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Abstract

This study aims to develop climate zones and typical meteorological years (TMYS) in Indonesia.
Hourly time series data from all sites of various climate elements such as solar radiation,
temperature, relative humidity, wind speed, and others are considered for deeper analysis. In the
first stage, the new climate zones developed in this study differed from those of the previous
Koppen climate zoning and obtained more detailed and optimum results based on spatial and
temporal distribution. This is because the integrated climate zoning in this study considered
topographic data and more climate elements, including air temperature, wind speed, relative
humidity, atmospheric pressure, total cloud cover, mixing ratio, global solar irradiance, and
precipitation data. The availability of information on climate classification in this study was
divided into eight new integrated climate zones, namely, climate zone 1A (equatorial), climate
zone 1B (sub equatorial), climate zone 2A (highland tropical), climate zone 2B (very highland
tropical), climate zone 3A (monsoon), climate zone 3B (sub monsoon), climate zone 4A (savanna),
and climate zone 4B (sub savanna), in the territory of Indonesia. In the passive method, by taking
the lower probability limit of 50 %, the monsoon, savanna, and sub savanna climate zones are
suitable for the comfort ventilation method. Meanwhile, the sub equatorial climate zone is suitable
for applying passive methods by combining night ventilation and comfort ventilation. In the
second stage, we develop TMY at all sites in different climate zones throughout Indonesia. The
Sandia method based on the modified FS statistical weighting for climate elements has been
applied to develop the TMY 106 sites, which are in eight different climate zones in Indonesia. The
results of the TMY selection show that the year selection for TMMs varies significantly in
Indonesia, and the local climatic conditions have a major influence on the variation in the resulting
TMY. Additionally, the resulting TMY accurately captures the long-term distribution pattern,
particularly for global horizontal irradiance and temperature. The above result was found based on
a high correlation value between TMY and LT, particularly an average of 0.96 for global horizontal
irradiance and 0.86 for temperature. The resulting climate zones and TMY will be useful for
various applications, such as thermal comfort assessment, renewable energy potential assessment,
climate-responsive architectural design, and many more.

Keywords: climate zones, passive methods, typical meteorological years.
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Chapter 1. Introduction

1.1 General research background

Indonesia is an archipelagic country that stretches from 6°N — 11°S and 95°E — 141°E,
located between the continents of Asia and the Australian continent, as well as between the Indian
Ocean and the Pacific Ocean with complex climatic characteristics due to global, regional and
local phenomena [1]. Indonesia is also called the Indonesian maritime continent because this
region consists of many islands surrounded by warm sea water which is considered to induce very
intense convection activity playing a role as the main heat source that drives atmospheric
circulation [2]. Atmospheric-ocean interactions around Indonesia form Interannual interactions of
global climate variations such as the EI Nino—Southern Oscillation (ENSO) [3] [4] and the Indian
Ocean Dipole Mode (IOD)[5][6], Intra-seasonal variations such as the Intertropical Convergence
Zone (ITCZ) [7][8][9], Madden—Julian Oscillation (MJO) [10][11][12][13][14] which affect
climate conditions in Indonesia. As one of the unique tropical regions, its atmospheric dynamics
are influenced by the presence of trade winds [3], monsoons [2][15][16][17][18][19] and the
influence of various local conditions such as sea breezes [20] then the weather and climate in
Indonesia have complex and dynamic physical characteristics [21].

To study the regional climatic conditions of an area, climate zoning is needed. Climate
zoning, namely classifying regional climates according to one or a combination of several climate
variables, is considered a rational method for understanding regional climate characteristics that
are influenced by geographical and topographical conditions based on characteristics of almost
similar climate values [22]. Climate zoning information is useful for various purposes, one of the
most important purposes is to use it for the development of appropriate pre-design strategies for
energy-efficient buildings and to determine certain energy-saving standards by implementing
passive designs and thermal comfort objectives [23]. Cluster analysis applied to meteorological
variables is a suitable approach for redefining climate divisions, and its use is becoming
increasingly common in atmospheric research [24]. Netzel and Stepinski [25] used a clustering
approach for global climate classification. Cluster analysis helps group variables into clusters
based on high similarity of features, such as geographic, physical, statistical, or stochastic
properties. Cluster analysis is a general approach in which clusters of variables are formed

sequentially, where each cluster represents the smallest variance (or smallest inequality) of the
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variables [22]. There have been many previous researchers using cluster analysis with the ward
method in making climate zoning based on its stability [26][27][28][29][30][31][32] [33][34].
Several methods have been developed over the years to identify climate zones, the most common
of which is to use principal component analysis to reduce data dimensions and continue with
cluster analysis [35][36][37]. For example: Unal et al. [28] used cluster analysis and divided the
turkey region into seven climate zones. Lam et al. [38] have undertaken the development of passive
design zones for different climates in China for the potential use of passive design strategies such
as solar heating, natural ventilation, thermal mass with or without night ventilation, and
evaporative cooling assessed. Rakoto et al. [39] divided the island of Madagascar into six climate
zones, which is extremely useful for building design for thermal comfort objectives. Arroyo et al.
[40] used partitional and hierarchical clustering techniques and presented analyses of the main
climatic zones in Spain. Wang et al. [41] conducted research on the impact of spatial clustering of
urban land cover on soil surface temperatures across the Koppen climate zone in the contiguous
United States. Praene et al. [42] conducted research on a GIS-based approach to identify climate
zoning hierarchical groupings in principal component analysis. Hao et al. [43] established new
climatic zones for major marine islands in China defined using a two-stage zoning method and
clustering analysis. Shi and Wang [44] simulated climate zone changes in China based on high
resolution regional climate projections under the RCP4.5 scenario.

Research on climate zoning in Indonesia was started in 2002 by Hamada et al. [45] based on
observations from meteorological stations, Indonesia has been divided into 5 seasons depending
upon whether the annual (C1) or semi-annual (C2) component has the larger amplitude, and also
into types A and B depending upon whether the maximum rainfall of 'smoothed' pentad-mean
rainfall amount appears during September—February or during March—-August. Hendon [46]
studied the characteristics of the dry season and rainy season and their interaction with sea surface
temperatures around Indonesia. Aldrian and Dwi Susanto [47] divided Indonesia into three rainfall
zones with an equatorial pattern around the equator with two peaks of rainfall seasons in a year,
monsoonal patterns in parts of Sumatra, parts of Kalimantan, parts of Sulawesi, Java and the
islands of Nusa Tenggara with one peak of the rainy season in a year and local patterns around the
island of Maluku with the opposite pattern of the monsoonal pattern. Kuswanto et al. [48] divided
Indonesia into three regions of rainfall patterns with monsoonal type, anti-monsoon type and semi-

monsoonal type using TRMM data. According to the updated Koppen world climate zone map by



Beck et al. [49], there are 3 types of climate in Indonesia, namely (Af type) Tropical rainforest
climate which stretches around the equator, (Am type) Monsoon climate which stretches over the
islands of Java, South Sulawesi and South Papua, and (Aw type) Savanna climate that stretches
across the islands of Nusa Tenggara. Several countries have published energy standards or policies
for the design and construction of buildings according to climate zones to achieve energy
conservation or reduction of carbon emissions from buildings. This study aims to obtain an
accurate understanding of climate characteristics in the Indonesian region through the spatial
distribution of climate zones, diurnal cycles, seasonal cycles and annual cycles, studies of the
relationship between climate variables and studies of the phenomena that influence them. We will
analyze detailed weather data and classify the country of Indonesia into several regions with
similar climate patterns. this will provide specific benefits, namely, to increase understanding of
climatic conditions in Indonesia and to provide suitable guidance for architects and engineers to
implement energy-efficient building designs according to different climatic characteristics. This
research also aims to develop a new climate zoning for the purpose of the first Indonesian national
standard of climate regionalization for the application of passive cooling design techniques in
Indonesia. This is also preliminary work to establish building regulations for Indonesia’s future
energy efficiency. In general, the results of this study can also be used for various other public
sectors.

The energy consumption levels of Heating Ventilation and Air Conditioning Systems
(HVAC) systems of residential and commercial buildings have increased over the last decade due
to the growing demand for a better indoor thermal environment. This is related to the climatic
conditions in a particular area that affect the energy consumption level of the building [50]. In the
tropics, energy consumption for cooling particularly increases due to active air conditioning, which
constitutes a major concern due to the relatively hot climatic conditions year-round [51]. The
energy performance of a building is largely determined by how well the building design is adapted
to the local climate. Therefore, it is very important for the developer and design team to gain a
clear understanding of the local climate, including daily and seasonal variations, and the impact of
the building design on the energy efficiency potential [52].

Koppen climate zoning maps are available for the whole world [25][49][53], and it has been
used in various research areas including the building fields. However, the Koppen classification

contains weaknesses, namely only based on vegetation patterns, air temperature, and rainfall.



Meanwhile, heating/cooling degree days/hours are commonly used in energy-saving standards for
buildings as criteria in various countries because the HVAC is usually the main contributor of the
building energy use as mentioned before. For the above purpose, most countries developed their
own climate zoning maps simply based on the heating/cooling degree days/hours, which is

basically attributed to the air temperature variations of the areas [54].

2.2 Purpose and contribution of research

In this thesis, we have divided it into seven chapters. Chapter 1 outlines the general
background and research objectives. Chapter 2 describes one of the limited attempts to develop a
comprehensive climate zone classification contributing to passive design. Through a case study of
Indonesia, this thesis essentially examines the creation of new climate zones according to actual
climatic conditions resulting in several regions with similar climate patterns based on a detailed
analysis of long-term hourly weather data pertaining to major cities across Indonesia. Chapter 3
describes the assessment of passive cooling methods in each climate zone. Passive cooling
techniques, namely, night ventilation, comfort ventilation, and evaporative cooling, were assessed
in different climate zones using the climatic cooling potential (CCP) formula. The potential climate
zoning map for several passive cooling techniques, is proposed to eventually establish building
regulations for passive design buildings to ensure Indonesia’s future energy efficiency. Chapter 4
describes the study of vertical solar irradiance in Tangerang and Jembrana-Bali, Indonesia. This
study uses historical solar radiation data from global horizontal irradiance and solar radiation from
the vertical component including north vertical surface irradiance, south vertical surface irradiance,
west vertical surface irradiance, and east vertical surface irradiance. Each component of horizontal
and vertical solar radiation is analyzed sub-diurnal and seasonally.

TMY studies require complete hourly time series data with long-term periods. If there is
missing data, proper data treatment, such as interpolation, is needed. Chapter 5 describes the
quality control of datasets for TMY calculation input. The reanalysis data has been corrected for
bias to cover missing data. The gap-filling technique for the temperature parameter and the other
parameters is based on ERA5 data. Quantile mapping can improve the distribution of ERA5S
temperature values to be close to the distribution of observed values. The same procedure was

employed to fill in the missing observational data on relative humidity and wind speed at 106 sites



in Indonesia. Indonesia has not yet created national standard TMY datasets. Chapter 6 describes
the development of TMY and its verification. TMY can reduce the complicated computational
effort in simulating and handling weather data using a one-year dataset. The calculation of TMY
in this study used the Sandia method with modifications in the weighted factor for each climate
element. The Sandia method, an empirical approach, involves selecting specific months of the year
that differ from the recorded period. the resulting TMY with 12 TMMs at 106 sites. The generated
TMY will be highly beneficial for various of applications, such as energy-efficient building
designs, assessment of renewable energy potentials, and climate-responsive architectural designs,

in the future. In Chapter 7, the results of this study are summarized.



Chapter 2. Development of climate zones in hot and humid
climate of Indonesia

2.1 Introduction

Passive design strategies are considered to be one of the energy efficiency measures for
buildings. While reducing the energy demand of buildings, it can reduce the dependence on fossil
energy and utilize renewable energy [55]. Passive cooling techniques, in particular, provide the
potential to maintain indoor temperatures within the comfortable range while reducing building
cooling loads [56]. Passive cooling techniques have been studied in various climate zones. For
example, a numerical study of a residential house in the city of Kerman showed that four passive
techniques, namely green roof, roof pond, wind catcher and underground house, positively affect
the reduction and compensation of energy loss through convection, conduction, and air penetration
in semi-arid regions of Iran [57]. Fernandes et al. [58] have investigated the passive strategy of
vernacular buildings, one of which is the use of high thermal inertia, namely rammed-earth walls
and vaulted ceilings, in hot and dry summer climate zones. Dharmasastha et al. [59] have studied
an energy-efficient thermally activated building system integrated with glass fiber reinforced
gypsum located in a tropical wet and dry climate zone. Diaz-Ldpez et al. [60] identified and
compared passive cooling strategies used for the Mediterranean climates, the most commonly used
passive cooling strategies in hot dry summer (Csa) and cool dry summer (Csb) climate zones are
natural ventilation, green roofs, low thermal transmittance windows, and solar shading. Widera
[61] has investigated the basis for a sustainable, bioclimatic, and affordable housing model for
western sub-Saharan Africa and determined the optimal ventilation rates. Osman and Sevinc [62]
have investigated the use of indirect and direct cooling techniques to cool the air, which has been
suitable for all seasons in the hot arid desert zone region of Khartoum Sudan.

The definition of adequate climatic zones is complex task due to the interaction of several
independent variables [54]. At the moment, there is no scientific method widely accepted for
developing the climatic zone although several methods have been developed over the last few
decades. According to Walsh et al. (2017)[54], around 80% of the previous relevant studies used
only up to three techniques or parameters to define their climate zoning. Among several methods,
the most commonly used method includes a principal component analysis to reduce data [36][37],
followed by a hierarchical cluster analysis [22][33]. Then, a spatial interpolation is often followed



[26][42]. The cluster analysis makes possible the use of large range of climatic and geographical
variables which may influence building thermal conditions as well as energy performance [54].
However, hierarchical cluster analysis has weaknesses, namely the chaining problem and its
difficulty of determining the optimal number of clusters. In [24], after careful consideration, the
Ward method was chosen to redefine the climate zones in Turkey with more homogeneous
seasonal characteristics. Similarly, several previous studies applied cluster analysis using the Ward
method based on the homogeneity of climate elements due to its stability [30] [32]. The
development of climate zones in research will contribute to identifying different climate conditions

on a macro scale in Indonesia.

2.2 Methodology
2.2.1 Climate data
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Figure 1. The locations of the 106 sites considered with elevation

This study considers hourly historical data of eight outdoor climate factors, including air
temperature (T), wind speed (WS), relative humidity (RH), atmospheric pressure (Pres), total
cloud cover (CC), and mixing ratio (MixR), acquired from the meteorological stations of the
Indonesian Agency for Meteorology, Climatology and Geophysics (BMKG) from January 2014
to December 2020. Global horizontal irradiance (GHI) and precipitation (Pr) data were extracted
from the ERAS reanalysis data [63] to the coordinates of all the station locations[64]. The ETOPO1

model (1 arc-minute global relief model) of the National Oceanic and Atmospheric Administration



(NOAA) National Geophysical Data Center was retrieved and utilized as earth surface elevation
data (Figure 1). The selection of these factors ensured that groups with similar climatic conditions
could be identified considering their spatial and temporal (diurnal and seasonal) variations in local
climatic conditions and elevation. Then, the collected climate data were subjected to a data quality
check by investigating the available period, the percentage of missing data, and the historical trend.
In this quality control process, stations with more than 30 % missing values were not included in
further analysis. After a data quality check, 106 stations were found to be suitable for further in-
depth analysis. The observation time, which was originally in universal time coordinated (UTC)
format, was converted into a local time (LT) format according to the three Indonesian time zones

namely, western Indonesian time, central Indonesian time, and eastern Indonesian time.

2.2.2  Analysis process
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Figure 2 illustrates the flow of data processing in this study. As shown, the acquired hourly
data on all climate factors were standardized and correlated to determine the relationships among
all the climate factors. The heatmap analysis containing diurnal and seasonal information (24 hours
x 12 months) was conducted based on the hourly and monthly average values to visualize temporal
variations of air temperature factor in temperature zones and windspeed factor in windspeed zones.
Then, a cluster analysis for the combination of air temperature and wind speed was carried out to
assess the potential for comfort ventilation. In this assessment, i.e., comfort ventilation, indoor
temperatures above 29°C are considered uncomfortable [65] and the total potential hours for
comfort ventilation were determined based on a combination of air temperatures below 29°C and
wind speeds exceeding 1.8 m/s. Moreover, a cluster analysis for the combination of relative
humidity and wind speed was carried out to assess the potential for evaporative cooling. The
evaluation of evaporative cooling potential was based on the Givoni’s bioclimatic charts that
consider relative humidity [66]. In this study, the evaporative cooling potential was determined
based on a combination of relative humidity below 70% and wind speed above 1.8 m/s. The
threshold for relative humidity is also in accordance with the research of Manzano-Agugliaro et
al. [67] where thermal comfort was achieved when the relative humidity was between 20% and
70%. As shown in Figure 2, a principal component analysis was carried out to reduce the data
dimensions that consists of various combinations of the above-mentioned eight climate factors.
The results of cluster analysis were spatially mapped through the spatial interpolation method
using modified inverse distance weights [42] by overlaying topographic data. While constructing
the integrated climate zones, we also calculated the cooling degree days per year and the cooling
load from the total number of observation data per hour. Then, we assessed the potentials of passive
cooling techniques in percentages, namely night ventilation, comfort ventilation, and evaporative

cooling, in each integrated climate zone.

