose high risks of 
catalyst deactivation. Nitrogen and oxygen, although less problematic, reduce synthesis effi-
ciency but do not deactivate the catalyst. CO2 separation from oxy-fuel flue gas follows two 
main approaches:  

One approach focuses on direct CO2 removal using technologies such as swing adsorp-
tion or amine scrubbing processes [44]. Due to non-ideal adsorption rates, this inevitably re-
sults in some CO2 loss to the atmosphere [45], [46], [47]. In this model, we did not consider 
CO2 isolation because the comparably high SO2 levels, originating from fining agents used in 
glass production, would degrade amine carriers and increase operational costs [48]. Instead, 
we prioritized the removal of residual flue gas components. 

Problematic components can be removed by cooling the flue gas, as vapor condensation 
further concentrates CO2. While increasing amounts of flue gas components raises technology 
costs, treating individual fractions allows the process chain to be optimized for the require-
ments of fuel synthesis [49]. We therefore deliberately separated the CO2 recovery from flue 
gas (flue gas refining, see Figure 1) and the syngas preparation to enable a targeted optimi-
zation of each purification step according to the specific requirements of the downstream fuel 
synthesis. 

CO2 recovery is implemented in two steps. First, a lime based wet scrubber achieves sig-
nificant removal of sulfur, halides, and dust from water-rich flue gases. Operating at 20 to 80 °C  
and pH 5 to 7, it simultaneously cools the gas [50]. Typical removal rates for undesired con-
taminants reach 95 to 99 % [51]. Dust is mechanically separated on the droplet surface of the 
lime slurry, while SO2 and halides react chemically with Ca2+ ions to form the respective salts. 
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The lime slurry, at average temperatures of 15 °C, cools the hot flue gas to 40 °C, as required 
for the downstream membrane filter. The spent slurry is filtered for water recovery. The se-
lected parameters for the wet scrubber are summarized in Table 4. 

Table 4. Selected parameters of the wet scrubber calculation. 

Parameter    Sources & Comments 

Wet scrubber type Spray tower (CaCO3) [51], [52] 

Inlet temperature flue gas 200 °C From furnace heat recovery 

Outlet temperature flue gas 40 °C Operating temperature NRU 

Inlet temperature lime slurry 15 °C  

Outlet temperature slurry waste 40 °C  

pH value  6 – 7  [52] 

Required cooling power 
(n/av/15y) 

2.9 / 3.2 / 3.4 MWth from 200°C to 40°C 

Required cooling water 34 twater MW-1cooling from 200 °C to 40 °C 

Required CaCO3 slurry 1.05 molCaCO₃/molHal+SOx  

Removal rate in simulation 99 %  dust, SOx, halides; [52] 

Minimum pollutant rate (outlet) 10 ppmvol (HF: 1 ppmvol) [51] 

Pressure drop 1.5 kPa [52] 

CO2 total pollutant load Σ pollutants: 120 ppmvol Dry gas 

In the second step, the CO2-rich gas stream passes through a membrane filter for nitrogen 
removal. Continuous air leakage into the furnace leads to progressive nitrogen enrichment in 
the process cycle, which can significantly reduce synthesis efficiency and thus necessitates 
dedicated nitrogen removal. Nitrogen removal units (NRU, Table 5) are standard equipment 
for natural gas upgrading and enable removal of up to 93 % of N2, with 99.9 % of the CO2 
remaining in the retentate [53], [54].  

Table 5. Parameters of the nitrogen removal unit. 

Parameter  Sources & Comments 

Nitrogen removal equipment Membrane filter [55] 

Temperature level 40 °C  

Removal rate N2
 (permeate) 92.75 %vol [56], [57] 

Loss rate CO2 (in permeate) 0.01 %vol [56], [57] 

The CO2 product quality after recovery meets transportation standards for carbon capture 
and storage [58], [59], provided a final drying step is included.  

2.2.3 Hydrogen synthesis 

Hydrogen acts as the key reducing agent in fuel synthesis and can also serve as a fuel for the 
glass furnace [22]. As the most mature technology to produce hydrogen, water electrolysis is 
primarily constrained by the availability of green electricity rather than feedstock supply. The 
most promising electrolysis technologies are high-temperature electrolysis (solid oxide elec-
trolysis cell, SOEC), alkaline electrolysis (AEL) and proton exchange membrane electrolysis 
(PEM). While SOEC technology currently suffers from limited stack lifetimes and high produc-
tion costs, AEL and PEM electrolyzers are already commercially available at industrial scales 
(AEL: GW, PEM: MW). All three technologies are expected to experience significant cost re-
ductions in the coming decades, primarily due to improvements in stack lifetime and efficiency, 
with the most pronounced decrease projected for SOEC [60].  
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Recent studies indicate that the flexibilization of hydrogen production can significantly im-
pact overall process economics [61], [62]. This operational flexibility, typically reflected in the 
leveled cost of hydrogen (LCOH), underscores the increasing importance of operating ex-
penditure (OPEX) relative to the fixed capital investment (FCI) – particularly under fluctuating 
renewable electricity prices. Given the inherently volatile nature of renewable electricity supply, 
flexible hydrogen electrolysis is a potential strategy to adapt production to variable power avail-
ability. In this context, we investigated whether such operational flexibility offers economic or 
technical benefits. The PEM technology is especially well-suited for dynamic operation [63], 
making it ideal for simulating non-continuous hydrogen production under fluctuating renewable 
electricity supply, while maintaining a stable fuel synthesis output. However, according to 2022 
data, PEM electrolyzers are associated with higher capital costs (€1.515M per MW produced 
hydrogen) and a slightly lower efficiency (51 % based on LHV) [64] than AEL systems 
(€1.000M per MW produced hydrogen, 53.3 % LHV) [65], [66]). 

