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Abstract. The paper details the design and simulation of a solar powered 
vapour compression refrigeration system. The effect of a phase change 
material, in this case ice, on a vapour compression refrigeration system 
powered by solar panels is discussed. The battery and solar panels were sized 
to allow the system to function as an autonomous unit for a minimum of 12 
hours. It was concluded that the presence of a phase change material in the 
refrigeration system caused a considerable increase in both the on and off 
time of the compressor. The ratio by which the on time increased was greater 
than the ratio by which the off time was increased. There was a 219% 
increase in the on time, a 139% increase in the compressor off time and a 
3.5% increase in compressor work accompanied by a 5.5% reduction in 
COP. Thus, under conditions where there is enough load in the system to 
cause the initial on and off times of the compressor to be comparable, the 
presence of a phase change material may result in a greater on period than 
an off period for the compressor.  

1 Introduction  
On average nearly 300 days a year in India are sunny[1], with about 1,500–2,000 sunshine 
hours per year depending upon location. The daily average solar energy incident over India 
varies between 4 to 7 kWh/m2[1]. This provides huge potential for projects that use solar 
energy to be implemented. Although there has been considerable progress in this field, a lot 
of scope remains to rework and improve existing ways of utilizing solar energy in a viable 
manner. At the same time, there is also room for creation of new ways to efficiently engage 
with solar power.  
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Many vaccines such as polio vaccines are temperature sensitive and must be stored in 
storage units with controlled temperatures. In regions that experience irregular supply of 
electricity, the project may have potential to store vaccines at the desired temperatures. The 
project aims to describe the design and simulation of a solar powered vapour compression 
refrigeration system employing a phase change material. The constraints of this system were 
defined by its application, the storage of vaccines. The components of the system included 
solar panels, a maximum power point tracking unit, a battery bank, vapour compression 
refrigeration system. The system was simulated using Matlab/Simulink. Each component 
was sized and configured appropriately in order to optimise the performance of the system. 
The battery and solar panels where sized to allow the system to function as an autonomous 
unit for a minimum of 12 hours. The characteristic curves of SSI150W solar panels by Solar 
India were simulated and studied.  

2 Literature Review 
Mba E.F. et al. [2] (2012) developed a mathematical model of a solar vapour compression 
system and simulated the photovoltaic modules using MATLAB. The designed system 
consisted of a vapour compression refrigerator, solar panels, solar charge controller, a DC 
inverter and a lead acid battery. The relationship between solar radiation intensity and 
temperature attained in the refrigerator was studied. Different photovoltaic models were 
analysed and their characteristic curves were studied. No power was produced by the panel 
under short circuit and open circuit conditions. The open circuit voltage remained constant 
with an increase in solar irradiation while the short circuit current increased linearly. It was 
also noted that the power produced by the panels had a unique operating point at which power 
produced was maximum. It was concluded that with an increase in load current, there was a 
non-linear decrease in the panel voltage.  

Kalbande and Deshmukh [3,4] (2015,2016) constructed a PV based vapour compression 
refrigeration system for vaccine preservation. The desired temperature to be maintained in 
the storage unit was 2℃ to 8℃.The model was implemented using a DC vapour compression 
refrigerator of 25 litre capacity, two 80 W PV panels connected in parallel with 35° tilt angle, 
a 12 V – 150Ah sealed lead acid battery and a charge controller. It was observed that the 
average PV conversion efficiency was 8.5% and PV exergy efficiency was 11% in both no 
load and full load conditions. This indicated that load conditions of the refrigeration system 
do not affect the PV system.  

Del Pero et al. [5] (2015) conducted a feasibility study for a solar refrigeration kit for 
remote areas in developing countries. A system consisting of PV panels, a refrigeration unit 
and a controller was designed with an additional aim that the thermally insulated envelope 
equipped with an energy storage system could be designed on site using local materials. An 
energy model was defined and simulation was carried out to identify the optimal size of the 
refrigerated volume, energy storage and the PV section. It was observed that there was a 
surplus of energy generated by the panel when compared with compressor power 
consumption. However, the excess power produced remained unutilized. It was also 
estimated that the cost of the system would be 500 Euro. 

