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Impacts of CO2 emission constraints on penetration of solar PV in the 
Bangladesh power sector 
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Abstract:  This paper examines the impacts of CO2 emission reduction targets and carbon tax on future 
technologies selection especially solar PV and energy use in Bangladesh power sector during 2005-2035. It also 
examines the co-benefits of energy security of the country. The analyses are based on a long-term energy system 
optimization model of Bangladesh using the MARKAL framework. The results of the study show that on a base 
scenario, power generated from solar PV is not yet competitive with that of fossil fuel-based power plants. 
Alternative policy scenarios on CO2 emission constraints reduce the burden of imported fuel, improve energy 
security and reduce environmental impacts. The results show that the introduction of the CO2 emission reduction 
targets and carbon tax directly affect the shift of technologies from high carbon content fossil-based to low 
carbon content fossil-based and clean solar PV technologies compared to the base scenario. The cumulative net 
energy imports during 2005-2035 would be reduced in the range of 33-61% compared to the base scenario. The 
total primary energy requirement would be reduced in the range of 4.5-22.37% and the primary energy supply 
system would be diversified. Solar PV plays an important role in achieving reasonable energy security.  
 
Keywords: Solar PV, CO2 emission, MARKAL Model, Bangladesh Power Sector 

1. Introduction 
The future economic development of Bangladesh is likely to result in a rapid growth in the 
demand for energy with accompanying shortages and problems. The country has been facing 
a severe power crisis for about a d ecade. Known reserves (e.g., natural gas and coal) of 
commercial primary energy sources in Bangladesh are limited in comparison to the 
development needs of the country [1]. Power generation in the country is almost entirely 
dependent on f ossil fuels, mainly natural gas that accounted for 81% of the total installed 
electricity generation capacity (5,719 MW) in 2009 [2]. Only about 42% of total population 
has been connected to electricity [3], with vast majority being deprived of a power supply. 
The government of Bangladesh has declared that it aims to provide electricity for all by the 
year 2020, although at present there is high unsatisfied demand for energy, which is growing 
by more than 8% annually [4, 5]. Coal is expected to be the main fuel for electricity 
generation. The government of Bangladesh has planned to generate 2,900 MW power from 
coal in the next 5 years [1], although coal power has adverse environmental effects and coal 
reserves are limited. The government has also focused on furnace-oil-based peaking power 
plants. As a result, the share of CO2 emissions coming from fossil-fuel-based power plants in 
the national CO2 inventory is expected to grow, and there is a growing dependency on 
imported fossil fuels for power generation. On the other hand, technical potential of grid-
commented renewable energy technologies specifically solar PV to generate electricity is 
relatively very high in Bangladesh that is 10 times higher than present generation capacity [3]. 
Increasing the use of fossil fuels to meet the growing worldwide electricity demand, 
especially in developing countries, not only counteracts the need to prevent climate change 
globally but also has negative environmental effects locally. In Bangladesh, the power sector 
alone contributes 40% of the total CO2 emissions [6, 7]. CO2 is the principal greenhouse gas 
(GHG), produced mainly from the combustion of fossil fuels. Improved efficiency in the use 
of fossil fuels and increased use of renewable energy sources are among the most promising 
options for reducing CO2 emission [8]. In this case, it is necessary to develop and promote 
alternative energy sources that ensure energy security of Bangladesh without increasing 
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environmental impacts. Since developing countries are not obliged to reduce GHG emissions, 
studies in evaluating the impacts or co-benefits of GHG mitigation policies in developing 
countries are lacking [9].  For a developing country like Bangladesh, the evaluation of the 
impacts of GHG mitigation policies in the power sector would provide a basis for more 
comprehensive technological choice, and economic and environmental analysis. Such an 
evaluation would also support climate change mitigation policies aimed on sustainable power-
sector development as part of the efforts to address the climate change issues identified in the 
United Nations Framework Convention on C limate Change (UNFCCC) which Bangladesh 
has already ratified. 
 
This study examines the future technologies selection applying CO2 emission reduction 
targets and carbon tax in the Bangladesh power sector during 2005-2035.  T his study also 
analyzes the co-benefits on energy security of the country from the CO2 emission constraints. 
A bottom-up least cost energy system optimization model of Bangladesh was developed on 
the market allocation (MARKAL) modeling framework and the following scenarios were 
considered: 

1) Base scenario: It presumes a continuation of current energy and economic dynamics 
and provides a reference for comparing impacts of future policies. 

2) 10% CO2 emission reduction scenario (hereafter referred as “CO210”): It evaluates 
the effects of CO2 emission reduction in the entire energy-supply system. The CO210 
is the ‘what if’ scenario, in which a cumulative reduction of not less than 10% of the 
cumulative CO2 emission during the planning horizon in the base scenario is desired, 
all other things remaining the same as in the base scenario. 

3) 20% CO2 emission reduction scenario (hereafter referred as “CO220”): The CO220 
scenario is defined similarly for cumulative reduction in CO2 emission of not less than 
20% from the base scenario. 

4) 2500 Taka/ton (1 USD = 70 Bangladeshi Taka) carbon tax scenario (hereafter referred 
as “CT2500”): The CT2500 is the ‘what if’ scenario, in which a carbon tax of 2500 
Taka/ton is applied during the planning horizon in the base scenario. 

 
2. MARKAL methodology 
The MARKAL model mainly consists of the description of a large set of energy technologies, 
linked together by energy flows, jointly forming a reference energy system. The reference 
energy system is the structural backbone of MARKAL for any particular energy system and 
its great advantage is that it gives a g raphic idea of the nature of the system. Another 
important characteristic of MARKAL is that it is  driven by a set of demands for energy 
services. The feasible solutions are obtained only if all specified end-use demands for energy 
for all the periods are satisfied. The user exogenously supplies these demands in the model. 
Once the reference energy system has been specified, the model generates a set of equations 
that hold the system together. In addition, the MARKAL model possesses a clearly defined 
objective, which is usually chosen to be the long-term discounted cost of the energy system. 
The objective is optimized by running the model, which means that configuration of the 
reference energy system, is dynamically adjusted by MARKAL in such a w ay that all 
MARKAL equations are satisfied and the long-term discounted system cost is minimized. In 
this process the model computes a partial equilibrium of the energy system at all intermediate 
stages in all aspects e.g. flow conservation, demand satisfaction, capacity transfer, capacity 
utilization, source capacity, growth constraints, emission and other constraints.  
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3. The MARKAL Bangladesh model 
3.1. Reference energy system of Bangladesh power sector 
For the purpose of this study, MARKAL-Bangladesh was developed. A major part of the 
work was to develop input parameter values. In MARKAL, the reference energy system is the 
first step towards building a model of the Bangladesh power sector (Fig. 1). The reference 
energy system represents the activities and technologies of an energy system, depicting 
energy demands, energy conversion technologies, fuel mixes, and the resources required to 
satisfy energy service demands [10]. The reference energy system is able to allocate energy 
sources for a given sectoral demand depending upon the efficiencies and other losses from the 
energy conversion device. The system does not provide any information about economics of a 
solution neither about the cost to the national economy for providing the energy supply. An 
optimized energy system can be obtained from the MARKAL model. 
 

 
Fig 1. Simplified reference energy system of Bangladesh power sector 
(Values shown indicate proven reserves, conversion & transmission efficiency, and demand in 2005) 
(CC refers combined cycle, FGD refers flue gas desulphurization, mton refers million ton and bm3 
refers billion m3) 
 
3.2. Energy resources and emissions 
The model requires that the cost of all primary energy sources be defined along with 
constraints on t heir availability. It is provided supply cost estimates and upper bounds on 
resource availability for fossil fuels and the maximum rates of introduction of solar PV and 
hydro are given in [1]. A limit on imported coal is not considered here. In mined coal, the 
average sulfur content is 0.57% and carbon 46.2% [11]. These values form the basis of the 
calculated emission coefficients used in this study. The IPCC (1996a) database is used for the 
CO2 emission of imported coal. Due to different carbon content percentages in different gas 
fields in Bangladesh, the IPCC (1996a) emission factor is used in the model. CO2 and SO2 
emission factors are calculated separately for diesel, kerosene and fuel oil products based on 
the IPCC workbook [12] and IPCC reference manual [13].  
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3.3. Energy demand 
In 1994, the total electrical energy demand was 9.63 TWh and had increased to 17.64 TWh in 
2005 [14]. The Long-range Energy Alternatives Planning (LEAP) tool was examined to form 
demand scenarios according to the trend of gross domestic product (GDP) growth rates (5.5%, 
6.8% and 8%) and the nature of the energy sector itself, and taking into consideration broader 
factors, e.g., population, households, urbanization and other influencing factors for the time 
span 2005 to 2035. It is worth mentioning here that the actual GDP growth rate in Bangladesh 
is neither low nor high and therefore, in this study, the demand projection is based on a GDP 
growth rate of 6.8% is given in [15]. 
 
3.4.  Conversion technologies1 
The characteristics of all technologies must be provided to the model. Conversion 
technologies convert primary energy into final energy carriers. The model requires users to 
create detailed profiles for two sets of energy conversion technologies: one for converting 
primary into final energy carriers, and one for converting final energy carriers into energy 
services. A reasonably representative set of conversion technologies is developed, which 
includes a total of 9 distinct conversion technology types (coal steam conventional, advanced 
coal flue gas desulphurization (FGD) 300 M W, fuel oil-based steam, fuel oil-based gas 
turbine, gas-based simple cycle (SC) and steam turbine (ST), gas-based combined cycle (CC, 
hydro and solar PV). Other renewable energy technologies are not considered due to their 
limited technical potential to generate electricity [3]. For each of the technology types, values 
are specified for energy input per unit energy output (efficiency), capital cost, fixed and 
variable operation and maintenance costs, NO2 and SO2 emissions per unit of energy output, 
and the first year in which the technology was introduced. All costs are in Bangladesh Taka (1 
USD = 70 Taka). The characteristics are performance and cost level inputs to the model for 
2005-2035. For most of the technologies, the performance and cost levels are assumed to be 
constant over the whole analysis period except for solar PV, where the investment cost is 
expected to decrease by 3% annually [16] due to technological learning effects on solar PV 
cost after introduction in 2010. The model determines the capacity level for any technology. 
In this modeling, the most reliable studies are selected and evaluated to yield as consistent a 
set of cost data as possible. 
 
3.5. Generic details 
Besides the technical and financial parameters related to different stages of reference energy 
system of the Bangladesh power sector, the other parameters, assumptions and boundaries are 
also required by MARKAL which are discussed in [1].  
 
4. Results 
Under the base scenario, the total generation capacity is expected to increase from 5.56 GW in 
2005 to 50.85 GW in 2035, i.e., at an average growth rate of 7.6 %. At the same time, the 
generation structure changes significantly. The share of gas-fired power plants reduces from 
86% (4.83 GW) in 2005 to 37.4% (19.04 GW) in 2035 in total capacity, whereas the increase 
in the capacity of coal-based power plants 0.25 GW in 2010 to 30.75 GW in 2035 (60.4% of 
total capacity) is extremely high. It is observed that coal is the dominant electricity generation 
technology in base scenario. In the base scenario, the advanced coal flue gas desulphurization 
(FGD) produces 32% of electricity in 2015 and 91% in 2035, due to unused capacity of oil-

                                                           
1 Cost data, technology selection and technology specification data mainly based on Bangladesh Power Sector 
Master Plan, Bangladesh Power Development Board and Ministry of Power, Energy and Mineral Resources. 
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based power plants and limited gas is mainly used in the early period (2005-2025). Hydro 
capacity reaches its allowed upper limit in the base scenario. Solar photovoltaic (PV) is not 
selected in the base scenario due to its high investment cost and low efficiency. 
 
The switch from gas- to coal-based power plants leads to a strong increase in coal 
consumption (178 PJ in 2015 to 1913 PJ in 2035), i.e., at an average growth rate of 26%. This 
rate is higher than the domestic availability. Thus, the country would need to import energy 
resources such as coal from 2025 onwards to meet the required demand. The proportion of 
imported coal in the total fossil fuel consumption would increase substantially from 16% (187 
PJ) in 2025 to 57% (1178 PJ) in 2035. This deficiency would have adverse impacts on the 
country’s balance of payments and the availability of foreign currency resources.  

 
The introduction of the CO2 emission reduction targets and carbon tax scenarios (the CO2 
emission reduction of 10%, 20% and carbon tax 2500 Taka/ton are referred to hereafter as 
CO210, CO220 and CT2500, respectively) directly affects the shift of technologies from high 
carbon content fossil-based to low carbon content fossil-based and clean renewable energy-
based solar PV technologies. As a result of emission constraints, power generation based on 
solar PV is introduced and its generation capacity gradually increases during 2010–2035. 
Compared to the base scenario, 15.12 G W, 34.92 G W and 40.62 G W solar PV-based 
generation capacities are additionally selected in 2035 in the CO210, CO220 and CT2500 
scenarios, respectively. Solar PV generation starts with a capacity of 0.02 GW, 0.05 GW and 
0.06 GW in 2010 in the CO210, CO220 and CT2500 scenarios, respectively and grows at a 
rate of 29.5% per year. The total generation capacity is expected to increase from 5.56 GW in 
2005 to 65.72 G W, 86.15 GW and 91.23 G W in 2035 i n the CO210, CO220 and CT2500 
scenarios, respectively (Fig. 2). The generation capacity is relatively higher in the CO2 
emission constraint scenarios than in the base scenario due to implementation of a higher 
solar PV capacity, which generates electricity only during the day. 
 

 
Fig 2. Technology capacity level in all CO2 constraint scenarios 
 
Gas-based combined cycle (CC) power plant capacity increases significantly in the later 
period (2020-2030) in all alternate scenarios compared to the base scenario. The model 
reveals that the least-cost solution is to use the limited gas reserves in the mid-term period, 
although the gas-based CC plants are mostly unused in the end period (2035). That is why the 
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power generation capacity based on coal FGD decreases significantly in the later period 
(2025-2030) in the CO2 emission constraint scenarios compared to the base scenario. Due to 
high oil prices, oil-based power plants do not receive higher allocation in the CO2 emission 
reduction targets and carbon tax scenarios. Gas-based simple cycle (SC) and steam turbine 
(ST) plants, coal conventional also do not get more allocation in the alternate scenarios. The 
capacity levels of hydro are the same in all scenarios. Coal FGD maintains the almost same 
capacity level in 2035 i n all scenarios as gas resource is limited. Fossil fuel-based 
technologies would be required, as solar PV technology cannot cater for the entire future 
energy demand. The learning cost for solar PV enhances competitiveness of the technologies 
and leads to a higher rate of implementation of this technology in the analysis period. 
 
To summarize the extensive results generated for each of the CO2 emission reduction target 
and carbon tax scenarios by the MARKAL-Bangladesh model, the primary energy mix in 
2035 is selected as the principal metric (Fig. 3). This provides a good indication of the types 
of choices made by the model to meet the various CO2 emission constraints applied. The 
colored bars (except yellow in the middle) provide the breakdown of primary energy use for 
the base scenario in 2005 and all scenarios in 2035. The numbers above each bar indicate the 
total and percentage of the cumulative imported coal and the total cumulative and percentage 
of CO2 emission reduction compared to the base scenario during the study period. Oil is not 
indicated, as it is not selected for power generation during the study period. The center yellow 
bar in the three scenarios on t he right in this figure shows the change in cumulative total 
system cost relative to the base scenario. Due to the large uncertainties in this kind of 
analysis, the percentage change in system cost between the various scenarios as the measure 
of the cost impact of the changes imposed by each scenario is applied. The system cost for the 
base scenario is the reference cost in all cost comparisons.  
 

 
Fig 3. Primary energy mix in 2035 in all scenarios and percentage change in cumulative (2005-2035) 
system cost. Also indicated are the energy mix in 2005, the cumulative total and percentage of total 
imported coal, and the total electricity generation from solar PV. 
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CO2 emission constraints have positive impacts on the energy security of the country. The 
energy security issue is analyzed in terms of changes in net energy import dependency and 
diversification of energy resources resulting from the selected CO2 emission reduction targets 
and carbon tax. The CO210 scenario allowed a reduction in imported coal use of about 33% 
contributing an only 5% increase in system cost during 2005-2035. Import dependency 
reduces by 58%, and 61% in CO220 and CT2500 scenarios, respectively, compared to the 
base scenario during the study period, but led to an increase in the total system cost of 11% 
and 13%. Alternatively, import dependency based on the base scenario value 100%, drops to 
67%, 42%, and 39% in the CO210, CO220 and CT2500 scenarios, respectively.  
 
A reduction in the total primary energy requirement is another co-benefit of the CO2 emission 
constraints. It is revealed that the total primary energy supply reduces by about 4.6%, 9.4% 
and 10.8% in the CO210, CO220 and CT2500 scenarios, respectively, during 2005-2035 as 
compared to the total primary energy supply in the base scenario due to efficient technology 
selection by the model. In the base scenario, primary energy use in 2035 is expected to be 
2079 PJ, and reduces to 1595 PJ in the CT2500 scenario. Gas is the dominant energy source 
in 2005, and coal is dominant in all scenarios in 2035. Coal imports decrease from 1178 PJ in 
the base scenario to 884, 499 a nd 396 PJ (25%, 58% and 65%) in the CO210, CO220 and 
CT2500 scenarios in 2035, respectively. Solar energy use increases by 114 PJ, 263 PJ and 306 
PJ in 2035 in the CO210, CO220 and CT2500 scenarios, respectively. In the base scenario, 
the expected electricity generation from solar PV is 0 TWh between 2005 and 2035; it is 
expected to increase by 213 TWh, 492 TWh and 572 TWh in the CO210, CO220 and CT2500 
scenarios, respectively, during the study period. 
 
5. Conclusions 
This paper has analyzed the effects of selected CO2 emission reduction targets and carbon tax 
on environmental emissions as well as energy technology and resource mix using the 
MARKAL model for Bangladesh power sector. It is observed that coal is the dominant 
electricity generation technology in all scenarios in the later period (2020-2035). In the later 
period, advanced coal FGD trends to be the first choice for Bangladesh. The introduction of 
the CO2 emission constraints directly affects the shift of technologies from high carbon 
content fossil-based to low carbon content efficient fossil-based and clean solar PV-based 
technologies. Solar PV is an attractive technology in almost all alternate scenarios. It becomes 
more and more attractive with introduction of higher carbon tax and higher CO2 emission 
reduction target.  
 
The analysis results show that the degree of diversification in the total energy requirement 
would increase with the applied CO2 emission constraints. The primary energy supply system 
would diversify from the one dominated by coal in the later period (2020-2035) to that 
involving a greater use of solar energy and gas under the selected emission reduction targets 
and carbon tax scenarios. The analysis results show that the primary energy requirement 
would decrease in the alternate scenarios. This would enhance the country’s energy security.  
 
Furthermore, the results show that the increase in total system cost for reduction of 
cumulative CO2 emissions over the study period is around 543 Taka/ton, 603 Taka/ton and 
615 Taka/ton in the CO210, CO220 and CT2500 scenarios, respectively. These costs are 
much lower than those in developed countries, as the solar-PV-based power generation is 
relatively much cheaper in Bangladesh. It could thus be attractive for developed countries to 
invest in solar PV to generate electricity in Bangladesh to reduce their committed CO2 
emissions defined in the Kyoto Protocol through the "clean development mechanism (CDM)". 
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Abstract: Successful technological innovation frameworks are based on synergistic packages of technology-
push and demand-pull measures. As the massive deployment of premature renewable energy technologies risks 
becoming very expensive, the debate on the optimal trajectory of renewable technologies should explicitly 
consider the balance between deployment incentives and R&D efforts.  
 
This paper explores this balance regarding wind and PV technology support in Europe. Based on rather 
conservative estimates, we calculate future deployment costs and compare these figures to the current public 
investments in PV and wind R&D. We find that, today, for each Euro spent on R&D to develop future 
technologies, 35 to 41 Euros are spent on the deployment of existing technologies. Furthermore, private PV and 
wind technology companies tend to underinvest in R&D for various reasons. In an alternative scenario, we 
assess the optimal R&D efforts for the PV and wind sectors based on a 7% R&D-to-sales benchmark that is 
typical for engineering sectors. If public R&D efforts would increase according to this benchmark, and hence 
compensate for the private underinvestments in R&D, pull/push ratios between 6 and 8 could be achieved. This 
leads us to conclude that the current balance between deployment and R&D is far from optimal. 
 
Keywords: Wind energy, PV-systems, Energy policy, Research and Development, Deployment subsidies 

1. Introduction 
Climate and energy policies need to address at least two well-known market failures (1). 
Without a direct price on negative externalities such as CO2 emissions, welfare losses will 
persist because economic agents lack incentives to invest in CO2 abatement. In addition, 
private companies tend to underinvest in low carbon energy R&D. For both market failures, 
economists often advocate appropriate government interventions such as carbon pricing and 
comprehensive public R&D programs. This is essential in successful technological innovation 
frameworks, based on synergistic packages of technology-push and demand-pull measures (2) 
(3) (4) (5) (6). The high deployment cost of renewable technologies - especially of PV - 
attracts more and more attention in the largest European economies (7), also, RD&D efforts 
are generally considered to be insufficient (8) (9). We argue that the debate on the optimal 
deployment trajectory for renewables should explicitly consider the balance between 
deployment incentives and R&D support. This paper aims to provide insight in the balance 
between wind and PV deployment and R&D efforts in Europe.  
 
2. Methodology 
2.1. Expected growth in wind and PV electricity production 
In order to estimate future costs we used two conservative scenarios (a moderate scenario and 
a policy driven scenario) on wind and PV electricity production up until 2020. These 
scenarios are based on reports by the European Photovoltaic Industry Association (EPIA) (10) 
and Tradewind (11) (Appendix, table 1-A). In the latter report we found projections of wind 
capacity growth (MW) which we then multiplied with full load hour data (FLH; 
[MWh/MW/y]) to estimate yearly wind electricity production. FLH data were calculated 
based on real production data for 2007 and 2008 by Eurobserv’er (12). We would like to point 
out that our FLH assumptions based on Eurobserv’er data are slightly lower than those based 
on EWEA (European Wind Energy Association) data (13). With respect to PV, the data on 
installed capacity (10) was multiplied with data on the yearly energy output [kWh/kWp/y] 
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obtained from PV-GIS Europe (Photovoltaic Geographical Information System) (14) to obtain 
estimates of total annual PV electricity production. 
 
2.2. Current and future deployment costs 
Current deployment costs in Euro/MWh are based on data by the European Renewable 
Energies Federation (EREF) (15). To estimate the further evolution of deployment costs, we 
follow the IEA (16) and assume that support schemes will be gradually phased out by 2020. 
Thus, we assume that PV-systems or wind turbines installed after December 31st 2019 no 
longer receive subsidies. For PV this assumption is a challenge, on-shore wind however is 
already competitive under optimal conditions. We are fully aware that the fading out of 
support schemes should not necessarily become a reality. This assumption however keeps the 
total deployment costs within a reasonable range. As a result, our calculations of the total 
deployment costs should be interpreted as very conservative. Based on existing schemes of 
Green Certificates or Feed-in Tariffs,  the average production subsidies in the EU for PV and 
wind are estimated at respectively 326 €/MWh and 56 €/MWh in 2010. In practice, 
deployment subsidies vary significantly across Member States (15). We assumed that these 
support levels will decline steadily to be phased out by 2020 (Figure 1).  
 

 
Fig. 1: Decline of average subsidies (€/MWh) for PV and wind electricity in the EU (based on(15)) 
 
In order to obtain total PV and wind deployment costs for each EU Member State, the 
estimated electricity production in a given year was multiplied with the corresponding 
production subsidy. In most countries the subsidies for PV electricity are guaranteed for 20-25 
years, starting when the first MWh of electricity is produced. In this paper, a support period of 
20 years was assumed for PV. Wind subsidies were assumed to be guaranteed for only 15 
years. Note that these conservative assumptions on the duration of the guaranteed support 
have a huge impact on the total cumulative cost. 
 
2.3. Research, development and demonstration 
Public RD&D investment data from EU Member States were retrieved from the IEA RD&D 
database (17). Missing data from 2009 or 2008 were replaced by the most recent data 
available for a given Member State. For the alternative R&D scenario, R&D/sales ratios for 
PV and wind technology companies are compared to relevant benchmark values in 
competitive engineering sectors. As PV and wind technology companies have low R&D/sales 
ratios, an R&D-investment gap based on projected total sales for both technologies and the 
7% R&D/sales benchmark of engineering sectors was calculated. As a matter of reference, we 
compare our investment gap estimates to investment needs obtained from recent IEA reports 
(8) (9). The methodology of the IEA is however fundamentally different since it uses a partial 
equilibrium model to find the cost-effective technology portfolios to halve global emissions 
by 2050. Nevertheless we believe it to be a good reference point in this framework. 
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3. Results and Discussion 
3.1. Expected growth in wind and PV electricity production 
From our conservative scenarios we find that, by 2020, 102-159 TWh is estimated to be 
produced by PV-systems and 311-399 TWh by wind turbines, in the EU-27. Table 1 shows 
that our estimates of future electricity production are quite conservative when compared to the 
standard scenarios from EREC (18), EPIA (19), EWEA (13) and the EU (20). We opted for 
this approach to ensure that the cost estimates resulting from our scenarios (see below) are 
within reasonable range. Furthermore, the wide range of projections given in Table 1 illustrate 
that estimating future electricity production comes with great uncertainty. 
 
Table 1: Estimated wind and PV electricity production and share in total demand in the EU by 2020 
Technology This Paper EPIA (19) EWEA (13) EREC (18) EU (20) 
PV  Prod (TWh) 102-159  140-420   180   
 Share (%) 2.7-4.2  3.7-11.1   4.7   
Wind  Prod (TWh) 311-399   580-681  477  399-525  
 Share (%) 8.2-10.5   15.3-17.9  12.6  10.5-13.8  
Sources: (13) (20) (18) and (19); total electricity demand in 2020 is estimated to be 3795 TWh (20) 
 
3.2. Current and future deployment costs 
Figure 2 shows the evolution of annual and cumulative PV and wind electricity subsidy costs 
in the EU-27 from 2007 until 2040 in a moderate (Mod) and a policy driven (PD) scenario. It 
is clear that PV subsidy costs will be much higher than wind subsidy costs, and (given the 
above mentioned assumptions) also last for a longer period. We find that annual subsidy costs 
for PV in the period 2020-2026 will be € 18-26 Bio. Annual wind subsidy costs will rise up to 
€ 6-9 Bio by 2020 and fade out by 2034. Total annual subsidy costs (PV + wind) will 
probably peak in 2020 and, depending on the scenario, could amount to € 25-35 Bio in that 
year. The total nominal cumulative cost of wind and PV subsidies are estimated to reach 
around € 471-661 Bio by 2040 for the whole of the EU-27. 
 

Fig. 2: Annual and cumulative deployment costs for PV and wind (based on (10), (11) and (15)) 
 
Table 2 illustrates that in 2020 the total average annual deployment cost per person (ADCPP) 
in Germany could reach € 156 in the policy driven scenario. These high costs are caused 
mainly by the high PV FIT’s granted in Germany in the period 2007-2010, resulting in annual 
costs of € 4-5 Bio by 2010 already. By 2020, annual PV deployment costs in Germany are 
estimated at € 9-11 Bio, which is almost 50% of the total of EU-27 PV subsidy costs, and 
more than total annual wind subsidy costs for the whole of the EU. The data in Table 2 also 
indicates that countries that rely more on wind energy and invest little in PV will have fewer 
problems facing the subsidy costs. To illustrate this we compare the U.K. and the Czech 
Republic. Both are estimated to have a similar combined share of wind and PV in total 
electricity supply by 2020 (Wind and PV together account for 6-9% of total supply). The U.K. 
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will reach this primarily through the deployment of wind energy (wind shares of 5.2-8.5%), 
the Czech Republic, on the other hand will invest heavily in PV. Table 2 shows that this has 
major consequences for electricity consumers, with ADCPP by 2020 for the Czech electricity 
consumer of 72-115 €, compared to only 13-22 € for the U.K. consumer. 
 
Table 2: Average annual deployment cost per person (ADCPP) across member states in the year 2020 

ADCPP (€) DE EL CZ BE ES IT PT BU FR UK 
PV  Mod  105  36  71  48  76  43  22  18  16  4  
(€)  PD  132  91  121  56  92  62  47  44  28  7  
Wind  Mod  18  11  2  12  22  18  45  3  15  10  
(€)  PD  24  18  7  19  27  25  48  4  20  15  
 Total   Mod  123  46  72  60  98  61  67  21  31  13  
 (€)  PD  156  109  128  75  119  88  94  48  48  22  
PV/wind  Mod  5,95 3,30 42,61 3,91 3,54 2,44 0,49 6,91 1,05 0,41 

 
 PD  5,56 5,18 16,46 2,92 3,39 2,44 0,97 10,9 1,38 0,48 

(Based on data from (10), (11) and (15)) 
 
These figures do not reflect the net-cost for society since the production of renewable 
electricity avoids the production of fossil or nuclear electricity. More intermittent renewable 
electricity production will however imply significant additional grid investments. It is at this 
stage very speculative to derive the net-cost from the deployment cost between now and 2040. 
We can nevertheless assume that the cost increase to the average electricity consumer will be 
significant. Keep in mind that our calculations are restricted to PV and wind while most 
countries have regimes to support other renewable energy technologies as well. Adding for 
instance biomass or geothermal FIT’s will further increase these costs.  
 
3.3. Investments in Research, Development and Demonstration  
3.3.1. RD&D needs according to the IEA 
The IEA (8) (9) (17) claims that global annual public RD&D budgets for wind and solar (PV 
+ concentrated solar power + solar boilers) should be around USD 1800-3600 Mio, which is 
about a fivefold increase compared to current PV public RD&D investments and a tenfold 
increase in wind public RD&D. In line with these recommendations, we assume that current 
public RD&D budgets in the EU-27 should be 5 times higher in the case of PV and 10 times 
higher in the case wind. Given current EU-27 RD&D budgets for wind and PV of respectively 
€ 136 Mio and € 184 Mio, the above mentioned assumption resulted in estimated annual 
RD&D needs for wind and PV in the EU-27 of € 1360 Mio and € 920 Mio respectively. 
 
3.3.2. Estimating optimal R&D expenditures  
It is difficult to define the optimal R&D efforts for PV and wind technologies since these 
sectors are still in transformation and operate in an artificially protected and fully subsidized 
environment with production targets up to 2020. If the sectors would collectively agree not to 
innovate, they can continue to sell current technologies. Nemet (3), for example, has pointed 
out that demand-pull measures might negatively impact non-incremental technological 
change. In general, manufacturing firms in Korea and Canada spend about 5-6% of their 
turnover on R&D (21). Major consumer electronics firms that operate in competitive markets 
like Siemens, Samsung, Nokia, Sony and Robert Bosch spend about 6-10% of their sales on 
R&D (22). Based on the annual reports of the major international PV and wind companies 
however, we find that these companies invest on average only 2% of their sales in R&D. As 
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renewable energy companies are less R&D-intensive compared to comparable mature 
industries, we have strong indications of private underinvestment in renewable energy R&D.  
 
To quantify this investment gap, we assume that the PV and wind industry should invest at 
least 7% of sales in R&D to replicate the average innovation dynamics of the engineering 
sectors. For this purpose we estimated total sales in the wind and PV sector between now and 
2020. This was achieved by multiplying annual installed capacities with the cost per Watt. We 
assumed that wind energy investment costs would decline from 1.3 €/W in 2005 to 1 €/W in 
2020. For PV we assumed a decline from 4 €/Wp in 2007 to 3.5 €/Wp in 2010 and 2 €/Wp in 
2020 (cost estimates based on (11), (23), (24) and (25)). This resulted in fairly constant annual 
sales in the wind and PV industry between 2010 and 2020 (Fig. 3). Sales in wind are about 9 
Bio/y in a moderate scenario and 14 Bio/y in a policy driven scenario. PV sales are higher, 
reaching around 30 Bio/y in a policy driven scenario and 18 Bio/y in a moderate scenario. If 
the public sector were to support the industry by funding R&D to obtain the 7% ratio, they 
would have to spend a complementary amount equal to 5% of sales (7% in total minus 2% 
private). Using this method we obtained “5% of sales” R&D estimates, which are much 
higher than current public RD&D investments in PV and wind (Table 3). 
 

 
Fig. 3: Estimated annual sales for PV and wind in the EU-27 (based on (10) (11) (23) (24) & (25)) 
 
Table 3: Annual R&D gap as 5% of sales in the EU in the period 2010-2020 
  Current EU public RD&D  

(€ Mio) 
Annual sales  

(€ Mio) 
R&D gap as 5% of sales  

(€ Mio) 
  Mod  PD Mod PD 
PV 184 18000 30000 900 1500 
Wind 136 9000 14000 450 700 
(Based on data from (17) and annual reports from the solar and wind industry) 
 
3.4. Balancing push and pull measures 
3.4.1. Results 
EU Member States have invested - and are likely to continue to invest - huge sums in 
demand-pull measures to stimulate the deployment of renewable technologies like PV and 
wind. When comparing these high costs to the low investments in RD&D supply-push 
measures, it appears that the budgets are not in balance. To obtain better insight in the 
imbalance between demand-pull and supply-push measures, we calculated a pull/push ratio 
under difference scenarios. Table 4 shows that the pull/push ratio would increase from 35-41 
today to about 79-111 by 2020 if current RD&D budgets were to remain unchanged (baseline 
scenario). Such that by 2020, in a policy driven scenario, for every euro going to wind or PV 
RD&D, there are 111 euro’s going to deployment subsidies. Wind and PV industries currently 
invest on average 2% of sales in R&D. Therefore, we believe that governments could support 
the industry by investing an amount equal to 5% of annual sales, such that a 7% sales/R&D 
ratio - common in engineering and electronics industry - would be achieved. This would result 
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in a significant decrease of the pull/push ratio from 35-41 (Baseline scenario) to 6-8 (“5% of 
sales” scenario) in 2010. Since in the “5% of sales” scenario R&D budgets evolve in line with 
annual sales, pull/push ratios are more flexible to changing market circumstances. Notice for 
example that the “5% of sales” pull/push ratio does not differ that much when comparing 
wind and PV, this in contrast to the other scenarios. The estimates of needed RD&D 
investments based on IEA suggestions result in pull/push ratios that are quite similar to the 
“5% of sales” ratio. However, the differences between the pull/push ratio for wind and PV are 
much bigger. Despite this fact, we are convinced that following the IEA’s advice would 
certainly be a step in the right direction. 
 
Table 4: Comparison of Push and Pull measures for wind and PV in the EU in 2010 and 2020 
  PV Wind Total 
  (€ Bio/year) (€ Bio/year) (€ Bio/year) 
  Mod PD  Mod PD Mod PD 
Push Baseline 0.184 0.184 0.136 0.136 0.32 0.32 
 R&D 5% of annual sales 0.90 1.50 0.45 0.70 1.35 2.20 
 IEA Annual RD&D needs 0.92 0.92 1.36 1.36 2.28 2.28 
Pull 2010 7.77 8.57 3.37 4.43 11.1 13.0 
 2020 18.4 25.6 6.95 9.67 25.4 35.5 
Pull Push       pull/push           pull/push           pull/push 
2010 Baseline 42 47 25 33 35 41 
 R&D 5% of annual sales 9 6 7 6 8 6 
 IEA Annual RD&D needs 8 9 2 3 5 6 
2020 Baseline 100 141 51 71 79 111 
 R&D 5% of annual sales 20 17 15 14 19 16 
 IEA Annual RD&D needs 20 28 5 7 11 16 
(Based on (8), (9), (10), (11), (15), (17) and annual reports of solar and wind companies) 
 
3.4.2. Sensitivity analysis and remarks 
Many authors agree that governments should invest more in renewable R&D; however the 
“optimal” amount of R&D efforts is difficult to estimate. Fischer and Newell (26) search for 
optimal R&D subsidy levels using a theoretical model that optimizes renewable policies. 
They find that the optimal R&D subsidy should be equal to 6%, which is remarkably close to 
our empirically estimated value of 5%. Furthermore, the optimal public R&D estimates by the 
IEA are also quite comparable to our estimates. From this we can conclude that our estimated 
“5% of sales” public RD&D budget is in line with recent findings. Nevertheless, it is 
interesting to evaluate the effect of the “5% of sales” assumption on the overall results. Table 
5 shows that adapting this assumption does have significant effects on the pull/push ratio. 
However, even the very conservative estimate of 2.5% results in pull push ratios that are 
smaller than currently found in the EU (namely 25-33 for wind and 42-47 for PV). The ratios 
rise by 2020 due to rising deployment costs, however not as dramatic as compared to the 
status quo scenario (see Table 4).  
 
When interpreting these results one should keep in mind that, throughout this paper, we have 
always opted for the more conservative approach. For example, the growth of wind and PV 
electricity production is assumed to be moderate compared to other scenario’s (see Table 1). 
Also, the assumption that subsidies will gradually fade out by 2020 is a tentative one. To our 
knowledge, only a few governments have presented such decreasing policy schemes (for 
example Greece (15) and the region of Flanders). It remains to be seen whether or not this 
practice becomes widespread in Europe. Governments that do not reduce renewables support 
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over time will experience higher costs than the estimates mentioned above. If PV and wind 
electricity production were to grow at rates mentioned by the EWEA’s ‘high’ scenario (13) or 
the EPIA’s ‘paradigm shift’ scenario (19) costs will be much higher, resulting in even higher 
burdens on electricity consumers. 
 
Table 5: Pull Push ratio under different assumptions on optimal public R&D budgets 
Pull/Push  PV  Wind  Total  
year R&D/Sales ratio  Mod  PD Mod PD Mod PD 
2010 2.5% of annual sales 17 11 15 13 17 12 
 7.5% of annual sales 6 4 5 4 6 4 
2020 2.5% of annual sales 41 34 31 28 38 32 
 7.5% of annual sales 14 11 10 9 13 11 
 
4. Conclusion 
Despite the uncertainties surrounding the mechanisms behind technology support measures, it 
seems that a pull/push ratio of 40, estimated here, does not seem optimal. This ratio could 
increase up to 79-111 by 2020 if current policies were to remain in place. Overall, we can 
safely say that European governments should critically evaluate current renewables subsidy 
schemes, especially for PV systems, and raise public RD&D investments. These higher 
RD&D budgets could drive down production costs, which will result in a decreasing need for 
demand-pull measures in the longer run. Further efforts should be made to obtain more 
reliable and complete data on public and private RD&D expenditure and to improve our 
understanding on the interactions between demand-pull and supply-push policy measures, 
such that policy makers have the knowledge and the tools to bring new, promising 
technologies to the market in an effective and efficient manner.  
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Abstract: In this paper design for a combined TPV and solar power system for local heat and power production 
is discussed. PV cells are producing electricity when there is light, while TPV cells are used when it is dark. 
Biomass is combusted and the heat is generating photons for the TPV system. Higher combustion temperature 
will give higher electric output, but also faster deterioration of the materials in the combustor, where the 
temperature of the emitter is 1050-1250 oC. By combining PV-cells generating electric power summer time with 
TPV-cells generating electric power winter time, we can achieve a flexible local heat and power system all year 
round. As both systems generate DC-power, we also can see a potential to use the same DC components for e.g 
for charging batteries for electrical vehicles, DC-pumps, LED-lamps etc. Design criteria for the systems are 
discussed in this paper for a house that is principally self sufficient on energy. Both theoretical and practical 
obstacles are discussed, as there are a number of issues to solve before the technique can be used in ”real life”. 
The TPV system is not yet commercially available, but is tested in pilot scale. 
 
Keywords: Solar power, TPV, combination, heat, electricity 

1. Introduction  
There will be a shortage of fossil fuels in the future and thus renewable energy like solar 
power and biomass will be interesting alternatives. One type of solar power is PV-cells, 
although there are other alternatives like Stirling engines, organic ranking cycles and even 
steam turbines when the sunshine is concentrated to heat an organic solvent or water/steam to 
high temperatures. 
 
In this paper we are concentrating on the combination of PV-cells and TPV-cells, where the 
principles are to convert photons into electric power directly. In the PV-cells the photons are 
in the range 0.4- 0.8 um mostly, while in TPV cells we extend the wave lengths up t o 
approximately 1.9 um. The advantage with a combination of PV and TPV cells is that we will 
consume no fuel during spring to autumn periods, but still can produce both heat and power 
when there is no or little light. At the same time we can use the same infrastructure with 
respect to DC-current and lower voltage than the normal 220 V in Europe. In this way we can 
be both self-producing all electric power needed without having to store electricity in 
batteries. The cost to store biomass is radically lower than the cost for storage in the batteries, 
and thus makes sense. 
 
2. Conversion of biomass to heat and electric power using TPV 
The combustion unit can be a conventional boiler extended with a TPV-unit where heat and 
electricity are produced simultaneously. The principles for a TPV unit developed by 
Malardalen University together with Dalarna university college in Borlange is principally 
making use of photons produced by combustion flames heating a steel plate, the emitter 
[1],[2],[3] and [4]. The photons produced are then filtered in an energy glass, and thereby only 
the energy rich ones hit a PV-cell, but with a slightly lower band gap than normal PV-cells. 
The cut off wave length and correspondingly band gap are seen in table 1 f or different 
materials. Silica (Si) with a cut off at 1.1 um is good for visible light but not for longer wave 
length. GaSb and InGaAs are better giving cut offs suitable for TPV cells.  
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Table 1. Cut off and threshold energy for different materials 
 Cut off wave length Band gap  
Si:  1.1μm  1.12eV  
GaSb:  1.7μm  0.72eV  
InGaAs 2.3μm 0.55eV 
InGaAsSb 2.4μm 0.53eV 
 
The cut-off here means that photons with a wave length higher than the cut-off are filtered off, 
while those with short wave lengths are passing through the glass to the PV-cell. The data are 
from [5]. By this the same amount of electricity can be produced with a s urface area 100 
times smaller than for conventional PV-cells. This means that the power output could be 
around 10 kW per m2, compared to some 0,1 kW/m2 for typical solar PV cells. As the TPV 
system can operate whenever you have a need, it can be used even when it is dark and in that 
way be acting as a back-up system for ”normal” PV cells. 
 
Biomass can have many different origins. It can be biogas produced from household waste or 
crop waste like straw. The gas then will be mainly methane, which is the same fuel as if we 
use fossil “natural gas”. The biomass could also be produced from different algae specie, 
where the production will depend on the actual sun intensity, nutrients and temperature. Of 
course the technology can also be used for fossil fuels like oil, but that is from our perspective 
not interesting long term. Typical values of solar intensity at different places in Europe are 
seen in figure 1 below.  
 
As can be seen the irradiation is approximately 8 kWh/m2,day summertime at all sites, while 
only less than 1 kWh/m2,day during December- January. We can assume that the growth rate 
for biomass is in the range 0.5 %  to at best 5 % of the incoming sun light, which means 0.04-
0.4 kWh/m2,day summer time and 0.005 – 0.05 kWh/m2,day winter time. The heat demand 
winter time would be some 0.5 – 240 kWhth/d in single houses depending on the house type, 
and to this we can add an electricity demand for the house hold use of approximately 5 
kWhel/d for low consumers up t o 40-50 kWhel/d for high consumers. [6]. The lower heat 
demand is for modern “passive” houses while the higher values are for houses older than 
some 40 years and not retrofitted to modern standard. 
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Figure 1 The total daily radiation by the sun on a horizontal surface in Stockholm, Malmo and Prague 
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The cells in the small pilot plant we have developed consist of 21 cells in three lines with 7 
cells in each. The total surface area is 40 cm2. The cells are from JX Crystals. The cells are 
mounted on a surface with water cooling, to keep the cell temperature below 50 oC. Different 
emitter materials were tested, but normal black iron actually turned out to be as efficient as 
more advanced materials. The reflectors were made of vacuum formed aluminium that was 
electro polished to get good reflectance properties. We had different type of edge filters. 
There was one specially designed glass surface, but it turned out that a normal energy glass 
was good enough. This simple pilot module thus was used in the tests performed and 
described below. 
 
The heat source was an electrical furnace from Kanthal. This was a stable heat source which 
was easy to control. The experiments were made as seen in figure 2 below.  
 
At the bottom we have the electric furnace, above the emitter and the reflecting cones. The 
glass edge filter was mounted between the two Aluminium cones as seen in figure 2. At the 
top are the cooled TPV-cells. The actual experimental set up is seen at the photo to the right, 
where also two of the authors (Eva Lindberg and Erik Dahlquist) are seen aside of Svante 
Nordlander. 

 

Figure 2. The experiment set up with the pilot TPV unit. 
 
The efficiency calculations were made using the following formulas: 
 
For the first experiment the efficiency was calculated according to equation (1) 
 
η1 = (Pc / Ac) / G   (1) 
Pc  = Electric power of the TPV cells [W] 
Ac =Cell area [m2] 
G  =Irradiation intensity at the plane of the cells [W/m2] 
 
For the second experiment equation (2) was used for the efficiency calculation: 
 
η2 = (Pc /Ac) / Eu   (2) 
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Eu [W/m2] is the irradiation power per area unit from the emitter and is calculated from 
equation (3). 
 
Eu = ε σ Te

4   (3) 
ε  =emissivity [-] 
σ  =Stefan-Boltzmanns constant = 5,66697 10-8 [W/(m2K4)] 
Te =Emitter temperature [K] 
 
Equation (3) also was used for the efficiency calculation in experiment 3. In figure 3 we see 
the results from experiment 1, where the effect of water cooling of the TPV cells was studied. 
As seen the water cooling of the cells gives a very strong impact on the cell performance. The 
efficiency calculations according to equation (1) was 4,8 % at 1950 W/m2 and 8,7 % at 3000 
W/m2. 
   
η3 = (Pc /Ac) / (γ Eu ) 
 

0

100

200

300

400

500

600

700

800

0 500 1000 1500 2000 2500

U  [mV]

I [
m

A
]

93 cm med kylning
93 cm utan kylning
54 cm med kylning

 
Figure 3. Results from experiment 1. Current – voltage curve for water cooled GaSb-cells irradiated 
with a halogen lamp at 1950 W/m2 (93 cm) and ca 3000 W/m2 (54 cm). The black prisms are with 
water cooling at 93 cm distance, the uncoloured prisms the same without cooling and the crosses at 54 
cm distance with cooling. 
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Figure 4. Power output as a function of the emitter temperature and current – voltage plot for 
different emitter temperatures.  
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In figure 4 we see the power output as a function of the emitter temperature. The average fill 
factor for the experiments was 0.6 calculated by the formula Fill factor = MPP/(ISC x UOC). 
Still, the spreading was relatively high as it was a bit difficult to measure the short cut current  
ISC  and the voltage at open circuit  UOC as well as the maximum power point MPP.  
 
In figure 5 we see the current- voltage plots for emitter temperatures up to 1200 oC.   
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Figure 5. Current – emitter plot for higher emitter temperatures.  
 
These higher emitter temperatures were tested in a special high temperature electric furnace 
from Kanthal which could be kept at constant temperatures up to 1700 oC. Still, it was not that 
easy to perform the actual measurements at the very high temperatures, so in practice we 
stopped at 1200 oC. These were the experiment 3 tests. In this last experiment we also tested 
the impact of the cones and the energy glass. The outcome can be seen in figure 6 below.  
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Figure 6. The power output from the TPV cells. At bottom (dark prisma) with radiation from furnace 
directly towards the TPV cell, (pink squares) furnace + reflecting cones and (yellow triangles) 
furnace, reflecting cones and edge filter using a standard energy glass. 
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At the bottom in figure 6 we see the power output when we only had the irradiation directly 
towards the cells placed at a distance corresponding to one cone. The squares are for furnace 
plus one reflector cone, but with no edge filter. Finally the triangles are for the two reflector 
cones with an energy glass in-between as seen in figure 2. The electric efficiency from fuel 
heating value to electricity production is going from around 0.5 % to 4- 5 % in the <1 kW 

thermal pilot plant tested. As we can see the reflector cones give a strong impact, and the two 
cones + an edge filter glass does not give significantly lower power output than with only one 
cone. Still, with two cones plus the glass we can have a long term good performance, which 
would not be possible without the energy glass, as the TPV cell would become  too hot and 
deteriorate. The temperature drop in the combustion gases due to the TPV was negligible. By 
having a larger emitter and TPV area the electric output in relation to the heating value of the 
fuel can be increased. By this the efficiency as electricity divided by fuel heating value could 
be up towards 20%. Still, this also mean an increased cost for the TPV module. It should also 
be noticed that the remaining heat can be used to both heating water or drive an absorption 
cooling machine. 
 
3. System aspects considering the demand and production capability of energy in 

detached houses. 
The lowest heating demand is in so called passive houses that only utilize the heat from 
appliances and human bodies (approximately 100 W per person). If we should produce all 
electricity by TPV cells (5% efficiency) this means a fuel demand around (5 kWh/d) /(0,05) = 
100 kWh fuel/day. For a four times larger TPV area the demand would be 25 kWh fuel per 
day. We assume that the electricity demand is only during 3 of 12 months, while the 
production is during 12 month, with an average of 5 kWh/m2,day.  
 
This means a demand of 100 kW h/d * 90 da ys = 9 000 kWh/year and assuming a net 
efficiency from the sun of 1% the biomass production will be 5 kWh/m2,day*0.01 * 360 days 
= 18 kWh/m2, year with respect to biomass. This means a need for 9 000/18= 500 m2, if all 
the fuel should be produced in this way and all electricity come from the TPV-cells. For the 
four time larger TPV area the demand would be 25 kWh/d and the area for growing biomass 
would be 125 m 2 instead. With an efficiency from incoming sun to biomass of 5% would 
mean 100 m2 instead of 500 m2 , which might be economically feasible, but still on the high 
side. If we reduce the electricity consumption significantly by using low energy lamps, low 
energy refrigeration, using hot water instead of electricity in the washing machine and stay 
with low consuming TV and computers, it might be possible to reach perhaps even 50 m 2 
solar heating surface area, and then also we could have PV-cells covering the rest of the need 
for the summer, autumn and spring time. With 5 kWh/ m2, d, sunshine and 10-15 % net solar 
power efficiency, an average electric power output of 0.5 – 0.75 kWh/m2,day could be 
achieved. We then would need some 5 m2 for the house hold electricity for a single house. 
During summer there can be a net production that could be passed on to the power grid, while 
there might be a deficiency in October-November and February – March. A small battery 
would be good to have to give power also in the evening when it is dark, if there is enough 
PV-area to charge it during the day. Typical hot water and electricity demand for households 
have been presented in [6] and [7]. 
 
Summer time hot water production can be produced by solar heating panels. With a design 
with a t ank above the solar heaters a s elf circulation can be achieved, but the technical 
installation and the need to insulate the tank may make it le ss cost effective than using a 
circulation pump and a tank in the building..  
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4. Combination of PV cells and TPV cells 
In figure 1 we can see that the sun can give a significant energy contribution from March to 
October. We already said earlier that TPV-cells can be used during the dark period November 
- February to produce both heat and electric power. Still, during the more sunny part of the 
year, we can utilize a combination of PV-cells and solar collectors described above. The good 
thing with a combination of PV and TPV cells is that all the electrical equipments for DC/AC 
conversion could be the same for TPV and PV-cells. The TPV system also is an alternative to 
investing in a large battery. 
 
5. Energy utilization in a household in relation to local production 
From a design perspective a single household would need some 0.4 kW base load electricity 
as an average over the year. The need for hot water production will be significant. If we 
assume that every person take a 4 minute shower three times a week, and the water used has 
an average temperature of 15 oC and is heated to 40oC, the heat consumption per shower will 
be at 10 l/min:  0.17 kg/s *4.2 *(40-15) = 17.5 kW. During 4 minutes this means 1.17 kWh. 
For five persons taking three showers per week this will mean 1.17*5*3*52 = 910 kWh/year.  
Teen agers often take 10 minute showers and seven times a week, which would mean 2.9 
kWh/shower*3*7 times/w*52 = 3 200 kWh/y + two grown-ups 1.17*2*3*52= 365 kW h/y 
with a total amount 3 565 kWh/y.  
 
To this we should add hot water for washing cloths and porcelain, which will add up another 
500 kWh/y at least. A total of some 4 000 kWh hot water then is needed. If we distribute this 
per day, it means some 11 kWh/day. 
 
With the assumption that the incoming sun light is 3-4 kWh/m2,day in April a solar panel will 
produce some 35 l iter per m2, day in April at the longitude of Vasteras/Stockholm with a 
temperature lift of 35 oC. This corresponds to 35*4.2*35/3600= 1.43 kWh/m2,day.  11  
kWh/day then mean 7.7 m2 solar panel. In March we only will get 15 l iter/m2,day, which 
would mean a need for 18 m2 to cover all. 
 

6. Use of DC in households 
As both PV and TPV systems generate DC-power, we also can see a potential to use DC 
components generally, e.g for charging batteries for electrical vehicles, DC-pumps, LED-
lamps etc. The advantage with this would be that normally lower voltages could be used for 
many applications. This is important as the voltage normally is quite low in PV-systems, 
typically 12, 24 or 48 Volt. The draw-back is that it is causing more losses to transport energy 
as low voltage, and thus the distance has to be optimized between the production units and the 
appliances. It is not clear where the economic limits are for using DC on a larger scale in the 
buildings, but worth to investigate more in the future. Normal distances within a single house 
of average size will be no problem. 
 
7. Discussion 
To sum up: We assume a house-hold electricity demand of 3600- 5400 kWh/year = 10-15 
kWh/day. To this a hot water demand of the same amount 10 kWh/d is assumed. The heat 
demand will vary over the year with a demand around 70-120 kWh/day in November- 
February, some 30- 50 during March-April and in September- October. The rest of the year 
there will be no de mand for heating. With a TPV system giving 10 kWh/d electricity we 
would produce also 50- 200 kWh/ heat and hot water, which would be enough to cover the 
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demand during November – February. During the rest of the year a 18 m2 solar panel + 20 
m2 PV cells would be enough to cover all energy demands. 
 
Adding some 5-10 m2 PV-cells will give a house producing more energy than it consumes 
(emitting < 20 W/ m2 building area when the outdoor temperature is – 15 oC - the definition 
used in Sweden for so called “low energy houses”). If the roof area is some 170 m2 the solar 
panel units will cover less than 50% of the roof area, which is quite feasible. 
 
For the case with the TPV system and production of biomass as such it would be primarily the 
TPV that is an issue, as the unit only exists as a pilot plant today, and not a full commercial 
product. Still, the prize tag is estimated to be relatively low (1000 – 3000 €/kWel).  
 
8. Conclusions 
The conclusions are that the alternatives discussed can be motivated economically if we can 
achieve high efficiencies for all technologies and steps. It is difficult to judge which 
technology is the economically best comparing different systems that are not yet commercial. 
Still, the alternative with biomass production followed by TPV for heat and power production 
locally has a relatively short distance to being realized commercially, and the potential to be 
economically competitive is reasonably high.  
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Abstract: With the increasing number of photovoltaic (PV) installations on a worldwide scale, an outdoor 
performance analysis of various types of modules is needed. The purpose to assess and compare the performance 
of different types of modules in specific geographical locations, under various climatic conditions and to identify 
benefits/losses given by a specific surrounding context, is very important to evaluate the energetic behavior of 
future installations and direct them toward the most suitable technology to apply. The installations taken into 
consideration are located in Bolzano, Milan, and Catania, allowing comparison among three different Italian 
climate conditions and irradiance levels: the Alpine region, the upper Padana valley, and the see-side area in 
Sicily. In Bolzano, a multi-technology ground-mounted PV field is taken into analysis. For Milan and Catania, 
two multi-section PV power plants are monitored. The monitoring activities are done taking the international 
norm IEC 61724 as reference document, together with the best practice already existing in the field. The PV 
modules are evaluated in relation to ambient conditions, installation characteristics, module-specific behavior 
and state. Results are provided in a comparative way among the three considered geographical locations. Results 
are validated and an uncertainty estimation is shown. As instrumentation and environmental conditions are not 
the same, uncertainties for the locations might be different. Possible issues related to monitoring activities, as 
well as the performance of different PV technologies, will be highlighted. 
 
Keywords: Monitoring, PV System Performance, Energy Rating, Site-Dependent Performance Ratio. 

1. Introduction 
The number of photovoltaic (PV) installations in Italy is quickly increasing, thanks to the 
national “Conto Energia” programme. An increasing trend has been also registered at 
European level, as well as worldwide. In this context, a detailed monitoring of selected PV 
plants and the analysis of operational data of these plants is needed to support a realistic 
outdoor performance analysis of various types of modules in specific geographical 
environments. This action supports both the scientific community and the different actors in 
the PV environment, such as developers, producers, installers, financing institutions, as well 
as decision-makers and customers. 
 
2. The PV installations 
The installations taken into consideration in this work are located in Bolzano, Milan, and 
Catania, allowing comparison among three different Italian climate conditions and irradiance 
levels: the Alpine region, the upper Padana valley, and the see-side area in Sicily. The 
evaluation has been limited to two months (September and October 2010) due to the recent 
operation activity of the installation located in Bolzano. From the different locations, four PV 
technologies are analyzed and evaluated: back-contact monocrystalline silicon cells (BC m-
Si), heterojunction cells with intrinsic thin layer (HIT), copper indium gallium selenide 
(CIGS) and cadmium telluride (CdTe). All groups are mounted on 30°-tilted supports. 
 
It must be stressed that the monitoring systems are, at the moment, different for Bolzano 
(supervised by EURAC Research and reading electrical data through the inverter system, with 
an SMA amorphous silicon reference device) in comparison with the installations of Milan 
and Catania (supervised by RSE and adopting a dedicated electrical monitoring system, using 
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a crystalline silicon reference device from the type EstiSensor [1]). This leads to differences 
in the acquired data, which are visible in their representation, but are also discussed and 
justified along the paper to make the comparison possible and valuable. A validation of the 
results of the performance ratio (PR) among the different groups, locations and monitoring 
systems is done in Section 4. 
 
2.1. Airport of Bolzano Dolomiti (ABD) PV field 
The multitechnology ground-mounted grid-connected PV field at the Airport of Bolzano 
Dolomiti (ABD), in the North-East of Italy, is in operation since August 10, 2010 and has a 
total peak power of 724 kWp. It is divided into two main parts: a 662 kWp commercial 
installation, mounting 8538 CdTe modules, and a 62 kWp experimental installation, mounting 
24 different types of modules, divided into groups ranging between 1 and 2 kW each. The 
groups selected for the analysis are listed in Table 1. Results for two CIGS and two BC m-Si 
groups are shown, to highlight possible differences among the same product. For the 
commercial field using CdTe modules the monitoring results for a single inverter has been 
considered, connecting a total of 120 modules divided into 20 strings of 6 modules each. 
Figure 1 and 2 show the instantaneous PR for the four PV technologies calculated on a 15-
minute base for each day of the month, respectively for September and October 2010. 
 
Table 1. Groups and characteristics from ABD PV field in Bolzano. 

Group Type kWp Inverter Overview 
E2 HIT 3.87 SB4000TL-20 

 

E10 CIGS 1.12 SB1100 
E11 CIGS 1.12 SB1100 

E14-A BC m-Si 1.2 SB1100 
E14-B BC m-Si 1.2 SB1100 

Commercial CdTe 9.3 SMC9000TL-10 
 

 
Fig. 1.  PR (PAC/(Pp*Irrad.)) evaluated every 15 minutes for each day of September 2010 in Bolzano. 
 
The graphs highlight clouds of data at low irradiance levels (mainly between 100 and 200 
W/m2), due to the fact that the efficiency of the inverter is not stable for values of irradiance 
lower than 200 W/m2. A general high performance and differences in behavior for the same 
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technology (as for CIGS, where differences in the trends are visible, especially clear in the 
month of October) can also be noticed. 
 

 
Fig. 2.  PR (PAC/(Pp*Irrad.)) evaluated every 15 minutes for each day of October 2010 in Bolzano. 
 
2.2. PV test installation in Milan 
The RSE test installation in Milan has a peak power around 8 kWp and consists of 6 groups of 
different technologies (polycrystalline silicon, two high-performance monocrystalline silicon, 
CIS, CdTe and amorphous silicon). The power production is monitored with a custom-made 
system to evaluate the current and voltage on both DC and AC sides of the inverter. 
 
Table 2. Groups and characteristics in Milan. 

Group Type kWp Inverter Overview 
GFV11 HIT 1.05 SB1100 

 

GFV14 CIGS 1.2 SB1100 
GFV15 CdTe 1.16 SB1100 
GFV16 BC m-Si 1.2 SB1100 

 

 
Fig. 3.  PR (PAC/(Pp*Irrad.)) evaluated every 15 minutes for each day of September 2010 in Milan. 
 

2724



The groups taken into consideration are listed in Table 2. Figure 3 and 4 show the 
instantaneous PR for the four PV technologies calculated on a 15-minute base for each day of 
the month, respectively for September and October 2010. 
 

 
Fig. 4.  PR (PAC/(Pp*Irrad.)) evaluated every 15 minutes for each day of October 2010 in Milan. 
 
2.3. PV test installation in Catania 
The RSE test installation in Catania replicates the installation previously described for Milan 
in all its characteristics. The groups taken into consideration are listed in Table 3. Figure 5 
and 6 show the instantaneous PR for the four PV technologies calculated on a 15-minute base 
for each day of the month, respectively for September and October 2010. 
 
Table 3. Groups and characteristics in Catania. 

Group Type kWp Inverter Overview 
GFV1 HIT 1.05 SB1100 

 

GFV4 CIGS 1.2 SB1100 
GFV5 CdTe 1.16 SB1100 
GFV6 BC m-Si 1.2 SB1100 

 

 
Fig. 5.  PR (PAC/(Pp*Irrad.)) evaluated every 15 minutes for each day of September 2010 in Catania. 
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Fig. 6.  PR (PAC/(Pp*Irrad.)) evaluated every 15 minutes for each day of October 2010 in Catania. 
 
The shape of the plots PR vs Irradiance in Catania is different from the previous considered 
cases. This is due to different settings of the resolution of the data acquired by the monitoring 
system, which takes into consideration only two decimal digits in the recorded AC power. 
The trend of the PR is, for higher irradiances, in line with the previous graphs. 
 
3. Comparison 
The comparison is conducted according to two indicators: the energy production per kWp of 
installed power and the PR, both processed for each month taken into consideration. 
Moreover, geographical environments and technology-specific behaviors are taken into 
account while evaluating the results. 
 
3.1. Methodology 
The calculation of the energy production in kWh/kWp is the main element of comparison 
among the various PV technologies; in fact, using this indicator the irradiance value is omitted 
as element in the calculation, avoiding the problem rising from mismatch and the difference in 
the reference devices among the sites. All inverters are from SMA, and each PV technology 
refers to the same module producer in all cases; anyhow, the issue of accuracy of the data 
acquisition system, as well as the accuracy in the kWp value by label, has to be considered. 
Following the indications of the international standard IEC 61724 [2], the performance of a 
PV system can be expressed by the PR, that shows the overall effect of losses (due to module 
temperature, irradiance usage, low components efficiency, faults) on the power output of the 
plant. The PR is calculated on a monthly base, according to the following ratio: 

r

f

Y
Y

PR =  (1) 

Where Yf = E/P0 and Yr = H/G, and respectively E is the energy produced by the PV system, 
P0 the installed peak power, H is the in-plane insolation (in kWh/m2), and G is the irradiance 
at STC (1 kW/m2). 
 
3.2. Results 
The energy production in kWh reported to the kWp of installed power (specific yield) allows 
a comparison among groups in the same location, but for different locations the energy 
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production has to be always seen in perspective of the irradiance value for the considered 
period. The values of the monthly global irradiance on 30° angle, respectively for September 
and October 2010, in the three considered locations are: Bolzano: 139.60 kWh/m2 and 92.96 
kWh/m2; Milan: 144.01kWh/m2 and 88.32 kWh/m2; Catania: 169.94 kWh/m2 and 126.54 
kWh/m2. Among c-Si technologies, HIT are performing better in Bolzano, while BC m-Si are 
dominant in Milan and Catania (see Table 4). CdTe modules compete with c-Si mainly in 
Bolzano and Catania, where the diffuse component of the irradiance is higher for the location 
characteristics. The production level (in terms of specific yield) of CIGS generally remains 
lower, with the exception of Milan, where production from CIGS is comparable to HIT. The 
PR can be compared only by taking into account the correction coefficient from Table 6. 
 
Table 4. kWh of energy production per kWp of installed power per month, location and technology. 

Date Type Bolzano Bolzano Milan Catania 
Sep-10 BC- 

mSi 
127.7 (E14-A) 127.5 (E14-B) 121.8 139.4 

Oct-10 88.7 (E14-A) 87.3 (E14-B) 76.5 105.5 
Sep-10 HIT 134.0 118.6 138.5 
Oct-10 93.2 73.9 103.7 
Sep-10 CIGS 112.5 (E10) 118.9 (E11) 115.5 112.6 
Oct-10 74.3 (E10) 79.4 (E11) 72.1 80.3 
Sep-10 CdTe 135.6 93.3 138.6 
Oct-10 90.9 56.4 103.6 

 
Table 5. PR per month, location and technology. 

Date Type Bolzano Bolzano Milan Catania 
Sep-10 BC- 

mSi 
0.91 (E14-A) 0.91 (E14-B) 0.85 0.82 

Oct-10 0.95 (E14-A) 0.95 (E14-B) 0.87 0.83 
Sep-10 HIT 0.96 0.82 0.81 
Oct-10 1.00 0.84 0.82 
Sep-10 CIGS 0.81 (E10) 0.85 (E11) 0.65 0.66 
Oct-10 0.80 (E10) 0.85 (E11) 0.64 0.63 
Sep-10 CdTe 0.98 0.80 0.82 
Oct-10 1.00 0.82 0.81 

 
4. Validation of the measurement systems 
In order to validate the results of the performance ratio, an attempt is made to compare the DC 
output power of the various groups with reference to the calculated installed power (kWp). 
Data sets with an average irradiance level (on 15 minutes) of 900 W/m2 or higher, and 
available module temperatures are used to extrapolate the output power to standard reporting 
conditions of 25°C and 1000 W/m2 irradiance level (excluding correction to airmass 1.5 
global spectral irradiance). The values of the temperature coefficients for Pmax used for the 
different PV technologies are as from [3] and are listed in Table 6. Concerning Bolzano, 
remarkable is the difference between two identical CIGS groups. The difference of 4% is also 
noted in Fig. 1 and 2. This is caused partially by the inverter data acquisition. Both BC m-Si 
groups show an overestimation in power of nearly 10%, but the difference between the two 
systems is negligible (< 0.5%). Also HIT technology shows an overestimation in power, 
which can be attributed to the mismatch in the spectral responsivity between the reference 
detector and the modules. This is valid for both silicon-based technologies.  
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Table 6. Correction coefficient for PR values. 
Technology BC m-Si BC m-Si HIT CIGS CIGS CdTe 

TC_Pm [%/°C] -0.45 -0.45 -0.50 -0.36 -0.36 -0.21 
Location Bolzano 

Average DC_STC 
[kWp] 1.30 1.30 4.16 1.10 1.15 9.28 

Standard deviation 
DC_STC [kWp] 0.03 0.03 0.12 0.03 0.02 0.13 

Difference [%] 7.9  
(E14-A) 

8.3    
(E14-B) 7.6 -1.5 

(E10) 
2.5  

(E11) -0.2 

Location Milan 
Average DC_STC 

[kWp] 1.16 1.03 
 

1.01 1.17 

Standard deviation 
DC_STC [kWp] 0.01 0.01 0.01 0.01 

Difference [%] -3.2 -1.9 -16.0 0.5 
Location Catania 

Average DC_STC 
[kWp] 1.14 1.00 1.10 1.05 

Standard deviation 
DC_STC [kWp] 0.02 0.02 0.03 0.02 

Difference [%] -5.0 -4.7 -8.7 -9.3 
 
For Milan, the difference between calculated power at 1000W/m2 and 25°C and the measured 
DC power for the CIGS is very large, and cannot be justified by the spectral mismatch 
between c-Si reference detector and the spectral responsivity of the CIGS material. The 
differences of the BC m-Si and HIT materials can be attributed to spectral mismatch. The 
very small difference of the CdTe is also remarkable, as the spectral mismatch between c-Si 
and CdTe is normally around 8-10%. In Catania, it must be considered that the module 
temperatures are higher than for the two northern locations. The -8.7% difference for CIGS 
can be attributed to spectral mismatch, as well as the -9.3 for CdTe. The values for BC m-Si 
and HIT can originate from the temperature (as correction for T is more dominant than for the 
locations of Milan and Bolzano), as well as being influenced by the spectral mismatch. 
As general remarks for the reference detector, guidelines are given in IEC 61724 [2] and 
require an irradiance reference detector with an accuracy better than 5%. As for the 
technologies CIGS, HIT, BC m-Si, a c-Si reference detector (as used by RSE in Milan and 
Catania) would reduce the effect of spectral mismatch. A rough estimation of ± 7% spectral 
mismatch for the above mentioned technologies should be taken in consideration for the 
Bolzano data (as an a-Si reference detector is used). For CdTe the spectral mismatch is 
estimated around ± 3%. These data will be used in the uncertainty calculation table. Some 
assumptions are made to estimate the overall uncertainty of the final PR value. For all 
uncertainty components, a “B” type standard uncertainty and a “R” (rectangular) distribution 
is assumed. Therefore the reduction factor is 3 . The total index of uncertainty that is 
reported is calculated as the square root of the sum of the squares of the individual 
contributions. The uncertainties given in Table 7 are with a coverage factor (k) of 2. With a 
Gaussian probability distribution, this gives a confidence level of 95 %. 
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Table 7. Uncertainty values for the different PV technologies in the three considered locations. 
 Location Estimated 

Uncertainty 
 Bolzano Milan&Catania TF 

[%] 
Si 

[%] 
Standard uncertainty component TF Si TF Si   
Stability of Reference Device 1.73 1.73 0.58 0.58 3 1 
Calibration of reference device 4.62 4.62 1.44 1.44 8 2.5 
Spectral Mismatch 1.73 4.04 4.04 1.73 3 7 
Irradiance DAS 0.00 0.00 0.58 0.58 0 1 
Inverter / DAS 0.58 0.58 0.58 0.58 1 1 
Installed power 2.31 1.15 2.31 1.15 4 2 
Combined standard uncertainty 5.7 6.5 5.0 2.7   
Expanded standard uncertainty k=2 11.5 13.0 9.9 5.4   
 
5. Conclusions 
The analysis shows a relevant impact of the geographical location (temperature, irradiance 
components) on the performance of selected PV technologies. In facts it clearly appears that 
certain technologies have a better energy production compared to others in the same location. 
Nevertheless, the importance of the monitoring devices and system components results clear 
while evaluating the performance. Commercial-type monitoring systems need improvements 
in quality and reference devices need regular maintenance activity. It is also important to 
match the module technology with an appropriate reference device. This issue becomes 
relevant when evaluating the PR. The monitoring system in Bolzano is under way to be 
improved to reduce data uncertainty and a collaboration with RSE is set to install additional 
monitoring devices on the DC and AC sides of the inverters for selected groups. 
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Abstract: PV only generates electricity during daylight hours and primarily generates over summer. In the UK, 
the carbon intensity of grid electricity is higher during the daytime and over winter. This work investigates 
whether the grid electricity displaced by PV is high or low carbon compared to the annual mean carbon intensity 
using carbon factors at higher temporal resolutions (half-hourly and daily). 
 
UK policy for carbon reporting requires savings to be calculated using the annual mean carbon intensity of grid 
electricity. This work offers an insight into whether this technique is appropriate. 
Using half hourly data on the generating plant supplying the grid from November 2008 to May 2010, carbon 
factors for grid electricity at half-hourly and daily resolution have been derived using technology specific 
generation emission factors.  
 
Applying these factors to generation data from PV systems installed on schools, it is possible to assess the 
variation in the carbon savings from displacing grid electricity with PV generation using carbon factors with 
different time resolutions. 
 
The data has been analyzed for a period of 363 to 370 days and so cannot account for inter-year variations in the 
relationship between PV generation and carbon intensity of the electricity grid. This analysis suggests that PV 
displaces more carbon intensive electricity using half-hourly carbon factors than using daily factors but less 
compared with annual ones.  
 
A similar methodology could provide useful insights on other variable renewable and demand-side technologies 
and in other countries where PV performance and grid behavior are different. 
 
