International Solar Energy Society SWC2025 Proceedings

Design and Simulation of Institutional Solar-Powered Cook Stove
With Thermal Energy Storage System

Tihun Birhanu Beyene1’2’ Abdulkadir Aman Hassen" and Kamil Dino Adem'

' School of Mechanical and Industrial Engineering, College of Technology and Built Environment, Addis
Ababa University, Addis Ababa, Ethiopia

2 Department of Mechanical Engineering, Haramaya University, Haramaya, Ethiopia

Abstract

The feasibility of a solar-powered institutional cook stove with heat storage using commercial SHELL THERMIA
OIL B as heat transfer media and potassium nitrate salt (40% KNO3+60% NaNO3) as the Phase Change Material
(PCM) for institutional cooking has been successfully demonstrated. A mixture of 41L Heat Transfer Fluid (HTF)
(bulk temperatures up to 320°C, and film temperature up to 340°C) and 42 sealed copper tubes (Internal diameter
62.611 mm, 2 mm thickness 300 mm height) carrying a total of 60 kg of Phase Change Material (PCM) (melting
point range of 210-220°C and the Latent heat of fusion 108.67 kJ/kg) is used to store heat. The HTF was filled in the
storage compartment to cover the copper tubes and is assumed to fit within cylinder jackets that were wrapped
around the tubes and also operate as a heat transfer medium. A heater with 4500 W and 220 V input power from the
photovoltaic system is immersed inside the storage during the charging phase. The thermal storage's performance
was assessed utilizing constant heat flux. The computer model was validated using existing experimental work.
Based on the simulation results, a performance investigation was carried out, the thermal storage was able to store
53.5MJ of energy in 3.9 hours of charging time. The charging, and discharging efficiencies were 71.5%, and 85.6%,
respectivelyThe results confirmed that the ANSYS Fluent CFD simulation for the stove was well validated and the
model and simulation performance were good. Finally, the results indicate expanding the application of solar
cooking at the institutional level is visible.
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1 Introduction

Humankind completely relies on carbon based fuels, accounting for more than 80% of world energy use (Lizaso,
2020). Cooking accounts for a substantial portion of family and institutional energy use, relying mostly on other
polluting sources include coal, wood, and kerosene due to their minimum cost and ease of availability. Its volatile
cost, as well as its future inadequacies, necessitate a global shift. Institutional cooking is a cooking done for
beneficiaries in a centralized kitchen, and this kitchen requires a large volume of fuel to be combusted at a high
intensity for mass cooking (Indora & Kandpal, 2018b) which is one of the key elements influencing the amount of
global energy expenditure and greenhouse gas emissions. Since the energy used for cooking is so important, solar
cooking is seen as one of the easiest, most practical, and most appealing choices for utilizing solar energy (Indora &
Kandpal, 2019). Solar cookers can give a clean, alternative cooking option. However, the use of solar cooking at an
institutional level takes into account issues such as solar resource availability, any mismatch in time between energy
demand and solar resource availability, and the capabilities of the solar energy system to satisfy perceived demands.
As a result, solar cookers must be combined with thermal energy storage technologies to overcome this issue. This
function will help to bridge the gap between solar energy supply and cooking energy consumption. Furthermore,
storage aids in the storage of extra solar energy during the day for later evening or early morning use (Tesfay et al.,
2019).
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Since the introduction of the first solar cooker in 1767, the world has seen a broad variety of solar cooker setups
(Panwar et al., 2012). However, there is little research on institutional solar cookers, and much of the study has
concentrated on family size solar cookers (Bhave & Kale, 2020; Bhave & Thakare, 2018; Kajumba et al., 2020;
Kumaresan et al., 2018; Santhi Rekha & Sukchai, 2018; Senthil, 2021; Tesfay et al., 2014; Vigneswaran et al., 2017)
whereas institutional solar cookers have been left out. However, Piroschka (2014) conducted research on warming
up of solar cooking, several forms of motivating variables have a big influence on the adoption of this type of solar
cooker. According to the study, economic, health, and environmental concerns were identified as motivating factors.
On the other hand, (Indora & Kandpal, 2018a) investigated the economic attractiveness of the Scheffler dish for
solar steam cooking at the institutional level in India. Considering Small (200 people), medium (500 people), and
big (1000 people) institutional kitchens were evaluated. The study estimates that the discounted payback times for
small, medium, and large institutional kitchens are 9, 7, and 6 years, respectively. This clearly proves the economic
viability of large-scale solar steam cooking systems.