Alkelani and Kanyarusoke [6] (2016) designed and constructed an inverter-less solar 
assisted refrigeration system for the storage of fruits and vegetables. The system consisted of 
12-volt PV panels, a battery bank, charge controller and a DC vapour compression 
refrigerator. The desired temperature to be maintained was between 5℃ and 15℃. The PV 
system was sized according to the refrigeration system requirements. The solar radiation on 
the PV panels was estimated using the Perez model, as the panels were tilted. It was observed 
that the total solar irradiation on an inclined PV panel was greater than the solar irradiation 
on a horizontal surface.  The size of the refrigerator components was computed on the heat 
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loads of the system. The system was tested without load and then with 20kg of fruits. It was 
concluded that the system was able to maintain the desired temperature, with the overall COP 
based on the input to the panels being 2.8.  

It can be concluded from the literature review, that a solar powered refrigeration system 
should consist of the following components: PV panels, charge controller, battery bank and 
a vapour compression system. If an AC compressor is used in the system an inverter will be 
required to convert the direct current produced by panels to alternating current that will be 
fed to the refrigerator. This can be avoided by the use of a DC compressor. The sizing of the 
battery bank and the PV array depends on the expected time the refrigerator has to run 
however it is independent of the load present in the refrigerator at a given time.  

3 Methodology 

3.1 Refrigeration System  

Fig.1 P-H Diagram for a Vapour Compression Refrigeration System.  

A single stage vapour compression refrigeration system has was considered and modelled for 
the simulation. Refrigeration is obtained as the refrigerant evaporates at a low temperature 
and pressure. It employs a compression process to raise the pressure and temperature of the 
refrigerant. The refrigerant then flows through a condenser at higher pressure, then through 
a throttling device, and then back to low pressure, in the evaporator.  

Evaporator Unit [2,4,7,8]: It consists of coils of pipe through which the refrigerant flows at 
low pressure and temperature. The refrigerant is maintained at a lower temperature than the 
surrounding medium, thus absorbing the latent heat of evaporation required from the medium 
to be cooled. Heat transfer rate at evaporator 𝑄̇𝑄𝑒𝑒is given by: 

 
𝑄̇𝑄𝑒𝑒 = 𝑚̇𝑚R                                                              (1) 

𝑄̇𝑄𝑒𝑒 = 𝑚̇𝑚(h1- h5)                                                       (2) 
Where: 
𝑚̇𝑚: Mass flow rate of refrigerant (kg/s) 
R: The refrigeration effect, which is equal to the heat transferred at the evaporator per 
kilogram of refrigerant. 
h1: Specific enthalpy at the exit of the evaporator (kJ/kg) 
h7: Specific enthalpy at the inlet of the evaporator (kJ/kg) 
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Compressor Unit [2,4,7,8]: It maintains the desired evaporator pressure corresponding to the 
requirement of low temperature. It continuously draws the refrigerant vapour from the 
evaporator, allowing low pressure and temperature to be maintained in the evaporator. The 
compressor also raises the pressure and temperature of the refrigerant so that it can reject heat 
to the external environment in the condenser. Power input to the compressor 𝑊̇𝑊𝑐𝑐, is given by: 

𝑊̇𝑊𝑐𝑐 =  𝑚̇𝑚𝑊𝑊                                                             (3) 

  𝑊̇𝑊𝑐𝑐 = 𝑚̇𝑚(h2-h1)                                                               (4) 

where: 
W: The work done by the compressor, which is equal to the work input to the compressor per 
kilogram of refrigerant. 
h2: Specific enthalpy at the outlet of the compressor (kJ/kg) 
 
Condenser unit [2,4,7,8]: In this unit, the heat absorbed in the evaporator and the heat added 
in the compressor to the refrigerant is rejected to the external environment, resulting in the 
condensation of the refrigerant. Heat transfer rate at condenser 𝑄̇𝑄𝑐𝑐, is given by 
 

𝑄̇𝑄𝑐𝑐 = 𝑚̇𝑚(ℎ3- ℎ4)                                                      (5) 
 

where 
h3: Specific enthalpy at the inlet of the condenser (kJ/kg) 
h4: Specific enthalpy at the outlet of the condenser (kJ/kg) 
 
