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Abstract

The main challenge today is to promote the development and commercialization of renewable energy sources for widespread 
adaption. This requires a smooth transition from fossil fuel based generation system to renewable energy supported system. 
The two main obstacles in this regard are efficiency constraint and cost of renewable sources. Photovoltaic systems are one of 
the most promising and prominent candidates of emerging renewable sources. Lack of capability of bulk production of 
energy, system efficiency, availability, reliability, feasibility, sustainability, suitable geographical sites, lifetime, capital 
cost/investment, commercialization, energy storage, complex manufacturing process and finally cost of energy are the major 
factors affecting the growth of renewable sources like photovoltaic energy system. Improved performance and cost reduction 
can increase the use and popularity of the sources.

Key Words : Photovoltaic Systems; Energy Efficiency Constraint; Efficiency limit; PV cell power losses.

1.    Introduction

1 2 3
S.M. Ferdous , Mohammad Abdul Moin Oninda , Md. Hasan Maruf ,

4 3
Md. Atique Islam  and Md. Fayzur Rahman

ISSN (Print) : 2456-6411, ISSN (Online) : 2456-6403

Several important factors can be held responsible for 
constraining the renewable energy sector and as a result it 
is not progressing as it should be. The main drawback of 
renewable energy is the high cost and poor efficiency. The 
setup cost of a renewable power plant is high compared to 
the conventional power plant. Moreover, the amount of 
electricity generated by traditional fossil fuel generators 
cannot be obtained from renewable power plant due to 
lack the reliability of supply and on the geographical 
location and environment for its source of power. So it can 
be unpredictable and inconsistent. For these factors, the 
renewable energy sector is facing difficulties in order to 
be commercialized.

If proper investment and research is done in renewable 
sector it can surely meet up with the power demand.  
Recent renewable energy technologies like photovoltaic 
technology faces a number of hurdles which are 
restraining them from being introduced in a large scale 
and at the same time replace the conventional fossil fuel 
based power generation plants. Unlike conventional 
energy sources, which are matured by years of research, 
in many regions, renewable energy options are just being 
familiarized.

Market entry of renewable energy in rural off-grid market 
has always been a high-risk, low-return proposition due to 
the lack of affordability in terms of cost. Due to the 
unavailability of credit, high transaction costs and low 
demand financing renewable energy in rural areas is 
particularly daunting. The up-front costs of equipment 
and installation, on-going maintenance costs, are not 

affordable for many rural residents without long-term 
financing options [1].     

Much of current discussions on photovoltaic, 
concentrates on the efficient production of electrical 
energy hence generation of other forms of energy are 
given less importance, despite the fact that many colder 
countries utilize more energy for heating purposes than as 
electricity.

Some experts suggested that renewable sources like 
photovoltaic/wind energy systems may cause pollution 
and consumes large area while not being able to generate 
a substantial amount of energy. By contrast, excessive 
cost and lack of supply makes the market for these 
sources mostly inaccessible to domestic consumers [2-4].

2.    Efficiency constraints in photovoltaic
       system

Photovoltaic systems have become commercially 
successful during 1980. Solar PV technology is one of the 
most significant renewable technologies particularly for 
remote and standalone consumers those are away from 
grid supply system. Invented in 1955, their main focus 
was on providing electrical power to the space crafts. 
Recent developments and innovations have significantly 
reduced the cost of photovoltaic systems; at the same time 
increased the efficiency of the system substantially. Since 
long they have become commercially viable in small 
power applications, but PV based commercial power 
generation is yet to outcompete conventional energy 
sources. Nevertheless, a considerable amount of PV 
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power generation systems have been commissioned for 
different types of applications ranging from scientific 
experiments to operational applications with power 
ratings from a few watts to several Megawatts. The merits 
of PV systems in short are - cheap, clean, safe and suitable 
for remote and isolated locations, portable/mobile 
devices, rural electrification, reliable service (15-20years, 
for cell only) and modest maintenance. On the other hand, 
irregular, intermittent energy source (environment 
dependent), requirement of storage system, high capital 
cost, low power density and output, highly complex and 
advanced technology involved in manufacturing, extreme 
large area requirement for installation and to generate 
large scale power, power processing (requirement of 
advanced power electronic circuits in the system) and 
difficulties in grid interconnection etc. are the drawbacks 
of the technology. Several factors can be discussed to 
point out the major constraints in the development of PV 
systems.

