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This research work specifically deals with the examination of utilizing the solar irradiance data from different sources such as land based, National Aeronautics and Space Administration/Surface meteorology and Solar Energy (NASA/SSE), renewable energy technologies screen (RetScreen) simulation software, hybrid optimization model for electric renewables (HOMER), in assessing the financial practicability and feasibility of solar photovoltaic grid connected system (PVGCS) situated at Kajang, Malaysia. The financial implications of using free solar radiation databases which is available to the public versus accurate ground measured data in designing the solar photovoltaic grid connected system had been investigated. Financial studies mainly focused on the different key economic criterions such as net present value (NPV), payback period (PBP) and discounted payback period (DPP). Investigations conducted in Kajang had revealed that satellite based software tools over-predicts the daily average solar irradiation, which in turn provides inaccurate information to the investors and so leads to possibility of financial losses.

1. introduction

Availability of reliable solar radiation data is vital for assessing, designing and developing solar photovoltaic based projects. These solar radiation data can be defined for a location by several ways. Among that, the global horizontal irradiation (GHI), the amount of terrestrial radiation received from a surface horizontal to the ground is commonly of most interest to the developers. Specifically, the yearly long term average of GHI is preferred. Solar energy maps, satellite derived data and land-based measurement are the main sources of solar radiation data. Though all of these sources have its’ own merit but the selection depends on the specific location. Solar resource data from other sources such as satellite measurements or meteorological stations can be calibrated using the ground based measurement in a specific location for the purpose of improving the accuracy and certainty [1]. 

Typically satellite data or renewable energy technologies screen (RetScreen) simulation software or hybrid optimization model for electric renewables (HOMER) have been utilized by researchers to determine the technical practicability and financial assessment of a solar PV system [2–7]. Both RetScreen and HOMER utilize the data obtained from the NASA or other meteorological centers based on historical solar radiation measurements recorded within a certain period of time. Thus it can be argued that the assessment conducted by these software could be misleading to some extent, as they do not consider the actual data collected at present time. Moreover these data are obtained through satellite network at the nearest airport to the location of interest instead of its exact point of location. Therefore, techno-economic viability of solar photovoltaic grid connected systems situated at Kajang, Malaysia, was assessed by making use of the different radiation databases such as free solar irradiance data versus accurate ground measured data in order to find the implications on the cost-benefit analysis. 

2. Significance of the Study

Precisely predicting the hourly, monthly and yearly solar irradiation data is essential for the investors especially on large-scale solar PV projects in order to determine the economic feasibility at a particular location for the installation of a solar photovoltaic system [8]. Method and the choice of data provider for determining the solar radiation data in W/m2 for a specific geographical site is a critical determinant for the purpose of designing the solar PV system with the desired level of accuracy. Over prediction or under prediction of solar radiation data in a specific location strongly influences the financial portion of the project as the real world conditions may differ substantially to the data set used in the modeling of the solar PV system design [9].
3. Data Sources

3.1 Ground Based Solar Radiation Data

A full year’s worth of every 15 minute’s logged solar irradiation (G) and ambient temperature (Ta) data was provided by the installed experimental solar tracking system of 3.15 kWp capacity situated at BN building rooftop, College of Engineering (COE), Universiti Tenaga Nasional (UNITEN), Kajang, Malaysia. This grid connected solar monitoring system is used for research purposes by academics at the university in the field of renewable energy and is therefore viewed as a credible source of accurate solar irradiation ground data. The collected data of G and Ta was then downloaded in the “comma-separated-values” (.csv) file format to the laptop for simulating the energy generation by the developed simulation tool in Kajang. Complete system schematic has been shown in Fig. 1. The PV system comprises of forty-two 75 Wp Siemens SP mono-crystalline modules configured in a 6 parallel by 7 series string combination installed.
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Fig. 1 – Solar PV rooftop system’s overall schematic diagram.
Nevertheless, most of the solar modeling software programs such as RetScreen, HOMER, etc., require the average daily available energy per m2 or kWh/m2/day at a specific latitude and longitude for each month of the year. Usually the solar irradiation components – direct normal irradiation (DNI), diffuse horizontal irradiation (DHI) and global solar irradiance (GHI) – are measured as instantaneous power measurements per meter squared or W/m2. GHI data is the required solar irradiation component for photovoltaic applications. The raw data of solar radiation needs to be converted into kWh/m2/day [9].

