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Abstract. Cold-top electric furnaces (CTEF) are increasingly used in glass production as elec-
trification reduces carbon emissions. This shift requires a deeper understanding of raw material
selection and its impact on melting efficiency. While 100% anhydrous borax has shown energy
and carbon reduction benefits in gas-fired and oxy-fuel borosilicate glass melting, its use in
CTEF causes sudden temperature spikes ("volcano effect") on the batch blanket, leading to
energy loss. This study investigates a borate mixture suitable for insulation fibreglass melting
in CTEF and evaluates hydroxide additives as means to prevent the volcano effect. A labora-
tory-scale CTEF set up equipped with a high temperature melting observation system
(HTMOS) was used to evaluate different ratios of anhydrous borax and borax pentahydrate,
as well as anhydrous borax with hydroxides. The results indicate that incorporating 20% borax
pentahydrate effectively mitigates the volcano effect, enabling a gradual and controlled batch
heating, thereby reducing energy loss. The introduction of hydroxide raw materials showed
similar benefit in controlling the volcano effect. Additionally, a long-term stability testing in an
environmental chamber confirmed that the optimized borates mixture exhibits the same stor-
age stability as 100% anhydrous borax. These findings offer a viable pathway for improving
borate use in full-electric glass melting processes.

Keywords: Decarbonization, Glass Electrification, Cold-Top Electric Furnace, Insulation Fi-
breglass, Borates, Anhydrous Borax, Borax Pentahydrate, Sodium Tetraborate Pentahydrate,
High-temperature Melting Observation System, Temperature Hotspots

1. Introduction

Borates are widely used in various glass applications, including glass wool, pharmaceutical
glass, utensil glass, laboratory glass, tensile fibreglass, and specialty glass. From a composi-
tional perspective, borosilicate glass can be broadly categorized into two types: alkali-free and
alkali-containing borosilicate glass. For alkaline-containing borosilicate glass, the process typ-
ically consumes hydrated sodium borate (Na:B4O7-5H.0) or anhydrous sodium borate
(Na2B40Oy7) as the boron source [1]. While hydrated sodium borate (hB) is generally lower priced
per unit tonnage, anhydrous sodium borate (AB) offers several value advantages, such as
lower energy consumption (reduced carbon footprint), as AB does not require dehydration of
crystallisation water and reduces heat losses associated with water vapour evolution as well
as increased furnace pull rates, and extended equipment lifespan [2], [3].
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One type of furnace used in glass production is the cold-top electric furnace (CTEF).
CTEFs feature a "cold top," also referred to as a "batch cover." This batch cover consists of a
powdered mixture of glass-making raw materials that is evenly distributed over the surface of
the glass melt, forming an insulating layer. Today, CTEFs are gaining popularity as the glass
industry moves toward electrification in the pursuit of decarbonization. CTEFs are also desira-
ble for borosilicate glass due to their controlled environment advantage, which enhances pre-
cision in the glass composition while minimizing emissions from the furnace [4].

However, despite the benefits of CTEFs and the use of AB, employing AB as the sole
boron source in these furnaces presents challenges. It can cause gas and heat out-bursts,
commonly known as "volcanoes", which create temperature hotspots and instability on the
batch cover. This, in turn, results in a temperature rise in the super structure, potentially com-
promising the furnace's structural integrity. There is a recognized need to harness the ad-
vantages of AB in cold-top electric furnaces by mitigating the associated risks, such as volcano
formation and elevated batch surface temperature.

This study investigates the minimal percentage of hB required in conjunction with AB to
minimize gas and heat outbursts. Additionally, the introduction of other hydroxides—such as

calcium hydroxide and aluminium hydroxide—was also explored to assess alternative ways to
introduce crystalline water and to address these challenges.

2. Materials and Methods

In this study, we focused on an alkaline and boron-containing insulation fibreglass (also known
as glass wool or C-glass), which is commercially available in North America and commonly
used for residential insulation. The raw material formulations are shown in Table 1. In the stud-
ies, four scenarios were tested:

1. Baseline scenario: 100% AB as the boron source

2. Scenario 2: A 50:50 weight percentage ratio of AB to hB

3. Scenario 3: A 80:20 weight percentage ratio of AB to hB

4. Scenario 4: 100% AB, with calcium hydroxide and aluminium hydroxide re-placing nepheline
and limestone

The raw material formulations are provided in Table 1. Figure 1 displays an image of the
cullet.
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Table 1. Raw materials formulations for all four scenarios.

