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Abstract


This paper presents an analysis of energy savings and sustainability measures to improve the environmental performance of glass wool fiberizing, the latter being the most energy intensive production step in manufacturing glass wool thermal insulation, involving conversion of hot molten glass into fibers. The first part evaluates two refractory designs—business as usual (BAU) and modified (MOD), over four trials. BAU refractory has higher density whereas MOD is an innovative lightweight design, with lower density and improved thermal conductivity. The key operational parameters analyzed include energy demand and CO2 emissions in the fiberizing stage, along with burner pressure, temperature and fiber diameter. The results show that MOD has better thermal performance, leading to an average energy demand reduction potential of up to 10%. The second part focuses on promoting a circular economy for the end-of-life refractory, underpinned by the potential for recovery and reuse of spent refractory materials. Based on a total refractory mass of 1.2 tons for the six burners, the end-of-life refractory material recovery is estimated as 0.78 ton (65% of the aggregate). Balancing the recovery costs with the acquired value of the recovered aggregates, results demonstrate significant material and environmental cost avoidance on a 3-year refractory relining cycle.
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1. Introduction


Glass wool thermal insulation (GWTI), commonly known as glass wool or fiberglass, is increasingly applied in modern construction for reducing heating/cooling energy demands. Its diverse applicability in the construction industry has led to efficient and more sustainable construction practices. While alternative materials such as cellulose from recycled paper, polyisocyanurate (PIR) and hemp-based insulation may offer lower thermal conductivity, glass wool remains one of the few materials proven at a large industrial scale, owing to its balance of thermal performance, mechanical durability and cost efficiency [1]. However, its manufacturing involves an energy intensive process. GWTI is typically composed of molten glass mixed with raw materials such as sand, dolomite, borax, etc. Its industrial production involves the following sequential steps: 1. Batching, 2. Melting, 3. Fiberizing, 4. Curing, 5. Cutting, 6. Packaging (Figure 1a) [2]. As a first step, all the raw materials, including glass, are mixed together in batching, and then melted in a furnace. The molten mixture is then passed through a fiberizing machine that converts the molten mix into fibers. The fibers are stuck together using a binder mixture and passed into the forming chamber, followed by cutting and finally packaging for supply. The energy consumption trends in the typical GWTI manufacturing steps are as follows: Fiberizing > Melting > Batch > Curing > Packaging > Cutting (Figure 1b).



The greatest share of energy consumption in the fiberizing step is attributed to the operation of the fiberizing machine that converts hot glass into fibers by a centrifugal force generated by a fast-moving piece of equipment called the spinner. Significant energy is required to maintain the temperature of the fiberizing machine during the fiberizing process, which leads to a higher air-to-gas ratio and hence more carbon dioxide emissions. In addition, the external burner consumes a large amount of fuel (commonly natural gas and air) to maintain the temperature of the spinner. The external burner is cast with thermal cement known as ‘refractory’ to trap the heat inside the burner and to prevent any heat losses. The refractory has excellent thermal properties with which to trap the heat and reduce the consumption of gas and air energy [1]. Theoretically, this enables the maintenance of a higher burner temperature at less gas and air flow, resulting in savings for electricity and gas consumption, thereby reducing overall CO2 emissions.



Fiberizing is one of the most important steps in GWTI manufacturing. The hot glass pours into the fiberizing machine where the fast-moving spinner equipment creates fibers through centrifugal force (CF). The CF drags the hot glass into thin shiny fibers, which then pass through binder liquid mixed with water to create a mat with excellent insulating properties. There is an external burner that runs on the combustion of the air and gas mixture to help maintain the temperature of the spinner while glass is spun into fibers through CF. This production stage is crucial to ensure the fibers have the standard mechanical properties and thermal conductivity. It is also an important stage for optimizing the energy efficiency of the overall insulation [2].



To avoid substantial heat loss through the combustion-system linings during fiberizing, refractory design parameters are key in reducing heat losses and improving energy efficiency in high-temperature industries. These include thermal conductivity and aspects of the microstructure, such as porosity level, pore size distribution and phase assemblage [3]. The refractory is composed of a heat-resistant cement binder used in high temperature applications such as the furnace, forehearth and other exposed industrial equipment. The chemistry behind the refractory helps to maintain structural integrity and to provide successful thermal insulation under extreme heat conditions. The microstructure of the refractory provides lower thermal conductivity, indicating that heat transfer is minimum through the material, thereby offering excellent insulation. The refractory material absorbs the stress caused by rapid changes without cracking. This durability property plays a crucial role in high temperature insulation in glass wool manufacturing. Therefore, refractory cement has high temperature resistance, thermal shock resistance and lower thermal conductivity [4]. Modifications at the fiberizing stage can potentially lead to energy savings in terms of air and gas.



