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Introduction

everb or secondary melting furnaces are an effec-

tive way to achieve a global circular economy for

aluminum supply. The recycling of aluminum uses

up to 95% less energy compared to the primary
production route, and global production of secondary
aluminum has increased by 86% from 2000 to 2015."
In 2015, the total amount of secondary aluminum pro-
duced accounted for about 22% of the total global alu-
minum production.! This increasing trend in secondary
aluminum production will continue to grow in the future
as more aluminum becomes available through old scrap
metal and aluminum manufacturers are pushed to reduce
their carbon footprint to move towards net-zero goals. The
increase in the secondary aluminum market size, along
with the global effort towards decarbonization, creates
Eressure on producers to find innovative ways to decar-

onize their operations.

The need for decarbonization of high temperature melt-
ing furnaces has bolstered interest in the use of oxy-fuel
combustion systems and low-carbon intensity fuels. Both
options provide a pathway to decrease the carbon foot-
print of new and existing furnaces, as they are suitable for
retrofit. The use of oxy-fuel combustion helps to increase
the overall thermal efficiency and production rate of a
furnace.? This increase in efficiency helps to reduce the
specific fuel consumption and, hence, helps to lower the
carbon footprint of the furnace operation.

Additionally, use of low- or zero-carbon intensity fuels
like hydrogen is another route to reduce carbon dioxide
(CO,) emissions from furnace operations. It is important
that the hydrogen is produced from a source that has a
low-carbon intensity. The next generation of burners needs
to be flexible so that they can operate using traditional fu-
els (e.g., natural gas) and mixtures of traditional and low-
carbon intensity fuels (e.g., hydrogen, ammonia, etc.).

This paper focuses on the performance of the patent
pending Horizontal Transient Heating Burner (HTHB)
technology developed by Air Products. It discusses using
oxy-fuel %urner performance using conventional fossil fu-
els and mixtures of conventional and low-carbon intensity
fuels in an industrial scale combustion furnace. Addition-
ally, this paper presents results from computational fluid
dynamics (CFD) simulations, demonstrating how the use
of oxy-fuel combustion and the use of hydrogen as a fuel
impacts the melting performance of a furnace. Theoreti-
cal and experimental data on CO, savings and the impact
of furnace atmosphere composition on refractory, per-
formance, and aluminum quality using oxy-fuel systems
(commercial installation results) and low-carbon intensity
fuels (with CFD results) are also presented to enable man-
ufacturers to choose the optimal solution to move towards
decarbonization for secondary melting furnaces.

Laboratory Test Results

The new generation HTHB technology is a double-
staged transient heating burner that ena{)les automatic
control of energy into different locations of the furnace,
based on feedback from strategically positioned sen-
sors.>* The burner is designed to direct heat to cold areas
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Figure 1. lllustration of dual-nozzle HTHB technology operating in a
reverb furnace (top view).

of the furnace to increase thermal efficiency. For example,
when the left-side flame is operating in active mode (de-
livering 70-90% of total burner heating capacity), energy
is transferred to left side of the furnace (Figure 1a). When
the right-side flame is operating in active mode, energy is
transferred to the right side of the furnace (Figure 1b).
The HTHB technology is also configured for both fuel
and oxidizer staging. The double staging achieves low ni-
trogen oxide (NOXx) generation, which can be up to 40%
lower than conventional oxy-fuel burners. The oxidizer
staging of the burner also helps to reduce the oxygen near
the bath surface, which can help avoid metal oxidation. In
addition, the burner is fuel-flexible and can operate with
traditional fuels (e.g., natural gas) and low carbon intensi-
ty fuels (e.g., hydrogen) and/or mixtures of different fuels.
The burner technology can be used in current air-fuel re-
verb furnaces as a retrofit burner. This burner can be used
in conjunction with other air-fuel or oxy-fuel burners or
as an independent oxy-fuel burner in meltin§ furnaces for
improved furnace operation that can provide faster melt
times, increased energy efficiency, fuel savings, and pro-
duction increases. Additionally, the burner can be roof- or
wall-mounted, where the two configurations can be used
together in the same furnace to improve performance.
The HTHB oxy-fuel technology was tested in an indus-
trial scale laboratory furnace at a tiring rate of 5 million Btu/
hr. The burner was tested in oxy-fuel mode using natural
gas, hydrogen, and natural gas/hydrogen blends. Figure 2
presents photographs of flames during burner operation for
different fuel types and operating modes. Figures 2a-b illus-
trate burner operation using natural gas with two fuel noz-
zles, with the left and right ?uel nozzles active, respectively.
The fuel-rich active flame promotes soot formation, thereby
increasing the flame radiation and producing a local reduc-
ing atmosphere above the bath surface. By providing the
flexibility for the burner to operate under dual operating
modes (with one fuel nozzle I?)eing active while the other
is passive or with both of the nozzles equally active), the
secondary aluminum plant is able to adjust to their operat-
ing needs and adjust for changes in the fuel composition.
With the ability to operate with different fuels (natural
gas, hydrogen, or mixtures of natural gas and hydrogen),
the burner can be tuned to meet individual furnace re-
quirements. Fgures 2c-d show burner operation using a
natural gas/hydrogen blend at two different compositions:
60% NG/40% H, by heating value and 10% NG/90% H,
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Figure 2. HTHB flame variations within a furnace, showing (a) a 100%
NG-O, flame with left flame active, (b) a 100% NG-O, flame with right
flame active, (c) a 60% NG/40% H, fuel by heating value-O, flame with
both flames active, and (d) a 10% NG/90% H, fuel by heating value-O,
flame with both flames active.

