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A “Solar Salt” (NaNO
3
–KNO

3
60 : 40 molar mixture) latent heat storage has been charged by direct solar illumination. Solar Salt

as a Phase Change Material (PCM) can be an attractive small scale heat storage solution, as the melting temperature of about
220∘C can be suitable for cooking purposes. The tests were made with a double-reflector setup. In this setup a secondary reflector
positioned above the focal point of the primary reflector directs the rays onto a heat storage positioned below a hole in the primary
reflector. The reflectors are tracking the sun, but the storage is stationary. The direct illumination of the absorber top plate during
the tracking of the sun melted the salt in the storage through conducting fins. This is a system where portable heat batteries can be
charged, during sunshine hours, and then provide heat for cooking during evening times.

1. Introduction

The majority of the population in Mozambique lives dis-
persed in rural areas, with nearly 75% of the population not
connected to the electrical grid. Most people in Mozambique
rely on some form of biomass for cooking; more than 80%
of the country’s primary energy comes from biomass [1].
The biomass resources for cooking are, however, becoming
increasingly scarcer due to deforestation and to the change
in land use [2, 3]. The deforestation rate in Mozambique
is estimated to 5.6% [4]. This also increases the burden on
women and children who spend increasing time on fetching
firewood to meet the families daily energy needs for cooking.

Mozambique has good solar radiation intensity with a
daily annual average of 5.2 kWh/m2 [1, 2, 5].Therefore, direct
collection of solar thermal energy can be an energy source for
multiple domestic needs (cooking, baking, frying, hot water,
pasteurization, etc.) in rural areas of Mozambique, both as

stand-alone units or as units integrated in hybrid systems
(solar PV, wind, and hydropower). Adoption of solar cooking
also has other indirect benefits such as more time for women
and children to dedicate themselves to their educational
activities; improved in-door environment; and less risk of
burning accidents.

Solar Cooker International (SCI) [6] provides extensive
information on solar cookers. The most widespread solar
cooker technology is that of direct cookers. The direct solar
cookers can, however, only be used during periods of direct
sunshine. So, direct cookers have limited use when the
sunshine is intermittent, with the passing of clouds. The
intermittency of the sunshine, the risks associated with the
reflected radiation, and the lack of cultural acceptance are
someof the factorswhich have limited the use of solar cookers
in Mozambique, as discussed by Otte [7].

To overcome some of the limitations of direct solar
cookers, a thermal storage can be incorporated in the solar
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system. Solar heat can then be collected while the sun is
available and stored for later use. Two methods of heating
can be considered. One is to use a heat transfer fluid (HTF)
in a heat exchange loop between the receiver at the focal
point and the heat storage (HS). The other method of direct
illumination of the storage is tested here, with a double-
reflector configuration.

2. Background on Heat Storage

2.1. Heat Storage. There are typically two common methods
of storing thermal energy, as sensible heat or as latent heat.
While in the former thermal energy is stored in the material
by rising its temperature, in the later, thermal energy is
stored during phase transition, usually close to an isothermal
process.Othermethods are chemically based, where energy is
stored and released during chemical reactions in a reversible
process.

Latent heat storage (LHS) seems to be one of the most
promising forms of storing thermal energy. PCMs with a
high latent heat can store and release large quantities of
energy during melting and solidification, and at a constant
temperature.

If the temperature of a substance, with phase change
temperature 𝑇pc, is raised from 𝑇

1
to 𝑇
2
such that 𝑇

1
< 𝑇pc <

𝑇
2
, the amount of energy 𝐸 stored by a material of mass 𝑚

and specific heat capacity 𝑐
𝑃
is given by the expression:

𝐸stored = ∫
𝑇pc

𝑇
1

𝑚𝑐
𝑃,1
𝑑𝑇 + 𝑚𝐿 + ∫

𝑇
2

𝑇pc

𝑚𝑐
𝑃,2
𝑑𝑇. (1)

Here 𝑐
𝑃,1

and 𝑐
𝑃,2

are specific heat capacity of the material
at constant pressure at the initial phase and the phase after
the transition, respectively, while 𝐿 is a specific heat of phase
transformation.