2.2.4 High-purity syngas 

Unlike in transportation applications, the CO2 purity achieved in the previous recovery step 
does not meet the stringent requirements for catalytic methanation. Nickel-based catalysts, 
typically supported on alumina (Al2O3), are highly sensitive to impurities and prone to corrosion 
[67], [68], [69]. To prevent catalyst poisoning, only trace amounts of halides, dust, or sulfur – 
generally below 10 ppbvol – are tolerated in the reactor feed [70]. Although oxygen is less crit-
ical, lower concentrations are preferred to minimize efficiency losses. 

Both CO2 and H2 are required for the methanation process. We therefore combine these 
gases via catalytic hydrogenation at 260 °C to produce syngas suitable for downstream con-
version [71]. In this process, SO2 and O2 react with hydrogen to form H2S and H2O, respec-
tively. Unlike SO2, removing H2S from feed gases is a well-established industrial practice, for 
example in Fischer-Tropsch synthesis, typically performed using ZnO guard beds [72]. Simi-
larly, activated alumina guard beds are commonly used to remove halides [72].  

2.2.5 Methanation 

The glass furnace requires a continuous and reliable fuel supply over multiple years. To reflect 
this, our simulation focuses on a steady state methanation process for optimal energy man-
agement. In this simulation, the methanation reaction was simplified to Equation 2. Here, four 
molecules of hydrogen are needed to convert one molecule of CO2 into methane, releasing 
about 165 kJ per mol. To avoid catalyst poisoning, the feed gas must contain less than about 
100 ppbvol of halides, sulfur and dust and less than 10 ppmvol oxygen [73]. 

CO2 + 4H2 → CH4 + 2H2O  𝛥𝐻0 = −165,0 𝑘𝐽 𝑚𝑜𝑙⁄              (2) 

Efficient cooling is required to ensure high methane yields due to the exothermic nature of 
the reaction. The Topsøe Recycle Energy-efficient Methanation Process (TREMP™) is partic-
ularly suited for this purpose, employing a cascade of three to four fixed-bed reactors to max-
imize energy recovery and process efficiency [74].  

The product composition depends on the reaction parameters. In our simulation, we tar-
geted a product gas containing 94.5 % methane, 3.5 % hydrogen, 1.3 % carbon dioxide, and 
trace amounts of carbon monoxide, nitrogen, and water. This quality is achieved in four nickel-
catalyzed reactor stages at 700 °C, 530 °C, 400 °C and 420 °C, with cooling after each stage. 
The final product leaves the process at 250 °C and 3 MPa.  

2.2 Final process cycle 

The final process cycle encompasses all selected technologies and interconnects the respec-
tive educt and product streams. Figure 2 illustrates the process flow diagram for the complete 
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cycle, detailing all relevant quantities and product volumes. Centrally positioned, a water man-
agement unit oversees both wastewater treatment and the distribution of service water 
throughout the processes. It supplies service water to the wet scrubber in (2), collects 
wastewater from various process streams, and recovers condensate from the cold trap in the 
methanation unit (4). In addition, the unit provides water to the electrolyzer and manages 
quenching operations for feedstock streams as required.  

2.3 Cost optimization at flexible hydrogen production 

Fuel synthesis demands a constant hydrogen supply of 790 kg per hour (63 kgH₂ per metric 
ton molten glass). To introduce flexibility into hydrogen production, we implement both hydro-
gen storage and an increased production capacity. Although larger storage volumes result in 
efficiency losses due to compression and boil-off, they enable us to take advantage of lower 
electricity prices. Because electricity prices are typically set one day in advance on the day-
ahead market, we optimize the electricity consumption using the Bellman equation on historic 
day-ahead market data [75], [76]. In Equation 3, the value function V for optimal electricity use 

 

Figure 2. Process flow diagram of the complete cycle with an average-aged furnace. Bold lines sym-
bolize the path of the carbon cycle. Heat exchangers with a cooling function are displayed in blue, 

while heating is shown in red. All values are given in the model’s scale. 
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depends on the electricity price at a given hour (t) and the current storage level (s). We deter-
mine V recursively using the cost function of the subsequent storage level and electricity price 
V(t+1, s’): 

