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ABSTRACT 7 

The long-term performance prediction of photovoltaic systems requires representative 8 

meteorological data from a particular location. Among the numerous proposals in the 9 

field of solar energy, most of them include procedures oriented towards the generation 10 

of test reference years (TRYs). These synthetic years are composed of the concatenation 11 

of twelve actual months of the time series of meteorological measurements. Using 12 

TRYs to simulate the performance of different types of solar energy systems reduces the 13 

computational effort of the simulation and simplifies the analysis of the results. In this 14 

sense, the technical standard EN ISO 15927-4 describes a procedure for constructing a 15 

reference year suitable for evaluation of the annual heating and cooling long-term needs 16 

in buildings. In this work the adequacy of the EN ISO 15927-4 reference year for 17 

photovoltaic systems has been studied. The electricity production obtained by 18 

simulation with this TRY has been compared with that obtained by the Weather Year 19 

for Solar Systems. This latter reference year only uses the monthly thermal energy 20 

collected by the system as a selection parameter of typical months. This comparison has 21 

been performed for seven locations of United States considering two 5.6 kWp grid-22 

connected photovoltaic systems that only differ in the solar tracking system. The 23 

suitability of the EN ISO 15927-4 reference year for the estimation of the electrical 24 
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energy generated by a PV system has been proved, showing good results in the annual 25 

and daily predictions in most of the cases studied. 26 
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1. INTRODUCTION 29 

The economic viability of solar energy harnessing projects using photovoltaic 30 

technology strongly depends on the capability to predict the behaviour of such systems 31 

in the long-term. In order to achieve this goal, it is necessary to have typical or 32 

representative meteorological data of the most frequent conditions at this location, 33 

which permits the simulation of the electrical energy production supplied by the system 34 

in the long-term. 35 

Since the early seventies of the last century, the subjectivity of typicality concept 36 

has caused numerous proposals in the field of solar energy to appear. Some of them 37 

consist of the selection of meteorological data series with duration of less than one year. 38 

These are known as Short Reference Year (SRY) [1,2,3]. Also, have been developed 39 

Simulated Meteorological Years (SMYs) [4,5]. These employ stochastic models or 40 

similar to produce hourly values of long-term meteorological data that, consequently, do 41 

not contain any observed meteorological measurement. 42 

One of the first proposals for the generation of typical years composed of real 43 

measurements was the Test Reference Year (TRY) of the National Climatic Data Center 44 

[6] that consisted of a selection of one whole year from the series of meteorological 45 

measurements. However, as pointed out by Crawley and Huang [7], this method results 46 

in a particularly mild year as it progressively excludes the years with extreme weather 47 

conditions. Because of this, most of the subsequent approaches propose the construction 48 

of a TRY in which, the resulting year of the analysis of the time series of meteorological 49 



3 
 

variables, is made up by typical real months of this data set. It is, therefore, a year 50 

composed of the combination of twelve typical months that may belong to different 51 

years of the data set (January of year i, February of year j and so on). Hence, this year 52 

includes 8760 records corresponding to the concatenation of the hourly measurements 53 

of each selected real month. This is the case of the Typical Meteorological Year (TMY) 54 

of Hall et al. [8], the International Weather for Energy Calculations (IWEC) from 55 

ASHRAE [9], the Canadian Weather Year for Energy Calculations (CWEC) described 56 

in Siurna et al. [10] or the Weather Year for Solar Systems (WYSS) proposed by Gazela 57 

and Mathioulakis [11]. As shown in Bilbao et al. [12], the performance of a TRY 58 

depends on the location, so they must be calculated for each site and, in point of fact, 59 

many TRYs have been generated for several locations in the world. 60 

Different methodologies proposed use statistical indexes in order to select the 61 

typical months that will be part of the TRY. For example, the Festa and Ratto method 62 

[13], that arises as a modification of the known as Danish method developed by 63 

Andersen et al. [14] and Lund and Eidorff [15], sets the use of the Kolmogorov-64 

Smirnov statistics [16]. For its part, the Sandia National Laboratory method that leads to 65 

obtaining the above mentioned TMY [8] uses the Finkelstein-Schafer statistics [17] as 66 

the main selector of the candidate years to represent each typical month. In both 67 

approaches, short and long-term cumulative distribution functions of the climatic 68 

parameters are taken into consideration but with different treatments. In the second 69 

method, the selection of the candidate months is carried out by means of the 70 

classification of the weighed sum of the Finkelstein-Schafer (FS) statistics 71 

corresponding to each climatic variable. Accordingly, a different importance can be 72 

assigned to each considered parameter. This method has been used by Pissimanis et al. 73 

[18] in the construction of a TMY for the city of Athens (Greece) and by Petrakis et al. 74 
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[19] for its construction for Nicosia (Cyprus). Subsequent variations of Sandia National 75 

Laboratory methodology that lead to obtaining the TMY2 [20] and the TMY3 [21], 76 

maintain the FS statistics treatment although they modify the considered climatic 77 

parameters and their weighing factors. In this way, modifications of the climatic 78 

variables and weighing coefficients proposed in the original method have been 79 

suggested by other authors as Sawaqed et al. [22], Chow et al. [23] and Zang et al. [24]. 80 

Using TRYs to simulate the performance of different types of solar energy systems 81 

presents a number of advantages over the use of the whole historic data series. 82 

Probably, the most obvious is the reduction of the computational effort of the simulation 83 

[5], as well as simplifying the analysis of the results. Likewise, as pointed out in 84 

