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This work addresses the solar resource assessment through long-term statistical analysis and typical
weather data generation with different time resolutions, using measurements of Global Horizontal
Irradiation (GHI) and other relevant meteorological variables from eight ground-based weather stations
covering the south and north coasts and the central mountains of Madeira Island, Portugal. Typical data
are generated based on the selection and concatenation of hourly data considering three different time
periods (month, five-day and typical days) through a modified Sandia method. This analysis was carried
out by computing the Root Mean Square Difference (RMSD) and the Normalized RMSD (NRMSD) for each
time slot of the typical years taking the long-term average as reference. It was found that the datasets
generated with typical days present a lower value of overall NRMSD. A comparison between the hourly
values of the generated typical data and the long-term averages was also carried out using various
statistical indicators. To simplify this analysis, those statistical indicators were combined into a single
Global Performance Index (GPI). It was found that datasets based on typical days have the highest value
of GPI, followed by the datasets based on typical five-day periods and then those based on typical
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months.
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1. Introduction

Solar resource information is crucial when designing or simu-
lating solar energy systems. In the development of a solar energy
project, various time scales of solar resource assessment are
required, ranging from simple annual mean values in the first
design approach to short-term characterization of solar radiation
and of other relevant meteorological variables that affect the per-
formance of the installation, such as air temperature and wind
speed. Therefore, time resolution of the solar radiation data may
have a significant impact on the viability analysis of a solar energy
project [1]. The detailed design as well as its economic viability are
directly related with both magnitude and variability of the local
solar resource [2,3], thus making imperative its characterization in

* Corresponding author.
E-mail address: eabreu@uevora.pt (E.EM. Abreu).

https://doi.org/10.1016/j.renene.2018.04.068
0960-1481/© 2018 Elsevier Ltd. All rights reserved.

different time resolutions.

A common approach to quantify and evaluate the solar resource
in a given region is the analysis of monthly and annual values of
Global Horizontal Irradiation (GHI) [1,4]. Regarding the prediction
of solar energy systems performance, it is recommended to use past
measurements of solar radiation in the region of interest together
with radiative transfer models [4,5], and thus radiometric mea-
surements are essential to evaluate the solar resource (assuming
proper calibration and maintenance of radiometers) [6]. When a
sufficient number of ground-based stations is available in a given
region, then the use of interpolation methods to evaluate the solar
resource over that region is also appropriate [6]. Additionally, as
solar energy power plants have a considerable cost, it is important
to know in advance the energy that a given system or power plant
will generate depending on its location. In that sense, modelling of
solar energy systems for a long-term data series of radiometric
measurements is a possible way to study the response of those
systems under different meteorological conditions. However,
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Nomenclature

FS Finkelstein-Schafer statistics

GPI Global Performance Index

H Hourly global horizontal irradiation (kWh/m?-hour)

H Long-term average of hourly global horizontal
irradiation (kWh/m?-hour)

k Ranked order number

MBE Mean Bias Error (kWh/m?-hour, °C, % or m/s)

n Total number of data records

N Number of daily records in a month

NRMSD  Normalized root mean square difference

P Number of hours in a day with H>0

R Correlation Coefficient

RMSD Root mean square difference (kWh/m?-hour, °C, % or
m/s)

Sn Cumulative Distribution Function

SD Standard Deviation (kWh/m?-hour, °C, % or m/s)

t— stats  t-statistics

U9s Uncertainty at 95% (kWh/m?-hour, °C, % or m/s)

WS Weighted sum of the FS statistics

X Meteorological parameter

¥ Median of scaled values of the statistical indicator j

Vij Scaled value of the statistical indicator j and typical
data set i

Greek symbols

0 Absolute difference between CDFs
o) Statistical weight

Acronyms

CDF Cumulative Distribution Function
FS Finkelstein-Schafer statistics

GHI Global Horizontal Irradiation
TMM Typical Meteorological Month

™Y Typical Meteorological Year
TRY Test Reference Year
TSRY Typical Solar Radiation Year

performing such numerical simulations is a time consuming
computational process. This problem can be overcome if typical
weather data sets are used, such as Typical Meteorological Years
(TMY), which also reproduce all the long-term data statistics. The
Typical Meteorological Years are also useful for energy simulations
in buildings, either for determining their thermal response under
different environmental conditions or designing and simulating
integrated renewable energy systems. Usually, dedicated software
requires representative meteorological data files of hourly values
for the specific location to assess the performance of buildings and
solar energy systems. However, if hourly weather data series are
not available then they can be generated through statistical
methods from monthly averaged values of the required meteoro-
logical parameters measured in nearby locations [7].

The TMY and the Test Reference Year (TRY) datasets are widely
used to study the performance of buildings and solar energy sys-
tems [8,9]. The TRY is generated through the concatenation of 12
actual months selected from the entire time series of meteorolog-
ical measurements according to the standard EN ISO 15927-4 [10].
Although this standard describes a procedure for generating a
reference year suitable for evaluating the annual heating and
cooling requirements in buildings based on long-term data, it was
found that the same reference year can also be used to predict the
output of solar photovoltaic energy systems [11]. The resulting data
series consists of 8760 hourly values of various selected meteoro-
logical parameters such as the air temperature, solar radiation,
relative humidity, and wind speed [12]. Several authors [12—14]
reported TRY data for different locations around the world. In a
similar way, the TMY comprises hourly values of solar radiation and
other meteorological parameters for a one-year period that is
generated from long-term observed data [15]. The first version of
the TMY was generated using the Sandia method [16] as proposed
by Hall in 1978. The National Renewable Energy Laboratory (NREL)
developed a second and a third versions of the TMY denominated
TMY2 (1995) [17] and TMY3 (2008) [18], respectively, adding some
changes in the selection procedure of the typical data. However,
since the TMY represents typical rather than extreme conditions, it
is not suitable for designing systems to meet the worst-case con-
ditions occurring at a given location [16].

Several other methods have been proposed to generate typical
weather data: the Danish method [19], the Festa-Ratto method

[20], the Crow method [21], the Miguel-Bilbao method [22], the
Gazela-Mathioulakis method [23] and the Stochastic Approach
[7,24]. Some researchers, including Skeiker [25], Janjai and Deeyai
[26] and Ebrahimpour and Maerefat [27], have compared various
methods and concluded that the Sandia method is the one that
generates the closest evaluation to long-term performance of
thermal systems in buildings [8]. Kulesza [28] recently found that
the TRY perform better than the TMY for central Poland. Addi-
tionally, several TMY data sets have been generated worldwide
using the Sandia method [29—35] with the help of Finkelstein-
Schafer (FS) statistics [36] in order to evaluate how close a given
month is to the long-term data series of the corresponding calendar
month, regarding the cumulative distribution of daily values and
the monthly average. If only solar radiation data is considered,
Typical Solar Radiation Years (TSRY) have been generated by some
researchers [37—39]. The TSRY generation is carried out using daily
global solar radiation data and the FS statistical method thus
making it useful for the first approach in the design of solar energy
conversion systems [38].