2.2.3 Principal component analysis

Principal component analysis (PCA) can be used to identify dominant features and a small
set of factors, that account for a large proportion of the total variance in the original factors
[36,48,49]. PCA is practical for extracting important factors, measuring their frequencies,
reproducing circulation types, and determining periods of dominant climate factors [68]. The input
data applied in PCA was the hourly average time series of the eight climate factors obtained from



106 sites, which resulted in the information on the combination of diurnal and seasonal cycles.
Then, the eight climate factors were standardized to a mean value of 0 and a standard deviation of
1 to confirm that all factors attained the same weight in PCA. The principal components (PCs) can
be calculated using Equation 1.

PCi = W1X1 + W2X2 + -+ Wan (Eq 1)

where X,, and W, are the original factor and the weight component, respectively. The weight of
the PC can be defined as a measure of the correlation between the factors and the PC. The largest
or the first PC is oriented along the direction of the highest variation in the original factor and
passes through the data center. The second-largest PC occurs along the direction of the next highest
variation, passing through the data center and orthogonal to the first PC. The third-largest PC is
oriented along the direction of the next highest variation, passes through the data center and is
orthogonal to the first and second PCs. Classical PCA is based on covariance matrix decomposition
or correlation involving eigenvalue decomposition or singular value decomposition of real data

matrices. Eigenvalues or singular values indicate the variation among the observed factors [69].

2.2.4 Cluster analysis

Cluster analysis is an effective statistical method to classify a set of measured factors into
several different groups. This technique can be used to obtain homogeneous climate zones based
on the observed climate factors. In this study, Ward's algorithm was performed in terms of the
retained component of the previous PCA score [31]. This technique obtains clusters by selecting
areas with the lowest possible internal variance. Hierarchical agglomeration clustering relies on
the Ward method, which combines cluster pairs with the smallest intercluster Euclidean distance.
The Euclidean distance can be calculated using Equation 2. The number of initial clusters in this
method is obtained from a dendrogram, a graphical tree diagram in which each object is arranged
on one axis, and the other axis describes the steps in the hierarchical procedure. At the initial stage,
each object is described as a separate cluster. The dendrogram graphically shows how the clusters
are joined at each step of the procedure until all objects are contained in one cluster. The measure
employed in the Ward method is the sum square error [34] of each observation in regard to the
average of the cluster in which the observation is located. Cluster analysis classifies a set of objects

into groups or clusters based on a specific similarity measure [53].
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N M 2 (Eq 2)
dij = ﬁzk=1(xik — Xjk)

where d;; is the Euclidean distance between x; and x; over the M available data points. N is the
number of data points in the full data period [28]. The clustering Ward algorithm will classify the
106 sites into several climate zones based on the homogeneity of climate characteristics. The
zoning results of all the climate factors will be mapped spatially. The spatial mapping was
performed using the inverse distance-weighted method [42], which is modified and overlaid with
topography data for all the cluster analysis outputs to determine detailed climate characteristics

over Indonesia.

2.3 Result and discussion

2.3.1 Relationship between the climate factors

Based on the above correlation matrix (Figure 3) of the factors, the wind speed, global
horizontal irradiance, temperature, and mixing ratio exhibited a mutually positive relationship,
with a correlation value above 0.65. This indicates that the temperature, mixing ratio, and wind
speed increase with the rising intensity of global horizontal irradiance. The rising intensity of
global horizontal irradiance increases the air temperature during the day. When the air temperature
on land increases, this generates air circulation that is, followed by wind speed intensification. The
relative humidity attained the best relationship with wind speed, global horizontal irradiance, air
temperature, and mixing ratio. This relationship was indicated by a negative correlation of 0.8,
implying that relative humidity decreases as global horizontal irradiance increases. These findings
contradict to the research of Sadiq [70], where there was a positive correlation between relative
humidity and air temperature. The air pressure, total cloud cover, and precipitation had the lowest
correlation values with the other factors. The correlation between the air pressure and temperature
was positive at 0.41 because the tropics have low diurnal variations in the air pressure and the air
temperature. The correlation between cloud cover and precipitation reached 0.37. A high total
cloud cover usually relates to enhanced rain potential. However, the observation of total cloud
cover included the coverage of low, medium, and high clouds type. Rain is more likely to occur
from low clouds type, such as shallow convective and stratiform clouds. This explains the

relatively low correlation value between total cloud cover and precipitation. A high total cloud
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cover generally results in a decline in global horizontal irradiance intensity. This condition was
indicated by a negative correlation value, even though the correlation value was very small. The
other climate factors attained low correlations, namely, precipitation with atmospheric pressure,
cloud cover with air temperature, global horizontal irradiance with atmospheric pressure, and
relative humidity with atmospheric pressure, at values below 0.1. These correlations were reflected

by irregular distributions in the scatter plots.
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Figure 3. Scatter plot of the correlation matrix of the climate factors

2.3.2 PCA Analysis

PCA results show that grouping observation plots based on eight climate elements is
sufficient to use four main PCs, namely PC1 to PC4. The eigenvalues indicate that there are four
main components that are statistically significant because only the first four PCs have eigenvalues
with criteria greater than one [71] which account for about 91% of the total variance in the data.
Other main factors are not used in the classification because they have a fairly low ability to explain

the total variation or lower than the average contribution of each variable to the total variance [72].
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Four variables have a significant effect on the new variable. The four variables can be formulated
in terms of three main factors which have a close correlation with the variables analyzed and can
be considered to reflect phenomena related to climate characteristics in Indonesia. The results of
PC1 represent about 53% of the data diversity with the main characteristic variables, namely
mixing ratio (factor loadings value of 0.47), temperature (factor loadings value of 0.46), and
relative humidity with factor loadings value of -0.45 (See table 1. factor loading). However, the
relative humidity variable has a negative correlation, where increasing the temperature on the other
hand can decrease the relative humidity. As previously explained, several factors can affect
temperature, namely the intensity of solar radiation. duration. The higher the radiation intensity,
the higher the temperature. PC2 represents about 18% of the data diversity. The characterizing
variables are cloud cover with a factor loadings value of -0.65 and precipitation with a factor
loadings value of -0.62. This shows a unidirectional relationship, namely when low cloud cover
results in less rainfall. PC3 represents about 13% of the data diversity. The characteristic variable
is air pressure with a factor loading value of -0.80. PC4 represents about 7% of the data diversity.

The characterizing variable is precipitation with a factor loading value of 0.72.

Table 1. Rotated PC Loadings and Communalities (varimax rotation).

Climate PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8
Variables

Cloud Cover -0.08 -0.65 -0.29 -0.67 0.10 -0.06 0.15 0.00
Temperature 0.46 0.05 -0.25 -0.08 -0.15 -024 -036 071
Wind Speed 038 -0.02 024 -0.02 089 0.03 -0.09 -0.01
Relative -045 -0.04 -0.22 0.01 0.16 0.35 -0.77 -0.01
Humidity

Pressure 0.10 041 -0.80 0.01 0.21 0.19 028 -0.13
Solar Radiation 043 -0.10 0.15 -0.13 -025 084 004 0.03
Precipitation 0.12 -0.62 -0.26 0.72 0.03 0.03 0.06 0.00
Mixing Ratio 047 -002 -0.11 -0.08 -0.22 -0.26 -0.40 -0.69
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2.3.3 Analysis of the temperature and wind speed
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Figure 4. Temperature (T) zones in Indonesia

The clustering algorithm applied to only the temperature factor resulted in four temperature
zones, and it was observed that the temperature in the territory of Indonesia varied slightly in
regard to the seasonal and diurnal cycles in the T1, T2, T3, and T4 zones (Figure 4). This is
primarily because Indonesia is an archipelagic country geographically surrounded by oceans and
located in the tropics, where the diurnal temperature changes are negligible due to the thermal
moderation throughout the day by large water mass of the ocean [73]. Heatmaps show that
Indonesia experiences high-temperature conditions throughout the year with diurnal and seasonal
cycles. The temperature is normally ranges from 23.3 °C to 31.6 °C in flat areas with a low
topography (refer to Table 2), except for the T2 zone that is located in highlands regions. The T2
zone includes the Kerinci area of Jambi Province, Citeko of West Java Province, Tana Toraja of
South Sulawesi Province, and Wamena of Papua Province, which exhibit relatively low
temperatures [74].

The daily and seasonal temperature variabilities follow the apparent motion of the sun,
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affecting the intensity of global horizontal irradiance. The temperature reaches its maximum
seasonal temperature peak from March to April and from September to October under equinox
conditions (the sun is located above the equator) [75]. The regional factor, southeast monsoon
steaming air masses from Australia to Indonesia impacts the temperature variability in the T4 zone
which includes almost all regions of Indonesia including Sumatra, Kalimantan, Sulawesi, the
islands of Nusa Tenggara, and North Papua[75]. The temperature decreases in the early evening
hours from June to September (JJAS) in these regions. The T3 zone is located in southern Java
and southern Papua, with the seasonal temperature cycle decreasing during the day and night in
JJAS. This pattern is influenced by the southeast monsoon and the sea surface temperature that
decrease during JJAS near southern Java and the Arafura Sea [63,64]. Meanwhile, the temperature
remains relatively high throughout the year and does not reveal a clear seasonal cycle in the T1
zone, which covers the East Java to Bawean Island, the Riau Islands, the west coast of South
Sulawesi, east coast of East Kalimantan and the North Maluku Islands. This attributes to the low

topography and local scale effects of ocean conditions.

Table 2. Average diurnal and seasonal temperature ranges for each T zone

T Temperature

zone  minimum maximum median mean
1 23.3°C 31.6°C 27.7°C 28.1°C
2 17.6°C 27.0°C 20.8°C 21.6°C
3 24.2°C 30.9°C 26.8°C 27.2°C
4 23.5°C 31.5°C 26.6°C 27.2°C
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Figure 5. Wind speed (WS) zones in Indonesia

Based on the clustering algorithm applied to only the wind speed factor, in general, the wind
speed pattern in Indonesia was revealed to have a clear diurnal cycle in the four WS zones. As an
archipelagic country, microscale land-sea breezes and valley breezes affect the wind diurnal cycle
in almost all Indonesian areas. Figure 5 illustrates that wind speed generally increases during the
day and decreases at night. This pattern reflects the influence of strong local land-sea circulation.
Regarding the seasonal cycle of wind speed, the wind speed in Indonesia is dominated by regional
circulation forced by the apparent movement of the sun. During June to September (JJAS) season,
the sun moves toward the Northern Hemisphere forming centers of low atmospheric pressure areas
in the north and high atmospheric pressure areas in the south of Indonesia. This condition generates
a relatively strong southerly winds over Indonesia. During December to February (DJF) season,
the sun migrates toward the Southern Hemisphere, generating a relatively weaker northerly wind
[76].

The wind speed exhibited diurnal, seasonal, annual, and interannual cycles that relate to
global climate indices such as the southern oscillation index and Indian Ocean Dipole. These
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climate indices affect wind variability in different areas of the world [76]. Based on Figure 5, the
WS4 zone covers the area of Nusa Tenggara, East Java, South Sumatra, and South Papua. The
WS3 zone covers the part of Nusa Tenggara, the part of Java, Sulawesi, and North Papua. The
WS4 and WS3 zones experience relatively strong winds during the day in JJAS and DJF seasons.
The WS1 zone covering South Sumatra, Aceh, southern Kalimantan, Sulawesi, and North Papua,
oppositely experience relatively weak winds. The influence of wind originating from the north
and south weakens because the WS1 zone is mostly located near the equator [21]. The WS2 zone
covers the central part of Sumatra, Kalimantan, West Java, Central Sulawesi, and North Maluku,
and is the area with the lowest wind speed values due to its location being mostly located on islands
close to the equator. The land use dominated by dense forestlands may reduce the surface wind
speed in those areas. The average daily and seasonal wind speed ranges for each region are
provided in Table 3.

Table 3. Average diurnal and seasonal wind speed ranges for each WS zone

WS Wind speed

zone maximum minimum median mean
1 3.2mls 0.9 m/s 1.4 m/s 1.7m/s
2 2.4 mls 0.2mls 0.7 m/s 1.0 m/s
3 4.2 mls 0.7mls 1.6 m/s 2.0 m/s
4 4.8 m/s 1.1 m/s 2.3 m/s 2.5m/s

2.3.4 Integrated climate zones

Indonesia is an archipelagic country located along the equator that exhibits a varied
topography and different land uses. Various complex climatic phenomena at global, regional, and
local scales ranging from surface and upper air circulations to atmospheric interactions with the
ocean have shaped the distinct climate characteristics of each region. In this study, eight integrated
climate zones are defined according to the possible implementation of passive design strategies in
Indonesia. Figure 6 shows the eight integrated climate zones classified by considering the outputs
of PCA, cluster analysis, and spatial interpolation and by using a combination of eight climate
factors. Based on the formed zones, three geographical factors (longitude, latitude, and altitude)

affect the spatial and temporal characteristics of climate zones [53,54]. This study found that
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Indonesia’s territory can be divided into eight integrated climate zones, namely, equatorial, sub-
equatorial, highland tropical, very highland tropical, monsoonal, sub-monsoonal, savanna and sub-
savanna climate zones. This zonation is more detailed and optimal than Kdppen's climate
classification [49], which divides Indonesia into only three climate zones, namely the equatorial
climate (Af), the monsoon climate (Am), and the tropical savanna climate (Aw).

The integrated climate zone 1A (equatorial) is distributed on large islands, including Sumatra,
Kalimantan, Sulawesi, and Papua which are mostly located near the equator. Zone 1A is a warm
region with a high cloud cover and high rainfall conditions throughout the year. The diurnal and
seasonal air temperatures in zone 1A range from 22.6 to 33.1 °C, with wind speed values ranging
from 0.0 to 4.8 m/s. Integrated climate zone 1B (sub-equatorial) is distributed on small islands
located near the equator, covering the islands of North Maluku to South Maluku, the Bangka
Belitung Islands, and the Riau Islands. The difference between zone 1B and zone 1A is that zone
1B is affected by monsoon impacting the seasonal cycle of the air temperature and wind speed
with a small magnitude. The diurnal and seasonal air temperatures in zone 1B range from 22.6 to
32.9 °C, with wind speed values in the range of 0.1 - 6.7 m/s.

The integrated climate zone 2A (highland tropical) is located at an altitude above 700 meters
in the Kerinci region of Jambi Province, Citeko, West Java Province, and Tana Toraja, South
Sulawesi Province. Thus, this zone experiences a highland climate characterized by low air
temperatures, humid conditions, and high rainfall levels due to orographic effects. The diurnal and
seasonal air temperatures in zone 2A range from 17.8 to 29.0 °C, with wind speed values ranging
from 0.0 to 3.6 m/s. Zone 2B (very highland tropical) is found at Wamena on Papua Island at an
altitude of 1660 m, which makes this area the coldest, moistest, windiest, and wettest area with
high rainfall levels. The diurnal and seasonal air temperatures in zone 2B range from 15.1 to
25.7 °C, with wind speed values ranging from 0.8 to 6.8 m/s.

Zones 3A (monsoonal) and 3B (sub-monsoonal) occur in most of Java, South Kalimantan,
South Sulawesi, and North Sulawesi. These two zones exhibit a clear seasonal cycle of each
climate factor, the rainy season with high cloud cover and high relative humidity levels during the
DJF period and a dry season with low cloud cover and low relative humidity levels during JJAS.
The diurnal and seasonal temperatures in zone 3A range from 21.7 to 33.7 °C, with wind speeds
ranging from 0.1 to 6.3 m/s. Zone 3B differs from zone 3A and exhibits weaker wind and lower

seasonal air temperatures. The diurnal and seasonal air temperatures in zone 3B range from 22.2
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to 34.5 °C, with wind speed ranging from 0.0 to 4.1 m/s.