Assuming that the specific 𝑐
𝑃,1

and 𝑐
𝑃,2

do not change with
temperature the above formula leads to the following linear
relation:

𝐸stored = 𝑚𝑐𝑃,1 (𝑇pc − 𝑇1) + 𝑚𝐿 + 𝑚𝑐𝑃,2 (𝑇2 − 𝑇pc)

= 𝑚 [𝑐
𝑃,1
(𝑇pc − 𝑇1) + 𝐿 + 𝑐𝑃,2 (𝑇2 − 𝑇pc)] .

(2)

Depending on the temperature range, PCMs can be used as
both sensible and latent heat storage systems, as discussed
further by Glatzmaier [9].

Almost all phase transitions can be considered as poten-
tial latent heat storages. Solid-liquid transitions are often
preferred compared to other transitions, as the solid-liquid
transition is close to incompressible; for more details see an
extensive discussion by Sharma et al. [10].

In general, to be considered as a suitable storage material,
PCMs should present desirable thermophysical, kinetic, and
chemical properties and also the associated economical and
safety issues should be addressed [3, 10]. Indeed, as noted
by [9] the major constraint of PCMs is a limitation in heat
transfer during the charging and discharging cycles, generally
caused by low thermal conductivity of the solid phase,
which in turn leads to low power density. To overcome this

limitation, heat transfer enhancers may be inserted within a
PCM.

In a review article, mainly focused on PCMs, Sharma et
al. [10] present a brief but broad discussion on the advantages
of thermal energy storages systems, the different types of
thermal energy storage, and common storage materials,
including their limitations. The authors conclude that PCMs
are effective means of storing thermal energy due to the high
energy storage density and to the fact that thermal energy
is stored in an isothermal fashion. PCMs have a large range
in melting temperatures so it is possible to design PCM heat
storage systems for specific applications.

2.2. Solar Cookers with Heat Storage. Most solar cooker
designs do not include heat storage, limiting the usefulness
of such solar cookers to periods of uninterrupted direct
sunshine. Akinwale [11] suggests that despite the recognized
benefits of solar cooking regarding energy and environment,
these constraints are the limiting factors for the acceptance of
solar cooking as an alternative to conventional cooking. The
benefits of the inclusion of heat storage in solar systems are
recognized in several studies [10, 12].

Important research efforts have been made on heat
storage materials for solar power applications as well as for
a range of other applications, but very few have targeted
heat storage options for solar cookers [10]. There is currently
an increasing interest in investigating solar thermal energy
storage systems for small scale solar cooking applications
[8, 13–15].

In 1994, Wilson (referenced in [11]) designed a concept
of a double-reflector solar cooker with heat storage. The
reflectors are two parabolas in which the secondary reflector
is located at the focal point of the primary reflector and
directs the sun rays to the heat storage positionedunderneath.
Akinwale [11] developed and tested a prototype of solar
cooker using Wilson’s concept in 2006. Lithium Nitrate
placed in modules was used as a storage material and the
moduleswere placed in an insulated container, after charging.
Tests showed that this systemwas able to store heat at constant
temperature about 258∘C up to 6 hours and thus capable of
providing useful heat for cooking during this period. The
storage material was also able to remain at temperatures
above the boiling point of water, at normal atmospheric
pressure, for up to 25 hrs.

Buddhi and Sahoo [16] used Stearic acid as TES in a box
type solar cooker and tested the system with cooking load
and without cooking load. The results were compared with
the results of performance studies on conventional solar box
cookers reported in the literature. The results with the PCM
storage documented the feasibility of solar cooking even in
absence of solar radiation.

Sharma et al. [17] designed, developed, and tested a solar
cooker based on an evacuated tube solar collector integrated
with a PCM (commercial grade erythritol).Water was used as
HTF and a pumpcirculated thewater from the collector to the
storage. The authors performed boiling tests after charging
the storage until temperatures of 130∘C. However, the ratio
of the storage energy to the solar radiation was somewhat
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low and the system was considered costly for the low income
communities.

Schwarzer et al. [18] developed several versions of a solar
cooker, with and without TES. The system uses thermal oil
as HTF with natural circulation in copper pipes. The pipes
can be extended behind a wall to allow for in-door cooking.
The thermal efficiency was experimentally determined using
a water boiling test and was found to be about 40%.