In this work, solar resource assessment is addressed through
long-term statistical analysis and typical data generation with
different time resolutions, using measurements of Global Hori-
zontal Irradiation (GHI), air temperature, relative humidity and
wind speed from eight ground-based weather stations in Madeira
Island, Portugal. The Madeira Island is located in the North Atlantic
Ocean, southwest of Portugal mainland, between parallels 32°N
and 33°N of latitude, and has an area of 740.7 km?. The climate of
Madeira Island is classified as temperate with dry and warm
summers according to the modified Koppen-Geiger classification
system [40], except in some narrow strips along the coastal zones
where a temperate climate with hot and dry summers is observed.
The central mountains, with a maximum altitude of 1862 m above
the mean sea level, together with the proximity to the ocean,
strongly affect the local meteorological phenomena, including
those closely related with the renewable energy resources, namely
the wind speed, precipitation and solar radiation. Since there is no
fossil fuel extraction and refining in the area, the generation of
electric energy in the island is done mostly via imported fuel and
thus the environmental resources such as solar energy should be
considered for power generation to reduce the dependence from
conventional sources of primary energy. In recent years the
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installed capacity of wind power increased and a growing invest-
ment in solar energy is expected soon, namely photovoltaic (PV)
power, as a way of diversifying the sources of renewable energy
while maintaining a background power generation capacity from
conventional sources due to grid stability issues. Thus, the gener-
ation of Typical Meteorological Years for the eight locations ana-
lysed in this work also allows the characterization of the different
climatic patterns in the island and provide datasets that can be used
for studying energy efficiency in buildings and for dimensioning
solar energy systems, thus contributing to a correct energy plan-
ning and, ultimately, for the sustainable development of the island.
This also helps to identify the locations with higher levels of annual
GHI and provides datasets of hourly values for the simulation of
solar energy systems such as photovoltaic systems, including the
effect of air temperature and wind speed, which are meteorological
parameters that affect the energy generation of such systems via
the temperature of the PV cells [41].

The aim of this work is to study the impact of the time resolution
used to generate typical data on the capacity of these datasets to
represent the long-term statistics (long-term mean values) of GHI,
air temperature, relative humidity and wind speed, thus contrib-
uting to improve solar resource assessment methodologies using
typical weather data. With this purpose, a detailed analysis of three
data sets generated through the selection and concatenation of
different typical time periods (month, five-day and typical days) is
presented and a comparison with the long-term mean values is
carried out for each one. A modified Sandia method was imple-
mented in order to select the different typical data periods. To the
best knowledge of the authors, this is the first study that addresses
the impact of time resolution on the generation of typical weather
data sets through methods similar to the Sandia method. Since
there are no Direct Normal Irradiation measurements in the
Madeira Island, the original Sandia method is used as the starting
base to generate the typical data sets, instead of the more recent
TMY3 method. The paper is organized as follows: Section 2 pre-
sents the location of the measuring stations, measuring period and
the quality control of solar radiation and weather data; Section 3
presents the solar resource assessment using a long-term statisti-
cal analysis and the generation of typical data with different time
resolutions; Section 4 presents the results and discussion; and,
finally, conclusions are drawn in Section 5.

2. Solar radiation and weather data
2.1. Location of the weather stations and measuring period

The global horizontal irradiation measurements and weather
data used in this work are from the network of automatic ground-
based stations of the national weather service, Instituto Portugués
do Mar e da Atmosfera (IPMA), and the following locations in the
island were considered: Areeiro, Canical, Lido, Observatério, Lombo
da Terca, Lugar de Baixo, Ponta do Pargo and Sao Jorge [42]. The
IPMA network comprises CM11 pyranometers from Kipp & Zonen
with periodic and standard maintenance procedures following the
World Meteorological Organization (WMO) guidelines. Depending
on the location, at least five years in the period 2003—2014 of
hourly averaged and extreme values were used. The following
meteorological parameters were considered: hourly mean,
maximum and minimum values of air temperature and relative
humidity, hourly mean and daily maximum wind speed and hourly
GHI. The location of the stations and the respective period of
measurements are presented in Table 1. These sites were selected to
cover the entire area of the island, thus including weather stations
in the south coast, north coast and central mountains. The results
for Observatdrio, Sao Jorge and Areeiro (representing the south

Table 1

Location and period of measurement of selected stations in Madeira Island.
Station Latitude [N] Longitude [W] Altitude (m) Period
Areeiro 32° 43 20 16° 54’ 55" 1610 2003-2014
Canigal 32° 44’ 54" 16° 42' 24" 68 2010-2014
Lido 32° 38 12" 16° 56’ 08" 13 2003-2014
Observatorio 32° 38 51” 16° 53’ 33” 58 2004—2014
Lombo da Terca  32° 49’ 52" 17° 12’ 08" 660 2010-2014
Lugar de Baixo 32° 40’ 52" 17° 05’ 24" 15 2003-2014
Ponta do Pargo 32° 48’ 48" 17° 15" 42" 312 2008—-2014
Sao Jorge 32° 50’ 04” 16° 54’ 42" 82 2003-2014

coast, north coast and central mountains, respectively) are pre-
sented in detail in the next sections as an example of the work
developed in this study, although the same outputs were obtained
for the remaining locations.

2.2. Quality control and gap filling

Solar radiation and weather data series often contain incorrect
time records, gaps or incorrect measurements. Therefore, it is
necessary to do a quality control to identify these problems. Firstly,
the GHI filters used in the Cabauw station were applied to the GHI
data, according to the Baseline Surface Radiation Network guide-
lines [43]. These filters identify physically impossible values,
extremely rare values and values that are not consistent regarding
the ratio between diffuse and global solar irradiance values. Diffuse
irradiation is available only in the Observatdrio station, thus it was
not studied in detail here. Direct Normal Irradiation is not
measured in the island. This is the main reason that the more recent
TMY3 method [18] is not used here. Regarding gap filling, the
missing records are less than 15% of the total number of records in
all the cases, except for the hourly values of GHI from the Observ-
atorio station (23%). Gaps with one or two consecutive hours were
filled using linear interpolation. Gaps with more than two
consecutive hours were filled with an acceptable accuracy through
correlations with other stations, with correlation coefficients
higher than 0.8 in all the cases.

