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Abstract Currently, one of the main causes of environmental deterioration is the
increasing rates of power consumption that, at the same time, are a consequence
of numerous actions in all sectors. In the architecture and design field, the lack
of good environmental comfort conditions in buildings is the main cause behind
increased power consumption, because improperly ventilated and illuminated build-
ings, require mechanical strategies to regulate indoor environmental conditions. This
is the reasonwhy it is fundamental to develop tools that allowdesigners to incorporate
environmental control strategies into design processes, to guarantee optimal indoor
bioclimatic conditions. Thus, the objective of this chapter is to develop a tool that
defines bioclimatic strategies for the first stages of building design and to generate
good comfort conditions inside buildings. First, an analysis of climatic conditions
in different climates was made in two Colombian cities: Medellin and Barranquilla,
and then monthly comfort indexes were defined with their corresponding climatic
correction strategies to guarantee comfort conditions, before finally proposing archi-
tectural and building strategies to achieve these climatic corrections. As a result, a
highly usable tool is created, that can be used in the first stages of the design process
by bioclimate experts and also users with little experience.
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1 Introduction

Power consumption has increased globally by more than 50% in recent decades due
to factors such as demographic growth, urban migration, and accelerated economic
development [1].Moreover, the lack of good environmental comfort conditions inside
buildings directly affects their power efficiency, so it becomes fundamental to include
bioclimatic and environmental control strategies in the building design process. Such
strategies should generate optimal thermal, lighting, and acoustics conditions in those
buildings. Additionally, it is important, especially in developing countries such as
Colombia, to establish more regulations and standards to incorporate these strate-
gies. Furthermore, most design processes do not include insights on environmental
comfort or only add them in the project’s last stages. However, there is still no clear
and complete regulatory framework in Colombia that looks to improve indoor envi-
ronmental comfort conditions. According to Parra Correa [2], only 63% of surveyed
Colombian professionals, specialists in bioclimatic design, construction, or consult-
ing, have included bioclimatic strategies in their design processes.

Paradoxically, nowadays, there are innumerable analog and digital tools, at every
level of complexity, that aim at defining bioclimatic strategies to optimize environ-
mental conditions in buildings [3–6]. But as has been previously mentioned, their
use is limited or included in less suitable stages of the design process. There are
few comfort indexes developed for tropical climates, especially for Colombia [7].
Additionally, the existing indexes have been developed for specific climates, and/or
they do not simultaneously consider the three variables of Temperature, Relative
Humidity, and Ventilation. In this way, most of these tools focus on a single aspect
of environmental behavior, making it almost impossible to analyze them all and
integrate the indicated criteria within projects [8]. These are the reasons why it is
essential to develop tools that may provide applicable guidelines for the first stages
of the project. These guidelines should only require general information about the
project, and at the same time, should be simple enough to be used bymost profession-
als without them needing to be experts. By doing so, it would contribute to removing
environmental comfort barriers in the Global South and improving the habitability
conditions of buildings in these areas where environmental comfort analysis is not
within the scope of the projects.

Given this, the objective of this chapter is to develop a user-friendly tool that allows
defining applicable bioclimatic strategies for the first stages of building design in the
tropics, to guarantee good habitability and comfort conditions inside buildings. This
tool is based on the Grille Climatique developed by the architect Le Corbusier in the
1950s.
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2 Environmental Comfort in the Andean Tropics

In the tropical climatic context, the main variations of environmental conditions
appear thanks to changes in the height above sea level, instead of experiencing sea-
sonal changes during the year. In this zone of the planet, prevailing climates are
between warm–dry and warm–humid, the latter being a climate that has high tem-
peratures and relative humidity throughout most of the year. Specifically, the repre-
sentativeAndean Tropic climatic contexts used here, have anAf—Tropical rainforest
climate without a dry season (Medellin), and Aw—Tropical savanna climate with a
short dry season (Barranquilla), under the Köppen–Geiger climatic classification.

