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Abstract: In previous work, a small electric furnace with a capacity of 3.5 kg of liquid copper, capable
of reaching temperatures up to 1200 ◦C, and with nominal power input of 2.1 or 6.2 kW at 230 V
was designed and constructed. The purpose of this furnace was to melt metals for casting replicas of
historical weapons, tools, and jewellery from the Bronze Age. The theoretical operating parameters,
such as electric energy consumption and the time required to melt the batch of metal, were derived
from the design calculations. This study focuses on the experimental determination of the furnace’s
operating parameters. Experiments were conducted to determine surface heat losses from the furnace,
as well as electric energy consumption and the time required to melt aluminium and copper batches
of various quantities during cold starts and continuous furnace operation. The data from these
experiments were subsequently analysed to determine the thermal efficiency of the furnace and
the cost of energy consumed for melting a batch under given conditions. The experimental results
indicate that the furnace does not reach a steady state regarding heat transfer within the time required
for melting a batch during cold starts. As a result, the surface heat losses are lower than initially
calculated in the theoretical analysis. This leads to shorter required melting times, lower energy
consumption, and lower energy costs for the batch compared to design values.

Keywords: electrical furnace; energy consumption; energy efficiency; replica casting

1. Introduction

One of the authors (M.Č.) dedicates a fair part of his free time to historical re-enactment,
which includes, among many other activities, crafting of various costumes and replicas of
the early Bronze Age. In order to create bronze replicas from this time period, it is necessary
to be able to melt and cast said metal.

For this purpose, various furnace designs may be employed. Historically, solid fuel
furnaces were used [1]. Initially, a temporarily converted blacksmithing furnace was used,
which is a variation of this design. However, this design had problems with achieving the
required temperature and long melting times. This prompted a dedicated metal melting
furnace build. A properly designed solid fuel furnace would have been possible, but other
options were considered as well. One of the design options is a gas fired furnace, which is
cheap, simple to build and portable, but has lower energy efficiency due to heat loss in flue
gas [2]. Another option is an electric furnace, which is somewhat more complex to build,
but offers the best energy efficiency and the possibility of operating indoors.

Therefore, an electric furnace was designed and constructed [3]. The goal of this work
is to experimentally determine the operating parameters of the furnace, such as melting
time and energy consumption.
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2. Materials and Methods

The furnace is built from JM 23 insulating firebricks [4], which displayed the best
thermal and mechanical properties out of available materials, with a steel shell around the
brick structure. The heating coils are made from Kanthal A1 [5] wire with a thickness of
0.7 mm. The coils are set in grooves carved into the bricks. In order for the furnace to
be able to operate on almost any electrical network, it was decided that the maximum
current in the coils would be 9 A, which corresponds to a power rating of 2.1 kW (or
6.2 kW for a three-phase configuration) at room temperature. The temperature in the
furnace is regulated using a PID regulation unit, containing a REX C-100 FK07 V*AN (RKC
Instrument Inc., Tokyo, Japan) temperature controller, which regulates the output power of
the furnace using solid-state relays. The temperature inside the furnace is measured using
a K-type thermocouple. The inside of the furnace during operation is shown in Figure 1.
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In an electric furnace, surface heat losses represent the only type of heat losses. As-
suming steady state heat transfer conditions, where the temperature inside and on the
outside surface of the furnace is constant, several operational parameters of the furnace
were determined in the design phase.

Three experiments were conducted in order to determine the operational parameters
of the furnace. The first experiment was aimed at determining the steady state losses,
while the other two observed real operation of the furnace. The results of the experiments
were then compared with theoretical values, which were determined using the same
methodology used in the design phase.

The temperature was shown on the display of the PID regulation unit. The power
consumption was measured using the A30-BM030-L (BEMKO Sp. z o.o., Jawczyce, Poland)
electricity meter. The data were collected using a time-lapse function on a camera, with
a picture being taken every 30 s.

2.1. Steady State Heat Losses

Assuming steady state, heat flow from the furnace to the outside environment is given
by Equations (1)–(3) [6].

Q = Alm·λ/d·(th − tw), (1)

Q = Aw·α·(tw − ta), (2)

α = 9.77 + 0.07·(tw − ta), (3)

where: Q—heat flow from the furnace to the outside environment, Alm—logarithmic mean
of the inside and outside surface area of the furnace, λ—thermal conductivity of the bricks,
th—temperature inside the furnace, tw—temperature of the outside surface of the furnace,
Aw—outside surface area of the furnace, α—coefficient of heat transfer through convection
and radiation, and ta—ambient temperature.
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These equations were solved using the solver in MS Excel. Thermal efficiency was the
ratio of apparent power (power rating minus heat losses) and power rating.

If steady state is reached, it may be assumed that the electrical energy input is equal to
the heat losses. This was the basis of the experiment, where the electricity consumption
was measured. The measurement was carried out during both the heat-up and steady state
phases of operation. The surface temperature of the furnace was measured using the Pow-
erfix PTSI 9 A1 (Kompernass Handels GmbH, Bochum, Germany) infrared thermometer.

Steady state was assumed once the measured power consumption curve was linear
(R2 > 0.9995). The power consumption, and therefore heat losses were represented by the
slope of the regression curve. The thermal efficiency of the furnace was determined and
the resulting parameters compared with theoretical values.

2.2. Consecutive Aluminium Casting

In order to determine the operational parameters of the furnace during continuous
operation, a series of five batches of beverage can aluminium alloy were molten and cast.

