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Solar radiation along with other weather variables are commonly processed on typical meteorological
years (TMYs) to be applied in the design of various energy systems. However, in several regions of the
world, solar radiation data usually lacks a suitable and/or representative measurement, which leads to
its modeling and prediction to properly fill this information in the databases. Consequently, the accuracy
of these models can influence the viability and proper design of such energy systems. Within this context,
the present contribution aims to assess the quality of solar radiation data included in the most recent
TMY databases with Brazilian data and how that quality can influence the selection of months that create
TMYs as well as the building performance simulation (BPS) results. Because two different approaches to
generate the solar radiation data are used, we evaluate the global horizontal irradiation data in the two
latest versions of recent Brazilian TMY databases against the corresponding satellite-derived ones
obtained from the POWER database (NASA). Simultaneously, as another alternative approach, global solar
radiation data are calculated for the same studied locations and period through the modeling method
used to generate the current version of the International Weather for Energy Calculations (IWEC2), and
its performance is also compared against the corresponding reanalysis data (POWER). Finally, a set of case
studies applying the local building performance regulations are exhaustively analyzed to quantify the
impact of the uncertainty of solar radiation models on BPS results throughout Brazil. The results indicate
that the accuracy of solar radiation models can highly influence the resulting TMY configurations. These
changes can drive differences up to 40% on the prediction of the ideal annual loads of the residential
buildings while, regardless of design performance, differences lower than 10% are found for the commer-
cial case studies in most locations. Conversely, the prediction of peak loads for cooling shows to be more
sensitive to the climate data changes in the commercial buildings than in the residential ones.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

In Brazil, more than 60% of the energy demand is provided by
hydroelectric plants [1] and the capacity to supply energy is seri-
ously compromised during the long periods of drought [2]. There-
fore, the possibility of supply disruptions due to lack of rainfall is a
problem of great importance as was noted in the severe energy cri-
sis of 2001. This forced politicians to establish a series of measures
that promoted the development of a regulatory framework for
energy efficiency [3].

As in other countries, in Brazil, the building stock has a great
potential for energy conservation. In this sense, in 2005 the first
standard of national coverage related to the thermal performance
of buildings was published by the Brazilian Association of Techni-
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cal Standards (ABNT). This standard, known as ABNT-NBR 15220
[4], established construction guidelines for single-family public
housing to provide building designers with the most appropriate
bioclimatic solutions for a given location. With a broader scope,
in 2008 ABNT-NBR 15575 [5] was published, aiming at establishing
a minimum performance of all residential buildings. This standard
approached the building performance within a broader back-
ground and also established the first computational method for
building performance simulation (BPS) within the Brazilian con-
text. Currently, BPS has also a key role in the energy labeling
methods of commercial and residential buildings in Brazil [6]. In
addition to requiring the use of BPS in their procedures, these stan-
dards were developed and validated based on the use of BPS and
metamodels.

Weather data for a location is essential to be able to predict the
performance of a given building design through BPS. These data
along with occupancy are the most influential boundary conditions
in BPS as well as the major sources of uncertainty [7–9]. Ideally, the
BPS should be carried out for multiple years (long-term period) of
climate data to properly predict the mean performance of the
building as well as the peak load demands [10,11]. However,
because of the computational effort that this requires, the BPS is
usually performed for a single year of hourly data synthesized from
long-term statistical weather patterns. This representative year
can be an actual calendar year, such as the Test Reference Year
(TRY) [12], or a synthetic year defined as the concatenation of 12
Typical Meteorological Months (TMMs) that are statistically repre-
sentative of the long-term weather conditions. As to this latter, the
most accepted definition is the Typical Meteorological Year (TMY)
[13,14], and their new versions TMY2 [15] and TMY3 [16].

Given their high relevance for BPS applications as well as the
numerical analysis to size sustainable and renewable energy sys-
tems, several efforts have been made to develop hourly weather
datasets around the world. Apart from the TMY databases
[13,15,16] generated by DOE’s Sandia and NREL national laborato-
ries, databases of Weather Year for Energy Calculations (WYEC)
[17] and International Weather for Energy Calculations (IWEC)
[18,19] were generated through ASHRAE projects. Throughout
the world, local researchers have generated TMYs in different
countries like Nigeria [20], Syria [21], Thailand [22], China [23],
Turkey [24], Argentina [25], among others. For further information,
Crawley [26], Crawley and Barnaby [27] compare the various
weather datasets and review in detail the developments of TRYs
and TMYs as well as other climatic data over the past fifty years.

Currently, there is much research focused on the future weather
because of predicted climate change and its influence on the per-
formance of buildings or the BPS results [28–30], but unfortu-
nately, only a few studies have addressed the influence of the
quality of different data sources of the typical or ‘‘current” climate
on the BPS results. In one of the pioneer works, Crawley [26] com-
pared BPS results in eight U.S. locations, using 30-year of actual
data and different sources of typical weather datasets with hourly
data (TRY, TMY, TMY2, WYEC, and WYEC2). He concluded that the
TRY-type weather data should be avoided because a single refer-
ence year cannot represent the typical long-term weather patterns.
The synthetic years (TMY-type) provide results closer to the long-
term mean, so they are recommended. Chow et al. [31] performed
a similar study for Hong Kong and Macau. Their findings also sup-
port the preference of TMY-type over TRY-type data to be used in
BPS applications. Additionally, they recommended updating the
long-term data use to derive the TMYs including recent weather
data, and periodically review this to well reflect the long-term cli-
mate change. Erba et al. [32] analyzed the effect of weather data-
sets on BPS outputs for Milan city in Italy. To this end, they
compared five different full-year weather datasets available for
Milan and obtained from different sources and periods. Using these
2

data for the BPS a retrofitting analysis of a public building they
found very significant differences in terms of energy savings and
thermal comfort, particularly noticeable during cooling seasons.

A key climate variable in the TMY definition as well as in the
BPS results is solar radiation. However, most weather stations
worldwide do not have solar radiation sensors because of their
high initial investment and continuing maintenance costs [33].
This lack of measured data led to the development of multiple
models to predict solar radiation at different time resolutions
depending on their application needs. Therefore, most of the typi-
cal meteorological files available for BPS contain calculated solar
radiation data. Among others, the IWEC project [18] calculated
11 years of hourly Global Horizontal Solar Radiation (GHSR) data
for 227 locations outside the USA using METSTAT (Meteorologi-
cal/Statistical) clear-sky model [34] and the Kasten Cloudy-sky
Radiation Model (CRM) [35]. Zhang et al. [36] proposed an hourly
GHSR model (ZHM) and used it to calculate 15 years of data in
28 Chinese locations, which later were expanded to a total of 57
locations [37]. IWEC2 project [19] developed a Koppën-Geiger-
based recalibration approach of the ZHM using available measured
solar data from a site or sites within each region, to then, be able to
predict 25 years of solar radiation data in 3012 locations around
the world and derive their TMYs. Bre and Fachinotti [25] used
the ZHM calibratedwith locally measured data to generate 21 years
of hourly GHSR data in 15 locations in northeast Argentina.

Despite its high relevance, there are only a few studies that
address and quantify the impact of solar radiation quality because
of their modeling on the BPS results. Kim et al. [38] analyzed the
BPS results regarding the use of three different GHSR models
(CRM, ZHM, and Meteorological Radiation Model (MRM) [39]) for
an office building in Busan (South Korea), and the Meteorological
Year (MY) of 2010. They found reasonable differences (�0.6% to
4%) in the annual energy consumption for high-performance build-
ing design (low solar heat gain coefficient (SHGC) and window-to-
wall ratio (WWR)). However, such differences increased to 8%
when the SHGC and WWR increased. Recently, Yaman and Arslan
[40] investigated the effect of two GHSR models (ZHM and an
Angström-Prescott type) on the energy performance of a single-
family house assisted with a renewable energy system (photo-
voltaic panels and solar water heater) in 12 Turkish locations.
The original TMYs of each location were modified replacing the
measured data with calculated data. Then, these modified files
were used in BPS of the single-family house. In comparing the
results from the two models, they found a slight deviation in
annual heating load intensity (average of 2.5%) but an average
deviation of 12.5% for space cooling load intensity.