3.1.1. Developed Simulation Tool

An equivalent circuit based simulation tool has been developed in Microsoft Visual Studio (.Net) platform for predicting the solar power output by incorporating the effect of various types of photovoltaic modules based on the environmental parameters of G and Ta. For simplicity, the single-diode model is studied in this research. The .net simulation tool is equipped with a database of innumerable types of solar panels with dissimilar electrical characteristics for computation purposes. The maximum power output was evaluated against the manufacturer’s claimed output at standard test conditions (STC), with cell temperature of 25oC and solar irradiance of 1000 W/m2 in order to assess the simulation accuracy. Also the simulated results were compared and validated with the field-measured data acquired from a couple of systems installed in UNITEN. The two solar PV systems are 3.15 kWp solar PV rooftop system and 17.28 kWp solar PV carport system. Good agreements had been found between the simulated results and the field measured data.

3.2 Satellite Derived Data

3.2.1. NASA SSE

Free satellite data has been provided by the NASA SSE database for users online merely for all locations around the world. Nevertheless, the free database is only available from the year 1983-2005. For this research purpose, in order to determine the average daily solar irradiation for every month of the year (kWh/m2/day), 22 years averaged data for the coordinates of Kajang site was included; since UNITEN is situated at Kajang. Latitude and longitude for the desired geographical location is the only required input for data and the solar irradiation component (i.e.: GHI component for modelling solar PV). Typically, 100 km by 100 km square is the resolution of the data [9]. 
Kajang site is located at the following coordinates:

Latitude

-
2.9931° N

Longitude
-
101.7889° E

3.2.2. RetScreen

Meteorological data required in the model is included in the RetScreen climate database. User would be able to obtain the climate data from ground monitoring stations and/or from NASA’s global satellite/analysis records by executing the software. The data will be provided from NASA’s satellite/analysis records if the climate data is not available from a specific ground monitoring station. Next to the data in the climate database dialogue box (Fig. 2 (a)), the source of the data (i.e., “Ground” or “NASA”) is indicated [10].

3.2.3. HOMER

Typically the solar resource data set in HOMER is input as global solar radiation on the horizontal surface (GHI). Both the direct normal and diffuse radiations are included. It is expressed in kWh/m2. Based on the latitude and longitude provided and clicking the “Get Data via Internet” button as shown in Fig. 2 (b), HOMER accesses its online database that serves up data from either National Renewable Energy Laboratory’s (NREL) Climatological Solar Radiation (CSR), or NASA’s Surface meteorology and Solar Energy (SSE) data set. Preferably, CSR dataset is used since it has finer surface resolution though it only provides data for about 25 % of the earth. SSE data is used if the CSR data is not available [11].
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Fig. 2 – Climate database dialogue box (a) RetScreen and (b) HOMER [10, 11].
4. Analysis and Discussions

Accurate solar radiation data for the specific site is essential when designing a solar energy system in order for determining the economic indicators of NPV, PBP and DPP precisely based on the available amount of energy. Hence, as a first step, free solar radiation databases of NASA SSE, RetScreen and HOMER were compared with the ground measured radiation data (G) using the statistical measures of mean bias error (MBE) and the root mean square error (RMSE) for the Kajang site. Then, fiscal analysis was carried out by using the annual energy generation by the developed simulation tool (ground based) versus satellite derived data for the system capacities of 18 kWp, 60 kWp, 450 kWp, 6.75 MWp and 22.5 MWp inclusive of the UNITEN BN building rooftop 3.15 kWp solar photovoltaic grid connected system in Kajang, with the consideration of three typical module technologies of Siemens SP 75Wp mono-crystalline, 75Wp Solo Power thin film and Trina Solar 225 Wp polycrystalline.

The averaged deviation between satellite and ground measured solar irradiation data is indicated by the MBE and the value can be positive or negative. The formula for MBE is given by the following equation [12]:
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where N is the number of measurements, Is(t) is the satellite or predicted (modelled) values and Ig(t) is the ground measured values. 

The RMSE shows the deviation of the predicted to the measured values and is always positive. RMSE can be calculated using the following equation [13]:
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4.1 Comparison of Different Solar Radiation Databases with the Ground Data

Table 1 shows the summary of the data sets from different solar radiation databases for Kajang site, which is used for the comparison and cost-benefit analysis. For the purpose of this research work, the ground monitored data of BN building rooftop at UNITEN is viewed to be the main source for solar radiation data due to the fact that it measures the actual solar radiation at ground level of Kajang.
Table 1 

Yearly solar irradiance data for Kajang (2012)
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4.1.1 Statistic Measures Used

The ground-measured data was compared with the satellite-derived data using the statistical measures of MBE and RMSE. Both the differences between measured and modelled values (using RMSE), and the existence of systematic over or underestimation tendencies (using MBE) can be determined [13]. Table 2 represents the MBE and RMSE between the ground measured and satellite derived solar radiation data for Kajang site. 