Wit% Baseline Scenario 2 Scenario 3 Scenario 4
Sand 17.68 16.76 17.34 19.63
Na2B407:-5H20 (hB) nil 5.89 2.16 Nil
NazB4O7 (AB) 10.21 5.89 8.63 10.32
Limestone 3.42 3.18 3.33 nil
Nepheline 3.13 3.02 3.09 nil
Soda ash 3.42 3.16 3.32 3.95
Mangagran 2.15 2.11 2.14 2.23
Ca(OH): nil nil nil 2.65
Al(OH)s3 nil nil nil 1.22
Glass cullet powder 60 60 60 60

Figure 1. Glass cullet powder sourced from Strategic Materials, Inc. in North America.

MnO, (introduced via Mangagran) was incorporated to regulate redox conditions, particu-
larly to control iron speciation, consistent with typical glass wool formulations. A cullet content

of 60% was selected to reflect representative industrial practice and to ensure realistic melting
behaviour.

To simulate CTEF in laboratory environments, laboratory simulation was conducted using
a setup designed and developed by Celsian Glass & Solar B.V. In the setup, the crucible was
inserted through a bottom section of a modified furnace, allowing it to move vertically. This
vertical downward displacement maintained the depth of the glass melt within the furnace and
simulated the continuous discharge of glass melt from the furnace. A mixture of glass-making
raw materials was charged onto the open top of the crucible (referred to as the “batch cover”).

Various amounts of glass-making raw materials (180 to 200g) were added at different time

intervals (ranging from 26 to 40 minutes) to simulate adjustable “furnace pull rates” (melting
rates). Figure 2 shows images of the laboratory CTEF setup.
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Figure 2. Setup of laboratory, courtesy of CelSian: (a) Overview picture of experimental set-up of
HTMOQOS-Cold Top; (b) Side view of the batch and melt interface; (c) Top view of batch surface.

Temperature measurements and optical observations of the batch cover were performed
using a contactless infrared camera. The infrared camera had a resolution of 384 x 288 pixels,
with a temperature measurement range of 150°C to 1200°C. The emissivity was set at € =
0.95. As shown in Figure 3, all temperature data points within the cycle frame were measured
and recorded. At any given time, the maximum temperature and average temperature within
the cycle were also recorded.

In addition to temperature measurements, images were captured using the High Temper-
ature Melting Observation System (HTMOS). While HTMOS measurements allowed for quali-
tative analysis of batch cover melting under CTEF conditions, the surface temperature on batch
cover allowed semi-quantitative analysis.

1177.2°C 1146.3°C I

Temperature measurement
within

150.0°C [ & & & & &

Figure 3. IR measurement Scenario 1 with pull rate 1.6 mt of glass/m?-day (a) Prior to first addition of
batch; (b) Immediate after first addition of batch.

The lab simulation included three melting rates or pull rates, corresponding to the CTEF
producing 1.6, 2.0, and 2.4 tons of glass per square meter of CTEF per day (ex-pressed as mt
of glass/m?-day), respectively. Combined with four scenarios and three pull rates, a total of 12
cases were studied in the experiment. For each case, glass raw materials were added to the
open-top crucible twice. As the batch cover materials gradually transformed into glass melt
after each addition, images, videos, and batch surface temperatures were recorded. The quan-
tity of raw materials and the interval between additions were calculated to align with the three
designed pull rates, as detailed in Table 2.

As the stability of borate raw materials during storage and handling is a critical factor in
ensuring smooth processing and maintaining material flowability in glass manufacturing, this
study also evaluated the feasibility of blending AB and hB with a particular focus on whether
moisture loss from hB could lead to caking of AB particles due to their hygroscopic behaviour.
If significant caking occurred, it could impact ease of handling and dosing in industrial applica-
tions.
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Table 2. Calculated batch adding weight under each scenario and at varying pull rates. Inner diameter
crucible @i 74 mm; melting area 4.3-10-3 m2.