Keywords: Renewable Energy, Photovoltaics, Carbon accounting 

1. Introduction 
The carbon intensity of grid electricity varies with the seasons and also with the time of day. 
Similarly the production of electricity from PV is strongly dependent on the time of year and 
time of day. In the case of the variation in carbon intensity of the electricity grid, this is a 
function of the way that overall energy demand varies and the economics of the different 
electricity production methods. As the UK has a diverse mix of generation technologies, the 
variation in carbon intensity of the grid can be quite large. At times of low demand when 
nuclear makes up a relatively large proportion of the active generating plant, the carbon 
intensity tends to be relatively low; at times of the highest demand, the grid has all available 
nuclear and renewable power and a roughly equal mix of coal and gas supplying the 
remaining demand, leading to an intermediate carbon intensity figure. The times of highest 
carbon intensity occur when there is moderate to high demand and the cost of producing 
electricity from coal is lower than the cost of producing electricity using gas.  
 
In the UK, company carbon reporting of the energy exported from microgeneration must be 
reported using the annual grid average carbon emissions factor [1] which may not be truly 
reflective of the grid mix at the time of generation. 
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This paper seeks to determine the relationship between the variation of the carbon intensity of 
the mixture of sources feeding the grid and the variation in the time of PV. 
 
2. Methodology 
There are three sources of data that or central to this work. Firstly, the half-hourly generation 
by fuel type data for the UK national grid [2]. This provides gross electricity production from 
eleven sources (including interconnectors and pumped storage hydro) for Great Britain. Data 
has been collated from November 2008 to June 2010. These figures do not make any 
allowance for parasitic loads within power stations which are considered in the second set of 
data, the average emissions factor for each fuel type in the half hourly generation by fuel type 
data. These generation emission factors (GEFs) are taken from AMEE [3] based on data in 
DUKES [4]. The GEFs provided by AMEE are for gross generation with a generated to 
supplied gross factor to allow for conversion from carbon intensity of gross electricity 
generation to the carbon intensity of the electricity fed into the grid. To convert these from 
grid supplied factors to the carbon intensity of electricity at the point of use, the losses in 
transmission and distribution (T&D) must be considered. We have used a flat figure for T&D 
losses of 9% [5]. 
 
Table 1 End use CO2 emissions factors for each generation technology. 

Fuel Type Generated To 
Supplied 

Gross Factor 

Mass CO2 
Produced per 
Energy Unit 

(kg/kWh) 

Derived Supplied 
Net Factor 
(kg/kWh) 

Derived End-use 
Factor allowing 
for T&D losses 

CCGT 0.984 0.385 0.391 0.430 
Coal 0.949 0.861 0.907 0.997 

INTFR 1 0.082 0.082 0.090 
INTIRL 1 0.549 0.549 0.603 

NPSHYD 0.997 0 0 0 
Nuclear 0.908 0 0 0 
OCGT 0.944 0.525 0.556 0.611 

Oil 0.828 0.737 0.889 0.977 
Other 1 0 0 0 

PS 0.997 0 0 0 
Wind 1 0 0 0 

 
Applying the resulting end-use GEFs (Table 1) to the generation by fuel type data gives the 
total CO2 emissions from each fuel type for every half hour. Once this is completed, the task 
of deriving grid mix carbon intensity for any given time frame is achieved by dividing the 
total carbon emissions over the time by the electricity generated over that time. For this work, 
the time intervals considered are half hourly, daily and total period which varies slightly from 
system to system but all start between the 13th and 26th May 2009 and all run for between 363 
and 370 days and can be thought of as an annual grid average carbon factor. 
 
No account has been made for non-CO2 GHG emissions from generation, for upstream 
emissions, for the embodied emissions associated with the generation infrastructure or end-of 
life disposal. The official methodology published by the UK Government [1] has only 
recently started including non-CO2 GHGs in their electricity factors and these were not 
included for simplicity. The remaining omissions from this study are categories that are not 
consistent with the GHG reporting guidelines prevalent in the UK at the time of writing.  
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The final dataset used for this work was the generation from seven PV systems in the North of 
England provided by Solarcentury. All systems are 4 kWp crystalline silicon systems oriented 
due south with a tilt of 30°. All data was for a period from a point in May 2009 to a point in 
May 2010 in 15-minute time steps. These were converted to half-hourly generation data. 
In 32 half hourly periods across the generation by fuel type dataset only interconnector data 
had been recorded. In this study these half hours have been excluded from the analysis. 
The carbon savings from PV generation were calculated using half hourly, daily and overall 
period emissions factors and the results compared. 
All calculations were done using MS Excel 2007. 
 
 
3. Results 
The analysis of the variation in time of generation and carbon intensity of the grid presented 
in this section gives a clear indication of the main findings of the study. For systems with a 
similar generation profile, the differences between carbon savings from the annual average 
and from half-hourly carbon emissions factors are very similar. 
 

Figure 1 Monthly generation by each system (kWh) and Monthly average grid mix CO2 emissions 
factor 
 
Figure 1 shows a similar generation profile for all seven systems over the monitoring period 
with the exception of Seashell which has significantly lower generation in 2009 relative to the 
other systems. In all cases the generation in March to May 2010 is significantly higher than 
summer 2009 indicating that conditions for solar generation were more favorable in 2010 than 
2009. 
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Figure 1 also gives a clear indication of the seasonal variation in CO2 intensity with the 
highest monthly emissions factors being over the winter months (note the graph shows a year 
from May to May so winter is in the middle). 
 

 
Figure 2 The difference between carbon savings using carbon factors with different time resolutions. 
 
Figure 2 shows a clear trend across six of the seven systems analyzed with CO2 savings 
assessed using half hourly emissions factors for the time of generation outperforming the 
average daily factor for the day of generation by between 3.5 and 5 percent. Comparing the 
half hourly performance against the period average grid mix emissions factor, carbon savings 
were 1 to 2 percent lower using the half hourly emissions factors. The clear exception to this 
is the comparison between the period average and half hourly figure for Seashell. This is 
likely to be a consequence of the different pattern of generation for Seashell seen in Figure 1 
with a much smaller proportion of the system’s generation in 2009 than in the other six cases. 
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Figure 3 CO2 factor variation for 17 July 2009 (typical summer day). Solid line is half hourly 
variation, dashed line is daily average. 
 
The difference in carbon savings between half hourly and daily emissions factors can be 
easily understood by observing figure 3 which shows the variation in grid CO2 for a typical 
summer’s day. The profile is essentially a step function with lower carbon generation 
overnight and higher carbon generation over the daytime when PV will be generating. The 
typical winter profile is similar but with a still higher level in the evening corresponding to 
high demand for electricity for lighting, electric heating etc. 
 
4. Discussion and Conclusions 
4.1. Previous work 
Previous studies have considered the carbon intensity of grid energy as it relates to PV 
generation for the purpose of life cycle analysis [6],[7] however these typically model 
emissions the typical conditions for an ‘average’ year rather than real data used for a historical 
analysis as in this work.  Studies have also modeled the impact of PV at times of peak demand 
[8] but not the type of full year, short time-step analysis presented in this paper; the average 
relationship between time of generation and marginal emissions of CO2 [9] and evaluated 
marginal emissions factors over a number of years [10]. 
 
Molin et al. [11] presented a study on the financial impacts of net metering for PV based on 
variable time intervals; hourly, monthly and yearly. This study suggested that net metering is 
most beneficial for PV using a full year for the time interval. This held true when assessed 
against data for Sweden, Germany and Spain using a 13-year long dataset. There are 
interesting parallels between this work which deals with financial performance at different 
time steps and our work which deals with carbon accounting at different time-steps. The key 
result of this study which applies to our own work is the suggestion that year-to year variation 
is relatively modest. It also highlights that an international version of our study would be of 
great value, particularly as the grid carbon intensity profile can be very different from country 
to country. As a caveat to this point, electricity markets where a single fuel dominates such as 
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France (nuclear) and hence only have limited variation in carbon intensity, a repeat of our 
study would not be worthwhile. 
 
This work has as its basis the variation in average grid mix emissions factor on a half hourly 
basis without any consideration of inter-year variability. The aim of this work was to assess 
the validity of using annual average grid mix electricity emissions factors for calculating the 
carbon savings resulting from exported renewable microgeneration. Current company carbon 
reporting guidelines use overall grid mix carbon factors rather than marginal factors (which 
on the existing UK grid will almost always be higher than the average grid mix) on the basis 
that all consumers have a shared responsibility for electricity emissions rather than different 
consumers taking electricity from different sources, this work maintains this philosophy of 
shared responsibility at any given time but with variability introduced depending on the time 
of PV generation. The authors consider that there is merit to the use of a time-varying 
emissions factor as an incentive to businesses to engage in more active demand-side 
management, Gyamfi et al [12] found that the reduction of CO2 emissions would be as 
significant motivation for consumers to initiate demand side management as price signals and 
second only to avoiding blackouts. 
 
4.2. Sources of error  
The results of this work are based on PV generation for a single year. As can be seen from the 
clear difference between the results for Seashell and for the other six systems, PV generation 
data gathered over a longer timescale would allow for more authoritative findings. It is clear 
that for systems with similar generation profiles, the resulting carbon savings are closely 
related. 
 
The gaps in the half hourly generation by fuel type tables were explicitly omitted from the 
remainder of the study on the basis that they accounted for an extremely small proportion of 
the dataset. A more thorough treatment would entail the generation of synthetic data to fill 
these gaps based on a logical process which may include some combination of activity either 
side of the data gaps, prevailing conditions and additional datasets such as those for overall 
electricity demand. 
 
The emissions factors for the grid used in this study are exclusively for direct carbon 
emissions from electricity generation and do not take account of any emissions upstream of 
the power station. Including these indirect emissions would result in a truer picture of the 
emissions associated with electricity generation at the cost of increased uncertainty about the 
exact level of GEFs depending on which indirect emissions are included and the assumptions 
made when calculating indirect emissions. 
 
4.3. Simplifications and assumptions  
In this study, PV generation is treated as a negative load on the grid. In Great Britain where 
there is only a small amount of PV on the grid, this approach is adequate however with a 
significant amount of PV generation on the grid the low carbon electricity produced by PV 
will be rolled into the overall grid mix emissions factor. In this scenario, a negative demand 
approach would lead to double counting of the carbon emissions reductions from PV. 
 
4.4. Future & applications 
The results of this work clearly show that for PV, the carbon emissions saved by the 
renewable electricity generated are different from that which is estimated using the annual 
average grid mix emissions factor. If similar work for other technologies including other 
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renewables and energy efficiency technologies which have a time-varying behavior can also 
be shown to differ from the annual average grid mix emissions factor, there may be a case for 
altering the reliance on the annual average for company reporting of carbon emissions. With 
the arrival of improved metering technology allowing for measurement of electricity use at 
high time resolution, this kind of temporally sensitive reporting would become genuinely 
feasible.  
 
This study has shown that carbon savings from PV appear to be lower based on emissions 
factors for the time of generation than with annual average emissions factors in Great Britain 
where the grid is higher in carbon over the winter where demand peaks. The situation may 
well be reversed in a region where peak electricity demand and carbon intensity are over 
summer as a result of cooling loads. 
 
The authors intend to develop a system for including real time carbon savings in PV system 
monitoring. The study presented here will be widened to cover a larger number of PV systems 
and a longer timeframe, given the similarity of the results across PV systems it may be 
possible to reliably estimate the percentage difference between half hourly and annual 
emissions factors for systems where this kind of analysis is not undertaken. An investigation 
of how real time carbon savings against marginal grid carbon emissions can be reliably 
calculated may also prove to be a valuable exercise. 
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Abstract: This paper offers an overview about the current status of the concentrator photovoltaic technologies 
and market. It highlights the potential of this technology to bring the cost of electricity to competitive levels with 
fossil-fuel based resources. It starts with an overview about the photovoltaic market and then it narrows its scope 
to describe the concentrator photovoltaic technology (CPV). Then, it goes on quantifying the world CPV 
capacity based on the latest industry reports released in 2010. In this paper, we estimate the current world 
operational CPV capacity to be 21 MW. This paper also reports a minimum installation cost as low as 3.05 $/W 
and a levelised cost of electricity as low as 0.14 $/kWh. Those are the minimum costs announced in 2010. One 
interesting conclusion of this study is that CPV systems with high concentration have a higher economic 
potential comparatively with low concentration CPV systems.    
 
Keywords: solar energy, photovoltaic, concentrator photovoltaics, LCOE, grid parity. 

1. Introduction 
     Past and current trends in energy generation, supply and consumption have shown their 
unsustainability at the economic, social, and more importantly, environment levels. These 
trends led to the following [1]: 

- The current GHG emission levels have not been seen for at least 800 000 years. 
- By the year 2050, CO2 concentration in the atmosphere will reach 380 part per million 

which is higher than the upper safe limit (i.e. 350 part per million) for avoiding severe 
climate change effects [2]. 

- In the past century, temperature of the planet increased by 0.7o C and the sea levels by 
20 cm. 

- Ice caps are disappearing. 
- The International Energy Agency (IEA) expects an increase of 50% in energy demand 

by 2030. 
- Half of the CO2 emissions from burning fossil fuels over the last 200 years were 

emitted in the last 30 years. 

Without a decisive action, on the top of the facts listed above, increasing energy demand will 
raise concerns over energy security because of the continuous growth of the world population 
and economy [3].  
 
The solution to this issue is to use clean renewable energy sources like solar, wind, 
geothermal, etc. Although these energy sources are abundant and free, their conversion to 
useful power comes at a higher cost than power from non-renewable sources and makes them 
less advantageous. Therefore, the main condition for the transition to a renewable energy era 
is to generate power from renewable sources at competitive costs with power from fossil-fuel 
based resources.  
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Since 2000, global photovoltaic (PV) capacity has been growing at an average rate of 40% per 
year to reach 14 Giga Watt in 2008 [3]. Expectedly, the annual photovoltaic capacity will 
represent 11% of the global electricity capacity by the year 2050 [3]. This will cancel 2.3 
Giga tons of CO2 emissions from the atmosphere [3].  
 
PV energy encompasses a wide range of technologies: silicon, thin films and concentrator 
photovoltaics (CPV). While silicon modules represent 85-90% of the global annual market 
and thin film modules represent 10-15%, CPV modules represent less than 1% of the global 
annual market [3]. However, CPV is still emerging and has the highest potential of bringing 
the LCOE (Levelized Cost of Electricity) down to values that make solar power cost-
competitive with conventional sources of electricity [4].  
 
This article offers an overview of the current status of the CPV market and discusses the 
potential to achieve low LCOE. 
 
2. Concentrator photovoltaic technology 
A CPV system consists simply of a small solar cell and an optical component to concentrate 
light on it. Using low-cost optical components with small solar cells instead of large 
expensive solar cells is a key feature to achieve a low LCOE [5].  
 
By doing some simple math, one can conclude that to generate a 1W of electricity, a 25% 
efficient solar cell under a 1000 concentration ratio requires 1775 less cell surface than a 14% 
efficient cell under no concentration. In the real world, CPV modules using 27%-36% 
efficient multi-junction solar cells are 25% efficient [4]. This is higher than the efficiency of 
converting power by using any of the other PV technologies. Comparatively with the other 
PV technologies, high CPV systems efficiency means that less land is needed to generate a 
given amount of power; or alternatively, more power can be generated if the same land area is 
used.   
 
The claims above all depend to a large extent on the solar resource available. For instance, 
high-concentration CPV modules are economically viable in areas with more than 2200 
kW/m2 year of direct normal irradiance (DNI). Humid regions, areas with cloudy weather, 
windy areas and spots with an inappropriate topography all may not be suitable places for 
installing CPV power plants [4]. 
 
Based on their concentration ratio and the type of solar cells used, CPV technologies can be 
classified into three categories: 
 
2.1. Low-Concentration Photovoltaic (LCPV): 
Systems with a concentration lower than 40 suns fit in this category. These systems use Si 
solar cells and require passive cooling only to maintain their performance. Due to their large 
acceptance angle, high-precision tracking might not be required. Today, more than 20 
companies are known for supplying LCPV modules.  
 
2.2. Mid-Concentration Photovoltaic (MCPV): 
This applies to systems with concentration ratios in the range 40-300 suns. These systems use 
multi-junction cells and may require active cooling. Active cooling is a requirement because 
typically when the temperature of the solar cells increases, their conversion efficiency goes 
down. High-precision tracking is also required to convert the maximum of the incident 
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sunlight. Based on the CPV Today Industry Report, 3 companies only supply MCPV modules 
[4]. 
 
2.3. High-Concentration Photovoltaic (HCPV): 
     These are systems with concentration ratios in the range 300-2000 suns. These systems 
require a high capacity heat sink, high-precision tracking and high-performance multi-
junction solar cells; hence, their high cost. The potential of this technology relies on the very 
high-efficient multi-junction cells used. The 41.6 % efficiency recorded on a multi-junction 
cell under concentration in August 2009 by Spectrolab and the 35.6 % efficiency recorded on 
a solar cell under no concentration by Sharp, both highlight the potential of these CPV 
systems to achieve high efficiencies [4, 6]. Theoretically, the efficiency of multi-junction 
solar cells can reach 87 %. By using these high-performance cells, module efficiencies above 
30% have been recorded [7]. About 33 companies do supply HCPV modules.   
   
3. CPV installations worldwide 
The total CPV capacity grew up from few kilowatts installed in 2006, to 1 MW in 2007, to 13 
MW in 2008, and unexpectedly to 4 MW only in 2009 because of the world financial crisis. 
50 MW capacity was expected to be installed worldwide in 2009 [8].  Nevertheless, 2009 
witnessed the announcement of a 60 MW CPV power plant in Taiwan by Ya-Fei Green 
Energy and Guascor Foton.  
 
Those numbers are much below the potential CPV capacity that can be provided. Today, the 
world manufacturing capacity of CPV is 1.23 GW and it is expected to reach 2.65 GW by 
2012-2013.  
 
Currently, the total operational HCPV capacity is estimated at 20.15 MW distributed among 
48 installations worldwide. As for the pre-operational HCPV capacity, it is predicted that 23 
installations will be operational to produce 247 MW.  
 
For LCPV, the total operational capacity is 0.81 MW and it is distributed among 19 
installations worldwide. Fig. 1 lists the CPV companies worldwide and the operational and 
the preoperational capacity of each one. 
 
4. Current costs of electricity from CPV systems 
The installed cost is a common criterion for ranking and comparing solar installations. It is the 
cost of the entire installation divided by the peak-power rating. The installed cost of CPV 
systems varies from one installation to the other; therefore, many values have been reported in 
the literature. Based on the CPV today Industry Report 2010, the overall installed cost of HCPV 
systems in 2010 ranges from 3.05 $/W to 7.25 $/W; however, for LCPV systems, the installed cost is 
5.05 $/W [4].      
 
The LCOE is also another useful measure for comparing and ranking solar installations. It is 
the cost of 1 kWh of energy from the system during its life time. For HCPV systems, the 
LCOE has been reported to vary between 0.14 $/kWh and 0.50 $/kWh. For LCPV systems, 
the LCOE has been reported to be 0.24 $/kWh.  
These costs can be brought down by improving the efficiency of the cells, improving their 
reliability and also lowering the cost of the solar cells [4].  
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5. Conclusions 
In this paper, we discussed the potential of CPV as a choice for generating clean energy at a 
low LCOE. The most up-to-date data indicate that the total installed CPV capacity in the 
world does not exceed 300 MW. We have also shown that this is much below the 1.23 GW 
manufacturing capacity available today. 
 
For HCPV, installation costs as low as 3.05 $/W and LCOE as low as 0.14 $/kWh have been 
reported in 2010 based on real data. For LCPV, an installed cost of 5.05 $/W and LCOE of 
0.24 $ have been reported. These numbers show that CPV systems with high concentration 
have a high economic potential comparatively with low concentration CPV systems.   
 
 

 
 

Fig. 1.  Pre-operational and operational CPV power generation capacity by company (from reference 
[4]). 
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Abstract: This study characterizes the environmental performances of large-scale ground-mounted PV 
installations by considering a life-cycle approach. The methodology is based on the application of the existing 
international standards of Life Cycle Assessment (LCA). Four scenarios are compared, considering fixed-
mounting structures with (1) primary aluminum supports or (2) wood supports, and mobile structures with (3) 
single-axis trackers or (4) dual-axis trackers.  Life cycle inventories are based on manufacturers’ data combined 
with additional calculations and assumptions. Fixed-mounting installations with primary aluminum supports 
show the largest environmental impact potential with respect to human health, climate change and energy 
consumption. The climate change impact potential ranges between 37.5 and 53.5 gCO2eq/kWh depending on the 
scenario, assuming 1700 kWh/m².yr of irradiation on an inclined plane (30°), and multi-crystalline silicon 
modules with 14% of energy production performance. Mobile PV installations with dual-axis trackers show the 
largest impact potential on ecosystem quality, with more than a factor 2 of difference with other considered 
installations. Supports mass and composition, power density (in MWp/acre of land) and energy production 
performances appear as key design parameters with respect to large-scale ground mounted PV installations 
environmental performances, in addition to modules manufacturing process energy inputs. 
 
Keywords: Environmental impacts, LCA, PV installations 

1. Introduction 
PV systems deployment and solar energy use are developing rapidly in Europe. In particular, 
Austria, Switzerland, Germany, France, Italy and the Netherlands experienced a two to four-
fold increase in their annual installed photovoltaic power in 2009 [1]. Large scale PV systems 
(> 500 kWp) represent a lower share of the photovoltaic power production compared to small 
scale systems (< 3 kWp). However, their market is showing a dramatic increase in number of 
installations. In France a 90% increase was observed between the 2nd and 1st trimesters 2010 
for installations of power superior to 500 kWp, compared to a 38% increase for small scale 
installations [2]. 
 
In this context of rapid development, the issue of PV systems environmental impacts 
characterization has been intensively addressed and discussed. While several initial 
publications underlined the higher external environmental costs of PV compared to those of 
nuclear energy and natural-gas-fuel power plants [3,4], new LCA databases have been built to 
comply with the improvements in PV systems [5,6]. They highlighted the photovoltaic 
potential for a low carbon energy supply and the environmental benefits of PV as opposed to 
fossil-fuel based energy [7, 8]. LCA data currently consider solar cells, panels and installation 
equipments production in the supply chain of different technologies. Up to now, most studies 
have focused on module technologies and small-scale installations. They exposed the key 
parameters for environmental performances of PV installations, when focusing on greenhouse 
gas emissions and primary energy use as environmental indicators: irradiation intensity 
received by PV installations, modules manufacturing electricity use and its corresponding fuel 
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mix and PV technology [9, 12]. However, only few evaluations of large-scale PV installations 
can be found in the literature [13, 14].  

This study aims at characterizing the environmental impacts of large-scale grid-connected 
ground-mounted PV installations (5MWp), considering one module technology (mc-Si) with 
different structures and types of supports (fixed-mounting or mobile). The results highlight 
key parameters related to large scale PV systems environmental performances on a life cycle 
perspective. Impacts on climate change and energy consumption are considered as indicators 
for the environmental assessment together with human health and ecosystem quality 
indicators. Recommendations are finally given to enable stakeholders in the field of large 
scale PV systems to minimize the environmental impacts of future installations. 
 
2. Methodology 
This Life Cycle Assessment (LCA) study was performed in compliance with the ISO 
standards 14040 and 14044 [15, 16] and followed the provisions of the ILCD handbook [17].  
 
2.1. Scope of the study 
The Functional Unit is defined as the kWh of electricity produced by a large-scale grid-
connected ground-mounted PV installation (5MWp), considering 1700 kWh/m².yr of 
irradiation on an inclined plane (30°) and 30 years of life expectancy. 
 

The system boundaries are 
described in Fig. 1. They 
include the manufacturing of 
core infrastructures (modules, 
mounting system, cabling, 
inverters, transformers), the 
manufacturing of 
complementary infrastructures 
(wire fences, control centers 
and road to access the plant), 
the plant installation 
(excavation and track 
construction), the use phase and 
the decommissioning 

(excavation, modules and structures end-of-life). Recycled waste material is assumed to 
substitute for primary produced material, without considering any correction factor. 
 
Four grid-connected ground-mounted PV installations are compared in the study. Their 
differentiating key features are detailed in Tables 1 and 2. The multi-crystalline silicon (mc-
Si) PV technology is chosen for every scenario. Consequently, only the type of structure and 
its related system energy production differentiate the scenarios.  

Life cycle impact assessment is performed with the use of the IMPACT 2002+ method 
(v2.04) [18]. The results focus on four damage impact categories: climate change, resources, 
human health and ecosystem quality. The temporary carbon storage in bio-based goods (wood 
supports in one scenario) is taken into account in compliance with ILCD provisions, i.e.  by 
considering “-0.01 kg CO2-equivalents” per 1 kg carbon dioxide and 1 year of 
storage/delayed emissions. 
  

Fig. 1.  Scheme of system boundaries 
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Table 1. Scenarios key features 
Scenarios 1 2 3 4 
Module 
Technology mc-Si mc-Si mc-Si mc-Si 

Structure key 
features 

Fixed mounting Fixed mounting Mobile Mobile 
Primary aluminum 

supports 
Wood-based 

supports 
Single-axis 

trackers 
Dual-axis 
trackers 

2.2. Inventory 
The inventory distinguishes between: 
 foreground processes, corresponding to PV systems parameters, land occupation and 

electricity use and generation, for which specific data have been used. 
 upstream and downstream processes, corresponding to materials extraction and 

transformation, PV modules fabrication, materials and products transport, electricity 
production mix, infrastructures end-of-life, for which semi-specific or generic data have 
been used. Ecoinvent v2.0 [19] was used as the reference database for semi-specific data. 

 
2.2.1. PV installations electricity production 
Energy efficiency of the PV modules is set at 14%, with an average performance ratio of 
0.855 for the system. The increase in production thanks to mobility is respectively set to 5% 
for Scenario 3 considering single-axis trackers and to 32.5% for Scenario 4 considering dual-
axis trackers, based on average manufacturers’ data. The corresponding electricity generated 
over the 30 years installation life-time is given in Table 2 for the 4 scenarios. 

Table 2. Energy production in scenarios 
Scenarios 1 2 3 4 

Increase in production 
due to mobility - - 

5% (Average data from 
a Spanish supports 

manufacturer) 

32.5% (Average data 
from an Italian supports 

manufacturer) 
Electricity production 
over 30 years (in GWh) 218.0 218.0 228.9 288.9 

 
2.2.2. Infrastructures 
Data on infrastructures of large-scale PV installations have been either directly collected or 
calculated from manufacturers data, as detailed in Table 3. Ten 500 kW inverters are 
necessary for each PV installation, assuming 10 years of life expectancy (i.e. 30 inverters over 
each installation life-time), and five 1MW transformers, considering 30 years of life 
expectancy. 

2.2.3. Key additional assumptions 
In the absence of specific or semi-specific data for plant building operations (excavation, 
track construction), for engines composition (used in mobile installations) and for waste 
structures management (waste modules and supports), the model is based on hypothesis 
gathered in a Supporting information sheet. In particular, the necessary road to access the 
installation is assumed to be 3 km long. Moreover, multi-crystalline modules are assumed to 
be entirely recycled at the end of the installation life, by use of a thermal/chemical treatment. 
The life cycle inventory corresponding to modules recycling is partly based on literature data 
[20] completed with additional assumptions. 

2745



Table 3. Data collection for infrastructures in scenarios 
  Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Modules 35714 m² - value based on calculations from energy production performances 

Area  92 888 m²(*) 92 888 m²(*) 96 922 m²(*) 418 770 m²(*) 

Supports 

Primary aluminum – 
Mass values from 

technical sheets from a 
German manufacturer  

Wood, primary 
aluminum and iron – 

Mass values from data 
from a multi-MWp 

installation in France 

Galvanized steel – 
Mass values from 
technical sheets 
from a Spanish 
manufacturer  

Galvanized steel – 
Mass values from 
technical sheets 
from an Italian 
manufacturer  

Foundations 

Cast iron stakes - 
approximation based on 
technical sheets from an 
Austrian manufacturer  

Concrete – Mass values 
from data from a multi-

MWp installation in 
France 

Concrete - Mass 
values from 

implementation 
schemes (*) 

Concrete - Mass 
values from 

implementation 
schemes (*) 

Cabling Copper, aluminum and PVC – Mass values from implementation schemes (*) 

Transformers Reference flows data compiled from a French manufacturer 

Complementary 
infrastructures 

Control center building made of steel reinforced concrete + steel wire fences - Reference 
flows data compiled from a German manufacturer for one installation 

(*) computed from the experience of the consulting and engineering partner (Transénergie)  
 
3. Results 
3.1. Scenarios comparison 
The Life Cycle Impact Assessment results are shown in Figure 2 and Table 4. Negative values 
represent the environmental benefits of recycling.  Those environmental benefits are not taken 
into account in the global results since they could be applied in another production chain 
where recycled aluminum is used. Scenario 1, considering fixed-mounting virgin aluminum 
supports, shows the largest environmental impacts in terms of human health, global warming 
and resources, while Scenario 4 (dual-axis tracker systems) generates the largest impacts on 
ecosystem quality. Scenarios 2 and 3 (fixed-mounting wood-based and single-axis trackers) 
globally show the best environmental performances, with gaps between their potential 
damage impacts ranging from 1 to 3% depending on the considered category. 
 
3.2. Detailed environmental performances 
3.2.1. Climate change 
Modules manufacturing represents the largest share of climate change impact for all scenarios 
(38 - 56% of the total impact). Moreover, virgin aluminum supports manufacturing stands for 
a large proportion of the total impact of scenario 1 (36%, if including environmental benefits 
due to aluminum recycling), contrarily to wood-based fixed-mounting supports (Scenario 2, 
21% of the total impact) and galvanized steel mobile supports (Scenarios 3 and 4, respectively 
5 and 12%). The climate change impact due to supports is 2 to 10 times larger in scenario 1 
than in scenarios 2, 3 and 4. As a consequence, the total climate change impact is 28% larger 
in scenario 1 than in scenario 2, whereas the climate change impact due to modules is equal 
for both scenarios (21.4 g. CO2 eq/kWh, a relatively low value to be related with the assumed 
use of the French electricity mix for modules manufacturing in scenarios). 
 
Depending on the considered scenario, electric equipments (inverters, transformers and 
engines in case of mobile structures), complementary infrastructures (road, control centers) 
and foundations may represent a significant share of the total impact. For example, for 
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scenario 4, these elements represent up to 50% of the total climate change burden. This large 
share is partly due to the increase in electricity production, generating the decrease in 
environmental impacts of modules (16.1 g. CO2eq/kWh), combined with an increase of the 
impacts of these balance of system (BOS) components.  
 
Table 4. Damage impact assessment results for the four scenarios (Impact 2002+method v2.04) 
  Human health Ecosystem quality Climate change Resources 
Study case (DALY/kWh) (PDF.m².yr/kWh) (g. CO2eq./kWh) (MJ primary/kWh) 
Scenario 1 4.65E-08 2.46E-02 53.5 1.10 
Scenario 2 3.24E-08 2.35E-02 38.0 0.88 
Scenario 3 3.34E-08 2.32E-02 37.5 0.90 
Scenario 4 4.12E-08 5.15E-02 42.8 0.88 

 
 
 
Fig. 2.  Detailed environmental impacts of the 4 scenarios (considering 1700 kWh/m².yr of irradiation 
on an inclined plane, mc-Si modules with 14% of energy production performance and IMPACT2002+ 
v2.04 damage indicators) 
 
3.2.2. Human health 
Impacts on human health show a similar trend with the impacts on climate change, both in 
terms of overall impact comparison and predominant Life Cycle phases. Modules 
manufacturing generates the largest environmental burden for scenarios 2, 3 and 4 (from 29 to 
41% of the total impact depending on the scenario), while virgin aluminum supports 
manufacturing represents the largest share for scenario 1 (33% if including benefits due to 
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recycling). Small particulates, NOx and SO2 air emissions related to aluminum production 
(due in particular to electricity requirements and mostly emitted in the aluminum country of 
origin) represent 22% of the total impact on human health for scenario 1. On the other hand, 
the human health impact of wood (scenario 2) and galvanized steel supports (scenarios 3 and 
4) is lower in absolute value and also stands for a lower share of the total impact. 
 
3.2.3. Resources 
Modules manufacturing contribution to the total burden on resources amounts to 53 to 70% 
depending on the scenario. The environmental benefit gained from the increase in electricity 
production in case of mobile installations, which is directly reflected in terms of modules 
impacts, is counterbalanced by different requirements in infrastructures (e.g. electric 
equipments). As a consequence, whereas scenarios 3 and 4 consider larger electricity 
production from 5 to 32.5% compared to scenario 2, the gap in impacts on resources between 
these 3 scenarios is lower than 2%.  
 
Impact on resources of virgin aluminum supports accounts for 24% of scenario 1 total impact 
(if including benefits from aluminum recycling). This impact is 2 to 6 times larger than 
impacts of wood-based and galvanized steel supports of scenarios 2, 3 and 4. 
 
3.2.4. Ecosystem quality 
The impact on ecosystem quality is mainly influenced by land occupation, which represents 
44 to 47% of the impact in case of scenarios 1 to 3 and up to 72% of the impact in case of 
scenario 4. The difference in impacts on ecosystem quality amounts to a factor 2.1-2.2 
between mobile scenario 4 (dual-axis trackers) and scenarios 1 to 3, to compare with a 4.5 
ratio between scenario 4 and scenarios 1-3 occupied surfaces. Indeed, power plants with dual-
axes trackers require expanding the distances between each element of the PV field, because 
the shades induced by the moving PV planes are more important: the “power density” in 
terms of MWp/acre of land used is therefore much lower than for fixed-mounting systems. 
 
4. Discussion 
4.1. Key environmental parameters 
Irradiation intensity received by PV installations, modules manufacturing electricity use and 
its corresponding fuel mix and solar radiation conversion efficiency were shown to be key 
environmental parameters of PV installations in several studies [9, 12]. Similarly, this study 
highlights the large influence of modules production, and to a lower extent of electricity 
production increase in mobile conditions, on the environmental performances of large-scale 
grid-connected ground-mounted PV installations. In addition, two other critical parameters 
arise: structure supports and occupied surfaces. 
 
4.1.1. Metal/Wood supports 
The environmental impact of supports production is predominant considering climate change, 
resources consumption and impacts on human health, and is responsible for the environmental 
gap between scenarios in several cases (e.g. between Scenarios 1 and 2). The impact of 
supports is firstly related with their weight: as observed by Mason et al. [15], decreasing the 
quantity of metal supports in large-scale installations results in significant environmental 
improvements. However, materials nature appears as an even more critical environmental 
parameter. For example, the galvanized steel supports mass is 8% larger in scenario 4 than the 
primary aluminum supports mass in scenario 1 (considering mass per produced kWh), 
whereas the corresponding impact on e.g. climate change is 81% larger for supports of 
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scenario 1. Moreover, a sensitivity analysis has been conducted on aluminum supports, by 
considering secondary material (from old scrap) instead of virgin material. The use of 
secondary material generates significant decreases in environmental impacts of scenario 1: 
42% for climate change, 39% for human health and 25% for resources, in compliance with the 
predominance of supports composition on the impacts of a large-scale PV installation.  
 
4.1.2. Occupied surface 
The occupied surface mainly determines the impact of large-scale PV installations on 
ecosystem quality. Consequently, land consuming alternatives such as mobile installations 
with dual-axis trackers will show relatively large impacts on ecosystem quality compared to 
fixed-mounting solutions, if considering the same modules technology. 
 
4.2. Comparing large-scale grid-connected ground-mounted PV installations 
The ranking of alternatives and their associated key parameters may differ from one 
environmental indicator to another, as observed when putting in perspective large-scale PV 
installations impacts on climate change and ecosystem quality. This study therefore enhances 
the need for a multi-criteria impact assessment method when comparing large-scale grid-
connected ground-mounted PV installations. In addition, the results underline the multiplicity 
of parameters which may affect large-scale PV installations environmental performances. The 
environmental impacts of large-scale PV installations are the result of the interplay between a 
number of distinct parameters (e.g. energy production, supports mass and nature, electric 
equipments, etc.), whose related influence may counterbalance each other.  
 
5. Conclusions, recommendations and perspectives 
The impact assessment of large-scale ground mounted PV installations therefore gives a 
detailed picture of their related environmental performances. Key installations design 
parameters arise in an environmental perspective: supports mass and composition, power 
density (in MWp/acre of land) and energy production performances, in addition to key 
parameters related to modules manufacturing (in particular electricity consumption and 
electricity production mix). 
 
The environmental performances of large-scale PV installations are not in linear correlation 
with a unique quantified plant parameter. In that sense, for example, increasing the electricity 
production thanks to mobile technologies does not necessarily bring environmental benefits if 
combined with an increase in requirements in materials. A multi-criteria perspective - with 
respect to environmental indicators and installations key design parameters - should be 
undertaken with a view to optimizing PV large-scale installations environmental 
performances in a near future.   
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Abstract: This paper presents a concise review of recent research on the luminescent solar concentrator (LSC).  
The topics covered will include studies of novel luminophores and attempts to limit the losses in the devices, 
both surface and internal.  These efforts include application of organic and inorganic-based selective mirrors 
which allow sunlight in but reflect emitted light, luminophores alignment to manipulate the emitted light path, 
and patterning of the dye layer.  Finally, the paper will offer some possible ‘glimpses to the future’, and offer 
some additional research paths that could result in a device that could make solar energy a ubiquitous part of the 
built environment as sound barriers, bus stop roofs, awnings or siding tiles.  Considering the reported 
efficiencies of the LSC are comparable to those reported for organic PVs, which are also being considered for 
use in the built environment, the results of the research on the LSC to date warrants more widespread attention. 
 
Keywords: Solar energy, Luminescent solar concentrator, Building integrated photovoltaics, Review

1. Introduction 
The European Committee wants all newly built buildings to be near-zero energy by 2020[1]. This 
demands architects integrate energy saving and energy generation into their designs. To give 
architects more freedom, the devices saving and/or generating energy must be easily adaptable. A 
readily available energy source in a built environment is the sun, which is clean, safe, inexhaustible 
and reliable but generation of electricity with conventional photovoltaic (PV) cells has several 
disadvantages in this environment: the cells remain costly, modules are heavy, and limited in 
coloration (black and dark blue). Furthermore, PV cells respond optimally to direct sunlight, while 
in the built environment much of the sunlight is diffuse due to scattering and reflections by other 
objects, such as trees, buildings, and even clouds. 
  
An alternative solar energy harvester was proposed in the 1970’s, the luminescent solar concentrator 
(LSC)[2]. In the LSC, sunlight penetrates the top surface of an inexpensive plastic or glass 
waveguide.  This light is absorbed by luminescent molecules which are either embedded in the 
waveguide or applied in a separate layer on top or bottom of the waveguide. The luminescent 
molecules can be organic fluorescent dyes, or inorganic phosphors or quantum dots. The absorbed 
light is re-emitted at longer wavelengths, and a fraction of the re-emitted light is trapped in the 
waveguide by total internal reflection and becomes concentrated along the edges of the plate. Small 
PV cells attached to edges of the waveguide collect the emission light and convert it to electricity. 
  
The LSC has potential advantages over silicon-based PV panels, especially in the built environment.  
For one, they can reduce the size of the PV cells more than 90% and the materials for making LSCs 
are inexpensive, reducing module prices.  The plastic waveguide is lighter than the silicon PV 
panels, leading to a reduction in weight, which makes LSCs more viable for mounting to the sides 
of buildings. Sunlight can better penetrate the surface of the LSC waveguide from all angles, 
making them more appropriate for collecting non-direct sunlight. Lastly, LSCs have a great 
flexibility in design, which make them attractive for architects: they may be made thin and can be 
cut in any desired shape, cast in almost any color and may be transparent. Since LSCs can be thin, it 
becomes possible to make curved device.  If the photon in/ photon out efficiency is high enough, the 
cost of electricity generated by the LSC could be competitive[3].  These combined features make 
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LSCs interesting devices for increasing public acceptance of solar energy: while the efficiency of an 
LSC will be lower than an equivalent area of a silicon PV, the reduced cost and flexibility in design 
could make LSCs viable for the urban area.  The LSC hasn’t yet been commercialized owing to 
several drawbacks which limit their efficiency[4]. Loss mechanisms for LSCs are shown in Figure 1.  
 

 
Figure 1. Loss mechanisms in LSCs: 1) Input light not absorbed by the dye molecules, 2) Light emitted 
outside capture cone, 3) Quantum efficiency of the dye molecules <1,   4) Re-absorption of emitted light by 
another dye molecule, 5) Absorption of emitted light by the waveguide, 6) Surface scattering, 7) Solar cell 
losses, 8) Internal waveguide scattering, 9) Reflection from the e surface, 10) Limited dye stability. 
  
The first loss is sunlight not absorbed by the dye molecules: this light is lost through the bottom 
surface. The second is light emitted by dye molecules under an angle which is refracted out of the 
waveguide instead of reflected internally- ( > 40% of all absorbed energy may be lost through the 
top and bottom surfaces of the LSC[5]). The third loss is absorbed photons not re-emitted by the dye 
molecules, but instead lost as heat and vibrations.  Re-absorption of emitted photons by subsequent 
dye molecules via overlap of emission and absorption bands is a fourth loss. Waveguides can 
exhibit parasitic absorption, especially in the near infrared, and is the fifth loss cited. Sixth, 
imperfections of the waveguide surface can cause photons in the waveguide mode to leave the 
surface.  Seventh, the PV cell at the waveguide edge has a non-uniform spectral response, with a 
fraction of incident photons being lost due to the finite conversion efficiency.  Imperfections in the 
waveguide bulk lead to the eighth loss, scattered waveguided photons.  In addition, a small part of 
the input light is reflected from the surface of the waveguide, shown as the ninth loss.  Finally, there 
is loss caused by degradation of the dye molecules, primarily due to UV absorption.  
  
2. Losses and Proposed Solutions 
2.1. Surface Loss 
Dye-emitted photons emitted inside the escape cone will be lost through the surfaces, and 
measurements suggest that 40-55% of all absorbed energy is lost in this way (this translates into a 
50-70% loss of photons)[5]: these results were confirmed by simulation[6] .  This surface loss is a key 
one for LSCs, and in the last couple of years multiple groups have done research on minimizing 
them by two processes: aligning the luminophores and applying selective mirrors. 
 
Aligned luminophores: Organic luminophores are often dichroic in absorption and transmission[7], 
opening new possibilities in controlling the spatial distribution of emitted light, provided that the 
physical ordering of the dyes is macroscopically controlled. The alignment of dichroic dyes in liquid 
crystalline (nematic) materials has been previously investigated[8] and it was shown that the 
macroscopic alignment of the dyes in the liquid crystalline host resulted in anisotropy and dichroism 
in both absorption and emission. Aligning the dye luminophores perpendicular to the waveguide 
surface leads to an emission primarily in the direction of the waveguide, resulting in a sharp 
decrease of surface loss to less than 10%[9],confirmed by simulations using collimated light[6].  
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However, in this configuration the luminophores have low absorption, and concurrent low edge 
emission: trapping efficiency of emitted photons increases from ~65% to over 80% when vertically 
aligned luminophores in LSCs are excited by an isotropic light source[10]. 
  
Luminophores can also be aligned planarly, or parallel to the waveguide surface. This configuration 
can direct light so that 60% more energy is emitted from two edges of the LSC compared to the 
other two edges[11]: in this way the LSC can be used as a energy harvesting polarizer[12] which could 
be used in displays, for example. Additionally, if light is emitted primarily towards just two edges, 
the number of PV cells on the LSC can be reduced to two or even one, further reducing LSC cost.  

  
Selective mirrors: A second way to reduce surface loss is by applying wavelength-selective mirrors 
[7, 21-31]. These mirrors are placed on top the LSC-waveguide with the goal that the reflectors not 
interfere with incoming sunlight that can be absorbed by the luminophores, but reflect only the 
luminophore-emitted light, which has a longer wavelength. Wavelength selective mirrors, made 
from chiral nematic (cholesteric) liquid crystals[13] or inorganics[13b,15], have both been applied to the 
LSC.  Up to 30% of the light that had previously escaped the surface was turned into edge emission, 
translating into a 12% LSC output improvement using the organic reflectors[14f].  Similar 
enhancements were determined using the inorganic reflectors[4b].  Organic reflectors are cast from 
solution and spontaneously form the reflective layer: this is generally a much simpler and less 
expensive process than application of multilayer inorganic Bragg reflectors. 
 
2.2. Re-absorption of emitted photons by other dye molecules 
Most organic luminophores used in LSCs have small Stokes-shifts, leading to relatively large 
overlaps between the absorption and the emission spectrum [15]. As a consequence, luminophores-
emitted photons can be re-absorbed by another luminophore molecule during transportation through 
the waveguide. Re-absorptions are not losses by themselves, but the limited quantum efficiency of 
the luminophores and re-emission into the escape cone do result in losses[16]. 
  
To reduce re-absorption events, researchers have experimented with luminophores with large 
Stokes-shift, like lanthanides[17] and quantum dots[18] ,but these classes of luminophore bring other 
challenges to the production of LSCs. Inorganics tend to suffer from low solubility in organic 
matrices, and often also suffer from a low absorption. To reduce the amount of reabsorptions Taleb 
et al.[19] doped a dye with a polar and highly mobile material, like thionin. The dopant increased the 
separation of the absorption and fluorescence bands of the dye molecules, increasing the Stokes-
shift and reducing (but not eliminating) the overlap in absorption and emission spectrum. 
  
An option to reduce encounters of emitted light with the dyes is to only attach the dyes in a thin 
layer at the surface of the waveguide rather than filling the luminophore within the bulk of the 
waveguide.  In this way, emission light may be transported predominantly in the clear host material, 
and only encounter the dye layer again every second internal reflection.  These layers have been 
made of acrylates, via sol-gel techniques[20], and polymerized liquid crystals[11]. 
  
Using spatially-separated patterns of luminophores on top of a waveguide, the number of re-
encounters emitted light could have with other dye molecules was reduced [21]. The transport 
efficiency of the photons through the LSC increased with decreasing dye coverage. However, due to 
reduction in absorption, the total system output decreased. A lens system on top of the LSC is being 
developed that would increase absorption and thus the system output[22]. 
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2.3. Dyes: Limited absorption, stability and fluorescence efficiency  
The spectral breadth of the dye absorption is an important factors determining the potential 
efficiency of the LSC waveguide.  There are a number of luminescent materials being studied for 
possible inclusion in the LSC.  The workhorse of the organic dyes are based on perylenes or 
perylene derivatives[23]. The limitation of the organic dyes are often their lifetimes of operation in 
sunlight.  Numerous studies are somewhat inconclusive as to the photostability of these materials: 
much depends on the  processing conditions and polymeric environment of the fluorophore[24]. 
Organo-metallic molecules with good photostability (such as porphyrins) have also been 
proposed[25].  Inorganics such as lanthanides[17] hold promise as long-lasting replacements for 
organics, possibly with extended Stokes shifts.  However, they tend to suffer from decreased 
absorption, and solubility becomes a definite issue.  There is a large research effort directed at using 
quantum dots in the LSC[18], but they have not yet reached their promise as they continue to 
generally display small Stokes-shifts with limited photostability.  A possible future research 
direction is into the use of surface plasmonics to enhance the emission of the dye materials, allowing 
the use of potentially lower quantum efficiency luminophores[26]. 
  
To aid in luminophore absorption, it is standard practice to apply a rear layer to an LSC to act as a 
reflector.  The reflecting back layer effectively doubles the path length of incident light through the 
dye layer for enhanced absorption.  Some of the initial experiments used a silver mirror[2b], but such 
a mirror is absorbing  in the visible range.  To avoid absorptive losses, most recent work has 
employed a white scatterer[4, 27]. When separated from the waveguide by a small air gap, the rear 
scatterer can provide additional light for waveguides least 35 cm long[28].  The scatterer also may 
direct that fraction of incident light that cannot be absorbed by the dye directly at the PV cell, 
allowing it to generate electricity.  The separation of the scatterer from the waveguide by a low 
refractive index layer is important to maintain waveguided light in the trapping modes of the 
waveguide: every encounter with the attached scattering layer re-distributes the light, and a 
significant fraction of this re-directed light will be outside the waveguide modes of the system.   
  
Another option is to allow the LSCs to be transparent.  In this form, the device could be used as a 
window while generating electrical current.  An alternative design uses, rather than a waveguide 
with embedded, inflexible dyes, two glass plates coated with a conductor, the space between being 
filled by a liquid crystal containing a dye molecule[29]. The liquid crystal can be continually switched 
between orientations, from planar to homeotropic through application of a voltage across the plates.  
In the former state, the dye molecules follow the alignment of the LC host, and into a position of 
maximal absorption.  The dye may then emit light which is partially trapped in the glass panes 
making up the ‘window’, and generate electrical current.  By switching from planar to a tilt 
configuration, the output of the window necessarily drops due to reduced light absorption, but still 
produces a current, and the efficiency of edge output is actually increased.  This design, while still 
needing considerable work to get transmissive properties correct with acceptable coloration, has 
advantages over other ‘smart’ windows.  Photo- and thermochromics[30]or standard blinds[31] can, 
for example, be automatically switched between light and dark states, but generate no electricity.  
Thin-film PV modules can generate electricity[32], but cannot have their transparency switched. 
 
2.4. Photovoltaic losses 
The standard silicon-based PV has a band gap corresponding to a photon of around 1100 nm 
(~1.1eV).  Photons with energies above this threshold may still be processed by the solar cell, of 
course, but the excess energy of the photon is wasted, and converted most often into heat, and there 
is a reduction in the response of the cell for these shorter wavelengths.  However, the LSC does not 
emit a spectrum remotely similar to the solar spectrum.  Rather, it emits a narrow range of 
wavelengths, most-often centered at red and near-infrared wavelengths (630-720 nm at the 
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maximum).  To better exploit the spectrum of the LSC, researchers have used type III-V PV cells 
based on GaAs and InGaP cells[4a] and obtained record-setting efficiencies.  If these cells could be 
produced economically, it could hold great promise for widespread adoption of the LSC in future.  
Another option could be the use of organic-based PV cells, which often have a ‘sweet spot’ in the 
spectral range where the LSC emits[33]. 
 
2.5. Waveguide losses 
Around 4% of incoming light is reflected from the waveguide surface (the refractive indexes of 
polymethylmethacrylate (PMMA) and polycarbonate (PC) being between about 1.49 and 1.59) and 
never enter the waveguide, and could thus be considered a loss.  While anti-reflection coatings are 
very common in PV cells, they have not yet been applied to LSCs.  As the LSC relies on total 
internal reflection from two smooth surfaces, textured systems as used in many antireflective 
coatings[34] are not a viable option.  Rather, coatings utilizing differences refractive indices can 
reduce these reflective losses and can be applied to polymeric materials[35].   
   
One challenge to produce luminophores with emissions approaching 800 nm for use in LSCs is that 
the waveguides, which are predominantly made of PMMA or PC, become parasitic, and absorb 
strongly at these wavelengths[36].  Additionally, additives made for improvement of various 
characteristics of the host matrix (such as altering UV stability or hardness) can have large impact 
on the device’s capability of transporting light.  For example, an additive that only shows a small 
absorption when measured through the width of the waveguide can have a severe impact on the 
edge output of the same object, for the pathlength is magnified many tenfold[37]. As waveguides age, 
UV-generated damage creates light ‘traps’ within the polymer.  Research into co-polymer systems 
has demonstrated enhanced photostability over the single component[38]. Non-uniform edge 
emission from waveguides also causes additional losses, as illumination of the attached PV at 
anything less than uniformity results in decreased performance.  Thus, the shape of the waveguide 
also influences the emitted light distribution[39]. 
 
3. Future directions 
There are a great number of improvements that can and need to be made on the LSC to make it a 
more viable option for use in the urban environment.  One aspect we find particularly intriguing is to 
provide an opportunity for the use of organic-based photovoltaics (OPV).  One of the greatest 
challenges for OPV has been the inability of utilizing the ultraviolet portion of the UV spectrum, as 
well as survive the high energies of the UV light which causes premature degradation of the OPVs 
through destruction of the dye materials.  However, the LSC does not illuminate the attached solar 
cell with a solar spectrum, but a much more narrow-band of light, generally in the near infrared, the 
range of wavelengths where OPVs perform their best.  Coupled with the lack of exposure to UV 
light, this could provide the OPV with the first real niche application where they could excel. 
  
A second largely unexploited research area is in the field of plasmonics.  Many research 
publications show when a fluorescent molecule is brought close to a small metallic nanoparticle 
there is an enhancement of the fluorescence[40].  There has been application of surface plasmonics in 
PVs[41], but to our knowledge, no extensive work in the field of LSCs.   
 
It is the opinion of the authors that the rôle of the LSC in future urban renewable energy plan should 
be re-defined.  Given the decrease in the costs associated with traditional silicon-based PV, it would 
seem folly to attempt to compete directly with the well-established, traditional PV panel on a 
rooftop.  Rather, the LSC could best be used as a complement to silicon PV rather than a competitor, 
positioning itself in areas not normally accessible, such as areas with increased fractions of diffuse 
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light. The LSC is to be brought directly into public view, not ‘hidden away’ as most silicon PV 
panels.  Applications could include sound barriers, telephone poles, and bus stop roofing. 
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A case study for a household application in Nicosia, Cyprus 
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Abstract: In this work the design and simulation of two stand-alone renewable energy sources (RES) based 
systems for application in a household in Cyprus is presented. More specifically, the household is located in 
Nicosia and is used as the residence of a typical Cypriot family for which a baseline scenario of energy 
consumption is specified in order to define the annual load profile of the house. The first system is based on 
photovoltaic (PV) modules for the generation of electricity by harvesting the very high solar potential of Cyprus 
while the second one is a hybrid system combining PVs with a domestic wind turbine in order to take advantage 
of the wind potential especially during winter. Since both systems are stand alone the energy produced is stored 
in a battery bank. The software used for the modeling and simulation processes is TRNSYS. A comparison of 
the two systems in terms of both technical and economical aspects is presented in this study where it is 
concluded that the wind potential of the specific location of the house, which generally applies on the entire 
island, cannot substitute and compete in any way with the very high solar potential. 
 
Keywords: Stand-alone system, baseline scenario, Cyprus, hybrid, wind potential, solar potential 

1. Baseline Scenario Characteristics 
In order to design the domestic standalone energy systems a typical house is considered for 
which a baseline scenario concerning several parameters is defined. It is very important to 
note that the baseline scenario concerns a future situation where all energy for the household 
is supplied by a RES system and the system is isolated from the grid. The characteristics of 
the baseline scenario concern the structure, location, occupancy and energy systems installed 
in the house examined. The data used to define these characteristics were based on the 
statistical analysis conducted by Panayiotou et al. [1] which concerned the characteristics and 
the energy behavior of the residential building stock of Cyprus in view of Directive 
2002/91/EC.  
 
The house examined in the baseline scenario is a single ground floor house with an area of 
160 m2 which was built in year 2000 and is located in Nicosia, Cyprus where the climatic 
conditions are those for lowland inland Mediterranean areas. The house has 3 bedrooms and it 
does not have pilotis, sofitta or a basement while it has a flat concrete roof with 140 m2 of free 
space for any systems such as solar thermal or PVs to be installed. The house has a 5 cm 
polyurethane wall insulation and double glazing. The heating and cooling is covered with split 
type air conditioning units and the number of units installed are two 9,000 BTU (2.6 kW) in 
two of three bedrooms and one 12,000 BTU (3.5 kW) unit in the living room. For the 
production of domestic hot water (DHW) a solar water heating system is used while an 
immersed electric element is installed for backup. 
 
2. Typical annual load profile definition 
The typical annual load profile definition was also based on the statistical analysis conducted 
by Panayiotou et al. [1]. In this statistical analysis a sample of 500 houses along with 
analytical data given by the Electricity Authority of Cyprus were used and it was concluded 
that there are two peaks observed on the consumption of electricity in the domestic sector 
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annually; one in summer, which is the highest, and one in winter. On the other hand, autumn 
and spring periods have more or less the same consumption of electricity which is lower 
compared to that of summer and winter. Also, another very important thing to notice is that 
the daily average electricity consumption of a house is around 24 kWh during summer, 21 
kWh during winter and 15 kWh during autumn and spring. 
 
To be more precise on the definition of the typical annual load profile this was split into 
weekdays and weekends for each of the four seasons. The months contained in each season 
are as follows; Winter: December, January and February; Spring: March, April and May; 
Summer: June, July and August; and Autumn: September, October and November. 
Additionally, it should be noted that holiday periods are not considered in the examined 
typical annual load profile. The typical load profiles for weekdays of spring, autumn and 
winter are shown in Figs. 1-3 respectively. 

Fig. 1 Load profile for a typical spring/autumn weekday 

Fig. 2 Load profile for a typical winter weekday 

Fig. 3 Load profile for a typical summer weekday 
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3. Model design for standalone PV system 
The model design process was carried out in the TRNSYS environment [2] which is 
considered to be a complete and extensible simulation environment for the transient 
simulation of solar and other energy systems.  
 
The model of the standalone PV system includes the following components: 

• Weather data processor model (Type 109) 
• PV model (Type 180e) 
• Inverter/Regulator model (Type 48b) 
• Battery model (Type 47a) 
• Load Profile model (Type 9a) 

 
A very important parameter to consider when designing a standalone PV system is the 
nominal voltage of the battery bank which can be 12, 24 or 48 VDC. The parameters affecting 
the determination of the suitable nominal voltage for a system are the nominal voltage of the 
PVs, the size of the system and the input requirements of the inverter. For example, inverters 
which have a power of 6 to 12 kW require nominal voltage to be 48 V while inverters with a 
power of 2 to 5 kW require the nominal voltage to be 24 V. Since the system examined is 
neither a large system nor a small one, it was decided that the nominal system voltage is 
considered initially to be 24 V. The main reason for this decision is that since with a rough 
estimation the system will not exceed 10-13 kW of PV power it is much better to use three 
inverters of 4 kW instead of one inverter of 10-13 kW in order to secure basic load coverage 
in the case of a failure of one inverter. 
 
It is also essential to know the slope of the PVs. A rule of thumb followed by the PV 
technicians in Cyprus is that the slope of the PVs should be somewhere between 27-31°. In 
order to define the optimum slope to be used in the modelling process a small model 
consisting of a typical meteorological year (TMY) and a single PV was developed and a series 
of simulations were carried out for slopes between 27-33°. The energy production for each 
slope is recorded and presented in Table 1. 
 
Table 1 PV characteristics on standard testing conditions  

 

 
 

 

 

 

According to the results of Table 1 the maximum energy production occurs for a slope of 31° 
(shown with bold on Table 1) and thus this is the optimum angle for the location examined 
and consequently for the island of Cyprus. 
 
3.1. Simulation and economic analysis of standalone PV system 
After the proper setting up of the complete model for the standalone PV system a series of 
simulations were carried out in order to specify the required storage capacity and PV array 

Slope of the PV Energy Produced [Wh/yr] 

27° 89,516 
28° 89,650 
29° 89,748 
30° 89,810 
31° 89,835 
32° 89,823 
33° 89,775 
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power needed to cover the load over the time period of a typical year. Before running the 
simulations it is essential to decide the acceptable loss of load probability (LOLP) of the 
specific system which defines the required battery autonomy in days. For example, if a 1% 
acceptable LOLP is chosen it means that during the time period of a year there is probability 
to have 3.65 days where the load will not be covered. Thus, if we want to design a system 
where we will have a 100% annual load coverage, in order not to compromise the occupants’ 
quality of living, then a first estimate for the required battery autonomy should be that of 4 
days. It should be noted that the batteries capacity must be larger than that calculated for the 4 
days of autonomy due to the fact that it is impossible to start the 4 days of autonomy with the 
batteries fully charged as these always supply electricity to the system during nighttime. Thus, 
in the system examined, it is predefined that one of the most important parameters to consider 
for the selection of the PV array size and the required storage capacity is to have 100% annual 
load coverage.  
 
Since the nominal voltage of the battery bank is decided to be at 24 V and the nominal voltage 
of each battery cell is 2 V then the configurations of the battery bank used during the 
simulation consisted of 1, 2, 3 or 4 strings of 12 batteries connected in series.   
 
The results of the simulation process were recorded in a data file and subsequently processed 
to evaluate the load coverage achieved by each configuration. The most important results 
estimated during the simulation are presented in Table 2. 
 
Table 2 Results of the simulation process for the standalone PV system 

 
From the results of Table 2 it can be seen that the systems that achieve 100% annual load 
coverage over a typical year are those of Configurations 6 and 12. Additionally, it is observed 
that the system of Configuration 5 is rather acceptable since it has a very low energy 
deficiency of 12 kWh or 2 hrs per year. Configuration 11 gives also a low energy deficiency 
of 13 kWh but it is not considered due to its high annual period of energy deficiency which is             
29 hrs per year. It should be noted that two different approaches are considered for these 
systems with the difference between them being that Configuration 12 has larger energy 
storage capacity and lower PV array power (smaller size) while Configurations 5 and 6 have 
larger PV array power (larger size) and lower energy storage capacity. This is a very 

Configuration  
No 

No of 
PVs 

PV array 
power 

No of 
batteries 

Battery 
capacity 

Annual 
energy 

deficiency 

Annual period 
of energy 
deficiency  

[-] [kW] [-] [kWh] [kWh] [hrs] 
1 40 7.2 36 108 566 607 
2 45 8.1 36 108 381 451 
3 50 9.0 36 108 228 220 
4 60 10.8 36 108 25 33 
5 63 11.34 36 108 12 2 
6 65 11.7 36 108 2 10 
7 40 7.2 48 144 496 503 
8 45 8.1 48 144 320 365 
9 50 9.0 48 144 193 186 
10 55 9.9 48 144 80 97 
11 58 10.44 48 144 13 29 
12 59 10.62 48 144 0 0 
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important fact to consider when deciding which is the optimum configuration for the system 
to be designed. To do so, Configurations 5, 6 and 12 are evaluated in terms of economic 
viability for a total system life of 25 years. During this process the lifetime of each component 
is taken into consideration along with its current cost and is recorded in Table 3. The results 
of this analysis are presented in Table 4. 
 
Table 3 Equipment prices used in the economic analysis 
 
 

 

 

 
 
 
Table 4 Economic analysis results for the systems of Configurations 5, 6 and 12 

 
By evaluating the results of the economic analysis it is concluded that the optimum system is 
Configuration 5 which consists of 63 PVs (11.34 kW) and 36 batteries. The cost of such a 
system is €102,971. It is very important to notice that in all cases examined the main part of 
the cost, around 50%, concerns the batteries. Since the optimum configuration estimated has 
36 batteries it is concluded that the decision for the nominal voltage of the battery bank to be 
at 24 V was correct due to the fact that if 48 V was chosen then the battery bank configuration 

 Equipment Description Price 
1 Photovoltaic panels €3.2  per W 
2 Batteries €640  per pc 
3 Inverter (2.5 kW, 12 V) €2069  
4 Mounting system (for flat roof) €200/kW 
5 Electrical equipment (cables etc.) €210/kW 

Configuration  5 
 Equipment Number Power Lifetime Price Price overall 
1 
2 
3 
4 
5 

PV 63 180 25 €36,288  €36,288  
Inverter/Controller 3 4500 15 €7,977  €15,954  
Elec. Equip. - - 25 €2,381  €2,381  
Mounting  - - 25 €2,268  €2,268  
Batteries 36 1500 Ah 18 €23,040  €46,080  

 TOTAL €102,971  
Configuration 6 

 Equipment Number Power Lifetime Price Price overall 
1 
2 
3 
4 
5 

PV 65 180 25 €37,440  €37,440  
Inverter/Controller 3 4500 15 €7,977  €15,954  
Elec. Equip. - - 25 €2,457  €2,457  
Mounting  - - 25 €2,340  €2,340  
Batteries 36 1500 Ah 18 €23,040  €46,080  

 TOTAL €104,271  
Configuration 12 

 Equipment Number Power Lifetime Price Price overall 
1 
2 
3 
4 
5 

PV 59 180 25 €33,984  €33,984  
Inverter/Controller 3 4500 15 €7,977  €15,954  
Elec. Equip. - - 25 €2,230  €2,230  
Mounting  - - 25 €2,124  €2,124  
Batteries 48 1500 Ah 18 €30,720  €61,440  

 TOTAL €115,732  
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should have been either 1 or 2 strings of 24 batteries and it is obvious that the option of 24 
batteries (1 string) would be undersized and thus insufficient while the option of 48 batteries 
(2 strings) would be oversized with a consequent increase of the overall cost of the system. 
 
4. Model design for hybrid standalone PV-Wind system 
The model for the hybrid standalone PV-Wind is based on the previously developed model 
for the standalone PV system. The difference between the two models relies on the addition of 
a small domestic wind turbine (Type 90). In this system, as in all hybrid power systems, more 
than one source of energy is used in order to diversify the sources and achieve load coverage 
under various climatic conditions during the entire 24 hours period. Furthermore, it is very 
important to note that the operation of this system differs from that of the PV system due to 
the fact that the power produced by the wind turbine is directly supplied to the load through a 
power conditioner and the rest of the load is covered by the PV subsystem. For the design of 
this model two wind turbines were chosen to be considered a 1.5 kW and a 2 kW. The reason 
for choosing these two low power domestic wind turbines is due to the fact that the wind 
potential in the area examined is rather low as it is illustrated in Fig. 4 where it can be seen 
that more than 86% of the time the wind velocity is between 0-6 m/s and the average wind 
velocity is 4 m/s. The curves of power against wind velocity for the wind turbines considered 
are presented in Fig. 5.  
 

 
 

 

 

 

 

 

Fig.4 The wind profile of the examined location 
 

 
Fig. 5 Characteristic power curves for both wind turbines considered 
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By carefully analyzing the power curves of each wind turbine in conjunction with the wind 
profile of the examined location it is hypothesized that the most suitable wind turbine to be 
used in the system designed is the 1.5 kW one. This of course is only a hypothesis and in 
order to be validated a series of simulations using a simple model consisting of a TMY and a 
wind turbine were carried out. The results obtained are presented in Table 5. From these 
results it is concluded that the hypothesis was correct since the 1.5 kW wind turbine generates 
more energy than the 2.4 kW one. This is caused by the fact that the 1.5 kW wind turbine 
operates with higher efficiency at low wind velocity which prevail at the location examined. 

 
Table 5 Simulation results for both wind turbines examined  
 

 

 
 
 
 
4.1. Simulation and economic analysis of standalone PV-Wind system 
The simulation process followed for this system was similar to the one carried out for the PV 
system. From the results concerning the two wind turbines it is clear that the wind turbine that 
should be used in the system designed is that of 1.5 kW.  
 
Since the optimum capacity of the batteries to cover the load over a typical year was 
calculated during the simulation process for the PV system and found to be 108 kWh it is 
decided that this capacity should also be the same for the case of the PV-Wind system as the 
energy provided by the wind turbine is very small.  
 
The results of the simulation process were recorded and processed to evaluate the load 
coverage achieved by each configuration. The most important of the results calculated during 
the simulation process are presented in Table 6. From these results it can be seen that the 
system that achieve 100% annual load coverage over a typical year is that of Configuration F. 
On the other hand the systems of Configurations B, C, D and E also gave rather acceptable 
results since the annual energy deficiency varied between 1-15 kWh while the annual period 
of energy deficiency varied between 7-22 hrs per year. Since all systems have the same 
battery capacity it is decided that the configuration to be compared with the PV system in the 
following section is that of Configuration C in order to have the same energy deficiency so as 
to be comparable.  
 
Table 6 Results of the simulation process for the standalone PV-Wind system  

Energy Produced [Wh] 1.5 kW-Wind turbine 2.4 kW-Wind turbine 
Maximum 1,500 2,274 
Average 146 145 
Annual 1,279,346 1,271,074 

Configura-
tion 

Number 

No of 
PVs 

PV array 
power 

No of 
batteries 

Battery 
capacity 

Energy 
deficiency 

Period of energy 
deficiency  

[-] [kW] [-] [kWh] [kWh/yr] [hrs/yr] 
A 55 9.90 36 108 24 33 
B 57 10.26 36 108 15 22 
C 58 10.44 36 108 11 7 
D 59 10.62 36 108 7 10 
E 60 10.80 36 108 1 10 
F 61 10.98 36 108 0 0 
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5. Comparison and Conclusions 
The comparison is carried out for a lifetime of 25 years for both systems and the results are 
recorded in Table 7. From the results of the economic analysis it can be seen that the two 
systems have the same lifecycle cost with a slight decrease in favor of the PV-Wind system. 
Nevertheless, the difference in cost is very small (€1000) and it is judged to be insignificant 
for the cost range of the systems examined.  
 
Table 7 Economic analysis results for PV and PV-Wind systems  

 
From the results presented in this paper it is concluded that in spite of the fact that due to their 
ability to diversify the energy sources, hybrid systems are generally considered to be a better 
option for standalone applications, in the case of the location examined, the PV-only system is 
a better option. This lies on the fact that the PV system is based fully on the very high solar 
potential of Cyprus in contradiction to the PV-Wind system which is based on the very low 
wind potential observed in the area examined, which is also typical for the whole island.  
 
It should also be noted that by not using the wind turbine in a domestic area several other 
possible negative aspects are avoided such as noise caused from the operation of the wind 
turbine, optical pollution and maintenance requirements which are not considered in the above 
analysis. By observing the cost analysis of both systems it can be seen that batteries represent 
over 50% of the overall systems’ cost.  
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PV system 
Equipment Number Power Lifetime Price Price overall 

1 PV 63 180 25 €36,288 €36,288 
2 Inverter/Controller 3 4500 15 €7,977 €15,954 
3 Elec. Equip. - - 25 €2,381 €2,381 
4 Mounting system - - 25 €2,268 €2,268 
5 Batteries 36 1500 Ah 18 €23,040 €46,080 
          TOTAL €102,971  

PV-Wind system  
 Equipment Number Power Lifetime Price Price overall 

1 PV 58 180 25 €33,408 €33,408 
2 Windturbine 1 1500 20 €2,250 €2,250 
3 Inverter/Controller 3 4500 15 €7,977 €15,954 
4 Elec. Equip. - - 25 €2,192 €2,192 
5 Mounting system - - 25 €2,088 €2,088 
6 Batteries 36 1500 Ah 18 €23,040 €46,080 
          TOTAL €101,972 
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Abstract: We propose a 1cm2 tandem solar cell with different lattice-matched materials based on a 
2eV/1.42eV/0.66eV energy gap sequence. The top unit is a p-n-n AlAs/GaAs cell, connected in series with a 
bottom cell which is a bulk GaAs/Ge p-n-n cell; a narrow GaAs/Ge superlattice region embedded in the middle 
region. Transition of carriers between the two units is possible via a tunnel junction connecting the two units. 
More specifically, the upper cell is a 20 µm bulk p-n-n cell tuned to the visible range of the solar spectrum, 
producing short circuit currents near 30mA/cm2, and open-circuit voltage (OC) of 1.04V; the bottom cell is an 80 
µm bulk p-n-n GaAs/Ge with an embedded GaAs/Ge superlattice tuned at 1eV. The bottom cell produces short 
circuit current density at18.5 mA/cm2 in the bulk; however a 20-period GaAs/Ge embedded short superlattice 
provides an additional 10 mA/cm2 thermionic current density, so that total bottom current reach 28.5mA/cm2, in 
close matching (5%) with the top currents, and an OC voltage of 0.968V. The tandem cell’s basic parameters are 
(a) average fill factor of (FF) 85% (b) short circuit current 28.5 mA/cm2 and (c) OC voltage 2.008V (due to the 
series connection); for 100mW/cm2 standard solar radiation, collection efficiency of such a device is depicted in 
excess of 47% under one sun. Such small area cells are useful for CPV for their minimized size and material 
requirements.  
 