2.1 Material

Photovoltaic system is made of photovoltaic cells and 
photovoltaic cell is made of semiconductors. A very well -
known phenomena of photoelectric effect converts solar 
radiation to electricity, efficiently with the help of several 
semiconductor materials alone or in combination. Three 
major semiconductor materials namely Silicon, 
Cadmium Sulphide and Gallium Arsenide have been 
successfully used for implementation of thin film PV 
cells. Other widely used materials are Arsenic, Indium, 
Phosphorus, Sulphur, Tellurium, Zinc and Aluminum [2-
4]. Besides, these materials are exotic, expensive and 
fragile. Extraction and processing of the materials are 
often complex and highly expensive. Processing and 
recycling of the materials can lead to toxic pollution of the 
environment. In other words use of PV cells are causing 
some serious biohazards which are harmful for the 
ecosystem and environment. In addition the storage 
batteries used for PV systems are more often accountable 
to environmental pollution as they use some toxic 
materials like Lead, Nickel, Cadmium, Acids etc.

2.2 Cost

Two governing factors driving the price of PV cells 
consists of material and manufacturing costs. The silicon 
(second most abundant material on earth) used for PV 
cells must be very pure. In order to high-grade silicon, the 
refining process as well as the manufacturing of PV cells 
is labor and capital intensive, although industrial 
automation have been started to mitigate the problem. As 
soon as the conducted research resolves the problems 
related to material and production, photovoltaic power 
generation will be relatively cost effective as fewer cells 
will be needed to generate the same amount of energy due 
to the increased efficiency of each of the cells. The most 
costly part of a photovoltaic energy system is the power 
storage. It needs very expensive storage devices like 
batteries to provide power in the night. Commercial 

photovoltaic energy systems need large area which is 
costly. The present generation cost of PV systems are 
0.15€/kWh for household applications where as for 
commercialization and widespread use of PV cells, it is 
desired to have a generation cost about 0.085€/kWh. With 
improved performance and efficiency associated with 
lower manufacturing cost the goal is set to reduce the per 
unit generation cost to 0.045€/kWh within 2030 which 
can be proven to be economically effective [2].

Another important factor is the life cycle costing of any 
system. Studies showed that, PV systems would be more 
expensive than its counter conventional energy systems. 
But it may be cost effective for long run and if the unit 
price per watt peak is reduced in future as anticipated (1-
1.5€/Wp)[2].

2.3 Fabrication

The fabrication process of photovoltic cells are quite 
difficult. To make photovoltic cells we need pure slicon 
which is quite difficult to make. It also needs Indium 
which is very rare. We also need large amount of  heat 
energy (around 900ºC) and a very clean environment to 
make solar cell. The manufacturing process requires large 
amounts of energy. The p-n junction should be near to the 
top surface about 0.15 um. Manufacturing of PV modules 
must satisfy a number of very strict requirements to 
ensure its operation in long run.

Most of these technologies had been adapted from 
microelectronics industry but specific methods to 
produce multi-crystalline silicon ingots, ribbons and 
sheets and to fabricate solar cells in large scale have been 
developed. Further research is still needed to replace the 
microelectronic grade feedstock with lower cost solar 
grade silicon [3].

Thin film solar cells hold the promise of inexpensive 
technology with acceptable conversion efficiencies. Due 
to instability of amorphous silicon a variety of structures 

Fig. 1 : Efficiency and cost projection for first-(I),
second-(II) and third generation PV technologies. [5]
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are under development to overcome the problems. The 
advantage of manufacturing of integrally interconnected 
module in case of thin film technology makes it much 
more amenable to large scale production and lower cost 
[3].

2.4 Efficiency Limitation

Photovoltaic cells in the form of wafer or thin films are 
capable of converting 3% to less than 30% of incident 
solar energy into DC electricity, with efficiencies 
depending on illumination spectrum intensity, cell 
material and design and temperature. With the aim of 
maximum power extraction at minimum cost an extensive 
research work is being conducted to manufacture PV cells 
using different materials, and by altering the design and 
structure of the PV cell.