𝑉(𝑡) = 𝑚𝑖𝑛
𝑎

[𝐶(𝑡, 𝑠, 𝑎) + 𝑉(𝑡 + 1, 𝑠′)] ,    (3) 

where C(t, s, a) represents the immediate cost of action a. This approach allows us to evaluate 
electricity prices from the day-ahead market in a recursive framework. We account for energy 
consumed during hydrogen compression, assuming 10 % of the produced hydrogen’s LHV as 
an additional energy cost [77]. We also include a boil-off rate of approximately 0.08 % of the 
current storage level, equivalent to 2 % over a 24-hour period [78]). Applying this cost function, 
we analyzed electricity prices from 2019 to 2024 to identify potential OPEX reductions. To 
reduce the impact of seasonal and weather-related fluctuations, we set a target end storage 
value based on the day’s median (mediannow) electricity price compared to the preceding 14 
daily median values (see Equation 4). 

𝑠𝑡𝑜𝑟𝑎𝑔𝑒𝑡𝑎𝑟𝑔𝑒𝑡 = 𝑚𝑎𝑥(𝑠𝑡𝑜𝑟𝑎𝑔𝑒) 
𝑚𝑒𝑑𝑖𝑎𝑛𝑛𝑜𝑤− 𝑚𝑖𝑛 (𝑚𝑒𝑑𝑖𝑎𝑛)

𝑚𝑎𝑥(𝑚𝑒𝑑𝑖𝑎𝑛)−𝑚𝑖𝑛 (𝑚𝑒𝑑𝑖𝑎𝑛)
   (4) 

3. Technical analysis 

3.1 Technological readiness level of the total process 

Technical maturity was a mandatory requirement for the investigated process cycle. Conse-
quently, all selected technologies are either established industrial standards or have been 
proven in similar applications. We integrated a PEM electrolyzer, water quenching, wet scrub-
bing, a nitrogen removal unit, guard beds, hydrogenation, and methanation into the glass pro-
duction cycle. Furthermore, we connected all hot and cold process streams through heat inte-
gration and employed a steam cycle for waste heat recovery.  

In contrast, conventional glass production does not require such extensive gas cleaning. 
In Germany, exhaust gases from industrial glass production must comply with the TA Luft, as 
specified in the 44. BImSchV (German Federal Immission Control Ordinance). While the reg-
ulation sets strict limits for nitric oxides in flue gas, the requirements for syngas purity in SNG 
production are even more stringent, permitting only a few mg per cubic meter of SO2, halides, 
or dust. Wet scrubbers, which do not reduce NOx levels but are effective for removing dust and 
sulfur, are therefore uncommon in the glass industry. Likewise, the synthesis of methane from 
glass production flue gas has not yet been implemented, and none of the proposed process 
steps have been tested in this context. As a result, the process chain outlined here requires 
further investigation before it can be considered industry ready, for example in a pilot plant. At 
present, the process chain corresponds to technology readiness level 3. 

3.2 Energy assessment and heat integration 

Electric energy is the only external energy source for the entire process cycle. Most process 
steps require only small amounts of electric energy, with compressors consuming 300 kWel, 
ventilation 60 kWel, and both blowers and pumps about 3 kWel each. Hydrogen compression 
for storage typically requires about 10 % of the hydrogen’s LHV. However, we did not allocate 
these energy costs to the process cycle, since hydrogen storage is used only for maintenance 
and backup.  

An overview of heat flows and heat integration (HI) is given in the grand composite curve 
(Figure 3) and the Sankey diagram (Figure 4). As heat integration is a key component to enable 
synergy effects in the process chain, we implemented a steam cycle (SC, assumed efficiency 
of 43 % at 200 bar, 41-550 °C) into the flue gas processing (SC2, 3.2 MWth) and the first step 
of the fuel synthesis (SC1, 2.9 MWth) to recover 2.7 MWel. About 1.3 MWth of the remaining 
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fuel synthesis steps can be used for internal heating, such as preheating (PH) of fuel, oxygen, 
and methanation reactor feed. 

 

Figure 3. Grand composite curves of the process cycle, with hot streams (red), cold streams (blue) 
and heat integrated cold streams (dashed). 

Overall, the fuel synthesis step provides 7.6 MWth of hot streams and 0.4 MWth of cold 
streams. The remaining process steps contribute another 3.8 MWth integrable hot streams and 
1.3 MWth of cold streams. In total, the process cycle contains 11.0 MWth of hot streams and 
1.7 MWth of cold streams, as shown by the grand composite curves in Figure 3. Heat integra-
tion (HI) is performed using a pinch analysis with a pinch temperature of 10 K. Since the avail-
able hot enthalpy streams exceed the cold streams, not all heat can be recovered internally. 
Therefore, we considered three integration options: a steam cycle, district heating (DH, 6 bar, 
50-70 °C), and cooling water (CW, 1 bar, 15-20 °C) [79], [80]. 