Keywords: Solar cells, Superlattices, Tuned quantum wells, High efficiency photovoltaics 

Nomenclature  
J TH thermionic current density …....mA/cm2 
Jsc short-circuit current……………...mA/cm2 
Voc  open-circuit voltage…………….….Volts 
Lw   quantum well width………………..…nm 
 

nph photo-excited carriers ……………..…..cm-3 
go, g(E)  density of states………….…..eV-1cm-2 
go, g(E) density of states……….…..eV-1cm-2 
  

1. Introduction 
The field of high efficiency photovoltaics (HEPV) is maturing steadily; already the threshold 
of 40% efficiency has been reached and exceeded to 42.2 % [1, 2, 3, 4, 5, 6]. It is common 
place in the PV community that the 50% limit for crystalline solar cells will be within reach in 
the next five years. The common denominator of high efficiency cells is the idea of two to 
three different band gaps that absorb in different wavelengths, preferably in a successive 
fashion along with the visible and the infrared parts of the solar spectrum. A typical cell of 
such geometry contains three major layers of lattice-matched or suitably metamorphic 
semiconductor layers joined (in series) by means of tunnel junctions. The latter are needed to 
ensure current matching. The obvious advantage of such structures is the series connection of 
two p-n junctions essentially, with increased overall open circuit voltage (due to the series 
connection). In this communication we are proposing an ostensibly high efficiency structure 
based on the series connection idea, as mentioned above, but with a different design, 
especially in the area of long wavelength absorption. The latter is a process that can be 
realized by means of two dimensional geometry selections (or one dimensional option as 
well). The device is described in brief as follows: a top p-n or p-i-n bulk GaAs/AlAs/Alloy 
cell is proposed for short wavelength absorption (mainly visible). The unit is then grown on 
top of a tunnel junction (guaranteeing the series connection) and the bottom cell follows with 
a similar topography, namely, a p-i-n cell matched with the layers above it. The intrinsic 
region of this cell is replaced by a GaAs/Ge superlattice with reduced tunneling. The latter 
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selection is adopted for two reasons (a) Ge is lattice-matched with GaAs and (b) we want to 
ensure thermal current generation from the mid- (intrinsic/low-doped) to the n-region of the 
device, as shown in Figure 1 below: 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Proposed tandem (1cm2) p-n-n+/p-n (Superlattice (SL))-n+ multijunction solar cell, for high 
efficiency. Two cells in series through a tunnel junction. Maximum current density depicted at 
28.5mA/cm2; Open-circuit voltage values 1.04 and 0.968V respectively. Total Voc = 2.008V, Jsc = 
30mA/cm2. 
 
The structure promotes the series connection of two cells, with current matching. As seen 
from the figure above, the goal is to produce a composite cell where both short and long 
wavelengths are absorbed simultaneously; in this context, this can be succeeded via the two 
layers shown. Visible and near infrared absorption is guaranteed by the two cells respectively, 
while the MQW geometry is tuned to longer wavelengths via pre-selected eigen-state 
resonance. Therefore, analysis and simulation of the device will have to include both regions 
as depicted through (a) the top and (b) bottom cells and (c) through the tunnel junction (TJ). 
The latter is basically selected to be a double barrier heterostructure of p++ and n++ highly 
doped GaAs layers (TJ modeling for this purpose will be reported elsewhere). Fundamentally, 
photoelectrons induced from the top, tunnel through the mid-junction to join carriers from the 
lower cell. Ultimately, due to the series connection, matching will dictate the final current, in 
other words, the lowest current will keep the connection at the ON state. On the other hand, 
the series connection is expected to provide enhanced voltage (ideally the sum of the two OC 
voltages as they come from the two sub-cells). It is imperative therefore to model all regions 
for optimum current and voltage generation. In the following sections, modeling and 
simulations for two of the three mentioned regions is provided as a tool for optimization in 
design.  

2. Top Cell for the visible solar spectrum 
It is desirable to obtain a top layer suitable for visible spectrum absorption. Graded AlGaAs 
layers of variable aluminum fractional content is proposed according to the following table: 

Table 1: Bandgap and wavelength at different Aluminum percentage content for AlGaAs 
Al content (%) Band-gap (eV) Wavelength λ(µm) 

0.98 (AlAs) 2.16 0.574 
0.90 2.11 0.582 
0.80 
0.70 
0.60 
0.50 

2.07 
2.05 
2.02 
1.998 

0.592 
0.602 
0.612 
0.620 

 

AlGaAs n-GaAs p-GaAs 
p-GaAs 

 

Ge-GaAs SL 

n-GaAs n-Ge 

Tunnel Junction 
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As seen from the table above, a feasible succession of lattice-matched AlAs-AlGaAs graded 
layer ensures visible spectrum absorption. Modeling of a 0.5 to 1.0µm p-AlAs/AlGaAs layer 
on top of an n-n+ GaAs arrangement (upper part of Figure 1) leads to short circuit current at 
30.50 mA/cm2, and open-circuit (OC) voltage at 1.04V, with max power 28.30 mW 
[temperature 300 oK; one-sun exposure and power input of 100mW/cm2; 10% internal 
reflection]. Figure 2 shows the J-V characteristics of the top cell, where both current-voltage 
and power-current curves are depicted. This is a high current solar cell and can stand alone. 
Note also that with an 88 to 90% fill factor (FF), this is a 27.9 % cell. Note also that a second 
junction could be used as the bottom cell, with exactly the same characteristics; in such a 
case, one (provided the tunnel junction can sustain 30mA/area) may end up with a double 
junction cell with 2V and 30mA/unit area, which would lead to a double-junction cell (area 
1square centimeter) with collection efficiency with collection efficiency n(%) = 
(2x30mA/cm2) x (FF)/(100mW/cm2). For a collective fill factor near 80%, this leads to 48% 
collection efficiencies. Figure-2 below depicts a simulated J-V characteristic (extrapolation to 
the horizontal axis leads to 1.04V):  
 

Fig.2. p (AlxGa1-xAs)-n(GaAs)-n+(GaAs) top cell. The AlGaAs layer (wide band gap) absorbs in the 
visible (see Table 1). Max current and OC-voltage extrapolated at 30.5mA/cm2 and 1.04V 
respectively. 
 
3. Bottom Cell  
Out of several options for a double junction cell, we select a p-n-n 1.82eV/1.42eV/0.66eV cell 
in order to demonstrate two points (a) to include long wavelength absorption and (b) to 
introduce the idea of tuning layers in the mid-regions to desired wavelengths. In this paper we 
are proposing a quantum well structure embedded in the mid-region of the bottom cell and 
tuned to 1eV solar photons. Regarding the 0.66 eV material (for long wavelengths: 1.24/0.66 
= 1.878 µm) include in the bottom cell design, simulations lead to short circuit current density 
at Jsc = 18.50 mA/cm2 and OC-voltage Voc = 0.968V. Simulation and modeling of the bottom 
unit is basically in a structure depicted by lower portion of Figure-1, without the mqw region. 
The mqw region is a 20-period GaAs/Ge superlattice (no tunneling) with thin Ge-quantum 
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wells tuned at 1eV or with a 19.6 nm width. Potential barriers are selected at 100nm (in order 
to minimize tunneling). The total thickness of the reduced dimensionality superlattice is 20 x 
(200+19.6) = 4,392 nm = 4.392 µm; the latter is just 5.3% of the total lower cell, which is 
essentially a pnn GaAs/Ge solar cell with its J-V graph shown by figure-3:  
 

 

Fig. 3:  Bottom cell J-V characteristics: a bulk pnn GaAs/Ge cell with 0.968V and 18.5mA/cm2 (OC 
and SC) parameters respectively.  

By proposing a superlattice in the mid region of the lower cell (in future designs this could be 
proposed for both cells as well!) we actually introduce a second channel of carrier current per 
unit area, such that the current in the lower part of the device might go increase as well. In the 
next section, we develop a formalism of thermionic current escape that contributes to the 
main bulk current of the bulk device as depicted in Figure-4 below: 

 

 

 

 

 

 

 

 

 

Fig. 4: Fine tuning at specific wavelengths can be achieved through quantum size effects in the traps 
of the intrinsic region. Electrons’ thermionic conduction, from 20nm quantum wells, is schematically 
shown at the conduction band. Note the Fermi and intrinsic Fermi levels, and the addition of the two 
current components: bulk and thermal current components respectively. 
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Final current from the quantum traps adds constructively to the bulk current generated by the 
GaAs/Ge cell (18 mA/unit area, see Figure-3 above). Due to current matching, overall SC-
current output is going to be based on the lowest current off the two cells. Thus, thermal 
escape generation becomes essential: simultaneous high current and voltage generation may 
lead to higher “ground” collection efficiency (one sun conditions). In the next section, 
modeling is geared towards thermionic current generation and current matching near 
30mA/cm2. 

4. Modeling of Thermionic current  
As mentioned above and discussed elsewhere, photo-excitation forces excess carriers in 
quantum wells and an increase of total carrier population near 1012 cm-2, per well [6]. Trapped 
photocarriers recombine and thermionically escape from the quantum traps. With 
recombination losses includes [8,9] and given that there is a non-zero probability for thermal 
escape, we model escaping carriers as thermionic currents over ∆EC barriers. Once this is 
established, we consider the two current components as two current sources (in the bottom 
cell always), and we are adding these two components to find the total lower-cell current. In 
all probability, this result is not necessarily expected to match the top component, however, 
by imposing required conditions, selective doping and superlattice geometry; we expect total 
lower current to reach (as close as possible) the top one.  

In the following, we briefly discuss this process. Thermionic emission from wells of depth 
∆EC leads to current density values of the type [8]: 

∫= )()()()( xnEvEfEdxdEgqj δ
     (1)

 

Where q is the electronic charge, g(E) is the density of states (DOS) of the quantum trap (here 
quantum wells or quantum dots etc), f(E) is the Fermi level position in the gap of the 
semiconductor layer, v(E) is the “velocity” of the carriers at energy E and where δn(x) is the 
net carrier population in the traps of length/width LW and after recombination. For an average 
excess carrier density <δ(x)> = δN = 1012cm-2 per well, the above integral simplifies as 
follows: 

∫= )()())(( EvEdEfgLNqj oWδ     (2)
 

Thermionic currents can be calculated from the latter expression, where DOS represents the 
quantum system involved. In the present case we adopt quantum wells (faster and less 
cumbersome compared to quantum dots fabrication), where DOS is a constant function: (2-d 
DOS of quantum wells, eV-1cm-2). Based on the above and on the fact that the Fermi level is 
near (and above) 3(kT)’s below the conduction band of the low gap layer (EC - EF) (Fermi-
Dirac approaches the Maxwell-Boltzmann distribution), the current relation yields the 
following explicit expression (by replacing for g(E) with go and relating the speed of the 
carriers with energy barrier ∆EC of the heterojunction discontinuity): 

∫
∞ −
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Where the difference E-EF is the activation energy relative to the Fermi level, E1 is the lowest 
eigen-energy in the germanium quantum wells (near 10meV from the bottom of the wells, for 
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~20 nm width (L)). Note also that the excess carrier per unit area available per well is nph, and 
m* is the effective mass in germanium layers. Taking the lowest limit to be the ground eigen-
state, the last expression leads to the following result: 

)exp(*2 12/3
2

3

kT
EETkmLnqj F

Wph
−

−××









××=

π
π

 (4)
 

Note from the above the dependence of the current on the activation energy through the 
exponential. For undoped germanium layers, activation energy values are the sum of eigen-
energy value plus the EC – EF. The latter (for germanium) can be quickly computed [ ]: 

eV
n

N
kTEEE

i

Ge
C

FCCF 338.0)ln( ==−=∆
 (5) 

Where the factors in the fraction above are (a) the conduction band density and (b) the 
intrinsic concentration for Ge, and the 0.33 eV is essentially the intrinsic Fermi level. For 
such a result, our derived formula provides negligible thermal current (fraction of µA). For 
moderate doping levels near 1016cm-3, we compute thermal currents 0.0429 mA/cm2, which, 
for desired 10mA/cm2, would require a long superlattice (large number of periods, about 240). 
On the other hand, selecting doping levels near 1018 cm-3, however,   leads to current density 
near 0.4mA/cm2/well, which translates into 25 superlattice periods in all. Based on this, we 
propose an n-Ge/GaAs multi-junction layer in the middle region of the pnn GaAs/GaAs/Ge 
bulk lower cell, where total current will essentially reach the top-cell current and hence 
current matching will be succeeded within ~5% (note: top cell current 30mA/cm2, bottom cell 
currents: 18.5mA/cm2 plus 10mA/cm2 = 28.5mA/cm2). Based on this current matching and on 
the computed data (see short circuit currents, Figures 2 and 3), we estimate the following for 
the composite cell of Fig.-1: short circuit current of 28.5mA/cm2, and open circuit voltage 
Voc1 + Voc2 = 1.04V + 0.968V = 2.008V. This means that the composite cell (as long as the 
tunnel junction sustains normal operation) is expected to provide two volts at OC conditions 
and at least 28mA/cm2 at SC conditions. Both units of the tandem structure have fill factor 
values of 85 and 85.5 % respectively, as it can be found from the open-circuit voltages of 
each [12].Under one sun (AM 1.5), such a one-square centimeter tandem PV-device exhibits 
collection efficiency of [0.85x28.5x2]/100 = 48.45%. Obvious advantages in such a design are 
(a) minimal material usage (small area, and narrow superlattice layers; the latter suitable for 
growth technique selection (chemical vapor deposition or molecular epitaxy) (b) simultaneous 
short and long wavelength absorption (c) short-period tuned superlattice (d) high carrier 
mobility due to GaAs/Alloy major components (in contrast to mismatched cells with low 
mobility) (e) extension of design to include more than one superlattice tuned at desired 
wavelengths. 

5. Conclusion 
High efficiency solar cells are becoming a reality while collection efficiency levels near 40% 
have been achieved. It has been realized in recent years that more than one layer may lead to 
higher photon absorption due to varying energy band gaps involved. Indeed, this is the case 
for hetero-junction cells that include two or more materials in one unit; however, recently 
proposed tandems do not utilize superlattice components [5, 8]. In this paper we explore 
efficiency enhancement via (matched) current and voltage increase, with a 1eV-tuned 
superlattice embedded in one of the cells. Thus, a multijunction cell is proposed, with visible 
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and IR wavelength absorption capabilities. The proposed structured is a 1cm2 cell and is 
composed of two sub-cells: the bottom unit is a 20-period GaAs-Ge superlattice embedded in 
a pnn GaAs-Ge bulk solar cell. On top of this cell an AlAs-AlGaAs-GaAs cell is proposed, 
suitable for short wavelengths. The two units are connected in series via a standard tunnel 
junction, modeling of which is not discussed in this paper. Assuming ideality factors near one, 
modeling and simulation of the two devices shows a total voltage near 2 Volts and minimum 
current density 28.5 mA/cm2. Collection efficiency is expected to exceed the 42% current 
threshold (one sun conditions). The cell structures involved, could individually perform well 
on their own at different wavelengths and with appreciable efficiencies respectively. Our 
proposed structure involves tuning of the lower device at desired photon energy input (1 eV). 
Under the same token, optimum tuning can be pre-arranged via specific superlattice geometry 
selections, while more than one superlattice in tandems seems to open the way for higher 
efficiencies. To probe further, two part-tandem cells, with a tuned superlattice in each region, 
should lead to collection efficiency in excess of 45% in the immediate future.  
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Abstract: Recently new advance texturing is one of the candidates for enchaining optical absorption in mono 
crystalline thin film solar cells and making low cost solar cell. Silicon has relatively large reflection in UV- 
visible spectral region, also absorbs strongly in this region; however, its near IR absorption is weak. The 
absorption enhancement can occur through diffractive scattering from surface with feature dimension larger than 
λ/n, where n is silicon refractive index. For surface feature with size smaller than λ/n, surface is behaving like a 
gradient index film. By creating three-dimensional surface with sub wavelength textures on front and sidewalls, 
it may be possible to enhance absorption beyond the 4n2 statistical limit. There is an idea that says implantation 
process during fabrication process affect solar cell efficiency because of p-n junction dependence to temperature. 
This maybe complicated the efficiency prediction. Since Because of difficulty of laboratory test and fabrication 
the simulation of implantation temperature method is considered for a well know three dimensional texturing at 
first. Simulations in first step are done for an ideal three dimensional surface texturing with 21µm depth and an 
ideal p-n junction below 1µm under frontal surface. In this simulation the p-n junction has a constant depth all 
over the solar cell. Then by using implantation modeling tries to predict the p-n junction place by varying the 
temperature all over the surface. It is shown that the p-n junction position and its shape completely depend on the 
temperature that causes a variety of efficiency for a well known advanced texture. In this case the p-n junction 
shows a discontinuity at 700 ºC that case an efficiency drop for 21% to 10%. These simulations confirm the 
impact of implantation temperature on optical simulation. Results are shown to find out the best design for 
advance three-dimensional texturing need to predict discontinuity temperature in fabrication process. 
Simulations also show the dependence of efficiency with geometrical surface features and how discontinuity 
temperature change by shape and size of the periodic texture pattern. Results show there is a limitation in final 
performance of mono-crystalline solar cell with periodic texture pattern.  
 
Keywords: Renewable energy, solar cells, thin film, surface texturing. 

Nomenclature  
 d grating period  ..................................... µm 
n refractive index  ........................................ .. 
λ  wavelength  ............................................ nm  
θc critical angle  ............................................  

θm,i  diffraction order angle  ............................ 
Φ  ion dose per square centimeter  ........... cmP

-2 
ηRi,jR coupling efficiency  ................................... 
 Rp projected range  ..................................... cm 

 
 
1. 0BIntroduction 
Silicon has relatively high reflectance in UV-Visible spectral region, however it also absorbs 
strongly in this region  [1] . In near IR (800-1100 nm) spectral region, particularly near the 
band edge, absorption is weak, i.e., absorption depth is ~ 100 µm at λ ~ 1 µm. This weak 
absorption fundamentally limits the efficiency of Si solar cells: in thin films due to incomplete 
optical absorption, and in thick films due to bulk recombination losses. Light trapping 
schemes based on geometrical optics considerations have been extensively investigated in 
conventional [2] . Maskless, random, pyramidal texturing with feature sizes >> λ on the front 
surface not only helps randomize scattering within the substrate, but also takes advantage of 
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the high refractive index of Si leading to total internal reflection of light rays outside the 
narrow cone defined by the critical angle (θc=sin-1(1/n)). 

 In reducing reflection using sub-wavelength structures, defined either by lithography or 
random masking methods, light incident on the Si substrates generates no diffraction orders, 
and preferably only obliquely propagating orders inside the Si substrate [3-5]. For 
lithographically-defined surface, the period is chosen such that there are no diffraction orders 
in air, i.e., λ/d > 1. Inside the semiconductor, first and second diffraction orders are 
propagating due to its higher refractive index n, i.e., 2* λ/(n*d) < 1. For the case of a 
randomly textured surface, incident light will support a large number of diffraction orders 
since it is a composite of several periodic structures[6]. The total optical path length 
neglecting back surface reflection for sake of simplicity is give by 

∑=−−
ji

jiji Tlengthpathoptical
,

,, ,η  

where the summation index i corresponds to grating period di of the random surface, and the 
summation index j corresponds to diffraction orders of the period di, and ηi,j represents the 
coupling efficiency of the transmitted intensity Ti,j. The optical paths of each of the 
diffraction order is enhanced by 1/cos (θm,i), where θm,i  is the diffraction order angle with 
surface normal defined earlier. In this manner, frequency space inside the Si substrate can be 
effectively populated. Finally, for the third case, where features are smaller than the 
wavelength inside Si, no diffraction orders are propagate inside the Si substrate, which is 
similar to a gradient-index anti-reflection film, and is not conductive to enhanced solar cell 
performance. 

 In case of three-dimensional texturing, the trench sidewalls are also randomly textured with 
sub-wavelength features as described in Fig. 1.d.  In such a case, each transmitted diffraction 
order on incidence at sidewalls, generates multiple beams, therefore, creating several more 
light paths than would have existed within textured/planar sheet [7]. Such an approach can 
potentially exceed 4n2 optical enhancement limit predicted by Yablonovitch [8].  

 

 
Fig. 1. Grating texture with (a) one dimension repetition (b) two dimension repetition (c) three 
dimension repetition. One dimension and two dimension use for solar cell application. 
 
2.  Mathematical implantation models 
 
2.1. Gaussian Implant Model  
There are several ways to construct 1D profile. The simplest way is using the Gaussian 
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distribution, which is specified by: 
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where  Φ  is the ion dose per square centimeter specified by the dose parameter. Rp is the 

projected range. Rp is the projected range straggling or standard deviation .  
 

2.2.  Pearson Implant Model 
Generally, the Gaussian distribution is inadequate because real profiles are asymmetrical in 
most cases. The simplest and most widely approved method for calculation of asymmetrical 
ion-implantation profiles is the Pearson distribution.The Pearson function refers to a family of 
distribution curves that result as a consequence of solving the following differential equation: 
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in which f(x) is the frequency function. The constants a, b0, b1 and b2 are related to the 

moments of f(x) by: 
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 where 181210 2 −−= γβA  ;  γ and β are the skew-ness and kurtosis respectively.  
 

2.3. 7BDual Pearson Model 
 To extend the applicability of the analytical approach toward profiles heavily affected by 
channeling, the dual (or Double) Pearson was suggested Method. With this method, the 
implant concentration is calculated as a linear combination of two Pearson functions: 

 
)()()( 2211 xfxfxC Φ+Φ=                                   (7) 

 
where the dose is represented by each Pearson function f1,2(x). f1(x) and f2(x) are both 

normalized, each with its own set of moments. The first Pearson function represents the 
random scattering part (around the peak of the profile) and the second function represents the 
channeling tail region. Equation (7) can be restated as: 
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where 21 Φ+Φ=Φ  is the total implantation dose and Φ
Φ=ℜ 1  . 

 
3. Simulation 
Changing the period and depth of groove would affect efficiency. The goal is to find the best 
design with maximum efficiency. In modeling, physically-based process simulation predicts 
the structures that result from specified process sequences. In a complete simulation usually 
we need doing three stages; 1- process simulation 2- device simulation and 3- circuit 
simulation. SILVACO International provides an opto-electronic software product that models 
the behavior of semiconductor materials, devices, and circuits using finite element techniques. 
In fact it is “Virtual Wafer Fab” which can determine electrical characteristics of that device 
based conditions are inputted. There are different models that must take into account based 
on; drift and diffusion current, position dependent doping, optical carrier generation, and so 
on. The most important tools for solar cell simulation are ATLAS, ATHENA and Luminous   
which have been recently used [7]. Fig.2. shows typical solar cell simulations to find 
implantation impact on texturing effect. 

By using etching process in different time it is possible to make rectangular texture in various 
depths and periods. In this investigation we consider phosphorous atom to implantation on a 
p-type Si substrate which heat up to 900K. By using Dual Pearson model we find there are 
some discontinuities in p-n junction which it appears in deep groove. Fig. 3  shows simulation 
results in some period and depths.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2  Simulation of  solar cell by using SILVACO software’s, 1D grating structure  with 10-µm 
period and 3-µm depth       
                            
4. Results 
Table (1) and its related graphs (Fig. 4) shows output efficiency for different rectangular 2-D 
texturing. In all of those cases the temperature and time of doping consider constant with 
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700K and 30 minute respectively. The data shown in actual fabrication there is another 
limitation for efficiency boosting by implantation process. It is found out beside optimization 
of grove depth and period according to optical absorption by using wave optics, p-n junction 
discontinuity due to fabrication process might be considered as another parameter.  
 
Table 1.  Modeling results for solar cell efficiency due to variation in period and depth groove in 3D 
texturing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                                                  (b) 
 Fig.  3  Simulation of  solar cell by using SILVACO software’s,(a) 2D grating structure with  20-µm 
period and 10-µm depth, and  (b) 2D grating structure with  20-µm period and 40-µm depth. The 
discontinuity happened for the last at 20-µm. 
 
5. Conclusion 
Although rectangular grating on solar cell increase the efficiency but implantation impact 
during fabrication could affect on efficiency boosting. P-N junction discontinuing make a lost 
in thin monocrystalline solar cell. Simulation shows maximum relative efficiency is in the 
period range of 10-15 micrometer and 10-20 groove depth for phosphorus doping with 900K 
in 30 minutes. This result helps to design optimum configuration for solar cell texturing. It is 
shown that the p-n junction position and its shape completely depend on the temperatures that 
cause a variety of efficiency for a well known advanced texture. In this case the p-n junction 
shows a discontinuity at 700 ºC that case an efficiency drop for 21% to 10% (figure 4). 
 
 

Depth (µm) ƞ(%) period 5 (µm) ƞ(%) period 10 (µm) ƞ(%) period 20 (µm) 
50 0.76 6.17 9.4 
40 1.24 8.21 9.44 
30 2.45 9.5 9.47 
20 9.5 9.54 9.2 
10 9.6 9.56 9.52 
5 9.6 9.5 9.53 
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Fig. 4. Implantation period impact on solar cell efficiency. (a) Maximum relative efficiency was 
happened in 10-15 micrometer period.(b) Maximum relative efficiency was happened in 10-20 
micrometer grove depth  
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Abstract: The aim of research was development of the improved designs of high-efficiency single-crystal Si 
solar cells (Si-SC), intended for work in the conditions of ordinary and high-concentrated sun radiation, and also 
finding out of possibility to use of such devices as energy independent and enough sensitive sensors in the 
optical location systems. It was shown that for increase of the efficiency at cost reduction and production 
manufacturability of single-crystal Si-SC with base crystals (BC) thickness 180 ≤ tBC ≤ 200 µm having a 
polished light receiving surface (LRS) and back surface reflector (BSR) consisting of a transparent oxide and Al 
layers, a conductive transparent indium-tin oxide (ITO) layer of tITO = 0.25 µm interference thickness without of 
perforation is to be used. In case of Si-SC with inverted pyramid type texture of LRS at which the specificity of 
light distribution in the BC causes essentially total internal reflection of radiation from Si/ITO interface, the tITO 
value should be optimized in the 1÷2 µm range independently of tBC. For efficiency increase of vertical multi-
junction (VMJ) Si-SC by a factor of 1.2 approximately the modernization of in series connected unit diode 
structures (UDS) by the introduction along their vertical Si-boundaries single-layer ITO reflectors by thickness 
more than 1 µm is promising too. Accordingly to results of numerical simulation the character of open circuit 
voltage UOC dependence on α angle value of light incidence onto LRS of VMJ Si-SC considerable depends on 
the minority charge carriers lifetime τ value in the BC of VMJ Si-SC, while light reflection coefficient R value 
for UDS Si/ITO boundaries effects on absolute UOC value. It has been shown that purposeful decrease of τ value 
and providing of 95 < R < 100 % should allowed to create the VMJ Si-SC with practically linear and easily 
registered UOC(α) dependence for use the VMJ Si-SC as energy independent and enough sensitive sensors in the 
optical location systems. 
 
Keywords: High-Efficiency, Silicon Solar Cells, ITO Reflectors, New Application 

1. Introduction 
Efficiency increasing at cost reduction as well as expansion of single-crystal silicon solar cells 
(Si-SC) application fields continue to remain the actual research and development tasks. 
Therefore the research purposes were development of the improved designs of high-efficiency 
single-crystal Si-SC, intended for work in the conditions of ordinary and high-concentrated 
sun radiation, and also finding out of possibility to use of such devices as energy independent 
and enough sensitive sensors in the optical location systems. 
 
2. Results and discussion 
2.1. Single-junction solar cells 
One of the known methods to increase the efficiency of single junction (SJ) Si-SC is creation 
of back surface reflector (BSR) consisting of perforated SiO2 and continuous Al films 
deposited layer-by-layer onto surface of Si base crystal (BC) from the side opposite to SJ Si-
SC light receiving surface [1]. Such construction of BSR is used, for example, in most high-
efficiency SJ Si-SC with PERL (Passivated Emitter, Rear Locally-diffused) and PERT 
(Passivated Emitter, Rear Totally-diffused) structures. At the same time the electrical contact 
of Al layer with Si- BC is realized via numerous through holes in SiO2 the total area thereof 
making less than 1 % of the total Si-BC back surface area. Such multipoint contact character 
results in somewhat increased SJ Si-SC series resistance that compensates in part the 
efficiency gain attained due to reduction of solar radiation power losses resulting from using 
the double-layer BSR with dielectric oxide. Therefore, and also from the necessity to decrease 
the cost of such devices, when manufacturing SJ Si-SC with PERT-structure, it seems to be 
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reasonable to replace the BSR perforated dielectric oxide layer by a continuous layer of 
transparent conductive material. Accordingly to the results of this problem analysis, it can be 
solved by using the transparent indium-tin oxide (ITO) in double-layer BSR structure instead 
of SiO2. In this connection, one of the research targets was to determine the most optimum 
thicknesses .opt max

OXl of conducting oxide providing a highest integral reflection coefficient R of 
solar radiation within the required wavelength λ range and to decrease the series resistance for 
SJ Si-SC of PERT-types both with smooth and with textured light receiving surfaces. As 
shown in [2], the required λ range depends on thickness t of Si-BC and at 180 ≤ tBC ≤ 200 μm 
(typical values of serial SJ Si-SC) is 0.88 ≤ λ ≤ 1.11 μm.  
 
In case of SJ Si-SC with smooth light receiving surfaces the .opt max

OXl  determination method for 
ITO layer was similar to that used in [2] to find interference thicknesses .opt max

OXl  for SiO2/Al 
BSR and TiO2/Al BSR oxide layers. Conceptually this method consisted of the following. 
Accordingly to [3], the optimum thicknesses ( )opt

OXl λ  of oxide providing the maximum R 
values for λ values from the above-mentioned λ range were determined first of all. Further, 
from the obtained ( )opt

OXl λ  dependence, the opt
OXl  values were selected corresponding to 

λ1 = 0.8 μm, λ2 = 0.9 μm, λ3 = 1.0 μm and λ4 = 1.1 μm, being 1
opt
OXl = 0.18 μm, 2

opt
OXl = 0.21 μm, 

3
opt
OXl = 0.25 μm and 4

opt
OXl = 0.28 μm, respectively. For these opt

OXl  values, the dependences 

( ) 0, ,opt
OXR l nλ λ    in the 0.88 ≤ λ ≤ 1.11 μm range according to [3] were calculated using 

appropriate relations in cases when light receiving surface of SJ Si-SC is protected by glass 
(n0 = 1.5) and when it is not protected (n0 = 1.0). The analysis of all the ( ) 0, ,opt

OXR l nλ λ    

dependences set shows that optimal oxide thickness .opt max
OXl  providing the maximum integral 

reflectivity of ITO/Al BSR in the specified λ range is 0.25 μm at both n0 values. Dependences 
( )0,R nλ  for .opt max

OXl = 0.25 μm are presented in Fig. 1. 
 

 
Figure 1: Dependences of R on λ and on n0 for ITO/Al back surface reflector with .maxopt

OXl = 0.25 μm 
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In case of textured light receiving surface with the pyramids faceted by (111) type planes, the 
optimal oxide thickness for ITO/Al BSR is not so critical. This is due to the specificity of 
light ray trajectory inside Si-BC shown in Fig. 2 according to [4]. 

 
Figure 2: Light rays trajectory inside the Si-BC of the SJ Si-SC with textured frontal surface and 
smooth back surface  
 
The angles γ of light incidence on a smooth back surface of such SJ Si-SC exceed 40o. It is a 
more than limit angle γmin of light complete internal reflection from the Si/ITO interface 
because ( )min arcsin 32o

ITO Sin nγ = ≈  [5], where nITO ≈ 1.9 [6] and nSi ≈ 3.6 [7] are refractive 
indexes of ITO and of Si correspondingly at 0.88 ≤ λ ≤ 1.11 μm. Thus, the above mentioned 
texture on the light receiving surface makes it possible to use a quite other approach to .opt max

OXl  
determination based on the account for light total reflection from the Si/ITO interface. In this 
case, to suppress the possible partial radiation power losses in the metal [8] being in contact 
with ITO and also to minimize the series resistance for SJ Si-SC the ITO layer thickness 
should be experimentally optimized in the 1 < .opt max

OXl < 2 μm range. 
 

2.2. Vertical multi-junction solar cells 
Use Si-SC of the special construction in the conditions of high concentrated radiation is 
perspective direction for the increase of efficiency and cost decreasing of solar energy 
photovoltaic conversion [9]. Such Si-SC include, in particular [10], vertical multi-junction 
(VMJ) Si-SC consisting of a monolithic set (more than 10) of single-crystal silicon plane-
parallel vertical unit diode structures (UDS) with p-n junctions oriented perpendicular to the 
light receiving surface and connected in series by the metal interlayers between the 
appropriate planes of adjacent UDS. Let's notice, that at the unitary light reflection coefficient 
R = 0,89 in case of double light reflection the effective reflection coefficient REFF ≈ R2 ≈ 0.79 
and it corresponds to losses more than 20 % of solar radiation energy on absorption. From this 
follows, that elimination of such losses would allow increasing the efficiency of considered 
type VMJ Si-SC approximately at  1.2 times. 
 
The analysis, carried out by us, indicate a capability of such efficiency increase for VMJ 
Si-SC  with UDS at the expense of maximum approximation to 1 the reflection coefficient of 
solar radiation with 0.95 < λ < 1.11 μm by vertical boundaries of these cells inside VMJ Si-
SC. However, on reasons, to analogical indicated before, highly reflecting SiO2/Al and 
ТiO2/Al double-layer reflectors with calculated in [2] optimum thickness of SiO2 and ТiO2 
dielectric layers, contacting with a silicon crystal, concerning to considered type VMJ Si-SC 
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are unacceptable. The above mentioned multipoint character of SC back electrode with a SI-
BC contact  leads to certain increase of SJ Si-SC series resistance, what partially compensates 
a benefits in efficiency achieved at the expense of solar radiation energy losses decrease at use 
of dielectric oxide/metal two-layer reflector. It is natural, that in case of VMJ Si-SC  the 
multidot contact influence effect on t he device series resistance should grow in direct 
proportion to amount of UDS in-series, and therefore reflectors from side of UDS vertical 
borders should provide a good electrical contact between the next UDS on all area of the 
mentioned borders. 
 
For efficiency increase of the VMJ Si-SC the modernization of in series connected UDS by 
the introduction along their vertical Si-boundaries single-layer ITO reflectors by thickness 
more than 1 µm is promising too. The VMJ Si-SC of new design is shown schematically in 
Fig. 3. The new VMJ Si-SC design gives possibility to exclude the photoactive radiation 
losses depended on partial light absorption by metal interlayers between UDS in case of VMJ 
Si-SC using for photovoltaic conversion of high concentrated solar radiation the main part of 
which always incidence onto VMJ Si-SC light receiving surface at the angles 0 < α < 90o. 
Thus taking into account that the highest angle of refraction βmax = arcsin(1/nSi) [5] it is easy 
obtain 0 ≤ β ≤ 16.1o, that for 0.88 ≤ λ ≤ 1.11 μm gives 73.9 ≤ γ ≤ 90o, and consequently 
γ > γmin ≈ 32o at 0 < α < 90o. 
 

 
Figure 3: Сross-section of new VМJ Si-SC of tSC ≈ 850 µm thickness with ITO reflectors belonging to 
UDS of n+-р-p+ type (schematic image): 1 – metal electrode; 2 – p+-Si layer of less than 1 µm 
thickness; 3 – p-Si layer of tSi ≈ 160 µm thickness; 4 – n+-Si layer of less than 1 µm thickness; 
5 - metal interlayer of tm ≈ 10 µm thickness; 6 – ITO reflectors of 1 < tITO < 2 µm thickness 

 
Therefore, at all actual values of light incidence angle α on the VMJ Si-SC  external surface, 
hitting inside the UDS of such Si-SC, light with 0.9 ≤ λ ≤ 1.1 μm should experience 
practically full internal reflection from considered reflectors that should essential approach the 
optical reflection coefficient from ITO/Si boundaries to unity. Obviously, that this effect will 
be result in to previously stated increase of VMJ Si-SC efficiency approximately in 1.2 times. 
Since according to [8] effect of full internal reflection is caused by wave processes in ITO 
layer by thickness no more wavelength of light, it, on t he one hand, for suppression of 
radiation energy losses, which can be connected to penetration of radiation energy part into 
metal, contacting with ITO, and on the other hand, with the purpose of ITO layer resistance 
minimization to the current carrying through it, the thickness tITO of this layer should be 
experimentally optimized in the range of values 1 μm < tITO < 2 μm. 
 
Besides as is known [6], the modern methods of ITO films with submicron and micron 
thicknesses deposition, inclusive of pulverization with following pyrolyze, allow to realize the 
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appropriate process at temperatures below 450 оС. It is well agree with the concept of single-
crystal silicon SC manufacturing technology, according to which the most of high-
temperature technological process operation should be the operation of submicron and highly-
doped n+-Si and p+-Si layers manufacturing realized, as a rule, at 900÷1000 оС. 
 
Accordingly to results of numerical simulation the character of open circuit voltage UOC 
dependence upon α value considerable depends on t he minority charge carriers lifetime τ 
value in the VMJ Si-SC base crystals, while R value for vertical UDS Si/ITO boundaries 
effects on a bsolute UOC value. It has been shown that purposeful decrease of τ value and 
providing of 95 < R < 100 % should allowed to create the VMJ Si-SC with practically linear 
and easily registered UOC(α) dependence for use the VMJ Si-SC as energy independent and 
enough sensitive sensors in the optical location systems. The numerical dependence 

( ), ,norm
OCU Rα ξ , got as the result of indicated simulation using early resulted in [11] relation  

 

( ) ( )
( )

( )
( )2 1

ln , cos, ,
, , 1

0, , 2.3
OCnorm

OC
OC

f RU R
U R

U R
α αα ξ

α ξ
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  = = +
= −





                             (1) 
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( )
2 2 2 2

2
2 2

1 cos 1 cos, 1
1 cos 1 cos

Si Si Si Si

SC SC

t n t nf R R R
t t

α αα
α α

 − + − +
= + −  − − 

                 (2) 

 
and 1ξ  < 2ξ  are absolute values of indexes in degrees of short circuit current JSC and diode 
saturation current J0 densities accordingly, is presented in Fig. 4.  
 

 
Figure 4: Dependence norm

OCU  values versus α and ∆ξ for considered VMJ Si-SC at the light reflection 
coefficients from vertical UDS boundaries: 1 - R = 100 %, 2 – R = 60 %, 3 - R = 20 % 

 
It is well known [4] that values of SCJ  and 0J , and consequently ∆ξ, substantially depends 
from τ  value in SC base crystals. Therefore at the use VMJ Si-SC as sensors the required 
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value of ∆ξ possibly to attain by a purposeful decrease of τ  value in Si-BC. In accordance to 
numerical simulation results for using VMJ Si-SC as sensors in the optical location systems 
the optimal combination of parameters influencing on ( )OCU α  dependence are 1 ≤ ∆ξ ≤ 2 
and 95 < R < 100 %. 

 
3. Conclusions 
It was shown that for increase of the efficiency at cost reduction and production 
manufacturability of single-crystal Si-SC with base crystals thickness 180 ≤ tBC ≤ 200 µm 
having a polished light receiving surface and back surface reflector consisting of a transparent 
oxide and Al layers, a conductive transparent ITO layer of tITO = 0.25 µm interference 
thickness without of perforation is to be used. In case of Si-SC with inverted pyramid type 
texture of light receiving surface at which the specificity of light distribution in the base 
crystals causes essentially total internal reflection of radiation from Si/ITO interface, the tITO 
value should be optimized in the 1÷2 µm range independently of tBC. For efficiency increase 
of vertical multi-junction Si-SC by a factor of 1.2 approximately the modernization of in 
series connected unit diode structures by the introduction along their vertical Si-boundaries 
single-layer ITO reflectors by thickness more than 1 µm is promising too. Accordingly to 
results of numerical simulation the character of open circuit voltage UOC dependence on α 
angle value of light incidence onto light receiving surface of vertical multi-junction Si-SC 
considerable depends on the minority charge carriers lifetime τ value in the base crystals of 
vertical multi-junction Si-SC, while light reflection coefficient R value for unit diode 
structures Si/ITO boundaries effects on absolute UOC value. It has been shown that purposeful 
decrease of τ value and providing of 95 < R < 100 % should allowed to create the vertical 
multi-junction Si-SC with practically linear and easily registered UOC(α) dependence for use 
the vertical multi-junction Si-SC as energy independent and enough sensitive sensors in the 
optical location systems.  
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Improvement of solar cells efficiency and radiation stability by deposition 
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Abstract: Diamond-like carbon films (DLC) deposited by PE-CVD technique were used as antireflection and 
protective coatings for Si and AIIBVI based solar cells (SC). Application of the DLC films as single- or double-
layer antireflection coatings allows us to improve the Si-based solar cells efficiency up to 1.4-1.5 times (from 
~10% to ~15%). It has been shown that optical bandgaps of DLC films were increased after UV irradiation. The 
films with greater amount of nitrogen show better irradiation resistance. It was also established that Si (both 
mono- and multicrystalline) and AIIBVI based SCs with even thin antireflection DLC film demonstrate higher 
stability against action of gamma-irradiation up to dose of 108 rad. The effect is connected with hydrogen atoms 
those are released from the film as a result of broken of carbon-hydrogen bonds by γ- or UV-quanta, diffuse to 
the SC, and passivate dangling bonds in the SC volume. It has been also shown that due to application of the 
DLC antireflection films with low refractive index the transparency of front ITO or ZnO (Al) contacts in AIIBVI 
based SCs may be substantially improved integrally to 10% in spectral range of 430-850 nm. As a result, short 
circuit current and efficiency of thin film SCs may be also improved. 
 
Keywords: Solar Cells, Antireflection Coatings, Radiation Stability 

 
1. Introduction 
At present diamond-like carbon (DLC) films are rather widely used as very promising 
antireflection (AR) and protective coatings for silicon solar cells (SCs) [1-3]. The main 
advantages of DLC films are high hardness, chemical and radiation stability, and the 
possibility to change their optical properties under the variation of deposition conditions. The 
last one allows formation of multi-layer antireflection and protective coatings for SCs just 
during the same technological process. Thus, it enables to avoid deposition of different 
antireflection layers, such as, for example, SiO2, Si3N4, SiN:H, ZnO, ZnS, MgF2 etc. As a 
result the technological procedure of antireflection layers formation becomes simpler and 
cheaper. Moreover, it was also shown that hydrogen containing DLC films may be 
successfully used as protective coatings for SCs against action of radiation. The improvement 
of radiation resistance of the SCs is still of great importance. One of the factors for space SC 
efficiency degradation is the action of proton and electron irradiation of “solar wind”. It leads 
to reduction in carrier concentration of the base region and decreasing the minority carrier 
lifetime. One more part of “solar wind” is γ-irradiation. It is less dangerous but more 
penetrating than proton and electron particles. So, space SCs should have resistivity to 
penetrating irradiation like γ-quanta. So, the protective coatings must protect from radiation, 
improve the SC’s optical properties and be radiation stable themselves. To achieve 
simultaneously the aim of protection, passivation and antireflection the diamond-like carbon 
thin films may be used both for space and terrestrial SCs.  
 
In this paper antireflection and protective properties of the DLC films and their applications 
for improvement of SC efficiency and radiation stability were investigated. 
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2. Methodology 
The a-C:H:N films were deposited by the plasma-enhanced chemical vapor deposition method 
from the plasma of the RF discharge (13.56 MHz) at various RF discharge powers (100-250 
Wt) and nitrogen contents in the gas mixture (10-45%). The gas mixture CH4:N2:H2 was 
used, and the nitrogen content in it was varied by the gradual replacement of hydrogen by 
nitrogen. The gas pressure in a chamber was varied within the limits of 25–105 Pa. The film 
deposition was carried out onto substrates maintained at room temperature. The deposition 
time was 15 min. 
 
The thicknesses of DLC films were measured with a Dektak profilometer (the instrumental 
error was ±5 nm) and an LEF-3G laser ellipsometer (λ=632.8 nm). The film topography was 
studied making use of a Digital Instruments scanning atomic force microscope (AFM) 
Nanoscope IV. Optical constants of the films were measured by using spectral ellipsometer. 
Measurements of the DLC film’s transmission were conducted on the Fourier spectrometer 
firm "Perkin Elmer" Spectrum BX-II in the range (400 ÷ 2000) cm-1. The transmission spectra 
of the films deposited onto glass substrates were measured by an S2000 spectrometer (Ocean 
Optics, USA) in the range 300— 800 nm.  
 
Solar cell samples were fabricated on single- or multi-crystallite p-silicon, according to the 
technological routine which included diffusion of the doping impurity (phosphorus) from a 
POCl3 source, formation of the front contacts by the screen printing method (multi-Si) or the 
photolithography method (mono-Si), formation of the Al back contacts. Some of the 
fabricated specimens of solar cells were irradiated by γ-quanta from a Co60 source to the 
exposure doses of 105, 106, 5×106, 107, 5×107, and 108 rad. The SCs with and without thick 
DLC films were subjected to proton implantation (E=50-150 keV, D=1.1014 – 1.1016 cm-2). 
The proton depth distribution was calculated by Monte-Carlo simulation using TRIM-98 
program. Some of DLC films and DLC – Si SCs structures were subjected to ultraviolet (UV) 
and focused UV (by 350 times) irradiation using light of Hg-lamp during 2 hours. 
 
The solar cell samples were used to study the spectral dependences of the short circuit 
photocurrent and the light current-voltage load characteristics (LCVLCs). For this purpose, a 
special original certified setup was used [4]. The LCVLCs were used to determine the density 
of the short circuit current Jsc, the open-circuit voltage Voc, the fill factor FF of the current-
voltage characteristic, and the SC efficiency η. The spectral dependences were measured in 
the wavelength range 400-1200 nm. The spectral characteristics that had been obtained were 
used to determine the effective diffusion length L of minority charge carriers in the base 
region of SCs.  
 
3. Results and Discussion 
3.1. Application of DLC films as antireflection coatings for silicon solar cells 
It is well-known that for optimal antireflection effect when single-layer antireflection coating 
is used refractive index of an antireflection coating must meet completely the equation 
 

2/1)( substratefilm nn =  (1) 
 
where nfilm and nsubstrate are refractive indexes for substrate and antireflection film, 
respectively.  
 
Refractive index of Si in spectral range where Si-SCs are photosensitive changes from 3.7 to 
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5.5. It means that for Si-based SCs the n value must be ~1.92-2.3, and on the average must be 
close to 2.0. As we can see from Fig. 1 so-called “hard” film satisfied this conditions very 
good in rather wide spectral range.  
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Fig. 1. Spectra of refractive index n(E) of “hard”(1) and “soft” (2) DLC films. Nitrogen content in 
gas mixture is 1 – 0 %, 2 – 45%. 
 
Indeed, as its seen from Table 1, after deposition of single layer (SL) or double layer (DL) 
DLC films significant increasing of the SC efficiency (up to 1.5 times) is observed due to not 
only simple antireflection effect (short circuit current density Jsc increasing) but due to 
passivation of recombination active centers by hydrogen (fill factor FF and open circuit 
voltage Voc increasing) as well [2]. It was also established that the FF and Voc improvement 
effect is more pronounced for low quality SCs with high concentration of recombination 
active centers. On the whole, hydrogenation is very effective method for modification of 
defect recombination activity in Si, especially in multicrystalline-Si where high concentration 
of defects at grain boundaries exist. It should be noted that hard and stable DLC films also 
acts as a barrier against hydrogen diffusion from the SCs. 
 
The SCs parameters were measured under AM 1.5 spectral conditions. 
 
Table 1. Parameters of SCs with and without DLC antireflection coatings. 

*The refractive index and thickness for the coatings 1 and 2  are: 2.03, 71 nm ; 2.03/1.6, 
71/108 nm, respectively. The films parameters were measured by laser ellipsometer at 
λ=632.8 nm. 
 
On the other hand, in case that the DLC films are used as antireflection coatings for materials 
with rather low refractive index value the films with as low as possible nfilm value must be 

Sample number Isc  
(mA) 

Jsc  
(mA/cm2) 

Voc 
(V) 

Fill factor Efficiency 
(%) 

Initial 1 59.5±0.93 25.54±0.40 0.598±0.001 0.722±0.001 11.03±0.51 
Initial 1 covered by 
SL-DLC* coating 

80.3±0.93 34.4±0.40 0.607±0.001 0.754±0.001 15.74±0.62 

Initial 2 66.4±0.25 24.3±0.11 0.600±0.001 0.677±0.001 9.88±0.43 
Initial 2 covered by 
DL-DLC* coating 

91.4±0.93 34.3±0.40 0.613±0.001 0.707±0.001 14.87±0.53 
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deposited. We can satisfied this requirement by changing the DLC film deposition conditions. 
For example, we can decrease the rf discharge power, increase the gas pressure in plasma 
reactor during film deposition and add nitrogen and oxygen to gas mixture [5]. As a result, the 
film with rather low nfilm  value in wide spectral range may be obtained (so-called “soft” film) 
(Fig. 1). 
 
It should be also noted that deposition rate of the DLC film may be rather high. For example, 
the SL-DLC film with refractive index ~2.0 and thickness of 71 nm may be deposited at 200 
Wt discharge power during 3.5 minutes (Fig. 2). The deposition rate depends on rf discharge 
power and nitrogen content in gas mixture (Fig. 2). 
 

 
Fig. 2. Dependencies of the DLC (a-C:H:N) film thickness on RF power discharge. Deposition time is 
15 minutes and nitrogen content in gas mixture is equal: 1 –20%; 2 – 30%; 3 –45%. Inset shows 
roughness of the DLC films measured by AFM. 
 
Investigations of the DLC film surface by atomic force microscope show that the films have 
high surface homogeneity with the average roughness less than 0.65 nm (see insert to Fig. 2). 
 
3.2. Application of thick DLC films as protective coatings 
For application of DLC films as protective coatings for SCs of space application as thick as 
possible films should be deposited to prevent degradation of SCs under action of so-called 
“solar wind”. The films must possess proper optical properties, namely high transparency to 
decrease absorption losses in the film. It was earlier shown that nitrogen containing DLC 
films have low level of internal mechanical strains [6]. It allows us to deposit rather thick 
films. We studied SC-DLC film structures with the film thickness of 1300 nm. Test SC 
without any protective film was also studied. 
 
The SCs were subjected to implantation of protons of different energies (50-150 keV) and 
doses (1014 – 1016 cm-2). Fig. 3 shows dose dependencies of efficiency (η) for the test SC and 
the SCs covered by DLC (a-C:H:N) protective film. In order to calculate depth distribution we 
used Monte-Carlo simulation (TRIM-98 program). It was established that for ion energies 50 
and 100 keV protons do not penetrate into Si SC and stopped in DLC films (Fig. 3). As we 
can see from Fig. 4 in this case decreasing of efficiency for the irradiated SCs is not observed 
up to high implantation dose (1016 cm-2). And only in case that proton energy is 150 ke V 
marked decreasing of the SC efficiency takes place at doses higher than 1015 cm-2. The 
degradation of the SC efficiency is caused by penetration of proton into the SC volume, 
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generation of defects and reduction minority carrier lifetime in the SC [3]. The conclusion is 
confirmed by calculations and in this case proton mean projective range is close to DLC film 
– Si SC interface (Fig. 3).At the same time, unprotected SC become dramatically degraded at 
this dose and proton energy of 100 keV (Fig. 3). 
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Fig. 3. Proton depth distribution of different energy in DLC film/Si-solar cell structure: 1 – 50 keV; 2 
– 100 – kEv; 3 – 150 keV. 
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Fig. 4. Dependencies of normalized efficiency of solar cells from proton doses of different energy: 1 – 
50 keV; 2 – 100 – kEv; 3 – 150 keV; 4 – 100 keV, solar cell without DLC coating. 
 
3.3. Application of thin DLC films as protective coatings 
Figs 5 and 6 present results of investigations of Si SCs subjected to γ-irradiation. It is seen 
from Fig. 4, that radiation resistance of the SCs covered by DLC films (curves 2, 4 in Fig. 5) 
is higher compared to unprotected SCs (curves 1, 2 in Fig. 5). 
 
It should be pointed out that in this case we used thin (71 nm) DLC antireflection coatings. 
The statistical significance of the variation in Fig. 5 did not exceed ±0.01. Thus, for majority 
of points it is substantially lower than observed changes in normalized efficiency values. It 
should be noted that no marked changes of results presented in figs 5, 6 were observed in one 
year after γ-irradiation of the samples. So, the degradation stability of the SCs covered by 
DLC films is higher than that without any coatings. The effect is observed both for SCs 
produced from mono-crystalline silicon and from multi-crystallite one. We proposed the 
following mechanism of γ-radiation effect on Si SCs properties. The effect is connected with 
hydrogen atoms those are released from the film as a r esult of broken of carbon-hydrogen 
bonds by gamma-quanta, diffuse to the SC, and passivate silicon dangling bonds at grain 
boundaries and in the SC volume. As a result, lifetime and, consequently, diffusion length of 
minor charge carriers in the SCs degrade slower in the SCs covered by the DLC films (Fig. 6) 
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[7]. Effect of silicon dangling bonds passivation in the SCs volume is confirmed by 
appearance of absorption band near 580 c m-1 in infrared spectrum of irradiated DLC-SC 
structures (Fig. 7) those correspond to Si-H bonds. 
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Fig. 5 Dependencies of normalized by initial value efficiency of solar cells from dose of γ-
irradiation: 1 – mono-Si SC; 2 - mono-Si SC with DLC cover; 3 – multi-Si SC; 4 – multi-Si 
SC with DLC cover. 
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Fig. 6. Dependencies of (1/L2-1/L0
2) of solar cells on dose of γ-radiation: 1 – mono-Si SC; 2 – mono-

Si SC with DLC cover; 3 – multi-Si SC; 2 – multi -Si SC with DLC cover; Here L0 and L are diffusion 
length of minor charge carrier of initial and irradiated SC, respectively. 
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Fig. 7. Absorption difference between spectra of irradiated (γ-irradiation dose 106 rad/cm2) and initial 
DLC film deposited from precursor gar with 45% of N2. 
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3.4. Application of DLC films as antireflection coatings for materials with low refractive 
index 

CdS, CdTe, CIS, and CIGS films are widely used for production of thin film or even flexible 
solar cells (SC). Because of low diffusion length of non-equilibrium carriers for the films it is 
especially important for such SCs to obtain highly conductive and transparent continuous 
front contact. As usual, for such contact indium-tin oxide (ITO) or ZnO doped with Al films 
are used. Refractive index of such films is higher than 2.0 [8] in the spectral region where the 
SCs are sensitive, therefore, rather significant reflection losses take place. In order to decrease 
the losses we propose to use diamond-like carbon (DLC) films with low refractive index to 
meet requirement for optimal antireflection effect. The DLC films were deposited by PE-
CVD technique from gas mixture of nitrogen, methane and hydrogen. In some cases oxygen 
was also added to the gas mixture. As it was mentioned above we can deposit the DLC film 
with low refractive index (see Fig. 1). Theoretical modelling of optical properties for such 
multi-layered structures was also carried out to determine the required parameters of the 
antireflection DLC films. It has been shown that due to application of the DLC films 
transparency of front ITO or ZnO (Al) contacts may be substantially improved (Fig. 8). 
Further optimization of the DLC film deposition process allowed us to increase integral 
transmission of ZnO(Al) in spectral region 400-830 nm up to 1.1. times.. As a result short 
circuit current and efficiency of thin film SCs may be also improved. 
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Fig. 8. Transparency of ZnO films (30 Ohm/cm2): 1 – initial; 2 – covered by DLC film of 67 nm  
thickness; 3 – covered by DLC film of 100 nm thickness. 
 
3.5. Effect of ultraviolet irradiation on DLC films properties 
Diamond-like carbon films (a-C:H:N) were deposited by PE-CVD technique from gas 
mixture of nitrogen, methane and hydrogen. The films were irradiated by UV and focused UV 
(by 350 times) light of Hg-lamp during 2 hours. 
 
Transparency in visible and IR range and Raman spectra were measured. It has been shown 
that optical bandgap of the DLC films was increased after UV irradiation (Fig. 9). It was 
connected with oxygen incorporation into the DLC films, changing of carbon-nitrogen bonds 
concentration and graphite-like clusters size. The films with greater amount of nitrogen show 
better irradiation resistance. Because of increasing of the films optical bandgap after UV 
irradiation no c hanges of parameters for Si SCs covered by the DLC coatings after UV 
irradiation was observed. 
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Fig. 9. Dependencies of DLC film optical energy gap on nitrogen content in gas mixture: 1 – initial 
DLC films; 2 – UV-irradiated DLC films; 3 –DLC films irradiated by concentrated UV light. 
 
4. Conclusions 
Finally, we may conclude that diamond-like carbon films are very prospective antireflection 
coatings not only for solar cells based on materials with high refractive index (like silicon) but 
for SCs prodused on the base of materials with low refractive index (like AIIBVI materials). In 
particular, efficiency of Si-based SCs may be improved up to 1.5 times due to deposition of 
the antireflection and passivative DLC films. It has been shown for the first time that even 
thin antireflection films (d=70 nm) allows us to substantially improve radiation resistance of 
silicon based solar cells against action of γ-radiation with the dose up to 108 rad. In its turn, 
thick DLC film (d=1300 nm) enable to protect SCs against action of intermediate energy 
protons (50-100 keV). 
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Formation of transparent and ohmic nanostructure thin films of fluorine-
doped indium oxide prepared by spray  
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Abstract: In this research, indium oxide nanostructure undoped and doped with F were prepared on glass 
substrates using spray pyrolysis technique. Various parameters such as dopant concentration, deposition 
temperatures, amount of indium oxide powder were discussed. Structural properties of these films were 
investigated by XRD & SEM. Electrical and optical properties have been studied by Hall Effect and UV-Visible 
spectrophotometer respectively. The thickness of the films is determined by PUMA software. The variation in 
refractive index, extension coefficient and band gap of these films also were investigated. 
 
Keywords: Indium oxide,Indium doped oxide,Spray pyrolysis 

1. Introduction 
Transparent conducting oxide (TCO) such as In2O3, ZnO, SnO2 and In2O3:Sn (ITO) and 
In2O3:F (IFO) because of their high optical transparency in the visible region, good electrical 
conductivity are important. These characteristics are required in various applications research 
fields dealing with transparent heating elements for air craft and car windows [1], 
photovoltaic devices [2], solar cell [3], gas sensors [4]. A variety of deposition techniques 
such as vacuum evaporation [5], sputtering [6], spray pyrolysis [7], sol-gel [8], etc. have been 
used. All of these methods have advantages and disadvantage, but spray pyrolysis has a 
noticeable advantage, it is a low-cost and non-vacuum technique for large area applications. 
In2O3 transparent conducting thin films are n-type semiconductors with wide energy band 
gap equal to 3.6 eV. The structure of In2O3 in its crystalline form is body centred cubic with 
lattice constant a=10.118 Å .Doping indium oxide with fluorine, zinc, tin etc. as donor 
impurities yields   f ilms with low sheet resistance [1].This paper describes the results of our 
study in an attempt to correlate the electrical conduction with the optical and structural 
properties of prepared In2O3:F thin films. 
 
2. Experimental Details 
The chemical spray pyrolysis technique is one of the most commonly used techniques for 
preparation of transparent and conducting oxides owning to its simplicity, non-vacuum 
system of deposition and hence inexpensive method.  The spray pyrolysis apparatus used in 
this work consists of a home made spraying unit, substrate holder with heater, and enclosure. 
The glass substrate is kept on a stainless steel (ss) plate.  The heater is capable of heating the 
substrate up to a temperature of 700°C. The carrier gas used in all the experiments was air, 
which is supplied from an air compressor. The air produced by the compressor was first 
filtered and then connected to the glass spray-gun (atomizer) through a flow meter for 
controlling its flow. The custom glass spray gun having a nozzle diameter of 0.2 m m was 
positioned at a distance of 30cm above the substrate. The whole assembly is kept in an 
enclosure connected to an exhaust. 
 
In this research, In2O3:F thin films were prepared by spraying a water solution containing 
indium chloride (0.2gr InCl3) and NH4F used as dopant onto glass substrates heated at 
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different substrate temperatures. The structural, electrical, and optical properties of TCOs are 
strongly affected by the temperature of substrate. 
 
Deposition of parameters conclude: distance between the spray nozzle an substrates 25cm, the 
carrier gas using filtered compressed air, the spray rate 19 l it/min, volume of solution is 40 
ml. All the above mentioned parameters were kept constant and only the concentration of 
NH4F (0-15wt%) and substrate temperature (400-600 °C) were changed. 
 
In this work we first optimize the concentration of F wt% using electrical resistivity and 
optical transparency and secondly focused on the effect of substrate temperature on structural, 
electrical, optical properties of the samples with a constant fluorine concentration of 2wt%.  
X-ray diffraction (XRD) (Philips-pw-1830) was used to characterize the crystal structure of 
the films. Morphology of the films was examined by Cambridge scanning electron 
microscopy (SEM). The optical measurements of the In2O3:F thin films were carried out at 
room temperature using UV-Visible spectrophotometer( Cary 100 Scan Version).The 
electrical properties of thin films measured by Hall effect and Vander-Pauw set-up(RH  2010 
PhysTech system). 
 
3. Results and Discussion 
Concentration of F in these films have been varied from 0-15wt%. As a result, the resistivity 
decreased quickly with increasing F concentration reaching a minimum of ρ=1.35x10-3 Ωcm 
for an F concentration of 1wt% which demonstrate a good ohmic contact for electrode 
applications. For higher dopant content, the resistivity increased (Table 1). The higher 
transmittance observed in the films for 2wt% of F doped. Since we were looking for a layer 
with both high transparent and good resistevity, we used figure of merit (FOM). Thus the 
optimized layer with 2wt% of F concentration was selected according to the most FOM [9].  
The X-ray diffraction result of IFO films in various concentrations are shown that, films are 
polycrystalline and crystallize in a cubic structure with preferential orientation along (222) 
and (400). Note also that no c haracteristic peaks of impurity and dopant phases have been 
observed. 
 
Substrate temperature is an important parameter for spray pyrolysis deposition. It is observed 
that at lower substrate temperature (less than 250 °C), the growth rate is controlled by 
activated processes. At higher substrate temperature (greater than 550 °C ), the size of the 
droplet decreases appreciably due to the evaporation of water molecule, resulting   In a 
homogeneous reaction, the reaction may be completed above the substrate, leading to powder 
formation. Hence very low and very high temperatures are not suitable for preparation of 
these TCOs. For investigation of temperature effect on the growth mode, we fixed the doping 
concentration at 2wt% F and studied the effect of the substrate temperature on t he 
transparency. Figure shows the variation of substrate temperature of IFO films with change in 
transmission. Films deposited at substrate temperatures of 400 to 450 °C exhibited less 
transmission in visible region, while by increasing the substrate temperature we get better 
transparency (Fig. 1). 
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Table 1. The variation of electrical properties of IFO films as a function of dopant concentration 
deposited at 575 °C. 
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Fig. 1:Optical transmission of IFO films prepared at 2wt% F various substrate temperature 
 
The XRD results (Fig.2) show that, films deposited at substrate temperature of  4 00 and 
450 °C, in addition to (222), (400) peaks have (211), (411), (341), (440), (622) peaks with 
high intensity. The presence and intensity of peaks decreased with increasing substrate 
temperature; as a result crystallinity improves leading to well-transmission and resistivity. 
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Fig. 2: XRD patterns of IFO films prepared at various substrate temperatures 
 
The SEM results show that the size of crystals is in the range on na nometer. The size of 
particles changing with respect to deposition parameters. Fig. 3 shows that, the crystalline 
improved with increasing substrate temperature. Furthermore, the density of grain boundaries 
and dislocation therefore decreases, leading to the improvement of conductivity and 
transparency of IFO films. 
 
 
 
 
 
 

 
 
Fig.3 SEM images of IFO films prepared at different substrate temperature: a) 450 °C and b) 575 °C. 

 

(a) (b) 
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Subsequently the amount of indium powder also was investigated for the prepared films. 
Result show that the resistivity is decreased by increasing of indium powder but transparency 
is decreased. Besides, the thickness of the films is determined by PUMA software [10].  
 
4. Conclusions 
In this research, fluorine doped indium oxide (IFO) nanostructure were prepared at different F 
concentration, substrate temperature and InCl3 concentration using spray pyrolysis technique. 
Then effects of above parameters on structural, electrical and optical properties of 
nanostructure thin films of IFO were investigated. The SEM results show that the size of 
crystals is in the range on nanometer. The size of particles changing with respect to deposition 
parameters. The presence and intensity of XRD peaks decreased with increasing substrate 
temperature; as a result crystallinity improves leading to well-transmission and resistivity.In 
conclusion, the optimum IFO films were prepared using 0.2 gr InCl3 with F concentration of 
2wt% at substrate temperature of 575 ° C. With this condition sheet resistance was 140 Ω/□ 
and the optical transmission in visible region was 87.6%. 
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Abstract: Dye-sensitized solar cells (DSCs) represent a relatively new photovoltaic technology with great 
potential: investment costs for initiating production are low and manufacturing costs below 0.5 US$/Wpeak are 
predicted. Furthermore, DSC offers the possibility of various colors and attractive designs, such as 
semitransparent modules. Record solar cell efficiencies are 11% for DSCs containing liquid redox electrolyte 
and 6% for DSCs with solid hole conductors. Promising stability data suggesting more than 20 years lifetime has 
been achieved. This paper presents the Center for Molecular Devices (CMD) in Sweden, which has as its 
objective to investigate and develop DSCs. Using a multi-disciplinary approach, significant advances in the 
scientific understanding of DSCs have been made, such as the demonstration of the presence of an internal 
electric field at the semiconductor / dye / electrolyte interface. Furthermore, novel components, such as 
triphenylamine-based dyes and cobalt-based mediator have been successfully tested. Finally, a monolithic DSC 
module technology with good performance is presented. 
 
Keywords: Dye-sensitized solar cell, PV modules. 

1. Introduction 
Dye-sensitized solar cells (DSCs) represent a relatively new photovoltaic technology with 
great potential.[1] Certified record solar cell efficiencies are 11% for DSCs containing liquid 
redox electrolyte and 6% for DSCs with solid hole conductors. It is believed that this 
technology has the potential to reach production costs as low as 0.5 US$/Wpeak,[2] which 
would make solar electricity generation competitive with conventional (fossil fuel based) 
electricity generation. Module efficiencies of 10% and lifetimes of 15 year were assumed for 
this calculation. More recent calculations, based on actual DSC devices and current material 
costs, give a manufacturing cost of 2.5 Euro/Wpeak, which may decrease to less than 1 Euro/ 
Wpeak taking the expected decrease in material cost into account.[3]   
 
Dye-sensitized solar cells differ much from conventional solid state semiconductor based 
solar cells.[1] Dye molecules, rather than an inorganic semiconductor material, are 
responsible for light absorption. Furthermore, the functions of light absorption, electron 
transport and hole transport are separated into different materials. Electron transport takes 
place in a porous TiO2 structure, while hole transport occurs in a liquid redox electrolyte. 
In its standard form the DSC consists of the following components (see Figure 1a):  

• The working electrode: a mesoporous film of TiO2 nanoparticles (size ~20 nm) with a 
thickness of about 10 µm, on a fluorine-doped tinoxide (FTO) coated glass substrate. 
Dye-molecules are adsorbed at the surface of TiO2. The TiO2 framework acts as 
electron acceptor and transport medium. 
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• A redox electrolyte: solution containing a suitable redox couple in a high 
concentration, as well as some additives that improve solar cell performance. The 
most common redox couple used in DSC is iodide / triiodide. 

• A counter electrode: an electrode with good catalytic activity for electron transfer to 
the redox electrolyte. The most common counter electrode in DSCs is platinum-coated 
FTO-glass. This electrode has the advantage that it can be transparent, as a very low 
loading of Pt is needed.   

• Sealing. Hermetic sealing is very important in order to obtain stable solar cells with 
good long term stability. The most common DSC sealing material is thermoplastic. A 
thermoplastic frame is used to connect the WE and CE together, which ensures a fixed 
separation between the two electrodes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (a) Schematic structure of a dye-sensitized solar cell (sandwich design). FTO stands for 
fluorine-doped tinoxide-coated glass. (b) Energy scheme of a dye-sensitized solar cell. The arrows 
indicate electron transfer reactions. 
 
The working mechanism of the dye-sensitized solar cell is displayed in Figure 1b. Light is 
absorbed by the dye molecules D resulting in excited dye molecules (D*). Ultrafast electron 
injection takes place from the excited dye into the conduction band of TiO2. Regeneration of 
the oxidized dye by the redox mediator R. Electrons are collected at the conducting substrates 
and can perform electrical work in an external circuit. At the counter electrode, electrons 
reduce R+, the oxidized form of mediator.  
 
Despite intense research in the field of dye-sensitized solar cells, many fundamental aspects 
are still unclear. The Center for Molecular Devices (CMD) in Sweden has as its objective to 
investigate and develop DSCs. Using a multi-disciplinary approach, significant advances in 
the scientific understanding of DSCs, development of low-cost DSC components, and DSC 
module manufacturing have been made, as will be discussed here in this paper. 
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2. Methodology 
We refer to our research papers (ref. 4-17) for details on m esoporous TiO2 electrode 
preparation, dye synthesis, electrolyte preparation, solar cell assembly and solar cell 
characterization.   
 
3. Results and Discussion 
3.1. Design, synthesis and characterization of dye molecules for DSC 
 Research on dyes within CMD has been mainly focused on o rganic dyes with the general 
structure: donor - conjugated bridge – acceptor (D-π-A). Upon excitation, electron density 
will be displaced from the electron rich donor moiety towards the electron withdrawing 
acceptor moiety. The acceptor moiety is also equipped with suitable binding groups for 
attachment of the molecules onto the TiO2 surface. The general structure of D-π-A dyes 
favors electron injection into TiO2 upon excitation, while the remaining positive charge will 
be located on the donor part, positioned relatively far away from the TiO2 surface. This will 
decrease the rate for direct geminate recombination. A very suitable donor group for D-π-A 
dyes is the triphenylamine (TPA) unit, while a suitable acceptor / binding unit is cyanoacrylic 
acid.  
 
In 2005 the D5 dye was developed within CMD as the first in a series of D-π-A dyes (see 
Figure 2a).[4] Although the absorption spectrum has a maximum at about 480 nm and does 
not extend significantly beyond 600 nm, promising solar cell efficiencies of 6% were obtained 
in combination with the iodide / triiodide electrolyte. Other interesting results obtained with 
D5 are its suitability in solid-state DSCs, and its capacity for hole conduction when it is 
adsorbed on TiO2 as a monolayer.[5]  
 
Several modifications of the D5 base structure have been synthesized and tested. One of the 
most promising dyes developed within CMD to date is the D35 dye (see Figure 2). The most 
prominent alteration is the addition of two o,p-dibutoxyphenyl groups on the TPA unit. This 
provides the dye with suitable steric properties, making the dye very suited to be used in 
combination with cobalt-based redox electrolytes [6] or in solid-state DSC.  
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Figure 2. (a) Chemical structure of two efficient organic sensitizing dyes developed at CMD: D5 and 
D35. (b) UV-visible spectra of a D 35-sensitized TiO2 film in air (drawn line) and in contact with 
LiClO4 in ethanol (dotted line).   
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3.2. Redox electrolytes and hole conductors 
The standard redox electrolyte for DSC comprises of the iodide / triiodide (I-/I3

-) redox couple 
in an organic solvent. It is used in best performing DSCs to date, both in terms of efficiency 
and stability. It has good solubility, absorbs not too much visible light, it has a suitable redox 
potential, and provides rapid dye regeneration. But what I-/I3

- makes particularly successful is 
the very slow recombination kinetics between electrons in TiO2 and the oxidized part of the 
redox couple, triiodide. A serious disadvantage of this redox mediator is that a significant part 
of the potential is lost due to intermediate reactions.[7] After electron injection, the oxidized 
dye (D+) is reduced by iodide in the following way:  
 
D+ + I- → (D--I)  (1) 
 
(D--I) + I- → D + I2

-•  (2) 
 
2 I2

-•  → I3
- + I-  (3) 

  
The diiodide radical (I2

-•) is produced as an intermediate in this process (reaction 2). We 
estimate that the disproportionation reaction 3 corresponds to an internal loss of potential of 
as much as 400 mV. We believe that it is this internal loss that is largely responsible for the 
observed ‘stagnation’ in record efficiencies obtained for DSCs.  
 
