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Abstract: This article analyses the possibility of using hydrogen as fuel in furnaces used in the
metallurgical industry. The research was conducted for a selected continuous furnace. For this
purpose, based on actual measurements, a heat balance of the furnace was prepared to determine its
energy indicators. These values were used to verify the developed numerical model in IPSEpro 7.0
software. Numerical calculations were performed for three variants: pure natural gas; 30% hydrogen,
70% natural gas; and 100% hydrogen. The determined values of gas and combustion air streams
allowed for achieving the assumed charge temperature in the heating technology. Calculations of the
impact of the excess combustion air ratio on process parameters were also carried out. It was found
that no changes are required in the exhaust gas removal system, but verification of the fan supplying
air to cool the exhaust gases before the recuperator is necessary. The amount of hydrogen required
to fuel the continuous furnace also increases significantly (nearly threefold), which may also affect
operating costs. At the same time, the emission of carbon dioxide into the atmosphere is completely
reduced, which may be an important criterion when considering modernization options for heating
furnaces in the metallurgical industry.

Keywords: hydrogen; combustion; renewable energy sources walking-beam furnace

1. Introduction
1.1. Electricity Consumption

According to a regulation published in October 2022, European Union countries
declared the implementation of emergency measures to reduce energy prices and assist
both businesses and households. An essential measure is to reduce the consumption of
electricity by at least 5% during peak hours [1].

The industry is the area characterised by the highest electricity consumption (Figure 1).
In 2020, the electricity used by the industrial sector in the EU was 855 TWh. However,
the increase in electricity consumption over recent years was mainly accounted for by the
rapidly growing sectors of services and households. Between 2000 and 2020, electricity
consumption in the service sector increased by as much as 24.3%. Regarding households,
they increased their electricity use by 17.7% over the same period and, for the first time in
2006, had higher electricity consumption than the service industry. The transport sector,
on the other hand, is characterised by a constant level of electricity consumption over the
years [2].

The characteristic curves of electricity consumption in Poland by sector are similar to
the level in the other EU countries (Figure 2). The largest increase in electricity consump-
tion is again associated with the broadly defined service sector. Between 2000 and 2020,
electricity use in this sector increased by as much as 73%. There is also a significant increase
in electricity demand in households (43%) and in the rapidly growing industrial sector
(36%) [2].
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Figure 1. Gross electricity consumption GWh, EU, 2000-2020 [2].
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Figure 2. Gross electricity consumption GWh, PL, 2000-2020 [2].

The volume of electricity consumption in households depends on the types of electrical
devices used by the residents according to their standard of living. The total value of
electricity demand in the residential group is influenced by both the quantity and quality of
dwellings and appliances, as well as their mode of operation. The per capita consumption
of electricity in the area of households among EU member states in 2020 was 1.6 MWh
(Table 1). The per capita electricity use in the aforementioned sector varied significantly.
Values ranged from less than 1 MWh in Poland and some other countries to 4 MWh in
Sweden and Finland [2].
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Table 1. Per capita consumption of electricity in the sector of households, EU, 2020 [2].

Country Per Capita Consumption (MWh)

EU 0.8
Romania 0.9
Poland 1

Latvia 1.2
Slovakia 1.3
Italy 1.5
Lithuania 1.6
Hungary 1.7
Portugal 1.8
Netherlands 1.9
Czechia 2

Croatia 2.1
Luxembourg 2.2
Estonia 23
Belgium 24
Greece 2.5
Bulgaria 2.6
Malta 2.7
Slovenia 2.8
Ireland 2.9
Germany 3

Spain 3.1
Denmark 3.2
Austria 3.3
Cyprus 3.5
France 37
Finland 3.9
Sweden 43

1.2. Use of Hydrogen in Industry

The adoption of the EU Hydrogen Strategy by the member states in July 2022 was
the reason why hydrogen came to the forefront of the European energy transition debate.
Its multifunctionality and wide range of applications have given it the potential to be one
of the key factors in the decarbonisation of the economy. The properties that make H; an
interesting energy carrier include its higher volumetric energy density than batteries, its
ability to be stored for long periods of time, and its suitability for the production of other
gases. In addition, its use for energy purposes does not produce greenhouse gas emissions,
and existing building facilities for gas transport and storage can be adapted for hydrogen
transmission and storage in a relatively short time [3]. The role of hydrogen in the energy
mix is shown in Figure 3.
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Figure 3. The structure of hydrogen energy industry.