Saxena et al. [19] investigated different PCMs to find out
their suitability as TES for cooking purposes using a box type
solar cooker. Stearic acid was selected as an appropriate PCM
and used in solar box cooker experiments, with and without
the heat storage. Stearic is, due to its availability and low
cost (in India), commonly used as a heat storage material.
Performance studies of the two solar cookers were conducted
using stagnation temperature tests and water boiling tests at
load conditions. The cooker with the heat storage showed
good performance.

Mussard et al. [15] performed a comparative experimental
study on direct cooking with the SK14 concentrator [15]
and an indirect cooker with a parabolic trough system with
naturally circulating oil from the absorber to a “Solar Salt”
heat storage.The thermal performance comparisonwasmade
with a water boiling test and a meat frying test. A challenge
with cooking on top of a heat storage is that imperfections on
the surface limit the thermal contact between a cooking pot
and the storage surface. The top plate of the storage can be
used directly as a frying surface. A cooking pot in the SK14 is
illuminated directly, including the sides of the pot, whereas a
flat frying pan is more difficult to use in the SK14.

In this work, a double-reflector system for direct illumi-
nation of a heat storage is tested. The work is an extension of
the work done by Foong et al. [8], now with an upscaled ver-
sion of the test setup. The objective is to estimate the energy
efficiency of a system where PCM based solar thermal batter-
ies are charged directly by solar illumination. The batteries
are sized to be portable and to provide suitable energy for
cooking of one meal. Residual heat can be used for space
heating, and the heat battery can be recharged the next day.

3. Test System

A system comprising a primary reflector, a secondary reflec-
tor, and a PCM HS containing a binary mixture of Sodium
Nitrate and Potassium Nitrate (NaNO

3
–KNO

3
) at mixing

ratio of 60 : 40 (mol%) was used in this experiment.
The primary dish is made of aluminum (previously pro-

duced as an antenna) and covered with reflective aluminum
tiles with reflectivity of 90%. The diameter is 2000mm and
the height is 377mm. The diameter of the secondary dish is
305mm and the height is 67mm and was also covered with
Kind-man reflective film w/self-adhesive model nr K-MF98
with reflectivity of 98%. To keep the secondary reflector at
optimumposition above the primary reflector, 4 legs are used
as supports using adjustable clamps.The reflectors were built
in the context of aMaster thesis; formore details see Sivertsen
[20].

A cylindrical aluminum container with 190mm internal
diameter, 200mm height, and 5mm wall thickness was used

Figure 1: Demonstration of the double-reflector system with a ray
tracer [21].

as a holder for the PCM. Aluminum fins are used for the heat
transfer from the aluminum top plate absorber to the PCM.
The storage unit was built and analyzed computationally by
Foong [13] andmodified in the context of aMaster thesis [20]
by increasing the thickness of the aerogel insulation from 1 cm
to 5 cm.

In the present study the absorber is integrated to the
storage. The concentration ratio for the system was found to
be 110 and is given

𝐶op =
𝐴ap

𝐴ab
. (3)

𝐴ap is the area of aperture of the primary reflector, and𝐴ab is
the area of the absorber.

The primary reflector has a center hole of 290mm to
allow sun rays coming from the secondary reflector to hit
the top absorber plate of the stationary heat storage below
the primary reflector; see the schematics in Figure 1 and the
photo in Figure 5.With both reflectors sharing the same focal
point, the rays coming from the secondary will be parallel.
The distance 𝑑 between the vertexes of the two reflectors is
then 𝑑 = 𝑓

𝑝
+𝑓
𝑠
, where𝑓

𝑝
= 662mmand𝑓

𝑠
= 67.2mm is the

focal length of primary and secondary reflector, respectively.
With a slight further elevation of the secondary reflector, the
rays will focus somewhat on the storage absorber plate, as
demonstrated with a ray tracer in Figure 1.

The double reflector (Figure 2) has a two-axis sun track-
ing system where two motors with gears (Figure 3) are
controlledwith a commercial controller having 4 light diodes.
The horizontal axis of rotation is close to the surface of the
heat storage and the vertical axis of the rotation is at the centre
of the storage, shown in Figure 4.