Even though the previously discussed research presented an
interesting approach to the issue under consideration, they have
some limitations that are not representative of the real applica-
tions. In general, when solar radiation is calculated to generate a
TMY, it is done due to a real need for a lack of measured data.
So, the solar radiation models, in particular the regression type,
are calibrated using a limited set of measured data, to then use
such calibrated model to predict the long-term radiation data. Con-
sequently, they are used to predict solar radiation data for non-
validated periods, even more, sometimes they are used in near
locations to the calibrated or with a similar climate. Furthermore,
another feature not analyzed until now, to the authors’ knowledge,
is how the accuracy of calculated solar radiation influences the
generation of the TMY since this variable plays a central role in
the selection of the TMMs [13].

For this reason, the main aim of this work is to assess the qual-
ity of solar radiation data included in the most recent TMY data-
bases of Brazil and how that quality can influence the selection
of TMMs that create the TMY, and consequently, the BPS results.
Initially, due to two different modeling approaches were
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employed, the global horizontal irradiation (GHI) data in the two
latest versions of recent Brazilian TMY databases are evaluated,
using monthly and daily indicators, against the corresponding
satellite-derived ones. In parallel, as another alternative approach,
GHSR data are calculated for the same locations and TMYs using
the IWEC2 approach (ZHM with the coefficients according to
Koppën-Geiger region) and evaluated against the corresponding
satellite-derived ones. Then, as both TMY databases are derived
from almost the same period, the influence of the solar radiation
models in the definition of the TMYs is studied in 92 common loca-
tions between the two databases. Finally, to evaluate the impact
originating by the different modeling approaches, the BPS results
for a set of case studies are exhaustively studied for the whole of
Brazil within the local regulations for building performance.
2. Assessment and validation of solar radiation in typical
meteorological data

2.1. Climate data for BPS in Brazil

For Brazilian locations, there are currently three main sources of
meteorological data processed for use in BPS: Test Reference Year
(TRY) database [41], National Institute of Meteorology (INMET)
database [42], and TMYx databases [43]. All of them are freely
available in the Climate.OneBuilding.Org,1 repository.
2.1.1. TRY database
This set of meteorological data was developed to be used in BPS

for 17 major state capitals in Brazil. The TRY files are single years
selected to be most representative. As from a series of raw data
provided by ABRAVA (Brazilian Association of Refrigeration, Air
Conditioning, Ventilation and Heating) along with CTA/IAE INFRA-
ERO (Aerospace Technical Center - Institute of Aeronautics and
Space), with LabEEE [41] revising and formatting the dataset. The
raw data was measured in Airports during 1950–1970. The GHSR
data was calculated using a regression model based on the total
cover information, which was locally developed and calibrated
[44]. Apart from the uncertain of the solar radiation source, this
database is not usually used because of its low geographic exten-
sion, low representativeness of the data, and the age of the data.
2.1.2. INMET database
This set of files, in EPW format, was generated by Maurício Roriz

[42] as of the hourly raw data measured at 411 INMET weather sta-
tions during 11 years of record (2000–2010). Although the main
meteorological variables (including GHSR) used to generate these
files were measured by automatic stations, the major part of the
raw data was discarded because of the poor quality and large peri-
ods of missing data. This drawback limited the proper generation
of TMYs for most of the locations, and lead to the creation of single
climate years or ‘‘TMYs” derived from a short period of record
(three to four years), resulting in a set data with very low represen-
tativeness of long-term weather patterns.
2.1.3. TMYx databases
TMYx databases, which are developed by Dru Crawley and

Linda Lawrie, are freely available in the Climate.OneBuilding repos-
itory [43]. TMYx files are typical meteorological years derived from
US NOAA’s Integrated Surface Database (ISD) [45] with hourly data
through 2018 using the TMY/ISO 15927-4:2005 methodologies
[14].
1 http://climate.onebuilding.org/ a repository of free climate data for building
performance simulation.
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Two kinds of TMYs are available in the TMYx databases. First,
there are long-term TMYs, derived from the entire available ISD
data in each location (up to 82 years in some locations). There
are also ‘‘recent” TMYs, which are TMYs derived from the most
recent 15 years of available and processed data. These latter TMYs
aim to represent a recent TMY that includes the latest weather
events due to climate change and urbanization. The two kinds of
TMYs are differentiated through their names: TMYx for the full
dataset and TMYx.year1-year2 for the recent TMYs, which contain
a TMYx generation from the period year1-year2.

Of these weather databases for Brazil, the TMYx are the most
representative of typical weather patterns for use in BPS [26]. So,
these are adopted for the present study. Furthermore, given the
fact that TMYs derived from the full dataset can contain years that
do not include recent weather events, we decided to focus the
study on the recent TMYs files for Brazilian locations.

The latest version of recent TMYs comprises the period 2004–
2018. However, this version incorporates a significant change with
the previous one regarding the solar radiation modeling for many
Brazilian locations by including satellite-derived solar radiation
data from the National Solar Radiation Data Base (NSRDB), see Sec-
tion 2.2. So, both versions are analyzed in this work. Fig. 1 shows
the locations compromised in each database.

The methodologies to obtain the solar radiation data for each
one of the versions are detailed below.

2.2. Solar radiation modeling approaches

Because the ISD does not have solar radiation data, these must
be modeled and calculated. However, there is a significant differ-
ence in how solar radiation data were dealt with for a large portion
of Brazilian locations, introduced in the latest version of the recent
TMYs. This difference is how solar radiation data are modeled as is
described below.

2.2.1. TMYx.2003–2017
Within the Brazilian locations, the 175 recent TMY files (see

Fig. 1a) of this TMYx version use the modeling approach developed
for IWEC data [18]. That is, the GHSR is calculated using the CRM or
Kasten’s model [35] for the cloudy sky as the function of total sky
cover (TSC):

GHSR ¼ GHSR0 1� k1TSC
k2

� �
; ð1Þ

where GHSR is given in W/m2, TSC is given in fractions, GHSR0 is
GHSR under clear sky, which is calculated with METSTAT model
[34], and k1 and k2 are the regression coefficients that are site-
dependent. The default Kasten values were taken from the IWEC
report [18].

Finally, the Perez model [46] is fed with the GHSR obtained by
the Kasten model to derive the diffuse and direct radiation
components.

2.2.2. TMYx.2004–2018
For the 201 recent TMY files of this TMYx version, most loca-

tions (136) incorporate GHSR, direct normal, and diffuse horizontal
solar radiation data from the NSRDB [47], while the remainder use
the same modeling approach just introduced in the previous sec-
tion. As shown in Fig. 1b, the locations that include NSRDB data
are above latitude �20� – the southern-most bounds of the NSRDB.
The latest version of the NSRDB includes, among other meteorolog-
ical data, the GHSR and direct normal component calculated by the
Physical Solar Model (PSM) [47]. This model, which was developed
through collaboration among NREL, the University of Wisconsin,
the National Oceanic and Atmospheric Administration (NOAA),
and Solar Consulting Services, is a two-step physical model that

http://climate.onebuilding.org/


Fig. 1. Locations with recent TMYx files studied in this work. (a) 175 files of the TMYx.2003–2017 database. (b) 201 files of the TMYx.2004–2018 database.

2 https://mapas.inmet.gov.br/.
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integrates different meteorological data from satellites (aerosol,
water vapor, cloud properties, among others) to feed the Fast All-
sky Radiation Model for Solar applications (FARMS) [48] to com-
pute GHSR. The solar data comprises a 30-min time resolution
for approximately 2 million 0.038-degree latitude by 0.038-
degree longitude surface pixels (nominally 4 km2). For further
details regarding PSM see reference [47].

2.2.3. IWEC2 approach
To evaluate the state-of-art GHSR models used to generate

TMYs and the influence of the solar radiation source in the BPS
results, the IWEC2 modeling approach is also implemented for
the same locations and periods within the TMYs. To predict GHSR
the IWEC2 project [19] uses the ZHM model [36] with a novel
approach for its calibration based on the Koppën-Geiger climate
classification.