Pull E:?v?lelglt‘le:\\ll\l il Two additions | Batch-to-melt ratio
rate Scenarios additions of powder batch/cullet mix- Melted glass (g):
(minutes) mixture (g): ture:
= Baseline 40 2*198 0.9684 2*191.7
S ©
5 -
= 3; (5%?566‘3{'50_35) 40 2*200 0.9533 2*190.7
3 F (sﬁfggirgh38) 40 2 %199 0.9628 2%191.6
° Scenario 4 40 2*197 0.9708 2*191.2
. Baseline 30 2*185 0.9684 2*179.1
>
c © T
23 (5%9582553) 30 2+ 188 0.9533 2+179.2
> g : B:
N = Scenario 3
= @ ; . 30 2*186 0.9628 2*179.1
E E (80:20 AB:hB)
@ Scenario 4 30 2*185 0.9708 2*179.6
= Baseline 26 2*192 0.9684 2*185.9
c © .
R (5%(-:;8?;53) 26 2*196 0.9533 2*186.8
& : B:
% v (8%-02683\?55) 26 2*194 0.9628 2*186.8
Z 8 : :
o Scenario 4 26 2*192 0.9708 2*186.4
Table 3. Conditions and characterization of the stability test.
Stage Blend I:I?t?:;al:ﬂ:ﬁi:ir:g Duration Characterizations
Scenario 3 (8020 ABhB) Visua| observation
Phase | Baseline (100% AB) 40°C/75% RH 4 weeks Flow behaviour
Scenario1 go(?ohz'% ABTE) Clump disintegration
: : test*
Phase Il Baseline (100% AB) 40°C/20% RH 6 weeks
100% hB *Note:
Scenario 3 (80:20 AB:hB) -Cake strength was
Phase lll Baseline (100% AB) 40°C /50% RH 6 weeks measured by tensiom-
100% hB eter where applicable
80:20 AB:hB + 1% FS -Moisture pickup was
Phase IV 100% AB + 1% FS 40°C /50% RH 6 weeks also measured by gra-
100% hB + 1% FS vimetry

To investigate the stability of an 80% AB — 20% hB blend, a controlled study was con-
ducted using an environmental chamber to simulate different storage conditions to determine
whether water loss from hB would result in caking of AB and assess the blend’s long-term
stability both in open and sealed storage conditions. The effect of fumed silica (hereby identi-
fied as FS, from AEROSIL®, Evonik) as an anti-caking agent was also evaluated. Table 3
summarizes the study conditions and characterization methods used.

3. Results and Discussion

3.1 Evolved gas calculation

Table 4 presents the theoretical evolved gases based on the raw materials for the four scenar-
ios, from which the batch-to-melt ratio can be further derived.
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Table 4. Theoretical evolved gases calculation based on raw materials.

Baseline Scenario2 | Scenario 3 | Scenario 4
CO2[g] 2.92 2.71 2.84 1.64
H20 from hB [g] N/A 1.73 0.63 N/A
H20 from AB [g] N/A N/A N/A N/A
H20 from hydroxides [g] N/A N/A N/A 1.07
Others [g] 0.08 0.07 0.08 0.06
Total gas evolved [g] 3.00 4.51 3.55 2.77

3.2 Resulting glass compositions

As shown in Table 5, the resulting glass composition under each scenario aligns with the target
composition. This outcome is expected for the baseline, Scenario 2, and Scenario 3 because
only the ratio of AB to hB was modified, and that the boron source is free from other metal
oxides. Despite the addition of the oxidizer MnO,, the resulting glass melt upon cooling exhibits
a blend of greenish and localized brownish colours, as shown in Figure 4. The experimental
setup did not account for the glass melt homogenization, which likely explains the presence of
two distinct colours which were driven by unhomogenized concentration of ferric (Fe**) to fer-
rous (Fe?") ions.

Table 5. Composition of glass melt calculated based on the batch-to-melt ratio.

SiO2 | Na20 | K20 | CaO | B203 | Al203 | MnO2 | MgO | Fe203 | SO3 | Cr203 | TiO2

Target 65.00 | 1367 | 0.53 | 860 | 718 | 169 | 164 | 0.89 | 0.36 | 0.08 | 0.06 | 0.05
Baseline; Sce- | o5 45 | 1379 | 061 | 872 | 7.30 | 182 | 176 | 059 | 0.18 | 0.08 | 0.06 | 0.03
nario2 & 3

Scenario 4 65.18 | 13.85 | 0.32 | 8.78 | 7.35 | 1.87 | 1.82 | 0.56 | 0.17 | 0.06 | 0.03 | 0.03

ANy
Figure 4. Images of the resulting glass displaying a greenish to partly brownish colour.