In order to obtained efficiencies larger than 12 %, it may be necessary to using one-electron 
redox couples or hole conductors instead of I-/I3

-, so that the losses due to internal conversion 
are avoided. Unfortunately, the use of one-electron mediators in DSC nearly always leads to 
strongly increased recombination between electrons in TiO2 and the oxidized part of the 
redox couple, which seriously limits the solar cell efficiency. Recently, however, we obtained 
a breakthrough with cobalt polypyridine-based mediators in combination with D35 dye.[6] 
Careful matching of the steric bulk of the mediator and the dye molecules minimizes the 
recombination between electrons in TiO2 and Co(III) species in the electrolyte and avoids 
mass transport limitations of the redox mediator. The organic sensitizer D35, equipped with 
bulky alkoxy groups, efficiently suppresses recombination, allowing the use of cobalt redox 
mediators with relatively small steric bulk. Its high extinction coefficient allows for making 
DSCs with thin TiO2 films, which is favorable with respect to charge recombination and mass 
transport of redox mediator in the porous structure. The best efficiency obtained for a DSC 
sensitized with D35 and employing a [Co(bpy)3]3+/2+-based electrolyte was 6.7 % at full 
sunlight (1000 W m-2 AM1.5G illumination), which is more than a doubling of previously 
published record efficiencies using similar Co-based mediators. Notably, similar efficiencies 
with the D35 dye are obtained with I-/I3

- as a redox couple. 
 
The use of a solid-state hole conductors in DSCs is very attractive, but also very challenging. 
Besides the above mentioned problem of enhance recombination, an additional problem is to 
fill the pores of the dye-modified mesoporous TiO2 electrodes completely with the solid hole 
conductor. A possible solution investigated within CMD is melting infiltration of the hole 
conductor into the pores of the dye-sensitized TiO2 electrode.[8] The rather high temperatures 
required for melting is damaging for the organic dye molecules and so far is limiting the 
efficiencies of the resulting solar cells. 
The most well-tested hole conductor in solid-state DSCs is 2,2′,7,7′-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9′-spirobifluorene (spiro-MeOTAD). With the help of photoinduced 
absorption spectroscopy it was be shown that in principle all dye molecules appeared to be in 
contact with the hole conductor for a 6 μm thick TiO2 film, even though pores are not filled to 
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100%.[9] A compelling result obtained within CMD research is that some perylene-based 
dyes performed much better in solid-state DSCs using spiro-MeOTAD than in standard iodide 
/ triiodide electrolyte-based DSCs.[10] This can be attributed to the much faster regeneration 
kinetics observed in solid-state DSCs.  
  
3.3. Advanced characterization of DSC components and complete devices 
The dye-sensitized solar cell is a complex system with many interactions between its 
individual components. We have performed detailed characterization of dye-sensitized TiO2 
films using advanced techniques such as X-ray photoelectron spectroscopy [11] and scanning 
tunneling microscopy,[12] giving valuable information of the binding morphology of the dyes 
and energy levels.  
 
Investigations on c omplete DSC devices have been particularly fruitful, as the interactions 
between different components can be studied. For instance, we have studied the effect of the 
DSC electrolyte additive 4-tert butylpyridine in detail and found that it was responsible for a 
band edge shift of the TiO2 as well as for a r eduction in the electron recombination rate 
constant.[13] More recently, we found that the additives guanidinium thiocyanate and N-
methylbenzimidazole have a s ynergistic effect on the solar cell performance of DSCs with 
ionic liquid (I-/I3

-) electrolytes.[14]  
 
Recently, we discovered that the Stark effect plays an important role in the transient 
absorption spectroscopy of DSCs.[15] The occurrence of the Stark effects implies that the 
electric field across the adsorbed dye molecules changes. The effect of electric fields can be 
even observed under steady-state conditions. Figure 2b shows the absorption spectrum of D35 
adsorbed on mesoporous TiO2. In the presence of lithium ions, a significant red shift of the 
spectrum is observed. This shift can be attributed to the Li+ ions that adsorb onto the TiO2 
surface, thus changing its surface charge. This in turn affects the electric field across the dye 
monolayer, giving rise to a Stark shift. The occurrence of this shift implies that the dyes are, 
at least partially, located within the Helmholtz double layer at the metal oxides / electrolyte 
interface. The effect of the electric field is that the donor-acceptor character of the dye is 
enhanced, resulting in a red-shift of the absorption spectrum.   
 
3.4. Monolithic DSC Modules 
Screen printing as is low cost, scalable method to prepare thin films. Within CMD, a 
monolithic design is used in the development of DSC modules, see Figure 3a.[16, 17] The 
monolithic design has several advantages: it can give significant cost reduction as only one 
FTO-coated glass plate is needed, compared to two in other (sandwich) designs. FTO 
substrates are responsible for up to 25% of the total manufacturing costs in a sandwich design 
DSC. Furthermore, problems with alignment and glass bending encountered for large 
sandwich-design modules are avoided. 
 
In Figure 3b s ome typical photocurrent density - voltage (J-V) curves of a 13.5 c m2 sized 
DSC module are shown. The module consists of 4 cells connected in parallel. The solar to 
electrical power conversion efficiency depends on incident light intensity and ranges from 
4.0% (1000 W m-2) to 6.6% (56 W m-2). This dependency is caused by internal resistance 
losses, of which the origin is currently under investigation. Stability tests as well as outdoor 
tests are ongoing. When the components in the DSC modules are well chosen (dye, 
electrolyte), the modules are completely stable after 2000 h in an accelerated aging test (1000 
W m-2 simulated sunlight, 50ºC), with an efficiency of 5.0% at 200 W m-2 illumination.[17] 
Significant degradation is, however, observed under storage in the dark at 80ºC. These tests 
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were performed with the ruthenium-based complex K77 as the sensitizer and an iodide/ 
triiodide electrolyte with 3-methoxyproprionitrile as solvent. 
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Figure 3. (a)  Schematic structure of the monolithic design of the dye-sensitized solar cell.(b) J-V 
characteristics of a monolithic DSC module (active area: 13.5 cm2).Light intensities: 1000; 534; 105; 
56 and 0 W m-2.  
    
4. Conclusions 
The work performed at the Center for Molecular Devices in Sweden has significantly 
contributed to the research field of dye-sensitized solar cells. CMD was among the first to 
develop organic sensitizer dyes equipped with triphenylamine donor groups, which are 
currently among the most efficient sensitizers in DSC. Cobalt-based redox couples were 
shown to be viable alternatives to the standard iodide / triiodide system, provided that a dye 
with suitable steric properties is used. Detailed in-situ studies of DSCs have revealed the 
occurrence of a Stark-effect, where an internal electric field changes the absorption of the dye. 
This effect can be used to provide fundamental understanding of the DSC. In development 
work, CMD has shown that monolithic DSC is a viable PV technology, although further 
development and testing is required.  
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Abstract: The Sodium lauryl sulphate (NaLS) has been used as anionic micelle species, Safranine as 
photosensitizer and D-Xylose as electron donor for the enhancement of the electrical output and performance 
(storage capacity) of the photogalvanic cell with reduce the cost of construction for commercial viability. The 
photopotential and photocurrent generated were 893.0 mV and 207.0 µA, respectively. The observed conversion 
efficiency and the fill factor were 0.6800% and 0.3233, respectively at the power point of the cell. The 
photogalvanic cell can be used for 98.0 minutes in the dark.The effect of different parameters like concentration 
of micelles; photosensitizer and electron donor, variation of pH, light intensity and diffusion path length were 
observed. A current – voltage (i-V) characteristics of the photogalvanic cell was studied experimentally and a 
mechanism has also been proposed for the generation of the photocurrent. All observed results of the system 
were lower in absence of the micelles species. 

Keywords: Photogalvanic cell, Micelles effect, Safranine, D-Xylose, Conversion efficiency 
 

Nomenclature 
ieq photocurrent at equilibrium ....................µA 
imax maximum photocurrent ...........................µA 
ipp photocurrent at power point ...................µA 
isc short circuit current ................................µA 
pp power point ............................................ µW 

M Concentration in molarity..................mol/L 
t1/2 performance (storage capacity) ............min 
Voc open circuit voltage ............................... mV 
Vpp photopotential at power point ............... mV 
η Fill fact

1. Introduction 
The flow of current between two unsymmetrical illuminated metal electrodes in sunlight was 
first observed by Becquerel1 in 1839 and photogalvanic effect was first reported by Rideal 
and Williams2 in 1925 but, it was systematically investigated by Rabinowitch3 for iron–
thionine system.  

The photogalvanic and photovoltaic effects with anodized zirconium and niobium electrodes 
were observed by Graven et al. 4 while the photogalvanic effect with semiconductor anode 
was reported by Hall et al.5.  

Electron transfer via organic dye molecule and photo-induced electron transfer between 
micelle and thionine dye through a charge transfer interaction have observed by Alfredo et al.6 
and Mukhopadhyay and Bhowmik7. 

 Bisquert et al.8 have reported the physical–chemical principle of dye–sensitized solar cells, 
and Mayer9 has presented the molecular approaches to solar energy conversion with 
coordination compounds.  
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Ameta et al.10 Khamesara et al.11 Pramila and Gangotri12, Gangotri and Gangotri13, and 
Genwa and genwa14 have used miceller species with different photosensitizer and reductant in 
photogalvanic system for solar energy conversion and storage.  

Jana and Bhowmik15, Gangotri and Lal16 and Lal17 have used mixed dyes while Dube18 and 
Gangotri and Indora19 have used mixed reductant with different photosentizer in the 
photogalvanic systems.  

Recently Genwa et al20 Gangotri and Gangotri21, Yadav and Lal22, Gangotri and Bhimwal23, 
Gangotri et al.24 and Gangotri and Solanki25 have developed some intrested photogalvanic 
cells with reasonable electrical output for solar energy conversion and storage. 

 They have used different photosensitizes, reductant and surfactants in photogalvanic cells but 
no attention has been paid to use Sodium lauryl sulphate-Safranine-D-Xylose system to 
enhance the electrical output and storage capacity of the cell. Our study reveals that a system 
of Sodium lauryl sulphate-Safranine-D-Xylose gives higher electrical output with better 
storage capacity, in addition, the cell is cost effective which makes it suitable for 
commercialization in near future, therefore, the present work was undertaken. 

2. Methodology 
All the solutions were prepared in doubly distilled water and the stock solutions of all the 
chemicals were prepared by direct weighing and were kept in coloured container to protect 
them from light. A mixture of known amounts of solution of Safranine, D-Xylose, Sodium 
lauryl sulphate and Sodium hydroxide were taken in an H-shaped glass tube. The total volume 
of the mixture was always kept at 25.0 mL with make up by doubly distilled water. A 
platinum electrode (1.0 X 1.0 cm2) was immersed in one limb of the H-tube having a window 
and a saturated calomel electrode was immersed in the other limb. The terminals of the 
electrodes were connected to a digital pH meter (Systronics -335) and a microammeter as 
shown in Fig. 1. 

 

Fig.1. Experimental set up of photogalvanic cell 

The whole system was first placed in the dark till a stable potential was obtained. Then, the 
limb having platinum electrode (whole platinum electrode area) was exposed to a 200 W 
tungsten bulb (Sylvania) while other limb having the saturated calomel electrode was kept in 
dark. A water filter was used to avoid thermal radiations. On illumination, the photochemical 
bleaching of photosensitizer was studied potentiometrically. The current-voltage (i-V) 
characteristics of the cell were studied by using an external load with the help of a carbon pot 
(log 470 K) connected in the circuit.  
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3. Results and discussions 
3.1. Effect of variation of photosensitizer and reductant concentration  
The electrical output of the cell was affected by variation of photosensitizer (Safranine) and 
reductant (D-Xylose) concentration. The results are summarized in Table 1.It was observed 
that on increasing the concentration of safranine, electrical parameters photopotential (∆V) 
and photocurrent (isc) increases, which reaches a maximum value at a concentration 4.60 X 
10-5 M, above which both parameters decrease. A lower concentration of safranine 
([Safranine] < 4.60 X 10-5 M) resulted into a decrease in electrical parameters because limited 
number of photosensitizer molecule were available for the excitation and consecutive 
donation of the electrons to the platinum electrode whereas a higher concentration of 
safranine ([Safranine] > 4.60 X 10-5 M) again resulted into a decrease into electrical output as 
the intensity of light reaching the photosensitizer molecule near the electrode decreased due to 
absorption of the major portion of the light by photosensitizer molecules present in the path. 

Table 1: Effect of variation of various parameters concentrations on the electrical output  

Parameters Photopotential(mV) Photocurrent (µA) Power (µW) 
[NaLS] X 103 

5.56 
5.60 
5.64 
5.68 
6.72 

[Safranine]X105M 
4.48 
4.54 
4.60 
4.66 
4.72 

[D-Xylose]X103M 
1.34 
1.38 
1.42 
1.46 
1.50 
pH 

12.66 
12.68 
12.70 
12.72 
12.74 

 
791.0 
827.0 
893.0 
837.0 
796.0 

 
803.0 
843.0 
893.0 
837.0 
800.0 

 
767.0 
817.0 
893.0 
820.0 
777.0 

 
817.0 
849.0 
893.0 
840.0 
812.0 

 
170.0 
189.0 
207.0 
186.0 
164.0 

 
177.0 
192.0 
207.0 
189.0 
169.0 

 
161.0 
185.0 
207.0 
180.0 
157.0 

 
179.0 
195.0 
207.0 
192.0 
176.0 

 
134.47 
156.30 
184.85 
155.68 
130.54 

 
142.13 
161.86 
184.85 
158.19 
135.20 

 
123.48 
151.15 
184.85 
147.60 
121.98 

 
146.24 
165.55 
184.85 
161.28 
142.91 

A simillar result was observed for variation of the concentration of reductant. A lower 
concentration of reducing agent ([D-Xylose] < 1.42 X 10-3 M) resulted into a fall in electrical 
output because fewer reducing agent molecule were available for electron donation to the 
photosensitizer molecules whereas a higher concentration of reducing agent ([D-Xylose] > 
1.42 X 10-3 M) again resulted in a fall in a electrical output because the larger number of 
reducing agent molecule hinder the photosensitizer molecule from reaching the electrode in 
the desired time limit. 
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3.2. Effect of variation of micelles concentration 
The electrical output of the cell was found to increase on increasing the concentration of 
NaLS, reaching a maximum value at the concentration 5.64 X 10-3 M, and then, further 
increase in their concentration a decrease in electrical output of the cell was observed. The 
observed results are summarized in Table 1  

It was observed that maximum electrical output obtain from the cell around their critical 
micelle concentration (CMC) of the surfactant. It indicates the presence of the some charge 
transfer interaction between the dye-surfactant and the photoejection of electron from dye-
surfactant depends on the charge on micelle. The surfactant has not only solublized the dye 
molecules to a maximum extent and their cmc value but have stabilizes also the system. In 
present work, the photogalvanic cell containing micelles system was compared with the cell 
containing photosensitizer and reductant sysem only (without micelles). The results are 
summerized in the Table 2.  

Table 2: A comparative study of electrical parameters of the photogalvanic systems (With & without 
micelles) 

S. No. Electrical  parameters Observed Values 
With Micelles1 Without micelles2 

1. Open circuit potential (VOC) 1057.0 mV 917.0 mV 
2. Short circuit current (isc) 207.0 µA 167.0 µA 
3. Photopotential (∆V) 893.0 mV 743.0 mV 
4. Maximum photocurrent (imax) 337.0 µA 247.0 µA 
5. Charging time 110.0 min. 150.0 min. 
6 Rate of fall in photopotential 15.26mV min.-1 15.20mV min.-1 
7. Rate of initial generation of 

photocurrent 19.92µA min.-1 16.26µA min.-1 
8. Power at power point (pp) 70.74 µA 54.54 µA 
9. Fill factor 0.3233 0.2478 
10. Conversion efficiency 0.6800 % 0.4426 % 
11. Performance of the cell, t1/2 98.0 min. 87.0 min. 

 
3.3. Effect of variation of pH  
It was observed that there is an increase in the electrical output of the cell with increase in pH 
values and maximum value reaches at a particular pH value (pH=12.70). On further 
increasing in the pH value, a decrease in the electrical output of the cell was observed. The 
results are summarized in the Table 1 

It is quite interesting to observe that the pH at the optimum condition for the reductant has a 
relation with its pKa value, i.e. the desired pH value should be slightly higher then their pKa 
value (pH > pKa), this may be due to the availability of the reductant in an anionic form, 
which is a better electron donor then its unionized form. 

                                                           

1 [NaLS] = 5.64 X 10-3 M, [Safranine] =4.60 X 10-5 M; [D-Xylose] = 1.42 X 10-3 M; pH = 12.70; Light intensity 
= 10.4 mW cm-2; Temperature = 303 K 
2; [Safranine] =4.32 X 10-5 M; [D-Xylose] = 1.40 X 10-3 M; pH = 12.92; Light intensity = 10.4 mW cm-2; 
Temperature = 303 K 
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3.4. Effect of diffusion path length 
The effect of variation of diffusion path length on the electrical output and initial rate of 
generation of different photocurrent of the cell was studied by using H-shaped cell of different 
dimensions. The results are summerized in Table 3.  

Table 3: Effect of diffusion path length 

Diffusion 
path length 
DL

 (mm) 

Maximum 
photocurrent 

imax
 (µA) 

Equilibrium 
photocurrent 

ieq (µA) 

Rate of initial 
generation of 

current (µA min.-1) 
35.0 
40.0 
45.0 
50.0 
55.0 

329.0 
333.0 
337.0 
340.0 
342.0 

213.0 
210.0 
207.0 
205.0 
202.0 

17.25 
18.82 
19.12 
19.92 
20.24 

It was observed that in first few minutes of illumination there was a sharp increase in 
photocurrent and there was a gradual decrease to a stable value of photocurrent. This 
photocurrent at equilibrium state is known as equilibrium photocurrent (ieq). This kind of 
photocurrent behaviour is due to an initial rapid reaction followed by a slow rate-determining 
step at later stage. On the basis of effect of diffusion path length on the current parameters, it 
may be concluded that the leuco or semi reduced form of dyes and dyes itself are the main 
electroactive species at the illuminated and the dark electrodes, respectively. However, the 
reducing agent and their oxidized products behave as the electron carriers in the cell diffusing 
through the path. 

 
3.5. Current-voltage (i-V) characteristics of the cell  
The open circuit voltage (Voc) and short circuit current (isc) of the cell were measured with 
the help of a digital pH meter (keeping the circuit open) and with a micrometer (keeping the 
circuit closed), respectively. The potential and current values in between these two extreme 
values (Voc and isc) were recorded with the help of a carbon pot (log 470K) that was in the 
circuit of the microammeter and through which an external load was applied. The current 
voltage (i-V) characteristic of the cell is shown in Fig. 2. 

 

Fig. 2. Current-voltage (i-V) curve of the photogalvanic cell 

It was observed that i-V curve for the cell deviated from their regular rectangular shape. A 
point in the i-V curve, known as power point (pp), was determined where the product of 
potential and current was maximum. With the help of the curve; fill factor (η) value 0.3233 
was calculated using the following formula: 
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scoc

pppp

iV
iV

)(factor  Fill
×

×
=η        (1) 

Where Vpp and ipp represent the value of potential and the current at the power point, 
respectively, and Voc and isc represents open circuit voltage and short circuit current, 
respectively.  

The conversion efficiency of cell was determined with help of photocurrent  and 
photopotential values at power point (pp) and the power of incident radiation (light intensity 
10.4 mW cm-2

 which is measured by Solarimeter,CEL model SM 203 ), and it was 0.6800 % 
obtained by using the following formula: 

100%
)(cm area  ElectrodecmmW  10.4

iV
efficiency Conversion 22-

pppp ×
×

×
=  (2) 

3.6. Performance of the cell 
The performance of the cell was studied by applying the desired external load ie resistance 
(carbon pot log 470 K) used as rheostate to vary the resistance, necessary to have the potential 
and current corresponding to the power point, after removing the light source of illumination 
till the output (power) was reduced to half its value (power = 70.74µW) at the power point in 
the dark. The performance was determined in terms of t1/2 and it was observed that the cell 
can be used in the dark for 98.0 minutes, which directly indicates the storage capacity of the 
photogalvanic cell. The observed results are graphically shown in Fig.3. 

 

Fig. 3 Performance of the cell 

4. Mechanism  
On the basis of above observations, a tentative mechanism has been proposed for the 
generation of photocurrent in the cell as follows: 

 In illuminated chamber  

*SafranineSafranine → νh        (3) 

−+ +−→−+ SafranineXyloseDXyloseD*Safranine (Semi or leuco) (4) 

At platinum electrode 
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−− +→ eSafranineSafranine        (5) 

 In dark chamber 

At counter (SCE) electrode 

−− →+ SafranineSafranine e  (Semi or leuco)    (6) 

XyloseDSafranineXyloseDSafranine −+→−+ +−    (7) 

Where safranine* and D-xylose+ are excited form of dye and oxidized form of reductant, 
respectively. 

5. Conclusions  
On the basis of the observed results of the photogalvanic cell containing NaLS, safranine and 
D-xylose system, we have observed that the micelles have not only enhanced the conversion 
efficiency but the performance of the cell also. Exhaustive efforts still have the scope to 
enhance the electrical output as well as performance of the photogalvanic cells alongwith 
reduction in their cost to make commercial viability. 
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Abstract: Nanocrystalline cadmium sulfide particles were prepared by a n ew bench-top mild temperature 
procedure starting from cadmium ethylxanthate and using alkanolamines DEA, TEA as reaction media. The role 
of DEA, TEA in the whole reaction-nanocrystallization process is discussed. Basic spectroscopical properties of 
the new nano-CdS material formed were studied in order to characterize it as a material for the construction of 
photovoltaic solar cells. 
 
Keywords: Nanocrystalline Cadmium Sulfide, Preparation, Photovoltaic Solar Cells, Triethanolamine, 
Diethanolamine 

1. Introduction 
Nanocrystalline cadmium sulfide is one of the most widely discussed and used material in the 
construction of photovoltaic solar cells. Several procedures for its preparation have been 
suggested. First synthetic approach to the nano-CdS is based on reactions in oleic acid or 
hexadecylamine at comparatively high temperatures (e.g., 160 °C), which results in the 
formation of nanoparticles covered by a surface shell of long, hydrophobic alkyl chains.1 The 
prepared material is easy-to-handle, easily soluble in organic solvents, stable over a long shelf 
life, but the protective hydrophobic shell covering the nanoparticles hampered good 
performance of the material in solar cells. Some disadvantage of this approach is represented 
by the need of two different sources of cadmium and sulfur, e.g., Cd(oleate) 2 and S8. 
 
Another similar CdS synthesis based on t he use of a trioctylphosphine oxide TOPO 
/trioctylphosphine TOP protective shell has been used for relatively long time, despite of the 
high toxicity and air sensitivity of the precursors.2  It supplied cadmium sulfide nanomaterial 
of improved quality, but the photovoltaic properties were still not optimum. 
 
A similar approach leading to CdS nanoparticles covered by long-chain alkylamine protective 
shell was designed, overcoming the need of two different educts bearing Cd and S for the 
product formation. As a starting compound bearing cadmium and sulfur in one molecule, 
various cadmium–sulfur containing precursors, like Cd-xanthates, thiocarbonates, 
thiophosphates etc. in alkylamine media (e.g., hexadecylamine HDA) were used in thermal 
decomposition techniques.  In the reaction, the alkylamine molecule acts as a solvent and as a 
protective shell-forming agent at the same time. 3-6 
 
Experimental effort was then concentrated on the synthesis of protective shell-free 
nanoparticles. This was accomplished by the synthesis of CdS covered by HDA. The HDA 
protective shell was finally removed from the nanoparticle surface by extensive washing with 
pyridine.7,8 
 
A more elegant method, directly leading to shell-free nano-CdS, is based on a  template-
free/shell-free formation of the target material by precipitation of Cd2+ salt in the medium of 
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in situ formed sulfide anion in aqueous media.9  Sulfide is formed by hydrolytic reaction of 
thiosulfate anion S2O3

2-, thiourea, thioacetamide etc., possibly catalyzed by thioglycerol. The 
shell-free particles formed are less stable and much more difficult to handle, easily forming a 
coagulate, which is hardly  r e-dispersed. This type of nano-CdS is insoluble in organic 
solvents. On the other hand, improved material properties were demonstrated, such as electron 
exchange favorable for the construction of photovoltaic cells. 
 
The optimized synthetic method of the nanocrystalline CdS formation should be a bench-top 
technique starting from well-defined, low-cost, stable and accessible educts, employing mild 
conditions, and not necessitating special precautions like inert atmosphere. Of course, a steady 
attention is given to the size, shape, homogeneity and size distribution of the nanoparticles 
formed. 
 
In this paper, we report a s ynthesis of nano-CdS particles using a single-precursor, mild-
temperature decomposition procedure. Cadmium ethylxanthate was used as a precursor. The 
key role in the procedure is played by the reaction medium used, namely diethanolamine DEA 
or triethanolamine TEA. The influence of alkanolamine on t he material properties of the 
nano-CdS formed is discussed. 
 
2. Methods 
All chemicals used were supplied by the Sigma-Aldrich company. The alkanolamines 
diethanolamine DEA, triethanolamine TEA, and cadmium chloride hydrate were used as 
supplied without any further purification step, while potassium ethylxanthate was purified by 
dissolving in water and filtering through the 0.45 um RC filtration disc (Merck) in order to 
remove insoluble impurities. The potassium xanthate solution was reacted immediately after 
filtration. 
 
UV VIS spectra were measured on the Cintra 303 spectrometer (GBC) in H2O, DEA or TEA 
as a medium, in the range of 300–600 nm with a resolution of 2 nm. The course of 
nanocrystalline CdS formation was followed either by taking a sample of the reaction mixture 
and diluting it by H2O or by a direct use of the reaction mixture. 
 
Elemental analysis of the CdS product was performed on l iquid samples formed by 
dissolution of sample in mixture of conc. nitric acid hydrogen peroxide in a closed vessel to 
ensure complete oxidation of the hydrogen sulfide released into the sulfate ion state. The 
samples were analyzed with the Intrepid DUO II ICP EOS instrument (Thermo Electron 
Corp.), using standard plasma conditions recommended by the manufacturer. In the same 
analytical run, trace impurities were checked as well. 
 
Organic carbon content of the separated CdS nanoparticles was quantified in aqueous 
suspensions of the products by the Shimadzu analyzer, operated at 600 °C (catalytic oven 
temperature) with a run cycle of 10 min.  
 
Samples for physical measurements were prepared by spin coating technique on either ITO 
glass substrates or p-silicon substrates. Approximately 100 μl of the DEA/TEA solutions of 
CdS were spread on t he substrate at a rotation speed of 30–70 rps. The covered substrates 
were freeze-dried in the Alpha 1-2 (Christ) freeze-drying unit at 1E-4 kPa/-50 °C on a cooling 
system. The dried samples were handled in air at room temperature, being submitted for 
physical measurements as soon as possible.   
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Cadmium ethylxanthogenate (cadmium ethylxanthate) preparation and purification: 
 
Cadmium ethylxanthate [Cd(S2C-OC2H5)2] was prepared basically according to the literature 
procedure, combining well stirred aqueous solutions of potassium ethylxanthate KS2C-
OC2H5 and cadmium chloride in a stoichiometric ratio.3 The immediately formed white 
precipitate of cadmium ethylxanthate was filtered off and carefully washed with water to 
ensure removal of potassium and chlorides. After purification by re-crystallization, the 
product was dried overnight in vacuo and stored in a freezer at -20 °C. Elem. anal.: 31.9 % 
Cd, 36.26 % S, (ICP EOS).  
 
Nanocrystalline cadmium sulfide was prepared using the following bench-top 
procedure: 
 
Cadmium ethylxanthate (5–50 mg) was dissolved at a room temperature in alkanolamine (3 
ml) without air exclusion. The dissolution was quite slow and was facilitated by intensive 
stirring by a glass rod. The yellowish solution obtained after a complete dissolution of the 
solid was heated in an air bath to 75–80 °C. The course of the reaction was followed by UV-
VIS spectroscopy. After the formation of the target product, the reaction was interrupted by 
cooling of the reaction solution to a room temperature. The nanocrystals of the cadmium 
sulfide formed were either isolated by precipitation with copious amount of acetone and 
centrifugation, and purified by re-precipitation with acetone, or the reaction solution was used 
directly for the preparation of samples for physical measurements. 
 
3. Results and Discussion 
 
The procedure described above offers a preparative bench-top technique for the synthesis of 
CdS nanoparticles without the need of any special precautions like protection against air or 
moisture. It is based generically on literature reports, where the use of hexadecylamine HDA, 
oleylamine OA etc. as Lewis bases/reaction media, as well as shell-forming protective 
molecules is widely employed.3-6 Similarly to the previous procedures, also the procedure 
described in this paper starts from easily accessible cadmium ethylxanthate, commonly used 
as a single-compound precursor for CdS formation. The mechanism of the cadmium 
ethylxanthate decomposition reaction used for CdS formation was proposed quite early and is 
generally accepted.4  
 
We observed that the purity of the starting cadmium ethylxanthate is an important factor 
influencing the reproducibility of the crystallization of CdS. Older samples of cadmium 
ethylxanthate generally turn yellow due to decomposition, leading in our experience to a more 
rapid formation of CdS in the course of preparation.  
 
The principal difference from the art known is based on the application of alkanolamines as 
reaction media for cadmium ethylxanthate decomposition. Alkanolamines, namely 
diethanolamine DEA NH(CH2CH2OH)2 and triethanolamine TEA N(CH2CH2OH)3, are 
commercially accessible, low-cost compounds with a good dissolution ability. We found that 
the above mentioned compounds can be successfully applied as solvents for cadmium 
ethylxanthate. 

 
In the reaction course, they clearly play several roles. They act as: 

 
i) high-boiling solvents with favorable viscosity characteristics, 
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ii) a weak base, catalysing the thermal decomposition of the Cd ethylxanthate precursor, 
iii) a weakly coordinating medium for Cd ions, 
iv) a shell-forming molecule. 
 
The influence of the base on the thermal decomposition reactions of xanthates leading to the 
formation of metal sulfides was described in the literature. Similarly to the previous 
observation, the choice of solvent with appropriate basicity is essential also in the procedure 
discussed. In highly basic solvents, the decomposition of a xanthate precursor proceeds too 
fast upon the crystallization of sulfide of insufficient quality for photovoltaics, while in media 
of low basicity the thermal decomposition does not proceed at all. We had tried about 25 
solvents before we concentrated on DEA/TEA. Aniline and its derivatives, pyridines or 
heterocycles, typically act as low basicity solvents. In contrast, short-chain primary amines 
were found to be too basic for the discussed application. The choice of over-basic medium 
leads to the decomposition of cadmium ethylxanthate already during the dissolution, thus the 
formation of CdS proceeds in a heterogeneous medium with serious consequences on t he 
quality of the product formed. 
 
There has been no discussion conducted yet as for the effect of coordination properties of the 
solvent used for nano-crystallization of cadmium sulfide. On the other hand, the coordination 
ability of the solvent during the thermal decomposition reaction governs the concentration of 
cadmium in the solution and can therefore strongly influence the crystallization process of 
CdS. The ability of DEA, TEA to coordinate cadmium ions in aqueous solutions is well 
documented, as well as the use of TEA as a masking agent in various analytical applications. 
In our case we expect that the nano-crystallization can be influenced by the formation of a 
complex between cadmium ions present in the reaction medium and DEA/TEA solvent. This 
complex consequently drives the crystallization process in the direction of the formation of 
CdS nanocrystals. 
 
The reaction was followed by means of UV-VIS spectroscopy. In order to get a better insight 
into the time course of the reaction, lower temperatures and lower precursor concentrations 
were used than in the preparative procedure. 
 
The evolution of UV-VIS spectra of the reaction system cadmium ethylxanthate/TEA vs. the 
reaction time is shown in Fig. 1. Absorption spectra obtained in the course of the nano-CdS 
formation show a gradual increase in the intensity of the excitonic transition as well as a shift 
of the signal toward higher wavelengths. The intensity of the transition reaches a plateau 
approximately after 60 min. as a result of the completion of the decomposition reaction. The 
shift of the signal reflects a gradual  particle size increase. At the same time, the transition 
becomes broader, pointing to an increasing polydispersity of the product formed. This 
interpretation of UV-VIS spectral characteristics is in line with the previous works.3,5 The 
particle size depends on the reaction time applied, thus the choice of the reaction time is a 
parameter useful for controlling the CdS particle size. 
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. Fig. 1.  UV-VIS spectral study of the reaction course. Concentration of cadmium ethylxanthate 

0.5 mg in 5 ml of TEA, reaction temperature 75 °C. 
 

Another established parameter governing the growth and particle size is the concentration of 
the precursor in the reaction medium. In our case, we fixed the concentration of cadmium 
ethylxanthate at an appropriate value of 10 mg/ml given by the solubility of the precursor in 
all alkanolamines, without attempting to study this parameter in detail.  

 
Reaction temperature critically influences the reaction course, reaction rate, size and the 
quality of the product formed. Alkanolamines are high-boiling compounds, so the reaction 
temperature can be chosen over a r elatively wide range. Typical UV-VIS spectra in a 
preparation run at several temperatures are demonstrated in Fig. 2.  

 
In our experience, the decomposition reactions proceeds too fast at high temperatures, leading 
to smaller particles of insufficient quality. Therefore, the temperature area of 80 °C applied in 
the procedure described in the experimental section seems to be the optimum one, as the 
course of the reaction can be easily followed and the quality of the material produced is 
acceptable. 

 
The nano-CdS particles can be easily isolated from the reaction medium by precipitation with 
an organic solvent, like ethanol or acetone. As the alkanolamines used as reaction media are 
freely miscible with common precipitation solvents, the choice of precipitants is not restricted 
to EtOH or acetone. After the synthesis, the alkanolamine molecule remains in touch with the 
nano-CdS particle, permitting the following manipulations, stabilizing the particle against 
coagulation, but can be easily removed as well. 
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Fig. 2.  UV-VIS spectral study of the reaction course. Concentration of cadmium ethylxanthate 

0.5 mg in 5 ml of TEA, reaction time 10 min. 
 
The presence of the alkanolamine protective shell on t he surface of the CdS nanocrystals 
formed is another important point to be discussed. We tried to prove the presence of a 
DEA/TEA shell on the nano-CdS isolating the nanocrystals from the reaction medium by the 
precipitation procedure, washing the isolated material ten times with water and repeating the 
precipitation. The absence of free DEA in the final washings was proved by ninhydrine 
reaction, which is a sensitive color test for primary and secondary amine groups. After drying 
the preparation in a freeze drier, an elemental analysis was performed. Carbon content found 
in the preparation was 18 % C, which we explain by the presence of bonded/coordinated 
DEA/TEA on the surface of nano-CdS. 
 
Indirect evidence also exists of the presence of the protective alkanolamine shell on t he 
surface of the CdS nanocrystals. The nanocrystals formed are hydrophilic and can be easily 
re-dispersed in water. It should be empasized that the short alkyl-OH chains present in the 
alkanolamine molecules should not interfere in the electron transfer between CdS 
nanocrystals as strongly as the previously used long alkyl chains (HDA).  
 
The elemental analysis of nano-CdS samples formed by the procedure under discussion 
proved the expected stoichiometric ratio Cd:S 1:1. The content of other metallic contaminants 
(Al, Ca, Fe, K, Mg, Mn, Na) in the sample was found to be negligible. 
 
Spectral properties of the nano-CdS prepared were further studied by photoluminescence and 
Raman spectroscopy. In the PL spectrum, the peaks near 410 a nd 435 nm (excitation) are 
visible. In the Raman spectra of CdS nanoparticles isolated from the solutions in DEA and 
TEA, signals of DEA, resp. TEA are visible. This is in accordance with the results of 
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elemental analysis proving the presence of DEA/TEA in the final product. It is highly 
probable that the organic molecules form a protective shell on t he nanoparticle surface. 
Besides the DEA/TEA signals, also spectral signals with Raman shifts of 300, 600 and 872 
cm-1 (nano-CdS-DEA spectrum) and of 301, 602, 687 a nd 909 c m-1 (nano-CdS-TEA 
spectrum) were observed. The product was further studied by the TEM technique. The 
samples of nano-CdS taken from the reaction solution in DEA after a 20min. reaction at 85 °C 
(sample A), as well as in TEA after 20 min. and 120 min., respectively (samples B and C) 
were spin-coated. A successful observation of the nanocrystals was performed on s ilicon 
substrates. The TEM study was complicated by a very difficult removal of DEA, TEA from 
the samples.  
 
4. Conclusions 
We herein described the preparation of a new nanocrystalline CdS material, covered with a 
protective shell composed of triethanolamine or diethanolamine molecules. Due to the 
presence of the protective shell, the particles are highly hydrophilic. The new material is 
prepared from an accessible single precursor using a bench-top procedure and applying very 
mild reaction conditions. The factors controlling the reaction and nanocrystal formation are 
discussed. The preparation of the nano-CdS can be illustrated on the scheme below: 
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Abstract: The electronic transport of CdS nanoparticles (nano-CdS) covered by hydrophilic alkanolamine 
molecules as surfactants was studied. The nanomaterial was prepared by low-temperature decomposition of 
cadmium ethylxanthate in hydrophilic solvents like mono-, di- or triethanolamine. The nanoparticles were 
isolated by precipitation procedures in solid state and they are easy to re-disperse in water systems. Films with 
nanoparticles were exposed to UV radiation, with the exposure varying in time interval 10 – 60 min. 
The goal of the work was to study the electronic transport in the array of nanoparticles. The experimental 
techniques used was the Isothermal charge transient spectroscopy (IQTS) working with the a unique charge 
transient processor in the sampling range 2 μs – 900 ms with resolving power of about several hundreds of 
electrons. The second method was the surface photovoltaic method (SPV). Two basic novel phenomena were 
observed on the film formed by nano-CdS provided with tu surfactant, in I-V characteristics the increase of 
current was observed with a strong nonlinearity, marking the increased transport via nanoparticles, and the 
occurrence of charging–discharging phenomena with strong maximum described by the distribution of relaxation 
times and/or trapping states occurrence. The photoconductivity action spectra agree with the absorption edge of 
size distributed nanoparticles.  
 
Keywords: CdS nanoparticles, Alkanolamine surfactants, Isothermal charge transient spectrum, Hybrid solar 
cells. 

1. Introduction 
The organic/inorganic hybrid solar cells work on the concept of bulk heterojunction, where 
excitons created upon photoexcitation are separated into free charge carriers at interfaces 
between two semiconductors-inorganic nanoparticle and bulk organic polymer forming a 
composite thin film[1][2][3]. Electrons will be then accepted by the inorganic nanomaterial 
with the higher electron affinity (electron acceptor, here the inorganic nanoparticle) and the 
hole by the polymer with the lower ionization potential (electron donor, here the polymer 
matrix). Both types of carriers are then transported by independent mechanisms to 
corresponding electrodes. The contemporary problems with the hybrid solar cells are the 
choice of suitable components for hybrid solar cells to match the solar spectrum, the solubility 
of both components and the transport of holes on the array of nanoparticles[4][5]. 
 
The aim of the paper is to elucidate the influence of the surfactant in the core – shell model on 
the transport of carriers (holes) by the process of diffusion on the array of nanoparticles. The 
main idea is to change the medium distance of nanoparticles by the surfactant length and thus 
changing the hopping probability of charge carriers resulting in the change of the average 
mobility and diffusion coefficient. For this purpose a new, extremely sensitive method for the 
study of transport and traps distribution, isothermal charge transient spectroscopy (IQTS) and 
surface photovoltaic method (SPV) for the diffusion study was used. For this purpose we 
examine one component of the hybrid organic/inorganic system MEH – PPV/nano-CdS 
nanoparticles covered by alkanolamine molecules as surfactant produced by a new technique. 
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2. Methodology 
2.1. Sample preparation 
The preparation of nano-CdS was described in detail elsewhere [6] so we will mention only 
few facts here. A new nano-CdS covered by hydrophilic alkanolamine molecules was 
prepared by low-temperature decomposition of cadmium ethylxanthate in hydrophilic 
solvents of mono-, di- or triethanolamine. By appropriate choice of reaction time, temperature 
and xanthate concentration, it was possible to tune the size and physical properties of resulting 
nanoparticles. The samples were deposited from ethanolamine solution by spincoating or drop 
casting on Au film evaporated on p-Si substrate or on borosilicate glass provided with ITO 
film and dried under the vacuum (rotary pump 10 Pa annealed at 80 oC and turbomolecular 10-

4 Pa annealed at 100oC) to remove the solvent. For the characterization of nanoparticles the 
UV-VIS absorption, photoluminescence and Raman spectroscopy was used [6].  
  
2.2. Isothermal charge transient spectroscopy (IQTS)and Surface photovoltaic method 

(SPV)  
Electronic transport measurements were performed with charge transient processor (CTP) in 
local mode [7], when the usual evaporated top electrode is replaced by the tip of the scanning 
probe in form of a sharpened 80-μm-tungsten wire oriented perpendicularly to the surface. 
The charge to voltage converter has the resolution of hundreds of electrons and time resolved 
transients from 2 μs to hundreds of ms can be recorded. The input converter integrates the 
current transients following the voltage pulses periodically applied to the sample. The 
duration of excitation pulses was set from 1 to 100 ms, their amplitude from 0.5 to 5 V, and 
the period from 147 to 547 ms. The isothermal charge transient spectrum (IQTS) is created by 
combining samples from charge transients at particular times using the formula ΔQ(t1) = 
Q(t1) – 1.5Q(2t1) – 0.5Q(4t1) [8] with t1 swept with 2 µs step starting at the trailing edge of 
the pulse up to the maximal point for which 4t1 fits before start of the next pulse. This way of 
transient processing acts as a filter of measured relaxation times, i.e., IQTS signal is detected 
when the time constant of the relaxation process is comparable to t1. In addition, this formula 
eliminates the linear component of the response, which is caused by the integration of dc 
current. The peak maximum corresponds to 0.174 of the total charge Q0 responsible for the 
peak. To reduce the noise usually 50 transients were summed. The charge transient processor 
allows to evaluate in one special mode also the dc current by measurements of charge without 
application of excitation pulses using the formula: I DC = ΔQ(t2) – Q(t1)) / (t2-t1), and to 
obtain the current voltage characteristic by sweeping the bias voltage.  
 
2.2.1. Surface photovoltaic method (SPV) [9] [10] 
Electrical field of space charge region (SCR) of the thickness d (Fig.1). drives the 
photogenerated charge carriers leading to the photovoltage. The photovoltage was measured 
in a sandwich structure between the substrate silicon and the top glass / ITO with a Mylar 
sheet serving as a separating dielectric layer The scanning microscope view of the film is in 
Fig.1. A capacitive couple is formed in this way. Illumination was performed through the top 
electrode into the bulk. The samples were irradiated by low-intensity monochromatic light 
chopped with a low frequency of 11 Hz generating an alternating voltage which was 
measured by lock-in amplifier Stanford SR 830. In our experiment the chopper frequency was 
sufficiently low to obtain saturated pulses not influenced by relaxations. The spectra were 
taken at room temperature and in air.  
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3. Results 
The SEM picture of the nano-CdS is in Fig.2 with the nanoparticles in the range of 20-30 nm. 
The representative I –V characteristics of Au / ano-CdS nanoparticles film / W probe 
(prepared in the standard way, i.e. annealed at 80 oC in the rotary pump 10 Pa vacuum) taken 
by IQTS for as deposited and UV irradiated sample ( for 20, 40 and 60min are in Fig.3). We 
adjusted the filling and waiting time to ensure near to the steady-state characteristics. 
Corresponding IQTS signals are in Fig.4. The enormous increase of the I-V characteristics for 
positive applied voltage on ITO is recorded for degradation time 20 min, which gradually 
disappears with progressive degradation ( 40, 60 min). IQTS signals show for both polarities 
of the applied excitation pulses and do not depend on injection as the ability of both contacts 
(ITO and W ) contacts are quite different as obvious from I–V transient characteristics. If we 
take into consideration the fact that the IQTS is stripped of the dc current, we then may 
conclude the observation is a bulk (contrary to contact) effect and most probably enhanced 
due to the decreased average distance among particles in the nano-CdS array.  
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Fig.1. Arrangement of the SPV experiment. The polymer is illuminated with a chopped 
monochromatic light through transparent conductive electrode. As the second electrode serves 
the Si substrate. 
 

 

     
   Fig.2. SEM photograph of nano-CdS  on silicon substrate. 
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As the next step we measured we took the measurements on the identical sample degraded by  
60 min UV (see Fig. 3 and Fig. 4) and carried out the anneal in vacuum 10-4 Pa at 100oC for 
10 min. The I –V characteristics taken by CTP for annealed at 100oC and corresponding IQTS 
signals nearly returned to their original shapes (in Fig.3 and Fig.4). UV irradiation (for 20, 40 
min) caused the same changes in I – V characteristics (Fig. 5) and corresponding IQTS 
signals in Fig. 6. The surprising recovery tendency and susceptibility to UV degradation 
changes are evident both in I - V and IQTS signals. The degradation for 20 min creates the 
bulk relaxation, similar to that in Fig.3 and Fig. 4.This observation may be due to the 
metastable degradation – recovery steps.  
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Fig. 4. Evolution of IQTS spectra of Au/nano-CdS /W.The parameter was the UV irradiation time 
and the polarity with respect to W tip.  Bias voltage, Ub = 0, Uex= 5 V for as deposited and 60 min 
exposed states, 2 V for 20 and 40 min exposed states. The period and duration of excitation pulses 
were set to 147 ms and 10 ms, respectively.  
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Fig. 3. Evolution of I-V characteristics (voltage is taken with respect to W probe) of the 
structure Au / nano-CdS nanoparticles film / W probe with exposure time to UV irradiation.  
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Fig. 5. Influence of annealing (100 oC for 10 min) on I-V characteristics (voltage is taken 
with respect to W probe ) of the structure Au / nano-CdS nanoparticle film / W probe.  
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Fig.6. Influence of annealing (100 oC for 10 min on IQTS, all parameters identical to those in Fig.4.  
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Fig.7. SPV spectrum of p-type silicon with nano-CdS  (solid circles). The quantum size effect in the 
nanoparticles influences the spectrum from the 375 nm to 500 nm. SPV spectrum of the wafer is shown for 
comparison (open circles). 

 

 

 
The SPV signals of nano-CdS on p -Si substrate isvisible in Fig. 7. T he composed signal 
results both from photoconductivity of nano-CdS and from the Si substrate, as it is obvious 
from the signal on the bare Si substrate. The measurements of the diffusion coefficient in CdS 
due to the hopping transport diffusion is under way.  

 
4. Discussion and Conclusions 
The idea behind this experimental activity presented here was the obvious knowledge about 
the limiting ill influence of the hole transport in hybrid solar cells by hopping transport, where 
the average distance and coupling among particles was given by the shell ( surfactant in this 
case) [4][5]. With this on mind and realizing our recent results on U V degradation of σ 
conjugated polymers resulting in weak bonds concept and metastability of PMPSi that may be 
recovered by alloying[11] we attempted to modify the interaction of nano-CdS provided with 
alkanolamine molecules as surfactant by UV radiation. 
  
The results are encouraging. On the UV degradation considerable changes in relaxation 
processes of the fresh prepared sample (dried under vacuum 10 Pa and annealed at 80 oC ) to 
irradiated ( for 20 min), where relaxation process is emerging – subsequently disappearing 
(for 40 and 60 min) ( Fig. 3 and Fig. 4). The same ordering of observations is visible when the 
same sample of nano-CdS is subjected to anneal at the turbomolecular vycuum 10-4 Pa and 
annealed at 100oC (Fig. 5 and Fig. 6). No traps connected with the nano-CdS were visible on 
these experiments . 
 
The detailed explanation is not obvious at the moment, there are following possibilities for 
explaining the observed phenomea. One is the decrease of the average distance among 
nanoparticles due to the decreased lengths of alkanolamine molecules due to their scissoring, 
or the stripping of the part of the alkanolamine molecules from CdS surface. Both these 
phenomena should posses the metastability in reconstruction of the original state by anneal.  
The conclusions drawn from the presented results may be formulated: 
- both applied highly sensitive methods of isothermal charge transient spectroscopy and 
surface photovoltaic method turned out to be very sutable methods for characterizing the 
transport processes in nanomaterials due to their sensitivity and spectroscopical character,  

2828



  

- the changes in surfactant on U V radiation cause the changes in collective relaxation 
processes and may positively influence the transport of hole charge carriers after their 
injection or charge-transfer processes. This may positively influence the efficiency of 
conversion of hybrid solar cells.  
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Abstract: This contribution deals with application of several techniques based on charge transient contactless 
measurements (isothermal charge transient spectroscopy - IQTS), and by electrochemical methods of double step 
voltcoulometry and cyclic voltammetry, two complementary methods, which are potentially suitable for 
obtaining information about bulk relaxation and transport processes and the structure of electronic localized 
states and their basic parameters. Both methods were tested by two well known polymers, the first, 
Poly[methylphenylsilylene] and the second Poly(p-phenylene vinylene. The results were explained both in terms 
of bulk relaxation ant transport processes, trap parameters and the influence of UV degradation. The 
metastability in reconstruction of dangling bonds ensuing after the UV degradation due to the Si-Si σ conjugated 
bond scission and its ability to reconstruct after the thermal anneal was again found in accord with the previous 
results. 
 
Keywords: Organic semiconductors characterization, Electron structure, Transient charge method, 
Electrochemical method. 

1. Introduction 
The material research in organic semiconductors is moving towards the applications. When 
optimizing the properties of devices one has to start from the correct microphysical 
parameters of materials in question. The complicating factors in this direction is weak 
(molecular) coupling and the disordered structure, which both make the spectroscopic 
methods known from disordered inorganic semiconductors difficult and sometimes 
impossible to apply. So the need for new methods is acute and the new methods have been 
developed for organic material characterization.  
 
It was shown that suitable techniques to electrical characterization of organic materials are 
space charge limited currents [1] and thermally stimulated currents [2]. As a favorable 
approach turns out capacitance or charge transient measurements which are processed by 
properly combined values of measured transients taken at specified time instants originally 
applied in deep-level transient spectroscopy of defect states in inorganic semiconductors. This 
transient processing allows to determine salient features of the transport states distribution [3] 
and charge traps induced by structural or chemical defects [4-6]. Electron transport based on 
hopping is important in polymers and localized molecular traps serve as redox sites. These 
facts authorize the application of solid-state electrochemical measurements. Some issues 
related to the principles and analytical aspects of electrochemical techniques were discussed 
in review by P.J. Kulesza and J.A. Cox [7].   
 
Here we present two new methods with expressed advantages for the application in the field 
of molecular materials, isothermal charge transient spectroscopy and double state 
voltcoulometry. Both methods are based on the injection (extraction) contacts and the 
resulting signals in the time domain, which is analyzed for the capacitance and diffusion 
currents, respectively. Thus, we obtain information about capacitive (displacement) and 
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diffusive (reduction-oxidation) phenomena that are quite complementary for the defects 
elucidation.  
 
In the presented paper, we starting from the well known prototypical polymer - 
Poly[methylphenylsilylene] (PMPSi), intend to test both the methods by comparison with 
previous results and then to apply it on quite important in the field of organic photovoltaics - 
Poly(p-phenylene vinylene) (PPV). 
 
2. Methodology 
2.1. Sample preparation  
Poly[methylphenylsilylene] (PMPSi) was purchased from Flurochem. PMPSi thin films were 
spin-coated from solution in toluene on the UV-ozone treated ITO substrates with a spin rate 
of 1500 rpm for 30 s and dried in vacuum of 3x103 Pa at 60 oC for 4 hrs. Poly[2-methoxy-5-
(2'-ethyl-hexyloxy)-1,4-phenylene vinylene] (MEH-PPV) was supplied by Aldrich and solved 
in tetrahydrofuran. The MEH-PPV films were also spin-coated on the UV-ozone treated ITO 
substrates with a spin rate of 4800 rpm for 30 s and dried in vacuum of 104 Pa at 100 oC for 
12 hrs. Exposition to UV irradiation + ozone of thin films under investigation were done with 
low-pressure mercury lamp with the total UV intensity at the sample surface of 2 mW/cm2 
and the ozone concentration was 150 mg/m3. 
 
2.2. Isothermal charge transient spectroscopy - IQTS 
The principle of the method IQTS is based on the time representation of the charge, induced 
in the external circuit by the driving pulse applied to the sample. This charge may be either 
due to the bulk relaxation processes, charge redistribution or release of charges from localized 
centres (traps). In this respect it is very similar to the method of post-transit extraction 
spectroscopy, where charges released from traps are time resolved collected and evaluated 
spectroscopically [1]. The IQTS spectrum is created by combining samples from charge 
transients at particular times using the formula ΔQ(t1) = Q(t1) – 1.5Q(t2 = 2t1) – 0.5Q(t3 = 
4t1) [8] (see Fig. 1). The rate window τ defined by this filter is 1/t1 and it removes the linear 
component of the response, which is caused by the integration of direct current. The peak 
maximum corresponds to 0.174 of the total collected charge Q0 responsible for the peak. 
Omitting the excitation pulse and the charge processing using the filter formula IDC = (Q(t2) –
Q(t1)) / (t2 – t1) (see Fig.1) allows to evaluate direct current which flows through the sample. 
The measurement of current-voltage (I-V) characteristic is obtained by sweeping the bias 
voltage applied to the sample. 
 
Electronic transport measurements were performed with charge transient processor (CTP) in 
local mode [9] when the usual evaporated top electrode is replaced by the tip of the scanning 
probe in form of a sharpened 80-μm-tungsten wire oriented perpendicularly to the surface. 
The charge to voltage converter has the resolution of hundreds of electrons and time resolved 
transients from 2 μs to hundreds of ms can be recorded. The duration of excitation pulses was 
set from 1 to 100 ms, their amplitude from 2 to 5 V, and the period from 147 to 547 ms. To 
reduce the noise usually 50 transients were collected and averaged. The I-V characteristics 
were measured with the sweeping rate of 100 mV/s. All IQTS and I-V measuremen were 
done at room temperature. 
 
2.3. Double step voltcoulometry - DSVCM 
The double step voltcoulometry (DSVCM) is a complementary method for studying the 
electrochemical processes in investigated material. While with the help of the electrical 
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methods the concentration of the active species and their energies either for the capture or for 
the emission from a defect/deep trap is measured, electrochemical methods yield the potential 
at which either reduction or oxidation of species under consideration take place. Realizing 
that oxidation describes the loss of electrons, while the reduction describes the gain of 
electrons, the emission from electron traps can be regarded as an oxidation process, the 
capture of electrons in electron traps as a reduction process. On the contrary, for hole traps the 
emission of holes from hole traps can be regarded as a reduction process, the capture of holes 
in hole traps as an oxidation process. Thereby the electrochemical methods can serve as a 
complementary and powerful tool for the study of the defect states formation or removing in 
organic semiconductors. Recently, we have reported the electrochemical observation of the 
formation of hydrogen- and hydroxyl-related defects in pentacene thin films [10]. 
 
The electrochemical analyser used in this work, developed in our laboratory, is similar in 
function to CTP [11]. During the single potential scan both the ramp voltage (voltammetric 
wave) and the incremental charge (voltcoulometric signal) are obtained. The excitation pulse 
is switched on and the transient current flowing in external circuit is integrated and processed 
by the time-domain filter ΔQ(t1) = Q(t1) – 2Q(t2 = 5t1) –Q(t3 = 9t1). This filtering scheme 
analogous to filter for IQTS eliminates both the constant and linear components of the signal, 
i.e. suppression of both the steady-state and capacitive contributions of the transient current 
with respect to the diffusion current contribution. The amplitude of measured signal reflects 
not only the concentration of measured species, but also the kinetics of the measured charge 
transfer. A peak present only at the recorded voltcoulometric signal, which is not 
accompanied with a voltammetric wave, originates in the charging of an electrical double 
layer only. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Timing chart of the applied voltage and measured charge transients used for isothermal charge 
transient spectroscopy (IQTS), direct current, IDC, measurement, and double step voltcoulometry 
(DSVCM). The coefficients a, b, t2, and t3 are set as follows a = - 1.5, b = 0.5, t2 = 2t1, t3 = 4t1 for 
IQTS and a = - 2, b = 1, t2 = 5t1, t3 = 9t1 for DSVCM. 
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Fig. 2. Setup of electrochemical experiments. 
 
The electrochemical experiments were carried out by the apparatus depicted in Fig. 2. The 
working carbon fiber microelectrode (CFME) was formed of a glass micropipette with up to 
eight carbon fibers (diameter of each fiber being approximately 7 - 8 µm). The pipette tip 
(diameter 100 - 150 µm) was filled with paraffin wax to prevent liquid from seeping inside 
around the carbon fibers. The exposed surfaces of the filaments were treated 
electrochemically before starting the experiments. First, a cathodic potential of - 0.8 V was 
applied for 40 s, followed by a triangular waveform of 0 to + 3 V for 10 s; finally, an anodic 
potential of + 1.5 V was applied for 10 s. The reported results correspond to the 
measurements made for the sweeping rate of 33.3 mVs-1, the potential step amplitude for the 
voltcoulometric period of measurement was set to - 0.1 V and to 0.1 V for the anodic and 
cathodic scans, respectively. 
 
3. Results 
The representative signals measured on the PMPSi samples are in Figs. 3, 4, 5 for the fresh 
sample and subsequently degraded by the UV in time steps 2, 5 and 10 min. The remarkable 
increase in hole injection ability of the ITO contact was recorded (Fig.3a). The IQTS signal 
(Fig. 3b) measured on identical spots shows first neither the bulk relaxation processes or 
trapping states, on UV degradation gradual development of the hole trap states is observed, 
with the most expressed signal at t1= 1.5 ms for degradation time 10 min. To examine the 
time dependence of the emitted carriers from the traps, the influence of the extraction voltage 
(Ub), keeping the injecting charge constant (given by Ub - ΔU) were measured (see Fig. 4). 
The signal shifts to shorter times t1 with increasing Ub as expected due to the shorter 
extraction. On the contrary when applying the injecting voltage on tungsten electrode, it 
results in virtually no filling of the trapping states and only small IQTS signal is detected. 
 
The steady-state voltammetry and DSVCM signals on identical samples of PMPSi are in Fig. 
5a for anodic scans (ramp voltage is going from -1.5V to 1.5V) and in Fig. 5b for cathodic 
scans (from 1.5 V to -1.5 V). Steady-state voltammetry offers potential – current 
characteristics, where the presence of electrically active centre (defect) is detected by the 
presence of voltammetric wave, whose amplitude is proportional to the concentration of this 
centre. Therefore, the increasing current wave near the potential of + 0.8 V depicted in Fig. 5a 
corresponds to evolution of a defect in PMPSi, which is caused by the exposure of the PMPSi  
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Fig. 3. Evolution of current – voltage characteristics (a) and IQTS spectra (b) of the structure ITO 
/PMPSi/ W probe with exposition time to UV irradiation. IQTS spectra in upper and lower parts 
correspond to excitation with positive and negative pulses. Bias voltage, Ub = 0, the height of 
excitation pulses takes into account the electrical conductivity of the PMPSi film: 5 V for annealed, 2, 
and 5 m in for irradiated samples, 2 V  for 10 m in irradiated sample. The period and dur ation of 
excitation pulses were set to 147 ms and 10 ms, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Effect of bias voltage and the height of excitation pulses on the IQTS peak observed on ITO / 
PMPSi / tungsten probe structure after 10 min of exposure to UV irradiation. The period and duration 
of excitation pulses were set to 147 ms and 10 ms, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Voltammetric (upper part) and voltcoulometric (lower part) signals obtained for PMPSi thin 
film during (a) anodic scans, i.e, for the potential swept from -1.5 V to 1.5 V and (b) cathodic scan, 
i.e., for potential swept from 1.5 V to -1.5 V. Individual data sets have been obtained for various 
exposition times to UV irradiation. 
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to UV irradiation. The position of voltcoulometric peak does not in general match the position 
of voltammetric wave on the I-V characteristic; the difference depends on the ratio of the 
apparent diffusion coefficients for the measured charge transfer of capture and emission of 
electrons or holes. Therefore, the tiny increase of voltcoulometric signal observed at potential 
+ 0.5 V (Fig. 5a, lower part) can be related to the voltammetric wave at + 0.8 V. 
 
While the voltammetric wave (anodic scan) in Fig. 5a is caused by the capture of holes by 
trap or the emission of electrons from trap, voltammetric wave in Fig. 5b (cathodic scan) 
represents measurement of electron capture or hole emission from the trap. Thus, the 
discharge of the process at about – 0.5 V (observed on both the voltammetric and 
voltcoulometric signals) can be regarded as drop-out of the ability of the PMPSi to capture 
electrons or emit holes from a PMPSi matrix after 5-minute exposure to UV irradiation. It 
should be noted that I-V characteristic and IQTS spectrum of anneled state was recovered by 
annealing the sample in vacuum at 80oC for 1 hour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Evolution of current – voltage characteristics (a) and IQTS spectra (b) of the structure ITO / 
MEH-PPV / tungsten probe with exposition time to UV irradiation. IQTS spectra in upper and lower 
parts correspond to excitation with positive and negative pulses. Bias voltage, Ub = 0, the height of 
excitation pulses was set to 5 V for annealed and exposed states. The period and duration of excitation 
pulses were set to 147 ms and 10 ms, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Voltammetric (upper part) and voltcoulometric (lower part) signals obtained on MEH-PPV 
thin film during (a) anodic scan, i.e, for potential swept from -1.5 V to 1.5 V and (b) cathodic scan, 
i.e, for potential swept from 1.5 V  to -1.5 V. Individual data sets have been obtained for various 
exposition times to UV irradiation. 
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Similarly, the signals in MEH PPV are visible in Fig. 6a (I-V) and Fig. 6b (IQTS). The 
behavior is quite different, as the injecting properties with UV irradiation decrease, contrary 
to PMPSi. The IQTS signals depict no trapping, but only bulk relaxation effects, testified by 
symmetrical signals for both polarities, independent on injection. Also, the DSVCM signals in 
Fig. 7a (anodic scan) and in Fig. 7b (cathodic scan) give evidence of the evolution of a charge 
transfer process caused by UV at about – 1.5 V.  
 
4. Discussion and conclusions 
In Fig. 8 there are the results of post-transit spectroscopy on PMPSi achieved by large signal 
transient SCLC [1]. The extreme filling of the traps was achieved by laser injection. On UV 
degradation the Si-Si σ bond breaking leads to the metastable states at about 0.55 eV, which 
are fully reconstructed on annealed [1]. The method is identical to IQTS with much less 
influence on the sample (UV laser used) due to its extreme sensitivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 8 The post-transit current in large signal SCLC on P MPSi (a), the corresponding DOS 
distribution (b). 
 
UV irradiation causes bulk modification of both PMPSi and MEH-PPV films under 
investigation. It is remarkable that the same degradation treatment leads to opposite effect on 
I-V characteristics. The hole injection in the metal insulator metal (MIM) structure with 
PMPSi increases but that with MEH-PPV shows decrease of hole injection with degradation. 
The evolution of corresponding IQTS spectra (Fig. 3b and 6b), voltammetric, and 
voltcoulometric signals (Figs. 5 and 7) with time exposition to UV irradiation are rather 
complex. However, some common trends in their behavior can be inferred from the 
comparison with the evolution of I-V characteristics. Improvement of the hole injection for 
PMPSi leads to asymmetry of IQTS spectra for negative and positive polarity of excitation 
pulses. In voltamogram, decay of the current wave at negative potential of – 0.5 V is observed 
and the voltammetric wave at + 0.8 V is simultaneously developed. Deterioration of the 
injection for the structure with MEH-PPV is correlated with the development of symmetric 

(a) (b) 
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IQTS peak located at about 50 µs and voltammetric wave at about -1.5V. There is a clear two-
step increase of this wave and shift in the IQTS peak position.  
 
Steady-state voltammetry offers  I-V characteristics, where the presence of electrically active 
centre (defect) is detected by the presence of voltammetric wave, which amplitude is 
proportional to the concentration of this centre. Voltammetric wave definitely reveals the 
presence of redox centers, i.e. electrically active traps. It means that in PMPSi some deep 
centers (continuum, corresponding to tail of IQTS spectra) decays and a shallower one arises. 
The increasing current wave near the potential of + 0.8 V depicted in Fig. 3 corresponds to 
evolution of a defect center in PMPSi caused by the exposure of the PMPSi to UV irradiation, 
which mediates charge transfer through redox reaction. On the other hand, the process at 
about – 0.5 V (observed on both the voltammetric and voltcoulometric signals) can be 
regarded as drop-out of other redox centre in PMPSi matrix after 5-minute exposition to UV 
irradiation + ozone. This process is accompanied with more effective hole injection. In the 
case of MEH-PPV, voltammetric wave at -1.5 V indicates a redox centre (trap). The IQTS 
peak position at 50 µs supposes relatively shallow trap. The determination of the activation 
will require IQTS measurements at several temperatures. 
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Abstract: The polymer solar cells were fabricated by a novel solution coating process, the roller painting. The 
roller painted film composed of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) has smoother surface than the spin coated film. Since the roller painting is accompanied with shear and 
normal stresses and is also a s low drying process, the process induces effectively crystallization of P3HT and 
PCBM. Both crystalline P3HT and PCBM in the roller painted active layer contribute to enhanced and balanced 
charge carrier mobility. Consequently, the roller painting process results in higher power conversion efficiency 
(PCE) of 4.6% as compared to that of the spin coating (3.9%). Furthermore, the annealing-free polymer solar cell 
(PSC) with high PCE were fabricated by the roller painting process with addition of a small amount of 1,8-
octanedithiol. Since the addition of 1,8-octanedithiol induces phase separation between P3HT and PCBM and 
the roller painting process induces crystallization of P3HT and PCBM, the PCE of roller painted PSC is achieved 
up to 3.8% without post-annealing. 
 
Keywords: Roller Painting, Thin Films, Polymer Solar Cells, Device Performance 

1. Introduction  
Polymer solar cells (PSCs) provide special opportunities for low cost, printable, light-weight, 
flexible, and portable energy source [1]. Over the last decade, these advantages of the PSCs 
have encouraged intensive research on P SCs, and as a result remarkable improvement has 
been achieved by molecular engineering, morphology control, and device optimization [2-6]. 
To date, the power conversion efficiency (PCE) over 5% has been obtained by using poly(3-
hexylthiophene) (P3HT) or various low-bandgap polymers as a donor and [6,6]-phenyl-C60-
butyric acid methyl ester (PCBM) as an acceptor [7-10]. Therefore, the P3HT/PCBM 
combination is one of very promising candidates for commercialization of PSCs.  
 
For commercialization, however, the fabrication process for mass production must be 
developed [11,12]. Most of the PSCs are manufactured through the spin coating 
process. Although the spin coating is very useful for fabricating very thin and homogeneous 
film and for controlling the film thickness [13], the spin coating process has several 
detrimental problems with mass production. First, the spin coating is not only difficult to scale 
up but also impossible to fabricate flexible devices. Second, the cost of the process is high, 
because the spin coating process causes inevitably waste of materials, and furthermore the 
cost of process increases exponentially as the substrate size increases. Third, as the spin 
coating is not a continuous process, this process has serious limitation for industrial 
production. 
 
To overcome these problems, various methods for fabrication of PSCs have been proposed 
including doctor blading [14,15], ink-jet printing [16], spray coating [17-20], screen 
printing [21] and brush painting [22]. Although these processes have an advantage for 
fabrication of large area films and exhibit comparable performance to the spin coating, the 
thickenss control and inhomogeneity of the film still remain unsolved. In spray coating and 
brush painting, the film uniformity is not satisfactory. Particularly, the quality of thin film in 
large area cannot be guaranteed through these processes. Therefore, the development of 
alternative solution process which is low-cost, easy-to-use and continuous is strongly 
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demanded. 
The roller painting process is easy-to-use, high throughput and the most widely used method 
for conventional painting. The substrate size for the roller painting is limitless, and the 
process cost is also low since the roller painting is a continuous process. Especially, an 
advantage of the roller painting compared to other coating processes is easiness to control 
film thickness and uniformity. Since the roller painting is very promising process for the 
industry of thin film fabrication, it can be used for fabrication of organic electronics including 
PSCs. In this work, we report the PSCs fabricated by the roller painting, primarily based on 
our previous report [23]. 
 
Furthermore, the roller painting process has another advantage in development of active layer 
morphology in PSCs, because the process is accompanied with shear and normal stresses. It is 
well known that the crystalline polymer such as P3HT can be effectively crystallized when 
the shear or normal stress such as nano rubbing, molecular reflow and nano imprinting is 
applied [24]. Particularly, Kim et al. [22] have reported that high efficiency PSCs are 
fabricated by using the brush painting because the shear stress during the brush painting 
induces the ordering of P3HT chains. Therfore, it is easily expected that the roller painting 
process which accompanies both the shear and normal stresses induces effectively the 
crystallization of P3HT and PCBM, and consequently yields enhanced solar cell performance. 
 
2.   Experimental 
2.1.     Materials 
P3HT (Rieke Metals, 90-93% regioregular) and PCBM (Nano-C, 99.5%) were used as 
received. Poly(3,4-ethylenedioxy thiophene):poly(styrene sulfonate) (PEDOT:PSS) (Baytron 
P VP AI 4083) was purchased from H. C. Stark. For the roller painting process, rubber roller 
(Hwa Hong) was wrapped with thin PET film to give smooth surface. 
 
2.2.     Fabrication of polymer solar cells 
ITO-coated glass (15 Ω/□) was cleaned with acetone and isopropyl alcohol, and then dried at 
200 °C for 30 min. After complete drying, the ITO-coated glass was treated with UV-ozone 
for 15 m in, and then PEDOT:PSS was spin coated with 40 nm  in thickness, and the 
PEDOT:PSS film was annealed at 120 °C  for 30 min in a N 2-filled glove box. P3HT and 
PCBM (1:1 by weight) were dissolved in o-dichlorobenzene (DCB) with several different 
concentrations (2-8 wt%) to control the thickness of the roller painted thin film. These 
solutions were stirred for at least 24 h a t room temperature and then were passed through a 
0.45 μm PES syringe filter before roller painting. The roller painting was processed at room 
temperature in N2-filled glove box with the roller painting speed of 1 cm/s, and the roller 
painting was repeated 5 times. The spin coated PSCs were fabricated at 2500 rpm by using the 
solution with the same concentration as the roller painting. After complete drying of the active 
layer, Al (100 nm) were thermally evaporated on the top of the active layer under vacuum 
lower than 10-6 Torr. The PSC devices were then thermally annealed at 150 °C  inside the 
glove box. The annealing-free PSC devices were fabricated at room temperature by addition 
of 5 wt% 1,8-octanedithiol as an additive in the solution of active layer materials. LiF (0.7 
nm) was thermally evaporated before the evaporation of Al.  
 
2.3.     Measurement and Characterization 
The UV-visible absorption spectra of roller painted or spin coated P3HT:PCBM films were 
measured by UV-visible spectrophotometer (HP 8452A). The morphology of the active layer 
films were observed by TEM (JEOL, JEM-1010 and Tecnai F20). The thickness of thin film 
was measured by AFM. The crystallinity of active layer was investigated by X-ray 

2839



diffractometer (M18XHF-SRA). The photovoltaic performance was measured under nitrogen 
atmosphere inside a glove box. The current density-voltage (J-V) characteristics were 
measured with a Keithley 4200 source-meter under AM 1.5 G (100 mW/cm2) simulated by a 
Newport-Oriel solar simulator. The light intensity was calibrated using a NREL certified 
photodiode and light source meter prior to each measurement. The IPCE was measured using 
a lock-in amplifier with a current preamplifier under short circuit current state with 
illumination of monochromatic light.  
 
3.   Results and Discussion 
To examine the effect of the coating process on the crystallization of P3HT, we compared the 
XRD pattern of the film fabricated by the roller painting with the film fabricated by the spin 
coating. The pristine P3HT film fabricated by the roller painting shows very sharp and intense 
peak at 2θ = 5.6° while the spin coated P3HT film exhibits relatively broad and lower peak 
intensity (see Fig. 1a). Also, the (200) and (300) peaks of as-roller painted P3HT film are 
more discernible than those of spin coated film, implying that the roller painting process 
induces higher crystallinity of P3HT than the spin coating process. The P3HT:PCBM blend 
film prepared by the roller painting also shows stronger and sharper peak than the spin coated 
films before thermal annealing, as shown in Figure 1b, indicating that P3HT in the blend film 
is more crystallized in the roller painted film than in the spin coated film. After thermal 
annealing, the intensity of (100) peak of the spin coated blend film is increased while the 
(100) peak of the roller painted blend film is nearly unchanged, indicating that P3HT in as-
roller painted film is sufficiently crystallized during roller painting and thus the crystallization 
does not take place significantly during thermal annealing. 
 
