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A B S T R A C T   

Concentrating solar power technologies can be applied to reduce the cost and carbon footprint of zinc melting 
processes. This study aims to improve the knowledge related to small-scale solar melting using a dish concen-
trator. This technology can be applied to zinc production as well as a range of small-scale applications, such as 
casting, recycling, galvanisation, and thermal storage. An experimental and analytical analysis of a rotating 
cylindrical cavity receiver for the indirect melting of zinc metal using concentrated solar power is presented. A 
multi-facet parabolic dish with an incident area of 2.85 m2 was considered together with a rotating cylindrical 
cavity receiver. The receiver had an aperture diameter of 0.2 m and the capacity for housing 17 kg of zinc. Five 
experimental test runs were executed, during which up to 73.5 % of the zinc inventory could be tapped from the 
receiver in its molten state, and average thermal efficiencies of up to 42 % were achieved. A predictive analytical 
model considering wind speed, wind direction, and direct normal irradiance was developed and validated against 
experimental data. A heat transfer efficiency factor was experimentally determined to account for voids in the 
zinc feedstock. The model was used to predict that approximately 41 kg of molten zinc could be tapped from the 
experimental setup throughout a typical day with a peak direct normal irradiance of about 900 W/m2 and an 
average wind speed below 2 m/s. A case study highlighted that energy savings of 0.6 kWh are achievable per 
kilogram of zinc processed by concentrated solar power rather than the conventional induction furnace.   

1. Introduction 

The industrial sector is predicted to be the most significant green-
house gas producer by 2060 [1]. Process heat represents two-thirds of 
the industrial energy demand, of which more than 90 % is currently 
supplied by burning fossil fuels [1]. In this area, numerous opportunities 
exist for renewable alternatives such as solar thermal energy to revo-
lutionize industrial heat supply and reduce the carbon footprint of 
conventional industrial processes. The mining industry is of particular 
interest due to its substantial contribution to global greenhouse gas 
emissions, and heat applications in this industry are typically catego-
rized as high-temperature applications (>400 ◦C) [2]. Various authors 
[3–5] have shown that achieving operating temperatures in excess of 
400 ◦C is possible using concentrated solar power (CSP) technologies, 
making it an ideal application for providing process heat to this indus-
trial sector. There exist various high-temperature industrial heat appli-
cations with the potential to use concentrated solar thermal energy, but 
for this study, a focus was placed on the melting of zinc metal. 

Zinc is deemed essential for modern living and is ranked fourth in 

terms of all metal production in the world [6]. South Africa houses the 
5th largest zinc reserve in the world [7], but at the time of writing, no 
local beneficiation takes place, with all mined ore being exported. This is 
mainly due to an expensive and unreliable power network. Most of the 
primary zinc deposits in South Africa are located in areas with some of 
the world’s best solar irradiance [8,9], allowing for the possibility of 
linking the beneficiation of this mineral resource to a solar thermal 
process. By identifying alternative methods of providing the required 
process heat for zinc processing, local beneficiation of zinc can have a 
significant impact on the South African economy and allow for micro- 
processing by local entrepreneurs. 

Zinc is the third most widely used non-ferrous metal after copper and 
aluminium [10,11]. One of the most common methods of producing zinc 
is the hydro-metallurgical or Roast-Leach-Electrowin (RLE) process, 
producing about 80 % of the world’s zinc [10]. A detailed description of 
the RLE flowsheet is outlined by van Dyk [11], but it typically consists of 
a roasting, leaching, solution purification, cooling, electrowinning, and 
casting step. After the electrowinning process, during which zinc metal 
is plated to aluminum cathodes, the zinc metal is stripped from the 
cathodes and remelted at 450 ◦C, in induction furnaces to produce ingots 
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Nomenclature 

Aap Area of the receiver aperture [m2] 
Acav Surface area of the cavity [m2] 
AD Dish incident reflective area [m2] 
c Heat transfer efficiency constant 
C Constant for cylinders in cross-flow 
cpliquid− Zn Specific heat capacity of molten zinc [J/K • kg] 
cpsolid− Zn Specific heat capacity of solid zinc [J/K • kg] 
cpsteel Specific heat capacity of mild steel [J/K • kg] 
d Aperture diameter [m] 
Dap Diameter of the receiver aperture [m] 
DD Dish diameter [m] 
Di Receiver cavity inner diameter [m] 
Dins Outer diameter of insulation material [m] 
fD Dish local focal length [m] 
fs Shading factor 
g Gravitational acceleration [m/s2] 
GrL Grashof number 
hD Height of parabola [m] 
hin Internal convection heat transfer coefficient of the receiver 

[W/m2•K] 
ho Convection heat transfer coefficient on outer surface 

[W/m2 • K] 
I Solar direct normal irradiance (DNI) [W/m2] 
kins Thermal conductivity of insulation material [W/m • K] 
lc Aperture-cavity radius ratio 
Lrec Receiver characteristic length [m] 
m Constant for cylinders in cross-flow 
msteel Mass of receiver steel [kg] 
mzn Mass of zinc inventory/batch [kg] 
mzn,liquid Mass of zinc inventory/batch in molten form [kg] 
Nu Nusselt number for convection inside receiver 
Nucav,forc Nusselt number for forced convection from the cavity 
Nucav,nat Nusselt number for natural convection from the cavity 
NuD,forc Nusselt number for forced convection over receiver 

cylinder 
NuD,nat Nusselt number for natural convection over receiver 

cylinder 
p Coefficient for calculating Nusselt number for forced 

convection 
P(θ) Function of receiver tilt angle 
Pr Prandtl number 
q Coefficient for calculating Nusselt number for forced 

convection 
Q̇net Net theat input rate into zinc [W] 
Q̇ap,in Heat input rate collected at receiver aperture [W] 
Q̇cond,loss Conduction heat loss rate [W] 
Q̇conv,loss Convection heat loss rate [W] 
Q̇rad,loss Radiation heat loss rate [W] 
Q̇rad,em Rate of radiation losses due to emissivity [W] 
Q̇rad,ref Rate of radiation losses due to reflection [W] 
r Coefficient for calculating Nusselt number for forced 

convection 
ri,ins Inner radius of insulation material [m] 
ro,ins Outer radius of insulation material [m] 
RaD,ins Rayleigh number on the insulation outer surface 
Rconv Convection resistance [K/W] 
ReD,ins Reynolds number for flow over insulation material 
Rins Thermal resistance of insulation material [K/W] 
Rtot Combined thermal resistance [K/W] 
s Coefficient for calculating Nusselt number for forced 

convection 
t Coefficient for calculating Nusselt number for forced 

convection 
Tbulk Bulk mean temperature inside the cavity [K] 
Tcav Receiver cavity temperature [K] 
T∞ Ambient temperature [K] 
TZn,ave Average zinc temperature [K] 
vair Kinematic viscosity of air [m/s2] 
Vwind Wind speed [m/s] 
Zn Zinc 

Greek symbols 
αcav Cavity absorptance 
αeff Effective absorptance 
β Receiver inclination angle [deg] 
βv Volumetric thermal expansion coefficient [1/K] 
εcav Emissivity of cavity 
εeff Effective cavity emissivity 
λzn Latent heat of fusion of zinc [J/kg] 
φrim,D Dish global rim angle [deg] 
ηth,rec Thermal efficiency of the receiver [%] 
ηD Dish reflector efficiency [%] 
θ Receiver tilt angle [deg]
Γ Intercept factor 
μair Ambient air viscosity [kg/m • s] 
ρair Density of air [kg/m3 ] 
ρD Facet reflectivity [%] 
φ Incident angle of wind direction relative to receiver 

aperture [deg] 
σ Stefan-Boltzmann constant [W/m2K4] 

Subscripts 
air Air properties 
ave Average 
ap Aperture 
D Dish 
cav Cavity 
cond Conduction 
conv Convection 
eff Effective 
em Emissivity 
forc Forced 
i Inner 
in Internal 
∞ Ambient conditions 
ins Insulation material 
L Length of receiver 
nat Natural 
rad Radiation 
rec Receiver 
ref Reflectivity 
s Surface 
t Time 
tot Total 
o Outer 
wall Available on the receiver cavity wall 
zn Zinc 

Abbreviations 
CFD Computational Fluid Dynamics 
CSP Concentrated Solar Power 
CSV Comma Separated Values 
DAQ Data Acquisition 
DNI Direct Normal Irradiance 
HFR Heliostat Field Reflector 
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[11]. The significant energy demand of the RLE process, as a whole, 
makes it unlikely to be satisfied by current CSP technologies, however, a 
desktop study by Sithole et al. [12] has shown that solar thermal heating 
can reduce the energy cost of the casting process by more than 50 % and 
the indirect CO2 emissions by up to 80 %. The casting step in the con-
ventional zinc metal flowsheet has been identified as a good starting 
point to achieve the goal of local beneficiation of zinc ore in South Africa 
through the use of CSP. 

Two-axis tracking, solar thermal collector (STC) technologies have 
been shown to achieve operating temperatures in the range of 420 ◦C 
[13], which is the melting point of zinc metal. The two most common 
STC technologies that fall under this category are heliostat field re-
flectors (HFR) and parabolic dish reflectors (PDR) [3]. PDR is widely 
regarded as the most efficient solar concentrating technology [14], not 
only because of excellent optical performance, but also because mass- 
production techniques can be applied to decrease the production cost 
of these units [14]. Considering that a single dish represents a full CSP 
system, operating temperatures similar to HFR are achievable, but with 
a significantly smaller footprint and at lower cost. 