3.3 HTMOS

The maximum pull rate evaluated during the experimental trials is 2.4 tons of glass per square
meter of CTEF per day. As shown in Figure 5, side view images of HTMOS illustrate the grad-
ual conversion of fresh batch materials into a glassy melt after each addition. Within the de-
signed time interval between two additions, no residual batch materials or cullet remained at
the end of the interval—demonstrating that the scenario design successfully achieved the max-
imum target pull rate in the study. As observation was consistent across 12 cases (four sce-
narios combined with three pull rates), the results confirmed the validity of the CTEF design at
various melting rates (pull rates).
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(b)

Fresh batch

Figure 5. Side view images of glass melt in Scenario 3 under maximum pull rate of 2.4 mt/(m? - day):

(a) Just before 15t addition fresh batch and cullet; (b) two minutes after 15t addition; (c) 12 minutes after

1st addition; (d) 26 minutes after 15t addition, just before 2r? addition; (e) 2 minutes after 2" addition; (f)
12 minutes after 2" addition; (g) 26 minutes after 2"¢ addition, end test.

Figure 6 captures a snapshot of the top view at a pull rate of 2.4 tons of glass per square
meter. Throughout the experiment, the top-view videos did not reveal any visible “volcano”
effect in any of the 12 cases. In a 2019 study on C-glass [5], which contained lower B,O3 (4.5
wt%) but higher Al,O3 (3.5 wt%), a volcano effect was observed in 100% of AB scenario as
early as five minutes after the raw materials addition, as illustrated in Figure 7. The absence
of the volcano effect in the baseline scenario of this experiment is likely due to the substantial
use of glass cullet (60 wt%), unlike the 2019 study, where no glass cullet was utilized.

NS

o

Figure 6. Top view images of glass melt under maximum 2.4 mt/(m? -day) in this study: (a) Baseline
scenario; (b) Scenario 2; (c) Scenario 3; (d) Scenario 4.

h

The volcano effect in cold-top all-electric glass furnaces originates from gas evolution be-
neath the batch blanket during melting. Heat from submerged electrodes initiates reactions
and partial melting at the bottom, releasing gases such as CO,. These gases can become
trapped under airtight layers, leading to localized pressure build-up. When the pressure sur-
passes the strength of the overlying material, it ruptures, triggering a sudden upward surge of
gas and heat resembling a miniature volcanic eruption [6].

Figure 7. Top-view images of glass melt, adapted from [5], with permission. Images captured 5
minutes after the addition of raw materials under a pull rate of 1.74 mt/(m?-day): (a) 100% hB as the
boron source; (b) 100% AB as the boron source. A volcano effect was observed only in scenario (b).

The precise mechanism by which the use of anhydrous borax (AB) as the sole boron

source increases susceptibility to the volcano effect remains unclear. A leading hypothesis
suggests that AB melts readily, forming an early-stage glassy and potentially airtight layer at
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the interface between the batch and the surface of glass melt. In the absence of crystal-water-
containing materials that typically disrupt this seal and enable gradual gas release, gases gen-
erated during melting become trapped beneath this layer. The resulting pressure buildup be-
neath the airtight layer promotes conditions prone to the volcano effect.

3.4 Surface temperature measurement

In the same study [5], in addition to observing the volcano effect by HTMOS, the average batch
surface temperature exhibited a noticeable "temperature hump." Specifically, in cases where
100% AB was used, the surface temperature was approximately 100°C higher than that of
100% hB within the first 10 minutes following the addition of raw materials. As shown in Figure
8, while the volcano effect was not observed in the current experiment, a similar temperature
hump was recorded for the 100% AB scenario (baseline scenario). The baseline scenario
demonstrated a significantly faster temperature rise during the early stages following the addi-
tion of raw materials. The result demonstrated that incorporating just 20% hB into the boron
source can effectively mitigate the temperature rise associated with AB. Additionally, the use
of calcium and aluminium hydroxides in the batch materials also helps to mitigate the temper-
ature rise to similar effect.

