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ABSTRACT 

Solar energy is one the most popular renewable energy 

sources. In this paper, various types of photovoltaic 

cells, manufacturing countries, their efficiency of PV 

module and overall performance has been analysed and 

compared for the Asian countries. Data has been 

collected from the datasheets of various manufacturers 

in the Asian countries. It is found that the mono-

crystalline cells have the better performance compared 

to multi-crystalline cells. Chinese manufacturers are 

the dominants for the mono-crystalline cell production 

with the efficiency of 20% and 18.48% of maximum 

and average respectively. The highest efficiency of 

multi-crystalline cell production is also achieved by 

Chinese manufacturers with the efficiency of 19% and 

17.45% maximum and average respectively. But the 

highest fill factor is achieved by Taiwan manufacturers 

with 80.89% maximum and 79.36% average for 

monocrystalline cells and 79.91% maximum and 

78.94% average for multi-crystalline cells. It is also 

found that during the period of 2009 to 2011 has 

achieved the highest production for all types of cells 

types as well as rate of production is increasing day-by-

day. 
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NOMENCLATURE 

B -  Boltzman’s constant 

FF- Fill factor 

I - Current (Amp) 

K - Diode ideality factor 

P  - Power (Watt) 

PV- Photovoltaic  

q - Electron charge 

R - Resistance (Ohm) 

T - Temperature (K) 

V - Voltage (Volt) 

  - Efficiency (%) 

 

Subscript 

D- Diode 

J – Solar cell 

L – Load 

M - Maximum 

OC – Open circuit 

S - Series 

SC – short circuit 

 

1. INTRODUCTION 

Energy is the key input and basic need for 

development, economic growth, automation and 

modernization. However, global energy demands are 

increasing rapidly and this concern is addressed by 

international researchers on how to fulfill the future 

energy demand (Mondal and Islam 2012).  Most 

countries are using fossil fuels that are limited source 

of energy and creating serious problems as global 

warming for the modern society. It is important to find 

an alternative to fossil fuel before this resource comes 

to an end. Solar energy is one of the energy source that 

is renewable and an alternative energy sources for 

clean and safe environment (Rahman, et al. 2015). 

Solar energy is abundant and widely used in terrestrial 

application (Hosenuzzaman et al. 2015). Photovoltaic 

(PV) cell has an important role to convert from solar 

energy to electricity and heat. Photovoltaic cells are 

several type with their own advantages and 

disadvantages that are competitive each other to 

achieve the best performance produced by cells 

manufacturer. Nowadays, photovoltaic technology 

grows rapidly in worldwide. Developed countries (i.e. 

America, Europe, Australia, China, Japan) have been 

applied the photovoltaic technology for development of 

the countries (Rang et al. 1990; Hashimoto 2003; 

Bachler 2006; Zahedi 2006; Mondal and Islam 2011). 

The developing countries (i.e. Malaysia, Thailand, and 

Vietnam) are starting the use of the PV technology 

(Jivacate and Buakhiew 2003; Johari et al. 2011). 

Photovoltaic technology is growing fast due to the 

awareness of climate change, thinner ozone layer and 

carbon emission (Applasamy 2011; Moosavian et al. 

2011). Building integration of photovoltaic (BIPV) 

system is widely used in building to produce electricity 

and well as heat (Hongxing and Yuyan 2003). Solar 

lighting is one of the popular use rural areas (Sastry 

2002; Honglian 2010). Photovoltaic also contributes to 

transportation such as highway camera surveillance 

system and vehicles (Melo et al. 2011). The standard 

principle of photovoltaic cell is based on mono-

crystalline cell that has similar properties of solid-state 

devices such as diodes, bipolar transistor, field effect 

transistor etc. (Li et al. 2010). The photovoltaic cell is 

directly converted from solar radiation to electricity. 