Also, Sekhon and Sethi (2019) Provided thermal modeling and analysis of a novel twin-chamber community solar
cooker (TCCS) as an alternative for biomass-based cooking. Overall, the results show that the TCCS cooker can be
easily modified for community-scale cooking and has a high potential to replace biomass/fossil fuel-based cooking
in many nations in the future. Aggarwal (2020) investigated institution-based solar steam cooking systems in India.
According to the study, a solar steam cooking system can be used to prepare food for 50 to 50,000 people,
minimizing the need of conventional fuels. It may also be used to heat water. The Ministry of New and Renewable
Energy (MNRE) is currently promoting three types of concentrator cookers in Indian institutions: manually tracked
parabolic dish cookers (SK, PRINCE), fixed focus automatically tracked (East-West) Scheffler dishes, and fully
tracked Fresnel dishes (Lizaso, 2020).

The objective of this study was to study and analyze the performance of an institutional solar powered cook stove
with thermal energy storage system. This was conducted first by designing the thermal storage, selecting the proper
materials, sizing the photovoltaic system and evaluating the performance of the thermal storage. The solar thermal
storage system linked with the PV system for cooking was simulated using ANSYS fluent software. The numerical
model simulates the unsteady temperature variation of PCM and HTF for charging and discharging situations by
enthalpy porosity method. The reliability of the simulation results has been verified by comparing them to other
experimental investigations.

2 Materials and methods Physical
2.1 Design of the model

A photovoltaic system is used as an electric power source to charge institutional cook stove coupled with thermal
energy storage system. The institutional cook stove coupled with thermal storage consists of PCM, HTF and heater
with integrated temperature controller in its storage tank. The heater receives power from the PV system and heats
the HTF which is filled in a storage tank to completely immerse the copper tubes containing PCM and the heater
itself (Figure 1).
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Figure 1: Schematic diagram of thermal storage integrated with photovoltaic system

The heat storage is achieved by a combination of 41L of commercial SHELL THERMIA OIL B (HTF) and sealed
copper tubes containing a total of 60 kg of PCM (nitrate salt mixture of 40% KNOj3; and 60% NaNOs). The PCM is
contained in 42 cylindrical copper tubes 300mm long, 2 mm thickness and of 62.6 internal diameter. As depicted in
Figure 2 capsules were threaded internally at both ends and caps with external threads made from copper plate used
to seal both ends of the tube. In addition, the storage has 10% vacant space to avoid any pressure development and
volume variation during phase transition of PCM.
'/
—

300.00

Figure 2: Encapsulation Copper Tube
The HTF (SHELL THERMIA OIL B) was filled in the storage space so as to immerse the copper tubes completely
and also act as a heat transfer medium. A heater having 4500 W and 220 V is immersed inside storage as a power
source during the charging phase. Table / shows detailed thermo-physical properties of Potassium nitrate salt
mixture of 40% KNO; and 60% NaNO; and SHELL THERMIA OIL B

Table 1: Thermo-physical properties of nitrate salt and SHELL THERMIA OIL B

Thermo-physical properties of solar salt (NaNO3-KNO3) (Bhave & Kale, 2020)

Property Value

Thermal conductivity (W/m K) 0.8
Density (Kg/m®) 1800(below 220°c)
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1700(above 220°c)
Enthalpy of fusion (KJ/Kg) 108.67
Melting point (°C) Solid liquid phase transition from 210-220°¢c
Phase transition enthalpy (KJ/Kg) 31.91

2.1.1 Storage design

The design of the institutional solar powered cook stove with thermal storage system includes quantifying the
amount of PCM and HTF required, determining the size of the storage container and PV sizing. In this study the
energy demand for boiling water in a cylindrical shaped cooking vessel shown in Figure 3 is considered for
simplicity. Table 2 shows the design consideration of the thermal storage sizing.