While the double-reflector tracks the sun, the PCM
storage remains stationary in a vertical position underneath
the primary reflector. Thus, in its rotational motion around
the horizontal axis, the double-reflector rotates relative to the
storage.With this setup, the solar distribution on the top plate
of the heat storage will be nonsymmetric, as the illumination
will come at an angle.The storage is not allowed to tilt but kept
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Figure 2: Double-reflector and data logging systems.

horizontal not to risk leakage of the melted PCM from the
top rim. The top plate is on purpose not hermetically closed.
Some opening to the ambient pressure will ensure that the
storage is not pressurized as the salt expands upon melting.

Three thermocouples positioned at different levels in the
PCM HS, Figure 5, were recorded with a data logger (Lab-
View program) during the heating of the storage. The forth
thermocouple was positioned on the secondary reflector to
monitor its temperature.

A thermographic camera FLIR E60, Figure 6, from Fluke
Companywas also used to scan temperatures at the absorbing
top plate of the storage as shown in Figure 7.

The thermal efficiency is the ratio of stored heat to the
solar radiation received from sun. It is determined from
measurements in a time interval Δ𝑡:

𝜂th =
𝐸stored
𝐴ap𝐼avΔ𝑡

, (4)

where 𝐼av is the average beam intensity:

𝐼av =
1

Δ𝑡
∫

Δ𝑡

𝐼 (𝑡) 𝑑𝑡. (5)

The heat stored in the PCM HS during the experiment can
be calculated from the temperature recordings and (1). A
practical way of implementing the specific melting energy is
by allowing the melting temperature to span a temperature
range and use an apparent heat capacity in this range.
We apply the heat capacities for Solar Salt as suggested
experimentally by Foong et al. [8]:

𝑐
𝑃
(kJ/kg∘C) =

{{{{{{{{{{

{{{{{{{{{{

{

0.75 𝑇 < 110
∘C

4.1 110
∘C ≤ 𝑇 ≤ 120∘C

1.4 120
∘C < 𝑇 < 210∘C

12 210
∘C ≤ 𝑇 ≤ 220∘C

1.6 𝑇 > 220
∘C.

(6)

4. Results and Discussion

A test was conducted where the system was left in the sun
with an active solar tracking; see the picture in Figure 2. The
rises in the temperatures in the storage were logged and are
shown in Figure 8.

The direct sun intensity is recorded continuously on the
roof of a neighboring building and is shown for the test in
Figure 8 as well.The values are quite typical for sunny days in
Trondheim (800–900W/m2), where the air is normally clear
and dry. The beam intensity during the experiment varied
between 870 and 830W/m2 during the test which lasted for
about 4 hours.

The secondary reflector must be positioned in such a way
as to maximize the reflection process of the solar radiation
from the primary reflector and direct it to the top plate
absorber of the PCM HS. When this position is attained the
temperature at the surface of the secondary reflector is close
to ambient temperature. When not in an optimized position,
concentrating effects from the primary dish can cause local
heating of the secondary dish. In the current test case the
secondary dish temperatures were typically 70–80∘C.

An infrared camera (IR) was used to scan temperatures at
different points of the system.

Figure 7 shows a thermographic picture of the top
absorber of PCM HS. As can be seen, the illumination at an
angle is not symmetric and the hot spot temperature in this
case was 277∘C at the top plate absorber of the PCMHS.This
temperature is 57∘Chigher than the temperature for the onset
of melting process of the mixture. The temperatures are thus
moderate, which means there is little risk of overheating of
neither the aluminum nor the salt during the charging. The
moderate heat transfer rates also mean that the temperature
gradients inside the salt will be moderate.

Figure 8 shows the transient temperature profiles at three
points within the HS, the behavior of beam radiation, and the
temperature on the secondary reflector.

The shape of the temperature curves and the final tem-
perature recordings of about 250∘C indicate that the salt
was melted at the end of the experiment. From 14:33 PM to
15:45 PM the temperature profiles tend to be more constant
in time, with temperatures values at about the solid-liquid
melting point. The inflection point is at 124∘C; Foong et al.
[8] report melting temperatures of 216∘C.

Data from thermocouple one (𝑇
1
) which measures the

temperature in the air gap at the top section of the storage
reveals that air temperature is close to the salt temperature
(𝑇
2
and 𝑇

3
), meaning that the air is stagnant, and convective

losses from air leakage into the internal of the storage are
small. In addition, it should be also noted that temperatures
given by the sensors at the three different positions of the
PCM HS exhibit little difference, probably due to the fast
conduction in the fins compared with the salt.