Pernigotto et al. [25], these synthetic years mitigate the effects of missing or wrong data 85 

when a historic data series is simulated. Chow et al. [23] showed that TRYs, far from 86 

being static, exhibit a dynamic behaviour that might consider the effects of the local 87 

climate changes in the meteorological variables. Consequently, these years should be 88 

reviewed periodically so as to consider this long-term influence. So much so that 89 

different meteorological data sources such as Meteonorm or the National Solar 90 

Radiation Database (NSRDB), dependent on the National Renewable Energy 91 

Laboratory (NREL), provide TMY2s and TMY3s. 92 

In 2005 the European technical standard EN ISO15927-4 [26] proposed a method 93 

to generate a TRY based on the FS statistic. However, unlike the above mentioned 94 

procedures, this one assigns the same weight to all climatic variables considered. This 95 

methodology is aimed at the construction of a reference year of hourly data to evaluate 96 

the annual energy demand for heating and cooling in buildings. The EN ISO15927-4 97 

method (cited hereafter as ISO method) has been employed by Kalamees and Kurnitski 98 

[27] in a TRY generation at six locations of Estonia and by Lee et al. [28] for its 99 
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construction for seven cities of South Korea. Likewise, Pernigotto et al. [25] have 100 

implemented this method in five north Italy cities in order to assess the 101 

representativeness of ISO TRY for evaluating the energy performance of buildings. 102 

After analysing the influence of different climatic parameters on the energy 103 

demands of two sample buildings, Kalamees et al. [29] suggested a variation of the ISO 104 

method. In the original procedure dry bulb temperature, global horizontal radiation and 105 

relative humidity are considered main climatic parameters. However, in this proposal 106 

only temperature and solar radiation should be used as main variables for the selection 107 

of the three candidate months, while wind speed and relative humidity are employed as 108 

secondary parameters for the final selection of the typical month. Furthermore, the 109 

influence of the air temperature on the energy demand is emphasized by applying a 110 

seasonally dependent weighting factor. In this way, Pernigotto et al. [30] proposed two 111 

variations of the ISO method with the aim of improving its representativeness for 112 

energy building simulation. One of these is related to the final selection of the typical 113 

month. The other one assigns different weights to the climatic parameters depending on 114 

whether the final objective pursued by the TRY is the analysis of heating or cooling 115 

needs. 116 

Despite the fact that most of the published procedures employ different 117 

meteorological variables, Gazela and Mathioulakis [11] developed a new method, so-118 

called Weather Year for Solar Systems (WYSS), for typical weather data selection. In 119 

this procedure only the monthly thermal energy collected by the system is used as a 120 

selection parameter of typical months. Typical years thus obtained are directed towards 121 

the prediction of long-term behaviour of solar hot water systems (SHWS). Therefore, 122 

before applying this method, simulation of the behaviour of the solar system is needed 123 

in order to determine the monthly solar gain of every year of the historic data series. 124 
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Most of the literature related with the development of reference years is aimed at 125 

predicting the long-term behaviour of solar thermal systems in which there is a linear 126 

relationship between the ambient temperature and the collector performance. However, 127 

Argiriou et al. [31] in their comparison of different methods for generating typical 128 

meteorological years, between the various simulations performed, considered a PV 129 

array of 5.8 m2, facing south with a tilt angle of 40° in Athens. This concluded that, 130 

among the seventeen TRYs produced, the three best for this PV system were the Danish 131 

method with the variable sunshine duration, the modified Festa and Ratto method and 132 

one of nine different TMYs that only differs in the weights assigned to weather 133 

variables. Nevertheless, the WYSS method and the ISO method, which were published 134 

subsequent to this work, were not assessed herein. Also, the study of the aptitude of 135 

three TRYs when predicting the long-term performance of three solar energy (thermal, 136 

passive and photovoltaic) systems in two cities of Spain was conducted by Bilbao et al. 137 

[12]. This work determined that the methods which had better results for photovoltaic 138 

systems were the Festa and Ratto modified [31] for Madrid and the Danish method for 139 

Valladolid. 140 

The objective of the present work is to evaluate the adequacy of the reference years 141 

generated using the methodology proposed in the standard EN ISO 15927-4 to estimate 142 

the electrical energy produced by a photovoltaic power generation system in the long-143 

term. 144 

2. METEOROLOGICAL DATA 145 

The meteorological data used in this study comes from the seven weather stations of the 146 

Surface Radiation Budget Network (SURFRAD) which are distributed in different 147 

climatic regions of the United States (see Figure 1). In Table I geographical features of 148 

the seven stations are shown. The meteorological data sets provided by the SURFRAD 149 
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network are in accordance with the recommendations of the standard EN ISO 15927-4, 150 

namely hourly data sets with ten or more years of at least four meteorological variables 151 

(i.e. dry bulb temperature, global horizontal solar radiation, relative humidity and wind 152 

speed at a height of ten meters above the ground). 153 

Weather data provided by SURFRAD are quality controlled by the institution itself 154 

following the procedure recommended by the Baseline Surface Radiation Network [32]. 155 

The results of the analysis of yearly missing data in the time series of each of the seven 156 

stations considered are presented in Table II. As can be seen, most of the available years 157 

show low proportions of gaps. The years with missing records of over 10% have been 158 

removed from the data set, so that, the time series of meteorological data considered 159 

finally for each station are those shown at the end of Table II. Isolated gaps or erroneous 160 

data found in the other years have been filled by simple linear interpolation. 161 