When designing a solar receiver for a focal point STC technology 
application, several thermal and mechanical design considerations need 
to be evaluated and considered. At elevated temperatures, the most 
common heat loss from a receiver is radiation heat losses, followed by 
convective heat losses, and the smallest fraction is accounted for by 
conductive heat losses [15–17]. Bellos et al. [18] and Kasaeian et al. 
[17] provided a detailed analysis and review of cavity receiver designs 
for PDR and indicated that cavity receivers are some of the most com-
mon receiver types used in combination with PDR. Cavity receivers 
achieve high optical efficiencies by trapping incident solar radiation 
inside the cavity, and by doing so, the effective absorbance of the 
receiver increases [18]. The findings by Bellos et al. [18] and Kasaeian 
et al. [17] indicate that a cylindrical-conical cavity design generates 
some of the highest thermal and exergy efficiencies, followed by 
spherical and cylindrical cavities. Work by Demirtaş and Özcan [19] on 
melting aluminium using a conically shaped cavity receiver has reported 
a thermal efficiency of 22 %. In the work of Demirtaş and Özcan [19], a 
rectangular aluminium plate sample was positioned inside the conical- 
shaped cavity and directly exposed to concentrated solar radiation. 

The air flow and heat transfer characteristics within a closed cavity 
typically depend on variables such as the temperature inside the cavity, 
the cavity shape and the inclination angle of the cavity [20,21]. For 
open-cavity receivers, wind speed and direction as well as wind 
shielding affects convection heat losses [22]. Natural convection from 
cavity receivers is reasonably well understood and backed by good 
experimental results as published by Taumoefolau et al. [23], Yazda-
nipour et al. [24], and Abbasi-Shavazi et al. [25]. Ma [22] found that 
forced convection as a result of high wind speeds, can be as high as three 
times the maximum level of natural convection. This finding highlighted 
the need to include forced convection losses when evaluating a receiver 
design that will be exposed to environmental conditions. Several authors 
[22,26–31] have considered the effect of wind speed on convection heat 
losses, but these authors only considered wind speed with no wind di-
rection, or wind speed and only two receiver orientations (vertical and 
horizontal). Limited studies have investigated the effect of wind speed 
together with wind yaw angle. Authors such as Lee et al. [30] and Wu 
et al. [32] have experimentally investigated the effect of wind speed and 
yaw angle on heat losses, but this was done at either lower temperatures 
than what this study will achieve or only at selected receiver inclination 
angles. Reddy et al. [27] developed a numerical model for a range of 

receiver inclinations, wind speeds, and directions as well as for cavity 
temperatures of up to 600 ◦C. 

Kasaeian et al. [17] found that the optimum cavity length is equal to 
the cavity aperture for cylindrical and rectangular cavities. Other design 
considerations include a concentrating cone on the cavity aperture [33], 
which can aid in solar radiation collection, and modifying the cavity 
aperture by adding plate fins [34]. Another critical design consideration 
is that of the material of construction, and based on the requirement for 
this study and the need to contain molten zinc, galvanizing zinc kettles 
were investigated. Due to the aggressive nature of liquid zinc towards 
steel, zinc kettles are usually made of low-carbon, low-silicon steel 
[35–37]. 

1.1. Main contribution and novelty of this work 

At the time of writing, minimal literature could be found on the 
melting of zinc metal using concentrated solar power, and no literature 
of experimental data demonstrating this concept. This study set out to 
experimentally demonstrate the melting of zinc, using only concentrated 
solar power, in order to provide valuable insight into the operational 
requirements of this technology application. The technology can be 
applied to a range of applications, including but not limited to: casting 
(including small-scale battery technology and ingot casting as part of the 
RLE process), metal recycling, galvanisation, and small-scale thermal 
storage. Zinc is currently melted using gas-fired, coal-fired, and electric 
furnaces, which can result in significant energy costs and CO2 emissions 
[8,38], especially for galvanization, the most common application of 
zinc [39]. The study will serve as a starting point to demonstrate the 
potential for using CSP to beneficiate local resources, such as the 
example of zinc ore in the South African context, and for the use in other 
melting applications. An analytical model was developed to serve as a 
desktop tool for the further development of this technology, and the 
accuracy thereof was demonstrated by comparison with experimental 
data, providing the necessary confidence in the model. 

2. Experimental setup 

To investigate the potential for melting zinc metal using CSP, an 
experimental setup [40] was constructed to evaluate this concept under 
real environmental conditions. In this section, the design considerations 
pertaining to the experimental setup are discussed, describing the design 
in sufficient detail. The experimental setup, which included a multi-facet 
dish assembly, a solar receiver, a drive system, a data logging system, 
and a tracking system, are shown in Fig. 1. 

The multi-facet modular dish is referred to as the solar collector or 
solar dish. In this design, the solar receiver not only absorbed the 
concentrated solar radiation but also housed the zinc metal inventory. 
Using a drive system, the solar receiver was rotated to limit the possi-
bility of hot spot formation inside the receiver and improve heat transfer 
and mixing of the zinc feedstock. The solar dish and receiver assembly 
were allowed to face the sun for the duration of the testing period by 
adjusting the tracking system in both the azimuth and elevation direc-
tion. The receiver cavity temperature and the temperature of the zinc 
metal were remotely monitored and used as an indication as to when the 
zinc inventory was fully molten and ready to be tapped from the 
receiver. In each of the following sections, each of these individual sub- 
systems are discussed in greater detail. 

NEMA National Electrical Manufacturers Association 
PDR Parabolic Dish Reflector 
RLE Roast-Leach-Electrowin 
SAURAN South African Universities Radiometric Network 

STC Solar Thermal Collectors 
TC Thermocouple 
VNC Virtual Network Computing  
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2.1. Solar dish design 

The solar dish was made up of 6 smaller mirror facets that work 
independently to concentrate incoming solar radiation to a single focal 
point, at which the receiver was positioned. Each mirror facet was 
constructed by stretching and sticking a sheet of EverBright mirror film 
[41] to the rim of an ordinary television satellite dish. This assembly 
method and a pneumatic valve fitted to the back of the satellite dish 
allowed for a vacuum to be drawn and maintained behind the mem-
brane. By pulling a vacuum behind the membrane, the reflective surface 
of the membrane could be formed into a concave shape that aided in 
focusing the collected solar radiation [42–44]. 

The inner dimensions of each facet were measured to be 820 mm ×
757.5 mm [42], resulting in an elliptical shape rather than a circle. 
Zanganeh et al. [45] have shown that this characteristic can be used as 
an advantage. By tilting the elliptically-shaped facet to face the receiver, 
as done in the multi-facet design, a near circular image will be projected 
onto the receiver aperture [45]. This will increase the intercept factor 
and the concentration ratio of the assembly [45]. Each facet was tilted 
13.6◦ upward from the horizontal plane to achieve the above-mentioned 
projection characteristic. A rim angle was decided based on the flux 
distribution achieved, as a result, on the inside of the cavity wall (see 
Section 2.2 for the description of the solar receiver). An effective rim 
angle of 40◦, as illustrated in Fig. 2, allowed for sufficient penetration 
onto the receiver cavity while maintaining a relatively short focal 
length. As the focal length increased, the receiver arm (the structural 

steel section that supports the receiver) would also increase in length 
which could result in the dish assembly becoming top-heavy or intro-
duce unwanted movement at the receiver end during tracking. Each 
facet was positioned at DD/2 = 0.8 m from the centroid of the global dish 
assembly, which resulted in an effective dish diameter of DD = 1.6 m. To 
ensure that the predetermined geometric characteristics were met, a 
wooden “template” was fabricated to not only position the facets at the 
correct distance from the centroid, but a digital inclinometer was used to 
set the facets to the correct tit angle. The wooden template is shown in 
Fig. 3. Once all the facets were installed, a water-cooled plate was 
positioned where the receiver aperture would be positioned and was 
used for the final alignment and focusing of the individual mirror facets. 
The water-cooled plate used for calibration is shown in Fig. 4. A sum-
mary of the geometric characteristics of the multi-facet dish assembly is 
shown in Table 1. 

The EverBright mirror film’s spectral reflectivity is 95 % on average 
for all light wavelengths [35,40]. Roosendaal et al. [42] determined the 
intercept factor for a similar multi-facet dish assembly using a novel 
lunar flux mapping method and calculated an intercept factor of 89.9 % 
for a 0.135 m × 0.135 m aperture. The results by Roosendaal et al. [42] 
were used to calculate the expected intercept factor for the larger 0.2 m 
aperture diameter used for this work (see Section 2.2). Based on the 
results obtained by Roosendaal et al. [36], verified by the water-cooled 
plate calibration work, an intercept factor of 100 % was assumed for the 
current work. 