Expansion Device [2,4,7,8]: It restricts the flow of the refrigerant leading to a pressure drop, 
resulting in a throttling process. Thus reducing the pressure of the refrigerant. For the 
isenthalpic expansion process: 

h4= h5                                                                (6) 
 

 
Coefficient of Performance [6-8]: The COP of the system is given by: 
  

COP = 𝑄̇𝑄𝑒𝑒
𝑊̇𝑊𝑐𝑐

 = 𝑚̇𝑚(h1− h5)
𝑚̇𝑚(h2−h1) = (h1−h5)

(h2−h1)                                            (7) 
 

 
Fig. 2. Modelling the Refrigeration System. 
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3.2 Heat Transfer in Cooling Chamber 

The sensible heat Q present in the cooling chamber can be estimated by [5-8]: 
 

Q=m𝑐𝑐𝑝𝑝𝛥𝛥𝛥𝛥                                                             (8) 
 
Where 
𝑚𝑚 = Mass of vaccines (kg)  
𝑐𝑐𝑝𝑝  = Specific heat of medium (kJ/kgK) 
𝛥𝛥𝛥𝛥  = Change in temperature of cooling chamber (K) 
 

Assuming the walls of the chamber are composite walls, the heat transfer can be estimated 
by [6-8]: 
 

𝑄𝑄
𝐴𝐴 = Δ𝑇𝑇

(𝐿𝐿1
𝐾𝐾1

+ 𝐿𝐿2
𝐾𝐾2

+𝐿𝐿3
𝐾𝐾3

)
                                                             (9) 

 
Where: 
Q: Heat transfer (W)  
A: Surface area of refrigerator (𝑚𝑚2) 
 𝛥𝛥𝛥𝛥 = Difference in temperature between external environment and cooling chamber (K) 
 L: Length of walls (m) 
 K: Thermal conductivity (W/mk) 
 

The compressor ON and OFF time can be determined using the following equations [9]: 
 

𝑄𝑄𝑖𝑖 + 𝑄𝑄1 =  𝑄𝑄𝑓𝑓                                                         (10) 
 

During compressor OFF time: 
 

𝑄𝑄1 = 𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 ∗ 𝑊𝑊1                                                       (11) 
 
Where 
𝑄𝑄𝑖𝑖: Energy content of the chamber at the end of the ON duration (kJ) 
𝑄𝑄𝑓𝑓: Energy content of the chamber at the end of the OFF duration (kJ)  
𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜: Compressor OFF time duration/cycle (s) 
𝑊𝑊1: Average heat transfer rate from external environment to cooling chamber (kJ/s) 

m𝑐𝑐𝑝𝑝𝛥𝛥𝛥𝛥= 𝑄𝑄𝑓𝑓 − 𝑄𝑄𝑖𝑖                                                   (12) 

m𝑐𝑐𝑝𝑝𝛥𝛥𝛥𝛥=𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜 ∗ 𝑊𝑊1                                                        (13) 
 

During compressor ON time assuming 𝑊𝑊1 remains constant for both ON and OFF time 

𝑄𝑄𝑒𝑒 = (𝑄𝑄𝑓𝑓 − 𝑄𝑄𝑖𝑖) + 𝑄𝑄2                                                  (14) 

𝑄𝑄𝑒𝑒 =  𝑡𝑡𝑜𝑜𝑜𝑜 ∗ 𝑊𝑊𝑒𝑒                                                           (15) 

𝑄𝑄2= 𝑡𝑡𝑜𝑜𝑜𝑜 ∗ 𝑊𝑊1                                                            (16) 
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Where 
𝑊𝑊𝑒𝑒: Evaporator capacity (kJ) 
𝑡𝑡𝑜𝑜𝑜𝑜: Compressor ON time duration/cycle (s) 

(𝑄𝑄𝑓𝑓 − 𝑄𝑄𝑖𝑖) = 𝑄𝑄𝑒𝑒 − 𝑄𝑄2                                                    (17) 

m𝑐𝑐𝑝𝑝𝛥𝛥𝛥𝛥 = 𝑡𝑡𝑜𝑜𝑜𝑜(𝑊𝑊𝑒𝑒 − 𝑊𝑊1)                                                   (18) 