The efficiency was computed from (4). The stored energy
comprise the energy absorbed by the container + Fins + Top
plate absorber, all made of aluminum and the total mass of
3.8 kg and the energy absorbed by 7.5 kg of PCM.The system
was heated from 23∘C to 250∘C in approximately 4 hours.
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Figure 3: (a) Motor and gear for rotation around hozontal axis. (b) Motor and gear for rotation around vertical axis.
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Figure 4: This picture illustrates PCM HS and the tracking system.
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Figure 5: Schematic representation and pictures of PCM HS used in the setup, adapted from Foong et al. [8].
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Figure 6: Thermographic camera used to take infrared pictures.

IR picture

Figure 7: IR picture of the PCM HS top plate absorber during measurements.
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Figure 8: Recorded beam radiation intensity and temperature
profiles at three positions within PCM HS and at the secondary
reflector surface (08.06.2014 experiment).

Relevant thermophysical properties are given in Table 1.
The average beam radiation during the measurement was

estimated to be 850W/m2 which implies that around 38.0MJ
of energy from the sun was received by the primary reflector
and by the end of the test, nearly 5.0MJ of thermal energywas
stored in HS.

Then, the charging efficiency of the system was found to
be about 13%.This is a rather low value; a solar heat collector is
expected to yieldmuch higher efficiencies. Higher efficiencies
should be expected in solar countries where the solar noon
angle is more vertical than at the test site in Norway.

There are several sources of losses in the transfer of
sunshine to heat in this system.

(i) Optical losses are the case where not all the radiation
reflected by the primary reflector reaches the top
absorber plate. Optical losses are difficult to assess
directly. With two reflectors, the error propagation
due to surface imperfections is amplified. The accu-
racy in the positioning of the secondary reflector is
also a source of error. The secondary reflector does
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Table 1: Thermophysical properties of PCM and aluminum [8].

Aluminum PCM
Density 2700 kg/m3 Enthalpy of fusion 108.67 kJ/kg
Specific heat capacity 900 J/(kg⋅K) Phase transition Enthalpy 31.91 kJ/kg
Mass 3.8 kg Temperature of fusion 216.0∘C

Mass 7.5 kg

heat up, signifying losses as a consequence of the
nonideal reflectivity of the surface. The vertical sta-
tionary position of the PCM HS also leads to optical
losses when the sun comes down to low altitudes and
the rays fall on the storage surface at a low angle.
Theoretically the storage can be positioned to capture
all rays, but the visual inspection of the illumination
clearly shows that the optical inaccuracies give high
losses; at low solar altitude angles the solar radiation
from the secondary reflector falls outside the top plate
absorber of the PCM.

(ii) The present solar tracking system has worked quite
well for other test configurations, but the track-
ing accuracy becomes more critical for the double-
reflector case [21].

(iii) Radiative and convective heat losses from the top
plate absorber can be large. As it is exposed to
the ambient without shielding or cover, the wind
conditions will affect the losses quite a lot.The aerogel
insulation on the sides of the storage seems to provide
sufficient side insulation.

The system can be optimized by increasing the accuracy
on the optical part. The secondary reflector could be some-
what larger, with elliptic rather than parabolic form, and
with a high quality reflection surface. The support for the
secondary reflector needs to be sturdy and allows for fine
tuning of the position.

Convective heat losses can be reduced by constructing
a glass shield on top of the storage. This will, however, also
give some added optical losses due to partial reflection of sun
rays from the glass surface, in particular at low illumination
angles.

5. Conclusions

A double reflector system has been tested for direct illu-
mination of latent heat storage. The idea with the setup is
that a portable heat battery can be placed for charging in
a fixed focus position, as the reflection system is following
the sun during the day. Charging of “Solar Salt” storage is
demonstrated, where the solar beam from the reflectors heats
the top plate of the storage. The heat is conveyed to the salt
through conducting fins, and the heat flow is reversed during
cooking or frying on the top plate after sun set. The melting
temperature of Solar Salt is about 220∘Cand is as such suitable
for cooking or frying.

The charging of the heat battery is demonstrated, but the
heat collection efficiency is rather low, about 13%.The system

can be optimized by ensuring a higher optical accuracy on the
reflectors and by limiting the heat losses from the top plate.
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