Currently, photovoltaic cell can be categorized into 
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several types such as crystalline silicon, thin-film, dye-

sensitized and organic cell. Crystalline silicon consists 

of mono-crystalline and multi-crystalline (Goetzberger 

et al. 2003; Miles et al. 2005). Monocrystalline and 

multi-crystalline are formed by silicon single crystal 

and silicon multiple crystals respectively. Nowadays, 

photovoltaic cells are getting competitive in the 

photovoltaic market (Bruton 2002; Jäger-Waldau 

2004). Crystalline silicon cells are dominant solar cells 

in terms of efficiency with >20% leaving distant the 

second generation of photovoltaic cells; thin-film with 

<10% efficiency (Miles et al. 2005). Crystalline silicon 

cell is abundant element in crust of earth, non-toxic 

material and part of solid-state semiconductor as well 

as in microelectronic industry. Crystalline silicon cell 

is required a thick layer of wafer to absorb photons 

from light that makes it costly. Efficiency of mono-

crystalline silicon cells higher but expensive (Miles et 

al. 2005). Multi-crystalline silicon cell is low cost 

production and less silicon consumption as well as 

easier manufacturing process than monocrystalline. As 

multi-crystalline are low cost, many researchers and 

manufacturers attempt to enhance its efficiency. The 

aim of the research is to analyze the production and 

performance of crystalline silicon cells in the Asian 

countries. 

 

2. METHODOLOGY 

 

2.1 Data source and collection 

Crystalline silicon cells consist of mono-crystalline and 

multi-crystalline or polycrystalline. Data for these 

types of cells are collected from various manufacturer 

datasheet, catalogues and brochures available through 

internet in their company websites. Most of 

manufacturers are able to produce both types of 

crystalline solar cells (i.e. monocrystalline and multi-

crystalline). Each type consists of two sub bus-bar; 

monocrystalline 2 bus-bars and monocrystalline3 bus-

bar, and multi-crystalline 2 bus-bars and multi-

crystalline3 bus-bar. There are 101 data samples have 

been used to evaluate the performance of crystalline 

cells. The crystalline silicon cells (i.e. mono-crystalline 

and multi-crystalline) are selected based on higher 

value achieved by manufacturers to evaluate cell 

performance. Overall, data of crystalline silicon cells 

are collected from 57 manufacturers which is available 

around worldwide. Then, data is included with country 

and year of solar cells production.  

 

2.2 Data analysis 

The general solar cell equivalent circuit is represented 

in Figure 1. Current generator acts as a solar cell 

junction placed parallel to ideal diode. Series resistance 

(RS) and single-diode complete the solar cell circuit 

(Rodrigues, Melicio et al. 2012). Equation 1 

(Rodrigues et al. 2012) below expresses the load 

current Equation 1 (Rodrigues, Melicio et al. 2012) 

below expresses the load current (IL) by differentiation 

of current produced by solar cell (IJ) and diode current 

(ID): 

)1)]((exp[  SLOJL RIV
BKT

q
III ..(1) 

Current produced by solar cell flows into diode and 

load once light initiation hit on solar cell. Since diode 

current is very small, it leads the high current flows 

into load even condition of short-circuit (V=0). It is 

similar with RS which has very small value and has 

caused load to obtain high current from solar cell. 

Current produced by solar cell is therefore assumed as 

short circuit current IL = IJ.  Open circuit voltage (VOC) 

is generated as the Equation 2 (Rodrigues et al. 2012) 

as below: 
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Figure 1 Equivalent circuit of solar cell (Rodrigues et 

al. 2012) 

 

Important parameter related to solar cell is conversion 

efficiency. Maximum voltage (VM) with maximum 

current (IM) over power radiance from sunlight (P), 

yield conversion efficiency (ƞ) can be calculated by 

using Equation 3 (Panjwani 2011): 

 

P

VI MM  ……………………………………(3) (3) 