3.3 Phase Change Material  

Most temperature sensitive vaccines are required to be stored at temperatures between 2°C 
to 8°C. Under these constraints the desired PCM should ideally have a melting point, within 
the desired temperature range. Thus, paraffin wax consisting of mixtures of n-Tetradecane 
was considered as they have a melting point near 6°C. However, based on cost and ease of 
availability, ice was chosen as the desired phase change material. It was desired that the phase 
change material provides the same cooling effect as the evaporator coil for an estimated 
amount of time. The mass of ice required by the system can be estimated by the following 
equation [7]:  

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑒𝑒 =  𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖(𝐶𝐶𝑠𝑠 ∫ 𝑑𝑑𝑑𝑑0
𝑇𝑇1

+ 𝐿𝐿 + 𝐶𝐶𝑓𝑓 ∫ 𝑑𝑑𝑑𝑑𝑇𝑇2
0 )                                   (19) 

Where 
𝑄𝑄𝑒𝑒: Heat removed by the evaporator (kJ) 
𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖: Mass of ice (Kg) 
𝐶𝐶𝑠𝑠: Specific heat of ice (kJ/kgK) 
𝐶𝐶𝑓𝑓: Specific heat of water (kJ/kgK) 
𝐿𝐿: latent heat of fusion (kJ/kg) 
𝑇𝑇1: Initial temperature of ice (K) 
𝑇𝑇2: Final temperature of ice (K) 
 

3.4 Sizing of Battery and PV module 

Having calculated the power being consumed by the compressor, the capacity C of the battery 
in ampere hours can be estimated using the following equation [8,10,11]: 

C= 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∗𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹                   (20) 

Similarly, PV module size can also be estimated by: 

P= 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑡𝑡 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹                              (21) 
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Where 
𝑊𝑊𝑒𝑒: Evaporator capacity (kJ) 
𝑡𝑡𝑜𝑜𝑜𝑜: Compressor ON time duration/cycle (s) 

(𝑄𝑄𝑓𝑓 − 𝑄𝑄𝑖𝑖) = 𝑄𝑄𝑒𝑒 − 𝑄𝑄2                                                    (17) 

m𝑐𝑐𝑝𝑝𝛥𝛥𝛥𝛥 = 𝑡𝑡𝑜𝑜𝑜𝑜(𝑊𝑊𝑒𝑒 − 𝑊𝑊1)                                                   (18) 

3.3 Phase Change Material  

Most temperature sensitive vaccines are required to be stored at temperatures between 2°C 
to 8°C. Under these constraints the desired PCM should ideally have a melting point, within 
the desired temperature range. Thus, paraffin wax consisting of mixtures of n-Tetradecane 
was considered as they have a melting point near 6°C. However, based on cost and ease of 
availability, ice was chosen as the desired phase change material. It was desired that the phase 
change material provides the same cooling effect as the evaporator coil for an estimated 
amount of time. The mass of ice required by the system can be estimated by the following 
equation [7]:  

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑒𝑒 =  𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖(𝐶𝐶𝑠𝑠 ∫ 𝑑𝑑𝑑𝑑0
𝑇𝑇1

+ 𝐿𝐿 + 𝐶𝐶𝑓𝑓 ∫ 𝑑𝑑𝑑𝑑𝑇𝑇2
0 )                                   (19) 

Where 
𝑄𝑄𝑒𝑒: Heat removed by the evaporator (kJ) 
𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖: Mass of ice (Kg) 
𝐶𝐶𝑠𝑠: Specific heat of ice (kJ/kgK) 
𝐶𝐶𝑓𝑓: Specific heat of water (kJ/kgK) 
𝐿𝐿: latent heat of fusion (kJ/kg) 
𝑇𝑇1: Initial temperature of ice (K) 
𝑇𝑇2: Final temperature of ice (K) 
 

3.4 Sizing of Battery and PV module 

Having calculated the power being consumed by the compressor, the capacity C of the battery 
in ampere hours can be estimated using the following equation [8,10,11]: 

C= 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∗𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹                   (20) 

Similarly, PV module size can also be estimated by: 