Table 2: Design considerations

Parameters value Reference

Specific heat capacity of water 23°C (J/ kg K) 4185.5 (Nag, 2017)

The density of water (kg/m®) 1000 (Nag, 2017)

Initial temperature of water (°C) 23 (kebede, 2020)

The latent heat of vaporization of water at 92°C (KJ/Kg) 2277.34.4 (Nag, 2017)

Boiling temperature of Water (°C) estimated by 92 Manual water boiling test

T, = (100 — -5 °C Where h is 2349.69m altitude.

Water loss by evaporation during solar cooking process (%) 10 (Biadgelegn, 2018),
(Bhave & Thakare, 2018)

4 mm 4 mm

572 mm

400 mm

10 mm

580 mm

Figure 3: Representation of the cooking pot
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Therefore, Volume of the cooking unit (V) can be calculated as;
V =nrth (eq. 1)

According to Equation Error! Reference source not found. the cooking unit can hold approximately volume of
100lit, however, during boiling the pot is not filled to the maximum capacity, considering this 10% of the height of
the pot is left void as a result the volume considered for the design of this study is 90 lit.

As a result, the energy required to boil 90 litters of water is calculated as;

Edemand=meAT + (mi - mf )hvaporization (eq~ 2)
To quantify the energy loss of the system assumptions considered are there is no heat loss from the device walls and

top during solar energy collection stage or charging since the cooking device is fully insulated. However, during
discharging 10% heat loss is considered.

Qe = [y, mC, dT + mayAhy, + [, m CpdT (eq.

3)
Where, m is mass of PCM, Cj, specific heat capacity of PCM, Ah,, enthalpy of phase fusion and ap, is the fraction
melted.
2.1.2 PV sizing

Considering solar data collected from the NASA for Addis Ababa the capital city of Ethiopia, which is situated at
9.0403° latitude and 38.7631° longitude. The system was sized on the basis of the lowest solar energy radiation
month marked out. To design a stand-alone PV system for the considered institutional cook stove, the following
steps are followed,

Taking the load demand required which is 46 MJ and considering 23% system loss (Bruce, 2021) the size of the
PV array, used in this study, can be calculated by equation (4) (Gont, 2019):

_ Egemand(KWh/day)
PVarea - KWh (eq. 4)
2
H( day >*I1PV*PR

Where H is solar radiation on tilted plane (4.51 (kW-hr/m”"2/day)), npy is PV efficiency (18.44%) and PR is
performance ratio, coefficient for losses (default value = 0.75) (Skunpong & Plangklang, 2011).

2.2 Numerical approach

There are different commercial softwares for numerical analysis of the melting/solidification process. However,
according to the review by Al-abidi et al. (2013) ANSYS Fluent is the most widely utilized software. Therefore,
numerical study of the developed model was conducted using ANSYS Fluent 19.2. ANSYS Fluent uses the
enthalpy-porosity approach in which the mushy zone is considered as a porous medium where the liquid fraction is
its porosity.

2.2.1 Computational domain

The numerical simulations have been carried out by means of a finite volume numerical code using a 2D
axisymmetric approximation according to the problem characteristics. Two separate zones are defined in order to
apply the appropriate models to simulate the HTF and PCM. The HTF has been modelled by means of the well-
known single phase Navier-Stokes equations (Iten et al., 2018). Whereas, the PCM behavior has been simulated by
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means of a solidification and melting model adding a correction term to the Navier-Stokes equations (Fornarelli et
al., 2016)". This is able to model the phase change of the mass within the closed shell where the PCM is confined.
Moreover, the Boussinesq approximation is considered in order to take into account the buoyancy effect on the
liquid phase of the PCM due to the fluid density (Joybari et al., 2017). For the model, we assume that the HTF
surrounding the cylinders is situated in cylinder jackets all-round the tubes. Of course, the volume of all these
cylinder jackets together is equal to the fluid volume in the real storage tank. Figure 4 Shows 2D axisymmetric
domain considered for simulation.