ZHM defines the GHSR at the hour h as:

GHSR ¼ max 0; I0 sin SA� c0 þ c1TSCþ c2TSC
2 þ c3 DBTð

h�

�DBTh�3Þ þ c4RHþ c5WV
i
þ D

�
; ð2Þ

where GHSR is given in W/m2, the total sky cover TSC is given in
fractions, the dry-bulb temperature DBT is given in degrees Celsius
(�C), the relative humidity RH is given in percentage, the wind speed
WV is given in m/s, SA is the solar altitude angle, I0 ¼ 1367:7 W/m2

is the solar constant, and D; c0; c1; . . . ; c5 are closure scalar coeffi-
cients; note that all the weather variables in the above equation
are measured at hour h, except DBTh�3 that is the dry-bulb temper-
ature measured 3 h earlier.

Regarding the values of the closure coefficients, the obtained by
the IWEC2 project are employed. These coefficients were calibrated
using available measured solar data from a site or sites within each
region. A homemade code was implemented to automatically
detect the Koppën-Geiger region of each analyzed location, using
a spatial resolution of 0.5 degrees (latitude and longitude), as
shown in Fig. 1. Within the locations analyzed in both versions of
the TMYx databases, nine different Koppën-Geiger regions were
4

detected. The coefficients of ZHM used for these regions are
detailed in Table 1. Note that according to IWEC2 the AS and Aw
regions have the same set of coefficients because of the lack of
measured data to perform the calibration. The detailed results
regarding in which region is each location are provided in the sup-
plementary material for closer analysis.
2.3. Validation of the solar radiation models

Validating GHSR data in TMYs for the whole of Brazil is difficult
because of the large geographic and temporal extensions required.
Furthermore, there is not enough measured data available for the
same entire period used in this research. INMET currently has sev-
eral automatic meteorological stations2 that measured GHSR. How-
ever, it is not easy to access the raw data and most stations were
installed after 2008. So, to perform proper validation of the GHSR
models, we decided to use GHI satellite-derived data. For source
data, we chose the Prediction Of Worldwide Energy Resources
(POWER) [49] project by NASA with freely available data.

The POWER Project contains over 200 satellite-derived meteo-
rology and solar energy Analysis Ready Data (ARD), at three tem-
poral levels: daily, interannual, and climatology (derived from
the long-term). The POWER database provides data globally at a
0.5 � 0.5� resolution and is updated nightly pursuing to maintain
a near real-time availability. POWER data consists of a combination
of data resulting from NASA’s Applied Sciences Program satellite
research programs since 1993, including one of their first activities,
the Surface meteorology, and Solar Energy (SSE) project.

The GHI data from the POWER database has been validated
against ground-based measurements around the world [50,51].
Regarding Brazilian climates, POWER data has recently been vali-
dated against high-quality measurements at a near-equatorial site
in Brazil showing low biases error (less than 1%) for long long-term
GHI results [52]. Despite this, we decided to include an extra vali-
dation of the POWER database in Brazilian climates by its compar-

https://mapas.inmet.gov.br/


Table 1
ZHM coefficients employed for each Koppën-Geiger climate region according to IWEC2 project [19].

Region c0 c1 c2 c3 c4 c5 D

Af 0.97136 0.24936 �0.32165 0.03768 �0.00760 0.00794 �2.23175
Am 0.71868 �0.11359 �0.07259 0.01038 �0.00285 0.00866 �8.42023
As 0.80890 0.07355 �0.40101 �0.00424 �0.00242 0.00342 �8.39500
Aw 0.80890 0.07355 �0.40101 �0.00424 �0.00242 0.00342 �8.39500
BSh 0.68149 �0.04697 �0.28420 0.01726 �0.00081 0.00453 �8.91306
Cfa 0.67839 0.03646 �0.39075 0.01359 �0.00148 0.00730 �8.71373
Cfb 0.74370 �0.02988 �0.26353 0.02606 �0.00323 �0.00008 �1.97366
Cwa 0.68175 0.15988 �0.43455 0.01972 �0.00303 0.00201 �6.67731
Cwb 0.65533 �0.00683 �0.13621 0.03240 �0.00252 �0.00320 0.17022
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ison against high-quality ground measurements from the Baseline
Surface Radiation Network (BSRN) database [53], see Section 2.4.1.

Therefore, by this approach, daily GHI is processed for the same
locations (latitude and longitude) as well as the days of the corre-
sponding TMMs that constituted the analyzed TMYs. It is worth
noting that the NSRDB data, which were included in some loca-
tions of the latest version of the TMYx (2004–2018), use the same
source of satellite-derived data as POWER does. However, by
adopting the POWER data as the standard a proper validation can
be performed for the two recent TMYx databases and in all the ana-
lyzed Brazilian locations.

The validation of the different GHI sources is performed as
described in Fig. 2. To this end, the daily GHI, and the monthly
mean daily GHI indexes are employed. So, for the hourly GHSR data
(IWEC, NSRDB, or IWEC2), the daily GHI values are obtained as the
sum of the GHSR for the 24 h of the day. Finally, the monthly mean
daily GHI index is obtained by averaging the daily GHI values of the
corresponding month.

2.3.1. Performance assessment
All the validation of models through any index of GHI data is

carried out using the normalized root mean square error (nRMSE)
and the normalized mean bias error (nMBE) as described below,

nRMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xmod � xstdð Þ2

q

xstd
; ð3Þ

nMBE ¼ xmod � xstd
xstd

; ð4Þ

where xmod represents the values of GHI obtained by different mod-
els/sources (IWEC, NSRDB, IWEC2, or POWER) and xstd are the corre-
sponding ones taken as standard (POWER or BSRN) in each case.

2.4. Results

In this Section, a quantitative measure of the quality and accu-
racy of the solar radiation models employed in Brazilian TMYs is
performed. Initially, a validation of the POWER database for Brazil-
ian climates is carried out by comparison of the GHI values against
BSRN data in four locations. Then, the GHI of the TMYs derived
from the period 2003–2017 are analyzed against the POWER data-
base. Finally, the same analysis is carried out for the TMYs derived
from the period 2004–2018. Parallelly, the GHI obtained using the
solar radiation approach developed by the IWEC2 project is also
assessed for the same TMY locations and periods.

2.4.1. Validation of POWER data
As said before, a previous validation of the POWER database is

performed through the comparison of GHI data against the ones
derived from four Baseline solar radiation stations in Brazil. These
cover strategic regions of Brazil and are located at the cities of Bra-
5

silia [54], Florianópolis [55], Petrolina [56], and São Martinho da
Serra [57].

Starting from the raw BSRN data for each location, a first filter is
applied to just keep measurements within the period of interest of
this work (2003–2018). After this, the minute resolution raw data
is processed to hourly GHSR as the mean value within the hour.
Then, the daily GHI values are calculated as the sum of the hourly
values during the day but keeping only the complete days, i.e., days
with 24 measurements of hourly solar radiation. Finally, the
monthly mean daily GHI is calculated by averaging the daily GHI
values of the corresponding month but calculating only those
months that have at least 28 days of measured data.

Table 2 shows a summary of the BSRN data before and after pro-
cessing by using the methodology previously described.

Fig. 3 shows the agreement between POWER and BSRN data-
bases for the monthly mean daily GHI at the four locations in Bra-
zil. From these results, it can be seen that POWER data presents a
very good prediction of GHI at the four locations, showing R2 of
0.91 to 0.99 as well as nMBE and nRMSE lower than 5% except to
Petrolina location where nRMSE is 5.79% mainly driven for a bias
error. However, given the particularity of this bias error only for
Petrolina location, it is highly probable that the source of it comes
from the calibration of the station instruments.

Therefore, given the general good accuracy of GHI from the
POWER database, this source is taken as the standard to perform
the rest of the validations in this work.
2.4.2. Period 2003–2017
To introduce a general insight into the solar radiation model

accuracy, Fig. 4a shows the monthly mean daily GHI indexes of
the solar data in the TMYx.2003–2017 files, which was obtained
by the IWEC modeling approach, against the corresponding ones
derived from the POWER database (satellite) in the 175 locations.
Fig. 4b shows the equivalent comparison for the data obtained
via the IWEC2 approach in the same TMYs.