3. Solar resource assessment
3.1. Long-term statistical analysis

A common approach to quantify and evaluate the solar resource
is the analysis of monthly and annual values of GHI [1,4]. This
approach is a simple procedure to assess the solar energy avail-
ability at a given location and to perform comparisons between
different locations. The monthly averages of the daily GHI and the
respective annual mean and standard deviation are presented in
Table 2 for all the stations included in this work.

The location with higher annual mean of daily GHI is Areeiro
with 4.84 kWh/m?-day. This is also the location where a higher
variation of the daily solar radiation occurs along the year. The
Lugar de Baixo and Ponta do Pargo stations also have high values of
daily GHI, 4.73 kWh/m?-day and 4.77 kWh/m?-day, respectively,
but present a lower variability if compared with Areeiro. The
location with lower annual mean of daily GHI is Lombo da Ter¢a
followed by Sao Jorge, with 4.03 kWh/m?-day and 4.06 kWh/m?-
day, respectively, both in the north coast of the island. The mini-
mum value of monthly mean of daily GHI is 1.75 kWh/m?-day and
occurs in December at Lombo da Terga, while the maximum value is
7.71 kWh/m?2-day in July at Areeiro. To better understand the GHI
variation along the year, the long-term average of the hourly GHI is
shown in Fig. 1 for the Observatorio, Sao Jorge and Areeiro stations.
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Table 2 ' , carried out through the concatenation of twelve Typical Meteoro-
Monthly and annual averages of daily GHI (kWh/m’-day). logical Months (TMMs). The selection of the TMM for each month of
Month  Station the calendar starts by evaluating the Finkelstein-Schafer statistics

(FS) of the daily values of the nine meteorological parameters
considered in the method (Appendix A). The method is based on
the Cumulative Distribution Function (CDF) for each one of the

Areeiro Canical Lido Obs. L. Terca L.Baixo P.Pargo S.Jorge

Jan 2.84 2.57 269 281 217 2.86 2.65 222
Feb 3.27 3.17 334 344 248 3.52 3.27 2.83

Mar 464 464 448 468 3.79 474 4.48 4.02 meteorological variables, as shown in Fig. 2a for the GHI in June at
Apr 5.38 558 509 538 4.66 5.66 5.80 5.07 the Observatério station, and using different statistical weights for
May 6.49 5.88 5.88 5.68 5.13 6.17 6.29 5.56 the variables as presented in Table 3 [16]. Also, according to this
Jun 725 631 595 581 635 6.38 7.04 5.70

method, GHI is the most relevant variable with a statistical weight

J:lig ;Z,é 2:(1); g:g? gg; g:ég 224212 2(7)2 223 of 50%. The TMMs are then selected based on its closeness to the
Sep 487 500 487 505 425 5.12 5.01 456 long-term CDF, considering all the meteorological parameters.

Oct 375 391 388 398 3.13 4.06 3.85 3.52 A similar procedure was used to select the typical five-day pe-
Nov 249 267 286 306 181 300 277 223 riods and the typical days, as shown in Fig. 2 b and c, respectively.
Dec 232 228 245 247 17 253 2.36 202 The TMYs based on five-day and typical days are generated using
Annual 484 452 445 451 403 473 477 4.06 the same raw data except that hourly values are used to determine

stddev. 1.94 1.53 137 129 1.79 148 179 145 the long and short-term CDFs instead of using the daily values as

before. In these cases, only the hourly mean wind speed is used,

since there are no hourly maximum values of this parameter. The

3.2. Typical data generation with different time resolutions statistical weights are presented in Table 3, which maintain the
relative weight between the four meteorological parameters. The

According to the Sandia method [16], the TMY generation is  five-day TMY is composed of 73 periods that are selected by
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Fig. 1. Long-term average of hourly GHI (kWh/m?-hour) at Observatério (top), Sdo Jorge (center) and Areeiro (bottom).
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Fig. 2. Cumulative Distribution Functions of GHI values at Observatério: a) daily values
of June; b) hourly values for the 31st five-day period; c) hourly values for June 1st.

comparing the sets of 5days of each year of real measurements
against the long-term CDF and average for the same time periods,
while the daily TMY is composed of 365 typical meteorological
days, i.e., each day of the TMY is selected by comparing all

Table 3
Statistical weights of the meteorological parameters for the TMY generation [16].

T™MY Air temperature Relative humidity Wind speed  GHI

Mean Max. Min. Mean Max. Min. Mean Max.

Month  2/24 1/24 1/24 224 124 1/24 224 224 12/24
Five-day 2/24 1/24 1/24 224 124 1/24 424 -— 12/24
Day 2024 124 124 224 124 124 424 — 12/24

corresponding calendar days of the data series against the respec-
tive long-term CDF and average.

In Fig. 2, the long-term CDF, the CDF of the year with lowest FS
value, the CDF of the year with highest FS value and the CDF of
selected year are shown for the Observatério station. In Fig. 2a, the
year with the lowest FS value, which corresponds to the year with
the closest CDF to the long-term cumulative distribution, and the
selected year for the TMY are the same. Since hourly measurements
were used to generate the TMY based on five-day and typical days,
the cumulative probability of GHI being zero in Fig. 2 b and c is
around 40% for the respective time periods in June. This percentage
represents the measurements taken during the night
(GHI = 0 kWh/m?-hour), which do not appear in Fig. 2a because
daily values were used for the TMY generation based on typical
months.

The smooth transition between the selected months, five-day
periods and typical days was ensured by an interpolation in the
period between 6h before and after the mid-night where the
selected typical data concatenate by using a centred moving
average of three hourly values. It is worth noting that the transition
between two consecutive typical days is not so abrupt because both
are selected based on its closeness to the long-term CDF of hourly
values, while the sequence of typical days retains the long-term
climatological pattern. The difference between consecutive
typical days will further decrease if the number of years in the data
series increases. On the contrary, the transition between two
consecutive typical months may be more abrupt because the se-
lection procedure is based on the respective monthly CDFs of daily
values and the last day of a typical month may be very different of
the first day of the next typical month in terms of hourly values,
although being only twelve transitions. This problem does not arise
in the case of solar radiation since the transition between typical
periods always occurs at night, and the interpolation that was
implemented according to the Sandia method proved to be suitable
to generate smooth typical data sets. On the other hand, the
autocorrelation between typical periods may increase as the time
slot for generating the CDF decreases, which means that the tem-
poral correlation between two consecutive days in the daily TMY
can be higher than that in the case of five-day TMY and monthly
TMY. In any case, for a long data series, this autocorrelation is
bounded by the persistence of weather conditions on consecutive
days. That is, as typical days are selected based on the persistence of
the meteorological conditions on each calendar day (closeness to
the long-term CDF), if two or more consecutive typical days are
highly correlated this means that similar conditions persist during
those days in a long-term perspective, thus capturing the clima-
tological pattern of that period. However, because the available
number of years in the data series are limited and the changes in
the weather conditions does not occur always in the same calendar
day of every year, the resulting climatological pattern of the daily
TMY can be slightly smoothed in the perspective of the daily mean
values, thus contributing to increase the temporal correlation be-
tween typical days in the periods of persistent changes on the
meteorological conditions, despite the hourly variability is that of
selected days (measured hourly values). This issue needs to be
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further addressed in the future in order to establish a more precise
relation between the time slot used to construct the CDF and the
autocorrelation between the selected typical periods. The hourly
GHI of the TMY based on typical months is shown in Fig. 3 for the
Observatorio, Sao Jorge and Areeiro stations.