2.2. Solar receiver design 

The solar receiver comprised a primary receiver cavity, exposed to 
the concentrated solar radiation, as well as a secondary zinc cavity that 
housed the zinc metal inventory. The as-built receiver assembly is shown 
in Fig. 5. A cylindrical cavity shape was selected for the receiver design 
based on good optical properties [17,18], and because this shape 
allowed for simple and cost-effective fabrication. The receiver cavity 
had an aperture opening of 200 mm in diameter and a cavity depth of 
200 mm. The zinc cavity was radially 30 mm larger than the inner 
receiver cavity and this allowed for a zinc cavity volume of approxi-
mately 5.95 L. Fig. 6 illustrates all the relevant receiver design di-
mensions. The entire receiver assembly was fabricated from 350WA 
mild steel material, with the receiver vessel weighing approximately 6.7 
kg, excluding the insulation material and instrumentation. The receiver 
cavity and zinc cavity were fully welded to one another, and the back 
plate of the receiver was secured in place using a flanged arrangement 
and sealed using a high-temperature sodium silicate-based sealant. This 
arrangement allowed the back plate to be unbolted when the zinc cavity 
had to be inspected or when the cavity was to be charged with zinc 
feedstock. The back plate also housed a drive shaft secured in two 
flanged pillow blocks, allowing the receiver to rotate freely inside the 
receiver support frame. The receiver support frame was, in turn, secured 

Fig. 1. Experimental setup showing all the individual sub-components.  

Fig. 2. Geometric dimensioning of the multi-facet dish assembly.  
Fig. 3. Facet positioning method using a wooden template and digital 
inclinometer. 
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to the receiver arms to position the receiver at the focal point of the solar 
dish. The drive shaft was fitted to a chain and sprocket assembly, with a 
gear ratio of 4:1, allowing the receiver to rotate between 20 rpm and 42 
rpm. The rotational system was driven by a NEMA 23 stepper motor, 
locally controlled from an Arduino Uno micro-controller board and a 
TB6600 stepper driver. A tapered steel plug was also fitted to the back 
plate, which was removed when the zinc inventory was fully molten, to 
allow the zinc metal to be drained from the zinc cavity. 

Four dual-junction K-type thermocouples were used to measure the 
receiver cavity wall temperature and the zinc inventory temperature. 
Each thermocouple probe was 6 mm in diameter and housed a ther-
mocouple junction at the tip of the probe and a second, 30 mm back. 
This positioning allowed for eight temperature measurements from only 

four openings in the zinc cavity outer wall. The thermocouples were 
positioned using a brass compression fitting screwed into a ½ inch 
socket, which was welded to the outside of the zinc cavity as well as the 
back plate. Three probes were positioned 50 mm up from the receiver 
aperture and spaced 120◦ apart, and the last probe was fitted through 
the back plate, as shown in Fig. 6. When the ports were drilled for the 
probes, a small divot was drilled into the outer face of the receiver cavity 
wall. The divot allowed the thermocouple junction positioned at the tip 
of the probe to make good contact with the receiver cavity wall. The 
second thermocouple junction is then positioned at the back of the zinc 
cavity and should provide a temperature representative of the entire 
zinc volume. TC1 to TC4 represent the thermocouple junctions at the 
receiver cavity wall, and TC5 to TC8 the junctions at the back of the zinc 
cavity. 

With the thermocouple probes secured and the back plate fitted, 
multiple layers of ceramic fibre blanket were used to cover and insulate 
the receiver. Two layers were fitted to the side and the back of the 
receiver, resulting in an insulation thickness of 50 mm, and only a single 
layer of 25-mm-thick insulation was applied to the face of the receiver 
body. The insulation was secured in place by a combination of me-
chanical fasteners and Scotch 27 glass cloth electrical tape. The receiver 
cavity was left as untreated mild steel, of which the optical properties 
will be discussed in Section 3. 

2.3. Data acquisition 

By rotating the receiver cavity, additional complexity was added to 
the data logging system as no wire connections could be made to ground 
level as it would result in the cable being wound up around the drive 
system. For this reason, the entire temperature data logging system had 
to be mobile and rotate with the receiver. This arrangement was ach-
ieved by fitting a battery-powered temperature data logging system to 
the back of the receiver. The data logging system consisted of a Rasp-
berry Pi 3B single-board computer [47] fitted with two MCC134 ther-
mocouple data acquisition (DAQ) hats (hardware attached on top) by 
Measurement Computing Corporation [48]. Each of the two MCC134 
DAQ hats was capable of reading four thermocouples, resulting in the 
required eight temperature measurements. The data logging system is 
shown in Fig. 7. 

2.4. Solar tracking 

To enable optimum solar radiation collection by the solar dish/col-
lector, a two-axis tracking system was employed to ensure the dish was 
always directly facing the sun, throughout the day. The dish could be 
adjusted in the azimuth axis and in elevation, with both axes being 
operated manually. A pin-hole tracker was employed to ensure the ac-
curacy of the manual tracking method and to confirm that the tracking 
error remained within 1◦ in each axis. 

2.5. Weather data 

Accurate weather data was required to evaluate the performance of 
the solar collector and solar receiver, as well as to serve as inputs for the 
analytical model. This data was collected and provided by a Tier 1 
SAURAN (South African Universities Radiometric Network) [49] 
weather station, positioned at the top of Engineering Building 1 at the 
University of Pretoria. The direct normal irradiance (DNI) measurement, 
used as solar irradiance input for all calculations, was measured by a 
Kipp & Zonen CHP1 pyrheliometer, positioned on a SOLYS solar tracker. 
A Campbell Scientific CS215 sensor was used to measure the ambient 
temperature, and a R.M. Young 05103-5 sensor was used to measure the 
wind speed and direction. It should be noted that this weather station 
was not positioned directly next to the experimental setup, which would 
result in some discrepancies between the measured and actual wind 
speeds. The weather station was positioned approximately 60 m away 

Fig. 4. Facet calibration method using the water-cooled plate.  

Table 1 
Geometric design characteristics of the multi-facet dish assembly.  

Parameter Symbol Unit Value 

Global dish diameter DD m 1.6 
Global rim angle φrim,D degrees 40 
Local focal length fD m 1.098 
Virtual dish depth hd m 0.145 
Total incident reflective area AD m2 2.845  

Fig. 5. As-built receiver assembly installed in the receiver support frame.  
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from the experimental setup and approximately 30 m higher. Wind 
speed data collected on the same site [43] was obtained (Swanepoel, J. 
K., private communication, 2023) and was used to evaluate the differ-
ence in wind speed between the experimental setup and the weather 
station. The wind speed data of seven days were evaluated, showing that 
wind speeds were about 5 % higher at the experimental setup than what 
was measured at the weather station, however, this difference was 
assumed to be negligible. 

2.6. Experimental method 

The experimental setup was used to evaluate the solar collector and 
solar receiver system on five different days, to gather information over a 
range of environmental conditions. The elevation drive linear actuator 
was disconnected for easier access to the receiver frame, and a hand 

winch was used to tilt the dish assembly to ground level. Each experi-
mental run started by filling the zinc cavity with solid zinc feedstock, as 
shown in Fig. 8. Thereafter the back plate was put in position, and the 
zinc cavity was sealed close. The data logging equipment was then fitted 
to the back of the receiver before the receiver unit was installed into the 
receiver frame and the drive system connected. 

After the receiver had been installed, the hand winch was used to tilt 
back the assembly and re-connect the elevation drive. The tracking 
system, as well as the pin-hole tracker, was then used to get the solar 
dish to face the sun directly, allowing the sunlight to be focused into the 
centre of the receiver cavity. The vacuum behind each of the facet 
membranes was then drawn to concentrate the collected solar radiation 
to a smaller focal point into the receiver cavity. The rotation of the 
receiver was also activated at this time. With all of the auxiliary systems 
in operation, the tracking system was continuously manually adjusted to 

Fig. 6. Receiver design showing the major dimensions and the thermocouple positions.  
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keep the tracking error within 1◦. Once the temperatures of the ther-
mocouples at the zinc cavity sidewall started to rise above 420 ◦C (the 
melting point of zinc), it was assumed that the zinc inventory was fully 
molten and that the latent heat phase had been completed. The rotation 
of the receiver was then stopped, and the assembly rotated to face 
opposite to the sun before the assembly was lowered to the tapping 
position (same as the filling position). The assembly in the receiver 
maintenance and tapping position is shown in Fig. 9. The plug at the 
back of the receiver was then removed, and this allowed the molten zinc 
to be drained into a steel ladle coated with a ladle coating to aid in 
releasing the ingot from the ladle afterwards. 

3. Analytical model 

In this section, the theory and assumptions used to compile the 
analytical model are described and discussed. The different heat loss 
mechanisms are evaluated and the methodology and theory used for 
each are described in sufficient detail. Also in this section, the method 
for calculating the heat loss or heat gain in the zinc inventory is 
described. The thermal analysis model was developed in the Python 
programming language [50] to calculate the first-law thermal efficiency 
(at each timestep) for the receiver, as shown in Eq. (1). The model 
considered solar data as energy input as well as the heat loss associated 
with the receiver design, orientational movement, and environmental 
conditions. The model results were then validated against the experi-
mental results. 

ηth,rec =
Q̇net

Q̇ap,in
(1) 

A schematic of the receiver and the heat losses are shown in Fig. 10. 
The heat loss mechanisms from the receiver consists of conduction, 
convection, and radiation. The net heat transfer rate available in the zinc 
cavity is calculated using Eq. (2). Constant c is the heat transfer effi-
ciency constant that will be discussed in greater detail in the results 
section but is used to correct for the fill density in the zinc feedstock and 
for contact between the receiver wall and the zinc. Air gaps in the zinc 
feedstock negatively affect the heat transfer between the receiver cavity 
wall and the zinc. 