Due to the above-mentioned properties, hydrogen has found use in the stationary
energy sector. Among other things, it is used in the production of electricity.

The concept of creating sources of emergency power supply is highly valued nowa-
days. For this reason, it is becoming increasingly common to hear about the possibility
of supplying energy to off-grid systems using fuel cells that can use methanol or natural
gas as fuel in addition to hydrogen. The role of alternative generators is important for
the operation of the energy sector as they ensure the continuous operation and protection
of the equipment connected to the system. This is particularly relevant to the IT and
telecommunications sectors.

Fuel cells compare much more favourably against conventional CHP plants in terms of
electrical efficiency, even in the case of small systems. As a result, they produce a significant
amount of electricity with little heat production. The advantages of using fuel cells as
emergency power sources include extended autonomous operation and long lifespan, low
operating costs, as well as emission-free and quiet electricity generation. The backup power
of the described cells ranges from a few kW to more than 1 GWe. Many types of fuel cells
are used in stationary systems. It is also possible to use them for cooling [4]. The products
of the CHP (combined heat and power) used in domestic systems based on combined
generation, are referred to as micro-CHP. This type of system can work in two ways—either
the system covers most of the electricity demand or the heat demand. If electricity prices in
the market are high, the optimal mode of operation is the one focused on power generation.
This makes it possible to minimise the energy supplied from outside or to feed excess
energy back into the grid. The heat, which is a by-product of the CHP plant, is used to cover
part of the heat demand for the building. The missing part is supplemented by an auxiliary
heating system. Fuel cells are therefore best suited to homes with low heat demand. The
most common power rating for CHP systems is between 0.7 and 5 kWe. Systems of this
type use PEM and SO fuel cells. The process that makes fuel cells attractive is the direct
electrochemical conversion during heat and power generation and the associated higher
electrical efficiency. In combined-mode operation, fuel cells can achieve efficiencies of up
to 95%. Electrical efficiency, on the other hand, is roughly 45% [4].

In the metallurgical industry, the prospects for the use of hydrogen are currently
related to steel production, where it is used in the process of reducing iron ore instead of
coke, thus significantly reducing CO, emissions. This is the technology that will be used by,
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among others, the steelworks currently under construction in Sweden (as part of the Hybrit
project). It is estimated that launching steel production using hydrogen in Sweden alone
will reduce CO; emissions by 10% [5]. A similar technology is being developed as part of
the Green Steel project in Krakow. The International Energy Agency (IEA) has presented a
roadmap for the metallurgical industry (Table 2). According to various strategies, hydrogen
might account for an 8% reduction in CO, emissions by 2050 [6].

Table 2. Reduction of CO; emissions by 2050 in the metallurgical industry [6].

Cumulative Direct Emission Reductions between 2020 and 2050

Technology/Mitigation Strategy Contribution (%)
Material Efficiency 40%

Technology Performance 21%

Carbon Capture, Utilisation, and Storage (CCUS) 16%
Electrification 4%

Hydrogen 8%

Bioenergy 6%

Other Fuel Shifts 5%

These figures can be increased by using hydrogen as a fuel to power the furnaces used
in steel forming and heat treatment. Unfortunately, in this case, there is a lack of suitable
burners to carry out the process of combustion, characterised by the lack of temperature
increase in the furnace chamber and NOy emissions at an acceptable level.

1.3. Methods of Hydrogen Production
Hydrogen production processes using different technologies are shown schematically

in Figure 4.
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Figure 4. Methods of hydrogen production.

1.4. The Market for Hydrogen Production in Europe and Poland

The European Union has seen intensive development of hydrogen production over
the last few years. By the end of 2020, 504 operational hydrogen production sites were
identified in European countries. Their total production capacity is 11.5 m tonnes per year.
The leading producers include Germany, the Netherlands, Poland, Italy, France, Spain, the
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UK and Belgium, which altogether account for 74% of the total hydrogen production in the
EU (Table 3). The remaining 18 countries (Table 3) contribute a trace amount to Europe’s
hydrogen sector. The significant divergences are due to the different levels of industrial
development in the individual countries [7]. Poland, in third place, mainly produces the
grey type, which is then used by the chemical, refining and food industries. The national
leader in the industry is Grupa Azoty, responsible for 32.3% of hydrogen production [8].

Table 3. Total hydrogen production capacity by country, 2020, EU [7].