Of 51.8 MWel that are required to generate hydrogen for the process chain (see Figure 4), 
18.5 MWSNG and 0.9 MWth (PH fuel and PH oxygen) are actively used for the melting process. 
2.7 MWel can be regenerated via steam cycle (SC 1 and SC 2), 0.8 MWth (PH reactor feed and 
PH R4) is recovered in the fuel synthesis and 2.6 MWth is available for district heating (DH), 
but this does not improve the overall energy balance. The remaining 30.1 MWth cannot be 
recovered within the process chain.  
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Figure 4. Energy flow diagram of the model’s process chain based on the average-aged furnace. 

4. Ecological impact of the process cycle 

The proposed process cycle relies exclusively on electricity as its external energy source. 
However, several resources are required to sustain continuous operation. We assess the eco-
logical impact in three categories: water management, resource management, and CO2 emis-
sions.  

4.1 Water management 

Cooling water serves as the primary cooling agent throughout the process chain. Cooling de-
mand arises in the methanation step, the steam cycles, the electrolyzer unit, and the flue gas 
treatment system (including wet scrubber, heat exchanger, and quencher). Additional water is 
necessary for the deionization of the electrolyzer feed. Wastewater arises not only from the 
cooling and condensation operations within the equipment but also from the deionization treat-
ment of the electrolyzer feed water. Since other cooling-intensive processes are modeled with 
a closed cooling cycle, the required make-up water remains below 0.02 metric tons water per 
metric ton molten glass and is therefore negligible in this context. Table 6 summarizes the 
water balance for the main process steps. 
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Table 6. Water balance of selected process steps. 

Process step Water Demand 
[twater tglass

-1] 
Wastewater 
[twater tglass

-1] 
Comments 

Electrolyzer - 0.83 0.28 includes desalination 

Flue gas quenching - 0.11   

Wet scrubber - 0.24 0.40  

Methanation  0.28  

Sum - 1.18 0.96  

The proposed service water consumption significantly exceeds that of a standard glass 
manufacturing plant, making water use optimization a crucial consideration. Since the electrol-
ysis module already incorporates several water purification steps, including water softening, 
reverse osmosis, membrane degassing, and electro-deionization [81], we expect that 
wastewater from wet scrubbing and methanation can be partially reused within the electrolyzer 
unit. Likewise, the increased mineral content resulting from the desalination process does not 
significantly impact flue gas quenching or wet scrubbers, preserving the potential to reduce 
water consumption and wastewater disposal costs. In this optimal scenario, the total water 
consumption could be reduced to approximately 0.2 t per metric ton of molten glass. However, 
to reduce complexity, we did not consider these options in the current study; instead, we esti-
mated all costs for service water and wastewater disposal according to [38].  

4.2 Resource management 

The process chain requires only a few additional resources beyond electricity. However, chem-
ical treatment is essential for the CO2 purification, particularly for the removal of halides and 
sulfur. In our model, the wet scrubber provides primary purification: lime (CaCO3) reacts with 
HCl, HF, and SOx in the gas phase, forming CaCl2, CaF2 and CaSO4, respectively. This step 
requires approximately 2.4 kg CaCO₃ per metric ton molten glass (260 t CaCO₃ per year), 
generating a similar amount of waste. Although we did not consider valorization of this waste, 
further use as, such as gypsum production, is possible. 

Secondary purification relies on ZnO (14.4 g ZnO per metric ton molten glass, 1.5 t ZnO 

per year) and activated alumina (3.2 g Al₂O₃ per metric ton molten glass, 0.35 t Al₂O₃ per year) 
to remove residual sulfur and halides. Like in the primary step, we did not include valorization 
of the resulting waste (ZnO guard bed: 16.8 g per metric ton molten glass / 1.8 t per year, 
activated alumina guard bed: 4.8 g per metric ton molten glass / 0.53 t per year). Both materials 
can be regenerated by heat treatment, but due to the small quantities, this option was not 
considered. 

The use of rare materials is another relevant aspect. While reactor materials, piping and 
others do not contain significant amounts of critical elements, catalysts for PEM electrolysis 
and methanation are more critical. PEM electrolyzers require platinum (40 to 150 g per MW 
and year / 1.9 to 7.2 kg total per year in this model) and iridium (50 to 700 g per MW and year 
/ 2.4 to 33.8 kg total per year in this model) [82]. Methanation catalysts require about 650 t 
nickel per year [83].  