A simple way of representing the selected years for each TMY is
using the ratio between the number of times that a specific year
was selected and the total number of periods, i.e., the percentage of
occurrence of a specific year in the generated dataset. This fre-
quency is shown in Tables 4—6, for the TMYs based on typical
months, five-day periods and typical days, respectively, with the
higher values highlighted in bold. The total period of measure-
ments is very important because it has a strong impact on the
determination of the long-term values, which are directly con-
nected with the selection of the typical data. However, even for
locations with the same period of measurements and not far from
each other, as for example Lugar de Baixo and Lido, the selected
years are different. This shows that close locations can have
somewhat different climatological patterns due to the particular
orographic and meteorological characteristics of the island. These
differences are more evident between south coast, north coast and
central mountains. A more detailed analysis is needed to better

understand these aspects if required. Considering the TMYs based
on typical five-day and day periods, Tables 5 and 6 respectively, and
for a given location, the years with higher percentage of selection in
the case of the TMY based on five-day period do not always
correspond to the years with higher percentage of selection of the
TMY based on typical days. This means that the time resolution
used in the TMY generation also has a direct impact on the selected
data, thus resulting in different final datasets.

4. Results analysis and discussion

The accuracy of the generated TMY in representing the long-
term statistics of solar resource can be assessed through a com-
parison between the long-term average of daily GHI in a given time
slot and the respective average of daily GHI data from the generated
TMYs. This comparison is shown in Fig. 4 for the Observatério, Sao
Jorge and Areeiro stations, using the monthly average of daily GHIL
A very good agreement was found between the monthly TMY and
the long-term monthly mean values, while the TMY based on
typical days performs reasonably and the TMY based on five-day
period does not perform so well in this monthly comparison.

In some way, this result is expected because we are comparing

1

lJan 1Feb 1Mar 1Apr 1May 1Jun 1Jul 1Aug 1Sep 1Oct 1Nov 1Dec 31Dec

Day

0.0 0.2 0.4 0.6 0.8 1.0

1lJan 1Feb 1Mar 1Apr 1May 1Jun 1Jul 1Aug 1Sep 10ct 1Nov 1Dec 31Dec

0.0 0.2 0.4 0.6 0.8 1.0

lJan 1Feb 1Mar 1Apr 1May 1Jun 1Jul 1Aug 1Sep 10ct 1Nov 1Dec 31Dec

Day

0.0 0.2 0.4 0.6 0.8 1.0

Fig. 3. Hourly GHI of the TMY based on typical months (kWh/m?-hour) for Observatério (top), Sio Jorge (center) and Areeiro (bottom) stations.
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Table 4

Percentage of selection of years in the case of the TMY based on typical months.
Station 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Areeiro 8.3 8.3 16.7 0 8.3 0 16.7 8.3 0 16.7 16.7 0
Canical — — — — — — — 25.0 16.6 16.7 16.7 25.0
Lido 8.3 0 16.7 83 0 8.3 16.7 16.7 0 16.7 83 0
Observat. — 8.3 0 16.7 8.3 16.7 25.0 0 8.3 0 0 16.7
L. Terga — — — — — — — 333 0 8.4 25.0 333
L. Baixo 0 0 8.4 0 8.3 16.7 16.7 0 83 83 83 25.0
P. Pargo - - - - - 0 83 16.7 25.0 16.7 25.0 8.3
S. Jorge 16.7 8.3 8.3 16.7 16.7 0 8.3 16.7 0 0 0 8.3

Table 5

Percentage of selection of years in the case of the TMY based on typical five-day periods.
Station 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Areeiro 15.1 2.8 8.2 6.8 9.6 4.1 8.2 4.1 12.3 5.5 5.5 17.8
Canigal - - - - - - - 17.8 24.7 17.8 16.4 233
Lido 11.0 8.2 123 5.5 5.5 123 8.2 9.6 8.2 5.5 5.5 8.2
Observat. - 5.5 8.2 13.7 5.5 9.6 13.7 9.6 12.3 9.6 4.1 8.2
L. Terga - - - - - - - 233 274 5.5 28.8 15.0
L. Baixo 123 6.8 164 6.8 4.2 2.7 6.8 6.8 11.0 123 9.7 4.2
P. Pargo - — — — — 41 15.1 9.6 19.2 16.4 19.2 16.4
S. Jorge 110 5.6 8.2 6.8 6.8 8.2 110 6.8 9.6 8.2 9.6 8.2

Table 6

Percentage of selection of years in the case of the TMY based on typical days.
Station 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Areeiro 129 9.0 6.8 45 6.3 52 8.2 9.0 10.7 6.3 9.9 11.2
Canical — — — — — - — 15.9 16.2 219 20.5 25.5
Lido 11.2 7.9 12.6 6.6 4.5 9.3 7.4 8.8 11.8 7.9 8.2 3.8
Observat. — 15.6 11.0 10.1 13.2 7.4 5.8 9.6 6.6 6.2 6.6 7.9
L. Terga — — — — — — — 233 15.6 21.1 23.0 17.0
L. Baixo 17.8 9.6 10.7 3.7 44 3.6 2.5 8.2 11.0 6.3 104 11.8
P. Pargo - - - - - 4.7 7.9 17.3 19.7 134 18.6 18.4
S. Jorge 6.3 123 9.9 6.0 7.7 7.4 7.4 10.1 9.3 6.8 11.5