For photovoltic cells two types of efficiency has been 
achieved so far, commercial and experimental, i.e. the 
efficiency achieved so far in commercial level is not upto 
the mark compared to the experimental. The main reason 
for this is to minimize the cost and use less sophisticated 
technologies and materials, by sacrificing the efficiency 
level. Devices with efficiency exceeding 40% are 
demonstrated in the laboratory whereas commercial PV 
cells usually exhibits less than half this value [4], [6].

Crystalline silicon cells, made from multi-crystalline 
material rather than single crystal to reduce cost, holds the 
largest part of the market. The modules have a longer life 
time (around 20 years) with production efficiency nearly 
20%. Amorphous cells which are cheaper and less 
efficient are now widely used to power different types of 
electronic devices. It has an efficiency range in the order 
of 5% - 7% [7], [6], [8].

Some top of the line PV cells including GaAs, CdTe and 
CuIn1_x, GaxSe2, attain power conversion efficiencies 
up to 25% under full insolation which refers to the 
theoretical energy conversion limit of 32% for single 
band gap devices.

In comparison to single band gap PV cells, tandem PV 
cells consisting of two band gap devices GaAs-GAInP2 
utilizes a substantial band of solar spectrum and hence 
provides better efficiency, even though single bang gap 
PV cell is more cost effective. Boeing - Spectrolab 
company has achieved conversion efficiency of about 
40.7% utilizing concentrator multi-junction cells. Some 
Organic Solar cell modules (regenerative Cells, Dye-
Sensitized Cells, Photoelectrolytic Cells etc.) are also 
available now a days with best conversion efficiency 
exceeding 10%. Such devices are still in the development 
and prototype stage. The commercial efficiency of solar 
cell is increasing by 1% every year. It is been reported and 
predicted that, by the end of 2050 the PV technology 
would provide almost 3 TW of solar power [9].

Besides when photons from the sun strikes the cell, some 
of them are reflected since the reflectance from 

semiconductors is high. However, reflectance can be 
reduced to nearly 3% by surface texturing and anti-
reflection coating [8].

Absorption of photons with appropriate quantum energy 
governs the power conversion in PV cells. Photon 
quantum energy less than band gap energy Eg, cannot 
contribute to photoelectric current production as the 
energy is dissipated as thermal energy. Similarly, photon 
quantum energy greater than band gap energy, Eg causes 
the electrons to move beyond the required energy level 
which cannot be recovered as useful electrical energy. It 
appears as heat (about 33%) and is lost. Incident active 
photons produce electron-hole pairs with high quantum 
efficiency. Recombination effect reduces the quantum 
efficiency of solar cells. Optical losses such as 
transmission and reflection can be considered to have 
effect on the external efficiency of silicon solar cell. 
Better cell design is required to ensure 95% absorption [7].

Fig. 2 : Quantum efficiency of silicon solar cell. [10]

Temperature also affects the efficiency of a PV cells. As 
the temperature of the cell raises (due to direct exposer to 
the sunlight) the leakage across the cell, current increases 
with an associated drop in the cell voltage too. 
Consequently there is a reduction in the cell power for a 
given amount of incident radiation. For silicon, the output 
power decreases by an amount of 0.5% per ºC for constant 
radiation (W/m2) and the open circuit voltage decreases 
by 2.3mV/ºC [3].

To reduce series resistance losses, generated electric 
current flows out of the top surface by a mesh of metal 
contacts which covers a definite area reducing the active 
surface and appears as an obstruction to the incoming 
solar radiation reception. For higher efficiency the 
fabrication of the cell should be done in such a way that 
the p-n junction should be located near the top surface 
(within 15µm).

Finally, an optimum band gap of semiconductors is 
needed to maximize the efficiency.  The band gap of the 
semiconductor should match the solar spectrum, and for 
obtaining a high efficiency, the band gap range is from 
1.1eV to 1.4eV as shown in Fig. 1 [12].
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Shockley-Queisser limit provides the maximum 
theoretical efficiency (around 33%) of a solar cell 
assuming a single p-n junction having a band-gap of 
1.34eV. 47% of the solar energy is dissipated as heat, 18% 
due to the passage of the photons through the cell and 2% 
due to the local recombination of holes and electrons 
making up around 67% of the solar energy which is lost. 