4.3 Global warming potential (GWP) 

We assess CO2 emissions according to three categories (scopes): direct emissions controlled 
by the operator (scope 1), indirect emissions from electricity generation (scope 2), and other 
indirect emissions from upstream and downstream activities (scope 3) [84]. Only scope 1 emis-
sions have to be compensated with EU ETS allowances and thus affect the glass production 
costs. Our analysis includes all scope 1 and 2 emissions directly related to the process chain.  
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Scope 1 emissions arise at the NRU, where membrane filters release 30 g CO₂ per metric ton 
molten glass (scope 1.4: fugitive emissions). There are neither stationary combustion (scope 
1.1) nor process emissions (scope 1.3) in the process chain, and mobile combustion emissions 
(scope 1.2) were not included but must be considered in a real plant. The process chain does 
not require heat, vapor, or cooling energy inputs, but electricity input is significant at approxi-
mately 3.9 MWh per metric ton molten glass. Even when using “green” electricity, renewable 
sources are not entirely CO2-neutral. The carbon footprint depends on the energy mix and 
ranges from 2 to 100 kg CO₂ per MWh. Here, we use an average value of 31.4 kg CO2 per 
MWh, based on the assumed energy mix and the respective published emission factors [36], 
[37]. Thus, total scope 1+2 emissions for the modeled process chain amount to approximately 
130 kg CO2 per metric ton molten glass, compared to 339 kg CO2 per metric ton molten glass, 
including 114 kg CO2 from batch emissions, in a similar process without CCU. 

5. Economic assessment 

5.1 Capital expenditures (CAPEX) 

The CAPEX analysis (Figure 5) includes the estimation of equipment cost (EC) and fixed cap-
ital investment (FCI), following the procedure outlined by Rahmat et al. (2025) [34]. EC are 
determined using cost functions from the literature. Standard equipment, such as compres-
sors, pumps, heat exchangers, flash drums, and storage tanks, is costed according to [38]. 
Cost functions for the fixed-bed methanation reactor, wet scrubber (WS), membrane systems, 
and hydrogen storage are sourced from [50], [56], [85], and [86], respectively. The FCI is cal-
culated by multiplying the estimated EC by CAPEX cost factors, which account for installation, 
piping, instrumentation, electrical systems, and related expenses. Since the furnace itself re-
mains unchanged, the furnace module was excluded from the FCI calculation. As the furnace 
degrades over time, the model includes all equipment required for the end-of-life furnace. 

 

Figure 5. CCU fixed capital investment in M€2022 
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The total FCI for the CCU plant amounts to €160.4M (2022), with 61 % of this investment 
allocated to the PEM electrolyzer. This substantial share is consistent with typical CCU or 
Power-to-X process that rely on electrolytic hydrogen. The wet scrubber accounts for approx-
imately 11 % portion of the total FCI, a figure comparable to the investment required for the 
entire methanation process (2 % FCI share), which includes reactors, compressors, and heat 
exchangers. The steam cycle, which is integrated to recover heat from the TREMP™ process 
and supply electricity for internal consumption, represents 7 % of the total FCI. The annuity of 
the steam cycle is €1.28M per year (2022), indicating that its integration becomes economically 
viable at an electricity price of €54 per MWhel (2022). 

5.2 Net production cost (NPC) 

In this study, we analyze the NPC of the CCU component within a theoretical glass plant. Since 
the investigated processes are additional to regular glass production, the resulting NPC re-
places the NPC calculated with contemporary flue gas treatment and CO2 allowance costs. 
Therefore, NPC is normalized per metric ton of molten glass, analogous to Rahmat et al. (2025) 
[34]. The calculation includes the annualized CAPEX, derived from FCI, interest rate, and plant 
lifetime [79], in addition to operating expenditures (OPEX) and by-product sales. OPEX com-
prises both direct costs, such as process-required resources and energy, and indirect costs, 
including insurance, plant overhead, and contingencies. Labor costs are calculated based on 
the hourly wage (see Table 1) and an estimated annual labor input of 43,253 h, as described 
by Peters et al. (2003) [38]. Since CAPEX values only apply for the assumed plant size, NPC 
may vary from other estimations for different production capacities or plant locations. With CO2 
emissions contributing less than 4 t per year in the proposed plant design, we excluded CO2 
certificates from our calculations.  

 

 

Figure 6. (left) Net production costs (NPC) for furnace heat per MW SNG (LHV) of the process chain 
in a new, average-aged and end-of-life furnace. (right) NPC for furnace heat of other furnace technolo-

gies with a similar CCU process chain based on average-aged furnaces. 

At an average electricity price of €60 per MWhel (2022), the average NPC per MW (LHV) 
furnace heat amounts to €559 per metric ton of molten glass (see Figure 6, left), compared to 
€128 per metric ton of molten glass for NG (€132 per MWh in 2022) [87]. Since the new glass 
furnace requires less energy, the NPC of SNG in the first year of operation amounts to €545 
per metric ton of molten glass. Furnace degradation causes an increase in wall heat losses 
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over time, resulting in higher energy demand and consequently higher a NPC of SNG (€573 
per metric ton molten glass). 