The data obtained by the IWEC approach presents an nRMSE of
17.18% and an nMSE of 11.39% regarding the POWER data. This
indicates an acceptable prediction but with an overestimation, par-
ticularly for the highest values of GHI. The data obtained through
the IWEC2 approach has a lower nRMSE (13.12%) and nMSE (-
3.71%), which indicates a general better prediction with a slight
underestimation.

To perform a deeper analysis, Fig. 5 shows a bar plot of the
nRMSE and nMSE errors of each modeling approach (see Fig. 5a
and Fig. 5b, respectively), but with the errors computed for each
month of the year and in all the locations. The IWEC2 approach
has good performance for all months with a slightly better predic-
tion during winter months, achieving nRMSE < 15% for all the
months except for October. Furthermore, the nMSE is observed to
be bounded with a low value (’5%), showing a general underesti-
mation for all the months except for October where the radiation is
very slightly overestimated.



Fig. 2. GHI validation scheme.

Table 2
Summary statistics of the BSRN data before and after processing.

Location Total of months

Raw data Processed data

Brasilia 155 45
Florianópolis 191 52
Petrolina 143 71

São Martinho da Serra 155 102

Fig. 3. Agreement between POWER and BSRN databases fo
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On the other hand, the radiation in the TMYx has a very good
performance (nRMSE < 10%) for winter months but the errors
increase as the summer months approaches, giving an nRMSE
above 20%. TMYx values present a general overestimation of the
radiation, which is also more noticeable during the summer
months.

To focus on the accuracy of radiation modeling approaches at
the location level, Fig. 6a and d show histograms of the nRMSE dis-
r monthly mean daily GHI at four locations in Brazil.



Fig. 4. Comparison, using monthly mean daily GHI index, of calculated solar radiation against the satellite derived (POWER) ones for the TMYs derived from the period 2003–
2017. (a) TMYx models (IWEC approach). (b) IWEC2 approach.

Fig. 5. Errorbarplotof the radiationmodelingapproaches throughthemonthlymean
dailyGHI indexfortheTMYsderivedfromtheperiod2003–2017. (a)nRMSE;(b)nMSE.
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tribution for the monthly mean daily GHI at each location using the
TMYx (IWEC) and IWEC2 approach, respectively.

When using the IWEC approach, many locations (above 30%)
have an nRMSE between 15 and 20%. But, about 25% of the loca-
tions have an nRMSE between 10 and 15% and approximately
15% between 5 and 10%. This indicates that more than 70% of loca-
tions have an nRMSE 620%, and the rest have a 20%<nRSME<35%
with only a few locations above 30%.

For the IWEC2 approach, many locations (above 40%) have an
nRMSE between 5 and 10%, more and less 35% of the locations
between 10 and 15%, and about 15% between 15 and 20%. This
means that more than 90% of locations have an nRMSE620%, while
the rest of the locations (<10%) have an nRMSE between 20 and
30% and no location is above 30% nRMSE.

This analysis allows a quick insight into the accuracy of the
radiation modeling approaches. However, although the monthly
mean daily GHI is a commonly employed index, the performance
of buildings is more related to the dynamical physical phenomena
at lower scales of time like hourly values. In this sense, Fig. 6b and
e show the equivalent histograms but with nRMSE computed using
the daily values of GHI (highest resolution time scale provided by
the POWER database).

From these results, the nRMSE distribution considerably varies
and their values increase in general for both approaches, which
indicate that monthly indices can be very general, especially for
BPS analyzes. For the TMYx approach, most locations (above 90%)
have an nRMSE between 15 and 35% while a few locations (’5%)
have an nRMSE of 35–45%. On the other hand, the IWEC2 approach
has better performance since most of the locations (’90%) have an
nRMSE between 15 and 30% while few locations (’10%) have
nRMSE of 30–40%.

To give a geographical idea of the accuracy of both approaches
and achieve a deeper understanding of this, Fig. 6c and f show con-
tour maps of nRMSE for daily GHI throughout Brazil. For TMYx, see
Fig. 6c, it is observed that the prediction of daily GHI in most of
Brazil has an nRMSE between 25 and 30%, particularly for the cen-
tral northern regions. This means that solar radiation modeling
employed in TMYx has low accuracy in ‘‘tropical” locations, a
shortcoming already noticed in the IWEC project [18]. This aspect
is improved by the IWEC2 approach since the nRMSE for these
regions is 20–25%, see Fig. 6f.



Fig. 6. Distributions of nRMSE for the TMYs derived from the period 2003–2017.
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2.4.3. Period 2004–2018
In this Section, the equivalent results to those previously dis-

cussed for both approaches (TMYx and IWEC2) are analyzed but
for the TMYs derived from the period 2004–2018. It worth remem-
bering that TMYx.2004–2018 incorporates an important change
regarding the incorporation of solar radiation data from the NSRDB
database in northern locations as exposed in Section 2.2 and is
shown in Fig. 1b.

Fig. 7 shows the fit of the monthly mean daily GHI of the
POWER database and both modeling approaches (TMYx and
IWEC2). As was expected, the TMYx radiation data considerably
improve their accuracy by incorporation of the NSRDB decreasing
the nRMSE to 8.6% and the nMSE to 4.59%.

Regarding the performance of the IWEC2 approach for these
TMYs, it slightly decreases the nRMSE to 12.15% and almost keeps
the nMSE with a value of �4%. This indicates good robustness of
8

the radiation modeling approach for a wide range of different years
and inputs, see Section 3.2.1 for further details.

Fig. 8 shows a bar plot of the nRMSE and nMSE errors for the
monthly mean daily GHI index, splitting these by month and for
each modeling approach.

As to the accuracy of both approaches in terms of the monthly
mean daily GHI, TMYx data present very good performance with an
nRMSE < 10% for most of the months except for October, Novem-
ber, and December when nRMSE sightly overcomes the value of
10%. On the other hand, the IWEC2 approach presents a good per-
formance with nRMSE < 15% for all the months including nRMSE <

10% for winter months.
Regarding the prediction deviation interpreted through nMSE,

both approaches present very good performances (nMSE 6 j8%j),
showing almost an opposite behavior, that is, a general overesti-
mation by the TMYx and underestimation by the IWEC2.



Fig. 7. Comparison, using monthly mean daily GHI index, of calculated solar radiation against the satellite derived (POWER) ones for the TMYs derived from the period 2004–
2018. (a) TMYx models (IWEC approach). (b) IWEC2 approach.
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Fig. 9a and d show histograms of the nRMSE distribution for the
monthly mean daily GHI at each location using the TMYx and
IWEC2 approach, respectively. Both approaches improved their
performance relative to the results obtained for the TMYs derived
from the period 2003–2017.

Regarding the accuracy in terms of daily GHI of the TMYx data,
these have ’80% of locations with an nRMSE between 10 and 25%,
’18% of locations with an nRMSE of 25–30%, and the rest (<5% of
locations) presents an nRMSE between 30 and 35%, see Fig. 9b.
Geographically, it can be observed that most of Brazil shows an
nRMSE between 15 and 20% for this approach, see Fig. 9c. Particu-
larly, this good performance is observed in the central northern
regions, which means a significant improvement relative to the
previous modeling approach (IWEC) using in the period 2003–
2017. From Fig. 9c it can also be seen that the regions with major
values of nRMSE (25–35%) are small in size and are located in the
South of the country where the NSRDB is not available and the
radiation is still modeling by the previous approach (IWEC).
Another known issue in the satellite-derived data is that they are
not as accurate in coastal areas.