Country Million Tonnes per Year

Germany 2.09
Netherlands 1.55
Poland 1.03
Italy 0.85
France 0.82
Spain 0.79
United Kingdom 0.78
Belgium 0.57
Greece 0.39
Norway 0.29
Lithuania 0.27
Hungary 0.26
Romania 0.24
Sweden 0.24
Bulgaria 0.22
Slovakia 0.21
Finland 0.19
Austria 0.17
Portugal 0.16
Croatia 0.15
Czechia 0.13
Denmark 0.03
Switzerland 0.02
Ireland 0.01
Slovenia 0

Iceland 0

In order to accurately depict the structure of hydrogen production in Europe, a distinc-
tion is made according to the different production processes. This allows us to distinguish
between hydrogen utilised by companies for their own purposes and hydrogen for the com-
mercial market. The first group includes hydrogen produced by steam reforming, partial
oxidation, gasification and autothermal reforming of fossil fuels, which is then used by the
producer. Also included in this set is hydrogen produced as a by-product of other industrial
processes and subsequently used by the refinery for its own purposes. The second variant,
in contrast to the first, concerns hydrogen intended for sale. Another group, accounting
for only 0.5% of the total production, concerns reforming combined with the capture of
carbon dioxide emissions. Hydrogen is also distinguished as a by-product obtained during
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electrolysis (3.7%) or from ethylene or styrene. The last of the power-to-hydrogen categories
refers to the production of hydrogen in the process of splitting water during electrolysis [7].

Among the top eight hydrogen producers in Europe, hydrogen is predominantly
produced in order to meet the needs of the energy sector of the state. Only an insignificant
number of companies are involved in trading hydrogen. The amount of hydrogen produced
as a by-product also attracts attention. Electrolysis, the most environmentally friendly
process, still only accounts for a small percentage of production.

1.5. Combustion of Hydrogen

The very low density of hydrogen, compared with methane, makes the calorific value
of hydrogen per unit mass almost 2.4 times greater than that of methane, which in turn
makes hydrogen an attractive fuel. At the same time, the very low density of hydrogen
affects the geometry of the system for supplying fuel to the heating appliance. As a result,
three times as much fuel must be pumped in the same amount of time to deliver the same
amount of energy. An important parameter affecting the stability of the flame is the flame
speed, which, in the case of hydrogen, is 1.7 m/s and is more than 4.4 times greater than
that of methane. Failure to adapt the combustion chamber to the increased flame speed
can lead to flashback. Another problem in designing equipment intended for hydrogen
combustion is the high combustion temperature, which is 2380 K (methane has 2236 K).
A direct effect of the high temperature is the increased amount of nitrogen oxides formed
through the Zeldovich mechanism [9]. The above aspects cause specific problems in the
design of burners intended for use in metallurgical furnaces.

With these aspects of hydrogen combustion in mind, the development of burner design
is heading towards the co-firing of hydrogen and natural gas. Usually, the addition of
natural gas does not exceed 30%. This amount of natural gas significantly reduces the
combustion temperature of the mixture and lowers its rate of combustion (Figure 5).
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Figure 5. Influence of the proportion of hydrogen in a CH4/Hy mixture on laminar flame speed and
combustion temperature.

Apart from the appropriate temperature, the heating of the charge in metallurgical
furnaces uses the thermal radiation from gaseous products of combustion, which consist
largely of CO, and HyO. As a result, a uniform temperature distribution throughout
the entire volume of the combustion chamber is achieved. The combustion of hydrogen
will remove carbon dioxide from the exhaust gas, which may consequently disturb the
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temperature distribution in the chamber [10]. Given the problems with increased NOx
emissions and the lack of conclusive test results on the effect of changing the exhaust gas
atmosphere on the temperature distribution in the furnace chamber, it should be considered
that the maximum proportion of hydrogen in the mixture with natural gas should not
exceed 70%. The Honeywell Company is in possession of designs of such burners.

Burners using 100% hydrogen in the combustion process have been developed by
Toyota. However, apart from press releases, there is no clear information on the possibility
of utilising them in the metallurgical industry.