3. METHODOLOGY 162 

In order to evaluate the adequacy of the reference year obtained by applying the ISO 163 

method to the estimation of the energy performance of a photovoltaic system, the 164 

electrical energy production obtained after ISO TRY simulation has been compared 165 

with that achieved by the WYSS method. Among the various proposals, the WYSS has 166 

been chosen in this study as the reference year against which to compare the TRY 167 

obtained by applying the ISO method. As it is a system oriented approach, it minimizes 168 

the error in estimating the energy generated [11] because it bases the selection of the 169 

months that make up the TRY only in the monthly solar gain and not in meteorological 170 

parameters. Although this method is intended for thermal systems, in this paper it has 171 

been modified for use in photovoltaic technology. So, as described in Section 3.2, the 172 

monthly electrical energy produced by the system (EPym) has been used in order to 173 

select each typical month rather than solar gain. 174 
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The behaviour of the two TRYs has been assessed by studying the electrical output 175 

of two grid-connected 5.6 kWp photovoltaic systems which only differ in the solar 176 

tracking system (see Table III). The first, named System 1, has its modules in a fixed 177 

position with an optimal tilt angle that depends on the location. In the second one, 178 

System 2, the modules are mounted on a two-axis solar tracker that provides it with 179 

complete freedom of movement. This device allows the collector surface to be normal 180 

to the sunbeams thereby maximizing the energy captured. 181 

Figure 2 illustrates the general procedure followed to assess the adequacy of the 182 

ISO TRYs for the estimation of the electric energy produced by a photovoltaic system. 183 

As can be seen, once both, the ISO TRY and the WYSS, are generated by the methods 184 

described below for all the studied locations (see Sections 3.1 and 3.2), the electric 185 

output provided by each of them has been obtained using PVSOL simulation software. 186 

The input weather file to the program consists of a list of 8760 hourly values of dry bulb 187 

temperature, global horizontal radiation, relative humidity and wind speed. After the 188 

definition of the technical characteristics of the installation and the simulation with each 189 

file of meteorological data, the program returns 8760 hourly values of electricity 190 

production that are exported for further analysis. Annual, monthly and daily electric 191 

production results obtained are compared with simulations carried out for each of the 192 

years of the data set using six statistical indicators suggested by Gazela and 193 

Mathioulakis [11]. The indicator F1, obtained from Equation (1), is the root mean square 194 

difference of the yearly energy productions of the system. The indicators F2 and F5 195 

(Equations 2 and 5) are the total standard error of estimates of monthly and daily energy 196 

outputs, respectively. The indicator F3 (Equation 3) is the chi square parameter on 197 

monthly solar productions. Lastly, the indicators F4 and F6, which can be derived from 198 
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Equations (4) and (6), are the root mean squares of the mean energy production of the 199 

historic data series minus the productions of the TRYs on a monthly and daily basis. 200 

• Yearly electric energy production: 201 

 
(1) 

• Monthly electric energy production: 202 

 
(2) 

 
(3) 

 
(4) 

• Daily electric energy production: 203 

 
(5) 

 
(6) 

3.1. The EN ISO 15927-4 method 204 

The standard EN ISO 15927-4 [26] describes a method for constructing a reference year 205 

suitable for evaluation of the annual heating and cooling long-term needs in buildings. 206 

The procedure is designed to build a year of hourly meteorological data in which the 207 

mean value of the individual variables, its cumulative distribution function and the 208 
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correlations between the different variables of each month are the closest possible to the 209 

corresponding calendar month of the historical series. 210 

As recommended in the procedure, dry bulb temperature, global horizontal solar 211 

radiation and relative humidity are considered as main selectors of the months that make 212 

up the reference year, with the wind speed as a secondary selection parameter. 213 

Regardless of this, the possibility of using other combinations of primary and secondary 214 

parameters is included in the standard. Nevertheless, the parameters recommended have 215 

been employed in this work. The procedure, shown in Figure 3, starts conducting, for 216 

each climatic parameter p, where p is the dry bulb temperature, solar radiation and 217 

relative humidity, the following: 218 

• Calculation of daily means from the hourly values of p, for each of the years of the 219 

time series. 220 

• For each calendar month the long-term cumulative distribution function of the daily 221 

means over all the years of the data set is calculated for each parameter, by sorting 222 

all the values in increasing order and then using Equation (7). 223 

 (7) 

• For each year of the data set, the short-term cumulative distribution function of the 224 

daily means for each calendar month is calculated by sorting all the daily means for 225 

that month and that year in increasing order and then using Equation (8). 226 

 (8) 

• For each calendar month the FS statistic is then calculated for each year of the data 227 

set by using Equation (9). 228 
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• For each calendar month, the individual months are then ranked from the multiyear 229 

record in order of increasing size of FS statistic for each parameter. Then, the 230 

individual ranks of the three climate parameters are summed in order to calculate 231 

the total ranking. 232 

• For each calendar month, for the three months with the lowest total ranking, the 233 

deviation of the monthly mean wind speed from the corresponding multi-year 234 

calendar month mean is calculated. The month with the lowest deviation in wind 235 

speed is selected as the best month to be included in the reference year. 236 

Finally, the method proposes the use of a cubic spline with the purpose of 237 

smoothing the transition of the climatic variables from each selected month to the next. 238 