In this scenario, electricity costs constitute approximately 41 % of the NPC, while the re-
maining direct OPEX contributes 3 %. The second-largest share is attributed to the PEM elec-
trolyzer FCI, representing 20 % of the NPC. Other equipment FCI contributes 12 %, while in-
direct OPEX accounts for about 25 % of the total NPC. Electricity generated via SC is directly 
used to reduce the plant’s total electricity demand. This results in an economic benefit as long 
as the average electricity price exceeds 54 € per MWhel. Heat integration for district heating 
(DH) reduces overall NPC by 1 %. If the surplus SNG (3.7 kt / 53.9 GWhHHV SNG per year) 
were sold at a market price of €125.72 per MWhHHV, potential annual revenues of approxi-
mately €6.8M (2022) could be realized. In this case, the NPC would decrease to €497 per 
metric ton of molten glass, reflecting a 11 % reduction due to SNG sales.  

Increasing the electrical energy input to the furnace leads to a significant decrease in the 
NPC of the furnace heat supply (see Figure 6, right). Simultaneously, the amount of recycled 
CO2 decreases as the applied electricity increases, with no CO2 recycling occurring in all-elec-
tric melter (AEM) furnaces. Given the furnace’s requirement for electrical energy input, we 
added specific electricity costs ranging from €40 to €60 per metric ton molten of glass for im-
proved comparison. 

5.3 Process cycle with flexible hydrogen production 

The algorithm described in section 2.3 enables a reduction in effective average electricity costs 
compared to spot market prices. This results in lower OPEX at the expense of higher FCI. In 
this example, we annualized the additional required equipment and added it to the electricity 
share of the NPC to illustrate the benefit of the process. Figure 7 shows potential OPEX sav-
ings in recent years when both electrolysis capacity (pmax, that is the electrolyzer capacity factor 
with 1 as standard case) and storage (smax, that is storage capacity in hours) are increased. All 

Figure 7. Potential of OPEX reduction in respect of the standard case (smax = 1 ; pmax = 1), with smax as 
storage maximum and pmax as production maximum. For an interactive graph with further information, 

please look at the supplementary information. 
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values above 0 (blue line) represent total NPC benefits, while values below represent disad-
vantageous production conditions. As the figure demonstrates, increasing electrolyzer capac-
ity would not have provided economic benefits before 2021. However, with the sharp rise in 
electricity prices in 2022, larger electrolysis capacity improves economic feasibility compared 
to the standard configuration. In the standard case, there is enough storage for one hour of 
methanation and electrolyzer capacity to match methanation demand. At the same time, over-
all electricity costs have risen, which reduces general economic feasibility.  

When plotting the effective electricity cost benefit against the average market price (Figure 
8), a trend emerges. Increased financial benefit due to increased storage and electrolyzer ca-
pacities occurs during periods of high electricity market prices, leading to positive values for 
ΔElectricity costs (y). The intersection with the x-axis indicates the economic viability of storage 
and electrolyzer sizing. Smaller electrolyzer and storage capacities (for example 120 % elec-
trolyzer capacity and 3 t hydrogen storage (sufficient for four hours of methanation, red line) 
are advantageous at electricity prices above €70 per MWh. Larger setups yield greater benefits 
at even higher prices. However, dynamic operation with increased capacities does not provide 
advantages below €70 per MWh.  

 

5.4 Sensitivity analysis at static electricity price conditions 

The sensitivity analysis (Figure 9) illustrates the influence of electricity price on NPCSNG (blue) 
and CO2 abatement cost (red). The error bar of ± 30 % reflects the potential NPCSNG range 
due to methodological uncertainty (representing plant size, efficiency assumptions and similar 

factors). We assumed scope 1 emissions of approximately 339 kgCO₂ per metric ton molten 
glass for natural gas combustion, including flue gas cooling and a wet scrubbing for compara-
bility. With an average 2022 market price of €126 per MWhHHV in addition to EU-ETS fees, 
natural gas (NG) combustion would thus lead to costs of €174 per metric ton molten glass.  

Figure 8. Effective electricity prices in dependency of the market price. 
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Figure 9. Sensitivity analysis of NPCSNG and CO2-abatement cost with various electricity cost. Natural 
gas costs per metric ton molten gas (2022) were added for comparison. 

To compare CO2 avoidance costs with contemporary processes, we relate costs of NG 
combustion to those of a CCU process at varying electricity prices. A competitive SNG based 
process chain without EU-ETS would require negative electricity prices of €-36 per MWhel. At 
a typical electricity cost of €60 per MWhel, the NPCSNG is approximately 2.5 to 3.9 times higher 
than the average NG price. This results in CO2 abatement costs of approximately €1,132 per 
metric ton of CO2, based on scope 1 emissions from the process chain. Therefore, a significant 
increase in EU ETS prices is required to make the process chain economically viable. These 
abatement costs decrease slightly over time due to improved equipment utilization, ranging 
from €1,154 (new furnace) to €1,074 (end-of-life) per metric ton of CO2. Considering that 2022 
experienced particularly high energy prices in Germany, especially for NG, these abatement 
costs increase with lower NG prices and may reach up to €1,440 per metric ton of CO2 at a 
gas price of €50 per MWhLHV. Compared to other furnace technologies, CO2 abatement costs 
remain similar for CO2 abated through the CCU concept. However, the majority of CO2 abate-
ment (and thus the respective abatement costs) results from the furnace technology itself, 
reducing specific CO2 emissions by 50 to 75 % compared to NG combustion. Since furnace 
parameters (costs, lifetime) were not included in this model, we cannot calculate abatement 
costs attributed to the furnace technology. In any case, we expect these abatement costs to 
be significantly lower than those calculated in our model. 