Since the diffraction angle at 2θ = 5.5° corresponds to the (100) packing which is associated 
with the interdigitation of the alkyl chians of P3HT as shown in Figure 1b [26], the exact 
interchain spacing between P3HT chains can be determined from the diffraction angle of 
(100) peak. When the interspacing was calculated by using the Bragg law, the interchain 
spacings of the roller painted P3HT:PCBM film and the spin coated film are 1.6 nm and 1.7 
nm, respectively. One of reasons for higher crystallinity and closer packing of roller painted 
film is that the normal and shear stress accompanied with the roller painting induces 
effectively alignment of P3HT chains which inducess crystallization. Another reason for 
higher crystallinity of roller painted P3HT is slower drying of P3HT as compared to the spin 
coating process, which provides more time for P3HT to crystallize. These closely packed 
P3HT crystals would have an advantage in hopping and transport of hole carrier. 
 
The effect of roller painting on t he chain packing of P3HT was also observed by UV-Vis 
absoprtion spectroscopy (see Fig. 2a). Compared to the spin coated P3HT film, the absorption 
of the roller painted P3HT film is larger in the range of 520-640 nm wavelength. Since the 
thicknesses of both P3TH films are controlled the same, the larger absorption of the roller 
paintied film is origniated from close packing of the roller painted P3HT film [8]. The close 
packing of the roller painted P3HT is further evidenced by the distinct vibronic shoulder at 
600 nm which has been assigned to highly delocalized excitation [26]. 
 
The absorption difference between the roller painted film and the spin coated film becomes 
more prominent in the P3HT/PCBM blend film, as shown in Figure 2b. The roller painted 
blend film exhibits the maximum absorption at 556 nm with a remarkable vibronic shoulder at 
600 nm while the spin coated film does the maximum absorption at 522 nm with a weak 
vibronic shoulder. Moreover, the absorption intensity of the roller painted blend film is 
stronger  than  that of  the spin coated  film. 
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Fig. 1. XRD patterns of (a) P3HT films and (b) P3HT:PCBM films fabricated by the roller painting 
and the spin coating. Inset of Figure 2b clearly shows the shift of the (100) peak of the roller painted 
film compared to that of the spin coated film. Schematic illustration in Figure 2b shows the chain 
packing of regioregular P3HT in crystallite. 
 
When the samples are annealed at 150 °C for 15 min, the absorption intensity of the spin 
coated film is increased, indicating that thermal annealing induces crystallization of P3HT in 
the blend film, whereas the absorption spectrum of the roller painted film does not increase 
significantly after thermal annealing. This result is consistent with the XRD measurement 
which exhibits almost the same crystallinity before and after annealing in the roller painted 
blend film (Fig. 1b). This high crystallization arising from the roller painting process without 
thermal annealing provides a very promising feature for the development of annealing-free 
PSCs for commercialization. 

 
Fig. 2. UV-Vis absorption spectra of (a) pristine P3HT film and (b) P3HT:PCBM blend film 
fabricated by the roller painting and the spin coating. 
 
The PCEs of the PSCs fabricated by the roller painting process are compared with those of the 
spin coating process in Table 1, and the corresponding current density-voltage (J-V) curves 
are shown in Figure 3a. To rationalize the measured values of the short circuit current density 
(JSC), we also calculated JSC from the incident photon-to-current efficiency (IPCE) measured 
by using the same device (Fig. 3b). When the JSC values from IPCE were compared with 
those of device values of JSC, it reveaed that two values were nearly equal within 
experimental errors. For the optimization of PCE, the samples are annealed after deposition of 
Al. The spin coated PSCs show the maximum PCE after thermal annealing for 15-20 min, 
while the roller painted PSCs show the maximum efficiency after annealing for 6-8 min at 
150 °C. The maximum PCE of the roller painted solar cell is 4.6% which is 20% higher than 
the maximum PCE (3.9%) of the spin coated PSC. Since JSC is nearly equal to that of the spin 
coated PSC under the optimum device condition, the main reason for higher PCE of the roller 
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painted PSC is slightly increased VOC, and higher fill factor (FF) as compared with that of the 
spin coated PSC. Although the factors affecting FF are not completely identified yet [27], it 
has generally been accepted that FF is influenced by the morphology of the active layer, the 
balance between hole and electron mobility, and the interface of layers in PSC. Since we 
focused on t he balance between hole and electron mobility in this study, we measured the 
charge transport from the dark current in a single-carrier device. 
 
Table 1. Optimized performance of PSCs fabricated by roller painting or spin coating process. The 
thickness of the roller painted device and spin coated device are 245 nm and 230 nm, respectively. 

Process Annealing 
[min] 

VOC 
[V] 

JSC 
[mA/cm] 

FF 
[%] 

PCE 
[%] 

μh 
[cm2/Vs] 

μe 
[cm2/Vs] 

Roller 
painting 

0 0.57 7.5 0.56 2.4 5.07 × 10-5 1.75 × 10-4 

8 0.63 11.3 0.64 4.6 1.56 × 10-4 3.90 × 10-4 

Spin 
coating 

0 0.56 6.6 0.52 1.9 6.52 × 10-6 4.50 × 10-5 
15 0.61 11.1 0.58 3.9 4.94× 10-5 1.84 × 10-4 

 

 
Fig. 3. (a) J-V curves of PSCs (100 mW/cm2, AM 1.5G) fabricated by the roller painting with different 
thickness of active layer and the spin coating process, and (b) the corresponding IPCE spectra. All the 
devices are thermally annealed at 150 °C. 
 
The hole and electron single-carrier mobilities were measured by the standard methods. In the 
roller painted device, the values of μh and μe are 5.07 × 10-5 cm2 V-1 s-1 and 1.75 × 10-4 cm2 
V-1 s-1, respectively, before thermal annealing. These values are comparable to those of the 
spin coated device after thermal annealing. As shown in Figures 1 and 2, the crystallinity of 
P3HT in the as-roller painted film is almost the same as that of the spin coated film after 
thermal annealing. Therefore, it is expected that the holes are transported effectively through 
the network of P3HT crystals in the roller painted film without thermal annealing. After the 
thermal annealing, the μe/μh ratio of the roller painted device is decreased from 3.5 to 2.5. As 
a result, the mobility mismatch between hole and electron transport becomes smaller and thus 
the space charge effect becomes diminished in the roller painted device. Due to enhanced and 
balanced charge conduction in the roller painted P3HT:PCBM film, the high FF of 0.64 was 
achieved in the roller painted device. 
 
When the nanoscale morphology of the active layer is examined by TEM, the as-roller painted 
film exhibits interesting morphology, as shown in Figure 4a: very dark, cilia-like nanocrystals 
(width ~20 nm and length ~100 nm) are clearly observed. It is more interesting to observe that 
these nanocrystals are well packed and aligned normal to the rolling direction. This 
morphological characteristic is more pronounced after thermal annealing (see Fig. 4b). These 
nanocrystals must be grown from PCBM molecules, because PCBM phase is darker 
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compared to that of P3HT in bright-field TEM image. The selected area electron diffraction 
(SAED) pattern also indentifies clearly the PCBM nanocrystal [29], as shown in the inset of 
Fig. 4b. The fact that PCBM nanocrystals can be developed through simple roller painting is 
remarkable. These well developed PCBM crystals are expected to contribute to the 
enhancement of electron mobility in the roller painted device. Although the reason for the 
morphology difference between the roller painted device and the spin coated one is not clear, 
it is probably because the shear and normal stresses during the roller painting induces the 
molecular ordering of PCBM along the direction of the roller painting (Fig. 4a). 
 

 
Fig. 4. Bright-field TEM images and the SAED patterns of P3HT:PCBM film fabricated by the roller 
painting (a) before and (b) after thermal annealing. 
 
Achievement of highly efficient PSC without additional post-treatment is indispensable for 
industrialzation of PSC. However, most of efficient PSCs based on P3HT and PCBM require 
an additional treatment such as thermal or solvent annealing which induces phase separation 
and enhances the crystallinity. Since the additional process increases the fabrication cost of 
PSCs, development of annealing-free PSC is strongly demanded. Furthermore, high 
temperature for thermal annealing may not be suitable for preparation of flexible PSCs. 
Recently, the method of simple blending with an additive, which has lower solubility to 
PCBM than o-dichlorobenzene and therefore accelerates phase separation of the blend of 
P3HT and PCBM, has been reported for achievement of high efficiency without thermal 
annealing. Although the method has achieved around 3% PCE without thermal or solvent 
annealing, the PCE value is still lower than the optimized device with annealing process. 
 
We have fabricated the annealing-free large area (5 cm2) PSC device by combining the roller 
painting process with addition of 5 w t% 1,8-octanedithiol. When the performances of 
annealing-free devices fabficated by the roller painting are compared with those of spin 
coated device, the JSC and FF of the roller painted PSC are higher than those of the spin 
coated PSC while VOCs of both processes are almost the same. The PCE of annealing-free 
device is 3.8% at the active area of 0.04 cm2. To the best of our knowledge, this value is the 
higest performance of annealing-free PSCs based on P3HT and PCBM. 
 
4.   Conclusions  
We have fabricated high efficiency PSCs by the roller painting process. Since the roller 
printing is accompanied with normal and shear stresses and is a slow drying process, it 
induces effective crystallization of P3HT and PCBM. As a result, the roller painted PSC of 
P3HT/PCBM has achieved 4.6% PCE, which is 20% higher than that of the device fabricated 
by the conventional spin coating process (3.9%). This higher efficiency is originated from 
higher FF and JSC of the roller painted active layer. By addition of small amount of 1,8-
octanedithiol as an additive, annealing-free PSCs were also fabricated by the roller painting. 
By combining the roller painting and incorporation of additive, the PCE of 3.8% was 
achieved without any post-treatment. This is because the roller painting process enhances the 
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crystallization of P3HT and PCBM, and the additive induces phase separation effectively. To 
the best of our knowledge, this value (3.8%) is the best performance of annealing-free PSC 
based on P3HT and PCBM. Since the PCE of over 2.7% can be achieved at 5 cm2 active area 
by the roller painting without post-treatment, it is concluded that the roller painting process is 
a very promising method for fabrication of large area solar cells. In short, since the roller 
painting process follows the basic process of the roll-to-roll processing, this research provides 
a model study for preparation of roll-to-roll processed organic electronics. 
 
References 
[1] C. J. Brabec, N. S. Sariciftci, J. C. Hummelen, Plastic Solar Cells, Adv. Funct. Mater. 11, 

2001, pp. 15-26. 

[2] G. Yu, A. J. Heeger, Charge separation and photovoltaic conversion in polymer 
composites with internal donor/acceptor heterojunctions, J. Appl. Phys. 78, 1995, pp. 
4510-4515. 

[3] P. Schilinsky, U. Asawapirom, U. Scherf, M. Biele, C. J. Brabec, Influence of the 
Molecular Weight of Poly(3-hexylthiophene) on the Performance of Bulk Heterojunction 
Solar Cells, Chem. Mater. 17, 2005, pp. 2175-2180. 

[4] Y. K. Kim, S. Cook, S. M. Tuladhar, S. A. Choulis, J. Nelson, J. R. Durrant, D. D. C.  
Bradley, M. Giles, I. McCulloch, C. S. Ha, M. H. Ree, A strong regioregularity effect in 
self-organizing conjugated polymer films and high-efficiency polythiophene:fullerene 
solar cells, Nat. Mater. 5, 2006, pp. 197-203. 

[5]  P. W. M. Blom, V. D. Mihailetchi, L. J. A. Koster, D. E. Markov, Device Physics of 
Polymer:Fullerene Bulk Heterojunction Solar Cells, Adv. Mater. 19, 2007, pp. 1551-
1566. 

[6]  G. Dennler, M. C. Scharber, C. J. Brabec, Polymer-Fullerene Bulk-Heterojunction Solar 
Cells, Adv. Mater. 21, 2009, pp. 1323-1338. 

[7]  J. W. Jung, J. U. Lee, W. H. Jo, High-Efficiency Polymer Solar Cells with Water-
Soluble and Self-Doped Conducting Polyaniline Graft Copolymer as Hole Transport 
Layer, J. Phys. Chem. C 114, 2010, pp. 633-637. 

[8] G. Li, V. Shrotriya, J. Huang, Y. Yao, T. Moriarty, K. Emery, Y. Yang, . High-
efficiency solution processable polymer photovoltaic cells by self-organization of 
polymer blends, Nat. Mater. 4, 2005, pp. 864-868. 

[9] Ma, C. Yang, X. Gong, K. Lee, A. J. Heeger, Thermally Stable, Efficient Polymer Solar 
Cells with Nanoscale Control of the Interpenetrating Network Morphology, Adv. Funct. 
Mater. 15, 2005, pp. 1617-1622. 

[10] M. Campoy-Quiles, T. Ferenczi, T. Agostinelli, P. G. Etchegoin,Y. Kim, T. D.  
Anthopoulos, P. N. Stavrinou, D. D. C. Bradley, J. Nelson, Morphology evolution via 
self-organization and lateral and vertical diffusion in polymer:fullerene solar cell blends, 
Nat. Mater. 7, 2008, pp. 158-164. 

[11] F. C. Krebs, Processing and preparation of polymer and organic solar cells, Sol. Energy 
Mater. Sol. Cells 93, 2009, pp. 394-412.  

[12] F. C. Krebs, Roll-to-roll fabrication of monolithic large-area polymer solar cells free 
from indium-tin-oxide, Sol. Energy Mater. Sol. Cells 93, 2009, pp. 1636-1641. 

[13] Gunes, H. Neugebauer, N. S. Sariciftci, Conjugated Polymer-Based Organic Solar Cells  
Chem. Rev. 107, 2007, pp. 1324-1338. 

2844



[14] C. J. Brabec, F. Padinger, J. C. Hummelen, R. A. Janssen, N. S. Sariciftci, Realization 
of large area flexible fullerene - conjugated polymer photocells: A route to plastic solar 
cells, Synth. Met. 102, 1999, pp. 861-864. 

[15] P. Schilinsky, C. Waldauf, C. J. Brabec, Performance Analysis of Printed Bulk 
Heterojunction Solar Cells, Adv. Funct. Mater. 16, 2006, pp. 1669-1672. 

[16] C. N. Hoth, S. A. Choulis, P, Schilinsky, C. J. Brabec, . On the effect of poly(3-
hexylthiophene) regioregularity on inkjet printed organic solar cells, J. Mater. Chem. 19, 
2009, pp. 5398-5404. 

[17] D. Vak, S. Kim, J. Jo, S. Oh, S. Na, J. Kim, D. Kim, Fabrication of organic bulk 
heterojunction solar cells by a spray deposition method for low-cost power generation, 
Appl. Phys. Lett. 91, 2007, 081102. 

[18] C. N. Hoth, R. Steim, P. Schilinsky, S. A Choulis, S. F. Tedde, O. Hayden, C. J. Brabec, 
Topographical and morphological aspects of spray coated organic photovoltaics , Organ. 
Electron. 10, 2009, pp. 587-593. 

[19] R. Green, A. Morpha, A. J. Ferguson, N. Kopidakis, G. Rumbles, S. E. Shaheen, 
Performance of bulk heterojunction photovoltaic devices prepared by airbrush spray 
deposition,  Appl. Phys. Lett. 92, 2008, 33301. 

[20] K. X. Steirer, M. O. Reese, B. L. Rupert, N. Kopidakis, D. C. Olson, R. T. Collins, D. S.   
Ginley, Ultrasonic spray deposition for production of organic solar cells, Sol. Energy 
Mater. Sol. Cells 93, 2009, pp. 447-453. 

[21] F. C. Krebs, M. Jorgensen, K. Norrman, O. Hagemann, J. Alstrup, T. D. Nielsen, J.  
Fyenbo, K. Larsen, J. Kristensen, A complete process for production of flexible large 
area polymer solar cells entirely using screen printing—First public demonstration, Sol. 
Energy Mater. Sol. Cells 93, 2009, pp. 422-441. 

[22] S. Kim, S. Na, J. Jo, G. Tae, D. Kim, Efficient Polymer Solar Cells Fabricated by 
Simple Brush Painting, Adv.Mater. 19, 2007, pp. 4410-4415. 

[23] J. W. Jung, W. H. Jo, . Annealing-Free High Efficiency and Large Area Polymer Solar 
Cells Fabricated by a Roller Painting Process, Adv. Funct. Mater. 20, 2010, pp. 2355-
2363. 

[24] G. Derue, S. Coppee, S. Gabriele, M. Surin, V. Geskin, F, Monteverde, P. Leclere, R. 
Lazzaroni, P. Damman, Nanorubbing of Polythiophene Surfaces, J. Am. Chem. Soc. 
127, 2005, pp. 8018-8019. 

[25] H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen, K. Bechgaard, B. M. W. 
Langeveld-Voss, A. J. H. Spiering, R. A. J. Janssen, E. W. Meijer, P. Herwig, D. M. De 
Leeuw, Two-dimensional charge transport in self-organized, high-mobility conjugated 
polymers, Nature 401, 1999, pp. 685-688. 

[26] R. Osterbacka, C. P. An, X. M. Jiang, Z. V. Vardeny, Two-Dimensional Electronic 
Excitations in Self-Assembled Conjugated Polymer Nanocrystals, Science 287, 2000, 
pp. 839-842. 

[27] M. Kim, B. Kim, J. Kim, Effective Variables To Control the Fill Factor of Organic 
Photovoltaic Cells, ACS Appl. Mater. & Interfaces 1, 2009, pp. 1264-1269. 

[28] G. Lu, L. Li, X. Yang, Creating a Uniform Distribution of Fullerene C60 Nanorods in a 
Polymer Matrix and its Photovoltaic Applications, Small 4, 2008, pp. 601-606. 

2845



Bi-layer GaOHPc:PCBM/P3HT:PCBM organic solar cell  

I.Kaulachs*, I.Muzikante2, L.Gerca2, G.Shlihta1, P.Shipkovs1, G. Kashkarova1, M.Roze3, 
J.Kalnachs1, A.Murashov1, G.Rozite1 

1 1Institute of Physical Energetics, Aizkraukles 21, Riga, Latvia;  
2Institute of Solid State Physics, University of Latvia, Kengaraga str.8, Riga, Latvia;  

3Riga Technical University, Azenes 14, Riga, Latvia.  
corresponding author : tel. +371 67558666, e-mail  kaulacs@edi.lv 

Abstract:. For production organic bulk heterojunction polymer solar cell one of the best materials is 
regioregular poly-3-hexylthiophene (P3HT), which is widely used as a donor molecule and a hole transporter, 
with soluble fullerene derivative (PCBM) as acceptor and electron transporter. The main drawback of this highly 
efficient blend is its limited spectral range, covering only 350-650 nm spectral interval. So main aim of present 
work was to extend the spectral range of the cell up to 850 nm by adding second bulk heterojunction layer of 
complementary absorption spectrum to P3HT:PCBM layer. For this purpose hydroxygallium phthalocyanine 
(GaOHPc) and PCBM blend was used as additional layer because GaOHPc has strong and wide intermolecular 
charge transfer (CT) absorption band around 830-850 nm. Thus novel organic bi-layer bulk heterojunction 
system (GaOHPc:PCBM/P3HT:PCBM) has been built by spin coating technique having high charge carrier 
photogeneration efficiency in 350 – 850 nm spectral range. It was found that thermal annealing in vacuum at 
100C increases short circuit photocurrent external quantum efficiency (EQE) values more than 2 – 3 times, and 
these values reach more than 45%  at P3HT absorption band (525 nm) and 25% at GaOHPc band (845 nm) for 
low light intensities (1012 photon/(cm2*s)).  
 
Keywords: Full polymer film, heterojunction, organic solar cell. 

1. Introduction 
At present, crystalline Si solar cells are by far most dominant PVs used, occupying more than 
95% of the market [1]. But the main obstacle for the market implementation of these cells is 
the large production cost of Si-based technologies [2]. A promising approach towards low-
cost photovoltaic devices is fabrication of solar cells based on organic materials [3-6]. The 
bulk heterojunction approach appears to be one of the most promising concepts of creating 
efficient, low-cost and easily producible solar cells [7,8]. For this purpose one of the best 
materials is regioregular poly-3-hexylthiophene (P3HT) [8-11], which is widely used as a 
donor molecule and a hole transporter, with soluble fullerene derivatives as acceptors and 
electron transporters. Blends of these molecules in PV cells exhibit the efficiency of light 
power conversion up to 5% [9-11]. Still, it is not sufficient to meet realistic requirements for 
commercialization. The main drawback of this highly efficient blend is its limited spectral 
range [7-9], which covers 350–650 nm interval, allowing only ~ 35% of the full solar 
spectrum energy to be used. In the present work, we tried to extend the spectral range of the 
cell by additional bulk heterojunction layer of hydroxygallium phthalocyanine (GaOHPc), 
which has a strong and wide intermolecular charge transfer (CT) band around 830 nm [12,13] 
and soluble fullerene PCBM. The choice of GaOHPc was dictated by the following reasons: 
1) high thermal and chemical stability of phthalocyanines as compared with the most of 
molecular materials; 2) the NIR absorption providing the possibility to extend the 
photosensitivity spectral range (up to the NIR region) of the blend; 3) the CT character of the 
IR absorption band, which promises high efficiency of charge carrier photogeneration [13,14];  
4) the solubility in chloroform, which allows its processing by spin coating [12]. In this work 
we show, that by adding second bulk heterojunction layer of GaOHPc:PCBM to 
P3HT:PCBM cell we obtain bi-layer system GaOHPc:PCBM/ P3HT:PCBM which 
photosensitivity spectrum covers vide spectral range from 350 to 850 nm. It was found that 
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thermal annealing of cells in vacuum 10-5  - 10-6 mbar at 100C increases short circuit 
photocurrent external quantum efficiency (EQE) more than 2-3 times. 
 
2. Methodology 
For the electron donor and hole transporter in main bulk heterojunction layer we chose 
regioregular poly 3-hexylthiophene (P3HT) with an average molecular weight of 87000 
(Sigma Aldrich) and for acceptor  and electron transporter – [6,6]-Phenyl-C61 – butyric acid 
methyl ester (PCBM) with purity better than 99,5 % (from American Dye Source). The 
additional bulk heterojunction layer was composed from hydroxygallium phthalocyanine 
(GaOHPc) as electron donor and PCBM as electron acceptor. The molecules used and cell 
arrangement is shown in Figure 1. 
 

 
Fig. 1. Molecules used and cell arrangement.  
 
As the sample substrate ITO – covered glass with Rsu = 4~10 Ohm/Sq was used. The ITO 
electrode after cleaning and etching anode configuration was covered with a 30 nm  thick 
PEDOT:PSS (Clevios 1000) plus 5% DMSo +5% isopropanol to increase its conductivity 
[15] by spin coating at 9000 rpm, and dried for 30 min. at 140C in vacuum 10-5 mbar.  This 
electrode was covered by GaOHPc:PCBM blend from the solution in chloroform and 
chlobenzene mixture by spin coating. This procedure was repeated till optical density of 
GaOHPc:PCBM layer reaches 0.5 – 0.6 at 840 nm. After drying in vacuum 10-5 mbar at 85C 
this layer was covered by second bulk heterojunction layer of P3HT:PCBM (1:1 by weight) 
by spin coating from the solution in chlorbenzene. As top electrode the In or Al was 
evaporated in vacuum of 10-5 – 10-6 mbar with surface resistance Rsu ~ 10 Ohm/Sq.  In the 
case of In electrode, the 0.5 – 0.7 nm thick  BaF2 layer was incorporated under In by 
evaporation in vacuum. The thickness of BaF2 layer during evaporation process in vacuum 
was controlled by 20 Mhz crystal oscillator and frequency meter.  The photocurrent 
measurements were carried out at RT and 100C in vacuum of 10-6 – 10-5 mbar. The samples 
were illuminated using grating monochromator by chopper modulated monochromatic light 
through the ITO electrode in the 350 – 1000 nm spectral region with intensity 109 – 1016  
photon/(cm2*s) (see Fig.1). Light modulation period was chosen as 6 s long and intensity was 
controlled by calibrated Si photodiode. The synchro-detection technique with the use of PC 
controlled data storage equipment [16] was employed for measuring the spectral dependences 
of photocurrent quantum efficiency: EQE = Iphoto/Φ (where Iphoto is the photocurrent 
(electrons/s) and Φ is photon flux (photons/s) incident upon the active area of sample)   
 
3. Results and discussion 
The spectral dependences of the external quantum efficiency (EQE) of short circuit 
photocurrent for low incident light intensities 1011 – 1012 photon/ (cm2*s) and the optical 
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properties of novel bi-layer bulk heterojunction system  G aOHPc:PCBM/P3HT:PCBM are 
shown in Fig.2 for top Al electrode and Fig.3 for top BaF2/In electrode.   
 

 
Fig. 2.  Spectral dependences of  external quantum efficiency (EQE) of short circuit  photocurrent at 
light intensity 1011 photon/(cm2*s) and optical density for ITO/PEDOT:PSS/ GaOHPc: 
PCBM/P3HT:PCBM/Al cell:  
1 - EQE at room temperature (RT) for unheated sample;  
2 - EQE at T = 100C;  
3 - EQE at RT after sample therm. annealing in vacuum at T = 100C;  
4 - Optical density of bi-layer  system GaOHPc:PCBM/P3HT: PCBM.   
 

 
 

Fig. 3.  Spectral dependences of  external quantum efficiency (EQE) of short circuit photocurrent at 
light intensity 1012 photon/(cm2*s) and optical density for 
ITO/PEDOT:PSS/GaOHPc:PCBM/P3HT:PCBM /BaF2/In cell: 
1 - EQE at room temperature (RT) for unheated sample; 
2 - EQE at  T=100C; 
3 - EQE at RT after sample annealing in vacuum at T=100C; 
4 - Optical density of bi-layer system GaOHPc:PCBM/P3HT:PCBM; 
5 - Optical density of GaOHPc:PCBM layer; 
6 – Optical density of P3HT:PCBM layer. 
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It is seen that absorption spectrum of GaOHPc:PCBM layer (curve 5 in Fig. 3) supplements 
well the P3HT:PCBM spectrum (curve 6 in Fig.3) enabling practically uniform absorption in 
350 – 900 nm region of bi-layer bulk heterojunction system GaOHPc:PCBM/P3HT:PCBM 
(curves 4 in Fig.2 and Fig.3). Introducing GaOHPc:PCBM layer in the cell extends its 
photosensitivity spectrum beyond 850 nm (see curves 1 – 3 in Fig.2 and 3), but short circuit 
photocurrent EQE value for illumination in GaOHPc CT absorption band is 1.7 – 2 times less 
than for that in the P3HT absorption band possibly due to lower hole polaron mobility in 
GaOHPc fractal structure than in P3HT. The cell thermal annealing at 100C in vacuum for 48 
hours after top electrode deposition significantly increases EQE values for all cells (compare 
curves 3 and 1 in Fig.2 and 3) due to change of morphology of used organic layers leading to 
increase of hole, and electron polaron mobilities and also probably by better contact with top 
electrode [10].  
 

 
Fig. 4.  Short circuit photocurrent  external quantum efficiency (EQE) dependence on incident light 
intensity at room temperature for Al top electrode  before  annealing (curves 1,2) and after thermal  
annealing at 100C in vacuum (curves 3,4).  
 

 
 

Fig. 5.  Short circuit photocurrent  external quantum efficiency (EQE) dependence on incident light 
intensity at room temperature for samples with  In/BaF2 electrode before annealing (curves 1,2) and 
after thermal annealing at 100C in vacuum (curves 3,4). 
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Highest EQE values were achieved for cells with top BaF2/In electrode which after annealing 
reached values more than 45% (electron/photon) at P3HT absorption band (525 nm) and 25% 
(electron/photon) at GaOHPc charge transfer absorption band (845 nm) (curve 3 F ig.3), at 
room temperature and light intensity1012 photon/(cm2*s). By increasing light intensities, EQE 
values decrease as shown in Fig.4 and Fig.5 probably due to low charge carrier mobilities.  
This photocurrent sublinear dependence on light intensity diminishes after thermal annealing 
(compare curves 3,4 with 1,2 in Figs 4 and 5) supporting idea, that improvements by thermal 
annealing at least partly can be explained by increase of charge carriers mobilities. Comparing 
curves in Fig.4 and Fig.5, we see that cells with top BaF2/In electrodes has more linear 
photocurrent dependence on l ight intensity than cell with top Al electrode. Also fill factors 
(FF) are higher for cells with top BaF2/In electrode than Al electrode (compare photocurrent 
efficiency dependences on applied external voltage in Fig.7 and Fig.6). It possibly can be 
explained by too thick Al2O3 formation under Al electrode, as spin coating procedure was 
performed in air and not in glove box with N2 or argon atmosphere.  S o prepared organic 
layers would contain some O2 in their volume which was not removed in vacuum camera 
before Al thermal deposition. This O2 could slowly diffused out towards Al electrode during 
sample measuring procedure and form isolating Al2O3 layer, as it was discovered by Fan and 
Faulkner in 1978 [17] even for samples prepared in vacuum by thermal deposition.  
 

 
 
Fig. 6. Photocurrent EQE dependences on applied external voltage for cells with Al electrode at room 
temperature before annealing (curves 1,2) and after annealing at 100C (curves 3,4), at light intensity 
1012 photon/(cm2*s).  Also open circuit voltages (Voc) and fill factors (FF) are shown. 
 
This could be the main reason for extremely low fill factor values (0.10 – 0.12) and high open 
circuit voltages Voc= 0.76 – 0.85 V for cells with top Al electrode (Fig.6). The cells with top 
BaF2/In electrode exhibit higher fill factor values:  0.21 - before annealing and 0.22 – 0.29 
after annealing, but low open circuit voltages:  0.42 V - before annealing and 0.43 – 0.48 V 
after annealing (see Fig.7). These low FF values could be explained  by high electric 
resistance of GaOHPc:PCBM layer which could be diminished in future by appropriate 
doping. 

2850



 
 

Fig. 7. Photocurrent EQE dependences on applied external voltage for cells with In/BaF2 electrode at 
room temperature before annealing at light intensity 1015 photon/(cm2*s). (curves 1) and after 
annealing at 100C (curves 2-5), at following light intensities: 
2 - 1012 photon/(cm2*s); 3 - 1013 photon/(cm2*s); 4 - 1014 photon/(cm2*s); 5 - 1015 photon/(cm2*s). 
Also open circuit voltages (Voc) and fill factors (FF) are shown. 
 
4. Conclusions 
1) The novel organic bi-layer bulk heterojunction system is built having high charge carrier 
photogeneration efficiency in 350-850 nm spectral range  at low light intensities. 
2) Thermal annealing significantly increases EQE values for all cells.  
3) Thermal annealing significantly increases linearity of photocurrent dependences from light 
intensity. 
4)  Cells with In/BaF2 electrode have higher EQE values and fill factors, than cells with top 
Al electrode. 
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Abstract: The feasibility of one-dimensional (1D) nanostructured zinc oxide array pulse plating has been 
presented. An effect of the electrolyte composition, deposition regime and subsequent annealing on structure 
and optical properties of the electrodeposited ZnO layers has been approved by X-ray diffraction and 
spectrophotometric analysis. We have determined that for obtaining of ZnO arrays with strong (002) preferable 
growth orientation in the c-axis direction it is necessary to diminish adsorption of hydrogen and Cl--ions. It has 
been shown that such conditions are created in electrolyte that contains 0.05 M Zn(NO3)2 and 0.1 M NaNO3 
during electrodeposition on FTO-coated glass substrates in pulse plating regime with rectangular impulses of 
cathode potential (20 ms on-time at Uon = -1.4 V and 30 ms off-time at Uoff = -0.8 V). Therefore, in this work 
we for the first time have demonstrated the successful growth of 1D ZnO nanostructures by pulse plating 
without using of templates. The novel electrodeposition technique gives possibilities for the manufacture of the 
ZnO arrays suitable for solar cells with extra thin absorbers. 
 
Keywords: Electrodeposition, Zinc oxide, Pulse plating 

1. Introduction 
Zinc oxide (ZnO) has attracted a lot of research interest in recent years due to its unique 
optical and electronic properties and low cost of materials and fabrication. A wide variety of 
ZnO crystallite morphologies are observed for both precipitates and thin films including 
columnar grains, rods, stars and spherical habits [1-4]. Now highly transparent conducting 
ZnO windows are important components of photovoltaic devices and displays. Recently, solar 
cells with extra thin absorbers (ETA SC) have shown high potential of ZnO arrays as 
semiconductor covered electrodes and dye-sensitized photoanodes, particularly, ZnO 
nanorods proved to be suitable for application in organic photovoltaic devices [5, 6]. An 
assortment of ZnO nanostructures, such as whiskers, nanowires, nanorods, nanotubes, 
nanorings and nano-tetrapods have been successfully grown via a variety of methods 
including chemical vapor deposition, thermal evaporation, and electrodeposition. But despite 
numerous studies, there is little understanding of the mechanisms and factors that govern the 
observed morphology [1]. Among other deposition techniques electrodeposition has various 
advantages, viz. low processing cost, large scale, no vacuum system need, high deposition 
speed and no use of toxic gases. Effects of electrolyte formula, namely anionic composition 
[4] and presence of the different organic additives [6], deposition temperature and deposition 
time [7] and even gravitational level effects [9] on structure and properties of the 
electrodeposited ZnO nanowire arrays are studied extensively. Nevertheless, there are only 
rare attempts to employ a pulsed potential technique for ZnO electrodeposition [10]. On the 
same time, the use of pulse plating is well-known promising way to perfect properties of the 
electrodeposited layers. That’s why purpose of this work is a comparative study of influence 
of direct current and pulse plating conditions, electrolyte composition and subsequent air 
annealing on ZnO film structure and optical properties in order to reveal means for obtaining 
of one-dimensional (1D) zinc oxide nanostructured layers applicable for ETA SC. 
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2. Methodology 
ZnO arrays were electrodeposited on transparent indium tin oxide (ITO) or fluorine doped tin 
oxide (FTO) covered glass (Pilkington) cathodes in aqueous electrolytes contained ZnSO4 or 
Zn(NO3)2, KCl and NaNO3 (Table 1) in three-electrode cell with platinum counter-electrode 
and saturated Ag/AgCl reference electrode. Electrodeposition of each ZnO layer sample was 
carried out during 1 hour at 70 oC under potentiostatic conditions (at constant cathode 
potential U) or under pulse plating regimes with rectangular impulses of cathode potential (20 
ms on-time at Uon and 30 ms off-time at Uoff). All potential values in Table 1 are given versus 
saturated Ag/AgCl reference electrode. In some experiments electrolyte was magnetically 
stirred (marked + in Table 1). A following treatment of some ZnO layers was fulfilled by air 
annealing at 200 oC, 300 oC and 400 oC for 1 hour each. 

Phase composition and structure of the deposited films were determined by XRD-method 
using an X-ray diffractometer DRON-4M with CoKα radiation according to θ-2θ- scheme. 
Preferable orientations of the films were researched by analytical treatment of the X-ray 
diffractions by means of obtaining of texture factor Pi

 [11]: 
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where Ii – experimental intensity of maximum; I0i – intensity of this line in accordance with 
JCPDS card; N – total number of X-ray reflections.  
 
Angles φ between texture axis and surface normal for all reflection planes and Pi values have 
been calculated according to relation [11]: 
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A shape of function P = f(φ) allow [11] to distinguish degree of texture perfection: the texture 
is perfect if P decreases rapidly. When the function P = f(φ) has two or more vertexes, then 
the structure has two or some texture axes. Average crystalline sizes t (i. e. X-ray domains 
defined as volumes that diffract coherently) and lattice strains Δd/d of the electrodeposited 
ZnO arrays were determined by the Williamson-Hall formula for adherent deposits [12]. ZnO 
lattice characteristics a and c were calculated using the formula [11]: 
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Table 1. Electrolytes and electrolysis regimes used for deposition of ZnO. 
Sample 
number 

 

Electrolyte 
 

Deposition 
regime 

Cathode 
potential 

(V) 
  U       Uoff       Uon 

Magnetic 
stirring 

Current 
density 

j 
(mA/cm2) 

Charge- 
 area 

    ratio 
q (C/cm2) 

     1          7.10-4 M ZnSO4       Potentiostatic  -1.3        −               −             +               2→1.4           
6.1  
     2           0.1 M KCl            Pulse                 −    -0.9     -1.5         +              1.3→0.5         3.1 
     3          0.05 M NaNO3         Pulse                 −    -1.0     -1.6         +              2.6→1.5        5.4 
                7.10-4 M ZnSO4       
     4           0.1 M KCl            Pulse                 −    -0.9      -1.5         +             0.6→0.4        1.4 
                0.001 M NaNO3         
      5        0.05 M Zn(NO3)2  Potentiostatic  -1.1      −             −                 −                1.1               4.0 
      6          0.1 M NaNO3       Pulse                 −   -0.8      -1.4         −              0.5→0.8         
2.3 
 

The transmittance spectra of ZnO layers were measured by double beam spectrophotometer 
SF-46 in the spectral range 0.4 − 0.9 μm, when the sample ZnO/FTO/glass was put into 
working canal and FTO/glass or ITO/glass one was placed in reference canal.  

3. Results 
As-electrodeposited films were high adherent, semitransparent and scattered visible light. 
Samples 1 and 2 were grayish in color, but others were white. Figure 1 shows the 
transmittance spectra (T vs. wavelength λ) for the as-grown and air annealed ZnO layers. As it 
can be seen, from the one side, the grayish layers increase their transmittance after the 
annealing (they became white, probably owing to oxidation of Zn traces). From the other side, 
according to transmittance data, irrespective of electrolyte stirring, sample 3 offers the 
thinnest near transparent film, samples 1, 2 and 4 were thicker, samples 5 and 6 (not presented 
in Fig. 1) were the thickest. Assuming ZnO to be typical direct band gap semiconductor, the 
corresponding optical band gap has been estimated by the zero-crossing of the rising edge of 
the [(-lnT) x hν]2 vs. hν curve [8] (Fig. 1, inset). All obtained band gap values as before such 
as after annealing correspond to ZnO (Eg near 3.2 - 3.3 eV) [2, 3, 9]. 

 
Investigation of structure of zinc oxide arrays electrodeposited in electrolytes and regimes 
presented in Table 1 has shown (Fig. 2) that all diffraction peaks match the hexagonal 
structure of wurtzite ZnO (with the exception of reflections assigned to FTO-glass or ITO-
glass substrates). Comparative analysis of XRD patterns of the electrodeposited ZnO layers 
has revealed that, from the one side, the intensity of ZnO diffraction peaks is in direct 
proportion to concentration of NO3

--ions in the electrolyte that allows us to conclude that 
thicknesses of ZnO layers grow when amounts of nitrates increase.  
 
From the other side, a deviation of cathode potential towards more negative values (U = -1.3 
V for electrodeposited in potentiostatic regime sample 1 and 20 ms on-time at Uon = -1.6 V 
and 30 ms off-time at Uoff = -1.0 V for pulse plated sample 3) result in the obtaining of very 
thin near amorphous ZnO layers, in spite of their large current densities and charge-area ratios 
of the electrodeposition processes. To our opinion, the reason for that is a most probable 
intense additive cathode reaction of hydrogen generation in aqueous electrolytes for ZnO 
deposition that fulfilled at comparatively negative potentials according to relation [13]:  
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2H2O + 2ē → H2↑ + 2OH-                                Eo = -1.05 V vs. saturated Ag/AgCl (4) 
 

 
 
Fig. 1.  O ptical transmittance spectra and the corresponding band gap spectra (insets) of as-
electrodeposited and air annealed ZnO arrays. 
 
Probably, hydrogen beads adsorbed on the surfaces of substrates or on the growing ZnO 
crystals suppress adsorption of Zn2+ and OH--ions and therefore inhibit growth of zinc oxide 
arrays, which could be carried out as follows: 
 
Zn2+ + 2OH- → Zn(OH)2 → ZnO + H2O    
  (5) 
 
At less negative cathode potentials (U = -1.1 V for electrodeposited in potentiostatic regime 
sample 5 and Uon = -1.5 V and Uoff = -0.9 V for pulse plated sample 2 and more clearly for 
sample 6 deposited in the pulse regime at Uon = -1.4 V and Uoff = -0.8 V) current efficiency of 
the ZnO electrodeposition process increases, that can be seen from comparison of overall 
intensities of ZnO diffraction peaks for this samples (Fig. 2) and their current densities and 
charge-area ratios (Table 1). 
 
Required for acceleration of ZnO synthesis cathode reductions of nitrate-ions with creation of 
OH-- groups can be realized according to [13] as follows:  
 
NO3

- + H2O + 2ē → NO2
- + 2OH-           Eo = -0.21 V vs. saturated Ag/AgCl (6) 

 
NO3

- + H2O + ē → NO2↑ + 2OH-            Eo = -1.08 V vs. saturated Ag/AgCl (7) 
 
NO3

- + 2H2O + 3ē → NO↑ + 4OH-         Eo = -0.36 V vs. saturated Ag/AgCl (8) 
 
NO3

- + 7H2O + 8ē → NH4OH + 9OH-    Eo = -0.34 V vs. saturated Ag/AgCl (9) 
 
To our opinion, the most useful for ZnO deposition is cathode reaction Eq. (6), because 
processes Eq. (7) and Eq. (8) produce gaseous compounds whose adsorption can suppress 
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growth of ZnO, and reaction Eq. (9) is undoubtedly sophisticated multistage process as such 
as it consumes eight electrons. Therefore, high amount of NO3

--ions is a cause of the elevated 
thicknesses of samples 5 and 6. Enhanced structure of sample 2 as compared with sample 1 is 
evidently a result of such advantage of pulse electrolysis as suppression of additive cathode 
reaction Eq. (4), because it is impossible at Uoff, but during off-time ions NO3

- and Zn2+ can 
diffuse to the cathode and can be realized processes Eq. (6), Eq. (8) and Eq. (9) which are 
useful for creation of ZnO.  
 
Moreover, at on-time electrochemical reaction Eq. (7) and reduction of Zn2+ are doubtless: 
 
Zn2+ + 2ē → Zn                                       Eo = -0.98 V vs. saturated Ag/AgCl (10) 
 
So, during off-time internal electrolysis is additive possible way for creation of ZnO arrays 
through following heterogeneous chemical reaction: 
 
Zn + NO3

- + H2O → NO2
- + Zn(OH)2    

  (11) 
 
Table 2 shows structure characteristics of thicker ZnO layers. All ZnO arrays are 
nanostructured and characterized by little compressive stress (samples 2 and 5) or tension 
(sample 6). Lattice constants a are near value for single crystal ZnO of hexagonal 
modification, but the electrodeposited ZnO grains were elongated along c axis (according to 
JCPDS 36-1451, a = 3.250, b = 5.207).  
 
Table 2. Structure characteristics of the electrodeposited ZnO arrays. 

Sample number Lattice constant  
(Ǻ) 

    a                    c 

Average crystalline 
size t (nm) 

Lattice strain 
          Δd/d x104 

2 3.251            5.228 27  14.5 
5 3.249            5.226 54                3.5 
6 3.253            5.220             16 -36.8 

 
Comparison of preferable orientations has revealed (Fig. 3) that ZnO layer prepared in 
electrolyte with low concentration of nitrates (sample 2) has crystallites with random 
orientation. There seems to be main reason for such structure that the polar (002) crystal plane 
of the ZnO is capped by Cl--ions (from the KCl supporting electrolyte), which [1, 4] redirect 
the growth of ZnO. Sample 5 plated at direct current in NO3

--enriched electrolyte has two 
preferable orientations (002) and (103), probably because of influence of cathode reaction of 
hydrogen evolution by Eq. (4). Only sample 6 electrodeposited in electrolyte, which contains 
large concentration of NO3

--ions at pulse plating conditions has strong (002) preferable 
growth orientation in the c-axis direction. According to [1], increase of (002) reflection in 
relative intensity is consistent with formation of ZnO rod crystallites along c-axis. In [2-4, 6] 
judgment, such preferential growth in the (001) plane results in 1D nanostructure of ZnO 
arrays, e.g. nanowires, nanorods or nanopillars, that grow along the direction perpendicular to 
the substrate. 
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4. Discussion and Conclusions 
We have determined that for obtaining by electrodeposition of ZnO arrays preferential grown 
in the (001) plane it is necessary to diminish adsorption of Cl--ions and hydrogen beads on 
this plane. 

 

2858



 
Fig. 2.  XRD patterns of ZnO layers electrodeposited onto transparent conducting oxide coating glass 
substrates (* − FTO, × − ITO). 
It has been shown that such conditions are created in electrolyte that contains 0.05 M 
Zn(NO3)2 and 0.1 M NaNO3 during electrodeposition in pulse plating regime with 
rectangular impulses of cathode potential (20 ms on-time at Uon = -1.4 V and 30 ms off-time 
at Uoff = -0.8 V) on FTO-coated glass substrates. Therefore, in this work we for the first time 
have demonstrated the successful growth of 1D ZnO nanostructures by pulse plating without 
using of templates. The obtained ZnO arrays have to be the suitable layers for solar cells with 
extra thin absorbers. 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
φ, radian

Ph
kl

sample 2
sample 5
sample 6

 
Fig. 3.  Degree of texture perfection of electrodeposited ZnO arrays. 
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Abstract: Rope-pumps are a highly successful method of lifting water by hand in developing countries. The 
primary aim of this work was to develop a validated methodology to decide the most cost effective renewable 
power sources in order to fully automate the operation of the rope-pump for given well depth, volume of water 
required and environmental conditions in the proposed installation location. The renewable energy sources 
considered were a 150W photovoltaic (PV) panel and a 100W wind turbine, either used in isolation or in 
combination with a battery and motor, or direct drive to a motor, providing five viable systems for further 
consideration. All system elements and the rope-pump itself were fully characterised through experimental 
testing. Computer-based simulations incorporating environmental conditions for Lilognwe, Malawi, were used to 
provide a 15 year lifecycle analysis. Results show that the use of PV powered system can deliver water reliably, 
at the lowest cost. For validation purposes, each rope-pump system was also analysed with the environmental 
conditions found in Bristol, UK providing comparison results, indicating the approach is systematic and rigorous 
enough to provide an effective decision making tool for the installation of rope-pumps anywhere, provided 
environmental data is available. 
 
Keywords: Rope-pump, renewable power, system modelling, system selection. 

1. Introduction 
The rope-pump is a very simple type of water lifting device. The almost intuitive design is 
known by many other names including the paternoster (after the beaded prayer chain it 
resembles), liberation or rope-and-washer  pump.  It is a relatively recent development of the 
ancient chain-and-washer pump, which dates back two thousand years to feudal China [1]. In 
the 1980s the basic design was developed by numerous individuals [2, 3], taking advantage of 
low cost and versatile modern plastics to produce the modern rope-pump design, shown 
schematically in Fig.1. The rope-pump consists of a continuous loop of rope with plastic 
pistons spaced evenly along its length. When the rope is pulled up through the rising-main by 
a drive wheel located at ground level, the close fit of the pistons in the cylinder draws water 
up to a height of 30m potentially. 
 

 
Fig.1. Schematic of a Rope-pump Powered Manually using a Drive Wheel. 
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The hand powered rope-pump has been highly successful across Africa and South America 
mainly due to attributes such as a high achievable head, low starting torque, low installation 
cost, ease of manufacture and minimal maintenance. These attributes identify the rope-pump 
as the most appropriate type of pump for automation, providing the remaining system 
components for automation still allow water to be delivered reliably at low cost. An 
affordable automated pump would allow a greater amount of water to be extracted than would 
be possible by hand alone, and this has many implications societally and economically for its 
users in developing countries. The extra water could be used to improve levels of sanitation 
and increase crop yields. This in turn would improve nutritional levels and provide a potential 
income from the sale of excess produce. It would also free up the time of users, which would 
otherwise be spent manually lifting limited amounts of water. This time could then be used 
for education and other income generating activities [4]. Various types of power supply for 
the rope-pump have previously been explored in order to replace manual operation, including: 
water wheel, pack animal, internal combustion engine and wind-turbine. This research aimed 
to simulate the performance of a range of automated systems with two renewable energy 
power sources (PV panel and wind turbine) in order that an economically viable rope-pump 
solution can be selected for any specific location and given set of environmental conditions. 
 
2. Methodology 
Economic, social and environmental factors associated with technical hardware prove to be 
crucial to the success or failure of the final rope-pump systems. Frequent maintenance and 
additional control systems required are likely to make the system impractical in locations 
where the necessary resources are unlikely to be available. The importance of a simple 
system, with a minimal demand on local expertise and supply chains and one that is 
appropriate to both the hydrological, geographical and social environment is crucial, a point 
stressed by industrial contacts and made clear from reviewing existing rope-pump systems.  
 
A literature review, in combination with a dialogue with representatives of Solar-Aid (the 
main industrial contact on the project) identified the requirements of an automated rope-pump 
system, which were then summarised in a product design specification (PDS). Five system 
configurations capable of fulfilling this PDS were identified through a team-based exercise 
with all project stakeholders. These systems are shown schematically in Fig.2, and are a) 
direct connection of the motor to a PV panel; b) direct connection of the motor to a wind 
turbine; c) connection of the motor to a PV panel via a battery; d) connection of the motor to a 
wind turbine via a battery; and e) connection of both a PV panel and a wind turbine to the 
motor via a battery. The common component of all the system configurations devised is a 
suitably geared motor, but it would still be possible to decouple the motor from the rope-
pump drive axle and provide manual operation through a hand-crank. 
 
First, a theoretical force model for the rope-pump was developed based on a complete 
analysis of the frictional loads and energy flows present within the rope-pump. This could 
then define the electrical power and speed (gearing) requirements of the motor drive. Force 
and flow models were investigated empirically using a custom built motor driven rope-pump 
rig, designed to measure the rope tension, rope velocity and the discharge flow-rate, for two 
different pipe diameters and a range of heads up to 8m. The force model developed was found 
to be significantly more accurate than models proposed in previous literature, and the 
dependency of the flow-rate of the rope-pump on head and rising-main diameter was 
empirically confirmed to match an improved version of the model [5, 6]. The comprehensive 
treatment and analysis of frictional loads and energy flows within the rope-pump produced a 
key component of the system model performance model. 
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The remaining specific characteristic parameters of all system components were identified 
empirically from experimental testing; designed and built to accurately simulate the duty 
cycles of the components. The renewable energy power sources were chosen as a 150W PV 
panel (two RSM-75 from Shell Solar) and a 100W wind turbine with an axial flux generator, 
hand-built Hugh Piggott turbine type [7]. These system components were chosen due to 
availability and comparable (full) power rating to that of a human male, assuming a working 
duration of one hour. The wind turbine was fully characterised at different load conditions and 
wind speeds using a wind-tunnel providing new performance data for this turbine. Models of 
the motor, battery and PV panel were also identified and supported along with the turbine by 
empirical observations of their characteristics. The complete solar powered systems were 
tested under the local environmental conditions in Bristol, UK, but due to limiting wind 
speeds and radiation from the sun, the combined power sources had to be replicated using a 
power supply unit. A detailed description of the governing analytical equations and 
experimental characterisation for all system components is provided in [5] and [8]. 

 
Fig.2. Five Automated Rope-pump System Configurations Considered for Simulation Studies. 
From the comprehensive rope-pump system model, two computer programmes using 
MATLAB programming software were coded in order to investigate more efficiently a wide 
range of operational requirements for those systems with a battery and those without a battery, 
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as the computational stages are quite different for each. The computer programmes are 
provided in flowchart form (for one time-step) in Fig.3a) for those system configurations that 
use a battery, and Fig.3b) for those that do not i.e. directly driven by a motor, respectively. 
Together, these programmes are able to replicate the complete rope-pump system in direct 
drive or battery configurations, utilising a PV module and/or wind turbine as power inputs. 
 
The PV panel model is based on the characteristic equations, and only requires inputs which 
are available on standard datasheets as this allows for easy comparison of alternative modules 
within the system. The wind turbine was modelled by directly uploading results from the 
turbine characterisation testing into the computer program. The program inputs are the 
independent local parameters (such as head and local weather data) and parameters which 
determine the size of the system (such as pipe diameter and number and characteristics of 
solar panels). This allows for the flow rate, and therefore the water volume lifted, to be 
estimated based on the capital cost available, as capital cost was identified as the a key 
differentiating requirement in the PDS.  
 
A rigorous test regime showed the flow rates predicted by the computer model to be accurate 
to within 7% compared to the results from the experimental rope-pump. This is considered 
acceptable considering the unavoidable sources of error which would occur were the 
computer program to be used to size rope-pumps for use in the field. There are considered to 
be two major and unavoidable sources of error: firstly, the variation of local weather 
conditions from the average conditions used as program inputs will lead to the available 
power differing from the predicted values. For example, a decrease in the insolation available 
by 10% leads to a 4% decrease in the volume of water lifted for a direct drive PV powered 
system. Secondly, the empirical values derived for the pump and motor in the characterisation 
stage will not be identical for each rope-pump built. This is particularly true of the friction 
coefficient over the bottom guide, for which an increase from 1N to 10N leads to a 10% 
decrease in the volume water lifted for a head of 10m for a given internal rising-main 
diameter. 
 
3. Results 
The town of Lilongwe, Malawi and the city of Bristol, UK, are used as case examples for 
results analyses. Lilongwe is where the main industrial contact of the project, Solar-Aid, is 
based. Bristol is used to provide comparison data for presentation of the results and in order to 
demonstrate the robustness of the simulation software for a very different set of 
environmental conditions. The rope-pump is to be used to lift 1 to 10m3 of water per day from 
a well 10m deep. This is a volume that is more than can be reasonably lifted by hand and a 
suitable amount for a typical small rural institution such as a school or hospital in Malawi. 
The environmental data used in the simulations were taken from a number of online sources 
[9-11]. 
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Fig.3. Simulation Flowcharts for Automated Rope-pump Configurations, a) battery systems, b) direct 
drive systems. 
 
A 15 year life-cycle analysis was carried out for each of the five system configurations, 
including an additional variant of the direct driven rope-pump using a PV panel, called “A1–
tilt”, where the PV panel is manually oriented towards the direction of the sun periodically. 
The results of this life-cycle analysis for both Lilongwe and Bristol locations are shown in 
Fig.4. Where wind velocities are sufficient, the direct drive wind turbine rope-pump system 
has the potential to deliver water for the lowest cost (0.03US$/m3 from 10m) in Lilongwe. 
However, the starting speed of the tested wind turbine was 3m/s, and makes this wind turbine 
component unsuitable for use in Malawi. The cost per m3 of water lifted is capped at $0.14/m3 
for all rope-pump system configurations, and as Fig.4 shows, those systems using wind 
turbines in Lilongwe are the most costly. The use of a direct drive PV powered rope-pump 
system is then preferable as indicated by the low cost of A1. It is estimated that a direct drive 
PV system in Malawi weather conditions can deliver water at a cost of 0.05US$/m3, again 
from 10m well. This cost can be reduced further with the A1-tilt system, although this system 
is not fully automated. In all cases the use of a battery was found to increase the cost per cubic 
meter of water lifted despite the increased volume of water delivered. For the PV powered 
rope-pump system, the cost was increased by 20%, for example.  

a)  b) 
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Fig.4. Cost of Water Lifted for Each Rope-pump Configuration in Lilongwe, Malawi and Bristol, UK. 
 
Further results from the simulations are shown in Fig.5, where a daily volume of water in m3 
is provided for given inputted environmental data for a calendar year. These results are cost 
independent, and are purely performance based. Again, the solely wind turbine powered rope-
pump systems A2 and B2 are determined as non-viable configurations for Lilognwe, as they 
do not appear on this chart at all. Systems B1 and B3 seem competitive in terms of water 
lifted, but B3 uses the wind turbine, and therefore it does not contribute to the system power 
due to a 3m/s starting wind speed, and should be disregarded. Similarly, B1 uses a battery and 
therefore is more costly overall for initial investment and long-term servicing, as previously 
estimated. 
 

 
 

Fig.5. Daily Volume of Water from the Different Rope-pump Configurations for Lilongwe, Malawi 
Location (wind speeds in Lilongwe are lower than the cut in wind speeds for the tested turbine and so 
configurations A2 and B2 lift no water). 
 
The results for Bristol are demonstrative of the range of location conditions that the 
simulation software can accommodate, with the only requirement of satisfactory data sets 
used for cost and environmental parameters. Overall, the results are very different to 
Lilongwe, as expected. All system configurations are technically viable at some part of the 
year, as indicated by Fig.6. A direct drive (A2) or battery powered (B2) wind turbine rope-
pump configurations are the most cost effective as shown originally in Fig.4. 
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Fig.6. Daily Volume of Water from the Different Rope-pump Configurations for Bristol, UK Location. 
 
4. Conclusions 
Fully parameterised software, together with scalable hardware for physical testing of a variety 
of rope-pump systems has been produced in order to provide a decision making tool to select 
the most appropriate combination of system elements for technical and economic viability. 
The results shown confirm the simulation software has the flexibility to be applied to a variety 
of environments, duty cycles and rope-pump delivery requirements. An improved model for 
the rope-pump mechanical loads and flow-rates enables detailed specifications of sub-systems 
based around the rope-pump to be made, when previously a significant degree of trial and 
error was required. The method has been applied to different areas of the world to show the 
acceptability of other systems given their environmental data. 
 
The use of a battery as the primary load on the PV module or wind turbine allowed for the 
efficient matching of the IV curves of the power source with the IV curves of the load, 
leading to an average of 40% more water pumped per annum for PV powered systems. 
However, the inherently short life-span of the battery leads to high capital and component 
replacement costs which lead to the cost per litre of water lifted being an average of 20% 
higher for systems utilising a battery than for the direct drive rope-pump systems. In locations 
where water source reliability is a concern, a reservoir should be used instead of storing 
energy in a battery, if installation costs permit. There has been considerable interest in the 
solar powered rope-pump for use in countries that have high-average sunshine levels, since its 
conception in 2007 [4]. The simulation has confirmed that a battery is not necessary for such 
locations. Based on other findings of the project, the possibility of integrating a wind turbine 
with a rope-pump may be given greater investigation for certain locations for installation, but 
requires a range of alternative turbine types to be evaluated. For example, the use of a small 
vertical axis wind turbine may offer a promising alternative to the one tested in this study. 
 
There is potential for the computer program to be used by individuals and companies charged 
with the design and distribution of rope-pump systems. For this to be possible, the program 
would need to be loaded with weather data for a wide range of locations, and with power 
curves for a selection of available wind turbines. The process of selecting a PV module could 
also be improved if the program were linked to an available database of PV modules, such as 
that compiled by Sandia [12] removing the need to input a large amount of data from 
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datasheets. The program would be of most use in the early system design stages, to carry out 
feasibility studies for a number of system configurations. This will allow the user to determine 
the most suitable system for the location, which could then be designed in detail, with 
consideration given to the realities of component sourcing and maintenance. The modular 
nature of the program makes it possible to add additional ‘modules’. Any component which 
can be fully characterised could be added. A suitable module would be a small grain mill: an 
item commonly used in developing countries which requires large amounts of man power to 
operate and has the potential to be powered by alternative sources. There is also potential for 
adding additional power source modules, for example, a diesel engine. 
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Abstract: This paper presents a model for predicting the next-day energy production of a photovoltaic solar 
plant. The model is capable of forecasting the next-day production profile of such a system, merely by using the 
information obtained from the plant itself and the solar global radiation values for the previous operation days. 
This prediction is key in many photovoltaic systems in order to interact with conventional electrical grids. For 
example, Spanish legislation requires this type of information for large photovoltaic plants. In fact, the 
deviations from the predicted values are financially penalized. A three-stage procedure is used to build the 
model, which is capable of learning specific information about each facility and of using this information to fit 
the prediction. This model binds the use of regression techniques and the use of a special type of probabilistic 
finite automata developed from machine learning. The energy prediction yearly error is less that 20 percent 
which is a significant improvement over previous proposed models, whose errors are around 25 percent. 
 
Keywords: short term forecasting, photovoltaic energy production, machine learning 

1. Introduction 
Process forecasting has become a key tool in many areas, such as competitive electricity or 
economic markets. In the short term, forecasting the expected values of certain variables can 
be an important tool for optimal systems management and to decide on the best operation 
strategies. Forecasting energy production by large plants has thus become a requirement in 
competitive electricity markets. In the short term, expected produced energy can help 
producers to achieve optimal management and can also help to implement efficient operation 
strategies based on the best way of interacting with conventional grid. For example, since 
1998, the Spanish electricity market has moved from a centralized operational approach to a 
competitive on.  It encourages the deployment of solar plants with a financial penalty for 
incorrect prediction of solar yields for the next day. In this global market, energy generated by 
these systems for the grid needs to be predicted as accurately as possible in order to ensure 
that solar energy systems are truly penetrated in the electricity market. Forecast regarding 
energy production is necessary to manage and schedule electricity grids. This prediction will 
facilitate the use of these systems as distributed generators in grid connected photovoltaic 
systems.  
 
Estimating the energy generated by solar plants is difficult mainly due to its dependence on 
meteorological variables, such as solar radiation and temperature. In fact, photovoltaic 
production prediction is mainly based on global solar irradiation forecasts. The behavior of 
this variable can change quite dramatically on different days, even on consecutive days. This 
is because global solar radiation is not a deterministic variable due to the climatic conditions. 
Although the extraterrestrial solar irradiation -defined as the solar irradiation that reaches the 
extra atmospheric zones of the earth- is deterministic, once this irradiation penetrates in the 
atmosphere, different variable phenomena come into play and only a fraction of the 
extraterrestrial solar irradiation therefore reaches the surface of the earth. This fraction is 
known as solar global radiation. These phenomena include the presence of clouds in the 
atmosphere that can significantly reduce the solar irradiation reaching the earth. Accurately 
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forecasting the energy generated by these systems is difficult as solar radiation is the energy 
source of solar systems. 
 
In general, a wide range of statistical and artificial intelligence techniques have been 
developed for process forecasting. Statistical time series methods are based on the assumption 
that the data have an internal structure that can be identify by using simple and partial 
autocorrelation, [1], [2], [3], [4]. Time series forecasting methods detect and explore such a 
structure. In particular, ARMA (autoregressive moving average), ARIMA (autoregressive 
integrated moving average) models have been widely used. Artificial intelligence techniques 
and, in general, machine learning models have been also used for process forecasting, [5], [6], 
[7], [8], [9]. Different approaches have likewise been specifically developed for forecasting 
global solar irradiation, [10], [11], [12], [13], [14]. 
 
We propose a model that is capable of learning the important facts in the prediction of 
photovoltaic plants energy production. A new approach based on the use of probabilistic finite 
automata and multivariate regression analysis is proposed here for short-term forecasting of 
the production of solar plants. The forecasting model is built in three stages and has been 
previously used for short-term forecasting of hourly global solar radiation, [15], [16]. The first 
and second stages of the procedure are used to identify and capture the significant information 
for predicting the production of a photovoltaic plant and to build the model using this 
information. In the first stage, the most significant independent variables are selected by using 
a multivariate regression analysis. In the second stage, probabilistic finite automata are built 
using the significant variables obtained in the first stage. The next values of the dependent 
variable are predicted using an algorithm for short term forecasting which is based on the 
information stored in the built model. In the third stage, the next-day solar energy production 
forecasting is calculated using the estimates values in the second step and the parameters of 
each solar photovoltaic plant. The methodology and the proposed model are described in the 
second section. In the third section, the results obtained when the model is used for next-day 
energy production forecasting in photovoltaic plants are presented. The conclusions of the 
paper are presented in the last section. 
 
2. Methodology 
This paper seeks to propose a model for forecasting next-day energy production in grid 
connected photovoltaic plants. The model is based on the model developed for short-term 
forecasting of hourly global solar radiation described in [15]. We propose the use of several 
independent variables to build the model; these variables are usually available in large 
photovoltaic solar plants: irradiation values and temperature. Moreover, specific parameters 
of the plant, such as power installed, orientation and tilt of the panel arrays, have been 
included in the final model. The model is built in three stages. 
 
In the first stage, statistical techniques are used to determine the most significant information 
among the independent variables used. Using this information, the data are divided into 
different groups and for each group the new significant variables are determined. In the 
second stage, a special type of probabilistic finite automata is built for each group taking into 
account the significant variables of the group. In the third stage, the model of prediction is 
used for forecasting the energy produced by the photovoltaic solar plants for the next day. 
 
The mathematical model proposed to store the information contained in solar irradiance is 
based on the use of a special type of probabilistic finite automata (PFA). The use of this 
mathematical model is envisaged to select both the most meaningful information included in a 
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stationary continuous time series and the information obtained from other sources. A detailed 
description of this model can be found in [15].  
The power generated at the output of the inverter, PAC can be estimated using the expression: 
 

 

PAC = ηinv * Pm
STC *

Gβ

1000
* (1+ γ * (Tmod − 25))   (1) 

 
where, ηinv is the efficiency of the inverter, Pm

STC is the power generated by the photovoltaic 
generator in standard conditions of radiation and temperature (1000W/m2, 25ºC), Gβt is the 
global irradiance on the surface of the modules (W/m2) – β is the inclination of the modules, γ 
is the temperature coefficient of Pm, and Tmod,t is the module temperature. In the case of 
monocrystalline silicon, the value of the coefficient γ is 0.48%/ºC (these type of modules are 
used in all the facilities analyzed). 
 
The irradiance on the surface of the modules is the most difficult parameter to estimate using 
Eq.(1). Moreover, this parameter presents a seasonal trend due to the changes in the relative  
sun-earth position. Using the values of clearness index is proposed to remove this seasonal 
trend. This parameter is estimated using the following expression: 
  

 

kt =
Gt

G0,t

   (2) 

 
where Gt is the global irradiance (Wh/m2) at time t and G0,t is the extraterrestrial solar 
irradiance at time t (Wh/m2); the expression for estimating G0,t can be found in [17].  
 
2.1. First stage 
In the first stage, the following linear regression model is estimated using ordinary least 
squares : 
 

 

kt ,d = β0 + β1kt ,d −1 + .β2kt,d −2 + .β3kt ,d −3 + β4S1,t,d + β5S2,t,d + β6ST3,t ,d + Error   (3) 
 
where t means time, d means day and Si , i=1,2,3, are three dummy variables to represent the 
season to which the observation kt,d belong (only three dummy variables are used to avoid 
multicollinearity problems). Among these independent variables, the most significant variable 
for predicting the next value of clearness index is used for splitting the observation into G 
groups. For each one of these groups, the Eq.(3) is again estimated to determine the 
significant variables of the group.  
 
2.2. Second stage 
For the observations of each group, a special type of probabilistic finite automata is built 
using the significant variables of the group. The continuous variables need to be discretized to 
use this model.  A static discretization method has been used. The range of each continuous 
variable has been divided into q equals intervals. Several values of q have been proved for 
each group in order to select the best discretization, taking into account the performance of 
the probabilistic finite automata in the short-term forecasting of clearness index. The 
proportional mean prediction error (PMPE) has therefore been estimated, i.e. 
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PMPE =
| kt ,d − kt ,d

* |
kt,dt=1

N

∑    (4) 

 
where N are the number of observations in each group and kt,d

* is the predicted value of 
clearness index. 
 
2.3. Third stage 
In the third stage, the values of solar irradiance Gt are estimated from the values of clearness 
index predicted using the PFAs built in the second stage. With these values, the power 
generated at the output of the inverter is estimated using the Eq. (1). For evaluating the model, 
the mean prediction error for these values has been estimated, i.e.: 
 

 

MPE =
| PAC ,t

t=1

N

∑ − PAC ,t
* |

PAC ,t
t=1

N

∑
   (5) 

 
3. Data 
The data used have been recorded from four photovoltaic plants installed in different Spanish 
locations. The data used for these facilities are the following: power generated at the inverter 
output, irradiance on the surface of the modules and modules temperature. Moreover, the 
season to which each observation belongs has been included. Table 1 sets out a summary of 
the characteristics of each facility. 
 
Table 1. Description of the data used. 

Location Latitude/Longitude Peak power 
(kW) 

Inclination 
of modules 

Data 

Location 1 43.30/-1.95 14.08 kW 20 01/10/2009-10/12/2010 
Location 2 43.18/3.00 13.86 kW 20 01/10/2009-10/12/2010 
Location 3 43.37/-1.85 20.16 kW 30 01/11/2009-10/12/2010 
Location 4 43.37/-1.85 20.16 kW 30 01/11/2009-10/12/2010 

 
 
4. Results 
In the first stage, the linear regression model, Eq. (3), has been estimated using the ordinary 
least square (OLS) for the data of each location. In all cases, the most significant variable 
proves to be kt,d-1, that is the clearness index for the same hour at the previous day 
(significance level=0.05). 
 
Using this variable, the observations of each location have been split into 5 different groups 
depending on the value of this variable. The model, Eq. (3), has been estimated by OLS for 
each group.  
 
Table 2 summarizes the significant variables for each group, taking into account the values of 
the t-statistic for a significance level of 0.05, for Location 3. As can be observed, these 
variables differ depending on the group. This result is similar for all locations. 
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Table 2. Significant variables for each group of observations (Eq.1, significance level=0.05) for 
Location 3 

Interval  Significant variables 
[0.0-0.2[ Kt,d-2, Kt,d3, S3,t,d 
[0.2-0.4[ Kt,d-2, Kt,d-1, S3,t,d 
[0.4-0.6[ Kt,d-2, S3,t,d 
[0.6-0.8[ Kt,d-2, S1,t,d 
[0.8-1.0] Kt,d-1, Kt,d-2, S1,t,d 

 
A probabilistic finite automata (PFA) has been built for each location and group of 
observations using the significant variables and the procedure described in [15]. Using these 
PFAs, the values of clearness index have been estimated. The values of irradiance at the 
surface of the modules are also obtained using these estimates and the Eq.(2) . Finally, Eq.(1)  
is used to calculate the power generated at the inverter output for each instant and the daily 
profiles are also obtained. The mean prediction error has been estimated using Eq.(5) for the 
power generated at the output of the inverter for each location. These values are reported in 
Table 3. 
 
Table 3. Mean prediction error of the proposed model. 

Location 1  Location 2 Location 3 Location 4 
0.18 0.14 0.17 0.16 

 
5. Conclusions 
We have developed a model to predict the energy that a photovoltaic solar plant will produce 
for the next day. This model only uses the information obtained in the own plant and the 
values of solar global radiation for the previous operation days. A three stage procedure was 
used to build the model.  The model is estimated using the data from each facility and is 
capable of learning specific information about each facility and of using this information to fit 
the predictions.  
 
This model binds the use of regression techniques and the use of a special type of 
probabilistic finite automata developed from machine learning. The mean prediction error of 
the energy predictions is less that 20 percent which is a significant improvement over 
previous proposed models, whose errors are about 25 percent. 
 
Further research would lead to further information that is usually available at large grid-
connected photovoltaic plants being included in the model   
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Abstract; the goal of this paper is to use the solar power to charge Lithium-ion (Li-ion) batteries, pulse width 
modulator (PWM) control method is implemented to design and build a solar battery charger prototype. 
Maximum power point tracking (MPPT) is used in the photovoltaic (PV) system to maximise the PV output 
power, irrespective of the temperature and irradiation conditions. MPPT system, consisting of a buck-type dc-dc 
converter, which is controlled by a microcontroller unit, is implemented. It is presented a model for the lithium-
ion battery (Li-Ion) that is suitable for computer simulation. The used model can be easily modified to fit data 
from different batteries. The simulation results achieved by using Pspice programs and are in good agreement 
with the experimental results. These results allowed demonstrating the reliability and validity of the proposed 
MPPT technique. The battery charger prototype was tested and the results obtained allowed to conclude about 
the conditions of permanent control on the battery charger. 
 
Keywords: dc-dc converter, maximum power point tracking, microcontroller, photovoltaic systems, solar battery 
charger 

1. Introduction 
Photovoltaic sources are used today in many applications such as battery charging [1], light 
sources [2], water pumping [3], satellite power systems [4], etc. Since PV modules still have 
relatively low conversion efficiency, the overall system cost can be reduced using high 
efficiency power trackers which are designed to extract the maximum possible power from 
the PV module (maximum power point tracking, MPPT) [5]. The main goal of this paper is to 
study the use of solar power to charge lithium-ion batteries.  In the literature, many battery 
charging techniques are investigated and proposed [6]-[7]. These methods use a variety of 
battery characteristics like voltage and temperature to achieve a s afe and fast charging 
process. However, in this paper a simple maximum power point tracking technique, known as 
Voltage MPPT (VMPPT) [8], is simulated and constructed. The implementation and 
simulation of the proposed method uses a low-cost, low-power consumption microcontroller, 
which controls a buck type dc-dc converter and performs all control functions required by the 
MPPT process and battery charging. 
 