monthly averaged values and thus the TMY generated based on the
monthly CDF will perform better. However, a question remains,
that is, how each TMY performs for each variable (with distinct
statistical weights) if different averaging time slots are used? To
answer this question, the accuracy of the generated TMYs in rep-
resenting the long-term statistics was also assessed through the
Root Mean Square Difference (RMSD) and the Normalized Root
Mean Square Difference (NRMSD) using the long-term mean values
as reference, and for monthly, five-day and daily averaging periods,
as shown in Table 7 for the Observatorio station. In these calcula-
tions, the daily mean values were first determined for each variable,
time slot and TMY, and then the RMSD values were determined
using as reference the respective averaged values in the same time
slots of the entire data series. Thus, the RMSD values are different
for each averaging period because the daily mean values are
calculated for each time slot prior to calculating the root mean
square difference. This is also the reason why the values of RMSD
increase as the averaging period decreases for a given TMY, that is, a
larger averaging period reduces the scattering of TMY daily mean
values with respect to the long-term daily mean. The NRMSD is
defined as the ratio between the RMSD and the amplitude (differ-
ence between the maximum and minimum values) of each mete-
orological variable and station: NRMSD = RMSD/(Xmax — Xmin)- In
order to find which TMY presents the lower RMSD value consid-
ering all the meteorological parameters, a simple arithmetic
average and a weighted average using the same statistical weights
presented in Table 3 of the NRMSD values were also calculated. In
this case, a total statistical weight of 4/24 was used for air

temperature, relative humidity and wind speed.

In Table 7, the RMSD values of both TMY based on five-day and
typical days are lower than the RMSD values for the TMY based on
typical months for all the meteorological parameters and compar-
isons, except for wind speed and GHI in the monthly comparison.
This can be possibly explained by the higher short-term variability
of wind speed and GHI (due to the effect of scattered clouds and to
the transition between clear and overcast skies), which benefits the
comparison between mean values for longer averaging periods. It is
worth noting that, if statistical weights other than those presented
in Table 3 are used, then this analysis may change because different
relative weights will be given to the meteorological variables, thus
leading to the selection of other periods of typical data for the TMY
generation. Nevertheless, regarding the data presented in Table 7
and the comparison done in Fig. 4 for the TMY generated from
typical months, the RMSD values show that the TMYs generated
from typical five-day and days are accurate, since similar results
were obtained for all the stations and the weighted NRMSD average
for both TMYs are lower than the values for the TMY based on
typical months.

To identify the time resolution or typical period that better
contributes to the representation of long-term statistics through
the generation of Typical Meteorological Years, and considering all
the meteorological parameters included in this analysis, an arith-
metic average and a weighted average of the NRMSD of all mete-
orological parameters and locations were also calculated for the
three generated TMYs. The results are presented in Table 8. The
values in bold represent the TMY with the lower value of overall
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Fig. 4. Comparison between the monthly average of daily GHI of the TMY based on
typical months, five-days and days, and the long-term mean: a) Observatério, b) Sao
Jorge, c) Areeiro.

NRMSD for each averaging period and the underlined values
correspond to the lower values for TMY based on typical months.
The values of Table 8 show that the conclusions drawn using the

simple arithmetic average or the weighted average of all NRMSD
values are not exactly the same. Taking the underlined values in
Table 8, it is shown that the TMY based on typical months only
presents lower NRMSD average value when a monthly comparison
is carried out. On the contrary, the TMY based on typical days
presents lower values in all the other cases, including for the
weighted average of NRMSD. This means that, if a simulation of a
solar energy application is to be performed on a daily or hourly
basis including all the relevant meteorological variables, and the
closest values to the long-term statistics are required, then the TMY
based on typical days may be a more appropriate choice. However,
if only GHI is considered and solar resource assessment is needed
only in a monthly or annual basis, then the TMY generated with
typical months represents better the long-term data (see Table 7).

This analysis was extended by comparing the generated TMYs
against the long-term average year with the help of various sta-
tistical indicators, namely the Mean Bias Error (MBE), the Root
Mean Square Difference (RMSD), the Uncertainty at 95% (U95), the
t-statistics (t-stats) and the Correlation Coefficient (R), and without
considering different averaging time slots, that is, using the hourly
values directly. Lower values of these statistical indicators corre-
spond to better performances, except in the case of the Mean Bias
Error, in which values closer to zero correspond to a good perfor-
mance, and for the case of the Correlation Coefficient, in which
values closer to one indicate perfect linear relationship between
two variables. These statistical indicators are defined as follows
[44,45]:

Mean Bias Error:

n

1 - -
MBE = > (XKie — Xim) (1)
i=1

Root Mean Square Difference:
n

) 1/2
RMSD = {E > Rie— ’_‘i,m)z] @

i=1

Uncertainty at 95%:

1/2
Ugs = 1.96 (502 n RMSD2> / 3)

T-statistics:

1/2
B [ (n- 1)MBE?
t-stats = {RMSDZ — MBE2 @
Correlation coefficient:
R— Z?ﬂ (Xi,e - Reaﬂ'}) (Ri,m - Rmsﬂv) (5)

_ _ _ _ 1/2
[Z?:l (Xi,e - Xe,av)2 (Xi,m - Xm,au)Z]

in which, for each meteorological parameter x, X; . is the it" hourly
TMY value, x; ,, is the it" hourly long-term mean, X. 4, is the average
of the TMY hourly values, X, ¢, is the mean value of the long-term
averaged hourly values and SD is the standard deviation of (X;, —
)_(i,m)'

The values of these statistical indicators are shown in Table 9 for
the Observatério station, although this comparison was also per-
formed for all the other stations. Based on the analysis it is observed
that different statistical indicators give different results regarding
the capability of the generated TMY in representing the long-term
mean values. The RMSD, U95 and Correlation coefficient show that
the TMY based on typical days is the one which performs better
regardless of the meteorological variable being analysed. The other
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Table 7
RMSD and NRMSD of TMY based on typical months, five-day and days with reference to the long-term mean values for the Observatério station.
Comparison ™Y RMSD NRMSD
Air temp. Rel. hum. Wind GHI Average Weighted average
0 %) (ms) (KWh/m?-day)
Monthly Month 0.5709 2.8197 0.1616 0.1173 0.0428 0.0092
Five-day 0.2281 1.3261 0.1804 0.4276 0.1010 0.0046
Day 0.0963 0.8701 0.1596 0.3026 0.0715 0.0026
Five-day Month 0.8100 4.9926 0.3985 0.7642 0.1940 0.0171
Five-day 0.4839 3.9894 0.3156 0.5044 0.1309 0.0119
Day 0.3591 1.8445 0.2255 0.3858 0.0962 0.0065
Daily Month 1.0603 7.5894 0.6342 1.3995 0.3439 0.0282
Five-day 0.7373 6.4633 0.5055 1.2912 0.3111 0.0220
Day 0.7186 4.6416 0.3976 0.5820 0.1537 0.0153
Table 8 meteorological variables. The GPI also shows that the TMY based on

Average and weighted average of NRMSD for all the eight stations.