P= 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆ℎ𝑡𝑡 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜∗ 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ 𝑜𝑜𝑜𝑜 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎∗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹                              (21) 

 

 

 

 

3.5 Photovoltaic Cell 

 
Fig.3. Equivalent PV cell circuit  

Table. 1. Solar Panel SSI150W 

Power 150 W 

Nominal Voltage 12 V 

Open Circuit Voltage 21.6 V 

Short Circuit Current 9.21 A 

Maximum Power Point Voltage 17.3 V 

Maximum Power Point Current 8.67 A 

Number of Cells 36 

 
The panels have been modelled on the basis of a single diode, series resistance model of a 
solar panel. The panel selected for the purpose of the project were Solar India 150 W 12 V 
Polycrystalline Solar Panel SSI150W. The model was simulated on Matlab/Simulink, under 
conditions of constant solar radiation intensity and varying module temperature. Then under 
conditions of constant temperature and varying solar radiation intensity. The configuration 
of the PV cell can be mathematically by [12-18]: 

I=𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑑𝑑                                                              (22) 

𝐼𝐼𝑑𝑑 = 𝐼𝐼0 [𝑒𝑒
𝑉𝑉+𝐼𝐼.𝑅𝑅𝑠𝑠

𝑎𝑎 − 1]                                                      (23) 

𝐼𝐼𝑝𝑝ℎ = 𝐺𝐺
𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟

( 𝐼𝐼𝑝𝑝ℎ,𝑟𝑟𝑟𝑟𝑟𝑟 +  𝜇𝜇𝑠𝑠𝑠𝑠 ∗ ∆𝑇𝑇)                                                   (24) 

𝐼𝐼0,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐼𝐼𝑠𝑠𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟 [𝑒𝑒
−𝑉𝑉𝑜𝑜𝑜𝑜
𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 ]                                                      (25) 

The final output current for 𝑁𝑁𝑝𝑝 parallel cells present in the array, is determined by:  

𝐼𝐼 = 𝑁𝑁𝑝𝑝*𝐼𝐼𝑝𝑝ℎ − 𝑁𝑁𝑝𝑝*𝐼𝐼𝑑𝑑{𝑒𝑒[ 𝑞𝑞
𝐾𝐾∗𝑁𝑁𝑠𝑠∗𝐴𝐴∗𝑇𝑇𝑜𝑜𝑜𝑜

∗(𝑉𝑉+𝐼𝐼∗𝑅𝑅𝑠𝑠)] − 1}                                (26) 

 
Where:  
V= k*𝑇𝑇𝑐𝑐/q 
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a= (𝑁𝑁𝑠𝑠 ∗ 𝐴𝐴 ∗ 𝑘𝑘 ∗ 𝑇𝑇𝑐𝑐)/𝑞𝑞 
𝐼𝐼𝑝𝑝ℎ: the photocurrent (A) 
𝐼𝐼𝑑𝑑: the diode current (A) 
𝐼𝐼0: The reverse saturation or leakage current of the diode (A) 
𝑇𝑇𝑐𝑐: The operating temperature of the cell (K) 
k: Boltzmann constant= 1.381 ·  10−23 𝐽𝐽/𝐾𝐾 
q: Electron charge = 1.602 · 10−19 C 
𝑁𝑁𝑠𝑠: Number of PV cells connected in series.  
A: the ideality factor 
G: Irradiance (W/𝑚𝑚2) 
𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟: Irradiance at STC (W/𝑚𝑚2) 
𝜇𝜇𝑠𝑠𝑠𝑠: Coefficient temperature of short circuit current (A/K) 
∆𝑇𝑇: 𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑐𝑐,𝑟𝑟𝑟𝑟𝑟𝑟  (K) 
𝑇𝑇𝑐𝑐,𝑟𝑟𝑟𝑟𝑟𝑟: Cell temperature at STC (K) 
D: Diode diffusion factor 
𝜀𝜀𝐺𝐺: Material band gap energy (eV) 
 
 

 

Fig. 4. Modelling of PV Subsystem. 
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3.6 MPPT using Perturb and Observe Algorithm  

 

 
Fig. 5. P&O Algorithm. 