From Table 2, it can be seen that MBE is positive so the satellite data recorded by the NASA SSE, RetScreen and HOMER over predicts the solar irradiance that was actually measured at ground level and also responsible for solar PV output. This is further supported by the RMSE value, indicating that the overestimation is quite substantial for HOMER followed by the RetScreen and NASA SSE. Hence, it can be expected that the solar energy estimated using these satellite databases would be more than the actual one recorded at ground level.
Table 2

MBE and RMSE for different data sets
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4.2. Comparison of kWh Produced by the Developed and Free Software Tools

The actual energy delivered to the grid (Edlvd) harvested per year by the BN rooftop 3.15 kWp solar system was then simulated for Kajang as the reference site for different module technologies namely mono-crystalline, thin film and polycrystalline. Different data sets have been taken for each month which typically stored as a .CSV file with an interval of 15 minutes for each solar radiation and ambient temperature parameters. Those data sets measured for each month at solar PV energy system installed in UNITEN was then fed into the developed simulation tool in order to find the energy generated specifically in Kajang using different module types and system sizes.

The energy delivered to the grid per year produced by the freely available software tools can be determined using the annual average solar radiation, G (Table 1) by Eq. (3) and the results are shown in Table 3 [15-17]:
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where S is the system size and Ins is the annual average insolation at site. Table 3 clearly indicates that the NASA SSE, RetScreen and HOMER over predict the energy generation compared to the actual one. But in real time scenario, the actual energy generation in the Kajang site for the mono-crystalline module should be decreased by 28.15 %, 28.30 % and 32.90 % and for the thin film module should be decreased by 28.76 %, 28.90 % and 33.46 % respectively when utilizing the NASA SSE, RetScreen and HOMER satellite data. 

Similarly the actual energy generation for the poly crystalline module should be decreased by 28.83 %, 28.97 % and 33.53 % correspondingly when utilizing the NASA SSE, RetScreen and HOMER satellite data in order to attain the best fit.

Table 3

Annual electricity production by different software tools
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There are several reasons that may have contributed to this variation. Firstly, the solar irradiance, which is the main parameter responsible for energy generation, is different for the satellite data obtained via NASA SSE, RetScreen, HOMER and the ground measurement recorded by the solar PV system. Since the ground measurement of the solar irradiance is the one directly affects the generation of a solar PV system, it can be said that the forecast of energy generation based on actual solar irradiance measurement is more accurate than the prediction using the satellite data. As highlighted in Table 3, the difference in the energy forecast between these four mechanisms can be as high as around 33 %, depending on the type of PV technology used for the analysis.

Secondly, Eq. (3) only takes into consideration of the solar PV system size and not the type of module used for the system. For the same system size however, the type of module will have minimal effect in the solar energy generation as long as the module efficiency remains almost similar. Comparing the energy generation using the actual solar irradiance measurement for different module types as outlined in Table 3, the variation between them was calculated to be around 1 % only. This further suggests that the difference between the energy predicted using the ground and satellite measurement is mainly due to the solar irradiance data itself, and not so much on the type of PV module defined for the system.

4.3. Comparison of Economic Indicators by the Developed and Free Software Tools

Utilizing the energy generated from the free software tools and actual simulated software model, NPV, PBP and DPP were calculated for the base case economic assumptions as shown in Table 4. PV electricity tariff or failures in time (FIT) rate varies with the installed capacity [18].

Table 4

3.15 kWp PVGCS economic assumptions

[image: image10.png]Factors Unit Rate
R . Siemens  Solo Power Trina Solar
R SP75:Mono  75Wp-Thinfilm  225Wp-Poly
Analysis period Years 2 21 2
PV electricity tariff [18] MYRKWh L1316 11316 11316
Installation cost [19] MYRWp 2 23 2
08 Meosts Fixed  MYR/Wp/vear 0.0315[20] 005 003
Vaidble  \yRawn 001575 [20] 003 002
General inflation [21] 3 3 3
Discount rate [21] 3 3 3
Annual degradation [22] 08 [H 08
Subsidy [19, 21] % 40 40 4





4.3.1. Net Present Value (NPV)

Net present worth (NPW) or net present value (NPV) or discounted cash flow is originating with an initial investment, S and discounting sum of all the positive or negative cash flows that are produced in the future years, j of duration of the investment, N. Here the future cash flows are indicated as Q1 for the first year, Q2 for the second year, QN for the N-th year. The cash flows must be updated in making this comparison, by referring each one to the year in which it shall be available and multiplying it by the relevant discount factor [23]. Consequently as per the definition of net present value (NPV), Eq. (4) represents the difference between the initial investments; S and the sum of the N discounted cash flows (with N as the duration of the investment).
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where S is PV system cost, Qj is cash flow in the year j, i is nominal interest rate and N is life time of solar PV system (in years). If the NPV results in a positive number then it indicates that discounted cash flows produced will have greater returns than the initial investment cost at the end of life of the investment. Subsequently from the financial point of view, the development of a plant is favourable, and vice versa when the NPV is negative [23].