Recent refractory research has increasingly focused on microstructure engineering, particularly the control of porosity and phase development, in order to achieve improved insulation (lower heat transfer) while retaining sufficient integrity for industrial operations [5]. These insulation gains, however, typically involve a trade-off with mechanical strength and durability, meaning that lightweight insulating castable is generally more suitable when reducing heat loss is prioritized over high mechanical robustness, such as at the fiberizing stage in GWTI production [6]. It is important to understand the basic chemistry behind refractory cement. This consists of compounds which are high-temperature resistant, such as Calcium Aluminate Cement (CAC), combined with refractory aggerates and other additives that enhance the thermal properties of the material [7]. CAC is one of the main binders in refractory cement. It has a dense matrix attained through a series of high-temperature hydration processes [8]. The refractory aggregates are high-purity oxide materials such as Alumina (Al2O3), Silica (SiO2), Zirconia (ZrO2) and Magnesia (MgO). These aggregates provide stability to the structure and increase the high-temperature performance of the material when they are combined with CAC. The aggregates also assist in improving resistance to thermal shock and in controlling thermal expansion to avoid cracks in the cement. Additives such as spinels, borates and refractory clays are included in the cement to enhance the thermal properties. These additives tailor the thermal insulation properties by changing the phase composition and by reducing thermal conductivity [9].



The use of lightweight insulating castable and graded lining concepts are increasingly applied to improve insulation performance, where an insulating layer is designed specifically to reduce thermal conductivity and minimize heat loss through the refractory lining [10]. From a materials perspective, insulation performance can be enhanced by incorporating porous aggregates (e.g., hollow alumina-based constituents), and by adopting formulation approaches that promote stable pore networks at elevated temperatures, both of which can significantly reduce effective thermal conductivity [11].



This study presents a comparative analysis of glass wool fiberizing using alternative refractory designs, alongside an exploration of the potential for end-of-life refractory reuse. The first part summarizes the results from the four trials conducted with a fiberizing machine cast with a new type of refractory (henceforth called MOD) compared with an old refractory (henceforth called BAU). It identifies the performance improvements between the BAU and the MOD refractory designs in terms of fiberizing data, including burner pressure, burner temperature, gas flow, air flow and fiber diameter. The second part focuses on promoting a circular economy for the end-of-life refractory. This is underpinned by evaluation of sustainability measures to recover refractory material beyond its 3-year operational life through recycling, in order to improve its reuse and reduce its environmental impact.




2. Materials and Methods


2.1. Refractory Performance Analysis


Quantitative analysis was conducted to assess the performance improvements (if any) between the old (business-as-usual, BAU) and the modified (MOD) refractories. The first step involved casting the burner with the MOD refractory. This was done in order to assemble the refractory with the rest of the fiberizing machine. There are a total of six fiberizing machines at the manufacturing plant. The BAU refractory has higher density, has better durability and is used in applications that are directly exposed to heat. It also has high thermal conductivity and can accommodate temperature up to 1500 °C. On the other hand, the MOD refractory is lightweight, with lower density and lower thermal conductivity. It is used in applications to prevent heat loss and achieve higher energy efficiency. However, it has lower mechanical strength, making it less durable [12]. Based on the product data sheet provided by GWTI manufacturer Saint-Gobain (ISOVER), the MOD refractory has density typically ranging between 1150 and 1350 kg/m3. In contrast, the BAU refractory has density typically exceeding 2200 kg/m3, hence classifying it as a dense castable. This large difference in density is directly linked to their respective thermal performances. The MOD and the BAU refractories, respectively, have thermal conductivities ranging between 0.30 and 0.32 Wm−1·K−1 and 1.2–1.8 Wm−1·K−1, with MOD clearly having better thermal efficiency. This is owing to its lower density composition, attributed to material with greater porosity, resulting in reduced thermal conductivity and significantly improved insulation efficiency. This explains why machines lined with the MOD refractory retained higher operating temperatures under identical process conditions, as observed in the trial results in this study (See Section 3.1).