I-V characteristic curve is shown in Figure 2. The 

location of maximum voltage (VM) intersect with 

maximum current (IM) generates maximum output 

power. Irradiance used is normally based on standard 

test condition (STC) of Air Mass 1.5 spectrum in 

terrestrial application. Irradiance for Air Mass 1.5 

spectrum is 1000 Wm-2 in 25°C temperature (Panjwani 

2011; Kieu 2012). Then, another parameter considered 

is fill factor. Fill factor is the ratio of maximum voltage 

and current to short circuit current (ISC) and open 

circuit voltage (VOC) that can be calculated by using 

Equation 4 (Panjwani 2011; Kieu 2012): 
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Fill factor can be used to calculate conversion 

efficiency by using Equation 5 (Panjwani 2011; Kieu 

2012):  

 

P

FFVI OCSC  ………………………………(5) 

 

 
 

Figure 2 I-V characteristic (PVCCT 2012) 

J-V characteristic can also be used for solar cell 

performance to represent short circuit current density 

(JSC) (Teklu 2009). Some datasheets were not 

completed for the required parameter for this 

researcher. So, Equations 4 and 5 (Kieu 2012) are used 

to calculate related parameters to complete the data 

sheets. 

 

3. RESULTS AND DISCUSSION 

3.1 Solar cells production 

All solar cells have same features in terms of 

dimension and several electrical specifications. The 

dimension of the cells are 156mm × 156mm × (200 ± 

30) μm in average and data available in supplier 

datasheet for each cell such as efficiency, maximum 

power, current maximum power, voltage maximum 

power, current short circuit, voltage open circuit and 

fill factor. In this research, 101 samples are collected 

randomly of mono-crystalline and multi-crystalline 

cells and the cell production percentage are 49% and 

51%, respectively. Figure 3 shows the country based 

cell production and shows that Chinese manufacturers 

are the highest (about 69%) and Taiwan manufacturers 

with 24% of cell production. In Figure 4, China is the 

leading country in producing crystalline silicon cells 

with 35.16% monocrystalline and 30.69% multi-

crystalline (i.e. 51% mono-crystalline and 49% multi-

crystalline of China cells). Oppose to China, Taiwan 

produces 13.19% multi-crystalline which is higher than 

10.99% monocrystalline cells (i.e. 55% multi-

crystalline and 45% monocrystalline of Taiwan cells). 

Other countries produce both cells at same percentage 

with 3.3% (i.e. 50% multi-crystalline and 50% 

monocrystalline). Most manufacturers are able to 

produce both types of crystalline silicon cells.  

 

 

Figure 3 Asian countries based crystalline cells 

production 

 

 

Figure 4  Cell type produced by Asian countries 

 

In Figure 4, China is the leading country in producing 

crystalline silicon cells with 35.16% monocrystalline 

and 30.69% multi-crystalline (i.e. 51% mono-

crystalline and 49% multi-crystalline of China cells). 

Oppose to China, Taiwan produces 13.19% multi-

crystalline which is higher than 10.99% 

monocrystalline cells (i.e. 55% multi-crystalline and 

45% monocrystalline of Taiwan cells). Other countries 

produce both cells at same percentage with 3.3% (i.e. 

50% multi-crystalline and 50% monocrystalline). Most 

manufacturers are able to produce both types of 

crystalline silicon cells. Figure 4  Cell type produced 

by Asian countries The collected samples cells 

(manufactured year from 1997 to 2011) are also 

presented by producing year and country basis in figure 

5. From Figure 5, it is clear that the most cells 

production occurred in 2009 to 2011 with 51%. The 

second range of year for solar cells production reaches 

25% for 2006 to 2008. It is followed by 17% in 2003 to 

2005. Subsequently, 2000 to 2002 achieves 3% of solar 

cells production.  

 

 Figure 5 further indicate that solar cells are the most 

produced during the period of 2009 to 2011. In this 

range of time period, China has been the highest 

country in producing solar cells of 47.25%. Leaving far 

behind is Taiwan with 4.4% while other countries have 

not produced any crystalline cells. The period of 2006 

to 2008 is the second highest in producing solar cells. It 
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shows the peak country developing solar cells during 

this period is China with 15.38%. Subsequently, 

10.99% crystalline solar cell is produced by Taiwan. 