Zone 4A (savanna) occurs across the Nusa Tenggara archipelago, which is an area with a
long dry season, strong winds, and high global horizontal irradiance intensity during the JJAS
period. Zone 4A is predominantly influenced by the southeast monsoon. The air temperature in
this area decreases at night during JJAS. The diurnal and seasonal air temperatures in zone 4A
range from 21.2 to 34.3 °C, with wind speed values ranging from 0.0 to 7 m/s. Zone 4B (sub-
savanna) is found on the island of Madura. Zone 4B has a smaller range of air temperature
variability between the seasonal and daily cycles than that found in zone 4A. The diurnal and
seasonal temperatures in zone 4B range from 24.4 to 34.4 °C, with wind speed ranging from 0.0
to 5.8 m/s. Figure 7 shows the detailed variations for each climate factor in each integrated climate
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Figure 6. Integrated climate zones in Indonesia
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Chapter 3. Assessment of passive cooling techniques in each

climate zone
3.1 Introduction

Passive cooling techniques have been defined in various ways, e.g., in naturally ventilated
buildings, comfort can be increased or indoor temperatures can be lowered through daytime
ventilation when indoor temperatures in enclosed buildings are very high [77]. Comfort ventilation
can be determined by calculating the period during which outside air flowing into a given building
can be employed to dissipate excessive internal heat [78] [79]. Night ventilation is a passive
cooling technique that removes heat from a building at night through the intake of cold outdoor air
and reduces the rate of increase of the internal temperature during the day [80] [81]. Radiative
cooling involves nocturnal longwave radiation heat loss to the sky [82] [83]. Direct evaporative
cooling can be accomplished by lowering the temperature while increasing the humidity of
ventilation air through water evaporation [73]. Indirect evaporative cooling via primary cooling
results from evaporation, but the building is indirectly cooled without increasing the humidity in
rooms, and soil is cooled for utilization as a cooling source for the building [65]. The evaporative
cooling potential is based on a feasibility index, which is the wet-bulb temperature minus the
difference between the dry- and wet-bulb temperatures. This index decreases with an increasing
difference between the dry- and wet-bulb temperatures, i.e., with the decreasing relative humidity
of the air. This indicates that the lower the feasibility index (the lower the relative humidity) is,
the more efficient the evaporative cooling [84]. To study possible passive design strategies, the
local conditions in which the house will be located should be evaluated in detail. While potentials
of energy-saving in buildings are often determined based on the heating/cooling degree days alone
as mentioned before, a wide range of climatic parameters should be considered in evaluation of
the potentials of passive design strategies. Furthermore, to apply passive design strategies, it is
necessary to consider the climatic conditions at the building site, including the general climate,
meso-climate, and near-building climate, which can be determined based on the nearest elements
or microclimate factors.

Several researchers have attempted to assess the potentials of passive design strategies using
the so-called bioclimatic charts [66] [85] [86]. These studies determined the applicable ranges for

respective passive techniques based on psychrometric charts [38][39][87]. The proposed
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bioclimatic charts have been implemented in research as well as practices as useful design
guidelines, but these charts cannot express the potentials in a plane information such as zoning
maps. Moreover, the bioclimatic charts disregard some climatic variables that influence thermal
behavior of buildings, such as solar radiation and wind exposure [54]. On the other hand, Lam et
al. [38] developed a passive design zone, taking into account the different climates in China for
the potential implementation of passive design strategies such as solar heating, natural ventilation,
thermal mass with night ventilation, and evaporative cooling. Rakoto et al. [39] divided the island
of Madagascar into six climate zones, in which each climate zone is assessed using a psychometric
chart, to achieve indoor thermal comfort. Diaz-L6pez [88] has studied the dynamics of climate
changes and predicted changes of energy demand until 2085 in Spain. Bai and Wang [89] have
defined a new thermal climate zone to determine an energy efficiency response to climate change
in China. Bai et al. [90] have divided China into five main zones with 11 sub-zones with the criteria
of heating/cooling degree days. Nevertheless, there are few studies that develop a comprehensive
climate zoning system that is used for evaluating the potential of implementation of passive design
strategies. This chapter focuses on the evaluation of passive cooling methods in each climate zone.
The climatic cooling potential (CCP) formula was used to evaluate passive cooling approaches
such as night ventilation, comfort ventilation, and evaporative cooling in various climate zones.
The possible climatic zoning map for multiple passive cooling systems is proposed to eventually

establish building laws for passive design buildings to assure Indonesia’s future energy efficiency.

3.2 Methodology

3.2.1 Degree days and cooling load

Two climate-related energy consumption indicators for heating and cooling in buildings
were considered, namely, the heating degree days (HDD) and cooling degree days (CDD). Degree
days have been routinely used by building designers and engineers to estimate energy consumption
related to indoor cooling and heating. Policymakers and researchers also use that information to
forecast energy demands, consumption patterns and associated carbon emissions. CDD is an
important climate indicator to estimate the climate-dependent cooling demand of each building.
CCD is a simple method, and this measure provides a notable ability to represent the cooling or
heating energy consumption. Indonesia is a tropical country with the relatively hot temperature

throughout the year, therefore HDD information is not needed. Degree days are defined as the
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monthly or annual summation of the difference between the base temperature (t;) and the daily
mean outdoor air temperature (t,), whenever t, is larger than t,, (CDD). The value of t; in this
study was set at 24°C, 25°C, 26°C, and 27°C as the basis for the thermal comfort temperature of
the building. CDD can be calculated using Equation 3.

CDD = (1 day) Zdays(to —tp)" (Eq. 3)

where ‘“+’ denotes only positive values accumulated over n days during the chosen period (e.g.,
months, seasons, or years). t, and t, in the above equation denote the daily mean of outdoor air
and base (threshold) temperatures, respectively. Degree days are commonly represented as °C days,
depending on the underlying units of t, and t; considered in the formulation [91]. Cooling load
calculations are an important part of estimating energy consumption in warm climates, especially
in residential and commercial buildings. In addition, mechanical systems will still be required in
most cases to support cooling loads, even after considering passive cooling strategies in the design
of buildings and their facades [92]. In this study, the assumption of building temperature with
various levels is 24°C, 25°C, 26°C, and 27°C. The percentage of cooling load is calculated when
the air temperature in the outside environment reaches above the building temperature based on
the total number of temperature observations per hour. The limits of building temperature for the
calculation of the CDD and cooling load are assumed constant in this study, which in actual

conditions can fluctuate [91].

3.2.2 Passive cooling techniques

Passive cooling techniques, namely, night ventilation, comfort ventilation, and evaporative
cooling, were assessed in different climate zones using the climatic cooling potential (CCP)
formula [93]. In this study, the cooling potential was calculated over a period of N (number of
nights or days for 7 years) and then averaged into the daily potential in one year. CCP for night
ventilation is defined as a summation of the differences between air temperature inside the building
and outdoor air temperature, with a condition that the outdoor air temperature must be lower than
the indoor air temperature. The number of cooling hours was calculated based on the temperature
value by setting the base indoor air temperature (Tb) to 26°C, 27°C, and 28°C, reflecting the

temperature range recommended for assessing thermal comfort. The magnitude of cooling
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potential is calculated for 12 hours to assess the cooling potential of ventilation at night. The larger
the temperature difference below Tb, the higher the potential for night ventilation. The building
temperature is assumed to be constant with an infinite building mass [94]. CCP for night
ventilation can be calculated using Equation 4.

N by

ccP= D> myu(To—T) (Eq. 4)

n=1h=h;
h is the time of day {0..., 24 h}, where h; and h; represent the start and end times of night

ventilation. In numerical analysis, it is assumed that night ventilation begins at h; = 19.00 LT and

ends at hy = 06.00 LT. The potential for night ventilation considers that the greater the difference

between the minimum outdoor temperature and the indoor air temperature, the greater the cooling
capacity stored by the building structure. The CCP methods that have been developed, verified,
and applied are suitable for all building types irrespective of the building-specific parameters. This
is because the approach is solely based on the indoor air temperature factors within the temperature
band [93]. The CCP for comfort ventilation is defined as a summation of the differences between
indoor and outdoor wind speeds. The comfort ventilation potential is calculated based on the
number of cooling hours, taking into account the wind speed throughout the day by setting the
base indoor wind speed (WSb) to 1.8, 2, and 2.2 m/s for 24 hours. Generally, in the tropics, the
wind speed is relatively low, so extreme wind speeds above 10 m/s are not considered for the
application of this method. The greater the difference of outdoor wind speed over WSh, the higher
the potential and the longer the duration of comfort ventilation. The CCP for evaporative cooling
is defined as a summation of differences between indoor and outdoor relative humidity. The
potential for evaporative cooling is determined based on the number of hours of cooling, taking
into account the total relative humidity throughout the day by setting the base indoor relative
humidity (RHb) to 60, 65, and 70 % for 24 hours. Generally, in the tropics, relative humidity is
relatively high and rarely drops below 40%. The greater the difference of outdoor relative humidity
under RHb, the higher the potential and the longer the duration of evaporative cooling. The
determination of indoor environmental limits of Th, WSh, and RHDb for the calculations of potential
night ventilation, evaporative cooling, and comfort ventilation in this study is considered constant,
which in reality can fluctuate depending on the physical attributes of the building, including the

thermal capacity of the building mass and window openings, among others [93].
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3.3 Result and discussion

3.3.1 Effects of temperature and wind speed on the comfort ventilation potential
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Figure 8. Temperature and wind speed (TWS) zones in Indonesia

Based on the clustering algorithm applied to the combination of air temperature and wind
speed factors to divide the TWS zone and assess the cooling potential of comfort ventilation, an
increase in air temperature was followed by an intensification in wind speed (Figure 8). Comfort

ventilation assessment was carried out based on the combination of air temperature and wind speed.
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In the heatmap analysis of the temperature, during the daytime period of 07:00 to 18:00 LT in the
four TWS zones, air temperature in all parts of Indonesia remains relatively high (above 26 °C),
which falls outside the limits of thermal comfort [67], except at the TWS2 zone covering the
Kerinci region of Jambi Province, Citeko of West Java Province, Tana Toraja of South Sulawesi
Province, and Wamena of Papua Province, where the air temperature still falls in the range of
thermal comfort because their location are in high elevation. Comfort ventilation to achieve indoor
thermal comfort is very effective in the TWS2 zone because the daytime temperature is relatively
low, and the wind speed remains relatively high. Analysis of the heatmap of the daytime wind
speed values, i.e., in the TWS4 and TWS3 zones, showed the relatively high wind speed values
reaching more than 1.8 m/s in Nusa Tenggara, Java, Bangka Belitung Islands, Batam to Natuna,
South Sulawesi, Maluku Islands, and southern Papua. These areas have the potential for the
application of comfort ventilation to lower the air temperature and to create thermal comfort
indoors based on the daytime wind speed. At night, from 19:00 to 06:00 LT, the wind speed in the
four TWS zones was relatively weak, but the TWS4 zone exhibited a higher wind speed than that
in the other three TWS zones, which reflects the potential for nighttime comfort ventilation at wind
speed values ranging from 1 to 2 m/s along with a decrease in temperature. The TWS1 zone is
predominantly located near the equator, encompassing Sumatra, Kalimantan, Sulawesi, Maluku,
and Papua, with relatively high daytime temperature and weak wind conditions. Consequently, the
TWS1 zone has less potential for comfort ventilation methods based on wind speed.

Figure 9 shows the number of hours when the given climate conditions meet the required
values for comfort ventilation during daytime and nighttime throughout the year. The adaptive
comfort assessment used in comfort ventilation adopted the adaptive comfort standards for
naturally ventilated buildings, which depend on outdoor temperatures [95]. This study set the
outdoor air temperature limit to be under 29°C and wind speeds surpassing 1.8 m/s, although the
resultant performance of wind-driven ventilation depends mainly on the wind pressure distribution
on the buildings and the type and size of openings, among other factors [71,72]. The total hours
can be used to determine the operating schedule of windows and the ventilation for optimization.
Thus, the total hour on comfort ventilation potentials directly affects the level of potential energy
use [79]. Figure 9 shows that the TWS1 zone is an area with the potential for comfort ventilation
involving the smallest number of hours, i.e., approximately 1 hour during the day and less than 1

hour at night. The TWS2 zone shows a high potential for comfort ventilation, reaching 4 to 6 hours
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during the day and decreasing to 1 to 2 hours at night. The TWS3 zone represents the potential of
comfort ventilation involving 1 to 2 hours during the day and 2 to 3 hours at night. The TWS4
zone provides the potential of comfort ventilation with a seasonal cycle that varies from 1 hour in
May and November and peaks in August at 3.5 hours during the day. In contrast, at night, the
comfort ventilation potential reaches 2 hours in May and November and reaches 6 hours in August.
The detailed probability values of the comfort ventilation potential in each TWS zone are provided
in Table 4. Based on the probability of comfort ventilation, the TWS1 zone is the area with the
lowest total number of hours and percentage, while the TWS2 zone is the area with the highest
total number of hours and percentage following the order of TWS1 zone < TWS3 zone < TWS4
zone < TWS2 zone during the daytime, nighttime, and daily.
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Figure 9. Number of hours regarding the comfort ventilation potential: (a) daytime; (b) nighttime

Table 4. Probabilities of the comfort ventilation based on the combination of the temperature and wind speed

TWS Comfort ventilation potential

zone Daytime Nighttime Daily
1 77 % 5.8% 6.8 %
2 38.6 % 12.3 % 25.5%
3 12.0% 17.6 % 14.8 %
4 15.9 % 31.1% 23.5%
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3.3.2 Effects of the relative humidity and wind speed on the evaporative cooling potential
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Figure 10. Relative humidity and wind speed (RHWS) zones in Indonesia

Based on the cluster algorithm applied to the combinations of relative humidity and wind
speed factors, the diurnal variation in the four RHWS zones revealed an opposite relationship
between the relative humidity and wind speed factors, where a decrease in relative humidity was
followed by an increase in wind speed (Figure 10). In the relative humidity heatmap analysis of
the previous section, during the day in the four RHWS zones, the relative humidity decreased to
different extents. The lowest decrease in relative humidity occurred in the RHWS4 zone covering
Nusa Tenggara, East Java, South Sumatra, South Sulawesi, the Maluku Islands, and East Papua.
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RHWS3 zone covering Nusa Tenggara, Java, and Sulawesi also attained a relatively low relative
humidity during the day from 08:00 to 19:00 LT, dropping below 70%, which indicates
comfortable conditions based on relative humidity [67]. The RHWS4 and RHWS3 zones become
potential areas for the application of evaporative cooling due to the relatively low relative humidity
and the strong winds that may enhance the potential of evaporative cooling during the day in both
zones. The RHWS1 zone covering Sumatra, Kalimantan, Sulawesi, North Maluku, Papua, and
West Java has relatively high relative humidity conditions that were almost always above 70 %.
The RHWS1 zone exhibits less potential for the application of passive methods involving
evaporative cooling during the day. At night, the relative humidity increases in all RHWS zones
reaching above 70%, but slight decreases were observed in the RHWS4 and RHWS3 zones in June,

August, and September due to the relatively strong winds at night reaching up to 2 m/s.
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Figure 11. Number of hours regarding the evaporative cooling potential: (a) daytime; (b) nighttime

Figure 11 shows the number of hours in term of evaporative cooling potential during the day
and night. In this study, a relative humidity below 70% and wind speeds exceeding 1.8 m/s were
considered sufficient to provide evaporative cooling effects on human thermal comfort in tropical
regions. The RHWS1 zone has the smallest number of hours for evaporative cooling potential
which only ranges from approximately 2 to 3 hours during the day. The RHWS2 zone demonstrates
the evaporative cooling potential ranging from 2 to 4 hours during the day. The profiles of
evaporative cooling potential are almost the same between the RHWS3 and RHWS4 zones,
ranging from 2 to 7 hours during the day and varying in season. On a seasonal basis, an increase

in the evaporative cooling potential occurs from July to November, peaking in September and
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October in all RHWS zones. The evaporative cooling potential is very low at night. The RHWS3
zone reaches an evaporative cooling potential of approximately 1 hour in August and September,
while in other months the evaporative cooling potential remains below 1 hour. Apart from the
RHWS3 zone, the potential of evaporative cooling is always less than 1 hour at night. The detailed
probability values of the evaporative cooling potential for each RHWS zone are provided in Table
5. Based on the analysis, the day and night evaporative cooling potential decreases in the order of
RHWS1 zone < RHWS2 zone < RHWS3 zone < RHWS4 zone.