(b)

Figure 4: computational domain considered for simulation: a &b

2.2.2 Governing equations

In this sections the modelling procedure and its assumption as well as the considered initial and boundary conditions
are presented
Assumption

According to the problem of concern and common considerations used in the literatures (Bellan et al., 2015; Joybari
et al., 2017) the following assumptions are employed:
e  Melting process is modeled using enthalpy-porosity technique.
e PCM capsules are uniform, homogenous, and isotropic bodies with thermos-physical properties constant
with temperature.
e The flow of the liquid PCM was considered as laminar, incompressible Newtonian fluid flow,
e  Molten PCM is considered Newtonian and Boussinesq fluid.
e Phase-wise constant thermophysical properties was assumed for the PCM except for the density, which was
evaluated based on Boussinesq approximation to account for the buoyancy forces.
e Initially the temperature of the heat transfer fluid and PCM in the storage tank are considered uniform.
e Radiant heat transfer is ignored.
e Tank is perfectly insulated, and hence, there is no heat loss from the tank surface to the surrounding.
e Liquid fraction variation was assumed to be linear with temperature.
e  The heat-transfer fluid is incompressible and it is considered as Newtonian fluid

2.2.3. Initial and boundary conditions

The entire system is initially at ambient temperature (Ta = 296 K) and the charging mode starts at t = 0 s by a
constant power of 4500 W supplied to the heat transfer fluid. The system is considered to be adiabatic during
charging process. Figure 5 shows the boundary conditions.
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Coupled boundary

Heat flux boundary
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Figure 5: charging boundary condition

In the solidification case, it was considered that PCM is completely melted, this is made possible by patching the
temperature of PCM based on the temperature reached during the melting case (300°C). In addition to that the heat
transfer fluid is patched the same way as that of PCM.

However, in this case, heat is lost from the top part of the storage (which is the place where the stored heat is used
for cooking) due to convection. The adiabatic boundary condition set during charging of the system remains the
same, but the upper part is considered to have following boundary conditions: heat transfer coefficient of 244
(W/m’K) with free stream temperature of 373K.

2.3 Analysis procedure

A step-by-step approach was taken in ANSYS Workbench to simulate the process. First, the 2D axisymmetric half
of the simplified model was sketched using the Design Modeler environment. Then, ANSYS Meshing generated the
mesh. Thereafter, the simulation was setup in ANSYS Fluent environment. To solve the equations, pressure-based
solver was used since it is the only option in the software for solving melting/solidification processes. Semi-implicit
pressure-linked equation (SIMPLE) method was used for pressure-velocity coupling. For spatial discretization of the
pressure and momentum, PRESTO (pressure staggering option) and QUICK schemes were adopted, respectively.

2.3.1 Grid independency test

Grid independency analysis is conducted to determine the adequate grid size with the optimum solution and less
computational effort. Three different grid sizes were investigated namely; Grid 1 (25200 elements),

Grid 2 (55800 elements) and Grid 3 (99200 elements). The meshing of the model is done using multi
zone methods. In all the three cases analyzed the initial HTF and PCM temperature, boundary conditions and time
step sizes are fixed. Average of surface vertex value temperature for location inside PCM obtained from numerical
model for the three different grids. Following the results obtained, the grid quality doesn’t affect the result of
simulation notably and hence grid with medium element (Grid 2) is selected.

