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ABSTRACT 

The objective of the current study is to optimize cooking power and effective efficiency of 

box type solar cooker. The solar cooker has been designed, fabricated and analyzed. The effect of 

loading and cooking time on the cooking power and effective efficiency has been investigated. 

The response surface methodology (RSM) is used to examine the performance of box-type solar 

cooker. FCCD (Face centered composite design) has been used to investigate the effect of different 

variables on effective efficiency and cooking power of the solar cooker. The optimized value of 

loading predicted by RSM was 4.92 kg/m2 for a cooking power of 795.89 watt and effective 

efficiency of 13.61% respectively. The results of predicted response were compared with actual 

response. The results demonstrate that the response surface methodology (RSM) is useful in 

constructing a mathematical model. The experiment was conducted in Faisalabad, Pakistan 

31.4181° North Latitude, 73.0776° East Longitude and 184 m above the sea level. 

Keywords: Response surface methodology; Loading; cooking power; solar cooker; effective 

efficiency 
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Introduction 

 In recent years the utilization and demand of renewable energy has been 

increased rapidly due to high cost and environmental effects of non-renewable energy resources 

[1]. Solar cookers are used to protect the environment and are considered as a best mean to avert 

the burning of fossils. Solar cookers are based on the energy conversion mechanism in which solar 

energy is converted into thermal energy [2]. Solar cookers normally harvest the energy by using 

direct or indirect sunlight. Box type solar cooker is a direct type of solar cooker [3]. Box type 

cookers are widely used due to low cost, and simple fabrication techniques [4]. Solar cooker 

provide promising substitute solution for cooking by trapping the IR radiation spectra [5]. In 

developing countries nearly 90% of the domestic energy is consumed in cooking [2]. There are 

number of methods available to increase the thermal performance of a solar cooker [6]. Such 

techniques are used by optimizing the thermal performance in connection with the input radiation 

of solar cooker. Thermal performance can be enhanced by effective design of sun tracking system, 

modifying the geometry and also by decreasing the surface radiation loss [7, 8]. However, there is 

need to optimize the overall performance of a box cooker in connection with the cooking loads 

inside the cooker. In first part of this research work time of cooking was measured against loading 

of water (kg/m2). For this purpose standard procedures were adopted to measure the readings [9]. 

In second part of this work, response surface methodology (RSM) was used to determine the 

optimum range of cooking power and effective efficiency in accordance with loading and time of 

cooking.  

Current research work uses RSM as a proficient system for constructing a mathematical model 

and optimization of the effective efficiency and cooking power of box type solar cooker. RSM is 

used for the development and optimization of a process [10] which involve the influence of 

response of interest by numerous variables and to optimize the response [11]. This technique has 
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been used to decrease the number of variables as well as experimental time by considering only 

the significant factors [12] such as cooking time and optimum load range (OLR) [13]. As 

performance of any energy system can be analyzed by its efficiency so in current work energy 

efficiency is described in the form of effective efficiency [14]. 

 Experimental Design 

The experiment was carried out to study the simultaneous effect of loading of water (kg/m2) 

and operation time on the effective efficiency of the system and optimum range of cooking power. 

These experiments were conducted in the climatic conditions of Faisalabad, Pakistan. Faisalabad 

is located at 31.4181° North Latitude, 73.0776° East Longitude and 184 m above the sea level. 

According to the strategy of the experiment, the solar radiations were focused on the absorber 

surface by manually adjusting the angle of the mirrors. All the experiments were performed by 

using an aluminum vessel filled with one liter of water. The energy efficiency was calculated from 

output energy which is the increase in internal energy of the water. The experiment was performed 

on box-type solar cooker having outer box dimensions (64 × 54 × 36 cm) and inner box dimensions 

(60 × 50 × 34 cm). The experimental setup is shown in Fig. 1. Direct sunshine is needed to work 

and supply zero emission. The upper surface of the absorber plate is painted matte-black so that it 

can absorb most of the incoming solar radiation [15]. The absorber plate was divided into four 

equal sections where four cooking vessels made of aluminum were placed. The top aperture of the 

solar cooker is covered with single glass having dimensions of 63 × 53 cm. The analysis and design 

of the experiments were conducted using the RSM. The main variables, including effective 

efficiency and cooking power were fed into the software along with their variation range. RSM 

proposes a model for studying the response function (lies in the operational range of the system). 
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Fig. 1 Box-Type Solar Cooker (a) Patranometer for solar flux measurement (b). 

 

A typical RSM design, known as face centered composite design (FCCD), was used in this 

research to observe the effect of several variables for effective energy efficiency. The area where 

system yields the maximum ratio of output to the input is the best performance area and described 

in the suggested model. Least efficiency is also shown so that the scheme can be adjusted 

accordingly. This model is also a good representative of areas having poor efficiency. 