6. Discussion 

6.1 Economic and technological feasibility 

Our study demonstrates that the technology required for carbon-neutral glass manufacturing 
is already available. Certain elements of the process chain, such as methanation, can even be 
outsourced to external suppliers or partners, which may reduce the complexity of flue gas 
treatment. Nevertheless, the techno-economic investigation indicates significantly higher costs 
compared to natural gas combustion in current glass production.  
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Given the substantial energy requirements under the assumed parameters, improving en-
ergy efficiency is a critical factor for the feasibility of the proposed process chain. Although 
scaling effects in methanation may enhance the economic viability of surplus conversion, they 
do not fully compensate for the inherent energy losses in fuel synthesis. Thus, measures that 
reduce chemical energy consumption in the furnace directly improve efficiency by a factor re-
lated to the power-to-heat efficiency. In our example, every MW reduction in fuel-based furnace 
energy consumption results in approximately 3 MW less required electrolysis capacity. Further 
improvements can be achieved by utilizing hydrogen directly for heating or by increasing the 
application of electric heating. Technological advances, such as hybrid furnaces that use up 
to 80 % electric energy input via electrodes (with energy efficiencies ranging from 80 to 95 % 
compared to approximately 40 to 65% for oxy-fuel combustion) will therefore increase overall 
energy efficiency. In contrast, traditional combustion-based heating, typically achieving effi-
ciencies of about 30 to 55%, increases operational costs. This effect is reflected in the NPC 
shown in Figure 6, where increased electric input significantly decreases the NPC. Thus, from 
this perspective, the optimal path would be the application of AEM for container glass produc-
tion. In an AEM process scenario, only a quarter of the total hydrogen (approximately 13 MW 
electrolysis capacity) would be required for the CCU process, while an additional 10 to 14 MW 
would be needed as electric energy input.  

However, this simulation does not cover furnace parameters like NPC / CAPEX of the 
furnace technology and deviates further from the average lifetime of the respective furnace 
technology (AEM: about 7 years; hybrid furnaces: about 10 years [88]). AEM is further well 
established for certain glass types and smaller-scale operations, but its applicability remains 
limited for amber glass and large-scale production lines. Ongoing technological developments 
may expand its suitability in the future; for now, conventional or hybrid furnaces remain the 
most practical solutions for high-volume container and flat glass manufacturing. Importantly, 
these hybrid furnaces are compatible with the CCU process due to their similar design. In this 
context, less SNG would be required for heating, although surplus SNG formation would re-
main unchanged. Moreover, glass production with higher purity requirements and conse-
quently lower cullet allowance can benefit from scaling effects, as these conditions are asso-
ciated with higher CO2 emissions. 

6.2 Limitations due to space availability and furnace degradation 

As the furnace degrades during operation, the demand for SNG and the CO2 output in the 
furnace module increase. Therefore, increased production and processing capacities in the 
subsequent process chain must be considered, resulting in a higher CAPEX contribution to the 
NPC. In this model, we scaled the setup based on end-of-life furnace parameters, leaving 
hydrogen production capacities available during the early production years. Since PEM elec-
trolyzers significantly affect overall NPC, optimization opportunities, such as temporarily selling 
production capacities, arise to reduce SNG production costs.  

Furthermore, the modeled setup is constrained by spice requirements. Since calculating 
the exact area requirement falls outside the scope of this investigation, we present only rough 
estimations. The largest equipment by far is the PEM electrolyzer, occupying approximately 
6,500 m² for a 50 MW unit [89]. We estimate the area for methanation reactors, the second 
largest equipment, to be between 500 and 1,000 m² [90]. Additional equipment, including wet 
scrubbers, NRU, hydrogenation units, and guard beds, occupies approximately 200 m². 

6.3 Industrial synergies and sector coupling 

The industrial transition towards a green economy is primarily driven by energy constraints. 
The efficiency of the electrolyzer unit is a key factor for the availability of hydrogen, both for 
the glass industry and for society as a whole. Electrolyzers with higher efficiency or the ability 
to use industrial waste heat are essential for a carbon-neutral process cycle. Recent progress 
with PEM electrolyzers are promising [91], and high-temperature electrolysis cells (SOEC) also 
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offer significant potential, as they can utilize the high waste heat from flue gas and methanation 
[92]. However, since our model is based on the technological status of 2022, alkaline electrol-
ysis remains superior in terms of both CAPEX and efficiency.  