As to the daily GHI results of the IWEC2 approach for the same
periods and locations, ’75% of locations have an nRMSE between
10 and 25%, ’18% of locations with an nRMSE of 25–30%, ’5% with
an nRMSE of 30–35% and the rest (<5% of locations) presents an
nRMSE between 35 and 45%, see Fig. 9e. Geographically, it can be
observed that most of Brazil present acceptable performance with
an nRMSE between 15 and 25% for this approach, see Fig. 9c. From
this figure, it can also be seen that the regions with major values of
nRMSE (above 30%) are small in size and are mainly placed nearby
to the bounds of the Koppën-Geiger region employed, e.g., along
the western border where the country limit with a sea coast. Based
on this appreciation, it could be possible to improve this issue by
using a better grid resolution for the region detection.
2.4.4. Discussion
This section aims to briefly discuss the potential physical rea-

sons for the differences in the performance of the two main solar
9

modeling approaches herein evaluated, IWEC and IWEC2. In the
IWEC approach, Kasten’s model is employed to predict GHSR for
cloudy sky hours, see Eq. (1). This model modifies the GHSR under
clear sky hours as a function of total sky cover information. Regard-
less of the accuracy of the GHSR under clear sky hours, if cloud
cover information has complex behavior or this data has poor qual-
ity, the model cannot overcome this issue during cloudy hours. On
the other hand, the IWEC2 employs the Zhang-Huang model under
any sky conditions, see Eq. (2). This model, apart from considering
the cloud cover information also includes other climate variables
like dry-bulb temperature, humidity, and wind speed. These extra
terms allow obtaining more stable performance on the prediction
of GHSR even under complex cloud cover situations. This means
the extra terms can implicitly capture more complex cloudy sky
hours conditions or compensate in the case that cloudy informa-
tion has poor quality. This feature results in a more robust perfor-
mance for different real scenarios.

In the cases evaluated in this work, the aforementioned aspects
can be particularly noticeable for two reasons: i) most of the cli-
mate regions are hot and humid with a complex cloud cover
behavior, and ii) most of the cloud cover information is obtained
through a human-observation-based approach in Brazil.

These aforementioned physical-mathematical features of the
models are the reasons that drive that the IWEC approach has lar-
ger differences in summer months (higher values of GSHR) and a
general overestimation as well as the IWEC2 approach has a more
stable performance throughout the year, see Figs. 4 and 5. More
advantages and disadvantages of these widely employed solar
modeling approaches should be analyzed in a dedicated work
including more diverse climate conditions.
3. Influence of solar radiation modeling on the TMY generation
and the BPS results for Brazil

This Section aims to assess and quantifies the impact of solar
radiation modeling on TMY generation and the BPS results for
the whole of Brazil. The methodology is summarized in Fig. 10.



Fig. 8. Error bar plot of the radiation modeling approaches through the monthly
mean daily GHI index for the TMYs derived from the period 2004–2018. (a) nRMSE;
(b) nMSE.
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First, to evaluate the influence of the radiation modeling on the
generation of actual TMYs within Brazilian climates, an analysis of
the TMY configurations is carried out in 92 locations. These are
common locations between the TMY databases analyzed
(TMYx.2003–2017 and TMYx.2004–2018) that have changed the
solar modeling approach between them, i.e., from IWEC to NRSDB
approach.

Then, four typical case studies within the current Brazilian reg-
ulations for building performance, two residential and two com-
mercial buildings, are simulated to analyze and quantify how the
changes of TMY configuration because the radiation modeling
influences the BPS results.

Finally, to isolate the effect of solar radiation modeling on the
BPS results, the TMYs for both periods are modified with the radi-
ation obtained through the IWEC2 approach in the 92 locations,
and the four case studies are also simulated with these files.
3.1. BPS case study buildings

The case study buildings chosen are representative of typical
designs analyzed within the Brazilian regulations for energy and
thermal performance of the residential and commercial buildings.
In both current standards, the performance of the target building to
be analyzed (real model) has to be compared against the perfor-
10
mance of its reference model, whose main construction compo-
nents are previously established by the corresponding normative.

Therefore, the influence of solar radiation data on the final BPS
results of the target building and its reference models are studied
here for both, residential and commercial buildings. The models
to represent these case study buildings were generated and simu-
lated in EnergyPlus software version 9.2.0 as described in the next
sections.
3.1.1. Residential buildings
The residential building sector is represented by a single-family

housing of social interest (see Fig. 11) that depicts one of the arche-
types employed in the development of the last update of NBR
15575 [58]. The main settings of the EnergyPlus model for the real
building and its reference model are detailed in A.4 of the Annex A,
showing construction components, geometric characteristics, and
other model settings.

A common operation mode employed in Brazilian residential
buildings is the hybrid-conditioning mode. This operation mode
aims to exploit natural ventilation strategy during hours that it is
possible and use air-conditioning when natural ventilation is not
enough. In this sense, an innovative methodology to simplified
evaluates such hybrid operation mode in residential buildings
was introduced in the last update of NBR 15575 [58]. This method-
ology is based on two separate and sequential simulations, one
with only natural ventilation and another using only artificially
air-conditioned. By using this approach, it is possible to evaluate
such hybrid operation mode through two simple simulations able
to be performed by an engineer, architect, or technicians without
the need to use advanced controls like the Energy Management
System (EMS) of EnergyPlus.

The first simulation, the naturally ventilated model, aims to
establish the periods of occupied hours where the operative tem-
perature (Top) is outside a pre-established range limit, which is
considered here as 18 �C6Top 626 �C for all Brazilian climates.
So, this simulation establishes the hours when natural ventilation
is not sufficient to promote thermal comfort, indicating the need
for artificial conditioning. Then, these periods of ‘‘uncomfortable”
occupied hours are used to calculate the annual ideal loads accord-
ing to the second simulation, the artificially conditioned model,
which has a setpoint temperature of 21 �C for heating and 23 �C
for cooling.

From the first simulation, apart from determining the periods
that artificial conditioning is necessary, the percentage of hours
within the preset range of operative temperatures (PHWOT) is also
obtained, being is established as the average of the percentage cal-
culated for each of the thermal zones that can be conditioned, i.e.
living room and bedrooms. A high value of PHWOT indicates that
the Top is within the preset range for most of the occupied hours
(good performance) and vice versa. From the second simulation,
the ideal thermal loads of each room environment are summed
for the hours determined in the first simulation to establish the
performance indicator of the artificially conditioned house. Both
of these indicators are also analyzed in this work. Fig. 12 shows a
schematic example of the simplified methodology based on the
two separate and sequential simulations to evaluate the hybrid
operation mode.

The natural ventilation modeling is carried out through the Air-
Flow Network (AFN) model of EnergyPlus. Due to the case study is
a gable-roofed building and its shape is not exactly rectangular,
and also, the target building model has eaves, the wind pressure
coefficients (Cp) for both buildings (target and reference) are calcu-
lated using CpSimulator platform [59]. Besides being able to pre-
dict the Cp data for general shape buildings using advanced
computational fluid dynamics tools, this platform automatically



Fig. 9. Distributions of nRMSE for the TMYs derived from the period 2004–2018.

Fig. 10. Influence of solar radiation modeling on the TMY generation and the BPS results for Brazil.
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Fig. 11. Residential building models used in comfort and thermal load simulations:
(a) target building; (b) reference model; (c) floor-plan view.

Fig. 12. Example of simplified methodology to evaluate the hybrid operation mode in r
period out of range. The results are for the living room of the case study during March
model; (b) Period to sum the thermal ideal loads for cooling.
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computes the average Cp on the opening areas. So, an external node
and the set of Cp for 12 wind incidence angles (every 30�) are used
for each external opening. The windows opening control is based
on temperature, that is, they are open whenever the outside tem-
perature is higher than 19 �C and the inside temperature is higher
than the outdoor air temperature. Some openings always remain
closed, as is the case with the external doors and the bathroom
door. On the other hand, some openings always remain open, as
is the case with the internal doors of the other rooms and the
bathroom window. In this way, the calculation of the percentage
of hours in comfort is performed through the hours when the inter-
nal operative temperature of each environment was between 18
and 26 �C, considering only the occupied hours. The main settings
of both simulations, naturally ventilated and artificially condi-
tioned, are detailed in Table 3.

Regarding occupancy schedule, the same pattern is observed
every day of the year, where from 2 pm to 6 pm the room has
50% of the occupancy rate, from 6 pm to 10 pm this rate is 100%,
and from 10 pm to 8 am the bedrooms have 100% of the rate. For
example, 100% of the living room occupancy rate equals 4 people
and 100% of the bedroom equals 2 people. In addition, this same
pattern is used to represent the use of the living room and bed-
room lighting system, where 100% represents 5 W/m2. However,
electrical equipment is only present in the room and its percentage
is always equal to 100 in the occupation period, which represents
120 W.