2. Description and Heat Balance of the Research Object

The analysis was performed for a walking-beam furnace with working chamber
dimensions of 18,600 mm in length, and 15,600 mm in width (Figure 1). A steel charge
with a cross-section of 160 x 160 mm and a length of 15,000 mm is heated in the furnace.
Natural gas is used as fuel. In order to determine the condition of the furnace prior to
retrofitting, a heat balance was carried out during the heating of 69 pieces comprising the
B500SP steel charge to a temperature of 1175 °C. The measurements of the temperature of
the charge and the atmosphere of the furnace were made using the Datapaq Slab Reheat
System (Figure 1). Type K thermocouples in a 3 mm diameter Nicrobell sheath were used
to measure the temperature [11]. Figure 6 shows the temperature distribution for points
axially aligned with the charge (a) and with exhaust gas (b) during the process.

?Tﬁl Microparous insulation Cavity closure

(¥ Thermocouples

Slab

=

N

I_II_JHJ

Tpaq 21 data logger with inner protection barrier Insulation cage

Figure 6. Cross-section of the Datapaq Slab Reheat System.

When analysing the temperature fluctuations at selected points along the charge axis
(Figure 7a), it is clear that there is a large asymmetry in the temperature distribution across
the width of the walking-beam furnace under consideration. The temperature difference
during heating between points 1 and 3 reaches up to 120 °C. It is only at the exit from the
alignment zone that this difference drops to about 20 °C. The temperature in the axis of
the charge being heated at the furnace exit is in the range of 1160-1180 °C depending on
where the temperature is measured. Considering, in turn, the temperature fluctuations of
the exhaust gas (Figure 7b), one can clearly see large temperature oscillations, occasionally
reaching 140 °C. Here, too, a large asymmetry in temperature distribution across the width
of the furnace can be observed, particularly evident in the preheating and heating zones,
where the temperature at points close to the axis of symmetry of the furnace is noticeably
higher than that at points closer to the furnace walls (even 160 °C). The balance study
was carried out under actual production conditions, at near maximum capacity. Average
values recorded by the automation system of the furnace automation were used for the
calculations. The basic characteristics of the furnace operation are presented in Table 4. The
average natural gas flow rate during the test was 4664 m3/h. Air was heated in the exhaust
gas recuperator to a temperature of 440 °C. The exhaust gas after the furnace chamber had
a temperature of 864 °C.



Energies 2024, 17, 4733

90f17

1200 —

800 —;

400 —

1400 —

Figure 7. Temperature fluctuations: (a) the charge axis, and (b) the exhaust gas axis during the

heating at selected measurement points; t;, t,—left; t3, t;—centre; t5, t;—right.

Table 4. Data used for the heat balance of the walking-beam furnace.

No. Name Value

1. Gas flow rate 4664 m3/h

2. Combustion air 440 °C

3. Exhaust gas at the outlet of the 864 °C

furnace

[CO5] = 0.1099 m® CO,/m? of dry exhaust gas;

4. Composition of dry exhaust gas [02] = 0.0131 m® O, /m3 of dry exhaust gas;
[N2] = 0.877 m3® Ny /m?3 of dry exhaust gas;
Mass flow rate 362.5 m3/h

5. Cooling water Temperature at the inlet: 28.2 °C
Temperature at the outlet: 33.3 °C

6. Mill scale 0.4% of the mass of the charge
Exhaust gas at the inlet: 830 °C
Exhaust gas at the outlet: 735 °C

7. Recuperator

Exhaust gas volumetric flow rate at the inlet:
42,056 m* /h

Balance calculations were carried out according to the methodology presented in the

works of Chen [12] and Ertem [13]. The heat balance equation for the furnace is as follows:

where:

14+15+A1chFe = 1u+13+16+A1(3hi+Q0t )

I3—enthalpy flow rate of mill scale entered into the furnace, W;

I4—enthalpy flow rate of the fuel, W;

I s—enthalpy flow rate of the air supplied to the furnace, W;

Is—enthalpy flow rate of the exhaust gas exiting the furnace chamber, W;

I,—useful enthalpy flow rate of the process (heating of the charge), W;

Al -sr—enthalpy increase of furnace cooling water, W;

Al .~ chemical enthalpy flow rate of iron oxidised in the furnace, W;
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Q,+—heat loss to the environment, W.

A natural gas temperature of 0 °C was used to determine the enthalpy flux, hence
only the chemical enthalpy was taken into consideration:

I = V4Q )

where:
V4—gas flow rate, m3/s;
Qj—calorific value, J/m3.

The amount of energy supplied with air, in turn, was defined as follows:
Is = Vsis|;] 3)

where:
V5—air flow rate, m3/s;
is |ig—enthalpy of air heated from temperature tj to t5, J/ m3.