T™Y Average Weighted average
Monthly  Five-day  Daily Monthly  Five-day  Daily
Month 0.0421 0.1885 0.3269 0.0103 0.0231 0.0352
Five-day  0.1336 0.1705 0.3235 0.0104 0.0182 0.0296
Day 0.0598 0.0892 0.1609  0.0062 0.0109 0.0218
Table 9

Statistical indicators and GPI values of the generated TMYs for the Observatério
station.

T™Y MBE RMSD u95 t-stats R GPI

Air Temp (°C)

Month 0.1085 1.2910  3.5722 7.8922 0.9098 —4.1578
Five-day = —0.0312  0.9763  2.7055 2.9930 0.9523  0.1614
Day —0.0087 09217 2.5547 0.8798 0.9562  0.6808
Rel. hum. (%)

Month 0.6012 94114  26.0613  5.9907 03482  —1.9069
Five-day  0.2623 8.1388 225545  3.0173 04714  0.7742
Day -0.3614 6.3682 17.6380 53193 05974  2.3190
Wind (m/s)

Month 0.0174 09301  2.5798 1.7488 04687  -1.7015
Five-day = -0.1183  0.7778  2.1435 14.3987 05313 0

Day -0.1254  0.6617 1.8175 18.0714  0.6311  1.2985
GHI (kWh/m?-hour)

Month 0.0026 0.1226  0.3399 1.9618 0.8950  0.0546
Five-day = —0.0084  0.1150  0.3183 6.8495 0.8972  0.5648
Day 0.0110 0.0678  0.1867 154102 09709 1.6194

statistical indicators do not present conclusive results on which
TMY performs better. To identify the TMY that performs better, a
Global Performance Index (GPI) was used, which allows the com-
bination of different statistical indicators [44,45]. To determine the
GPI of the generated TMYs, the values of all statistical indicators
must be scaled down, ranging between a minimum value of 0 and a
maximum value of 1. Then, the GPI can be determined using:

GPl; = 25: o ()7]- fyi,) (6)

Jj=1

where o; equals —1 for the correlation coefficient R and 1 other-
wise. y; is the median of scaled values of the statistical indicator j
and y;; is the scaled value of the statistical indicator j for the typical
data set i. Lower values of GPI imply less accuracy of the generated
TMYs while higher values of GPI mean that the generated TMYs
represent more accurately the long-term statistics.

In the case of the Observatoério station, the values of GPI show
that the TMY based on typical days performs better than the TMY
based on typical months and five-day typical periods for all the

typical months presents lower accuracy compared to the other two
TMYs if hourly values are considered. The GPI values of GHI for all
the stations analysed in this work are presented in Table 10. The GPI
values for the remaining meteorological variables and stations can
be found in Appendix B. The information presented in Table 10
clearly shows that the TMY based on typical days presents higher
values of GPI, meaning that this TMY represents better the long-
term hourly mean values, followed by the TMY based on typical
months.

The GPI values for the remaining meteorological variables (see
Appendix B) also show that the TMY based on typical days repre-
sents more accurately the long-term hourly mean values, with an
average GPI of 0.7459, 1.6800 and 1.6869 for air temperature,
relative humidity and wind speed, respectively. Averaging all the
GPI values of all the meteorological variables and meteorological
stations, mean GPI values of —1.1154, —0.1230 and 1.5207 are ob-
tained for the TMY based on typical months, typical five-day pe-
riods and typical days, respectively. This clearly shows that the TMY
based on typical days performs well and should be considered if the
long-term hourly mean values are to be better represented by
typical data. In Appendix C is presented the spatial distribution of
the annual GHI in the Madeira Island.

As consequence of the lack of measurements of diffuse hori-
zontal (DHI) and direct normal irradiance (DNI) across Madeira
Island, a preliminary analysis using the typical periods of each
typical year was performed to understand the impact of the used
time resolutions on the corresponding typical DHI and DNI data. In
this case, the DHI and DNI data was generated through the Boland-
Ridley-Lauret model (BRL model) [46], and the present preliminary
analysis was performed for the Observatério station, since some
DHI measurements were available at that location in a shorter
period than that of the entire GHI series. The available measured
DHI data need to be corrected due to the shadow band effect, with
the associated approximations, and thus the entire series of DHI

Table 10

GPI values of GHI for all the eight stations.
Stations T™MY

Month Five-day Day

Areeiro 0.8939 0.0911 2.1972
Canical 03728 —0.2581 2.3691
Lido 0.2949 0.0772 1.3721
Observatério 0.0546 0.5648 1.6194
L. Terga 0.0134 -0.7121 2.2745
L. Baixo 0.6606 0.2679 1.9285
P. Pargo 0.6050 -0.1822 1.4229
S. Jorge 0.0371 0.2196 2.5781
Average 0.3665 0.0085 1.9702
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was obtained through the BRL model for consistency. The BRL
model [46] uses the experimental clearness index based on the GHI
data, the solar zenith angle and the apparent solar time to generate
the diffuse fraction. By comparing the modelled and the corrected
experimental DHI values, a good agreement was found. Then, using
both GHI and DHI data and the cosine of the solar zenith angle, the
hourly DNI data was obtained and the same analysis as that pre-
sented in Table 9 was also performed, which is presented in
Table 11.

The TMY based on typical days performs better for both DHI and
DNI data. Despite the lower MBE and t-statistics of the monthly
TMY regarding the DHI data, the GPI of the daily TMY is higher. In
the case of the DNI data, the monthly TMY only performs better
according to the t-statistics. All the other statistical indicators as
well as the GPI associate the daily TMY as the best performing
typical year taking the entire hourly data series as reference. These
results suggest that despite the DHI and DNI data were not used for
the selection of the typical periods, the same conclusions can be
drawn regarding the best performing typical year, i.e., the daily
TMY represents in a more accurate way the long-term series of GHI,
DHI and DNI.