Given that this adjustment refers to hours in which solar radiation is zero or very low, 239 

this aspect has not been taken into consideration in this work. 240 

When implementing the final step of the process, some coincidences in the sum of 241 

the orders of the FS statistics of the three main variables have been found. Therefore, in 242 

certain cases, it is not possible to select the three months with the lowest ranking. Since 243 

the ISO method does not consider this, in these cases it has been introduced, as a 244 

secondary selection condition, the order of FS statistics of the radiation variable. This 245 

ensures that, in case of a tie in the total ranking, priority is given to those months with 246 

lower order in the radiation variable. This modification of the original method is shown 247 

in Figure 3 as a dashed line. 248 

In order to illustrate the variation proposed, an example of the selection of the 249 

candidate months of June in Bondville weather station is shown in Table IV. In this 250 

case, the third and the fourth years coincide with the lowest ranking sum of the FS 251 

statistics, that is, 2001 and 2011. Considering the lowest order of the radiation variable, 252 

June 2001 has been selected as the third candidate month. 253 
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Continuing the above example, Table V shows the final selection of the month in 254 

response to the slightest deviation between the mean wind speed of each month and its 255 

multi-year mean wind speed. 256 

3.2. The WYSS method 257 

The WYSS procedure is directed towards the prediction of long-term behaviour of a 258 

SHWS. However, in this work, it has been modified with the target of predicting the 259 

electric energy provided by a photovoltaic system. The only parameter considered for 260 

the selection of the typical months is the solar gain, in this particular case, the monthly 261 

electric energy production. Thus, the first stage is obtaining the monthly production of 262 

each year of the data set by simulation. Once the monthly productions are determined, 263 

the selection process (see Figure 4) begins as described below: 264 

• Calculation of the mean value of the electric production of each year from Equation 265 

(10). 266 

 (10) 

• From Equation (11), calculation of the squared difference between the monthly 267 

electricity production of m month of y year and the mean value of monthly energy 268 

output of the same month of long-term data. 269 

 
(11) 

• Designation of the month m of the year y with the minimum value of . This 270 

month is considered typical and is selected for the WYSS. 271 

Applying a cubic spline to flatten the variable transition from one month to the next 272 

is recommended in the procedure. However, as in the previous method and for the 273 

reasons already stated, it has not been applied in this work. 274 
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4. RESULTS AND DISCUSSION 275 

4.1. TRY generation 276 

Firstly, in order to make up the WYSSs, each of the years of the data set of every 277 

weather station has been simulated with PVSOL considering each of the two 278 

photovoltaic systems established, performing a total of 218 executions. According to the 279 

procedure already described, the further processing of the results has led to the 280 

obtaining of the WYSS considering System 1 (WYSS1) and System 2 (WYSS2). Table 281 

VI shows the selected typical months for each station. Meanwhile, in Table VII the 282 

typical months, obtained after application of the ISO method, are shown. 283 

So as to simplify the analysis of the results, in Table VIII the coincidences that have 284 

occurred in the typical months of WYSS1 and WYSS2 are illustrated for each weather 285 

station. The cases in which the typical months of WYSS1 and WYSS2 coincide are 286 

labelled with a "1" and those in which no match occurs, with a "0". It can be seen that 287 

Bondville, Penn State and Sioux Falls stations have the highest number of matches, a 288 

total of six months, while in Fort Peck and Goodwin Creek stations only three of the 289 

twelve months of the year coincide. 290 

The analysis of the overall results by month shows that October and November 291 

have the largest number of matches whereas there are months, like May and July, in 292 

which any match is encountered. The total percentage of agreement between the 293 

WYSS1 and WYSS2 is around 40% of all months studied. It is not surprising given that 294 

both TRYs are the result of applying the same procedure to the energy generated by two 295 

photovoltaic systems that only differ in the sun-tracking system. 296 

When analysing the number of typical months of ISO TRY matching the WYSS1 297 

and the WYSS2 (see Table IX) it can be seen that, in both cases, the percentage of 298 

agreement of all the stations considered is just over 15%. By comparing the ISO TRY 299 
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with the WYSS1 it can be seen that, at least, one month matches in all stations. The 300 

largest number of agreements is shown in Table Mountain station, in which three 301 

months coincide. Nevertheless, when carrying out this comparison with the WYSS2 it is 302 

seen that no agreement occurs for Fort Peck station while it occurs in up to four of the 303 

twelve possible cases in Sioux Falls. Also, the analysis of the results in Table IX 304 

concludes that the typical months of June, August and December of the ISO TRY does 305 

not match with those of WYSS1 and WYSS2 in any of the stations. 306 

4.2. Electric energy productions 307 

Having determined the months that constitute the WYSS1, the WYSS2 and ISO TRY 308 

for each weather station, each reference year has been built, obtaining a sequence 8760 309 

hourly data of each of the four meteorological variables considered. Using the PVSOL 310 

software again, hourly electrical production of each generated TRY has been simulated 311 

for both photovoltaic systems. 312 

In Figure 5 monthly electricity production values obtained for each of the stations 313 

after the simulation of each TRY for the System 1 are shown. Also, the mean monthly 314 

production of energy of the historical series ( ) is represented. It can be seen how 315 

the monthly production obtained by simulating the WYSS1 coincides with the long-316 

term mean production curve while the ISO TRY curve deviates, to a greater or lesser 317 

extent, depending on the station considered. 318 

Figure 6 presents monthly results obtained by considering the System 2, that is, the 319 

two-axis sun tracking system. Comparing this with the Figure 5, the most significant 320 

difference observed is the higher production values obtained due to the increased solar 321 

radiation gained through the solar tracker. As in the previous situation, the electrical 322 

energy output of the WYSS2 closely fit with the average monthly production while the 323 

mEP
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electric energy obtained by ISO TRY simulation departs from the long-term curve 324 

following the same pattern as in the case of System 1. 325 

4.3. Adequacy of the EN ISO 15927:4 reference years for photovoltaic systems 326 

The results obtained after the calculation of the six statistical indicators (Equations 1-6) 327 

for the System 1 are shown in Table X. The Table XI presents the deviations of each of 328 

the six indicators calculated for the ISO TRY with respect to the ones of the WYSS1. 329 