The chemical enthalpy flux of iron oxidised in the furnace was determined from the
enthalpy of devaluation:

Alpe = titpe(dn) g, (4)
where:

mr.—mass flow rate of the iron oxidised in the furnace, kg/s;
(dy) p,—enthalpy of devaluation of the iron, J/kg.

The amount of energy required to heat the charge was calculated as follows:

I, = (i — tpe) cstl? (t2 — 1) (5)

where:
m—mass flow rate of the charge being heated in the furnace, kg/s;
Cst ]E—average specific heat of the charge over the temperature range t; to t1, ]/ kgK.

The enthalpy of the scale entered into the furnace was calculated taking into account
the physical and chemical enthalpy flow rates:

I3 = rit3 ca|g? (ts —to ) + 113(dn)s (6)

where:
mz—mass flow rate of the scale entering the furnace, kg/s;
c3| ;z—average specific heat of the scale over the temperature range t to 3, ] /kgK;
(dy);—enthalpy of devaluation of the scale, J/kg.
The amount of energy discharged with the exhaust gas is also a loss:

Is = Ve ig|;’ @)

where:

V6—air flow rate, m3/s;

g fg—enthalpy of the exhaust gas leaving the furnace chamber in the temperature range
from tg to tg, J/m3.

The enthalpy gain of the flow of the water cooling the furnace components was
also determined:

Al = Vs ps cslg (to — ts) 8)

where:
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Vg—volumetric flow rate of the cooling water, m3/s;
cs| ig—average specific heat of the cooling water over the temperature range tg to tg, ] /kgK;
The closing figure in the balance is heat loss to the environment:

Qot = Lo+ Is + Moo — L = I — Is — Al gy ©)

Based on the balance calculations, the thermal efficiency of the furnace was determined:
I

e == (10)
Iy

The value obtained was 69.2%, which corresponds to the conditions of correct furnace
operation. This value is comparable with modern designs of continuous furnaces. However,
in the case of the recuperator, its efficiency calculated from Equation (2) was 41.2%. This
value differs from the leading designs of industrial recuperators [14].

_Is

Is

h, (11)

The individual items in the balance are presented in a Sankey diagram. Figure 8 shows
that more than 20% of the energy is irretrievably lost to the environment with the exhaust
gas, which is acceptable considering other designs of industrial furnaces. Based on the
heat balance, it can be concluded that changes to the recuperator design are necessary. The
firing system of the furnace also requires special attention. During the measurements of
the charge temperature, significant temperature fluctuations were found along the length
of the charge being heated.

A ich, Fe

885 kW 1.64%
\ e ————

is
45,384 kW
84.18%

1,:=31,418 kW; 58.27%

FUR-
NACE

is
7643 kW
14.18%

13
18,544 kW
34.4%

RECUPERATORS
AND COMBUSTION

I7
10,901 kW

Figure 8. Heat balance of the furnace—Sankey diagram.

3. Numerical Simulation

For the furnace operation variant presented in Section 3, numerical calculations were
carried out using thermodynamic process simulation software commonly used in the
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power industry, namely IPSEpro 7.0. For the calculations, the built-in balance models
representing the individual stages of thermodynamic cycles were used. The energy balance
is also the basis for verifying the correctness of the numerical models built. Figure 9
shows a model of the furnace operation. The results of the comparative calculations are
presented in Table 5. The composition and volumetric flow rate of the natural gas and
the temperature and volumetric flow rate of the combustion air were taken as constant
values. The remaining parameters were determined using the model developed. A high
agreement was found between the results obtained and the reference values, especially
with regard to the composition and temperature of the exhaust gas, as well as the flow rate
of the heat from the combustion of natural gas and that of the heat transferred to the charge.
As it turned out during the experimental tests, the large difference in the amount of heat
transferred in the recuperator to the air being heated was due to the fact that the exhaust

gas was diluted with additional air to protect the recuperator.

Fuel

FURNACE
CHAMBER

Hot Air
r

Exhaustgases i Exhaustgases

Air

Figure 9. Heating furnace operation model developed in IPSEpro 7.0.

Table 5. Data for heat balance of the walking-beam furnace.