Several authors define solar control and radiation protection, as well as rain man-
agement, as the key factors for Andean tropical architecture. According to Olgyay
[9], in the Tropics, the roof is the main barrier to a building’s environmental defense.
This considering that in places near the Equator, solar radiation has an intense and
almost perpendicular impact on the land and buildings, practically making solar and
shading design necessary in any construction [10]. In this vein, Saldarriaga [11]
defines tropical architecture as “shaded and permeable,” which considering its cli-
matic and social surroundings must mitigate the building’s thermal gains, in the best
way possible. Also, according to Stagno [12], preparing spaces passively, not only
improves the energy efficiency of the building but also benefits the people inside
who may have a greater capacity to self-regulate their temperature and better adapt
to climatic conditions.

Considering that the fundamental factors of environmental comfort in the Andean
tropical strip revolve around the thermal environment of buildings, it can be con-
cluded that this is one of the main topics to evaluate the first stages of architectural
design. This is especially relevant, bearing in mind that aspects such as orientation
and building shape have a profound effect on the internal thermal comfort of spaces.

TheAmerican Society of Heating, Refrigerating, andAir-Conditioning Engineers
(ASHRAE) defines thermal comfort in its standards as “the condition of mind that
expresses satisfaction with the thermal environments” [13]. Although the evaluation
of thermal comfort is subjective and personal, over the years several simple mathe-
matical methods have been developed, and they manage to define the environmental
conditions a space must have for most of its occupants to consider it comfortable,
with Olgyay’s Bioclimatic chart [14, 15], Givoni’s Bioclimatic chart or Psychro-
metric chart, Comfort triangles [16], and the Climatic Grille of Le Corbusier [17]
standing out.

3 Methodology

Themethodology of this research project consisted of two general stages: (i)Weather
identification where climatic conditions were identified in two representative cities
of the Andean tropical climatic context: Medellin (Lat. 6◦ 15′ N; Long. 75◦ 34′ W)
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and Barranquilla (Lat. 10◦ 58′ N; Long. 74◦ 48′W), to analyze the main atmospheric
conditions that affect the environmental comfort of people inside buildings in the
tropics; and, (ii) Development of a tool which included comfort zone identification,
the definition of climatic correction strategies to outline appropriate indoor comfort
conditions as per the climatic context of the location, and finally, the definition of
architectural and constructive strategies to achieve these climatic corrections.

3.1 Documentary Review

Apart from research on the specific tool of Le Corbusier’s Grille Climatique, a review
of issues related to thermal comfort, different analogous tools to calculate the comfort
zone or its definition, as well as the specific environmental needs of the architecture
found in the tropical zone was carried out.

3.2 Identification of Le Corbusier’s Climatic Grid

It is necessary to regulate and usefully rectify the overflowing of excessive climates, and to
do so make architectonic devices with conditions able to guarantee well-being and comfort
[18]

A complete investigationwasmade on theGrille Climatique of Le Corbusier. This
is a graphical methodological tool, that summarized the rules to create an architecture
that is universal and adaptable to a place considering its environmental conditions.
Mainly thematrix origin, creation year, and contextwere analyzed, (See Fig. 1). Thus,
it was evident that a large swathe of Le Corbusier’s professional work focused on
standardizing the project process,more than the product itself, whichwas provenwith
the invention of different tools that helped him to apply bioclimatic, environmental,
or technical criteria when designing projects [17].

LeCorbusier’sGrille Climatique includes three vertical sections, each one divided
into 12 columns corresponding to the months of the year. The first vertical section,
Part A, (données climatiques) contains the climate information of the place being

Fig. 1 Grille Climatique of Le Corbusier. Adapted from [15]
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intervened. Horizontally, the matrix is divided into four rows, corresponding to the
variables to consider air temperature, relative humidity, wind, and radiation, and each
row into one, two, or three sub-rows based on the data displayed on each variable.
In addition, the table has an extra space indicating the geographic information of the
place corresponding to the table and the project involved.

Part B (corrections á to apporter) consists of the necessary modifications or cor-
rections to apply to climatic variables to reach the optimal comfort conditions of
a person inside the space. The information displayed in this section is the number
of degrees or humidity percentages that would have to be increased or decreased to
achieve a comfort zone. It also recommends air speed or periods at which ventila-
tion must be completely blocked, and periods, when radiation must be avoided or
attracted, are identified. For months when corrections are not required, the “satisfac-
tory” legend appears. It is important to point out that Le Corbusier, to define these
corrections, defined the following ideal or recommended internal climatic conditions
to guarantee a comfortable space (See Table 1).