Due to their high energy densities and long life times, Li-Ion batteries are increasingly used in 
systems such as portable electronics, electric vehicles [9], etc. 
 
2. Description of system 
The photovoltaic charger system consists of four subsystems, each with its own function. 
These four subsystems are connected in accordance with the block diagram shown in Figure 
1. The first subsystem consists of solar panel of polycrystalline PV module from Solarex. This 
PV module has a rated power of 12 Watt and is formed by 18 photovoltaic cells connected in 
series. Second subsystem is charger unit which includes a dc-dc converter controlled by a 
PWM signal. Dc-dc converter is formed by two switches and an input and output filter [10]. 
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Third subsystem (control unit), consists of a programmable interface circuit (PIC) 
microcontroller, model PIC18F4585, and an integrated circuit (IC), SG3524. PIC 
microcontroller is a high performance 8-bit reduced instruction set code (RISC) architecture, 
operates from 2V to 5.5V belonging to 40 pi ns family and IC is a 16 pin PWM switching 
regulator.  

  
Fig.1.Equivalent circuit of solar cell 

 
However, when it is connected to an external supply a current  called diode current will be 
present. A solar cell is usually represented by an electrical equivalent one-diode model [3] 
with a series resistance, as shown in Fig.1. The model contains a current source  one diode 
and a resistor .The net current is the difference between the photocurrent  and the normal 
diode current . The diode current is given by equation (1). 
 

     (1) 

 
Where: 

=diode current (strongly dependent on temperature); 
=voltage imposed across the cell; 

m =Ideal factor (ideal: m =1; real: m > 1); 
= Thermal potential =   

= Series cell resistance; 
 
Where 
K: Boltzmann constant, K =1.38X10-23J / K; 
 T : cell temperature in K  
 q : electric charge of electron, q =1.6X10-19C . 
hence net current  is given by 
 

                                         (2) 

 
2.1. Charger Circuit 
Fig.2 gives a general description of the charging unit block. A dc-dc converter consists of a 
number of storage elements and switches that are connected in a topology such that the 
periodic switching controls the dynamic transfer of power from the input to the output, in 
order to produce the desired dc conversion. The two fundamental topologies of dc-dc 
converters are the buck and the boost converter as described [11]. The purpose of the dc-dc 

2876



converter is to transform a DC voltage from one level to another. This is done by varying the 
duty cycle, ∂. Dc-dc converters have two distinct operating modes; continuous conduction 
mode (CCM) and discontinuous conduction mode (DCM). The paper takes the advantage of 
dc-dc converter working in CCM. 
 
The low pass filter (LPF) is a simple RC filter where the capacitor is in parallel with the load. 
The combination of resistance and capacitance gives the time constant of the filter: 
 

                                                                                           (3) 
 
The cut off frequency is given by 
 

                                                                                           (4) 

 
2.2. Electrical Model for Li-ion Battery 
The duration of the battery cycle is the total amount of discharge-charge cycle that a battery 
relieves before more power cannot be hold. The energy of the battery, expressed in Watt-hour, 
Wh, is the product of the capacity and the voltage of the battery, V. Fig.2 represents an 
intuitive and comprehensive electrical battery model. 
 

 
Fig.2 Equivalent circuit models of Li-ion battery 

 
Where, 
E = Internal voltage, V; 
 E = Constant voltage, V; 
K = Polarization voltage, V; 
Q = Battery capacity, Ah; 
A = Exponential Voltage, V; 
B = Exponential Capacity, Ah-1   

The terminal voltage  is given by equation 5 
 

                                  (5) 
 
3. Simulation results in Pspice 
The use of Pspice is very useful in cases where there is the need to determine the values of 
voltage and current circulating in the circuit, in order to investigate the range of values of 
some components, or even just to make changes in topology.  With the help of this simulation 
program it was possible to build a basic circuit of a step-down switching regulator with duty 
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cycle ratio control. The circuit is depicted in Fig.3 and allows the modulation of the dc-dc 
converter. Specification of the used components may be consulted in as shown below; 
 
Voltage source 
V0=V1=V2=10Vdc 
 
 Resistances 
R1=4kΩ          R4=5kΩ 
R2=4kΩ          R5=5kΩ 
R3=15kΩ        RPV=15Ω 
 
DC-DC Converter components 
C1=10μF 
L1=300μH 
C2=100μF 
Q1 -MOSFET 2N6660 
Diode - D1N5817 
 
IC SG3524 components 
C3=5nF 
C4=100nF 

 
Fig.3–Step-down switching regulator circuit 

 
Two schemes were simulated for both  = 20 Ω and  =40 Ω. It is assumed that the 
circuit is working on the MPPT point and that all the results obtained depend of it. The value 
of  ,output voltage of the solar panel is tending to this operation point which allows 
predicting that the circuit is being controlled: without knowing the value of the output voltage 
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and current the system evolves to the maximum power rate that the PV model allows VMPPT 
algorithm. There is a permanent control of the system duty cycle ratio control. Another 
important aspect worth to look at is the ripple value of the voltage corresponds to the solar 
panel output voltage. In Fig.4 the maximum ripple obtained is nearly 3% of the voltage value  

 = V, which means that capacitor, C1 is well dimensioned. 
 

 
Fig.4variation of   and Vref   for   = 20 Ω 

 
Fig.4 presents the result of the difference between  and  The PWM signal gives us the 
final idea that the system is, in fact, being controlled. Variation of   ,  and   are 
given in Fig.5 
 
Fig.5 presents the voltage and current that is present in the load (  = 20 Ω ),this resistive 
load reflects the ideal conditions for the charging process, taking into account the technical 
specifications of the chosen battery, presenting very good values for voltage   = 4.1V  
and current    = 205mA. The initial conditions (  =4.8V and =240m A )  

 
  

Fig.5 variation of I ( ) and V ( ) at  = 20 Ω 

Fig.6 presents current in inductor and voltage across diode for  = 40 Ω.. Current in 
inductor is always  the converter is in CCM. When current in inductor decreases, the 
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diode is forward biased and hence converter is working correctly. This figure shows that 
current in the circuit is well dimensioned: current  does not go to complete zero which 
allows the circuit to work in CCM. 
 
Fig.7 presents voltage across the resistance  = 40 Ω. Although the voltage is too high for 
the conditions stated in this paper and so the system is no longer controlling the ratio power 
between the input voltage sources which simulates the solar panel for the resistive load. 
 

 
Fig.7 Voltage across load resistance  = 40 Ω 

 
Fig.8 presents the situation where the system is being controlled for  = 20 Ω contrasting 
to Fig.9 where   = 40 Ω, the control is practically inexistent. If current is lower than 
150mA the system loses  control and starts deficient control which shows that the 
current limit for control is achieved. 
 

 
Fig.8 variations of , and   = 20 Ω 

 
Fig.9 variations of , and   = 40 Ω 
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Fig.10 presents the maximum power transfer rate that operating in the maximum power point 
the solar panel provides, more or less . Therefore, the representation of the 
solar panel by an ideal voltage source and resistance is reliable for this system. 
 

 
Fig.10 PV Output Power 

 
Fig.11 and Fig.12 presents the power across the 20 Ω and 40 Ω load, respectively. In the 
individual graphs it is possible to look at the power loss:  = 20 Ω  the system presents a 
power loss for  20 Ω load resistance  ≈1.2-0.85=0.35W and power loss for  40 Ω load 
resistance  ≈1.2-0.89=0.31W . With these results it is possible to conclude that the system is 
not ideal, even referring to a simulation program. Nevertheless, regardless of the load value, 
the system presents power conservation: the final power value achieved is very similar in both 
cases even if the system with  = 40 Ω    loses control. 
 

 
Fig.11 Load Power  = 20 Ω     

 

 
Fig.12 Load Power  = 40 Ω     
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4. Conclusions 
The use of Pspice simulation program allows a better understanding of the system behavior 
when in the presence of variable loads. It can be generally stated that while the system is 
represented by a load of  = 20 Ω, it allows a controllable system. The duty cycle ratio 
control is a constant premise. For this reason the values obtained at the output of the system 
voltage and current are the ideal ones for an optimum battery charger in this case, optimum 
values for the type of battery chosen. Although the losses presented in the system, probably 
due to losses of the transistor switching and internal resistance, the system presents a very 
good behavior and a faithful representation of what will happen in reality. Since system is 
very sensitive to load variations. The system starts losing control for load values above 40 Ω 
presenting a load voltage higher than the one allowed to correctly charging the Li-Ion battery.  
The maximum voltage value in the load that allows the duty ratio control of this system is 
close to 5.2V. 
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Abstract: Growing energy demand, increase in carbon emissions due to increase in fossil fuels it becomes 
imperative for developing regions like South Asia to switch to non-conventional sources of energy. Being 
naturally blessed with the renewable energy resources it becomes easy for these countries to switch. The best 
resource to be harnessed in the region is the solar energy through Photovoltaic technology. The best part about 
this technology is its suitability for remote area rural electrification which is the need of hour in the region 
Access to electricity is essential to bring about equitable economic development in sustainable manner. But, 
there exist barriers which hold back the development of renewable energy resources. While some countries in 
this region like India, Sri Lanka and Bangladesh have been able to develop the markets for PV, other countries in 
the region are yet to develop policies and programs. Financial initiatives as a result of policy push have major 
role to play in developing the market. Un-electrified rural population being very high in this region, the countries 
like Nepal, Bhutan Pakistan and Maldives which seeks to develop the market can learn from the success stories 
of these countries. 
 

Keywords: Photovoltaic, South Asia, Policy, Rural development 

1. Introduction 
Energy consumption is an indicator of socio-economic development of the country. With the 
increasing energy demands coupled with global warming and energy security issues, it 
becomes imperative for all the countries to switch from conventional carbon based fuels to 
low carbon sources of energy. This is especially important for the developing countries which 
are on development path. South Asia is one such region. It is on one hand, one of the major 
economic hubs of the world, and on the other, is home to a quarter of total world’s population, 
majority of them in rural areas. Major portion of the population of this region still remains 
devoid of electricity due to infrastructural in-capabilities, high investments required for the 
development of infrastructure This holds back the development of this part of world. 
Abundance of sunshine throughout the year makes Photovoltaic (PV) technology a suitable 
and viable option to provide off-grid and decentralized electricity solutions is a long term cost 
effective solution that can help in equitable development. It also gives added advantages like 
rural employment, future energy security, and clean environment. Governments in India, 
Bangladesh and Sri Lanka have taken several steps ahead to create markets for this 
technology, through policy intervention in rural areas and there have been successful stories 
as well. While, Bhutan, Nepal and Maldives are still far behind in the development of market 
for the technology and can learn from successful stories of neighboring countries to develop a 
self sustaining market in their regions.  

The purpose of this study is to bring out the advantages and impacts of policies on 
photovoltaic technology through various successful stories that can help in rural development. 
Also, to understand what are the various financing mechanisms developed for creating 
market. To achieve this purpose the objectives of this paper are:  

 To conduct a cost-benefit analysis of the technology with the conventional sources 
 To understand the existing PV deployment in the rural regions of South Asia  
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 To learn about the available financial incentives and schemes for its deployment. 
 To understand the barriers in market development  

 
2. South Asia  
 
2.1. Current scenario 

The South Asian region, which comprises of Bangladesh, Bhutan, India, Maldives, Nepal, 
Pakistan, and Sri Lanka1 is home to more than 1.5 billion people, reaching almost close to a 
quarter of the world’s population [1]. This geographical region is currently experiencing a 
rapid growth in energy demand, associated with economic growth and industrialization. 
Despite, such a growth, there is a huge gap between demand and supply of electricity. Table 1 
and figure 1 together summarizes the current scenario. Nearly 613.9 million people in this 
region are un-electrified in this region (IEA/OECD 2009) consisting mainly of the rural 
region. This issue, further, is strongly linked to other major issues of poverty, education,   and 
health and hygiene. The electricity production in this region is through coal, petroleum and 
crude oil imports [2]. Countries like Bangladesh and India do have substantial reserves of 
natural gas, coal and petroleum, despite that substantial amount is imported for sustaining the 
commercial and industrial sector for meeting the growing demands. Maldives, on the other 
hand, rely 100% on imported refined petroleum. Pakistan, Nepal and Bhutan, derive most of 
its energy needs through hydro and biomass. Pakistan is still heavily dependent on oil 
imports. All over in the region, hydro is mainly deployed for commercial power generation; 
biomass obtained from forests supplements the household energy needs of rural population. 
This is followed by small hydro and very miniscule amount of solar PV. Conventional fuels 
that are common among rural population are kerosene and diesel that are offered at highly 
subsidized rates. A study by UNDP shows that this region has medium to high Oil Price 
Vulnerability Index (OPVI)2 point for all the countries. It has been found that the divergence 
of large amount of national investments towards the fuel imports side-lines the social 
development. Also, huge dependence on the foreign oil imports leads to insecurity of energy.  

 Table 1: Summary of South Asian countries energy scenario[3,4,5,6,7] 

 
2.2. Solar energy deployment 

South Asia being a tropical region is abundantly rich in solar energy, receiving an average 
solar radiation of 4-4.9 kWh/m2 [8]. The most important contribution of this source is in the 
decentralised and off-grid power supply to the remote rural areas where grid connectivity is 
not possible. This will not only contribute to the rural development but also the equitable 
                                                            
1 Afghanistan, though a part of South Asia has not been considered due to unreliability of data 
2 Oil price vulnerability index (OPVI). It is calculated with the help of three indices economic strength, 
economic of performance and economic growth with low share of oil 

Country 
Land area 
(sq. km) 

Total 
Population 
(million) 

Energy 
production 

(Mtoe) 

Population 
without electricity 

(millions) 

OPVI Index 

Bangladesh 1, 47, 570 158 21.26 95.7 High 
Bhutan 38,394 0.6  0.6804 NA Medium 
India 32,87, 263 1123 450.92 403.7 Medium 

Maldives 8, 59, 000 0. 3 NA NA High 
Nepal 1, 47, 181 28 8.53 16.5 High 

Pakistan 8, 03, 950 162 63.64 68 High 
Sri Lanka 65, 610 19 5.08 4.7 High 
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social and economic development of the rural parts, thus contributing to the overall 
development of the country as a whole. 
 

 
Fig. 1: Graph showing the total un-electrified population in South Asia. Data for Maldives is 
unavailable [9] 
 
2.3.  Photovoltaic technology 

Photovoltaic (PV) is the technology through which the solar power can be harnessed. 
Photovoltaic is the array of cells, commonly known as solar cells, which convert solar energy 
into electricity. The commonly used end use applications of solar PV in rural areas are Solar 
Home Lighting Systems/Solar Home Systems, Solar Lanterns, Solar Street Lighting Systems, 
Solar PV Water Pumping system. These applications are put in use for various purposes like 
residential, rural communities, schools and hospitals electrification, for micro enterprises, 
water pumping, signalling remote telecommunication, captive power generation, back up 
power generation, urban applications, highway lightings and many more.  
 
2.4.  Choice of Solar PV as preferred technology 

Harnessing of this resource is suggested above other resources because of the reliability, 
modularity and free and easy availability of the resource in the region, unlike wind, biomass 
and hydro energy which are highly site specific. The two most important benefits are: 
1. It can be used for rural electrification in remote areas. This is the most potential reason for 

the South Asian countries to adopt this technology. 
2. The fuel cost is zero and no fuel supply linkages are required as in biomass [Refer to 

Table 1].  
This reduces the dependence on the fossil fuels and the large drain of money due to imports of 
fuels. Besides these, it is a silent process of energy generation and the installation of the 
technology does not require large space. In case of roof-tops it uses the unused spaces on the 
roof. It is easy to install and maintain; produced and consumed at the same place so no 
translocation charges. PV modules can be added to increase the capacity as needs grow. 
 

3. Methodology 
Literature study was done firstly to understand the basic energy scenario in each country 
through primary and secondary research. Stakeholder discussions and sector knowledge of the 
experts was also taken as secondary research that provided the dynamic of the sector. Open 
ended structured questionnaires were prepared and were mailed to the organizational heads in 
different countries. Questionnaires prepared for the countries were based on the current 
situation and the literature survey done during previous research. Two sets of questionnaires 
were prepared. One set was for India, Sri Lanka and Bangladesh and another set was for 
Pakistan, Bhutan, Maldives and Nepal. 13 respondents were mailed the questionnaire, out of 
which only three responded. These respondents belonged to Nepal, Bangladesh and Sri 
Lanka. Due to weak responses to the questionnaire the analysis for Bhutan, Pakistan and 
Maldives was based on the data collected during literature survey and stakeholder 
consultation.  
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The values taken for conducting cost benefit analysis has been mainly taken from the  Indian 
market since the facts say that the market is most developed in India. The calculations are 
based on the study done by International Energy Studies in 2004 [10]. The results obtained 
would be used as a representative data for the region to understand the cost and benefits of the 
technology. The calculations have been carried out in USD with the conversion factor of 
44.45, as per the currency conversion rate in April, 2010. 
 

Thus, results produced are primarily based on the articles, reports, research papers, 
publications, stakeholder discussions and sector knowledge of experts. Various international 
conference presentations by national experts of different countries were also used in 
understanding, documenting, analyzing the PV market. The results have been produced in 
both quantitative and qualitative form.  
 
4. Results and Discussions 
4.1. Cost-benefit analysis of the technology with the conventional sources 

The Cost Benefit Analysis (CBA) has been carried out between the off-grid solar PV rooftop 
and conventional power plants (thermal power plant, diesel and natural gas power plant) that 
would be providing the electricity to the un-electrified region through grid connection.   
 
4.1.1. Total Cost of generation 

Figure 2 compares the total cost of generation (TCoG) from four different fuel plants. TCoG 
for off-grid PV is found to be greatest among the four i.e. $ 0.4719/kWh followed by Diesel 
power generation and natural gas. It has come least for the coal generated power i.e. $ 
0.0509/kWh. Higher TCoG of solar PV is mainly because of high capital cost of the 
technology.  

 
Fig. 2: Comparison of cost of electricity generation profit 
 

4.1.2.  Net Profits 

Figure 3 and 4 compares the net profits on the cost of generation for electricity derived from 
the conventional and PV power plants before and after internalising the environmental cost, 
respectively. The costs have been calculated over the useful life of the plants. The useful life 
of Off-grid PV, coal power plant and natural gas power plant is 25 yrs [11]. It is found that 
that net profits over the remains positive in all the cases but it is higher by investing in off grid 
solar PV. Long-term profits further decrease in case of investments in conventional plants 
when environmental cost is internalized. Diesel power plant could not be assessed due to the 
lack of data but it can be understood with the combustion properties of diesel the NPV tends 
to come down if environmental cost in internalized.  
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Fig. 3: Net profit before internalizing environment cost; Fig 4: Net Profit after internalising the 
environment cost 

4.1.3. Net present value 

Figure 5 shows that the net returns of today’s investment in the PV project. Results show that 
investments in PV deployment would fetch greater returns than investments today in 
conventional plants.  

 

 
Fig. 5: NPV of various power generators 

 

4.2.  PV deployment 

Table 3 and figure 6 are the summary of the PV installations done in South Asia. Out of all 
the PV off-grid installations, the most popular end use application is the Solar Home lighting 
Systems (SHSs). It has been installed in almost all the countries in South Asia. It is followed 
by the distribution of solar pumps. It is used in India, Bangladesh and Nepal. It is followed by 
solar lanterns distributed mainly in the rural areas which are un-electrified. Street lighting 
systems which has found more urban application is in use in India. In Bangladesh, it is still in 
the discussion phase. Over the years, with the developing market the number of installations 
has also increased. Thus it can be concluded from the above table and graph that PV market is 
most developed in India, followed by Bangladesh and Sri Lanka 
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Fig 6: Total SHS installations in South Asia 

 

Table 3: Various end use applications of PV 

                    System installed                 In demonstration phase                  Not installed                 Data unavailable 
 
4.3. Financial incentives available 

Table 4 summarises various financial incentives offered in the South Asia region. The PV 
market set up in South Asia so far has been set up mainly in three countries: India, Sri Lanka 
and Bangladesh.Although, the market is small yet, it is growing up. The majority of the 
market share is that of  off-grid installations. The two main financial mechanisms  which have 
been effective in this market segments are : 
 

Table 4: Off-grid financial schemes for PV 
Country Off-grid Schemes 

Micro credit System  Capital Subsidy Interest Subsidy 
Bangladesh    

India     
Sri Lanka    

Nepal    
Bhutan    

Pakistan    
Maldives    

                    Practiced                Being discussed                 Not practiced                  Data unavailable 
 

Micro-credit System: This is mainly practiced in Bangladesh and has been successful in 
creating the rural market in the country. A community participation initiative taken on the 
basis of trust to make repayments of loans has been very successful in developing rural sector 
of the country (See figure 7). Initiative taken by the Grameen Bank in Bangladesh has helped 
the rural market to grow rapidly. It is interesting to note that today the villagers have 90% 
shareholding whereas; the government has 10% share holdings. 
 

Capital Subsidy: This financial mechanism is practiced in India and Sri Lanka (See figure 8). 
While in case of India the subsidy given is supported by the Government, in Sri Lanka the 
subsidy given is supported mainly by the international support. The international support 
given to Sri Lanka for the promotion of Solar Home Lighting Systems had actually crossed 
the target set for installations and has been a major reason of success in the rural sector. 
 
The above two financial models have been succesful in revolutionising SHSs in the respective 
countries and  creating the market. Soft loans have also been extended to the consumers for 
achieving the targets of SHSs installations in Sri Lanka and India. Soft loan scheme is a 
interest subsidy scheme where interest charged on loan is lower than the prevailing market 
interest rate. It was introduced in India in the year 2002-2003 for financing the purchase of 

Country 
Solar Home lighting 
Systems (SHS) Solar Lanterns 

Solar Street lighting 
systems Solar Pumps 

Bangladesh     
India     
Sri Lanka     
Pakistan     
Bhutan     
Nepal      
Maldives      
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solar photovoltaic systems by various categories of users. This is slowly replacing the upfront 
capital subsidy schemes which need huge budgetary support from the government. 
 

 
       Fig 7: Micro-credit model                                          Fig 8: Capital Subsidy Model 
 
 
4.4.  Barriers  

Table 5 summarises various barriers country wise. The two common barriers in the promotion 
of PV market in the South Asian countries are lack of R&D sector focussed on solar energy 
development and the funds availability. Also the people awareness and the availability of 
technologies are other barriers which hold back the growth of the market. Political 
inconsistency is one of the prime concerns of the funding given by the international funding 
agencies. But, with a successful example of Bangladesh one can learn that with more of 
people’s willingness and interest in taking initiatives market could be created. Lack of 
information about the resource, needs, appropriate technologies are also major issues in 
developing the markets especially in Bhutan, Nepal, Maldives and Pakistan. Lack of suitable 
financing schemes has also held back the development of PV market in countries like Bhutan, 
Maldives and Pakistan.  

Table 5: Barriers in various countries for PV 
Barriers  Bangladesh  Bhutan India Maldives Nepal  Pakistan  Sri Lanka 
Financing schemes        
R&D  
Lack of Information           
Funds availability        
Institutional 
Framework              

Political instability              

Barrier Exist  Barrier doesn’t exist  Information unavailable 
 
In all these countries though the PV technology is used for the off- grid power generation yet, 
either the contribution compared to grid power is miniscule or nearly zero. SHSs have found 
easy way in the market because of affordable incentive schemes and favourable policy 
environment. In Bangladesh because of its properties like modularity, easy maintenance and 
with Self Help Group (SHG) practice in Bangladesh, the banks have been ready to provide 
loans for installation. The main policy push comes from the government, thus government 
plays a major role in penetration of the technology. The financial schemes to create and 
support the off-grid market like capital subsidy in India and Sri Lanka and microcredit system 
of Bangladesh made it easy for the rural consumers to meet their power demands and easy 
down payments have been supported by government. Central funding is still an issue as many 
countries are not able to afford the same. Besides, it is also seen the government does not 
allocate the funds for the development of solar energy technology and its harnessing.  
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5. Conclusion and Recommendation 
The policies initiatives for flexible and easy flow of cash have a major role to play in the 
proliferation of PV technology into the market, especially when the market development is in 
the nascent stage and is dominated by the rural population. While in case of India and Sri 
Lanka, capital subsidy and soft loans succeeded to generate the market for Solar Home 
lighting installations, micro-credit system model succeeded in Bangladesh to develop market 
among rural sector. This has also helped in generating rural employment and averting poverty 
by promoting cottage industries. This, keeping into consideration the large un-electrified 
population,  and increase in PV market through installations of SHS in India, Bangladesh and 
Sri Lanka, it is very much possible for other countries in South Asia to learn from the 
neighboring countries and work towards development of market. There are several 
disadvantages considered for the technology like it cannot be used during cloudy and rainy 
seasons and that its output is not comparable to the conventional sources but it is the 
government through policy should encourage capacity building and R & D to overcome 
barriers. Also, at the initial stage government should also provide lucrative offers to bank to 
promote adoption of PV at easy interest rates. This would not only help in building rural 
market but would also boost rural employment and avert other social issues. 
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Abstract: A mobile telecommunication sector has experienced a rapid growth in Libya  and Al-Madar Al-Jadid 
is one of  largest companies  providing services in this sector.   Currently, PV systems are widely used  for 
powering remote GSM communication stations in the country and number of Al-Madar Al-Jadid communication  
stations powered by such stand-alone PV systems  was about 135 in 2009.  A Simulink Matlab model was built 
to dynamically simulate the operation of the stand alone PV system powering one of Al Madar Al Jadid remote 
communication stations in desert conditions, taking into account variation of  insolation and ambient temperature 
during a day.   The results of mathematical modelling on t he producible and produced power, charging and 
discharging battery power and the state of charge of the battery bank are in a good agreement with real 
experimental data recorded on the station with the use of a data-logger. Results obtained   clearly indicated that 
the existing system, including PV panels  and the electrical storage,  is excessively large for the current electrical 
demand on the station and therefore could be reduced in the size by a factor of two.   
 
Keywords: Stand alone PV systems, Modeling stand alone PV systems, Powering mobile phone stations by stand 
alone  PV systems. 

1. Introduction 
The use of PV systems for powering remote communication stations is rapidly expanding in 
both developed and developing countries [1].   In  Libya  the photovoltaic power has been in 
use for  the stations of communication networks since 1979.  The use of the PV technology 
instead of diesel-generators reduces  ope rational costs, since there is no need for fuel 
transportation, and is exhaust gas emissions (CO2 and NOx) free. 

A typical PV system generally consist of an array of  PV panels (a solar generator), an energy 
storage, which is very important for stand-alone systems, a power conversion system made of  
DC/DC converters and inverters,  and an associated power flow control.   

Dynamic modelling the operation and interaction of all system components, especially the PV 
generator and the electrical storage, is very important for the system assessment and its sizing. 
Mathematical models should be  validated against the performance of the actual system in 
order to evaluate its accuracy and then can be used with a confidence to predict the overall  
performance of similar systems with different sizes. In this study, the PV generator and the 
electrical storage made of battery banks have been modelled in the Libyan environment using 
Simulink Matlab software and then the model results were compared to experimental data 
collected in one of Al-Madar Al-Jadid standalone communication  stations.   

2. Methodology 
2.1. Modelling of the stand-alone PV system 
The system model combines two sub-system models, the PV model and the battery storage 
system model, see figure 1. The model does not take into account the influence of air flow, 
due to its complexity, and calculates the DC output power of the PV array (PPV) in watts as 
function of the solar irradiance, the PV cells temperature and the ambient temperature. The 
DC power output of the PV array is used as input data in the battery storage model. The 
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battery model simulates a lead-acid battery bank and calculates the electricity flow for 
situations when batteries are charged or discharged and also the surplus and deficient power 
values.   

                                                                             
Fig. 1.  The schematic of the electrical storage and electrical interface model 

2.2. PV generator model 
In order to achieve the best performance the PV modules must operate at the maximum power 
point (MPP). There are several methods to calculate DC power generated by the PV system 
and  in this work this value was calculated as [2]:   

,Τ×Α×Ν×=Ρ GmgPV η               (1)  

where ηg is the instantaneous efficiency of the PV system, Am is the area of a s ingle PV 
module (m2), GT is the global irradiance incident on t he titled plane (W/m2) and N is the 
number of modules. 

In the modelling it was assumed that connection and wiring losses and all other energy losses 
in the PV system are negligible. 

The instantaneous efficiency of the PV generator is given as 

( )[ ]rcTRrg Τ−ΤΒ−×= Τ1ηηη .     (2) 

Here ηr is the PV generator reference efficiency, ηTR is the efficiency of the maximum power 
point tracker (MPPT), Tc is the solar cell temperature (°C), Tr is the solar cell reference 
temperature (°C) and BT is the temperature coefficient, ranging  from 0.004 to 0.006 per °C 
for a silicon cell. 

The PV cell temperature is expressed as  [3]: 
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where Ta is the ambient temperature (°C), UL is the overall heat loss coefficient (W/m2 °C), τ 
and  α is the transmittance and the absorbance coefficients, respectively,  of the PV cell.   

In this investigation  the simplified mathematical model of the PV generator has been adopted 
in Simulink Matlab in order to calculate  the DC power output and this model is based on the 
following equation [4]:   

 ( )( ) ,1 __ PVMPPrefccTVVPV S ηση ×Τ−Τ+Α××=Ρ ΡΡ    (4) 

where PPV is the DC power output of the PV generator, S is the solar irradiance incident on 
the surface of the solar cell, ηPV is the efficiency of the PV generator, APV is the area of the 
PV modules, σT is the temperature coefficient, Tc is the solar cell temperature, Tc_ref is the 
reference solar cell temperature and ηMPP_PV  is the efficiency of the MPP tracker. 

The input data for the Simulink Matlab model consists of the irradiance, the ambient 
temperature, the temperature of the cell, the area of the modules and the reference solar cell 
temperature. The Simulink Matlab model simulates the PV generator when it is working at the 
MPP.  

The temperature of the PV cells is a f unction of the weather conditions and the PV cells 
characteristics. The PV cell temperature (Tc) is given as [4]: 

( ) 
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where Sref  is the reference solar irradiance  and Ta_ref  is the reference ambient temperature.    

2.3. Electrical storage   system model 
The battery storage system, shown in figure 1, has been adopted from [6]. It is relatively 
simple model but is sufficient to achieve  the purpose of these investigations, which is  
evaluation of  t he power flow between the PV generator and the load and  ba tteries and 
between batteries and load when it is necessary to compensate the shortage in the power 
production. The model is based on a time resolution of 60 minute to simulate the generated 
power, the load demand, the electrical storage and the power losses in the inverters and the 
power electronic equipment. The model is a generic  and can simulate different sizes of the 
electrical storage system by changing the nominal voltage of the system VB and the storage 
capacity CO.                                                             

The nominal DC voltage output VB of the battery in the model is set to be  48 V to match the 
battery used in the Al Madar Al Jadid  telecommunication station.  The storage capacity CO of 
battery bank of PV system used in the stations of Al Madar Al Jadid is 5964 Ah. The state of 
charge SOC can be defined from documentation provided by the manufacturer. It is 
recommended not to discharge the battery completely  in order to increase the life span of the 
battery and to avoid the very high drop of the battery voltage. Manufacturers commonly 
recommend the SOC from 20% to 80% of the storage capacity CO. However, in this model, 
SOCmax and SOCmin are taken as 100% and 20% of CO, respectively, to guarantee an 
acceptable battery's lifetime (i.e. SOCmax=5964 Ah and SOCmin= 4771.2 Ah). It is 
recommended in the provided technical documentation  that the maximum allowable 
discharging current  should be equal to C/5 and that the maximum charging current should be 
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equal to C/10. Thus, in the battery bank  the maximum allowable discharging current IDmax 
and the maximum allowable charging current ICmax are 1192.8 and 596.4 A, respectively. 

Charging and discharging currents at any time (t) vary depending on the shortage or surplus in 
the available DC power from the PV generator, though, in order to ensure efficient 
performance of the battery, a charge controller limits these currents to the maximum and 
minimum amounts, IDmax and ICmax, respectively [5].   

The surplus power P+ at any time is the difference between the power of the PV generator 
(PPV) and the electricity demand of the load PLoad at the same time [5]: 

,LoadPV Ρ−Ρ=Ρ+   DPV Ρ>Ρ                      (6)                                                                                                                                                                                      

where PD is the electricity demand of the site at any time.  

However, when the power produced by the PV generator PPV is less than the demand, then a 
shortfall in power P− can be calculated as follow: 

,PVLoad Ρ−Ρ=Ρ−   PVD Ρ>Ρ                       (7) 

The surplus power produced by  the PV modules is used to charge the battery bank, unless it 
is already fully charged; the batteries charging current (ICO) is limited by the charge controller 
to the maximum allowable charging current ICmax and SOC must be equal to or less than 
SOCmax. The charging current ICO is calculated as [5]: 

( )
,1

Β

Β+ ××Ρ
=Ι

V
c

co
εε

                          (8) 

where εC is the charge controller efficiency (it is constant and equal to 0.98 in the model) [5]; 
εB1 is the AC/DC converter efficiency, though it varies insignificantly with the load, it is  
assumed to be constant at 0.9; VB is the system and the batteries voltage and  equals to 48 V.  

In the event when the power required by the demand exceeds the generated power  the current 
from the battery IDO contributes to compensate this shortfall power. IDO is  

( ) ,2BCB
DO V εε ××

Ρ
=Ι −                               (9) 

Here 2Bε  is the efficiency of the DC/AC converter or inverter [5]. 

The change in the battery capacity CD with a period of time of Δt can be calculated as: 

( ) DC CtC −∆×Ι=∆ ,                                   (10) 

The battery state of charge SOC at any time t is calculated by the following equation: 

( ) CSOCSOC tt ∆+= −1 ,                              (11)                                                                                                    
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where SOC(t−1) is the battery’s SOC at the time earlier than t, which is limited by the values of 
SOCmin and SOCmax.  

The PV generator sources the load and charges the batteries during the day. In sunny periods, 
when the batteries are  fully charged there will be more power produced than it is required. 
Therefore, the surplus power is dissipated in the Simulink model. The power demand supplied 
by the batteries at any time is calculated as [5]: 

CBBDbatt V εε ×××Ι=Ρ 2                             (12)                                   

On the other hand, if there is surplus power P+ and SOC = S OCmax or ICO > ICmax, the 
dissipated power Pdiss will be determined as 

Β×
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×
Ι

=Ρ VC
CB

CO
diss εε 1

    For    (13)         

The model calculates the SOC for every minute taking into account  the charging and 
discharging currents determined  in equations 8 and 9, the maximum and minimum limits of 
the charge, SOCmax and SOCmin, respectively. The power drawn from the battery CD at any 
time estimated by multiplying ID by Δt in hours. However, the efficiency of discharge at high 
rates is considerably lower than 100%, so the  accurate  discharge efficiency can be calculated 
as [6]: 

,
α

tC D
D

∆×Ι
=   10 ≤≤α                           (14)   

where α is the discharge efficiency determined as [5]: 
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= D
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α   10 ≥≤α        (15) 

It has been assumed  in the model that the value of α cannot exceed the value  w hich  
guarantees that the maximum charge removed from that battery at any time period Δt does not 
exceed the product (ID · Δt).  

Although the same phenomenon is present during charging process, it does not significantly 
affect the efficiency of charging, especially with the charge current limited to C/10 (as 
highlighted earlier). So, such the  effect has been neglected in the model.   Consequently, the 
change in battery capacity CD during any time period Δt is calculated as 

( ) Dc CtC −∆−Ι=∆                                  (16)                                                                               

Thus, the battery SOC at any time t is calculated using the following equation: 

( ) CSOCSOC tt ∆+= −1 ,                            (17)                                          

Here SOC(t−1) is the battery’s SOC at the time earlier than t and is limited by the values of 
SOCmin and SOCmax.            
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3.  Experimental Part 
Al Madar Al Jadid Company started using PV panels for power supply of stations in 2005, 
when 6 new stations were built in a r ural areas and the General Company of Electricity 
refused to power these new sites since some  of them were away from the national grid and 
the grid network in the vicinity  of others were not powerful enough. The PV systems were 
supplied and installed by Total Company using  Ericsson a sub-contractor. The PV systems 
and batteries with the voltage of 24Vdc were used to power the stations directly without 
DC/AC conversion. Recently, the network of Al Madar Al Jadid Company has expanded to 
cover rural regions, oil company sites and  roads in the desert area. A project to built  350 
stations including 135 sites powered by PV panels, was developed and accepted in 2009. The 
new stations  will have  AC air conditioning, so it is necessary to use DC-AC inverters.   

The GSM station which was chosen to be used for evaluation  in this study is located in the 
vicinity of the main road connecting country’s north and south parts and is about 50 km away 
from the national grid.  The actual data used in this study is acquired  at  the location of the 
station using a laptop base data acquisition system. The data has been collected over three 
times periods, namely in January, April and  July.  
 

4. Results and discussion 
During numerical investigations the  average hourly performance of the PV system was 
modeled  for three periods, namely January, April and July, and then the  theoretical results 
were compared with the corresponding experimental data. The climatic conditions were taken 
from NACA collected data and the highest discrepancy between theoretical and experimental 
results was observed in modeling of operation in January period. Even so, the theoretical 
model provides acceptable accuracy in simulation the performance of the PV system.    

The load entered into the Simulink Matlab model is an actual load for the real PV generator 
operating in Libyan winter conditions.   

Although the solar radiation on a  horizontal surface in winter, particularly, in January and 
December is not high, the solar radiation on an inclined surface is fair and at noon reaches the 
level of about  700W/m2. The high value of the geometric factor for January and December 
months causes an increase in the solar radiation on inclined surfaces.   

Figure 2 illustrates the DC power that can be produced by the PV generator. Overall, the both 
theoretical and experimental curves have the same trend and the output power, which is 
represented by the area under the curves, is almost equal. The main difference is that the 
curve of the experimental output power is shifted in time and the PV system starts to generate 
power at about 8:30 am and not at 7.30 as predicted by simulations. This is because of 
satellite data on solar irradiance used in this study which is hourly data for a fixed period from 
7:30 to 16:30 for 12 months of the year. 
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Fig. 2.  Producible PV power 
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Fig. 3.  Producible and produced PV power 

Figure 3 shows the actual power produced by the PV generator and how much power is lost 
as a result of over sizing the PV system. The sum of the power consumed by the load and 
received by the electrical storage is about  a half of the total producible power.   

It can be seen in figure 4 that the simulated battery charging curve is very similar to that of 
the experimental results. In both theory and experiment the batteries receive power as soon as 
it is started to be generated by the PV panels and it demonstrates that the power consumed by 
the load is very small compared to the power generated. On the other hand, the batteries are 
fully charged within few hours, because of the low power discharge, which is result in the 
huge capacity of the battery bank comparing with the load consumption.  However, it can be 
observed from the experimental curve in figure 4 that the batteries charging is continued until 
the end of the day to compensate battery self-discharging process. 
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Fig. 4.  Charging power 
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Fig. 5.  Discharging power

Figure 5 presents the theoretical and experimental results on the  battery discharging. As it 
can be seen from this figure, the curves are close, except at the beginning and the end of the 
day. Theoretically, the load is supplied either by the PV generator or the electrical storage; 
while in the real system, the shortage in the power from the PV generator is compensated by 
the power from the battery and this is reason for discrepancy between theoretical and 
experimental curves.  

Figure 6 shows the SOC and processes of charging and discharging power in the summer 
period. It can be observed in this  figure that, the batteries are fully charged within few hours, 
due to the small power drawn by the load during the night time. That emphasizes the 
excessive capacity of the battery bank compared with the load consumption. 

As it is  highlighted above, the power produced by the PV panels is disproportionately large  
when compared to the load consumption and the electrical storage. On the other hand, the 
capacity of the electrical storage is also very large with respect to the power consumed by the 
load. As a result, the deficit in the power is always zero. The dissipated power, which is 
represented by the red colour section  in figure 7, is approximately two thirds of the total 
power that can be produced if the capacity of the battery bank is large enough, whereas the 
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produced power, which is represented by the blue colour section, is only about one third of 
the total power.  
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Fig. 6.  State Of Charge of the battery bank 
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Fig. 7.  The beneficial and the dissipated 

power
5. Conclusion 
In this study the performance of standalone PV systems in telecommunication stations has 
been numerically evaluated. The simulation results illustrated that there is a considerable 
amount of the producible power is dissipated due to the over sized PV panels which can 
produce much more electricity than that could be stored in batteries bank. On other hand, the 
power drown from the battery bank at the normal rate is small and does not exceed 3% of the 
total stored power, which demonstrates the excessively large capacity of the electrical storage. 
Although zero solar radiation situations are very unlikely to have place such scenario taking 
place for 24 hours was simulated in order to calculate the power supplied by the battery and 
the SOC of the battery bank. The results from the simulation of such the scenario showed that 
only 10% of the total stored power is drawn from the battery in the winter, autumn and spring 
seasons, and in summer period this value is 11% of the total stored power.  These results 
emphasize the large capacity of the battery bank. As a result of series calculations,  it is found 
that the 60%  of the existed PV modules area and 50% of the electrical storage capacity would 
be sufficient for powering the station. This would also result  in significant reduction (by 
about 50%) of  the capital cost of the PV system. 
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Abstract: Instability of electricity supply in Sudan is an increasing problem, especially in the capital and other 
larger cities. Commercial users such as hotels are looking for alternative solutions in order to be able to deliver 
adequate standards to their guests. In this study we investigate and optimize combined PV/Diesel system as a 
main electricity source for a hotel. There is significant potential for the use of the photovoltaic solar energy in 
countries like Sudan which receive abundant amounts of solar radiation around the year; the present work aims 
to design a rooftop photovoltaic solar system, or a hybrid system (Solar and Diesel) to produce 88100 kWh/yr of 
electricity for Rosa Park Hotel in Khartoum. The aim of this feasibility study was to find economic and useful 
combinations between Diesel and PV systems based on actual electricity consumption data of the hotel, taking 
into consideration both economic and environmental system aspects. 
The study shows that, the PV systems can be used independently or together with the Diesel generator as a 
replacement energy resource. Due to the high initial cost of the installation of a PV stand-alone systems, the 
economic optimizations shows that a combination of a relatively small Diesel aggregates with a PV system can 
result in low system costs taking advantage of free and clean solar energy of PV and the system flexibility of a 
Diesel system.  
 
Keywords: HOMER, Hybrid system, Photovoltaic Solar Energy, Renewable Energy, Sudan. 
 
1. Introduction 
Sudan Fig.2 is a country located in northeastern of Africa, with high solar radiation, according 
to Abdeen, (1997), the average sunlight hours in the capital– Khartoum - range between 8.7 
hours per day in July and 10.5 hours per day in February [1], this gives a yearly average of 
sunlight hours 9.92 per day, and around 3600 hours/year. On the real side: the country faces a 
serious problem of instability of electricity supply especially in the capital and the main big 
cities. The hydro-power generators could not feed their rated electricity supply mainly in the 
rainy season - April to October - because of the accumulation of the mud in the dams. There 
are some other factors that make the problems of electricity supply and demand in urban areas 
bigger than similar problems in rural areas, such as the constant increase of population and 
building density. 
 

           
Figure 1: Map of Sudan [2] 

 
The aim of this study is to find out how the solar energy can be used to produce electricity for 
a hotel in Sudan, the task is to design a stand-alone PV system, and a Solar/Diesel system, and 
then to compare those regarding cost-effectiveness and environment. 
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1.1. Rosa park hotel 
Rosa Park Hotel is a new four stars hotel located at the city center of Khartoum, there are 66 
rooms spread across five floors, In addition to the health club service and fitness center. 
 

       
Figure 2: Photos from Rosa Park Hotel. [3] 
 
1.2. Photovoltaic System 
For this study, a commercial polycrystalline silicon solar cell was chosen at offered fixed 
price for the installation. Besides the solar cells, there are other important components in the 
PV-system, such as the inverter that is used to convert the direct current DC from the solar 
modules to alternating current AC, in our case synchronous with the grid. Furthermore, due to 
the variability of sunshine on both daily and seasonable basis, the mismatching between the 
production and the consumption of the electricity must be balanced by a battery system. [4]. 
 
1.3. Methodology 
The methodology that we used for this study included the preparation of the inputs and 
calculations that are required for the simulation process. These inputs can be technical 
specifications of the PV panels, batteries, generators, etc., or the characteristics of the plant 
size, such as the weather data of the area where the system will be build on, the solar radiation 
density to which the plant site is exposed and the annual average temperature of the specific 
area. Also the economical inputs such as the capital costs and costs for replacement, operation 
and maintenance of the different equipment are of great importance for the financial 
evaluation. 
 
A commercial software HOMER (Hybrid Optimization Model for Electric Renewables) was 
chosen for simulation purposes. HOMER is a computer model first developed by National 
Renewable Energy Laboratory, (USA-DOE). It is based on hour to hour simulation and this 
gives possibilities to control the battery status and to determine the sizing of the batteries [5]. 
The program determines the energy production for a given system over a defined period and 
calculates investment and operational costs. Because of the possibility of handling multiple 
inputs, HOMER can in short time calculate a multitude of optional system solutions and by 
that way an optimal system solution can be found. 
 
2. Energy specifications 
2.1. Electrical loads 
The primary load distribution is essential for the designing process because the variation of 
the load through the day and night will affect the number of PV panels, and hence the 
capacity of storage battery and inverter: 
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- There are different loads for different seasons, the load will be 300 kWh/day for the 
tourists season (from October till February), and 200 kWh/day for the normal season 
(from March till September). 

- The power consumption will vary according to the daily activities, for example; most of 
the work in the kitchen, rooms cleaning and the laundry used to be during the day.  

 
The following tables show the loads for the two seasons per hour during day and night. 
 
 

Table 1: The load of the tourist season 
Time Load 

kW  
Time Load 

kW 
Time Load 

kW 
Time Load 

kW 
00:00 - 01:00 3.0  06:00 - 07:00 7.0   12:00 - 13:00 20.0  18:00 - 19:00 15.0   
01:00 - 02:00 3.0  07:00 - 08:00 10.0   13:00 - 14:00 25.0  19:00 - 20:00 15.0   
02:00 - 03:00 3.0  08:00 - 09:00 15.0   14:00 - 15:00 25.0  20:00 - 21:00 10.0   
03:00 - 04:00 3.0  09:00 - 10:00 15.0  15:00 - 16:00 25.0  21:00 - 22:00 8.0  
04:00 - 05:00 3.0  10:00 - 11:00 15.0 16:00 - 17:00 25.0  22:00 - 23:00 6.0  
05:00 - 06:00 3.0  11:00 - 12:00 20.0  17:00 - 18:00 20.0 23:00 - 00:00 6.0  

 
Table 2: The load of the normal season 

Time Load 
kW  

Time Load 
kW 

Time Load 
kW 

Time Load 
kW 

00:00 - 01:00 2.0  06:00 - 07:00 3.0  12:00 - 13:00 13.0  18:00 - 19:00 10.0   
01:00 - 02:00 2.0  07:00 - 08:00 6.0  13:00 - 14:00 18.0  19:00 - 20:00 10.0   
02:00 - 03:00 2.0  08:00 - 09:00 10.0  14:00 - 15:00 18.0  20:00 - 21:00 8.0  
03:00 - 04:00 2.0  09:00 - 10:00 10.0  15:00 - 16:00 18.0  21:00 - 22:00 4.0   
04:00 - 05:00 2.0  10:00 - 11:00 10.0  16:00 - 17:00 18.0  22:00 - 23:00 3.0   
05:00 - 06:00 2.0  11:00 - 12:00 13.0  17:00 - 18:00 13.0  23:00 - 00:00 3.0   

 

2.2. Solar radiation 
The average global solar radiation on the horizontal surface for each hour of the year will be 
needed for designing a PV system in a specific location. Here for this study, the solar plant 
was suggested to be located in Khartoum in Sudan at a location of 15° 31' N latitude and 
32° 35' E longitude. The hourly solar radiation data was obtained from the NASA Surface 
Meteorology and Solar Energy web site [6]. The annual average of the daily solar radiation on 
a horizontal surface for this area is 6.31 (kWh/m2/d). 
 
3. Optimization  
By feeding the software with the required basic input data, HOMER starts the work by 
running an hourly simulation of all possible configurations of different system types, and 
performs energy balance calculations for each hour in the year. The optimization process 
generates a list of configurations, sorted by net present cost, which can be used for the 
comparison of the different system design options [7]. An example is shown in Figure 3. 
Three main types of system solutions have been investigated: PV stand-alone system, Hybrid 
system (PV + Diesel) and Diesel generator system (reference case). The size of PV system, 
Battery system and inverter system is depicted in Figure 3. 
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Figure 3: Optimization results generated by Homer.   
The headers in Figure 3 have the following meanings:  engin - diesel engine, H3000 means 1 set of  storage 
battery type of Hoppecke 24 OPzS (3000 Ah), Conv. is for converter, Ren. Frac. is for Renewable fraction of 
generated electricity, and Batt. Lf. is for battery lifetime, besides the symbols of PV panel, diesel engine, battery 
and converter are also included. 
 
3.1. Economic parameters 
The investment costs are described in Table 3. The costs include the hardware, the installation 
on the site and the connection to the grid. Beside the initial investment, we have to take into 
account replacement of equipment which is worn out. Hence replacement costs are added to 
the generation cost, when the lifetime of equipment has been reached. For batteries, the life 
time is different depending on the number of charging cycles and depth of the discharge. This 
is the reason for varying battery lifetimes in different systems. The time frame of the financial 
analysis of this project is 25 years. The interest rate was taken to 6 %. 
 
The economical evaluation of the project can be calculated based on the inputs of financial 
aspects, which include the cost of the system components that the hotel’s owner will pay, and 
on the other hand the benefits that the owner will earn from the projects.  
 

-  Projected Benefits = Value of Generated Electricity + Value of Excess Energy                                                    
+ Value of CO2 Reduced 

- Electricity Costs = Capital Costs + Replacement Costs + Periodic Costs. 
 

The annuity calculations of all the benefits, the costs and also the Net Present Value were 
done based on assumed 25 years lifetime of the PV panels. The lifetime of the batteries is 
varying according to their use (see sect. 3.2.2) and the life time of the inverter is 15 years. 
Replacement costs are shown in Table 4. 
 
3.1.1. Value of electricity 
For the evaluation purpose of this system, we will use the electricity price that is achieved by 
the Diesel generator as a reference in order to calculate the projected benefit – because Diesel 
generators are widely used to produce the electricity in the areas of instable electricity supply. 
Therefore, According to the summary of the results in Table 7 the annual saving due to the 
electricity production is: 

   = the generated electricity through the year (kWh/yr) * Diesel generated electricity price ($)  

   = 88100 kWh/yr * 0.251 ($/kWh) = 22113.1 ($/yr).  

Eventual excess energy (which is produced by the stand-alone system) is assumed to be sold 
to neighbors for the price of diesel-electricity. 
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Figure 4: Monthly Average Electric Production for the three different System solutions.  

3.1.2. Value of emitted CO2   
The reduced amount of CO2 by the energy system has an economical value, due to the taxes 
that will paid for each kg of CO2 that is emitted, even if there are at the moment no policies 
that control the emission of  CO2 in Sudan. The value for the CO2 reduction is set to 15 $/ton.  
 
3.1.3. Capital cost 
Table 3 below shows the capital cost or the specific purchase price of the different 
components of the system (PV systems, Storage Batteries, Inverters and Diesel Generator): 
 
Table 3: The Capital Cost 

Unit Size Capital Cost   Ref. Unit Size Capital Cost  Ref. 
PV panels 1.0 kW 5000  $ [8] Inverters 1 kW 746.4  $ [10] 

Diesel 
Generator 1.0 kW 972.7  $ [9] Batteries 1 set (3000 Ah) 1088.2  $ [11] 

 
The PV panel’s cost that mentioned above is the total cost of the system including panel, 
installation, connection to the house and so on, the panel’s cost is about half of that. 
 
3.1.4. Cost of Replacement, Maintenance and Fuel 
The replacement cost is the cost of equipment that is purchased to replace a component when 
its lifetime is shorter than the project time set for this financial analysis. The solar cells have 
not to be replaced, but the inverters will be replaced after 15 years, battery’s lifetime indicated 
in Figure 3. Battery’s lifetime is greater when using PV standalone than the other systems 
because the number of batteries that used is four times greater, also the battery’s annual 
throughput (the amount of energy that cycled through the battery bank /year) of this system is 
two times greater.  Table 4 shows the replacement cost of the different components: 
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Table 4: The inputs of the specific Replacement Cost 
Unit Size Replacement Cost  Unit Size Replacement Cost  

PV panels 1.0 kW 0 Inverters 1.0 kW $  746.4  
Diesel Gen. 1.0 kW $  680.9 Batteries 1set (3000 Ah) $  1088.2  

 
The operating and maintenance (O&M) cost of the PV panel is expected to be $0.45 per 
m2/year, [12], Table 5 shows the maintenance cost for the rest of the components: 
 
Table 5: The Inputs of the Periodic Maintenance Cost  

Unit Size O&M Cost $ Unit Size O&M Cost  
PV panels 1.0 kW $4.09/yr Inverters 1.0 kW 0 

Diesel Gen. 1.0 kW $0.078/hr Storage Batteries 1set (3000 Ah) $20/yr 
 
The total operating cost is the sum of the annual operation and maintenance cost, and the 
annualized replacement cost for remaining time of the equipment. The price of Diesel used in 
this study was selected based on the actual market price of 2006, for gasoline and Diesel in 
northern Kurdufan which was approximately (1.35 $/gallon), while the cost in villages is 
about (1.44 $/gallon) [13]. The total annual O&M costs are shown in Figure 3, showing the 
large difference between PV stand-alone at the Diesel system. 
 
4. Results 
A summary of the optimized results of the different categories are listed in Table 6. Based on 
the results, the selected economical evaluation methods will be discussed as shown below. It 
is interesting to note, that the Hybrid system shows the lowest Net Present Value of all the 
systems investigated. The systems are compared by means of three types of cost analysis, all 
three calculated using standard methods and standard definitions: 

- Net Present value NPV 
- Payback Period (straight payback) 
- Levelized Cost of Energy (COE) 
 

Table 6: Summary of the Simulation Results 
System Ann. 

Saving $ 
NPV  $ Payback 

period  
Levelizd 
COE ($) 

Excess 
Electricity  

CO2 Emission 
kg CO2/kWh 

PV Stand-alone  29774.1   433729 13.1   yr 0.399 18.6  % 0 
Hybrid System 24031.8   279380 8.3   yr 0.251 0 0.507 

Diesel Gen. 22113.1   284672 5.0   yr 0.251 0 0.879 
 

The annual saving is based calculated from the amount of the electrical energy produced per year and 
delivered to the hotel and in the case of the stand-alone system also to the neighbors. This is multiplied 
by the cost of electricity produced by the Diesel system (which is 0,251 $/kWh). 
 

4.1. Net Present Value NPV 
As shown in Table 7, the initial cost of the PV Stand-alone system is the highest among all the 
systems-almost 3 times compared with the hybrid system, and more than 8 times compared 
with the Diesel system. However, the PV system uses no fuel, and the other systems pay from 
$7000 and $12000 per year, respectively. Also, Diesel generators need to be replaced 
approximately 4 times during the project’s lifetime. The storage battery holds for about 14 
years in the stand-alone system; it needs to be changed 2 times at least for the other systems. 
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At the end of the project’s economic running time, the total NPV of the PV stand-alone 
system is only about 1.5 times of both the hybrid and the diesel systems total NPV cost. 

 

Table 7: The details of the NPV cost. 
 Initial Capital $ O&M Cost $ Annual Fuel  $ Total NPV $ 

PV Stand-alone system 387 064 1 204 0 433 729 
Hybrid System 137 703 335 7 014 279 380 

Diesel Generator 47 430 266 12 285 284 672 
 

It can be seen that the NPV-analysis has a limited effect on the economical evaluation on the 
two systems (stand-alone and the hybrid), in spite of the big difference in the initial costs. 
 
4.2. Payback period 
The payback period can give an indication to the investor how fast he can get his money back. 
From the data of Table 6, one can notices that while the minimum time that is needed to 
recover the investment cost of the hybrid system and the Diesel generator system are 8.3 and 
5 years respectively, the stand-alone PV system needs 13.1 years to recover its cost. 
 
 

4.3. The Levelized Cost of Energy COE 
The levelized cost of energy COE gives the average cost of producing one kWh of electricity, 
including all the different cost contributions. Table 7 shows that the PV stand-alone system 
has the highest COE per kWh ($ 0.399), while the COE of both Diesel and hybrid systems are 
the same ($0.251). This seems to be reasonable in respect to the NPV-levels of the systems. 
 
4.4. Sensitivity analyses 
In such analyses, the results are strongly influenced by the quality of the input. Therefore, 
sensitivity analyses can illustrate this influence. In our study, we have increased the oil price 
by 20 % , and reduced the PV panels cost by 20 %.  In all cases, there was no change of the 
ranking of the three types of systems, but of course the gap becomes smaller. The Hybrid 
system turns out to be the system with lowest COE (0.25 $/kWh) in both cases, the PV stand-
alone system remaining the system with the highest COE (0.359 $/kWh). 
 
5. Discussion and/or Conclusions 
Three categories of the power systems are suggested by this study to solve the instability of 
the power supply of Rosa Park Hotel in Khartoum, and to replace the grid/Diesel current 
options.  From the simulation results, and the analysis of the annuity calculations, one can 
notice that both the stand-alone and hybrid PV/Diesel systems can be used and both of them 
sound profitable, with a straight payback period less than 9 years for the hybrid system, and 
less than 14 years -which is almost half of the project’s lifetime- for the stand-alone system. 
 
 

The study shows also that, the PV solar energy can be use separately or together with the 
Diesel generator as a replacement energy resource, to solve the power supply problems, and 
also to reduce the need of carbon-based energy. Due to the high initial cost of the installation 
of the stand-alone system, based on the economical evaluation of the systems, we think, the 
hybrid system is more viable option compared to the use of the Diesel generator separately. 
However, the selection of such system should not be evaluated based only on the economic 
feasibility; also the expected environmental and social benefits need to be considered, since 
the three elements are important for the sustainable development assessment of any project. 
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From the economical analysis it is easy to notice that, the stand-alone PV is the most 
expensive way to generate electricity among the three systems, but in terms of carbon dioxide 
emissions, it is more environmentally sound because the system emits no CO2 during the 
electricity production, while both the Diesel generator system and the hybrid system emit 
considerable amounts of the greenhouse gas, about 0.879kg of CO2/kWh and 0.507kg of 
CO2/kWh respectively. According to Simon, these emissions from fusel fuel-powered 
generators present a ‘cost’ that should be factored into energy system choices [14]. This might 
be difficult to be achieved in developing countries such as Sudan, but if the government 
would make the cost per kWh from the power generator more transparent and would remove 
the fuel subsidy, PV systems would be a competitive option also in this country [13]. 
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induced flow in a PV cooling duct in environmental conditions  
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Abstract: This paper describes a model to account for the heat transfer and the convective flow induced in the 
interior of a channel inclined 35° with respect to the horizontal, formed by a photovoltaic panel and an adiabatic 
plate. The model developed is validated experimentally by measurements made on an experimental prototype. 
The solar installation consists of two photovoltaic panels integrated with air ducts on the top of a building in 
southern Spain. The objective is to determine the temperature reached by the photovoltaic module in this 
configuration. This model considers the processes of heat transfer by radiation and convection on the outside for 
several atmospheric conditions (wind speed, ambient temperature and incident radiation) and for different 
geometrical and physical characteristics of the PV cooling duct (plate area, module performance, emission and 
absorption coefficients). Good agreement has been obtained between the experimental data and the results of this 
model. 
 
Keywords: PV cooling duct, solar experimental facilities, efficiency solar panels. 

1. Introduction 
The performance of PV implemented on t he top of a building depends on t he panel 
temperature in addition to other factors such as insulation and shading. High panel 
temperatures resulting from overheating could occur due to low wind cooling effect compared 
with free standing installation. One cost effective method to regulate the temperature of 
rooftop integrated photovoltaic (PV) panels is to provide an open air channel underneath the 
panel. 
 
To determine the equilibrium temperature of the modules, for different atmospheric 
conditions, it is necessary to solve simultaneously the heat transfer processes between the PV 
modules and the exterior and interior of the air duct, and the convective flow induced by 
buoyancy effects and by the suction of the external wind. Various studies have been carried 
out to assess the performance of roof-mounted solar (thermal or photovoltaic) panels. Some 
authors centered their research on the effect of the air gap between a solar panel and a roof 
[1], others suggested that a reasonable air gap for solar thermal collectors would be between 
0.1 and 0.14 m  [2] and also derived expressions for the mass flow rate, velocity and 
temperature rise in the air gap behind solar cells considering the effect of the geometry (aspect 
ratio of the channel) and location of these solar cells [3]. Other authors presented procedures 
of the heat transfer and the convective flow through a PV cooling duct to determine the 
equilibrium temperature of the module [4].   
 
This work initially raises the set of equations that characterize the thermal and fluid dynamic 
process in the air gap behind the solar cells. Subsequently a selection of the characteristic 
values is made of the input variables in this model, based on the existing literature and the 
available data on t he experimental prototype presented in this work. Once estimated the 
solution of the equations system is presented, with particular emphasis on how  the 
temperature of the module changes as the incident radiation and the external wind change. To 
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solve this system of equations the ESS software has been used. The model is validated with 
experimental measurements obtained on the configuration under study. 
 
2. Experimental facility 
The solar installation consists of two photovoltaic panels arranged as shown in figure 1, first 
panel (panel A) is used as reference panel. Panel temperature at different points, voltage, and 
current are measured to understand the panel behavior under normal operating conditions and 
to compare with another one (panel B) which is modified to test different ducts with different 
cross sections. In this second panel, surface temperature at different points, voltage, and 
current are also measured jointly with the air temperature and air flow rate. In the solar 
panels, temperatures are measured with RTD, and duct air speed with hot film anemometers 
[5].  
 
 

 
 

Fig. 1.  Solar panels. Left panel (A), right panel (B). 
 
The horizontal components of solar radiation are measured by two pyranometers. Other 
environmental conditions such as temperature, pressure, humidity and wind speed are 
measured with a meteorological station place on our  laboratory roof just beside the 
experimental facility. All data is registered and recorded by means of a data logger. 
 
3. Analytical model 
3.1. The incoming heat flow to the channel  
As mentioned, the procedure requires the simultaneous solution of two heat transfer 
equations. On one hand it has to solve the external equation, which represents the transfer of 
heat to the surroundings from the top face of the module and on the other hand the internal 
equation, which represents the transfer of heat into the duct. The module temperature links up 
both equations. In general, there may be a temperature difference between the two faces of the 
photovoltaic module, which is given by the expression [6] 
 

                                             T
E
ETT

o
mo ∆=−                                           (1) 

 
where To is the cell temperature inside the module, Tm the lower face temperature, E is  the 
irradiance measured, Eo is reference solar irradiance on the module (1000 W/m2) and ΔT the 
temperature gap between cell and back surface measured  with Eo = 1000W / m2, whose value 
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depends on the module rear ventilation (in this case is usually 2-3 ° C). In the approach of our 
model we consider in the first instance that there is no temperature difference between the two 
sides of the module. 
 
The external equation requires the following energy balance. At any point of the module, the 
heat flux that goes into the channel is given by the difference between the absorbed solar 
radiation minus the electrical output and losses to the surroundings. These losses are due on 
one hand, to the reflected and emitted radiation, and on the other hand to the external 
convection: 
 

                             ( ) ( )aoass TTUqq −−⋅−= ηα                                    (2) 
 
being αs the absorption coefficient, η the electrical efficiency, Ua the external loss coefficient 
and Ta the ambient temperature, and qs the solar flux or irradiance. As guide values for 
electrical efficiency and the absorption coefficient we’ve considered αs = 0,85 and η = 0,12 
[7]. Other authors suggest a value of αs - η = 0. 8 and regarding the external loss coefficient (

aU ), they also propose cerea hhU += [8] where 
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h εσ                                               (3) 

 
                                                ( ) 10

3/1 43,1 VTTh aoce ⋅+−=                                       (4) 
 
with hre as the radiation loss coefficient (where we assume that the surroundings are a cavity 
of adjacent air temperature and that the panel has an emittance of ε), hce is the external 
convection coefficient (it takes into account the existing exterior wind and it has been 
adjusted for the location of our facility studied considering the results of Palyvos [9]) and V10 
is the external wind speed at the height of 10 meters. It is obvious that in general the heat flow 
q is not uniform over the surface of the module. However, as Ua, is usually taken as uniform, 
so the heat flow will be also in our model over the PV module. 
 
The formulation of the equation of heat transfer inside the duct initially requires determining 
the buoyancy-induced flow and wind effects inside the channel when the photovoltaic module 
is subjected to a uniform solar radiation. In this process, the output variables are the wall 
temperatures, To (module temperature) and Tb (temperature of adiabatic wall) and its 
variation along the panels. The process requires an iterative calculation, given the existing 
degree of coupling.   
 
3.2. The mass flow rate induced inside the channel 
According to the investigations of Brinkworth [8], considering a constant heat flow in the 
module, determining the flow induced in the interior, is decoupled from the temperature of the 
channel walls, and can therefore be obtained separately. Therefore, we will raise the problem 
as decoupled and initially we will solve the induced mass flow (and hence the average speed) 
and then, based on this result, the heat transfer and temperature of the plates. To obtain the 
induced mass flow inside the channel, it is necessary to consider a balance of global forces on 
the air mass inside the same channel. The flow inside the duct is the result of driving forces 
(buoyancy-induced by natural convection and wind suction) and resistant forces (friction and 
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other hydraulic losses in the inputs and outputs). Below, this paper describes each of these 
forces. 
 
3.3. Driving forces  
The drop in pressure to conduct the air through the duct is the sum of buoyancy and wind 
effect [10]: 
 
                                                      wbd ppp ∆+∆=∆                                               (5) 
 
For flows that meet certain conditions, Boussinesq suggested that variations in fluid density 
can be neglected except in the gravitational term of the equation of conservation of 
momentum in the vertical direction, in which density appears multiplied by the gravity 
acceleration (g). This approach assumes that other fluid properties such as dynamic viscosity, 
conductivity and specific heat are constant. Supposing that the compressibility effects are 
small, so that density variations are due solely to the temperature changes, we can use the 
Boussinesq approximation, if the temperature variations in the fluid are small. Considering 
the Boussinesq’s hypothesis the buoyancy term can be expressed as the difference between 
the base and the end point of the fluid column with a height of Lsinθ: 
 
                                ( ) ( ) θβρθβρ sinsin LTTSgLTTgp ieimediab −=−=∆            (6) 
 
where S(Te - Ti) is the average increases of the temperature reached in the duct. The value of 
S depends on the temperature profile along the duct. For a linear increase in temperature, its 
value is about 0.5. This value is what we consider in this study as a starting point. On the 
other hand, the value of (Te - Ti) can be expressed in terms of incoming heat as 
 

                                                        ( )iep TTCmqA −=
.

                                         (7) 
 
If we solve eq. (7) for (Te-Ti), expressing the mass flow-rate, �̇�, in terms of the density, 
 

                                                     ( )
p

ie UHC
qLTT

ρ
=−                                            (8) 

 
and substituting in equation (6) 
 

                                                   
p

b UHC
SqLgp θβ sin2

=∆                                             (9) 

 
where β is the coefficient of thermal expansion, L the channel length, U the average velocity 
of induced flow, Cp the specific heat of air and H the depth of the channel. The channel width 
is taken to be 1m. 
 
As already mentioned, the external wind exerts a suction force on the channel so the mass 
flow increases. The pressure difference induced by wind can be represented by 
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being Cpi and Cpe the wind pressure coefficients at the entrance and exit of the duct, and  Vwi 
and Vwe are the values of wind speed at the inlet and outlet of the duct. According to 
Brinkworth [8], assuming that the position of the duct is such that the wind causes an increase 
in mass flow, we can estimate the combined effect of wind on the channel as:  
 

                                                               ( )
2

5.0
2

10V
pw

ρ
+=∆                                   (11) 

 
with V10  the wind speed at the height of 10 meters above the channel (the coefficient of +0.5 
is included in eq.11 to adjust experimentally the effect of the surroundings).  
 
3.4. Resistant forces  
The flow resistance expressed in terms of pressure differences ( rp∆ ) is given by the sum of 
the pressure drop due to friction ( fp∆ ) and other hydraulic losses ( hp∆ ). Friction losses can 
be expressed by the Darcy’s equation  
 

                                                      ( )
2

/
2UDLfp f

ρ
=∆                                        (12) 

 
where f is the friction factor  in a duct of length L and the hydraulic diameter of the cross 
section is D = 2H, due to the width is 1m and H<<1. In general, the factor f is a function of 
the aspect ratio (L/D) and of the Reynold number (ReD = UD/ν). In the case of a channel the 
following expression is proposed: 
 

                                                  no
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21 ++=                                           (13) 

 
With n ≈1, f0 ≈ 0, f1 ≈1 and f2 ≈64. Given these values, the expression f (L / D) approaches to 
1. On the other hand, the pressure drop due to hydraulic losses can be expressed in terms of 
coefficients Kh of the dynamic pressure in the form 
 

                                                       ( )
2

2Ukp hh
ρ∑=∆                                          (14) 

 
When there is a heat flow asymmetry on both walls in the channel. We may assume ∑kh ≈1.5 
[10]. If we propose the balance of forces, the equation obtained is: 
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which is a cubic function of the average velocity induced in the channel. 
 
                                           023 =+⋅+⋅+⋅ XUCUBUA                                    (16) 
 
With  A=1+∑kh ,    B= 0, C= -V10

2   and  X= -2gqSL2sinθ/TaHρCp . 
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3.5. The heat transfer inside the duct 
The incoming heat flow q is transferred to the air through the convection at the two walls of 
the channel and may be expressed by bqqq += 0 . The first term, qo, regards to the heat flow 
for convection of the PV module to channel air. This is given by 
 
                                                          ( ) 000 hTTq m ⋅−=                                           (17) 
 
where ho the convection coefficient of this panel, To temperature of the panel at a distance of 
the channel input in longitudinal direction and Tm the average temperature of the air-flow at 
this point. The second term, qb, represent the heat flow for convection from the adiabatic 
module. This heat came from the radiation heat flow issued over this panel for the PV 
module. It can be represented with the next equation.  
 
                                                         ( ) bmbb hTTq ⋅−=                                            (18) 
 
This radiation heat flow can be well represented for an interchange direct equation that 
considers local temperature of the two facing surfaces, with a h eat transferred coefficient 
linearized hr, described by [8], 
 

                                                    
3

0

2
4 






 +

⋅⋅= b
effr

TT
h σε                                    (19) 

 
In this case, we assume that the plate facing the module is adiabatic and that the energy that it 
receives by the radiation is entirely transferred for convection to the flow. So, the average air 
temperature in the duct at a distance x from the input is given by  
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From the above equations, you can get the temperatures of the two walls thanks to the 
expressions (23) and (24). The convection coefficients ho and hb can be obtained from the 
following expressions  
 

                                                         chnh =
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where hc is the coefficient of convective heat transfer on the hot wall of a channel  in where 

the other wall is adiabatic and we assume there is not heat flow by radiation. 
∧

θ  is the 
influence coefficient  which depends on the shape of the temperature profile of the plate that 
the duct is only heated on one side . The variable n is the ratio of heat flux between two walls  
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To close the system, we need information about hc (or of Nuc) and
∧

θ . For turbulent flow in a 
channel with heat flow in a p late and the other being adiabatic, the following expression is 
referenced, where ReD is the Reynolds number based on the hydraulic diameter: 
 
                                                      Dkh Dc /Re0186,0 787,0=                                   (24) 
 

With regards to the value of 
∧

θ , we have estimated it, correlating the presented values for the 
case of  ReD = 10,000 according [11] 
 

                                                     ( ) 0178,0/ln0452,0 +=
∧

DLθ                                (25) 
 

In spite of these values assumed by hc (or by Nuc) and of 
∧

θ , there is no criteria in 
bibliography to determine them. Therefore, a future task is to numerically determine its values 
for different conditions of heat flow between both walls and different angles of incidence.  
 