No. Name Reference Value Comparative Calculations
Gas flow rate
1. [m3/h] 4664
Combustion air
2. o 440
[°C]
Exhaust gas at the outlet of the
3. furnace 864 844
[°C]
o [CO,] =0.1099 [CO,] =0.0967
4 E;)?;}r)rcl)gs]ltlon of dry exhaust gas [0,] = 0.0131 [0,] = 0.0133
[N,] =0.877 [N7] = 0.8897
Exhaust gas at the inlet: 830 °C Exhaust gas at the inlet: 844 °C
5 Recuperator Exhaust gas at the outlet: 735 °C Exhaust gas at the outlet: 735 °C
' ecupera Exhaust gas volumetric flow rate at Exhaust gas volumetric flow rate at
the inlet: 42,056 m3/h the inlet: 66,046 m®/h
Heat of gas combustion
6. (kW] 45,384 53,229
7 Heat transferred to the charge 31418 40,037
[kW]
8. Heat absorbed in the recuperator 7643 3056

(kW]

This fact could not be recorded in the balance calculations due to the balance cal-
culation methodology (balance boundary routed at the actual locations of sampling and
measurement of the balance values). The differences in the other values presented, on
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the other hand, are largely due to the research methodology adopted. The balancing of
heating systems is a stationary process that does not take into account changes in the
actual conditions, which requires the averaging of certain values that are subject to large
variations in reality, such as temperature, volumetric flow rate, and the quantity of mill
scale. Calculations made with IPSEpro reflect the conditions of an ideal stationary process
(Figure 9). As aresult, there may be some discrepancies in the results obtained. Considering
the purpose of the calculations carried out to determine the applicability of hydrogen in
metallurgical furnaces, the results obtained with the numerical model should be considered
as correct.

In the next step, calculations were carried out to assess the effect of the addition of
hydrogen in a mixture with natural gas on the heating conditions of the charge in the
walking-beam furnace in three variants, i.e., 100% natural gas; 70% natural gas and 30%
hydrogen; 100% hydrogen. For all the calculation tests, the following assumptions were
made based on previous reference results (Table 4):

Fixed quantity of heat transferred to the charge;

Fixed temperature of the air heated in the recuperator;

Fixed exhaust gas temperature after the recuperator.

The determined values of the flow rates of the gas and the combustion air allowing
for the charge to achieve the temperature assumed in the heating technology are shown in
Figure 10. The diagram concerns stoichiometric values.

(@) (b)

70,000

61,520
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50,000
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5157
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30% H2+70% NG
100% H2
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]
=z
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o
~

+
N
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o
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Figure 10. Flow rates of gas (a) and combustion air (b) for each design variant.

The small addition of hydrogen causes a reduction in the volumetric flow rate of the
gas supplied to the combustion chamber. This effect is due to the change in density of the
gas mixture due to the addition of hydrogen.

The effect of the excess combustion air ratio on the process parameters was then
calculated. Figures 11-13 show the exhaust gas and combustion air flow rates and the
exhaust gas temperature at the input and output of the recuperator for three design variants.
Figure 11 is a confirmation of the correct operation of the model; the exhaust gas volume
is within the range of 64,000 to 94,000 m>/h. The exhaust gas temperature before the
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recuperator, on the other hand, is 904 °C for the stoichiometric ratio of excess combustion
air. In industrial tests, this value was much lower due to the high-temperature protection
of the recuperator. For a hydrogen content of 30% in the gas mixture (Figure 12), the
exhaust gas flow rate ranged from 60,000 to more than 87,000 m?/h. This means that there
will be no need for changes to the exhaust system. Then, the temperature at the inlet to
the recuperator was 1035 °C for stoichiometric conditions, higher by more than 100 °C
than when burning natural gas. Verification of the exhaust gas cooling system before the
recuperator is required regarding the fan capacity. The combustion of pure hydrogen
(Figure 13) did not significantly raise the exhaust gas temperature before the recuperator
(950 °C under stoichiometric conditions). The heat was absorbed during the heating of the
charge. However, the temperature of the exhaust gas before the recuperator increases with
increasing quantity of combustion air, compared with the other design variants, amounting
to 812 °C for 50% excess combustion air.
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Figure 11. Flow rates of exhaust gas and combustion air (a) and exhaust gas temperature upstream
and downstream of the recuperator (b)—100% natural gas.
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Figure 12. Flow rates of exhaust gas and combustion air (a) and exhaust gas temperature upstream
and downstream of the recuperator (b)—30% Hj,



Energies 2024, 17, 4733

15 of 17

m3/h

flow stream

88,000

80,000

72,000

64,000

56,000

48,000

-

— Air

960

— Out

— In

920

— Exhaust

11

©
(0]
o

840

temperature, °C

800

760
1 1.1 1.2 13 1.4 1.5
combustion air ratio

1.2 1.3 1.4 1.5
combustion air ratio

Figure 13. Flow rates of exhaust gas and combustion air (a) and exhaust gas temperature upstream
and downstream of the recuperator (b)—100% hydrogen.