Then, there is no crystalline cell produced by other 

countries during this period of year. The third period of 

years 2003 to 2005 shows 8.79% dominated by Taiwan 

in solar cell production. China produces crystalline 

solar cells with 6.59% while other countries produce 

2.2%. In Figure 7, it shows other countries such as 

India and Japan have started producing cells during the 

period 1997 to 1999. Meanwhile, China and Taiwan 

have started to produce solar cell in range 2003 to 

2005. It obviously shows crystalline solar cells 

production has grown rapidly by manufacturers in 

2000s. 

 

 

Figure 5 Crystalline solar cells produced based on 

country in range of year 

 

The crystalline silicon cells produced in different 

ranges of years is shown in Figure 6. As expected, the 

period during 2009 to 2011 shows highly developing 

crystalline silicon cells. It is observed both crystalline 

silicon cells have same percentage of 25.49% of cell 

production. The second range of year in producing 

solar cells is 2006 to 2008. It shows that multi-

crystalline is the highest produced with 12.75% leaving 

0.09% difference of monocrystalline being 11.76%. It 

is followed by year range of 2003 to 2005 which 8.82% 

multi-crystalline is higher than 7.84% monocrystalline 

cell production. Subsequently, the productions of 

crystalline silicon cells are almost same during period 

2000 to 2002 and 1997 to 1999. In Figure 6, it shows 

crystalline silicon cells have been started to produce in 

range of 1997 to 1999. 

 

 

Figure 6 Type of solar cells produced in range of year 

 

3.2 Performance parameter analysis of solar cells 

The performances of the cells are analyzed through the 

efficiency achievement and fill factor.  Figures 7 and 8 

represent the percentage of cells efficiency and fill 

factor respectively. The mono-crystalline has the 

higher efficiency of 20% maximum and 18.48% 

average where the multi-crystalline has 19% maximum 

and 17.45% average efficiency cells produced by 

Chinese manufacturers. The mono-crystalline cell has 

the highest fill factor in maximum and average fill 

factor of 81.34% and 79.10% respectively. Both fill 

factor of multi-crystalline are slightly lower than 

monocrystalline cells of 80.06% maximum and 78.77% 

average respectively. 

 

Figure 7 Efficiency achievement of cells produced by Chinese, Taiwan and other countries manufacturers 
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Figure 8 Fill factor achievement of cells produced by Chinese , Taiwan and other countries manufacturers 

 

The mono-crystalline has higher efficiency of 19.4% 

in maximum and 19.03% in average than the multi-

crystalline of in maximum 18.2% and 17.75% in 

average produced by Taiwan manufacturer’s 

respectively. The fill factor of cells produced by 

Taiwan manufacturers are about 80.89% in 

maximum and 79.36% in average of mono-

crystalline cells where 79.91% in maximum and 

78.94% in average of multi-crystalline cells 

respectively. The mono-crystalline cells efficiency is 

about 17.6% where the multi-crystalline cells 

efficiency is about 16% product by other countries. 

It is also observed that the multi-crystalline cells fill 

factor is 80.34% in maximum and 78.22% in 

average. The maximum and average fill factor of 

monocrystalline cells are 79.3% and 77.95% 

respectively.  

 

4. CONCLUSION  

From the comparative analysis, it can be concluded 

that solar cells production rate is increasing very 

high (increase 92% by 14 years). Monocrystalline 

cells have the best performance compared to multi-

crystalline cells. The maximum and average 

efficiency of mono-crystalline cells are 20% and 

18.48% respectively manufactured by chines 

manufactures. The maximum and average efficiency 

of multi-crystalline cells 19% and 17.45% 

respectively manufactured by chines manufactures. 

The fill factor achieved is 80.89% maximum and 

79.36% average for monocrystalline cells as well as 

79.91% maximum and 78.94% average for multi-

crystalline cells by Taiwan manufacturers.  
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