5. Conclusions

In this paper, solar resource assessment is addressed through
long-term statistical analysis and typical data generation with
different time resolutions using data from eight meteorological
stations in Madeira Island, Portugal. A modified Sandia method was
used to generate Typical Meteorological Years (TMY) with three
different typical time periods: months, five-days and days. Various
statistical indicators were used to assess the generated typical data
sets and a Global Performance Index (GPI) was defined. Although all
the generated TMYs are in good agreement with the long-term
averages, it was found that the TMY based on typical days is the
one that presents the closest results to the long-term hourly data,
either if all the variables included in the TMY generation are
considered or not, while the TMY based on typical months per-
forms better if only the monthly values of Global Horizontal Irra-
diation (GHI) are considered. Therefore, the use of the TMY based
on typical days is suitable for energy systems modelling and it
improves the representation of a large data series of hourly values
on a single typical year, with a mean GPI of 1.5207, in opposition to
GPI values of —1.1154 and —0.1230 for the TMYs based on typical
months and typical five-day periods, respectively. This work pro-
vides an alternative method to generate typical data sets that can
be used to study energy efficiency of buildings and renewable en-
ergy systems, including not only GHI data but also the main
meteorological parameters that affect the performance of such
systems. It was also found that Areeiro presents the highest annual
and monthly averages of daily GHI (4.84 kWh/m?-day and
7.71 kWh/m?-day, respectively) while Lombo da Terca presents the
lowest annual and monthly averages of daily GHI (4.03 kWh/m?-

Table 11

Statistical indicators and GPI values for DHI and DNI for the Observatério station.
T™Y MBE RMSD u9s t-stats R GPI
DHI (kWh/m?)
Month —0.0010 0.0458 0.1270 0.0006 0.9369 -0.7719
Five-day 0.0017 0.0438 0.1213 0.0010 0.9465 -0.1299
Day 0.0140 0.0398 0.1068 0.0097 0.9755 0.2281
DNI (kWh/m?)
Month 0.0049 0.1733 0.4802 0.0007 0.6847 —1.4999
Five-day -0.0113 0.1610 0.4458 0.0018 0.6870 -3.0299
Day —0.0043 0.1077 0.2985 0.0010 0.8453 1.3002

day and 1.75 kWh/m?-day, respectively). Solar resource assessment
was performed using typical data generated through different time
resolutions using GHI measurements only. It is of interest extending
the statistical analysis performed in this work to locations where
DHI and DNI measurements are available and to study the impact of
using different typical years on the simulation of solar energy
systems.
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Appendix A. Sandia method for the TMY generation based on
typical months

The Sandia method requires the determination of the cumula-
tive distribution function (CDF) for each candidate month in each
individual year and for each of the meteorological parameters. In a
general form, the CDF is given by:

0 lf X<X(])
Sn(x) = (k=05)/n if Xy <X < Xgi1)
1 if x> X(n)

(A1)

where Sp(x) is the value of the CDF for the daily value of the
meteorological parameter x under consideration, n is the total
number of elements (number of days in the month) and k is the
ranked order number (k =1, 2, ...,n - 1). A long-term CDF is also
determined using (A.1) for each month of the calendar and mete-
orological parameter by considering all the corresponding months
in the data series, thus covering the entire period of measurements.
In this case, the total number of elements, n, is the number of years
of the data series times the number of days of the given calendar
month. Then, the Finkelstein-Schafer (FS) statistics, which com-
pares individual months and long-term data for the same calendar
month, is given by:

1 N
FS=y > 6 (A2)
i=1

where §; is the absolute difference between the long-term and
candidate month CDFs and N is the number of daily records for each
month. After this, a weighted sum, WS, of the FS statistics for each
month/year is calculated by considering different statistical
weights for the meteorological parameters, given by:

WS = (A.3)

9
wj*FSJ»

j=1

where w; and FS; are, respectively, the statistical weight and the FS
statistics of the meteorological parameter j. This allows setting the
relative importance of each meteorological parameter in the se-
lection of the TMMs, depending on the intended use for the TMY
data. In the case of solar energy applications and energy studies in
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buildings the statistical weights are presented in Table 3 [16].

Then, the years of the data series are sorted in ascending order of
WS and the five years with the lowest WS values are selected as
candidates for each one of the calendar months. The FS values for
the daily GHI and the WS values at Observatério are presented in
Tables A.1 and A.2, respectively. The underlined values indicate the
best five years for each calendar month, selected according to the
criterion of lowest weighted sum of the Finkelstein-Schafer sta-
tistics. It can be seen that the five selected years does not corre-
spond exactly to the five years with lower values of FS for the GHI,
although this parameter is the one with highest statistical weight.
This shows the combined effect of the other meteorological pa-
rameters on the selection of the candidate years, mainly the mean
values of temperature, relative humidity and wind speed. The
values in bold indicate the years that were selected for the TMY
based on typical months according to the criterion described in the
following.

with respect to the long-term values for each of the five candi-
date years of each calendar month. Since hourly values were
available, the deviations were estimated through the Root Mean
Square Difference of the mean hourly GHI distribution for each
candidate year with respect to the long-term hourly distribution
[29], given by:

RMSD =,

(.- H0)"

where P is the number of hours of the day with global solar radi-
ation different from zero, H is the hourly average of GHI for the
candidate year y and hour I and H is the long-term mean for the
hour L The values of the RMSD for the five candidate years for each
month are given in Table A.3 for the Observatdrio station. From
these results, the year with the lowest RMSD and the years within

the range min{RMSD} + 0.02 kWh/m? — hour were kept. Then, the

P
(A4)
~1

Table A1
FS statistics of the daily GHI for the Observatério station
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Jan 0.666 1.082 5.845 1.645 1.982 1.364 3.748 0.865 1375 4243 2.449
Feb 2.857 4670 2786 1.814 1.969 2.980 3.049 3.674 1.497 2.956 1.953
Mar 2.188 1.886 1.062 1.358 1217 3.346 4707 0.686 4.630 1378 1123
Apr 4703 2.561 1.267 1.033 1.430 1136 1.333 1.527 2318 1.648 2.812
May 3.311 2.487 1158 1114 2.293 0921 2434 2.569 1.900 4821 5.595
Jun 2.767 2691 4185 1370 1191 1939 2.494 2.176 0.876 1.797 0.752
Jul 2.308 3226 2.100 3.551 3117 1422 4.100 2378 1.548 2.085 4707
Aug 4853 2147 2232 4.457 2.393 2.604 2.079 0.783 1.762 3.733 3.959
Sep 2342 1.806 4.052 5.345 0.876 2.033 3.024 1179 1812 1.170 1.297
Oct 5.073 3.220 1.745 2.566 0.921 1572 2.355 3.100 2718 1.504 1.862
Nov 4,061 1.985 1361 3.000 1.542 0.873 1.473 1415 2.012 4.897 1.767
Dec 1.006 2.449 1677 2.378 1211 3.255 2214 2.258 2.584 1411 1.053