 
A Maximum Power Point tracking unit [19-22] allows optimum power to be transferred from 
the PV module to the load under given atmospheric conditions. The converter acts as a load 
to the PV module. Altering the duty cycle results in the variation of impedance of the 
converter circuit. By the maximum power transfer theorem when the impedance of the 
converter will be similar to the internal impedance of the cell under given conditions, 
maximum power will be transferred. Based on the output of the PV module and the nominal 
voltage of the battery the duty cycle of the converter is varied using MPPT algorithms. The 
Perturb and Observe (P&O) algorithm [19-22] perturbs the operating voltage to ensure 
maximum power. The P&O algorithm reads the voltage and current produced by the solar 
photovoltaic array. It then calculates the power produced by the array. As can be seen from 
the characteristic PV curve of the solar module, the slope of the curve is positive to the left 
of the maximum power point and negative to the right. The power calculated at the instant 
‘k’ is compared with the power calculated at the instant ‘k-1’ similarly the voltages at both 
these instances are also compared. If dP/dV>0, then it is known that the operating point is on 
the left side of the MPP. The P&O algorithm would increase the solar PV panel reference 
voltage to move the operating point towards the MPP. Alternatively, if the output voltage of 
the solar PV panels is perturbed and dP/dV<0, then it is known that the operating point is on 
the right side of the MPP. The P&O algorithm would decrease the solar PV panel reference 
voltage to move the operating point towards the maximum power point. When the steady 
state condition is touched the P&O technique oscillates around the maximum power point.  
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Fig. 6. Modelling the P&O Algorithm.  

 

3.7 Buck-Boost Converter 

 
Fig. 7. Configuration of the Buck-Boost Converter 

 
A buck boost converter [23] is a dc-dc converter that allows the output voltage to be either 
greater or lesser than the input voltage. When switch S is turned on, the diode D becomes 
reversed biased. Thus, the current flows through inductor L, charging it. When switch S is 
off the diode D becomes forward biased, resulting in the inductor discharging through 
capacitor C to the load. In this state, energy stored in the inductor is transferred to the load 
and the inductor current continues to fall till the switch S is turned on. The input and output 
voltage of the converter are related to the duty cycle of the switch by the following equation: 

𝑉𝑉𝑜𝑜 = − 𝐷𝐷𝑉𝑉𝑖𝑖𝑖𝑖
(1−𝐷𝐷)                                                              (27) 

 

 

Fig. 8. MPPT using Buck-Boost Converter with Battery 

10

MATEC Web of Conferences 144, 04002 (2018)	 https://doi.org/10.1051/matecconf/201814404002
RiMES 2017



 
Fig. 6. Modelling the P&O Algorithm.  

 

3.7 Buck-Boost Converter 

 
Fig. 7. Configuration of the Buck-Boost Converter 
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off the diode D becomes forward biased, resulting in the inductor discharging through 
capacitor C to the load. In this state, energy stored in the inductor is transferred to the load 
and the inductor current continues to fall till the switch S is turned on. The input and output 
voltage of the converter are related to the duty cycle of the switch by the following equation: 
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Fig. 8. MPPT using Buck-Boost Converter with Battery 

 

Fig. 9. Modelling of DC Shunt Motor Circuit. 

 

3.8 Modelling of Systems 

The subsystems have been designed and simulated in Matlab. The mechanical system is 
based on the example “Two-Phase Fluid Refrigeration” [24] available in the software. It has 
been designed using the thermodynamics library in Simscape. The PV module, MPPT unit 
and battery were simulated in Simulink. In addition, a shunt motor [25] was modelled in 
Simscape to verify that the solar panels could generate enough power to run the refrigeration 
system. 
 

4 Results  

Fig. 10. Variation of Solar Irradiance at constant Temperature on P-V Characteristics of Solar Panel.     
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Fig. 11. Variation of Solar Irradiance at constant Temperature on I-V Characteristics of Solar Panel.     

 
Fig. 12. Variation of Temperature at constant Solar Irradiation on P-V Characteristics of Solar Panel.     

Fig. 13. Variation of Temperature at constant Solar Irradiation on P-V Characteristics of Solar Panel.     