The third section, or Part C (procédés architecturaux), consists of the architectural
processes that allow obtaining these optimal conditions within the specific climatic
context of each zone. Different stamps indicate the code, the name of the solution
applied, and the location of the section where all the graphic solutions are annexed.

It is worth mentioning that, because the information is shown bymonth and not by
season, this tool can be used in seasonal climatic contexts, as well as in the tropical
strip.

3.3 Adaptation of Le Corbusier’s Climatic Grid to Develop
the Tropical Climatic Matrix (MCT, in Spanish)

After thoroughly analyzing the information in the previous stage, two pilot matrices
were run with information from the cities of Medellin and Barranquilla, to simplify
the verification process and analyze the coherence of the results obtained. This infor-
mation proved that it is possible to use the tool for any other city or territory if the
necessary climatic information is available.

The information collected was reviewed and data entry began in the Tropical
Climatic Matrix (MCT), of climatic data, climatic corrections, and project strategies
in 4 horizontal strips divided into Sections A, B1, B2, and C (See Fig. 2).

3.3.1 Section A

In the first section, the information displayed in the Tropical Climatic Matrix (MCT)
is just as in the original: maximum and minimum monthly air temperatures (◦C),
average monthly relative humidity (%), and graphical information of both variables.
Wind directions, frequencies (% of the time), and speed (m/s) also appear, as well
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Fig. 2 Sections A, B1, B2, and C of the Tropical Climatic Matrix (MCT)

as an additional row, indicating the corrected wind speed (m/s), considering the
roughness level of areas in urban surroundings, following the Hellmann Exponent
Law (a Hellmann exponent of 0.4, corresponding to densely populated areas). All
the ventilation information is also graphically shown in the schematic wind rose
diagrams. Finally, the bottom row contains the global horizontal irradiance available
every month (Wh/m2), with its respective graphical reference indicating maximum
and minimum azimuth and altitude angles.

Climatic data were extracted from the climatic file (.epw) of both cities, from
Climate.OneBuilding.Org, and analyzed in Climate Consultant software version 6.0.

As mentioned above, one of the modifications is the way to display information.
This is done with more images demonstrating numerical data, icons, and floor plans,
to allow easier and more practical reading of the compiled information.

3.3.2 Section B

This section is divided into two parts, B1 and B2. The first part contains one of the
mainmodificationsmade to SectionB, the one that generates the greatest contribution
and innovation of the tool: the combination of climatic factors to define the Comfort
Index of spaces. This is a significant improvement over the original version because
it considers the environmental factors together (as they appear) and shows how their
combination impacts the comfort sensation of human beings, instead of defining
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corrections to each factor (e.g., temperature and humidity) without considering the
effect of some factors on the others.

To do so, equations to calculate climatic comfort are used (equations 2, 3, 4, and 5),
developed byGonzález [19], which are specifically designed considering the climatic
conditions of Colombia (defining a different equation for each city according to its
height above sea level). This method uses the main climatic parameters: air tempera-
ture, relative humidity, and wind speed, given that relative humidity and temperature
data are included without considering solar radiation. After applying the defined
equation, the result is a value representing the Comfort Index (CI) of the people.
This index is a numerical value between zero and 15, representing different comfort
states such as 0–3—Very hot; 3.1–5—Hot; 5.1–7—Warm; 7.1–11—Comfortable;
11.1–13— Somewhat cold; 13.1–15—Cold; and >15: Very cold [19]. Although
numerous comfort indexes have been developed, they are designed for only one type
of building (e.g., office building, hospital, school, etc.), and/or work for a specific
climate, which would limit the usage of the MTC tool, because it would not allow its
use for any type of space in any climatic context. The index proposed by González
[19] is designed for any of the Andean tropic climates and considers the height above
sea level as a key factor for climatic conditions in this part of the planet. It also makes
the calculation possible with or without wind (depending on data availability).