The time of testing was considered as 30 min to reduce the effects of heat loss from the 

system on the experimental results. Table 1 provides the experiment plan with their point 

coordinates along with the amount of effective efficiency or the calculated responses.  

Table 1 The variables and corresponding variable level. 

Parameters Factors Variable level 

  -1 0 1 

Loading (Kg/m2) A 3.00 4.50 6.00 

Time (hr.) B 10:00 11:50 13:00 

 

Measurement Methods 

Pyranometer was used to measure incident solar radiation I with a precision of ±10 Wm-2 

and the uncertainty of 2%. A Digital thermocouple sensor was used to measure the water 
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temperature inside the vessel with a precision of ± 0.01 ◦C. The thermocouple sensor was fixed 5 

cm above the bottom of the vessel and inside the water [9]. The ambient temperature, humidity as 

well as incident solar radiation, water temperature, and other variables were measured and 

recorded every 10 min in all the experiments [9]. 

Theoretical Principle 

The main principle for the calculation of the performance of energy system is energy 

efficiency [14]. The ratio of output energy to the input energy (through the reflected surface 

adsorbed radiated energy) is known as effective efficiency and it can be determined as [15]: 

      𝜂𝑒𝑓𝑓 =
𝑚𝐶𝑝(𝑇𝑓𝑤 −𝑇𝑖𝑤)

𝐼𝐴𝛥𝑡
        (1) 

Where m is the mass of water in kg, Cp is a specific heat of water having value equal to o 4.2 KJ 

kg-1 K-1, Tiw and Tfw are the initial and the final water temperatures respectively in Kelvin, I is the 

average intensity of solar radiation per unit area in Wm-2, A is the total area of the absorber in m2 

and ∆𝑡 is the total time of experiment in second. Solar cookers must heat Food, and sensible heat 

gain in a cooking pot is the best measure of a cooker’s ability to effectively heat food. The mass 

and specific Heat capacity (4.2 KJ kg-1 K-1) of the water contained in the pots is multiplied by the 

change in water temperature for each 35-min interval. Dividing this outcome by the 600 s 

contained in a 35-min interval yields the cooking power in Watt [9]. 

 

Results and Discussion 

Actual and predicted values of cooking power and effective efficiency of solar cooker are 

shown in Fig 2 (a & b). Actual values are the experimentally performed response data for a 

particular run, and the predicted values were measured from the Response Surface Methodology 

design.  
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Fig. 2: Actual and predicted plot of effective efficiency. 

 These plots describe the effectiveness of the developed mathematical model. Table 1 shows 

different variable levels with factors A and B demonstrating loading (Kg/m2) and time of cooking 

(hr) respectively. The difference between predicted and actual values is shown in Table 2. It is 

observed that the experimentally performed values are relatively close to the values provided by 

the model. 
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Table 2. Experimental design for actual and predicted response. 

Run Variables Responses 

 A B R1 (Cooking Power) R2 (Effective Efficiency) 

   Actual Predicted Residual Actual Predicted Residual 

1  1.00  0.00 772.78 795.89 23.11 12.80 13.61 0.81 

2 -1.00  0.00 1198.59 1048.20 150.39 9.06 11.30 2.24 

3  0.00  0.00 768.55 795.89 27.34 14.14 13.61 0.53 

4  0.00  0.00 913.53 890.54 22.99 14.00 14.58 0.58 

5  0.00  0.00 660.89 655.23 5.66 9.00 9.97 0.97 

6  1.00 -1.00 775.40 795.89 20.49 13.80 13.61 0.19 

7 -1.00 -1.00 959.47 43.54 43.54 11.64 12.37 0.73 

8  0.00  0.00 765.87 795.89 30.02 13.60 13.61 0.010 

9  0.00 -1.00 675.56 759.42 83.86 13.50 12.57 0.93 

10  0.00  1.00 775.12 795.89 20.77 14.40 13.61 0.79 

11  0.00  0.00 657.66 579.46 78.20 12.55 12.51 0.043 

12 -1.00  1.00 770.66 799.31 28.65 15.00 13.45 1.55 

13  1.00  1.00 1217.58 1284.11 66.53 9.00 7.69 1.31 

 

Fig. 3 (a) indicates the cooking power values in connection with time of cooking and 

loading values. It is clear from the results that time of cooking and loading significantly affects the 

cooking power of solar cooker. Fig 3(b) indicates effective efficiency increases as loading 

increases but almost remains same at 4.50% but then increases, until at 6% loading reaches to 

14.58 % effective efficiency. 
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Fig 3: Standard error of design based on time of cooking and loading. 
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 Fig.3(c) indicates propagation of error in the performed experiment while it shows standard 

error of design which is 0.88949, less than the statistical limit. The desirability of the experiment 

with respect to time of cooking and loading is shown in Fig. 4. Three dimensional plots were 

sketched by using the RSM to examine the effects of time of cooking and loading water on cooking 

power and effective efficiency.  