The machine monitoring software collects operational data on gas, air, temperature, pressure and fiber diameter as numeric values, 6 times a day, through sensors in order to ensure production parameters are meeting the required specifications. These data collected from the MOD refractory machine were compared with the data collected from the BAU machine following one full month of operation. The multiple numeric data collected from both MOD and BAU refractory machines were analyzed using Excel tools, including the energy savings calculation taking into consideration the computed accurate machine efficiency (See Section 2.2).




2.2. Evaluation of Machine Efficiency


The downtime (DT) of the fiberizing machine was considered to represent its operational inefficiency. Each machine’s downtime was recorded, and the downtime data were exported into an Excel workbook to calculate its inefficiency. This was followed by a method of calculating machine efficiency, which was applied to the MOD refractory machine while it was in production.



The trial duration, number of data points, burner pressure, temperature, gas flow, air flow and fiber diameter remained unchanged for all the four trial data sets. The following units were used throughout in the evaluations throughout: energy conversion from Nm3/h to kWh was applied for consistency to estimate the fuel consumption (gas and air), electricity kWh and CO2 tons. The trial period days were converted into minutes for efficiency calculations. The machine efficiency was estimated using Equation (1). This new extended methodology would give savings only in that particular trial period with a real runtime of the machine.


  M a c h i n e   E f f i c i e n c y =    T o t a l   D T   m i n u t e s − M a c h i n e   D T   m i n u t e s   T o t a l   D T   m i n u t e s    × 100  



(1)








2.3. Data Collection and Analysis


All raw data obtained for both BAU and MOD refractory machines had identical sampling time with 119 data points. The following five parameters were monitored for comparative analysis:




	
Pressure (mmWC): represents the burner pressure that pushes the fibers downwards, expressed in millimeters of water column (1 mm WC= 0.0098 mPa).



	
Temperature (°C): represents the burner and fiberizing machine temperature.



	
Gas Flow (Nm3h−1): represents fuel consumption by the burner in terms of gas.



	
Air Flow (Nm3h−1): represents compressed air supplied at 3 bar for combustion in the fiberizing machine.



	
Fiber Diameter: represents the output glass fiber diameter (range 14.5–15.5 µm).








Manual Lip measurements were taken regularly to ensure that pressure and temperature readings were correct. Gas Flow and Air Flow instrument readings in Nm3h−1 were converted into kWh. Table 1 lists the gas-to-energy conversion factors, unit prices for gas and air (electricity), and the tariff values used in the efficiency analysis.





3. Results and Discussion


3.1. Performance Monitoring Trends


The performance of the MOD and BAU refractory machines were assessed over the trial production period in terms of the monitored parameters. The ideal pressure range to keep the product within specifications is between 300 and 400 mmWC. Figure 2a shows that both MOD and BAU refractories performed within this acceptable pressure range. However, the MOD refractory has more stable pressure control, offering a slight improvement in operational conditions with more data points within the specified pressure range compared to the BAU refractory pressure. The spikes or dips in the graph show anomalies, which are generally attributed to the furnace load or sensor issues.



Figure 2b shows that the MOD refractory had better insulation and consistent heat management. In addition, Table 1 shows that MOD and BAU refractory machines recorded average temperature of 1107.22 °C and 1080.45 °C, respectively. The higher temperature observed in the MOD refractory trial (+26.77 °C) is attributed to its insulation property owing to lower density composition. Unlike the BAU refractory, which is a dense castable with higher thermal conductivity, the MOD material incorporates lightweight aggregates and a modified alumina–silica binder system that increases porosity and reduces conductive heat loss. This behavior is consistent with established findings that aggregate selection, binder chemistry and additives directly influence thermal conductivity (see Section 2.1) and heat retention in alumina-based refractory castable [4,5,6]. This enabled better thermal conditions in MOD machine for fiberizing of the molten glass.



As shown in Figure 2c, the BAU refractory machine consumed an average gas flow between 90 and 105 Nm3/h; meanwhile, the MOD refractory machine consistently showed lower consumption of gas flow and stayed within in the range 75–90 Nm3/h. This indicates that the MOD refractory has lower energy demand and has better heat retention compared to the BAU refractory machine. Both refractories show a stable operation, but the MOD refractory achieved better thermal conditions as it achieved a higher temperature with less gas consumption, showing improvement in thermal efficiency and optimized process conditions.