From the point of view of the prediction of the annual electrical production, the 330 

reference year determined by the ISO method for Sioux Falls station fits better than the 331 

WYSS1 as the F1 parameter has a lower value. Although for Bondville, Table Montain, 332 

Fort Peck and Goodwin Creek stations the F1 parameter calculated for the standardised 333 

reference year is greater than that determined for the WYSS1, it can be seen that the 334 

deviation of the two values is lower than 2%. However, deviations of the first parameter 335 

in the case of Penn State and Desert Rock stations have considerably higher values. 336 

From the point of view of predicting the monthly production, assessed by F2, F3 and 337 

F4 parameters, the results of Table XI evidence the worst performances of the ISO 338 

reference years regarding those obtained using the WYSS method. This seems 339 

reasonable given that the criterion for selection of typical months in the latter is to 340 

minimize the error of the monthly energy production compared to the long-term 341 

monthly electrical output. 342 

Moreover, the total standard error of estimates on daily energy production (F5) for 343 

the ISO TRY presents a lower value than for the WYSS1 in three of the seven weather 344 

stations analysed and in the other four has a minimal deviation. In reviewing the results 345 

of the F6 parameter that, along with the F5, evaluates the accuracy of the prediction of 346 

the daily energy generated by each TRY, it has been seen that, in four of the seven 347 
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analysed stations, the ISO TRY presents a lower value than the WYSS1. In the 348 

remaining three stations, the calculated deviation is about 5%. 349 

The study of the results obtained for the System 2 (see Tables XII and XIII) 350 

confirms the analysis performed for the System 1. The ISO TRY generated for Table 351 

Mountain and Sioux Falls stations predict the annual electrical production better than 352 

the WYSS2. The annual production predictions made by the ISO reference year for 353 

Bondville, Fort Peck and Goodwin Creek stations, in spite of presenting a worse result 354 

than those estimated by the WYSS2, deviate slightly. Again, the performance of the 355 

ISO TRY for Desert Rock and Penn State stations is considerably worse than the 356 

WYSS2. Concerning the prediction of the monthly production, as in the previous case, 357 

the worse behaviour of the ISO TRY regarding the WYSS2 is perceived. 358 

The F5 values obtained for System 2 by simulating both TRYs confirm the good 359 

behaviour of the ISO reference year in estimating the daily energy generated by a 360 

photovoltaic system. In five of the weather stations considered, the ISO TRY has a 361 

better performance than the WYSS2 and in the remaining two stations, although the 362 

performance is worse, the deviation of the F5 indicator is negligible. Such good results 363 

are slightly worsened by those obtained for F6. In this case, while in three of the seven 364 

stations the behaviour of the ISO TRY is better at estimating the daily energy produced, 365 

in the other stations is worse, presenting deviations below 5% except for Table 366 

Mountain in which the deviation exceeds 8%. 367 

As noted above, considering the selection criteria of the WYSS method, it is 368 

expected that the reference year thus obtained behaves better than the ISO TRY when 369 

estimating the monthly production. However, it is noteworthy that, for both 370 

photovoltaic systems considered, the ISO TRY presents a good performance in the 371 

prediction of daily and annual production in a large number of cases studied while 372 
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provides a significantly worse prediction than the WYSS for monthly outputs. This 373 

better performance in estimating daily production is due to the fact that the distribution 374 

functions of daily values are considered the ISO method and, therefore, their probability 375 

of occurrence. However, in WYSS procedure only a first order statistic is used, as is the 376 

case of the average. 377 

It seems coherent to think that a TRY that has a good fit in the prediction of daily 378 

production should also fit well to the monthly and annual prediction. In fact, the 379 

reference year recommended to evaluate the long-term performance of a photovoltaic 380 

system should be the one that presented a better fit in the daily prediction. 381 

In order to explain this inconsistency it is necessary to examine the expressions of 382 

the indicators used in the evaluation of the accuracy of the prediction of the two TRY 383 

studied. First, it should be remembered that the electrical output of each month and each 384 

year of the historical series is the sum of the daily power production, as shown in 385 

Equation (12). 386 

 (12) 

Given the above, it can be seen how the expressions that determine the statistical 387 

indicators related to the annual and monthly production (F1-F4) implicitly compensate 388 

the deviations that occur between the daily values of production for each year of data set 389 

and those of the reference year evaluated. That is, the positive and negative differences 390 

between the daily production of a given year (EPymd) and for the same day of the 391 

reference year (EPtmd) are algebraically added, underestimating the actual error 392 

occurred. Also in Equation (11) it can be seen how the WYSS method, when selecting 393 

the months that make up the reference year, compensates the deviations between the 394 

total monthly production of the series and the average monthly production. By contrast, 395 

the indicators for the daily production do not allow the compensation of the daily 396 
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deviations by squaring each difference. This is the reason why the ISO TRY, showing 397 

good results in the daily indicators, which do not compensate production deviations, 398 

may have comparatively worse results in monthly indicators, which allows this 399 

compensation. Nevertheless, the WYSS has obtained good results in the monthly 400 

indicators. 401 

5. CONCLUSIONS 402 

In view of the results obtained the ISO method may be recommended for assessing the 403 

long-term behaviour of photovoltaic systems. Although this method is focused on the 404 

generation of synthetic years for the evaluation of thermal loads in buildings, its 405 

suitability for the estimation of the energy generated by a PV system has been proved, 406 

showing good results in the annual and daily indicators in most of the cases studied. 407 