 

Fig 4. The desirability of the experiment with respect to time of cooking and loading. 

Based on the ANOVA results obtained, time of cooking and loading of water were found 

to have significant effect on cooking power and effective efficiency. With the help of this statistical 

model significant and non-significant terms in the variables have been analyzed as shown in Table 

3. In the developed mathematical model, non-significant terms are neglected. For a particular run, 

actual values were computed through response surface data, and the predicted values were 

determined from the model. The main objective of present work was to find out the optimum 

process parameters in connection with cooking power and effective efficiency. The quadratic 

equation was optimized using quadratic programming within the experimental range studied. The 

optimum cooking power and effective efficiency conditions for solar cooker are shown in Table 4. 
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Table 3 Analysis of variance (ANOVA) for the fitted models. 

Cooking power 

  Sum of  Mean F  

Source Squares DF Square Value Prob > F 

Model 3.772E+005  5 75442.09 11.36 0.0030* 

A  92914.37  1 92914.37 13.99 0.0073 

B                      2.166E+005      1  2.166E+005    32.60 0.0007 

A2 45153.21  1 45153.21 6.80 0.0351 

B2 1929.09 1 1929.09 0.29 0.6067 

AB 20935.20 1 20935.20 3.15 0.1191 

Residual 46504.90 7 6643.56 

Lack of Fit 46434.56 3 15478.19 880.16 < 0.0001* 

Pure Error 70.34 4 17.59 

Cor Total 4.237E+005 12 

Effective Efficiency 

Model 42.44 5 8.49 4.42 0.0388* 

A                        6.91         1 6.91 3.60 0.0995 

B                       0.028    1 0.028 0.015 0.9072 

A2 4.22 1 4.22 2.20 0.1816 

B2 3.79 1 3.79 1.97 0.2027 

AB 22.56 1 22.56 11.76 0.0110 

 

Residual 13.43 7 1.92 

 

Lack of Fit 11.93 3 3.98 10.59 0.0226* 

Pure Error 1.50 4 0.38 

Cor Total 55.87 12 

 *significant at “Prob>F” less than 0.05. 
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Table 4 Optimized value of cooking power and effective efficiency at optimized loading (kg/m2) 

and time of cooking (hr). 

 Parameter Response Desirability 

 A B R1 R2  

Optimized value 4.92 12.32 795.89 13.61 0.905 

 

Face centered composite design (FCCD) was used in this work and considered as standard 

RSM design. FCCD has been mostly used to build a second order response surface model and is 

appropriate design for minimum number of experiments. The experimental values acquired for the 

cooking power and effective efficiency of solar cooker were found to be well aligned with the 

predicted values. Minimum cooking powers for actual and predicted responses were 657.66 W and 

579.46 W, whereas 9.00% and 7.69% were minimum effective efficiencies of actual and predicted 

responses, respectively. Maximum cooking powers achieved through experiment and by RSM 

response were 1217.58 W and 1284.11 W, while 15% and 13.45% for maximum effective 

efficiencies of actual and predicted responses, respectively. The predicted cooking power 795.89 

W and effective efficiency of 13.61% were obtained for loading value of 4.92 kg/m2. Model 

predicted values and experimentally performed values are residual which illustrate the 

effectiveness of model, based on a designed experiment. 

 

Conclusion 

Box-type solar cooker has been used for this research due to its simplicity of operational 

and handling. The experiments were based on RSM design to evaluate and optimize the thermal 

performance of box-type solar cooker. RSM was used to determine the optimum range of cooking 

power and effective efficiency in accordance with loading and time of cooking. The experiment 

has produced following results. Maximum cooking powers achieved through experiment and by 
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RSM response were 1217.58 W and 1284.11 W, respectively.  On the other hand, maximum 

effective efficiencies of 15% and 13.45% were achieved through actual and predicted responses, 

respectively. The resulting optimized predicted cooking power in connection with loading value 

of 4.92 kg/m2 was 795.89 W and producing an effective efficiency of 13.61%. The resulting solar 

cooker power and effective efficiency is a useful tool for interpreting the capacity and heat 

retention ability of a solar cooker in connection with the load. These parameters were evaluated 

by using the international test standard of a solar cooker and appeared to be independent of date 

and location; however, the protocol should be followed (low wind, clear skies). 
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