Table 5. Probabilities of the evaporative cooling based on the combination of relative humidity and wind speed

RHWS Evaporative cooling potential
zone Daytime Nighttime Daily
1 17.3% 0.1% 8.7%
2 22.7% 0.6 % 11.7 %
3 3B37% 25% 18.1 %
4 36.4 % 1.5% 19.0 %

3.3.3 Passive cooling potential of each climate zone

After the classification of climate zones based on the spatial and temporal homogeneity of
climate values, it is important to study diurnal climate variations of air temperature, relative
humidity, and wind speed to determine the upper/lower limits for passive cooling methods. The
ranges of diurnal climate factors in Indonesia vary in each climate zone, some shows clear seasonal
cycles. The very highland tropical climate zone exhibited a large variation in diurnal ranges: air
temperatures ranging from 9 °C to 12 °C, relative humidity ranging from 40 to 50 %, and wind
speed ranging from 5 to 11 m/s. The sub-equatorial climate zone exhibited a narrow diurnal
temperature range which ranged from approximately 6 °C to 7 °C, and the relative humidity ranged
from approximately 25 to 30 %. The highland tropical climate zone attained the smallest diurnal
range of wind speed, with an average value of approximately 3 m/s. The ranges of diurnal
temperature and relative humidity increased in August, September, and October in the sub-
monsoonal, monsoonal, savanna and sub-savanna climate zones. The diurnal range of wind speed
increased from January to February and from September to November in all climate zones with
varying wind speeds range. The patterns of the diurnal temperature, relative humidity, and wind

speed in each climate zone are shown in Figure 12.
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Figure 12. Diurnal range of the climate values: (a) temperature; (b) relative humidity; (c) wind speed

After identifying the diurnal range of the air temperature, relative humidity and wind speed,
the next step involved analyzing of the cooling load and CDD/year. Based on the calculation results
of CDD with the different air temperature base values, the highest value of CDD of 24 °C was
attained over the CDD 25 °C to CDD 27 °C levels within the same climate zone. The highland
tropical climate zone and very highland tropical climate zone attained a CDD value of O/year on a
temperature base value, ranging from 24 °C to 27 °C. An increase in the value of CDD was
followed by a rise in the cooling load, and vice versa. The largest value of CDD of 24 °C was
attained in the sub-savanna climate zone, namely, 1739.5/year, which was followed by a cooling
load of 98.8% when the air temperature was above 24 °C. In contrast, the smallest value of CDD
of 27 °C was observed in the very highland tropical climate zone at O/year, which was followed
by a cooling load of 1.6% when the air temperature exceeded 27 °C. The values of CDD and the
percentages of cooling load for each climate zone with the different climate base values are

summarized in detail in Table 6.
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Table 6. Values of CDD and percentages of the cooling load

1A 1B 2A 2B 3A 3B 4A 4B
Integrated ) Very
. ] Sub- Highland . Sub- Sub-
climate zone  Equatorial . . highland Monsoonal Savanna
equatorial tropical ) monsoonal savanna
tropical
CDbD
1210.1 1210.6 0 0 1203.9 1408.0 1291.9 1739.5
24°Clyear
CDD
884.8 845.4 0 0 838.6 1042.7 972.1 1374.1
25°Clyear
CDD
479.5 480.1 0 0 473.5 677.4 572.2 1009.1
26°Clyear
CDD
1314 135.6 0 0 140.2 319.3 267.9 648.4
27°Clyear
Cooling load
90.6 % 93.6 % 27.7% 141 % 87.5% 95.0 % 88.7 % 98.8 %
>T 24°C
Cooling load
74.8 % 81.1% 20.9% 8.6 % 73.8% 85.6 % 774 % 94.6 %
>T 25°C
Cooling load
58.7 % 64.1 % 14.6 % 44% 59.6 % 70.7 % 63.5% 84.1%
>T 26°C
Cooling load
T 97°C 46.6 % 48.4 % 9.4% 1.6 % 47.8 % 56.2 % 51.2% 68.7 %
> o

Applicable passive design strategies can be chosen to achieve indoor thermal comfort based
on the characteristics of climate zones in Indonesia (Figure 13). The potential of night ventilation
was determined based on the temperature difference between the outdoor air and the building
structure at night to achieve cooling of the building mass (Figure 13.1). In the calculation of the
night ventilation potential, three values of Th (26°C, 27°C and 28°C) based on the comfort
temperature range were set assuming a constant indoor temperature with infinite building mass.
The pattern of night ventilation potential remained relatively the same for all three bases according
to the seasonal cycle in each zone, but differences were observed in the difference between Tb and
the outdoor air temperature. Calculations using a Tb of 28°C resulted in a large amount of cooling
storage capacity compared to Tb values of 27°C and 26°C for the night ventilation potential. This
finding is attributed to the increase in the difference between the minimum outdoor air temperature
and the indoor air temperature, which eventually increases in the cooling storage capacity of the

building structure. The cooling capacity stored by the building at night will be used for effective
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indoor cooling during the day.
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Figure 13. Daily CCP based on the differences between the outdoor climatic conditions and the assumed indoor climatic

conditions: (1.a-c) night ventilation; (2.a-c) comfort ventilation; (3.a-c) evaporative cooling

Considering the calculation results of comfort ventilation potential and evaporative cooling
potential using the three threshold values of WSb and RHDb, a seasonal cycle pattern was produced
for each passive technique as well as in each climate zone (Figure 13.2 and Figure 13.3). Regarding
comfort ventilation, the potential calculation using a WShb value of 1.8 m/s resulted in an increase
in the total wind speed difference, which was greater than that obtained with WSb values of 2 and
2.2 m/s. The number of differences in the outdoor wind speed above the WSh determines the
duration of potential comfort ventilation in one day. The higher outdoor wind speed over WSb,

the greater the difference and the longer the duration of comfort ventilation. Additionally, the
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calculation of the evaporative cooling potential used an RHb value of 70%. This resulted in the
rise of the total relative humidity difference greater than the RHb values of 65 and 60%. The
difference number between the outdoor relative humidity and RHb affects the duration of
evaporative cooling. The lower relative humidity below RHb, the higher the potential of
evaporative cooling and the longer the duration of evaporative cooling.

The night ventilation potential graph (Figure 13.1) shows that the very highland tropical and
highland tropical climate zones exhibited a high potential for night ventilation because these areas
are located at high elevation with relatively low temperatures. Moreover, the sub-savanna climate
zone is located on Madura Island which has the lowest potential for night ventilation. Months with
an increased potential for night ventilation in all climate zones in Indonesia included July, August,
September, and October. The comfort ventilation potential graph (Figure 13.2) shows that the sub-
savanna and savanna climate zones located on the islands of East Nusa Tenggara and West Nusa
Tenggara attained a high potential because these areas are influenced by strong monsoon
circulation. The very highland tropical climate zone also achieved a high comfort ventilation
potential. Moreover, the equatorial, highland tropical, and monsoonal climate zones, located near
the equator, are areas with the lowest comfort ventilation potential. Months with an increased
potential for comfort ventilation in all climate regions in Indonesia included July, August,
September, and October which are influenced by the southeast monsoon, and December, January,
and February which are influenced by northeast monsoons [16]. The evaporative cooling potential
graph (Figure 13.3) shows that the sub-savanna, savanna, monsoonal and sub-monsoonal climate
zones exhibited the potential for high evaporative cooling in July, August, September, and October
with a decrease in relative humidity in these areas. In addition, the equatorial and sub-equatorial
climate zones located near the equator were the areas with a low potential for evaporative cooling
due to the high relative humidity levels in these areas throughout the year. The probabilities of the
assessed passive cooling potential based on the different climatic base values regarding the night
ventilation potential (Night VP), comfort ventilation potential (Comfort VVP) and evaporative
cooling potential (ECP) in each integrated climatic zone are provided in Table 7. The analysis
carried out in this study should be seen as a preliminary approach to assessing the passive cooling
potential based on climate zoning. To obtain more detailed results, it is necessary to conduct
detailed simulations of certain types of buildings in each climate zone using a building energy

simulation that considers various other factors.
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Table 7. Potentials of the three passive cooling methods with the different base climatic values

1A 1B 2A 2B 3A 3B 4A 4B
Integrated . Very
. ) Sub- Highland ) Sub- Sub-
climate zone  Equatorial . . highland Monsoonal Savanna
equatorial tropical ] monsoonal savanna
tropical
Night VP Th <
- 252 % 19.0 % 79.1% 914 % 26.2% 14.8 % 22.6 % 5.4%
Night VP Th <
2700 41.3% 35.9% 85.4 % 95.6 % 40.4 % 29.3% 36.5% 159 %
Night VP Th <
28°C 53.4 % 51.6 % 90.6 % 98.4 % 52.2% 43.7 % 48.8 % 31.3%
ECP RHb
142 % 12.3% 16.0 % 246 % 19.9 % 21.0% 24.7 % 26.9 %
<70 %
ECP RHb
74 % 59 % 10.0 % 18.0 % 11.7% 12.0% 15.8 % 176 %
<65 %
ECP RHb
3.2% 2.6% 53% 10.8 % 6.4 % 6.2 % 8.7% 10.8 %
<60 %
Comfort VP
32.7% 56.0 % 23.1% 445 % 32.4% 53.2% 55.8 % 54.2 %
WSb > 1.8 m/s
Comfort VP
226 % 455 % 16.0 % 352 % 21.9% 43.0% 46.5 % 43.4 %
WSb > 2 m/s
Comfort VP
224 % 45.2 % 15.7 % 34.8% 215% 42.9% 46.2% 433 %
WShb > 2.2 m/s
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Chapter 4. Study of vertical solar irradiance in Tangerang and

Jembrana-Bali of Indonesia

4.1 Introduction

Humans living in buildings need comfortable thermal conditions for their activities. While
excessive heat in a room has made conditions uncomfortable, active cooling systems have been
used to achieve thermal comfort for the last several decades. Currently, the use of active building
cooling which is sourced from fossil energy has become a problem because it contributes to global
warming. The main source of heat for buildings is solar radiation [97]. Solar heat gain has
contributed almost half of the total cooling load in buildings [98]. When a building gets more solar
radiation it will cause more cooling needs in the room [99].

The building sector has contributed one-third of global energy consumption of which 38%
comes from Heating Ventilation and Air Conditioning Systems (HVAC)[100]. Building energy
conservation is required to combat climate change in accordance with the Paris Agreement 2030.
Local climate conditions and solar radiation exposure affect the thermal comfort of the people
living in the building [101][102]. In regions with four seasons, buildings need energy for cooling
and heating. Meanwhile, in tropical areas around the equator, buildings require cooling energy
throughout the year. It is important to consider local climate factors based on climate zones to
design buildings with passive cooling techniques for energy efficiency in the future. Indonesia
already has eight climate zones for passive cooling, namely equatorial, sub-equatorial, highland
tropical, very highland tropical, monsoonal, sub-monsoonal, savanna, and sub-savanna (see Figure
6 in Chapter 2).

One of the most important climate variables for the design and simulation of energy-efficient
buildings is solar radiation [103][104][105]. Studying the impact of solar radiation on the building
envelope is one of the earliest judgments when starting to design a building. This relates to the
indoor layout design and its relationship to the outdoors through windows and openings to
determine heat gain. A widely adopted measure in many countries to improve energy-efficient
building design is the Overall Thermal Transfer Value (OTTV) of solar radiation [106]. The OTTV

36



value is a measure of the average heat gain into the building through the building envelope which
can be used to determine building insulation.

Solar radiation has several components, including global horizontal irradiance and global
vertical irradiance with four orientations namely north, east, south, and west. Global Horizontal
Irradiance is defined as the total amount of solar radiation received on a horizontal surface,
including direct and diffuse radiation. Meanwhile, global vertical radiation refers to the total solar
radiation received from all parts of the sky on a surface perpendicular to the ground. It measures
the intensity of solar radiation that reaches the Earth's surface on a vertical surface. In addition to
the solar radiation component, a clearness index analysis is needed to categorize sky conditions
that affect the amount of radiation reaching the surface.

Several studies have been found that examine the use of solar radiation data and its effect on
building design applications related to energy efficiency. For example, Sepulveda et al. [107]
developed an easy-to-use solar radiation-based prediction method for facade design of office
buildings with design parameters including room size, window-to-floor ratio, and thermal/optical
properties of glass located in urban canyons to balance sunlight. He et al. [108] developed a model
to predict the Roof Thermal Transfer Value (RTTV) of a green roof under a tropical climate based
on solar radiation. Hwang and Chen [109] analyzed the impact of solar radiation on the relative
importance of passive solar design on office building facades for cooling loads and thermal
comfort in hot-humid climates. Song et al. [110] analyzed the long-term effect of solar radiation
on indoor thermal comfort in office buildings in different climate zones whose results showed that
the effect of solar radiation on thermal comfort was more severe in cold climate zones.

Geographically, Indonesia is a country in the tropics near the equator. Many climatic factors
ranging from global scale, regional scale to local scale [21] affect the condition of climate elements
in Indonesia in a diurnal cycle including land-sea breeze[20], seasonal cycles including monsoons
[111] and annual cycles including el nino [15]. According to the climate classification in Indonesia,
the city of Tangerang is included in the monsoonal climate zone which has relatively hot
temperatures throughout the year during the day and has wind directions that vary seasonally with
wind speeds in the weak category. With hot conditions throughout the year this causes this area to
have a high need for building cooling throughout the year. It is important to analyze solar radiation
in more detail for the design of buildings with sustainable energy efficiency in different climate
zones [112].
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The study of solar radiation is important for making design guidelines in building energy-
efficient buildings in the future. Information from solar radiation on the building envelope is
important in designing solar devices for building applications [113]. Solar radiation is divided into
several components, each component can be used to assess heat gain [114]. For example: Direct
and diffuse radiation data are very important to determine the amount of solar heat gain entering
the building [115]. Horizontal solar data can be used to study horizontal fenestrations such as
skylights. Besides solar radiation, four environmental parameters determine outdoor thermal
comfort, namely air temperature, relative humidity, wind speed, and solar radiation. It should be
noted that, different from the indoor environment, solar radiation significantly affects outdoor
thermal comfort, which needs to be comprehensively understood and analyzed [116].

Designing buildings using passive cooling techniques is one of the adaptation solutions to
reduce the effects of global warming [117]. Building interior design including Windows plays an
important role in establishing energy consumption and thermal comfort. Several recent studies
have used passive cooling techniques to cool down the temperature in the room. Passive cooling
techniques include comfort ventilation [118] and night ventilation [80]. Comfort ventilation is
taking into account the flow of outdoor air that is entered into the room through the window. While
the night ventilation technique is to utilize the minimum temperature storage at night in the
building structure which is used to withstand the rate of heating during the day. For example, in
ref [110] evaluated the effect of solar radiation on occupants in an office building under different
orientations and climate zones.

We conducted analysis in two locations, namely in Tangerang and in Jembrana-Bali of
Indonesia. First, this research is a preliminary study that aims to determine the pattern of solar
radiation intensity in the daytime and seasonal cycles in two horizontal components and four
vertical components in Tangerang. Global irradiance on horizontal surfaces and vertical surfaces
is very important to determine the thermal and energy performance of buildings. Local-scale
climate assessment is also carried out to see the variability and range of climate on a diurnal and
seasonal basis so that the boundaries for determining the boundaries of the thermal comfort zone
can be identified. The last is assessing the potential of two passive cooling technique methods,
namely daytime comfort ventilation and night ventilation. Second, the study presents a preliminary
study of solar radiation on the global horizontal and vertical components of irradiance in north,

east, south, and west orientations under different sky conditions, through a case study in Jembrana-
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Bali, Indonesia. This study focuses on evaluating solar radiation data based on annual and seasonal
cycles under different sky conditions. In the final section, a sun-path analysis is performed based
on the relationship between the zenith angle, azimuth angle, and each component of solar radiation
intensity concerning time. By comprehensively analyzing solar radiation parameters, architects
and engineers can determine the best building orientation, shading strategy, and window design to
maximize natural light, minimize solar heat gain, and optimize energy supply planning. In the end,

all of this information can be used to design sustainable buildings and energy planning in the future.

4.2 Methodology

First, this study uses historical solar radiation data from horizontal components including
global horizontal irradiance and infrared irradiance. Meanwhile solar radiation from the vertical
component includes north vertical surface irradiance, south vertical surface irradiance, west
vertical surface irradiance and east vertical surface irradiance. All components of solar radiation
are measured using six pyranometer sensors manufactured by Kipp and Zonen CMP21. Meanwhile,
climate elements include data on water temperature, surface wind speed, relative humidity, dew
point from the Automatic Weather Station which have been observed in Tangerang for 1 year
starting from January 2021 to December 2021 (Figure 14). The temporal resolution of irradiation
observations is every 10 seconds, while Automatic Weather Station is 1 minute away. The
difference in the observation resolution interval is equated to hourly resolution with the average
variable at the same hour. Analysis of filtered solar radiation from 05.00 to 19.00 local time.
Analysis at nighttime was not carried out because the irradiance value at night-time was O.

Meanwhile, the analysis of climate elements used the full 24 hours (night-time and daytime).
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Figure 14. (Red triangle) Research locations in Tangerang of Indonesia

The flow of data processing from this research is first to compare the radiation intensity of the four
vertical components, namely north, south, east, and west. The second analyzes the intensity of
solar radiation by averaging the month and the same hour so that daytime and seasonal information
is obtained for each component. The third is to analyze climate elements including temperature,
relative humidity, dew point, and wind speed by averaging the month and the same hour so that
diurnal and seasonal information is obtained for each climate element. Furthermore, an analysis of
the direction frequency and wind speed in four different sub-seasons is December to February
(DJF), March to May (MAM), June to August (JJA), and September to November (SON). The last
is to calculate the potential of passive cooling techniques for daytime comfort ventilation and night
ventilation. The calculation of the daytime comfort ventilation method is carried out to see the
hourly probability starting from 06.00 — 18.00 by assuming the minimum wind speed limit is 2
m/s, so when the wind speed rises above 2 m/s it is considered the potential for the daytime comfort
ventilation method. Calculation of the night ventilation method is carried out to see the minimum
hourly temperature starting from 19.00 - 06.00 by assuming the minimum temperature limit is
26°C, so when the minimum temperature drops below 26°C it is considered the potential for night
ventilation. The daytime comfort ventilation and night ventilation methods are carried out every
month from January 2021 to December 2021.
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Second, solar radiation observation data for this study were obtained from five pyranometer
sensors installed at the Bali Climatology Station (8.34°S, 114.61°E) located in Jembrana Regency,
Bali province, Indonesia. Based on climate classification updates, Jembrana-Bali is located within
the monsoonal climate zone. The hourly solar radiation data set is filtered for one year from July
2022 to June 2023. The components of solar radiation measured are the elements of horizontal
global irradiance, vertical global irradiance with east, west, north, and south orientations.
Documentation of research equipment and locations can be seen in Figure 15. The analysis process
of this research is divided into three stages. The first stage, namely the global components of
horizontal and vertical solar irradiance is analyzed based on annual and sub-diurnal patterns. In
the annual pattern analysis, each component of solar radiation is filtered based on the same month,
so that the maximum and minimum intensity values are obtained for a certain month. In the sub-
diurnal pattern analysis, each component of solar radiation is filtered based on the same hour, so
that the maximum and minimum intensity values are obtained at certain hours. In the second stage,
the components of solar radiation are separated based on hourly clearness index intervals based on
Table 8. Specifically, hourly clearness indexes are also analyzed based on annual and sub-diurnal
patterns. In the third stage, the intensity of solar radiation is analyzed based on the sun-path from
the relationship between the solar zenith angle, azimuth angle and changes in the intensity of each

solar radiation component over time.