12

MATEC Web of Conferences 144, 04002 (2018)	 https://doi.org/10.1051/matecconf/201814404002
RiMES 2017



 
Fig. 11. Variation of Solar Irradiance at constant Temperature on I-V Characteristics of Solar Panel.     

 
Fig. 12. Variation of Temperature at constant Solar Irradiation on P-V Characteristics of Solar Panel.     

Fig. 13. Variation of Temperature at constant Solar Irradiation on P-V Characteristics of Solar Panel.     

4.1 Simulation of Solar Panels 

 It was observed from the simulation of the solar panels that: 
 Under conditions of varying irradiance at a constant temperature, there was a 

significant rise in module current with the rise in irradiance while the voltage 
increased at a much slower rate. There was an increase in module power with 
increase in solar irradiation.  

 Under conditions of varying temperature at constant irradiance, with decreasing 
temperature, module current decreased slightly but PV voltage decreased 
significantly. There was an evident decrease in the output power of the PV cell with 
an increase in temperature. 

 
 

 
Fig. 14. Output Power of PV Module Compared with Output at DC-DC Converter. 

4.2 Simulation of MPPT 

It was observed during the simulation of the MPPT that: 
 The P&O algorithm was followed and the unit tracked the output of the module. 

The output of the buck boost converter increased along with the panel power and 
then oscillated once steady state was achieved. 

 While the module generated 150 W of power, there was loss of power at the output 
of the buck boost converter owing to switching losses, resistance of the components 
and forward voltage of diode.     
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Fig. 15. Battery Parameters 

4.3 Simulation of Battery Parameters  

It was observed that with the presence of an MPPT unit most of the power generated by the panels was 
channelled to charge the battery. However, at the interface of the battery and the converter heavy 
interference was noted. Thus, an additional EMI filter was applied in order to reduce the noise. From 
the above simulation it was observed that approximately 129.5 W was transferred to the battery. This 
was in the form of a charging voltage of 12.95V with 10A of charging current. 

 

 
Fig. 16. DC Motor Current. 
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channelled to charge the battery. However, at the interface of the battery and the converter heavy 
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Fig. 16. DC Motor Current. 

 
Fig. 17. DC Motor Speed. 

4.4 Simulation of DC Motor 

It was observed during the simulation of the DC motor that: 
 With the aid of the current limiter the surge current was limited to 10 A. After the 

initial surge current was drawn, under zero load torque conditions the current drawn 
tended to zero. It is also noted that motor speed is at its highest under these 
conditions at 2000 rpm.  

 As the load torque was increased there is an increase in the current drawn to 3.62 A, 
resulting in a speed of 1450 rpm and a power consumption of 43 W which was in 
line with the calculations for the maximum power drawn by the compressor.   

 

 
Fig. 18. Refrigerator Compartment Temperature without PCM. 

 
Fig. 19. Refrigerator compartment temperature with PCM. 
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Fig. 20. Compressor Power Consumption Without PCM 

 

 
Fig. 21. Compressor Power Consumption With PCM. 

 

 
Fig. 22. Condenser Coil Capacity Without PCM 
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Fig. 20. Compressor Power Consumption Without PCM 

 

 
Fig. 21. Compressor Power Consumption With PCM. 

 

 
Fig. 22. Condenser Coil Capacity Without PCM 
 
 

 
Fig. 23. Condenser Coil Capacity With PCM. 

 

 
Fig. 24. Condenser Coil Temperature With PCM. 

 

 
Fig. 25. Condenser Coil Temperature With PCM. 
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Fig. 26. Evaporator Coil Capacity Without PCM. 

 
 

 
Fig. 27. Evaporator Coil Capacity With PCM. 

 

 
Fig. 28. Evaporator Coil Temperature Without PCM. 
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Fig. 26. Evaporator Coil Capacity Without PCM. 

 
 

 
Fig. 27. Evaporator Coil Capacity With PCM. 

 

 
Fig. 28. Evaporator Coil Temperature Without PCM. 