by heating value. When comparing Figures 2a-b to Fig-
ures 2c-d, the visible radiation of the ﬁame can be seen
to significantly decrease as natural gas is replaced with
hydrogen, which can be attributed to the lower carbon
content of the fuel.

Impact on NOx Emissions: In reverb furnaces, air leaks
into the furnace during normal operation. This is because
the furnace operates at slightly negative or neutral pres-
sure compared to the external atmospheric pressure and
is not airtight. This air influx results in nitrogen entering
the furnace atmosphere. Additionally, in furnaces that use
both air-fuel and oxy-fuel burners (e.g., in boost appli-
cations), nitrogen is introduced in the furnace from the
air-fuel burner. This nitrogen interacts with the oxy-fuel
flame, which forms thermal NOx.

The dual stage nature of the HTHB technology lowers
the peak flame temperatures by operating away from the
stoichiometric point, which reduces the NOx formation
tendency of the burner. Figure 3 shows a comparison of
the normalized NOx emissions (Ibs/million Btu) between
a conventional oxy-fuel burner and the HTHB technology,
as a function of percent air leakage into the furnace. The
HTHB results are presented for two cases with two differ-
ent types of fuels: one with natural gas and another using a
70% natural gas/30% hydrogen mixture (by heating value).

The HTHB technology is shown to generate lower total
NOx emissions by as much as 40% compared to the con-
ventional oxy-fuel burner. The total NOx emissions from
the HTHB technology are similar when operated with
natural gas or a mixture of natural gas-hydrogen fuel mix-
tures (taking into account measurement uncertainty and
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Figure 3. Impact of furnace air leakage on normalized NOx emissions
for a conventional oxy-fuel burner, HTHB technology for natural gas,
and 70% NG/30% H, hybrid fuel.
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furnace operating factors). In addition, the CO, emissions
were below 15 ppm for all operating modes.

Results from Retrofitting Existing Reverb Furnaces

Existing reverb furnaces can be retrofitted with oxy-
fuel burners to replace a portion of energy coming from
air-fuel burners. This mode of furnace operation can be
called a boost/hybrid furnace operation where a fur-
nace has both air-fuel and oxy-fuel burners. The use
of oxy-fuel burners can help in two important ways: to
increase the production rate of the furnace and to de-
crease the specific fuel consumption. For hybrid/boost
applications, the location of air-fuel and oxy-fuel burn-
ers in the furnace is critical to provide optimal benefits.
CFD simulations are generally used to identify the ide-
al locations of these burners to optimize the heat in-
put to the melt and minimize the oxygen concentration
near the bath surface, thereby improving metal yield.

CFD simulations were carried out to investigate the per-
formance of a 62,000 Ib capacity, natural gas-fired, alumi-
num remelting furnace for the purpose of increasing the
production rate and reducing carbon dioxide (CO,) emis-
sions. These simulations he%ped to understand how the
replacement of an air-fuel burner with an oxy-fuel burner
changes the thermal performance, exhaust gases, and key
aspects near the bath surface (oxygen, water vapor). Addi-
tionally, it showed how changing the fuel from natural gas
to natural gas’hydrogen mixtures and to hydrogen impacts
these key parameters.

Thesimulationsincludedfourscenarios, whichcompared
the standard air-fuel design with hybrid cases; firing natural

as, 30% hydrogen blended with natural gas, and 100%
ydrogen. The CFD simulation results are shown in Table I.

The furnace design for the base case scenario (using a
standard air-fuel burner) had two sets of 10 million Btu/hr
regenerative-type burners, firing a total of 20 million Btu/
hr into the furnace. The melting time was 4.1 hours, with
a specific fuel consumption of 1,328 Btu/lb of material
charged into the furnace.

The remaining three hybrid/boost cases replaced one set
of regenerative burners with the dual-staged HTHB oxy-
fuel technology. The HTHB was sized to %ire at 11.6 mil-
lion Btu/hr to target a production increase of 25%, with
a total firing rate of 21.6 million Btu/hr. The simulation
showed that oxy-fuel combustion provided a significant
improvement in melt rate.