Cells need to have absorption such that, it can absorb the 
maximum number of photons in the solar spectrum. This 
is obtained by using a series of solar cells with varying 
band gaps placed in a multilayer structure (to have 
multiple numbers of junctions). The correct approach is to 
use filters and split the solar spectrum into several 
spectral regions. Then, focusing is required for spectral 
beam towards a particular cell that carries a matching 
band gap and spectral response. With this concept, 
tandem solar cells with efficiency of 28% have been 
implemented [3], [9], [13].

2.5 Power Conditioning and Processing

Storage batteries, an electronic charge controller 
associated with Maximum Power Point Tracker (MPPT) 
and an inverter are collectively known as Balance of 
System (BOS) [6] which does not include the PV module. 
The power generated by PV module which is of DC in 
nature, before it can be used for consumption it must be 
converted to AC using inverters utilizing expensive 
electronic equipment having technological limitations, 
adding to the overall systems cost especially at larger 
power sizes. In order to obtain maximum power, 
maximum power point tracker is employed which is a 
complex task associated with complicated power 
electronic circuits and algorithms. The variability of the 
power output from the PV generator implies that, without 
special interface measures, the generator will often 
operate away from the maximum power point. Without a 
MPPT circuit there will be a mismatch between source 
and load which would result in power loss. MPPT circuit 
ensures the maximum power transfer from PV source to 

Fig. 3 : Efficiency versus Band gap energy level of
semiconductor materials [12]
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the load avoiding the associated losses. A DC-DC 
converter is needed to perform the operation of MPPT 
[14], [15].

In order to run the AC appliances or to be fed into the 
utility grid, an inverter has to be used. The operation and 
efficiency affects the overall operation and performance 
of the PV system. Efficiency of the inverter (as high as 
95% but will be lower, 75-80% when runs at partial loads) 
usually depends on the load current being maximum at the 
nominal output power. Three major types of inverters are 
used widely in PV applications, variable frequency 
inverter, self-commutating fixed frequency inverter and 
line commutating fixed frequency inverter. The first one 
is exclusively dedicated for PV water pumping system, 
the second one can be used in stand-alone isolated grid 
system or even parallel operation with other power 
sources in the networks, the third one feeds the grid when 
the grid frequency is determined by another power source 
connected in parallel [3], [16].

Filtering process of inverter sometimes poses several 
problems. With lower switching frequency the 
requirement of large and costly filters make the system 
less feasible and economic. But with high frequency 
PWM techniques the problem can be removed. But it 
creates electrical noises in the range of several MHz 
which has to be mitigated by careful filtering and 
screening to meet the electro-magnetic compatibility 
(EMC) regulations [16].

Finally, the system includes some alarms, indicators and 
monitoring equipment for the proper operation of the 
system. All these equipment in BOS are expensive. They 
have their own losses affecting the overall efficiency of 
the system. Control and operation of these devices and 
equipment are extremely complicated. All these 
components are incorporated with a microprocessor or 
microcontroller based charge regulator, MPPT, Gate 
Triggering circuits etc. which monitors the irradiance, 
power, voltage and temperature and regulates the 
input/output currents prevent overcharging and excessive 
discharge, respectively. These BOS devices (excluding 
the panel price) cost more than 50% of the total 
installation cost of PV systems [6].

2.6 Grid Integration and Operation

A grid connected photovoltaic power system is connected 
with the state electric grid. The system operates to 
supplement the grid power during the daytime when 
excess amount of solar energy is harnessed through the 
system. During night the grid power alone feeds the load. 
This system is also capable of supplying emergency 
power during grid failure or short period of time. The 
system requires complex power converter circuits and 
controllers for grid synchronization and operation. Such 
devices must be able to control voltage, frequency, phases 
and waveforms to connect the system to the grid for 
feeding power [16].
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Grid connected systems are now being considered with 
immense priority. There are already many grid connected 
projects to verify the possibility and feasibility of it. Two 
types of grid connected PV systems are of prior 
importance – Centralized Large Scale PV power station 
and Distributed form of power generation in units located 
directly at the customer's premises. Although these 
systems have yet to become viable on economic grounds, 
the utilization of PV in large scale power generation is 
viewed with increasing prominence as a mean of stopping 
the adverse environmental effects of conventional energy 
sources. However, it should be noted that, the price paid 
by utility companies for electricity exported from 
distributed PV sources are still not competitive with the 
conventional power sources which is at least 10-15 times 
cheaper than PV generated electricity [3]. Grid 
interconnection may impose some regulations and 
restrictions regarding flicker, power factor and 
harmonics. The grid connected inverter must have 
adequate loss-of-mains protection which ensures that it 
will discontinue operation in the absence of grid power 
supply. A two way monitoring and measuring of power 
flow (PV to Grid and from Grid to PV) is required for the 
system for billing and controlling purpose [16].