 

 
Fig. 29. Evaporator Coil Temperature With PCM 

4.5 Simulation of Refrigeration Unit 

Table. 2. Simulation of Refrigeration Unit 

 PCM Power  
(Watt) 

𝑇𝑇𝑜𝑜𝑜𝑜 
(sec) 

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜  
(sec) 

Evaporator 
Temp (K) 

Evaporator 
Capacity 
  (Watt) 

Condenser 
Temp (K) 

Condenser 
Capacity 
  (Watt) 

COP 

Absent 41 249 627 268 224.6 313.1 207 5.48 
Present 42.5 794 1500 268.8 219.2 315.3 248 5.16 

 
It was noted in the simulation results of the refrigeration system using R134a refrigerant that: 

 The presence of the phase change material increased both the on and off time of the 
compressor in a disproportionate manner as predicted by the theoretical 
calculations. There was a 219% increase in the on time, but only a 139% increase 
in the off time. There was a 5.8% fall in COP and a 3.5% increase in compressor 
work. 

 The presence of the phase change material increased the minimum temperature to 
be maintained in the evaporator coil by 0.8 K. However, raised the temperature 
maintained in the condenser by 2.2 K. 

 

6 Conclusions 
The presented work aimed at designing and simulating a solar powered vapour refrigeration 
system using a phase change material. The project aimed at designing the system for the 
purpose of storing vaccines. The results of project have led to the following conclusions being 
drawn. 
A system consisting of 150W panels with nominal voltage 12V, with the presence of a battery 
bank rated at 75Ah at nominal voltage 12V can successfully run a refrigeration system with 
rated at power consumption at 50W. As per theoretical calculations the system should be able 
to run as an autonomous unit for 12 hours at least, under the conservative estimate that only 
6 hours of sunlight are present during the day. The battery bank provides enough charge for 
the system to run for 6 hours during which 50W is constantly consumed. 
A single diode with series resistance model of a photovoltaic cell was implemented to 
validate the performance characteristics of solar panel SSI150W by Solar India. It was 
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observed with increasing PV module temperature, open circuit voltage decreased but short 
circuit current slightly increased, it was also observed that maximum power decreased with 
an increase in temperature. It was further observed that the open circuit voltage as well as the 
short circuit current increased with an increase in solar irradiation. 
A maximum power point tracking unit was implemented using the Perturb and Observe 
algorithm and a buck boost converter. It was observed that the algorithm was able to track 
the maximum power point by altering the duty cycle of the buck boost converter. The output 
of the converter was observed and it was noted that the power oscillated after the maximum 
power point was found owing to the nature of the algorithm that requires constant 
perturbation of the voltage. It was also noted that the presence of a maximum power point 
tracking unit allowed greater charging current to be available for the battery.  
It was concluded that the presence of a phase change material in the refrigeration system 
causes a considerable increase in both the on and off time of the compressor. This will aid in 
smooth running of the compressor without subjecting it to high temperature. However, the 
ratio by which the on time is increased is greater than the ratio by which the off time is 
increased. Numerically there is a 219% increase in the on time, a 139% increase in the 
compressor off time, a 5.8% fall in COP and a 3.5% increase in compressor work. Thus, 
under conditions where there is enough load in the system to cause the initial on and off times 
of the compressor to be comparable, the presence of a phase change material may result in a 
greater on period than an off period for the compressor. In terms of absolute value however 
the presence of ice in the refrigeration system does result in a significant increase in the off 
time. This implies that with the presence of ice as a PCM in the refrigeration system, a smaller 
battery bank would be required to operate the system. This increases the viability of using 
lower wattage solar panels to operate the same refrigeration system. Thus, reducing the 
overall cost of the system. 

7 Future Work 
There is scope to expand upon and further improve the presented work by: 

 Employing alternate phase change materials, as the melting point of ice is 0°C and 
the maximum acceptable temperature for the storage of vaccines is 8°C. A phase 
change material, in particular, mixtures of n-Tetradecane which have a melting point 
near 6°C may perhaps provide better results. 

 Varying the quantity of vaccine present in the cooling chamber would allow for a 
better understanding of how the ratio of PCM and load present in the refrigeration 
chamber affects the on and off time of the compressor. 

 A major drawback arising from the current system is its inability to perform desired 
function in the prolonged absence of sunlight. In India this becomes relevant 
generally in the context of the monsoon season. While the occurrence of absolute 
absence of electricity is unlikely, it is possible to overcome such a situation by using 
hybrid systems to generate power. 
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