In the first hybrid case, the HTHB utilized natural gas
as the fuel. The use of the burner was found to reduce the
melting time from 4.1 to 3.0 hours (compared to the base
case), which provided a production increase of about
25%. Further, the oxy-fuel burner also provided a signifi-
cant reduction in specific fuel consumption from 1,328

Hybrid/Boost Cases (oxy-fuel)

. Base case
Description s
~fuel
(air-fuel) 30%H, | 100% H;
Total energy input | MMBtwhr | 21.00 | 216 | 2200 | 2212
Thermal Performance
* Melting time hr 41 3.0 3.0 2.8
« Fuel usage (SFC) Btu/lb 1328 1053 1034 969
% reduced
compared to 20.7 222 271
base case
« CO,savings*
(use of green H,— compared fo 207% | 45.0% | 100%
ideal scenario) base case %

*Real scenario CO, savings would depend on the hydrogen production route

Table I. Comparison of thermal performance and exhaust flue com-
position for an air-fuel burner versus the HTHB oxy-fuel technology,
considering different fuel type cases.
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to 1,053 Btu/lb, a 20.7% savings versus the standard air-
fuel case. The fuel consumption was directly related to
CO, emissions, whereby for every million Btu of natural
gas burned, 116 Ibs of CO, are released into the atmo-
sphere.’ The specific fuel consumption savings of 20.7%
correspond to a reduction in CO, emissions from 0.193 to
0.153 Ibs CO,e/Ib of aluminum charged. This shows that
oxy-fuel combustion can be used to increase productivity,
save fuel and reduce CO, emissions.

In the second hybrid case, the oxy-fuel HTHB utilized
natural gas blended with 30% hydrogen by calorific value
as the fuel (70% NG/30% H,). The remaining set of air-fuel
regenerative burners also used natural gas blended with
30% hydrogen by calorific value as the fuel. The hybrid
system was able to maintain its productivity performance
using the natural gas-hydrogen blend with a melting time
of 3.0 hours (Table 1). The specific fuel consumption slightly
improved over the first hybrid case, reducing it to 1,034
Btu/lb, with a total of 22.2% savings compared to the base
case. This can be attributed to the improved efficiency of the
combustion of hydrogen as a fuel compared to natural gas.
The addition of low-carbon hydrogen as a fuel significantly
improved CO, emissions savings, which can be reduced by
as much as 45% versus the base case. This would be for an
ideal case, where the carbon intensity of hydrogen produc-
tion would be zero (0 Ibs CO,/million Btu of hydrogen) and
the resulting CO, emissions would reduce from 0.193 to
0.105 Ibs CO,e/lb of aluminum charged. However, for a
real-life scenario, even the production of low-carbon hy-
drogen will result in CO, emissions.

In the final hybrid case, the HTHB utilized 100% hydro-

en as the fuel. The remaining set of air-fuel regenerative
%urners in this case also used 100% hydrogen as the fuel.
The 100% hydrogen hybrid system was able to further re-
duce the melting time to 2.8 hours (Table I), corresponding
to an increase in the production rate of 30%. The specific
fuel consumption improved considerably more than the
previous two hybrid cases, reducing to 969 Btu/lb, with a
total of 27.1% savings from the base case, showing that
hydrogen combustion can improve efficiency versus natu-
ral gas. In an ideal case, using 100% Iow-cargon hydrogen
can eliminate CO, emissions. However, as with the second
hybrid case, the reduction in CO, emissions is dependent
on the conditions for producing low-carbon hydrogen.

For hydrogen to be considered low carbon, it must be
produced by emitting less than a certain limit of CO,e/M]
of hydrogen. In Europe, this limit can be as low as 20 g
CO,e/M] of hydrogen (46.5 Ibs CO,e/million Btu).® There
are several ways that the end user can receive
hydrogen, including on-site generation, bulk
deliveries, and pipeline. Bulk deliveries are
typically unsuitable for delivering the quan-
tities of hydrogen required for combustion in
industriarfurnaces, as significant quantities
of either liquid or very high-pressure gas-
eous hydrogen would be needed. There is
also the possibility of storing low-carbon or =
ﬁreen ammonia on-site and cracking it into -

ydrogen prior to combustion, which would

require liquid ammonia to be stored on-site
and ammonia-cracking equipment to be in- ;
stalled. If the foundry is in the vicinity of a w0 ol%
large hydrogen production facility, then it is s

possible to connect a pipeline directly to the 13
site. Assuming these two options emit 20 g
CO,e/M]J of hydrogen, both would resultin a
reduction in CO, emissions of at least 37.9%, -
when comparing the base case to the 30%
hydrogen hybrid case, from 0.193 to 0.12 Ibs
COZe/%b of aluminum charged. It is recom-