4. Summary and Conclusions
4.1. Heat Balance of the Furnace

This paper presents a technical analysis of the feasibility of using hydrogen to fire
furnaces used in the metallurgical sector. For this purpose, tests were carried out on a
walking-beam furnace to determine its thermal indices. The particular characteristic of the
furnace under consideration indicates that approx. 45.4 MW of energy contained in fuel
must be supplied at the rated output of the furnace. Balance studies have shown that approx.
70% of the fuel energy is usefully utilised in the charge heating process (at a furnace thermal
efficiency of 69.2%). In counter-flow furnaces, this value ranges from approx. 60% for low-
efficiency furnaces, to 80% for high-efficiency furnaces. The furnace under consideration
is thus a medium-efficient device with regard to the energy performance characteristic
examined. Approx. 41% of the fuel energy is discharged from the furnace with the exhaust
gas. This is a large proportion of the fuel energy. Although about 40% of the energy output
from the furnace is recovered by the recuperation system, up to 24% of the fuel energy
is discharged with the exhaust gas to the environment. This adverse effect in terms of
energy efficiency is mainly due to the excessively high temperature of the exhaust gas
leaving the furnace chamber and the necessary (protective) cooling of the exhaust gas for
the recuperator. The current recuperation system is a poor solution. The recuperator was
designed either for a longer furnace or for the existing furnace at a lower capacity, while the
exhaust gas cooling was designed at a later time for the conditions under which the furnace
in question is overloaded. The consequence of the current design of the recuperation system
is low recuperation efficiency. Under the conditions of the test carried out, the recuperation
efficiency was low at around 41%. If the exhaust gas discharged from the furnace had a
temperature equal to that of air-cooled exhaust gas, the recuperation efficiency would be
approx. 47%. Considering the recuperation efficiency, this is a clear increase.

The heat balance showed that the energy transferred from the furnace by the cooling
water is 4.7% of the chemical energy of the fuel. For counter-flow furnaces, this value is in
the range of 2 to 3%. It can therefore be seen that these losses can be reduced; however, it is
difficult to expect a significant change in the energy efficiency of the furnace by upgrading
the cooling system. Nevertheless, the possibility of upgrading the cooling system can be
considered through a techno-economic analysis.

The heat balance also showed that the heat lost by the furnace to the environment
was about 3.1%. For counter-flow furnaces, this value is in the range of 1 to 3%. It can
therefore be concluded that this balance item is correct. However, it should be noted
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that the flow rate of heat discharged to the environment was calculated from the balance
equation, which means that the calculated value may be slightly higher, as it includes all
the balance errors. The heat loss to the environment can only be reduced by retrofitting
the lining that thermally insulates the furnace. In equipment that is often switched off,
the insulating lining uses fibrous materials placed on the inside of the furnace refractory.
This is an effective way of reducing energy losses associated with heat accumulation and
cutting down heat loss through the refractory. Unfortunately, fibrous materials have an
unfavourable emission factor, which means that the efficiency of radiation heat transfer
deteriorates. The techno-economic analysis must therefore take into account the impact
of this process on the heating technology. This is an issue of particular relevance to the
furnace under consideration because the temperature of the exhaust gas at the outlet of the
furnace chamber was already too high at the performance level during the tests.

4.2. Hydrogen in Furnaces

A numerical model was then developed using the IPSEpro software to determine
the amount of gas, the resulting exhaust gas, and the impact on the thermal parameters
of the heating system. The calculations were made for pure natural gas, 30% hydrogen
content, and hydrogen alone. It was found that no changes would be required to the
exhaust gas discharge system, while the fan supplying air for exhaust gas cooling before
the recuperator would need to be redesigned. The amount of hydrogen required to fire
the walking beam furnace increases significantly (by a factor of almost 3), which may
have an impact on the operating costs. On the other hand, carbon dioxide emissions into
the atmosphere are completely reduced, which may be crucial when considering possible
options for upgrading furnace units operating in the metallurgical industry in an era of
climate warming.
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