Figure 2d clearly shows that the MOD refractory machine requires less air flow to maintain fiberizing production conditions. The air flow for the BAU refractory machine fluctuate between 1200 and 1400 Nm3/h; meanwhile, the airflow range was significantly low for the MOD refractory machine, ranging between 1000 and 1250 Nm3/h. This was consistent with expectations, as the MOD refractory machine consumes lower gas energy and maintains better heat management, and therefore does not require higher air flow for combustion.



Figure 3 shows the glass fiber diameter measurements from the two fiberizing units over the sampling period in order to ascertain any compromise in fiber quality. Specifically, it has taken into account the MOD refractory trial to monitor any variations in the quality of fiber while attaining efficiency measures. The ideal range for fiber diameter for optimum fiber quality is considered as between 14.5 and 15.5 µm, and both BAU and MOD refractory machines were noted to produce fibers within this acceptable range.



This indicates that the MOD refractory machine, despite having lean (and efficient) operating conditions in terms of temperature, gas flow and air flow, does not compromise on quality, and is still capable of yielding high quality glass fibers within the acceptable fiber diameter range.




3.2. Efficiency Analysis


Emission Factor: The CO2 reduction of 39 tons or 39,000 kg refers specifically to operational emissions avoided during the four refractory trials. A total measured gas reduction of 195,156 kWh was recorded over the four trials (75,859 + 49,552 + 51,424 + 18,321 kWh) (Table 2). Therefore, the emission factor is estimated using Equation (2).


  E m i s s i o n F a c t o r =    39,000   kg     CO   2     195,156   kWh    = 0.20     CO 2   / kWh  



(2)







The emission factor methodology follows the GHG Conversion Factors for Company Reporting, issued by the UK Government Department for Environment, Food and Rural Affairs (DEFRA), 2025, which provides the standard natural-gas emission factor of 0.183 kg CO2/kWh [13].



Table 3 lists the recorded BAU and MOD refractory parameters The average pressure for the recorded MOD is 327.22 mmWC, which is lower than that of the BAU refractory (354.24 mm WC). This indicates reduced system resistance and improved flow characteristics. The average temperature recorded for the BAU and the MOD were, respectively, 1080.45 °C and 1107.22 °C. The higher average temperature for MOD represents better insulation conditions, which in turn is beneficial for optimum fiberizing conditions. The average gas flow reduction in MOD to 86.31 Nm3h−1 from 96.97 Nm3h−1 in BAU, and the lower air flow for MOD of 1191.09 Nm3h−1 compared to BAU 1321.35 Nm3h−1, indicates efficient combustion conditions and potential for energy savings. The average fiber diameter for MOD is recorded as 15.04 µm, which is within the acceptable glass fiber diameter range of 14.5–15.5 µm, indicating that the energy efficiency attained does not compromise the quality of the glass fiber.



Only the operational data collected for samples with a fiber diameter within the acceptable threshold of 14.5–15.5 µm were considered for efficiency analysis. Table 4 shows energy cost savings over the four trials between the BAU and MOD in terms of reduced fuel costs (gas and air) and CO2 emissions. The first trial achieved the highest saving of £7605 over the 31-day trial period, with the highest machine efficiency of 90.73%. The second trial achieved £5058 savings at a machine efficiency of 80.91%. This is acceptable given that the second trial was only over a 20-day period. However, the machine efficiency dropped significantly in the third trial period, attributed mainly to the excessive downtime. Noteworthily, the fourth trial had the lowest energy savings among all the trials, despite a machine efficiency of 72%, attributed mainly to poor glass quality. Over the total of 111 trial days, the MOD refractory machine saved £19,710: £15,593 on gas consumption, £1, on air consumption and £2935 on CO2 reductions, leading to an estimated reduction of 39 tons of CO2 emissions compared to the BAU in Table 4. The MOD refractory design therefore demonstrates promising results towards cleaner production practices in the glass wool manufacturing industry.




3.3. Recovery Potential of Refractory External Burner


This section explores circular economy pathways with which to recover the spent (used) external burner refractory. Typical external burner refractory has an average lifetime of 3 years. It becomes thermally insufficient after 3 years and cannot trap heat inside the burner, thereby leading to operational inefficiency. The heat losses largely occur due to cracking of the refractory inside the burner. The cracks could also take place before the 3-year period due to heat stress. Nevertheless, as a standard practice, the refractory needs to be replaced at the end of its operating life every 3 years. The chunks of refractory are removed from the external burner as a solid concrete and this opens an opportunity to extend the refractory’s lifetime by recycling those chunks of refractory.