Al 80:20 AB:hB
4 100% AB with hydroxides

2019 Study [5] (a) This study -Average Temperature of Batch Surface (b)
00 After Addition
“ 800 = - o 900
< 80 Y 2 1]
S 70 =" g %00 ant part f
g 0 1 g 700 "
g 600 ey 5 p?
g . 2 600 "
S 50 " £ A
£ 500 g g . R |
[ < 500 a® . A
o 0 8 " A
£ 0 & 400 | T A
300 2 300 [ IS ¥ W 100% AB
[ 3 i 0 AR-
S 200 | e 2 200 a0t ; 50:50 AB:hB
< 00 }:
0

0:00 0:05 0:10 0:15 0:20 0:25 0:30 0:00 0:05 0:10 0:15 0:20 0:25 0:30
Time [hh:mm] Time [hh:mm]

Figure 8. Average batch surface temperature as a function of time following the addition of raw materi-
als: (a) Results from the 2019 study [5] comparing 100% hB and 100% AB as boron sources; (b) re-
sults from this study (all four scenarios).

Figure 9 illustrates the maximum surface temperature across all 12 cases in this study.
The distinction between average and maximum surface temperatures lies in their focus: While
the average temperature provides an overall measure, the maximum surface temperature
identifies the maximum temperature reached within the cycle frame of the IR camera at any
point in time. Recording the maximum temperature offers critical insights into the extent of
temperature spikes, serving as a semi-quantitative method to evaluate volcano effects, even
when they are not visually apparent.
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Figure 9. Maximum batch surface temperature as a function of time after the two additions of raw ma-
terials: (a) Pull rate of 1.6 mt/(m?day); (b) pull rate of 2.0 mt/(m*-day); (c) pull rate of 2.4 mt/(m?-day).
All encompassing all four scenarios.

Although maximum temperature spikes were not consistently observed for all additions
under the baseline scenario (100% AB), they occurred following at least one of the two addi-
tions of raw materials. In contrast, none of the other three scenarios exhibited similar spikes.
These temperature spikes were observed within 10 minutes of raw material addition and were
150-200°C higher than those recorded in the other scenarios.

Even in the absence of visible volcanic eruptions in this study—unlike those observed in
a 2019 study [5]—temperature hotspots quantitatively measured on the batch surface indicate
localized surges in heat transfer, consistent with the sudden release of gas through openings
in the overlying batch layer. These hotspots suggest that gas accumulates beneath batch cover
and escapes abruptly once sufficient pressure is reached, supporting the underlying mecha-
nism of the volcano effect despite the lack of direct visual evidence. Figure 10 presents a
schematic of the proposed mechanism.

As shown in Table 4, Scenarios 2 (50:50 AB:hB) and 3 (80:20 AB:hB) show higher total
gas evolution compared to the baseline scenario (100% AB), primarily due to increased H,O
release from hB. Although Scenario 4 shows lower total gas evolution than the baseline, the
amount of H,O(g) released from hydroxides is intermediate between Scenarios 2 and 3. As
Scenarios 2, 3, and 4 all effectively eliminate the temperature hump and mitigate the maximum
temperature spike, this indicates that the presence of water vapour is more influential than the
total evolved gas volume.
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a) Absence of water vapor release at
lower temperature

b) Presence of water vapor release at
lower temperature
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Figure 10. Schematic illustration of the mechanisms governing volcano and hotspot formation with
and without early water vapour release.
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Although crystallisation water is released at relatively low temperatures, its role is not lim-
ited to early-stage mass loss. The introduction of crystallisation water, either from hydrated
borates (e.g., hB) or hydroxides in other raw materials, modifies the evolution of the batch
structure by disrupting the formation of a dense, impermeable interface through the early re-
lease of H,0, as illustrated in Figure 10. As water vapour is typically released at lower temper-
atures than other gas-evolving species, it enables earlier gas evolution and promotes the for-
mation of a more permeable batch layer. This facilitates gradual gas escape and continuous
pressure release, preventing pressure accumulation and thereby reducing the likelihood of
temperature surges and volcanic-type eruptions during melting. Notably, substituting as little
as 20% of AB with hB is sufficient to significantly mitigate this effect.

3.5 Evaluating the stability of the borates blend for handling and storage

The stability test results are presented in Table 6. In Phase |, severe caking developed in open
jars of all blends after two weeks, while sealed jars remained free flowing, confirming the neg-
ative impact of high humidity on borate blends. The test was stopped in Phase | after two
weeks due to the severe caking observed.