3.1.2. Commercial buildings
The commercial sector is represented by an office building with

four perimeter zones and a core zone (see Fig. 13). This model was
used in studies that comprised the development of the current
Inmetro Normative Instruction for the classification of energy effi-
ciency of commercial, services, and public buildings (INI-C) [60].
This regulation also establishes that the office performance (target
building) must be compared with an office building with reference
characteristics prescribed in the standards. As in the residential
case study, the reference represents a building with lower energy
efficiency, which allows verifying the impact of the uncertainty
associated with solar radiation in commercial buildings with dif-
ferent levels of performance.

The main settings for BPS of this office building using Energy-
Plus are described in A.5 of the Annex A. Following the INI-C nor-
mative, the building is assumed to only use artificial
conditioning, with a setpoint temperature of 18 �C for heating
and 24 �C for cooling. The Heating, Ventilation, and Air-
Conditioning (HVAC) system only works during periods when the
building is occupied and the building performance indicator is
esidential buildings. T1 = period out of range, T2 = occupied period, T3 = occupied
28 in Porto Alegre (WMO = 839710). (a) Temperatures of the naturally ventilated



Table 3
Summary of main settings for the naturally ventilated and air-conditioned simulations.

Simulation Details Target building Reference building

Naturally ventilated (sim 1) Type modeling AFN
Wind Pressure Coefficient Type Input

Opening factor 0.90 0.45
Discharge Coefficient 0.6

Window: Air Mass Flow Coefficient When Opening is Closed [kg/(s m)] 0.00063
Window: Air Mass Flow Exponent When Opening is Closed 0.63

Door: Air Mass Flow Coefficient When Opening is Closed [kg/(s m)] 0.00024
Door: Air Mass Flow Exponent When Opening is Closed 0.59

Air-conditioned (sim 2) Type modeling Ideal loads
Heating setpoint [�C] 21
Cooling setpoint [�C] 23
Dehumidification No

Outdoor Air Flow Rate per Person [m3/s] 0.00944

Fig. 13. Commercial building models used to ideal thermal load simulations.
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obtained by summing the ideal thermal load of all thermal zones.
The normative defines office buildings are open from Monday to
Friday, from 8 am to 12 pm with 100% occupation, from 12 am
to 1 pm with 50% occupation, and from 1 pm to 6 pm with 100%
occupation, according to the values shown in Table A.5. The period
of occupation also defines the pattern of use of electrical equip-
ment and the lighting system.
3.2. BPS results

3.2.1. TMY generation
As we mentioned earlier, we assessed the TMY configurations

for 92 locations common between the TMY databases analyzed
13
(TMYx.2003–2017 and TMYx.2004–2018) that have changed the
solar modeling approach from IWEC to NRSDB. Note that these sets
of TMYs were developed using the same TMY generation method-
ology based on ISO 15927–4:2005 [14] and derived from a very
similar period (2003–2017 and 2004–2018) having 14 of 16 years
in common. Consequently, we expect that TMY configurations do
not change significantly. It worth mentioning that the ISO method
does not employ different weighted factors as the well-known
TMY and IWEC methodologies, giving the same importance to
the three primary variables, see [61] for further details.

Fig. 14 shows a histogram of the percentage of locations that
keep the same typical meteorological month (TMM) between both
versions. The TMMs that have suffered the fewest changes is
February. However, 87% of locations change the year selected for
this TMM. This indicates that solar radiation modeling is highly
influential in the selection of the TMMs and the final TMY
configurations.

To have extra physical information about the resulting TMYs in
the TMYx.2003–2017 and TMYx.2004–2018 databases at the 92
locations, Fig. 15 shows a correlation analysis for the primary
weather variables between both databases. Despite the several
changes of the TMY configurations the dry bulb temperature and
relative humidity keep a good correlation between both databases
(R2>0.85), while the GHI presents a lower correlation (R2=0.59).
These results indicate that the major changes of the TMY configu-
rations driven by the solar radiation data mean mainly major
changes in GHI values of the resulting TMYs but those do not sig-
nificantly affect other primary variables like temperature and
humidity.

3.2.2. Influence on BPS results due to changes of TMY configurations
driven by the solar radiation models

As was introduced before, the accuracy of solar radiation mod-
eling can highly influence the resulting TMY configurations. So, this
section aims to evaluate the impact of such TMY configuration
changes on the BPS results, particularly, for the residential and
commercial case studies within Brazilian regulations that were
described in the previous sections.

Residential buildings Fig. 16 shows the comparison of the BPS
results for the target residential building using TMYx.2003–2017
and TMYx2004–2018 databases in the 92 analyzed locations. Par-
ticularly, the agreement of the results for the annual PHWOT index
is shown in Fig. 16a and for the annual ideal loads in Fig. 16c. Con-
siderable errors are observed in some locations for both indicators
resulting in nRMSEs of 29.62% and 20.9% for annual PHWOT and
ideal loads over all the locations, respectively. It is worth noting
that annual ideal loads for residential and commercial buildings
in Brazil consist almost of only cooling loads, especially for the
92 locations herein analyzed. So, the following analyses are just



Fig. 14. Percentage of same TMMs between the TMYx.2003–2017 and TMYx.2004–
2018 databases.
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focused on total loads instead of split them into heating and cool-
ing loads.

The distribution of the normalized differences (nDiff) between
the results obtained with both databases can be observed in
Fig. 16b and d for the annual PHWOT and annual ideal loads in
the target building, respectively. It can be seen that most of the
locations (’ 65%) present a jnDiffj < 20% for both indicators, how-
ever, the results for few locations show large differences between
TMY databases, this means a nDiff > 40% for annual ideal loads
and nDiff > 60% for the annual PHWOT.

Fig. 17 shows the same analysis as Fig. 16 but for the reference
model of the residential case study. Regarding the annual PHWOT,
the differences between BPS results obtained with both TMY data-
bases are largest than for the target building, resulting in an
nRMSE = 50.46% over all locations, see Fig. 16a. The distribution
of nDiff for PHWOT shows that there are various locations with
large differences and that for a few of these the nDiff can be upper
130%, see Fig. 16b. This indicates that the PHWOT employed in res-
idential buildings is highly sensitive to the climatic boundary con-
ditions and that this is more noticeable when the analyzed
building has a low performance like the reference one.

As to the agreement of annual ideal loads between both TMY
databases for the reference model, differences are lower than for
the target model, indicating an nRMSE = 14.65% over all the loca-
tions, see Fig. 16c. The distribution of differences shows that
Fig. 15. Correlation between the resulting monthly mean values of the primary varia
determine the TMYs in ISO 15927–4:2005 method. (a) Monthly mean dry bulb tempera
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jnDiffj < 40% for all locations, concentrating most of the locations
(’ 80%) with a jnDiffj < 20%.

Other important indicators to characterize the performance of
buildings are the peak loads. Fig. 18 shows the distribution of nDiff
for the peak cooling loads in the residential case studies using both
databases (TMYx.2003–2017 and TMYx.2004–2018). Contrastingly
with PHWOT and annual loads, it can be seen that cooling peak
loads are not highly affected by the use of both TMY databases, this
is, in most locations (80%) the jnDiffj < 20%. This low influence of
the use of the different TMYx databases on the peak cooling loads
for residential buildings is associated with the low internal gains of
these building typologies, i.e., the max undesired values like the
peak loads are not too much sensitive to the climate conditions.

Commercial buildings Fig. 19a–d shows the agreement of
annual ideal loads calculated for the target office building and its
reference model using TMYx.2003–2017 and TMYx2004–2018
databases in the 92 analyzed locations. The differences obtained
for both office buildings (target and its reference) due to the
changes of TMY configuration between both databases are much
lower than for the residential ones, accusing nRMSE < 7% over
all locations in both cases, see Fig. 19a and 19c. The distribution
of normalized differences is also similar between both case studies
with a jnDiffj < 20% for all locations, from which more than 80% of
locations have a jnDiffj < 10%. These results indicate that annual
ideal loads in commercial buildings have low sensitivity to the cli-
matic boundary conditions independently of the performance of
the building, which can be because climatic loads are much lower
than the internal heat gains.