Q̇net = c • Q̇wall = c • (Q̇ap,in − (Q̇cond,loss + Q̇conv,loss + Q̇rad,loss)) (2) 

The useful solar heat supplied at the receiver aperture is expressed in 
Eq. (3) [51]. This equation considers the DNI reaching the solar reflector 
surface area (AD) and the reflector efficiency (ηD). 

Q̇ap,in = I • AD • ηD (3)  

The reflector efficiency shown in Eq. (4), depends on the geometry, 
manufacturing process, imperfections, mirror soiling, reflector material, 
and optical properties [51]. 

ηD = Γ • fs • ρD (4)  

3.1. Conduction heat loss 

At elevated temperatures, conduction heat loss from the receiver 
walls represents a small fraction of the total receiver heat losses, if 
sufficient insulation is applied [15,52]. The insulation thickness is 

Fig. 7. The data logging system is shown fitted to the back of the receiver.  

Fig. 8. Zinc cavity before heating showing the zinc feedstock and gasket ma-
terial used for sealing the back plate. 

Fig. 9. Receiver charging and discharging position with the whole assembly 
lowered to ground level for easier access (orientated to face away from the sun). 

Fig. 10. Schematic of heat loss mechanisms from the open-cavity receiver 
exposed to the environment. Note that the zinc is in contact with the open- 
cavity receiver walls on the inside as well as with the insulation on the 
outside, and the whole setup rotates around the drive shaft. 
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typically specified in such a manner as to limit the conductive heat losses 
while limiting the shading factor of the receiver. Because of the use of 
the multi-facet dish design, the shading factor was not of real concern 
and was specified as fs = 1. For this receiver design, ceramic fibre 
blanket insulation material was selected to be used as receiver insulation 
based on the material’s low thermal conductivity, flexibility, and 
availability. The ceramic fibre blanket has a thermal conductivity of 
0.11 W/mK at 673 K [53]. The conduction heat loss from the receiver 
insulation is calculated as per Eq. (5), assuming that the average zinc 
temperature is equal to the average wall temperature. 

Q̇cond,loss =

(
TZn,ave − T∞

)

Rtot
(5) 

The combined thermal resistance (Rtot) of the cylindrical receiver 
system can be calculated by Eq. (6), with Rins and Rconv the insulation and 
convection resistances, respectively [13]. 

Rtot = Rins +Rconv =

ln
(

ro,ins
ri,ins

)

2πLreckins
+

1
2πro,insLrecho

(6) 

The convection heat transfer coefficient (ho) represents a combina-
tion of natural and forced convection at the outer surface of the receiver 
insulation material. Forced convection will be dependent on the wind 
speed and angle of attack. Cross-flow over the receiver was assumed for 
all scenarios. Heat loss from the back of the receiver was neglected as it 
was fitted with an additional insulation layer and was shielded by a sun 
shield installed to protect the data logger. Conduction heat losses from 
the drive shaft were also neglected due to the relatively small area of this 
component. To determine the convection coefficient, the average Nus-
selt number (NuD,forc) for forced convection over a cylinder in a cross- 
flow wind was evaluated using Eq. (7) and Eq. (8) [13]. 

ho =
NuD,forckins

Dins
(7)  

NuD,forc =
h0Dins

kins
= CRem

D,insPr1/3 (8)  

Constants C and m for cylinders in cross-flow used for Eq. (8) can be 
found in [13], based on the calculated Reynolds numbers (ReD,ins) as 
defined by Eq. (9) [13]. 

ReD,ins =
ρairVwindDins

μair
(9)  

The natural convection Nusselt number for a cylindrical body is calcu-
lated as per Eq. (10) [13], valid for RaD,ins ≤ 1012, where RaD,ins is the 
Rayleigh number (RaD,ins = GrLPr) and Pr the Prandtl number. 

NuD,nat =

⎛

⎜
⎜
⎜
⎜
⎜
⎝

0.6 +
0.387Ra

1
6
D,ins

(

1 +

(
0.559

Pr

) 9
16
) 8

27

⎞

⎟
⎟
⎟
⎟
⎟
⎠

2

(10) 

To determine the state of natural and forced convection, the 
following check can be done, as shown in Table 2. 

The Grashof number is calculated using Eq. (11), with all the air 
properties calculated at the average temperature between the exposed 
insulation surface and the ambient conditions. 

GrL =
gβv
(
Ts,ins − T∞

)
L3

rec

v2
air

(11)  

To calculate the combined Nusselt number for the natural and forced 
convection, Eq. (12) is employed with n = 4 for transverse flows 
involving cylindrical bodies [13]. 

Nun
D = Nun

D,forc +Nun
D,nat (12)  

3.2. Convection heat loss 

The convection heat loss from the receiver’s cavity is calculated as 
per Eq. (13), and the internal convection heat transfer coefficient, hin, is 
shown in Eq. (14). 

Q̇conv,loss = Acavhin(Tcav − T∞) (13)  

hin = Nu
k

Dap
(14) 

The Nusselt number (Nu) is dependent on the wind conditions. The 
wind speed and direction will determine whether or not natural con-
vection, forced convection, or a combination of both take place inside 
the receiver cavity. 

For wind speeds below 1.5 m/s, the Nusselt number for natural 
convection is calculated using an equation proposed by Stine and 
McDonald [22]. This equation is shown in Eq. (15), with P(θ) a function 
of the receiver tilt angle and lc the characteristic length represented by 
the receiver aperture-cavity radius ratio [22]. 

Nucav,nat = 0.78P(θ)l1.75
c (Gr • Pr)0.25 (15) 

To calculate the Nusselt number for natural convection, for wind 
speeds between 1.5 m/s and 5 m/s, a correlation proposed by Wu et al. 
[31] was considered and is shown in Eq. (16). 

Nucav,nat = 0.00106Gr0.149(2 + cosβ)7.228
(1 + εcav)

− 0.0849
(

d
Di

)1.466

(16) 

With regard to forced convection, a Nusselt number correlation 
proposed by Reddy et al. [27] was considered for all wind speeds below 
5 m/s (see Eq. (17)). β represents the receiver inclination angle (refer to 
Fig. 6) and φ the incident angle of the wind, with 0◦ representing a side- 
on wind, 90◦ a head-on wind, and − 90◦ a back-on wind, relative to the 
receiver aperture. The Grashof and Reynolds numbers are calculated 
using Eq. (18) and Eq. (19), respectively. It should be noted, however, 
that Reddy et al. [27] evaluated a modified hemispherical cavity 
receiver, whereas this study evaluated a cylindrical cavity receiver. 

Nucav,forc = p(1 + cosβ)q
(3 + sinφ + sin2φ + sin3φ)r

(
d
Di

)s(Gr
Re2

)t

(17)  

Gr =
gβv(Tcav − T∞)D3

ap

v2
air

(18)  

Re =
ρairVwindDap

μair
(19) 

For wind speeds in excess of 5 m/s, equations proposed by Bergman 
et al. [13] were utilized for natural convection (see Eq. (20)) and forced 
convection (see Eq. (21)). 

Nucav,nat = 0.52(Gr • Pr)0.2 (20)  

Nucav,forc = 0.68Re0.5Pr 0.333 (21) 

The procedure for defining the convection state is by evaluating the 

Table 2 
Check for combining natural and forced convection [13].  

Check Outcome 

GrL

Re2
L
< 0.1 Natural convection is negligible 

GrL

Re2
L
> 10 Forced convection is negligible 

0.1 ≤
GrL

Re2
L
≤ 10  Natural and forced convection need to be combined  
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(
Gr
Re2

)
relationship, as shown in the conduction heat loss discussion. As 

the convection heat loss is calculated for a cavity, not cross-flow over a 
cylinder, this relationship will not be a precise estimation [13]. This 
method was described in detail in the conduction heat loss section above 
and summarized in Table 2. 

All air properties were calculated based on the bulk mean tempera-
ture (Tbulk) as shown in Eq. (22). An average cavity wall temperature was 
assumed for the cavity and this was also the approach employed by the 
Nusselt number correlations [22,26]. In the model, the cavity wall 
temperature is assumed to be the same as the zinc temperature (TZn,ave). 

Tbulk =
T∞ + TZn,ave

2
(22)  

3.3. Radiation heat loss 

At elevated temperatures, radiation heat loss contributes a signifi-
cant fraction of the total heat loss from the receiver [15,54]. As opposed 
to the other two heat loss mechanisms, radiation heat loss remains 
relatively constant throughout the day once a steady-state temperature 
has been reached inside the receiver [15]. The total radiation heat loss 
from a receiver cavity is the result of emission and reflection from the 
inside of the cavity [15,51,54]. 

Radiation heat loss due to emission (Q̇rad,em) from inside the cavity is 
calculated as per Eq. (23) [51], with εeff the effective emissivity based on 
the cavity emissivity (εcav) and the aperture surface area (Aap) to cavity 
surface area (Acav) ratio, as calculated in Eq. (24). The cavity emissivity 
(εcav) is a function of temperature as shown in Eq. (25) [55]. 