Fig. 4 : Grid connected PV system. [17]

2.7 Availability of Energy

The availability of power depends on the sun and the 
weather. If the weather is cloudy or rainy the output will 
be low. Even in winter season the output is low.  Besides 
the supply of solar energy is, usually, dependent on the 
peak energy demand, its capability to deliver only in 
direct sunlight and its inability to store excess amount of 
produced energy for later use particularly during night or 
fluctuating weather conditions, leading to a reduction of 
the efficiency of PV panels resulting in a lower output 
(kWh) which greatly influences financial performance of 

PV investment. It should also be noted that low voltage 
output or fluctuations in PV electric current may lead to 
increased waste of electricity since it cannot be 
transmitted onto the network.

2.8 Requirement of Energy Storage System

Due to the intrinsic nature of the solar energy to vary on 
daily and seasonal basis depending on the geographical 
and environmental location of place, it is obvious for most 
of the PV power systems to make a provision for energy 
storage (especially for stand-alone systems). Although a 
variety of energy storage systems are available, the 
majority of stand-alone systems use battery storage 
except for some water pumping systems where the 
preferred storage pumped water in a reservoir. Lead-Acid 
batteries are the primary choice because of their 
availability and cost efficiency. The use of Nickel 
Cadmium batteries in PV application is limited due to 
their high cost per amount of energy stored though they 
are superior to Lead-Acid ones [3], [18].

Storage systems are so far the most costly component in 
PV systems. The system itself approximately occupies 
almost half of the total installation cost. The criteria for 
the choice of the type of battery are - energy density 
(kWh/kg, kWh/m3), performance characteristic of the 
cell (cell voltage vs. time), service life (charge discharge 
cycles and life in years), ambient temperature limits, 
suitability of a particular application (stationary/mobile, 
marine or land base), discharged rate desired (kWh/min), 
charging rate (kWh/hr), sealing requirement, cost of 
installation, cost of maintenance and cost of replacement. 
The life time of battery is around 5 years where the panel 
life time is 20 years. So, it is very easily realizable that, the 
batteries have to be replaced after a certain time period 
several times and hence increases the total cost of the 
system.  Cycling characteristics have a pronounced effect 
on the lifetime of lead-acid batteries which has to be taken 
into consideration while designing the system. Number of 
cycles and depth of discharge of a battery are related to the 
battery life cycle. The energy returned upon discharge is 
lower than the energy supplied upon charging because the 
battery voltage is higher during charging than during 
discharging. The overall energy efficiency of most lead-
acid batteries is likely to be in the range between 85% and 
90% which in turn affect the whole overall system 
efficiency [18].

2.9 Tracking Requirement

An important issue being encountered by the designers is 
to place the modules at fixed position or to use a solar 
tracker. Most of the PV arrays are placed with a fixed 
inclination (optimum angle of inclination depends mainly 
on the latitude, proportion of diffused radiation in the site 
and load profile) because of their simplicity and low cost. 
Up to 40% more solar energy can be collected throughout 
the year as compared to the fixed tilt angle installation by 
mounting the array on a two-axis tracker [3]. However, 
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this results in lower reliability and higher maintenance 
costs. Single axis tracking is simpler but yields a smaller 
gain. Where labor is available, the orientation may be 
manually adjusted to increase the output. It has been 
estimated that, in sunny climate nearly 95% of the energy 
can be collected by a flat plat array moved to face the sun 
twice a day and given a quarterly tilt adjustment with a 
fully automatic two axis tracking [3], [6].