Figure 15. Research location in Jembrana-Bali, Indonesia

The clearness index is used to distinguish sky conditions. The clearness index is defined as the
ratio of global solar radiation measured at ground level to extra-terrestrial radiation in the upper

atmosphere. The clearness index (K;) ranges from 0 to 1, with a value close to 1 indicating a clear
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sky and a value close to 0 indicating a cloudy sky (overcast). Sky criteria based on the clearness

index can be seen in Table 8.

Table 8. Clearness index intervals [119].

clearness index sky cover condition

(K;) intervals

0<K,<0.35 Cloudy sky
0.35<K,; <0.55 Partially cloudy sky
0.55 <K, <0.65 Partially clear sky

0.65<K;<1 Clear sky

The hourly values of the clearness index (K;) for the study can be calculated based on Eqg. (1).

I Eqg. 5
=L (Eq.5)

Where I is the measured hourly global horizontal irradiance (W/m?) and I, is the hourly
extraterrestrial solar radiation at the top of the atmosphere (W/m?). Extraterrestrial radiation is the
theoretical amount of solar energy that would be available on a horizontal plane on the earth's
surface if the earth were not surrounded by an atmosphere. The hourly extraterrestrial radiation

(I,) on a horizontal plane can be calculated based on Eqg. (2).

|- 432001 140033 360 N Sl ) MWy — Wy | ng (Eq. 6)
o= L 033 cos — ——cos ¢ cos § sinw, — sinw, — o—sin g sin

Where I,,.=1367 W/m2 is the solar constant. w, is the hour angle at time t = t; and w, is the

hour angle at t = to. N is the day number. ¢ is the latitude of the site and § is the declination angle.

4.3 Results and discussion

4.3.1 Analysis of vertical solar irradiance in Tangerang

Most of the solar radiation is emitted at visible and infrared wavelengths. Incoming solar
radiation is a key factor affecting architectural design because solar radiation causes an increase
in temperature inside buildings due to heat transfer [99]. Global horizontal irradiance is the total
amount of short wave radiation that reaches the earth by way of the horizontal surface to the surface

42



of the object [120]. Figure 16 shows that global horizontal irradiance measurements have a high
intensity throughout the year in Tangerang. On a diurnal basis, the intensity of the sun reaches its
maximum at around 11.00 LT to around 14.00 LT. seasonally, the global horizontal irradiance
increases in March-April and September-October, which are the equinoxes. The intensity of solar
radiation varies as a function of geographic location, calendar days, and hours of day. Therefore,
measurements without a scale are needed to compare results, regardless of location, date, and time
[121].
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Figure 16. Heatmap for global horizontal irradiance and infrared irradiance in Tangerang

In addition to global horizontal irradiance, the study of infrared irradiance intensity is an
important approach to increase the efficiency of solar energy utilization, which has practical
scientific value and application significance [122]. Global infrared radiation can be obtained from
several existing measurement stations or by building radiation modeling methods [123]. Based on
heatmap analysis month by month from 05.00 LT to 19.00 LT, the average hourly infrared
irradiance intensity ranges from 396 w/m? to 500 w/m?, the infrared irradiance intensity reaches
its maximum value around 12.00 LT. seasonally the lowest infrared intensity occurs in July while

the maximum occurs in May and September during 2021 in Tangerang.
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Solar radiation especially on vertical surfaces from north, south, east, and west is very
important for the design of energy efficient buildings and natural lighting schemes. for active solar
energy applications such as building-integrated photovoltaics and passive energy-efficient
building designs a vertical global component is also required. Due to several things that have been
mentioned solar irradiation measurements need to be carried out for the global vertical component
[124]. Figure 17 shows the boxplot of the four-way vertical surface pyranometer comparison from
05.00 LT to 19.00 LT in Tangerang. Based on the four vertical directions, it was found that the
vertical radiation from the east direction showed the highest intensity, namely an average of 133.4
w/m? and a maximum value of 736.1 w/m?2. the vertical intensity from the west is influenced by
local climate conditions, namely the condition of few clouds with clear skies in the morning. for
the radiation value from the west direction the average is 104.2 w/m? with a maximum value of
725.3 w/m? this is smaller than when compared to the vertical from the east due to more cloud
cover occurring during the day to night [125]. Vertical irradiance from the south direction is the
lowest with a maximum value of 393.6 w/m? and an average of 79.0 w/m? compared to the north
direction, the lowest vertical surface irradiance intensity from the south is due to the geographical
location of Tangerang which is south of the equator [121]. for solar radiation from the north

direction the maximum value is 493.4 w/m? with a mean value of 105.5 w/mZ.
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Figure 18. Heatmap comparison of four directions of vertical surface irradiance

Figure 18 shows a comparison of the daytime and seasonal patterns of vertical surface
irradiance from the four directions, namely north, south, east, and west. The vertical irradiance
pattern from the north and south shows that the annual movement of the sun from the
equator/equinox to 23.5 north latitude and 23.5 south latitude has affected the intensity in both
vertical directions [126]. The pyranometer sensor towards the north recorded an increase in
radiation intensity from March to September. The pyranometer sensor towards the south recorded
an increase in radiation intensity from October to March. The vertical irradiance pattern from the
east and west shows that the diurnal movement of the sun has affected the intensity in both vertical
directions. In general, the eastward pyranometer sensor records an increase in radiation intensity
from sunrise around 06.00 LT to around 12.00 LT. while the pyranometer sensor to the west
recorded an increase in radiation intensity at around 12.00 LT until sunset at around 18.00 LT.
seasonally, there is a decrease in intensity on the east and west sensors from November to February
due to the rainy season and the large number of clouds in this region [127]. cloud conditions can
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affect global horizontal irradiance depending on the reach and position of the clouds relative to the
sun [128].

Air Temperature Relative Humidity

Hour
Hour

Y Y I Y A N N 65
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 45 6 7 8 9 10 11 12
Month Month
Dew Point Wind Speed
M/s
21 21 A 40
18 A 3.5
15 1 3.0
| - A
312 % 3 25
T — T, 2.0
— —— 25 15
6 ——— 6 .
[ 1.0
——
3 I 3
—— 0.5
|
0 0 - 0.0

1 2 3 45 6 7 8 9 10 11 12 1 2 3 45 6 7 8 9 10 11 12
Month Month

Figure 19. Heatmap of diurnal and seasonal local climate scale averages

Figure 19 shows that the Tanggerang area is a hot area during the day throughout the year
with an average maximum of 33.5°C and slightly decreases at night with a minimum average
diurnal temperature of 23.7°C. The pattern of the sun's annual movement has affected the pattern
of seasonal temperature, this can be seen from the increase in temperature around March and
September when at that time the position of the sun is above the equator. Relative humidity
conditions decrease during the day and increase at night throughout the year. The seasons of July,
August, September, and October are the seasons with the lowest RH conditions. The average
minimum RH is 62.6% and the average maximum RH is 99.6%. The dew point can be defined as
the temperature below which water droplets start to condense and form dew. Or it is the

temperature to which air must be cooled in order to be saturated with water and water vapor [129].
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When cooled further, the water vapor condenses on the water. Figure 19 shows that the Dew point
condition recorded an increase during the day to reach a maximum of 27.3°C and decreased at
night to reach a minimum of 23.3°C. in a diurnal pattern, the wind speed increases during the day,
ranging from 1 m/s to a maximum average wind speed of 3.5 m/s. the wind speed tends to decrease
(calm) at night throughout the year. Seasonally, the highest wind speeds occur in the seasons of

December, January, and February [21].
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Figure 20. Frequency of wind direction and speed; (SON) Sep-Nov, (DJF) Dec-Feb, (MAM) Mar-May, (JJA) Jul-Aug.

Figure 20 shows the frequency of wind direction and speed analysed on a sub-seasonal basis.
Basically, the wind direction and wind speed can change diurnally and seasonally depending on
the strength of the influence of climatic phenomena. Based on the climate zone, the city of
Tangerang is in the monsoon season zone, which means that in this area there are seasonal changes
in wind direction. Based on the wind rose frequency chart, it can be seen that the dominant wind
from the Dec-Feb season comes from the west (WSW to N) which indicates that the air mass
originates from the Asian continent [15]. While the July-August season the dominant wind comes

from the east (N-SSE), which means the wind comes from Australia [16]. The Sep-Nov period is
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the transition season I, showing the dominant wind comes from WSW which is the wind direction
transition period I. The Mar-May period is the Il transition season, showing wind directions that
vary from SSW to ESE which is the wind direction transition period Il. Based on information from
wind speed and direction analysis to maximize air flow into the building, the window design should

be made to face east, north, and west.

JANUARY FEBRUARY MARCH

3
£12
10
8
6
0 25 50 75 0 25 50 75 0 25 50 75
Probability Per Month (%) Probability Per Month (%) Probability Per Month (%)
APRIL MAY
18 E 13
16 16
T
N "
3 12 g 12
£ g 2
10 EENZEN 10
g
8 - 8
5 ¥ g &
0 25 50 75 0 25 50 75 0 25 50 75
Probability Per Month (%) Probability Per Month (%) Probability Per Month (%)
JULY AUGUST SEPTEMBER
16 16
I
14 I 14
5 - 5
T I
R e
g ol 8
5 & s 5
0 25 50 75 0 25 50 75 0 25 50 75
Probability Per Month (%) Probability Per Month (%) Probability Per Month (%)
OCTOBER NOVEMBER DECEMBER
18
16
4
3
£12

50 75 0 25 50 75

=

25 50 75 25
Probability Per Month (%) Probability Per Month (%) Probability Per Month (%)

Figure 21. Daytime comfort ventilation potential

Daytime comfort ventilation is affected by wind speed conditions during the day [130]. This
study assumes that the wind speed is 2 m/s as a limitation for airflow to enter and be ventilated
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through the window, so that when the wind speed reaches above 2 m/s there is a potential that can
flow through the window as comfort ventilation. Figure 21 shows an hourly graph of the
probability of daytime comfort ventilation starting at 06.00 LT to 18.00 LT. The monthly chart
shows that all months during the day there is potential and suitable for comfort ventilation
techniques. If viewed every hour during daytime, there is a potential for a slow rise from 08.00 LT
and the potential with the highest probability occurs between 12.00 LT to 16.00 LT. After 16.00

LT the potential for daytime comfort ventilation decreases slowly.
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Figure 22. Night ventilation potential
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Night cool storage potential is affected by the minimum temperature at night [93]. Figure 22
above shows a graph of the hourly cool storage potential starting at 19.00 until 06.00 LT with
temperature (T) set at 26°C. This study assumes that a temperature of 26°C as a limit for building
structures can store cold capacity, so when the temperature drops below 26°C is the potential for
cold that can be stored in building structures [80]. Based on the monthly analysis, it can be seen
that throughout the year (every month from January to December) there is potential for cool storage
with relatively slightly different values every hour. The monthly graph shows an increase in
potential starting at 19.00 local time and reaching its peak at 06.00 local time.

4.3.2 Analysis of vertical solar irradiance in Jembrana-Bali

In general, annual (January to December) and sub-diurnal (06.00 LT to 18.00 LT) variations
of global and vertical solar irradiance elements can be influenced by geographic location, climate,
and typical weather at a location. Solar radiation on monthly global horizontal and vertical
components on the surface at Jembrana-Bali for one year is presented in detail in Figure 23. It can
be seen that within a year the global horizontal and vertical irradiance components have fluctuated
in intensity and formed an annual pattern. The maximum monthly global horizontal irradiance
average occurred in January of 432.4 W/m?, while the minimum monthly global horizontal
irradiance average occurred in July of 327.9 W/m2. The average monthly minimum south vertical
irradiance occurred in June at 43.1 W/m2, while the maximum monthly average occurred in
January at 160 W/m2. The maximum average monthly north vertical irradiance has occurred in
June of 266.9 W/m?2, while the minimum monthly average has occurred in December of 75.8 W/m2.
The maximum average monthly east vertical irradiance occurred in March at 202.6 W/m2, while
the minimum monthly average occurred in October at 141.9 W/m2. The maximum average
monthly west vertical irradiance has occurred in June of 152.4 W/m2, while the minimum monthly
average has occurred in November of 109.3 W/mz2,
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Figure 23. The annual pattern of solar radiation components

The solar radiation component for global horizontal and vertical irradiance in the semi-
diurnal pattern at Jembrana Bali for one year is presented in detail in Figure 24. It can be seen that
within a year the global horizontal and vertical irradiance components have fluctuated and formed
a clear semi-diurnal pattern. The maximum hourly average global horizontal irradiance occurred
at approximately 12.00 LT with a value of 723.4 W/m?, while the minimum hourly average
occurred at approximately 18.00 LT with a value of 5.2 W/mz2. The maximum hourly south vertical
irradiance average occurred at approximately 12.00 LT with a value of 129.5 W/m?, while the
minimum hourly average occurred at approximately 18.00 LT with a value of 4.1 W/m2. The

maximum average hourly north vertical irradiance has occurred at approximately 10.00 LT with a
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value of 260.3 W/mz2, while the minimum hourly average has occurred at approximately 18.00 LT
with a value of 1.2 W/m2. The maximum average hourly east vertical irradiance has occurred at
approximately 08.00 LT with a value of 429.2 W/m?, while the minimum hourly average has
occurred at approximately 18.00 LT with a value of 1.3 W/m2. The average maximum hourly west
vertical irradiance has occurred at approximately 14.00 LT with a value of 304.3 W/m2, while the

average hourly minimum has occurred at approximately 18.00 LT with a value of 6.6 W/m2,
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Figure 24. The sub-diurnal pattern of solar radiation components

A comparison of the sub-diurnal pattern and annual global horizontal and vertical solar
irradiance patterns from four directions, namely north, south, east, and west in detail is shown in

Figure 25. The pyranometer sensor orientation to the north recorded an increase in radiation
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intensity from March to September and reached maximum intensity in June at approximately 10.00

LT to 12.00 LT. while the south orientation pyranometer sensor recorded an increase in radiation

intensity from October to March and reached its maximum intensity in January at approximately

11.00 LT to 14.00 LT. The annual pattern of vertical irradiance intensity with north and south

orientation has shown that the annual movement of the sun from the equator (March) to a

maximum declination angle of 23.5 north latitudes (June), returns to the equator (September) and

leads to a maximum declination angle of 23.5 south latitudes (December) has affected the intensity

in both vertical directions in Jembrana-Bali. This finding is also in line with previous research

conducted in Tangerang of Indonesia [10], which is geographically located south of the equator.
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Figure 25. The patterns of daytime and annual components of solar radiation

The increase in global vertical east irradiance starts at sunrise at approximately 06.00 LT to

at approximately 12.00 LT, while the increase in global vertical west irradiance starts at 12.00 LT

53



until sunset at approximately 18.00 LT. On an annual basis, the decrease in intensity of the global
vertical west irradiance from November and December is made possible by the growth of clouds
and rain that occurs in the afternoon (between 12.00 LT and 18.00 LT), while the decrease in
intensity in the global vertical east irradiance from January and February is made possible by the
growth of clouds and rain that occurs in the morning (between 06.00 LT to 12.00 LT).
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Figure 26. The patterns of daytime and annual clearness index

Sub-diurnal comparisons and the annual pattern of the clearness index in Jembrana-Bali are
shown in detail in Figure 26. Analysis of the clearness index of the sky can be used to estimate the
amount of direct sunlight that can penetrate windows or building openings. The greater the value
of the hourly clearness index indicates clear sky conditions, while the smaller the value of the
hourly clearness index indicates the condition of the sky which is covered by many clouds or
pollution particles in the atmosphere thereby blocking solar radiation from reaching the surface.
In statistical calculations, the hourly average clearness index ranges from 0.12 to 0.68 with an
average of 0.47. The highest average clearness index occurs in May with a value of 0.55, while
the lowest average clearness index occurs in February with an average value of 0.41. The average
clearness index of each other month, namely January is 0.48, March is 0.51, April is 0.47, June is
0.54, July is 0.47, August is 0.47, September is 0.47, October is 0.41, November is 0.43 and
December is 0.45.
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Figure 27. Hourly percentage of different sky conditions in each month

The detailed analysis of the hourly clearness index sub-diurnal which is filtered every hour
in different months under different sky conditions at Jembrana-Bali can be seen in detail in Figure
27. Based on daily variations, the percentage of the sky clearness index varies throughout the day.
For example, during January at 07.00 LT it was found that 33% had cloudy skies, 47% had partially
cloudy skies, 17% had partially clear skies, and 3% had clear skies. Meanwhile at 12.00 LT in
January it was found that 13% had cloudy sky, 6% had partially cloudy sky, 23% had partially
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clear sky, and 58% had clear sky. The percentage of different sky conditions based on the index
clearness filter every hour in all months in detail (see Figure 27) can be considered in the building

design, because this can affect the availability of solar heat gain from solar radiation every hour in
different months.
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Figure 28. The pattern of solar radiation component fluctuations under different sky conditions
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Figure 28. shows a graph of the sub-diurnal time series pattern of the global vertical
irradiance component from four different orientations. The time series starts at 07.00 LT to 17.00
LT which is averaged at the same hour under different sky conditions. In all sky conditions it has
been found that the global average vertical irradiance from the east is between 21.0 W/m?2 to 429.2
W/mz2. West orientation range 53.6 W/m2 to 304.3 W/mz2. North orientation range 31.1 W/m? to
260.3 W/mz2. South orientation range 42.1 W/m? to 129 W/m2. Meanwhile, global horizontal
irradiance is in the range of 78.5 W/m?2 to 723.5 W/m2.