The energy required to melt a batch of aluminium from a cold start of the furnace was
determined as the sum of the energy required to heat (and melt) the bricks, crucible and
aluminium batch to the steady state temperature, whereas the ideal energy input was the
amount of heat necessary for the heating and melting of the aluminium batch alone. The
real energy used (if proper handling of the furnace is employed) lies somewhere between
these two theoretical values, based on how close the furnace is to reaching the steady state
of heat transfer.

The cold start and ideal time required to melt a batch of aluminium was determined
as the energy required divided by the power of the furnace at operating temperature.

For the experiment itself, the inside temperature as well as electricity consumption
was monitored as described in Section 2, during a continuous operation of the furnace. The
time of each casting was marked.

The resulting data were used to determine real energy and time necessary to cast each
batch using the marked casting time. Furnace efficiency was determined as the ratio of
ideal energy required to real energy used. The cost of each batch was determined using the
cost of electricity [7]. Additionally, parameters for casting at steady state were determined
using apparent power from Section 2.1 to determine real time required.

2.3. Copper Melting

In order to create bronze, it is first necessary to melt copper with a melting point of
1084 ◦C [8]. Then, the desired amount of tin is added. The resulting bronze has a melting
point lower by roughly 100 ◦C than the melting point of copper, based on the desired
composition [9], which means that the melting point of copper is the highest temperature
that is required for the operation of the furnace.

The calculation and experiment were carried out in almost the same way as described
in Section 2.2, but using copper sourced from cables and a single batch. The crucible was
filled fully with material before starting the measurement and once the copper was molten,
the furnace lid was opened and additional material was added.

3. Results and Discussion
3.1. Steady State Heat Losses

The resulting real energy parameters as well as the theoretical energy parameters
determined by the calculation are shown in Table 1.

The observed heat losses were lower than anticipated. Therefore, the thermal efficiency
was higher. It is important to note that the experimentally estimated wall temperature
represents an average, where in reality the areas of the furnace that contained coils inside
were close to the theoretical value, whereas the rest of the surface area of the furnace was
slightly cooler, causing lower than anticipated heat losses.
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Table 1. Results of steady state experiment.

Theoretical Experimental

Surface heat loss [kW] 0.75 0.56
Apparent power [kW] 1.09 1.28
Wall temperature [◦C] 115.7 110
Thermal efficiency [%] 59.1 69.6

3.2. Consecutive Aluminium Casting

The results of consecutive aluminium casting experiment are shown in Table 2.

Table 2. Results of consecutive aluminium casting.

Cast Number 1 2 3 4 5 Steady State

Batch mass [kg] 0.71 0.55 0.59 0.54 0.53 0.53
Energy required, cold start [kWh] 1.69 1.64 1.65 1.63 1.63 1.63

Energy required, ideal [kWh] 0.26 0.20 0.21 0.20 0.19 0.19
Energy consumed [kWh] 1.06 0.71 0.48 0.63 0.37 0.28

Time required, cold start [min] 55.2 53.3 53.8 53.2 53.1 53.1
Time required, ideal [min] 8.39 6.52 6.97 6.45 6.26 6.26

Time [min] 38.5 25.5 16.5 21.5 14 9.00
Efficiency [%] 24.3 28.2 44.6 31.4 51.9 69.6

Specific consumption [kWh/kg] 1.50 1.30 0.82 1.16 0.7 0.52
Cost [EUR /kg] 0.24 0.21 0.13 0.19 0.11 0.08

As can be seen, the energy and time required to melt a batch of aluminium gener-
ally decreases as the furnace approaches the steady state. Comparing this performance
with industrial scale, natural gas fired counterparts, which show specific consumption of
0.35 kWh/kg of processed aluminium [10], we can see that the furnace is definitely less
energy efficient. However, considering the small scale of the furnace, the resulting energy
efficiency is satisfying.

3.3. Copper Melting

The results of the copper batch melting experiment are presented in Table 3.

Table 3. Results of the copper melting experiment.

Parameter Value Parameter Value

Batch mass [kg] 1.69 Time required, ideal [min] 9.39
Energy required, cold start [kWh] 1.95 Time [min] 57

Energy required, ideal [kWh] 0.29 Efficiency [%] 16.3
Energy consumed [kWh] 1.76 Specific consumption [kWh/kg] 1.04

Time required, cold start [min] 63.7 Cost [EUR /kg] 0.17

In this experiment, the energy consumption was higher in comparison with the
aluminium casting, due to multiple copper additions with an increased internal furnace
temperature, leading to higher losses when opening the lid of the furnace. Nevertheless,
this was still lower than the theoretical energy required for a full cold start. The cost of
energy for processing material in this furnace is acceptable since it is rather low compared
to the price of the material itself and when considering the small quantities used.

4. Conclusions

The operational parameters of an electric furnace were experimentally determined,
showing that the real operation of the furnace displays a shorter melting time, and lower
energy consumption and cost than initially anticipated during the design phase of the
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project. Therefore, the determined operational parameters are satisfying, considering the
small scale of the furnace as well as the relative simplicity of construction and opera-
tion. Thus, the furnace is acceptable for small-scale production needs and therefore its
construction and operation trials can be considered successful. In further work, the perfor-
mance of the furnace with three-phase configuration and possibly 400 V heating coils will
be investigated.
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