As mentioned before, this investigation uses two equation types considering the
availability of wind speed information. This is important because there are cases
where it is not easy to calculate or obtain wind speed data. CI calculations for both
situations are as follows: with wind (corrected) and without wind.

For altitudes between 0 and 1,000m above sea level, considering wind speed (1)

C I = (36.5 − Ts)(0.05 + 0.04
√
s + h/250) (1)

For altitudes between 0 and 1,000m above sea level, without considering wind
speed (2)

C I = (36.5 − Ts)(0.05 + h/250) (2)

For altitudes between 1,000 and 2,000m above sea level, considering wind speed
(3)

C I = (34.5 − Ts)(0.05 + 0.06
√
s + h/180) (3)

For altitudes between 1,000 and 2,000m above sea level, without considering
wind speed (4)

C I = (36.5 − Ts)(0.05 + h/180) (4)

Where:
C I = comfort index
Ts = air temperature (◦C)
h = relative humidity (%)
s = wind speed (m/s)
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Additionally, Section B2 contains similar modifications to those considered by
Le Corbusier regarding temperature, relative humidity, radiation, and ventilation, to
achieve comfortable indoor conditions. However, they are comprehensively shown
as general recommendations (e.g., solar protection and natural ventilation). These
recommendations are taken from the psychrometric chart following the criteria from
ASHRAE 55 Standard and Current Handbook of Fundamentals Model [13].

3.3.3 Section C

According to the climatic corrections defined in Sections B1 and B2, some general
architectural strategies were laid down based on the graphic representation of Le
Corbusier for the floor plan and elevation according to each category. The main
difference with the reference tool is that the strategies appear individually for each
“correction” so that the user can analyze its suitability, relevance, and hierarchy
level, as well as how to apply the tool in each project depending on its requirements.
The strategies are classified in the Tropical Climatic Matrix in three categories, as
indicated in the following table (Table 2):

These solutions are the climatic corrections to be applied to the building and
location. This will allow providing basic applicable design guidelines in the first
stages of the design process, that should not compromise the building’s style or
structure, but have flexible enough guidelines so that the architect applies as they
deem fit. Thus, the user will be able to analyze the climatic conditions in Section
A, to understand which environmental requirements or climatic corrections must
be implemented to obtain a good Comfort Index (Sections B1 and B2) and, finally,
obtain bioclimatic design guidelines aiming at improving the indoor environmental
conditions, these guidelines applying to any project without prior project information
(Section C).

To define the recommended strategies, in addition to the specific corrections laid
out in Section B2, the combination of environmental variables in every month was
considered, for example: If in January the climatic corrections are solar protection,
cooling by evaporation, and natural ventilation, it is recommended to protect the
eastern and western facades (East and West) and especially the southern facade that
receives solar radiation all the day at this time of the year. It is also recommended to
open the northern and eastern facades to allow the entrance of predominant ventilation
and humidity.

4 Results

The desirable procedure will be to work with and not against natural forces and to make
use of their potentialities to create better living conditions...The procedure for building a
climatically balanced house is divided into four steps, of which the last is the architec-
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Table 2 Classification of architectural strategies

Strategy Description Code

Humidity: H Stamps Humidification by bodies of water H1–H2–H3

Humidification by vegetation H4–H5–H6

Green walls H7–H8–H9

Ventilation: V Stamps Cross-ventilation through Windows V1–V2–V3

Ventilation through openwork surfaces V4–V5–V6–V8

Ventilation with wind-conducting
elements at the edge of the facade

V4–V5–V6

Ventilation through raised roofs V7

High ceilings V9

Chimney effect V10

Solar protection: R Stamps Solar protection with vertical elements on
eastern and western facades and
predominantly on the southern facade
with a horizontal element

R1

Solar protection with vertical elements on
eastern and western facades and
predominantly on the northern facade
with a horizontal element

R2

Solar shading with horizontal elements on
eastern and western facades

R3

Solar protection with vertical elements on
eastern and western facades

R4

Solar shading with vegetation on eastern
and western facades

R5

Recessed windows R6

tural expression. The expression must be preceded by the study of climatic, biological, and
technological variables... [14]

The following are the four sections of the Tropical Climatic Matrix tool, with data
and results corresponding to both types of climates analyzed (See Figs. 3–6).