As a first step, various methods were considered of extending the operating life of the external burner refractory used in the fiberizing machine in the glass wool insulation industry, and the current practice of recycling spent (used) refractory material was reviewed (Table 5). Spent refractory linings represent a significant secondary material stream in high-temperature industries, but feasibility and the benefits of recovery depend on the waste chemistry, degree of contamination and the end-use pathway. Based on a life-cycle assessment of refractory waste management in an operating steelworks, the end-of-life applications typically comprise a mixed portfolio, such as direct reuse of selected refractory brick types, external recycling for compatible streams, etc. The net environmental benefit is also strongly influenced by adoption of realistic system boundaries and substitution assumptions, such as the displacement of refractory raw material [14]. Figure 4 depicts the prominent recycling pathways for spent refractory in glass wool manufacturing.



Importantly, recovery levels reported in the literature demonstrate that meaningful diversion from landfill can be achieved when the spent refractory stream is appropriately characterized and matched to a suitable outlet. Smith et al. reported that up to 50% of the spent refractories generated annually in Missouri, USA had strong recycling potential, specifically identifying alumino-silicate refractories (45% Al2O3) as effective raw-material substitutes in Portland cement manufacture, and Doloma refractories as having reuse potential, such as in soil conditioning, provided that the material is segregated and processed appropriately [19]. This evidence supports presenting recovery as a range constrained by composition and handling and this aligns with the conservative reclaim assumptions adopted in this study.



	
Refractory cost estimation: Procurement costs are charged on a dry mass basis. Procurement records (provided by Saint-Gobain, ISOVER) indicate a unit price of £5260 per ton on a dry mass basis for the MOD refractory used in the trials. The burner casting procedure requires 100 kg dry mix (4 × 25 kg bags of dry mix per burner, equivalent to 0.1 ton). Considering six burners, this would equate to a mass of 0.6 ton and the corresponding cost would be £3156 on a dry weight basis. However, the material specification involved 48–55% added water, resulting in a cast mass after mixing of approximately 200 kg, equivalent to 0.2 ton. This would lead to a total mass of 1.2 tons for the six burners and a corresponding total cost of £6312. At the end of life, the full installed mass of 1.2 tons is physically available for recycling. Accordingly, all material recovery and circular-economy calculations in this study are expressed on a post-mix (installed-mass equivalent) basis.






The chemical binder dissolution process reclaims the refractory mass in the range of 600–720 kg from the 1.2 ton total mass. The patch and repair method does not recover any mass, as it simply fills the cracks in the refractory as a maintenance procedure and extends the life of the material up to a maximum 1 year.



The mechanical crushing and screening method alone can recover up to approximately 65% of the spent refractory original mass. This leads to a net reclaimed mass through mechanical procedure as 65% of 1.2 tons = 0.78 ton per 3-year cycle, if all machines are cast at the same time.



This would lead to an estimated 65% of the total spent refractory mass eligible for recovery and reuse, avoiding landfill disposal. The retrieved material can be used in new burner linings or sold to low temperature application industries to promote a circular economy, also potentially reducing the demand for virgin refractory materials.



	
Environmental and Economic assessment: The following assumptions were made regarding reusability of the spent refractory:




	i.

	
Internal reuse: The recovered refractory material can be blended with fresh alumina to cast new burner linings. Industry practice suggests a safe recycling content of up to 30%, ensuring that the mechanical and thermal performance of the castable is maintained [15].




	ii.

	
Selling to cement companies: Selling the aggregate to other cement industries to reduce the operational cost and support a broader circular economy.




	iii.

	
Reuse in the construction sector: The reclaimed refractory can be used as insulating castable formulations in the construction sector, such as ducts and roofs, promoting environmental sustainability [20].












Based on today’s refractory price (£5260/ton), when recycling 0.78 ton of the spent refractory material at an assumed recycling cost of £59/ton with 3% inflationary margins, the present value of this saving is estimated as £4055. This indicates that, even under conservative financial modelling, the recycling pathway delivers a strong net benefit relative to virgin procurement.