Scaling effects can further reduce the costs of the proposed production cycle. For exam-
ple, a daily production of 300 metric tons molten glass per day is typical for a container glass 
plants, and the methanation process was scaled accordingly. Float glass plants, in contrast, 
often reach up to 1,000 t molten glass per day, and require higher exergy input because of 
process-related higher dwelling times of the glass in the furnace. The float process also needs 
small amounts of hydrogen in the primary glass forming step, which could create synergies to 
hydrogen production. Scaling up of the methanation process, for example by combining the 
CO2 output of different close-by industries, would lower its CAPEX share in the NPCSNG and 
thus reduce the impact of the respective energy costs. Analogously, joint flue gas treatment 
with other industries, such as cement production, could further improve the efficiency of flue 
gas management. 

6.4 Climate impact 

Our proposed process chain significantly reduces global warming potential. For scope 1 and 2 
emissions, values of 130 kg CO₂ per metric ton molten glass are achieved. The use of SNG 
lowers GWP by about 38 % compared to scope 1 and 2 emissions from natural gas combus-
tion, which are around 339 kg CO₂ per metric ton molten glass in a comparable scenario. This 
benefit becomes even greater when scope 3.1 emissions from natural gas – arising from 
transport and extraction – are included, despite the higher overall energy demand of the pro-
cess.  

7. Summary 

The suggested process cycle enables the abatement of more than 99 % of the scope 1 emis-
sions at a glass production plant. When including scope 2 emissions associated with the elec-
trolysis unit, the overall abatement is about 60 %, based on the prognosed energy mix of 2035 
[27]. Although the interaction of all implemented technologies has not yet been fully investi-
gated, each process step is well established in different industrial applications. Therefore, their 
integration should not pose major challenges for the process chain. However, the proposed 
process comes with several drawbacks, particularly regarding energy efficiency, use of rare 
elements, and, most importantly, economic viability. The combination of multiple technologies, 
such as wet lime scrubbing, nitrogen removal unit, hydrogenation, guard beds, methanation, 
and PEM electrolysis, result in a relatively high level of complexity. This complexity can be 
reduced by outsourcing certain steps to external partners. As the suggested process chain has 
not been thoroughly tested, we assessed a technological readiness level of 3, even though all 
selected technologies are industrially proven.  

At the same time, the cost of energy supply for glass production at an average electricity 
price of €60 per MWh (2022) amounts to €559 per metric ton molten glass (2022). This is 
significantly more than the current cost of fossil energy, which was around €174 per metric ton 
molten glass in 2022. From a CO2 abatement perspective, the proposed process chain leads 
to an increase in cost of €1,130 (2022) per metric ton CO2 avoided. These costs are highly 
sensitive to the average electricity price. Although the capital cost share of expensive technol-
ogies like PEM electrolyzers may decrease with further development and scaling, the overall 
impact on NPCSNG remains limited due to the high OPEX share. 

The economic feasibility of dynamic hydrogen production with additional storage solutions 
also depends on the average electricity price. While the OPEX share may decrease, the in-
creased annualized capital costs can raise the NPCSNG due to high investment requirements. 
Historical electricity market data show that this approach only becomes financially beneficial if 
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the average electricity price exceeds €70 per MWh. Since this mode of operation benefits from 
a highly volatile electricity market, its prospects may improve as the share of renewable elec-
tricity increases. 

We have demonstrated that CO2-neutral (scope 1) glass production is technically feasible 
using available technologies, despite the high NPCSNG for the modeled system compared to 
current glass production. The GWP benefit persists even when additional scope 2 emissions 
of approximately 130 t CO2 per metric ton molten glass are considered. The study provides a 
baseline for decision-making regarding options to defossilize glass production and highlights 
the challenges that lie ahead. While we do not consider the proposed model to be a viable 
industry standard at present, it establishes a foundation for future developments. 

Looking ahead, the glass industry faces a decisive transformation as it strives for climate 
neutrality by 2045. While electrification and hydrogen-based melting are advancing rapidly, 
addressing residual process-related CO2 emissions remains a key challenge. Our study 
demonstrates that CCU-based closed carbon cycles can complement existing approaches by 
targeting these unavoidable emissions, particularly in segments with limited cullet availability 
or high-quality requirements. Realizing such solutions will require further progress in CO2 cap-
ture technology, infrastructure, and access to affordable renewable energy. By evaluating tech-
nical feasibility and identifying the main barriers to closed carbon cycles, this study supports 
the glass industry’s path toward full defossilization. As the industry innovates to meet regula-
tory pressure, customer expectations, and maintain long-term competitiveness, collaboration 
across the value chain and targeted policy support will be essential. This will ensure that all 
defossilization options, including closed carbon cycles, can be effectively implemented at 
scale. 
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