The structure of these systems ranges from a simple 
design based on side booster mirrors, to concentration 
systems which employ sophisticated optical techniques to 
amplify the intensity of solar radiation incident on the 
cell. This system must make allowance for an important 
fact that concentrating the sunlight reduces the angular 
range of rays that the system can accept for conversion. 
Once the concentration ratio exceeds about 10 and the 
system can only convert the direct component of the solar 
radiation at that time tracking becomes necessary.

2.10 Power Loss in a PV cell

Several types of losses are associated with PV cells that 
are inherent and set the limit in maximum efficiency that 
can be achieved. This includes the fundamental losses 
during carrier generation, recombination losses, optical 
losses, series resistance etc.

Carrier generation in the semiconductor by light 
absorption produces a significant amount of heat 
dissipation in the form of heat generated by carrier excess 
energy. Moreover, a significant portion of the solar 
spectrum is not utilized due to the inability of the 
semiconductor to absorb the photons with quantum 
energy level below the band gap energy. To overcome 
such problem the concept of tandem cell is being 
developed which is basically a stack of several cells with 
different band gap energy levels. The top cell with higher 
band gap absorbs short wavelength radiation whereas the 
rest of the transmitted light is absorbed by the bottom cell 
which has a smaller band gap energy level. A significant 
improvement in the efficiency of the cell is achieved 
through this arrangement as laboratory devices operating 
at over 30% efficiency have been demonstrated but yet to 
be proven cost effective for commercialization.

Recombination is exactly the opposite process of carrier 
generation which annihilates the generated free electron-
hole pair. Recombination takes place due to the presence 
of impurities and defects of the crystal structure or at the 
surface of the semiconductor where energy levels may be 
introduced inside the energy gap. Due to these undesired 
energy levels introduced in the material the electrons fall 
back to the valence band and recombine with the holes 
and as a result the free electron is lost. Another important 
site of recombination is also the ohmic metal contacts to 
the semiconductor. Adapting or modifying the device 
structure can mitigate the recombination process up to 
some extent which for example, use of layer of 
passivizing oxide to reduce the surface recombination in 

high efficiency solar cell. The top layer of GaAlAs in the 
GaAs cell has a similar purpose. The contacts are 
surrounded by heavily doped regions acting 'minority 
carrier mirrors' which obstructs the minority carriers from 
reaching the contacts and recombining [11]. The voltage 
and current and power output from the cell is reduced due 
to recombination.

Consideration of the collection efficiency also affects the 
design of PV cells. In crystalline material the transport 
properties are good and carrier transport by simple 
diffusion is sufficiently effective. In amorphous and 
polycrystalline thin films, however, electric fields are 
needed to pull the carriers.

Light reflection, shading and incomplete absorption 
constitutes the other losses in the cell. The last 
phenomenon is vital for crystalline silicon cells as silicon 
has a poor light absorption property. Top surface 
reflection can be minimized by using single or multiple 
layers of ARC. By using surface texturing, reflected light 
is given another chance of absorption as the top surface of 
the silicon cell are in the form of small pyramids. Surface 
texturing combined with a single layer ARC, the 
reflectivity of the surface can be brought down to below 
1%[3].

By making the back contact optically reflecting light 
absorption in silicon cells can be improved. When 
combined with a textured top surface, this geometry 
results in effective light trapping which serves as a good 
counter measure for the low absorptivity of silicon.

All kinds of ohmic losses in a PV cell can be combined 
and represented as series resistance in the equivalent 
circuit of a PV cell. This resistance basically comprises 
the resistance of the material used and the metallic 
contacts to collect the charges. The series resistance 
affects the cell performance primarily by reducing the fill 
factor.

It is seen that, the fundamental losses reduce the 
maximum theoretical efficiency of a silicon cell to about 
48%. Additional voltage losses (~36%), current losses 
(~10%) and losses associated with the fill factor (~20%) 
explain the efficiency of about 23%. Higher efficiencies 
have been obtained under concentrated sunlight, in 
devices from other materials or in tandem structure. 
Typical silicon cells have commercial efficiency of about 
14%. However, new devices with efficiency approaching 
18% are beginning to appear in the market [3].

Conclusion

The photovoltaic systems efficiency depends on many 
factors ranging from technical to economic perspective. A 
variety of key factors and related issues being discussed 
with a view to represent the energy efficiency constraints 
of a PV system.  But this extremely important renewable 
power source has a bright future and applicability in the 
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