	
CO2 Emissions Reduction: As these recycling methods are avoiding the production of 0.78 ton of new castable refractory material that would otherwise require high temperature firing of new castable material, it would effectively be saving 1.2 tons of CO2 emissions generated per ton of produced castable material [20]. Therefore, total (1.2 × 0.78 =) 0.93 ton of CO2 emissions can be reduced per 3-year campaign.






The final fate distribution of spent refractories varies across sectors and sites, such as in internal reuse, recycling/downcycling or landfill, meaning that recovery rates should be framed as scenario-dependent and reported with clear assumptions regarding segregation, quality control and the intended end-use market [21]. From a sustainability perspective, life-cycle comparisons of refractory product systems also indicate that upstream production stages (raw materials and processing) can contribute materially to overall impacts, highlighting that credible recovery pathways can deliver an environmental benefit and reduction in refractory waste [22]. In practical terms, one scalable outlet for suitable processed fractions is their conversion into construction-grade granulates using appropriate binders, which provides a feasible route for secondary applications where refractory-grade specifications are not required [23]. However, these measures come with some practical challenges and their solution need to be explored further, such as with reference to contamination in recovered refractory due to binder remains. Therefore, quality assurance and testing are essential to separate healthy refractory aggregate that can be reused.



Integration of innovative digital twin modelling with real-time temperature and pressure data can help to study the health of the refractory inside the burner without causing any maintenance downtime. Adopting these measures would enable the glass wool fiberizing industry to reduce its ecological footprint, and at the same time secure financial returns by aligning advanced technology using circular economy principles [24].





4. Conclusions


This study presented a comparison between two refractory designs for glass wool fiberizing (business as usual, BAU and modified, MOD) in terms of fiberizing data, including burner pressure, burner temperature, gas flow, air flow and fiber diameter. Based on the four trials conducted, the MOD refractory is found to significantly reduce fuel consumption (air and gas) at an average efficiency of 74% while maintaining the burner temperature and quality of the product, saving £19,710 over 111 days of production. This result in an approximate overall operational CO2 emissions reduction of 39 tons. The MOD refractory design therefore demonstrates promising results towards cleaner production practices in the glass wool manufacturing industry. The study also evaluated prospects for a circular economy in the end-of-life recovery and reuse potential of the refractory after 3 years of its useful life, when it needs replacing owing to cracking and poor thermal efficiency. Based on an estimated 1.2 tons of refractory material on a post-mix (installed-mass equivalent) basis, recovery through mechanical crushing and screening is expected to yield up to 0.78 ton (65% of the aggregate). At an assumed recycling cost of £59/ton with 3% inflationary margins, this would approximate to a material cost savings of £4055 on a 3-year refractory relining cycle.



Further research is warranted on the potential usage of the recovered aggregate, supporting innovative applications such as burner lining and other high temperature applications, including development of new furnaces. An operational framework is required for quality assurance and testing to separate healthy refractory aggregates that can be reused. This will be specifically relevant for minimizing development of any contamination in recovered refractory due to binder remains.
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Figure 1. (a) Production stages of glass wool thermal insulation manufacturing: 1. Batching, 2. Melting, 3. Fiberizing, 4. Curing, 5. Cutting, 6. Packaging [2]; (b) Sankey Diagram showing the energy consumption percentages of a typical glass wool production process. Source: Drafted by authors. 
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Figure 2. Time-series plots for the parameters monitored for the two refractory designs. (a) Pressure difference; (b) Temperature difference; (c) Gas flow difference; (d) Air flow difference. Source: Drafted by authors. 
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Figure 3. Glass fiber diameter measurements from the two fiberizing units over the sampling period. Source: Drafted by authors. 
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Figure 4. Independent recycling pathways for spent refractory in glass wool manufacturing [15,16,17,18]. 
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Table 1. Summary of conversion factors, tariff rates and calculation methods used in efficiency analysis.






Table 1. Summary of conversion factors, tariff rates and calculation methods used in efficiency analysis.