It is important to consider that the available climatic information depends on
current databases. Analyzing the climatic data available for places within the scope,
it was identified that some of the information is not updated or is inaccurate compared
with the climate perception in these cities. Thus, it is necessary to gather updated
climatic information to improve the accuracy of the results obtained using the tool.
Despite the previous statement, it was verified that this dynamic tool is completely
customizable to the environmental conditions of any territory with sufficient climatic
information, especially in the Andean tropics.

Asmentioned above, on reviewing the literature, it was possible to verify that there
are few comfort indexes for tropical climates, especially for Colombia [7]. Addition-
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Fig. 3 Section A of the Tropical Climatic Matrix: Climatic characterization. On the top Medellín,
on the bottom Barranquilla

ally, the indexes there are, have been developed for specific climates, and/or they
do not simultaneously consider the three variables of temperature, relative humidity,
and ventilation. It is important to mention that Section C of the MCT displays the CI
calculation considering these three variables and, it does not consider the effect of
solar radiation for its calculation. Therefore, it is possible to expect overheating in
spaces that are more exposed to this solar radiation. Detailed information regarding
sunlight is also displayed.

The stamps from Section C of the MCT, correspond to architectural layouts sug-
gested in each specific case considering the featured climatic conditions and the
necessary corrections. Each strategy suggested considers the most efficient façade
to apply it on. If several stamps on the same topic appear in the same month, it
means that there are different options to choose from. For example, in Medellín,
several humidification strategies are recommended every month, due to the relative
humidity levels and wind speed and direction. Therefore, the user can choose from
humidification by bodies of water, humidification by vegetation, or installing a green
wall, depending on the project.

Figures 6–8, show all the layouts of those strategies mentioned in the MCT of
both cities.
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Fig. 4 Section B1 of the Tropical Climatic Matrix: Calculation of comfort indexes and sunlight
angles. On the top Medellín, on the bottom Barranquilla

Fig. 5 Section B2 of the Tropical Climatic Matrix: Definition of recommended general climatic
strategies. On the top Medellín, on the bottom Barranquilla
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Fig. 6 SectionCof theTropicalClimaticMatrix:Definition of specific architectural strategies (each
stamp matches the specific architectural strategy diagram. V: Ventilation strategies, H: Humidifica-
tion strategies, and R: Solar radiation strategies). On the top Medellín, on the bottom Barranquilla

Subsequently, there is an additional list of precautions or recommendations to
obtain better results or not affect other environmental factors when applying the
strategies.

How to prioritize:

• To promote comfort in months with a Comfort Index other than Comfortable, it is
recommended to comply with the strategies of the months that registered the CI
results furthest from Comfort.

• If the strategy type is prioritized, where ventilation is preferred, it is recommended
to apply the strategies defined for those months with greater average wind speeds
and those that represent the recommendations for most of the year.

• If the priority is relative humidity, it is recommended to prefer those strategies
defined for months with a lower average relative humidity.

• If it is necessary to choose a single radiation strategy, it is recommended to choose
the one corresponding to months with a higher average solar radiation.
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Fig. 7 Relative humidity strategies. H1, H2, and H3: Humidification by bodies of water on the
northeastern, southeastern, and southwestern facades.H4,H5, andH6:Humidification by vegetation
on the northeastern, southeastern, and southwestern facades. H7, H8, and H9: Green walls on the
northeastern, southeastern, and southwestern facades

Please consider:

• When applying solar protection on facades, the amount of indoor daylight will also
be reduced. Verification of the amount of sky blocked by these solar protections
is recommended, as well as their colors and materials to favor light reflection that
improves indoor daylighting availability.

• It is important to consider the risk of rain entering due to ventilation solutions such
as openworkwalls, high ceilings, and other façade perforations. It is recommended
to plan these strategies in spaces that can get wet, using additional protections like
eaves or complementing these openings with systems that can be closed.