Q̇rad,em = εeff σAap(T4
cav − T4

∞) (23)  

εeff =
εcav

1 − (1 − εcav)

(

1 −
Aap
Acav

) (24)  

εcav = 0.28, for T < 380◦ C;

εcav = 0.00293T − 0.833, for 380◦C ≤ T < 520◦C;

εcav = 0.69, for T ≥ 520◦ C (25) 

To calculate the radiation heat loss as a result of reflection (Q̇rad,ref )

from inside the receiver, through the aperture, Eq. (26) is used. With αeff 

the effective absorptance, calculated as per Eq. (27) [51], and Q̇ap,in the 
total solar energy supplied to the receiver aperture. The cavity absorp-
tance (αcav) for this study was assumed to be 0.52 [56]. 

Q̇rad,ref =
(
1 − αeff

)
Q̇ap,in (26)  

αeff =
αcav

1 − (1 − αcav)

(

1 −
Aap
Acav

) (27) 

The total radiation heat loss (Q̇rad,loss) from the receiver was calcu-
lated as the sum of the radiation losses as a result of emitted and re-
flected radiation as per Eq. (28). 

Q̇rad,loss = Q̇rad,em + Q̇rad,ref (28)  

3.4. Heat gain calculation 

With the heat input and all the heat losses accounted for, the heat 
gain of the zinc metal inventory can be calculated to determine at which 
time step the zinc inventory will be fully molten. This is achieved by 
using three stages, starting with the sensible heating stage, during which 
the entire batch is still solid, followed by a transition phase known as the 
latent phase, and then a second sensible heating phase, during which the 
molten material (liquid) is heated further. During the liquid heating 

phase, the zinc material is heated beyond the melting point to aid in the 
successful tapping of the material from the receiver. 

During the solid heating phase, Eq. (29) applies [13]. Tt− 1 represents 
the temperature of the zinc batch at the beginning of the time step (Δt =
1 min), and is used together with the available heat during the time step 
(Qnet = Q̇net × 60), to calculate the zinc cavity temperature, Tt , at the 
end of the time step. This process is repeated until the melting point of 
zinc is reached. During the solid heating phase, both the zinc batch mass 
and the mass of the receiver steel are considered. To incorporate the 
mass of both the zinc and receiver, an average of the resultant specific 
heat capacity (cp) is calculated at the system temperature for each time 
step. 

Q̇net = (mzn +msteel)•
(cpsolid− Zn + cpsteel )

2
• (Tt − Tt− 1)/60 (29) 

Once the melting point is reached, the latent heating phase repre-
sented by Eq. (30) [13], comes into effect. This phase makes use of the 
latent heat of fusion (λzn) to calculate the amount of heat added to the 
zinc material. For every time step in this phase, Eq. (31) is in effect 
during which the mass of zinc that is already molten (mzn,liquid(t− 1)) is 
added to the mass of molten material formed during that time step. This 
process is repeated until the entire batch of zinc is in the liquid state. For 
the latent heating phase, only the mass of the zinc batch is considered, as 
the steel temperature would show little to no temperature change during 
this phase. 

λzn

60
=

Q̇net

mzn
(30)  

mzn,liquid(t) = mzn,liquid(t− 1) +

⎛

⎜
⎝

60 • Q̇net

λzn

⎞

⎟
⎠ (31) 

With the entire batch of zinc in the liquid state, the liquid heating 
occurs, as per Eq. (32) [13]. This process will continue to a specified cut- 
off temperature. An additional 20 K was added to the zinc melting 
temperature before it was removed from the heat source to be tapped. 
The additional heating was aimed at limiting the amount of zinc in-
ventory that solidifies in the receiver during the tapping procedure as a 
result of heat losses. During the liquid heating phase, the mass of both 
the zinc batch and receiver steel is again considered, as both would 
require energy to increase in temperature. 

Q̇net = (mzn +msteel)•
(cpliquid− Zn + cpsteel )

2
• (Tt − Tt− 1)/60 (32)  

4. Results 

In this section, five experimental test runs that were executed as part 
of this study are discussed in great detail to describe the unique envi-
ronmental conditions that were associated with each run (a summary 
can be found in Appendix A). The detailed discussions describe the 
lessons learned and conclusions drawn from each experimental run. The 
results produced by the analytical model are included in this section, 
together with a detailed description of how the analytical model com-
pares with the experimental results. A discussion follows on the effi-
ciency of the system and the influence that the different environmental 
conditions have. 

4.1. Experimental results 

Each of the five experimental tests was executed as per the discussed 
experimental method (see Table 3). 

4.1.1. Experiment 1 & 2 
The first experimental run started at 13:36 on the 26th of July 2022. 

The late start resulted in the DNI starting to decrease steadily, as shown 
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in Fig. 11, which ultimately resulted in the zinc not reaching the melting 
temperature of 420 ◦C. An average DNI of 688 W/m2 and wind speed of 
2.01 m/s was recorded during Experiment 1. TC6 and TC7 represent the 
thermocouples inside the zinc material, as illustrated in Fig. 6. TC8 
represents the temperature of the zinc cavity at the back of the receiver. 
As the zinc feedstock settles to the front of the receiver due to gravity 
and receiver orientation, it can be assumed that the temperature rep-
resents the air pocket temperature inside the zinc cavity. This air pocket 
is likely why TC8 measures lower temperatures in all the experiments 
because it is not in constant contact with zinc metal. TC2 to TC4 
represent the temperatures of the receiver cavity, and the position of 
each is shown in Fig. 6. TC1 and TC5 were found to be faulty and 
assumed to have been damaged during installation. The irregular noise 
in the TC4 data is also most likely due to a damaged thermocouple, as it 
does not follow any of the other trends. The missing data around the 1- 
hour mark resulted from a data logger failure, but after a restart, the data 
logging continued. The same receiver was used for Experiments 1 to 4, 
and a new receiver was used for Experiment 5. This decision resulted in 
some interesting findings, which will be discussed below. 

Experiment 2 started at 10:12 on the 8th of August 2022 and used the 
same receiver and inventory as Experiment 1. It can be noticed that the 
receiver cavity temperatures (TC2 to TC4) sharply increased while the 
zinc temperatures (TC6 to TC8) increased more slowly, as shown in 
Fig. 12. A better average DNI of 792 W/m2 was recorded together with a 
slightly higher average wind speed of 2.68 m/s, when compared to 
Experiment 1. As the zinc temperature approaches the melting tem-
perature, the receiver and zinc temperature get closer to one another, as 
expected, due to material softening and settling around the thermo-
couples and allowing for better heat transfer from the receiver cavity to 
the zinc. The limited deviation between the receiver temperature mea-
surements points to a uniform receiver cavity temperature, which 
translates to the uniform heating of the zinc inventory. The control 
philosophy was to heat the receiver until temperature measurements 
above the melting point of zinc were observed, pointing to the latent 
heat phase being completed, and the zinc inventory being fully molten. 

This was not completely the case, and will be discussed in the analytical 
model results section. 

During Experiments 1 and 2, the face of the receiver was not pro-
tected with insulation material, resulting in excess heat loss. Not only 
did the exposed face result in a higher heat input required to melt down 
the zinc feedstock, but the enlarged exposed surface and the resultant 
increased heat losses could also cause the molten material to solidify 
again before it could be drained from the receiver. The increased heat 
loss, together with the time taken during the tapping procedure due to 
initial inexperience, is most likely why only 30.52 % of the zinc in-
ventory could be drained from the receiver in the molten form, as listed 
in Table 3. The increased heat loss was accounted for in the analytical 
model by adding additional convection heat loss from the faceplate of 
the receiver, as shown in Eq. (33). The additional convection heat loss 
was calculated in the same manner as described in Section 3.2, with the 
exception of the gravitational constant which was calculated as per Eq. 
(34) [13] to account for the buoyancy of the air in the Grashof number. 
The ratio between the surface area of the faceplate and the circumfer-
ence of the faceplate represents the characteristic length used for the 
faceplate calculations. 

Q̇conv,loss = (Acavhin(Tcav − T∞)) + (Afaceplatehfaceplate(Tcav − T∞)) (33)  

gfaceplate = gcos(90◦

− β), for 0◦

≤ (90◦

− β) ≤ 60◦

gfaceplate = g, for (90◦

− β) > 60◦ (34)  

4.1.2. Experiment 3 & 4 
For Experiment 3, starting at 09:21 on the 16th of August, additional 

insulation was added to the face plate of the receiver, as illustrated in 
Fig. 6 and Fig. 10, with the aim of reducing the heat loss from this area of 
the receiver. The results of Experiment 3 are shown in Fig. 13. During 
Experiment 3 the highest average DNI of 910 W/m2, out of the five 
experiments, were recorded together with an average wind speed of 
2.14 m/s. It is assumed that the remaining inventory from Experiment 2 
settled and solidified around the thermocouples towards the face side of 
the receiver. This assumption is based on a visual inspection of when the 
new zinc feedstock was added and the comparable temperatures be-
tween the receiver cavity temperatures and that of the zinc inventory, 
pointing to fewer voids in the feedstock. This packing arrangement 
improved the heat transfer significantly and reduced the heat input 
required to get the inventory to the molten state. The reduced heat loss 
from the receiver and the improved heat transfer between the receiver 
cavity and the zinc resulted in a steady and uniform heat-up of the 
complete system. TC4 follows the same trend at the beginning, pointing 

Table 3 
Molten zinc recovery by mass.  