Also, despite the fact that this approach does not consider the effect of the 408 

autocorrelation performed in the TMY, TMY2 or TMY3 by the analysis of runs, its 409 

implementation is simpler than these. 410 

Both reference years studied, namely the ISO TRY and the WYSS, show good, 411 

although different, skills when estimating the electrical energy produced by the 412 

photovoltaic system. However, considering the typical months that make up each of the 413 

two TRYs, it can be seen that there are few coincidences. 414 

The WYSS procedure is easy to implement, though, requires a considerable 415 

simulation effort. In fact, this effort would go against one of the main advantages that 416 

we considered to justify the interest of using test reference years. Furthermore, it 417 

presents a potential weakness due to the compensation of deviations from daily 418 

production in the short-term compared to the long-term, which should be deeply 419 

analyzed in future work. 420 
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NOMENCLATURE 421 

EPy yearly electricity production of a year y (kWh). 422 

EPt yearly electricity production of a reference year t (kWh). 423 

j number of years of the historic data series. 424 

SEEm standard error of estimates on monthly electricity production of a month m. 425 

EPym monthly electricity production of a month m and a year y (kWh). 426 

EPymd daily electricity production of a day d of a month m of a year y (kWh). 427 

 mean value of monthly electricity production of a month m of long-term 428 

data (kWh). 429 

EPtm monthly electricity production of a month m of a test reference year t 430 

(kWh). 431 

 standard deviation of simple means of monthly electricity production of a 432 

month m (kWh). 433 

SEEd standard error of estimates on monthly electricity production of a day d. 434 

EPyd daily electricity production of a day d of a year y (kWh). 435 

EPtd daily electricity production of a day d of a test reference year t (kWh). 436 

 mean value of daily electricity production of a day d of long-term data 437 

(kWh). 438 

Ф(p,m,i) long-term cumulative distribution function of the daily means of a month m 439 

for a climatic parameter p. 440 

K(i) rank order of the ith daily value of a parameter p for a month m. 441 

N total number of days for a specific month over all the available years. 442 

F(p,y,m,i) short-term cumulative distribution function of the daily means for a month 443 

m of a year y for a climatic parameter p. 444 

J(i) rank order of the ith value of the daily means within a month m of a year y 445 

mEP

mEPs

dEP
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n number of days for a specific month. 446 

FS(p,y,m) Finkelstein-Schafer statistic of a month m within a year y for a climatic 447 

parameter p. 448 
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Table I. Geographical data of the SURFRAD Network stations. 543 

Station Code Latitude 
(ºN) 

Longitude 
(ºW) 

Elevation 
(m) 

Bondville, Illinois BON 40° 3' 5.58" 88° 22' 23.70" 230 
Table Mountain, Boulder, Colorado TBL 40° 7' 32.04" 105° 14' 15.94" 1689 
Desert Rock, Nevada DRA 36° 37' 13.98" 116° 1' 40.03" 1007 
Fort Peck, Montana FPK 48° 18' 28.70" 105° 6' 6.41" 634 
Goodwin Creek, Missisippi GWN 34° 15' 16.91" 89° 52' 22.46" 98 
Penn. State Univ. Pennsylvania PSU 40° 43' 12.82" 77° 55' 51.25" 376 
Sioux Falls, South Dakota SXF 43° 44' 3.52" 96° 37' 24.04" 473 

  544 
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Table II. Annual percentages of missing data and time series of meteorological 545 

measurements considered for each station (%). 546 

Year 
Station code 

BON TBL DRA FPK GWN PSU SXF 
1996 0.00 1.50 - - 0.05 - - 
1997 3.50 1.00 - 4.00 0.00 - - 
1998 0.25 0.00 - 0.00 0.50 - - 
1999 10.25 0.00 0.00 0.25 0.25 0.00 - 
2000 0.00 0.00 1.00 0.00 0.00 0.50 - 
2001 0.00 0.00 0.00 4.50 0.00 0.00 - 
2002 0.25 0.00 1.50 0.25 0.00 0.00 - 
2003 0.00 0.00 0.00 0.25 9.75 0.00 - 
2004 0.00 0.00 0.00 0.50 13.25 4.50 0.00 
2005 0.50 0.00 2.00 0.00 0.00 0.00 0.25 
2006 2.25 0.00 1.00 1.00 0.00 1.00 0.00 
2007 0.00 0.00 0.00 0.00 1.50 5.00 0.25 
2008 0.25 0.00 2.00 0.00 1.00 0.25 0.00 
2009 0.75 0.25 0.00 0.00 2.25 0.75 0.00 
2010 0.00 0.00 3.50 0.00 3.50 0.00 0.00 
2011 0.00 0.00 0.00 0.00 3.50 0.00 0.00 
2012 0.00 0.00 0.00 0.00 0.00 0.00 1.00 
2013 0.00 0.25 0.00 0.00 2.25 1.00 0.25 

Removed years 1999 - - - 2004 - - 
Period considered 96-13 96-13 99-13 97-13 96-13 99-13 04-13 

Total years 17 18 15 17 17 15 10 
  547 
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Table III. Technical data of the PV systems. 548 