2.3.2 Model validation

In this study the charging and discharging behavior of a PCM is investigated, however, in order to validate the
model. The Charging process were compared with experimental data from earlier study (Bhave & Thakare, 2018)
was used for validation of the melting process. Validation is done by simulating the charging process of thermal
storage with magnesium chloride hexahydrate (MgCl2-6H20) phase change material and Taurus Therm 500 heat
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transfer fluid. The thermal storage contained 21 tubes containing a total of 0.48 kg PCM (10 cm long and of 1.6 cm
internal diameter) and 660 ml of heat transfer fluid. Figure 6 depicts a comparison of numerical and experimental
average temperature values for the PCM and HTF, with the result indicating a percentage error of 8% for the HTF
and 7% for the PCM. Hence, there is an acceptable agreement with experimental data the model can be used to
numerically study the charging simulation of the institutional thermal storage based cook stove.

150
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Temperature (°C)

SaF o
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— — Tpcm simulation
— Tpcm exp
Toil exp

0 T T T T
0 10 20 30 40 50

Time (min)

Figure 6: Comparison of the numerical and experimental results

3 Results and discussion

In this section first charging of the thermal storage with a constant PV output of 4500W was examined. The findings
show storage temperature (PCM) rose to the point where the solid PCM began to melt and maintain constant
temperature phase change. When the PCM completely melts, the temperature of the liquefied zone rises. Following
charging for 3.9 hours, all PCM capsules in storage are liquefied. Figure 7 and Figure 8 shows the temperature

distribution inside PCM, the phase transition or liquid fraction fluctuation of PCM total volume while charging,
respectively.
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Figure 7: PCM temperature fluctuation while charging for 3.889 hours
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Figure 8: Melt fraction of volume of PCM versus time during charging

Next the heat stored in the PCM thermal storage can be discharged by natural convection placing the pot on the top
of storage. The temperatures of the PCM has degraded after discharging for 5 hours using 244 (W/m°K) convection
heat transfer coefficient with free stream temperature of 373K. Figure 9 (a) shows temperature variation of the PCM
thermal storage with respect to time during discharge. The solidification of total volume of PCM thermal storage is

also described by melt fraction in Figure 9(b).
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Figure 9 (a): Temperature variation at Y= 0.15m inside PCM during discharging and 9 (b) Melt fraction of volume of
PCM versus time during discharging

On the other hand, the temperature fluctuation of HTF and PCM inside thermal storage tank and the liquid fraction
at different points during charging inside PCM are depicted in Figures 10 and Figures 11 respectively.
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Figure 11: The liquid fraction at various point inside PCM during charging

Solar thermal energy storage is a great solution for limited energy supply and demand. In developing countries such
as Ethiopia where 89% of all final energy supply was from biomass sources, which gives rise to the huge amounts of
greenhouse gas emissions and deforestation. In this study the energy demand for one cycle boiling of water at
institutional level is considered for simplicity which almost is the closer temperature required to cook most of
Ethiopian meals according to (Alemu (2020); Yishak (2019)). However, the system enables constant temperature
heat transfer to the food for frying, roasting and baking which occurs at a temperature of 150-190 °C (Bhave & Kale,
2020) in addition to the boiling type cooking which requires heat stored above 100 °C (Bhave & Thakare, 2018).
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4 Conclusion

The feasibility of a solar-powered institutional cook stove with heat storage using shell thermia B as heat transfer
media and solar salt as the PCM for institutional cooking has been successfully demonstrated. Thermal storage
model describes the successful modeling of sensible and latent heat thermal storage integrated with photovoltaic
systems and cook stove at the top of thermal storage. Constant heat flux were used to evaluate the performance of
the thermal storage. The numerical model of PCM based thermal storage was validated for charging and the result
was found to be consistent with an experimental work. From simulation results obtained performance analysis was
performed. The thermal storage has a capacity of storing 53531kJ of energy, and the thermal storage charging and
discharging efficiency were 71.5% and 85.6% respectively. The results confirmed that the performance of the
proposed model were good and expanding the application of solar cooking at the institutional level is visible.
Finally, we advocate conducting a cost analysis of the system with its payback period to provide institutions with a
more accurate feasibility of the system is much more attractive.
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