In cloudy sky conditions it has been found that the global average vertical irradiance from
the east ranges from 18.2 W/m2 to 126.6 W/m2. West orientation range 29.2 W/m2 to 128.1 W/mz2,
North orientation range 24.7 W/m2 to 126.4 W/mz2. South orientation range 27.3 W/m2 to 123.7
W/mz2, Meanwhile, global horizontal irradiance is in the range of 58.8 W/m? to 352.4 W/m?2. In
partially cloudy sky conditions, it has been found that the global average vertical irradiance from
the east is between 30.8 W/m2 to 291.5 W/m2. West orientation range 36.0 W/m2 to 360.6 W/mz2.
North orientation range 58.02 W/m2 to 217.9 W/m2. South orientation range 51.2 W/m2 to 142
W/mz2, Meanwhile, global horizontal irradiance is in the range of 142.5 W/m? to 585.9 W/m2.

In partially clear sky conditions, it has been found that the global average vertical irradiance
from the east is between 34.0 W/m2 to 532.2 W/m2, West orientation range 35.31 W/m2 to 571.9
W/mz2. North orientation range 35.9 W/m2 to 284.0 W/mz2. South orientation range 46.74 W/m2 to
196.5 W/m2. Meanwhile, global horizontal irradiance is in the range of 180.4 W/m?2 to 782.5 W/m?2.
In clear sky conditions it has been found that the global average vertical irradiance from the east
is between 52.4 W/m2 to 602.7 W/mz2. West orientation range 47.48 W/mz2 to 675.1 W/m2. North
orientation range 63.8 W/m2 to 343.3 W/m2, South orientation range 75.5 W/m2 to 200.8 W/mz2.
While the global horizontal irradiance is in the range of 260.6 W/m? to 933.7 W/m2.

Figure 29 shows the boxplot of each value of the global vertical component range of
irradiance at four orientations (combined all hours from 07.00 LT to 17.00 LT) which are filtered
under different sky conditions. In cloudy sky conditions it was found that vertical radiation from
the west showed the highest intensity with an average value of 84.5 W/m2, while the east direction
showed the lowest intensity with an average value of 62.6 W/m2. In cloudy sky conditions, the
average vertical irradiance for the north and south directions is 63.8 W/m2 and 65.0 W/m?,

respectively.
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Figure 29. Comparison of the range of each solar radiation component in different sky conditions

In partially cloudy sky conditions, it was found that vertical radiation from the west showed
the highest intensity with an average value of 199.9 W/m?, while the south direction showed the
lowest intensity with an average value of 113.4 W/m2. In partially cloudy sky conditions, the
average vertical irradiance for the north and east directions is 161.2 W/m2 and 167.3 W/m?
respectively. In partially clear sky conditions, it was found that vertical radiation from the east
showed the highest intensity with an average value of 270.0 W/mz2, while the south direction
showed the lowest intensity with an average value of 114.2 W/mz2. In partially clear sky conditions

the average vertical irradiance for the west and north directions is 210.6 W/m?2 and 228.3 W/mz2,
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respectively. In clear sky conditions it was found that vertical radiation from the east showed the
highest intensity with an average value of 309.0 W/m2 while the west direction showed the lowest
intensity with an average value of 170.2 W/m2. In clear sky conditions, the average vertical
irradiance for the north and south directions is 279.0 W/m? and 108.9 W/m?, respectively. In all
sky conditions it was found that the vertical radiation from the east showed the highest intensity
with an average value of 190.6 W/m2 while the south direction showed the lowest intensity with
an average value of 98.1 W/m2. In all sky conditions the average vertical irradiance for the west
and north directions are 160.1 W/m2 and 174.4 W/m? respectively.
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Figure 30. the solar radiation intensity of each component is based on the zenith angle and azimuth angle.
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The movement of the sun's position from sunrise to sunset every time produces zenith angles
and azimuth angles. The sun path can be used as a basis for determining the orientation of the
building, the direction, and the opening model. Figure 30 shows the annual sun-path which is the
periodic shift of the sun from south to north and back to south every year in Jembrana-Bali based
on the relationship of zenith angle, azimuth angle and global horizontal irradiance, global vertical
intensity in the four orientation directions north, east, south, and west. For example, on July 1,
2022, at 07.00 LT, the zenith angle is 85.2 degrees with an azimuth angle of 65.7 degrees while
the global horizontal irradiance is 68.1 W/m?, global vertical north irradiance is 62.9 W/m?, global
vertical east irradiance is 83.1 W/m2, global vertical west irradiance is 26.2 W/m2, global vertical
south irradiance is 29.6 W/mz2,

The value of the intensity of solar radiation on the sun-path changes based on changes in
time. Another example is, on July 1, 2022, at 12.00 LT, the zenith angle is 32.0 degrees with an
azimuth angle of 11.0 degrees while the global horizontal irradiance is 444.1 W/m2, global vertical
north irradiance is 211.0 W/m2, global vertical east irradiance is 124.1 W/mz, global vertical west
irradiance is 167.3 W/m2, global vertical south irradiance is 124.4 W/m2. On June 21, the position
of the sun reaches its maximum azimuth to the north while the December 22 solstice reaches its
maximum azimuth to the south. Overall based on the analysis of the sun path in Jembrana-Bali it
was found that the intensity of the sun is more inclined to come from the north, east and west
which can be considered as special treatment on the sides of the building to the north, east and

west in the design. This can be used to create shade to minimize excessive solar heat gain.
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Chapter 5. The quality control of datasets for TMY calculation
input

5.1 Introduction

The building sector has been one of the largest energy consumption sectors in recent decades
[131]. In particular, energy for building operations, including heating, ventilation, and air
conditioning systems, has contributed to the increase in energy consumption and most likely to
climate change [132]. Historical climate observational data have been used for building energy
simulations and are widely used to evaluate the thermal performance of buildings. Meteorological
data applied to energy simulations should fully represent the local climate to better assess the long-
term average performance of buildings. Since the accuracy of building energy predictions is
closely related to the reliability of meteorological data as its input, proper selection of
meteorological data is a prerequisite for generating valid simulation results.

TMY studies require complete hourly time series data with a minimum 10-year period [133].
The availability of continuous long-term time series data has a significant influence on calculating
a TMY. If there are missing data, proper data treatment, such as interpolation, is needed [134].
Many climate observation networks in various parts of the world contain missing data due to
various factors, such as damaged observation equipment and data transmission network
disruptions. The abovementioned reanalysis data have been corrected for bias to cover missing
data [135][136]. For example, solar radiation is one of the major climate variables in the TMY
datasets that strongly influences building performance simulations. However, most of the weather
stations worldwide, particularly in developing countries, do not have solar radiation sensors due
to the highly required investment and the ongoing maintenance costs [137]. Therefore, when
observational data are missing, satellite data and reanalysis are usually used to cover solar radiation
data. The most widely used global reanalysis datasets include CFS from NOAA [138], MERRA-
2 from NASA [139], and ERA5 from ECMWEF [63]. Meanwhile, ASHRAE RP-1745 (Roth 2019)
studied the use of reanalysis datasets to calculate design climatic conditions and to be the input to
building simulation software [140]. The above study found that when reanalysis data were used to
calculate design climatic conditions, the obtained results demonstrated a strong correlation with
the values derived from the real-time observations. On the other hand, several gap-filling methods
for climate data have been developed; for example, Salmani-Dehaghi and Samani [135] developed
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bias-correction PERSIANN-CDR models for the simulation and completion of precipitation time
series. Meanwhile, Lompar et al. [136] dealt with gaps in the hourly air temperature data using a
debiased ERAS dataset.

5.2 Methodology

5.2.1 Climate data

This study used hourly historical data for eight climate elements, including global horizontal
irradiance, direct normal irradiance, diffuse horizontal irradiance, air temperature, precipitation,
wind speed, relative humidity, and dew point temperature. Climate observation data of temperature,
relative humidity, and wind speed were acquired from the 106 meteorological stations (sites) of
the Indonesian Agency for Meteorology Climatology and Geophysics (BMKG) for the period of
January 2011 to December 2020. Time series of global horizontal irradiance, direct normal
irradiance, and precipitation data for the corresponding 10-year period were extracted from ERAS
reanalysis data [63] after adjusting to the coordinates of 106 sites in each climate zone due to the
unavailability of the observation data. The new climate zones for determining appropriate passive
cooling techniques in Indonesia and classified the entire Indonesian territory into eight climate
zones from chapter 2 this thesis, which were subsequently used in this study. The values of diffuse
horizontal irradiance and dew point temperature were obtained through calculations that involved
other climate elements. They were calculated using equations (7) [141] and (8) [142], respectively:

DHI = GHI — DNI x cos (0z) (Eq. 7)

Td = (%)3 x (112 + (09 X T)) = 112 + (0.1 X T) (Eq. 8)
where DHI is the diffuse horizontal irradiance (W/m?), GHI is the global horizontal irradiance
(W/m?), DNI is the direct normal irradiance (W/m?), 0z is the solar zenith angle (°), Td is the dew
point temperature (°C), RH is the relative humidity (%) and T is temperature (°C). Since the TMY
calculation requires a complete time series without a single missing value, the hourly time series
of temperature, relative humidity, and wind speed data were also extracted from ERADS reanalysis
data with bias correction processes to fill the gaps in the observational data, as described in the
following section.

5.2.2 Filling the observational gaps

Missing observational data is a common problem in long-term datasets in many climatic
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observation networks. Meanwhile, the TMY calculation requires a complete weather dataset with
an hourly time series. Therefore, it is necessary to fill in the gaps and replace the missing
observational data as the quality control of datasets. The gap-filling technique for the temperature
parameter [136] and the other parameters [143] is based on ERAGS reanalysis data. To evaluate the
distribution performance of the ERAS reanalysis data at each site, the correlation and bias between
the ERADS reanalysis data and the observational data were calculated. Equations (9) and (10) were

used to calculate the correlation coefficient (r) [144] and bias [145], respectively.

YiL1(0;—0)(M;—M)

r=
(E1(04-0)2 [SI (M- Fy2 (Eq. 9)

n
) 1
bias = HZ(Mi - 0y) (Eq. 10)
1:
where O is the actual value (observational data), and M is the estimated value (ERA5 reanalysis
data). The gap-filling technique was developed based on debiasing using the bias correction

method with quantile mapping from ERAS reanalysis data, which are calculated using equation
(11) [146]:

Rinp(®) = Fopy { Fnh [Xm p(D)] ) (Eq. 11)

The quantile mapping equates the CDFs Fo, and Fm, Of the observed data o n, denoted by subscript
0, and ERAS reanalysis data xmn, denoted by subscript m, in a length period of observation,
denoted by subscript h. For bias-correction x, ,(t), ERAS reanalysis data at time t in some
prediction period, are denoted by the subscript p. The quantile mapping is equivalent to a lookup
table whose entries are found by interpolating between points in a quantile plot of the length period
of observational data. The transfer function was constructed exclusively using information from

observation length periods [146].
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5.3 Result and discussion

5.3.1 Distribution of missing observation data

The distribution of hourly missing data for temperature, relative humidity, and wind speed
at 106 sites across Indonesia in from January 2011 to December 2020 is shown in Figure 31. For
a complete time series of 10-year data starting in January 2011 at 00:00 local time until December
2020 at 23:00 local time, the total observational data comprise 87672 data. All sites have missing
data with a percentage that varies between 29.96 and 50.19 %. For example, a station in Kota
Pontianak with station ID 96585 has 44.5 % missing temperature data with a total hourly missing
value of 39042 data. Out of the 106 sites, the distribution of missing temperature data ranges from
29.96 % to 47.65 %, with the highest percentage being 31 % at 32 sites. The distribution of missing
RH data ranges from 29.97 % to 47.65 %, with the highest percentage of 31 % at 34 sites. Finally,
the distribution of missing wind speed data ranges from 29.96 % to 50.19 %, with the highest
percentage of 31 % at 34 sites.
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Figure 31. The distribution of missing hourly observational data

5.3.2 Correlation and bias of ERAS reanalysis data

The correlation and bias results of the ERAS hourly time series, derived from the number of
pairs of hourly time series data obtained during 2011-2020 are shown in Figure 32. Correlation
and bias values were calculated for temperature, relative humidity, and wind speed data between
ERADS reanalysis data and the observational data, which were spatially visualized by plotting them
according to the respective site coordinates. Among the three climate elements observed at 106
sites throughout Indonesia, the observed temperature and temperature data from ERA5 have the
greatest correlation compared to those for relative humidity and wind speed. The highest

temperature correlation with an r-value of 0.7 or above is mainly observed on large islands, such
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as Sumatra, Kalimantan, Jawa, Sulawesi, and Papua. Moreover, sites that are located close to
coastlines, such as those in the Maluku Islands, have a relatively lower distribution of the
temperature correlation. While spatially, the distribution of ERAS temperature bias ranges from
—4.5 °C to 2.7 °C. The bias for relative humidity was —6 % to 10 % and the bias for wind speed

was —4 m/s to 2 m/s.
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Figure 32. Spatial distribution of ERAS5’s correlation and bias

5.3.3 Filling observation gaps

The ERAS reanalysis dataset for temperature, relative humidity, and wind speed was
extracted at all site coordinates and then corrected by a bias-correction method using quantile
mapping. In the interest of being concise, we plotted the temperature time series at one station,
Pontianak Meteorological Station in Kota Pontianak with station 1D 96585 (Figure 33(a-f)), to

clearly illustrate the process of filling the missing temperature data using bias-corrected ERAS
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reanalysis data. The blue line in Figure 33a shows the time series of observational data for 10 years,
including missing observational data. Based on the comparison, Figure 33b shows that the ERA5
temperature data are always lower than the observed temperature. Figure 33c shows the
distribution of the CDF of ERAS temperature before bias correction and the bias-corrected ERA5
temperature (ERA5 temperature debias). Quantile mapping can improve the distribution of ERA5
temperature values to be close to the distribution of the observed temperature values. Figure 33d
shows the mean, first quartile, median, and third quartile of ERA5 temperature, which have been
corrected for bias to be close to the observed mean, first quartile, median, and third quartile
temperature values. The comparison of ERA5 temperature values before and after bias correction
is shown in Figure 33e. The range of diurnal ERA5-debias temperature has increased, according
to the results of ERAS5 temperature bias adjustment. In Figure 33f, the green line shows the results
of filled-in observational data using ERAS5 temperature debias. The same procedure was employed

to fill in the missing observational data of temperature, relative humidity, and wind speed at 106
sites in Indonesia.
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Figure 34. The distribution of ERA5 correlation, ERA5 bias, and ERA5-debias

The distributions of ERA5 correlation, ERA5 bias, and ERA5-debias across all sites is

shown in Figure 34. It was found that the developed bias-correction model increased the accuracy

of the ERAS reanalysis data. The performance of the ERAS reanalysis data was assessed based on

the availability of hourly time series observational data for 2011-2020. The correlation between

the observed temperature and ERAS temperature ranges from 0.28 to 0.92, with the highest number

of sites having a correlation of 0.83. The correlation between the observed RH and ERA5 RH

ranges from 0.13 to 0.86, with the highest number of sites having a correlation of 0.70. The

correlation between the observed wind speed and ERAS wind speed ranges from 0.06 to 0.76, with

the highest number of sites having a correlation of 0.40. After applying the bias-correction method,

the bias distributions of ERAS temperature, relative humidity, and wind speed at all sites were

reduced. Initially, the temperature distribution ranged from -4.5°C to 2.7°C, with the largest

distribution being -0.4°C, then it was reduced to a narrower range of -0.014°C to 0.005°C.

Similarly, the initial distribution of relative humidity bias for ERA5 at all sites was -6% to 10%,
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with the largest distribution of -0.2%, then it was minimized to -0.32% to 0.07%. The distribution
of the wind speed bias for ERAS at all sites, initially ranging from -4 m/s to 2 m/s with the largest
distribution being -1 m/s, was also reduced to -0.02 m/s to 0.35 m/s. After filling in the missing
observational data with ERAS5-debias data, the hourly time series data were completed and can be
used for the calculation of TMY at 106 sites in Indonesia.
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Chapter 6. Development of TMY's and their verification

6.1 Introduction

Improvement of building energy efficiency is increasingly needed due to climate change
concerns [147]. Evaluation and optimization of a building's energy efficiency and overall
performance can be achieved using building performance simulation software (e.g., EnergyPlus,
DOE2, TRNSYS) and computer programs [148][149]. Usually, information regarding
construction, occupancy patterns, heating, ventilation, and air conditioning (HVAC), and
boundary conditions such as climate information is included in building performance simulations
[150]. One of the key factors that influences the accuracy of building performance simulation is
the reliability of outdoor meteorological data as input [151][152][153]. Thus, the selection of
appropriate meteorological data is a prerequisite for producing valid simulation results
[154][155][156].