Given the high internal gains of the commercial buildings, the
peak cooling loads become more sensitive than in the residential
buildings, see Figs. 19e and f. Note that these cooling peaks are
more sensitive in the Target model. This is because the target
design has fewer heat losses, which would be ‘‘useful” looses to
diminish such cooling load peaks.
3.2.3. Influence on BPS results due only to solar radiation models
Whether the configurations of the TMYs would not change due

to the use of different solar radiation models, this Section aims to
evaluate the uncertainty or the impact that can be reflected on
the BPS results due only to the use of different solar radiation mod-
eling approaches. Therefore, the solar radiation data of
TMYx.2003–2017 and TMYx.2004–2018 is replaced with the ones
obtained by the IWEC2 modeling approach. This means ZHM (see
bles in the TMYx.2003–2017 and TMYx.2004–2018 databases, which are used to
ture; (b) Monthly mean relative humidity; (c) Monthly mean daily GHI.



Fig. 16. Comparison of annual BPS results for the target residential building obtained by both databases TMYx.2003–20017 and TMYx.2004–2018 in 92 Brazilian locations.
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Eq. (2)) to obtain GHSR and the use of a splitting model based on
Gompertz function to obtain the direct normal and diffuse compo-
nents [62].

So, with these databases, a comparison is performed between
the BPS results obtained by the original TMYx databases
(TMYx.2003–2017 or TMYx.2004–2018) against the same database
with the modified solar radiation and using the same studied
buildings within the Brazilian regulations.

Residential buildings Figs. 20a and b show the nDiff obtained
for the annual PHWOT index in the target residential building in
both database periods (2003–2017 and 2004–2018). For both peri-
ods around 70% of locations present a jnDiffj < 10%. However, the
rest of the locations present major nDiff values including a few
ones with nDiff > 40% and which are just due to a change of solar
radiation. It is worth remembering that IWEC vs. IWEC2 solar mod-
eling approaches is being compared for the period 2003–2017, and
NRSDB vs. IWEC2 for the period 2004–2018.

Regarding annual ideal loads for this case study, a similar pat-
tern to the annual PHWOT is observed in nDiff distribution, but
with a general underestimation of annual loads by IWEC2 solar
radiation, see Figs. 20c and d. The differences in these results intro-
15
duced by a change of radiation model can also be significant for
some locations, achieving up to nDiff values lower than �40%.

As to peak loads for cooling, similar to the observed before in res-
idential buildings using the different versions of TMYx databases,
most of the locations have a jnDiffj < 10%. However, for this target
building, the are few locationswith differences lower than�30%.

Fig. 21 depicts the same nDiff distributions but of the reference
model of the residential building. Regarding annual PHWOT, in
both periods, a large part of locations presents a jnDiffj < 10%,
see Figs. 21a and b. However, in some locations, considerable dif-
ferences result from the solar radiation change, which attains Diff
> 70% and 40% for the 2003–2017 and 2004–2018 databases,
respectively. These noticeable differences indicate that the PHWOT
is highly sensitive to climatic boundary conditions in residential
buildings, but particularly to solar radiation. Furthermore, in loca-
tions with large nDiff, the accuracy of solar modeling can be con-
tradictory between each other because of the regional
performance of the models, i.e. overestimated vs. underestimated,
which can highlight, even more, the differences in the BPS results
for a sensitive building performance index.



Fig. 17. Comparison of annual BPS results for the reference model of the residential building obtained by both databases TMYx.2003–2017 and TMYx.2004–2018 in 92
Brazilian locations.

Fig. 18. nDiff of the peak cooling loads for the residential buildings obtained by using both databases, TMYx.2003–2017 and TMYx.2004–2018, in 92 Brazilian locations.
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Fig. 19. Comparison of annual ideal loads for the target office building and its reference model obtained by both databases TMYx.2003–2017 and TMYx.2004–2018 in 92
Brazilian locations.
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Fig. 20. nDiff distribution of the target residential building driven only by a change of solar radiation modeling in both original databases (TMYx.2003–2017 and TMYx.2004–
2018).
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Fig. 21. nDiff distribution of the reference residential building driven only by a change of solar radiation modeling in both original databases (TMYx.2003–2017 and
TMYx.2004–2018).

F. Bre, R.M. e Silva Machado, L.K. Lawrie et al. Energy & Buildings 250 (2021) 111251

19



Fig. 22. nDiff distribution of annual ideal loads for the target commercial building and its reference model driven only by a change of solar radiation modeling in both original
databases (TMYx.2003–2017 and TMYx.2004–2018).
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Differences in annual loads for this reference model are less
noticeable than for the target one, this means that the nDiff are less
than 20% for more than 90% of locations. The same occurs for peak
loads for cooling, where the low insulation of the envelope in the
reference case makes it less sensitive than the target one, see
Figs. 21e and f.

Commercial buildings Fig. 22 shows the impact of solar radia-
tion modeling on the prediction of annual loads in commercial
buildings like the target office and its reference model. Previously
we found that annual ideal loads in commercial buildings have low
sensitivity to the climatic boundary conditions independently of
the performance of the building. Therefore, in these cases that only
solar radiation was changed, the differences are also small
(jnDiffj < 10% in most locations). However, the nDiff in these cases
are very similar in magnitude and distribution to the driven ones
by the changes in the TMY configurations, which indicates that
solar radiation is one of the most influential variables on the per-
formance of commercial buildings in Brazil.

Regarding peak loads for cooling, these are less sensitive to the
change only of solar radiation data than the TMY configurations.
However, the pattern that peak loads for cooling are more sensitive
in the target model than in the reference one is still clearly
observed, see Fig. 23.
20
4. Conclusions

A comprehensive study was performed to assess the quality of
solar radiation data included in the most recent Typical Meteoro-
logical Year (TMY) databases for Brazilian locations and how that
quality can influence the selection of months that constitute the
TMYs as well as the building performance simulation (BPS) results.

Initially, a previous validation of POWER data was carried out
against the global horizontal solar radiation (GHSR) derived from
four Baseline stations in Brazil. The results of this validation
showed that POWER data is accurate enough to take as standard
throughout Brazil. Then, GHSR data of two actual and free available
TMYx databases (TMYx.2003–2017 and TMYx.2004–2018) for Bra-
zil were analyzed and compared against the corresponding
satellite-derived ones obtained from the POWER database (NASA).
Simultaneously, to include the state-of-art on solar radiation mod-
eling for TMY generation, GHSR data are also calculated for the
same locations and periods through the IWEC2 approach, and its
performance was also compared against the corresponding
satellite-derived data.

From this analysis, was observed that the IWEC solar modeling
approach, which is employed in all locations of TMYx.2003–2017,
presents a low accuracy prediction in most Brazilian locations. This



Fig. 23. nDiff distribution of peak loads for cooling in the target commercial building and its reference model driven only by a change of solar radiation modeling in both
original databases (TMYx.2003–2017 and TMYx.2004–2018).
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was particularly noticeable in tropical locations and during the
summer months. Furthermore, GHSR data from NSRDB, which is
included in most Brazilian locations in the TMYx.2004–2018 data-
base, considerably improved the accuracy of solar radiation on
such locations. On the other hand, the IWEC2 approach showed
to be robust and obtained an acceptable accuracy throughout Bra-
zil and for both TMYx database periods.

As another contribution, the impact of solar modeling in the
resulting TMY configuration and BPS results was studied. The first
conclusion of this part is that the accuracy of the employed solar
radiation models can highly influence the selected typical meteo-
rological months that constitute the TMYs. Furthermore, these
changes demonstrated that can significantly impact building per-
formance predicted through simulation within the design stage
as well as the predicted one within the Brazilian building perfor-
mance regulations. In particular, the impact was considerably
noticeable in residential buildings, in which annual ideal loads pre-
sented differences upper 40% and differences upper 130% were
found for the percentage of hours within a preset range of opera-
tive temperatures (PHWOT). On the other hand, the changes in
the TMY configurations did not produce major differences in the
prediction of annual loads in commercial buildings, showing abso-
21
lute differences lower than 10% in most locations and indepen-
dently of the performance of the analyzed building.