4. Experimental validation of the model and results 
The equation model proposed to resolve the heat transfer and the induced flow has been 
solved by means of the EES software used, for different real cases which have been measured 
experimentally in our solar facility. The following starting parameters have been considered:  
Cp = 1007 J/kg K,  Dh = 0.27 m,  ε = 0.88,  εeff = 0.3, g = 9.8 m/s2, η = 0.1353, H = 0.165 
m, αs = 0.85, Kh = 1.5,  L = 1.956 m, σ= 5.670 x 10-8 W/m2K4, μa = 0.00001834 kg/ms, Vw 
= 1,86 m/s, ReDh = 17,351, ρa = 1.197 kg/m3,  S = 0.5 y θp = 35o. 
 
Figure 2 compares the experimental data of the temperatures of the module (To) and the 
adiabatic wall (Tb) as a function of the irradiance, with those obtained by the analytical 
model. Taking into account that the experimental data has been obtained varying the 
atmospheric temperature (between 298 and 303 K), the results of the analytical model have 
been presented for different atmospheric temperature conditions. Experimental correlations 
for module and adiabatic wall temperature have been also printed in the Fig. 2. On the other 
hand, it has been also studied experimental and analytically the effect of the air gap between 
the module and the adiabatic wall. It has been tested that its effect is not very important in the 
performance of the module, once a m inimum value of the aspect ratio has been reached 
(H/L≈0.1). 
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Fig.2. Experimental validation of the analytical model for different atmospheric temperatures and the 
experimental correlation of the photovoltaic plate temperatures. 
5. Conclusions 
A solar installation consisted of a photovoltaic panel and adiabatic plate in an inclined 
channel configuration has been experimentally tested. Experimental correlations have been 
proposed for the temperature of the module and the temperature of the adiabatic plate as a 
function of the irradiance, for an average wind velocity of 2 m/s and an average atmospheric 
temperature of roughly 300 K.  
 
An analytical model of this configuration to study the heat transfer and the convective flow 
induced in it has been carried out and solved by EES software, considering some previous 
models of the bibliography and particular aspects of this experimental facility. The 
experimental measurements have been used to validate this analytical model. It has been 
tested that the effect of the air gap between the module and the adiabatic wall is not very 
important in the performance of the module, once a minimum value of the aspect ratio has 
been reached (H/L≈0.1). 
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Abstract:  In this paper design, fabrication and testing of micro-channel solar cell thermal (MCSCT) tiles has 
been discussed. Solar simulator for an indoor testing of micro-channel solar cell thermal tiles has also been 
developed. Fabricated MCSCT tile consists of single solar cell, micro- channel and fan for extraction of heat 
from bottom of solar cell. Single MCSCT tile has been termed as case-I. Similarly, two MCSCT tiles which are 
connected in series have been termed as case-II. The performance evaluation in terms of electrical efficiency, 
thermal gain, overall thermal energy and overall exergy of both cases has been carried out in indoor conditions 
on various intensities. It has been also found that the electrical efficiency is higher in case-I as compared to case-
II. On the other hand the thermal out put of case-II is higher than case-I on same intensity and mass flow rate. It 
has been found that the average electrical and thermal efficiency of newly designed and fabricated MCSCT tile 
is 12.4% and 35.7% respectively. This economical solar simulator can be used by manufactures for testing of 
different type of photovoltaic tile as well as photovoltaic modules. 

Keywords: Full Photovoltaic thermal tile, Micro-channel, Solar simulator. 

Nomenclature  

cA  Area of MCSCT tile .................. …………m2 

E Electrical power ...................................... W 

Ex  Exergy .................................................... kW 
I(t) Intensity………………........................  Wm-2 

fm  Mass flow rate of ……………………  Kg s-1 

f
C  Specific heat of air .. ………………. Jkg-1 K-1 

uQ  Rate of useful energy …………………….kW 

V velocity of air inside micro-channel .... ms-1 

ocV   Open circuit voltage ............................. Volt 

LV  Load voltage ......................................... Volt 

scI  Short circuit current ............................ Amp 

LI  Load current ........................................ Amp 

TfoN Outlet fluid i.e air temperature of 
Nthtile…...0C 

Tfi Inlet fluid i.e air temperature …...0C 
Ta Ambient temperature …...0C 
 
 Subscript 
 n  number of MCSCT tile 
 f  Fluid                 
 c      solar cell 
 o     outlet 
 Greek letter 
 e   Electrical efficiency 

th  Thermal efficiency                 

 
1. Introduction 
Photovoltaic technology (PV) is commonly known as one of the promising renewable energy 
technologies. It is well known fact that electrical efficiency falls as the temperature of the 
photovoltaic cells rises. The efficiency of the system falls about 0.0045 when cells 
temperature increased by 1°C [1]. The generation of both thermal and electrical energy 
simultaneously is known as hybrid photovoltaic thermal technology (PVT). Solar hybrid PVT 
system can generate more energy per unit area compared to the system of solar panel and 
thermal collector separately side by side [2].  Sopian et al. [3] and Prakash[4]  have analyzed 
single pass solar collector with open channel absorber. The double pass solar collector with 
upper and lower channels has been fabricated by Garg et al. [5] and cox et al. [6]. Erdil et al. 
[7] fabricated a hybrid system consisting of a PV module and a solar thermal collector and 
tested it for energy collection in Cyprus. They found out that the ratio of gain to losses for 
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thermal energy is 50 times the electrical energy, which was measured between the periods of 
12:00 and 16:00 hour.  
 
An experiment to compare the efficiency of an integrated photovoltaic thermal solar (IPVTS) 
system with conventional solar water heater was carried out by Huang et al.[8]. Tonui and 
Tripanagnostopoulos [9] reported a cheap and simple method to cool the photovoltaic thermal 
(PVT) system. Sopian et al. [10] developed and tested a double pass PVT solar collector, 
which is suitable for solar drying purposes. Design, development and performance monitoring 
of a photovoltaic-thermal (PVT) air collector has been studied by Niccolo et al. [11] and they 
found that the simulation model, developed under this program predicts quite well the thermal 
and electrical performance of a PVT collector. The model, in general, can be utilized for any 
set of design and operational parameters for evaluating the performance of front cover direct 
flow PVT air collector, semitransparent with different solar cell density (i.e. the ratio between 
the area of the cells and the total laminate surface) or completely opaque (e.g. standard PV 
laminate like those employed in the experimental campaign presented). The relations between 
energy and exergy, energy and sustainable development, energy policy making, exergy and 
the environment and exergy in detail are reported by Dincer [12]. Energy and exergy analysis 
of hybrid micro-channel photovoltaic thermal module has been carried by Agrawal and 
Tiwari [13] and they concluded that micro-channel photovoltaic thermal module gives better 
results. 
 
Till now, most researchers have carried out the electrical and thermal performance analysis on 
PVT system consisting of PV module and a duct. The objective of this study is to develop a 
micro PVT system known as MCSCT tile and solar simulator for testing of MCSCT tile. The 
performance evaluation of MCSCT tiles has been carried out on various intensity and 
constant mass flow rate. Comparative studies have been carried out between single MCSCT 
tile (case I) and two MCSCT tile connected in series (case II). 
 
2. Experimental setup 
Experimental test rig consisting of MCSCT tiles and solar simulator to test the performance of 
the MCSCT tiles on various operating parameter.  
 
2.1.  Micro-channel solar cell thermal tile 

The MCSCT tile as shown in Fig. 1a consists of a single solar cell, rated at 2.2 Wp having 
0.125m width and 0.125 m length and mounted on a rectangular wooden channel. The 
channel has a dimension 0.125m in length, 0.125m in width and 0.005m in depth. Small holes 
are provided at the cross edge of the channel to pass the hot air for utilization and also to 
connect other the MCSCT tile in series combination. The wooden micro-channel has been 
sealed with putty and adhesive tape to avoid air leakage. Similarly, another one MCSCT tile 
are fabricated and connected in series through PVC pipe. MCSCT tile are arranged in such a 
manner that outlet of first tile is inlet of second .The MCSCT tile have been placed on a mild 
steel platform  with a mechanism for up and down movement for varying the light intensity. 
A DC fan of 6.0 V and 0.1A has been used for forced mode of operation to make flow the air 
through the channel of tile.  
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Fig.1a. Photograph of hybrid micro-channel solar cell thermal (MCSCT) tiles 
  
2.2. Solar simulator 

A solar simulator (Fig.1b) with a 3-phase lamp array is employed to imitate the necessary 
solar irradiation in the testing of micro-channel solar cell thermal tile. The solar simulator has 
28 tungsten halogen lamps (Philips manufactured; Model: 392472) each having 500W, 9000 
lumens and rated at 240V and 11A. The halogen lamps are arranged in 7 × 4 matrices for 
uniform distribution of irradiance on the MCSCT tile. An exhaust fan has also been provided 
in the laboratory wall to avoid the overheating of cell by withdrawing the thermal energy 
associated with it. The available area for testing is 1×2 m .The height of the simulator from 
the floor is 200 cm. The distance between platform and halogen lamp is 100 cm. Intensity of 
simulator can be varied between 300 W/m2 to 1000 W/m2 by decreasing the gap of halogen 
lamp and platform.  

 
 

Fig.1b. Photograph of solar simulator with micro-channel hybrid MCSCT tiles 
 
2.3. Instrumentation 

The following instruments have been used during the experimentation: 
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 (i)Thermocouples: A calibrated copper-constantan thermocouples and a digital temperature 
indicator are used to measure the temperature of several locations, namely, back surface, inlet 
and outlet air temperature of each collector and final outlet air temperature. Digital 
temperature indicator has least count of 0.1oC.  

(ii) Solarimeter: The intensity of solar radiation is measured by the solarimeter having a least 
count of 20W/m2, manufactured by CEL, India Ltd, Sahibabad (UP), India. The solarimeter 
has been calibrated with the standard pyranometer.  

(iii) Anemometer (Lutron-AM4201): It is a conventional instrument used to measure the 
velocity of flowing air. The least count of the instrument is 0.1 m/s. 

(iv) Infrared thermometer: The infrared thermometer is used to measure the top surface 
temperature of PV module. The least count of the instrument is 0.1oC. 

(v) Clamp meter: It is used for measurement of a current and voltage. The least count of the 
instrument is 0.1A and 0.1V. 
 
3. Methodology 
The experiments have been conducted on various intensity namely 600,700 and 800 W/m2 

and maintaining the constant mass flow rate (0.000145 kg/s) to observe the effect of intensity 
on different performance parameters of single MCSCT tile (case-I) and two MCSCT tile 
connected in series (case-II). The following mathematical expressions have been used for 
analysis: 
 
3.1.  Electrical efficiency  

The electrical efficiency of micro-channel solar cell thermal (MCSCT) tile can be obtained as, 
Tiwari [14], 
 

e ( )
oc sc L L

c

FF V I I V

N A I t
    


 

     (1) 

 
where fill factor (FF) is a measure of sharpness of the  I-V curve. It indicates how well a 
junction was made in the cell and how low is the series resistance. It can be lowered by the 
presence of series resistance and tends to be higher whenever the open circuit voltage is high 

. 
3.2. Instantaneous thermal efficiency 

An instantaneous thermal efficiency of hybrid micro-channel solar cell thermal tile can be 
obtained as, Tiwari [14] and Duffie and Beckman [15] , 
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3.3. Over all thermal energy  

The energy analysis is based on the first law of thermodynamics, and the expression for 
overall thermal gain can be defined as, 
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where cpower  is a conversion efficiency of thermal power plant which depends upon quality of 
coal ( cpower  =0.38 for good quality of coal).The range of cpower  is varying between 0.20-0.40. 
This electrical energy has been converted to equivalent thermal by using electric power 
generation efficiency conversion factor as 0.20-0.40 for a conventional power plant, Huang et 
al. [8] and it depends on quality of coal. Usual value of this factor is taken as 0.38 for 
conversion 
 
3.4.  Overall exergy  

The exergy analysis is based on the second law of thermodynamics, which includes 
accounting the total exergy inflow, exergy outflow and exergy destructed from the system. 
 

overall thermal electricalEx Ex Ex        (4) 
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4. Results and discussions 
In a series of experiments conducted, data have been recorded at different intensity for 
comparative evaluation for case-I and case-II.  The experimental results of outlet air 
temperatures for both configurations (case-I and case –II) at various intensities 600 W/m2, 700 
W/m2 and 800 W/m2 have been shown in Fig. 2. It has been observed that outlet air 
temperature of case-II is higher as compared to case-I at same intensity and constant mass 
flow rate (0.000145 kg/s) and Tfi =38 0C. The Effect of intensity on outlet air temperatures of 
MCSCT tiles has also been shown in Fig. 2. One can be concluded that as intensity increases, 
the outlet air temperature increases for case-I. Similarly trends have also been observed for 
case-II. It has also been observed that as there is increase in duration of time, outlet air 
temperature is increased and approaches the steady state condition after approximately two 
hours. The maximum outlet air temperature of 900 C and 890 C on intensity of 800 W/m2 have 
been observed for series combination and single MCSCT tiles respectively.  

 

 
 
 

Fig. 2 . Variation of outlet air temperature at various intensity 
 
Fig. 3 shows the time variation of solar cell temperature at different intensities 600 W/m2, 700 
W/m2 and 800 W/m2 for both cases. It can be seen that solar cell temperature of case-II is 
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significantly higher than case-I at lower intensity (600 W/m2) but at higher intensity (700 and 
800 W/m2) the solar cell temperature of both cases are nearly same. It is obviously due to very 
small heat carrying capacity of air.  

 

 
 

Fig. 3. Variation of solar cell temperature at various intensity 
 
The electrical and thermal efficiency have been calculated with help of Eq. (1) and Eq. (2) for 
both cases at various intensities. Variations of electrical and thermal efficiency with respect to 
time have been shown in Fig. 4 and Fig. 5, respectively It has been found that as intensity 
increases, electrical efficiency decreases because of rise in cell temperature and this result is 
in accordance with result reported by earlier researchers, Zondag et al.[1]. The electrical 
efficiency for case-I is higher than case-II at lower intensity due to lower cell temperatures. 
Electrical efficiency in the range of 13.6 % to 11.7% and 13.6 % to 11.1% has been observed 
for case-I and case-II respectively. It has been found that as intensity increases, outlet 
temperature of MCSCT tile also increases and due to increase in outlet temperature , thermal 
efficiency  is increased because inlet temperature Tfi =38 0C is maintained constant.  

 
Fig. 4. Variation of electrical efficiency at various intensity 

 

 
 

Fig.5. Variation of thermal efficiency at various intensity 
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Overall thermal energy and overall exergy have been calculated with help of Eq. (3) and Eq. 
(4) for both cases at various intensities Fig.6 shows that the variation of overall thermal 
energy at various intensities. It has been observed that increase in intensity will increase the 
overall thermal energy for MCSCT tiles for both cases and one can also conclude that overall 
thermal energy of series connected MCSCT tiles (case II) is significantly higher than single 
MCSCT tile (case I) .Similarly trends has also seen for overall exergy for both case as shown 
in Fig. 7.  

 

 
 

Fig. 6 .Variation of overall thermal energy at various intensity 
 

 
 

Fig. 7. Variation of overall exergy at various intensity 
 

6. Conclusions 

It has been concluded that the average electrical and thermal efficiency of newly designed and 
fabricated MCSCT tile is 12.4% and 35.7% respectively. This new present setup would have 
beneficial effect of permitting much less expensive installation for testing of PV tile. Hence 
the test procedure can be used by manufacturers for testing of different type of PV tiles and 
combination of PV tiles in order to optimize its products for better efficiency. The Limitations 
of MCSCT tile are ohmic losses in solar cell, temperature gradient along the thickness of solar 
cell. 
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Abstract:The current energy production from fossil fuels and nuclear energy has environmental drawbacks. 
These drawbacks include the creation of nuclear waste, and the pollution associated with fossil fuels which lead 
to global warming and climate change. It is apparent that an alternative and sustainable source of energy must be 
found. A potential solution to this problem is solar electricity. Currently, solar panels are expensive and hence 
un-economical for most buyers. The use of solar concentrators creates a potential for less expensive electricity 
because concentrators raise the amount of incident radiation over a relatively small area of the absorber.  The 
reduction in cost is achieved by reducing the module area and the use of low-cost reflectors. However, specular 
reflectors cause high concentrated heating and form hot spots on the solar module cells. These hot spots are a 
result of uneven concentration of radiation. The overall effect is the reduced fill-factor and overall efficiency of 
the system. In this paper, we report an alternative solution to the problem of non-even illumination by using 
locally available low-cost semi-diffuse reflector with four different groove orientations scribed on it so as to 
scatter the radiation flux onto the module. The groove orientations were plain sheet (NG), horizontal grooves 
(HG), vertical grooves (VG), and the crisscross groove (CG) orientations. Our results show that the locally 
purchased semi-diffuse aluminium structure can be used as a booster reflector compared with the commercial 
high specular reflector. 
 
Keywords: Semi-diffuse, specular, fill-factor, non-even illumination, low-concentration 

1. Introduction 
The costs of solar panels compared to the amount of power they produce make their purchase          
un-economical for most end-users. The use of solar concentrators create a potential for 
producing less expensive electricity by replacing expensive solar cell area with inexpensive 
optical materials such as plastic refractors or metal reflectors. Currently, mirror-like reflectors 
(specular materials) are used for solar thermal applications while lenses are used in 
photovoltaic systems. The use of lenses in photovoltaic (PV) may not reduce the cost of 
electricity to affordable levels because they are expensive. Highly specular materials have 
high reflectance and are good in imaging optics for high concentration, whereas semi-diffuse 
reflectors are preferred in non-imaging optics for flux scattering. The module cost could be 
reduced if low-cost materials are used to concentrate solar energy flux across a small module 
area [1,2]. In this paper we address two of the problems faced with concentrating photovoltaic 
systems namely; non-even illumination and use of expensive lenses and specular materials as 
reflectors by designing, constructing and evaluating a low concentrator system, using locally 
available low-cost semi-diffuse aluminium structure reflector with four different groove 
orientations scribed on it to improve on the fill-factor (FF) of the module for low cost 
electricity. Fill-factor is an important parameter that tells the overall performance of the solar 
module. A solar module with a high fill-factor is able to produce high power for a longer 
period of time. Therefore, by improving the FF of the module we are increasing both the 
power output and the durability of the module [3]. 

2. Methodology 
2.1. Design and construction of the compound parabolic concentrator (CPC) 

We first designed the Compound Parabolic concentrator (CPC) using the standard polar      
co-ordinate system proposed by Winston [4,5]. The value of a which is the half width of the 
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exit aperture was determined after deciding on the size of the solar module string to be used 
after which the acceptance half angle θ of the CPC  was decided while Φ  varied from 5° to 
107° in our case.  The determined values of a  and θ  in this case were ( a =5cm and θ =15°) 
which we then used in equations (1) and (2) to generate the X  and Y  co-ordinates. These             
co-ordinates were then plotted on the graph paper to design the CPC which was later 
constructed .Figure 1 shows the CPC designed (a) and the actual constructed Compound 
Parabolic Concentrator (b) used for the current-voltage (I-V) measurements.  

afx −
−

−
=

φ
θφ

cos1
)sin(2                                                        (1) 

φ
θφ

cos1
)cos(2

−
−

=
fy                                                       (2) 

                                                                                                                    

                                                         

 

Fig 1. Shows the CPC design from polar co-ordinates into the X-Y co-ordinates system (a) and the 
actual compound parabolic concentrator constructed (b). 

2.2.  Spectral reflectance of structured aluminium   
An ideal reflector material for solar electricity production should have a relatively high 
reflectance in visible and ultra violet regions of the solar spectrum and to maintain this 
relative high reflectance for the entire life of the solar system [6]. 

In this experiment we used one reflector material (semi-diffuse aluminium structures), but 
with four different orientations of the grooves namely; plain (NG) (no grooves), horizontal 
grooves (HG) vertical grooves (VG) and criss-cross groove (CG) orientations as shown in 
Figure 2. The groove sizes ranged between 2mm to 3mm. Our aim was to determine which of 
these four orientations was able to provide uniform illumination and a better fill-factor 
improvement using the named reflector .The optical properties of this reflector material were 
obtained from the Perkin Elmer spectrophotometer lambda 900.  The total integrated 
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reflectance (TIR) was calculated from equation (3). The TIR gives the overall reflectance of 
the material the property that shows how much flux the material is able to scatter.                                                                                                                                                    
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Fig 2. Showing the four different orientations of the grooves on the semi-diffuse structured 
aluminium:(a) plain sheet (NG)  (b) horizontal grooves (HG) (c) vertical grooves (VG) and (d) criss-
cross grooves (CG) 

2.3. Current-voltage (I-V) curve measurement. 
The current and voltage generated by the module under concentration was measured using the 
current-voltage tracker instrument obtained from Vattenfall, Sweden .The short-circuit current 
Isc, the open-circuit voltage Voc, the power maximum Pm, the maximum current Im, and the 
maximum voltage Vm were extracted from each I-V curve. The fill-factor (FF) was evaluated 
from equation (4). 
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3. Results 
3.1. Measurement  of Total Integrated Reflectance(TIR) 
Table 1 shows that the plain sheet (NG) was a b etter reflector with TIR of 89% followed by the     
criss-cross grooves (CG) orientations with 88%, the horizontal grooves (HG) orientation was the third 
best with 85% while the vertical orientations of the grooves on the aluminium structure was the least 
with 82%, as measured by the integrating sphere in the lab. 

Orientation Total Integrated Reflectance (TIR) 

NG 89% 

HG 85% 

VG 82% 

CG 88% 

 
3.2. Fill-factor comparison at 0° (normal) 
 

 

Fig.3 Fill-factor comparison at 0o 

The results for the fill-factor comparison revealed that the criss-cross grooves (CG) gave the 
highest fill-factor followed by the horizontal grooves (HG) and then the vertical grooves 
(VG). The plain sheet had the least fill-factor. The results also shows that the drop in the    
fill-factor from the reference for the criss-cross grooves and the horizontal grooves 
orientations was about 3%, while that of the vertical grooves (VG) and the plain sheet was 8% 
and 12% respectively. The better results of fill-factor for the criss-cross grooves and the 
horizontal grooves can be attributed to the fact that, the orientation of the grooves in this 
manner provided evenly scattering of the solar flux on the module thereby reducing the hot 
spot formation and causing an even distribution of current within the solar cell . On the other 
hand, the reduced fill-factor for the plain sheet and the vertical grooves can be expalined in 
terms of the non-uniform irradiance leading to non even distribution of current within the 
solar cell. This causes hot-spot formation that leads to the overall degradation of the module. 
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3.3. Power comparison at 0° (normal)  
 Figure 4 shows the comparison of power at 0º with VG and NG giving the highest power 
output, but these are a result of high currents which cause hot spots and an overall reduction 
in the performance of the module. Hot-spot heating occurs when a large number of series 
connected cells cause a large reverse bias across the shaded cell, leading to large dissipation 
of power in the poor cell. Essentially the entire generating capacity of all the good cells is 
dissipated in the poor cell. The enormous power dissipation occurring in a small area results 
in local overheating, or "hot-spots", which in turn leads to destructive effects, such as cell or 
glass cracking, melting of solder or degradation of the solar cell[3].  

 

Fig. 4 bar charts showing comparison of the power for the four different grooves orientations and the 
reference (Ref) (without concentration). 

4. Discussion and Conclusions 
The performance of the CPC constructed using the locally available materials has been 
analysed and the results show that the locally purchased semi-diffuse aluminium structure can 
be used as a booster reflector in low cost photovoltaic system. The results also show that the 
criss-cross groove and the horizontal groove orientations were found to be the best 
orientations for the fill-factor improvement since they had only a 3% drop in fill-factor from 
the reference. The two orientations were able to scatter the solar flux evenly across the solar 
cell module. It is the even scattering that causes uniform distibution of currents within the 
solar cell thus reducing the hot spot formation. However, between the two orientations we 
would recommend the horizontal grooves(HG) because it is less costly when making the 
grooves  but it gives a better fill-factor as much as that of the criss-cross grooves.  The 
horizontal grooves also gave a higher power increase of 52% compared to 33% for the      
criss-cross grooves. 
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Abstract: This paper present a study of the photovoltaic generator (PVG) performance. It basing on comparison 
between characterizations obtained in real time test and simulated ones using mathematical models. This study is 
evaluated by the design of a semi-virtual laboratory, which is composed on a hardware support based on the 
developed data acquisition system in real operating conditions and a software support based on mathematical 
models descriptions.  T his laboratory permits to identify PVG parameters using correlation between 
measurements and simulated characteristics.    
 
Keywords: Simulation, photovoltaic generator, characterization, performance, hardware, software. 

1. Introduction 
PVG or PV modules in general are formed by a co mbination of parallel and series 
connections of solar cells. The electrical characteristics of PV modules are rated at standard 
irradiance and temperature conditions. The standard conditions are AM1.5 spectrum, 1000 
W/m2 at 25°C cell temperature, for terrestrial applications, whereas for the extraterrestrial 
standard conditions it is AM0 (1353 W/m2) at 25°C[1]. Therefore the user knows only the 
electrical parameters nominal values of the PV module, which may be different from the 
values during the operating conditions. The variation of the characteristics from one set of 
conditions to another is a problem faced by designers and users, who want to know the 
outputs of a PV installation in real conditions rather than those given by the manufacturer in 
standard conditions [2]. Several environmental factors act to influence the performance of 
photovoltaic devices such as the temperature, the solar angle of incidence, the total irradiance 
level, the irradiance spectrum and optical effects due to shading. Numerous performance 
analysis studies have been carried out to assess the magnitudes of these effects, yet there is 
still some debate about the relative importance of each factor. Due to strong correlations 
between each environmental driver, their separation for quantification has proved a major 
challenge that has not yet been met conclusively [3]. Figure 1 represents the block diagram of 
the semi-virtual laboratory design.  
 
2. PVG model description  
There are several description models for PVG. Some themes are analytical models; the other 
ones are empirical and semi-empirical model. In this context we present two PVG model 
descriptions. The first one is an analytical model basing on one-diode model and the second 
one is an empirical model which is developed by Sandia Laboratory.  
 
2.1. One-diode PVG model 
One-diode model of PVG is presented as an electrical circuit as showing the figure 2. 
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Fig.1: Semi-virtual laboratory design for PVG characterization performance. 

 

Fig. 2: one-diode equivalent circuit model. 
 
At a fixed temperature and solar irradiation, the I-V curve of this circuit is given by equation: 
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The parameters for this model, described elsewhere [4], can be found by either numerical or 
analytical methods. It has been shown that the circuit parameters Iph, Rsh, Rs, Is and the diode 
ideality factor  ‘n’ at a particular temperature and irradiation can be computed from the Voc, 
Isc, Vm, Im, Rso and Rsho values measured from the I-V characteristic. Several researchers 
have either investigated or developed numerical algorithms to determine the solar cells 
parameters by fitting measured I-V curves [5]. The difficulty to obtain the PV parameters, 
from the measured I-V curves, resides in the implementation of complex computer algorithms 
since the estimation of these parameters, somehow, are restricted to specific research 
laboratories as those studying fundamental physics device. However, analytical methods can 
be used as a design tool to derive the parameters from the basic data given by PV module 
manufacturers, or other readily available data. Under Simulink we present this model as 
following 
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Fig.3: One-diode PVG model simulation under Simulink. 
2.2. SNL model description  
SNL (Sandia National Laboratory) performance model is an empirically based method. It 
achieves its versatility and accuracy from the fact that individual equations used in the model 
are derived from individual solar cell characteristics. The versatility and accuracy of the 
model has been demonstrated for different photovoltaic and concentrator modules, as well as 
for large arrays of modules. This model takes account of electrical, thermal, solar spectral and 
optical effects for photovoltaic modules [6]. The performance modeling approach has been 
well validated through extensive outdoor module testing, and through inter-comparison 
studies with other laboratories and testing organizations [7]. Recently, the performance model 
has also demonstrated its value during the experimental performance optimization of off-grid 
photovoltaic systems [8]. The following equations define the model used by the Solar 
Technologies Department at Sandia for the analysis and the modelling of the photovoltaic 
modules performances. The equations describe the electrical performances for individual 
photovoltaic cells, modules, and arrays. The solar resource and weather data required by the 
model can be obtained from tabulated databases [9] or from direct measurements.  
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The following figure represents Simulink simulation of this model.  
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Fig.4: Sandia PVG model simulation under Simulink. 
3. Hardware design and development of a real-time PVG characterizer   
The Hardware part is based on a development of a data acquisition system for real time PVG 
characterization.  T he data acquisition system (DAQS) is an important part of the 
experimental setup. A good experiment can be completely ruined if the data is not collected 
with the necessary precision and repetition. Figure 5, s hows the block diagram of the 
developed system. The DAQS is linked to a graphical user interface. The developed hardware 
parts basic element is the electronic load [10]. This electronic load can characterize an array 
of one or two solar modules connected in serial or in parallel, protected with a by-pass diode. 
Figure 5 show the block diagram of the developed hardware PVG testing unit.  

 
Fig.5: Block diagram of PVG testing unit.  
 
4. Software design 
The software has been developed using Object-Oriented Programming (O.O.P) under 
windows. This software based on the development of a three principal programs (figure 6). 
The first one to estimate irradiation on PVG captor, the second to extract PVG parameters 
from manufactures data sheet and from other temperature and irradiation inputs and the third 
one we permits to identify PVG parameters using correlation between measured and estimate 
characteristics.   
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Fig. 6: software design. 
4.1. Estimated irradiation program  
In this context the developed software is based on a  specific algorithm for irradiation 
simulation [11]. Figure 7 represent the input data window of the developed software for the 
daily and annual estimation irradiation for different locations. In the present window, sites are 
identified by the geographical location (latitude, longitude and altitude). With this program, 
we simulate global horizontal and inclined irradiation. The Albedo represents the diffusion 
coefficient. Its value belongs to [0.1, 0.9]. The user introduces the year day number and the 
angle of incidence (AOI) of the irradiation on the module. This software has a data base of 
different sites in the word. The user can introduce other sites, not configured in the data base, 
by introducing its geographical location. He, then, can estimate the global and inclined, daily 
and annual irradiation of the introduced site. The daily sunshine duration is also calculated 
when the user start execution of daily irradiation simulation.  
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             (a)                                                                               (b) 
Fig. 7: (a) Inputs data (latitude, longitude and altitude) window for daily and yearly irradiation 
simulation for sites characterization, (b) Measured and estimated irradiation comparison results. 
 
4.2. Developed software for PVG Parameter extraction  
Figure 8 s hows the input/output data window for the PVG characterisation under STC 
conditions and under measured irradiation and temperature conditions. This software disposes 
of a u ser-friendly PV modules database for different manufacturers. Using one-diode 
description model for PV module, this program can identifying the five parameters models: 
ideal factor, serial resistance, shunt resistance, saturation current and photocurrent. The 
modules in the database are identified by the manufacturer reference and by their STC 
condition characteristics: Isc, Voc, Im, Vm and Pm. Besides, thru this software, we can add in 
the database other commercial modules and carry out their characterization, figure 8. 
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Fig.8: PVG parameter extraction from manufacture data in STC and from authors temperature and 
irradiation values. 
 
4.3. PVG parameter identification platform using correlation with measured 

characteristics   
After developing the data acquisition system for PVG characteristics measurements, we are 
very interested by the developing of software which permits the identification of PVG 
parameters in correlation with the measurements characteristics. The identification algorithm 
is based on the calculation of the correlation factor named “R2” between measurements and 
simulated characteristics. This coefficient is given by the equation number (3).   
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The following figure shows this software. This software permits also the identification of the 
current and voltage coefficients of temperature.   
 

 
Fig.9: Software of PVG parameters identification using correlation between measurement and 
simulated characteristics. 
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5. Example for commercial PVG characterization 

This example is study the PV commercial module “TE500CR+”. It is multi-crystalline 
technology [12]. The following figure, shows the I-V and P-V characteristics for the SNL, 
one diode model and experimental measurement at T = 20°C, Ir=820W/m2 and Ws= 3.5 m/s. 
 

Table 2: Results of TE 500 CR+ module characterization 
Manufactures results  
(STC conditions)  

Isc(A) Voc (V) Pm (W) Im (A) Vm (V) 

3,50 21.70 55 3,10 17,50 
Real  
Meteorological  
data measurement 

Model  
used 

Isc EIsc 
(%)  
   

Voc EVoc 
(%) 

Pm  EPm 
(%) 

Im  EIm 
(%) 

Vm  EVm 
(%) 

 
T = 20°C 
Ir=820W/m2  
Ws= 3.5 m/s 

Measured 
results 

3.406 19.463 46.64 2.88 14.78 

 

RMSE 

Measured results/ One diode model prediction 0,69 
Measured results/ Sandia model approximation 
prediction 

0.63 

 

FF 

Manufactures results (STC conditions) 0.72 
Measured results 0.64 
One diode model prediction 0.70 
Sandia approximation model prediction 0.67 

One-diode  PVG model parameters identification 
TE 500CR+ 
 module 

Model parameters identification using 
correlation with  measured  values with R2= 0,98 

Model parameters extracted using  
manufactures data 

Iph (A) I0(A) Rs(Ω) Rsh (Ω) n Iph(A  I0(A) Rs(Ω) Rsh(Ω)  n 
3.10 2e-14 1,3 30 0.66 3.51 1.2e-12 0.78 215,23 0.82 

 

  
Fig.10: I-V and P-V TE500CR+ module characteristics comparison between Sandia approximations, 
One-diode estimated model and experimental results. 
 
6. Conclusion 
This work described the functioning of the designed semi-virtual laboratory for PVG 
performance characterization methodology. This laboratory based on the comparison between 
the predicted models results and experimental ones. I-V and P-V, characteristics are obtained 
and compared, in one hand. In the other hand the PVG parameters are obtained using predict 
models and experimental results for real and estimated meteorological data. The present 
example for measurement and modeling applied for the TE500CR+ modules can be used for 
characterized different PV commercial modules. The final objectives is to duplicated this 
results and choose modules gives good response when they are introducing in the PV 
installation and gives either a best installation dimensioning. In perspectives of this research is 
to introduce other PVG models in this semi-virtual laboratory and its compared with the 
studied ones 
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Abstract: Photovoltaics (PVs) operate at around 40°C above ambient temperature in full sun. On a cold day in 
Europe the cell temperature will be at 30°C and compared to a summer temperature of up to 80°C. As each ten 
temperature increases the efficiency of the crystal silicon photovoltaic will reduce 10%. So considering the 
whole year, running at 25°C for Building Integrated Photovoltaic (BIPV) will be an ideal temperature target to 
achieve in order to keep PV cells at their peak efficiency in Europe. Passive heat removal technique was applied 
for thermal regulation of PV using Phase Change Material (PCM) integrated on the back of the PV. The 
temperature in PV can be effective regulated, but the low thermal conductivity of the PCMs is one of the main 
problems for this application. This paper details the results of a theoretical investigation and analysis of PV 
temperature control and solar thermal energy storage achieved using phase change materials with different types 
of fins, structure and PCMs. The predicted performance provides an insight into the effects of using various 
quantities of different PCM materials with different types of fins and thermal storage for selected ambient 
conditions of temperature and insolation. From this parametric study, optimum arrangements of the PV/PCM 
system with different type of fins are proposed, thereby improving the efficiency of the PV/PCM system.  
 
Keywords: phase change materials, Photovoltaic and Building Integrated Photovoltaics  

Nomenclature
C      Specific heat capacity ................... Jkg-1 K-1 
E      Thermal energy  .................................. Jkg-1 
H      Heat transfer coefficient             Wm-2 K-1 
H      Latent thermal energy ......................... Jkg-1 
IT      Insolation incident on photovoltaic cell  
Wm-2 
K      Thermal conductivity  ................... Wm-1K-1 
T      Time  ...........................................................  s 
∆t    Time step .....................................................  s 
T      Temperature  .................................................................. oC  
∆T    Transition temperature of PCM  °C 
TPV    PV Temperature  .................................   °C 

Tamb  Ambient temperature ...........................   °C 
Tm    PCM Melt temperature  .....................................   °C 
UL    Overall heat loss coefficient,   Wm-2K-1 

ηc    PV Electrical conversion efficiency 
τ     Transmittance of PV cover 
α     Absorptance of PV 
 
Subscripts 
L liquid phase 
S solid phase 

 
1. Introduction 
Building integrated photovoltaic systems (BIPVs) are widely recognised as the most cost 
effective form of PV power generation [1]. As well as producing electricity, BIPV panels can 
replace some of the conventional wall cladding and roofing materials, therefore reducing the 
net costs of the PV system. The elevation of the PV temperature reduces solar to electrical 
energy conversion efficiency by 0.4-0.5%K-1 for crystal silicon PV when it rises above the 
characteristic power conversion temperature of 25°C [2] [3]. Maintaining the silicon PV’s 
temperature at a low temperature, preferably lower than or around 25°C will retain the 
maximum conversion efficiency of the PV for practical applications. Active and passive heat 
dissipations have been studied for decade [4] [5] [6].   

PCM can absorb a large amount of energy during the phase change, and is therefore widely 
investigated for thermal storage. A review on thermal energy storage with phase change 
materials and application has been carried by Sharma, et al. [7] and Agyemin et. al. [8]. An 

2938



investigation of a system which uses PCMs to absorb energy as latent heat at a constant phase 
transient temperature and to regulate the rise in PV temperature (PV/PCM) has been carried 
out recently ([6], [9] and [10]). It was found that the PCM thermal conductivity and volume 
expansion during melting are the main barriers for this application. A series of arrangements 
with different types of fins inserted inside the PV/PCM system was also carried out 
experimentally [6]. Although the metal fins inserted inside the PCM can improve the heat 
transfer inside the PV/PCM system, the thermal regulation period declines as the volume of 
the PCM is substituted by the metal mass of the PV/PCM system. It was also found that 
during crystallisation the air cavity formed inside the PCM will increase the thermal 
resistance when used for temperature regulation during the day time. The further studies using 
different types of PCMs for the PV/PCM application, including a eutectic mixture of capric-
lauric acid (CL), a commercial blend of salt hydrate and paraffin phase change material 
(SP22), a eutectic mixture of Capric Palmitic acid (CP) and a Calcium Chloride hexa hydrate 
(CaCl2), have been carried out [11]. Eutectic Mixture of Capric-Palmitic Acid and 
CaCl2.6H2O with higher thermal conductivities than paraffin wax have a better thermal 
regulation performance on BIPV for indoor conditions and the outdoor climates of Ireland 
and Pakistan [11]. Further investigation on the corrosion of the container needs to be 
conducted. 

In this paper an experimental validated numerical simulation model [9] has been modified to 
suit for two phase change materials for PV/PCM modeling. The thermal regulation of the 
PV/PCM system in triangular shaped cells and circular shaped cells (which optimise for 
reducing stress due to PCM expansion) have been studied. A range of different phase 
transient temperature PCMs under static state and realistic conditions have been discussed in 
this paper.  

2. Methodology 
The simulation model used in this work is a two dimensional temperature-based finite 
volume based conjugated heat transfer numerical model to moderate the temperature rise in 
BIPVs in a PV/PCM system. This model is based on the previously developed and 
experimentally validated model for a single PCM with straight fins in the  PV/PCM system 
by the authors [9]. The non-linear transient model uses Boussinesq's approximation and 
allows convection and diffusion to be simulated. The developed model can be used to predict 
the transient temperature distribution and fluid flow field within a two-dimensional region in 
the PV/PCM system for different insolation, ambient temperatures, convective and radiative 
heat transfer boundary conditions ([9] and [10]). The modified PV/PCM model can be used 
for multiple PCMs with different transient temperatures and for triangular shaped PCM cells. 
The following assumptions are made: 

(i) The heat conduction in the PV/PCM combined system is two-dimensional and the 
end sides at the top and bottom are adiabatic. 

(ii) The thermal conductivity of the aluminum frame and PCMs in the solid and liquid 
phases are constant and do not vary with respect to temperature. 

(iii) The PCM is homogeneous and isotropic. 
(iv) The convection effect in the molten PCM is neglected for the thermal performance 

comparison, but has been considered for special case. 
(v) The interfacial resistances are negligible. 
(vi) The specific heat capacity “CP” value of the PCM is considered as uniform during 

phase change process, though in actual practice, there is variation in CP value within 
the small temperature range. 
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A brief summarization is as follows.  
The energy equation for melt [9]: 
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The energy equation for solid: 

0)( =∇⋅∇+
∂
∂ Tk

t
Tc SSSρ

    (2) 
Where the same equations hold good for all the frame and cell wall material and PCMs by 
incorporating suitable k, ρ, Cp values. The instantaneous continuity of heat flux and 
temperature at the interfaces of frame and cell with PCMs are preserved. 
In the exterior front boundary, where the PV/PCM system is exposed to solar radiation, the 
boundary condition is, 
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In the exterior back layer of the PV/PCM system x=L, the boundary condition is 
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Where h0 and hL are the heat transfer coefficients from the front and back surfaces of the 
PV/PCM system to the surroundings. S is the heat received by the PV/PCM system on the 
front surface from the incident solar energy. 
  
Table 1.  Thermophysical properties of RT21, RT27, RT31  [13] 
 RT21 RT27 RT31 Aluminium 

 

Melting temperature 21 27 29 N/A 
Latent heat (kJ kg-1) 134 184 169 N/A 
Density (kg m-3) 
Liquid 
Solid 

 
760 
840 

 
750 
840 

 
770 
890 

 
N/A 
2675 

Thermal conductivity (Wm-1K-1) 0.2 0.2 0.2 160 
Viscosity (mm2 s-1) 25.71 26.32 28.57 N/A 

The most significant thermal characteristics affecting the performance of the PV/PCM system 
are (a) the PCM heat capacity, (b) the phase transient temperature, (c) the location of the PCM 
and (d) the mass in the system fins arrangement. In this paper, the PV/PCM system has been 
designed with small metal cells to hold two types of PCMs considered to enhance heat 
transfer. The triangular and circular cell shapes are good for directing the bubbles produced 
during the melting process and thereby dissipates the stress due to the volume expansion 
which challenges many PCM applications. The schematic of the PV/PCM with metal cells is 
illustrated in Figure 1. The vertical position is used to mimic building integrated PV. The 
study here is just concentrated on the building wall integrated PV, the inclined PV systems 
beyond these limits. The 4 mm aluminium front/ back walls and the 1 mm aluminium alloy 
fins of the PV/PCM test system provided a high rate of heat transfer to the PCM. The interior 
dimensions of the containers were 0.132m high by 0.04m depth. The upper and lower ends of 
the PV/PCM system were assumed adiabatic. The incident energy IT absorbed by the PV as 
heat is conducted through the high heat transfer cell wall to the PCM and dissipated from the 
rear of the PV/PCM system. The different thermal regulation characters of the PCMs can hold 
PV temperature at lower levels for longer periods. The PCMs that are commercially available 
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with different phase transient temperatures from 21 to 60°C are combined to regulate the PV 
temperature rising in the PV/PCM system. Different combinations of the PCMs used to 
augment the PV/PCM system are analysed for static conditions and realistic diurnal 
temperature and insolation boundary conditions in the England summer period and the heat 
transfer and temperature distribution are predicted. The thermal properties of the aluminium 
alloy and the four PCMs that can be combined into the types of PCMs from RUBITHERM 
[13] used as input data in the simulations are presented in Table 1.  
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Figure 1. Schematic diagram of PV/PCM system with metal cells for different PCMs 

 

   
Figure 2. Grid and isotherms of circular cells with two phase change materials in PV/PCM system 

The heat transfer coefficients from the front and back surfaces of the PV/PCM system are set 
at 10 Wm-2K-1 and 5 Wm-2K-1 (to simulate natural ventilation conditions) and the top and 
bottom boundaries of the system are assumed to be adiabatic. A fixed grid space of 1mm 
square for straight fins and variable grid for circular cell fins simulation with finite volumes 
and a variable time step with a minimum value of 0.0125 s are used for all the simulations. 
The total number of grid is 144x48 for simulation. 
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Simulating the behaviour of the PV/PCM system with the two different phase transient 
temperature PCMs is carried out under the static state and realistic conditions. In real thermal 
applications it is subject to the cyclic melting and solidification boundary conditions. To 
predict long-term temperature control, three days are simulated using weather data for the 21st 
June for the SE of England [14] on the vertical south-east oriented PV/PCM system when the 
insolation was greater than 120 Wm-2. For the simulations, realistic ambient temperatures and 
insolation boundary conditions are regarded as invariant over 5 minute intervals. The 
simulation temperatures within the PV/PCM system are all initially set to the outdoor ambient 
temperature at 00:00 hr for the transient applied boundary condition. 
 
3. Results and Discussions 
In order to evaluate the PV/PCM performance, predictions of the temperature development 
with the two phase materials, a single PV plate is predicted as a reference for performance 
comparison. The predicted reference temperature is at 68.45°C with insolation 1000 W/m2 
and ambient temperature 20°C. The following four cases using different  combinations of two 
PCMs with different melting temperatures and two shapes of fins (triangle and half circular 
fins) were simulated on setting static conditions of (a) insolation 1000 W/m2 and ambient 
temperature 20°C and (b) realistic three days ambient conditions with repeating data on 1st 
June [14].  
 

• RT27 with RT21 (triangle cells) 
• RT27 with RT27 (triangle cells) 
• RT31 with RT27 (triangle cells) 
• RT31 with RT27 (half circular cells) 
• RT60 with RT21 (triangle cells) 

 
The variable grids of the simulation for the circular cell is listed in Figure 2 along with the 
isotherms of the circular cells in different time. The insolation absorbed on the front surface 
of the PV/PCM system and conducted through the PV increases the temperature of the metal 
cell wall. The metal wall of the cell provides good thermal transfer to the two PCMs. Similar 
situations can be seen on the triangle fins in Figure 3. As time elapses, it can be seen that the 
temperature on the front surface of the PV/PCM system has a lower temperature rise for the 
system with RT27-RT21 than that with the RT27-RT27 and RT31-RT27 filled system, and 
the thermal regulation period is shorter. It is easy to understand that the lower melting PCM 
can have better thermal regulation compared with the higher melting PCM. This can be 
observed from the predicted isotherms for the PV/PCM system cross-sections as shown in 
Figure 3. Metal fins in the PCM increase the heat transfer inside of the PCMs by increasing 
the surface area over which heat transfer to the PCM occurs and also act as a pressure release 
pathway for the melted PCM. After the first 30 minutes the temperature inside the system 
with RT27-RT21 is relatively lower than the RT27-RT27 and RT31-RT27 cases. After 60 
minutes the front temperature on RT27-RT21 increases more rapidly to the insolation 
intensity than the RT27-RT27 and RT31-RT27 cases do, and the thermal regulation period is 
less. The position of the PCMs is an important factor in thermal regulation. When combined 
with low phase change transient PCM the temperature on the front surface of the PV/PCM 
system has a lower temperature rise.  
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Figure 3. Predicted isotherms for the PV/PCM system with four cases of RT27-RT21, RT31-RT27 
during the PCM phase change process 

A three day simulation using the weather data on 21st of June has been undertaken to predict 
the heat accumulation in the PV/PCM system with a combination of two PCMs and is 
presented in Figure 4. The temperatures of the system respond more rapidly to the insolation 
than to the ambient temperatures. When no insolation is involved, it can be found that the 
temperature on the front surface of the system decreases with phase change properties. The 
temperature of the PV/PCM systems follows the incident insolation but lags with the 
properties of PCMs by more than 20 minutes. Absorbed solar energy is stored in the PCMs 
during high daytime temperatures and subsequently released to the ambient in the evening. 
The predicted temperatures for the second and third days for all the cases are the same, the 
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PCM has thus released all its latent heat to the ambient environment at night and returned to 
its solid phase at the start of each period of insolation. The RT31-RT27 system with triangle 
and circulate close fins can efficiently control the temperature on the PV under 30°C for the 
whole test period. For two different PCMs the lower phase transient PCM dominates the 
whole system performance. The phase transient performance is clear in the cooling stage.  
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Figure 4 Average temperature evolution at the front surface of the PV/PCM system with the RT31 and 
RT27 combination for a three day simulation using the weather data on 21st of June SE England  
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Figure 5  Electricity energy supply on the selected day in 23th June in SE England per square metre 
for different PCMs combine PV/PCM system along with reference PV module 

The temperature regulation may be quantified in terms of the electricity supplied in a typical 
day in summer. Assuming that the useful electricity power can be produced only after the 
insolation is over 200 Wm-2. Figure 5 shows the comparison of the electricity energy provided 
by the two PCMs combined PV/PCM systems with the reference PV module during one day’s 
performance in 21st June in SE England. The PV/PCM systems with half circular cells and 
triangle cells have been compared as well. The effect of temperature regulation by PV/PCM 
combined system is clear. The difference between using the triangle and half circular cells is 
not significant with the selected PCMs combination. 
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4. Conclusions 
The thermal performance of using two PCMs to regulate the temperature rising on PV/PCM 
system is studied. The PCMs with different transient temperatures can maintain the PV at 
operating temperature closer to its characteristic value of 25°C and thus lead to an 
improvement in solar-to-electrical conversion efficiency. The different thermal regulation 
characters of the PCMs can keep PV temperature at lower levels for longer periods. The 
PCMs evaluated at different combinations show that the thermal regulation performance of 
the PV/PCM depends on (a) the thermal mass of PCMs, (b) the positions of the PCMs inside 
the PV/PCM system and (c) the thermal characteristics of both the PCMs and the PV/PCM 
systems structure. Comparing different combinations, RT27-RT21 achieves the highest 
temperature reduction during the daily operation.  
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Abstract: Concentrating photovoltaic (CPV) systems with three-junction solar cells are already in the market. In 
the CPV market, photovoltaic systems with four cells are needed to make CPV more cost competitive.  This is 
because systems with four cells have more yield than the existing three cell systems. Technically, making a stack 
of four cells imposes constrains on the choice of the materials (i.e. energy bandgap and lattice constant) and it 
involves complex and costly fabrication techniques. This paper suggests a design of a CPV system with two 
separate double-junction solar cells (i.e. four PV cells). The system proposed enables the operation of the four 
cells independently. It also offers high flexibility in the choice of the materials for making the solar cells. The 
system described in this paper involves a double-junction cell made of AlGaAs/Si; and another double-junction 
cell made of: InGaAsP/InGaAs. This paper presents the modeling approach and the response of the system under 
the standard conditions. 
 
Keywords: photovoltaic, beam splitting, concentrating photovoltaic system. 

1. Introduction 
Recently, efficiencies as high as 41.6 % have been measured on concentrating photovoltaic 
systems (CPV) with a t hree junction solar cell made of InGaP/InGaAs/Ge [1, 2]. Such 
converters are already in the PV market for terrestrial applications but with a share of less 
than 1%, while the other photovoltaic technologies (i.e. silicon and thin films) dominate the 
market [3, 4]. Though the performance of CPV systems with three cells is high, further 
improvements are still needed to bring down the cost of power from CPV systems and make it 
cost competitive with the other technologies, namely: silicon based technologies, thermal 
concentrating solar power and thin-films. One way to improve the response of CPV systems is 
to involve four-junction solar cells which are not in the market yet. As a matter of fact, the 
company Emcore is planning to use four-junction cells in their modules from the second 
quarter of 2011 to achieve 30% outdoors efficiency [5]. Theoretically, the limiting efficiency 
of a series connected solar cell with four sub-cells is 67.9% under the direct solar spectrum 
[6]. Making monolithic 4-junction solar cells is technically challenging imposes constrains on 
the choice of the material because the four cells need to have specific lattice constants and 
specific energy bandgaps for an optimum response. However, making 2-junction solar cells is 
relatively simple and can be made with less constrains. 
 
In this work, we suggest a design to involve four cells to achieve a high efficiency with less 
constrains by using optical techniques. The idea is to design a multi-receiver system in which 
the cells are kept apart and the sunlight is split into different sub-beams. This type of multi-
receiver systems tends to be complex shape-wise which makes wiring, mounting and cooling 
more complex. In the literature, many CPV systems with beam-splitting features are reported; 
however, three CPV systems only involve four solar cells [7-11]. United Innovations Inc. 
proposed a cavity receiver with four mono-junction cells coated with optical filters: InGaP, 
GaAs, InGaAsP and InGaAs (see configuration 1 in Table 1). The efficiency was calculated 
and estimated at 48.32 % under 100 suns [8]. Another receiver with four cells was 
demonstrated at the Fraunhofer ISE in Freiburg, Germany (see configuration 2 in Table 1) [9]. 
Two of the cells were made of InGaP and GaAs, and they were stacked together. The other 
mono-junction cells were made of Si and GaSb. An efficiency of 34% was measured [9, 11]. 

2946



In configuration 3 i n Table 1, a  system built at the University of Delaware is shown. The 
system was tested under outdoors site-specific conditions and an efficiency approaching 40% 
was measured [10]. 
 

Table 1: Photovoltaic systems with four cells and beam-splitting features. 
 Configuration Solar cells Efficiency Reference 

 

 

Configuration 1 

 

 

InGaP, GaAs, 
InGaAsP, InGaAs 

 

48.32 % 
under 100 
suns 
(calculated) 

 
 
Ref. 8 

 

Configuration 2 

 

 

GaInP/GaAs, Si, 
GaSb 

 

 

34 % 
(measured) 

 

 

Ref. 9 

 
Configuration 3 

 

 

InGaAsP/InGaAs, 
GaAs/InGaP 

39.5 % 
under 30 
suns and 
DNI = 360 
W/m2 (not 
standard 
conditions) 

 

 

 

 

Ref 10 

 

We have looked at several systems with beam-splitting features, and based on t he lessons 
learned from the designs proposed in the literature, we are proposing a design with four solar 
cells. Our system has concentration features. This is because concentration improves the 
response of solar cells and their yield. Also, concentrating systems use a small cells which 
reduces the amount of material required for making the solar cells; thus, reducing their cost. 
The proposed system has only two separate receivers in order to avoid multiple reflections, 
which is not the case in configurations 1 and 2 in Table 1. Having a system with four solar 
cells and two receivers imply that each receiver holds a double-junction tandem solar cell. 
 
In this paper, the proposed system is presented. A modeling approach has been developed to 
estimate the response of the system under the standard conditions. 
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2. Description of the system 
The proposed system is displayed in figure 1 and it is composed of a parabolic mirror, a 
plano-convex lens coated with a short-pass optical filter, and two tandem photovoltaic cells. 
The setup has two separate receivers: one receiver holds a double junction solar cell made of 
AlGaAs/Si and the other receiver holds an InGaAsP/InGaAs double-junction cell. 
 
For the dimensions of the receiver, the diameter of the dish is 112 mm. The cells have circular 
shapes. The AlGaAs/Si cell has a radius of 7 mm; however, the cell at the opposite receiver 
has a radius of 10 mm.  
 
The dish concentrates sunlight on the lens. The plano-convex lens is made of fused silica and 
it is coated with a short-pass multilayer optical filter. Ideally, the filter transmits photons with 
energies higher than the energy bandgap of Silicon and reflects photons with energies shorter 
than the energy bandgap of Silicon. We should remind that AlGaAs and Si have the following 
energy bandgaps of 1.817 eV and 1.124 e V. Therefore, photons with energies higher than 
1.124 eV only can be absorbed and converted and those with energies lower than 1.124 eV 
are reflected to the InGaAsP/InGaAs solar cell. In0.57Ga0.43AsP and InGaAs have energy 
bandgaps of 1.0 eV and 0.74 eV respectively. Therefore, photons with energies higher than 
0.74eV and shorter than 1.124 eV can be absorbed and potentially converted. 
 
For the sake of developing an accurate model, realistic optical properties for the reflective 
coating on the mirror and the short-pass coating on the lens for commercialized products were 
used in our model. The transmittance of the multilayer optical filter is presented in figure 2. 
The spectrum incident on each receiver is presented in figure 3.  

 

Fig. 1. Configuration of the proposed double-receiver system. 

3. Modeling approach 
 To the best of our knowledge, there is no package dedicated to the modeling of CPV systems 
with multiple receivers. Therefore, we had to devise a multi-step procedure for modeling the 
different parts of the system: the light source, the opto-mechanical system, and the solar cells. 
For the details of the modeling procedure, reference [12] is recommended. 
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3.1. Modeling the light source: 
For modeling the light source, the package SMARTS was used for generating a file for the 
standard solar spectrum AM1.5 D ASTM G173-03 [13, 14]. The output of the package 
consists of the wavelengths and the corresponding flux values in W/m2/nm in the other 
column. As we are modeling a concentrating photovoltaic system, only photons coming 
directly from the source (i.e. the sun) can be tracked. For this reason, spectrum of sunlight 
coming directly from the sun was generated (i.e. AM1.5D). To cover the maximum of the 
spectrum, we generated spectrum for wavelengths starting from 280 nm  to 4000 nm. The 
spectrum is presented in figure 3. 

 

Fig. 2. Transmittance of the short-pass optical filter. 

3.2. Modeling the opto-mechanical system: 
The values obtained from SMARTS were used for modeling the light source in the ray tracing 
package TracePro Expert [15]. We used the ray tracing program to determine the flux 
received at the two receivers. The system presented in figure 1 was built in TracePro Expert 
and one million rays were launched from the source to find the power incident on each one of 
the two receivers. Though the acceptance angle should theoretically be 32’, in our model, we 
considered it to be 0o.  
 
3.3. Modeling the solar cells: 
After determining the flux incident on t he receivers and the spectrum absorbed by the two 
solar cells, the cells were simulated in PC1D. PC1D is a package dedicated to modeling 
photovoltaic solar cells [16]. That is, two PC1D models were developed: one for the 
AlGaAs/Si solar cell and one for the InGaAsP/InGaAs solar cell, and both are double junction 
tandem cells. Numerical optimization of the cells is the subject of our previous studies [17, 
18].  
 
In PC1D, two spectrum files were generated to model the two solar cells. These files were 
obtained by modifying the spectrum files that correspond to AM1.5D. For each wavelength in 
the AM1.5D file, the value of the flux was multiplied by reflectance of the reflective coating 
and then multiplied either by transmittance (or reflectance) to obtain the flux incident on the 
AlGaAs/Si cell (or the InGaAsP/InGaAs cell). 
 
 After preparing the spectrum files in PC1D and after determining the flux incident on the two 
solar cells by using TracePro Expert, the PC1D model was run and the final results were 
obtained. 
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Fig. 3. Spectrum of light incident on the two receivers. 

Table 2: Response of the cells in the system. 
      AlGaAs Si InGaAsP InGaAs 

Energy bandgap 
(eV) 

1.817 1.12 1.00 0.74 

Isc (mA/cm2) 717 470 77.1 339.5 

Voc (Volts) 1.352 0.752 0.624 0.425 

Efficiency (%) 15.5 5.6 1.47  4.21  

 

4. Response of the system: 
After running the model, we found that under the standard conditions where the total flux 
incident on the dish is 850 W/m2 (i.e. a power of 8.374 W is received by the 112 mm wide 
receiver), 5.716 Watt of concentrated sunlight is received by the InGaAs/Si tandem cell and 
another 1.712 Watt of concentrated sunlight is received by the InGaAsP/InGaAs tandem cell. 
These values correspond to power densities of 37.13 kW /m2 and 5.45 kW/m2 on the 
AlGaAs/Si and InGaAsP/InGaAs cells, respectively. These numbers show that the optical 
efficiency of the system is 88.7 %. The response of the solar cells is summarized in Table 2. 
 
The results in table 2 show that the overall efficiency of the system is 26.8 % . Under the 
standard conditions, this corresponds to a power density of 227.6 W/m2.  This also means that 
one dish generates 2.24 W under the standard conditions. 
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5. Conclusions 
In this paper, a system with four solar cells was modeled under the standard conditions. The 
system involved four solar cells made of the following materials: AlGaAs (1.817 eV), Si 
(1.124 eV), InGaAsP (1.0 eV) and InGaAs (0.74 eV). The system has beam splitting features 
and an optical concentration of 63 suns. For modeling the system, we proposed a multi-step 
modeling procedure. The modeling results show that the efficiency of our proposed system is 
26.8 % which corresponds to a power output of 2.24 W . Comparatively with systems with 
four solar cells reported in the literature, the efficiency of the system is low because of two 
reasons: 
 

- The combination of the energy bandgaps is not optimum: changing the distribution of 
the energy bangaps can be done either by using other materials or by changing the 
composition of the materials used in this study. The optimum energy bandgaps can be 
determined by changing the cells.     

- The optical concentration ratio: the concentration ratio of the system is 63 s uns. 
Increasing this efficiency to very high values above 300 s uns would enhance the 
efficiency of the system. 
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Abstract: High operating temperatures induce a loss of efficiency in solar photovoltaic and thermal panels. This 
paper investigates the use of phase-change materials (PCM) to maintain the temperature of the panels close to 
the ambient. The main focus of the study is the CFD modeling of heat and mass transfers in a system composed 
of an impure phase change material situated in the back of a solar panel (SP). A variation of the enthalpy method 
allows simulating the material thermo-physical change of properties. The buoyancy term in Navier-Stokes’ 
momentum conservation equation is modified through an additional term which forces the velocity field to be 
non-existent when the PCM is solid. For validation purposes, isotherms and velocity fields are calculated and 
compared to those from an experimental set-up. Results show that adding a PCM on the back of a solar panel can 
maintain the panel’s operating temperature under 40°C for around two hours under a constant solar radiation of 
1000W/m². 
 
Keywords: Solar Panel, Operating Temperature, Phase Change Material 

Nomenclature 
Cp specific heat .................................. J kg-1 K-1 
g gravitational constant .......................... m s-2 
H PCM container height ............................. m 
k thermal conductivity ...................... Wm-1K-1 

LF Latent heat of fusion ........................... J kg-1 
L PCM container internal width ................. m 
m mass ........................................................ kg 
 

P pressure .................................................. Pa 
Tm mean melt temperature ............................. K 
u velocity ................................................ m⋅s-1 
ΔT half range of melt temperatures ............... K 
β coefficient of thermal expansion ............. K-1 
ρ density................................................ kg⋅m-3  
µ dynamic viscosity ............................ kg⋅m⋅s-1 

1. Introduction 
The efficiency of solar panels depends on three factors: the intensity of the solar radiation 
flux, the quality of the semi conductor in use, and the operating temperature of the semi 
conductor cell. The variations of solar radiation cannot be controlled. Therefore the ongoing 
research focuses either on new material like copper, indium diselenium, cadmium tellurium 
and chalcopyrites, or on maintaining low operating temperatures. For PV panels, high 
operating temperatures create a drop in the conversion rate of about 0.5% per Celsius degree 
over the nominal cell operating temperature of  25°C [1], as defined by the industry standard 
STC (Standard Test Conditions). In summer, panel’s temperature typically ranges from 40 to 
70°C which makes a 7.5 to 22.5% drop in the conversion rate. In the same way, the efficiency 
of solar thermal panels decreases mainly because of radiation losses when their operating 
temperature is above the ambient. 
 
To lower the operating temperature, one can either improve the free cooling on the back of the 
panel thanks to natural or forced convection, or try to absorb the excess heat by modifying the 
panel’s architecture. The latter solution includes the use of PCMs situated on the back of solar 
panels.  PCMs are materials that undergo reversible transition of phase depending on their 
temperature. They absorb or reject heat in the process. Only a few studies have been 
specifically devoted to passive cooling of solar panels by SP/PCM architectures. The 
hypothesis driving the research is simple: when the panels’ temperature rises, the excess heat 
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must be absorbed until the PCM has completely melted. When the panel’s temperature 
decreases, the solidification of the PCM should provide additional heat for the operating 
liquid in solar thermal panels, provide heat to the building or act as an insulation material. The 
SP/PCM solution is expected to be very useful for roof or facade integrated panels where 
space for ventilation is limited.  
 
Huang et al. [2] studied the melting of PCMs in an aluminum container submitted to a solar 
radiation of 750 to 1000W/m². They used a finite volume model to resolve both the heat 
transfers diffusion and the Navier-Stokes equations. They later included cooling fins in the 
tank to improve the PCM bulk thermal conductivity [3] [4]. They found that the temperature 
rise in the system could be reduced by more than 30°C for 130 minutes. Cellura et al. [5] 
resolved the same architecture using a finite element PDE solver. However, they considered 
the PCM as pure, meaning that the PCM melting temperature is unique and does not change 
while the PCM is still melting. This property is not valid for most commercial PCMs which 
are generally mixtures of several different materials.  By resolving only the heat transfers 
diffusion equation, they showed that a PCM with a melting temperature between 28°C and 
32°C can improve the energy conversion efficiency by around 20% in summer time. Jay et al. 
[6] experimentally studied a layout where PCM were contained in a honeycomb grid to 
improve conduction in the container. They showed that after 6 hours and 30min of experiment 
under an artificial insulation of 800W/m² on real PV panels, the temperature of a PV/PCM 
system was still lower than that of a single panel, with a mean temperature difference of 24°C. 
They also found that the panel’s temperature drop using a PCM with a melt temperature at 
27°C was higher than using a PCM with a melt temperature at 45°C. 
 
In this study, we consider the same geometry as [2]. The transient conduction and convection 
heat transfers as well as the Navier-Stokes equations are simultaneously resolved in the PCM 
domain using a finite element model on a fixed grid. The buoyancy term in Navier-Stokes’ 
momentum conservation equation is modified through an additional term to force the velocity 
field to be zero when the PCM is solid. This scheme is validated using an experimental set-up. 
The model is then used for a parametric study of the SP/PCM architecture performances. 
 
2. Methodology 
2.1. Numerical case description 
The geometry of the model is presented in Fig. 1. The thermo-physical properties of the 
simulated materials are presented in Table 1.  
 
Table 1. Thermo-physical properties of RT25 and 
aluminum. 

 Cp k ρ 

Solid RT25 1800 0.19 785 
Liquid RT25 2400 0.18 749 
Aluminum 903 211 2675 

Constant properties of RT25: 
LF: 232000 J kg-1 

Tm: 26.6°C, ΔT=1°C 
β: 1e-3K-1 

μ: 1.7976e-3 m2.s-1 
    
       Fig. 1. Geometry of the numerical model.   
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2.2. Mathematical model 
2.2.1. Modeling heat transfers   
Over the front plate surface, we considered conduction, convection and radiation heat 
transfers as shown in Eq. (1). Long wave radiation with the sky was neglected in the model.   
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where α is the aluminum thermal absorptivity and E the solar radiation intensity. The heat 
transfers diffusion equation applies over the PCM, the air layer and the aluminum domains: 
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The velocity field u in Eq. (2) is given by Navier-Stokes equations for incompressible fluids. 
To model the changes in PCM RT25 thermo-physical properties occuring during the phase 
transition, we define function B0 as the liquid fraction in the PCM domain. Let be Tm the 
mean melt temperature and ΔT the half range of melt temperatures: 
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Eqs. (3) show that B0 is zero when the PCM is in solid and 1 when it is in liquid phase. B0 
linearly grows from zero to 1 between the two states.  To ensure second order continuous 
differentiability of the liquid fraction over the temperature domain and to help numerical 
convergence, B0 is approximated by a second order differentiable function B1. B1(T) is the 
sixth-degree polynomial whose coefficients are calculated using the following conditions: 
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where B1’ and B1” are B1(T) first and second derivatives. B1 is used to model the changes in 
the PCM thermo-physical properties as follows: 
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The modeling of the specific heat includes an additional term representing the latent heat of 
fusion absorbed during the melting process: 
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Function D is a smoothed Delta Dirac function which is zero everywhere except in interval 
[Tm-ΔT, Tm+ΔT]. It is centered on Tm and its integral is 1. Its main role is to distribute the 
latent heat equally around the mean melting point. 
 
2.2.2. Modeling mass transfers 
We assumed that the PCM in the liquid phase is a Newtonian fluid. The mass, momentum and 
energy conservation equations were resolved simultaneously with the heat transfers diffusion 
equation. However, to model the phase transition, the momentum conservation equation was 
modified as follows: 
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where Fb is buoyancy force given by the Boussinesq approximation: 
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The expression of A is inspired from the Carman-Kosensky relation in a porous medium 
where the value of C depends on the morphology of the medium. If we assume that the flow 
is laminar: 
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In this study, C is given the constant value 105. This value is chosen arbitrarily high. Constant 
q is chosen very low in order to make Eq. (12) valid even when B1(T)  is zero. The value of q 
was fixed at 10-3. When the temperature of the MCP is higher than Tm+ΔT, the PCM is 
completely liquid. Therefore, B1 is 1 and consequently, A and Fa are zero. In this case, the 
usual momentum conservation equation applies. During the transition state, 0 < B1(T) < 1. 
A(T) increases along with the melting process until the added force Fa  becomes greater than 
the convection and diffusion terms in Eq. (9). The momentum conservation equation becomes 
similar to the Darcy law for fluid flow in porous medium: 
 

( )PKu ∇−=
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    (14) 

    
where the permeability K is a function of B1(T). When B1(T) diminishes, the velocity field 
also diminishes until it reaches zero when the PCM becomes completely solid. At that point, 
the MCP temperature is lower than Tm-ΔT. Therefore, B1  is 0. Eq. (12) shows that the value 
of A(T) becomes very high. Consequently, all the terms in the momentum conservation 
equation are dominated by the added force. The only solution of the Navier-Stokes equations 
is u=0 which corresponds to a solid medium. 
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2.2.3. Numerical method 
A 2D finite element model was used. To satisfy 
the Brezzi-Babuska condition [7] three degrees of 
freedom were used on each element to 
approximate the pressure field and an additional 
degree of freedom was used by adding a node at 
the center of mass of each triangular element to 
approximate the velocity field. The maximum 
mesh size was 4.10e-4m. The final mesh had 135 
240 elements and 465 857 degrees of freedom. No 
significant change of the results was observed 
when using a finer mesh. A Galerkin least-squares 
stabilization method was employed.  
 
2.3. Elements of validation 
2.3.1. Experimental set-up 
The experimental set-up consisted of a 167mm x 
167mm x30mm-large Plexiglass container without 
cooling fins and filled with a PCM. An air layer 
was left at the top of the tank to prevent it from 
breaking due to the PCM thermal expansion. A 
fixed temperature of Te = 20°C and Ti = 40°C was imposed on each side of the tank thanks to 
heating plates. The transient two-dimensional velocity field in the tank was measured thanks 
to a PIV apparatus including a Nd-Yag laser.  
 
The experimental validation consisted of: firstly, a transient comparison of the moving liquid-
solid boundary location (Fig. 2); secondly, a comparison of the simulated and measured 
velocity fields in the completely melted PCM (Fig. 3). Some discrepancies were noted 
between the simulated and the measured velocity fields. This may be due to the very low 
velocities in the tank which are of the order of 10e-4m/s. However, the transient locations of 
the simulated moving boundary closely matched the experimental one. 

 

 
Fig. 3. Comparison of the PIV-measured and simulated velocity in the vertical mid cross-section of the 
PCM domain. 
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3. Results 
All the simulations were conducted using he=10W/m².K, hi=5W/m².K and E = 1000W/m². 
 
3.1.1. Temperature and velocity fields 

 

Fig. 4.  Simulated transient isotherms and velocity fields in the SP/PCM system. H=132mm, L=20mm. 

3.1.2. Parametric study 
Table 2. List of simulated cases. 

 (a) (b) (c) (d) 
L(m) 0 20 20 20 
H(m) 132 132 40 132 

Cooling fins no yes no no 
 

 
Fig. 5. Impact of convection heat transfers in the PCM on the panel’s operating temperature. 
H=0.132m and L=0.049m.  
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Fig. 6. Impact of the SP/PCM size on the panel’s operating temperature. 

4. Discussion and conclusion 
The first limitation of this work rises from the representation of the solar panel by an 
aluminum plate. This simplification does not take into account the bulk specific capacity of 
real panels. The second limitation comes from the fact that the impact of sky temperature was 
not included in the numerical model, due to experimental validation difficulties. Despite those 
limitations, the following observations remain relevant: 

The velocity field in Fig. 4 shows a circulation of the liquid PCM through the three parts of 
the container. Convection of the liquid PCM is observed upward close to the heated panel, 
and downward close to the liquid-solid boundary. The Rayleigh number in the liquid PCM 
was between 105 at melt start and 106 at melt end. This result is coherent with our initial 
assumption of a laminar flow and confirms the observation of [4]. Like [4], we also 
numerically observe a suspended solid PCM mass when the melting is nearly over. 