Generally, there are three types of hourly weather data used in building energy simulations
[157], namely, multiyear weather datasets [158], typical meteorological year (TMY) [159], and
representative days [160]. A comparison of multiyear weather datasets and TMY's has been studied
in Poland [161] and China [162], which suggests that adopting multiyear weather datasets is
sometimes uneconomical for general building energy design. Meanwhile, the representative days
are often too limited and insufficiently detailed for design issues. Yang et al. [162] carried out
detailed hourly energy simulations for office buildings in five major climate zones in China using
multiyear weather datasets and TMY. The results suggested that the predicted monthly load and
energy consumption profiles from TMY tend to follow long-term averages closely. TMY can
reduce the complicated computational effort in simulating and handling weather data using a one-
year dataset [163]. Additionally, a consistent weather data format can be ensured in the case of
TMY so that results from different studies can be compared [164]. Therefore, TMY is the most
commonly used to date for detailing building energy analysis [151][152][153].

The TMY consisted of 12 typical meteorological months (TMMs) from different years
(January through December) and it was first introduced by Hall et al. from Sandia National
Laboratories in 1978 [159]. Their work shows that TMY is very useful in various applications
because it represents the climate condition in an area. The data were generated using an objective

statistical algorithm to select the most typical month from long-term records and to represent a
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typical or “median” year with respect to weather-induced energy loads on buildings. The National
Renewable Energy Laboratory developed a second version (TMY2) in 1995 [165]. Habte et al.
[166] developed the TMY for the US and other locations in 2014, containing solar radiation and
other climate elements in grid data format. Furthermore, solar radiation data were derived from
satellite observations, and environmental data were derived from MERRAZ2 reanalysis datasets
[139] and from the large climate forecasting model NSRDB [167]. TMY third version (TMY3)
[168] was also developed with a slight modification to the month-specific selection process. the
ASHRAE International Weather for Energy Calculations (IWEC?2) datasets [169] contain annual
weather data for 3012 international locations developed via ASHRAE RP-1477, which uses the
same weather data source [170], while the test reference year (TRY) was developed by ISO 15927-
4 (European Committee for Standardization)[171]. Most of the other studies cited above used a
modified version of Hall et al.’s work to generate TMY. The modification of Hall et al. 1978 is an
empirical approach that selects individual months from different recorded years [172].

While several building energy simulation programs are equipped with weather datasets or
offer access to open-source weather databases, the accuracy of the latter remains questionable.
However, many countries have created and modified their own TMY. Based on several methods
that have been proposed by several previous researchers, the difference lies in the choice of climate
parameters used, the weighting of the climate parameters, the length of the data period, the type of
data (observation, satellite, and reanalysis) and the purpose of making TMY. Determining
weighting criteria to generate TMY, which is also referred to as the TRY, using the FS statistics
method has been done in various cities and countries. The examples include those in Vietnam
[173], Libya [174], Greece [175], Cyprus [176][177], Syria [178], Turkey [179][180], China
[181][182], Hong Kong [183][184], Nigeria [185][186], Togo of West Africa [187], Argentina
[188], Iran [189], Spain [190], and Saudi Arabia [191]. On the other hand, TRY has been studied
in Malaysia [192], Italy [157], Finland [154], South Korea [155][156], and Portugal [193]. Most
of the above studies involved comprehensive meteorological elements, but several studies
constructed TMY's using specific elements. For example, a TMY with only solar radiation
parameters has been created in Boston, USA [194], Egypt [195], and China [133]. Moreover, a
TMY incorporating sunshine duration has been created in Turkey [196], France [197], Greece
[198], and Oman [199], while a TMY utilizing the diffuse fraction model was created in Taiwan
[200].
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There are other methods of determining a TMY. Due to differences in the sources of
meteorological data and the mathematical methods used in the selection process, various methods
for generating a TMY have been proposed and reported in several countries and cities. For example,
Andersen et al. [201] and Lund and Eidorff [202] converted meteorological parameters into
residuals and then analyzed the residuals to create statistical indicators to select TMMs, which are
the TMY components. Festa and Ratto [203] standardized variables and correlations of subsequent
daily values in choosing TMMs. Zhang [204] developed the Chinese Typical Year Weather
(CTYW), which is a typical meteorological database for Chinese locations. Song et al. [205]
proposed a method named the Chinese Standard Weather Database (CSWD) to examine the
thermal environment in China. Chan [163] generated TMY's using genetic algorithms for different
energy systems. Li et al. [206] generated a new TMY based on entropy-based Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) theory for different climatic zones in China.
Arimaetal. [207] carried out a typical and designed weather year using bias correction for building
energy simulation in Japan. Fan et al. [208][152] created a TMY based on ensemble empirical
mode decomposition (EEMD) for different climates in China. Yuan et al. [153] calibrated TMY
weather files in the system design of zero-energy buildings for performance improvements in Hong
Kong.

The methods mentioned above generally have different procedures for selecting TMMs
because there is no universal procedure or criteria [183][187]. The basic principle is to select all
monthly meteorological parameters that have the closest values to the long-term distributions. For
example, Bilbao et al. [209] used three different methodologies measured in two cities, Madrid
and Valladolid (Spain), to generate a TRY. The results show that the most appropriate method for
generating a TRY depends on the characteristics of the stations, which vary from month to month.
Sorrentino et al. [210] compared three statistical methods of TMY generation to approximate the
energy consumption of a simple building and the energy produced by a photovoltaic system in
Palermo, Italy. They found that all TMY methods were suitable for the design of photovoltaic
systems. Several other researchers have also compared various methods. Fernandez et al. [211]
found the Argiriou method to be the best for greenhouse and outdoor conditions on the
Mediterranean coast. Argiriou et al. [212] showed that the TMY, which aligned the closest to the
average system performance, was the modified Festa-Ratto method for Athens, Greece. Li et al.
[213] found that the TMY selected by the Sandia method exhibited the closest value with the
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average simulated energy consumption from year to year in Beijing, while the CTYW method
used in Harbin, Urumgi, Chengdu, Wuhan, and Guangzhou had the closest value to the simulated
average energy consumption from year to year. Skeiker [214] showed that the TMY performing
the closest to the average performance of the building thermal system at the Damascus and
Kharabo sites was generated using the modified Sandia method. Janjai and Deeya [215]
investigated the performance of the Sadia, Danish, and Festa-Ratto methods for generating TMY
data at four stations in the tropical environment of Thailand. For all TMY parameters, the statistical
tests showed that there was no significant difference between the 10-year mean values of the
parameters and the corresponding mean values of TMY generated from each method. Due to its
simplicity and the numerous widely tested studies about it, the Sandia method with modified
weighting criteria of FS statistics is recommended for TMY generation [215], which is also
adopted in this study.

Regardless of the method used, a TMY can be adapted for various applications [216],
including building performance/energy simulation [217][218][219][220], renewable energy for
photovoltaic application systems [221][222][223][224][225][187][226][227][228], strategic
planning of ventilation systems [229], passive cooling/building designs/strategies [230][231][232],
heating and cooling degree-hour values [233] and heating load and cooling load [188]. Sun et al.
[234] selected energy simulation of buildings with daylight utilization using a TMY. Chai et al.
[235] used TMY data to investigate the impact of climate change on the life-cycle performance of
net-zero-energy development in China's unique climate region. Wang et al. [236] used TMY data
for Hong Kong climate-based daylight calculations. In another study, Ye et al. [237] used a TMY

to determine the range of phase changes to achieve optimal PCM thermal control effects.

6.2 Methodology

6.2.1 Analysis process

The development of TMYSs in this study was undertaken in three sequential stages, namely,
quality control of datasets, TMYs calculation, and TMYSs verification (see Figure 35). In the
quality control stage, the distribution of missing data was checked. Each site has different numbers
of missing values for temperature, relative humidity, and wind speed, which can be filled in using

the corrected ERAS reanalysis data. This process resulted in complete hourly time series data,
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which then became the input for the TMY calculation. Then, each climate element was used to
select 12 TMMs based on FS statistics with a minimum weighted sum in the TMY calculation. In
general, the cumulative distribution function (CDF) of the selected TMMs is expected to align
with their long-term distributions. Following the generation of the TMYs, the subsequent step
involves comparing the TMY data with LT data and multiple-year data. For the TMY verification
stage, several statistical methods were employed, including correlation, RMSE, MAE, and MSE
at each site. Finally, TMYs were plotted monthly based on average daily climate values to identify
the seasonal and annual TMY patterns and to compare TMY's among the eight climate zones in
Indonesia. Information obtained from this process was then used to determine the general pattern

of TMYs in different climate zones, which can represent their long-term climate conditions.

STEP 1 : STEP 2 . STEP 3 ]

E Quality Control of Datasets ' Development Process of TMY : Verification Process of TMY '

Hourly weather data at 106 sites : Calculate long-term and E :

: observation data: T, WS, and RH 3 et CDgF 5 a5k ) Number of TMMs selected :

' |ERAS data: T, WS, RH, Pr, GHI, and DNI 1ty at 106 sites :

: calculation data: Td and DHI climate elements :

Check the distribution of Calculate the FS value of Comparison between ;
missing observation data each month multiple years, LT, and TMY

} ' !

Calcnlate Eorelation and Weighted sum the FS Calculate the correlation

bias between E.RA5 data based on weigthing factors between LT and TMY !
| and observation data i

v v v

Calculate the RMSE, MAE,

! Calculate bias correction of Selected the minimum :
ERAS data weighted sum month and MSE between LT and :

™Y ;

Gap-fill in L Choose TMMs and L Annual pattern of TMY in
observation data generation the TMY : different climate zones

Figure 35. Analysis flow of this study
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6.2.2 Calculation of the typical meteorological years

The TMYSs calculation in this study used the Sandia method with modifications in the
weighted factor for each climate element. The Sandia method, an empirical approach, involves
selecting specific months of the year that differ from the recorded period. For instance, in a case
where a time series containing 10 years of data, specifically for the same month of January
(January 2011, January 2012, ..., to January 2020), is examined. The most representative month
is selected as January TMM. Then, this process is repeated for the other months to complete one
TMM year. In selecting TMM, the monthly CDF that has the closest values to the long-term CDF
is chosen. Monthly CDF candidates were compared to the long-term CDF using the following FS
equation [238] for each daily climate element (see equation 12)[185].

1w (Eq. 12)
S = () Z 5,
i=1

where §; is the absolute difference between the long-term CDF and the yearly CDF for day i in the
month, n is the number of daily readings in that month, and j is the climate element considered.
The weighted sum of the FS statistic was used to select the candidate months that had the lowest
weighted sum (see equation 13) [185]. Because some climate elements were judged to be relatively
more important than others, the weighting factor set for daily global horizontal irradiance was 0.25,
for daily mean temperature was 0.15, and for daily mean dew point was 0.1, whereas daily
maximum wind speed, daily mean wind speed, daily maximum temperature, daily minimum
temperature, daily maximum dew point temperature, and daily minimum dew point temperature
were set with the same weighting factor of 0.05. Additionally, since the other outdoor climatic
variables, including temperature, were significantly influenced by solar radiation, the variation in
solar radiation will influence interior air-conditioning loads, indoor passive or active heating
systems, and the external thermal environment either directly (through solar radiation) or indirectly
(through temperature) [185][220].

n
weighted sum = Z W; FS;

j=1

(Eg. 13)

74



where n is the number of climate elements considered. W is the weight for climate element j, and
FS; is the FS statistic for climate element j. The same months from different years were ranked in

ascending order from the smallest to the highest weighted sum values. The year that has the
smallest weighted sum value in the FS statistics of all daily climate elements was chosen as the
TMM [163][180][188]. Then, the chosen TMM for each month from January to December (12
TMMs) were merged together to form the TMY, representing a complete year [189]. In this study,
this procedure was carried out at 106 observational sites spreading across eight different climate
zones. For verification purposes, the generated TMYs were compared to the long-term averages
using several statistical methods, namely, correlations, RMSE, MAE, and MSE, which were
calculated using equation (9) [144], and equations (14, 15, 16) [239].

1 n
RMSE - —z (01 - Mi)Z
N 4di=1

(Eq. 14)
MAE = 1Zn: 0; - M
= |0; — M|
i=1 (Eqg. 15)
MSE = 1zn: 0; — M;)?
= 52,0~ M) (Eq. 16)

i=1

where O is the actual value (long-term average data), M is the estimated value (TMY generation

data), and n is the number of instances.

6.3 Result and discussion

6.3.1 Generation of typical meteorological years

In this section, the resulting TMY's with 12 TMMs at 106 sites are further discussed. It can
be inferred that the TMMs, results of TMY's generation, vary significantly, despite the sites being

in the same climate zone. It was found that local climate conditions have a major influence on the
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resulting TMMs. For instance, the selected TMMs for station 1D 96009 located in Kab. Aceh utara
and included in climate zone 1A (equatorial) (See Table 9. No. 1) are January 2013, February 2018,
March 2018, April 2018, May 2014, June 2019, July 2018, August 2015, September 2018, October
2012, November 2017, and December 2016. More TMMs were discovered in 2018, namely,
February, March, April July, and September. Meanwhile, in another location, Kab. Nagan Raya
(See Table 9. No. 2), whose location is different but still in the same climate zone 1A (equatorial),
the resulting TMMs were different. The composition of TMY from January to December in the
selected years was 2013, 2017, 2019, 2017, 2014, 2014, 2016, 2011, 2014, 2020, 2018 and 2018.
Additionally, it was discovered that 2014 contributed the most to the TMY composition,

specifically the months of May, June, and September.

Another example is Station ID 96973, in Kab. Sumenep, which falls under climate zone 4B
(sub-savanna) (See Table 9. No. 106). The TMY generation process reveals that the selected
TMMs correspond to the following years in chronological order from January to December: 2019,
2019, 2017, 2019, 2017, 2020, 2015, 2013, 2018, 2012, 2020, and 2018. It was found that 2019
gave more TMM with a total of four months, namely, January, February, and March. More detailed

information about TMY's generation at 106 sites in Indonesia is provided in Table 9.

Table 9. Summary of the selected TMYs for 106 sites in Indonesia

No Station CLIMATE REGENCY/CITY JAN FEB MAR APR MAY JUN JuL AUG SEP ocT NoOV DEC
ID ZONES
1 96009 1A Kab. Aceh Utara 2013 2018 2018 2018 2014 2019 2018 2015 2018 2012 2017 2016
2 96015 1A Kab. Nagan Raya 2013 2017 2019 2017 2014 2014 2016 2011 2014 2020 2018 2018
3 96033 1A Kota Medan 2013 2018 2013 2013 2014 2015 2018 2015 2012 2011 2018 2011
4 96041 1A Kota Medan 2012 2016 2018 2013 2017 2013 2015 2015 2012 2011 2015 2017
5 96073 1A Kab. Tapanuli Tengah 2012 2018 2019 2020 2015 2017 2016 2019 2020 2014 2018 2020
6 96075 1A Kab. Nias 2015 2019 2018 2013 2015 2018 2014 2017 2017 2014 2018 2018
7 96109 1A Kota Pekanbaru 2013 2017 2012 2019 2015 2017 2016 2018 2018 2014 2014 2018
8 96161 1A Kota Padang 2013 2015 2015 2013 2015 2012 2016 2015 2014 2014 2015 2014
9 96163 1A Kab. Padang Pariaman 2013 2018 2019 2018 2015 2014 2016 2018 2014 2014 2018 2015
10 96171 1A Kab. Indragiri Hulu 2018 2017 2012 2018 2017 2016 2018 2018 2011 2014 2018 2017
11 96191 1A Kab. Muaro Jambi 2018 2017 2012 2018 2017 2016 2017 2017 2018 2018 2018 2017
12 96195 1A Kota Jambi 2019 2017 2012 2017 2017 2017 2017 2020 2018 2020 2014 2017
13 96221 1A Kota Palembang 2017 2020 2019 2020 2019 2017 2014 2020 2018 2018 2020 2017
14 96503 1A Kab. Nunukan 2017 2018 2018 2017 2018 2015 2017 2015 2015 2018 2017 2017
15 96509 1A Kota Tarakan 2019 2015 2018 2017 2017 2014 2018 2016 2015 2019 2018 2018
16 96525 1A Kab. Bulungan 2017 2018 2018 2017 2015 2014 2017 2016 2014 2018 2018 2016
17 96529 1A Kab. Berau 2018 2018 2018 2014 2018 2014 2014 2011 2014 2018 2015 2011
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The total sum of the selected TMMs at 106 sites in Indonesia from 2011 to 2020 is shown

in Figure 36. In general, 2018 contributed the most to the composition of TMMs, while 2011 was

the least significant contributor. The year 2018 contributes the most to the composition of February,

March, June, August, September, October, November, and December TMMs, with a total of 28,
24, 21, 24, 50, 34, 30, and 23 months, respectively. The year 2019 had the highest contribution to

January TMMs, accounting for a total of 25 months. Additionally, the most selected TMMs for

April are from 2019, totaling 25 months. For May TMMs, the most selected year is 2017, with a
total of 34 months. Finally, for the July TMMs, the most selected years were 2014, 2017, and 2018,

each with 21 months.
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Figure 36. Total sum of the selected TMMs from 106 sites
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6.3.2 Comparison among multiple years, LT, and TMY
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Figure 37. Comparison among multiple years, LT and TMY averages of all sites
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The detailed annual comparison among the multiyear, LT and TMY values of each climate
element, based on the average values across all sites in Indonesia, is depicted in Figure 37. The
daily average global horizontal irradiance was the lowest in 2017, with a daily average of 4.9
kW/m? while 2019 was the year with the highest global horizontal irradiance, with a daily average
of 5.4 KW/m?. The daily averages of the global horizontal irradiance of TMY and LT were found
to be 5.2 kW/m? and 5.1 kW/m?, respectively. Based on multiyear temperature analysis, 2011 was
the coldest year, with an average daily temperature of 26.6°C, while 2016 was the warmest year,
with an average daily temperature of 27.5°C. Additionally, the daily mean temperatures of TMY
and LT were found to be 27.1°C and 27.1°C, respectively.