To deeper analyze the impact that can drive solar radiation
modeling, two modified TMY databases were generated from both
original TMYx databases replacing only the solar radiation data by
the calculated using the IWEC2 approach. This analysis allowed us
to isolate and quantify only the effect of the accuracy of solar radi-
ation models on the BPS results. Regarding residential case studies,
modify only solar radiation in a TMY because the accuracy of mod-
els also showed considerable effects for both indicators employed
in the Brazilian regulation, that is, annual loads and annual
PHWOT. As to commercial buildings, the annual loads resulting
from modifying solar radiation did not present great differences,
however, those differences have the same order of magnitude as
the ones obtained by strong modification of TMY configurations.
Therefore, it can be concluded that solar radiation is the most influ-
ential climatic variable among the other ones in the performance of
commercial buildings.

The impact on the peak loads for cooling was also analyzed for
all case studies. The peak loads for cooling demonstrated to be
more sensitive in the commercial buildings than in the residential
ones regarding climate conditions, which is driven by their large
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internal gains. Furthermore, the peak loads for cooling are more
sensitive in the models with the highest performances (target
models). This is driven by their more thermal isolated envelopes
and their less capacity to evacuate the peak loads for cooling. These
conclusions about the influence of climate conditions on the peak
loads are important to take into account during the dimension of
the Heating, Ventilation, and Air-Conditioning (HVAC) systems.

Given the main conclusions of this work, it is highly recom-
mended that Brazilian building designers use the last updated
TMYx database and keep following the next versions. On the other
hand, it is worth noting that the improvement of hourly-resolution
solar radiation models is still a big open challenge since an impor-
tant part of Brazil remains with calculated GHRS and most of the
radiation is still modeling and calculated around the globe. In this
same line, validating and including the next generation of satellite-
derived hourly solar data in TMY files for BPS would be a great
contribution.
Data availability

To closer analysis or its reproducibility, the results of the solar
radiation data as well as detailed information of all the locations,
including latitude, longitude, altitude, and their WMO IDs can be
found at https://doi.org/10.17632/hwmm8bsjpd.12. All BPS results
are also provided along with the solar radiation data at the same
repository.
Table A.4
Details of target and reference models for the residential building analysis.

Model Details

General configurations North axis
Terrain

Solar distribution
Timestep

Ground modeling Type
FiniteDifference: Conductivity

FiniteDifference: Density
FiniteDifference: Specific heat
FiniteDifference: Moisture [%]

FiniteDifference: Moisture at saturation [%
FiniteDifference: Evapotranspiration

External wall Thermal resistance [m2K/W]
Thermal capacity [kJ/m2K]

External solar absorptance [0� 1]
Internal solar absorptance [0� 1]

Internal wall Thermal resistance [m2K/W]
Thermal capacity [kJ/m2K]

External solar absorptance [0� 1]
Internal solar absorptance [0� 1]

Attic Roof: Thermal resistance [m2K/W]
Roof: Thermal capacity [kJ/m2K]

Roof: External solar absorptance [0� 1]
Roof: Internal solar absorptance [0� 1]

Attic height [m]
Ceiling: Thermal resistance [m2K/W]
Ceiling: Thermal capacity [kJ/m2K]

Ceiling: External solar absorptance [0� 1]
Ceiling: External solar absorptance [0� 1]

Floor Thermal resistance [m2K/W]
Thermal capacity [kJ/m2K]

External solar absorptance [0� 1]
Internal solar absorptance [0� 1]

Window Thermal transmitance [W/m2K]
Solar heat gain factor [0� 1]

Glass type
Window to floor ratio
Frame: Width [m]
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Appendix A. Set up of building performance simulations

A.1. Residential buildings

Table A.4.
Target building Reference building

0
Suburbs

FullExteriorWithReflections
6

FiniteDifference
1

1250
1200
30

] 50
0.4

1.294 0.057
30 220
0.38 0.6
0.6 0.6

1.321 0.057
20 220
0.6 0.6
0.6 0.6

0.0095 0.00923
18 11
0.35 0.67
0.35 0.67

1.6
0.087 0.057
220 220
0.6 0.6
0.6 0.6

0.054 0.057
164 220
0.6 0.6
0.6 0.6

2.72 5.7
0.764 0.87
Double Single

0.17
0.05

https://doi.org/10.17632/hwmm8bsjpd.2


Table A.4 (continued)

Model Details Target building Reference building

Frame: Projection [m] 0
Frame: Conductance [W/m2K] 56

Frame: Absorptance 0.58
Frame: Emissivity 0.9

Shutter Shading control type OutdoorTemperature AlwaysOff
Outdoor air temperature [�C] 26 –

Slat Orientation [m] Horizontal –
Slat Width [m] 0.05 –

Slat Separation [m] 0.03 –
Slat Thickness [m] 0.0042 –

Slat Angle [–] 45 –
Slat Conductivity [W/mK] 0.29 –

Solar Transmittance 0.14 –
Solar Reflectance 0.04 –

Blind to Glass Distance [m] 0.05 –

Geometry Floor to floor height [m] 2.5
Total conditioned area of floors [m2] 38.6

Eaves [m] 0.5 –

Internal gains People number: Living room 4
People number: Bedroom 2
People: Fraction radiant 0.3

People: Living room activities [W] 108
People: Bedroom activities [W] 81

Lights: Watts per m2 5
Lights: Return Air Fraction 0
Lights: Fraction Radiant 0.32
Lights: Fraction Visible 0.23

Lights: Fraction Replaceable 0
Equipments: Watts 120

Equipments: Fraction Radiant 0.3
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A.2. Commercial buildings

Table A.5.
Table A.5
Details of target and reference models for the commercial building analysis

Model Details Target building Reference building

General configurations North axis 0
Terrain City

Solar distribution FullExteriorWithReflections
Timestep 6

Ground modeling Type FiniteDifference
FiniteDifference: Conductivity 1

FiniteDifference: Density 1250
FiniteDifference: Specific heat 1200
FiniteDifference: Moisture [%] 30

FiniteDifference: Moisture at saturation [%] 50
FiniteDifference: Evapotranspiration 0.4

External wall Thermal resistance [m2K/W] 1.294 0.25
Thermal capacity [kJ/m2K] 30 151

External solar absorptance [0� 1] 0.38 0.5
Internal solar absorptance [0� 1] 0.3 0.3

Internal wall Thermal resistance [m2K/W] 0.277 0.25
Thermal capacity [kJ/m2K] 167 151

External solar absorptance [0� 1] 0.3 0.3
Internal solar absorptance [0� 1] 0.3 0.3

Roof Thermal resistance [m2K/W] 0.306 0.27
Thermal capacity [kJ/m2K] 238 231

External solar absorptance [0� 1] 0.35 0.8
Internal solar absorptance [0� 1] 0.3 0.3

Floor Thermal resistance [m2K/W] 0.123
Thermal capacity [kJ/m2K] 160

External solar absorptance [0� 1] 0.3
Internal solar absorptance [0� 1] 0.3

Internal floor Thermal resistance [m2K/W] 0.057

(continued on next page)
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Table A.5 (continued)

Model Details Target building Reference building

Thermal capacity [kJ/m2K] 250
External solar absorptance [0� 1] 0.3
Internal solar absorptance [0� 1] 0.3

Window Thermal transmitance [W/m2K] 2.305 5.7
Solar heat gain factor [0� 1] 0.185 0.82

Glass type Double Single
Window to wall ratio 0.5

Shutter Shading control type AlwaysOff

Geometry Number of floors 3
Floor to floor height [m] 3

Total conditioned area of floors [m2] 837

Internal gains People: Person per m2 0.1
People: Fraction radiant 0.3
People: Activity [W] 120
Lights: Watts per m2 14.1

Lights: Return Air Fraction 0
Lights: Fraction Radiant 0.32
Lights: Fraction Visible 0.23

Lights: Fraction Replaceable 0
Equipments: Watts per m2 9.7

Equipments: Fraction Radiant 0.3

Ventilation Type modeling Infiltration
Infiltration rate (ACH) 0.3

AC system Type Ideals loads
Heating setpoint [�C] 18
Cooling setpoint [�C] 24
Dehumidification No

Outdoor Air Flow Rate per Person (m3/s) 0.0075
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