 System 1 System 2 
PV power (kWp) 5.60 5.60 
Number of PV modules 56 56 
Number of PV modules in series 14 14 
Number of PV modules in parallel 4 4 
Solar tracking system No Yes (2 axes) 
System azimuth angle (ºS) 0 Variable 
System tilt angle (º) Optimal Variable 

  549 
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Table IV. Selection of the three candidate months of June for Bondville station 550 

according to the standard EN ISO 15927-4 and the suggested modification. 551 

Year 
0 Dry bulb temperature 0  Global radiation 0 Relative humidity 0 Total 

ranking 
Candidate 

years  FS Ranking  FS Ranking  FS Ranking  
1996  2.3398 11  1.0098 3  3.2228 10  24  

1997  2.1129 9  3.6301 16  6.7769 16  41  

1998  1.5927 8  3.2016 15  5.1725 15  38  

2000  2.3390 10  1.2833 6  3.7770 12  28  

2001  1.5718 6  1.4711 7  1.7596 5  18 3 
2002  3.7174 15  1.2057 5  2.2030 8  28  

2003  5.3562 17  1.6336 10  2.0914 7  34  

2004  3.8943 16  0.9450 2  1.1871 3  21  

2005  3.6243 14  2.9318 14  1.8863 6  34  

2006  1.3423 3  1.6637 11  4.2779 13  27  

2007  1.5611 5  0.9092 1  2.7532 9  15 1 
2008  2.7476 12  1.5750 8  3.4423 11  31  

2009  1.4862 4  1.6201 9  1.0520 2  15 2 
2010  3.5609 13  1.1994 4  4.6752 14  31  

2011  1.1487 2  1.7756 12  1.6130 4  18  

2012  0.7304 1  5.3033 17  7.2368 17  35  

2013  1.5798 7  2.5914 13  1.0001 1  21  

  552 
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Table V. Final selection of the typical month of June for Bondville station according to 553 

the standard EN ISO 15927-4. 554 

Candidate  
years 

Wind speed 
short-term 

mean (m·s-1) 

Wind speed 
long-term 

mean (m·s-1) 
Deviation Typical 

month 

2007 3.9060 4.2080 0.3020  
2009 4.2050 4.2080 0.0030 * 
2001 3.8536 4.2080 0.3543  

  555 
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Table VI. Generated TRYs according to WYSS method considering the System 1 and 556 

the System 2 (numbers in Table are abbreviations of the year, i.e. 2008=08). 557 

Month 
WYSS1  WYSS2 

BON TBL DRA FPK GWN PSU SXF  BON TBL DRA FPK GWN PSU SXF 
1 08 96 99 99 05 04 13  01 09 99 08 11 03 13 
2 08 07 99 99 13 00 09  11 07 99 13 13 00 07 
3 13 13 13 98 97 04 08  07 13 13 03 96 07 08 
4 07 00 12 97 01 03 12  07 13 01 01 97 08 12 
5 98 97 05 08 00 04 07  04 07 13 12 10 12 08 
6 02 01 04 09 01 06 08  02 01 99 08 07 06 04 
7 96 13 08 03 03 08 08  08 10 02 13 97 06 13 
8 05 02 04 97 03 99 11  05 08 99 97 97 99 11 
9 12 00 07 07 98 99 04  05 00 99 05 11 04 08 
10 96 08 01 97 97 06 12  96 13 01 97 06 06 12 
11 08 10 04 10 10 05 06  08 10 05 10 10 05 07 
12 06 09 01 02 07 11 05  06 08 04 06 07 11 05 

  558 
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Table VII. Generated TRYs according to ISO method (numbers in Table are 559 

abbreviations of the year, i.e. 2008=08). 560 

Month 
ISO TRY 
BON TBL DRA FPK GWN PSU SXF 

1 00 11 06 10 08 10 13 
2 01 07 08 13 08 01 07 
3 11 10 03 09 05 08 08 
4 07 01 04 99 03 03 09 
5 10 09 08 08 08 06 04 
6 09 07 03 13 08 13 13 
7 10 10 08 02 03 12 07 
8 01 98 09 99 06 12 09 
9 03 04 08 07 11 09 08 
10 96 08 12 13 07 12 08 
11 02 10 05 11 10 07 12 
12 03 06 09 05 09 09 10 

  561 
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Table VIII. Coincidences between the typical months selected according to WYSS 562 

method for System 1 (WYSS1) and System 2 (WYSS2). 563 

Month 
WYSS1 - WYSS2 
BON TBL DRA FPK GWN PSU SXF Total 

1 0 0 1 0 0 0 1 2 
2 0 1 1 0 1 1 0 4 
3 0 1 1 0 0 0 1 3 
4 1 0 0 0 0 0 1 2 
5 0 0 0 0 0 0 0 0 
6 1 1 0 0 0 1 0 3 
7 0 0 0 0 0 0 0 0 
8 1 0 0 1 0 1 1 4 
9 0 1 0 0 0 0 0 1 
10 1 0 1 1 0 1 1 5 
11 1 1 0 1 1 1 0 5 
12 1 0 0 0 1 1 1 4 