Test Zinc mass 
[kg] 

Mass drained 
[kg] 

Mass remaining 
[kg] 

Recovery 
[%] 

1  10.01 0  10.01 0 
2  10.01 3.05  6.95 30.52 
3  16.96 12.46  4.50 73.47 
4  14.52 10.25  4.24 70.82 
5  10.01 2.52  7.54 25.04  

Fig. 11. Receiver temperatures - Experiment 1 on the 26th of July 2022.  
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to a uniformly heated cavity, but then starts to malfunction around the 
half-hour mark. TC8 is likely not in contact with any process material 
and is, as a result, only measuring the air pocket temperature in the back 
of the zinc cavity. The uniform heat-up and stopping the experiment at 

the correct time to drain the molten inventory resulted in 73.47 % of the 
zinc inventory being drained from the receiver in its molten state. The 
inventory that was not drained is believed to be a result of the high 
thermal conductivity of zinc and the time it took to drain the inventory, 

Fig. 12. Receiver temperatures - Experiment 2 on the 4th of August 2022.  

Fig. 13. Receiver temperatures - Experiment 3 on the 16th of August 2022.  

Fig. 14. Receiver temperatures - Experiment 4 on the 21st of August 2022.  
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causing some material to solidify in the receiver, as all other indications 
pointed to the complete inventory being melted down. 

Experiment 4 started at 09:11 on the 21st of August 2022, containing 
some solidified inventory from Experiment 3, but a visual inspection 
revealed that the material from Experiment 3 was drained to below the 
thermocouple position. Additional zinc feedstock was added to the 
receiver, adding voids in the inventory and is most likely the reason why 
a significant temperature difference between the receiver cavity tem-
perature and zinc temperatures is noticed, as shown in Fig. 14. Even 
though good solar irradiance was recorded on this day (908 W/m2), 
similar to Experiment 3, much higher wind speeds (5.26 m/s) were 
recorded which drastically increased heat loss from the receiver. The 
influence of the wind speed will be discussed in greater detail in the 
analytical model results section. The higher heat loss resulted in less zinc 
being tapped from the receiver (70.82 %) even though this receiver was 
kept at the focal point of the parabolic dish for about 30 min longer than 
in Experiment 3. TC4 is believed to have completely malfunctioned 
during this experiment; therefore, the results are not reflected in Fig. 14. 
TC 8 is again believed not to have been in contact with any process 
material. 

4.1.3. Experiment 5 
The last experiment, Experiment 5, took place on the 5th of 

September 2022, and the test was initiated at 08:36. This test made use 
of a new receiver vessel with a fresh batch of zinc feedstock. This 
entailed a completely new fabricated receiver fitted with new insulation 
material and a new set of thermocouples. An average DNI of 835 W/m2 

was recorded together with the lowest average wind speed, out of the 5 
experiments, of 0.95 m/s. Similar trends to Experiment 1 were noticed 
and are shown in Fig. 15. All eight thermocouples were functional and 
pointed to uniform heating in the zinc feedstock, even though the 
receiver cavity temperatures did point to some irregularities. These ir-
regularities can be a result of how and where the zinc feedstock made 
contact with the receiver cavity wall, utilizing heat more efficiently at 
some positions and less at others, resulting in localized heating. Local-
ized heating around 2.4 h into the test (at thermocouple TC2) resulted in 
the zinc inventory being drained prematurely and resulted in only 25.04 
% of the inventory being recovered from the receiver in the molten form. 
This action was a result of the experimental procedure, which dictated 
that if temperatures above 720 K were recorded after the latent heating 
phase, the molten material had to be tapped from the receiver. During 
this experiment, there were also some operational issues with the multi- 
facet dishes, during which three of the facets started to lose the vacuum 
behind the reflective membrane. These facets had to be replaced during 
the test. At 20 min into the test, the first facet started to show signs of a 

leak, followed by a second around the 40-minute mark. An attempt was 
made to repair the leaking facets in situ, but in failing to repair them, 
these two facets were replaced with new facets after an hour and 15 min. 
A third started to leak around an hour and a half into the test and was 
replaced with a new facet just before the two-hour mark. The test was 
then completed without any leaking facets. 

Fig. 16 shows the typical product obtained from the experimental 
process. The zinc was tapped into a rectangular ladle and a cupcake 
mould, for a more manageable form factor. 

4.2. Analytical results 

A Python model was developed, based on the literature discussed in 
the analytical model section, and is used to calculate the heat balance, 
considering the optical and design properties of both the receiver and 
the parabolic dish collector. The heat balance is based on the solar 
irradiance, ambient temperature, receiver orientation, wind speed, and 
wind angle obtained from the historical weather data. 

The results from the analytical model were compared with the 
experimental results, not only to validate the model but also to refine 
user input assumptions made during the development of the model. In 
an attempt to account for the uncertainty related to the heat transfer 
between the solid zinc particles and between the receiver wall and zinc 
particles, a heat transfer efficiency constant, c, was included in the 

Fig. 15. Receiver temperatures - Experiment 5 on the 5th of September 2022.  

Fig. 16. Casted zinc ingots.  
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model. This heat transfer efficiency constant will be unique to each test 
run as no packing structures will be the same in how and where the zinc 
feedstock makes contact internally and with the cavity wall. 

The results obtained from the analytical model were compared with 
the experimental results, and are shown in Figs. 17–21. One of the first 
observations made is that the zinc melted at temperatures slightly lower 
than the theoretical melting point (approximately 10 ◦C lower), and this 
is observed in all the experiments where the melting point had been 
reached (Figs. 18–21). This discrepancy is most likely due to the mea-
surement resolution of the thermocouples used (±2◦ C) together with 
material impurities in the zinc that resulted in a slightly lower melting 
point. 

4.2.1. Comparison with Experiment 1 
In Fig. 17, the results for the first experiment are shown together 

with the output of the analytical model using the historical weather data 
for the test duration. The first experimental run served as a training 
exercise, and the face of the receiver cavity was exposed to environ-
mental conditions. The temperature difference between the receiver and 
the zinc is believed to be a result of the voids within the solid zinc 
feedstock that result in less-than-ideal heat transfer. The feedstock size 
also limits the volume of zinc material that fits in the zinc cavity – in this 
instance, only 47 % of the zinc cavity was occupied by zinc material, 
with the rest taken up by air voids. The predictive analytical model as-
sumes complete surface contact between the receiver cavity wall and the 
zinc feedstock, with no voids in the feedstock if c = 1. In order to match 
the predictive model to the zinc temperatures obtained in Experiment 1, 
a heat transfer efficiency constant of c = 0.5 was required. 

4.2.2. Comparison with Experiment 2 
Experiment 2 is compared to the analytical model in Fig. 18. This 

experiment was executed using the same inventory left over from 
Experiment 1 and the same receiver setup, with the main difference 
being the environmental conditions. Experiment 2 was started much 
earlier during the day, and as a result, the receiver was exposed to much 
higher DNI intensities. The sun’s position was also different from 
Experiment 1 (see Appendix A), resulting in a lower receiver tilt angle, 
ensuring more movement in the zinc feedstock and potentially 
improving heat transfer. As with Experiment 1, a significant discrepancy 
between the receiver temperature and that of the zinc is noticed until the 
melting temperature of zinc is reached, and the melting material ensures 
sufficient contact with the receiver cavity wall. This phenomenon is 
expected due to an improved heat transfer as the air voids between the 
zinc particles are reduced and better surface contact is made with the 

heated surface. In order to match the experimental zinc temperature to 
that of the predictive model, a heat transfer efficiency constant of c = 0.4 
was required. The lower heat transfer efficiency constant than what was 
required for Experiment 1 can be due to the higher wind speeds observed 
during this experiment. The higher wind speeds could exaggerate the 
heat losses from the receiver due to the exposed receiver face. The 
analytical model also explains why only 30.5 % of the zinc feedstock was 
tapped in the molten form. As demonstrated by the analytical model 
results, the latent heating phase had not been completed yet, and the 
receiver was drained prematurely during the experiment. If the latent 
phase had finished, an increase in the temperature would have been 
noticeable in the model curve (see Fig. 19, for example). 

4.2.3. Comparison with Experiment 3 
Experiment 3 (see Fig. 19) was the only one of the five experiments 

where the thermocouples were entirely covered by solid material. The 
results from Experiment 2 showed that the melting point was reached, 
and as a result, most of the inventory softened and settled to the front of 
the zinc cavity. The material that remained in the zinc cavity after 
Experiment 2 solidified, but this time with much fewer voids and in good 
contact with the receiver cavity wall. Another change to Experiment 3 
was the addition of insulation material to the face plate of the receiver in 
an attempt to reduce the heat losses from this area. In Fig. 19, the results 
for Experiment 3 are shown, and it is clear that the receiver wall and zinc 
temperatures follow the same trend as opposed to the other four ex-
periments. The analytical model also accurately predicts these temper-
atures. Because the zinc and cavity temperatures follow the same trend, 
the model prediction is much more representative of the zinc material 
temperatures, which was the intent of the analytical model. Experiment 
3 illustrates the most ideal conditions out of all the experiments from the 
analytical model point of view. The approximately full zinc cavity, with 
limited voids resulting from Experiment 2, allows for the heat transfer 
mechanisms assumed in the analytical model. The analytical model as-
sumes a solid zinc inventory which ensures good contact with the 
receiver cavity wall. This assumption is most closely reproduced in 
Experiment 3, and the fact that the model so closely predicts the zinc 
temperatures provides confidence in the accuracy of the analytical 
model. A heat transfer efficiency constant of c = 1 was required, which 
alludes to no correction required to match the predictive model to the 
experimental results obtained for Experiment 3. 