Temp (F)

“HETEEERERE

surface (i-1).
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mended that data regarding the actual CO, emitted dur-
ing hydrogen production is collected from the hydrogen
supplier to calculate actual reduction in CO, emissions.
When considering the options for on-site generation of
hydrogen, electrolysis is the leading choice for low carbon
hydrogen. If the foundry can take advantage of local wind
or solar power, then it is likely that an on-site electrolyzer
could make use of 80-90% renewable energy to produce
hydrogen, depending on local weather conoﬁtions. The re-
mainin§ power can be drawn from the grid. In the case
of an electrolyzer, the carbon intensity of the regional grid
should be used to calculate the savings in CO, emissions.
Additional Furnace Results: The simulation results also
illustrated how the implementation of the HTHB and the
various fuel types could impact the refractory wall tem-
perature, oxygen mole percentage near the bath surface,
and water vapor mole percentage near the bath surface
using CFD simulations. The contours of wall temperature
(Figures 4a-d) illustrate that the wall temperature increas-
es in the boost cases as compared to the air-fuel case, pri-
marily due to higher peak flame temperature of oxy-fuel
flame compared to the air-fuel flame.
Oxygen concentration near the bath surface is an im-
Bortant parameter to control, as stray oxygen can result in
ath oxidation, thereby decreasing the metal yield. Com-
parison of the oxygen mole percentage (O, mol%) con-
tour near the bath surface in Figures 4e-h shows that the
oxygen concentration stays relatively the same (~4-5% by
mol%) between the air-fuel and the oxy-fuel boost cases.
The transient nature, along with the duar-staged burner op-
eration, helps to maintain the oxygen concentration to the
base air-fuel case and hence, would not impact the bath
oxidation adversely due to the use of oxy-fuel burners.
The water vapor concentration in the furnace is ex-
pected to change as an operation moves from air-fuel to
oxy-fuel combustion, due to a decrease in nitrogen. This
would further increase as the operation moves towards
hydrogen-oxygen combustion due to the increase in wa-
ter vapor (H,0) production from hydrogen combustion.
Figures 4i-j illustrate that in the transition from air-fuel
to oxy-fuel combustion using natural gas, the maximum
water vapor concentration increases from about 20% to
30-35%. The transition of fuel from natural gas to hydro-
gen (Figures 4j-1) demonstrates that the maximum local
water vapor concentration can increase to as much as
60%. It is possible that high water vapor concentration
in the furnace atmosphere can be detrimental to product
quality and yield and may influence the choice of furnace

Boost (NG-03)

Boost (70%NG+30%H2-07)

Boost (H2-03)
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Figure 4. The effect of fuel type on furnace wall temperature (a-d), oxygen mole per-
centage near the bath surface (e-h), and water vapor mole percentage near the bath
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refractory material. This is an ongoing area of research
when considering hydrogen as a fuel, and some opera-
tional and design constraints may be implemented to
mitigate any risks once the problem is better understood.

A roof-mounted version of the HTHB was installed in
boost applications in multiple reverb furnaces globally.*”
These installations were carried out using natural gas as
the fuel, comparable to the boost case (NG-O,) shown
in Figure 4. The results from these installations indicated
that the change in water vapor concentration didn’t im-
pact the melt quality, and the customers achieved pro-
ductivity increases of up to 35%, up to 20% lower metal
losses, and fuel consumption decreased by 45%.%” These
real-world examples of using oxy-natural gas combustion
illustrate that the secondary aluminum industry is ready
to continue the further implementation of next generation
oxy-fuel burners to improve performance and reduce CO,
emissions.

Conclusion

The use of oxy-fuel combustion systems and low-car-
bon intensity fuels, like hydrogen, provide a practical path
to decarbonize and reduce the carbon footprint of sec-
ondary aluminum production. The lab-scale results dem-
onstrate that the HTHB burner can operate with natural
gas, hydrogen, and natural gas/hydrogen blends, while
offering lower NOx performance (as much as 40%) when
compared to conventional oxy-fuel burners. The flexibil-
ity of the burner technology can Erovide additional means
to reduce the CO, footprint by the use of low-carbon hy-
drogen. The actual CO, reduction potential will depend
on the hydrogen production route, which would in turn
depend on the local geographic conditions (electricity
mix, hydrogen availability, etc.).

The CFD results demonstrate that oxy-fuel technology
provides significant efficiency improvements when shifting
to hybrid operation compared to air-fuel burner systems.
Additionally, the transition to oxy-fuel combustion main-
tains the oxygen concentration near the bath surface for
all fuel types, indicating that the use of oxygen and hydro-

en may not reduce aluminum yield. Future field testing of
the technology will include using hydrogen fuel blends to
better understand the impact of%ﬁgher moisture concen-
tration on the metal quality and furnace refractory, if any.
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