Total 6 5 4 3 3 6 6 33 

  564 
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Table IX. Coincidences between the typical months selected according to WYSS 565 

method and the ISO method. 566 

Month 
WYSS1 – ISO TRY  WYSS2 – ISO TRY 
BON TBL DRA FPK GWN PSU SXF Total  BON TBL DRA FPK GWN PSU SXF Total 

1 0 0 0 0 0 0 1 1  0 0 0 0 0 0 1 1 
2 0 1 0 0 0 0 0 1  0 1 0 1 0 0 1 3 
3 0 0 0 0 0 0 1 1  0 0 0 0 0 0 1 1 
4 1 0 0 0 0 1 0 2  1 0 0 0 0 0 0 1 
5 0 0 0 1 0 0 0 1  0 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 
7 0 0 1 0 1 0 0 2  0 1 0 0 0 0 0 1 
8 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 
9 0 0 0 1 0 0 0 1  0 0 0 0 1 0 1 2 
10 1 1 0 0 0 0 0 2  1 0 0 0 0 0 0 1 
11 0 1 0 0 1 0 0 2  0 1 1 0 1 0 0 3 
12 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 

Total 2 3 1 2 2 1 2 13  2 3 1 1 2 0 4 13 

  567 
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Table X. Values of the indicators calculated for System 1. 568 

Station TRY F1 F2 F3 F4 F5 F6 

BON 
ISO TRY 328.66 69.76 2.88 26.91 4.48 9.23 
WYSS1 324.01 64.39 0.09 4.60 4.48 9.34 

TBL 
ISO TRY 205.39 54.12 1.91 19.68 4.90 7.95 

WYSS1 203.40 50.73 0.20 6.08 4.90 7.52 

DRA 
ISO TRY 195.58 57.42 3.77 29.76 5.30 5.55 

WYSS1 180.55 50.24 0.15 5.28 5.30 5.76 

FPK 
ISO TRY 251.85 72.62 3.43 27.39 4.65 7.94 

WYSS1 250.90 67.05 0.24 8.30 4.65 8.11 

GWN 
ISO TRY 835.62 111.84 9.83 72.21 4.54 8.79 
WYSS1 830.14 90.78 0.04 5.02 4.54 8.75 

PSU 
ISO TRY 292.65 74.44 3.23 35.71 4.27 9.26 
WYSS1 256.48 66.19 0.07 5.25 4.26 8.84 

SXF 
ISO TRY 242.99 70.93 4.18 29.29 4.61 8.45 

WYSS1 244.01 64.74 0.57 12.02 4.61 8.68 

  569 
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Table XI. Relative deviations of the indicators calculated for System 1 (%). 570 

Station F1 F2 F3 F4 F5 F6 

BON -1.41 -7.70 -96.99 -82.89 -0.02 1.21 
TBL -0.97 -6.26 -89.71 -69.12 -0.02 -5.41 

DRA -7.68 -12.50 -96.04 -82.25 0.04 3.84 
FPK -0.38 -7.67 -93.01 -69.70 0.00 2.07 

GWN -0.66 -18.83 -99.60 -93.04 0.00 -0.49 
PSU -12.36 -11.08 -97.68 -85.31 -0.04 -4.52 

SXF 0.42 -8.72 -86.42 -58.96 -0.07 2.70 
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Table XII. Values of the indicators calculated for System 2. 572 

Station TMY F1 F2 F3 F4 F5 F6 

BON 
ISO TRY 498.13 101.04 2.97 40.52 5.11 13.00 
WYSS1 490.67 92.63 0.03 4.40 5.11 12.36 

TBL 
ISO TRY 301.28 78.67 1.98 27.38 5.63 11.42 

WYSS1 302.41 73.65 0.10 7.04 5.63 10.50 

DRA 
ISO TRY 282.89 86.17 3.56 43.32 6.18 8.09 

WYSS1 254.19 75.34 0.05 5.04 6.18 8.26 

FPK 
ISO TRY 372.44 103.55 3.76 42.74 5.36 11.51 

WYSS1 369.16 93.97 0.11 7.46 5.36 11.09 

GWN 
ISO TRY 947.04 141.15 9.95 91.17 5.19 12.41 
WYSS1 936.58 114.35 0.04 6.56 5.19 12.73 

PSU 
ISO TRY 479.29 108.23 3.54 53.19 4.84 13.21 
WYSS1 400.00 95.46 0.06 6.49 4.84 12.60 

SXF 
ISO TRY 346.19 98.05 3.37 42.53 5.27 11.55 

WYSS1 346.35 88.32 0.22 10.51 5.27 11.98 
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Table XIII. Relative deviations of the indicators calculated for System 2 (%). 574 

Station F1 F2 F3 F4 F5 F6 

BON -1.50 -8.32 -99.15 -89.13 -0.01 -4.94 
TBL 0.37 -6.39 -94.93 -74.31 0.00 -8.04 

DRA -10.14 -12.56 -98.63 -88.35 0.04 2.11 
FPK -0.88 -9.25 -97.16 -82.55 0.01 -3.62 

GWN -1.10 -18.99 -99.59 -92.80 0.00 2.63 
PSU -16.54 -11.79 -98.41 -87.80 -0.08 -4.61 

SXF 0.05 -9.92 -93.48 -75.30 0.00 3.72 

 575 
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LIST OF CAPTIONS 577 

Figure 1. Location of SURFRAD Network stations in US. 578 

Figure 2. General procedure for assessing the adequacy of the ISO TRYs for PV 579 

systems. 580 

Figure 3. Procedure for obtaining the ISO TRY. 581 

Figure 4. Procedure for obtaining the WYSS. 582 

Figure 5. Comparison between the long-term average monthly electricity production 583 

and that obtained for each TRY considering System 1. 584 

Figure 6. Comparison between the long-term average monthly electricity production 585 

and that obtained for each TRY considering System 2. 586 