Fig. 19 shows the reason for the good recovery of molten material 
from the receiver (see Table 3) during the tapping procedure of Exper-
iment 3, which was that the latent heating phase was just about 
completed when the experiment was stopped to tap the zinc. This is 

Fig. 17. Experiment 1 compared to the analytical model prediction based on historical weather data.  
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Fig. 18. Experiment 2 compared to the analytical model prediction based on historical weather data.  

Fig. 19. Experiment 3 compared to the analytical model prediction based on historical weather data.  

Fig. 20. Experiment 4 compared to the analytical model prediction based on historical weather data.  
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shown by the sharp increase in the predicted temperature after the latent 
heating phase, which coincides with when the receiver was removed 
from the heat source to be tapped. 

4.2.4. Comparison with Experiment 4 
Experiment 4 was the test run conducted during the highest average 

wind speeds, as shown in Appendix A. Convection and conduction heat 
losses are directly related to wind speed and direction, and as a result, an 
increase in wind speed will drastically increase heat losses from the 
receiver. The effect thereof is shown in Fig. 20 and is illustrated by the 
irregular temperatures (uneven slope) during heat-up (in both the 
experimental and predicted temperatures), as well as a longer heat-up 
when compared to Experiment 3 even though a similar average DNI 
was recorded. This negatively affected the heat-up time, and less molten 
material was drained from the receiver during this experiment. The 
analytical model results shown in Fig. 20 again illustrate that the 
experiment was stopped prematurely and that more heating was 
required to melt the entire zinc batch. Erratic temperature measure-
ments around the two-and-a-quarter hour mark resulted in temperatures 
above 720 K and as per the experimental procedure, served as an indi-
cation to drain the zinc cavity. These temperature spikes are likely due 
to localized heating, either caused by insufficient mixing by the rota-
tional movement of the receiver or by the inconsistent temperature 
profiles in the cavity receiver due to the higher wind speeds, at which 
forced convection becomes the driving heat loss mechanism [27]. In 
order to match the predictive model to the experimental zinc tempera-
tures, a heat transfer efficiency constant of c = 0.8 was required. At 
higher-than-average wind speeds, it was still possible to match the 
predictive zinc temperature to that of the experimental results, which 
again speaks to the accuracy of the analytical model. The reason for the 
required heat transfer efficiency constant is that a significant volume of 
zinc was drained during Experiment 3, which was then replaced with 
new zinc feedstock. The internal walls of the receiver were still coated 
with a layer of solid zinc from the previous experiment and this layer of 
process material aided in the heat transfer between the receiver cavity 
wall and the zinc feedstock. A heat transfer efficiency constant of c = 0.8 
will, therefore, likely be the best approximation when evaluating the 
day-to-day operation of this technology. 

4.2.5. Comparison with Experiment 5 
Experiment 5, shown in Fig. 21, was executed using a new receiver 

vessel, a new set of thermocouples, and a fresh batch of zinc feedstock. 
Significant temperature variations were noticed in the difference be-
tween the receiver and zinc temperatures and between the receiver 

temperatures themselves. The variation between the receiver tempera-
tures is possibly due to localized heating in the zinc particles, resulting in 
better contact with the receiver wall in some places than others. This 
theory is confirmed by the fact that the temperatures converge as soon as 
the melting temperature of zinc is reached, which indicates that the zinc 
is softening and is now making good contact with the side wall of the 
receiver. Also, as opposed to the previous experiment, the wall of the 
zinc cavity was not lined with a layer of solidified process material from 
a previous experiment. This omission negatively affected the heat 
transfer between the receiver cavity wall and the zinc. During Experi-
ment 5, the lowest wind speed out of all the experiments was recorded, 
and at these wind speeds, natural convection is the driving force for 
convection heat losses. A heat transfer efficiency constant of c = 0.6 was 
required to match the predictive model to the experimental results. This 
heat transfer efficiency constant will typically be representative of the 
first batch of zinc processed in a new receiver when evaluating the 
technology as an industrial application. After the first batch, the heat 
transfer efficiency constant can be adjusted to c = 0.8, as was deter-
mined by Experiment 3. 

4.3. Discussion 

The results have shown that it is not only possible to melt zinc using 
CSP only, but a predictive analytical model can, within a few minutes of 
accuracy, predict when a batch of zinc inventory will be completely 
molten. The comparative results shown in Figs. 17–21 speak to the ac-
curacy of the analytical model and that it can be used to investigate this 
technology application further. 

When the analytical model is broken down into the individual heat 
loss components, more detail can be provided into which heat loss 
mechanism has the most significant influence on the system’s efficiency. 
The heat balance of Experiment 3, shown in Fig. 22, indicates that the 
conduction and radiation heat losses stay relatively constant throughout 
the experiment, but the convection heat loss is very erratic. The erratic 
behaviour of the convection heat loss mechanism is related to the 
variability in the wind speed and direction, and depending on the wind 
speed, this heat loss mechanism is either driven by natural convection, 
forced convection, or a combination of both. The variability in the heat 
losses also resulted in the system’s efficiency following the same trend. 
The average overall efficiency obtained for Experiment 3 was 42.14 % 
(see Fig. 22), but the efficiency varied from 82 % to as low as − 56 %. 
Negative efficiencies point to a situation where the heat loss exceeds the 
heat input, and the system is losing energy, instead of gaining energy 
required to melt the zinc inventory (typically during a wind gust). The 

Fig. 21. Experiment 5 compared to the analytical model prediction based on historical weather data.  

P.J.A. Bezuidenhout and W.G. le Roux                                                                                                                                                                                                    



Applied Thermal Engineering 247 (2024) 122984

16

achieved efficiency compares well, but exceeds, the melting efficiency of 
between 22 % and 36 % obtained by Demirtaş and Özcan [19] in a 
similar solar melting study. The results obtained by investigating the 
individual heat loss mechanisms show that the convection heat loss is 
the most unpredictable and has one of the largest influences on the 
system’s efficiency. This statement, in turn, demonstrates the significant 
effect environmental conditions, such as wind speed and direction, have 
on the overall efficiency and stability of this technology application. 
This significant influence is why not only solar input and ambient con-
ditions need to be considered when evaluating CSP technologies for 
melting applications but also factors such as wind speed and direction. 

When the heat losses for Experiment 5 are observed, as shown in 
Fig. 23, much more stability is noticed. This is attributed to much lower 
wind speeds and resulted in natural convection being the driving 
mechanism for convection heat loss. Natural convection results in 
smaller heat losses for the convection heat loss mechanism, and as a 
result, much lower total heat losses were recorded. Even though much 
more stable heat losses were recorded, resulting in more stable effi-
ciencies, the average efficiency for Experiment 5 was only 26.26 %. The 
likely reason for this is the weak internal heat transfer between the 
receiver cavity wall and the zinc feedstock, which resulted in a lower 
heat transfer efficiency constant of c = 0.6 to be considered. Operational 
issues during this test and the loss of collector surface during the test 

caused the variability in the total heat input to the system. Fig. 23 again 
demonstrates the large influence that the wind speed and direction have 
on the system’s overall stability. 

5. Case study 

This study aimed to demonstrate that it is possible to melt zinc metal 
using only a CSP input and to develop an analytical model that can be 
used as a tool to develop this technology application further. The 
remelting of zinc cathodes, produced during the hydro-metallurgical 
production of zinc, has been identified as a suitable application to 
apply CSP to a high-temperature industrial application. This melting 
process forms part of the last step in the Roast-Leach-Electrowin (RLE) 
process. This step is conventionally done by melting the zinc cathodes in 
induction furnaces. At the time of writing, South Africa had no active 
zinc producing plants, making this application more favourable in the 
South African context by allowing this metal to be beneficiated locally 
using the country’s excellent solar resource. 

The analytical model uses historical weather conditions as an input 
to predict the number of zinc batches that can be processed in a day. 
Between 07:00 and 17:00, a full-day run on the 16th of August 2022 at 
Pretoria (South Africa) could produce two molten batches of zinc, as 
shown in Fig. 24. With 17 kg of zinc processed during each batch, and 

Fig. 22. Experiment 3 heat input and heat loss mechanisms are shown together with the instantaneous efficiency of the system.  

Fig. 23. Experiment 5 heat input and heat loss mechanisms are shown together with the instantaneous efficiency of the system.  
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with 80 % being tapped, just over 27 kg of molten zinc could be pro-
duced during this day, using the tested receiver design. The batch 
throughput is not only dependent on the solar quality but also on the 
wind and ambient temperature conditions, as was discussed in the 
analytical model section. 

The environmental influence is evident when Fig. 25 is observed, 
during which the analytical model was re-executed with the weather 
conditions of the 5th of September 2022 at the same location as for 
Fig. 24. The same analytical model was used, assuming the same heat 
transfer efficiency constant of c = 0.8, as determined for day-to-day 
operations, with the only difference being the weather conditions. On 
the 5th of September 2022, three complete batches could be processed, 
resulting in approximately 41 kg of tapped zinc, even though a slightly 
weaker solar irradiance was recorded on this day. These results again 
point to the significant influence the wind conditions have on the effi-
ciency of the melting process and as a result, the throughput of this 
technology application. In average wind speeds of below 2 m/s, the 
experimental setup in Pretoria therefore has the potential to process 
14.4 kg zinc per day per m2 of solar collector surface during the spring 
season, providing an indication of the expected average daily perfor-
mance over a typical year. 