Table A.2

Weighted sum of the FS statistics for the Observatério station

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Jan 1.623 2223 4544 2132 2.668 1.829 3.084 1279 2.406 3.301 2.459
Feb 3.323 4527 2.872 3.061 2451 2371 3.535 2.855 3.296 3.127 1.828
Mar 2.680 2125 1709 1.760 1518 2.870 3.038 2.252 3.342 3.351 1.952
Apr 4014 1.952 1491 1310 2.040 1.448 1324 1.568 2.688 1.867 2.830
May 3.413 2.394 1.568 1.159 2282 1427 2281 2.431 2.204 4.046 4356
Jun 3.688 2132 2.878 1.783 1.947 2119 3.461 2.770 2.288 2.616 2.045
Jul 3.874 2571 2292 3.438 3.136 2.064 3.177 2.849 1.863 2,949 3.857
Aug 4788 2482 2.093 4,025 2.762 2.830 2361 1.416 2.101 3.299 3.865
Sep 3.246 1970 3.159 4306 1712 1.982 2.763 1618 2.355 2.749 2.495
Oct 3.253 2.865 2.162 2.697 2.279 2143 2.067 1 1.970 2.268 1.849
Nov 3.166 2.160 2.034 2351 2.598 1.653 2.144 1.898 2.108 3.586 1.996
Dec 2.056 2.158 2.115 2.022 1.878 3.651 2.504 2.587 2.842 1.891 1.950

The next step of the Sandia method consists in evaluating the
persistence of the global solar radiation and mean temperature of
the air. This is done by determining the frequency and length of
runs of consecutive days with values above and below fixed
percentiles. However, a most simple procedure for selecting the
TMM as proposed by Pissimanis [29] was adopted in the present
work. This procedure starts by determining the deviations of the
short-term mean values of global horizontal irradiation (GHI)

FS values for the daily global solar irradiation of those years were
analysed and the year with lowest FS and the years within the range
min{FS} + 0.03 were selected. If that was not enough to determine
the TMM, the FS values for the mean dry bulb temperature are also
analysed and the year with the lowest FS value is selected. In this
work, the analysis of the daily GHI was enough to select all the
TMMs for all the locations in the island. The selected years for the
Observatorio station are represented in bold in Table A.3.
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Table A.3
Root mean square difference of the mean hourly GHI (kWh/m? — hour) for the Observatério station
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Jan 0.038 0.070 — 0.045 — 0.040 — 0.034 — — —
Feb - — 0.143 — 0.068 0.117 - 0.194 - - 0.109
Mar 0.074 0.133 0.057 0.108 - - - - - 0.131
Apr — — 0.053 0.077 — 0.132 0.045 0.070 - — —
May - — 0.066 0.062 - 0.062 0.069 — 0.151 — —
Jun 0.117 - 0.060 0.082 0.138 - - - - 0.046
Jul 0.196 0.138 - - 0.053 - 0.146 0.111 - —
Aug — 0.116 0.107 — — — 0.135 0.053 0.082 — —
Sep - 0.079 — — 0.064 0.090 - 0.063 0.090 - —
Oct — 0.078 - - 0.101 0.121 — 0.118 - 0.087
Nov — — 0.043 — — 0.048 — 0.091 0.073 — 0.074
Dec 0.068 — — 0.055 0.039 - — — - 0.032 0.042

Consecutive months are concatenated to generate the Typical
Meteorological Year composed of 8760 hourly values for each
meteorological parameter. An interpolation in the period between
the 6 h before and 6 h after the end of each month was also carried
out to obtain a smooth transition of the meteorological parameters,
by using a centred moving average.

Appendix B. GPI values for air temperature, relative humidity
and wind speed

Table B.1
GPI values of air temperature for the eight stations in Madeira Island
Station T™MY
Month Five-day Day
Areeiro -1.8212 —0.0383 1.2170
Canical -1.3302 0.3266 1.2475
Lido —1.3908 0.3139 -0.0768
Observatério —4.1578 0.1614 0.6808
L. Terga -1.8573 —0.3544 0.6644
L. Baixo —1.3999 0.1031 —0.2969
P. Pargo -2.3631 —0.0284 1.7911
S. Jorge —1.7842 0.4094 0.7398
Average -2.0131 0.1117 0.7459
Table B.2
GPI values of relative humidity for the eight stations in Madeira Island
Station T™MY
Month Five-day Day
Areeiro 0.5304 -0.1287 1.6591
Canical -0.3191 -2.1223 1.6591
Lido —2.4854 0.9768 1.5378
Observatoério -1.9069 0.7742 2.3190
L. Terca —1.2099 -2.0161 0.1938
L. Baixo -1.0176 0.1575 1.4432
P. Pargo —2.0821 —0.0568 2.8611
S. Jorge —1.4430 -0.2102 1.7672
Average -1.2417 -0.3282 1.6800
Table B.3
GPI values of wind speed for the eight stations in Madeira Island
Station T™MY
Month Five-day Day
Areeiro —1.5566 0.0911 2.1972
Canical —0.8456 —1.9086 1.9370
Lido —1.0964 0.0000 1.9036
Observatodrio -1.7015 0.0000 1.2985
L. Terca -0.9291 -0.1891 3.8818
L. Baixo -2.6157 0.0000 0.3843
P. Pargo —1.6449 —0.2647 1.0904
S. Jorge -2.1979 0.0000 0.8021
Average -1.5735 —0.2839 1.6869

Appendix C. Spatial distribution of the solar resource in
Madeira Island

Aiming a better understanding of the geographic distribution of
the solar resource in the Madeira Island, a spatial interpolation was
carried out to estimate the total annual GHI in the entire island,
using the data from TMY based on typical months for all the eight
sites analysed, as shown in Figure C.1.

The annual GHI is higher in the center of the island (Areeiro) and
in the south coast (Lugar de Baixo and Ponta do Pargo). The north
coast presents lower GHI values (Lombo da Terca and Sao Jorge).
One of the reasons for the higher values of GHI in Areeiro is the
lower absorption and scattering of radiation in the atmosphere,
because Areeiro is located at higher altitude. Another possible
explanation is that clouds may form below that altitude, which
needs to be studied in detail to be confirmed. The area north of
Lugar de Baixo, in the central part of the island, is the area with
higher uncertainty due to the distribution of the available stations
for analysis. In addition, when more GHI data for the stations with
shorter time series become available, the generated TMYs can be
updated, thus improving its representativeness, while some other
stations that were not considered in this work can be included.



410

E.EM. Abreu et al. / Renewable Energy 127 (2018) 398—411

B 5o 155 eym?
B 55 - 000 ety
1,60 - 1,65 MWVm2
3 1.65- 1,70 wtym2
B3 170 - 1,75 wtym2
B ;s - 1,90 wtym2
B ;0 - 185 ewtym?

Fig. C.1. Madeira Island: Spatial distribution of annual global solar irradiation.
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