• To increase indoor thermal comfort in warm climates, it is recommended to
complement the tool’s strategies, with a selection of low transmittance materials
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Fig. 8 Ventilation strategies. V1, V2, and V3: Cross ventilation through windows on the northeast-
ern, southeastern, and southwestern facades. V4, V5, V6, and V8: Ventilation through openwork
surfaces on the northeastern, southeastern, and southwestern facades. V4, V5, and V6: Ventilation
with wind-conducting elements at the edge of the facade. V7: Ventilation through raised roofs. V9:
High ceilings. V10: Chimney effect
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Fig. 9 Solar radiation strategies. R1: Solar protection with vertical elements on eastern and western
facades and predominantly on the southern facade with a horizontal element. R2: Solar protection
with vertical elements on eastern andwestern facades and predominantly on the northern facadewith
a horizontal element. R3: Solar shading with horizontal elements on eastern and western facades.
R4: Solar protection with vertical elements on eastern and western facades. R5: Solar shading with
vegetation on eastern and western facades. R6: Recessed windows

(U value) especially on the roof, that help to isolate heat transference due to the
great amount of solar radiation these surfaces are exposed to.

• It is important to consider the shadows cast by neighboring buildings. It is rec-
ommended to analyze the shading of surrounding constructions to verify whether
there are periods of the year or facades that do not need their own shading. If this
is the case, R strategies must be discarded for those facades where shading is no
longer necessary.

5 Discussion and Conclusions

One of the main contributions of this investigation is the fact that the tool has a very
good relationship between its simplicity and potential. In other words, it is a tool
that, despite being simple to use and not requiring in-depth technical knowledge on
bioclimatic aspects, can provide relevant information for the environmental improve-
ment of spaces being designed. As was already mentioned, the high level of usability
is remarkable: this tool can be used by non-expert bioclimatic users. It can even be
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stated that it mainly targets them, which fulfills the objective of closing the gap still
present in the area, because only a few people technically manage the bioclimatic
concepts and tools, or they are not properly applied to the projects. Moreover, it is a
tool that aims at improving habitability conditions for buildings in countries where
environmental control and comfort are not yet high-priority or inherent subjects in
architectural design. This is relevant because it helps remove barriers to environmen-
tal comfort in theGlobal South and at the same time, provides design and construction
professionals with elements so that they include environmental optimization strate-
gies in buildings, thus providing better habitability conditions, better performance
of people in their indoor activities, improvement in health conditions, and reduction
of building’s power dependency, among others.

It is important to mention that the MCT can also be applied (with its necessary
modifications) to other types of spaces that require environmental controls, such as
farms, greenhouses, production plants, etc., which diversify and extend the influence
of the MCT to an interdisciplinary field. In addition, this tool is conceived to be
applied in the first stages of a project, a feature that provides another great strength:
It requires the definition of little information on the project as an input, to generate the
architectural guidelines. In this regard, there is a significant difference between this
and other tools, given the fact that most of them require some building characteristics
to be defined beforehand to generate the recommended strategies.

The Tropical Climatic Matrix displays more graphical information, and this is
an innovation for a reference tool. Specifically, for radiation information, there are
schematic solar diagrams that precisely indicate themaximumandminimumazimuth
and altitude angles, which allows choosing one solar protection strategy or another.
The user can also calculate, with a good level of detail, the size and rhythm of
these elements, considering the angles of solar rays impacting the facades. Another
distinguishable contribution made by the tool compared to other tools of its class
is that strategies and recommendations appear individually by façade, according to
the needs and influence of each climatic variable on them. This allows the MCT
user, to decide which strategies to use considering their formal needs, esthetic taste,
topography, and budgetary or technical aspects, among others.

Similarly, the MCT is sufficiently flexible so it can be applied to any building
regardless of its use or typology, considering that the designerwill apply the strategies
in the best possible way depending on the project’s needs.

Especially in cities with noticeable topographies such as Medellín (so common in
the Andean tropic zone), it is important to consider the major climatic changes gen-
erated by differences in heights above sea level, which creates climatic information
that does not represent the entire territory. Also, the need to gather updated climatic
information about the Andean tropic cities is evident, to improve the accuracy of the
results obtained using the tool.
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