Over the range of simulated sizes for the SP/PCM system, the temperature of the front plate 
always remains lower than 50°C after 89min under a constant radiation of 1000 W/m2. The 
better performance is obtained with a 13.2 x 4.9cm large PCM container. In this case, the 
panel’s temperature is 34.9°C after 1 hour. The same temperature is reached after 5min 
without PCM (Fig. 5). These observations are in good agreement with [3] and [5]. Three 
inflexions points can be observed on the transient operating temperature profile. The first one 
happens at the PCM melt temperature. After a steep increase, the panel temperature rises 
much more slowly from that point because of the start of the melting process.  

Between the first and the second inflexion point, the PCM acts like an insulation material for 
the panel and heat transfers are dominated by conduction (Fig. 5). The second inflexion point 
indicates the start of the convection heat transfers which balances conduction heat transfers in 
the PCM. Fig. 5 shows that the simulated panel temperature may be overestimated by 20% 
after 3600s when conduction only is considered in the numerical model.  On Figs. 5 and 6, the 
operating temperature remains more or less constant until the PCM has completely melted. 
The last inflexion point marks the end of the melting process. Heat transfers in the container 
are dominated by convection.  Afterwards, the temperature rises more slowly than before the 
start of the melt because of the higher specific heat capacity of the liquid PCM. 
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The parametric study also shows that the operating temperature drops proportionally to the 
increase of the PCM width: after 3600s, T = 34.9°C when L = 0.049m whereas T=37°C when 
L = 0.02m. Comparing curves (c) and (d) shows that the same trend is observed when the 
panel height is increased but only when the PCM has completely melted. In brief, it is better 
to increase the PCM width than its height to lower the panel’s temperature. Adding cooling 
fins in the PCM tank provides a faster attenuation of the operating temperature because the 
PCM bulk conductivity is increased. But this layout accelerates the phase transition too. 
When the PCM has completely melted, the operating temperature rises faster than for all other 
SP/PCM architectures (Fig. 6). This fact moderates the idea that adding cooling fins makes 
SP/PCM systems more efficient [4]. 

To conclude, adding PCM on the back of solar panels is an efficient way of improving panels’ 
performance. Their operating temperature can be substantially decreased using that 
technology.  Future work should include experimental validations of this first numerical 
model using real solar panels under real climate. 
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Abstract: The increasing penetration of micro generation units in low voltage distribution networks and the need 
for evaluating the potential benefits and also the potential negative impacts of such penetration ask for detailed 
assessment tools and methodologies. The impacts of a single small-scale unit (<5,75kW) is, probably, negligible. 
However, the aggregate contribution of many small capacity units can be significant and an adequate assessment 
of the impacts is needed in order to prevent some undesirable effects and in order to accurately compute the 
benefits of such units. This paper presents a methodological approach that allows an adequate assessment of 
micro generation impacts on radial distribution networks based on Monte Carlo simulations to reproduce both 
demand and generation behavior, and using scenarios to deal with the uncertainty about micro generators 
placement. Besides, the use of both generation and demand diagrams of high resolution allows to adequately 
assess the voltage values variability in different buses. 
 
Keywords: Micro-generation, LV radial distribution networks, Losses and voltage profile assessment 

1. Introduction 
In traditional power systems, without distributed generation or micro-generation units, power 
flows from substation to the end-user loads and power systems are designed for such 
behavior. The utilization of micro-generation units might, however, impact the flow of power 
and voltage levels and eventually cause reverse power flows. Thus, some problems may arise 
and should be taken into consideration when promoting this type of generation. For a given 
load and generation levels the impacts of micro generation on distribution networks depend, 
among others, on bot h the location and size of micro generation systems. Several 
methodologies dealing with different issues raised by the dissemination of micro-generation 
have been proposed in the literature [1]-[9]. However, load demand and the output of micro 
generation units vary widely over the time and typically micro generation systems location is 
not known in advance. The uncertainty associated with both generation systems location and 
load/generation levels makes hard an accurate assessment of the impacts of those generation 
systems on the radial distribution networks.  Namely, the impacts on the voltage profile and 
power losses, but also eventual changes in power flows direction should be carefully 
accounted for. On the other hand, an adequate assessment of the impacts on voltage profiles 
asks for both an adequate time resolution in the representation of demand and generation and 
the usage of real load and generation diagrams not averaged ones. Averaged load diagrams 
and inadequate time resolution of load diagrams do not  allow capturing the real impact on 
buses voltage profile. Even 15 minutes time resolution may provide only indicative values for 
changes in voltage profiles provoked by micro generation systems.  
 
The main contribution of this work is the capability of making a daily basis analysis with a 
proper time resolution allowing for an adequate assessment of voltage impacts and the ability 
to deal with uncertainties that exist at both available generation and at the demand level. 
 
The structure of the paper is as follows. In section 2 t he methodological approaches to 
compute power flow and the demand and generation models are presented. Also, the different 
scenarios used to deal with the possible different locations of micro-generation units are 
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presented. Follows, in section 3, t he case study while, in section 4, t he results are shown. 
Finally, in section 5, some conclusions are drawn. 
 
2. Methodology 
In order to properly assess the impacts of micro-generations units on voltage profile and on 
the losses in a radial low voltage (LV) network, suitable demand and generation models and 
adequate power flow algorithms are necessary. Demand and generation models should be able 
to tackle the uncertainty that exist in both generation and in the demand, and the power flow 
algorithms need to take into consideration the intrinsic characteristics of distributions circuits 
which typically are unsymmetrical and unbalanced. Some proposals for dealing with some of 
these issues can be encountered in the literature [10][11]. However, a detailed analysis at the 
LV network level taking into consideration demand and generations variability is not 
available. The methodological approach followed in this work allows such detailed analysis, 
namely regarding the impacts on vol tage levels and on power losses, while taking into 
consideration the uncertainties associated with both the demand and the generation. In order 
to deal with the uncertainty of both the demand and generation we use Monte Carlo 
simulations to generate all possible realistic load/generation diagrams. The Monte Carlo 
simulations carried out to obtain demand diagrams, different for each customer, were based 
on information collected from load profiles obtained during monitoring campaigns. Namely, 
for each time interval, a probability density function characterizing the behavior of the 
demand was identified and used in the Monte Carlo simulations. For every customer (bus) 
different load profiles, obtained from field surveys, are considered. In the study carried out, in 
order to account for different possible amounts (number) and locations (buses) of micro 
generation units several scenarios have been simulated. The developed software tool allows 
the use of any time resolution to represent load profiles and generation.  
 
The variability of the demand is, most of times, associated with the utilization of energy 
services (heating, cooling, tv, computers, lighting, etc) according to the needs of the end-user. 
Consequently, energy consumption varies throughout the day and is different for different 
days (Figure 1). Adequate models for reproducing the demand taking into account such 
variability must produce realistic load curves and not averaged load curves and should have a 
proper time resolution that allowing capturing the impacts on the voltage levels. Therefore, 
average demand curves with a time resolution too high, for instance hourly demand models 
(Figure 2), are not adequate for such evaluation. In order to run Monte Carlo simulations, for 
every time interval adequate probability distributions have been identified based on da ta 
collected, thus allowing the generation of realistic load diagrams for different days of the 
week and different periods of the year. The uncertainty associated with the photovoltaic and 
wind generation is modeled also by using Monte Carlo simulations with normal distribution 
probability. Several scenarios regarding the number of micro-generation units and location 
have been analyzed. “A” is the scenario with no micro-generation units (MGU); in scenario B 
there are only 5 MGU, for evaluating the impacts of a low level MG penetration; in scenarios 
C – G there 10 MGU, located in different buses. In scenario C MGU distributed throughout 
the network; in scenario D (E) MGU are preferably located in buses far (near) from the 
distribution transformer (DT), allowing to evaluate the impacts as a function of the distance 
from DT; and in scenario F(G) MG units are mainly in the phase with higher (lower) demand, 
allowing to assess the impacts as a function of the demand level. These scenarios are 
summarized in Table 2. The implemented algorithm for computing power flows is the 
forward/backward sweep method based on successive sweeps until the convergence is 
achieved [12]-[15].  
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Figure 1- Energy consumption patterns in two consecutive days for the same residential consumer. 
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Figure 2- Hourly averaged load diagram for the residential consumer of Figure 1. 

 
3. Case study 
A real urban low voltage radial distribution network data has been used in this case study. The 
network has 38 bus es, 28 feeding residential consumers and 8 di stribution buses (points of 
connection). There are no losses at the distribution buses and the neutral is grounded in every 
bus. The distribution transformer is a 30kV / 400V-230V 160 kV A transformer. Figure 3 
shows the layout of the network. Besides residential consumers we have also street light.  

 
Figure 3- LV distribution network being analyzed. 

Most residential customers are single-phase consumers. In Table 1 the contracted power and 
the phase for every consumer are shown. Phase “A,B,C” means a t hree-phase consumer. 
According to the Portuguese legislation (decree-law 363/2007) the aggregated power of all 
micro-generation units installed in a LV distribution network cannot exceed 25% of the 
distribution transformer capacity and in order to access special-regime (premium) of the PV 
feed-in-tariff scheme the individual capacity of the micro-generation units is limited to 3.68 
kW, meaning that in this LV network can be installed at most 10 units. In this work all MG 
units have 3,68 kW capacity and are consumer owned. 

2963



Table 1- Placement of microgeneration units. 
Bus Phase Contracted Power Bus Phase Contracted Power 

1 A 6,9 kVA 24 C 6,9 kVA 
7 A 6,9 kVA 25 B 6,9 kVA 
11 A 6,9 kVA 26 A,B,C 10,35 kVA 
12 C 6,9 kVA 27 C 6,9 kVA 
13 A 6,9 kVA 28 A 6,9 kVA 
14 C 6,9 kVA 29 C 13,8 kVA 
15 B 10,35 kVA 30 A 6,9 kVA 
16 A,B,C 10,35 kVA 31 B 6,9 kVA 
17 B 10,35 kVA 32 B 10,35 kVA 
18 C 10,35 kVA 33 C 10,35 kVA 
19 A 6,9 kVA 34 B 6,9 kVA 
20 C 10,35 kVA 35 A 10,35 kVA 
21 B 10,35 kVA 36 C 10,35 kVA 
22 B 6,9 kVA 37 B 6,9 kVA 
23 A 10,35 kVA    

 
In order to deal with the uncertainty of demand and of the generation, 300 s imulations per 
interval of time have been done. Total computer time was 1200 s econds. Regarding the 
location of micro-generation units (MGU) 7 s cenarios have been analyzed, as described in 
Table 2.  
 
Table 2- Different scenarios for the placement of micro-generation units  
Scenario  Characteristics   

A Reference scenario, with no micro-generation units. 
B 5MGU, to assess the impact of low level MGU penetration. 
C 10 MGU spread throughout the circuit. 
D 10 MGU mainly connected in remote buses. 
E 10 MGU mainly connected in buses near the distribution transformer. 
F 10 MGU connected mainly in highly loaded phase (B). 
G 10 MGU connected mainly in phase with lower demand (C). 

 
4. Results  
4.1. Power Flows 
In the following table the average active and reactive power flows at the DT and the amount 
of energy drawn from the grid to feed the consumers are shown. The difference between each 
alternative scenario (B-G) and the reference scenario (A) is also presented. One can see the 
reduction of power drawn from the grid through power transformer as a result of micro 
generation units 
 
In Figure 4 the power flows at DT for scenarios A-C are shown. Negative values mean that 
reverse power flows exist, as in scenario C (high photovoltaic penetration). Dealing with 
photovoltaic units means the main changes regarding the reference scenario occur during the 
day. As MGU are operating at unity power factor there are no differences regarding the 
reactive power flows. 
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Table 3- Power flow at the distribution transformer and energy drawn from the grid. 

 Sce. A Sce. B Sce. C Sce. D Sce. E Sce. F Sce. G 
Hourly averaged active power (kW) 17,96 13,89 9,81 9,81 9,80 9,82 9,81 

Daily active energy (kWh) 430,99 333,28 235,48 235,55 235,20 235,74 235,38 
Differences regarding scenario A(%) 0 -22,67 -45,36 -45,35 -45,43 -45,30 -45,39 

Hourly averaged reactive power (kVAr) 12,99 13,01 13,02 13,03 13,01 13,04 13,20 
Daily reactive energy (kVArh) 311,66 312,16 312,58 312,66 312,27 312,86 312,48 

Differences regarding scenario A(%) 0 0,163 0,298 0,321 0,197 0,388 0,264 
 

 
Figure 4- Active power flow at distribution transformer (scenarios A-C). 
 
4.2. Power Losses 
In Table 4 the active and reactive power losses are presented as well as the differences 
regarding the reference situation (scenario A). For low level MGU penetration (scenario B) 
there is a reduction in losses. However, when MGU penetration increases losses depend on 
the location of MGU. Typically there is a reduction in losses, not as big as in scenario B, but 
some situations, like in scenarios D and G, might present higher losses. In scenario G, MGU 
are connected mainly in the phase with lower demand (phase C) resulting in a strong current 
flow increase in this phase and thus an increase in losses. In scenario D, MGU are mainly 
connected at remote buses resulting in longer distances for power flows and thus higher 
resistance. An interesting situation that may occur when MGU penetration increases is that 
the power losses maximum value can occur during the higher outputs from MGU and not in 
the periods of higher demand. 
 
Table 4- Losses for the different scenarios 

 A B C D E F G 

Active power losses (W) 87,78 79,77 83,65 88,92 85,05 84,60 93,70 
Daily active losses (kWh) 2,107 1,914 2,008 2,134 2,041 2,030 2,249 
Variation regarding A (%) 0 -9,13 -4,70 1,30 -3,11 -3,62 6,75 

Reactive power losses (VAr) 23,81 21,05 21,73 22,90 22,03 22,29 24,93 
Daily reactive losses (kVArh) 0,571 0,505 0,522 0,550 0,529 0,535 0,598 

Variation regarding A (%)  -11,58 -8,72 -3,84 -7,48 -6,40 4,70 
 
4.3. Voltage 
Following figures show the voltage values in the 38 buses of the network at 12:00h, for the 
different scenarios. In general voltage profile improves when MGU are connected. Typically, 
higher voltage increase occurs in the buses and in the phases where MGU are connected. 
There is, however, a decrease in voltage values in phase B in buses 8, 9 a nd 10. T hese 
decrease might be due to the introduction of MGU in buses 11 (phase A) and 18 (phase C) 
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reducing the magnetic coupling between phases A and C and the phase B thus leading to a 
higher voltage drop in phase B. From Figure 6-scenario D) to Figure 6-scenario G) one can 
see that the voltage profile in the network is highly dependent on the location of MGU. When 
the MGU are located in remote buses (scenario D) the impact on voltage level is higher 
compared with the scenario in which MGU are connected near the DT (scenario E). When 
MGU are mainly located in a single phase (scenario F – phase B, high demand; scenario G – 
phase C, low demand) the voltage value in the phase increases strongly but is higher when 
MGU are located in the low loaded phase (scenario G). 
 

 
scenario A)   scenario B) 

 
scenario C)   scenario D) 

 
scenario E)   scenario F) 

 
scenario G) 

Figure 5- Voltage values at the different buses for all the scenarios 
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Figure 6 shows the variation in voltage profiles due to the variability of demand or/and micro-
generation. For example, according to the collected data, voltage in bus 35 may vary between 
229,6V and 234V. In some buses the voltage variation range is much higher (for example, in 
buses 7, 11, 35)  than in other buses (for example, 8, 12, 14, 15) . In figure 6 circles show the 
average voltage values in each bus. 
 

 
Figure 6- Variation of voltage profile at 12h in phase A due to demand uncertainty and micro-
generation variability. 
 
The single-phase nature of both most end-use loads and of micro-generation units at 
residential level together with the unsymmetrical nature of the LV distribution networks may 
result in unbalanced voltages. In Figure 7 the unbalance of voltage at bus 36 for the different 
scenarios is shown. G is the scenario presenting the highest voltage unbalance, resulting from 
micro-generation occurs mainly in the phase with the lower demand/higher voltage. 

 
Figure 7- Voltage unbalance at bus 36. 

5. Conclusions 
The increasing penetration of micro-generation on LV distribution networks will impact the 
flow of power, with possible reverse flows, and voltage levels on the network. It is clear that 
besides the detailed assessment of those impacts, the accurate calculation of benefits pointed 
out to this type of generation, such as losses reduction, needed to be carried out. In this work 
Monte Carlo models have been used to reproduce the demand and available micro-generation 
in a LV distribution network, taking into account the uncertainty associated with both the 
demand and generation, in order to allow a detailed assessment of the impacts of MGU in the 
power flows, voltage levels and unbalance and in the power losses. By using load diagrams 
developed from interval metering in each consumer and Monte Carlo simulations it is possible 
to use realistic demand patterns with adequate time resolution. 
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Abstract: In islanded micro-grid design, a proper Distributed Energy Resource (DER) selection, sizing and 
effective coordination between resources are important and challenging optimization tasks. The types and sizes 
of renewable energy sources such as wind turbines, photovoltaic panels, fuel cell and the capacities of battery 
bank and the other distributed generators must be optimized in islanded micro-grid design. In this paper, the 
problem is formulated as a nonlinear integer minimization problem which minimizes the sum of the total capital, 
operational and maintenance and replacement cost of DERs, subject to constraints such as energy limits of each 
DER. This paper proposes Particle Swarm Optimization (PSO) for solving this minimization problem. The 
proposed methodology was used to design micro-grid for northwest of Iran. The simulation studies have shown 
that the proposed methodology provides excellent convergence and feasible optimum solution for sizing of 
islanded micro-grids using particle swarm optimization. In this paper some notions of reliability are considered 
for micro-grid, and the effect of reliability on total cost of micro-grid is evaluated. 
 
Keywords: Micro-grid, Optimal sizing, Particle swarm optimization, Reliability 

Nomenclature  
Pwind   power generated by wind turbines ....... kW 
PPV  power generated by PV generators ...... kW 
PFC   power generated by fuel cells ............... kW 
PLoad .................................................  load power kW 

Ebat stored energy in battery banks ............ kWh 
R lifetime of project ................................ year 
L lifetime of each component .................. year  
ir Interest rate ............................................. % 

 
1. Introduction 
The increase in penetration of distributed generation depth and the presence of multiple 
distributed generators in electrical proximity to one another have brought about the concept of 
the micro-grid [1, 2]. Micro-grids comprise low voltage distribution systems with distributed 
energy sources, storage devices, and controllable loads, operated either islanded or connected 
to the main power grid in a controlled, coordinated way. Refs. [3, 4] introduce the benefits of 
micro-grid, such as, enhance local reliability, reduce feeder losses, support local voltages, 
provide increased efficiency  through using waste heat combined heat and power, voltage sag 
correction or provide uninterruptible power supply functions.  Proper selection of distributed 
energy resources and optimal sizing of them are important and challenging tasks in the 
designing of islanded micro-grids [5] because the coordination among distributed energy 
resources is very complicated. The problem can be formulated as a nonlinear integer 
optimization problem which can be solved by a suitable optimizing methodology. Our aim is 
to minimize the total costs of the system such that the demand is met. For standalone hybrid 
wind/PV power systems, a typical tangent method is used to fix the size of wind generator 
and optimize the size of PV panels and the capacity of batteries [5, 7]. Several research works 
have been done for selecting the parameters such as the size of wind generators, the size of 
PV panels and the capacity of batteries but the decision variables collectively taken without 
any optimizing methodologies [5- 12]. Recently, a genetic algorithm for the concerned 
problem has been proposed by Xu et al. [13] where genetic algorithm optimizes the size of 
wind generators, the size of PV panels and the capacity of batteries as decision variables. 
Although this method provides a better performance in comparison to the previous literature, 
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it is necessary to find a flexible generalized methodology for any kind of micro-grid designing 
with higher computational efficiency. 
In this paper, the optimal sizing of a wind-PV-fuel cell-battery bank in micro-grid is 
considered. The optimization is carried out via Particle Swarm Optimization (PSO) algorithm. 
Generation of hydrogen by the reformer causes a higher reliability for the system. 
First, we consider the micro-grid. And then the cost of the system presented by an objective 
function. Finally some simulation results are presented. This study is performed for Ganje site 
in northwest of Iran. It is located in a village with a population of 800.  
 
2. Description of the micro-grid components 
2.1.  Wind turbine 
The power of the wind turbine is described in terms of the wind speed by Ref [16]: 
 

 
                                                                                      
                                                                           (1)           
 

 
In which incutV − , offcutV − , V, ratedV and ratedP  are cut-in wind speed [m/s], cut-out wind speed 
[m/s], wind speed [m/s], nominal wind speed [m/s] and  the rated power of wind turbine [kW] 
respectively. In this analysis, each wind turbine has a rated capacity of 1 kW. Cost of one unit 
is considered 2500$, while replacement and maintenance cost are taken as 1500$ and 
$75/year. Lifetime of a turbine is taken to be 20 years [14]. 
 
2.2.  PV 
The output power of the PV generator PVP , can be calculated according to the following 
equation: 
 

tmgPV GANP ***η=                                                                                                         (2) 
 
Where ηg  is the instantaneous PV generator efficiency, mA  is the area of a single module 
used in a system (m2), tG  is the global irradiance incident on the titled plane (W/m2) and N is 
the number of modules. In this analysis, each PV generator has a rated power of 1 kW. Cost 
of one unit considered is 6000$ while replacement and maintenance cost are taken as 5000$ 
and 0$/year respectively. Lifetime of a PV generator is taken to be 20 years [14]. 
 
2.3.  Fuel cell 
Proton exchange membrane (PEM) fuel cell is an environmentally clean power generator 
which combines hydrogen fuel with oxygen from air to produce electricity. 
The capital cost, replacement cost and operational cost are taken as 3$k, 2.5$k and 175$/year 
for a 1-kw system, respectively. Fuel cell’s lifetime is considered to be 5 years [14]. 
 
2.4. Battery storage 
At any hour the state of battery is related to the previous state of charge and to the energy 
production and consumption situation of the system during the time from t-1 to t. 
In all cases the storage battery capacity is subject to the following constraints: 
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maxmin )( batbatbat EtEE                                                                                                       (3) 
 
Where maxbatE  and minbatE  are the maximum and minimum allowable storage capacities. 

minbatE is determined by the maximum allowable depth of battery discharge (DOD) as follows: 
 

maxmin *)1( batbat EDODE −=                                                                                                     (4) 
 
In this analysis, each battery bank capacity is 552Ah. Cost of each battery is considered 264$ 
while replacement and maintenance costs are taken as 260$ and 2.64$/year. Lifetime of a 
battery is taken to be 3 years [14]. 
 
3. System modeling 
The micro-grid consists of some wind turbines, PV arrays, fuel cells, reformers and battery 
banks (Fig. 1). Natural gas is used to produce fuel cells' required hydrogen. 
It is desirable that the system meets the demand, the costs are minimized and the components 
have optimal sizes. 
 

 
Fig.1. Schematic diagram of micro-grid 
 
3.1. Strategy 
We consider three situations for the system: A. generation power produced by renewable 
energy (wind + PV) meets demand, B. over generation and C. over demand. 
 
3.1.1. Power generation produced by wind and PV meets demand 
In this situation the power generated by the wind turbine plus the power produced by the PV 
array is equal to the demand ( )/)(()()( convLoadPVwind tPtPtP η=+ ), hence: 
 

)1()( −= tEtE batbat , 0)( =tPFC                                                                                                  (5)  
                                                                                                          
It is notable that the time steps ∆t are taken to be 1 hour in this study. 
 
3.1.2. Over generation 
The produced power of the wind turbine plus power produced by the PV array are more than 
the demand ( )/)(()()( convLoadPVwind tPtPtP η+ ). 
The excess power is utilized for charging the batteries: 
 

chaconvLoadPVwindbatbat ttPtPtPtEtE ηη **)/)()()(()1()( ∆−++−= , 0)( =tPFC                           (6) 
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3.1.3. Over demand 
The demand is more than the power generated by the wind turbines and power produced by 
the PV array ( )/)(()()( convLoadPVwind tPtPtP η+ ). 
 
In this situation we have two cases: 
a. Available battery banks’ energy and power generation of wind turbine plus PV array can 
meet demand ( )/)((/*))(()()( min convLoaddechbatbatPVwind tPtEtEtPtP ηη ∆−++ ). 
 

dechconvLoadPVwindbatbat ttPtPtPtEtE ηη /*)/)()()(()1()( ∆−++−= , 0)( =tPFC                         (7)   
                                
b. Available battery banks’ energy and power generation of wind turbine plus PV array can 
not meet demand: 
 
In this situation the battery banks are completely discharged and the energy in the battery 
banks is equal to minbatE . In this state, load requirements are supplied from the fuel cell: 
 

min)( batbat EtE = ,   tEtEtPtPtPtP dechbatbatwindPVconvLoadFC ∆−−−−= /*))(()()()/)(()( min ηη     (8) 
    
3.2. System’s cost 
In this paper we consider the capital and replacement costs, the operation and maintenance 
costs of each component of micro-grid. 
We choose Net Present Cost (NPC) for calculation of system’s cost. 
 
3.2.1. Net Present Cost 
The Net Present Cost (NPC) of each component is defined as [15]: 
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  L is the lifetime and N is the optimal number of each component.  
                                                                                                                                                                                    
3.2.2. The objective function 
The objective function is the sum of all net present costs [16]: 
 

convrefFCbatteryPVwind NPCNPCNPCNPCNPCNPCNPC +++++=                                    (11) 
 
The objective function must be minimized, such as minimization is done by PSO algorithm in 
this paper. 
 
4. Simulation results 
Lifetime of the project is 20 years. In this article, the optimum combination of the micro-grid 
considered shown in Fig.1 is calculated. The system data consists of the annual wind data and 
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solar radiation which belong to a region in northwest of Iran. The load curve which is actually 
an IEEE standard curve with 500 kW peak, the yearly wind speed and solar radiation are 
showed in fig.2. For the sake of simplicity, we have considered the weekly mean in input data 
in our simulation. The data is the wind velocity and the demand in every one hour in a day. 
So, an average of the input data in each hour is calculated during a week. The power of the 
wind turbine and PV array could be derived by Eq. (1.2) from the wind speed and solar 
radiation data. The optimal size of wind turbine, PV array, battery bank and Fuel cell are 
shown in table.1. Fig.3. shows the output power of wind turbine, PV array, fuel cell and 
Energy of battery storages. We see that at the time 940, fuel cell injects power to the micro-
grid. Where the available battery storage energy is equal to minimum allowable storage 
capacity and output power of PV array is equal to zero. Also output power of wind turbine 
does not satisfy the micro-grid’s demand, so fuel cell injects power to the micro-grid in order 
to compensate load requirements. Fig.4. Shows the system costs in terms of the iterations. 
 
Table 1. Optimal size of each component. 

Number 
Wind turbine 

Number PV array Number Battery 
bank 

Number Fuel 
cell 

Total cost $ 

351 1758 4217 187 17.838M 
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Fig. 2. (a). Load information. (b) Solar radiation information. (c) Wind speed information. 
 

0 500 1000 1500
0

100

200

300

400

number of hour

kw

 

 
Pwind

0 500 1000 1500
0

500

1000

1500

2000

number of hour

kw

 

 
Ppv

0 500 1000 1500
0

50

100

150

200

number of hour

kw

 

 
Pfc

0 500 1000 1500
2000

4000

6000

8000

10000

12000

number of hour

kw
h

 

 

Ebat

 
Fig. 3 (a)  Output power of wind turbine. (b) Output power of PV array. (c) Output power of fuel cell. 
(d) Energy fluctuate of battery banks.  
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4.1. Effect of the capital cost of PV arrays on simulation results 
In this section, the effect of capital cost of PV arrays, on the optimal size of each component 
and total cost of micro-grid is regarded. Table.2 shows that increasing the capital cost of the 
PV array causes the micro-grid costs to increase and the optimal size of PV array to reduce. 
                                   
Table 2. Effect of capital cost of PV array. 
Capital cost of PV unit Wind turbine PV array Battery bank Fuel cell Total cost $ 

5000 337 1787 4154 193 16.149M 
6000 351 1758     4217 187 17.838M 
7000 383 1748     4263 172 19.558M 
8000 523 1603     4732 106 20.646M 

 
5. Reliability 
Some notions of reliability are commonly used for systems with hourly demand and supply 
data. Loss of Load Expectation (LOLE), Loss of Energy Expectation (LOEE), Loss of Power 
Supply Probability (LPSP) and Equivalent Loss Factor (ELF) are some of them considered in 
this paper. ELF is described by: 
 

∑
=

=
N

t tD
tQ

N
ELF

1 )(
)(1                                                                                                             (12) 

 
Where )(tD  is the total energy demand, )(tQ  is the loss-of-load and N is the number of 
hours. The ELF contains information about both the number of outages and their magnitude. 
In this paper we regard that ELF should be lower than 0.01 [17]. 
 
5.1. Simulation Result considering reliability parameters 
In this micro-grid when the power of fuel cell to support the demand is greater than the 
optimal size, )(tQ  is described by: 
 

CellFuelFCFC PNtPtQ −−= *)()(                                                                                              (13) 
 
Where FCN  is the optimum size and CellFuelP − is the rated power of fuel cell. The cost of 
electricity interruptions has been estimated. The value we use in our model is 5.6 $/kWh. 
Fig.5. depicts the flowchart of the algorithm simulating the micro-grid considering reliability. 
The optimal size of wind turbine, PV array, battery bank, fuel cell and the total cost of micro-
grid are shown in table. 3. 
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Fig.5. The flowchart of the algorithm simulating the micro-grid considering reliability. 
 
Table.3. Optimal size of each component considering reliability parameters. 
Wind turbine PV array Battery bank Fuel cell Total cost $ 

515 1660 3150 14 15.33M 
 
Table.3 shows that considering reliability parameters such as ELF for micro-grid (some of 
loads in some hours are not satisfied) reduces the total cost of micro-grid. Figure 6 shows the 
loss of energy in each hour.  
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Fig. 6. Loss of energy in each hour. 
 
We see that maximum loss of energy appears at the time between 900-1000.Where the 
available battery storage energy and output power of PV array to inject to the micro-grid is 
equal to zero. The value of some notions of reliability is shown in table. 4. Table 4 shows that 
ELF is in the acceptable confine. 
 
Table 4. The amount of some notions of reliability 
LOLE (hr/yr) LPSP LOEE (MWh/yr) ELF Penalty 

24 9.1098*10-3 3.8623 9.999*10-3 0.21235M 
 
6. Conclusion 
In this paper the optimal sizing and operation strategy of micro-grid are considered. The 
system consists of wind turbines, PV arrays, fuel cells, battery banks, reformers and DC/AC 
converters. The micro-grid used in this study has high reliability because fuel cells are as a 
backup for wind turbines and PV arrays. The main problem of renewable energy source is that 
they are dependent on environmental conditions. So they could not cover the demand 
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perfectly. Entering storage component solves this problem significantly. In this study battery 
bank is used to cover the demand desirably. We assumed that in each hour micro-grid can 
interrupt loads subject to reliability constraint such as ELF. In this situation total cost of 
micro-grid reduces.  
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Abstract: The impact of the implementation of solar hybrid system which was installed at Penontomon Primary 
School in Sabah, Malaysia has been analyzed in this paper. The project was initiated by the Malaysia’s Ministry 
of Education with the target to electrify rural schools that do not have grid connected electricity in Sabah with 
alternative power supply; ie, the renewable energy. The paper looked into the users’ experiences, technical and 
the economical aspects of the system and found that alternative resources from renewable energy offers better 
electricity in providing power supply to the rural schools than the old and conventional diesel generator system. 
The technology gives benefit and impact to the pupils and teachers by creating more comfortable lifestyle and 
conducive learning environment. 
 
Keywords: Solar hybrid, Rural schools, SCADA, Battery, Inverter  

1. Introduction 
Malaysia, although moving rapidly towards being a developed nation, has a considerable 
number of under-developed rural areas. Most of these are tiny pockets of inhibited villages, 
sprawling over large areas of Sabah and Sarawak (the Borneo Island part of Malaysia). In 
general, basic infrastructures are inadequate and grid connected electricity supply is the major 
one. Out of more than 10,000 schools in Malaysia, 809 in Sabah and Sarawak still lacked 24-
hour electricity supply and have to rely on decentralized diesel generator as the main source. 
The main reasons can be attributed to (1) the remote locations of these villages and (2) the 
community size is very small. These factors caused the investment cost for grid supply 
prohibitively expensive and un-economic. The cost of electricity using this method is very 
high – primarily due to the fuel transportation to the sites. Furthermore, consistent electricity 
cannot be guaranteed because of the climatic and geographical conditions that may hamper 
the fuel supply route. To ensure that these areas are not lagging behind in the country’s 
modernization strategy, the Ministry of Education (MOE) has initiated a large electrification 
program for rural schools in Sabah. It is recognized that stable and reliable electricity supply 
is the key element for conducive learning environment and enables the use of computers, 
communication system, lighting and etc [2]. The government has allocated over RM1.15 
billion (USD365 Million) to improve the basic infrastructure [1]. Fittingly, electricity supply 
is given top priority. 

Despite the fact that the program has been going on for two years, there is no documented 
literature describing the design methodology, performance analysis, economics evaluation and 
the social impact of the installed systems. It is envisaged that the lessons learned from these 
experiences can provide valuable guidelines for future rural electrification programs using 
SHS. Hence this work is carried out. The study can be divided into two parts (1) to analyze 
the technical and the economical aspects of the system design and daily operation based on 
real data (2) to study and analyze the impact of the SHS on their lifestyle and the learning 
environment. 
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2. Methodology 
This study used quantitative and qualitative methods in determining the impact of the Solar 
Hybrid System to the end users and to evaluate the system performance.  

2.1 Impact On The Solar Hybrid System 
Structured questionnaires were distributed to the 40 selected respondents, which consists of 
the teachers and pupils. The questionnaire was developed to ensure that the impact of the 
system can be analyzed base on; 

a) Comparison of the users’ experience before and after the system installed and how 
the system does affects their life and the learning environment. 

b) Comparison of the users’ knowledge of renewable energy especially the Solar 
Hybrid System before and after the installation. 

c) Load management strategies which are being exercised by the users. 
d) Users’ opinions on how the system can benefit the entire community should the 

same system implemented for their village as well. 
 

2.2 Implementation and Operation of the Solar hybrid System 
The second part of the methodologies determines the Solar Hybrid System performance 
technically and economically. The design and actual load analysis compares the design load 
profile and the actual load profile (average) and the system operation analysis answers the 
sustainability and reliability issues of the system. The measurement data, recorded by the 
online monitoring system; ie, JKR Supervisory Control and Data Acquisition System 
(JSCADA) are used to analyze the system performance. The economic analysis includes both 
costs and benefits of the system. Parameters like investment cost, operating cost and cost of 
energy are used to measure the beneficial of the system as compared to the conventional 
diesel generator [4]. 

3. Solar Hybrid System 
The solar hybrid system integrates two power sources. The system is designed to supply 
electricity for every building in the school like class rooms, computer lab, guard house and 
teachers’ quarters. For the purpose of the analysis, Penontomon Primary School which is 
located in Keningau District in Sabah (N 4°52.73’ E 116°15.9’) has been identified to be the 
sample site for evaluation and analysis processes.  

3.1 Description of Loads & Load Profile 
The total installed rated load power for SK Penontomon is 15.23 kW [6]. The load usage has 
been distributed over 24 hours load profile which used to identify the maximum peak load 
during the day. The daily energy consumption for SK Penontomon was calculated from the 
load profile. During daytime, the energy demand is at 35,964 Wh which is 69.53% of the total 
daily energy demand. While at night it requires 30.47% of the daily energy demand (15,722 
Wh). Daytime is considered from 06.00 hours to 18.00 hours which is the normal sun rise and 
sunset for the location. 

3.2 System Configuration 
As shown in Figure 1 below, the 20 kWp PV array is used to supply power to the load and to 
charge the battery during day. Priority will be given to satisfy the day time load. A 3,500 Ah 
tubular vented deep cycle lead acid battery bank is used for storage and supply power to the 
loads mostly during night. The bidirectional inverter converts the DC-AC voltage and vice 
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versa. If there were insufficient power from the PV to charge the battery, the 27 kVA diesel 
generator will turn on automatically. Moreover, excesses electricity from the generator will be 
used to electrify the loads. The generator is configured to be automatically turned on for one 
hour every week to warm up and also once a month for several hours for battery equalization. 

 

Figure 1 : The solar hybrid system configuration diagram [6]. 

4. Results and Analysis 

4.1 User Experiences 

4.1.1 Knowledge 

Respondents' knowledge on electrification from Solar Hybrid 
system
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Figure 2 : Respondents’ knowledge on electrification from solar hybrid technology system. 

All of the teachers and only six pupils have some knowledge of the Solar Hybrid System 
before the installation of the system. The numbers of the pupils that gain information of the 
system after it is in operation increasing by 10%. 

Books, magazines and newspapers are the popular sources of information of the system. 40% 
of the respondents have read about the technology. For the pupils, most of them knew about 
renewable energy by reading from the school library. Alternative information is from the 
internet as 20% of the respondents get the information from the World Wide Web (www.). 
The internet can be access from the school’s computer lab or at other places/towns nearby. 

35% of the respondents have seen the technology before at other places/villages. The 
technology was installed for village communities in several rural electrification programs like 
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Solar Home System (SHS) by Ministry of Rural and Region Development and Solar PV 
System for Rural ICT Centre by Ministry of Energy, Water and Communication. 

The education system also provides some basic information on renewable energy system in 
standard six’s Science subjects. 16% of the respondents learn/teach the subject and they are 
mostly the Science teachers and standard six pupils. 

Four respondents replied that they get the information from other sources. Three of them by 
informal conversation and the other one have a standalone PV system installed at his house 
nearby. 

4.1.2 User Training  
At least a teacher from each school is required to attend training on solar hybrid technology. 
The teacher will be responsible to give the information on the technology to the other users. It 
is found out that only informal explanation was given to the users. As shown in figure 3 
below, only 24 respondents were given informal information and eighteen respondents 
understand well about the technology, while another six respondents requested for more 
explanation and formal training.  

The main barrier in implementing PV system in any rural electrification program is the 
operation period. PV system and its implementation are frequently looked upon i n a very 
simplistic manner by a number of people which has resulted in a large number of failures [4]. 
Proper transfer of technology training program is required for the end users because the 
awareness and knowledge on the system technology are equally as important as the adequate 
financing and institutional framework.  

4.1.3 Load Management Strategies 
All of the respondents replied that they practiced load management when using the electricity. 
However, they do not have a schedule management or do not strategies their usage. All loads 
would only be turned on when required. For example, if during the class there was enough 
sunlight to light the room, lamps will not be used. All the loads in the school building would 
be turned off when there is no occupant in the room, except for the equipments that need 24 
hours operation like refrigerator. 

4.1.4 Users’ Opinions  
All of the respondents voted that technology gives benefit and impact to their lifestyle and the 
learning environment. Nowadays, the teaching and learning process is more comfortable as 
teachers can use interactive teaching methods using computers and projector at anytime 
during the school period. Besides, the teachers and pupils can get access to the internet from 
the already installed satellite communication system (Very Small Aperture Terminal – 
VSAT). There is no case of damage electronic equipments after the installation and for 
teachers who live in the teachers’ quarters; they can access the latest news and entertainment 
from the television and radio, store food in the refrigerator, and stay awake for more time 
during the night. As for the pupils, they can have extra classes during the night especially for 
pupils who will sit for the national primary school examination. 

The respondents believe that the nearby village should be connected by renewable energy 
technology especially the solar hybrid system. They believe that, electricity is an important 
element for developing a community and nation and therefore can bridge the development gap 
between the urban and rural areas in economy, education, lifestyle, communication and etc. 
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4.2 Design and Actual Load Analysis 
Figures 3 and 4 below show the comparison of the load profile for both schools. 

Design Load Profile - SK Penontomon

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

01:00 03:00 05:00 07:00 09:00 11:00 13:00 15:00 17:00 19:00 21:00 23:00
Hour

L
o

ad
 (

W
)

Design Load Profile

Actual load profile - SK Penontomon
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Figure 3 and 4 : The design load profile [6] (left) and t he actual load profile (right) for SK 
Penontomon. The actual load profile was calculated based on the load consumption in September 
2009 recorded from the JSCADA system. 

The actual base load (minimum load) for the school is double the value of the design base 
load. The maximum actual load is half the value of the design load. The maximum actual load 
for SK Penontomon occurred at night instead of day as assumed in the design profile.  

The total daily energy consumption was less 30% than the design values. The actual energy 
consumption at SK Penontomon was higher at night. The reason is the teachers’ quarters in 
SK Penontomon contribute 41% of the total load sharing. 

4.2 System Operation Analysis.  
Parameter that can determine the reliability of the PV system to supply electricity to the load 
is Loss of Load (LL). Moreover, another two useful parameters are the Generator Capacity, 
CA and the Accumulator Capacity, CS. “CA, is defined as the ratio of the daily energy output 
of the PV generator divided by the daily energy consumption of the load” [3]. “CS is the 
maximum energy that can be extracted from the accumulator divided by the daily energy 
consumption of the load” [3]. Hence the equations will be;  
 

L
EPV=CA

         (1) 

 

L
CC U

S =          (2) 

 
Where EPV is the daily energy output of the PV generator, L is the daily energy consumption 
of the load and Cu is the maximum energy that can be extracted from the battery. For rural 
electrification purposes as mentioned in [3], the values of both CA and CS are commonly used 
as CA ≈ 1.1 and 3 ≤ CS ≤ 5. But CA is also depending on the local solar climate condition. 
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Solar fraction, also known as renewable energy fraction, is the amount of energy provided by 
the solar technology system divided by the total energy required [5]. This shows the system 
dependency on the diesel generator as compared to the solar PV. 

The battery energy efficiency, ηWh is the ratio of the energy discharged from the battery to the 
energy charged to the battery within a certain period of time [3]. In this study, one month 
energy efficiency is calculated. 

Table 1 : Summary of the system energy parameters for both systems. 

Parameter Symbol  SK Penontomon 

Loss of load LL 0 % 

PV Generator capacity CA 1.57 

Accumulator capacity CS 5.76 

Solar Fraction SF 92% 

Battery Energy Efficiency ηWh 94% 

 

The system satisfies the entire load required. Loss of load value of zero shows that the system 
which consists of PV, storage and generator is reliable and can produce sufficient and 
sustainable energy to satisfy the electricity demand by users.  

The combination of the PV and the generator shows that the system is not very dependent on 
the usage of the generator and allows a significant lower quantity of diesel used during the 
measurement. The data also showed that the system can work without any major problems. 

4.4 Economic Analysis 
Generally, for either systems (diesel generator only or solar hybrid system), the Cost of 
Energy (COE) is depending on the size of the system. A bigger system capacity reduces the 
COE. But, it will also increase the investment cost. 
 
The operating cost of both systems shows that the client will be burden by the higher cost for 
operating the diesel generator system compared to the solar hybrid system. For solar hybrid 
system, the service and maintenance routine should be done at least twice a year excluding the 
corrective maintenance. The generator has less services every year since the operation hours 
is minimum.  
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Table 2: Result from Homer simulation on the economic aspect [4].  

Parameters 

SK Penontomon 

Diesel generator Solar Hybrid System  

Investment cost €134,371.00 €568,131.00 

Cost of Energy €3.83/kWh €5.86/kWh 

Operating cost €59,787.00/yr €49,415.00/yr 

Diesel Generator energy 
produced 

29.36 MWh/yr 2.06 MWh/yr 

Diesel consumption 12,514.00 L/yr 778.00 L/yr 

Cost of Diesel1 €18,771.00/yr €1,167.00/yr 

 

Figure 5 below is the total cost of the project in twenty five years of its lifetime. It is based on 
the components cost including their replacement cost, civil works of building the power 
house, electrical works especially for mini grid installation, fuel cost and the operation and 
maintenance costs. Replacement of batteries is considered in every 6 years, diesel generator in 
8 years and inverter and charge controller in 15 years [3]. It is clearly shows that the batteries 
are the most important component of the system as it contributes 45% of the lifetime project 
cost. 

Project Total Cost with lifetime at 25 years

PV, 16.59%

Batteries, 44.56%
Converter, 1.78%

Charge Controller, 0.36%

Diesel Generator, 2.24%

O&M, 25.80%

Fuel, 0.91%

Civil, 3.45%

Electrical, 4.31%

PV Batteries Converter Charge Controller Diesel Generator O&M Fuel Civil Electrical  

Figure 5 : Project total cost of the solar hybrid system. The project lifetime is at 25 years. 

                                                           
1 Diesel price is assumed at €1.50 per litre of diesel at the sites. The diesel selling price in Malaysia is at € 0.34/litre due to subsidized by the 
government. The higher price as compared to the normal selling price is due to logistic cost to supply the diesel to the remote areas. 
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5. Conclusion  

In general the solar hybrid system offers better electricity in providing power supply to the 
rural schools than the old and conventional diesel generator system. The technology gives 
benefit and impact to the pupils and teachers by creating more comfortable lifestyle and 
conducive learning environment.  

The measurements and simulation of the system shows that the solar hybrid system can 
produce reliable power supply to meet the electricity need of rural schools. The system was 
designed and configured correctly but predicting the load pattern to be as accurate as the 
actual load consumption has always been the challenging part. 

The combination of the PV-batteries-generator reduces the dependency of the fuel 
consumption and fully utilizes the clean energy from the sun. Even though a diesel generator 
system costs less than a solar hybrid system, but the fact that its operating costs in providing a 
proper service and maintenance makes the system less favorable compared to the solar hybrid 
system. The study shows that the heart of the system lies on the batteries as it contributes 
almost half of the total lifetime cost and almost half of the daily load consumption is served 
by the batteries. Improper conducts on t he system may directly affect the batteries 
performance which may lead to the failure of the system. 
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Abstract: The accumulation of dust on the surface of a photovoltaic module decreases the radiation reaching the 
solar cell and produces losses in the generated power. Dust not only reduces the radiation on the solar cell, but 
also changes the dependence on the angle of incidence of such radiation. This work presents the results of a 
study carried out at the University of Malaga to quantify losses caused by the accumulation of dust on the 
surface of photovoltaic modules. Our results show that the mean of the daily energy loss along a year caused by 
dust deposited on the surface of the PV module is around 4.4%. In long periods without rain, daily energy losses 
can be higher than 20%. In addition, the irradiance losses are not constant throughout the day and are strongly 
dependent on the sunlight incident angle and the ratio between diffuse and direct radiations. When studied as a 
function of solar time, the irradiance losses are symmetric with respect noon, where they reach the minimum 
value. We also propose a simple theoretical model that, taking into account the percentage of dirty surface and 
the diffuse/direct radiation ratio, accounts for the qualitative behavior of the irradiance losses during the day. 
 
Keywords: optical losses, dust effects, energy losses 
 

 
1. Introduction 
The accumulation of dust on the surface of the photovoltaic modules decreases the incoming 
irradiance to the cell and produces power losses (see [1] and references therein). Previous 
studies [2] show that in dry areas, these losses could reach 15%. In these cases the only 
solution is to clean the modules with water. In large-scale photovoltaic plants this task is often 
expensive, especially in those areas with water shortage. 
 
Some approaches to analyze and quantify the effect of dust on photovoltaic modules have 
been proposed in the literature. The early studies about the relationship between dust and 
transmittance date back to a f ew decades ago, all of them in the context of solar thermal 
collectors. For example, in [3], the effect of dust on t he irradiance received by various 
inclined surfaces of flat-plate collectors have been studied. The performances of one 
photovoltaic and two thermal panels during several months of outdoor exposure in Saudi 
Arabia have been measured in [4]. For the photovoltaic panel, the average degradation rate of 
the efficiency was 7% per month. The authors of [5] made an experimental study of the effect 
of accumulation of dust on t he surface of photovoltaic cells. Several kinds of dust having 
different physical properties were used. Experiments were performed using a solar simulator. 
They concluded that the results depend on many factors like the principal dust material, the 
size of dust particles and dust deposition density. We can see in [6] a co mputerized 
microscope system that has been developed for studying the physics of dust particles, which 
adhere to the surface of solar collectors and photovoltaic modules. The device enables 
investigators to calculate the particle size distribution of dust and the fraction of surface area 
covered by dust. Some examples are given for the use of such a measuring system for the 
study of photovoltaic and solar-thermal collector surfaces. Wind tunnel experiments were 
described in [7] to study the effect of wind velocity and air dust concentration on the drop of 
photovoltaic cell performance caused by dust accumulation on such cells. I-V characteristics 
were determined for various intensities of cell pollution. The evolutions of the Isc, Voc, Pmax, 
and FF were examined. 
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This work presents measurements of radiation losses produced by the accumulation of dust. 
The experiment has been carried out at the roof of the Photovoltaic Laboratory of the 
University of Málaga (latitude 36.7 °N, longitude 4.5 °W, altitude 50 m) in the south of Spain. 
The campus is located between a residential and an industrial area surrounded by open fields 
with shrubs, weeds and some olive trees. Several roads with heavy traffic flow are very close 
to the building. At the time of the measurements, some excavations have been conducted in 
the vicinity of the building, which has increased the amount of inorganic dust particles present 
in atmospheric air. 
 
2. Methodology 
The objective of this work is to quantify losses caused by the accumulation of dust on the 
surface of photovoltaic modules. With this aim, irradiance values measured by two mSi cells 
have been recorded every ten minutes during a year. These cells have been previously 
calibrated against a reference pyranometer Kipp and Zonen CMP21. One of the reference 
cells has been cleaned daily, while the other has not been cleaned throughout the experiment 
(one year). Other parameters, such as rainfall and wind speed have been also measured. 
 
Each reference cell has a low value shunt resistor between its terminals, and then the voltage 
drop across the shunt must be proportional to the short-circuit current and so it is further 
proportional to solar irradiance on the cell. The determination of the calibration constant for 
each cell is based on a  comparison with a reference pyranometer under natural sun along a 
clear-sky day (only values of irradiance greater than 200 Wm-2 have been taken into account). 
Both sensors (the reference cells and the pyranometer) are connected to an A/D module 
(cFP-AI-112) installed in Compact FieldPoint cFP-2120 data acquisition system that have 
been programmed to store a measure of all sensors at one-minute intervals. The manufacturer 
of the pyranometer provides a sensitivity constant that must be used to determine the actual 
irradiance value from the voltage its voltage output. Finally, a linear regression (setting offset 
to zero) between voltage values across each shunt and irradiance value have been performed 
to determine each constant.  
 
Once the calibration procedure has been performed both cells remained installed and 
connected to the acquisition data system and measures of both of them have been recorded 
every three minutes along one year. The output value of each cell has been multiplied by the 
constant obtained by the calibration procedure in order to get the irradiance. Whereas one of 
them has been cleaned manually every day, the other cell has only been cleaned by rain. As 
well as registering irradiance values, the irradiation value along each day has been computed 
using trapezoidal integration too. 
 
By comparing recorded irradiance values sensed by the two reference cells, dust influence on 
the received radiation can be quantified, and as consequence its effects on the solar energy 
received in the cell. Daily irradiation losses caused by dust are calculated comparing 
irradiation values sensed by the clean and the dirty cells.  The two calibrated cells and the 
pyranometer are placed on a p lane whose tilt angle is 30º (see Fig. 1). The period of 
measurements comprises from 12/15/08 to 12/14/09. Along that period, summer was dry 
without any rain, and winter and spring had rainfall more frequent than usual for this period. 
An autumn with low rainfall completes the meteorological period. The availability of data for 
the studied period has been 96.4%.  
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Fig. 1.  The experimental setup used in the measurements. 
 
3. Results 
3.1. Irradiation daily losses 
The evolution of the irradiation daily losses along the year of measurements is shown in 
Fig. 2. These losses (HL) represent the fraction of daily energy that a PV module will not 
receive as consequence of dust deposited on their surface, and are calculated  as 
 

(%) 100 CC DC

CC

H HHL
H

 −
= × 

 
       (1) 

 
where HCC is the daily irradiation measured by the clean reference solar cell (W h m-2) and 
HDC is the daily irradiation measured by the dirty cell (W h m-2). As can be seen in Fig. 2, the 
losses produced by the presence of dust are strongly dependent on the rainfall. In rainfall 
periods, a good cleaning of the dirty cell is produced and it recovers its initial performance; 
even a light rain, below 1 mm, is enough to clean the cover glass, reducing daily losses HL 
below 5%. However, in long periods without rain, like summer, the accumulation of dust can 
cause daily losses exceeding 20%.  

 
Fig. 2. HL values for all days of measurements along a whole year (left axis). We also plot daily 
values of rainfall (right axis). 
 
The mean of the daily energy losses along a year caused by dust is 4.4%. Monthly averages of 
daily energy losses are lower than 2% except in summer months, when the lack of rain favors 
the accumulation of dust and causes the increase of losses above 15%. Note that the energy 
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production reaches its maximum in these summer months, and therefore the possible adverse 
effect of dust is very relevant. 
 
3.2  Evolution of the dust losses along the day  
As seen in the last section, accumulations of dust on t he surface of a photovoltaic module 
reduce strongly the energy received. We have not observed any influence of the wind speed or 
direction on t he losses, probably because the high relative humidity contributes to the 
adherence of the dust particles on the module surface. As shown in previous studies [7-10], 
these losses should not be constant during the day, but have to be dependent on the incidence 
angle of beam radiation. In order to study this dependency, irradiation values sensed by the 
clean and the dirty cells throughout the day are compared. In this case, relative irradiance 
losses are calculated as: 
 

(%) 100 CC DC

CC

G GGL
G

 −
= × 

 
      (2) 

 
where GCC is the irradiance value measured by the clean reference solar cell (W m-2) and GDC 
is the irradiance value measured by the dirty reference solar cell (W m-2). It should be pointed 
out that losses caused by the dependence of the transmission coefficient of the glass cover on 
the angle of incidence does not affect in the calculation of GL since it is identical in both cells. 
However, the presence of dust modifies the angular dependence of the irradiance, which is 
different for the clean and the dirty cell, and precisely this effect is measured with GL. 
 
These losses represent the fraction of irradiance that the cell will not receive, and in the case 
of PV modules, power losses. When cells are clean, losses are approximately constant during 
the day. As dirt is deposited on t he dirty cell, the behavior of the losses is not constant 
throughout the day in clear sky days, becoming dependent on the angle of incidence. Daily 
evolution of dust losses on the 08/06/09 is shown in Fig. 3. This is a clear sky summer day, 
almost two months after the last rains; as consequence, dust level deposited on the dirty cell 
surface is high, causing daily losses of 14.8%.  
 

 
Fig. 3. Relative irradiance losses (GL) along a day. 
 
The typical behavior of GL as a function of the incident angle (θ) is shown in Fig. 4. In this 
figure, we plot GL curves obtained in several days with different HL values (i.e. with different 
amounts of dust). As expected, losses are strongly dependent of the incident angle of 
radiation. Minimum transmittance losses occur at noon (12.4%) when the incident angle is 
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minimum. As incidence angle increases, losses increases slowly, but the growth rate increases 
as the angle. Nevertheless, from an angle of about 60º, losses remain almost constant for a 
window of about 10º and then, after a maximum of about 21%, they decrease. This occurs at 
first and last hours of the day, when incidence angle is between 60-80º and irradiance value is 
about 200 Wm-2. (Note that morning maximum is slightly lower than afternoon maximum; the 
cause is that calibrated cells are no exactly in the same plane an there are a l ittle bench 
between them). Dependence of dust losses with the angle is shown in Fig. 4. 
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Fig. 4. Dependence of GL with the angle of incidence (θ) for several days with different HL values. 
 
This behavior is related with the proportion of diffuse irradiance on global irradiance in the 
early morning and evening, when its value increases. In section 4, a theoretical model justifies 
this behavior. On cloudy days, when the global irradiance is mainly diffuse irradiance, losses 
remain almost constant throughout the day. Diffuse irradiance has not specific direction and 
hence losses are not dependent on the incidence angle.  
 
Table I summarizes HL, θ and GL at solar noon and the maximum value of GL for each day 
shown in Fig. 4. Values of HL are between 4.0% for the first day and 21.6% for the last day. 
It can be noticed that all the shape of the curves is generic and it is not dependent on the HL 
value.  
 
Table I. Measured parameters of Fig. 4 

Date HL (%) θ at solar noon 
(degrees) 

GL at solar 
noon (%) 

GL maximum 
(%) 

27/06/2009 4.0 17.0 3.5 5.9 
13/07/2009 8.8 15.1 7.5 12.5 
30/07/2009 13.7 11.7 11.7 18.9 
23/08/2009 18.4 4.4 16.0 25.0 
04/09/2009 21.6 0.2 18.4 30.4 

 
4.  Modeling the losses produced by the dirt 
We have developed a simple model to justify the shape of the typical behaviour of the relative 
transmittance losses due to the presence of dust in the solar cell (see Fig. 3). The model is 
based on the following assumptions: 
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a) Dust grains are modelled as spheres homogeneously distributed on the surface of the 
panel. 

b) Each sphere has a r eflection coefficient R, which accounts for both specular and 
diffused reflection. 

c) Total incoming radiation from the Sun (IT) is composed of direct radiation (I0) and 
diffuse radiation (ID). We consider that this latter radiation comes homogeneously 
from any direction and it is kept constant along the day. Note that the total irradiance 
received by a clean solar cell is given by: 

 
0 cosθCC DG I I= +        (3) 

  
where θ is the angle of incidence of direct radiation on the panel. The albedo radiation 
has been neglected. 

d) In the dirty solar cell, any sphere of dust shadows the panel thus reducing the light 
reaching it. However not all radiation reaching the spheres is lost because part of if is 
reflected (a factor R) and can be partially recovered by the panel. Both effects, the 
shadowing and the recovery of light, depend on the angle of incidence of the direct 
radiation and thus vary along the day. On the other hand, there is no such dependence 
in the diffuse radiation since we assume that ID is constant along the day. 
 

To quantify the irradiance losses GL due to the presence of dust in the solar cell we use 
Eq. (2). In order to understand the effect of the dust on t he losses we have to analyse 
separately the direct and diffuse radiations.  
 
4.1.  Direct radiation 
For the direct radiation the shadowing increases with the angle of incidence, reaching the 
maximum for θ = 90º. At the same time, the fraction of the light specularly reflected reaching 
the panel increases with θ up to a maximum value and finally decreases for very large θ. On 
the other hand, the fraction of light diffusely reflected reaching the panel is constant because 
the direction of the reflected rays is independent of the angle of incidence. The sum of all 
these contributions is not evident and therefore we simulate the phenomenon using a ray 
tracer [11]: For each angle of incidence θ we trace 106 rays reaching a square cell of unit area 
with a single sphere on its center. We impose periodic boundary conditions. The reflection 
coefficient of the spheres is set to R = 65 % (19.5 % specular and 45.5 % diffuse), and the 
radius of the sphere is set to r = 0.315 units, which is equivalent to a coverage of 31.17 % of 
the surface of the cell. In Fig. 5 we show GL as a function of the angle of incidence for this 
simulation (dashed line). The values of the parameters are physically acceptable and have 
been chosen in order to fit the experimental results (also shown in Fig. 5) for small angles of 
incidence. As can be observed, the model does not reproduce at all the behaviour of GL for 
large angles of incidence. In particular it gives a monotonously increasing GL while the 
experimental one reaches a maximum and decreases for very large angles of incidence. 
 
4.2.  Diffuse radiation 
As we see, the contribution of direct radiation alone does not suffice to explain the 
experimental results. Therefore we incorporate the diffuse radiation to the model. Again we 
generate and trace 106 rays with directions uniformly distributed. The total amount of energy 
carried by these rays is equivalent to 23 %  of the total radiation that would reach the cell 
under normal incidence. When these rays are included in the simulation (solid line in Fig. 5) 
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the result obtained for GL agrees fairly well with the experimental results and in particular, it 
reproduces the reduction of the losses observed at large angles of incidence.  
 

 
Fig.5. Relative irradiance losses of a dirty solar cell as a function of the angle of incidence of solar 
direct radiation. Hollow triangles (circles) correspond to real data measured in morning (afternoon) 
hours on the 4th of September, 2009 (Malaga, Spain). Dashed line corresponds to the results obtained 
with a simulation (see text for details) in which diffuse radiation is not considered whereas the solid 
one has been obtained by taking into account this radiation.  
 
4. Conclusions 
In this work we have studied in general the energy losses due to accumulated dust on t he 
surface of photovoltaic modules. First, we present results about daily irradiation losses and we 
show that the mean value of this quantity along a whole year is about 4.4%. In rainfall 
periods, the rain water cleans the dirty cell and it recovers its normal performance: even a 
light rain, below 1 mm, is enough to clean the cover glass, reducing daily losses HL clearly 
below the average value of 4.4%. However, in long periods without rain, like summer, the 
accumulation of dust can cause daily losses exceeding 20%. 
 
Second, we present results of the dust-caused irradiance losses GL and its dependence on the 
angle of incidence θ. The curve that describes the dependence of these losses on the angle of 
incidence has a very specific shape: GL has a minimum at solar noon, then increases with θ 
up to a maximum value found when θ ≈ 75º, and then decreases for larger values of θ. This 
behavior can be explained by the influence of the diffuse radiation.   
 
In addition, we have presented a simple model, simulated with the ray-tracing technique, to 
explain the behavior of losses in solar modules due to the presence of dust. With this model 
we have shown the relevance of diffuse radiation in order to understand the full behavior of 
losses as a function of the angle of incidence. Indeed, when only direct radiation is considered 
the model does not provide results comparable to experimental measures. On the other hand, 
when diffuse radiation is also taken into account, the model reproduces quite well the shape of 
the experimental data for reasonable values of the input parameters. 
 
We conclude that the estimation of energy losses produced by the presence of dust have to be 
calculated in a different way for photovoltaic systems with fixed modules or with solar-
tracking. In addition, the proportion of the diffuse component in the global radiation must be 
taken into account when estimating the energy losses produced by the dust on t he system 
energy performance.  
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Finally, it is very important to quantify energy losses produced by dust in dry areas where 
such losses could reach large values and so producing a substantial decrease in the efficiency 
of photovoltaic systems. In these cases a regular cleaning of the modules would be necessary 
thus increasing maintenance costs.  
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Abstract: Solar photovoltaic and thermal systems are potential solutions for current energy needs. One of the most 
important difficulties in using photovoltaic systems is the low energy conversion efficiency of PV cells and, 
furthermore, this efficiency decreases further during the operational period by increasing the cells temperature above 
a certain limit. In addition, reflection of the sun’s irradiance from the panel typically reduces the electrical yield of 
PV modules by 8-15%. To increase the efficiency of PV systems one way is cooling them during operation period. In 
this experimental study combination of a PV system cooled by a thin film of water with an additional system to use 
the heat transferred to the water has been considered. Experimental measurements for both combined system and 
conventional panel indicate that the temperature of the photovoltaic panel for combined system is lower compared to 
the conventional panel. The results show that the power and the electrical efficiency of the combined system are 
higher than the traditional one. Also since the heat removed from the PV panel by water film is not wasted, the 
overall efficiency of the combined system is higher than the conventional system. 
 
Keywords: Cooling PV systems, Electrical efficiency, Combined system, Overall efficiency 

1. Introduction 
Environmental problems due to extensive use of fossil fuels for electricity production and 
combustion engines have become increasingly serious on a world scale in recent years. To solve 
these problems, renewable energy sources have been considered as new sources of clean energy. 
Solar energy is one of the most important sources among the renewable energies. Generally, solar 
energy conversion systems can be classified into two categories: thermal systems which convert 
solar energy into heat and photovoltaic systems which convert solar energy to electricity. 
 
Intensive efforts are being made to reduce the cost of photovoltaic cell production and improve 
efficiency and narrow the gap between photovoltaic and conventional power generation methods 
such as steam and gas turbine power generators. In order to decrease the cost of PV array 
production, improve the efficiency of the system and collecting more energy for unit surface area 
different efforts have been made. 
 
The performance of the PV system is affected by several parameters including temperature.  The 
part of absorbed solar radiation that is not converted into the electricity converts into thermal 
energy and causes a decrease in electrical efficiency. This undesirable effect which leads to an 
increase in the PV cell’s working temperature and consequently causing a drop of conversion 
efficiency can be partially avoided by a p roper method of heat extraction. PV/T solar systems 
consisting of photovoltaic modules and thermal collectors are applied to cool photovoltaic panel 
and use the heat generated by the panel and increase total energy output of the system. By proper 
circulation of a fluid with low inlet temperature, heat is extracted from the PV modules keeping 
the electrical efficiency at satisfactory values. The extracted thermal energy can be used in 
several ways, increasing total energy output of the system. Many researchers have investigated 
and proposed different methods for design and optimization of the PV/T systems to improve the 
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system efficiency by cooling PV module and collecting more energy. The main concepts of 
hybrid PV/T systems have been presented by several researchers since 1978 [1-5]. 
Tripanagnostopoulos [6] studied hybrid PV/T solar systems experimentally and used water and 
air to extract heat from the PV module rare surface. He used a hybrid system with air duct under 
the PV module for heat extraction with air circulation and another hybrid system with thermal 
unit of water circulation through a heat exchanger. In the system he tested, water was circulated 
in pipes with the flat surface of a copper sheet placed at the rear surface of the PV module and in 
thermal contact with it. Kalogirou and Tripanagnostopoulos [7] proved analytically the potential 
benefits of PV/T systems compared to typical PV modules and presented justification of energy 
and cost results regarding system application. Their method could be considered as an estimation 
of the cost effectiveness of new solar energy systems in practice. 
  
One method for cooling photovoltaic module is to flow a f ilm of water over the PV module to 
decrease its temperature. By using this method reflection would also be reduced and therefore the 
electrical efficiency will improve. Krauter [8] studied the effects of cooling photovoltaic array 
surface with film of water on t he power generated by the array. Abdolzadeh and Ameri [9] 
improved the operation of a photovoltaic water pumping system by spraying water over the front 
of the photovoltaic cells. Kordzadeh [10] studied the effects of nominal power array of 90 and 
135 W on 16 m head of water pumping system on panel efficiency as well as the panel efficiency 
for 135W nominal power output on different heads of pumping system. A thin continues film of 
water was running on the top of the PV panel without water being recirculated. The advantage of 
the later system (thin water running on top of the photovoltaic array) is obtaining better electrical 
efficiency because of decreasing the reflection loss, in addition to decreasing temperature of the 
array. The disadvantage of this system is that the heat gained by the water running on top of the 
photovoltaic array is wasted. 
 
The aim of the present experimental research is to consider the combination of a PV system 
equipped with cooling system consisting of a thin film of water running on the top surface of the 
panel with an additional system to use the hot (or warm) water produced by the system.  
 
2. Experimental procedure  
The experimental setup is composed of two similar but separate PV solar photovoltaic panels 
each with area of 0.44 m2. The maximum output voltage and current are respectively 23V, 2.61A 
and with maximum power output of 60W. One of the panels is used in a combined system with a 
film of water running over its top surface without front glass and an additional fabricated system 
to use the heat generated by the panel. The other panel is a conventional PV as a reference panel. 
To produce a film of water over the photovoltaic panel, a tube with a slit along it has been 
installed on the top end of the photovoltaic panel (see Fig. 1). Water pumped to the feeding tube, 
leaves the slit and flows over the panel as a thin film. Power of the pump for circulation of water 
is 0.25 hp. The water collected at the lower end of the panel passes through a finned tube used as 
a heat exchanger and consumer of heat gained by the water. Another role of this finned tube is to 
dissipate heat to the environment and produce a constant low water temperature. Therefore when 
the water is pumped back to the feeding tube it would be at a desired temperature level to flow on 
the panel surface. The flow rate is 1 lit/min. Pumping system and the heat exchanger which are 
used in the combined system are shown in Fig. 2. 
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Fig. 1. Front view of solar photovoltaic panel equipped with water film producer.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Pumping system and the heat exchanger of experimental combined Photovoltaic/Thermal (PV/T) 
system. 
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Maximum power output was obtained by utilizing an optimized ohmic load (8.7 Ω). Current and 
voltage were measured by Omega type multimeter with accuracy of 1 miliamper and 1 milivolt 
respectively. Both panels were facing south with an angle of inclination of 29°. Irradiance was 
measured by a Kimo SL100 solar meter installed on the corner of one of the panels with the same 
angle of inclination. Ambient temperature was measured in the shade at specified intervals. Patch 
type thermocouples (k type) were installed on the back surface of the two panels. Temperature of 
the top surface of the reference panel was occasionally measured by a surface probe and was 
almost C5.1  above the temperature of the back surface of the same panel. Therefore, the 
temperature difference between top and back surfaces of both panels was considered to be about

C5.1 . Standard thermocouples (k type) were used for measuring the temperature of the water 
before running over the panel and at the lower end of the panel. Temperature of the water coming 
out of the heat exchanger was also measured by installing a standard thermocouple (k type) at the 
end of the finned tube. Measurements have been performed simultaneously over 14 days during 
September, 2010 in Tehran (latitude 35° 41' and longitude 51° 25') and recorded every 10 
minutes. 
 
3. Results 
In this section results of measurements on the 18th of September, 2010 have been presented and 
analyzed. Variation of irradiance received by the surfaces of the panels during the test day is 
shown in Fig. 3.  
 

Fig. 3. Variation  of  irradiance  during  the  test  day. 
 
Due to the water flow and additional cooling by water evaporation, the PV/T panel’s operating 
temperature measured is much lower in comparison to the conventional reference panel. As could 
be seen in Fig. 4, maximum temperature difference of C7.18  is observed. This temperature 
reduction has caused a noticeable improvement for electrical efficiency as shown in Fig. 5, such 
that for some hours the relative difference is more than 33%. 
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Fig. 4. Comparison of conventional photovoltaic panel temperature with the temperature of the panel in 
the combined system. 
 

Fig. 5. Comparison of conventional photovoltaic panel electrical efficiency with the electrical efficiency of 
the combined system. 
 
The experimental results showed that the continuous film of water on the surface of PV panel has 
two important effects on the operation of the system. First, it reduces the reflection of the solar 
irradiance. Second, it reduces the panel temperature by absorbing the heat generated by the panel. 
Temperature reduction is significant due to heat absorbed by the water. The heat removal from 
the PV panel by the water film increases the temperature of the water running over the panel 
surface and also causes evaporation. Calculations show that cooling is mainly by evaporation. In 
Fig. 6, t emperature of the water before running down over the surface of the panel has been 
shown in comparison to temperature of the water collected at the lower end of the panel and 
temperature of the water coming out of the heat exchanger. As it is shown, the heat absorbed by 
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the water when running down the panel is removed when passing through the heat exchanger and 
the temperature reaches more or less to the water temperature at the top end of the panel.

Fig. 6. Comparison of water temperature at the upper and lower ends of the panel and water coming out 
of  the heat exchanger in the combined system. 
 
Overall efficiency can be defined as the total energy output of the system compared to the radiant 
energy received by the system. For conventional system, total energy output of the system 
consists of electrical energy produced, but for the combined system it consists of both thermal 
and electrical energy produced. Thermal energy output is defined as the increase in the internal 
energy of the water running over the panel due to the increase in the temperature of the water   
(m· cp ΔT). Due to high specific heat of water the temperature increase is quite a bit. Also because 
of small surface area of the panel, the sensible heat added to water is a small amount. As could be 
seen in Fig. 7, there is a noticeable improvement in overall efficiency of the combined system in 
comparison to the conventional system. 
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Fig. 7. Comparison of conventional photovoltaic panel overall efficiency with the overall efficiency of the 
combined system. 
 
4. Conclusion 
The photovoltaic panel efficiency is sensitive to the panel temperature and decreases when the 
temperature of the panel increases. One of the ways for improving the system operation is 
covering the panel surface with a thin running film of water which decreases both reflection loss 
and temperature of the panel. Results of present work showed that while the temperature of the 
panel could be controlled at a desired temperature level, the water collected at the lower end of 
the panel can be used as a utility for heating purposes. Therefore when the water is pumped back 
to the upper end of the panel it would be at a desired temperature level to flow on the panel 
surface. In the combined system tested in this work, aplying a film of water for cooling 
photovoltaic panel resulted in decreasing the temperature and reflection loss of the PV panel 
which increased electrical efficiency of the combined system. Also the heat removed by the water 
from the panel was used in a h eat exchanger. Therefore, total energy output of the combined 
system (collected thermal and electrical energy for unite surface area) increased significantly 
compared to the electrical energy of the conventional photovoltaic panel. In this experimental 
study it has been shown that the overall efficiency of combined system at some hours is one order 
of magnitude more than the efficiency of conventional panel. 
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