	
Category

	
Parameter

	
Value/Formula

	
Purpose






	
Energy

Conversion

	
Gas Flow → kWh

	
Nm3/h × 10.55

	
Converts gas volume to energy




	
Air Flow → kWh

	
Nm3/h × 0.0248

	
Converts blower air flow to

energy (electricity)




	
Runtime

Adjustment

	
Total hours in trial

	
31 days × 24 h

	
Converts hourly flow to

monthly energy




	
Machine efficiency

	
(e.g., 91% 1st trial)

	
Adjusts for real runtime

after downtime




	
Energy used in trial

	
kWh Used = (Avg Flow in kWh) × (31 × 24) × Efficiency

	
Calculates real consumed energy




	
Tariff Rates

	
Gas cost

	
£0.0799 per kWh

	
Used to calculate gas cost savings




	
Electricity cost (air)

	
£0.1848 per kWh

	
Used to calculate blower energy cost savings




	
CO2 price

	
£75 per ton

	
Used to calculate CO2

cost savings




	
CO2 Calculation

	
CO2 emissions

	
(Avg Gas Flow × 35.66 × (31 × 24) × Efficiency)/1,000,000 × 56.8732

	
Converts gas flow into CO2 tons (standard plant formula)




	
CO2 cost

	
CO2 (tons) × £75

	
Calculates CO2 cost reduction




	
Per-Trial

Savings

	
Gas savings

	
Cost (BAU)—Cost (MOD)

	
Difference in gas usage cost




	
Air electricity savings

	
Cost (BAU)—Cost (MOD)

	
Difference in electricity use




	
CO2 savings

	
CO2 BAU—CO2 MOD

	
Difference in emissions cost











 





Table 2. Energy performance comparison between BAU and MOD refractories across four trials.
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Trial

#

	
Gas (kWh)—BAU

	
Gas (kWh)—MOD

	
Gas Reduction

(kWh)

	
Reduction

(%)






	
1

	
690,349

	
614,491

	
75,859

	
11%




	
2

	
434,792

	
385,240

	
49,552

	
11%




	
3

	
380,440

	
329,016

	
51,424

	
14%




	
4

	
489,576

	
471,255

	
18,321

	
4%




	
Average reduction in energy consumption

	
10%











 





Table 3. BAU and MOD refractory parameters (30-day average between 25 January 2024 and 26 February 2024).
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	BAU
	MOD





	Pressure (mm WC)
	354.24
	327.22



	Temperature (°C)
	1080.45
	1107.22



	Gas Flow (Nm3h−1)
	96.97
	86.31



	Air Flow (Nm3h−1)
	1321.35
	1191.08



	Fiber Diameter (µm)
	14.99
	15.04










 





Table 4. Energy cost saving data with machine efficiency for the four trials.
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	Trial

#
	Trial Period

(Days)
	Machine

Efficiency (%)
	Reduced

Air Cost (£)
	Reduced

Gas Cost (£)
	Reduced

CO2 Cost (£)
	Reduction in

CO2 (tons)
	Total Actual

Savings (£)





	1
	31
	91
	403
	6061
	1141
	15
	7605



	2
	20
	81
	354
	3959
	745
	10
	5058



	3
	30
	52
	317
	4109
	773
	10
	5199



	4
	30
	72
	109
	1464
	276
	4
	1848



	Total
	111
	-
	1183
	15,593
	2935
	39
	19,710










 





Table 5. Available external burner refractory recycling methods.
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	Method
	Process Description
	Yield

Range (%)
	Reclaimed Mass (kg)#
	Applications

[Ref. Source]





	Mechanical Crushing and Screening
	1. Remove refractory large debris

2. Crush it to less than 10 mm

3. Screen into > 3 mm (coarse) and

< 3 mm (fine) elements

4. Wash to remove the dust.
	60–70
	720–840
	New solid mixes,

back-fill and furnace

furnishings

[15]



	Chemical

Binder

Dissolution
	1. Crush the used castable

2. Soak in warm water with pH 10

(mild alkali) to dissolve phosphate

3. Rinsing Process

4. Recover high-purity compound
	50–60
	600–720
	High alumina castable,

refractory plaster

[16]



	Thermal

Reprocessing
	1. Refire crushed refractory power at

1200 °C to remove organics

and remaining binder

2. Regrind to obtain required particle sizes

3. Blend with fresh cement
	45–55
	540–660
	Secondary mixes for less

critical hot zones

[17]



	Patch and

Repair
	1. Clean crack faces and remove

broken refractory pieces

2. Apply rapid patch mix contains

high alumina

3. Return machine to production

without full relining
	-
	-
	Extends refractory life to

6–12 months without recycle

[18]







Note: # based on a total mass of 1.2 tons for the six burners; (-) Absence of data.
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