Table 5

NPV (MYR) result for different software tools
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Table 5 represent the NPV values calculated based on the annual solar energy estimated using the satellite data of NASA SSE, RetScreen, HOMER and the developed simulation tool respectively. From the figure, it can be generally concluded that NPV becomes more negative as the solar PV system size increases due to higher investment risk. Out of 18 test case studies conducted for four methods, around 77.78 % showed positive NPV estimated using satellite data of NASA SSE/RetScreen and 83.3 % using HOMER as opposed to only 22.2 % using the ground data measurement (Fig. 2). This suggests that even though the difference in the energy estimation using the NASA SSE/RetScreen, HOMER and the developed simulation tool can be merely around 28 % and 33 % (Table 3) respectively, the difference in terms of NPV estimation could be significantly higher. 

4.3.2. Simple Payback Period (PBP)

In order to measure the financial attractiveness of a project, the easiest and most basic measure is PBP. The period of time required for a project’s cumulative revenues to return its investment through the annual (non-discounted) cash flow is known as the payback period. Any project with a shorter payback period is the most attractive kind of investment [24]. PBP can be calculated as:
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where N is the number of years prior to full recovery of investment, UC is unrecovered cost at start of year and CF is cash flow during full recovery year. PBP for each case was determined using Eq. (5) for the four methods and the results are shown in Table 6. Since the fiscal analysis period was set to 21 years, payback period beyond 21 years (denoted by ‘∞’) would not be deemed as favourable from the energy producer’s point of view. As expected, PBP increases with increasing system capacity. PBP computed using the satellite data shows that 100 % of the test case studies have less than 21 years for their solar PV projects to breakeven. This percentage however, decreases dramatically to around 61 % if the computation of PBP was made based on the energy estimated using the developed simulation tool. Similar to the NPV analysis, the stark difference in PBP using the four methods for energy generation computation may possibly give wrong estimation in terms of the number of years to recover the initial investment for a solar PV system. 

Table 6

PBP (years) result for different software tools
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4.3.3. Discounted Payback Period (DPP)

While accounting for the time value of money, it is the number of years required for recovering the project cost of an investment. DPP is particularly useful for quickly assessing the duration during which an investor’s capital is at risk [24]. DPP is calculated simply as:
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where Y is the year before DPP occurs, CCF is the cumulative cash flow in year before recovery and DCF is discounted cash flow in year after recovery. DPP is a slightly different method to assess the number of years to breakeven the cost of a solar PV project as compared to PBP, in the sense that DPP takes into consideration the discounted value for cash flow year by year. Similar to PBP, computation was performed for all 18 test cases using the energy estimated by free software tools of NASA SSE, RetScreen, HOMER and also the developed simulation tool, as tabulated by Table 7. Around 77.78 % and 83.3 % out of the test cases showed ‘favorable’ number of years to recoup the initial investment for solar PV systems using the energy estimated by NASA SSE/RetScreen and HOMER, as opposed to only 22.2 % for the energy based on the developed simulation tool. Even though the percentages are very different compared to those obtained for PBP, it is interesting to note that they are consistent with the percentages obtained in the NPV calculation. This suggests that DPP would probably be the better option in determining the payback period of a solar PV project investment.

Table 7

DPP (years) result for different software tools
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5. Conclusions

Accurate solar radiation data for the specific site is essential when designing a solar energy system in order for determining the economic indicators of NPV, PBP and DPP precisely based on the available amount of energy. For the purpose of this research paper, the ground monitored data of BN roof top, UNITEN was viewed to be the most accurate solar irradiation data to determine the financial implications due to the fact that it is measuring the actual solar irradiation experienced at ground level of Kajang site, Malaysia.

The economic analysis of photovoltaic grid tied systems in Kajang had been carried out using the free solar radiation databases which is available to the public versus accurate ground measured data. From the results and discussions, it was evident that for the Kajang location, satellite based software tools have been seen on average over predicts the available daily solar irradiation. Satellite based solar irradiation data used to calculate the financial indicators, overestimate the net present value and under estimate the payback time required to recuperate the investment when compared to the ground monitored system.

It is therefore plausible to suggest that by using the satellite based data set which over estimates the amount of solar irradiation available at a specific location will ultimately end up in a risk or impact of incorrect decisions by the investors based on the highest NPV and lower pay back period and as well wrong system design such as reduced number of PV arrays, etc. 

Accuracy of the satellite based long term averaged solar irradiation data can be improved by incorporating an additional input, for instance a kind of variability metric which relies on ground based measurements, may help the investors not to wind up with wrong conclusions.
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