Table 6. Stability test results.

Stage Blend Results: Open jars Results: Sealed jars
80:20 AB:hB No flow, severe caking Free flowing, soft clumps
o 0,
Phase | SS)C /75% 100% AB No flow, severe caking Free flowing, soft clumps
100% hB No flow, hard clumps Free flowing, soft clumps
80:20 AB:hB Free flowing, no clumps Free flowing, no clumps
B 0,
Phase Il F(24I-(|)) C/20% 100% AB Free flowing, no clumps Free flowing, no clumps
100% hB Free flowing, no clumps Free flowing, no clumps
80:20 AB:hB No flow, hard clumps Free flowing, no clumps
o 0,
Phase “IF\(,?_?) C/50% 100% AB No flow, hard clumps Free flowing, soft clumps
100% hB Free flowing, soft clumps Free flowing, soft clumps
o 0,
Phase IVR(4H(; C/50% 80:20 AB:hB + 1% FS Poor flow, hard clumps Free flowing, soft clumps
100% AB + 1% FS Poor flow, hard clumps Poor flow, soft clumps

Under the conditions of Phase Il, with lower relative humidity (RH) of 20%, all borate
blends in open and sealed jars remained free flowing without the formation of clumps or caking

after six weeks, demonstrating reduced caking tendencies in dry environments.
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In Phase Ill, under moderate RH, clumps formation and caking were observed in open jars
containing 80:20 AB:hB and 100% AB after six weeks, resulting in no flowing material. In con-
trast, 100% hB remained free flowing in both open and sealed jars, demonstrating its lower
moisture absorption and caking tendency compared to anhydrous borates.

Fumed silica did not show any benefits in preventing clumping and caking of the open
80:20 AB:hB and 100 AB jars in Phase IV of this study.

Anhydrous borax, typically produced in an amorphous, glassy form, is hygroscopic, mak-
ing it susceptible to moisture-induced caking, where absorbed moisture can promote particle
adhesion and sinter-bridge formation [7]. However, under prolonged exposure to high humidity,
partial rehydration may occur, potentially enabling localized recrystallization. In such cases,
solid bridge formation through recrystallization cannot be entirely ruled out as a contributing
factor to caking over time.

The stability study confirmed that blending AB and hB does not induce any particular cak-
ing behaviour under sealed jars condition. The 80:20 AB:hB blend remained as stable as 100%
AB, indicating hB has no adverse effect in the blend. The results also indicate that sealed
storage is essential in humid environments to maintain flowability of the material, regardless
of its hydrated nature, providing guidance for glass manufacturers on optimizing storage con-
ditions for efficiency and flexibility.

4. Conclusions

This study demonstrated that a borate blend (80:20 AB:hB) is sufficient to enable the use of
AB in glass formulations processed in a CTEF, with potential implications for improved energy
efficiency and reduced carbon footprint reduction. The results indicate that incorporating 20%
borax pentahydrate facilitate more gradual and controlled batching heating, thereby mitigating
temperature hump.

This study also demonstrated that incorporating hydroxide raw materials such as calcium
hydroxide and aluminium hydroxide in a glass batch with 100% AB as the sole boron source
also helped mitigate temperature spikes and suppresses the formation of hot spot. These find-
ings highlight the importance of presence of crystal water in raw materials and early H20 re-
lease in influencing batch behaviour and thermal stability during melting.

Additionally, the stability study of an 80:20 AB:hB blend under varying humidity conditions
for six weeks confirmed that its stability and flow behaviour were comparable to 100% AB,
indicating that blending hB with AB does not increase caking or clumping tendencies.

Overall, this work provides practical insights into selection of boron-containing raw mate-

rials for cold-top electric glass melting, supporting their application in more stable and efficient
melting processes.
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List of Abbreviations

AB Anhydrous sodium borate (NazB4O-), Dehybor® sourced from U.S. Borax Inc.
hB Hydrated sodium borate (NazB4O7-5H,0), Neobor® sourced from U.S. Borax Inc.
CTEF Cold-top electric furnace

HTMOS High temperature melting observation system, designed by CelSian

FS Fumed silica branded as AEROSIL®, and sourced from Evonik
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