To further demonstrate the benefit of using CSP for small-scale to 
medium-scale batch processing of zinc, these results can be compared 

with more conventional heat sources. Induction furnaces as well as gas 
burners can be used for the melting of zinc metal [11], to produce 
molten zinc for downstream processes such as casting, as mentioned for 
the RLE process, or recycling applications. Firstly, considering a small- 
scale induction furnace with a capacity of housing 15 kg of material, 
around 600 kWh per ton of electrical power would be required, taking 
into account an energy efficiency of 70 % [57]. This would result in an 
energy requirement of 0.6 kWh/kg of processed zinc, or 24.6 kWh/day 
to process the same mass of 41 kg as mentioned in the example above. 
Furthermore, considering that power in South Africa is mostly generated 
by coal-fired power stations, and assuming a CO2 emission rate of 0.87 
kg CO2/kWh [58], 0.52 kg CO2 is emitted for every kilogram of zinc that 
is processed. This results in 21.3 kg of CO2 emissions being generated, 
per day, to produce the same volume of molten zinc as with the solar 
receiver discussed in this study. 

In terms of equipment costs, the solar receiver prototype design used 
for this study had a total fabrication cost of approximately 515 USD. This 
cost included the steelwork, insulation material, drive system, as well as 
the instrumentation required. To put this into perspective, a small-scale 
induction furnace with a 15 kg capacity costs upwards of 5000 USD 
[59]. The CSP system can therefore be a cost-effective and feasible 
alternative as long as the solar dish setup and receiver combination costs 
less than 5000 USD. 

Fig. 24. Batch throughput results with DNI and wind speed [49] for the 16th of August 2022 at Pretoria, South Africa.  

Fig. 25. Batch throughput results with DNI and wind speed [49] for the 5th of September 2022 at Pretoria, South Africa.  
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The case study highlights the benefit of making use of CSP as the heat 
source to melt zinc, not only from an environmental perspective but also 
from a financial point of view. These results motivate further develop-
ment of this technology application. The analytical model as well as the 
high-level cost-saving analysis can be used to evaluate the potential for 
making use of CSP in industrial applications such as the beneficiation of 
local zinc resources. The concept of remelting zinc metal has been 
demonstrated, however, a more detailed financial evaluation is required 
in future work to determine the feasibility of applying this technology to 
the conventional zinc metal flowsheet. 

6. Conclusion 

For the melting of zinc metal, gas-fired, coal-fired and electric fur-
naces can result in significant energy costs. This research study pre-
sented an experimental investigation into the use of concentrated solar 
power as an alternative heat source for melting zinc metal. A cylindrical 
cavity receiver and a multi-faceted parabolic dish setup was considered 
and experimentally demonstrated. To successfully prove the technology 
application, and to provide insight into its operational requirements and 
feasibility, five experimental runs were executed. Four of these experi-
ments produced molten zinc and demonstrated that it is possible to melt 
zinc using only concentrated solar power. The thermal efficiency of the 
receiver was calculated to be in the range of 42 %, which compares well 
with the literature [19]. To facilitate the development of this technology 
for industrial heat applications, a predictive analytical model was 
developed and validated. Each experimental test provided valuable data 
against which the predictive analytical model could be validated. The 
analytical model developed as part of this study uses historical solar and 
weather data as input and can be used to further refine the design 
employed and as a tool to investigate the feasibility of this technology 
application for various locations. The analytical model, in combination 
with the experimental results, has shown that 14.4 kg of zinc can be 
processed in a typical day for each m2 of parabolic dish reflector area. 

A high-level case study demonstrated the value of this technology 
application in the hydro-metallurgical production of zinc (remelting of 
zinc cathodes as part of the Roast-Leach-Electrowin process). Not only 
can up to 0.52 kg of CO2 emissions be avoided for every kilogram of zinc 
being processed, but this technology application also unlocks significant 
energy cost savings. 0.6 kWh/kg processed zinc is saved when compared 
to conventional induction furnace technology. The low cost and 
modularity associated with the design of this CSP system can also make 
this technology application an attractive alternative for low-income or 
rural users without access to cost-effective power. It can allow entre-
preneurs access to small/medium-scale recycling, galvanisation, metal 
die-casting and melting applications, which otherwise might not have 
been feasible. 

6.1. Recommendations for future work  

• Additional research into the influence of wind speed and direction, 
relative to the receiver aperture, is required to further refine the 
forced convection heat loss estimation. The model employed for this 
study served as a sound basis and considered both wind speed and 
the wind direction. However, this work still has limited validation, 
and the model employed was developed for a different receiver and 
solar collector design. A better understanding of the mechanisms at 

play during the transition from natural to forced convection, or the 
combination thereof, is still required. 

• The heat transfer mechanisms in the zinc feedstock and their influ-
ence on the greater heat balance should be investigated in greater 
detail. The effect of heat transfer within the zinc feedstock was not 
modelled but was determined through experimental work. It was 
found that the heat transfer efficiency constant (c) for a new batch 
and a new receiver vessel is in the range of 0.6. Once a molten batch 
has been achieved with the receiver, which will be the case for the 
day-to-day operation of this technology application, a heat transfer 
efficiency constant of c ≈ 0.8 was determined. This heat transfer 
efficiency constant considers that a coating of process material 
remained in the receiver after the previous batch of zinc was drained, 
on top of which a new batch is added. The new batch will result in 
several voids in the inventory, but the surface coating will aid in the 
initial heat transfer. A heat transfer efficiency constant of c = 1 can 
only be assumed when a solid zinc inventory is used. Therefore, the 
heat transfer efficiency constant (c) also correlates with the mass of 
zinc in the receiver during the experimental run. Considering that the 
mass of the receiver vessel is also included during the sensible 
heating phase, the ratio of steel to zinc changes as less or more zinc is 
charged to the zinc container. The use of the zinc mass as an indi-
cation of the heat transfer efficiency constant (c), based on a zinc-to- 
steel ratio or the air void volume due to the mass of zinc charged, can 
also be considered in a future study.  

• The knowledge generated by demonstrating the melting of zinc 
metal using CSP can serve as the basis for various other zinc metal- 
related research including, but not limited to, metal phase-change 
studies, solar galvanisation, and thermal storage. This research can 
also be applied to other low-melting-point metal processing appli-
cations, including casting and recycling. 
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Appendix A  

Table A1 
Comparison between the different experimental test runs (with minimum and maximum recorded values). Wind speeds of up to 8.39 m/s have been demonstrated for 
this receiver design. The analytical model will become unstable when the Rayleigh number exceeds 1012 (the convection model becomes invalid) which is dependent 
on both the receiver design and environmental conditions. No limitations on DNI inputs have been found and ambient temperatures below freezing point will require 
additional validation. Zinc mass and the heat transfer in between particles require further investigation, as the model considers perfect contact between the zinc 
inventory and receiver sidewall. A heat transfer efficiency constant has been proposed to account for voids but has only been done for as low as 50 % volume fill.    

Parameter 

Zinc 
mass 
(m) 

Volume 
fill 

Average 
DNI (I) 

Average 
Temp. 
(T∞) 

Average 
wind 
speed 
(Vwind) 

Average 
receiver 
tilt angle 
(θ) 

Average 
wind 
direction 
relative to 
the receive 
aperture (φ) 

Heat 
transfer 
efficiency 
constant 
(c) 

Average wind 
direction 
classification 

Faceplate 
insulation 

Feedstock shape inside 
cavity 

Date Time of day Duration 

kg % W/m2 ◦C m/s deg deg (− 30◦ < head 
on < 30◦) 
[27] 

YES/NO Based on the previous 
experiment 

Minutes 

Experiment 
no. 

1 10 47.62 688.57 18.55 2.01 56.28 50.81 0.5 Side-on-wind NO New charge with no 
previous melt 

26/ 
07/ 
2022 

13:37–15:25 109 

2 10 47.62 792.61 16.78 2.68 45.41 50.23 0.4 Side-on-wind NO Charge from Exp 1. 04/ 
08/ 
2022 

10:12–13:00 169 

3 16.96 80.76 909.98 14.2 2.14 44.75 11.51 1 Head-on- 
wind 

YES Good contact with 
sidewall due to molten 
material from Exp 2. 

16/ 
08/ 
2022 

09:32–12:25 174 

4 14.53 69.19 908.39 12.03 5.26 45.91 61.83 0.8 Side-on-wind YES Most of the zinc was 
drained during Exp 3, 
so new charge material 
was added. Some 
molten material left 
over from Exp 3 results 
in better contact 
between Zn and 
thermocouples. 

21/ 
08/ 
2022 

09:11–11:53 163 

5 10 47.62 835.67 23.65 0.95 45.23 − 38.68 0.6 Side-on-wind YES New receiver and 
charge with no 
previous melt. 

05/ 
09/ 
2022 

08:36–11:30 175 

Min 10 47.62 475 9.02 0.001 32.09 − 89.63 0.4 – – – – – 109 
Max 16.96 80.76 936 28.34 8.36 60.61 81.54 1 – – – – – 175  
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