The year 2017 had the lowest direct normal irradiance, with a daily average of 3.1 kW/m?,
while 2019 had the highest direct normal irradiance, with a daily average of 3.7 kw/m?. The daily
average direct normal irradiance of TMY and LT was found to be 3.4 kW/m? and 3.4 KW/m?,
respectively. 2020 was the year with the lowest diffuse horizontal irradiance, with a daily average
of 2.59 kWm?, while 2015 was the year with the highest diffuse horizontal irradiance, with a daily
average of 2.64 kwW/m?. The daily average diffuse horizontal irradiance of TMY and LT was found
to be 2.63 kW/m? and 2.63 kW/m?, respectively.

2019 was the year with the lowest relative humidity with a daily average of 81%, while 2013
was the year with the highest relative humidity with a daily average of 84%. The TMY and LT
were 82.3% and 82.3%, respectively, for the average daily relative humidity. 2016 was the year
with the lowest wind speed, with an average daily wind speed of 3.2 m/s, while 2015 was the year
with the highest wind speed, with an average daily wind speed of 3.7 m/s. The daily mean wind
speeds of TMY and LT were found to be 3.5 m/s and 3.5 m/s, respectively.

Based on multiyear rainfall analysis, 2019 was the year with the least precipitation, with a
daily average of 6.1 mm, while 2017 was the year with the highest precipitation, with a daily
average of 8.4 mm. Meanwhile, the daily average precipitation for TMY and LT was found to be
7.2 mm and 7.4 mm, respectively. 2011 was the year with the lowest dew point temperature, with
a daily average of 23.4°C, while 2016 was the year with the highest dew point temperature, with
a daily average of 24.3°C. It was discovered that TMY and LT had daily average dew point
temperatures of 23.9 and 23.8°C, respectively. Nevertheless, this analysis also found closeness
between TMY's and long-term average values for each climate element. In addition, this analysis

provides an illustration that there are differences at the same time in TMY and multiyear variability
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in each climate element. This information needs to be accounted for when designing the building.

The selection of TMY is determined based on the ability of each climate element to follow
its LT pattern on hourly, daily, monthly, seasonal, and annual scales. It is important to compare
TMY with LT using the actual hourly, daily, monthly seasonal, and annual scale patterns of all
climate elements, especially global solar radiation and temperature. Based on Figure 38.a, it can
be seen that the TMY diffuse horizontal irradiance has the highest correlation with LT, showing
that the pattern of diffuse horizontal irradiance produced in the TMY generation is the closest to
the long-term average for 2011-2020 compared to other climate elements. Meanwhile, TMY
precipitation has the lowest correlation with LT. Figure 38.b shows the distribution of correlation
values between the TMY and LT for each climate element. The correlation of direct normal
irradiance ranges from 0.78 to 0.96 with an average of 0.89. The correlation of precipitation ranges
from 0.28 to 0.60 with an average of 0.44. The global horizontal irradiance correlation ranges from
0.91 to 0.99 with an average of 0.96. The diffuse horizontal irradiance correlation ranges from
0.95 to 0.99 with an average of 0.97. The temperature correlation ranges from 0.66 to 0.93 with an
average of 0.86. The correlation of wind speed ranges from 0.43 to 0.81 with an average of 0.62.
The correlation of relative humidity ranges from 0.51 to 0.92 with an average of 0.81. The

correlation of the dew point temperature ranges from 0.42 to 0.86 with an average of 0.65.
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Figure 38. Correlations among eight climate elements between the TMY and LT

The hourly TMY composed of the 12 selected TMMs was verified by RMSE, MAE, and
MSE to assess the accuracy of each climate element of TMY against the long-term frequency

distribution, which in this case is represented by the hourly LT. The results of the RMSE
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calculation conducted for each climate element between LT and TMY for 106 sites are shown in
Figure 39. The results indicate that the RMSE distribution of each climatic element varies between
the sites. The RMSE of the global horizontal irradiance distribution ranges from 55 to 94 W/m?
with an average of 75 W/m?2. The RMSE of the temperature distribution ranges from 0.9 to 1.7°C
with an average of 1.3°C. The RMSE of the direct normal irradiance distribution ranges from 75
to 108 W/m? with an average of 91 W/m?. The RMSE of the diffuse horizontal irradiance
distribution ranges from 24 to 45 W/m? with an average of 31 W/m?2. The RMSE of the relative
humidity distribution ranges from 5 to 9% with an average of 6%. The RMSE of the wind speed
distribution ranges from 1.2 to 4.4 m/s with an average of 2.4 m/s. The RMSE of the precipitation
distribution ranges from 0.24 to 1.98 mm with an average of 0.69 mm. The RMSE of the dew point
temperature distribution ranges from 0.7 to 1.7°C with an average of 1°C.
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Figure 39. Distribution of RMSE

The results of the MAE calculation performed for each climate element between LT and
TMY for 106 sites are shown in Figure 40. The calculation results indicate that there is a distinct
MAE distribution for each climate element across various sites. The MAE of the global horizontal
irradiance distribution ranges from 25 to 47 W/m? with an average of 37 W/m?. The MAE of the
temperature distribution ranges from 0.7 to 1.4°C with an average of 1°C. The MAE of the direct
normal irradiance distribution ranges from 34 to 55 W/m? with an average of 46 W/m?. The MAE
of the diffuse horizontal irradiance distribution ranges from 10 to 22 W/m? with an average of 16
W/m?. The MAE of the relative humidity distribution ranges from 4 to 7% with an average of 5%.
The MAE of the wind speed distribution ranges from 0.9 to 3.6 m/s with an average of 1.8 m/s.

The precipitation distribution ranges from 0.21 to 1.2 mm with an average of 0.3 mm. The MAE
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of the dew point temperature distribution ranges from 0.6 to 1.3°C with an average of 0.8°C.

Global Horizontal Irradiance Direct Normal Irradiance Relative Humidity Precipitation
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Figure 40. Distribution of MAE

The results of the MSE calculation performed for each climate element between LT and
TMY for 106 sites are shown in Figure 41. The outcomes of the MSE calculation also demonstrate
that the MSE distribution of each climatic element differs across sites. The MSE of the global
horizontal irradiance distribution ranges from 3017 to 8805 W/m? with an average of 5698 W/m?.
The MSE of the temperature distribution ranges from 0.8 to 3°C with an average of 1.6°C. The
MSE of the direct normal irradiance distribution ranges from 5654 to 11730 W/m? with an average
of 8478 W/m?. The MSE of the diffuse horizontal irradiance distribution ranges from 559.7 to
2039.4 W/m? with an average of 1008.5 W/m?. The MSE of the relative humidity distribution
ranges from 26 to 90% with an average of 41%. The MSE of the wind speed distribution ranges
from 1.5 to 19.4 m/s with an average of 5.9 m/s. The MSE of the precipitation distribution ranges
from 0.059 to 3.918 mm with an average of 0.522 mm. The MSE of the dew point temperature

distribution ranges from 0.5 to 3°C with an average of 1.1°C.

84
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Figure 41. Distribution of MSE

6.3.3 Pattern of the TMY in each climate zone

The annual patterns of monthly climate elements based on TMY's generation in different
climate zones are shown in Figure 42. To calculate the monthly patterns of TMY's, eight different
climate zones were considered, with the following average site representations: 41 sites for climate
zone 1A (equatorial), 20 sites for climate zone 1B (sub-equatorial), 3 sites for climate zone 2A
(highland tropical), 1 site for climate zone 2B (very highland tropical), 12 sites for climate zone
3A (monsoonal), 17 sites for climate zone 3B (sub-monsoonal), 9 sites for climate zone 4A
(savanna), and 3 sites for climate zone 4B (sub-savanna), which refers to the results of climate
zoning in Indonesia from chapter 2 this thesis.

TMY s patterns can explain well the annual characteristics of Indonesia's climate in different
climate zones. Based on TMYSs, climate zones 4A and 4B receive more solar radiation than the
other 6 climate zones. The global horizontal irradiance in climate zones 4A and 4B reaches its
peak during September-October, with values of 7.2 kW/m? and 7.0 kW/m? respectively. Similarly,
the direct normal irradiance also reaches its peak during this period, with values of 6.0 kW/m? and
5.7 KW/m?, respectively. Based on the temperature pattern of TMYs, it was found that the air
temperature in climate zones 1A and 1B does not vary much in their annual cycles, with daily
averages ranging from 27.0 to 27.6°C and 26.9 to 27.8°C, respectively. Meanwhile, climate zones
2A and 2B exhibit relatively low temperatures year-round. Climate zones 3A, 3B, 4A, and 4B,
which are primarily located south of the equator geographically, experience a slight decrease in

temperature from June to September.
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Figure 42. Annual pattern of each climate element of the TMY within various climate zones

According to TMYs generation, climate zone 1A, which is situated in the equatorial region,

has weak winds and an overall humid environment, with monthly averages for RH and wind speeds
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of 82.1 to 85.4% and 1.1 to 1.7 m/s, respectively. Climate zones 3B, 4A, and 4B have a yearly
climatic cycle characterized by a minimum relative humidity drop below 80% from June to
October. This coincides with the relatively strong wind conditions, as indicated by the monthly
average wind speed of the TMY's above 2 m/s. Climate zones 1A and 1B have a rainfall pattern
with two peaks occurring in October—November and in March-May. The TMY s rainfall patterns
in climate zones 3A, 3B, 4A, and 4B exhibit a peak during the rainy season, typically observed
from November to March. On the other hand, climate zones 4A and 4B were discovered to have a
longer dry season with a short rainy season. This study has shown that the annual patterns of the

generated TMYSs can be well explained in different climate zones of Indonesia.
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Chapter 7. Conclusion
7.1 Summary of research results

Based on the analysis carried out in each dissertation chapter, this research concludes several
points as follows:

The new integrated climate zones developed in this study differed from those of the previous
Koppen climate zoning and obtained more detailed and optimum results based on spatial and
temporal distribution (diurnal, seasonal, and annual). This is because the integrated climate zoning
in this study considered topographic data and more climate elements including air temperature,
wind speed, relative humidity, atmospheric pressure, total cloud cover, mixing ratio, global solar
irradiance, and precipitation with high (hourly) temporal resolution data. The availability of
information on climate classification in this study was divided into eight new integrated climate
zones, namely, climate zone 1A (equatorial), climate zone 1B (sub equatorial), climate zone 2A
(highland tropical), climate zone 2B (very highland tropical), climate zone 3A (monsoon), climate
zone 3B (sub monsoon), climate zone 4A (savanna), and climate zone 4B (sub savanna), in the
territory of Indonesia. This has been different from the Koppen classification, which divides
Indonesia into only three climate zones, namely, the Af, Am, and Aw.

In the passive method, by taking the lower probability limit of 50 %, the monsoon, savanna,
and sub savanna climate zones are suitable for the comfort ventilation method. Meanwhile, the sub
equatorial climate zone is suitable for applying passive methods by combining night ventilation
and comfort ventilation. This study used an approach that assumed that the physical structure of
the building includes the thermal capacity of the building mass, window openings, and the
determination of the indoor environmental limits of Th, WSb, and RHb for the calculation of
various methods, including CDD, cooling load, night ventilation, evaporative cooling, and comfort
ventilation, which in reality can fluctuate. Based on this assessment, the passive method
implementation plan in each zone can apply a single passive method or a combination of passive
methods. Engineers, architects, and designers can refer to the information obtained in this initial
research to determine potential passive design strategies and basic design decisions during the
initial design stage before detailed building simulation analyses are carried out for each different
climatic zone. Future research is needed to establish detailed building design guidelines based on

more quantitative data that consider more factors that affect the accuracy of passive cooling
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methods for each zone.

Analysis of solar radiation, local scale climate, and passive cooling potential in Tangerang
during 2021 can be concluded that the intensity of global horizontal irradiance has a high intensity
throughout the year with the maximum diurnal intensity occurring between 12.00 and 13.00 LT.
The highest vertical surface irradiance intensity was recorded from a sensor facing east and the
lowest intensity from a sensor facing south. The vertical surface irradiance from the south has a
maximum increase in intensity during the December, January, and February (DJF) season, while
the vertical surface irradiance from the north has a maximum increase in intensity during the June,
July, and August (JJA) season. In terms of local scale climate, Tangerang is a monsoonal climate
zone with seasonal variations in wind direction. namely the DJF season, the dominant wind comes
from the west which shows the air mass coming from the Asian continent. While the JJA season
the dominant wind comes from the east, which means the wind comes from Australia. On a diurnal
basis, the wind speed increases during the day and calms down at night. Daily temperature
conditions have an average maximum of 33.5°C with an average minimum RH of 62.6% during
the day, an average minimum temperature of 23.7°C and an average maximum RH of 99.6% at
night. In optimizing the passive cooling building design, several things need to be considered,
namely, daytime comfort ventilation has good potential throughout the year. According to the
direction frequency and wind speed, windows opening will be effective if they face west, north,
and east to maximize wind flow into the building through the windows during the day. Night
ventilation has good potential when the building structure is set to store cold when the outdoor
temperature drops below 26°C.

Based on the analysis carried out on the global horizontal and vertical components in four
orientation directions in Jembrana-Bali, it was concluded that under all sky conditions, the
maximum monthly average global horizontal irradiance occurs in January of 432.4 W/m? while
the minimum average occurs in July of 327.9 W/m2. On an annual and diurnal basis, the average
hourly clearness index statistical calculation ranges from 0.12 to 0.68 with an average of 0.47.
Based on sun-path analysis, the Jembrana-Bali area gets more sunlight from the east, west and
north which can be used to optimize building orientation and window placement. The findings
from this study will provide initial insights for architects, engineers and policy makers involved in
sustainable building design and energy planning in the Bali region. This research is a preliminary

study conducted on the five components of solar irradiance, clearness index and sun-path in
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Jembrana-Bali (located in the monsoon climate zone) for one year. Further research is needed by
considering a longer time series of observations and compared with different climate zones.

Based on the proposed method for developing typical meteorological years based on
relatively limited observational data, it is concluded that the proposed bias correction formulation
with quantile mapping for temperature, relative humidity, and wind speed elements has proven to
be effective in improving the accuracy of ERAS reanalysis datasets. The formula effectively
reduced the distribution of each bias to a smaller one. The original temperature bias of —4.5 °C to
2.7 °C was reduced to a narrower range of —0.014 °C to 0.005 °C. The relative humidity bias was
originally —6 % to 10 % and was narrowed to —0.32 % to 0.07 %. The distribution of wind speed
bias originally ranging from —4 m/s to 2 m/s was reduced to —0.02 m/s to 0.35 m/s. The bias-
corrected ERAS reanalysis dataset was used to fill in the missing observational values varying
between 29.96 % and 50.19 % from the total hourly observational data of temperature, relative
humidity, and wind speed collected during the 2011-2020 period for the process of developing
TMYs.

The Sandia method based on the modified FS statistical weighting for global horizontal
irradiance, direct normal irradiation, diffuse horizontal irradiation, temperature, precipitation,
wind speed, relative humidity, and dew point temperature, has been applied to develop TMYs
across 106 sites, situated within eight different climate zones in Indonesia. The results of the TMY's
selection showed that the year selection for TMMs varied significantly at each site, and the local
climatic conditions had a major influence on the variation in the resulting TMMs in different
climate zones. Based on statistical verification, the resulting TMY's closely captured the long-term
distribution pattern, particularly for global horizontal irradiance and temperature. The above
results were found based on the correlation, RMSE, MAE and MSE between TMY and LT, with
averages of 0.96, 75 W/m?, 37 W/m?, and 5698 W/m? for global horizontal irradiance, and 0.86,
1.3°C, 1°C, and 1.6 °C for temperature. Additionally, the demonstrated TMY's generation method
in this study can be applied in any other country, where the quality control procedure of the weather
observational datasets is necessary. Furthermore, the generated TMYs dataset will be highly
beneficial for a variety of applications, especially in building performance simulation, such as

energy-efficient building designs, and climate-responsive architectural designs, in the future.
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